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Abstract: A new original copper nanocomposite based on poly-N-vinylimidazole was synthesized
and characterized by a complex of modern physicochemical and biological methods. The low
cytotoxicity of the copper nanocomposite in relation to the cultured hepatocyte cells was found.
The possibility to involve the copper from the nanocomposite in the functioning of the copper-
dependent enzyme systems was evaluated during the incubation of the hepatocyte culture with
this nanocomposite introduced to the nutrient medium. The synthesized new water-soluble copper-
containing nanocomposite is promising for biotechnological and biomedical research as a new
non-toxic hydrophilic preparation that is allowed to regulate the work of key enzymes involved in
energy metabolism and antioxidant protection as well as potentially serving as an additional source
of copper.

Keywords: copper nanocomposite; poly-N-vinylimidazole; cytotoxicity; hepatocyte; copper-
dependent enzyme systems

1. Introduction

Copper is one of the main trace elements necessary for the normal development of
mammals. In natural systems, it can exist in both an oxidized (Cu2+) or reduced (Cu+) state.
It is known that an adult consumes an average of 0.6 to 2 mg of copper per day with a total
absorption of the element in the intestine at 20–50% (mostly in Cu2+ state), and the safe
daily intake of this microelement for an adult is 10–12 mg [1–4]. The distribution of Cu
in the organism occurs in two phases. The first phase involves the transport of ingested
copper through the portal vein to the liver and further to the kidneys by binding to albumin
and transcuprein. During the second phase, ceruloplasmin synthesized in the liver ensures
the redistribution of copper to other tissues and organs, mainly to the heart, lungs and
brain, binding approximately 60–90% of the circulating Cu in the blood in both the Cu2+

and Cu+ state. The excess of the trace element is transported back to the liver. Normally,
the liver of an adult contains from 18 to 55 µg of copper per gram of dry weight, and, along
with the brain and kidneys, is regarded as the organs containing the greatest amount of
this element [3–5]. In addition, the liver provides the excretion of this trace element in the
bile, which is the main way of copper excretion from the body. It accounts for up to 80% of
the copper removed by the liver [2,4,6].

Due to the ability to exist in different redox states, copper ions can act as catalytic
cofactors for various enzymes involved in such fundamental processes as oxidative phos-
phorylation, antioxidant protection, the formation of connective tissue, blood coagulation,
iron transport, synthesis of neurotransmitters, and others [7]. In particular, copper is a
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cofactor for such key enzymes as superoxide dismutase, cytochrome c oxidase (CcO), and
tyrosinase [8]. However, the most important function of copper is the one associated with
energy metabolism and based on the activity of mitochondrial CcO, which is a heme-copper
terminal oxidase playing the role of the final acceptor in the electron transfer chain and
necessary for ATP production and molecular oxygen reduction [6,9].

Despite the importance of copper for the cell energy metabolism and antioxidant
protection, excess amounts of metal ions are extremely toxic since they can serve as a
source of reactive oxygen and nitrogen species (ROS and RNS, respectively), the generation
of which leads to the development of oxidative stress accompanied by membrane lipid
peroxidation, damage to proteins and nucleic acids, and finally results in cell death by
apoptotic or necrotic pathways [6,10]. In this regard, under normal physiological conditions
in the cellular content, the amount of this trace element in a free state is counted as less than
one free ion per cell. This is explained by the fact that the predominant amount of copper in
mammalian cells is present in a form associated with proteins or peptides notably—various
metallothioneins, metallochaperones, and glutathione (GSH) [10–12]. At that, the literature
notes the special significance of the latter for the free copper ion chelation within cells.
Moreover, it was found that most of the copper ions in cells (up to 60%) are in the form
associated with GSH [11].

It is known from medical practice that pathologies resulting from the accumulation
in the body of excess copper amounts transcending the buffer capacity of cells are usually
associated with disorders in liver functioning. This organ is considered to play the role of a
Cu depot in the organism and, accordingly, carry the main toxic load when an unregulated
increase in this element level occurs in the body [13–16]. Occupational hazards, environ-
mental pollution or congenital metabolic disorders can lead to diseases or disturbances,
among which Wilson–Konovalov disease and North American Indian childhood cirrhosis
are the best studied. All of them are characterized by the accumulation of toxic copper
concentrations in the liver (from 190 to 3360 µg/g dry weight) and associated damage to
this organ of varying severity [5,13,17–19].

The dual significance of copper for human health induces the search for new
low-toxic copper-containing compounds suitable for use in various fields of medicine
and biotechnology. In this regard, the particular attention of researchers is attracted
by such a rapidly developing area as the chemistry of nanocomposites containing
copper in the form of nanosized particles. The application fields of such nanocompos-
ites having a wide range of unique properties are quite diverse and include effective
biomedical materials, inexpensive catalytic systems, optical nanosensors, and eco-
logical biosorbents developing. Nevertheless, the usage of new copper-containing
nanocomposites as an alternative to organic copper compounds in pharmacology
and medicine is most promising [20]. Thus, it was shown that copper nanoparticles
(CuNPs and CuO NPs) can be applied as antimicrobial, antifungal, anticancer, and
anti-inflammatory agents as well as therapeutic agents for wound healing [8,21]. In
this case, the antibacterial, antifungal and antitumor properties of these nanocompos-
ites are caused by their cytotoxicity [22–25]. Despite the fact that the cytotoxicity of
Cu/CuO NPs has been demonstrated in relation to many cancer cell lines [26] (e.g., to
HepG2 breast cancer cells [27]; HeLa cell lines [28,29]; AMJ-13 breast cancer, SKOV-3
ovarian cancer [30]; lung cancer A549 [31,32]; prostate cancer PC-3 [33]), the mecha-
nisms mediating these effects are currently not well understood. It has been suggested
that CuNPs can release ions, induce intracellular ROS generation, or directly interact
with cells [21]. In addition, it was shown that CuO NPs can injure the mitochondrion
structure, which is accompanied by the loss of membrane potential and a decrease in
respiratory activity in HeLa cervical cancer cells [28]. Conversely, studies have sug-
gested that an increased ROS level detected in cancer cells is associated with their high
metabolic activities.
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At the same time, the toxicity of CuNPs against normal cells and vital human organs
can cause undesired adverse effects. The data on the cytotoxicity of CuNPs differ to a
significant extent and, apparently, depend on both the biological object under study and the
nature of the analyzed nanocomposites. For example, for different cell lines, it was noted
that IC50 ranged from 54.34 µg/mL [30] to 1000 µg/mL [34]; for animal models (Swiss
albino mice), the lethal dose was 800 mg/kg [30]. However, plant-mediated CuNPs were
demonstrated to be relatively safe for normal human cell lines [8].

