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Abstract

Background: The apoptosis (a cascade of biochemical reactions leading to suicide
of damaged biological cells) is blocked in the cancer cells because of impossibility of
cytochrome c (cytC) go out from the mitochondria. However, the apoptosis can be
started by introducing of exogenous cytC into cytoplasm using colloid particles as a
protein carrier due to ability of the cancer cells to phagocytize extracellular particles
with submicron size.

Results: The clay mineral montmorillonite (MM) were used to prepare aqueous
suspension of protein/mineral composite particles by electrostatic adsorption of the
positively charged cytC globules on the negatively charged MM colloid plates, and
then added to colon cancel culture. The results shows out that separately cytC and MM
have no effect but the composite cytC-MM particles kill 95% of the cancer cells after
96 h treatment using equine cytC which is 97% structurally identical with the human
cytC.To reach this high cytotoxicity we have formulated requirements to: (a) bare
colloid particles (electric charge, form and size), (b) conditions for protein adsorption
(concentrations, pH, ionic strength), and (c) suspension with the composite particles
(positive total charge and optimal concentration). Due to satisfying these requirements
we have reached cytotoxicity which is 1/3 higher than the reached by other authors
using different artificial particles. The cytotoxicity rapidly increases with concentration
of the cytC-MM particles but further it shows tendency to saturation.

Methods: The optimal pH 6.5 and the 10:3 mg/mg cytC/MM concentration ratio at
adsorption were found out by employing computer (protein electrostatics) and phys-
icochemical methods (microelectrophoresis and colloid electrooptics) to prepare cytC-
MM suspension. The anticancer capability of cytC-MM nanoplates were investigated
using cell culture of metastasizing colon cancer.

Conclusion: The in vitro experiments with colon cancer cell culture disclose that
cytC-MM composite particles have potential for application in anticancer therapy of
superficial neoplasms of the skin and the alimentary system (mouth cavity, esophagus,
stomach, jejunum and colon).

Keywords: Cytochrome ¢, Montmorillonite, Electric light scattering,
Microelectrophoresis, Protein electrostatics, Cytotoxicity, Cancer cell culture,
Nanoparticles
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Introduction

Cytochrome ¢ (cytC) is a water-soluble haem-containing globular protein (104 ami-
noacid residues, 12.4 kg/mol molecular mass, 3 nm size) associated to the electron-
transport macromolecule complex of the internal mitochondrial membrane, where it
works as Fe*™/Fe*" electron carrier in the normal eukaryotic cells. Besides, in the pro-
cess of apoptosis (a programmed suicide of damaged or degenerate cells) cytC enter into
the cytoplasm (Green and Reed 1998), and that starts irreversibly a multistage cascade
of biochemical reactions which results in destroying of DNA and finally to death of the
defective cell (Jiang and Wang 2004). When the process of apoptosis is disturbed, vari-
ous diseases arise as cancer, neurodegenerative, autoimmune, etc.

In case of cancer cells the mitochondrial oxygen metabolism is replaced by anaero-
bic utilization of glucose with accumulation of lactate in the cytoplasm (Warburg effect)
(Warburg et al. 1926; Vander Heiden et al. 2009; Gatenby and Gillies 2004), and that
leads to impossibility of cytC to go out from the mitochondria; as result the apoptosis
is blocked, and a resistance appears to chemotherapeutics that should start this process
(Gogvadze et al. 2009; Shannon et al. 2003; Bhattacharya et al. 2016). The direct applica-
tion of cytC solution is ineffective because of impossibility of the hydrophilic globular
proteins to penetrate through the hydrophobic bilayer of the cytoplasmic membrane, as
it was proved out in our experiments. The difficulty can be overcome by a microinjection
of exogenous cytC into the cytoplasm, that starts irreversibly the apoptosis in cancer
cells (Zhivotovsky et al. 1998; Kandasamy et al. 2003; Vaughn and Deshmukh 2008); but
this laboratory technique of injection into single cells is unadaptable to clinical therapy.

Another way for introduction of cytC is based on the ability of cancer cells to phago-
cytize extracellular particles with (sub)micron size; that allows using colloid particles
as a protein carrier. A rule in pharmacology and medicine is that intravenous injec-
tion of particles with colloid size (indicated by the turbidity of their suspension), except
liposomes, is forbidden owing to possible thrombosis, but they can be applied for pero-
ral treatment of superficial neoplasms of the alimentary system or directly in the case
of the skin. In some reports authors explore this possibility using various sophisticated
artificial nanoparticles with adsorbed cytC (Malekigorji et al. 2014; Méndez et al. 2014;
Santra et al. 2010; Ng et al. 2013); the results show out about 60% cytotoxicity. Probably,
this relatively low efficiency is the reason that this perspective direction of investigations
has not been extended with more suitable nano- and colloid particles. We have reached
95% cytotoxicity using mineral particles with simple form, suited size and optimal con-
ditions for cytC adsorption on their surface, which were selected employing physico-
chemical and computer methods; the preliminary results have been published in Ref.
(Hristova and Zhivkov 2019a).

