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Abstract: The search for new antibiotics, substances that kill prokaryotic cells and do not kill eukary-
otic cells, is an urgent need for modern medicine. Among the most promising are derivatives of
triphenylphosphonium, which can protect the infected organs of mammals and heal damaged cells
as mitochondria-targeted antioxidants. In addition to the antioxidant action, triphenylphosphonium
derivatives exhibit antibacterial activity. It has recently been reported that triphenylphosphonium
derivatives cause either cytotoxic effects or inhibition of cellular metabolism at submicromolar con-
centrations. In this work, we analyzed the MTT data using microscopy and compared them with
data on changes in the luminescence of bacteria. We have shown that, at submicromolar concen-
trations, only metabolism is inhibited, while an increase in alkyltriphenylphosphonium (CnTPP)
concentration leads to adhesion alteration. Thus, our data on eukaryotic and prokaryotic cells confirm
a decrease in the metabolic activity of cells by CnTPPs but do not confirm a cytocidal effect of TPPs at
submicromolar concentrations. This allows us to consider CnTPP as a non-toxic antibacterial drug
at low concentrations and a relatively safe vector for delivering other antibacterial substances into
bacterial cells.

Keywords: MTT test; cytotoxicity; phosphonium; cytostatic; bioluminescence; biosensor; antibiotic

1. Introduction

The search for antimicrobial drugs is a pressing need for modern science. It is not diffi-
cult to find an abiotic, a substance that kills all living things, while the search for antibiotics,
substances that kill bacteria and do not kill eukaryotic cells, is a difficult task. Among the
most promising antibacterial agents are mitochondria-targeted antioxidants, which can
effectively kill bacterial cells, cure damaged host cells, and reduce hypercytokinemia [1–3].

Mitochondria are the cellular powerhouses that generate cellular energy in the form
of adenosine triphosphate, and the mitochondrial matrix is negatively charged. Healthy
mitochondria have a membrane potential of approximately −180 mV and, due to the
negative membrane potential of the inner membrane of mitochondria, positively charged
compounds must accumulate in the mitochondrial matrix against their concentration gradi-
ent, which is the basis for the use of positively charged mitochondria-targeted antioxidants
(MTA). Various lipophilic, positively charged cations accumulate inside mitochondria
according to the Nernst equation. Skulachev’s group [4–6] proposed to use triphenylphos-
phonium derivatives as mitochondria-targeted substances, with TPP-conjugated molecules
serving as a “locomotive” for mitochondria targeting. Two decades later, Murphy and
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co-workers [7–9] reinvented this approach to the delivery of antioxidant moiety to mito-
chondria, and many molecules based on triphenylphosphonium derivatives have been
created [10]. Despite the relative similarity of mitochondria and bacteria, it has long been
thought that mitochondria-targeted antioxidants such as SkQ1 lack antibacterial proper-
ties [11,12]. However, we have shown that alkyltriphenylphosphonium cations (CnTPP)
and SkQ1 have a strong antibacterial effect on Gram-positive and Gram-negative bacte-
ria [1,13]. Moreover, SkQ1 has a bactericidal effect, which makes it promising for use in
clinical practice. Even an intensive study of triphenylphosphonium derivatives did not
allow us to fully understand the mechanism of their action. Although it is known that they
reduce the membrane potential of mitochondria and bacteria, the mechanism of this de-
crease remains unknown. The most known probable mechanism is their protonophore-like
action due to free fatty acids [14], which, apparently, should be universal for mitochondria,
prokaryotes, and eukaryotes.

The mechanisms of resistance to triphenylphosphonium derivatives are different for
prokaryotes and eukaryotes. At the moment, the mechanism of resistance of Gram-positive
bacteria, if any, is not apparent. The mechanism of resistance of some Gram-negative
bacteria depends on the presence of the MDR pump AcrAB-TolC [1,2], or similar functional
paralogs [15]. Although, according to the theory, a greater accumulation of triphenylphos-
phonium derivatives should be observed in the mitochondria of eukaryotic cells [16], the
cytotoxic effect for eukaryotic cells was observed only in the micromolar range. For exam-
ple, C10TPP began to affect Jurkat human T lymphocyte cell viability at a concentration
of 1–2 µM [17]; mitoFluo (C10TPP derivative with fluorescein) at a concentration of 1 µM
and 2 µM on Rko cells and on L929 fibrosarcoma cells, respectively [18,19]; and for SkQ1
(C10TPP derivative with plastoquinone) on HeLa cells, toxicity began to appear at 2 µM, and
20 µM caused only 50% toxicity [1]. This is also confirmed by cells of Saccharomyces cerevisiae
yeast having a MIC of approximately 30 µM [20]. Recently, a work was published in which
the authors reported on cytotoxicity of triphenylphosphonium derivatives (CnTPP, where
n = 8–18) in relation to human embryonic 293T cells at submicromolar concentrations [21].

Since triphenylphosphonium derivatives are becoming more and more popular vec-
tors for delivering antibacterial substances to cells [22,23], finding out whether the cytocidal
effect in submicromolar concentrations can seriously affect the development of newer
antibacterial drugs is important. Cytotoxicity plays an important role in the validation
of substances as promising antibacterial agents; therefore, not understanding the reasons
leading to apparent cytotoxicity can seriously hinder the development of new antibacterial
agents that modern healthcare needs so much. In this work, we show that the observed cyto-
toxicity is the result of metabolic inhibition and adhesion alteration; thus, at submicromolar
concentrations, it is only imaginary.

2. Results
2.1. C12TPP Inhibits Bacterial Metabolism

In our former works, we analyzed the antibacterial action of CnTPP (where n = 4–14)
against bacteria Escherichia coli and Bacillus subtilis [13,23]. It was shown that with increasing
length of the alkyl fragment, antibacterial activity increases, reaching its maximum at n = 12,
and then decreases with increasing length of the alkyl fragment. Thus, for our experiments,
we chose C12TPP, which had the maximum antibacterial activity.