Another important aspect that affects both the properties of CuNPs and the charac-
teristics of the nanocomposite in whole is the choice of the matrix. During the formation
of CuNPs, problems caused by the copper activity associated with aggregation and ox-
idation arise. A topical area of research is the targeted synthesis of nanoparticles of a
certain size with a narrowly dispersed distribution and high stability of chemical and
biological properties for a long time. Natural and synthetic polymers are promising for
this purpose. An important role of polymers in the formation of metal nanoparticles lies in
their ability to screen the resulting nanoparticles in the nanoscale state, prevent their aggre-
gation, and ensure long-term stability of their properties. The effective uses of polymers
as matrices stabilizing copper and copper oxide nanoparticles such as cellulose [35–38],
chitosan [39,40], polystyrene, polyaniline, polybutylene, polyurethane, polyethylene gly-
col [41–48] have been reported. Another promising polymer for stabilizing nanoparticles is
poly-N-vinylimidazole (PVI). The azole fragments of PVI macromolecules contain pyridine
nitrogen atoms with electron-donating properties, which are capable of coordinating metal
ions [49,50]. Along with this, PVI is readily soluble in water, has physiological activity, and
is widely used in medicine [51,52].

In this work, we report on the synthesis of water-soluble PVI and its successful use in
the formation of CuNPs. All the necessary modern research methods were used to study
the structure and physicochemical properties of the polymer and the nanocomposite based
on it. Particular attention is paid to the discussion of the nanocomposite biological activity
as well as the research of its safety and the degree of toxicity. Using a primary culture of
hepatocytes, the effect of a nanocomposite with CuNPs was compared with the one of
organic salt of this metal regarding the CcO and glutathione synthetase activity in cells, as
well as to the activity in the medium of enzymes reflecting destructive processes and used
as markers of cytolysis.

2. Materials and Methods
2.1. Materials

N-vinylimidazole from Sigma-Aldrich (St. Louis, MO, USA) was used as monomer
for the synthesis of polymers. α,α′-Azobisisobutyronitrile (AIBN) from Merck KGaA
(Darmstadt, Germany) was utilized as a radical polymerization initiator. Copper ac-
etate monohydrate (Cu(CH3COO)2·H2O) and ascorbic acid (C6H8O6) from Sigma-Aldrich
(St. Louis, MO, USA) were applied as a metallic precursor of CuNPs and the reducing
agent, respectively, without further purification. Deionized water (H2O) was used to
prepare solutions. Ethanol (C2H5OH) and acetone ((CH3)2CO) were distilled and puri-
fied according to the known procedures. Argon with a purity of 99.999 was utilized in
all reactions.

Fetal bovine serum (FBS), collagenase, Hanks’ Balanced Salt (HBSS) were obtained
from Sigma-Aldrich Co., (St. Louis, MO, USA). Williams’ Medium E, Dexamethasone and
Cell Maintenance Coctail-B were acquired from Gibco (Thermo Fisher Scientific, Waltham,
MA, USA). Anti-OxPhos Complex IV subunit I monoclonal antibody (Cat. ND 0589), Alexa
fluor 568 goat anti-mouse IgG (H + L) (Cat. NA-11031), Alexa fluor 488 goat anti-rabbit
IgG (H + L) (Cat. NA-11034), Hoechst (Cat. NH-3570) were purchased from Invitrogen
(Carlsbad, CA, USA), Anti-Glutathione Synthetase antibody (Cat. ab133592) were acquired
from Abcam (Cambridge, UK). Cell filter and 24-well plates were obtained from Corning
(BioCoat, Horsham, PA, USA). We used heparin (Lek, Minsk, Belarus), Telazol (Zoetis
Inc., Parsippany, NJ, USA), Chloroform (Ruiyuan Group Limited, Yingtan, China), set of
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reagents for determining the activity of ALT (Cat. B-8079) and AST-UV-Novo liquid form
(Cat. B-8081) (Vector-Best, Novosibirsk, Russia), Alkaline phosphatase Kit, IFCC Modified
Method (Mindray, Shenzhen, China).

2.2. Synthesis of Poly-N-vinylimidazole

Poly-N-vinylimidazole (PVI) was synthesized by the method of free radical polymer-
ization of N-vinylimidazole (VI) using AIBN as an initiator. The reaction was carried out in
an ethanol solution and argon atmosphere at a temperature of 70 ◦C. VI (3.8 g, 40.0 mmol)
and AIBN (0.05 g, 0.3 mmol) were dissolved in 2 mL of ethanol and placed in a glass
ampoule. The ampoule with the reaction mixture was filled with argon, sealed and kept in
a thermostat at 70 ◦C for 24 h. The product formed at the end of the polymerization in the
form of a transparent glassy block was dissolved in ethanol and precipitated with acetone.
The polymer was filtered off and dried in vacuum over P2O5 at 50 ◦C until constant weight.
The polymer was then dissolved in water, purified by dialysis for 48 h through a 5 kDa
cellulose membrane (Cellu Sep H1, MFPI, Seguin, TX, USA) and freeze dried. As a result,
the PVI polymer was obtained with a yield of 97% in the form of a white powder readily
soluble in water, DMSO, DMF and DMAA.

2.3. Synthesis of CuNPs Nanocomposite

The synthesis of CuNPs nanocomposite (NC(Cu-PVI)) was carried out by the method
of chemical reduction of copper ions from copper acetate monohydrate (CuAc2) under
the action of an ascorbic acid agent in an aqueous solution of PVI polymer and argon
atmosphere. PVI (1.0 g, 10.6 mmol) and CuAc2 (0.04 g, 0.2 mmol) were dissolved in 20 mL
of water and stirred vigorously for 40 min at room temperature. Then the mixture was
heated to 80 ◦C and an aqueous solution containing 0.37 g, 2.1 mmol of ascorbic acid was
added dropwise over 5 min, and the reaction mixture was stirred continuously for 2 h at
80 ◦C. The resulting suspension was precipitated with acetone and filtered to isolate the
nanocomposite. The nanocomposite was then purified by dialysis against water through a
cellulose membrane (Cellu Sep H1, MFPI, Seguin, TX, USA) and freeze dried. As a result,
a nanocomposite with CuNPs in a PVI matrix was obtained in the form of a dark brown
powder readily soluble in water, DMSO, DMF, and DMAA. The copper content in the
nanocomposite is 1.0%.

