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Purpose: The ability of silver nanoparticles (AgNPs) of different sizes to influence copper 
metabolism in mice is assessed.
Materials and Methods: AgNPs with diameters of 10, 20, and 75 nm were fabricated 
through a chemical reduction of silver nitrate and characterized by UV/Vis spectrometry, 
transmission and scanning electronic microscopy, and laser diffractometry. To test their 
bioactivity, Escherichia coli cells, cultured A549 cells, and C57Bl/6 mice were used. The 
antibacterial activity of AgNPs was determined by inhibition of colony-forming ability, and 
cytotoxicity was tested using the MTT test (viability, %). Ceruloplasmin (Cp, the major 
mammalian extracellular copper-containing protein) concentration and enzymatic activity 
were measured using gel-assay analyses and WB, respectively. In vitro binding of AgNPs 
with serum proteins was monitored with UV/Vis spectroscopy. Metal concentrations were 
measured using atomic absorption spectrometry.
Results: The smallest AgNPs displayed the largest dose- and time-dependent antibacterial 
activity. All nanoparticles inhibited the metabolic activity of A549 cells in accordance with 
dose and time, but no correlation between cytotoxicity and nanoparticle size was found. 
Nanosilver was not uniformly distributed through the body of mice intraperitoneally treated 
with low AgNP concentrations. It was predominantly accumulated in liver. There, nanosilver 
was included in ceruloplasmin, and Ag-ceruloplasmin with low oxidase activity level was 
formed. Larger nanoparticles more effectively interfered with the copper metabolism of mice. 
Large AgNPs quickly induced a drop of blood serum oxidase activity to practically zero, but after 
cancellation of AgNP treatment, the activity was rapidly restored. A major fraction of the 
nanosilver was excreted in the bile with Cp. Nanosilver was bound by alpha-2-macroglobulin 
in vitro and in vivo, but silver did not substitute for the copper atoms of Cp in vitro.
Conclusion: The data showed that even at low concentrations, AgNPs influence murine copper 
metabolism in size-dependent manner. This property negatively correlated with the antibacterial 
activity of AgNPs.
Keywords: silver nanoparticles, copper status, ceruloplasmin, alpha-2-macroglobulin, bile, 
urine

Introduction
Silver nanoparticles (AgNPs), which possess unique catalytic, electric, and anti-
bacterial properties, arguably constitute the most common and widely used nano-
particulate material.1,2 Their use is particularly promoted by their antibacterial 
properties. AgNPs effectively suppress the growth of pathogenic unicellular micro-
organisms and viruses of various taxonomic groups.3–8 This property motivates the 
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use of AgNPs in food and textile industry, medical 
devices, bone implants, and disinfectant additives used in 
drinking water treatment and maintenance of the antimi-
crobial cleanliness of pools, as well as in personal care and 
cosmetics. Approaches have been proposed that incorpo-
rate the use of AgNPs as therapeutic agents, and they can 
help overcome the resistance of bacteria to conventional 
antibiotics.9 Cultured human cell lines7 are typically used 
to evaluate the cytotoxicity of fabricated AgNPs. All cell 
lines tested in published reports are sensitive to AgNPs in 
a dose- and time-dependent manner. The biocidal and 
cytotoxic properties of AgNPs depend on their linear size 
and shape and on the cell line used and the nanoparticle 
coating.10–17 In addition, AgNPs suppress the growth 
and development of aquatic (Danio rerio), soil 
(Caenorhabditis elegans), and terrestrial (Drosophila mel-
anogaster) animals.18–22 At the same time, it is generally 
accepted that mammals do not display a notable sensitivity 
to AgNPs in vivo.23 This assumption alone justifies the 
wide use of AgNPs in various applications that incorporate 
contact with humans, and typically, no extensive toxicity 
tests are carried out.

The cytotoxic action of electrically neutral AgNPs can 
be explained by their chemical modification in living 
organisms, which yields reactive oxygen species (ROS) 
and Ag(I) coordination compounds (for simplicity, these 
are denoted as silver ions Ag(I) in aqueous media).24,25 

ROS can damage virtually all classes of biomolecules non- 
specifically, in a similar way to ionizing radiation.26,27 In 
organisms, a fraction of Ag(I) ions may be coordinated by 
thiol groups of cysteine residues, including those in metal-
lothionein and glutathione, and this may bring them to the 
metabolic processes. The main approach of our study was 
dictated by the apprehension that AgNPs are toxic to 
mammals due to their ability to interfere with copper 
metabolism. This is because Ag(I) and Cu(I) are isoelec-
tronic, as their external electronic layers have the same 
configuration ([Kr]4d10 and [Ar]3d10 respectively) and 
have similar ionic radii, implying that Ag(I) may be 
involved in copper turnover in living systems.28,29

Copper is an essential trace element, and it performs 
a range of physiological functions. It is required as 
a catalytic cofactor for vital cuproenzymes, which catalyze 
redox reactions (SOD1, COX, blue multicopper oxidases, 
lysyl oxidases, neurospecific copper oxidases, and so 
forth).30 Copper also serves as a modulator for the activity 
of various factors31,32 and takes part in the regulation of 
G-protein coupled receptors.33 In cuproenzymes, copper is 

cycled between the Cu(II) and Cu(I) states, which are both 
biologically important, while in regulatory proteins, it is 
most probably present in the Cu(II) state.34 Biological 
demand for copper is combined with a high toxicity of 
copper ions;27 this toxicity is overcome by a system of 
transport proteins that carry out the safe transport of cop-
per from the environment or food to sites of cuproenzyme 
formation.35 This system transports copper predominantly 
in its Cu(I) state. Inherited faults and ecological shifts in 
copper balance significantly increase the risk for neurode-
generative diseases and tumor formation.36 Faults in cop-
per balance may also be caused by Ag(I) ions, as they are 
mistakenly bound by the Cu(I)-binding motifs of transport 
proteins and brought into copper metabolism (Figure 1).

Ag(I) can appear in cuproenzymes, which contain 
cysteine residues in their active centers and bind to 
metallothioneins,28 replace copper in odorant receptors,33 

form stable complexes with cysteine residues in classic 
zinc finger domains and zinc fingers of soluble nuclear 
hormone receptors.40 As a result, the enzymatic activities 
of cuproenzymes are impaired, while copper- and zinc- 
dependent regulatory factors lose their normal ability for 
specific interaction. Thus, Ag(I) causes a dysregulation of 
copper homeostasis and disbalance in the regulation of 
hundreds of genes, which may finally result in neurode-
generation and tumorigenesis.

The widespread use of AgNPs depends on their bioci-
dal activity, which, as shown in numerous studies, depends 
on the particle size. In this research, we focused on inves-
tigating whether there is a relationship between the dia-
meter of spherical AgNPs and their ability to intervene in 
mammalian copper metabolism, which is probably the 
most important ecological hazard of AgNPs for humans.