Although it has previously been shown that triphenylphosphonium derivatives de-
crease ROS (reactive oxygen species) production due to the accumulation in mitochon-
dria [24], a direct decrease in metabolic activity has not been shown, although conclusions
about a possible effect on the inhibition of metabolic processes could be expected [14]. To
test this, we decided to compare the reduction in luminescence caused by the action of
C12TPP and the survival of bacteria, expressed in CFU. The difference in the results will
allow us to confirm the decrease in metabolism, while the absence of a difference will show
that the level of luminescence falls due to cytotoxicity.
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2.1.1. C12TPP Causes a Drop of Luminescence at Submicromolar Concentrations

To confirm that C12TPP inhibits metabolism, we have chosen luminous bacteria. The
following strains were used: naturally luminescent Gram-negative bacteria Vibrio aquamarinus
VNB 15 and genetically modified strains of E. coli and B. subtilis carrying bacterial lux operon
of Photorhabdus luminescens [25–27]. For Gram-positive B. subtilis, luminescence began to
decrease at submicromolar concentrations of C12TPP, while Gram-negative bacteria E. coli
and V. aquamarinus appeared to be more resistant, with a decrease in their luminescence
observed at concentrations of 1–2 µM and above (Table 1). These values were at least an
order of magnitude lower than the minimum inhibitory concentrations (MIC) for both
B. subtilis and E. coli. Thus, for a correct assessment of the contribution of a decrease in the
membrane potential, it is necessary to measure the reduction in the survival rate under
equivalent conditions.

Table 1. Threshold concentrations of C12TPP (µM) causing a reduction in luminescence and a
bactericidal effect.

Effect E. coli B. subtilis V. aquamarinus

Luminescence reduction 2.0 ± 0.6 0.25 ± 0.09 1.0 ± 0.3
Survival rate reduction 70 ± 15 1.0 ± 0.5 35 ± 17

2.1.2. C12TPP Causes Reduction of Survival Rate

For each concentration that we used, we measured the threshold at which a bacterici-
dal effect was observed. As expected, for Gram-positive B. subtilis, it turned out to be the
minimum bactericidal concentration (MBC) in the range of 1–2 µM, which we have demon-
strated earlier for other Gram-positive bacteria [1,13,28]. Thus, the concentration triggering
the reduction of luminescence is an order of magnitude lower than the concentration at
which the bactericidal action begins.

For Gram-negative E. coli and V. aquamarinus, we see a similar situation. MBC is
in the range of tens of micromoles, which is also an order of magnitude higher than the
luminescence reduction concentration.

To obtain a more complete picture, we titrated C12TPP by measuring luminescence
and CFU for E. coli (Figure 1). Surprisingly, at a concentration of 40 µM, we observed an
almost 90% decrease in the level of luminescence, but there was no reduction in survival
(Figure 1B). Thus, the decrease in luminescence is not the result of cell death, as the cells
remain viable.
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Figure 1. (A) Time dependence of the bioluminescence intensity of lux-biosensors E. coli MG1655
(pXen7) carrying a lux operon of P. luminescens in the presence of C12TPP at different concentrations.
(B) Comparison of luminescence and survival rate of E. coli MG1655 (pXen7) cells after 15 min
incubation with C12TPP at different concentrations.
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2.2. C12TPP Inhibits Metabolism of Mammalian Cells

Unlike that of bacteria, the viability of a mammalian cell culture is often determined
by a colorimetric test to assess the metabolic activity of cells (MTT, MTS, XTT, and WST).
Since such a test does not directly evaluate viability, unlike CFU, it has a number of
limitations hindering its usage; the results can be erroneous due to: (1) the depletion of
essential nutrients, (2) the uneven cell density, (3) the uncoupling of oxidative phosphory-
lation, (4) the adhesion alteration, etc. The simplest method for assessing cytotoxicity is
direct microscopy.

2.2.1. CnTPP Does Not Show a Decrease in Viability at Submicromolar Concentrations

We decided to test the cytotoxicity of these derivatives against human embryonic
293T cells by means of microscopy control. When adding concentrations exceeding the
GI50, GI80, and GI90 used in work [21] for these substances, cytotoxicity was not observed
(Table 2). Cells retain ~100% confluence at the concentrations studied in [21], which
indicates the absence of cell death and, consequently, cytocidal activity. This allows us
to assert that the effect observed by the authors [21] is not cytotoxic but cytostatic with
possible metabolism inhibition. Clearly, even with GI90, as defined by the term itself, a 10%
increase in cell population is observed compared to the control, meaning that the conditions
could not be considered cytotoxic even formally. At the same time, the cells have a visually
unchanged shape and do not differ in any way from those not treated with CnTPP. Thus,
we can conclude that the addition of CnTPP does not lead to apparent cytotoxicity and
its effect is probably the result of a decrease in the activity of NADPH-dependent cellular
oxidoreductases, which does not necessarily lead to cell death.

Table 2. The percentage of the surface of a well that is covered by adherent.

CnTPP GI (n)< [C], µM Confluence, %

C8TPP
50 0.2 ~100
80 2 ~100
90 4 ~100

C10TPP
50 0.2 ~100
80 1 ~100
90 2.5 ~100

C12TPP
50 0.05 ~100
80 0.1 ~100
90 0.5 ~100

For further research, as in the case of bacteria [13], we chose the most “toxic” CnTPP
molecule, C12TPP.

