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Abstract: The development of effective strategies for local administration of chemotherapeutic drugs,
thus minimizing the adverse side effects to patients, is one of the key challenges in biomedicine
and cancer research. This work reports the formulation and characterization of PluronicF127 mi-
croemulsions to enhance the bioavailability of Cisplatin (Cis). The size of Cis microemulsion was
about 12.0 nm, as assessed by dynamic light scattering analysis. In vitro cytotoxic activity of free
Cis and F127/Cis microemulsions were studied on malignant (C152 and MCF7) and normal (HU-
VECQ) cells via tetrazolium (MTT) colorimetric assay. Cell morphology was also monitored. In vitro
assessments revealed thatF127/Cis microemulsions induced cytotoxicity /morphological changes
to a lesser extent than free Cis. Regarding in vivo experiments, F127/Cis microemulsions were
injected intraperitoneally at 7 and 14 mg/kg doses into adult male Wistar rats to assess histologic and
biochemical changes. In this case, the bulk Cis group caused severe histopathological changes and
significant increases in serum liver enzymes and serum kidney function markers. The group treated
with the 14 mg/kg dose of F127/Cis microemulsions also showed severe fatty changes and significant
increases in serum liver enzymes, blood urea nitrogen, and creatinine levels. The group treated with
the low dose of nano-Cis showed a significant increase in serum liver enzymes levels accompanied
by mild fatty changes of the liver. Theoretical surveys were performed to get an understanding of
the interplay between F127 and Cis. Results reveal that hydrogen bonding (HB) interactions with
F127have an influence on the molecular properties of Cis and may playa role in the lower toxicity of
F127/Cis in comparison to free Cis.

Keywords: Biomaterials; polymers; Nanomaterials; in vitro; cytotoxicity; cancer treatment; drug
delivery systems

1. Introduction

Cisdiamminedichloroplatinum (II), commonly known as Cisplatin (Cis), is a platinum
coordinate compound that is highly soluble in water and soluble in N,N-dimethylformamide,
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and dimethylprimanide [1]. It acquired FDA approval in 1978 for the treatment of testicular
and ovarian cancer. It also holds the potential for the treatment of lung, ovarian, and breast
cancers [2,3], and it has recently being explored for the treatment of bladder cancer [34].
Cis has been extensively used in clinical studies, but the mechanism of internalization in
cancer cells remains ambiguous. The existing studies, however, demonstrate that Cis is
taken up by the cells via passive diffusion, or the CTR1 cell membrane protein aids in the
Cis influx [5]. Cis has a partition coefficient (1og Poctanol /water) Value of —2.19, making it
a hydrophilic molecule; therefore, it has reduced permeation across the biological mem-
branes and reduced retention [6]. Thus, despite its clinical advantages, Cis suffers from low
bioavailability, rapid blood clearance, and severe nephrotoxicity. Moreover, multi-drug
resistance (MDR) is developed by the cancer cells due to prolonged treatment and is one of
the major causes of the failure of chemotherapy [7]. The traditional chemotherapeutic drug
delivery approaches suffer from the off-site drug accumulation at the desired site. This
often leads to organ toxicity [8].

As a result of recent advances in nanomedicine, the drug accumulation/confinement
may be improved at the target site with the possibility of the controlled release of the drug
in the tumor matrix or cells, thus reducing the dose-dependent nephrotoxicity. Moreover,
the nanocarriers are accumulated in the cancer cells via the enhanced permeability and
retention effect (EPR), thereby increasing the chemotherapeutic activity [9]. Thereupon,
nanotechnology-based approaches effectively entrap the drug and improve the pharma-
cokinetic profile of the drug as well as its biodistribution profile. Microemulsion technology
is extensively used because of the thermodynamic stability and the reduced particle size
of the colloid system, which allows the encapsulation of hydrophilic and hydrophobic
moieties. Moreover, microemulsions improve the stability and bioavailability of drugs and
can also solubilize drugs of a different nature [10].

Some special types of microemulsions, being responsive to certain stimuli, such as
pH, temperature, light, or magnetic fields [11], can also be conceived as intelligent nano-
robots, opening fascinating horizons in many industries and research fields, including
drug release. In fact, controlling the microemulsion breaking can be a valuable strategy
to finely modulate the drug delivery process in terms of both time (release kinetics) and
space (release location).

Microemulsions are usually composed of water, oil, a surfactant, drug, and a cosurfac-
tant and are characterized as oil in water (O/W), water in oil (W/O), and bicontinuous
systems [12]. O/W microemulsions are advantageous as the continuous phase is water
and, hence, they are easy to scale-up towards an industrial level [13].