2.4. Instruments for Characterization of Polymer and NC(Cu-PVI)

The structure and properties of the synthesized PVI polymer and a CuNPs nanocom-
posite were studied using all the necessary modern methods: FTIR, UV, and NMR spec-
troscopy, gel permeation chromatography, elemental and atomic absorption analysis, elec-
tron microscopy, dynamic light scattering, and thermogravimetry. FTIR spectra were
recorded on a Vertex 70 spectrometer (Bruker Corporation, Billerica, MA, USA) in the
range of 550–4000 cm−1. UV–visible spectra were recorded on a UV–Vis spectrophotometer
Lambda 35 (Perkin-Elmer, Waltham, MA, USA) in the range of 300–900 nm. The molec-
ular weight of the polymer was determined using Shimadzu LC-20 Prominence system
(Shimadzu Corporation, Kyoto, Japan) fitted with a differential refractive index detector
Shimadzu RID-20A and column Agilent PolyPore 7.5 mm × 300 mm (PL1113-6500) (Ag-
ilent Technologies, Santa Clara, CA, USA). A solution of N,N-dimethylformamide was
used as eluent at a flow rate of 1 mL/min. Samples were dissolved at 50 ◦C for 24 h
with stirring. Calibration was performed using a series of Polystyrene High EasiVials
polystyrene standards (PL2010-0201) consisting of 12 samples with molecular weights
ranging from 162 to 6,570,000 g/mol. The copper content in the synthesized nanocom-
posite was determined on a Shimadzu AA-6200 instrument (Shimadzu Corporation,
Kyoto, Japan). The morphology of the nanocomposite and the sizes of CuNPs were deter-
mined using a Leo 906E transmission electron microscope (Carl Zeiss AG, Oberkochen,
Germany). The zeta potential and hydrodynamic radius of nanoparticles were deter-
mined using a ZetaPALS-Zeta Potential Analyser (Brookhaven Instruments Corporation,
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Holtsville, NY, USA). The measurements were carried out in thermostated cuvettes at
a temperature of 25 ◦C and a scattered light registration angle of 90 ◦C. Thermooxida-
tive destruction of the polymer and nanocomposite was studied by thermogravimetric
analysis and differential scanning calorimetry using an STA 449 Jupiter derivatograph
(Netzsch, Selb, Germany). The measurements were carried out in the temperature range of
25–700 ◦C at a heating rate of 10 ◦C/min in air. The samples weight was 5 mg.

2.5. Preparation of Primary Culture of Rat Hepatocytes

An acute experiment was carried out to isolate the primary culture of hepatocytes
of Wistar rats weighing 200 g. The animal experiment was carried out in accordance
with the rules of humane treatment of animals. The study was approved by the Ethics
Committee of the Irkutsk Scientific Center of Surgery and Traumatology. All surgical ma-
nipulations were performed under aseptic conditions. Anesthesia 0.7 mL of a 5% solution
of telazol in phosphate-buffered saline (PBS) intramuscularly and chloroform inhalation
were used until the loss of locomotor activity but with maintenance of the cardiac muscle
contractive activity.

The primary culture of hepatocytes was obtained by perfusion through the portal vein
of a solution containing 500 units of heparin in 1 mL of 0.9% NaCl and then a solution
of Krebs–Ringer buffer with EDTA without calcium [53] (pH 7.2–7, 4, temperature 37 ◦C)
with a volume of 210 mL with a perfusion rate of 30 mL/min. After that, the buffer was
replaced with a 0.07% collagenase solution in HBSS with calcium and magnesium ions
(T = 37 ◦C, 120 mL). Then, the liver was transferred into Hanks’ buffer pre-cooled to the
temperature of 4 ◦C, the liver capsule was opened, the cells were filtered through a cell
filter with a pore size of 70 µm and washed in Hanks’ buffer followed by centrifugation at
50× g for 5 min at T = 4 ◦C. Cells were resuspended in William’s E nutrient medium with
10% FBS and Primary Hepatocyte Maintenance Supplements composed of Dexamethasone
and Cocktail solution containing GlutaMAX™, HEPES, penicillin-streptomycin, insulin,
transferrin, selenium complex, BSA and linoleic acid added to the medium according to the
manufacturer’s instructions. The hepatocyte culture was incubated in the 24-well plates at
37 ◦C, 90% humidity, and 5% CO2 in Biostation CT (Nikon Corporation, Tokyo, Japan).

The cells were used for the experiment within 24 h after isolation since no changes in
the hepatocyte enzymatic systems functioning were observed during this period [53,54].

2.6. Incubation of Rat Hepatocytes with NC(Cu-PVI)

Two hours after hepatocyte isolation, the nutrient medium was replaced and a solution
of NC(Cu-PVI) or of CuAc2 was added to the culture medium to a final concentration of
50 µg/mL or 200 µg/mL in terms of copper content. A culture of hepatocytes without
the addition of test substances served as a control (the culture was supplemented with an
appropriate amount of nutrient medium). After 6 and 24 h, the nutrient medium was taken
to determine the alanine transaminase (ALT), aspartate transaminase (AST), and alkaline
phosphatase (ALP) activity.

2.7. Biochemical Research

Biochemical studies of the culture medium after hepatocyte incubation with the test
substances were carried out on a Mindray BS-380 biochemical analyzer (Mindray, Shenzhen,
China). The activity of ALT, AST was investigated by the kinetic method using the set of
reagents for determining the activity of ALT- and AST-UV-Novo liquid form. Alkaline
phosphatase was investigated using the Alkaline phosphatase Kit, IFCC Modified Method.

2.8. Immunofluorescence Studies

Cells for immunofluorescence studies were fixed with 70% ethanol for 2 h and stained
with antibodies to CcO (anti-OxPhos Complex IV subunit I monoclonal antibody) and
Anti-Glutathione Synthetase antibody (GS) in a dilution of 1:200. Alexa fluor 568 goat
anti-mouse IgG (H + L) or Alexa fluor 488 goat anti-rabbit IgG (H + L) in a dilution of
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1:300 was used as secondary antibody. Nuclei were stained with Hoechst, 1:300 [55,56].
The fluorescent stain intensity for each preparation was measured using the Nis-elements
software (Nikon Corporation, Tokyo, Japan).

Statistical analysis was carried out in the programming environment R. Single-factor
analysis of variance was performed using Kruskal–Wallis test. Post hoc analysis was carried
out with applying the Tukey test. Mann–Whitney–Wilcoxon test was used for pairwise
comparison.

3. Results and Discussion
3.1. Characterization of Poly-N-vinylimidazole

Polymerization of VI in the presence of the AIBN initiator in an ethanol solution and
argon atmosphere proceeds according to the free radical mechanism (Scheme 1).
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Scheme 1. Synthesis of poly-N-vinylimidazole (PVI).

