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Abstract: Following previous studies devoted to trans—Pt(3-af),Cl,, in this paper, the molecular
structure and intermolecular interactions of the title complex are compared with other cisplatin
analogues of which the crystal structures are presented in the Cambridge Structural Database (CSD).
Molecular Hirshfeld surface analysis and computational methods were used to examine a possible
relationship between the structure and anticancer activity of trans—Pt(3-af);Cl,. The purpose
of the article was also to investigate the effect of hyperthermia on the anticancer activity of
cisplatin, cytostatics used in the treatment of patients with ovarian cancer and a new analogue
of cisplatin-trans—Pt(3-af),Cl,. The study was conducted on two cell lines of ovarian cancer
sensitive to Caov-3 cytostatics and the OVCAR-3 resistant cisplatin line. The study used the
MTT (3-(4,5-dimethylthiazol-2,5-diphenyltetrazolium bromide) cell viability assay, LDH (lactate
dehydrogenase), and the quantitative evaluation method for measuring gene expression, i.e., qPCR
with TagMan probes. Reduced survivability of OVCAR-3 and Caov-3 cells exposed to cytostatics at
elevated temperatures (37 °C, 40 °C, 43 °C) was observed. Hyperthermia may increase the sensitivity
of cells to platinum-based antineoplastic drugs and paclitaxel, which may be associated with the
reduction of gene expression related to apoptotic processes.

Keywords: anticancer drugs; coordination compounds; gene expression; platinum; structure—
activity relationships

1. Introduction

Ovarian cancer remains the most serious cause of death among gynecologic cancers. Cancer
is a serious medical and social problem in Poland and in the world, despite progress in diagnosis
and chemotherapy. In Poland, ovarian cancer occupies the fifth position among malignant tumors
in women after breast, lung, stem of the uterus, and colon cancers. Ovarian cancer in the death
structure is in fourth position after lung, breast, and colon cancer. Every year, more than 3600 women
are diagnosed with a malignant ovarian cancer, and it is also the cause of deaths of 2600 women [1].
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In 2018, about 22,280 women were diagnosed with ovarian cancer in the United States, and about
15,500 died because of this disease, which is the most common cause of fatal gynecologic tumours in
developed countries [2].According to data, in 2017 there were as many as 3775 new cases of ovarian
cancer diagnosed in Poland [3]. According to the American Cancer Society data from 2020, estimates
of ovarian cancer in the United States are about 21,750 women will receive a new diagnosis of ovarian
cancer, about 13,940 women will die of ovarian cancer [4]. The treatment of patients with ovarian
cancer, regardless of the stage of clinical advancement, involves surgical resection of neoplastic lesions
and the implementation of adjuvant chemotherapy based on platinum derivatives and taxoids. This
treatment allows for complete responses in approximately 75% of patients. However, three quarters
of them relapse, and five-year long-term survival is only seen in 25% of patients [5-7]. There are
many chemotherapeutic agents used to treat ovarian cancer, depending on the type, grade, stage of
the disease, and the health of the patient. Meta analyses of randomized clinical trials have shown
that platinum compounds (cisplatin/carboplatin), are the most active agents in ovarian cancer [8].
The inclusion of cisplatin in the chemotherapeutic regimen for advanced ovarian cancer proved to be a
major landmark. Cisplatin binds to nuclear DNA leading to interference with transcription and/or
DNA replication and eventually cell death induced by cell repair machinery. A Cochrane review and
meta-analysis confirmed a two- and five-year survival advantage in women with advanced stage
epithelial ovarian cancer who were given platinum-based combination chemotherapy compared with
those given combination therapy lacking platinum.

Cisplatin is commonly used to treat solid tumours, e.g., ovarian and breast cancer. It is one
of frequently used medications in anticancer therapy. Unfortunately, like any cancer medication it
causes a number of side effects, e.g. nephrotoxicity. Combinations using platinum(Il) compound with
documented anticancer properties is a new concept in the search for new ways to treat ovarian cancer.
Chemoprevention with the use of natural or synthetic compounds, such as flavonoids, may inhibit or
prevent cancer progression, which is why it has become an attractive strategy to fight cancer [9].

Over the past 20 years, there were reports showing that replacing the amino group with the
appropriate ligand in the transplatin molecule increases the antitumour activity of the compound [10,11].
Trans-Pt(3-af),Cl,, the coordination complex of platinum(ll) with 3-aminoflavone, is a combination of
platinum(II) compound with flavonoid ligands. The compound showed cytotoxicity for many tested
cancer cell lines. Moreover, it proved to be much less toxic for normal lymphocytes in comparison to
cisplatin, which decreases the number of potential adverse effects [12].

Hyperthermia can present a hope for patients suffering from ovarian cancer. In oncological
therapy, hyperthermia is defined as a controlled technique for raising temperature in the area of
neoplastic lesions to destroy their cells or to inhibit their growth. The cytotoxic effect is revealed
in the temperature range of 4043 °C [13]. Hyperthermia is often combined with radiotherapy and
intravenous and intraperitoneal chemotherapy [14-19]. The combination of elevated temperature and
radiotherapy results in, for example, inhibiting the repair of sublethal DNA defects that are created
after irradiation, destroying cells in the radioresistant phases of the G1 and S cell cycle and increasing
tumour cell oxygenation.

Intraperitoneal perfusion chemotherapy under hyperthermia (HIPEC) is a procedure that consists
of cytoreductive surgery (weight reduction surgery cancer) and peritoneal chemotherapy administration
in hyperthermia. The HIPEC procedure is used in selected cases of patients with recurrent ovarian
cancer with intraperitoneal dissemination and in other cancers accompanied by dissemination [20,21].
A very important condition of the HIPEC procedure is the removal of macroscopic focia tumor larger
than 5mm in diameter, and that relapse occurs at least after one year from primary treatment due
to platinum sensitivity which is associated with better response to the HIPEC procedure. Based on
the initial experience of the team at Spiewankiewicz, management can say that the HIPEC procedure
is valuable in supplementing the recognized methods of oncology, the condition is appropriate,
multidisciplinary qualification for the procedure [22].
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The HIPEC procedure involves administration infusion fluids into the peritoneal cavity and
raising the temperature of organs within it 41-42 °C. The advantages of the HIPEC method are as
follows: damaging effect on cells cancer, increasing the penetration of cytotoxic drugs, potentiation of
action anticancer cytostatic drugs [23].

The HIPEC procedure is used several anticancer drugs: doxorubicin, cisplatin, carboplatin,
mitomycin C [24]. For ovarian cancer, the HIPEC procedure is experimental because it doesn’t
randomized trials were conducted. In ovarian cancer, the procedure is used cisplatin, doxorubicin
and taxanes.

Following our previous studies on trans—Pt(3-af),Cl,, in this paper, the molecular structure and
intermolecular interactions of the title complex are compared with other cisplatin analogues of which
the crystal structures are presented in the CSD. Possible relationship between the structure and
anticancer activity of trans-Pt(3-af),Cl, (in comparison with cisplatin and other platinum compounds)
was examined. The article shall examine the effect of hyperthermia on the anticancer activity of
cisplatin and cytostatics used in the treatment of patients with ovarian cancer and a new analogue
of transplatin with 3-aminoflavone trans—Pt(3-af),Cl,. The study was conducted on two cell lines of
ovarian cancer: sensitive to Caov-3 cytostatics line and the OVCAR-3 resistant cisplatin line.

Cisplatin is a medicine that is often used in anticancer therapy, however its side effects are serious,
which is why new compounds, therapies that would be not so heavily affected by adverse reactions,
are still being sought. Recently, a lot of attention is focused on searching for new analogues of already
existing drugs or replacing substituents with other ligands. The example of trans—Pt(3-af),Cl, proves
that even an inactive anti-neoplastically transplatin compound with another ligand may have an
anti-neoplastic potential. New compounds, but also new therapies, constitute an attractive goal
for research. In this article, the influence of oncological hyperthermia on the tested compounds
was investigated.

2. Results

2.1. Structural Analysis

The trans-platinum(ll) complex of 3-aminoflavone (trans—Pt(3-af),Cly), similarly to cisplatin,
displays significant cytotoxic activity. It belongs to a relatively small group of trans platinum complexes
displaying cytotoxic properties. The crystal structure of the title compound was determined by X-ray
methods [12].The molecular structure of the title complex consists of the platinum cation surrounded
by two 3-aminoflavone ligands in their neutral form and the two chloride anions. Coordinating
nitrogen and chlorine atoms are arranged in a slightly distorted square with Cl-Pt-N angles values
equal to 87.3(2) and 92.7(2) A. Tt is worth noting that trans-Pt(3-af ),Cl, complex compound crystallises
in the triclinic P1 space group with platinum atom located in special position in the crystal unit cell, in
the inversion point. As a result, its molecular structure shows local C; symmetry. The benzopyrane
fragment of the 3-aminoflavone ligand is essentially planar and forms the dihedral angle of 78.1(2)° to
basic square plane.

Following the previous studies devoted to trans—Pt(3-af),Cly, in this paper the molecular structure
and intermolecular interactions of the title complex are compared with other cisplatin analogues of
which the crystal structures are presented in the CSD (Cambridge Structural Database).

The search of the CSD revealed 219 crystal structures of four-coordinated platinum(II) complexes
with two ammine-resembling and two chlorido ligands. All of these complexes displayed planar square
coordination around the central Pt atom. With some more limiting criteria (see the methodology section
for details) this number was further limited to 131, including 83 examples of crystals with Pt(NH=R),Cl,
moiety, 47 with Pt(NH3R),Cl; one, and the cis-diamminedichloroplatinum(Il) dimethylformamide
solvate [25] (reference code: CUKRABO1). In this group, there are 18 crystal structures recorded in
the CSD as compounds with the confirmed biological activity of cytotoxic, antitumor, or anticancer
properties. Itisimportant to stress that the majority of the compounds displaying such biological activity
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represent a class of chelatecomplexes of cis-configuration: BERDAE, BERDEI [26], CCENPTO01 [27],
DIVXOV [28], FITFUJ [29], LAYZEQ [30], LEFFAD [31], LIXTOB [32], PEXTIV [33], PIFGIU [34],
SUDMINO2 [35], TAJTED [36], TUPQIE [37], UCIZUC [38], and YIDVUD [39]. In contrast, the
title trans—Pt(3-af),Cl,, recorded with MONVIW reference code, together with RIWCEG [40] and
VOHBAW [41] structures, belong to a group of only a few trans platinum complexes showing cytotoxic
activity. Figure 1 presents molecular structures of the compounds listed above.