2.2.2. A Decrease in Viability at Submicromolar Concentrations of C12TPP Is Shown by
MTT, but Not by Microscopy

We continued to study the cytotoxic effect of C12TPP in the concentration range from
0.05 µM to 10 µM. We performed a standard cytotoxic test and microscoped each well before
MTT assay. For this, we added the appropriate concentration of commercially available
C12TPP to 293T cells in DMEM (with 2 mM L-glutamine and 10% fetal bovine serum) and
cultivated them at 37 ◦C in 5% CO2/95% air for 24 h. The results of our experiment are
shown in Figure 2.

No significant difference in monolayer confluence, and therefore absence of cytotoxic-
ity, was observed up to the concentration of 5 µM (Figure 2A). However, at concentrations
above 1 µM, a slight change in cell morphology was observed. It is known that the cytotoxic
effect can be detected by changes in cell morphology [24]; therefore, the observed change
in morphology at micromolar concentrations correlates with previously obtained data on
the cytotoxicity of CnTPPs [1,17–20].
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Figure 2. Microscopy of 293T cells in a 96-well plate prior to MTT test (A). In each well of 96-well plate,
monolayers remain confluent over the entire concentration range from 0.05 µM to 5 µM; viability of
293T cells in accordance with MTT test (B).

It is noteworthy that the cytotoxicity measured by the MTT test did not correlate
with confluence estimation obtained via microscopy. At a concentration above 0.1 µM,
an increased variability of the results was observed, which did not correlate with our
previously obtained microscopic data on the same samples. We hypothesize that this could
be due to metabolism inhibition or a change in cell adhesion caused by the incorporation of
charged triphenylphosphonium molecules into the cell membrane.

2.2.3. C12TPP Is Indicative of Impaired Cell Adhesion

To find out if triphenylphosphonium derivatives affect cell adhesion, we preincubated
the cells with C12TPP and placed them in a 96-well plate to form a cell monolayer. Cells
attached to the surface and formed a monolayer at submicromolar and micromolar con-
centrations of C12TPP (see Figure 3). At the same time, with increasing concentration, the
usual phenotype changes to clumpy and reaches a maximum already at 5 µM C12TPP.
Concurrently, the concentrations used by us do not cause serious effects when added to the
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cell monolayer, which excludes the presence of a toxic effect as a reason for the formation of
a clumpy phenotype. Thus, the clumpy phenotype is not a consequence of a high concen-
tration of C12TPP. The clumpy phenotype is due to the accessibility of the cell membrane
to C12TPP and the impossibility of attaching to the surface when C12TPP is inserted into
the membrane.. At the same time, cells in the clumpy phenotype can bind to the surface,
but these bonds are very weak and are destroyed at the slightest impact. Concurrently,
the cells on the first day demonstrated the ability to slightly grow. Slow growth continued
until the mass death of cells that could not adhere to the surface (up to 80%, according to
rough estimates).
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Figure 3. Microscopy of 293T cells in a 96-well plate after C12TPP preincubation: (A) control without
C12TPP, (B) 0.1 µM, (C) 1 µM, (D) 5 µM, and (E) determination of the adhesion area. The adhesion
area was analyzed and measured using ImageJ software. The clumpy cell phenotype increased with
increasing TPP concentration and reached a maximum at 5 µM.

Thus, the changes detected by the MTT test for CnTPP at submicromolar concentra-
tions, as in the case of bacterial luminescence, are only a reflection of a decrease in cell
metabolism. At concentrations above 1 µM, apparently, some toxic effect begins to appear;
however, cell death is not observed even at 5 µM. At a concentration of 10 µM, a large
decrease in confluence is observed; however, in this case it is difficult to say whether cell
death occurs or only adhesion decreases.

3. Discussion
3.1. Metabolism Inhibition Is a Factor Affecting the MTT Test Results and Bioluminescence

The MTT assay is a colorimetric assay that measures the reduction of yellow MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to blue formazan. It was
the first rapid assay developed for cell viability high screening in a 96-well format [29].
Formazan is produced by mitochondrial dehydrogenases, predominantly mitochondrial
succinate dehydrogenase [30], and when cells die, they lose their ability to convert MTT
into formazan. Thus, the reduction of tetrazolium dye depends on NADPH-dependent
oxidoreductase enzymes and hence on cellular levels of NADPH/NADH.

Bioluminescence is the phenomenon of light emission that results from an enzyme-
catalyzed oxidation reaction in living organisms. The core genes, luxCDABEG, code for all
enzymes involved in the complex machinery enabling bioluminescence. The heterodimeric
luciferase LuxAB catalyzes the monooxygenation of long-chain aliphatic aldehydes to the
corresponding acids utilizing reduced FMN and molecular oxygen, and the energy released
as a photon with a wavelength of about 490 nm [31]. The lux operon of P. luminescens
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does not contain the luxG gene encoding a NAD(P)H-dependent flavin reductase, which is
necessary for the reduction of FMN in luciferase, but E. coli cells have their own NAD(P)H-
flavin reductase encoded by the fre gene. Also NADPH is a source of energy for the acyl
protein reductase LuxC, which being complexed with LuxDE is responsible for aliphatic
aldehyde synthesis. Therefore, bioluminescence also depends on the level of intracellular
NADPH/NADH.

It is known that inhibition of complex I of the respiratory chain decreased the rate
of formazan formation, while inhibition of complex IV increased it. At the same time,
inhibition of complex III and ATP-synthase only marginally affected the rate of formazan
formation [32]. Thus, inhibition of mitochondrial complex I would lead to a drop in the
level of NADPH/NADH and tetrazoline reduction. Inhibition of complex I was observed
earlier in [33], therefore a decrease in the level of NADPH/NADH would be expected
in this case as well. Thus, when measuring cell viability by the MTT method, a false
positive decrease is observed, which only corresponds to an inhibition of the work of the
mitochondrial complex I. An alternative explanation for the reduced NAD(P)H effect is
that CnTPPs may act as mild uncouplers [34,35]. As a result, the membrane potential
decreases, which, in turn, can accelerate the work of complex IV and, as a result, reduce the
NADH pool. Mild uncoupling can be caused by mechanisms inherent in the mitochondria
themselves, for example, by uncoupling by endogenous fatty acids or by the functioning of
proteins of the UCP family [36]. In addition, although mild dissociation has its pros and
cons, the use of such substances finds its application in medical practice [37,38].