Several factors must be considered, such as selected oil, surfactant, and co-surfactant
to optimize the drug encapsulation. In microemulsions, surfactants minimize the hy-
drophobic interactions between the phases to maintain stability [14]. The microemulsions
composed of non-ionic surfactants hold technological versatility as such nanosystems offer
stability and protection to the entrapped drug from the tumor or cancer microenvironment,
along with physiological conditions of the body [15]. Moreover, their use in pharmaceutical
formulations has been approved by the regulatory authorities [16]. Pluronics are triblock
copolymers with the general structure (polyethylene glycol)-block-(polypropylene glycol)-
block-(polyethylene glycol). Pluronic F127 is a non-ionic surfactant with amphiphilic
properties and is widely used in the development of microemulsions because of its bio-
compatibility and pronounced effect on the sustained release of drugs [17]. The use of
F127 significantly improves the colloidal stability as compared to conventional ionic surfac-
tants [18,19]. The molecular structures of cisplatin and F127 are shown in Scheme 1.
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Scheme 1. Molecular structures of cisplatin and F127.

In the earliest investigations, Cis-loaded nanocarriers were developed using polymeric
or lipid structures. Recently, the reverse microemulsion method was employed to syn-
thesize the Cis nanoparticles, later coated with lipids that improved the anti-cancer effect
of Cis [20]. A self-microemulsion drug delivery system incorporating Cis has also been
studied recently [21]. Similarly, lipid-based nanosystems of Cis have been developed in the
past to improve anti-tumor activity [22,23]. All the previous findings focused on improving
the anti-cancer activity of Cis; however, a simpler method needed to be developed that
could be practically implemented, not only in technological but also in biological terms.

Thus, the main aim of this study was the development of Cis-incorporated microemul-
sions by a simpler technique for improving the bioavailability of Cis. The microemulsion
improved the loading efficiency of the drug and hence the therapeutic effect. Altogether,
the present study mainly emphasized the toxicity of the microemulsion to improve the
safety profile of Cis. Moreover, the biological effect of Cis-loaded microemulsions was also
elucidated.

2. Material & Methods
2.1. Chemicals, Cell Lines, and Culture Conditions

Standard laboratory grade chemicals, including Cis, sodium caprylate,3-(4, 5-dimethyl-
thiazol-2-yl)-2, 5-diphenyltetrazolium bromide(MTT),dimethyl sulfoxide(DMSO),phospha-
te-buffered saline (PBS) tablets, and ethyl butyrate, were provided by Sigma Chemical
Co. Pluronic surfactant F127 was procured from BASF Inc. (Mount Olive, NJ, USA). Fetal
bovine serum (FBS), RPMI1640, Debucco’s modified eagle medium (DMEM), and 1%
antibiotic-antimycotic solution were purchased from Inoclon (Tehran, Iran).The human
cancer cell lines (MCF7 derived from breast tumor and C152 derived from squamous cells
of oral carcinoma) were obtained from the National Cell Bank of Iran, Pasteur Institute
of Iran, and were grown in RPMI 1640 and DMEM culture mediums, respectively. The
HUVECs were kindly provided by Dr. Roghayeh Sheervalilou (Zahedan University of
Medical Science, Zahedan, Iran) and cultured in DMEM medium. Culture mediums were
supplemented with 10% heat-deactivated FBS, antibiotics (50 U/mL of penicillin and
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50 pg/mL of streptomycin), and antimycotic (250 ug/mL of amphotericin). Cells were
sub-cultured in 25 cm? flasks and maintained in a humidified atmosphere (95% air, 5%
COy) at 37°C.

2.2. Formulation of Cis-Incorporated Microemulsions

The synthesis of Cis microemulsionswas prepared using solutions of ethyl butyrate
by vigorously stirring (for 24 h) the required amounts of F127, PBS at pH 7.4 at a fixed
oil-to-surfactant molar ratio [24]. The entire microemulsion preparation procedure was
executed at room temperature.

2.3. Characterization of Cis-Loaded Microemulsions by Dynamic Light Scattering (DLS)

DLS characterization of Cis-incorporated microemulsions was carried out using an
ALV-5000F Goniometer (Germany) System coupled with a diode-pumped solid-state laser
to supply polarized incident light. The system was also integrated with a digital correlator
(ALV SP-86) with a sample range of 25 ns to 100 ms. DLS was carried out at an angle of
0 = 90° to the incident ray by calibrating the intensity scale by toluene against scattering.
Hydrodynamic diameter of microemulsions calculated based on Dynamic Light Scattering
theory [25-27].

