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Abstract: By adjusting the synthesis process, silver nanoparticles (AgNp) of various shapes, sizes,
and structures can be obtained, all of which have a substantial impact on the biological effect, notably,
the regulation of antibacterial activity in the present circumstances of growing bacterial resistance.
Due to their relatively small size, nanoparticles may be disseminated evenly throughout the body
of the experimental animal, even at low doses, and exert more potent antibacterial activities. Our
research was centered on the synthesis, production, and biological evaluation of antibacterial silver
nanoparticles. Using the Turkevich method, we were able to effectively synthesize and characterize
nanoscale silver particles, with an average crystallite size of 9.49 nm. We examined their acute
toxicity and pharmacokinetic characteristics in rats after administering a single dosage. In addition,
we evaluated the biological effect of topical AgNp suspension on the progression of burn-type
lesions in the experimental animals. The pharmacokinetic profile demonstrated that the plasma
concentration of silver nanoparticles, as well as their clearance rate, and dispersion throughout
the body, are significantly enhanced in large rodent species. The restorative effect of synthesized
silver nanoparticles in the form of a suspension in distilled water was corroborated by the values
of the hematological parameters. These results demonstrated an intense stimulation of the cellular
and molecular processes of the local immune defense, which has resulted in significantly faster
regeneration in the AgNp-treated group.

Keywords: silver nanoparticles; AgNp; antimicrobial potential; Turkevich method; pharmacokinetics;
topical treatment

1. Introduction

Nanomedicine is an emerging field that investigates the potential applications of
nanotechnology knowledge and techniques in the areas of disease prevention, treatment,
diagnosis, and control. In this regard, silver nanoparticles are particularly significant
due to their unique features, ability to form various nanostructures, exceptional range
of bactericidal, anticancer, and cicatrizing activities, itscost-effectiveness in production,
and being able to be synthesized using physical, chemical, or biological processes that are
simple and cost-effective [1].

The adjustment of the synthesis methods enables the production of silver nanoparticles
with varying sizes, shapes, and structures—parameters that directly impact the biological
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effect. Because of their small dimensions, nanoparticles are able to permeate the entire body
of the test animal at low doses, while producing more potent antibacterial effects [2—4].

The modulation of antimicrobial activity is of the utmost importance in this context,
given the prevalence of antibiotic resistance. According to the World Health Organiza-
tion (WHO), extensive and unregulated use of antibacterial drugs is causing antimicro-
bial resistance, which in turn causes increased morbidity and death throughout the poor
and middle-income nations [5]. Resisting medication can lead to a number of negative
outcomes, such as a prolonged treatment plan, higher medical costs, and a slowed or
nonexistent recovery timeline. Antibiotic resistance emerged as a major problem during
the COVID-19 pandemic, contributing to a rise in mortality and other serious difficul-
ties [6,7]. One definition of “antimicrobial resistance” is the ineffectiveness of commonly
used drugs in combating infectious diseases. Restrictive drug uptake, inactivation of the
drug, target modification, and active drug efflux are the four main steps in the process of
antimicrobial resistance [8,9].

For these reasons, nanomaterials provide alternatives with great potential [10]. It is
probable that AgNp and silver ions can work collaboratively to eliminate germs, partic-
ularly Gram-negative microorganisms [11,12], and there are at least five mechanisms of
silver nanoparticles’ antibacterial action described [13].

The first mechanism involves binding to the cell wall of the bacteria and disrupt-
ing the integrity of the cell wall, which causes direct damage to the cell envelope and
intracellular constituents [14].

Protein SH-group binding, and the resultant disruption of protein function, is the
second mechanism of toxicity [15]. It is explained how the silver can inhibit the enzymes
in the bacteria, namely those in the respiratory chain. This results in a decrease in ATP
synthesis, an imbalance in the cell’s energy levels, an increase in intracellular reactive
oxygen species (ROS), and oxidative stress [16]. In addition, the O, released by Ag,O-Nps
has antimicrobial properties [14].

