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Abstract: Nanoparticles are known to have high specific surface area that accounts for an increased
probability of their interaction with bacterial cells. Therefore, the application of silver(I) nanoparti-
cles (AgNPs) and their nanocomposites as antimicrobial agents against drug-resistant bacterial
strains appears to be prospective. A critical point for the advancement of AgNPs into clinical practice
is a fundamental understanding of their behavior in biological systems, including protein binding
and interaction with blood components, which reflects their toxicity. The latter is primarily deter-
mined by the physicochemical properties of AgNPs, namely their size, shape, surface chemistry, etc.
Therefore, nanotoxicity may be substantially reduced through the manipulation of certain physico-
chemical characteristics of AgNPs, increasing their biocompatibility and hence paving the way for
possible biomedical applications. In this study we have focused on estimating the binding affinity
of the synthesized Ag(I) complexes of 2-(4,6-di-tert-butyl-2,3-dihydroxyphenylsulfanyl)-acetic acid
and 4,6-di-tert-butyl-2,3-dihydroxybenzaldehyde isonicotinoyl hydrazone, as well as AgNPs de-
rived thereof to bovine serum albumin (BSA) and hemoglobin by the fluorimetric method. Further-
more, cellular toxicity of the AgNPs towards human erythrocytes was measured in a hemolysis as-
say. Organosols formed by the Ag(I) complexes upon their reduction to AgNPs in acetonitrile and
DMSO were characterized by the trasmission electron microscopy (TEM) method and atomic force
microscopy (AFM).
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1. Introduction

Since the synthesis of homogenous nanoparticles of the given size, shape and physi-
cochemical properties is of interest in terms of the development of new therapeutic and
diagnostic agents, modern nanotechnologies undoubtedly possess significant potential
for medical applications [1-4]. Nanoparticles are characterized by specific physicochemi-
cal, biological and pharmacokinetic properties that may be used for the target delivery of
drugs, prolongation of their therapeutic effect or reducing adverse drug reactions. Nev-
ertheless, there is a lack of information about the nanoparticle-mediated processes that
occur in living organisms. Artificial nanoparticles may interact with proteins and nucleic
acids, anchor in biological membranes, penetrate into the organelles of the cell and hence
modify the functions of cellular components [5]. Nanoparticles of the size less than 70 nm
are not recognized by the defense systems of the human body (namely by macrophages),
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do not undergo biotransformations and are not eliminated from the organism [6]. There-
fore, the investigation of possible consequences of the interactions that arise upon direct
contact of human cells with artificial nanoparticles appears of great importance, consider-
ing the fact that the size of the latter is comparable to that of biological nanoobjects in
living organisms. Additionally, the risks posed by nanoparticles are further aggravated
by the unpredictability of these consequences.

The comprehensive risk assessment system of artificial nanomaterials comprises a
wide range of physicochemical, biochemical and toxicological tests as well as special stud-
ies that provide an estimate of their impact on biological objects [7,8]. However, the de-
velopment of a general empirical approach to evaluation of the safety of artificial nano-
particles in terms of their interaction with biomolecules is required, including the investi-
gation of their physicochemical properties, their biological action in vitro and the factors
of their potential nanotoxicity. The latter are primarily determined by the physicochemical
properties of the particle surface and by their modification resulting from the contact with
the environment, biological objects, etc. [7]. These processes are influenced by the chemi-
cal and phase composition, structure, shape, size distribution, hydrophilicity (hydropho-
bicity) of the particles, the presence of certain functional groups on their surface, the prop-
erties of the environment, as well as by the solid-liquid and nanoparticle-bioobject inter-
faces [5,8].

Nanoparticles are known to have high specific surface area that accounts for an in-
creased probability of their interaction with bacterial cells [9]. Therefore, the application
of AgNPs and their nanocomposites of the size 1-100 nm as antimicrobial agents against
drug-resistant bacterial strains appears to be prospective [2,10]. Systematic nanotoxicity
studies generally imply the development of proper synthetic rules for the synthesis of safe
AgNPs. For this end, a thorough physicochemical characterization of nanoparticles and
the investigation of their effects on model systems are necessary. There are various phys-
ical, chemical and biological methods for the synthesis of AgNPs summarized in the liter-
ature, with their advantages and disadvantages analyzed and the unique biocidal proper-
ties of nanoparticles discussed. The latter significantly depend on the size and shape of
the nanoparticles and hence on the selected synthetic method [1,2,7].