RIWCEG
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BERDAE BERDEI CCENPTO1 CUKRABO1
) N
\ / y\
DIVXOV FITFUJ KIPSEH LIXTOB
N\ A~ N \% N A
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LAYZEQ PIFGIU YIDVUD

Figure 1. Molecular structures of biologically active analogues of cisplatin and transplatin (with the
CSD refcodes).

A comparison of geometric parameters characterizing structural arrangement around the platinum
center in the investigated group of complexes is presented in Table S1. The trans complexes can be
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easily recognized by values of CI-Pt-Cl and N-Pt-N angles which are close (RIWCEG) or equal to 180°
(the latter situation resulting from the symmetry of complexes with Pt atom in the inversion center in
MONVIW and VOHBAW crystal structures). In the cis complexes the values of the corresponding
angles are, as expected, very close to 90°, but Cl-Pt-Cl angles display rather larger mean values (from
90.8° to 94.8°) than the values of N-Pt-N angles (from 82.7° to 93.0°). Interestingly, in the case of the
trans complexes the values of CI-Pt-N angles are somewhat smaller (with the mean value of 86.7°)
than the values observed for the cis complexes (90.1°). These differences may result from differences
in platinum bond lengths (from 2.298 A 10 2.325 A for Pt-Cl and from 2.005 A to 2.085 A for Pt-N),
as well as from the chelate nature and steric hindrance of organic ligands. For trans—Pt(3-af),Cl, the
corresponding valence angles around Pt atom are within the presented ranges, but bond distances
evidently vary from the mean values—the Pt-Cl contacts are relatively shorter, whilst the Pt-N bonding
distances are relatively longer as shown in Supplementary Table S1.

According to the literature, the first step of cisplatin activation is connected with platinum
hydration and the replacement of one of the chloride ions with the water molecule [42]. According to
the well-known statement of Biirgi and Dunitz [43], each crystal structure may be treated as a frozen
state corresponding to a particular stage of the reaction. From this point of view a detailed analysis of
intermolecular interactions around the platinum atom seems to be of great importance. In the present
paper the molecular Hirshfeld surfaces were calculated for all the complexes from the analyzed group
of crystal structures. Additionally, the values of dnorm parameter were calculated and analyzed to
indicate the most important intermolecular interactions.

In the crystal structure of trans—Pt(3-af),Cl,, the molecules are linked by intermolecular N-H ... O
hydrogen bonds and organized into chain motifs. The Hirshfeld surface analysis results presented
graphically in Figure 2a, indicate that the nitrogen atom from the N-H ... O interaction and the chlorine
atom from the C-H. .. Cl-interaction are both the most active sites of the molecule (red areas in Figure 2a).
The obtained picture can be compared with the one obtained for the cis-diamminedichloroplatinum(II)
complex. Interestingly, in this case, apart from N-H ... Cl- hydrogen bonds forming chain motifs, the
molecules also interact with each other in a plane-to-plane style (Figure 2b). Such a close packing is also
stabilized by intermolecular N-H ... Cl- hydrogen bonds and results in a situation resembling stacking
molecular arrangement. This results with Pt ... Pt distances of 3.407(2) A that are somewhat shorter
than the sum of corresponding van der Waals radii (3.44 A) [44]. In general, the direction perpendicular
to the plane of the complex (defined by positions of Pt, N and Cl atoms) seems to be very important
from a viewpoint of the previously mentioned mechanism of cisplatin activation. Interestingly, a
similar plane-to-plane arrangement of Pt, Cl and N atoms was found for other complexes, namely:
CCENPT, FITFU]J, PEXTIV, TAJED, and UCIZUC among the cis isomers and RIWCEG among the
trans ones. When comparing Hirshfeld surfaces of all the analyzed complexes (see Table 1) one can
notice a relatively small percentage of platinum intermolecular contacts — usually below 5% (apart
from a non-substituted cisplatin solvate: CUKRABO1). Interestingly, in this group, the contribution
of the Pt... Pt interactions changes from 0 to 60%, but the dominant contribution is observed for Pt
... H contacts (from 40 to 100%). It seems that the latter results from various types of D-H ... Cl-
stabilizing hydrogen bonds (where D — denotes any kind of a hydrogen bond donor) between ligands
of neighboring complexes, similarly to the cisplatin CUKRABO1 structure. It is also important to point
out here that the total contribution of Cl ... H contacts in all the investigated crystal structures is
meaningful and changes from 8.5% up to 43.5% (mean value for the cis complexes is about 28%).
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Figure 2. Molecular Hirshfeld surfaces of trans-platinum(Il) complex of 3-aminoflavone (MONVIW)

(a) and cis-diamminedichloroplatinum(Il) complex (CUKRABO1) (b) mapped with the dnorm parameter.

Red areas correspond to very short and important stabilizing intermolecular contacts characterized by

negative values of dnorm.

Table 1. Percentage of intermolecular contacts involving platinum atom resulting from Hirshfeld

surface analysis of cisplatin analogues.

Refcode Pt... Pt Pt..H Pt...All Cl...H Pt...Pt/Pt... All Pt... H/Pt... All
trans

MONVIW - - - 8.5 - -

RIWCEG 0.5 0.3 0.8 115 0.63 0.38
VOHBAW - 1.5 19 10.3 - 0.79

cis

BERDAE 1.0 2.6 4.2 36.1 0.24 0.62
BERDEI 0.3 2.7 3.1 33.4 0.10 0.87
CCENPTO1 25 1.6 4.1 38.7 0.61 0.39
CUKRABO1 1.8 3.6 5.4 43.5 0.33 0.67
DIVXOV - 1.3 1.8 20.5 - 0.72
FITFU]J 0.9 1.3 25 21.2 0.36 0.52
KIPSEH - 2.8 29 30.0 - 0.97
LAYZEQ 0.4 1.6 2.0 18.3 0.20 0.80
LIXTOB - 0.1 0.1 25.1 - 1.00
PEXTIV 0.9 15 29 249 0.31 0.52
PIFGIU - - - 194 - -

SUDMINO02 15 14 3.2 324 0.47 0.44
TAJTED 1.2 1.2 3.0 259 0.40 0.40
UcCIzucC 2.1 14 3.6 34.2 0.58 0.39
YIDVUD 0.1 0.6 0.8 21.9 0.13 0.75

Summarizing the results of Hirshfeld surface analysis, it may be concluded that the areas above
and below the platinum atom (with respect to the plane of the complex) play important role in
stabilization molecular packing in the crystal state. Moreover, from the point of view of the cisplatin
activation mechanism, the obtained results suggest that platinum atom could be rather easily available
for water molecules and the first step of hydration process may be connected with formation of O-H
... CI” hydrogen bonds between the water molecule and the chlorido ligand.

2.2. Computational Results

The differences between the geometry of trans-Pt(3-af),Cl, molecule in the crystal structure and its
geometry optimized in vacuo are shown schematically in Figure 3. The numerical data for the chosen
geometrical parameters for both geometries are collected in Table 2. If one considers the platinum atom
vicinity (the most important from a viewpoint of cytotoxicity), some structural changes are visible.
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Figure 3. Overlaid geometries of trans-Pt(3-af),Cl, molecules: present in the crystal structure (purple)
and optimized at the B3LYP/def2-TZVPP level (light green).

In the case of the geometry obtained at the B3LYP/def2-TZVPP level of theory, the Pt-N distance
(2.100 A)is elongated with reference to the crystal structure (2.064(5) A). Such elongation also takes
place in the case of the Pt-Cl bonding. The bonding distance is equal to 2.340 A for the optimized
structure and 2.298(1) A in the crystal structure. Similar elongation of the Pt-N and Pt-Cl distances
in the case of optimized structures was previously observed for cisplatin [45] and its analogues [46].
Interestingly, the N-Pt-Cl angle value is greater for the optimized geometry (95.7°) than for the crystal
structure (92.7(1)°), indicating that it is rather the crystal packing that makes the Pt atom surrounding
closer to the square arrangement.

To discuss the results of QTAIM analysis for trans-Pt(3-af),Cly, it is worth comparing the QTAIM
parameters with the results obtained for cisplatin (of high cytotoxicity) and transplatin (of low
cytotoxicity). This is important due to the fact that, as mentioned previously, the number of complexes
of Pt(Il) in trans-conformation displaying cytotoxicity is relatively small. The molecular graphs of
cisplatin, transplatin and the investigated complex of 3-aminoflavone are shown in Figure 4, and the
values of electron density (ppcp), Laplacian of electron density (V2pgcp) and of the kinetic (Ggcp),
potential (Vpcp), and total energy densities (Hpcp) in bond critical points (BCPs) are collected in Table 3.

Table 2. Comparison of selected intramolecular bond lengths (in A) and angles (in degrees) of
trans—Pt(3-af),Cl,complex.

Bond Crystal Structure Optimized Structure
Pt1-N3 2.064(5) 2.100
Pt1-Cl1 2.298(1) 2.340

01-C2 1.366(7) 1.360
01-C9 1.374(7) 1.363

C2-C3 1.355(8) 1.358
C2-C11 1.479(8) 1.473
C3-N3 1.443(7) 1.433

C3-C4 1.451(8) 1.461

C4-0O4 1.231(7) 1.228
C4-C10 1.460(8) 1.461
N3-Pt1-Cl1 92.7(1) 95.7
Pt1-N3-C3 121.7(4) 121.0
C2-01-C9 120.0(4) 121.6
01-C2-C3 121.4(5) 120.2
01-C2-C11 111.2(5) 111.3
C3-C2-C11 127.3(5) 128.4
C2-C3-N3 122.0(5) 125.0
C2-C3-C4 122.2(5) 122.1
N3-C3-C4 115.7(5) 112.9
04-C4-C3 122.1(5) 120.7
04-C4-C10 123.0(5) 124.2
C3-C4-C10 114.8(5) 115.4
C3-C2-C11-C12 -56.5(8) -38.3
C4-C3-C2-C11 -179.4(5) -172.5

Pt1-N3-C3-C2 88.0(6) 89.5
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Figure 4. Molecular graphs of cisplatin (a), transplatin (b) and trans-Pt(3-af ),Cl; (c) calculated at the
B3LYP/def2-TZVPP level.

Table 3.
af),Clycomplex: bond lengths (d, in A), electron density (ppcp, in e A‘e’), Laplacian of electron
density (V2ppcp, in e A5), kinetic (Gpcp in hartree A—3), potential (Vpcp in hartree A3) and total
energy density(Hpcp in hartree A=%) at the respective BCPs.