A third mechanism involves the fact that after AgNp releases the ions, they are
transported across the outermost layer of the bacteria by the porin channels and the ion
transport proteins. By interacting with the proteins, the silver ions are able to induce
oxidative stress [11].

The genotoxic activity of Ag compounds after penetration into a bacterial cell interacts
not only with proteins, but also with phosphoric acid residues in the DNA molecules,
which is the fourth mechanism of antibacterial action of AgoO-Nps [17].

The fifth mechanism is photocatalytic activity, which is enhanced by the addition
of AgrO-Nps to the photocatalytic characteristics of other metal Nps. Composites of
AgrO/TiOy-Nps and Agr,O/ZnO-Nps, in particular, exhibit improved photocatalytic activ-
ity when compared to TiO; or ZnO-Nps. Additionally, the photocatalytic activity of Ag,O
NPs was observed, with the photocatalytic activity of AgoO-Nps being improved following
conjugation with some pharmacological drugs, such as moxifloxacin [18].

Moreover, it is hypothesized that silver compounds derived from Ag,O-Nps and Ag
Nps can also attach to the N7 atom of guanine in DNA, disrupting the replication process
and preventing cell proliferation [18].

El-Kahky et al. [19] indicate that AgNp, with dimensions of less than 17 nm, can perfo-
rate cell membranes and discharge harmful compounds, resulting in cell death. AgNp’s
effectiveness against bacteria is contingent on a variety of conditions. The stability and
adsorption pattern of the coating and capping agents on the silver surface govern the
nanoparticles’ size. Strong reducing agents that increase reaction rates produce Np with
a narrower size range that is smaller and more stable and has better microbial suppres-
sion [20]. With storage, aging, or degradation of the capping agent, AgNp may agglomerate,
reducing the antibacterial capabilities of the material [11].

A variety of methods, including chemical, photochemical, and electrochemical pro-
cedures, can be used to synthesize nanoparticles. Because of their extremely small size,
nanoparticles have a high surface area-to-volume ratio, which is particularly useful for
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antibacterial and antifungal applications [21]. Silver ions can be converted to silver nanopar-
ticles using sodium borohydride, while polyvinyl pyrrolidone (PVP) or polyvinyl alcohol
(PVA), among others, are used as capping agents [22]. The Turkevich method, which
combines trisodium citrate as both a reducing agent and a capping agent, is an additional
well-established technique for reducing silver ions to silver nanoparticles [23]. Trisodium
citrate has been demonstrated to act as a reducing agent at temperatures over 60 °C, so for
the Turkevich method to succeed, the reaction temperature must be at least equal to this
temperature [24].

The purpose of this study was to present the development of small silver nanoparticles
using the Turkevich method, to characterize and evaluate their acute toxicity following a
single dosage administration, to develop and evaluate the pharmacokinetic profile in rats,
and to analyze the influence of topical therapy with AgNp suspension on the evolution of
burn-type lesions in experimental animals.

The synthesis and characterization of silver nanoparticles were carried out at the Na-
tional Research and Development Institute for Chemistry and Petrochemistry (ICECHIM)
in Bucharest, with assistance from the National Institute of Physics and Nuclear Engi-
neering Horia Hulubei (IFIN HH), as part of the PN-III Project (P1-1.2-PCCDI-2017-0769)
“Development of radiopharmaceuticals and nuclear techniques in oncology for imaging
and personalized treatment at the molecular level” acronym ONCORAD contract 64/2018.

The experiments in this chapter were conducted in accordance with the Directive
63/2010/EU of the European Parliament and of the Council of Europe of 22 September
2010 on the protection of animals used for scientific purposes, and in accordance with Law
No. 43/2014 on the protection of animals used for scientific purposes, as amended by Law
No. 199 of 20 July 2018.

The studies were approved by the “Carol Davila” University of Medicine and Phar-
macy’s institutional ethics committee in Bucharest.