3.2. Adhesion Alteration Is a Factor Affecting the MTT Test Results

Adhesion alteration may be an additional factor affecting the MTT test results, because
CnTPP is a cationic substance and will be distributed mainly into the cytoplasmic mem-
brane due to (a) its hydrophobic alkyl chain and (b) the positive charge of the TPP head.
Embedding in the membrane, CnTPP not only reduces the potential on it, but also leads
to a change in the charge of the membrane as a result of its localization in it. In this case,
both partial denaturation of protein molecules and disassembly of multisubunit complexes
integrated due to electrical and hydrophobic forces can occur. This causes changes in the
adhesive properties of the cell membrane, which can lead to the rupture of cell-surface
bonds (Figure 4B). Thus, slight perturbations during the MTT test can cause cell dissociation
from the surface and lead to measurement errors.

We recently predicted that due to the change in cell adhesion upon the addition
of triphenylphosphonium derivatives, an antibiofilm action is expected along with an
antibacterial action [39]. Our hypothesis was independently confirmed [28,40], so we can
argue that this effect may be responsible for adhesion alteration for 293T cells.

We observe a similar result in the case of the experiment with the formation of a
monolayer. The cells in the monolayer were insensitive to the action of 5 µM C12TPP, while
the same cells in suspension were sensitive (see Figure 5). Thus, if there are not enough
cells to form an extended monolayer or they do not form monolayers, such as blood cells,
then they are sensitive to the action of C12TPP. Cells that form monolayers or are capable of
forming or incorporating into tissues are not sensitive to micromolar concentrations and
only high concentrations of C12TPP can affect them. At the same time, it should be noted
that cells in the clumpy phenotype are very sensitive to even a small mechanical impact.
Apparently, even in the case of a monolayer, cells will be sensitive to various mechanical
influences, for example, pouring and adding solutions and media. Since 293T cells are
adhesive, and when performing the MTT test, part of the living cells could be removed
during measurements and not taken into account when measuring cytotoxicity.
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Figure 5. Qualitative experiment confirming adhesion alteration. The same concentration of C12TPP
was added to the same number of cells in the monolayer and suspension, and after 24 h of incubation,
microscopy was performed in a 96-well plate.

3.3. Detergent/Surfactant Effect Does Not Contribute to Bactericidal Action and Toxicity

Although it is clear that the structure of CnTPP molecules is very similar to that of
classical surfactants, the main issue is the mechanism of action by which an antibacterial or
cytotoxic effect is initiated. It is obvious that at high concentrations (tens of micromoles), a
detergent effect can take place. Bacterial E. coli cells, yeast S. cerevisiae, and human HeLa
cells survive at concentrations greater than 20 µM. Thus, at concentrations above 50 µM, it
appears that the detergent effect may seriously affect cell survival. At concentrations below
20 µM, the net detergent effect does not seem to play a significant role.

If we look at the critical micelle concentrations (CMC) of CnTPP [21], it is noteworthy
that they are 3–4 orders of magnitude higher than GI90 for 293T cells [21] and MIC for
B. subtilis bacteria [13,23] (Figure 6). As the length of the alkyl chain decreases, the toxicity
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increases up to C12TPP, and then it drops sharply, despite the fact that CMC decreases by
2–3 orders of magnitude. This suggests that CMC is not the cause of the toxicity, which
must be caused by another reason.
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Figure 6. Illustration of the independence of toxic and bactericidal action from the critical micelle
concentration (CMC). CMC and toxicity (GI90) are given according to [21], while bactericidal activity
is given according to [13,23].

The protonophoric action itself causes a decrease in cell metabolism due to the forma-
tion of a futile cycle (protonophoric cycle) that comes with energy expenditure. However,
the incorporation of CnTPP into the mitochondrial or bacterial membrane can apparently
lead to disruption of the respiratory chain enzymes. For example, the structure of the
c-ring F1FO ATP synthase contains additional electron density, which can be occupied
by isoprenoid quinones (e.g., coenzyme Q in mitochondria and plastoquinone in chloro-
plasts) [41]. Thus, TPP derivatives can compete with isoprenoid quinones and interfere
with ATP synthase. On the other hand, it is known that the longer-chain CnTPP increased
proton leak, decreased maximal respiration and induced an increase in the extracellu-
lar acidification rate (ECAR), which is usually interpreted as the production of lactate
in glycolysis [33].

The protonophoric action itself causes a decrease in cell metabolism due to the forma-
tion of a futile cycle (protonophoric cycle) that comes with energy expenditure. However,
the incorporation of CnTPP into the mitochondrial or bacterial membrane can apparently
lead to disruption of the respiratory chain enzymes. For example, the structure of the
c-ring F1FO ATP synthase contains additional electron density, which can be occupied
by isoprenoid quinones (e.g., coenzyme Q in mitochondria and plastoquinone in chloro-
plasts) [41]. Thus, TPP derivatives can compete with isoprenoid quinones and interfere
with ATP synthase. On the other hand, it is known that the longer-chain CnTPP increased
proton leak, decreased maximal respiration, and induced an increase in the extracellu-
lar acidification rate (ECAR), which is usually interpreted as the production of lactate
in glycolysis [33].