Selected geometric and QTAIM parameters for cisplatin, transplatin and trans—Pt(3-

Complex Bond Type d PBCP V2pgcp Ggcp Vecp Hgcp
cis-Pt(NH3),Cl, Pt-N 2.109 0.1033 0.3584 0.1210 -0.1526 -0.0317
Pt-Cl 2.305 0.1026 0.1947 0.0878 -0.1271 —0.0393
trans-Pt(NHjz),Cl, Pt-N 2.059 0.1160 0.3962 0.1387 —-0.1789 —0.0401
Pt-Cl 2.333 0.0957 0.2031 0.0847 -0.1187 —-0.0341
trans-Pt(3-af ),Cl, Pt-N 2.100 0.1074 0.3355 0.1193 —0.1550 —0.0357
Pt-Cl 2.340 0.0944 0.1996 0.0830 —0.1163 —0.0333

There is one very important feature of the results presented in Table 3 for Pt-N and Pt-Cl bonds.
When one considers solely the values of electron density for these two types of bonding, it seems
clear that electron density value in the BCP of the Pt-Cl bond in the 3-aminoflavone complex (0.0944
au) resembles the one found for transplatin (0.0957 au) and not the one found for cisplatin (0.1026
au). However, for Pt-N contacts, a reverse situation takes place, namely the electron density in the
BCP for trans—Pt(3-af),Cl, (0.1074 au) is closer to the one found for cisplatin (0.1033 au) and not to the
one found for transplatin (0.1160). An analogous situation takes place for other QTAIM parameters
considered in this study and also for the bonding distances (see Table 3 for bond length values).
The replacement of chlorido ligand(s) by water molecules is usually considered to be an activation
process allowing cisplatin to display its cytotoxic properties [47] and Pt-Cl bonds are no longer present
in Pt(II) complexes targeting the cellular DNA. Thus, it is possible that the cytotoxic properties of
trans-Pt(3-af),Cl, (the trans isomer) are somehow connected with the fact that the properties of Pt-N
bonds in trans—Pt(3-af),Cl, and cisplatin are similar to each other (but they are different from those
found for transplatin of low cytotoxicity). Taking this into account, it is also worth considering the
molecular electrostatic potential (MEPs) mapped onto molecular isosurfaces of these three platinum
complexes. Electrostatic potential maps for these molecules are shown in Supplementary Figure S1.

As mentioned previously, cisplatin displays its cytotoxic properties after substitution of chlorido
ligands by aqua ligands [48]. In the first step of the replacement process, the water molecule approaches
the platinum center from the equatorial site of the complex, between the two ammine ligands. The aqua
ligand binds to the platinum atom via Pt-O bond, and during the replacement process the oxygen atom
possessing a partial negative charge points at positively charged platinum center between ammine
ligands. The electrostatic potential value (mapped at the 0.01 au isosurface of electron density as shown
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in Figure S1 between the two ammine ligands is about 0.06 au, whilst for transplatin, the respective
value between adjacent chlorido and ammine ligands is close to 0.02 au. Lower positive charge in the
region between two ligands leads to lowering the electrostatic attraction of the oxygen atom during
the replacement process for transplatin. Interestingly, for the title 3-aminoflavone complex, this value
is about 0.06 au (as in the case of cisplatin), which means that in the activation process electrostatic
attraction of the water oxygen atom by cisplatin and trans-Pt(3-af),Cl, is of similar strength but is
significantly lower for transplatin.

2.3. Effect of Elevated Temperature of the Tested Formulations on the Survival of Caov-3 and OVCAR-3 Cells

The therapeutic use of hyperthermia is based on the assumption of a temperature increase up to
40-43 °C. The rationale for this therapy is based on the direct use of this method to kill cancerous cells
at temperatures above 4142 °C [14]. Hyperthermia is also used as a supportive therapy with various
other treatments for cancer, such as radiotherapy and chemotherapy [7]. Some but not all studies
have shown that that hyperthermia activates the immune system against cancer cells by increasing the
release of heat shock protein (HSP) associated with cancer-specific antigen undergoing heat stress or
dying cancer cells that are phagocysed by antigen-presenting cells (APC) [49].

As a result of heat, the cells produce heat shock proteins (HSPS), the proteins that are responsible
for presenting the antigens and may affect immunogenicity [50]. The HSP protein family includes:
HSP60, HSP70, HSP90, and sHSP low molecular protein [51]. HSPs are produced as a result of cell
exposure to stress factors such as temperature, toxins, and non-oxygenation [52]. The heat shock
proteins exhibit pro-and anti-apoptotic properties [53]. The heat shock protein HSP70 plays a role
in thermotolerance, in hyperthermia an increase in production is observed [54,55]. The main role in
thermoregulation plays the heat shock protein 70 (HSP 70) [56]. When hyperthermia is used in the
treatment of ovarian cancer, a particularly interesting fact is that cancer cells are more sensitive to heat
than normal cells [57,58]. Hyperthermia causes inhibition of cellular respiration and cell blockage in
phase S is observed. After heating, the endovascular environment becomes acidous, unoxygenated
and unnourished due to the likely damage to the vessels. The acidity of the environment also seems to
increase the response of cancer cells to some medications at elevated temperatures [57]. Hyperthermia
may potentiate the cytotoxic effects of cisplatinin vitro. High heat doses above 42 °C may partially
reverse the resistance to cisplatin [59,60]. Resistance to cisplatin restricts the use of the medication at
the clinic, it seems that combination of heat and cisplatin may be an interesting option to minimize this
problem. According to Helma et al., elevated temperature of cytostatics appears to be an alternative
promising therapy for patients with advanced cancer [61].

One of the aims of the study was to investigate the effects of elevated temperatures of the tested
compounds (37 °C, 40 °C, 43 °C) on the survival of Caov-3 and OVCAR-3 cells. Temperature selection
was made in accordance with literature data [62,63]. Decreased survivability was observed in cells
exposed to elevated temperatures. There was no statistically significant decrease in the survival rate
of the cells exposed to the elevated temperature of the tested preparations, i.e., 37 °C and 40 °C. A
statistically significant decrease in the survival rate of the cells exposed to elevated temperatures
at 43 °C was observed. Hyperthermia was shown to increase the cytotoxicity of the anticancer
medications that were used. Reduced proliferation of cancer cells with chemotherapeutic agents was
observed. It was shown that in OVCAR-3 and Caov-3 cells, the decrease in cell survival was not
high at 37 °C.The analogue of the second-generation platinum, carboplatin, shows the best efficacy
at the applied temperature (see Figures 5 and 6). Not all anticancer medications visibly increased
their activity at temperatures above 37 °C. Increased cytotoxicity may vary depending on temperature.
Pioneering research from the years 1970s and 1980s showed that the use of heat induces cell death
at temperatures above 43 °C in cell cultures and animal experiments, and sensitizes cancer cells to
radiation and certain cytotoxic medications in the temperature range of 3943 °C [64]. Cisplatin
achieves the highest efficacy within 43 °C [65]. Literature data show that, in the case of cisplatin,
it is most effective to heat the medication to 43 °C [59,60,65,66]. The present in vitro studies prove
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that cisplatin at elevated temperatures shows a beneficial cytotoxic effect. In this study, it was also
shown that both OVCAR-3 and Caov-3 cells exposed to paclitaxel action at 43 °C exhibited the highest
decrease in cell viability compared to cisplatin [67-69]. In the analysed study, OVCAR-3 cells were
also observed to react with a decrease in cell viability after use of carboplatin at elevated temperatures
between 40 °C and 43 °C [70]. It is worth to emphasize the new cisplatin analogue with 3-aminoflavone
reduces cell vitality at elevated temperatures between 40 and 43 °C. Its effect on the line sensitive to
cytostatics Caov-3 in 40 and 43 °C correlates with the action of cisplatin. In the case of the OVCAR-3
resistant line at 40 °C, the new compound is more effective, i.e., the number of living cells decreases
compared to the action of cisplatin.

Caov-3 3 hour Caov-3 3 hour Caov-3 3 hour

Survival (%)
Survival (%)
Survival (%)

Figure 5. The effect of the elevated temperature of the tested formulations on the Caov-3 ovarian cancer
line cells was determined by a MTT test. Data on the figures are presented as mean values obtained
from three independent experiments * (p < 0.05), ** (p < 0.01).

OVCAR-3 3 hour OVCAR-3 3 hour OVCAR-3 3 hour

150

Survival (%)
g
Survival (%)

Survival (%)
g

Figure 6. The effect of elevated temperatures on OVCAR-3 ovarian cancer line cells was determined
by MTT test. Data on the figures are presented as mean values obtained from three independent
experiments * (p < 0.05), ** (p < 0.01), *** (p < 0.001).

2.4. Effect of Elevated Temperature of Tested Formulations on Caov-3 and OVCAR-3 Cell Mortality

One of the objectives of the study was to investigate the effect of elevated temperature of the test
preparations (37 °C, 40 °C, 43 °C) on the mortality of Caov-3 and OVCAR-3 cells (see Figures 7 and 8).
Decreased survival of the cells exposed to elevated temperatures was reported. A statistically significant
change in the activity of lactate dehydrogenase released into the nutrient medium, with an increase
in the number of dead cells after 3 hours of incubation, was demonstrated. The highest amount of
lactate dehydrogenase in a medium, proving the increase in the number of dead cells after 3 hours of
incubation, was observed after exposure to carboplatin heated to 43 °C.
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Caov-3 3 hour

Mortality (%)

Mortality (%)

Caov-3 3 hour

Mortality (%)

Caov-3 3 hour

Figure 7. The effect of the elevated temperature of the tested preparations (43 °C) on the cells of the
Caov-3 ovarian cancer line was determined by the LDH test. Data on the figures are presented as mean
values obtained from three independent experiments * (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p <

0.0001).

OVCAR-3 3 hour

»
=3

»

OVCAR-3 3 hour

150

OVCAR-3 3 hour

Mortality (%)
s
Mortality (%)
Mortality (%)
8

50

Figure 8. The effect of elevated temperatures on OVCAR-3 ovarian cancer cells was determined by
the LDH test. Data on the figures are presented as mean values obtained from three independent
experiments * (p < 0.05), ** (p < 0.01), **** (p < 0.0001).