They include: (i) reduction of Ag(I) salts [11], (ii) chemical vapour deposition [12],
(iii) decomposition of metal-organic compounds [13,14], (iv) laser ablation [15], (v) micro-
wave synthesis [16], (vi) electrochemical synthesis [17]. Among them, the synthesis of
AgNPs by the decomposition of metal complexes in solution is of special interest, consid-
ering the fact that Ag(I) complexes contain all the components necessary for the formation
of a stable silver sol: Ag(I) ions act as oxidants, phenolic compounds act as reductants,
whereas the oxidation products of the organic ligands serve as stabilizing agents [18-20].

We have previously conducted the synthesis and physicochemical characterization
of two such compounds, namely the Ag(I) complexes of 2-(4,6-di-tert-butyl-2,3-dihydrox-
yphenylsulfanyl)acetic acid (1) and 4,6-di-tert-butyl-2,3-dihydroxybenzaldehyde isonico-
tinoyl hydrazone (2) [18,19]. Such transition metal complexes of redox-active ligands are
characterized by either valent tautomerism or partial charge transfer, implying the intra-
molecular electron transfer between the ligand and the Ag(I) ion, which leads to the coex-
istence of both phenol and semiquinone ligand forms [20]. Furthermore, we have pro-
posed the method for the synthesis of AgNPs from the aforementioned Ag(I) complexes
by an intramolecular redox reaction in the media with high solvation ability (DN > 19),
such as DMF, DMSO, ethanol, 2-propanol and 2-methylpropan-1-ol [18]. The size of pri-
mary AgNPs in the organosol determined by the methods of absorption spectroscopy,
transmission electron and atomic force microscopies has been found to be 5-20 nm [18,20].
Moreover, it has been established that the synthesized AgNPs efficiently suppress the
growth of bacteria, yeasts and moulds at very low concentrations (MIC 0.007 pmol/mL)
[20]. Therefore, the results obtained may be of interest in terms of the discovery of novel
anti-infective agents possessing both high antibacterial and antifungal activity. An essen-
tial property of the synthesized AgNPs is the presence of surface coatings, which may
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either mitigate or eliminate the adverse effects exerted by nanoparticles [5,7]. Surface coat-
ings have been shown to contribute to nanoparticle stabilization and prevent their ag-
glomeration, while also being an effective inhibitor of their dissolution and the release of
toxic metal ions [7,21]. Additionally, the steric hindrance induced by surface coatings may
reduce the uptake and accumulation of nanoparticles by the cell [22]. Nanoparticle surface
charge or surface composition modified by the coatings could further influence intracel-
lular distribution and increase the toxicity of nanoparticles due to ROS production [5,7].

In this work we have employed the methods measuring the impact of the synthesized
AgNPs on various intracellular processes, particularly their interaction with biomolecules
(albumin and haemoglobin), for the estimation of their potential in vitro toxicity as well
as cell viability. More specifically, haemolysis caused by AgNPs may indicate both their
extreme cellular toxicity and membrane disruption, which is crucial for the nanoparticles
intended to penetrate into the bloodstream as chemotherapeutic agents. Being an ex-
tremely sensitive technique, spectrophotometric detection of hemoglobin is used in a wide
range of studies investigating the hemolytic potential of functionalized metal nanoparti-
cles [23].

2. Materials and Methods

Solvents (HPLC grade), ligands and their Ag(I) complexes were used without further
purification. Synthetic procedures for the ligands, Ag(I) complexes with 2-[4,6-di-(tert-bu-
tyl)-2,3-dihydroxyphenylsulfanyl]acetic acid (Complex 1) and 4,6-di-tert-butyl-2,3-dihy-
droxybenzaldehyde isonicotinoyl hydrazone (Complex 2) and their physico-chemical
characteristics are described in [18,19].

2.1. Physicochemical Characterization

Silver organosols were produced by chemical decomposition of the Ag(I) complex
dissolved in an organic solvent (acetonitrile, DMSO) under permanent stirring (AgNPs-1
from the Complex 1, AgNPs-2 from the Complex 2) [18]. The sols were produced in situ
via intramolecular redox reaction of a complex dissolved in an organic solvent as to pro-
vide the silver concentration in the sol equal to 0.1 mM. The sols were stored in closed,
light-tight vessels. Upon requirement argon was bubbled through the solutions to ensure
the absence of oxygen. Silver content in the solid phase was determined using an atomic
emission spectrometer with an inductively coupled plasma excitation source (Spectro-
flame Modula). The instrument EM-125 K was used to determine the size and shape of
AgNPs as well as the formation of surface coatings by the TEM method.