The resulting polymer is a white powder readily soluble in water, DMSO, DMF, and
DMAA. For further study of the polymer, a fraction with Mn, Mw and Mw/Mn being
15.635, 20.623 kDa and 1.32, respectively, was isolated by fractional precipitation from an
ethanol solution using acetone and hexane as precipitants.

The FTIR spectra of the polymer contains absorption bands of stretching vibrations of
the imidazole fragment: 2933 (C–H), 1501, 1600 (C=N), 1417 (C–N), 1285 (C–H) cm−1; CH
groups of the azole ring: 1110 and 1089 cm−1; and bending vibrations of the heterocycle:
916, 822 cm−1 (Figure 1). The band between 3650 and 3300 cm−1 refers to the stretching
vibration of physically bound water. The 1H NMR spectra of PVI contains an intense signal
from the protons of the main polymer chain and the imidazole fragment: 1.92–2.34 ppm.
(m, 2H, CH2), 2.95–3.14 ppm. (m, 1H, CH), 6.65–6.69 ppm. (m, 3H, imidazole ring). PVI
is characterized by high resistance to thermal oxidative degradation since the thermal
decomposition of the polymer begins above 380 ◦C.
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3.2. Synthesis and Characterization of Polymeric CuNPs Nanocomposite

The synthesized PVI is of great importance in the formation of a CuNPs nanocomposite.
Active functional imidazole groups in the polymer structure participate in coordination
interaction with copper ions ensuring their uniform distribution in the polymer matrix.
This occurs at the first stage of the process with stirring of aqueous solutions of PVI and
CuAc2 and is accompanied by an increase in the viscosity of the solution and the formation
of a yellow suspension. With the subsequent portion-wise addition of ascorbic acid to the
reaction mixture, copper ions were gradually reduced to zero valence, and the mixture
became dark brown. The resulting CuNPs were stabilized in the nanoscale state and
retained a uniform distribution over the volume. Ascorbic acid has a significant advantage
over sodium borohydride and hydrazine, which are widely used for copper reduction
since it is an environmentally friendly and natural antioxidant. The reaction was carried
out in an argon atmosphere to prevent possible oxidation of the resulting nanoparticles.
The obtained nanocomposites with CuNPs were isolated and purified by dialysis for 48 h
followed by freeze drying.

The FTIR spectra of the CuNPs nanocomposite are almost identical to the FTIR spec-
trum of the PVI, which indicates the stability of the polymer matrix. Only a slight shift (by
11 cm−1) of the absorption band of the C=N bond of the imidazole fragment at 1501 cm−1

is observed. This change confirms the coordination interaction of copper with the pyridine
nitrogen atom (Figure 1).

The formation of CuNPs was confirmed using surface plasmon resonance spectra in
the UV–visible region. Figure 2 shows the optical absorption spectra of aqueous solutions
of the reaction mixture, reflecting the kinetic features of the reaction process. The formation
of copper nanoparticles begins after 10 min of the reaction, which is accompanied by the
appearance of an absorption band with a maximum at 558 nm, which is characteristic
of the plasmon absorption of zero-valent copper nanoparticles. With further stirring of
the reaction mixture, the absorption intensity increases and the process of nanocomposite
formation is practically completed in 120 min. The position of the plasmon absorption band
(588 nm) in the UV spectrum of the synthesized nanocomposite confirms the formation of
CuNPs metal nanoparticles. It has been reported in the literature that the surface plasmon
resonance band of Cu, CuO and Cu2O nanoparticles provides absorption in the UV spectra
range 570–600 nm [57], 200–350 nm [58–61] and 480–485 nm [62,63], respectively.
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The use of the method of transmission electron microscopy made it possible to study
the size and shape of the formed CuNPs, as well as the nature of their distribution in the
PVI polymer matrix. As seen in Figure 3, CuNPs are fairly uniformly distributed in the
matrix of the synthesized nanocomposite. Nanoparticles have a spherical shape and are
characterized by sizes in the range of 2–8 nm. The predominant amount of nanoparticles
(55%) has a size of 4–6 nm. The average nanoparticle diameter is 4.2 nm. Such a small size
of nanoparticles and their low content (1.0%) contributed to the fact that the synthesized
nanocomposite is readily soluble in water, which is important for the development of
biomedical materials.
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The average hydrodynamic diameters of the PVI and the nanocomposite are measured
by dynamic light scattering. The hydrodynamic diameter of the nanocomposite particles
is 166 nm (polydispersity of 0.27), which is 1.46 times smaller than that of PVI (242 nm,
polydispersity of 0.22) (Figure 4). This is apparently due to the fact that, during the forma-
tion of nanoparticles, their coordination interaction with the pyridine nitrogen atom of the
imidazole fragment of the polymer macromolecule leads to compression PVI macrochains.
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According to the data of thermogravimetric analysis, the CuNPs nanocomposite
shows lower stability to thermal oxidative degradation in comparison with PVI. The
onset of thermal decomposition of the nanocomposite is 360 ◦C, which is 20 ◦C lower
than the thermal stability of PVI. This is probably due to the catalytic properties of metal
nanoparticles, which are manifested in a decrease in the activation energy of thermal
destruction and oxidation of the polymer matrix.

The obtained nanocomposites are characterized by high stability of the nanoscale
state of nanoparticles, which is ensured by the high stabilizing ability of PVI. Even with
long-term storage of aqueous solutions of the nanocomposite (more than 3 months),
the nanoparticles did not agglomerate, and all the chemical and thermal properties
were retained.

3.3. Influence of NC(Cu-PVI) on the Morphology of Hepatocytes

In this study, the choice of a cell culture to estimate the cytotoxicity of a copper-
containing nanocomposite was dictated by several reasons. First, hepatocyte cultures
are widely used in the screening of pharmaceuticals including for ADME/Tox test-
ing (absorption, distribution, metabolism, excretion and toxicity). This is attributed
to the ability of liver cells to metabolize endogenous and xenobiotic compounds
through the formation of water-soluble components [53,64]. Conversely, the excep-
tional role of the liver in copper metabolism suggests that hepatocytes are the main
target for the toxic effects of this metal and bear the major metabolic load when
excess amounts of this trace element intakes to organism [13–16]. Based on this
information, for the research, the primary culture of rat hepatocytes was chosen
as the main tool for assessing the toxicity of the new copper-containing nanocom-
posite for mammalian cells and comparing its action on liver cells with an organic
copper salt.