2.5. Assessment of the Effects of the Tested Formulations on the Expression of Selected Genes on Caov-3 and
OVCAR-3 Cells

In order to investigate the effect of the elevated temperature of the tested preparations (37 °C,
40 °C, and 43 °C) on the expression of apoptosis genes (BAX, CASP3, BIRC5), the Caov-3 and OVCAR-3
cells with selected concentrations (ICsp) were incubated for 3 hours. The effect on the expression of
pro-and anti-apoptotic genes in ovarian cancer cells was determined by the Real-Time PCR method. A
change in gene expression profile was observed as a result of 3-hour incubation of cells with tested
preparations (see Figures 9-14).

The aim of cancer therapy is apoptosis. Inducing apoptosis is subject to test with use of new
combinations of oncological therapies. Molecular analysis was therefore performed. The result
of the study related to the gene of survivin is interesting. It is important to note that survivin is
overexpressed in tumors and is not expressed at all in healthy tissues. Lowering the expression of
survivin affects the mechanism of resistance to cytostatics. This is related to the activation of apoptosis.
Gene BIRC5 survivin decreased significantly as a result of the use of paclitaxel in the case of Caov-3
and use of carboplatin in the OVCAR-3 line. The survivin gene is a gene that is located in the mitotic
apparatus, reflecting the important function it performs in the cell division process. The level of
survivin expression is controlled by TP53 protein. In the case of DNA damage (e.g., due to the use of
cytostatic at elevated temperature), the intracellular pathway TP53-survivin is activated. As a result,



Int. ]. Mol. Sci. 2020, 21,2116 12 of 22

the expression of survivin and induction of apoptosis is reduced. Survivin is associated with cell cycle
phases, during mitosis it travels to the mitotic spindle, which may indicate good treatment effectiveness
with paclitaxel that cause impairment of the mitotic spindle. The decline in the expression of survivin
is associated with an increase in apoptosis after the use of paclitaxel and cisplatin. Significantly studies
have shown that the new platinum(Il) compound trans—Pt(3-af),Cl, correlates similarly to cisplatin, at
the same time lowering the expression of survivin. The decline in expression of survivin significantly
enhances cell sensitivity to apoptosis. Molecular studies confirm that in 43 degrees in Caov-3 cells,
the decline in the expression of survivin increases the antineoplastic activity of cisplatin and the new
analogue shown in the MTT assay.

Trans-Pt(3-af),Cl, at 43 degrees in OVCAR-3 cells had the weakest cancer response obtained in the
MTT test. This result confirms the molecular study, the survivin gene is in this case higher than after
cisplatin administration. The expression ofthe BAX gene after exposure to platinum(Il) complex with
3-aminoflavone at 43 °C on Caov-3 cells correlates with the expression after treatment with paclitaxel,
which belongs to the gold standard of ovarian cancer treatment. Nevertheless, when the temperature
of 40 °C is applied, it correlates with the action of cisplatin. This suggests that not every medication
exhibits the same effect at any temperature, with regard to the change in gene levels. The increase in
the expression of the BAX gene in OVCAR-3 cells was associated with decreased cell viability at 43 °C,
with a new compound causing an increase in the expression of the BAX gene at 40 °C and decrease in
cell survival. Silencingin Caov-3 cells of the expression of survivin after the use of carboplatin and
paclitaxel at 43 °C resulted in cell death caused by hyperthermia.

Resistance to medications is the main cause of treatment failure and mortality in cancer patients.
One of the mechanisms leading to overcoming resistance may be the use of hyperthermia. Hyperthermia
can inhibit DNA repair, promote accumulation of medications and increase membrane permeability.
It was found that the use of medicines at elevated temperatures could result in a change in the
expression of apoptosis gene levels compared to untreated cells. In the present study, cytostatics
with hyperthermia induced apoptosis in ovarian cancer cells OVCAR-3 and Caov-3 by increasing the
expression of BAX and CASP3 and reducing the expression of BIRC5. Many studies currently analyse
the effects of elevated temperatures on cell survival in a cytostatic environment [71-73].

Caov-3 3 hour Caov-3 3 hour Caov-3 3 hour

Relative gene expression BAX

Relative gene expression CASP3
Relative gene expression BIRCS

Figure 9. Level of gene expression of BAX, CASP-3, BIRCS in ovarian cancer cells Caov-3. The gene
expression level was presented as a relative value compared to a control equal to 1.
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Figure 10. Level of gene expression of BAX, CASP-3, BIRC) in ovarian cancer cells Caov-3. The gene
expression level was presented as a relative value compared to a control equal to 1. The mean values
marked by * (p < 0.05) significantly differ statistically from the control.

Caov-3 3 hour

Relative gene expression BAX

Relative gene expression CASP3

Caov-3 3 hour

Relative gene expression BIRCS

Caov-3 3 hour

Figure 11. Level of gene expression of BAX, CASP-3, BIRC5 in ovarian cancer cells Caov-3. The gene
expression level was presented as a relative value compared to a control equal to 1. The mean values
marked by ** (p < 0.01), *** (p < 0.001) significantly differ statistically from the control.

OVCAR-3 3 hour

Relative gene expression BAX

Relative gene expression CASP3

o

-

OVCAR-3 3 hour

Relative gene expression BIRCS

OVCAR-3 3 hour

Figure 12. Level of gene expression of BAX, CASP-3, BIRC5 in ovarian cancer cells OVCAR-3. The gene
expression level was presented as a relative value compared to a control equal to 1. The mean values

marked by * (p < 0.05), ** (p < 0.01), significantly differ statistically from the control.
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Figure 13. Level of gene expression of BAX, CASP-3, BIRC5 in ovarian cancer cells OVCAR-3. The gene
expression level was presented as a relative value compared to a control equal to 1. The mean values
marked by * (p < 0.05) differ statistically significantly from the controls.
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Figure 14. Level of gene expression of BAX, CASP-3, BIRC5 in ovarian cancer cells OVCAR-3. The gene
expression level was presented as a relative value compared to a control equal to 1.

3. Materials and Methods

3.1. Cambridge Structural Database Search

The search of the Cambridge Structural Database (CSD, Ver. 5.40 release November 2018) [74] was
performed with Conquest Ver. 2.0.1 program in order to obtain information about the known crystal
structures displaying structural similarities to the cisplatin drug (cis-diamminedichloroplatinum(II)
complex-Pt(NHj3),Cly). In the search, platinum atoms were specified as possessing a formal positive
charge “2+” and only the complex compounds of the coordinative number equal to 4 with only single
bonds from platinum to nitrogen and chlorine atoms were taken into account. The search criteria were
further limited to restrict the search to the highest-quality results: the crystal structures with R factors

larger than 0.05, showing disorder, including numerical errors, or obtained from X-ray powder studies,
were excluded from the analysis.

3.2. Molecular Hirshfeld Surface Analysis

Molecular Hirshfeld surfaces and fingerprint plots based on the CIF files obtained from the
CSD search were generated with Crystal Explorer 3.0 program [75] in order to analyze the scheme of
intermolecular interactions around the platinum center. Hydrogen atom positions were normalized to
standard bond lengths from neutron diffraction (C-H = 1.083 A, O-H=0983 A, N-H = 1.009 A) [76]
using the automatic procedures implemented in the program. The normalized contact distance (dnorm)
was mapped onto the Hirshfeld surfaces. The normalized contact distance used in the study is defined
using the following formula: dnorm = [(dj—1j)/1i] + [(de—Te)/re], [77] where d; and d. are the distances
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between a chosen point of the Hirshfeld surface and, respectively, the nearest atom of the analyzed
molecule (internal d;) and the neighboring molecule (external de); 1; and re are van der Waals radii of
the corresponding atoms. The results of mapping onto the molecular Hirshfeld surfaces are presented
in this paper according to the standard red-white-blue coloring scheme: white color corresponds to
intermolecular contacts of length close to the van der Waals separations, red-denotes shorter contacts
of negative values of dnorm, and blue corresponds to long contacts characterized by positive values
of dnorm- This relatively new method was effectively used to describe intermolecular interactions in
various types of crystals [78-81].

3.3. Computational Methods

The structures of cisplatin, transplatin, and the title 3-aminoflavone complex were optimized
at the B3LYP/def2-TZVPP level [82-87]. It should be stressed here that the def2-TZVPP basis set
by definition includes pseudopotentials on platinum atoms accounting for relativistic effects. For
stationary points a frequency analysis at the same level of theory was carried out in order to check
whether the optimized geometries correspond to potential energy surface minima; no imaginary
frequencies were found. The above calculations were performed using the Gaussian09 program [88].
For optimized geometries of the three platinum (II) complexes an analysis of the molecular electrostatic
potential (MEP) and electron density distribution in the framework of the quantum theory of atoms in
molecules (QTAIM) [89] was carried out. The QTAIM analysis provides several important quantities
such as for example the electron density (p) or the Laplacian of the electron density (V2p) calculated at
specific points of the molecular space, the latter parameter describes local charge concentration and
depletion. The QTAIM method is a powerful tool of structural chemistry allowing to characterize and
define various types of bonding of both closed- and shared-shell character [90-92]. In the present study
QTAIM calculations using the AIMAII program [93] were performed in order to obtain insight into the
nature of interatomic bonding around the platinum center in the investigated systems.

3.4. Cells and Reagents

Cell lines of ovarian cancer OVCAR-3 and Caov-3 were purchased at the American Type Culture
Collection (ATCC, Manassas, VA, USA). OVCAR-3 ovarian cancer cells were cultured in RPMI 1640.
Ovarian cancer cells Caov-3 were bred in DMEM. The medium was supplemented by 20% (OVCAR-3)
and 10% (Caov-3) of fetal bovine serum and antibiotic solution.

3.5. Viability Assays

ICsp concentrations of tested medications were established in previous experiments and were
added to cells in the logarithmic growth phase and then incubation lasted for 3 hours at temperatures
3743 degrees Celsius [94], (Table 4). OVCAR-3 and Caov-3 cells were seeded on 24-well plates in
a quantity of 20 x 103/500 pL of the medium a well. Cell growth was evaluated with the MTT test
(3-(4,5-dimethylthiazol-2,5-diphenyltetrazolium bromide). At the end of the incubation the medium
was removed and 5 mg/mL MTT (Sigma Aldrich, Darmstadt, Germany) was added. The absorbance
of formazane was measured at a wavelength of 540 nm with background subtraction at 690 nm. A
spectrophotometer for scanning microplates was used for measurements.

Table 4. ICs, values of the investigational medicinal preparations.