Materials and Methods
Fabrication of AgNPs and Their 
Physicochemical Characterization
AgNPs were produced chemically by the reduction of 
silver nitrate by hydrazine hydrate in the presence of 
potassium oleate as a stabilizer. The reagents were pur-
chased from Reakhim (Moscow Region, Russia). The 
size of the nanoparticles was controlled by varying the 
silver nitrate and potassium oleate concentrations in the 
reaction volume. The AgNPs were characterized by UV/ 
Vis absorption with a Shimadzu UV 1800 (Shimadzu, 
Kyoto, Japan). The structural analyses were performed 
using X-ray diffraction with an XRD7000 (Shimadzu, 
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Kyoto, Japan) and transmission electron microscopy 
(TEM) using a Jeol JEM-2100F microscope (Jeol, 
Tokyo, Japan) at an accelerating voltage of 200 kV at 
a point-to-point resolution of 0.19 nm. The size and 
shape of the AgNPs were characterized using TEM or 
scanning electron microscopy (SEM) using Jeol JSM- 
7001F (Jeol, Tokyo, Japan), and laser diffraction 
(Shimadzu, Kyoto, Japan) methods. TEM studies were 
performed using equipment of the Federal Joint 
Research Center “Material science and characterization 
in advanced technology” supported by the Ministry of 
Science and Higher Education of the Russian Federation 
(id RFMEFI62119X0021). The sedimentation properties 
of the AgNPs were evaluated as follows. The dispersion 
of AgNPs was centrifuged at 30,000×g in Beckman 
Coulter Allegra-X30 (Beckman, Indianapolis, IN, USA) 
for 0.5, 1, 2, 3, and 4 h. The completeness of sedimen-
tation was evaluated by measuring silver concentrations 
in supernatant by atomic absorption spectrometry (AAS) 

(ZEEnit 650P spectrometer, Analytik Jena, Germany) 
after the indicated periods of time. In this study, AgNP 
concentrations were specified as gross molar silver con-
centration [Ag] (moles silver per liter medium), calcu-
lated from AAS measurements, as the amount of non- 
particulate silver species in AgNP samples was negligi-
ble compared to that of nanoparticle silver.

Biological Objects
In the study, bacteria, cultured human cells, and laboratory 
mice were used. The reagents and salts were purchased 
from Sigma-Aldrich (St Louis, MO, USA) or Merck 
(Darmstadt, Germany), unless indicated otherwise.

Escherichia coli cells of strain K802 (CGSC, New 
Haven, CT, USA) with the genotype F-, lacY1, λ-, 
mcrA0, rfbC1, metB1, mcrB1, hsdR2 were grown aerobi-
cally in liquid or agar nutrient media based on bovine 
serum hydrolysate (Samson-Med, St. Petersburg, Russia) 
at 37°C.

Lung cancer cell line A549, which originated from 
explant culture of lung carcinomatous tissue of a 58-year- 
old Caucasian male was provided by ATCC (Manassas, 
VA, USA). Cells were cultured in Dulbecco’s Modified 
Eagle’s Medium, supplemented with 10% fetal bovine 
serum (Gibco, Thermo Fisher Scientific, Waltham, MA, 
USA) in 5% CO2 and 37°C in a humidified atmosphere. 
Subcultivation: the cells were passaged using 0.25% tryp-
sin with 0.02% EDTA in physiological buffer (Gibco, 
Thermo Fisher Scientific, Waltham, MA, USA) two or 
three times per week.

Male 8-week-old male C57Bl/6 mice with body 
weights of about 25 g were purchased from the 
Rappolovo nursery (Leningrad Region, Russia). The ani-
mals were maintained in polycarbonate cages with wood 
shavings in a temperature-controlled facility (23–25°C) 
under a 12:12 h light-dark cycle in 60% humidity, with 
food and water ad libitum. Procedures involving animals 
and their care were conducted in conformity with institu-
tional guidelines and followed national law (Russian 
Federation, Ministry of Health N267, June 19, 2003; 
Guide for the Use of Laboratory Animals, Moscow, 
2005), which meets the requirements of the International 
Convention for the Protection of Animals. The studies 
were approved by the local Ethics Committee at the 
Institute of Experimental Medicine (protocol number N1/ 
16, approved on March 24, 2016).

Figure 1 Cell compartments and the locations of cuproenzyme formation that are 
targeted by Cu(I)/Ag(I) transport; data from Puchkova et al.37 At least three 
proteins in the cell membrane can import silver ions to the cell, CTR1, CTR2, 
and DMT1, as well as an unidentified proton pump (red); data from Logeman et al,38 

and Zimnicka et al.39 Inside the cell, Ag(I) is bound by the cytosolic Cu(I)-chaperons 
ATOX1 and CCS but not by COX17. However, CCS is unable to insert Ag(I) into 
the active center of SOD1 (purple), as the ligands of the SOD1 active site are not 
favorable for Cu(I)/Ag(I). Ag(I) ions, bound by ATOX1, may be translocated by 
copper-transporting ATPases (ATP7A/B) to the lumen of the Golgi complex (TGN), 
which is the site of the formation of secretory cuproenzymes (orange). There, Ag(I) 
can be inserted into the active centers of cuproenzymes, which can favorably 
coordinate Cu(I)/Ag(I) (blue). The molecules that transport Ag(I) to the nucleus 
and mitochondria and correspond to silver accumulation in these compartments 
have not yet been identified. The solid arrows indicate established routes of Ag(I) 
traffic, and the dashed arrows indicate putative routes. 
Abbreviations: CTR1, copper transporter 1; CTR2, copper transporter 2; DMT1, 
divalent metal transporter 1; ATOX1 (Antioxidant 1 Copper Chaperone), copper 
chaperone for ATP7A/B; CCS, copper chaperone for SOD1; COX17, cytochrome c 
oxidase copper chaperone; p53, transcription factor regulating cell cycle; ATP7A/B, 
copper transporting P1-type ATPases (Menkes and Wilson ATPases, respectively); 
TGN, trans-Golgi network; SOD1, cytosolic superoxide dismutase; COX, cyto-
chrome-c-oxidase.
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Treatment with AgNPs and Assessment 
of Biological Activity
Treatment of bacterial cells. E. coli cells were taken from 
overnight liquid medium culture, washed with sterile 
water, and diluted 1:20 in a solution containing various 
concentrations of AgNPs. The cells were incubated at 
room temperature with constant shaking in an OS-20 orbi-
tal shaker (Biosan, Riga, Latvia) for various periods. 
Control cell samples were incubated in water. After treat-
ment, the cells were titrated using the 10-fold dilution 
method to assess cell survival through colony-forming 
ability on agar plates. Colonies were counted after 20–24 
h incubation at 37°C.

Treatment of A549 cell line. Cells were seeded at 
a concentration of 3000 cells per well in 96-well plates. 
After 24 h preincubation, various concentrations of AgNPs 
([Ag] range 30–120 μM) were added to the growth med-
ium, and cells were grown for 48 or 72 h. Cell viability 
was evaluated by MTT assay,41 and the concentration of 
formazan was evaluated by CLARIOstar fluorimeter 
(BMG LABTECH, Ortenberg, Germany) at a 560 nm 
wavelength. The experiment was repeated three times; at 
each point, six replicas were made.