2. Synthesis and Characterization of AgNp with Antimicrobial Potential
2.1. Materials and Methods

The Turkevich method was selected to synthesize AgNp because it allows for the
nanoparticle size to be adjusted by varying the molar ratio of the silver and citrate salts
that are utilized in the reaction, and because it can be easily implemented without the
requirement for high reaction temperatures and pressures.

In order to perform the chemical synthesis of AgNp using the Turkevich method, we
utilized powdered AgNO;, trisodium citrate dihydrate, and distilled water. The following
is a description of the procedure.

We weighed 0.018 g of AgNO3 powder and dissolved it in 100 mL of distilled water,
limiting exposure to light by covering the solution with aluminum foil. The solution was
brought to a boil under continuous stirring.

We weighed 0.018 g of trisodium citrate dihydrate powder and dissolved it in 25 mL
of distilled water. The obtained solution was transferred dropwise over the boiling AgNO;
solution, and the heating was continued until the color changed (to a transparent yellow-brown).
After cooling, the nanoparticle suspension was stored in a brown container at 4 °C [25,26].

Nanoparticle solutions in dispersion were analyzed by UV-Vis spectrometry using
an Ultra 3660 UV-Vis spectrometer (RIGOL Technologies, Inc., Suzhou, China, optical
resolution 0.5 nm) in the wavelength range of 350-650 nm.

X-ray diffraction (XRD) analysis was performed using a Rigaku SmartLab 9 kW
diffractometer (operating at 45 kV and 200 mA, CuKo radiation—1.54059 A), in 26/0 scan
mode, between 2° and 90° (20). Components were identified by a comparison with the
ICDD records.

The average crystallite size was determined using the Debye-Scherrer equation
(Equation (1)).

K xA

D=——
3 x cos®

)
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where D is the average crystallite size (nm), K is a shape factor (approximated to 0.94 for
spherical particles), A is the X-ray wavelength, {3 is the full width at half the maximum—
FWHM), and 6 is the Bragg angle.

2.2. Results

The UV-Vis spectrum (Figure 1) confirms the synthesis of Ag nanoparticles, and the
position of the characteristic peak suggests particle sizes were below 10 nm [27].
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Figure 1. UV-Vis spectrum of AgNp.

2.3. Discussion

As a preliminary observation, the suspension of nanoparticles is in a highly stable dis-
persion, making their deposition impossible, even with repeated centrifugation (4000 rpm).
By comparing the acquired diffractogram (Figure 2) to the ICDD sheet 01-087-0720 [28],
it was possible to identify the characteristic Ag® peaks, which correspond to the Miller
indices (1,1,1) and (2,2,0), despite the fact that the diffractogram did not have an ideal look.
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Figure 2. XRD diffractogram of AgNp suspension.
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Applying the Debye-Scherrer equation (Equation (1)) to the indices (1,1,1) maximum
provides an average crystallite size of 9.49 nm (Figure 3), which agrees closely with the
UV-Vis study.

Figure 3. Synthesized silver nanoparticles observed by Transmission Electron Microscope.

According to the ICP-MS analysis of the suspension of silver nanoparticles, the Ag
concentration was 0.103 mg/mL.

3. Acute Toxicity Studies following Single-Dose p.o. Administration of Silver
Nanoparticles in Small Rodents

3.1. Introduction

Acute toxicity studies are the first tests undertaken on a new substance with thera-
peutic potential for humans, and their purpose is to emphasize the adverse reactions that
may occur after a single dose is administered. Among the goals of a single-dose acute
toxicity test are to determine the estimated intrinsic toxicity of the tested chemical, which is
frequently expressed by the LDsj, and to acquire information that will aid in the design
and selection of the dose for long-term research. The examined animals are monitored for
fourteen days [29].

The compounds used in this research are nanoparticles of silver in suspension, as
detailed in Section 2.

3.2. Materials and Methods

For the acute toxicity studies, we used a population of 24 male white NMRI mice
weighing 38.11 & 2.71 g. The animals came from the biobase of the “Cantacuzino” National
Institute for Medical-Military Research-Development.