2.4. Cytotoxicity and Morphology Evaluations

Cells (5 x 10° cells/well) were seeded in 96-well plates and incubated for 24 h to
attach the bottom of the plates. Next, increasing concentrations of free Cis or F127/Cis
microemulsions were added to the plates and incubated at 37°C for 48 h. At the end
of the incubation, the supernatant was removed, 200 puL of MTT solution (0.5 mg/mL)
was placed into each well, and the plates were kept at 37 °C for 3 h. The MTT solution
was then discarded and 200 L. of DMSO was added for formazan solubilization. The
absorbance was read at the wavelength of 570 nm using a Hitachi U-3110 spectrophotometer
(Tokyo, Japan). Reading of experimental values was expressed as the percentage of viable
cells and calculated as absorbance of treated cells/absorbance of untreated cells x 100.
For each concentration, three independent measurements were carried out. The half-
maximal inhibitory concentration (ICsg) of freeCis and F127/Cis microemulsions were also
calculated via GraphPad Prism software version 7.0.

The morphological changes on MCF7, C152, and HUVEC cells were monitored at 20X
magnification using an inverted microscope (Olympus IX71; Olympus Corp., Tokyo, Japan)
after exposing the cells to increasing concentrations of free- and nano-Cis (as described
previously). Images were taken using a digital camera.

2.5. In Vivo Experiments
2.5.1. Treatments and Experimental Design

Forty male adult rats, obtained from the laboratory animal center of the University of
Zabol, were used in this experimental study. The rats were housed in polycarbonate cages
at room temperature (21-25 °C) and 12h light/dark cycles. Animals were fed a standard
laboratory diet produced by the Javaneh-Khorasan animal food factory. The experimental
procedure was performed following the Guide for the Care and Use of Laboratory An-
imals (from NIH Publication No0.85-23). The study protocol was also approved by the
Ethical Committee of the Faculty of Veterinary Medicine, University of Zabol, Zabol, Iran
(IR.UOZ.REC.1399). Rats were randomly divided into four groups, as follows: the animals
in the control group received normal saline, the second group received the bulk Cis at a
dose of 7 mg/kg, the third group received F127/Cis microemulsion at a dose of 7 mg/kg,
and finally, the fourth group received F127/Cis microemulsion at a dose of 14 mg/kg.
After two weeks of intraperitoneal injections, blood samples were collected from the rats’
hearts and centrifuged (3000 x rpm for 5 min). After being centrifuged, the obtained serum
samples were kept at —20 °C until the time of analysis.
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2.5.2. Determination of Biochemical Parameters

At the end of the experiment, blood was obtained by conventional methods and
was immediately centrifuged (3000 x g rpm, 15 min) to separate the serum. The serum
samples were kept in a freezer (—80 °C) until use. Serum blood urea nitrogen (BUN),
creatinine, aspartate aminotransferase (AST), and alanine aminotransferase (ALT) levels
were determined byusing commercial kits (Pars Azemoon, Tehran, Iran), according to
the kit instructions. Serum lactate dehydrogenase (LDH) levels were measured using the
chemical colorimetric method according to the manufacturer’s instructions (Pars Azmoon,
Tehran, Iran). Liver lipid peroxidation levels were determined using the method described
by Ohkawa et al., with minor modifications [28].

2.5.3. Histological Examination

In order to potentiate the biochemical investigations, liver, heart, and kidney sections
were prepared and examined under a light microscope to investigate the morphological
changes following exposure to microemulsions. In summary, after blood collection, animals
were euthanized using the cervical dislocation method, and liver, heart, and kidney samples
were removed. Livers were sliced into pieces. One part was immediately washed with the
physiological saline solution and stored in a freezer (—20°C) to determine malondialdehyde
(MDA) content. Another part was washed by PBS and fixed with 10% buffered formalin
for further histopathological processes.

2.6. Statistical Analysis

The statistical analysis was performed using the software program IBM-SPSS (version
20). The significance level was set at p-value < 0.05. The test of Kolmogorov-Smirnov was
used to verify the normality of data distribution. The Friedman test and one-way analysis
of variance (ANOVA), followed by Tukey’s posthoc test, were performed to evaluate
multiple comparisons between the experimental groups.

2.7. Quantum Mechanics Analysis

For gaining and presenting a comprehensive assessment of the microemulsions, the
mutual interactions between Cis and F127 were investigated in-depth to understand how
molecular parameters may change after interactions of this drug with surfactant. All
geometries were optimized at the B3LYP/Lanl2dz level of theory using the Gaussian09 pro-
gram package [29]. The topological properties of electron charge densities were calculated
by AIM method using AIM2000 software [30]. The population analysis was carried out by
the natural bond orbital (NBO) method [31] using the NBO program put into operation
in the Gaussian09 program package [32]. Interaction energy (AE) of the binary complex
that formed via interaction of Cis and F127 can be calculated using the difference between
energy of complex and sum of energies of the monomers Cis and F127. The binding energy
(—AE) is an indication of the binding strength of drug to F127.