Treatment of mice. Four groups of mice were tested. 
Group 1 (control group) included at least five animals in 
each experiment. In experimental groups 2, 3, and 4 (35 
animals in each) the mice were treated with 10, 20, and 75 
nm AgNPs, respectively. AgNPs were suspended in phos-
phate-buffered saline (PBS; Na/K/Pi buffer, pH 7.4, phy-
siological ionic strength) and administered to mice in 
single daily intraperitoneal (ip) injections at a dose of 
0.4 mg silver/kg body weight for 1 week. On the second, 
third, fifth, and seventh days after the first injection and 7, 
and 30 days after the last injection, the mice were sacri-
ficed, and blood serum and tissue samples were obtained. 
Control mice of the same age were used as the reference 
group.

The mice were sedated with diethyl ether vapor and 
euthanized by cervical dislocation, which was performed 
by skilled personnel. The blood samples were collected 
from the ocular vessels, and after clot formation, the 
serum was separated by centrifugation at 2000×g for 10 
min at 4°C. Urine and bile samples were collected by 
syringe (B. Brawn Group, Melsungen, Germany) from the 
gall bladder and urinary bladder, respectively, and centri-
fuged for 15 min at 10,000×g, and the supernatants were 
collected. The blood serum, bile, urine, and tissue samples 

were frozen and stored at –80°C before use (Thermo 
Scientific™ Forma™ 900 Series −86°C Upright Ultra- 
Low Temperature Freezer, Thermo Scientific, Waltham, 
MA, USA). To ensure the homogeneity of the AgNP sam-
ples they were treated by ultrasound (37 kHz) with a USB2– 
0.16/37 device (VNIITVCH, St. Petersburg, Russia) for 5 
min before use. The mode of treatment used did not heat the 
samples and did not affect the biological or physicochem-
ical properties of the AgNPs.

Biochemical Methods Used to Assess the 
Effects of AgNPs on Copper Metabolism
The oxidase activity of ceruloplasmin (Cp) was detected 
using the assay-in-gel method. Blood serum aliquots (1 
μL) were fractioned in non-denaturing 8% polyacrylamide 
gel (PAG) electrophoresis (PAGE). Gels were stained with 
o-dianisidine to reveal Cp oxidase activity.42

The serum activities of alanine transaminase (ALT) and 
aspartate transaminase (AST) were measured. The col-
lected samples of blood serum were used fresh or after 
a single defrosting. The levels of ALT and AST in serum 
were measured using enzymatic colorimetric method by 
Reitman and Frankel.43 The reactions were carried out 
with a fixed incubation time, as dictated by the ALT-RF 
and AST-RF kits (Olveks Diagnosticum, St. Petersburg, 
Russia). The colored products were assessed spectropho-
tometrically at 537 nm (NanoDrop 2000, Thermo Fisher 
Scientific, Waltham, MA, USA).

For immunoblotting analyses (WB), serum, bile, and 
chromatographic fractions were used. Electrophoresis 
was performed in 8% PAG with or without 0.1% SDS, 
following the Laemmli method. Protein transfer, control 
for the quality and uniformity of transfer with Ponceau 
S staining, blocking with 5% skimmed milk, blotting with 
primary antibodies, and visualization of the immune com-
plexes and their processing have been previously 
described.44 Hybond ECL nitrocellulose membrane, 
ECL reagent, ECL Hyperfilm (GE Healthcare, Chicago, 
IL, USA), and horseradish peroxidase-conjugated goat 
anti-rabbit secondary antibodies (Abcam, UK) were 
used for the WB analyses. Non-commercial rabbit anti-
bodies to high-purity murine Cp (A610/280 = 0.0469) that 
were isolated through its interaction with neomycin were 
used as primary antibodies.45 Protein markers with mole-
cular masses ranging from 14.4 to 116 kDa were pur-
chased from Thermo Fisher Scientific (Waltham, 
MA, USA).
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Gel-filtration chromatography. Blood serum samples 
(2 mL) were fractioned using gel-filtration on 
a Sephadex G75 Superfine column (10–40 μm; 
1.6×40 cm) in phosphate saline buffer, pH 7.4 (Bio-Rad, 
Hercules, CA, USA). The void volume of the column was 
estimated using blue dextran. Fractions (~1.5 mL per 
fraction) were collected and specified by A280. The relative 
volumes of eluted proteins with known molecular mass 
(Cp, serum albumin, and metallothionein) were evaluated. 
The volume of metallothionein elution was confirmed by 
immunoblotting with commercial antibodies (Abcam, 
Cambridge, UK).

In vitro treatment of protein samples with AgNPs. 
Aliquots (500 μL, 6 mg/mL) of electrophoretically pure 
rat Cp A610/280 = 0.0498,46 BSA (Serva, Heidelberg, 
Germany), and chromatographic fractions of blood serum 
from untreated mice, which were shown to contain silver 
in mice treated with AgNPs in vivo, were incubated for 
periods of time ranging from 1 min to 72 h with 50 μM 
AgNPs at 15°C. UV/Vis spectra (250–700 nm) were 
recorded before and after the sedimentation of AgNPs by 
centrifugation (3 h, 30,000×g, 4°C).

Determination of silver associated with Cp in the 
bile was carried out as follows. Cp was precipitated 
from bile samples by the following assay: 50 µg anti-
bodies to murine Cp in 50 µL PBS was added to 20 µL 
bile. This mixture was incubated overnight at 4°C. 
Then 100 μg (5 mg/mL) of goat anti-rabbit antibodies 
(N.F. Gamaleya Institute of Epidemiology and 
Microbiology, Moscow, Russia) were added, and the 
mixture was incubated for 4 h at RT. The mixture 
was centrifuged for 15 min at 10,000×g, the super-
natant was collected, and the pellet was rinsed twice 
with PBS and dissolved in high-purity nitric acid. 
Metal concentration was measured in the supernatant 
and in the dissolved pellet.

Common methods. Stained electrophoretic gels and 
membranes with visualized antigen bands, which were 
obtained through WB, were scanned, and the data were 
processed using ImageJ software (NIH, USA) and 
expressed in arbitrary units (a.u.). The concentrations of 
metal were measured using a graphite furnace AAS with 
a Zeeman correction of nonselective absorption using 
a ZEEnit 650P spectrometer. The tissue samples for AAS 
were dissolved in pure HNO3. All of the solutions were 
prepared in deionized water. The protein concentrations 
were measured using the Bradford assay. The data are 
presented as means ± standard deviations (M ± SD). The 

significance of changes was determined with unpaired 
two-tailed Student’s t-test (StatSoft Statistica 6.0; Tulsa, 
OK, USA); the changes were considered significant at 
P < 0.05.

Results
Physicochemical Properties of Silver 
Nanoparticles
The physicochemical properties of AgNPs produced for 
the present work are given in Figure 2 and Table S1. All of 
the produced samples displayed a single, roughly symme-
trical absorption band in the UV/Vis spectrum (Figure 
2A), corresponding to surface plasmon excitation of nano-
crystals of metallic silver. The absorption maximum was 
slightly different for the obtained samples (Table S1). The 
average size and shape of the AgNPs were evaluated with 
TEM, SEM, and laser diffractometry (Figure 2B and C). 
The fabricated AgNPs had a spherical shape. The predo-
minant fraction of AgNPs in the sample corresponded to 
diameters of 10, 20, and 75 nm, respectively, the samples 
were termed AgNP10, AgNP20, and AgNP75. The size of 
AgNP10 could not be confirmed with laser diffractometry, 
as it was outside of the measurement range of the method 
(a lower limit of 16 nm), and their size was estimated only 
from the TEM image. The sedimentation rate of the 
AgNPs was positively correlated with their size, but after 
3 h at 30,000×g, almost 99% of initial atomic silver con-
tent was sedimented, irrespective of the AgNP size (Figure 
2D). The AgNP suspensions were stable over a year of 
storage, their color did not change, and no agglomeration 
was observed.