2.2. Protein Binding Studies

In the fluorescence quenching experiment, quenching of the tryptophan and tyrosine
residues of bovine serum albumin (BSA) and bovine hemoglobin was carried out by keep-
ing the constant concentration of protein (2 pM) in 5 mM Tris-HCl buffer (pH 7.4) with 50
mM NaCl in the case of BSA and HBS (pH 7.4) for bovine hemoglobin while varying the
concentration of the complexes (0-100 pM). The fluorescence spectra of BSA solution
alone and in the presence of Ag(I) complexes were recorded in the range of 310-450 nm
upon excitation at 295 nm and emission of tryptophan residues of BSA at 324 nm. The
same experiments were made for hemoglobin solution upon excitation at 280 nm and
emission of tryptophan and tyrosine residues of hemoglobin at 311 nm after each addition
of the quencher. Solutions of complexes were prepared in acetonitrile. All experiments
were carried out at room temperature. The dissociation constant for a simple 1:1 binding
process was determined via non-linear regression analysis [18].

F-F _[PI+[Q]+K, —(IP1+[Q1+K,)* -4[PI[Q]
F,—F 2[P]
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a)

F, Fo and F; are fluorescence intensities with, without the quencher (complex), and
fully bound protein, respectively. K« is the dissociation constant, [P] and [Q] are concen-
trations of protein and quencher, respectively. The apparent binding constants (logKx) and
the Hill coefficients (1) were calculated from the plot of log[(FO — F)/F] versus log[Q] ac-
cording to the following equation:

F-F
FE log K, +nlog[Q] )

S

log

2.3. Hemolysis Assay

Human erythrocytes from healthy individuals were collected in tubes containing an-
ticoagulant. The erythrocytes were separated from plasma by centrifugation for 10 min at
2000x g at room temperature. The supernatant was discarded and the pellet was washed
once with 0.9% NaCl solution and twice with HEPES buffered saline (pH 7.4). The 10%
suspension of human red blood cells was diluted with HBS (1:10), transferred to the tubes
and treated with compounds under study dissolved in DMSO in different concentrations
(15-500 uM) at 37 °C for 30 min. The tubes were centrifuged for 10 min at 2000x g at room
temperature and the absorbance of supernatant was measured at 550 nm. Control experi-
ments with 1% dimethyl sulfoxide were included. Total hemolysis was achieved with 1%
Triton X-100. The hemolysis percentage (H) was calculated as follows:

H (%) = Mx 100% 3

00

A1—absorbance of a sample, Ao—absorbance of negative control and Aiow is the ab-
sorbance of positive control. HC1o defines the concentration of the tested compound which
induce 10% hemolysis.

3. Results and Discussion

The stability of organosols was shown to be significantly dependent on the nature of
dispersion medium. The stability of organosols was shown to be significantly dependent
on the nature of dispersion medium. Morphological characterization of AgNPs was car-
ried out by means of TEM (Figure 1) and AFM (Figure A1l). According to the AFM data,
the size of the primary AgNPs in organosols falls within the range of 5-10 nm, whereas
the objects sized 20-40 nm that were observed on the AFM images have been found to
represent the aggregates of densely packed AgNPs.

Geometric parameters of the complexes were determined using DFT calculations
[19]. The Mulliken orbital population analysis suggests that a substantial change of atomic
charge occurs for the coordinated oxygen atoms upon complexation, with namely these
centers being the major participants of partial charge transfer. General coordination
modes for Complex 1 and Complex 2 inferred from the DFT calculations are shown in
Figure A2.
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Figure 1. (a) TEM images of AgNPs 2 in acetonitrile within 30 min. (b) TEM images of AgNPs 2 in
acetonitrile within 5 h. (c) TEM images of AgNPs 2 in DMSO within 30 min. A more rapid formation
of AgNPs 2 is observed in DMSO possessing a higher donor number.

Silver organosols were produced by chemical decomposition of the Ag(I) complex
dissolved in an organic solvent (acetonitrile, DMSO) under permanent stirring (AgNPs-1
from the 1, AgNPs-2 from the 2). As it was mentioned above, physicochemical properties
of nanoparticles significantly depend on their physiological environment, which is a con-
sequence of adsorption of biomolecules resulting in the formation of a surface coating
called “protein corona”. Such prominent interactions of nanoparticles with serum or
plasma proteins occur due to their high surface free energy and surface area to volume
ratio and have been reported to influence the processes of nanoparticle toxicity, cellular
targeting and clearance in vivo.