To prepare suspension of bearing cytC composite colloid particles with maximal cyto-
toxic effect we have formulated the following requirements to the particles and experi-
mental conditions: (a) the electric charge of the bare colloid particles must be opposite
by sign to that of cytC to condition electrostatic adsorption of its globules; (b) the par-
ticle size should be optimal to allow easy forming of intracell vesicle by bending of the
cytoplasmic membrane; (c) the plane form of the nanoparticles is preferred, assuming
that it facilitates their adsorption on the cell membrane due to bigger area of contact; (d,
e) at adsorption of cytC globules on the colloid particles (d) pH must be chosen so that
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cytC globules obtain net electric charge which is opposite to that of the particle surface
to condition electrostatic adsorption, and (e) the ionic strength should be retained as low
as possible to have stronger electrostatic protein/surface attraction and sufficient parti-
cle/particle repulsion; (f) the total electric charge of the composite cytC-nanoparticles
must be positive to condition electrostatic adsorption on the negatively charged cyto-
plasmic membrane; (g) the cytC adsorption on the particles must be saturated (maximal
protein density on the surface) to introduce maximum cytC globules at phagocytosis
of one cytC-particle; (h, i) the concentration of bare particles should be sufficiently low
to avoid aggregation and by that to retain optimal size for phagocytosis of the compos-
ite cytC-particles: (h) at their preparing by adsorption of cytC, and (i) in isotonic sus-
pension with 0.15 M NaCl (before and after adding to the cell culture); and (j) the final
concentration of the composite cytC-particles should be sufficiently high to reach high
cytotoxicity.

To meet the first three conditions we have chosen lamellar particles from the nanolay-
ered alumosilicate clay mineral montmorillonite (MM), because: (a) MM has pH-
independent negative charge caused by partial substitution of extraneous atoms in the
crystal lattice with lower valency ones: Zn?" and Fe?' instead AI>" in the inner sub-
layer and AI>" instead Si*" in the two outer sublayers (Murray 2006; Schoonheydt et al.
2018); (b) the size (submicrometric to some micrometers) of MM plates covers the 0.2—
0.5 pm range which is optimal for phagocytosis by colorectal cancer cells (Cortez et al.
2007; Win and Feng 2005); a fraction with required size can be obtained by centrifu-
gation (Hristova and Zhivkov 2015); (c¢) MM particles have plate-lake form due to the
planar symmetric crystal structure (three sheet sublayers: central AlO and two lateral
SiO) of a lamella with 0.9 nm thickness. The thickness of natural MM plates (pack of
lamellae) diminishes from 20 nm to 1-2 nm (Krupskaya et al. 2017) at treatment with
inorganic acids because of cleaving of the multilamellar packs down to monolamellae
(Nadeau 1985) due to increased electrostatic repulsion as a result of replacement of Ca*"
with Na' in the gaps between the lamellae (Whalley and Mullins 1991; Shainberg and
Otoh 1968); that grows the surface/mass ratio (about 250 m?*/g of Na-MM used in our
research), and, respectively, leads to high protein-adsorption capability. In addition, MM
has chemical inertness, good biocompatibility and non-toxicity proven by hematologi-
cal, biochemical and histopathological analyses in rat (Khatoon et al. 2020; Leporatti
et al. 2020; Liao et al. 2020); that allows its using in medicine and pharmacy as carrier in
drug delivery systems, gene therapy and tissue engineering (Persano et al. 2021; Yu et al.
2015; Karatas et al. 2017; Jayrajsinh et al. 2017; Jafarbeglou et al. 2016; EI-Hamshary et al.
2019), and it is also widely used in cosmetics and as nutritional supplement.

The electric charge of a protein macromolecule in aqueous solution is pH-dependent
owing to protonation/deprotonation of the carboxylic (COO™ <« COOH) and amino
(NH, <> NH;") groups of the aminoacid residues. The degree of dissociation depends on
the local H"-concentration which is determined by the electric field in its vicinity and
pH in the bulk; therefore, both the dissociation constant pK, of every individual group
of cytC globule (Hristova et al. 2009) and its isoelectric point (zero net charge) (Hristova
and Zhivkov 2019b, c) depend on its 3D-structure, besides the aminoacid content and
sequence of the polypeptide chain. The possibility to alter the ionization of the carbox-
ylic groups allows satisfying the condition (d) by choosing pH at which the net charge
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of cytC globules is positive to determine their electrostatic adsorption on the negatively
charged MM plates. It was found out experimentally that cytC globule retain its native
conformation in wide pH 3-12 range (Dickerson and Timkovich 1975; Paul 1948) and
being adsorbed on solid dielectric surfaces (Maeda et al. 1995; Lee et al. 2005). The very
stable 3D-structure of cytC is determined by the presence of haem cycle which plays a
role of skeleton on which a short alpha-helix is coiled and covalently bound. In addi-
tion, cytC isolated from equine heart is stable to both low pH and stomach proteolytic
enzymes (trypsin, chymotrypsin, elastase): the results revels that for 4 h treatment only
20% of cytC macromolecules are destroyed (Endo et al. 1985); that allows using of cytC-
MM particles for treatment of neoplasms in the alimentary tract.

The biological membranes are negatively charged due to predominance of acid lipids
which content is about 10-20% (Gennis 1989). The electric charge on the two surfaces
of the cytoplasmic membrane is asymmetric, because the charged lipids and the mem-
brane proteins are dissymmetrically disposed. The membrane asymmetry diminishes at
the first stages of the apoptosis when it appears transition of phosphatidylserine mol-
ecules from the inner to the outer surface. In the case of cancer cells the charge of the
external surface is even more negative because of increased content of phosphatidylser-
ine: about 20%, instead of 5% in normal cells (Sharma et al. 2018). Therefore, the condi-
tion (f) (which requires that cytC-MM particles must be positively charged) is obligatory
to condition electrostatic adsorption on the cell surface. That means that the negative
MM plates should be recharged to obtain positive total charge by overequivalent adsorp-
tion of cytC.