Antibacterial Properties of AgNPs
The primary commercial value of AgNPs is their antibac-
terial activity, so the obtained AgNPs were tested for 
toxicity in E. coli cells. All of the AgNP samples displayed 
dose- and time-dependent activity. The strongest antibac-
terial activity was observed for the smallest nanoparticles, 
AgNP10. When a 20 μM silver concentration was used, 
the antibacterial effects of AgNP10 were already obvious 
after 0.5 h exposure (Figure 3A). After 3 h treatment, the 
colony-forming ability of bacterial cells dropped by more 
than 3 orders of magnitude (Figure 3B), and the surviving 
cells formed untypically small colonies. After 24 h cell 
exposure to AgNP10, the colony-forming ability was 
undetectable. The antibacterial effects of AgNP75 were 
less profound and were observed only after 
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3 h treatment, and the colony-forming ability was still 
detected after 24 h treatment, amounting to 10−2 to 10−3 

of the initial (untreated) value.
The antibacterial action of AgNP20 can be character-

ized as intermediate. It was observable after 2 h exposure, 
and after 24 h, the colony-forming ability was lower by 4 
orders of magnitude. When the nanoparticle concentration 
was increased 10-fold, significant antibacterial effects 
could be observed for all fabricated AgNPs after 0.1 
h exposure (Figure 4). The absence of colonies in the 
first 10-fold dilution and their presence in further dilutions 
(Figure 4A) can be explained by the presence of 

a significant amount of AgNPs from the incubation med-
ium in the first dilution (20 μM), which continued to 
produce toxicity on the plate.

One hour incubation with AgNPs at [Ag] 200 μM was 
enough to achieve a full biocidal effect (decrease in col-
ony-forming ability by >5 orders of magnitude) of all of 
the AgNP samples. AgNP20 displayed significantly lower 
antibacterial properties than AgNP10, despite the small 
difference in size. The lowest toxicity was observed for 
the largest nanoparticles. These results, summarized in 
Table S2, confirm the modern conception that at a given 
atomic silver concentration, smaller nanoparticles show 

Figure 2 Some physicochemical properties of fabricated AgNPs. Columns correspond to AgNPs of different sizes: (A) UV/Vis absorption spectra of aqueous suspensions of 
AgNPs; (B) images of AgNPs obtained by transmission (AgNP10 and AgNP20) or scanning electron microscopy (AgNP75); (C) distribution of the AgNPs by their diameter 
as measured using laser diffractometry; (D) sedimentation of AgNPs during centrifugation; abscissa, time, min; ordinate, % of initial silver content in the supernatant 
suspension.
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higher toxicity, both for Gram-positive and Gram-negative 
bacteria.9,14 This effect is usually related to the larger total 
surface area of smaller nanoparticles, which, at constant 
gross concentrations of silver in the medium, is inversely 
proportional to particle diameter.

All AgNPs inhibited the metabolic activity of A549 cells 
in accordance with dose and time, but no pronounced corre-
lation was found between cytotoxicity and nanoparticle size 
(Figure S1). As expected, cultured A549 cells were generally 
more tolerant of AgNPs than bacterial cells.

Intervention of AgNPs in Murine Copper 
Metabolism
In animal models in vivo, AgNPs have been used at con-
centrations ranging from ~2.25–14 mg/kg body weight 
daily (producing no toxic effects after prolonged exposure) 
to 50.0–500 mg/kg body weight daily (with a toxic effect 
observed after a week of injections or in a subchronic oral 
load).47–51 It is difficult to imagine an ordinary situation in 
which a person would be exposed to a silver dose that is 
>10 mg/kg body weight. For this reason, we used low dose 
exposures. Mice were treated with AgNPs at doses of 
0.4 mg silver/kg body weight daily for 7 days.

Copper and Silver Distribution in Mice, Treated with 
AgNPs
All of the experimental animals appeared to be healthy 
during the period of the AgNP treatment and for 1 month 
after the injections were cancelled. Mortality was comple-
tely absent during this period. The appetite, behavior, 
emotional state, and body weight of the animals did not 
change during the experiment. The levels of ALT and AST 
matched the range for healthy adult C57Bl/6 mice, that is, 
20–60 U/L for ALT and 35–90 U/L for AST, according to 
the literature (Table S3).52,53 In mice injected with 
AgNP20 and AgNP75 for 1 week, dark inclusions were 
observed in the mesentery (Figure 5A). These inclusions 
were not observed in mice that received AgNP10. Atomic 
silver concentrations were measured in the samples from 
the central (square 3) and peripheral (squares 2 and 1, 
respectively) areas of the inclusion. The results show that 
the central area of the inclusion was enriched with silver 
compared to the surrounding tissue (Figure 5B).

The organs of mice in all of the experimental groups 
displayed an accumulation of silver (Figure 5C). The 
specific concentrations of silver significantly varied 
between organs but did not depend on the size of the 

Figure 3 Time-dependent antibacterial effects of the AgNPs at [Ag] 20 μM. (A) colony-forming ability of Escherichia coli cells on agar plates at various times of incubation 
with AgNPs of different size; (B) bar charts showing survival of E. coli cells as a function of time of treatment with AgNPs. CFU – colony-forming unit.
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administered AgNPs. The highest accumulation levels 
were observed in the liver, spleen, and lungs. In the kid-
neys, heart, and brain, silver was accumulated to a lower 
extent (the organs are listed in descending order of specific 
silver concentration), but the concentrations were still sig-
nificantly higher than the background level in untreated 
mice. These results are consistent with the distribution of 
silver in mice after single intravenous injection of 
AgNPs.54 A relatively large standard deviation was 
observed for silver concentration in the liver. This may 
be explained by the different time of AgNP absorption 
among animals of the same group.49

In parallel, we measured copper concentrations in all 
abovementioned organs. The results in Figure 5D indicate 
that 7 days of AgNP injections for did not affect copper 
levels in tissues. In these measurements, the in-group 
variance was relatively low. There was no obvious 

correlation between copper concentrations in the organs 
and the ability to accumulate silver (compare Figure 5C 
and D). The liver, heart, and brain had high copper levels, 
but unlike the liver, the heart and brain accumulated silver 
poorly. Meanwhile, the spleen, which had low copper 
content, accumulated silver effectively.