During the experiment, the animals had access to food and water “ad libitum”. A
thermohygrometer was used to monitor humidity and temperature conditions for the
animals. The recorded temperature varied between 20 °C and 22 °C, and the humidity was
between 35% and 45%.

The tested compounds are AgNp in the form of a suspension in distilled water,
obtained by the Turkevich method, with an average crystal size of 9.49 nm and an Ag
concentration of 0.103 mg/mL.

The animals that were brought from the biobase were left for 7 days with food and
water “ad libitum” for acclimatization.

After the acclimatization period, the animals were randomized into three groups of
eight and then administered p.o. three different and increasing doses, as follows:

e  the mice in Group I received 10 uL/g of AgNp suspension;
e  the mice in Group Il received 15 uL/g of AgNp suspension;
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e the mice in Group III received 20 uL/g of AgNp suspension.
The doses administered to the experimental animals are organized in Table 1.
Table 1. Individual doses administered to experimental animals.
S1 S2 S3 S4 S5 S6 S7 S8
Group I 0.35 mL 0.41 mL 0.37 mL 0.36 mL 0.39 mL 0.39 mL 0.37 mL 0.43 mL
10 uL/g
Weight (g) 34.6 41.1 36.51 36.1 39 38.5 36.5 42.6
Group II 0.52 mL 0.57 mL 0.57 mL 0.59 mL 0.58 mL 0.57 mL 0.59 mL 0.61 mL
15uLl/g
Weight (g) 35 38 38 39 38.5 38.3 394 40.5
Group I ¢ i 0.7 mL 0.72 mL 0.7 mL 0.75 mL 0.73 mL 0.76 mL 0.78 mL
20 uL/g
Weight (g) 41 35 36 35 37.5 36.4 38 38.9

The experiments in this chapter were carried out under the Directive 63/2010/EU of
the European Parliament and the Council of Europe of 22 September 2010, on the protection
of animals used for scientific purposes, as well as in accordance with Law No. 43/2014
on the protection of animals used for scientific purposes, as amended by Law No. 199 of
20 July 2018.

The institutional ethics of the University of Medicine and Pharmacy “Carol Davila”
Bucharest committee approved the studies.

The data are presented as means + standard deviations. The statistical analysis was
performed with the t-student test using the GraphPad software, version 9.2.0. The results
of the applied statistical tests showed a confidence interval of 90%.

3.3. Results
3.3.1. Observational Analysis of Animals during the First Eight Hours after Administration
of Silver Nanoparticle Suspension

In Group I, the animals exhibited hyperexcitability, hyperreflectivity, agitation, and
mild anxiety one hour after injection. These signs of toxicity subsided during the first
two hours after the AgNp injection, and the animals displayed a slight sedation for the
following six hours.

In Group II, during the first three hours following the administration of the AgNp
suspension, the animals displayed a more acute state of agitation, accompanied by hyper-
excitability and hyperreflectivity, than those in Group L. The anxious state persisted for the
first five hours. During the previous two hours, the animals exhibited signs of sedation.

In Group III, the animals displayed intense agitation as well as aggressive outbursts in
the first three hours following the administration. Other harmful effects included feelings
of hyperexcitability, hyperreflection, and anxiety. During the last two hours of observation,
a state of sedation developed, but not fully, as some animals remained vigilant.

By analyzing the evolution of animal behavior in the three groups, we can conclude
that the condition of agitation accompanied by the previously identified specific manifesta-
tions appears to be proportionate to the administered dose of AgNp.

3.3.2. Effects of AgNp on Body Weight Dynamics

For Group I, we administered 0.00103 mg of Ag per gram of body weight. For 14 days,
no deadly effect was observed at this dose. The weight of the treated animals increased
from the beginning until the end of the experiment, with the exception of days seven and
eight, when the average body weight decreased slightly. Figure 4 represents the variation
in body weight.
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Figure 4. The average percentage variation in daily body weight of animals in Group I (expressed as
a percentage and considering the average weights determined for each group over 14 days).