We found that after incubation for 6 h with NC(Cu-PVI), the cultured cells looked
intact, and no visible changes in their morphology were found (Figure 5C). How-
ever, compared with the control group (Figure 5A), an increase in the amount of
cell debris was observed in these samples, which indicates that the processes asso-
ciated with cell death are enhanced in culture. At the same time, in the samples
that were exposed to CuAc2 , after 6 h of incubation, the formation of cell conglom-
erates was visualized (Figure 5E), and this process intensified within 24 h that led
to the appearance of large areas formed by such conglomerates (Figure 5F). Simi-
lar processes were not found in the control samples either after 6 or 24 h of culti-
vation (Figure 5A,B). However, the long-term exposure to hepatocytes (for 24 h)
with the NC(Cu-PVI) also led to the formation of cell conglomerates in culture
(Figure 5D). The data obtained indicate that the changes in the cell adhesion proper-
ties and the ability to intercellular interactions observed in this experiment are, appar-
ently, initiated by copper preparations, and this process starts earlier and proceeds
more intensively in the presence in the medium of this metal ion not bound by the
synthesized matrix.

3.4. Analysis of Cytotoxicity NC(Cu-PVI) Based on the Activity of AST and ALT

The study of the ALT and AST activity has recently been used, not only in clinical
practice to diagnose diseases associated with impaired liver function, but also to research
the toxicity of various drugs to 2D and 3D hepatocyte cultures [65–68]. Based on this, in
our investigation, the analysis of the AST and ALT activity in the culture medium was used
to determine the degree of copper-containing compound toxicity in relation to the primary
culture of hepatocytes.

Statistical analysis of the data showed that at the selected time points (6 h and 24 h),
the ALT activity in the samples exposed to the NC(Cu-PVI) and CuAc2 did not significantly
differ from the enzyme activity in the control specimens (Figure 6A,B). Nevertheless, during
the experiment, after incubation with both analytes, a significant growth in ALT activity
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was observed (Figure 6C), and although in this case the activity increase level is comparable
for the NC(Cu-PVI), for CuAc2, the median value for the latter substance was found to be
somewhat higher (Figure 6A–C).
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A similar picture was obtained when determining the activity of AST after 6 h of
incubation with copper-containing compounds. The enzyme activity in the experimental
samples did not differ significantly from the control group (Figure 7A). However, 24 h after
addition of the analytes, the situation has changed. AST activity considerably raised after
exposure to CuAc2, while incubation with the NC(Cu-PVI) did not lead to a significant
increase in enzyme activity (Figure 7B). These data are confirmed by the analysis of AST
activity changes recorded at different time points (Figure 7C). As is evident from the graph,
in the control samples as well as in the culture incubated with the NC(Cu-PVI), a gradual
increase in the enzyme activity occurred, while when exposed to CuAc2 for 24 h, a sharp
growth in the AST activity was observed in the culture medium that was apparently caused
by a significant enhancement in the rate of hepatocyte death in this group of samples.
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In our study, ALT and AST, an increase in the activity of which may indicate necrotic
death of hepatocytes, demonstrated a different response to treatment of the copper-
containing compounds. AST activity significantly distinguished upon incubation of cells
with a NC(Cu-PVI) or CuAc2, which allows one to estimate the toxic effect degree while
ALT activity in this case turned out to be less informative. AST activity growth after expo-
sure to hepatocytes with CuAc2 for 24 h is suggested to be caused by the intensification of
destructive processes occurring in the cell culture.

In many studies carried out on hepatocyte cultures, an increase in the activity of
both aminotransferases in the medium was observed under the influence of various com-
pounds [65,66]. However, in our work, only AST activity growth was demonstrated.
Differences in the enzyme activities can be explained by the fact that AST is present in
cells in the form of both cytoplasmic and mitochondrial isoenzymes, and the latter form
is predominant in hepatocytes [69,70]. It is known that mitochondria play the role of
a dynamic pool for copper ions, regulate the cellular homeostasis of this trace element
and, accordingly, are the main intracellular targets of the toxic effect of this metal excess
amounts [15,71].
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Moreover, it is considered that minor damage to hepatocytes leads to the predom-
inant release of enzymes of the cytoplasmic fraction, while severe necrotic lesions are
accompanied by the exit of cytosolic and mitochondrial enzymes into the extracellular
space [72]. In this regard, an appreciable rise in AST activity and a slight increase in ALT
activity (below a significant level) after incubation with CuAc2 for 24 h in our study may be
associated with the effect of the metal ions on the hepatocyte mitochondria, which results in
structural and functional disorders of organelles as well as the development of destructive
processes leading to cell death. In the work carried out on a 3D culture of hepatocytes, it
was also shown that the release of AST into the culture medium is especially high when
cells are exposed to preparations, the toxic effect of which is related with mitochondrial
dysfunction [67]. At the same time, our data are consistent with the information that in
Wilson–Konovalov’s disease characterized by the accumulation of excess copper amounts
in liver cells, a predominant increase in AST activity is recorded in the blood serum, and
therefore the AST/ALT ratio exceeding 2 is considered one of the clinical indicators of
this pathology [73,74]. In addition, the fact that the appearance of mitochondrial enzymes
in blood serum under pathological conditions is usually observed later than cytoplasmic
enzymes [75] may explain a significant AST activity growth in the culture medium at later
stages of incubation with CuAc2.

3.5. Effect of NC(Cu-PVI) on ALP Activity

Despite the fact that ALP is not an enzyme localized exclusively in the liver, the
determination of its activity is widely used in clinical diagnostics to make or confirm
diagnoses associated with pathological processes leading to the degradation of hepatocytes.
Based on this, in our study, the determination of this enzyme activity in the culture medium
was used as one of the criteria indicating cell damage under the action of a NC(Cu-PVI)
and CuAc2.

Our results showed that, in the culture medium after exposure to the test substances,
contrary to expectations, a significant decrease in ALP activity was found in the experi-
mental samples in comparison with the control group. In this case, the enzyme activity
reduction was observed both after 6 h and after 24 h of incubation with the tested copper-
containing compounds (Figure 8A,B). Moreover, the analysis of the selected time points
showed that, after exposure to the nanocomposite, a more intense decrease in ALP activity
occurred versus after the addition of CuAc2 to the culture medium (Figure 8A,B).
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Comparison of the ALP activity in different time points showed that the changes occur-
ring in the cultured cells from the three experimental groups throughout the experiment are
of a different nature (Figure 8C). In the control group, a gradual increase in ALP activity in
the medium was observed, which is associated with moderate death of hepatocytes in the
maintained culture. At the same time, in the samples that were exposed to the NC(Cu-PVI),
the activity of ALP continued to considerably decrease over 24 h, whereas after incubation
with CuAc2, the enzyme activity reduced in the first hours of exposure, but no significant
changes were observed in the next 18 h, although ALP activity in this group was still lower
than in control samples (Figure 8C).