Since the method measures the activity of mitochondrial enzymes, the signal depends
on the level of cellular metabolism [42], cell confluency [43], and also on the depletion
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of essential nutrients such as glucose or pH alteration [44]. Moreover, as mitochondria-
targeted uncouplers of respiratory chain, alkyltriphenylphosphonium cations may alter
the redox equilibrium of a cell by changing the levels of reactive oxygen species (ROS)
produced during incubation. Although the exact mechanism of respiratory chain inhibition
can only be speculated, it can be assumed that CnTPP, penetrating into the mitochondrial
and bacterial membranes of living cells, non-specifically affects respiratory chain enzymes
and causes a decrease in metabolic activity.

It should be noted that when SkQ1 (a C10TPP derivative) is added to mice at concen-
trations comparable to those bactericidal for Gram-positive bacteria (0.7–1 µmol/ (day·kg
body weight)), improvements of health-span and lifespan are observed [45]. This may
indicate that the use of CnTPP as a delivery vector or as an antibiotic does not lead to lethal
consequences for mammals.

4. Materials and Methods
4.1. General Comments

Microscopy studies were performed with FLoid Cell Imaging Station (Thermo Fisher
Scientific, Waltham, MA, USA). Optical density was measured using a Synergy H4 Hybrid
Microplate Reader (BioTek Instruments, Winooski, VT, USA).

4.2. Materials

C12TPP was purchased from Alfa Aesar (Karlsruhe, Germany). C8TPP and C10TPP
were synthesized previously in accordance with [17]. CnTPP was dissolved in ethanol,
while the final concentration of ethanol in any reaction media did not exceed 1%. The
addition of ethanol up to 5% does not affect the antibacterial activity and growth of
mammalian cells in the presence of CnTPP [1,13]. Components of bacterial media were
purchased from Becton Dickinson (Franklin Lakes, NJ, USA) with the following exceptions:
Mueller-Hinton medium was purchased from HiMedia Laboratories (Mumbai, India) and
agar was purchased from Helicon (Moscow, Russia). Components of mammalian cell
culture media were purchased from PanEco LLC (Moscow, Russia). Other reagents were
from Sigma-Aldrich (St. Louis, MO, USA).

4.3. Bacterial Strains

B. subtilis strain 168 trpC2, E. coli strain K-12 MG1655 (F-ilvG rfb-50 rph-1), and
V. aquamarinus strain VNB 15T (B-11245T = DSM 26054T) were obtained from the National
Bioresource Center for All-Russian collection of industrial microorganisms (VKPM).

The E. coli strain MG1655 transformed by the plasmid pXen7 (plasmid with the
inserted lux operon of P. luminescens under control of its own promoter [25]), B. subtilis
168 transformed by the plasmid pNKalkA [46], and V. aquamarinus VNB 15T [47] were used
as non-specific whole-cell biosensors [48].

Luminescence of the described strains decreases after the addition of a toxic agent
due to cell death, metabolic imbalance of the reduced equivalents in the cell, or direct
luciferase inhibition.

4.4. Culturing of Bacteria

For experiments with bioluminescence measurement, bacterial strains of E. coli
and B. subtilis were grown at 37 ◦C were grown for 18–24 h on LB agar (Sigma, USA)
and then transferred to LB broth and grown until the early exponential growth phase
(OD600 = 0.3–0.4 units). If necessary, the medium was supplemented with antibiotics:
100 µg/mL ampicillin or 10 µg/mL chloramphenicol.

V. aquamarinus VNB-15 cells were grown at 28 ◦C on SWT medium (%, wt/vol):
tryptone, 0.5; yeast extract, 0.25; sea salt, 1.5; and glycerol, 0.3. Solid medium was prepared
using 1.5% agar.
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4.5. Luminescence Assay

The intensities of bioluminescence (in RLU, relative light units) were measured at
room temperature using Biotox-7BM (BioPhysTech, Russia). The bacterial culture (190 µL)
was added to the tube and background luminescence was measured. We then added 10 µL
of C12TPP solution to a final concentration from 0.1 to 200 µM. Stock C12TPP solutions were
diluted by water to make a concentration of ethanol less 20%; thus, a final concentration
of ethanol in cell cultures did not exceed 1%. At this concentration, it does not affect cell
luminescence. The intensity of bioluminescence was measured every second for 15 min
and expressed in arbitrary units of luminescence. After the measurements, approximately
30 min after C12TPP addition, aliquots were used to count CFU.

4.6. Mammalian 293T Cell Culture

Then, 293T cells from a human cell line were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 2 mM L-glutamine and 10% fetal calf serum, strepto-
mycin (100 U/mL), and penicillin (100 U/mL). Cells were prepared at 100 µL/well in a
96-well plate and cultivated at 37 ◦C in 5% CO2/95% air for 24 h.

4.7. 293T Cell Confluency Percentage Estimation

293T cells were grown in flasks for a few days, treated with trypsin (0.25%), harvested,
and resuspended in fresh medium to obtain 75–90% confluence on a 96-well plate. The cells
were seeded in 96-well plates at 200 µL/well and cultured overnight at 37 ◦C for attachment.
The cells were treated with CnTPPs for 17 h, then the confluency percentage was estimated
by microscopy. All estimations were carried out in triplicate in three randomly selected
fields of view of the microscope.

4.8. MTT Assay

Cell viability was evaluated by a widely used MTT, as modified in [19]. An appropriate
concentration of C12TPP in DMEM (with 2 mM L-glutamine and 10% fetal bovine serum)
was used. After being cultivated at 37 ◦C in 5% CO2/95% air for 24 h, cells were inspected
by microscopy and were then washed twice with the medium, and the MTT solution was
added (1 mg/mL in DMEM) for 3 h at 37 ◦C. The dye solution was then removed, 100 µL
DMSO per well was added, and absorbance at 570/660 nm was measured. The experiments
were performed twice, in which 4 wells per each concentration were analyzed.