Influence of AgNPs on Copper Status Indexes of 
Blood Serum in Mice
Silver was readily found in the blood serum of mice 
after 1 day, following the first injection of AgNPs 
(Figure 6A). For each type of AgNP, the silver content 
in blood serum remained relatively constant over the 7 
days of treatment. This may indirectly indicate that 
nanoparticle silver was cleaned from the bloodstream, 
and the observed silver concentration was in a dynamic 
equilibrium between entrance, excretion, and corpuscle 

Figure 4 Time-dependent antibacterial effects of the AgNPs at [Ag] 200 μM. (A) Escherichia coli colony-forming ability on agar plates at various periods of incubation with 
AgNPs of different size; (B) bar charts showing survival of E. coli cells as a function of time of treatment with AgNPs. CFU – colony-forming unit.
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formation. The concentration of silver in blood serum 
decreased a week after the end of injections (days in 
Figure 6 are counted from time of the first injection, so 
the point under discussion was day 14 of the experi-
ment). Residual silver could still be detected in the 
blood sera of all of the treated mice for more than 
a month after the injection was cancelled (Figure 6A). 
The copper concentrations decreased up to the 
seventh day of the injections (Figure 6B). After the 
injections were cancelled, the serum copper levels com-
pletely recovered to their normal levels in the following 
week (Figure 6B). In the blood serum of all experimen-
tal groups, Cp oxidase activity decreased, and the 
dynamics of this process corresponded to a drop in 
copper concentration (Figure 6C). At corresponding 
times and at cumulative silver doses, AgNP75 treatment 

almost entirely inhibited Cp oxidase activity, while 
AgNP10 and AgNP20 treatment induced a drop in Cp 
activity to ~30% of its reference level in the control 
group. The concentration of Cp polypeptides in blood 
serum did not significantly change during the experi-
ment, as evidenced by immunoblotting (Figure 6D).

To analyze the association between copper and silver 
concentrations and serum proteins, the blood sera were frac-
tionated by gel-filtration with subsequent measurements of 
copper and silver concentrations, oxidase activity, and immu-
noreactive Cp content in the chromatographic fractions.

Most of the copper was localized at a single peak 
(Figure 7A). This peak was well co-localized with max-
imum of oxidase activity and immunoreactive Cp content 
(Figure 7A, insert). There was a minor shoulder on the 
copper peak, which eluted just after the major peak and 

Figure 5 Copper and silver distribution in murine body during treatment with AgNPs. (A) dark silver-containing inclusions in mesentery. (B) silver content in the inclusions 
and surrounding tissue, 1) regular spotless tissue, 2) periphery of the spot, 3) central part of the spot. (C) silver and (D) copper concentrations in different organs (µg/g 
tissue) after daily AgNP injections for seven days. In the organs of the control mice, silver content did not exceed 10 ng/g tissue.
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corresponded to fraction #16, where immunoreactive Cp 
was not present. This shoulder may indicate copper that is 
bound to serum albumin. Albumin binds Cu(II) and can 
account for up to 5–10% of Cu(II) in serum. In mice that 
received AgNP75 injections, Cp was eluted similarly to 
control (Figure 7B), and its peak was co-localized with 
peaks in the copper and silver profiles. The silver profile 
also displayed a peak in fractions 4–6, which corresponded 
to large proteins and protein complexes (>200 kDa). The 
largest concentration of silver was observed in fraction #5. 
Neither traces of immunoreactive Cp nor atomic copper 
could be detected in this fraction.

Interaction of AgNPs with Cp and Other Serum 
Proteins in vitro
A series of experiments was conducted to evaluate the 
ability of AgNPs to interact directly with blood serum 
proteins, which were associated with silver in the blood 
serum of mice treated with AgNPs in vivo. 
Electrophoretically pure rat Cp (A280/610 = 0.049) was 
used as an example of serum protein, which binds silver 
metabolically.55 A highly pure commercial sample of 
bovine serum albumin (BSA) was used as the reference 
protein. BSA is not a proper metalloprotein, but it does 
contain coordination domains equipped with sets of donor 

Figure 6 Influence of AgNP treatment on copper status indexes in mice. (A) and (B)–concentrations of silver and copper in blood serum, where red bar denotes control 
(untreated) mice (C) Cp oxidase activity of blood serum of treated mice, where red bar denotes control mice; ordinate, oxidase activity, % of control (n = 5 animals per 
group). Inset: image section of gel, stained by o-dianisidine, 1 µL serum per lane, samples from three random mice in each group. (D) Cp protein content, % from control. 
Inset: immunoblotting of blood sera (0.2 μL per lane) with antibodies to Cp, the samples are the same as in section (C), abscissa, days after the first injection. *value differs 
from control group at the P < 0.05 level.
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groups appropriate for the physiological ions Cu(II), Zn, 
Ni(II), and Co(II), as well as toxic cadmium. 
A physiological function of mammalian serum albumin 
is binding of Cu(II) absorbed in the intestine and transport 
of Cu(II) to the liver.56–58 In vivo albumin does not bind 
silver from AgNPs, as indicated by the data in Figure 7B. 
The gel-filtration fractions #4–6 of blood serum from 
untreated control mice (corresponding to fractions marked 
by a rectangle in Figure 7B, were tested for their ability to 
interact with AgNPs in vitro.

The experiment was conducted as follows: (1) UV/Vis 
absorption spectra were recorded from dispersions of 
nanoparticles and protein solutions in buffer, which indi-
cated blood serum pH; (2) AgNP dispersions were mixed 
with protein solutions and incubated for various time inter-
vals; (3) the absorption spectrum of the mixture was 
recorded; (4) and the mixtures were centrifuged for 
3 h and the spectrum of the supernatants were recorded. 
The proteins were also analyzed by electrophoresis after 
the incubation. The details are given in the Methods sec-
tion. The absence of low-molecular-weight silver species 

in AgNP samples and the centrifugation conditions for the 
complete sedimentation of AgNPs are supported by the 
data given in Figure 2 and Table S1. It was assumed that 
the specific interaction between nanoparticles and proteins 
caused a change in the spectral features of AgNPs and/or 
proteins. The absence of spectral changes was considered 
to indicate an apparent absence of interaction between 
Ag(I)/AgNPs and the protein. Experiments were done for 
all of the studied AgNP samples. Because the results were 
similar for all of the studied sizes, only data for AgNP75 
(having the most potent in vivo influence on mammalian 
copper metabolism) are presented.

UV/Vis spectra for Cp and BSA are given in Figure 8A 
and B. Each component is easily identified by a specific 
absorption band. Initial AgNP75 dispersion displays 
a plasmon band at 413 nm (Figure 2, Table S1), albumin 
and serum fractions #4 and #5 absorb at 280 nm (Figure 
8A, E, F), and Cp (Figure 8B) absorbs at 280 nm and 610 
nm (blue copper). UV/Vis spectra for the mixtures of 
AgNPs with protein samples after various times of incuba-
tion (from 0 to 72 h) were recorded before and after 

Figure 7 Chromatographic profiles (gel-filtration) of copper and silver distribution in blood serum of untreated mice (A) and mice treated with AgNP75 (B); 2 mL of serum 
were loaded on the column. Inserts: oxidase activity and immunoreactive Cp in the fractions.
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Figure 8 Interaction of AgNPs with BSA (A) and Cp (B) in vitro studied with UV/Vis spectroscopy. (C) PAGE in denaturing reducing conditions of Cp and BSA. (D) non- 
denaturing PAGE of Cp (o-dianisidine staining) and BSA (Coomassie staining), with changes in UV/Vis spectra of serum fractions #4 (E) and #5 (F) during incubation with 
AgNPs. (G) PAGE in denaturing reduced conditions of blood serum fractions #4–6 from control mice.
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centrifugation. Incubation did not affect the spectral prop-
erties, so only the data for the longest incubation time 
(72 h) are presented. The data presented in Figure 8A 
and B indicate that the UV/Vis spectra of the AgNPs, 
Cp, and BSA did not change from the initial values. Cp 
and BSA protein contents did not decrease in the super-
natant after centrifugation at 30,000×g for 3 h, and their 
electrophoretic mobility in PAGE (denaturing reducing 
conditions) also did not change. No traces of protein 
fragmentation were observed (Figure 8C), Cp entirely 
retained its oxidase activity in non-denaturing PAGE 
gels, and the ratio of apo- and holo-forms were conserved 
(Figure 8D). Thus, it was concluded that silver from 
AgNPs was not able to displace copper atoms from Cp 
or otherwise impair the active Cp centers in vitro.