Drugs Caov-3 OVCAR-3
Cisplatin 10 uM 50 uM
Trans-Pt(3-af),Cl, 10 uM 50 uM
Carboplatin 10 uM 25 uM

Paclitaxel 10 uM 5uM
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3.6. Cytotoxicity Assay

The LDH test (CytoSelect™ LDH Cytotoxicity Assay Kit, Cell Biolabs) was applied for evaluation
of the cytotoxicity of the tested medications. OVCAR-3 and Caov-3 cells were seeded on 24-well plates
in quantities of 20 X 10%/500 uL of medium per a well. After 24 hours of incubation in the wells, ICsg
concentrations of tested compounds were added and incubated at elevated temperatures: 37 °C, 40 °C,
43 °C in an incubator for 3 hours. After 3 hours of incubation, 90 pL of the breeding medium was
transferred to the 96-well plate in accordance with the protocol enclosed to the set and 10 pL of the
reagent was added to the LDH catalysed reaction. Cells were incubated for 3 hours at 37 °C. After
incubation, the coloured reaction product was measured using a plate reader from the BioTek company
at a wavelength of A = 450 nm. Control cells have not been treated.

3.7. Real-Time PCR Amplification Product Quantitative Analysis

The level of gene expression involved in the apoptotic process (Table 5) was determined by gene
expression analysis by Real-Time PCR. Ovarian cancer cells needed to examine the level of apoptosis
gene expression were seeded on bottles of 25 cm? in the amount of 40 x 10%. After 24 hours, the tested
compounds were administered and incubated at elevated temperatures for 3 hours. RNA isolation
from ovarian cancer cells was performed according to the Chomczynski and Sacchi methods using the
Trizol reagent (Thermo Fisher Scientific, Waltham, MA USA) [95]. The purity of the received RNA was
determined by the spectrophotometric method on the Quawell UV-Vis spectrophotometer Q 5000 by
measuring the absorbance at 260 nm and 280 nm wavelengths. The purity criterion for RNA was the
absorbance value of 260/280, within 1.8-2.0. The reverse transcription reaction was performed using a
set of High Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific, Waltham, MA USA), according to
the manufacturer’s protocol. The received cDNA was a Real-Time PCR matrix for the determination of
the BAX, BIRC5 and CASP3 gene expression. The reaction mix contained: 50 ng of cDNA (0.5 uL), 5
uL of TagMan Gene Expression Master Mix (Thermo Fisher Scientific, Waltham, MA, USA), 0.5 uL
of probe TagMan Gene Expression Assay (Thermo Fisher Scientific, Waltham, MA, USA) (Table 5)
and 2.5 of water. Real-Time PCR reactions were carried out in the ViiA7 instrument (Thermo Fisher
Scientific, ViiA™ 7 Software v. 1.1 Waltham, MA, USA). The gene expression results obtained were
compared with the reference gene ACTB. The relative level of gene expression was calculated using
Method2-#2¢t. Gene expression level was presented as relative values compared to the untreated
control equal 1.

Table 5. Tag Man probes used for REAL-Time PCR reactions.

Gen Probe Number
BAX Hs 00180269-m1
BIRC5 Hs 00153353-m1
CASP3 Hs 00234387-m1
ACTB Hs 01060665-g1

3.8. Statistical Analysis

The statistical analysis was performed using GraphPAD Prismé6 computer program of the
GraphPad Software Inc company. The results of the conducted experiments were analysed by the
Bonferonni test to determine statistically significant changes between the control groups and the groups
treated with studied compounds. A significance level below 0.05 (* p < 0.05; ** p < 0.01; ** p < 0.001;
***% p < 0.0001) was considered statistically significant.

4. Conclusions

In an attempt to design more effective drugs, a better understanding of the molecular mechanisms
underlying theantitumour effects of platinum(II) compounds is needed. Hence, the molecular structure
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and intermolecular interactions of the title complex are compared with other cisplatin analogues (CSD).
A possible correlation between the structure and anticancer activity of trans-Pt(3-af),Cl, was suggested.
The chemical part of our study on trans—Pt(3-af),Cl, has focused on analysis of the crystal structures
and intermolecular interactions around the platinum center of molecules. Summarizing the results of
Hirshfeld surface analysis, it may be concluded that the areas above and below the platinum atom
(with respect to the plane of the complex) play an important role in stabilization molecular packing in
the crystal state. Moreover, the obtained results suggest that platinum atom could be rather easily
available for water molecules and the first step of hydration process may be connected with formation
of O-H ... Cl- hydrogen bonds between the water molecule and the chlorido ligand. Interestingly,
the results of analysis of the molecular electrostatic potential indicate that in the activation process,
electrostatic attraction of the water oxygen atom by cisplatin andby the title 3-aminoflavone complex is
of similar strength. It is also possible that cytotoxic properties of trans—Pt(3-af),Cl,, being similar to the
cytotoxic properties of cisplatin, are associated with the fact that the properties of Pt-N bonds in both
compounds display close resemblance to each other.

In the biological part of article, particular attention was paid to the intensification of anticancer
effects. Cisplatin, trans-Pt(3-af),Cl, and other cytostatics were examined at elevated temperatures.
Hyperthermia in combination with chemotherapy is not a novel treatment for cancer. However,
the mechanism of action of combination therapy is not fully understood. In the present study,
ovarian cancer cell lines such as OVCAR-3, Caov-3 with a different clinical pedigree and carcinogenic
pathomechanism were used. Cell viability was examined and the expression of some of the key genes
associated with apoptosis (Caspase-3, BAX and Survivin) was determined. After the application
of hyperthermia, significant apoptotic genes were shown to decline. Based on the experiments
conducted in the present study real possibilities to increase the activity of cytostatics including cisplatin
with elevated temperatures were demonstrated. Considering different pedigree of ovarian cancer
is key when designing chemotherapy regimens. Elevated temperature of cytostatics (40 °C, 43 °C)
increases the anticancer activity of the examined medications. Hyperthermia was shown to increase
the sensitivity of cells to platinum medications.

Noteworthy is the fact that the trans—Pt(3-af),Cl, can be used to successfully treat ovarian cancers
with different pedigree like the gold standard medications, which is confirmed by the change in
expression of key apoptotic genes after exposure to a new compound. Therefore, it seems possible that
the newly synthesized compound may be effective in ovarian cancer therapy. The intensification of
effect with hyperthermia opens up new possibilities in terms oftreatment, because elevated temperature
affects the variable level of gene expression, and thus damage under the influence of cytostatics cell is
directed to the apoptosis route.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/6/2116/s1.

Author Contributions: Conceptualization, M.F., M.O.; methodology, M.O., M.E,, AJ.R.-P,, ].D.; investigation,
M.O., A.B,; data analysis M.O., A.J.R.-P,, ].D.; writing—original draft preparation, M.E,, M.O., AJ.R.-P, ].D,;
writing—review and editing, M.M., J.O.; All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported partly by Medical University of Lodz grants statute no.503/3-016-02/503-01
502-03/3-016-02/502-34-112 (M.E.) and Polish National Science Centre (grant No. 6740/B/P01/2011/40; reg. No. N
N405 674040). Calculations were carried out using resources provided by the Wroctaw Centre for Networking and
Supercomputing, grant No. 118. Access to HPC machines and licensed software is gratefully acknowledged by
J.D.

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

References

1.  Didkowska, J.; Wojciechowska, U. Cancer in Poland in 2013. Available online: http://onkologia.org.pl/wp-
content/uploads/BIUL2013.pdf (accessed on 7 March 2020).

2. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2018. CA Cancer J. Clin. 2018, 68, 7-30. [CrossRef]
[PubMed]


http://www.mdpi.com/1422-0067/21/6/2116/s1
http://onkologia.org.pl/wp-content/uploads/BIUL2013.pdf
http://onkologia.org.pl/wp-content/uploads/BIUL2013.pdf
http://dx.doi.org/10.3322/caac.21442
http://www.ncbi.nlm.nih.gov/pubmed/29313949

Int. ]. Mol. Sci. 2020, 21,2116 18 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

Available online: http://onkologia.org.pl/wp-content/uploads/Nowotwory_2017.pdf (accessed on 7 March
2020).

Available online: https://www.cancer.org/cancer/ovarian-cancer/about/key-statistics.html (accessed on 7
March 2020).

Madry, R. Chemotherapy for Ovarian Cancer. W: Oncological Gynaecology; Markowska, J., Ed.; Wydawnictwo
Medyczne Urban & Part-ner: Wroctaw, Poland, 2006; pp. 894-909.

Ozols, R.F. Challenges for chemotherapy in ovarian cancer. Ann. Oncol. 2006, 17, 181-187. [CrossRef]
[PubMed]

Raja, F.A.; Chopra, N.; Ledermann, J.A. Optimal first-line treatment in ovarian cancer. Ann. Oncol. 2012, 23,
118-127. [CrossRef] [PubMed]

Berkenblit, A.; Matulonis, U.A.; Kroener, ].E; Dezube, B.].; Lam, G.N.; Cuasay, L.C.; Briinner, N.; Jones, T.R;
Silverman, M.H.; Gold, M.A. A6, a urokinase plasminogen activator (uPA)-derived peptide in patients with
advanced gynecologic cancer: A phase I trial. Gynecol. Oncol. 2005, 99, 50-57. [CrossRef]

Tsao, A.S.; Kim, E.S.; Hong, W.K. Chemoprevention of cancer. CA Cancer J. Clin. 2004, 54, 150-180. [CrossRef]
Matlawska-Wasowska, K.; Rainczuk, K.; Kalinowska-Lis, U.; Osiecka, R.; Ochocki, J. Genotoxicity of novel
trans-platinum(II) complex with diethyl (pyridin-4-ylmethyl) phosphate in human non-small cell lung cancer
cells A549. Chem. Biol. Interact. 2007, 168, 135-142. [CrossRef]

Herrera, ] M.; Mendes, F; Gama, S.; Santos, I.; Navarro Ranninger, C.; Cabrera, S.; Quiroga, A.G. Design
and biological evaluation of new platinum(II) complexes bearing ligands with DNA-targeting ability. Inorg.
Chem. 2014, 53, 12627-12634. [CrossRef]

Fabijariska, M.; Studzian, K.; Szmigiero, L.; Rybarczyk-Pirek, A.].; Pfitzner, A.; Cebula-Obrzut, B.;
Smolewski, P.; Zyner, E.; Ochocki, J. trans-Platinum(II) complex of 3-aminoflavone-synthesis, X-ray crystal
structure and biological activities in vitro. Dalton Trans. 2015, 44, 938-947. [CrossRef]

Palazzi, M.; Maluta, S.; Dall’Oglio, S.; Romano, M. The role of hyperthermia in the battle against cancer.
Tumori 2010, 96, 902-910. [CrossRef]

Hildebrandt, B.; Wust, P.; Ahlers, O.; Dieing, A.; Sreenivasa, G.; Kerner, T.; Felix, R.; Riess, H. The cellular
and molecular basis of hyperthermia. Crit. Rev. Oncol. Hematol. 2002, 43, 33-56. [CrossRef]

Horsman, M.R.; Overgaard, ]J. Hyperthermia: A potent enhancer of radiotherapy. Clin. Oncol. 2007, 19,
418-426. [CrossRef] [PubMed]

Timorek-Lemieszczuk, A.; Nalewczynska, A.; Spiewankiwicz, B. Zastosowanie hipertermii w onkologii.
Curr. Gynecol. Oncol. 2009, 7, 264-269.