According the conditions (d, f, g), to prepare cytC-MM particles with maximal
cytotoxicity we have employed computer (protein electrostatics) and experimental
techniques (microelectrophoresis and electric light scattering) to found out optimal
conditions: pH and cytC/MM concentration ratio. To investigate in vivo the anticancer
capability of cytC-MM composite particles we have used cell culture of metastasizing
colon cancer. This kind of cancer was chosen considering the surface localization of its
neoplasms; that allows supposing that cytC-MM can be used for treatment of superficial
neoplasm of the skin, mouth cavity, esophagus, stomach, duodenum, jejunum, colon and
colorectal, which allow local treatment.

Our preliminary results have shown that incubation of a colon cancer cell culture with
cytC-MM suspension causes cytotoxic effect which growth with the time (Hristova and
Zhivkov 2019a); an imperfection of the experiments was that the cytC-MM particle con-
centration had been chosen at random. In the present research we investigate depend-
ence of the cytotoxicity on the concentration of cytC-MM composite particles at fixed
cytC/MM ratio. The new results cover the older ones and confirm the high potential of
cytC-MM composite particles for application in anticancer therapy.

Materials and methods

Computer techniques

The computer analyses have been performed by the programs: (a) Propka, Bluues and
PHEMTO (Kantardjiev and Atanasov 2009) (protein electrostatics), (b) SuperPose (mac-
romolecular alignment), and VMD simulator (visualization), using 3D atom coordinates
of 1hrc crystallographic structure of equine cytC taken from Protein data bank.
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Sample preparing

Montmorillonite powder K10 (Sigma-Aldrich, 220-270 m?/g) was suspended in tri-
ple-distilled water, 5 min sonicated by ultrasonic disintegrator (Techpan, Poland) at
20 kHz, and suspension of MM particles with mean size 0.46 um and small polydis-
persity was isolated by fourfold centrifuging at: 300xg, 600xg, 1300xg, and 2000x g
for 7 min every and taking the supernatant, as it is described in Ref. (Hristova and
Zhivkov 2015).

Into the obtained MM suspension it was slowly poured an aqueous solution of fer-
ric equine heart cytC (Calbiochem) with pH 6 at stirring for 30 min with final concen-
tration 3 mg/L MM and 0.1-90 mg/L cytC (in the experiments studying the protein
adsorption, “Aqueous cytC-MM suspension” section). To study the viability of the cell
cultures were used 3—-60 mg/L. MM suspension, 10-200 mg/L cytC solution, and com-
posite cytC-MM particles with 3—-60 mg/L MM and 10—-200 mg/L cytC at 10:3 mg/mg
cytC/MM ratio of all concentrations (“Viability at presence of cytC, MM and cytC-
MM” section). In case of the concentration dependence (“Concentration dependence
of cytC-MM cytotoxicity” section) the initial MM concentration was 20 times higher
(0.06 g/L MM); the cytC solution was slowly poured into the diluted stock MM sus-
pension at retaining 10:3 protein/particles ratio of the weight concentrations in the
same range (3—60 mg/L MM and 10-200 mg/L cytC). In the experiments with the
tumor cells NaCl with 0.15 M final concentration was added to the cytC-MM suspen-
sion immediately before it pouring to the cell culture. In all experiments (physico-
chemical and biological) triple-distilled water was used.

Microelectrophoresis

The electrophoretic mobility 4 =v/E was measured by Mark II apparatus with dark-
field microscope (Rank Brothers, UK) as mean velocity v of 20+ 20 cytC-MM par-
ticles migrating in direct electric field with strength E=16 V/cm at reversing of the
field direction for every particle and at focusing in the two stationary planes (where
the electroosmotic flow is zero) of the used closed vertical flat electrophoretic cell.
The electrokinetic potential { was calculated from the measured mobility ¢ in aque-
ous medium with viscosity # and dielectric permittivity e;¢ employing the Smolu-
chowski—Hiickel-Henry’s equation (Dukhin and Deryagin 1976; Hunter 1981):

n= (eco/m)f (a/d)t, 1)

where Henry’s function fla/3) =0.81 at a/6~7.5 was calculated for spherical dielectric
particle with diameter 24 =0.46 um in medium with ionic strength 0.1 mmol/L, where
the thickness of its electric double layer is §230.5 nm.

Electric light scattering

The method of electric light scattering (Stoylov 1991), based on the electrooptical
effect (EOE) AI=1I; — I, (alteration of the scattering intensity I, respectively, at pres-
ence I; and absence I, of electric field) which appears at orientation of the colloid par-
ticles under action of the electric field applied in a suspension by two parallel metal
electrodes, was used to check for possible aggregation and to determine the size B
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of MM and cytC-MM particles by measuring the relaxation time 7, for which the
momentary value Al, decreases with the time ¢ down to 37% after field switching off,
starting from its steady-state value Al; for monodisperse suspension:

Al = Alyexp(—t/1), (2)

where 7,=1/6D, is defined by the rotational diffusion coefficient D, ~ kT/5B> determined
by the thermal energy kT and the particle geometry (the form and size B) in medium
with viscosity # at temperature T reflecting the surface friction in the process of particle
disorientation. For disk-like particles with diameter B:

0 = (2n/9KT)B%; 3)

7,=59B% in aqueous medium at 20 °C when the relaxation time 7, [ms] and the diam-
eter B [pm] are given in milliseconds and micrometers, respectively (Zhivkov 2007).
Due to the cubic dependence 7,~B® the method is very sensitive to the particle size;
besides, EOE decay AI(¢) is polyexponential in case of polydisperse suspension (Spar-
takov et al. 2007). The I, and Al were measured at scattering angle 6 =90° by computer-
ized home-made apparatus (Hristova and Zhivkov 2015) using electrooptical cell with
interelectrode distance 2.6 mm, to which it was applied sinusoidal voltage 140 V with
frequency 5 kHz, generated by Wavetek-185 functional generator and amplified by
Krohn-Hite-7500 amplifier.