The spectra of protein fractions #4 (Figure 8E) and #5 
(Figure 8F) were already changing during mixing with the 
AgNP sample (less than 1 min, denoted as 0 h in Figure 8). 
During incubation, the spectra progressively changed such 
that at 72 h, the nanoparticle peak at 413 nm was flattened, 
while the light scattering of the mixture significantly 
increased. Centrifugation of the #4/AgNP mixture 
removed spectral features and scattering components com-
pletely, while in the #5/AgNP mixture, some spectral 
features at ~400 nm remained in the supernatant. It is 
possible that the copper-binding sites of some polypep-
tides in fraction #5 caused proteins to stick to AgNPs. This 
decreased the effective density of the particles and the 
respective rates of their sedimentation, so that the spectral 
features of AgNPs could not be removed by centrifugation 
that was sufficient to precipitate original AgNPs.

The observed effects support the assumption that the 
proteins from blood serum fractions #4 and #5 interact 
with AgNPs. In fraction #6, incubation with AgNPs did 
not induce any notable spectral changes. PAGE conducted 
in denaturing conditions showed the presence of a major 
polypeptide in fractions #4 and #5, which was absent from 
fraction #6. This polypeptide was tentatively assigned by 
predominance and molecular mass to a subunit of α- 
2-macroglobulin (α2MG)60 that can bind both copper and 
silver.61

Silver is Excreted in the Bile
The most important factor of AgNP toxicity is the rate by 
which silver clears from the organism. Excretion was 
evaluated by measuring silver concentration in the liver 
tissue, urine, and bile (Figure 9). In the liver, silver from 
nanoparticles of different sizes was cleared at similar rates 

(Figure 9A). The amount of silver was significantly 
reduced by day 40 of the experiment, but complete clear-
ing was not observed in any of treated group (Figure 9A). 
In the samples of urine for all groups, including untreated 
mice, copper was practically absent (an average value of 
about 5 μg/L). After seven AgNP injections, silver was 
found in urine samples of all treated mice (Figure 9B). In 
the bile, the copper concentration of the control mice was 
approximately 300 μg/L. This value slightly decreased in 
mice treated with AgNPs (~250 μg/L). These data agree 
with the proven concept that the bile is the main route for 
copper excretion in adult mammals.60 In mice treated with 
AgNPs, the silver concentration in the bile was more than 
200 times higher than in urine (Figure 9C), indicating that 
silver is excreted mainly through the bile, similarly to 
copper.

Human and rat bile both contain Cp, which takes part 
in copper excretion.61,62 To assess the association between 
silver in the bile and Cp, we measured silver concentration 
in Cp immunoprecipitates. The data in Figure 9D indicate 
that about half of the copper and silver in bile samples 
were bound to Cp. WB analyses of non-denaturing elec-
trophoretic gels revealed two molecular forms of immu-
noreactive Cp in the bile (Figure 9E). One of these 
corresponded to blood serum Cp, but the other was not 
present in serum.

Discussion
In this study, AgNPs of three different sizes were fabri-
cated by adjusting the component ratio of the reaction 
mixture, in which Ag(I) was chemically reduced. Smaller 
(AgNP10 and AgNP20) and larger (AgNP75) nanoparti-
cles were obtained. The nanocrystal structure of AgNPs 
was confirmed by UV/Vis spectroscopy. The shape and 
size were determined with TEM, SEM, and laser diffrac-
tometry. The samples contained no traceable amount of 
silver ions or low-molecular-weight silver compounds, as 
confirmed by the absence of silver (measured with AAS) 
in supernatant after centrifugation (Figure 2D). Ag(I) ions 
and AgNPs act in biological systems through different 
mechanisms.64 The absence of silver ions in the samples 
was very beneficial, as it allowed us to eliminate any 
potential interference from Ag(I) ions. In general, the 
samples differ only in terms of nanoparticle diameter, 
which may be used to evaluate the importance of this 
factor for various modes of biological activity. They 
were estimated for biocidal activity, cytotoxicity, and abil-
ity to influence copper status.
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The experiments show a pronounced negative correla-
tion between dose- and time-dependent antibacterial activ-
ity and the diameter of the nanoparticles, which was 
observed even at small differences in diameter. The smal-
ler the AgNPs were, the more biocidal they were for 
bacteria; likewise, larger particles were less effective as 
antibacterial agents (Figures 3 and 4). The difference in 
the viability of cells exposed to AgNP10 and AgNP75 
reached 3 orders of magnitude. The antibacterial activity 
for the particles of the same size was strictly dose- 
dependent, and the effect was stronger when bacterial 

cells were treated with 200 µM AgNPs. These data 
obtained for E. coli cells are in agreement with the results 
obtained earlier for Vibrio natriegens,65 another Gram- 
negative bacterium. This is a good argument for the 
hypothesis that the action of AgNPs on bacteria is posi-
tively related to total surface area. Obviously, small parti-
cles have a larger chemically active surface at the same 
gross mass concentration than large ones. The biochemical 
and biophysical mechanisms of AgNPs’ bactericidal prop-
erties are now being actively discussed. There are data that 
demonstrate the primary role of ROS formation during the 

Figure 9 Excretion of silver from mice, treated with AgNPs. Dynamics of silver concentration in liver (A); detection of silver in urine (B), and bile (C). (D) fraction of 
copper and silver in bile, which is associated with Cp (%). Pools of bile samples were collected by a syringe from the gall bladders of mice, which received AgNP75 injections 
daily for seven days. Cp was precipitated by antibodies to murine Cp. (E) blood serum (0.1 μL) and bile (10 μL) samples were subject to non-denaturing electrophoresis in 
8% PAG; the proteins were transferred to the membrane and analyzed with antibodies to murine Cp; arrow, position of oxidase murine blood serum Cp in the gel.
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degradation of AgNPs in their biocidal activity.24,25 It has 
also been shown, however, that AgNPs are not toxic when 
synthesized and tested in anaerobic conditions, which 
inhibit the corrosion and the oxidation of Ag(0) to 
Ag(I).66 E. coli cells that express the extracellular metal- 
binding domain of human CTR1, which effectively 
chelates Cu(I)/Ag(I)/Cu(II), are much more resistant to 
bactericidal action of AgNPs than the parent strain. Ag(I) 
species, eg, originating from reactions of AgNO3/AgCl 
with biological media, are also known to be more toxic 
to bacteria than to mammalian cells in culture and to 
mammals in vivo.64 Thus, the formation of soluble Ag(I) 
species during biocorrosion is also an important (if not the 
primary) factor of AgNP bioactivity.