In this study, the decrease in the activity of ALP in the medium may be associated
not with the reduce in the destruction rate in the culture of hepatocytes but with the
direct interaction of copper atoms with the analyzed enzyme leading to the suppression
of its activity. For example, it was previously shown that copper can displace zinc atoms
playing the role of a cofactors in the ALP catalytic centers. This leads to the loss of its
functionality and a decrease in the activity recorded by standard methods [76]. Substitution
of zinc in the catalytic centers of the enzyme also explains the reduction in the ALP activity
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level of the blood serum observed in patients with Wilson–Konovalov disease, especially
when it manifests itself in the fulminant form accompanied by extensive necrosis of the
liver [77,78]. In the case of this disease characterized by the accumulation of excessive
amounts of copper in the liver, a decrease the ALP activity in serum does not reflect
the degree of hepatocellular damage but is one of the diagnostic signs indicating the
toxic effect of copper [73,74,79]. A similar effect of copper preparations on ALP activity
was also previously described; however, in contrast to our results, in these studies, only
complexes of myo-inositol hexakisphosphate with Cu (II) ions but not free copper ions
had an inactivating effect (the enzyme activity decreased by 99%) [80,81]. In our work,
both CuAc2 and NC(Cu-PVI) had an inhibitory effect. Although copper atoms fixed in the
structure of the nanocomposite are not only able to interact with ALP affecting enzyme
activity, they also exceed free copper ions in the intensity and duration of ALP inactivation.
This may indicate that the synthesized matrix does not prevent the interaction of the metal
ions inserted in its structure with enzymes nor does it reduce their bioavailability.

3.6. Influence of NC(Cu-PVI) on the Activity of Oxidative Phosphorylation in Hepatocytes

In this study, to assess the effect of the NC(Cu-PVI) on the oxidative phosphorylation
intensity of cultivated hepatocytes in comparison with CuAc2, cells were stained by the
immunofluorescence method using antibodies to subunit I of mitochondrial cytochrome
c oxidase (CcO).

Analysis of the intensity of fluorescent staining showed that, after incubation of cells
for 6 h with both CuAc2 and the NC(Cu-PVI), a significant increase in the amount of the
visualized enzyme in hepatocytes was observed (Figure 9A) compared to control samples,
which indicates an enhancement in oxidative phosphorylation activity in cells. A similar
picture was also obtained when comparing with control samples of cells incubated with
the test substances for 24 h (Figure 9B). At the same time, throughout the experiment, there
were no significant distinctions in the fluorescence intensity observed in cells that were
exposed to the copper salt and the NC(Cu-PVI) (Figure 9A,B). This may indicate that these
compounds added to the medium in equal amounts (200 µg/mL) caused the mitochondrial
CcO level increase in cultured hepatocytes with the same efficiency.

Comparison of the changes, which takes place in the studied cells depending on
the time of exposure to these compounds, made it possible to ascertain that a minor
but significant increase in the amount of the enzyme occurs during 24 h in all three
analyzed groups (Figure 9C). Apparently, in both experimental groups, the additional
factor stimulating the rising in the intensity of oxidative phosphorylation compared with
the control group is the introduction of copper ions either in the form of acetate or as part
of the nanocomposite.

Three copper atoms included in the catalytic subunits not only provide the enzyme
functioning but they are also necessary for the assembly and stability of these subunits
since in the absence of copper, proteins are rapidly degraded, which prevents the for-
mation of CcO. In addition, it is known that copper deficiency can lead to a decrease in
the expression of both nuclear and mitochondrial subunits of CcO [6,82–84], while an
excessive non-cytotoxic content of copper in cells causes the opposite effect, namely a
CcO expression level increase [6,85]. In this regard, the literature discusses the possibil-
ity to regulate the mitochondrial CcO functioning and the oxidative phosphorylation
activity in general by introducing chelators or, conversely, additional amounts of copper
into the cells, modulating the intensity of cellular metabolism and intracellular processes
dependent on energy metabolism. This approach can be effective in the development
of drugs targeted to the treatment of oncological diseases (by chelation of Cu) as well
as the regulation of cell proliferation and differentiation in regenerative medicine (by
addition of Cu) [6,86,87].
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shown. * Differences are considered significant at p < 0.05.

In this work, it is visually shown that copper nanoparticles included in the synthesized
matrix can participate in the regulation of the CcO expression and/or interact with CcO,
providing catalytic centers with available copper atoms such as enzyme assembly factors
do, and thus modulating the intensity of energy processes occurring in cells. Moreover,
in this case, the samples treated with the nanocomposite demonstrate an increase in the
amount of CcO at the same level as unbound metal ions introduced into the nutrient
medium in form of CuAc2.

3.7. Influence of NC(Cu-PVI) on the Activity of Glutathione Synthetase in Hepatocytes

In this work, the effect of the compared copper preparations on the redox system
of glutathione in hepatocytes was assessed by the immunofluorescence method using
antibodies to glutathione synthetase (GS) being the glutathione synthesis second enzyme
responsible for the addition of glycine to γ-glutamylcysteine [88].
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We found that the intensity of staining for glutathione synthetase in cultured cells
increases after incubation with both a nanocomposite containing copper and a salt of this
metal (Figure 10). As is evident from the graph, after 6 h of exposure to the same concentra-
tions of the tested substances (200 µg/mL), the amount of the enzyme in the cells raises
equally without demonstrating significant differences between the effects of the nanocom-
posite and salt (Figure 10A). However, after 24 h of incubation with these compounds, the
situation changes. The fluorescence intensity after exposure to CuAc2 becomes significantly
higher than in the case of introducing a nanocomposite into the medium (Figure 10C),
which indicates that the copper preparation in the form of a salt affects the glutathione
synthetase amount in hepatocytes to a greater extent than a nanocomposite in which copper
atoms are included in a polymer matrix.
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These data are confirmed by comparing the stain intensity depending on the time of
exposure to the test compounds (Figure 10C). When hepatocytes are incubated with copper
acetate, the amount of the enzyme continues to increase for 24 h, while when exposed to
the nanocomposite, growth of the expression level of glutathinone synthetase is observed
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only in the first 6 h of incubation. In the next 18 h, the amount of the enzyme responsible
for the last stage of glutathione synthesis begins to decrease.