Cancer cell cultures

A culture of metastatic colorectal adenocarcinoma cell line isolated from lymph node
(ATCC® CCL-227) with 1 x 10* cells/well initial concentration was used after 3 day pre-
liminary cultivation in 96-well plate with L-15 culture media and added solutions of 10%
fetal bovine serum albumin and 1% antibiotic—antimycotic (Gibco). After triple washing
by 0.15 M NaCl, to each well was added 0.1 mL of cytC-MM suspension, cytC solu-
tion, MM suspension, or 0.15 M NaCl. After 24, 48 and 96 h treatment (and additional
triple washing) to each well were added 50 pL 1% solution of human serum albumin in
PBS buffer and 50 pM Trypan Blue with 2% final concentration. After 3 min treatment,
the dye was washed, and three fields of the culture were photographed under inverse
microscope: N=220 cells at objective 10x or N=1280 at 5x. The death (blue colored)
and the vital (colorless) cells (Fig. 1) were counted after the experiment: the dead in
the check sample or the vital at high cytotoxicity (because a part of the death cells are
destroyed). The cytotoxicity (N /N,;.) x 100 was calculated as cell ratio of threefold num-
bers of the dead (3 x Ny) to vital (3 x N,;); the viability is determined as reverse quantity
of the cytotoxicity; the vital cells number 3 x N;, =660 in the check sample was defined
as 100% viability.

Results

pH-dependent charge of cytC

The averaged dependences pK,(pH) of all acidic and basic groups of a cytC globule on
the bulk pH (calculated by protein electrostatics using the crystallographic coordinates)
show out: zero net charge (nz=0) at pH 10.1, quasiplateau at pH 5.6—8.5 and increas-
ing positive charge in the acid range pH 2-5 (Fig. 2). The pH-dependence of the net
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Fig. 1 Coloured by Trypan Blue colon cancer cultures after 96 h incubation in isotonic medium with: a
cytC-MM suspension containing 200 mg/L cytC and 60 mg/L (the left photography), and b 0.15 M NaCl
solution (the right photography)

150_ T T T T T T
25
20
100
-15

AG [kJ/mol]
o 8
j

3

(TEY A L EEING

9 0
I 2 [°F
-50 - L 10
pH 4.4 pH 10.6 --15
-100— T T T T T T
2 4 6 8 10 12
pH

Fig. 2 Computed pH-dependences of the electrostatic component of the Gibbs free energy AG(pH) (left
ordinate, curve 1, the two open circles indicate AG =0) and the net charge nz(pH) (right ordinate, curve 2, the
two open circles indicate the used in the experiments pH 6.5 and the isoelectric point nz=0 at pH 10.6) of
free equine cytC globule in agueous medium. The two parts of the curve nz(pH) are colored according to the
net charge sign: positive (blue) and negative (red)

charge suggests that the protein/mineral electrostatic attraction between cytC globules
and MM surface is stronger at pH <5 due to the higher positive net charge.

The intramolecular electrostatic balance of a protein globule can be presented as elec-
trostatic component of the Gibbs free energy: its negative value predicts stable confor-
mation of cytC in the range pH 4.4-10.6. In the range pH <4 the cytC macromolecule
should lose its native 3D conformation, because the negative charge of the carboxylic
groups disappears and the uncompensated repulsion of the positively charged amino
groups expands the globule and then unfolds the polypeptide chain. However, the con-
tribution of the hydrogen bonds and Van-der-Waals forces expend the actual pH-range
of stability to pH 3-12 for cytC in solution (Dickerson and Timkovich 1975).

According the conditions (d) and (e) (formulated in “Introduction”) we have chosen
pH 6.5 as a most appropriate for adsorption of cytC on the negatively charged MM
plates; that allows, besides pH-stability of cytC conformation (determined by the deep
energy trough, Fig. 2), to avoid using of acid or buffers and by that to keep up the ionic
strength on minimal level, where the electrostatic interactions (globule/plate attraction
and globule/globule repulsion) are strong enough for both the adsorption (Hristova and
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Zhivkov 2015) and to avoid protein aggregation in the bulk. Besides, the moderate posi-
tive charge of cytC globules at pH 6.5 allows forming of more dense protein monolayer
(condition g) due to less stronger electrostatic repulsion between the globules adsorbed
on the solid surface.

Aqueous cytC-MM suspension

According the conditions (f—j), at preparing of cytC-MM suspension it is required
choosing of cytC/MM ratio and optimal concentrations of the composite cytC-MM par-
ticles, which should be concurrently enough high to reach high cytotoxicity and suffi-
ciently low to avoid their aggregation.

To meet the conditions (f) and (g) (positive total charge of cytC-MM particles and
maximal number of cytC globules adsorbed on one MM particle), it is need to estimate
the degree of adsorption at given protein concentration C, a criterion for which is
the total charge of the composite cytC-MM particles; for that we use the electrokinetic
potential { calculated from the measured electrophoretic mobility # by Eq. (1). The con-
centration dependence ((C,,,) (Fig. 3) show out that the negative charge of the bare MM
plates rapidly decreases (by absolute value) even at very low cytC concentration because
of adsorption of cytC globules (positively charged at pH 6.5, Fig. 1); the fact confirms the
expectation of electrostatic type of adsorption.