4.9. Adhesion Alteration Estimation

For a few days, 293T cells were grown in flasks, treated with trypsin (0.25%), harvested,
and resuspended in fresh medium (DMEM with 2 mM L-glutamine and 10% fetal bovine
serum with streptomycin (100 U/mL), and penicillin (100 U/mL)). The cells were treated
with C12TPPs (0.5 µM, 1 µM, and 5 µM) for 30 min, seeded in 96-well plates at 200 µL/well
(25 µL treated cells in 175 µL fresh media), and cultured overnight at 37 ◦C for attachment.
Cells without addition of C12TPP were taken as controls. Experiments were carried out in
quadruplicate and qualitative estimations were carried out in selected fields of view of the
microscope. The adhesion area was analyzed and measured using ImageJ software [49].

5. Conclusions

Although the absence of cytotoxicity is one of the most important criteria for promis-
ing antibiotics, the difficulty often lies in the fact that it is not always possible to reliably
assess this. Even with high concentrations, we cannot reliably state that we are observing a
cytotoxic effect, and not adhesion alteration, especially in the case of 293T cells, which can
reversibly detach and reattach to the surface. Therefore, we can only state that at submicro-
molar concentrations of CnTPP, a decrease in metabolism begins, and the weakening of
cell adhesion begins to be noticeable at concentrations above 5 µM. Only at concentrations
of tens of micromoles, with an increase in the detergent effect, does the cytocidal effect
also begin. This provides the necessary therapeutic window for the use of antibacterial
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bactericidal substances based on triphenylphosphonium derivatives; however, this should
be performed with caution, keeping in mind that the border of cytocidality due to alteration
of cell adhesion is very difficult to establish.

Author Contributions: Conceptualization, P.A.N., I.V.M. and M.V.K.; methodology, I.V.M. and
M.V.K.; validation, A.G.K., M.V.K. and U.S.N.; investigation, P.A.N., S.A.K., U.S.N. and S.B.K.; re-
sources, A.I.S.; writing—original draft preparation, P.A.N., M.V.K., I.V.M., and A.I.S.; writing—review
and editing, P.A.N., M.V.K. and I.V.M.; visualization, P.A.N. and S.V.B.; supervision, I.V.M. and M.V.K.;
project administration, I.V.M., P.A.N. and M.V.K.; funding acquisition, P.A.N. and I.V.M. All authors
have read and agreed to the published version of the manuscript.

Funding: The reported study was funded by the Russian Foundation for Basic Research (RFBR), grant
20-015-00537 to P.A.N. (MTT and eukaryotic experiments), and by the Russian Science Foundation
(RSF), grant 22-14-00124 to I.V.M. (bioluminescence inhibition) and grant 22-15-00099 to P.A.N.
(adhesion alteration experiments) and by the Ministry of Science and Higher Education of the RF,
project FSMF-2022-0007: “Development of technology for rational and highly productive use of agro-
and bioresources, their efficient processing and obtaining safe and high-quality sources of food and
non-food products” (survival rate of bacterial cells).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: P.A.N. would like to acknowledge the fellowship from the Moscow Institute of
Physics and Technology (MIPT) as a partial support for this research. The authors are deeply grateful
to Yu. N. Antonenko for support and fruitful discussion.

Conflicts of Interest: The authors declare that this research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

Abbreviations

TPP, triphenylphosphonium; CnTPP, alkyltriphenylphosphonium cation; SkQ1, 10- (plastoquinonyl)decyl
triphenylphosphonium; MIC, minimal inhibitory concentration; MBC, minimum bactericidal concen-
tration; CMC, critical micelle concentration;, ECAR, extracellular acidification rate; GI, growth inhibi-
tion; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MTS, 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- tetrazolium; XTT, 2,3-bis-(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide; WST, water-soluble tetrazolium salts; ROS,
reactive oxygen species; CFU, colony-forming unit.

References
1. Nazarov, P.A.; Osterman, I.A.; Tokarchuk, A.V.; Karakozova, M.V.; Korshunova, G.A.; Lyamzaev, K.G.; Skulachev, M.V.; Kotova,

E.A.; Skulachev, V.P.; Antonenko, Y.N. Mitochondria-targeted antioxidants as highly effective antibiotics. Sci. Rep. 2017, 7, 1394.
[CrossRef] [PubMed]

2. Nazarov, P.A.; Kotova, E.A.; Skulachev, V.P.; Antonenko, Y.N. Genetic Variability of the AcrAB-TolC Multidrug Efflux Pump
Underlies SkQ1 Resistance in Gram-Negative Bacteria. Acta Nat. 2019, 11, 93–98. [CrossRef] [PubMed]

3. Chernyak, B.V.; Popova, E.N.; Zinovkina, L.A.; Lyamzaev, K.G.; Zinovkin, R.A. Mitochondria as Targets for Endothelial Protection
in COVID-19. Front. Physiol. 2020, 11, 606170. [CrossRef] [PubMed]

4. Liberman, E.A.; Topaly, V.P.; Tsofina, L.M.; Jasaitis, A.A.; Skulachev, V.P. Mechanism of coupling of oxidative phosphorylation
and the membrane potential of mitochondria. Nature 1969, 222, 1076–1078. [CrossRef]

5. Grinius, L.L.; Jasaitis, A.A.; Kadziauskas, Y.P.; Liberman, E.A.; Skulachev, V.P.; Topali, V.P.; Tsofina, L.M.; Vladimirova, M.A.
Conversion of biomembrane-produced energy into electric form. I. Submitochondrial particles. Biochim. Biophys. Acta 1970, 216,
1–12. [CrossRef]

6. Liberman, E.A.; Skulachev, V.P. Conversion of biomembrane-produced energy into electric form. IV. General discussion. Biochim.
Biophys. Acta 1970, 216, 30–42. [CrossRef]

7. Burns, R.J.; Smith, R.A.; Murphy, M.P. Synthesis and characterization of thiobutyltriphenylphosphonium bromide, a novel thiol
reagent targeted to the mitochondrial matrix. Arch Biochem Biophys. 1995, 322, 60–68. [CrossRef]