3. Results and Discussion
3.1. Synthesis and Characterization of CisMicroemulsions

The hydrodynamic diameter of F127/Cis microemulsions by measurement of the DLS
was measured to be approximately 12.0 £ 0.02 nm.

3.2. Cytotoxicity Evaluation

The cytotoxic activity of standard and encapsulated Cis were measured in malignant
MCF7 and C152 cells compared to normal HUVECs. All three cell lines were treated with 0
to 40 ng/mL free Cis and F127/Cis microemulsions for 48 h. Figure 1 demonstrates the
viability of the cells upon exposure to both agents as a function of concentration. Compared
with untreated cells, free Cis significantly decreased the viability of MCF7 and C152 cells
in a concentration-dependent manner (p < 0.05). The same pattern, but to a lesser extent,
was observed when HUVECs were treated with increasing concentrations of free Cis.
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IC50 values for 48 h treatment of C152, HUVEC, and MCF7 cells with free Cis were 6.01,
2242, and 6.81 ug/mL, respectively, while these values were 13.75 pug/mL (for C152 cells),
14.68 pug/mL (for MCEF?7 cells), and 24.27 pg/mL (for HUVECs) when exposed to F127/Cis
microemulsions. Between the examined cell lines, C152 cells were the most susceptible to
free- and encapsulated Cis.

Figure 1. Cytotoxicity assessment of free Cis and F127/Cis microemulsions on malignant (MCF7 and C152) cells compared
with non-malignant HUVECs following 48 h exposure. (** p < 0.05 compared with untreated cells).

Based on MTT assay results, F127/Cis microemulsions induced less cytotoxic effects
than free Cis on oral carcinoma cells and cancer cells derived from breast tissue (higher
IC50s). Still, F127/Cis microemulsions induced less toxicity against normal HUVECs
(higher IC50s), which might be a favorable outcome of using these microemulsions as an
alternative tool for delivering Cis to target tissues.

All cells used as controls (without treatment) maintained an integral cellular mem-
brane and demonstrated a uniform distribution (Figures 2 and 3). Following 48 h of
exposure of C152 cells to free Cis at 2.5 ug/mL, the number of viable cells was decreased.
When treated with 10 ng/mL of free Cis, the C152 cells were morphologically rounded, and
apoptotic bodies were formed. In higher concentrations of free Cis (20 and 40 pg/mL), cells
were detached from the culture flask. Evidently, exposure of C152 cells to nano-Cis resulted
in fewer morphological changes as cells were not detached from the culture flask, and cell
shrinkage and roundness were only noticed when treated with the highest concentration
(40 pg/mL) of F127/Cismicroemulsions (Figure 3). Similar morphological alterations
were observed in MCF7 cells (Figure 4). Morphological alterations induced by free and
nano-Cis on HUVECs were also examined (Data not shown). At concentrations below 10
ng/mL of encapsulated Cis, no evident change in HUVEC cell morphology was noticed.
At concentrations between 20 and 40 pg/mL, a mild to moderate decrease in the number
of living HUVECs were observed. In contrast, free Cis at lower concentrations (5 to 10
ug/mL) induced mild changes in the morphology of HUVECs. As compared with free Cis,
we observed milder morphological changes and lesser cytotoxicity when normal human
cells were treated with nano-Cis, which correlated with MTT assay results.



Appl. Sci. 2021, 11, 3006

7 of 18

Free Cis

F127/Cis
microemulsion

I1. pg/mL|I20 plg/mLI40 pg/mL

Figure 2. C152 cells exposed to 0 to 40 pg/mL of free Cis or F127/Cis microemulsions for 48 h. Morphological changes of

cells were visualized by invert microscopy at 20 x magnification and imaged using a digital camera.
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Figure 3. MCF?7 cells exposed to 0 to 40 pg/mL of free Cis or F127/Cis microemulsions for 48 h. Morphological changes of

cells were visualized by invert microscopy at 20x magnification and imaged using a digital camera.