The isoelectric point (#=0, {=0) of cytC-MM particles appears at 3 mg/L cytC in

3 mg/L MM suspension (1:1 protein/particles ratio); further increasing of C., leads

t
to overequivalent adsorption manifested by change of { sign from negative ti) posi-
tive (Fig. 3). As optimal concentrations we have chosen 10 mg/L cytC and 3 mg/L MM
(the beginning of the plateau, 10:3 ratio), at which cytC-MM particles are almost com-
pletely recharged but the concentration of free (non-adsorbed) cytC globules in the bulk

remains minimal. That allows satisfying the conditions (g) and (f): maximum adsorbed

30
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2z
&
= 10
=
= 0 4
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5]
(=1
=z -20 A
S
31
2 -30
m
40
-50 t T v T T T
0 20 40 60 80
CytC concentration [mg/L]
Fig. 3 Dependence of the electrokinetic potential ¢ of cytC-MM particles on the cytC concentration C,, in
suspension with 3 mg/L MM and 0.1-90 mg/L cytC at pH 6.5. Inset: models of MM plate and cytC globule
at pH 6.5; the surface potential of cytC globule and the substitution atoms in the MM crystal are coloured in
blue (positive), red (negative) and white (neutral) or green (the two lateral SiO) and yellow (the central AIO)
sublayer
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cytC globules per MM plate and positive total charge which facilitate electrostatic
adsorption of cytC-MM particles on the negatively charged cytoplasmic membrane. The
estimation reveals that at saturated adsorption on MM surface there are 8-9 cytC glob-
ules per 100 nm? area (Hristova 2019), or about 14,370 globules on one MM plate with
average diameter 464 nm; the MM size was calculated by Eq. (3) from the electroopti-
cally measured relaxation time 7,=5.9 ms.

Although the optimal 10:3 cytC/MM ratio provide saturated adsorption at which the
electrostatic potential of the already recharged cytC-MM particles is enough strong, a
possibility for aggregation appears in the process of adsorption when of the single par-
ticles pass through state of transient zero chatge (although the cytC concentration is
above that of the isoelectric point, Fig. 3). The aggregation can be avoided by minimizing
the MM concentration but at the same time it should be enough high to reach maximal
cytotoxicity, i.e., to meet the opposite conditions (h) and (j). To avoid the aggregation,
we have found empirically an optimal rate of adding of cytC solution to the MM suspen-
sion: not at ones (evading very high local protein concentration) but sufficiently quickly
to allow recharging of the single particles before they have time to aggregate. The last
is possible due to very different translational velocity: very fast in case of free protein
globules and much slower for colloid particles; the difference reflects the coefficients
of translational diffusion (inversely proportional to the size) of 3 nm cytC globules and
0.5 um MM particles. The suspension was tested for possible aggregation by measuring
the relaxation time 7, from the relaxation curve AI(f) (Eq. 2) at complete cytC adsorp-
tion; as optimal it was chosen particle concentration 3 mg/L MM. The electrooptical
measurements have shown that at saturated adsorption (10-100 mg/L cytC in 3 mg/L
MM suspension) cytC-MM particles have 7,=7.5 ms which does not increases with the
time, and the relaxation curve AI(f) retains its form; the both facts prove absence of
aggregation (Hristova and Zhivkov 2015).

Viability at presence of cytC, MM and cytC-MM

The viability of cancer cell culture was tested with suspensions of MM nanoplates, solu-
tions of cytC protein, and suspension of composite cytC-MM particles (all in 0.15 M
NacCl isotonic conditions) on 24, 48 and 96 h after adding to the culture; Figs. 4 and 5
show results on the first and fourth days of the treatment. The cell viability practically
does not depend upon the separately added MM suspension and cytC solution, but the
cells decays at presence of cytC-MM particles: the living cells share remains 25% on the
48th hour and only 6% on the 96th hour. The lack of effect of cytC can be explained
with impossibility of its 3 nm hydrophilic globules to penetrate through the hydrophobic
bilayer of the cytoplasmic membrane. In case of the MM suspension two reasons are
possible: (a) MM plates remains out of the cancer cells, because their adsorption on the
membrane surface is hampered owing to the electrostatic repulsion (both the bare MM
particles and the membrane are negatively charged); (b) the MM plates are phagocytized
but have no effect.

In difference of their components, the composite cytC-MM particle shows out strong
cytotoxic effect which reaches 94% after 96 h treatment. We explain the obtained high
cytotoxicity with: (a) the electrostatically conditioned adsorption of the positive charged
cytC-MM plates on the negative cytoplasmic membrane; (b) the optimal (0.5 pm) size
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Fig. 5 Viability of similar cancer cell cultures on 96™ hours after beginning of treatment at the same
concentrations as that in Fig. 4
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the of cytC-MM particles allowing effective uptake; and (c) cytC macromolecules initi-
ate the process of apoptosis which result in cell dead.