Despite the abundance of information on the role of glutathione in maintaining copper
homeostasis [5,89,90], there are no data that the ions of this metal can take part in the
regulation of this tripeptide synthesis in mammalian cells. Nevertheless, in our study, an
increase in the enzyme amount in cultured hepatocytes under the action of two different
copper-containing preparations suggests that such regulation takes place. A similar effect
has been described in the bacteria Acidithiobacillus ferrooxidans, in which, upon exposure to
copper, a growth of the expression level of two genes encoding glutathione syntheses was
observed [91].

The nature of this regulation remains unclear. It may be related to the direct interaction
of copper atoms with metal-sensitive transcription factors, as in the case of metallothioneins,
the expression of which is regulated by the metal-responsive transcription factor 1 (MRF-1)
interacting with metal-responsive elements (MRE) in gene promoters [2]. Otherwise, it
may depend on the glutathione pool depletion in cells and can be realized by a more
complicated manner with the involvement of mediator molecules. However, based on our
data, it can be assumed that regulation depends on the state of copper atoms present in
the cell content, and copper ions in a free form, unbound with the synthesized matrix or
cellular proteins, are of crucial importance.

4. Conclusions

New water-soluble stable nanocomposites with CuNPs were synthesized based on
poly-N-vinylimidazole. The high efficiency of the polymer was found to stabilize CuNPs in
a nanosized narrowly dispersed state and ensures the stability of the chemical and thermal
properties of the nanocomposite for a long time.

Our investigation showed that the obtained nanocomposite exhibits low toxicity
toward cultured rat hepatocytes. It was demonstrated both by cell morphology assay and
the ALT and AST activity analysis in culture media. In particular, this nanocomposite was
found to be of low toxicity for hepatocyte mitochondria, considering the main intracellular
target for the toxic effect of copper ions in excessive amounts. At the same time, it was
shown that the chosen matrix does not prevent copper included in the nanocomposite
structure to interact with various enzymes, modulating their activity. In this work, it was
found that the action of the nanocomposite on cells leads to an increase in the amount
of CcO, one of the key enzymes of oxidative phosphorylation. In addition, glutathione
synthetase, the second enzyme for the synthesis of glutathione, is involved in chelating
the predominant amount of incoming copper in mammalian cells. The opposite effect
was observed when analyzing the activity of alkaline phosphatase. In this study, the
described effects can be caused by the direct interaction of the nanocomposite with the
enzyme, which leads to an increase in the activity of copper-containing CcO or to a more
intense and prolonged decrease in the ALP activity associated with the replacement of
zinc ions by copper ions in the enzyme active center. At the same time, the effect of the
nanocomposite can be explained by its participation in the regulation of the CcO or GS
gene expression or, in the case of the latter, by other mechanisms triggered by depleting the
glutathione pool. Thus, the synthesized water-soluble copper-containing nanocomposite is
promising for biotechnological and biomedical research as a new non-toxic hydrophilic
preparation, allowing to regulate the work of key enzymes involved in energy metabolism
and antioxidant protection, and it may serve as an additional source of copper.
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68. Kiraççakali, A.N.; Oğuz, A.R. Determination of cytotoxic, genotoxic, and oxidative damage from deltamethrin on primary
hepatocyte culture of Lake Van fish. Alburnus tarichi. Chem. Ecol. 2020, 36, 651–662. [CrossRef]

69. Gowda, S.; Desai, P.B.; Hull, V.V.; Math, A.A.; Vernekar, S.N.; Kulkarni, S.S. A review on laboratory liver function tests. Pan Afr.
Med. J. 2009, 3, 17. [PubMed]

70. Thapa, B.R.; Walia, A. Liver function tests and their interpretation. Indian J. Pediatr. 2007, 74, 663–671. [CrossRef]
71. Leary, S.C.; Winge, D.R.; Cobine, P.A. “Pulling the plug” on cellular copper: The role of mitochondria in copper export. Biochim.

Biophys. Acta 2009, 1793, 146–153. [CrossRef] [PubMed]

http://doi.org/10.1007/s11696-019-00888-6
http://doi.org/10.1007/s10965-018-1649-5
http://doi.org/10.1002/cplu.201402111
http://doi.org/10.1007/s00396-019-04592-5
http://doi.org/10.1080/10601325.2010.483352
http://doi.org/10.1021/bc2003378
http://www.ncbi.nlm.nih.gov/pubmed/23097113
http://doi.org/10.1080/03602530601093489
http://doi.org/10.1007/s10517-015-2974-x
http://doi.org/10.21103/Article9(4)_OA15
http://doi.org/10.1515/gps-2018-0038
http://doi.org/10.1016/j.jphotobiol.2018.11.017
http://www.ncbi.nlm.nih.gov/pubmed/30508758
http://doi.org/10.1016/j.ijbiomac.2020.02.250
http://doi.org/10.1016/j.heliyon.2020.e04508
http://doi.org/10.1007/s11468-020-01143-5
http://doi.org/10.1016/S1003-6326(19)65058-2
http://doi.org/10.1016/j.semperi.2020.151228
http://doi.org/10.1590/S1516-89132015060298
http://doi.org/10.1016/j.jcma.2017.03.007
http://doi.org/10.3390/biomedicines8100374
http://www.ncbi.nlm.nih.gov/pubmed/32977664
http://doi.org/10.1080/02757540.2020.1781098
http://www.ncbi.nlm.nih.gov/pubmed/21532726
http://doi.org/10.1007/s12098-007-0118-7
http://doi.org/10.1016/j.bbamcr.2008.05.002
http://www.ncbi.nlm.nih.gov/pubmed/18522804


Nanomaterials 2022, 12, 16 22 of 22

72. Ndrepepa, G. Aspartate aminotransferase and cardiovascular disease–a narrative review. J. Lab. Precis. Med. 2021, 6, 6. [CrossRef]
73. Shribman, S.; Warner, T.T.; Dooley, J.S. Clinical presentations of Wilson disease. Ann. Transl. Med. 2019, 7, S60. [CrossRef]

[PubMed]
74. Sánchez-Monteagudo, A.; Ripollés, E.; Berenguer, M.; Espinós, C. Wilson’s disease: Facing the challenge of diagnosing a rare

disease. Biomedicines 2021, 9, 1100. [CrossRef]
75. Contreras-Zentella, M.L.; Hernández-Muñoz, R. Is liver enzyme release really associated with cell necrosis induced by oxidant

stress? Oxid. Med. Cell. Longev. 2016, 2016, 3529149. [CrossRef]
76. Ferreira, C.R.; Gahl, W.A. Disorders of metal metabolism. Transl. Sci. Rare Dis. 2017, 2, 101–139. [CrossRef]
77. Shaver, W.A.; Bhatt, H.; Combes, B. Low serum alkaline phosphatase activity in Wilson’s disease. Hepatology 1986, 6, 859–863.