As a genotoxic agent, Cis is widely used alone or in combination with other anti-
neoplastic agents/radiation as crucial first-line chemotherapy against a wide range of solid
and hematological cancers [33]. However, the clinical use of free Cis is limited due to
its severe organ toxicity (i.e., nephrotoxicity and peripheral neurotoxicity) [34]. Recently,
researchers have attempted to improve the therapeutic efficacy of Cis while reducing its
limitations and side effects [20,33]. Insolubility and uncontrolled release of Cis are the two
major obstacles limiting the anti-cancer potency of the drug [35]. Guo et al. mixed two
reverse microemulsions containing potassium chloride and a highly soluble precursor of
Cis to formulate Cis lipid nanoparticles with controllable size. Their experiment showed
promising invitro and in vivo anti-cancer activity of the synthesized nanoformulation [35].
He and his colleagues enhanced the Cis efficacy by developing biocompatible lipid-coated
calcium peroxide nanoparticles, suggesting a new comprehensive therapeutic approach to
be used in the challenging fight against drug-resistant cancers [20]. In a similar study in
2010, Sonoda et al. investigated Pluronic F127 for the controlled release of Cis in a rabbit
model. They found that, in the presence of Pluronic, the concentration of Cis in the rabbit’s
kidney remained relatively high. In rabbits with liver cancer, the delivery of Pluronic
F127 mixed with Cis resulted in a significantly lower tumor growth rate, compared with
Pluronic F127 or Cis alone [36]. In our study, in agreement with the findings of Sonoda
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et al., less toxicity was observed following treatment of normal human cells with F127/Cis
microemulsions. However, we did not find a desirable anti-cancer activity for encapsulated
Cis against tumor cells derived from human breast or oral carcinoma. Further investigations
are required regarding the growth-inhibitory potential of F127/Cis microemulsions against
malignant cells derived from other human tissues.

Figure 4. (A): Photomicrograph of the kidney of a control rat; normal glomerulus (G) and normal
proximal tubules (PT). (B) Photomicrograph of the kidney of a rat treated with a bulk form of Cis (7
mg/kg); arrow shows narrowing of proximal tubules. (C) Photomicrograph of the kidney of a rat
treated with F127/Cis microemulsion (7 mg/kg) with normal Bowman'’s capsule and normal distal
tubules. (D)Light micrograph of a rat’s kidney treated with 14 mg/kg of F127/Cis microemulsion
showing swelling of proximal tubules (arrow). (H & E stain. Mic. Mag. x 40).

3.3. Biochemical Analysis

As shown in Table 1, the group treated with the bulk form of Cis had higher serum
levels of AST, ALT, and ALP compared to the control group (p < 0.001). Serum levels of
BUN and creatinine were statistically significantly higher in rats treated with the bulk form
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of Cis than in the control rats (p < 0.05 and p < 0.001, respectively). Serum LDH levels
were also higher in rats treated with the bulk form of Cis compared to the controls (p <
0.05) (Table 1). The rats that received the 7 mg/kg dose of F127/Cis microemulsion had
higher serum levels of LDH, BUN, and creatinine than the healthy control group; however,
these changes were not statistically significant (p > 0.05). The group that received the
14 mg/kg dose of F127/Cis microemulsion showed a significant increase in serum liver
enzymes than the normal control group (p < 0.01). There was also a significant increase
in serum BUN and creatinine levels in this group compared to the normal control group
(p <0.05 and p < 0.01, respectively). Statistical analysis revealed a significant difference in
liver malondialdehyde content of rats who received the high dose (14 mg/kg) of F127/Cis
microemulsion compared to the normal control rats (p < 0.05). On the other hand, serum
LDH levels did not change in rats receiving the 14 mg/kg dose of F127/Ci smicroemulsion
compared to the untreated controls (p > 0.05). The group treated with the low dose
(7mg/kg) of F127/Cis microemulsion showed elevated levels of serum AST and ALT
(p < 0.05); however, the other parameters remained unchanged.

Table 1. Effects of intraperitoneal injection of F127/Cis microemulsions on serum biochemical parameters and liver

malondialdehyde levels. (* p < 0.05 compared to control group, ** p < 0.01 compared to control group, *** p < 0.001 compared

to control group).

Treatment *

Item Control Cisplatin Bulk F127/Cis7l\I/:li;;1(:;mulsion F127/Ciii\41:1(;(;<;mulsion
Liver MDA (nmol/mg protein) 117.0+11.3 1449* £ 214 125.8 +23.4 142.3* £ 14.2
AST (U/L) 56.8 £19.4 86.8 ** +13.3 759* £13.5 80.6 ** £ 13.8
ALT (U/L) 448 +13 78.9** £17.5 69.6* +22.9 71.1*+18.9
ALP (U/L) 195+ 6.3 38.9 *** £ 8.1 253 £6.2 30.8** £7.1
BUN (mg/dl) 16 £ 4.9 245*+ 87 21.8£53 23.9*+£5.7
Creatinine (mg/dl) 0.71+0.11 1.1*#*£0.21 0.9 + 0.06 1.07 ** £ 0.26
LDH (U/dl) 117.8 +£ 129 134.8* £+ 123 1185+ 5.3 1252 +9