Concentration dependence of cytC-MM cytotoxicity

The cytotoxic effect should depend on the concentrations of cytC, MM, and the com-
posite cytC-MM particles. The protein concentration dependence (“Aqueous cytC-
MM suspension” section) allows choosing of 10:3 mg/mg cytC/MM ratio as optimal
for preparing of the composite particles, and the dependence on the cytC-MM con-
centration in the cell culture allows reaching high effect/dose ratio. The cytotoxicity
should increases with cytC-MM concentration but it is possible that above some opti-

mal concentration the effect could decreases because of aggregation which enlarges

Page 10 of 19
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Cytotoxicity [%)]

LR T
0 50 100 150 200
cytC concentration [mg/L]

Fig. 6 Concentration dependence of the cytotoxic effects after 96 h treatment with suspension of cytC-MM
composite particles (indicated by the protein concentration at constant 10:3 mg/mg cytC/MM ratio, curve
1) and with solution of cytC (line 2). Inset: model of cytC macromolecule obtained by visualization of the
crystallographic coordinates (Protein data bank, THRC). The a-helix sections are presented as ribbons, the
curves visualize the unspiral parts of the polypeptide chain; the haem is orange colored, and Fe3*-atom (in
the center of the haem) is red

the size of cytC-MM particles above its optimal value; in this case the concentration
dependence must show a maximum and a degressive part. Besides, particularly inter-
esting is the form of the cytC-MM concentration dependence, because it can reveal
how many factors determine the cytotoxic effect. Unlike the experiments with cytC
adsorption and viability (“Aqueous cytC-MM suspension” and “Viability at presence
of cytC, MM and cytC-MM” sections), to study the concentration dependence of the
cytotoxicity we have begun with 20 times higher cytC-MM concentration retaining
the optimal cytC/MM ratio.

Figure 6 shows that the cytotoxicity rapidly grows with the concentration of cytC-
MM particles but it appears a tendency to saturation at further increasing. The result
discloses that the concentration of cytC-MM particles (10 mg/L cytC, 3 mg/L MM)
which have been chosen as optimal for adsorption (to avoid aggregation) leads to
cytotoxic effect which is about 2/3 of the maximal; as optimal can be chosen the pro-
tein concentration in the range 50-100 mg/L cytC at the same cytC/MM ratio.

Discussion

CytC-MM particles

The phagocytosis is conditioned by the possibility of the cytoplasmic membrane to
form vesicles. The minimal and maximal size of a colloid particle subjected to uptake
is determined by the mechanical properties of the membrane, which is determined
by the module of elasticity of the lipid bilayer at bending and by the submembrane
cytoskeleton. At smaller or larger size the membrane cannot enclasp the parti-
cle because of insufficient flexibility, or shortage of enough ‘free’ membrane area,
respectively.
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To use particles with optimal size we have isolated fractions of the polydisperse
MM suspension by fourfold differential centrifugation employing the early developed
procedure (Hristova and Zhivkov 2015). It was chosen the fraction with mean size
B=0.46 um (determined by Eq. (3) from the measured relaxation time 7,=5.9 ms)
which is near to the upper limit for active uptake (0.5 pm, according to the literature
data (Cortez et al. 2007)) to input maximal number of cytC globules into a cancer cell
at phagocytosis of one cytC-MM particle.

The visualization of MM monoplates by electron microscopy is difficult because of
their extremely small thickness: the electron density of a 1 nm Al-Si—O plate does no
allow obtaining TEM photos with satisfactory contrast. Such problems appear at all alu-
mosilicate clays with symmetrical structure witch allow decomposition of their laminar
packs down to monoplates. For such nanoparticles the most effective are the electroop-
tical methods: the size and polydispersity of 25—-90 nm laponite nanoplates was deter-
mined by electric birefringence (Zhivkov and Stoylov 2002). In case of MM suspension
with submicron nanoplates, the electric light scattering is more suitable due to its high-
est sensitivity to colloid particles with size commensurable to the wavelength.

To analyse the polydispersity the decay curve Al,(£) of EOE was decomposed to mono-
exponents; to consider adequately the contribution of all fractions it was applied electric
field with high strength (leading to high degree of particle orientation), and the field was
switched off after reached steady-state EOE AI. By that it was found out that EOE of the
further used MM suspension can be considered as caused by three fractions of particles
with relaxation time/size/share (z, B, %): (a) 39 ms, 0.87 um, 16%; (b) 4.1 ms, 0.41 pm,
71%; (c) 1.2 ms, 0.27 um, 13%; this relatively narrow submicrometric size distribution is
reached due to effective centrifuging of the strongly polydisperse original MM suspen-
sion containing nanoplates with micrometric size.

As a criterion for the size of MM and cytC-MM particles (which should strongly
increase at aggregation) we use the relaxation time 7,~1/6D, of disorientation after
switching off the electric field; the method is very size-sensitive due to the cubic depend-
ence of the rotational diffusion coefficient D, ~ 1 /B2 on the size B, in difference form the
linear size-dependence of the translational coefficient D, ~ 1/B used in the dynamic light
scattering (DLS). Besides the low sensitivity, the commercial devices for DLS give the
particle size as equivalent sphere with diameter, which value is very inaccurate in case of
particles with strongly asymmetrical form (the size/thickness ratio of the used MM pales
is near to 500:1). The measured relaxation time 7, ~ #B*/kT of EOE is determined manly
by the diameter B of the MM plates; the decreasing of viscosity # with the temperature
T (the — Ay and + AT are caused by the electric current in the suspension) are negligi-
ble due to the very low conductivity and the short (a few milliseconds) electric impulse
required to reach high degree steady-state orientation.