8. Murphy, M.P. Selective targeting of bioactive compounds to mitochondria. Trends Biotechnol. 1997, 15, 326–330. [CrossRef]

http://doi.org/10.1038/s41598-017-00802-8
http://www.ncbi.nlm.nih.gov/pubmed/28469140
http://doi.org/10.32607/20758251-2019-11-4-93-98
http://www.ncbi.nlm.nih.gov/pubmed/31993240
http://doi.org/10.3389/fphys.2020.606170
http://www.ncbi.nlm.nih.gov/pubmed/33329059
http://doi.org/10.1038/2221076a0
http://doi.org/10.1016/0005-2728(70)90153-2
http://doi.org/10.1016/0005-2728(70)90156-8
http://doi.org/10.1006/abbi.1995.1436
http://doi.org/10.1016/S0167-7799(97)01068-8


Antibiotics 2023, 12, 720 13 of 14

9. Smith, R.A.; Porteous, C.M.; Coulter, C.V.; Murphy, M.P. Selective targeting of an antioxidant to mitochondria. Eur. J. Biochem.
1999, 263, 709–716. [CrossRef]

10. Zielonka, J.; Joseph, J.; Sikora, A.; Hardy, M.; Ouari, O.; Vasquez-Vivar, J.; Cheng, G.; Lopez, M.; Kalyanaraman, B. Mitochondria-
Targeted Triphenylphosphonium-Based Compounds: Syntheses, Mechanisms of Action, and Therapeutic and Diagnostic
Applications. Chem. Rev. 2017, 117, 10043–10120. [CrossRef]

11. Anisimov, V.N.; Egorov, M.V.; Krasilshchikova, M.S.; Lyamzaev, K.G.; Manskikh, V.N.; Moshkin, M.P.; Novikov, E.A.; Popovich,
I.G.; Rogovin, K.A.; Shabalina, I.G.; et al. Effects of the mitochondria-targeted antioxidant SkQ1 on lifespan of rodents. Aging
2011, 3, 1110–1119. [CrossRef]

12. Plotnikov, E.Y.; Morosanova, M.A.; Pevzner, I.B.; Zorova, L.D.; Manskikh, V.N.; Pulkova, N.V.; Galkina, S.I.; Skulachev, V.P.; Zorov,
D.B. Protective effect of mitochondria-targeted antioxidants in an acute bacterial infection. Proc. Natl. Acad. Sci. USA 2013, 110,
E3100–E3108. [CrossRef]

13. Khailova, L.S.; Nazarov, P.A.; Sumbatyan, N.V.; Korshunova, G.A.; Rokitskaya, T.I.; Dedukhova, V.I.; Antonenko, Y.N.; Skulachev,
V.P. Uncoupling and Toxic Action of Alkyltriphenylphosphonium Cations on Mitochondria and the Bacterium Bacillus subtilis as
a Function of Alkyl Chain Length. Biochemistry 2015, 80, 1589–1597. [CrossRef]

14. Severin, F.F.; Severina, I.I.; Antonenko, Y.N.; Rokitskaya, T.I.; Cherepanov, D.A.; Mokhova, E.N.; Vyssokikh, M.Y.; Pustovidko,
A.V.; Markova, O.V.; Yaguzhinsky, L.S.; et al. Penetrating cation/fatty acid anion pair as a mitochondria-targeted protonophore.
Proc. Natl. Acad. Sci. USA 2010, 107, 663–668. [CrossRef]

15. Nazarov, P.A.; Sorochkina, A.I.; Karakozova, M.V. New Functional Criterion for Evaluation of Homologous MDR Pumps. Front.
Microbiol. 2020, 11, 592283. [CrossRef]

16. Antonenko, Y.N.; Avetisyan, A.V.; Bakeeva, L.E.; Chernyak, B.V.; Chertkov, V.A.; Domnina, L.V.; Ivanova, O.Y.; Izyumov, D.S.;
Khailova, L.S.; Klishin, S.S.; et al. Mitochondria-targeted plastoquinone derivatives as tools to interrupt execution of the aging
program. 1. Cationic plastoquinone derivatives: Synthesis and in vitro studies. Biochemistry 2008, 73, 1273–1287. [CrossRef]

17. Ross, M.F.; Prime, T.A.; Abakumova, I.; James, A.M.; Porteous, C.M.; Smith, R.A.; Murphy, M.P. Rapid and extensive uptake and
activation of hydrophobic triphenylphosphonium cations within cells. Biochem. J. 2008, 411, 633–645. [CrossRef]

18. Nazarov, P.A.; Kirsanov, R.S.; Denisov, S.S.; Khailova, L.S.; Karakozova, M.V.; Lyamzaev, K.G.; Korshunova, G.A.; Lukyanov, K.A.;
Kotova, E.A.; Antonenko, Y.N. Fluorescein Derivatives as Antibacterial Agents Acting via Membrane Depolarization. Biomolecules
2020, 10, 309. [CrossRef]

19. Denisov, S.S.; Kotova, E.A.; Plotnikov, E.Y.; Tikhonov, A.A.; Zorov, D.B.; Korshunova, G.A.; Antonenko, Y.N. A mitochondria-
targeted protonophoric uncoupler derived from fluorescein. Chem. Commun. 2014, 50, 15366–15369. [CrossRef]

20. Knorre, D.A.; Markova, O.V.; Smirnova, E.A.; Karavaeva, I.E.; Sokolov, S.S.; Severin, F.F. Dodecyltriphenylphosphonium inhibits
multiple drug resistance in the yeast Saccharomyces cerevisiae. Biochem. Biophys. Res. Commun. 2014, 450, 1481–1484. [CrossRef]