Previous experiments have shown that the nanomicelles forms of nanoparticles and
drugs have better biocompatibility and biodegradability than the bulk forms of chemi-
cals [37]. As established earlier, nanoformulations of Cis have less systemic toxicity and
provide tumor-specific effects as compared with the bulk forms of Cis [3,38]. The anti-
cancer and hepatotoxicity of different nanoformulations of drugs have been investigated as
molecular nano-theranostic agents [39-41]. Cis encapsulation in micelles or nanoemulsions
has resulted in increased therapeutic efficacy and anti-cancer efficiency [38].

3.4. Histopathological Examinations

Photomicrographs of the kidney of the control group showed normal glomerulus
and normal proximal tubules (Figure 4A). Photomicrographs of the kidney of rats treated
with the bulk form of Cis (7 mg/kg) showed narrowing of proximal tubules (Figure
4B). Rats treated with F127/Cis microemulsion (7 mg/kg) had normal Bowman’s capsule
and normal distal tubules (Figure 4C). Light micrograph of a kidney of rats treated with
14 mg/kg of F127/Cis microemulsion showed swelling of proximal tubules (Figure 4D).

Liver sections of the control group had normal hepatocytes and normal hepatic archi-
tecture (Figure 5A). Photomicrographs of the liver of rats treated with the bulk form of Cis
(7 mg/kg) showed nuclear pyknosis (Figure 5B). In the liver of rats treated with F127/Cis
microemulsion (7 mg/kg), there were normal hepatic sinusoids and mild perinuclear lipid
accumulation (Figure 5C). Light micrographs of the liver of rats treated with 14 mg/kg of
F127/Cis microemulsion showed severe fatty change (Figure 5D).
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Figure 5. (A): Light micrograph of a liver section of a control rat; normal hepatocyte (arrow) and
normal hepatic architecture. (B) Photomicrograph of the liver of a rat treated with a bulk form of
Cis (7 mg/kg), arrow shows nuclear pyknosis. (C) Photomicrograph of the liver of a rat treated
with F127/Cis microemulsion (7 mg/kg) with normal hepatic sinusoids and mild perinuclear lipid
accumulation (arrow). (D) Light micrograph of a liver of a rat treated with 14 mg/kg of F127/Cis
microemulsion showing severe fatty change (arrow). (Alcian blue stain. Mic. Mag. x 40).

Heart micrographs of the control rats had normal morphology (Figure 6A). The heart
section of rats treated with the bulk form of Cis (7 mg/kg) showed necrosis (Figure 6B). In
contrast, rats treated with F127/Cis microemulsion (7 mg/kg) had normal heart structure
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and mild disarrangement of filamentous arrays (Figure 6C). The heart section of rats treated
with 14 mg/kg of F127/Cis revealed tissue congestion (Figure 6D).

It
- :
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Figure 6. (A) A heart section of a control rat with normal architecture. (B) Heart section of a rat
treated with a bulk form of Cis (7 mg/kg); arrow shows necrosis. (C) Photomicrograph of a rat
treated with F127/Cis microemulsion (7 mg/kg) with normal heart structure and mild disarrange-
ment of filamentous arrays (arrow). (D) Heart section of a rat treated with 14 mg/kg of F127/Cis
microemulsion showing congestion in heart tissue (arrow). (Alcian blue stain. Mic. Mag. x 40).
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3.5. Computational Results: The Interplay between Cis and Surfactant F127

As said, the clinical use of free Cis is limited due to cruel organ toxicity. Moreover,
insolubility and uncontrolled release of Cis limit the anti-cancer strength of the drug. This
study showed that Cis-loaded microemulsions induce less toxicity than free Cis against
normal HUVEC cells. Therefore, we tried to investigate mutual interactions between Cis
and F127 to understand the molecular parameters that change after interactions of this
drug with surfactant.

We depicted a Molecular Electrostatic Potential (MEP) map of a unit of the polymeric
chain of F127 to study the interactions of Cis with surfactant. This map helps to find
electron-rich positions that are capable of hydrogen bonding (HB) interactions with Cis.
As displayed in Figure 7, red positions are located on atoms Oy, Og, and Oy of F127. Thus,
we focused on these positions for HB interactions with Cis. Binary complexes formed via
HB interactions of Cis with atoms O,, Og, and Oy of F127 are named A, B, and C. Results
show that ammonia groups of Cis have more tendencies for HB interactions with F127 than
chlorine atoms. In fact, we surveyed HB interactions between chlorine atoms of Cis and
F127, but no stable complex was formed.