Sato, I.; Umemuro, M.; Mitsudo, K.; Fukumura, H.; Jeong-Hwan, K.; Hoshino, Y.; Nakashima, H.; Kioi, M.;
Nakakaji, R.; Sato, M; et al. Simultaneous hyperthermia-chemotherapy with controlled drug delivery using
single-drug nanoparticles. Sci. Rep. 2016, 6, 24629. [CrossRef] [PubMed]

Issels, R.D. Hyperthermia adds to chemotherapy. Eur. J. Cancer 2008, 44, 2546-2554. [CrossRef] [PubMed]
Takahashi, I.; Emi, Y.; Hasuda, S.; Kakeji, Y.; Maehara, Y.; Sugimachi, K. Clinical application of 13 hyperthermia
combined with anticancer drugs for the treatment of solid tumors. Surgery 2002, 131, S78-S84. [CrossRef]
[PubMed]

Ansaloni, L.; Agnoletti, V.; Amadori, A.; Catena, F; Cavaliere, D.; Coccolini, F.; De Iaco, P.; Di Battista, M.;
Framarini, M.; Gazzotti, F; et al. Evaluation of extensive cytoreductive surgery and hyperthermic
intraperitoneal chemotherapy (HIPEC) in patients with advanced epithelial ovarian cancer. Int. J. Gynecol.
Cancer 2012, 22, 778-785. [CrossRef]

Cashin, PH.; Graf, W.; Nygren, P.; Mahteme, H. Cytoreductive surgery and intraperitoneal chemotherapy
for colorectal peritoneal carcinomatosis: Prognosis and treatment of recurrences in a cohort study. Eur. J.
Surg. Oncol. 2012, 38, 509-515. [CrossRef]

‘Spiewankiewicz, B.; Osuch, B.; Kusnierz, J.; Symonides, M.; Smorczewska, M. Preliminary evaluation of
the usefulness of peritoneal peritonealhyperthermic chemotherapy (HIPEC) in patients with neoplastic
intraperitoneal dissemination. Curr. Gynecol. Oncol. 2013, 11, 33—41. [CrossRef]

Rutkowski, P; Spiewankiewicz, B.; Herman, K.; Jastrzebski, T.; Kiadny, J.; Kojs, Z.; Krzakowski, M.;
Polkowski, W.; Wyrwicz, L.; Wysocki, P; et al. Polish clinical practice guidelines on Hyperthermic
Intraperitoneal Chemotherapy (HIPEC) with Cytoreductice Surgery (CRS) in peritoneal malignancy treatment.
Curr. Gynecol. Oncol. 2014, 12, 86-97. [CrossRef]


http://onkologia.org.pl/wp-content/uploads/Nowotwory_2017.pdf
https://www.cancer.org/cancer/ovarian-cancer/about/key-statistics.html
http://dx.doi.org/10.1093/annonc/mdj978
http://www.ncbi.nlm.nih.gov/pubmed/16807453
http://dx.doi.org/10.1093/annonc/mds315
http://www.ncbi.nlm.nih.gov/pubmed/22987945
http://dx.doi.org/10.1016/j.ygyno.2005.05.023
http://dx.doi.org/10.3322/canjclin.54.3.150
http://dx.doi.org/10.1016/j.cbi.2007.04.001
http://dx.doi.org/10.1021/ic502373n
http://dx.doi.org/10.1039/C4DT01501K
http://dx.doi.org/10.1177/548.6507
http://dx.doi.org/10.1016/S1040-8428(01)00179-2
http://dx.doi.org/10.1016/j.clon.2007.03.015
http://www.ncbi.nlm.nih.gov/pubmed/17493790
http://dx.doi.org/10.1038/srep24629
http://www.ncbi.nlm.nih.gov/pubmed/27103308
http://dx.doi.org/10.1016/j.ejca.2008.07.038
http://www.ncbi.nlm.nih.gov/pubmed/18789678
http://dx.doi.org/10.1067/msy.2002.119308
http://www.ncbi.nlm.nih.gov/pubmed/11821791
http://dx.doi.org/10.1097/IGC.0b013e31824d836c
http://dx.doi.org/10.1016/j.ejso.2012.03.001
http://dx.doi.org/10.15557/CGO.2013.0003
http://dx.doi.org/10.15557/CGO.2014.0009

Int. ]. Mol. Sci. 2020, 21,2116 19 of 22

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Polom, K.; Roviello, G.; Generali, D.; Marano, L.; Petrioli, R.; Marsili, S.; Caputo, E.; Marrelli, D.; Roviello, F.
Cytoreductive surgery and hyperthermic intraperitoneal chemotherapy for treatment of ovarian cancer. Int.
J. Hyperther. 2016, 32, 298-310. [CrossRef]

Raudaschl, G.; Lippert, B.; Hoeschele, ].D.; Howard-Lock, H.E.; Lock, C.J.L.; Pilon, P. Adduct formation of
cis-(NHj3),PtX; (X = CI7, I") with formamides and the crystal structures of cis-(NH3),PtC12-(CH3),NCHO.
Application for the purification of the antitumor agent cisplatin. Inorg. Chim. Acta 1985, 106, 141-149.
[CrossRef]

Goto, M.; Tsutsui, H.; Matsuda, S.; Tanaka, Y.; Tsuruda, N.; Kurosaki, H. Structures of platinum(II)
complexes of 2-aminomethylaziridine and S-2-aminomethylazetidine and correlation of anticancer activities

of (2-aminomethylazacycloalkane)platinum(II) complexes with the geometry of the chelate rings formed

with platinum(Il). Chem. Pharm. Bull. 2004, 52, 47-50. [CrossRef] [PubMed]

Ellis, L.T.; Hambley, T.W. Dichloro(ethylenediamine) platinum(Il). Acta Crystallogr. Sect. CCryst. Struct.
Commun. 1994, C50, 1888-1889. [CrossRef]

Tsubomura, T.; Yano, S.; Kobayashi, K.; Sakurai, T.; Yoshikawa, S. First Synthesis and Characterization

of Platinum(II) Complexes of Amino Sugars having Anti-tumour Activity; Crystal Structure of [PtCI(

methyl 2,3-diamino-2,3- dideoxy-a-~-mannopyranoside)]=H. ]. Chem. Soc. Chem. Commun. 1986, 6, 459-460.
[CrossRef]

Witiak, D.T.; Rotella, D.P,; Filppi, J.A.; Gallucci, ]J. Stereocontrolled syntheses for the six diastereomeric

1,2-dihydroxy-4,5-diaminocyclohexanes: PtII complexes and P-388 antitumor properties. J. Med. Chem. 1987,
30, 1327-1336. [CrossRef] [PubMed]

Yongsheng, C.; Heeg, M.].; Braunschweiger, P.G.; Wenhua, X.; Peng, G.W. A Carbohydrate-Linked Cisplatin

Analogue Having Antitumor Activity. Angew. Chem. Int. Ed. 1999, 38, 1768-1769.

Gust, R.; Schonenberger, H.; Kritzenberger, ].; Range, K.J.; Klement, U.; Burgemeister, T. Crystal Structure,
Solution Chemistry, and Antitumor Activity of Diastereomeric [1,2-Bis(2-hydroxyphenyl)ethylenediamine]

dichloroplatinum(II) Complexes. Inorg. Chem. 1993, 32, 5939-5950. [CrossRef]

Zimmermann, W.; Galanski, M.; Keppler, B.K.,; Giester, G. Synthesis and structures of
(SP-4-2)-diiodobis(2-hydroxyethylamine)platinum(II),(SP-4-2)-dichlorobis(2-hydroxyethylamine)platinum(II)
and (OC-6-22)-bis(2-hydroxyethylamine)tetrachloroplatinum(IV) in the crystal. Inorg. Chim. Acta 1999, 292,
127-130. [CrossRef]

Hanessian, S.; Gauthier, J.-Y.; Okamoto, K., Beauchamp, A.L.; Theophanides, T. Synthesis of

diaminodideoxyalditol analogs of cisplatin as antitumor agents. Can. J. Chem. 1993, 71, 880-885. [CrossRef]

Vickery, K.; Bonin, A.M.; Fenton, R.R.; O’'Mara, S.; Russell, P.J.; Webster, L.K.; Hambley, T.W. Preparation,
characterization, cytotoxicity, and mutagenicity of a pair of enantiomeric platinum (II) complexes with the

potential to bind enantioselectively to DNA. J. Med. Chem. 1993, 36, 3663-3668. [CrossRef]

Kirik, S.D.; Starkov, A.K. X-ray powder study of cis-dichloridobis(methylamine)platinum(II). Acta Crystallogr.
Sect. E Struct. Rep. Online 2007, 63, m2685-m2686. [CrossRef]

Wang, J.; Bennani, Y.L.; Belanger-Gariepy, F.; Hanessian, S. Structure of DL-dichloro(trans-1,2-diamino-
trans-3,6-cyclohexanediol)platinum(Il) monohydrate, [PtCly(C4H14N>O,)].H,O. Acta Crystallogr. Sect. C

Cryst. Struct. Commun. 1991, C47, 1067-1069. [CrossRef]

Klement, U.; Range, K.J.; Gust, R. Crystal structure of [erythro-N-ethyl-1,2-bis(4-fluorophenyl)ethylenediamine]
dichloroplatin(II), (FCsHy), (CH), (NH, ) (NHC,Hs)PtCly. Kristallogr. 1996, 211, 849. [CrossRef]

Odoko, M.; Okabe, N. Dichloro(propane-1,3-diamine-kappa2N,N")platinum(II), dichloro(propane-1,3-
diamine-kappa2N,N")palladium(II) and mu-4,9-diazadodecane-1,12-diamine-kappa2N1,N4:kappa2N9,N12-
bis[dichloroplatinum(II)]. Acta Crystallogr. Sect. C Cryst. Struct. Commun. 2006, C62, m136-m139. [CrossRef]

Ming-Jin, X.; Xi-Zhu, C.; Wei-Ping, L.; Shu-Qian, H.; Qing-Shong, Y. cis-Dichlorido(N-cyclohexylpropane-1,3-
diamine-k2N,N’)platinum(II). Acta Crystallogr. Sect. E Struct. Rep. Online 2007, E63, m1667.