[CrossRef] [PubMed]
78. Sharma, U.; Pal, D.; Prasad, R. Alkaline phosphatase: An overview. Indian J. Clin. Biochem. 2014, 29, 269–278. [CrossRef]
79. Lucena-Valera, A.; Perez-Palacios, D.; Muñoz-Hernandez, R.; Romero-Gómez, M.; Ampuero, J. Wilson’s disease: Revisiting an

old friend. World J. Hepatol. 2021, 13, 634–649. [CrossRef] [PubMed]
80. Martin, C.J.; Evans, W.J. Inactivation of intestinal alkaline phosphatase by inositol hexaphosphate-Cu (II) coordinate complexes. J.

Inorg. Biochem. 1991, 42, 161–175. [CrossRef]
81. Martin, C.J. Reaction of the coordinate complexes of inositol hexaphosphate with first row transition series cations and Cd(II)

with calf intestinal alkaline phosphatase. J. Inorg. Biochem. 1995, 58, 89–107. [CrossRef]
82. Chen, X.; Medeiros, D.M.; Jennings, D. Mitochondrial membrane potential is reduced in copper-deficient C2C12 cells in the

absence of apoptosis. Biol. Trace Elem. Res. 2005, 106, 51–64. [CrossRef]
83. Zeng, H.; Saari, J.T.; Johnson, W.T. Copper deficiency decreases complex IV but not complex I, II, III, or V in the mitochondrial

respiratory chain in rat heart. J. Nutr. 2007, 137, 14–148. [CrossRef]
84. Johnson, W.T.; Brown-Borg, H.M. Cardiac cytochrome-c oxidase deficiency occurs during late postnatal development in progeny

of copper-deficient rats. Exp. Biol. Med. 2006, 231, 172–180. [CrossRef] [PubMed]
85. Ruiz, L.M.; Jensen, E.L.; Rossel, Y.; Puas, G.I.; Gonzalez-Ibanez, A.M.; Bustos, R.I.; Ferrick, D.A.; Elorza, A.A. Non-cytotoxic

copper overload boosts mitochondrial energy metabolism to modulate cell proliferation and differentiation in the human
erythroleukemic cell line K562. Mitochondrion 2016, 29, 18–30. [CrossRef]

86. Babak, M.V.; Ahn, D. Modulation of intracellular copper levels as the mechanism of action of anticancer copper complexes:
Clinical relevance. Biomedicines 2021, 9, 852. [CrossRef] [PubMed]

87. De Luca, A.; Barile, A.; Arciello, M.; Rossi, L. Copper homeostasis as target of both consolidated and innovative strategies of
anti-tumor therapy. J. Trace Elem. Med. Biol. 2019, 55, 204–213. [CrossRef] [PubMed]

88. Marí, M.; de Gregorio, E.; de Dios, C.; Roca-Agujetas, V.; Cucarull, B.; Tutusaus, A.; Morales, A.; Colell, A. Mitochondrial
glutathione: Recent insights and role in disease. Antioxidants 2020, 9, 909. [CrossRef] [PubMed]

89. Maryon, E.B.; Molloy, S.A.; Kaplan, J.H. Rate and regulation of copper transport by human copper transporter 1 (hCTR1). J. Biol.
Chem. 2013, 288, 18035–18046. [CrossRef]

90. Kaplan, J.H.; Maryon, E.B. How mammalian cells acquire copper: An essential but potentially toxic metal. Biophys. J. 2016, 110,
7–13. [CrossRef]

91. Xia, J.L.; Wu, S.; Zhang, R.Y.; Zhang, C.G.; He, H.; Jiang, H.C.; Nie, Z.Y.; Qiu, G.Z. Effects of copper exposure on expression of
glutathione-related genes in Acidithiobacillus ferrooxidans. Curr. Microbiol. 2011, 62, 1460–1466. [CrossRef] [PubMed]

http://doi.org/10.21037/jlpm-20-93
http://doi.org/10.21037/atm.2019.04.27
http://www.ncbi.nlm.nih.gov/pubmed/31179297
http://doi.org/10.3390/biomedicines9091100
http://doi.org/10.1155/2016/3529149
http://doi.org/10.3233/TRD-170015
http://doi.org/10.1002/hep.1840060509
http://www.ncbi.nlm.nih.gov/pubmed/3758940
http://doi.org/10.1007/s12291-013-0408-y
http://doi.org/10.4254/wjh.v13.i6.634
http://www.ncbi.nlm.nih.gov/pubmed/34239699
http://doi.org/10.1016/0162-0134(91)84002-Q
http://doi.org/10.1016/0162-0134(94)00038-C
http://doi.org/10.1385/BTER:106:1:051
http://doi.org/10.1093/jn/137.1.14
http://doi.org/10.1177/153537020623100207
http://www.ncbi.nlm.nih.gov/pubmed/16446493
http://doi.org/10.1016/j.mito.2016.04.005
http://doi.org/10.3390/biomedicines9080852
http://www.ncbi.nlm.nih.gov/pubmed/34440056
http://doi.org/10.1016/j.jtemb.2019.06.008
http://www.ncbi.nlm.nih.gov/pubmed/31345360
http://doi.org/10.3390/antiox9100909
http://www.ncbi.nlm.nih.gov/pubmed/32987701
http://doi.org/10.1074/jbc.M112.442426
http://doi.org/10.1016/j.bpj.2015.11.025
http://doi.org/10.1007/s00284-011-9881-9
http://www.ncbi.nlm.nih.gov/pubmed/21305293

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Poly-N-vinylimidazole 
	Synthesis of CuNPs Nanocomposite 
	Instruments for Characterization of Polymer and NC(Cu-PVI) 
	Preparation of Primary Culture of Rat Hepatocytes 
	Incubation of Rat Hepatocytes with NC(Cu-PVI) 
	Biochemical Research 
	Immunofluorescence Studies 

	Results and Discussion 
	Characterization of Poly-N-vinylimidazole 
	Synthesis and Characterization of Polymeric CuNPs Nanocomposite 
	Influence of NC(Cu-PVI) on the Morphology of Hepatocytes 
	Analysis of Cytotoxicity NC(Cu-PVI) Based on the Activity of AST and ALT 
	Effect of NC(Cu-PVI) on ALP Activity 
	Influence of NC(Cu-PVI) on the Activity of Oxidative Phosphorylation in Hepatocytes 
	Influence of NC(Cu-PVI) on the Activity of Glutathione Synthetase in Hepatocytes 

	Conclusions 
	References