For Group II, we administered 0.001545 mg of Ag per gram of body weight. At this
dose, no animal deaths were documented for 14 days. From the beginning until the end
of the experiment, the weight of the treated animals followed an upward trend. Figure 5
represents the variation in body weight.

The average percentage variation of the daily body weight of the animals
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Figure 5. The average percentage variation in daily body weight of animals in Group II (expressed as
a percentage and considering the average weights determined for each group over 14 days).

For Group III, we administered 0.00206 mg of Ag per gram of body weight. At this
dose, no animal deaths were documented for 14 days. Beginning on day eight, the weight
of the treated animals followed an upward trend. The average body weight of the animals
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decreased from the beginning of the experiment to day seven. Figures 6 and 7 represent
the variation in body weight.

The average percentage variation of the daily body weight of the animals in Group
III - Biphasic evolution from day 1 to day 14
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Figure 6. The average percentage variation in daily body weight of animals in Group III (expressed
as a percentage and considering the average weights determined for each group over 14 days).
The average percentage variation of the daily body weight of the animals in Group
III - Ascending evolution from day 3 to day 14
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Figure 7. The increased trend of the average percentage variance in the daily body weight of animals
in Group III (expressed as a percentage and considering the average weights determined for each
group from day 3 to day 14).

3.4. Discussion

Except for Group III, where the trend was a decrease in the first week after admin-
istration, the general trend in the evolution of the body weight of the treated animals
was in the direction of its increase toward the end of the experiment. In the first 14 days
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following the administration of the three doses evaluated, no fatal effects were observed. In
Figures 8 and 9, the comparative evolution of the average body weight of the three animal
groups is illustrated.

The average percentage variation of the daily body weight of the animals in
Groups I, IT and III

7
6
5
4
3 HGroup |
i
I I I | I I Group Il
1
0 - I o I I I 1 I H Group Il
|
4, D1 D2 D DI DI D6 D7 D8 D9 D10 D11 D12 D13 714
-2
-3
Days
Figure 8. The comparative average percentage variation of the daily body weight of the animals in
the three groups (expressed as a percentage and considering the average weights determined for
each group over 14 days).
The comparative average percentage variation of the daily body weight of the
animals in Groups I, IT and III
7
6
5 /
4
3 ==@==Group |
R 2 Group Il
1 =@ Batch Il
0
4 D1 D7 D8 D9 D10 D11 D12 D13 D14
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Figure 9. The comparative average percentage variation of the daily body weight of the animals in
the three groups (expressed as a percentage and considering the average weights determined for
each group over 14 days).
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During the period of observation, the animals did not exhibit symptoms of diarrheal
illness. The rats did not exhibit any changes in their motor behavior, aggressiveness, fur
appearance, or mucous discharges after 14 days.

Following the t-student statistical analysis, we observed statistically significant dif-
ferences in the variation of the animals’ body weight depending on the dose of AgNp
administered. Consequently, we observed significantly greater differences between the
animals of Group II and the animals of Group III (p < 0.001) than between the animals of
Group I and the animals of Group III (p < 0.01). Between Group I and Group II, there are
statistically significant differences in the variation of animal body weight according to the
dose of AgNp administered (p < 0.05).

4. Studies on the Pharmacokinetics of AgNp after Single-Dose Administration
in Rodents

4.1. Introduction

The pharmacological activity of a molecule is directly proportional to its concentration
at the site of action, which is dependent on the plasma concentration of the evaluated
substance. Consequently, knowledge of the plasma concentration of a substance obtained
from animal studies is applicable to therapeutic trials in humans. Oftentimes, rodents are
utilized to collect preliminary pharmacokinetic data [30]. The pharmacokinetic parame-
ters of nanoparticles—the sum of essential processes including absorption, distribution,
metabolism, and elimination—are useful for evaluating their efficacy and safety. A thor-
ough understanding of their pharmacokinetics is essential for accurate risk assessment and
secure biological applications.