Sbovata, S.M.; Bettio, F.; Marzano, C.; Tassan, A.; Mozzon, M.; Bertani, R.; Benetollo, F.; Michelin, R.A.
Synthesis, characterization and cytotoxic activity of substituted benzyl iminoether Pt(II) complexes of

the type cis- and trans-[PtCly{E-N(H)=C(OMe)CH,-CgHs—p-R};] (R = Me, OMe, F). X-ray structure of

trans-[PtCl,{E-N(H)=C(OMe)CH,-C¢Hy—p-F},]. J. Inorg. Biochem. 2008, 102, 882-891. [CrossRef]

Sbovata, S.M.; Bettio, E; Marzano, C.; Mozzon, M.; Bertani, R.; Benetollo, E.; Michelin, R.A. Benzylamidine

complexes of platinum(II) derived by nucleophilic addition of primary and secondary amines. X-ray crystal

structure of trans-[PtCl{Z-N(H)=C(NHMe)CH,Ph},]. Inorg. Chim. Acta 2008, 361, 3109-3116. [CrossRef]


http://dx.doi.org/10.3109/02656736.2016.1149233
http://dx.doi.org/10.1016/S0020-1693(00)87550-7
http://dx.doi.org/10.1248/cpb.52.47
http://www.ncbi.nlm.nih.gov/pubmed/14709867
http://dx.doi.org/10.1107/S0108270194006840
http://dx.doi.org/10.1039/C39860000459
http://dx.doi.org/10.1021/jm00391a011
http://www.ncbi.nlm.nih.gov/pubmed/3612684
http://dx.doi.org/10.1021/ic00078a009
http://dx.doi.org/10.1016/S0020-1693(99)00175-9
http://dx.doi.org/10.1139/v93-117
http://dx.doi.org/10.1021/jm00075a022
http://dx.doi.org/10.1107/S1600536807048428
http://dx.doi.org/10.1107/S0108270190011647
http://dx.doi.org/10.1524/zkri.1996.211.11.849
http://dx.doi.org/10.1107/S010827010600610X
http://dx.doi.org/10.1016/j.jinorgbio.2007.12.007
http://dx.doi.org/10.1016/j.ica.2007.10.054

Int. ]. Mol. Sci. 2020, 21,2116 20 of 22

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Chomecezyniski, P; Sacchi, N. Single-step method of RNA isolation by acid guanidinium
thiocyanate-phenol-chloroform extraction. Anal. Biochem. 1987, 162, 156-159. [CrossRef]

Dasari, S.; Tchounwou, P.B. Cisplatin in cancer therapy: Molecular mechanisms of action. Eur. J. Pharmacol.
2014, 740, 364-378. [CrossRef]

Biirgi, H.B. Stereochemistry of Reaction Paths as Determined from Crystal Structure Data—A Relationship
between Structure and Energy. Angew. Chem. Int. Ed. Engl. 1975, 14, 460. [CrossRef]

Malik, M.; Michalska, D. Assessment of new DFT methods for predicting vibrational spectra and structure of
cisplatin: Which density functional should we choose for studying platinum(II) complexes? Spectrochim.
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2014, 125, 431-439. [CrossRef] [PubMed]

Wysokinski, R.; Hernik, K.; Szostak, R.; Michalska, D. Electronic structure and vibrational spectra of
cis-diammine-(orotato)platinum(II), a potential cisplatin analogue: DFT and experimental study. Chem. Phys.
2007, 333, 37-48.

Dunitz, J.D. X-Ray Analysis and the Structure of Organic Molecules; Cornell University Press: Ithaca, NY, USA;
London, UK, 1979.

Bondi, A. Van der Waals Volumes and Radii. J. Phys. Chem. 1964, 68, 441-451. [CrossRef]

Burda, ].V.,; Zeizinger, M.; Leszczynski, J. Hydration Process as an Activation of Trans- and Cisplatin
Complexes in Anticancer Treatment. DFT and Ab InitioComputational Study of Thermodynamic andKinetic
Parameters. |. Comput. Chem. 2005, 26, 907-914. [CrossRef]

Parcellier, A.; Gurbuxani, S.; Schmitt, E. Heat shock proteins, cellular chaperones that modulate mitochondrial
cell death pathways. Biochem. Biophys. Res. Commun. 2003, 304, 505-512. [CrossRef]

Labedzka, K.; Izdebska, M. Mitochondrium a $§mier¢ komérki. Postepy Hig. Med. Dosw. 2006, 60, 439-446.
Pivovarova, A.V.; Mikhailova, V.V. Effects of small heat shock proteins non the thermal denaturation and
aggregation of F-actin. Biochem. Biophys. Res. Commun. 2005, 331, 1548-1553. [CrossRef]

Kazmierczuk, A.; Kiliariska, Z.M. Rola bialek szoku cieplnego w apoptozie komérek. Postepy Hig. Med.
Dosw. 2010, 64, 273-283.

Mirkes, P.E. Molecular cellular biology of the heat stress response and its role in agent-induced teratogenesis.
Mutat. Res. 1997, 396, 163—173. [CrossRef]

Jolesch, A.; Elmer, K.; Bendz, H.; Issels, R.D.; Noessner, E. Hsp70, a messenger from hyperthermia for the
immune system. Eur. J. Cell Biol. 2012, 91, 48-52. [CrossRef]

Kaur, P; Hurwitz, M.D,; Krishnan, S.; Asea, A. Combined hyperthermia and radiotherapy for the treatment
of cancer. Cancers 2011, 30, 3799-3823. [CrossRef] [PubMed]

Song, C.W. Effect of local hyperthermia on blood flow and microenvironment: A review. Cancer Res. 1984,
44, 4721-4730.

Colombo, R.; Salonia, A.; Da Pozzo, L.F; Naspro, R.; Freschi, M.; Paroni, R. Combination of intravesical
chemotherapy and hyperthermia for the treatment of superficial bladder cancer: Preliminary clinical
experience. Crit. Rev. Oncol. Hematol. 2003, 47, 127-139. [CrossRef]

Konings, A.W.T.; Heitinga, W.V.E.; Lemstra, W.; Humphrey, G.B.; Kampinga, H.H. Sensitizing for
cis-diamminedichloroplatinum(Il) action by hyperthermia in resistant cells. Int. ]. Hyperther. 1993, 9,
553-562. [CrossRef]

Hettinga, ].V.; Lemstra, W.; Meijer, C.; Mulder, N.H.; Konings, A.W.; de Vries, E.G.; Kampinga, H.H.
Hyperthermic potentiation of cisplatin toxicity in a human small cell lung carcinoma cell line and a cisplatin
resistant subline. Int. ]. Hyperther. 1994, 10, 795-805. [CrossRef]

Helm, C.W.; Richard, S.D.; Pan, J.; Bartlett, D.; Goodman, M.D.; Hoefer, R.; Lentz, S.S.; Levine, E.A.;
Loggie, B.W.; Metzinger, D.S.; et al. Hyperthermic intraperitoneal chemotherapy in ovarian cancer: First
report of the HYPER-O registry. Int. . Gynecol. Cancer 2010, 20, 61-69. [CrossRef]

Van der Heijden, A.G.; Verhaegh, G.; Jansen, C.F; Schalken, J.A.; Witjes, ].A. Effect of hyperthermia on the
cytotoxicity of 4 chemotherapeutic agents currently used for the treatment of transitional cell carcinoma of
the bladder: An in vitro study. J. Urol. 2005, 173, 1375-1380. [CrossRef]

Xu, M.J.; Alberts, D.S. Potentiation of platinum analogue cytotoxicity by hyperthermia. Cancer Chemother.
Pharmacol. 1988, 21, 191-196. [CrossRef]

Hildebrandt, B.; Wust, P. Interactions between hyperthermia and cytotoxic drugs. Cancer Treat. Res. 2007,
134, 185-193.


http://dx.doi.org/10.1016/0003-2697(87)90021-2
http://dx.doi.org/10.1016/j.ejphar.2014.07.025
http://dx.doi.org/10.1002/anie.197504601
http://dx.doi.org/10.1016/j.saa.2014.01.107
http://www.ncbi.nlm.nih.gov/pubmed/24583852
http://dx.doi.org/10.1021/j100785a001
http://dx.doi.org/10.1002/jcc.20228
http://dx.doi.org/10.1016/S0006-291X(03)00623-5
http://dx.doi.org/10.1016/j.bbrc.2005.04.077
http://dx.doi.org/10.1016/S0027-5107(97)00182-6
http://dx.doi.org/10.1016/j.ejcb.2011.02.001
http://dx.doi.org/10.3390/cancers3043799
http://www.ncbi.nlm.nih.gov/pubmed/24213112
http://dx.doi.org/10.1016/S1040-8428(03)00076-3
http://dx.doi.org/10.3109/02656739309005052
http://dx.doi.org/10.3109/02656739409012372
http://dx.doi.org/10.1111/IGC.0b013e3181c50cde
http://dx.doi.org/10.1097/01.ju.0000146274.85012.e1
http://dx.doi.org/10.1007/BF00262768

Int. ]. Mol. Sci. 2020, 21,2116 21 of 22

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Hahn, G.M.; Li, G.C. Interactions of hyperthermia and drugs: Treatments and probes. Natl. Cancer Inst.
Monogr. 1982, 61, 317-323.