At saturated adsorption of the positively charged cytC globules on the negative MM
nanoplates the composite cytC-MM particles pass over transient (time-dependent) zero
charge state (analogical from the protein-concentration isoelectric point in Fig. 3) near
which the van der Waals attraction predominates over the electrostatic repulsion; that
conditions their aggregation. Therefore, to retain the optimal for phagocytosis 0.5 pm
size, we have found empirically the optimal concentration of the bare MM plates and
optimized the time-dependent pouring of cytC solution into the MM suspension. The
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EOE results show out that the bare MM particles have 7,=>5.9 ms which corresponds to
disk with diameter B=464 nm; and after cytC adsorption the relaxation time increases
up to 7,=7.5 ms. This insignificant increment A7=1.6 ms reflects the additional fric-
tion caused by the protein globules adsorbed on the smooth MM surface, but it not
manifests arising of aggregates. The absence of aggregation is proved by the facts that
after completed saturated adsorption (10:3 mg/mg cytC/MM ratio): (a) the relaxation
curve Al(¢) does not show appearance of tail (an indication for large particles) (b) the
relaxation time 7, and the intensity of scattering (I, at constant exciting light) does not
increase for a several hours; and (c) the field-strength dependence r,(E) does not change
its form (at low E the electric field orients predominantly the large particles, the contri-
bution of smaller ones increases with E). The absence of aggregation at passing the tran-
sient (time-dependent) zero-charge state can be explained by the enormous difference
in the translation diffusion coefficients of the 3 nm cytC globules and 460 nm MM
plates, which leads to quick protein adsorption (and recharging from negative to posi-
tive charge) before the neighbour cytC-MM particles can approach enough to come into
close contact due to attraction caused by the London dispersion forces.

The degree of finished adsorption at given concentration of cytC was determined by
measuring the electrophoretic mobility y. The values of the electrokinetic potential
in Fig. 3 (calculated by Eq. (1) using Henry’s function fla/d) for spherical particles with
smooth surface) are rather semiquantitative than quantitative, because: (a) non-spher-
ical form of MM plates and (b) increased surface friction caused by the adsorbed pro-
tein globules on the smooth MM surface; so, more reliable is the experimental quantity
y. Nevertheless, we use { instead u((, #, €), because: (a) at considering the protein-con-
centration dependence of the adsorption it is enough to know the alteration of the total
charge in relative units; and (b) the biologists are acquainted with {, probably because it
allows less comparison without considering the viscosity # and dielectric permittivity ¢
of the medium.

Cytotoxicity

The inducing of apoptosis by exogenous cytC imitates the mitochondrial path (Gupta
2003; Jiang and Wang 2004) which begins with outgoing of cytC from the mitochondria
when their external membrane is damaged under action of physical (ultraviolet radia-
tion) or chemical (free radical, etc.) agents. The introduction of cytC into cytoplasm
starts a cascade of biochemical reactions which begins with electrostatic association of
cytC with the protein Apoptotic protease-activating factor (Apaf-1); the cytC-Apaf-1
associates arise at overcoming of cytC concentration threshold which is estimated as
16 pm cytC in 150 MM KCI (Cain et al. 2001). Therefore, it is important to introduce
maximal number of cytC macromolecules at uptake of one cytC-MM composite particle
and to phagocyte a larger number of particles, according the formulated in “Introduc-
tion” requirements.

The experiment with microinjection of cytC (Zhivotovsky et al. 1998) shows out that
the apoptosis in cancer cells can be started by introducing of exogenous cytC, but its
adding as solution (with increasing concentration) to cancer cell culture does not influ-
ence noticeably the cell survivability (independently on the time of treatment) (Figs. 4
and 5); the result is expected taking into consideration the impossibility of water-soluble
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proteins to penetrate across the hydrophobic sublayer of the lipid membranes. We
started the investigation supposing that it is possible to initiate the apoptosis by intro-
ducing of cytC as adsorbed on MM plates considering the possibility of the cancer cells
to phagocytize colloid particles, but it was only hypothesis, because the two methods
are quite different: by microinjection the cytC is introduced directly into the cytoplasm,
and the phagocytized cytC-MM particle are enclosed in vesicle which membrane is
impenetrable for cytC (the endosomal membrane is a part of former cytoplasmic one).
The experiments have shown out that the cell viability deceases with the time at add-
ing of suspension of previously prepared cytC-MM particles. Obviously the cytotoxic
effect is caused by the composite particles, because the adding of suspension with bare
MM particles give not effect (Figs. 4 and 5); the absence of cytotoxic effect corresponds
to already proved non-toxicity of MM particles as nutritional supplement permitted by
U.S. Food and drug administration (FDA). Further our investigations were aimed to for-
mulate rules (given in “Introduction”) for preparation of composite particles with high
cytotoxicity; the present investigation was aimed mainly to find out optimal concentra-
tions of cytC protein and MM plates.

The exploration of the literature have discovered earlier attempts to use composite
nanoparticles with adsorbed cytC as anticancer agent (Malekigorji et al. 2014; Mén-
dez, et al. 2014; Santra et al. 2010; Ng et al. 2013) but with low efficiency: the reached
cytotoxicity is about 60%, which does no allow considering this approach as competitive
to that with the organic-molecular anticancer agents. We thing that the reason is that
the authors have no applied colloid-chemistry approach to reach better efficiency: their
efforts were aimed to synthesize sophisticated nanoparticles as carrier of cytC but not to
investigate the protein adsorption on them.

The reached by us 95% cytotoxicity (after 96 h treatment with cytC-MM suspension) is
drastically better in comparison with the obtained by other authors, although the com-
parison is not quite adequate because of testing on different cancer types, cell lines and
cytC concentrations; nevertheless the difference of 1/3 cytotoxicity is impressive. Our
results mean an improvement over previous research due to: (a) choosing of appropriate
colloid particles as carrier (MM has pH-independent negative charge, plate-like form,
high surface/mass ratio, and the used fraction with 0.5 pm size is optimal for the phago-
cytosis); (b) the experimental conditions of cytC adsorption are optimized to reach high
surface protein density (pH 6, where cytC globules are positively charged; the low ionic
strength facilitate the electrostatic adsorption); (c) the cytC-MM particles at saturated
protein adsorption are positively charged (that causes their electrostatic attraction to the
negatively charged cytoplasmic membrane of the cancer cells). Figure 7 visualizes our
understanding of a cytC-MM particle adsorbed on the cytoplasmic membrane.