Nanoparticle absorption is a complex process that depends on how the particles
are administered. Consequently, ingested nanoparticles are absorbed by transcytosis,
paracellular transport, and M cell participation, whereas subcutaneous, intramuscular, and
inhalation nanoparticles are absorbed by macrophages and lymph [31]. Shape, coating,
and size modifications to Ag nanoparticles can enhance their absorption by the cells. The
spherical form and coatings such as lactose, PVP, phosphorylcholine, and mannan sulfate
(MS) can increase the nanometal absorption. Coated particles also have the unique ability to
avoid clearance and remain in circulation longer. Numerous studies have been conducted
on nanoparticles ranging in size from 20 nm to 100 nm, with the conclusion that the smaller
the particle size, the wider the particle distribution [32]. The liver is believed to be the
primary organ for Ag distribution, regardless of the mode of exposure (oral, subcutaneous,
intravenous, or inhalation), with the spleen and kidneys being the subsequent organs for
Ag storage [31]. Ag nanoparticles are also found in the brain and testicles [33]. A in vivo
analysis of the effects of a commercial colloidal silver nanoproduct on various classes of
cytochrome P450 enzymes was conducted to examine the metabolism of AgNp (CYP1A2,
CYP2C9, CYP2C19, CYP2D6, CYP3A4). Aside from the presence of silver in the serum,
no clinically relevant metabolic alterations, or activation of CYP450 enzyme inhibition
were seen [34]. Due to the decreased bioavailability of silver nanoparticles, it appears that
the majority of AgNp is eliminated through intestinal excretion. Urine was discovered to
contain a negligible amount of nanosilver [31]. Larger particles appear resistant to removal
by metabolic processes and renal excretion [35] and may remain in the body for more than
six months [36]. To deliver their biological effect, nanoparticles must avoid clearance and
continue to circulate in the blood. However, once the target organ is reached, nanometals
must be eliminated from the remaining organs of the body to prevent accumulation and
potential toxicity [32].

This study developed two physiological pharmacokinetic models for previously ob-
tained silver nanoparticles, a murine experimental model, and a large rodent experimental
model, to complement the current experimental evidence on the behavior of nanosilver in
the animal’s body.
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4.2. Matherials and Methods

For pharmacokinetic studies, we utilized two rodent species: a group of six male, white
NMRI mice (40.16 £ 3.31 g) and a group of six mature male Wistar rats (374.4 £ 25.9 g).
The animals originated from the biobase of the “Cantacuzino” National Institute of Medical-
Military Research and Development.

The animals that were taken from the biobase were fed and watered “ad libitum” for
seven days to facilitate acclimatization. The temperature ranged between 20 °C and 22 °C,
and the humidity ranged between 35% and 45%.

The AgNp suspension was administered intraperitoneally in a single dose (Table 1),
and blood samples were collected every hour for the first six hours and then after 24 h.
Blood samples were collected on Whatman paper and subjected to a digestion process in
an HNO3:H,O; (3:1) mixture for one week to eliminate organic compounds contained in
the blood. Following the centrifugation of the obtained samples, 0.5 mL of the supernatant
was removed and diluted with 4.5 mL of ultrapure water. The final solutions were ana-
lyzed using ICP-MS technology, and the resulting Ag concentrations were utilized for the
modeling of the pharmacokinetic profiles in the mice and rats using the Kinetica software,
version 3.1. Comparative analyses of pharmacokinetic parameters across species were also
conducted using T and F tests in the GraphPad Prism software, version 9.2.0.

4.3. Results

The individual values of Ag® plasma concentrations detected in the blood samples of
the experimental animals are presented in Tables 2 and 3 and Figures 10 and 11.

Table 2. Ag® plasma concentrations dosed in blood samples of mice.

Al(ugl)  A2(ugll) A3 (ug/l)  Ad(ug/l) A5 (ugl)  Averase£DS

(ug/L)
1h 1.159 0.568 0.685 0.476 0.840 0.746 £ 0.268
2h 0.550 0.701 0.414 0.606 0.628 0.580 £ 0.107
3h 0.409 0.441 0.535 0.416 0.507 0.462 £ 0.056
4h 0.441 0.525 0.418 0.503 0.627 0.503 £ 0.082
5h 0.614 0.589 0.501 0.757 0.873 0.667 £ 0.147
6h 0.520 1.027 0.448 0.598 0.376 0.594 £ 0.256
24h 1.068 0.413 0.324 0.389 0.328 0.504 £ 0.317

Table 3. Ag® plasma concentrations dosed in blood samples of rats.