Figure 7. MEP maps of Cis (left) and F127 (right) together with numbers of important atoms.

Results indicate that the binding energy of complexes A, B, and C, calculated at the
B3LYP/Lanl2dz level of theory, is 17.21, 19.75, and 15.29 kcal mol~!, respectively. The
hydrogen bond length (dnp) in complex A and B is 1.77 and 1.74 A, respectively. On the
other hand, Cis interacts through both its ammonia groups with atom Oy of F127 in the
complex C, and the average dny value, in this case, is 2.17 A. As can be seen, the increase
of HB strength in the above-mentioned complexes is accompanied by the decrease of dny
values. This result shows that ammonia groups of Cis are good HB donors that interact
with atoms O;, Og, and Oy of F127 as HB acceptors. It seems that such interplays influence
the function of Cis. Therefore, we performed further computations to better understand
the nature of the mentioned interplays.

The electronic properties of Cis and F127 change during the formation of the com-
plexes. Therefore, the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energies, and energy gap (EG) values of all geometries were
calculated and are shown in Table 2.

Table 2. Energies of HOMO and LUMO, EG values (in eV), and charge of atoms involved in HB
interaction (in e).

Enomo ELumo EG qo qH qN
Cis —6.272 —1.901 4.372 - 0.363 —0.883
F127 —6.990 1.288 8.278 * - -
complex A —6.225 —1.739 4.486 —0.567 0.457 —0.916
complex B —6.383 —1.927 4.455 —0.413 0.463 —0.918
complex C —6.166 —-1.711 4.455 —0.548 0.391 —0.890

* Charge of atoms O,, Og, and Oy in F127 is —0.494, —0.343, and —0.458 e, respectively.
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LUMO A

HOMO A

As can be seen, the EG value of free F127 is higher than the complexes. Results
indicate that a decrease of HOMO and LUMO energies is followed by the increase of
the HB strength of the complexes. The lowest Efonmo and Epymo values correspond to
complex B, with the largest binding energy value. Therefore, we have represented the
distribution of HOMO and LUMO on the complexes in Figure 8. As can be observed,
HOMO lays on Cis in all complexes, and there is only an extension on atom Og of F127
in complex B. Moreover, the distribution of HOMO on complex B has more 7 character
in comparison to other complexes. As said, this complex has the largest binding energy
among other complexes. It seems that this distribution of HOMO, which refers to division
of electron charges, has an effect on the formation of stable complex B via HB interaction
between Cis and atom Og4 of F127.

2 &
® > 4
23 ‘0% 0 i
e’ J
J‘\ﬁ j .J
2,9
LUMOB LUMO C

J -
’ ) .
Wy
2 9
HOMO B HOMO C

Figure 8. Distribution of HOMO and LUMO on the complexes.

Due to the important role of electron charge distribution on the stability of the drug-
surfactant systems, it is necessary to survey atomic charges on the complexes and also
free molecules Cis and F127. Results reveal that there is an overall CT in the complexes
from F127 to Cis. The magnitude of negative charge that transfers to Cis is —0.046, —0.009,
and —0.060 e in the complexes A, B, and C, respectively. As can be seen, a decrease in
the absolute value of such CT is consistent with an increase in the binding energies of the
complexes. Thus, as the CT diminishes, the stability of the current drug-surfactant system
increases. Charges of atoms that contribute to HB interactions are presented in Table 2
and denoted with qo, qu, and qn. As can be seen, o and qu values in the corresponding
complexes are more negative than those in free molecules. Additionally, the positive value
of gy is amplified with complex formation. Results indicate that the sum of qo, qy, and qn
has a linear relation with the stability of the complexes. The sum of mentioned charges is
—0.868, —1.026, and —1.047 e in complexes A, B, and C, respectively. In fact, a decrease
inthe sum of negative charge on atoms involved in HB interaction is followed by the rise
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of stability of the complexes. Moreover, an increase in the positive value of gy in the
complexes is associated with the increase of such stability. This outcome highlights the role
of HB donors in the formation of stable drug-surfactant systems.

Population analysis was surveyed using the NBO method to better understand elec-
tron charge transfer between molecular orbitals of HB donor and HB acceptor in the
complexes. Thus, we calculated donor-acceptor stabilization energies (E? values) for the
LpO to o*ny interaction. The E®@ value for this electron charge transfer is 19.87, 23.55, and
5.74 kcal mol~1 in complexes A, B, and C, respectively. As can be seen, the trend of E®@
values is the same as that of the complexes’ stability. As a result, electron charge transfer
from lone pair of oxygen atom (LpO) of F127 to the anti-bonding molecular orbital of N-H
(o*Np) in Cis has an effective role on the stability of the current drug-surfactant system.