Protein binding to the nanoparticle surface correlates with both their mobility (asso-
ciation rates) and abundance in human plasma. The proteins that exhibit higher affinity
to the nanoparticle surface are known to constitute the “hard corona”, whereas less tightly
bound proteins with lower affinity form the “soft corona” [25-29]. The latter interact indi-
rectly with the nanoparticle surface and are readily exchanged during the travelling of
nanoparticles through various protein-rich environments in the organism. In this way,
initially bound proteins are dynamically replaced by the more abundant proteins with
higher affinity, according to the Vroman theory [30]. In contrast to this, since the irrevers-
ibly bound “hard corona” remains relatively unaltered in the course of time, the proteins
adsorbed upon initial exposure to the biological system continuously mediate the interac-
tion of the nanoparticle with the surrounding cells [31]. Moreover, the protein-nanoparti-
cle interaction is facilitated by the presence of charged functional groups and by the hy-
drophobicity of the nanoparticle surface. It should also be noted that the biological reac-
tivity of nanoparticles significantly depends on the pattern of protein arrangement on
their surface: human serum albumin (HSA) and transferrin tend to form monolayers on
nanoparticles, whereas bovine serum albumin (BSA) is capable of forming dimers on their
surface [32,33].

Naturally, major constituents of the “protein corona” that are rapidly adsorbed to
nanoparticles participate in the physiological processes of pathogen recognition, lipid and
ion transport, complement activation and blood coagulation. Therefore, the most frequent
components identified in the “protein corona” include albumin, a-2-macroglobulin,
apolipoproteins (apolipoprotein A-I, apolipoprotein A-III, apolipoprotein C-III), immuno-
globulins (immunoglobulin kappa chain, forms of light- and heavy-chains of immuno-
globulins), complement factors (complement C3, complement C4), coagulation factors (ki-
ninogen, plasminogen), keratin, vitronectin, haptoglobin, alpha-l-antitrypsin, etc.
[25,34,35]. For instance, the adsorption of albumin or apolipoproteins enables the trans-
portation of nanoparticles, whereas the interaction of nanoparticles with complement pro-
teins and immunoglobulins causes particle opsonization and hence facilitates their elimi-
nation [36].

Protein binding to the nanoparticle surface involves bond formation, conformational
changes of the protein and water molecules rearrangement at the interface that imply
changes both in enthalpy and enthropy of the system. Adsoprtion of protein macromole-
cules onto the nanoparticle may imply hydrogen bond formation in specific domains, as
well as non-specific Van der Waals interactions and solvation forces [29]. Changes in the
protein conformation frequently result from the interaction of either charged amino acid
sequences or hydrophobic patches within the protein structure with the nanoparticle sur-
face, rendering such process thermodynamically favourable [37]. For several proteins,
particularly HSA, a decrease in enthalpy is observed in an exothermic binding process
with nanoparticles. However, for fibrinogen, ovalbumin, human carbonic anhydrase II
and lysozyme, no enthalpy changes occur upon their interaction with nanoparticles, sug-
gesting that the binding process is an enthropy driven mechanism that depends on the
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rearrangement of the bound interfacial water molecules and does not induce any confor-
mational changes of the protein [38]. Furthermore, conformational changes in the protein
structure could result solely from the nanoparticle itself: gold nanoparticles have been
shown to induce conformational changes in BSA in a dose-dependent manner, whereas
in the case of carbon Ceo fullerene nanoparticles the conformation of BSA remained intact
[39,40].

3.1. Albumin Binding Studies

Since the commercially available BSA protein is known to possess 76% structural ho-
mology to the HSA protein, experimentally determined binding parameters of metal com-
plexes to BSA could be extrapolated to the case of HSA [41]. Interaction of the complexes
with BSA was investigated by monitoring the native fluorescence intensity of the
trypthophan residues Trp134 and Trp212 at the wavelength of 328 nm [42]. Fluorescence
quenching of BSA observed for the metal complexes both in acetonitrile and DMSO may
refer either to the changes in the protein conformation in the 124-298 region as a result of
protein-complex interaction or to m— m-stacking interactions of the ligands with aromatic
fragments of tryptophan [43,44]. It has been demonstrated that the dissociation constants
of the protein-metal complex conjugate decrease upon the formation of nanoparticles in
DMSO, whereas the Hill coefficients and binding constant logarithms remain unchanged
(Table 1). The increase in binding affinity for BSA observed for nanoparticles compared to
their molecular forms present in acetonitrile solution could be referred to the formation of
“protein corona” on the nanoparticle surface as an additional mechanism of protein bind-
ing. Considering the fact that the nanoparticles formed in DMSO are primarily coated by
the oxidized form of the ligand resulting from an intramolecular reduction of Ag(I), the
corona could be acquired by nanoparticles via hydrogen bond formation involving qui-
none carbonyl groups, as well as by Van der Waals forces.