In the discussion of the relationship between AgNPs’ 
ability to interfere in mammalian copper metabolism and 
nanoparticle size, the following points will be addressed.

Dark Silver-Containing Inclusions Form in 
Mice Injected with AgNPs
These inclusions can be seen by the naked eye and contain 
higher concentrations of silver than the surrounding tissue 
(Figure 5A and B). No obvious relationship was found 
between the inclusion formation and AgNP size. Earlier, 
extracellular silver deposits were detected with autometal-
lographic staining and described in the lamina propria, 
between the epithelia and the lamina propria, and around 
the central veins and portal tracts in rats that received 
AgNPs orally.49 In addition, Juling et al,68 observed the 
formation de novo of secondary nanoparticles in rats after 
the oral ingestion of AgNPs. At present moment, it is not 
possible to determine if these inclusions contained metallic 
amorphous or nanocrystal silver. One possible mechanism 
for their formation may be the corrosion of initial AgNPs 
with the formation of soluble silver species and their 
transport and further conversion to insoluble species, 
such as Ag2S or secondary Ag(0) nanoparticles. This pos-
sibility is supported by studies of the kinetics of Ag(I) and 
AgNP absorption by Chlamydomonas reinhardtii or by 
placenta ex vivo.69,70 We also previously observed elec-
tron-dense particles in E. coli bacteria that expressed 
extracellular N-terminus domain of CTR1, which were 
treated with silver nitrate. After 30 min exposure of bac-
teria to silver ions, the particles were formed. According to 
energy-dispersive X-ray spectroscopy and electron diffrac-
tion analyses, they contain crystal metallic silver and silver 
chloride.67 The data indicate the highly dynamic nature of 

Ag(0)↔Ag(I) redox equilibrium in a biological environ-
ment. This process may be qualified as nanoparticle for-
mation de novo. It cannot be excluded that the formation 
of biogenic Ag(0) corpuscles may be a mechanism of 
detoxification for Ag(I) ions.

The Nano-Silver is Non-Uniformly 
Distributed in the Body of Mice, and Its 
Distribution is Different from That of 
Copper
The ability of organs to accumulate silver from AgNPs was 
measured at the end of 7-day treatment of mice with nano-
particles. There was no non-nanoparticulate silver in the 
AgNP samples, so nanoparticles were the only source of the 
silver in the tissues. In all studied organs, the silver content 
was independent of particle size but varied between organs 
(Figure 5C). The highest concentrations of silver were 
observed in the liver. These data correlate with earlier results 
for the analogous AgNP experiments in different 
animals.71–73 as well as pulse-chase experiments with radio-
active silver isotopes, where the metal was first detected in the 
liver and only then appeared in other organs.63 Moreover, in 
wild aquatic mammals, silver is accumulated predominantly 
in the liver, and its concentration increases in ontogenesis.74

AgNP treatment did not affect copper concentrations in 
the studied organs of mice (Figure 5D). The strong accumu-
lation of both metals was manifested only in liver (Figure 5C 
and D). This may be related to the central role of the liver in 
in-body copper homeostasis: all of the absorbed copper is 
first transported to the liver. Part of this copper is secreted 
back into the bloodstream with Cp, part of it remains in the 
hepatocytes as cofactors of cuproenzymes and metallothio-
nein complexes, and another part is excreted through the 
bile.75 High copper concentrations in the brain and heart 
are possibly explained by high levels of ubiquitous cuproen-
zymes (SOD1, COX1, glycosylphosphatidylinositol-Cp) or 
by tissue-specific cuproenzymes (peptidyl-glycine α- 
amidating monooxygenase, copper-containing amine 
oxidases, dopamin-β-hydroxylase and so forth). Low con-
centrations of silver in the heart and brain may reflect the fact 
that silver cannot be inserted into these cuproenzymes, which 
have histidine-rich active sites favoring Cu(II) binding and 
Cu(II)/Cu(I) transition, but not Cu(I)/Ag(I) binding.37 Thus, 
silver is not inserted into apo-SOD1. Silver cannot reach 
COX, as COX17, which transports copper from cytosol to 
the location of formation of transmembrane holo-COX 
ensemble, does not bind Ag(I) (Figure 1). Another possibility 
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cannot be ruled out, namely, that the organs may use different 
Cu/Ag donors, membrane metal importers, and traffic path-
ways for copper delivery and thus accumulate copper and 
silver to different extents.

Copper Status Indexes in the Blood 
Serum of Mice Treated with AgNPs 
Decrease Due to the Insertion of Silver in 
Cp Molecules
Copper balance in blood serum is typically quantified by 
copper status indexes, which include atomic copper concen-
tration, Cp oxidase activity, and concentration of immunor-
eactive Cp polypeptides.76 These indexes have different 
values in hereditary disorders of copper metabolism 
(Wilson disease, Menkes disease, aceruloplasminemia), as 
well as in neurodegenerative diseases (Parkinson’s disease 
and Alzheimer’s disease), inflammation, and cancer. 
Treatment of mice with AgNPs induced a 60% decrease in 
copper concentration and a practical absence of Cp oxidase 
activity (Figure 6). As only 60% of copper is associated with 
Cp in mice (as compared with 95% in humans),77,78 it may be 
that seven-day ip treatment with AgNPs results in a complete 
replacement of the holo-Cp in circulation through inactive 
Ag-Cp molecules. The intervention of silver ions in Cp 
formation occurs during the metalation of newly synthesized 
Cp in the Golgi complex.79 It has previously been shown that 
Cp molecules that are synthesized in the liver under condi-
tions of silver accumulation may have from one to four of 
their copper atoms replaced with silver. In all cases, Cp 
molecules lose their catalytic oxidase activities.60,80 The 
work of Jimenez-Arroyo et al,81 has revealed possible pre-
requisites of silver insertion to blue copper oxidase active 
sites through X-ray analyses. In this study, a crystal of holo- 
laccase, whose active centers are a structural and functional 
analog for Cp catalytic centers, was soaked with silver ions. 
Ag(I) ions were coordinated with methionine residues along 
a distinct pathway from the protein surface to a cysteine- 
containing blue copper site but could not displace copper 
from the site itself. Thus, the following hypothesis can be 
suggested. If an active site favors Cu(II) binding, and copper 
has to be oxidized prior to insertion into the active site, then 
Ag(I), which cannot oxidize, does not affect the formation of 
this site. If an active site favors Cu(I)/Ag(I) binding, Cu(I) 
and Ag(I) are inserted into the apo-enzyme on a first-come, 
first-served basis; once a metal ion is captured and an ener-
getically stable coordination site is formed, no further dis-
placement is possible. If the enzyme captures silver instead 

of copper, it becomes inactive due to the improper redox 
properties of Ag(I). In such cases, silver ions can impair the 
process of cuproenzyme formation, but they cannot affect the 
activity of already formed holo-cuproenzymes.