Topological properties of the complexes have been planned by the AIM method. The
molecular graphs involving bond critical points (BCPs) and bond paths are shown in
Figure 9. As can be observed, there are two weak HB interactions (C-H---Cl) in complex A.
The electron charge density values at BCPs of these interactions (ppcp) are 2.89 X 1073 and
7.50 x 1073 au. The ppcp value at the main HB is 3.93 x 1072 au. Additionally, there are
two weak HB interactions in complex C due to tendencies of both ammonia groups of Cis
to atom Oy of F127. The pgpcp values related to these interactions are 1.69 x 1072 and 1.57
x 10~2 au. However, interaction in complex B does not include any weak HB, and this
complex has the larger binding energy. The ppcp value at HB interaction of this complex
is 4.35 x 1072 au. Hence, it can be suggested that the magnitudes of ppcp values directly
influence the complexes’ stability.

We changed the concentration of drug as changed in cells to study the role of drug con-
centration on the thermodynamical properties of the complex formation process. Changes
of thermal Gibbs free energy (AG), thermal enthalpy (AH), and thermal entropy (AS) are
reported in Table 3. As can be seen, all AS values are positive, which is in agreement with
spontaneous processes. Results show that an increase in drug concentration is followed by
a decrease in AS values. In fact, irregularity decreases to some extent at higher concentra-
tions. This outcome implies that there are positive interplays between drug and surfactant
at higher concentrations. It seems that such interactions have helpful roles in decreasing
the toxicity of drug-surfactant in comparison to free Cis.

Table 3. Variation of thermal Gibbs free energies, enthalpies, and entropies of the complex formation
process with change of drug concentration.

Concentration 2.5 5.0 10.0 20.0 40.0
*AG —3.486 328.313 988.026 2304.883 4937.124
* AH 10.139 337.308 993.932 2308.857 4940.136
** AS 0.046 0.03 0.020 0.013 0.010

* In kcal mol~! and ** in kcal mol 1K~

Consequently, Cis forms HB interactions with electron-rich positions on F127 via its
ammonia groups. Charges of atoms that take part in HB interaction between Cis and
F127 influence the stability of the drug-surfactant system. Indeed, the electron charge
transfers between molecular orbitals of the Cis and F127 control such stability. Formation
of BCPs between HB donors and HB acceptors contributes to enhancing the stability of
the drug-surfactant bond. Indeed, the decrease of irregularity occurs at higher concentra-
tions of drugs, and there are acceptable interplays between Cis and F127. It seems that
such intermolecular interactions may lead to less toxicity of drug-surfactant systems (i.e.,
microemulsions) in comparison to free Cis.
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Figure 9. Presentation of molecular graphs of the complexes encompass HB interactions between

drug and surfactant.

4. Conclusions

Our newly synthesized F127/Cis microemulsions could not induce higher cytotoxic
effects than free Cis in malignant cells, suggesting that our new formulation might not be
able to exert desirable cell-killing effects against cancer cells. In vivo experiments showed
toxic effects of the bulk form of Cis on the liver, kidney, and heart of rats; however, the
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group treated with the low dose of F127/Cis microemulsions showed less toxic effects.
Theoretical studies indicated that hydrogen bonding interactions between F127 and Cis
might play a role in the lower toxicity of F127/Cis compared to free Cis. Performing more
in vitro and in vivo assessments is necessary regarding the anti-cancer and/or anti-oxidant
activity of F127/Cis microemulsions in human cells derived from different tissues.
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Abbreviations Definitions

FDA Food and drug administration

Cis Cisplatin

MTT 3-( 4, 5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide
BUN Blood urea nitrogen

AST Aspartate aminotransferase

ALT Alanine aminotransferase

ALP Alkaline phosphatase

LDH Lactate dehydrogenase

MDA Malondialdehyde

HB Hydrogen bonding

CRT1 Copper transporter 1

MDR Multi-drug resistance

EPR Enhanced permeability and retention effect
o/W Oil in water

W/0O Water in oil

DMSO Dimethyl sulfoxide

FBS Fetal bovine serum

PBS Phosphate-buffered saline

DMEM Dulbecco’s modified Eagle’s medium
HUVECs Human umbilical vein endothelial cells
DLS Dynamic light scattering

ARF Autocorrelation function

MEP Molecular electrostatic potential
HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
EG Energy gap

CT Charge transfer

BCPs Bond critical points
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