Barnes, A.P.,; Miller, B.E.; Kucera, G.L. Cyclooxygenase inhibition and hyperthermia for the potentiation of
the cytotoxic response in ovarian cancer cells. Gynecol. Oncol. 2007, 104, 443-450. [CrossRef] [PubMed]
Haveman, J.; Bergs, ].W.; Franken, N.A.; van Bree, C.; Stalpers, L.]. Effect of hyperthermia on uptake and
cytotoxicity of cisplatin in cultured murine mammary carcinoma cells. Oncol. Rep. 2005, 14, 561-567.
[CrossRef] [PubMed]

Othman, T.; Goto, S.; Lee, ].B.; Taimura, A.; Matsumoto, T.; Kosaka, M. Hyperthermic enhancement of the
apoptotic and antiproliferative activities of paclitaxel. Pharmacology 2001, 62, 208-212. [CrossRef] [PubMed]
Schrump, D.S.; Zhai, S.; Nguyen, D.M.; Weiser, T.S.; Fisher, B.A.; Terrill, R.E.; Flynn, B.M.; Duray, PH.;
Figg, W.D. Pharmacokinetics of paclitaxel administered by hyperthermic retrograde isolated lung perfusion
techniques. J. Thorac. Cardiovasc. Surg. 2002, 123, 686—-694. [CrossRef] [PubMed]

Mohamed, F.; Marchettini, P.; Stuart, O.A.; Urano, M.; Sugarbaker, PH. Thermal enhancement of new
chemotherapeutic agents at moderate hyperthermia. Ann. Surg. Oncol. 2003, 10, 463—468. [CrossRef]
[PubMed]

Cohen, ].D.; Robins, H.I; Javid, M.]. Sensitization of C6 glioma to carboplatin cytotoxicity by hyperthermia
and thymidine. J. Neurooncol. 1990, 9, 1-8. [CrossRef] [PubMed]

Wu, Z,; Wang, T.; Zhang, Y.; Zheng, Z.; Yu, S.; Jing, S.; Chen, S.; Jiang, H.; Ma, S. Anticancer effects of
[-elemene with hyperthermia in lung cancer cells. Exp. Ther. Med. 2017, 13, 3153-3157. [CrossRef]

Zhao, P; Jiang, H.; Su, D.; Feng, J.; Ma, S.; Zhu, X. Inhibition of cell proliferation by mild hyperthermia
at 43 °C with Paris Saponin I in the lung adenocarcinoma cell line PC-9. Mol. Med. Rep. 2015, 11, 27-32.
[CrossRef]

Groom, C.R,; Bruno, L].; Lightfoot, M.P.; Ward, S.C. The Cambridge Structural Database. Acta Crystallogr.
2016, B72,171-179. [CrossRef]

McKinnon, J.J.; Fabbiani, EP.A.; Spackman, M.A. Comparison of Polymorphic Molecular Crystal Structures
through Hirshfeld Surface Analysis. Cryst. Growth Des. 2007, 7, 755-769. [CrossRef]

Chopra, D. Advances in Understanding of Chemical Bonding: Inputs from Experimental and Theoretical
Charge Density. Anal. Phys. Chem. A 2012, 116, 9791-9801. [CrossRef] [PubMed]

Spackman, M.A; Jayatilaka, D. Hirshfeld Surface Analysis. Cryst. Eng. Comm. 2009, 11, 19-32. [CrossRef]
Rybarczyk-Pirek, A.].; Lukomska-Rogala, M.; Wojtulewski, S.; Palusiak, M. N-oxide as a proton accepting
group in multicomponent crystals: X-ray and theoretical studies 0. new p-nitropyridine-N-oxide co-crystals.
Cryst. Growth Des. 2015, 15, 5802-5815. [CrossRef]

Lukomska-Rogala, M.; Rybarczyk-Pirek, A.J.; Ejsmont, K ; Jasiriski, M.; Palusiak, M. Non-covalent interactions
of N-phenyl-1,5-dimethyl-1H-imidazole-4-carboxamide 3-oxide derivatives -a case ofintramolecular N-oxide
hydrogen bonds. Struct. Chem. 2017, 28, 1229-1241. [CrossRef]

Rybarczyk-Pirek, A.J.; Checiriska, L.; Matecka, M.; Wojtulewski, S. Intermolecular interactions of
trichloromethyl group in the crystal state, the case of 2-trichloromethyl-3H-4-quinazoline polymorphs
and 1-methyl-2-trichloroacetylpyrrole -Hirshfeld surface analysis of chlorine halogen bonding. Cryst. Growth
Des. 2013, 13, 3913-3924. [CrossRef]

Checiniska, L.; Grabowsky, S.; Matecka, M.; Rybarczyk-Pirek, A].; J6zwiak, A.; Paulmann, C.; Luger, P.
Experimental and theoretical electron-density study of three isoindole derivatives: Topological and Hirshfeld
surface analysis of weak intermolecular interactions. Acta Crystallogr. 2011, B67, 569-581.

Becke, A.D. Density-Functional Thermochemistry. III. The Role of Exact Exchange. J. Chem. Phys. 1993, 98,
5648-5652. [CrossRef]

Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional
of the electron density. Phys. Rev. B 1988, 37, 785-789. [CrossRef]

Stephens, PJ.; Devlin, FJ.; Chabalowski, C.E; Frisch, M.J. Ab Initio Calculation of Vibrational Absorption
and Circular Dichroism Spectra Using Density Functional Force Fields. J. Phys. Chem. 1994, 98, 11623-11627.
[CrossRef]

Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H. Results obtained with the correlation energy density functionals
of becke and Lee, Yang and Parr. Chem. Phys. Lett. 1989, 157, 200-206. [CrossRef]


http://dx.doi.org/10.1016/j.ygyno.2006.08.008
http://www.ncbi.nlm.nih.gov/pubmed/16996114
http://dx.doi.org/10.3892/or.14.2.561
http://www.ncbi.nlm.nih.gov/pubmed/16012745
http://dx.doi.org/10.1159/000056096
http://www.ncbi.nlm.nih.gov/pubmed/11359996
http://dx.doi.org/10.1067/mtc.2002.120713
http://www.ncbi.nlm.nih.gov/pubmed/11986596
http://dx.doi.org/10.1245/ASO.2003.08.006
http://www.ncbi.nlm.nih.gov/pubmed/12734097
http://dx.doi.org/10.1007/BF00167062
http://www.ncbi.nlm.nih.gov/pubmed/2213112
http://dx.doi.org/10.3892/etm.2017.4350
http://dx.doi.org/10.3892/mmr.2014.2655
http://dx.doi.org/10.1107/S2052520616003954
http://dx.doi.org/10.1021/cg060773k
http://dx.doi.org/10.1021/jp306169f
http://www.ncbi.nlm.nih.gov/pubmed/22928665
http://dx.doi.org/10.1039/B818330A
http://dx.doi.org/10.1021/acs.cgd.5b01177
http://dx.doi.org/10.1007/s11224-017-0935-x
http://dx.doi.org/10.1021/cg400584w
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1021/j100096a001
http://dx.doi.org/10.1016/0009-2614(89)87234-3

Int. ]. Mol. Sci. 2020, 21,2116 22 of 22

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Weigend, E; Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence
quality for H to Rn: Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297-3305.
[CrossRef] [PubMed]

Weigend, F. Accurate Coulomb-fitting basis sets for H to Rn. Phys. Chem. Chem. Phys. 2006, 8, 1057-1065.
[CrossRef] [PubMed]

Program, M.].; Frisch, G.W.; Trucks, H.B.; Schlegel, G.E.; Scuseria, M.A.; Robb, J.R.; Cheeseman, G.;
Scalmani, V.; Barone, G.A.; Petersson, H.; et al. Gaussian09, Revision, D.01, Gaussian, Inc., Wallingford, CT.
2009. Available online: http://www.gaussian.com (accessed on 20 April 2019).

Bader, R.EW. Atomsin Molecules: A Quantum Theory; Oxford University Press: New York, NY, USA, 1990.
Lukomska, M.; Rybarczyk-Pirek, A.J.; Jabloniski, M.; Palusiak, M. The nature of NO-bonding in N-oxide
group. Phys. Chem. Chem. Phys. 2015, 17, 16375-16387. [CrossRef] [PubMed]

Rybarczyk-Pirek, A.].; Matecka, M.; Palusiak, M. Use of Quantum Theory of Atoms in Molecules in the
Search for Appropriate Hydrogen Atom Locations in X-ray Diffraction Based Studies. Cryst. Growth. Des.
2016, 16, 6841-6848. [CrossRef]

Wzgarda-Raj, K.; Rybarczyk-Pirek, A.J.; Wojtulewski, S.; Pindelska, E.; Palusiak, M. Oxidation of
2-mercaptopyridine N-oxide upon iodine agent: Structural and FI-IR studies on charge-assisted hydrogen
bonds CAHB(+) and I.... I halogen interactions in 2,2’-dithiobis(pyridine N-oxide) ionic cocrystal. Struct.
Chem. 2019, 30, 827-833. [CrossRef]

Keith, T.A. AIMAIl Professional (Version 14.10.27), TK Gristmill Software, Overland Park KS. 2014. Available
online: aim.tkgristmill.com (accessed on 14 May 2019).

Orzechowska, M.; Fabijariska, M.; Ochocki, J.; Matecki, M. Anticancer activity of a trans-platinum(II) complex
of 3-aminoflavone to ovarian cancer cells. Ginekol. Pol. 2017, 88, 68-74. [CrossRef] [PubMed]

Binder, R.J.; Harris, M.L.; Ménoret, A ; Srivastava, P.K. Saturation, Competition, and Specificity in Interaction
of Heat Shock Proteins (hsp) gp96, hsp90, and hsp70 with CD11b* Cells. J. Immunol. 2000, 165, 2582-2587.
[CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/b508541a
http://www.ncbi.nlm.nih.gov/pubmed/16240044
http://dx.doi.org/10.1039/b515623h
http://www.ncbi.nlm.nih.gov/pubmed/16633586
http://www.gaussian.com
http://dx.doi.org/10.1039/C5CP02148K
http://www.ncbi.nlm.nih.gov/pubmed/26051488
http://dx.doi.org/10.1021/acs.cgd.6b00943
http://dx.doi.org/10.1007/s11224-019-1290-x
aim.tkgristmill.com
http://dx.doi.org/10.5603/GP.a2017.0014
http://www.ncbi.nlm.nih.gov/pubmed/28326515
http://dx.doi.org/10.4049/jimmunol.165.5.2582
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Structural Analysis 
	Computational Results 
	Effect of Elevated Temperature of the Tested Formulations on the Survival of Caov-3 and OVCAR-3 Cells 
	Effect of Elevated Temperature of Tested Formulations on Caov-3 and OVCAR-3 Cell Mortality 
	Assessment of the Effects of the Tested Formulations on the Expression of Selected Genes on Caov-3 and OVCAR-3 Cells 

	Materials and Methods 
	Cambridge Structural Database Search 
	Molecular Hirshfeld Surface Analysis 
	Computational Methods 
	Cells and Reagents 
	Viability Assays 
	Cytotoxicity Assay 
	Real-Time PCR Amplification Product Quantitative Analysis 
	Statistical Analysis 

	Conclusions 
	References