As AgNPs enter the organism, eg, during medical pro-
cedures, it is important to evaluate the possible negative 
consequences. In pioneering work by Liu et al,82 it was 
shown that under physiological conditions (close to those 
used in this work), incubation of AgNPs with Cp causes the 
loss of oxidase activity because of the replacement of copper 
ions by silver at the active centers of Cp. Our observations 
are not consistent with these findings. We have shown 
instead that in vitro holo-Cp does not bind to AgNPs, silver 
does not displace copper in Cp, all blue active sites are 
retained, and the oxidase activity of Cp is not affected either 
by AgNPs or their potential Ag(I) corrosion products 
(Figure 9). These data are in agreement with the results 
obtained for laccase.81 Moreover, Kirsipuu et al have per-
suasively shown that copper is bound to Cp in 
a nonexchangeable form.83 A possible source of inconsis-
tency is the use of different Cp samples. The work of Liu 
et al,82 used a commercial sample of Cp with no absorption 
at 610 nm, which is a necessary feature of holo-Cp.

AgNP Silver May Be Transported by 
α2MG in Murine Bloodstream
In the blood serum of treated mice, a fraction of Cp-bound 
silver was found together with another significant fraction 
of silver (Figure 7B, selecting rectangle); no more signifi-
cant silver-containing fractions were present. In the latter 
fraction, polypeptides were found that corresponded by 
molecular mass to the subunit of α2MG (former transcu-
prein, Figure 8G). α2MG is a mammalian blood serum 
protein that binds copper and silver ions and numerous 
cytokines and growth factors.59,84,85 It has been proposed 
that α2MG is a transporter of absorbed copper and 
a copper donor for hepatocytes and for some non- 
hepatocyte cells.86 Thus, α2MG could be the most prob-
able target for in vitro and in vivo binding of nanoparticle 
silver and its potential transporter in circulation. 
Importantly, α2MG can translocate between the blood-
stream and the abdominal cavity,87 which makes it the 
best candidate for the role of absorbed nanoparticle silver 
transporter in vivo. α2MG is a 720 kDa N-glycoprotein 
that consists of four similar subunits, which are bound by 
S–S bridges.84 It is produced by liver and present at 
plasma levels of approximately 1.2 mg/mL88 (versus 
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0.36 mg/mL for Cp). The main function of α2MG is 
protease inhibitor action: it can inhibit, bait, and trap an 
enormous variety of proteinases.84 Once protease cleaves 
the bait site and is trapped by a conformation change in 
α2MG, the α2MG/protease complex can be cleared from 
the plasma via liver low-density lipoprotein receptor 
related protein (LRP) through endocytosis.89 This route 
potentially allows α2MG to deliver nanoparticle silver 
from the abdominal cavity (Figure 10A) or intestinal 
space (Figure 10B) to the endolysosomal compartment of 
hepatocytes. In lysosomes, low pH values facilitate the 
dissociation of nanoparticle silver, the forming Ag(I) ions 
are captured by vesicular copper transporter (CTR2) and 
transferred to the cytosol. In the cytosol, they are trans-
ferred to apo-ATOX1 and delivered to ATP7B, which 
pumps Cu(I)/Ag(I) into the lumen of the Golgi complex, 
where secretory Cp molecules are metalated, resulting in 
the formation of inactive Ag-Cp. Inside the cells, 
a fraction of Ag(I) is bound by metallothionein, and 
a fraction is transported by as-yet unknown means to the 
mitochondrial matrix and nuclei. This speculation is sup-
ported by observations indicating that nanoparticle silver 

enters cells predominantly through clathrin-dependent 
endocytosis via a specific receptor or megalin–cubilin 
system and to a lesser extent by clathrin-independent 
caveolin-mediated endocytosis.90,91

The Major Fraction of the Silver That 
Originates from AgNPs is Excreted 
Through the Bile with Cp
At least 1 week after the last AgNPs, injection was needed 
for the significant decrease in specific silver concentration in 
liver (Figure 9A). The conclusion that silver is excreted in 
the bile corresponds well to earlier pulse-chase experiments 
(single intravenous injection of AgNPs with subsequent 
tracking of the resulting distribution throughout the organ-
ism for 7 days).56 The authors of the latter study demon-
strated that in mice treated with nanoparticles, silver was 
observed in the bile in large quantities, and its concentration 
gradually decreased and almost returned to background in 7 
days. There were few changes in silver concentration in the 
liver during the period of treatment with silver-containing 
nanoparticles.92 In rats that received AgNPs during subchro-
nic oral treatment, silver was also excreted in the bile.49

Figure 10 Schema of putative routes of nanoparticle silver following intraperitoneal (A) and oral (B) injection of AgNPs in mammalian organism and inside hepatocytes. The 
only difference between the intraperitoneal and oral delivery of silver from nanoparticles into the bloodstream is that silver is transported through enterocytes using CTR1 
when administered orally (see text for details). It should be noted that in humans, rats, and mice the roles of α2MG in Cu(II) transport may be different; data from Hellman 
and Gitlin,63, Cabrera et al,77 and Garcia-Ferrer et al.84
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The observations indicated that after seven daily injec-
tions of nanoparticles, silver was present in urine 
(Figure 9B). In the two works cited above, silver was not 
found in the urine.49,92 This discrepancy could be explained 
by differences in the experimental setup. In our 7-day 
experiments, the liver could have been overloaded by silver, 
so its excess could not be completely excreted in the bile, 
leaving some silver to be excreted in the urine. This pattern 
resembles the copper excretion in the late stages of Wilson 
disease, when mutations in ATP7B result in the defect of Cu 
excretion in the bile and a subsequent copper overload in the 
liver. In such cases, copper is excreted in the urine as part of 
an unidentified small copper carrier.93 In pulse-chase experi-
ments, an overload of silver in the liver might not be 
attained, while in experiments with subchronic oral treat-
ment, silver concentrations in the urine were measured 1 day 
after the last AgNP treatment. At that point, the excretion of 
silver in the urine could have already been completed.

About 70% of copper and 50% of silver in the bile is 
associated with Cp, as shown in immunoprecipitation experi-
ments (Figure 9D). This experiment indicates that the major 
fraction of silver from AgNPs is excreted in atomic/ionic 
form. It has been known for several decades that two mole-
cular forms of Cp are present in the protein fraction of human 
and rat bile.61,94 In this work, the same fact has been proven 
for the mouse (Figure 9E). One of these forms is probably 
desialated Cp, which is recognized by a hepatic galactose- 
specific receptor and transferred to bile without modifications, 
possibly by transcytosis. This process serves as an excretion 
route and prevents further reabsorption of the copper.95

Conclusion
This work showed that AgNPs of definite size may dis-
play high antibacterial activity and reduced ability to 
disturb copper status and vice versa. This suggests that 
the current development of methods for creating AgNPs 
that combine minimal toxic properties for mammals and 
high economical value as antibacterial agents is promis-
ing. We focused on the intervention of AgNPs in mam-
malian copper metabolism. This intervention implies the 
chemical conversion of AgNPs to Ag(I) coordination 
compounds that enter the normal metabolism and can 
impair the activity of cuproenzymes. It is worth noting 
that some common neurodegenerative diseases are char-
acterized by decreased copper status indexes, so the 
bioactivity of AgNPs in vivo may not be as neutral and 
omissible as it may seem. Moreover, the presented data 
allow us to conclude that AgNPs can be used for the 

controlled damping of copper status indexes in cases 
when low availability of copper is beneficial.
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