21. Zakharova, L.Y.; Kaupova, G.I.; Gabdrakhmanov, D.R.; Gaynanova, G.A.; Ermakova, E.A.; Mukhitov, A.R.; Galkina, I.V.; Cheresiz,
S.V.; Pokrovsky, A.G.; Skvortsova, P.V.; et al. Alkyl triphenylphosphonium surfactants as nucleic acid carriers: Complexation
efficacy toward DNA decamers, interaction with lipid bilayers and cytotoxicity studies. Phys. Chem. Chem. Phys. 2019, 21,
16706–16717. [CrossRef] [PubMed]

22. Singh, K.S.; Sharma, R.; Reddy, P.A.N.; Vonteddu, P.; Good, M.; Sundarrajan, A.; Choi, H.; Muthumani, K.; Kossenkov, A.;
Goldman, A.R.; et al. IspH inhibitors kill Gram-negative bacteria and mobilize immune clearance. Nature 2021, 589, 597–602.
[CrossRef] [PubMed]

23. Pavlova, J.A.; Khairullina, Z.Z.; Tereshchenkov, A.G.; Nazarov, P.A.; Lukianov, D.A.; Volynkina, I.A.; Skvortsov, D.A.; Makarov,
G.I.; Abad, E.; Murayama, S.Y.; et al. Triphenilphosphonium Analogs of Chloramphenicol as Dual-Acting Antimicrobial and
Antiproliferating Agents. Antibiotics 2021, 10, 489. [CrossRef] [PubMed]

24. Kloepping, K.C.; Kraus, A.S.; Hedlund, D.K.; Gnade, C.M.; Wagner, B.A.; McCormick, M.L.; Fath, M.A.; Seol, D.; Lim, T.H.;
Buettner, G.R.; et al. Triphenylphosphonium derivatives disrupt metabolism and inhibit melanoma growth in vivo when
delivered via a thermosensitive hydrogel. PLoS ONE 2020, 15, e0244540. [CrossRef] [PubMed]

25. Zavilgelsky, G.B.; Zarubina, A.P.; Manukhov, I.V. Sequencing and comparative analysis of the lux operon of Photorhabdus
luminescens strain ZM1: ERIC elements as putative recombination hot spots. Mol. Biol. 2002, 36, 637–647. (In Russian) [CrossRef]

26. Gnuchikh, E.Y.; Manukhov, I.V.; Zavilgelsky, G.B. Biosensors for the Determination of Promoters and Chaperones Activity in
Bacillus subtilis Cells. Biotekhnologiya 2020, 36, 68–77. [CrossRef]

27. Gnuchikh, E.; Baranova, A.; Schukina, V.; Khaliullin, I.; Zavilgelsky, G.; Manukhov, I. Kinetics of the thermal inactivation and the
refolding of bacterial luciferases in Bacillus subtilis and in Escherichia coli differ. PLoS ONE 2019, 14, e0226576. [CrossRef]

28. Churilov, M.N.; Denisenko, Y.V.; Batyushin, M.M.; Bren, A.B.; Chistyakov, V.A. Prospects of SkQ1 (10-(6’-plastoquinoyl)
decyltriphenylphosphonium) application for prevention of oral cavity diseases. Rasayan J. Chem. 2018, 11, 1594–1603. [CrossRef]

29. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Methods 1983, 65, 55–63. [CrossRef]

30. Berridge, M.V.; Tan, A.S. Characterization of the cellular reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT): Subcellular localization, substrate dependence, and involvement of mitochondrial electron transport in MTT
reduction. Arch. Biochem. Biophys. 1993, 303, 474–482. [CrossRef]

31. Brodl, E.; Winkler, A.; Macheroux, P. Molecular Mechanisms of Bacterial Bioluminescence. Comput. Struct. Biotechnol. J. 2018, 16,
551–564. [CrossRef]

http://doi.org/10.1046/j.1432-1327.1999.00543.x
http://doi.org/10.1021/acs.chemrev.7b00042
http://doi.org/10.18632/aging.100404
http://doi.org/10.1073/pnas.1307096110
http://doi.org/10.1134/S000629791512007X
http://doi.org/10.1073/pnas.0910216107
http://doi.org/10.3389/fmicb.2020.592283
http://doi.org/10.1134/S0006297908120018
http://doi.org/10.1042/BJ20080063
http://doi.org/10.3390/biom10020309
http://doi.org/10.1039/C4CC04996A
http://doi.org/10.1016/j.bbrc.2014.07.017
http://doi.org/10.1039/C9CP02384D
http://www.ncbi.nlm.nih.gov/pubmed/31321392
http://doi.org/10.1038/s41586-020-03074-x
http://www.ncbi.nlm.nih.gov/pubmed/33361818
http://doi.org/10.3390/antibiotics10050489
http://www.ncbi.nlm.nih.gov/pubmed/33922611
http://doi.org/10.1371/journal.pone.0244540
http://www.ncbi.nlm.nih.gov/pubmed/33378390
http://doi.org/10.1023/A:1020663128043
http://doi.org/10.21519/0234-2758-2020-36-6-68-77
http://doi.org/10.1371/journal.pone.0226576
http://doi.org/10.31788/RJC.2018.1144077
http://doi.org/10.1016/0022-1759(83)90303-4
http://doi.org/10.1006/abbi.1993.1311
http://doi.org/10.1016/j.csbj.2018.11.003


Antibiotics 2023, 12, 720 14 of 14

32. Surin, A.M.; Sharipov, R.R.; Krasil’nikova, I.A.; Boyarkin, D.P.; Lisina, O.Y.; Gorbacheva, L.R.; Avetisyan, A.V.; Pinelis, V.G.
Disruption of Functional Activity of Mitochondria during MTT Assay of Viability of Cultured Neurons. Biochemistry 2017, 82,
737–749. [CrossRef]
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