We suppose that the intracell action of cytC is the limiting factor for the rate of the
cytotoxic effect, the adsorption of cytC-MM particles on the cytoplasmic membrane is
relatively quick. However, it remains unclear what happens with the cytC globules in the
endosome and how they enter into the cytoplasm. A possible explanation is based on
the fact that the permeability of the biological membrane drastically increases for mac-
romolecules because of peroxide oxidation of its unsaturated lipids; the process is initi-
ated by activated oxygen in the form of superoxide anion-radical O, and its products:
perhydroxyl radical HO, ™, peroxide H,0O,, hydroxyl-radical HO- and singlet oxygen 'O,,
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Fig. 7 Fragment of cytC-MM particle with 4 cytC globules (cross section), which is adsorbed on a
phospholipid membrane (molecular-dynamic simulation, phosphatidylserine/phosphatidylcholine ratio
20:80). The MM nanoplate, the negative surface potential of the cytC globules and the oxygen atoms in the
lipid heads are coloured in red, in difference from the nitrogen atoms and the positive potential which are
blue coloured

which concentrations in the cytoplasm of cancer cells are strongly increased as result
of the blocked oxidative phosphorylation, in contradiction to the normal cells, where
the free radicals (normal intermediates in the process of one-electron reduction of the
triplet oxygen 0, to H,0) do not exit out from the mitochondria. In particular, in
presence of H,O, (which concentration in the cancer cells is highly increased (Lépez-
Lazaro 2007; Szatrowski and Nathan 1991; Lennicke et al. 2015)) the oxidized cytC (with
Fe3*-atom in the haem as the used in our experiment) initiate peroxide oxidation of the
lipid membranes (Radi et al. 1991, 1993). We suppose that the exogenous cytC (intro-
duced in the cell by phagocytosis of cytC-MM particles) percolates trough the damaged
endosome membrane into cytoplasm, where it starts the process of apoptosis like cytC
directly injected (Zhivotovsky et al. 1998). This hypothesis requires further investiga-
tions which must start with experimental disclosing of the mechanism leading to the cell
death: apoptosis or necrosis.

We use equine cytC, because its low cost (in difference from human cytC) allows
its application for therapy of human cancers. The alignment analysis reveals that
the 3D structure of equine and human cytC is almost the same (the identity is 97%)
(Fig. 8); that predicts the same mechanism of cytotoxicity: apoptosis (as in vivo
when the endogenous cytC exits from the mitochondria), although this supposition
needs experimental verification. The high degree of structural identity and the low
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Fig. 8. 3D-superposition of models of two cytC macromolecules: human (NMR structure 2N9J) and equine
(crystallographic structure THRC), which is obtained by comparison of their atom coordinates. The two
polypeptide chains are coloured in green (the human cytC) and in red (equine cytC); the a-helix parts are
represented as ribbons

molecular mass of cytC macromolecules strongly decreases the probability for unde-
sirable immune reactions.

The obtained high cytotoxicity opens the potentiality to apply cytC-MM suspension
for direct treatment of the skin tumors or by peroral application in case of superficial
neoplasms of the alimentary system (mouth cavity, esophagus, stomach, jejunum and
colon), or by enema in the last case. The peroral treatment with suspension of cytC-
MM composite particles is possible due to the slow denaturation of the equine cytC
(Kuroda et al. 1992) even at the low pH in the stomach.

For the potential application of cytC-MM particles in anticancer therapy it is very
important that they do not damage the health cells of tissues surrounding the treated
neoplasm. An expectation for that give the experiments: in vitro with cell cultures
and in vivo with live mice, showing out that colloid particles with adsorbed cytC (Guo
et al. 2021; Tang et al. 2014) or MM particles bearing anticancer medicaments (Tale-
blou et al. 2020; Akbal et al. 2018) cause death of cancer cells and destroy neoplasms
but do not influences health cells and tissues. Although the authors do not explain the
absence of effects on the normal cells, we suppose that it is due to the lost capabil-
ity of the differentiated cells to phagocytize colloid particles. The experimental facts
allow assuming that MM with adsorbed cytC will not have cytotoxic effect on the
normal cells and health tissues.

Conclusion

The water-soluble globular haemoproteid cytochrome ¢ (cytC) leads to destruction
of cancer cells if it is previously adsorbed on montmorillonite (MM) colloid mono-
plates which are used as cytC-carrier. To prepare cytC-MM composite particles with
high cytotoxicity ten conditions should be satisfied, which determine requirements
to the particle size, form and electric charge, the cytC adsorption (pH, ionic strength
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and cytC/MM ratio) and the concentrations of MM, cytC and cytC-MM suspensions;
the rules are applicable to all types of nano- and colloid particles. The optimal is the
neutral pH 6-8, where pH-dependence of the net charge of free cytC globules, cal-
culated by protein electrostatics, has positive plateau which is the most appropriate
for saturated electrostatic adsorption of the cytC globules on the negatively charged
MM plates. In vitro experiments with colon cancer cell culture disclose that the opti-
mal cytC/MM ratio is 10:3 mg/mg of the weight concentrations. After 96 h treatment
the cytotoxicity (percent of dead cancer cells) of cytC-MM composite particles riches
95% due to the found by us optimal conditions; this result is significantly better than
the 60—65% reached by other authors using various particles, as described in the liter-
ature. The cytotoxicity rapidly increases with concentration of the cytC-MM particles
but further it shows tendency to saturation.
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cytC: Cytochrome ¢; MM: Montmorillonite.
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