Table 1. Albumin binding of the silver(I) complexes in acetonitrile and DMSO media.

Compound Kq, M1 n logKn

Complex 1 (6.87 £0.90)-10° 1.20+0.10 6.02 £ 0.51
AgNPs 1 (3.19 +£0.53)-106 1.15+0.07 6.16 + 0.38

Complex 2 (5.09 +1.01)-106 0.97+0.13 5.10 = 0.69
AgNPs 2 (1.15+0.29)-10° 0.90 +0.16 5.18 + 0.81

3.2. Hemoglobin Binding Studies

Serving as an oxygen transport protein located in erythrocytes, hemoglobin is a cru-
cial component of the human blood transport system. Hemoglobin is known to possess a
quarternary structure that comprises two a,[3-dimers. The native fluorescence of hemo-
globin is considered to result from the tryptophan residue at the [(3-37 position located at
the interface between two dimers [45]. In contrast to BSA, hemoglobin has been shown to
bind more readily to the molecular forms of silver(I) complexes in acetonitrile in compar-
ison to the corresponding nanoparticles formed in DMSO (Table 2). This could be due to
the bulky quarternary structure of hemoglobin that is not capable of interacting efficiently
with the surface of silver nanoparticles coated by the oxidized molecules of sterically hin-
dered ligands, which renders the enthropy driven binding process less thermodynami-
cally favourable. Therefore, an increase in dissociation constants is observed upon transi-
tion from acetonitrile to DMSO in the case of hemoglobin.

Table 2. Hemoglobin binding of the silver(I) complexes in acetonitrile and DMSO media.

Compound Kq, M1 n logKn
Complex 1 (2.94 +0.38)-105 0.99 +0.06 4.48+0.29
AgNPs 1 (4.93 £0.92)-10- 0.83 +0.07 3.53 + 0.38




Chem. Proc. 2024, 6, x FOR PEER REVIEW 7 of 10

Complex 2 (2.29 £ 0.34)-10° 0.84 + 0.06 3.46 +0.31
AgNPs 2 (6.97 +0.67)-10° 1.10+0.05 5.67 £ 0.25

3.3. Hemolytic Activity

Since the necrosis of erythrocytes caused by potential chemotherapeutic agents indi-
cates cell toxicity of the latter, investigation of hemolytic activity of nanoparticles appears
relevant. Plausible mechanisms of the induction of hemolysis mainly imply the interaction
of erythrocyte membrane lipids with the tested compounds. Since there is frequently a
direct correlation observed between hemolytic activity and lipophilicity of compounds,
the formation of metal complexes is likely to cause an increase in hemolytic activity due
to an enhancement in the hydrophobicity of organic ligands [46]. In this interconnection,
the determination of hemolytic activity of silver(I) complexes appears necessary to esti-
mate their applicability in medicine. HCio values of the tested compounds have been
found to exceed 500 1M, which indicates their low hemolytic activity.

4. Conclusions

The present study suggests that the interaction of the synthesized silver(I) complexes
with BSA and hemoglobin is mainly affected by their either molecular or nanoparticle
nature, as well as by the presence of surface coatings on the formed AgNPs and confor-
mational characteristics of the protein corona. Understanding the crucial determinants of
the protein binding by AgNPs may shed light on both their bioavailability and biocom-
patibility, thereby providing necessary information on their efficacy and safety in biomed-
ical and therapeutic applications. Our study illustrates that seemingly insignificant
changes in surface chemistry of the nanoparticles, namely their surface functionalization
via the formation of a surface coating by the oxidized form of the ligand, may exert rea-
sonable effects on their toxicity. It has been shown that surface coatings substantially de-
crease the toxicity of AgNPs towards erythrocytes, which results in their low hemolytic
activity.

However, there still remains a need to gain a more comprehensive insight into the
influence of the surface chemistry of AgNPs on their overall toxicity in order to reliably
predict their behavior upon possible biological exposure.
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Figure A1. The AFM image and size distribution of the AgNPs.
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Figure A2. DFT-optimized molecular structure of Ag(I) complexes.
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