Bl(ug/l) B2(ugL) B3(ugl) Bd(ugl) B5(ugL)  veraget DS

(ug/L)
1h 0.933 0.635 0.528 1.605 1.445 1.029 + 0.480
2h 1.081 0.536 0.568 1.066 1.653 0.981 £ 0.458
3h 0.711 2.032 0.485 3.199 1.655 1.616 £+ 1.093
4h 1.174 0.645 0.443 0.990 1.548 0.960 + 0.436
5h 1.324 0.534 0.244 0.860 0.888 0.770 £+ 0.407
6h 0.898 0.894 0.290 1.037 1.379 0.900 £ 0.394

24h 0.492 0.586 0.303 0.548 1.882 0.762 £ 0.635
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Figure 11. The evolution of Ag® plasma concentration on rats.

4.4. Discussion

By comparing the values of the pharmacokinetic parameters of the two rodent species
(Tables 4 and 5), we can observe similarities between the Trax parameters (3.60 h vs. 3.20 h),
Lz (0.043-1 h vs. 0.048-1 h), T1/, (21.04 h vs. 19.40 h) and MRT (31.43 h vs. 29.02 h).
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Table 4. The pharmacokinetic (pk) parameters determined for the group of mice.

Pk Parameters/Mice Al A2 A3 A4 A5 Average £+ DS
Crax (ng/mL) 1.16 1.03 0.69 0.76 0.87 0.90 £ 0.19
Tmax (h) 1 6 1 5 5 3.60 £241
AUC (ug x h/mL) 3.39 15.46 9.65 11.8 9.95 10.05 £ 4.38
Lz (h™1) 0.1029 0.0329 0.0207 0.0301 0.0331 0.043 £ 0.03
Ty/2 (h) 6.74 21.05 33.42 23.05 20.94 21.04 £9.51
MRT (h) 10.1 30.85 48.91 35.39 31.9 31.43 +13.9
Clearance (mL/h x kg) 5.6 1.53 1.51 1.59 2.38 252+ 1.76
Vz (mL/kg) 54.44 46.59 72.82 52.78 71.94 59.71 £ 11.93
Vss (mL/kg) 56.61 47.31 73.86 56.17 75.98 61.99 £+ 12.40
Legend: Crax (ng/mL) is the maximum Ag0 plasma concentration; Tmax (h) is the time needed to reach Cpax;
AUC (ug x h/mL) is the aria under the curve (drug plasma concentration * time); Lz (h~') is the terminal
elimination rate constant; Ty, (h) is the half-time; MRT (h) is the mean residence time; Vz (mL/Kg) is the volume
of distribution during the terminal phase; Vss (mL/Kg) is the volume of distribution at steady state.
Table 5. The pharmacokinetic (pk) parameters determined for the group of rats.
Pk Parameters/Rats B1 B2 B3 B4 B5 Average £+ DS
Cax (ng/mL) 1.324 2.032 0.568 3.199 1.655 1.756 £ 0.97
Tmax (h) 5 3 2 3 3 3200 £1.1
AUC (ug *h/mL) 17.791 17.822 7.739 21.808 7.847 14.601 £ 6.43
Lz (h™1) 0.044 0.025 0.021 0.049 0.099 0.048 £ 0.03
Ty/2 (h) 15.81 27.36 32.71 14.11 7.04 19.40 £+ 10.42
MRT (h) 24.59 40.04 48.54 21.04 10.89 29.02 +£15.12
Clearance (mL/h * kg) 12.76 0.92 17.95 13.05 21.04 13.14 £ 7.66
Vz (mL/kg) 290.93 36.37 846.82 265.56 213.61 330.66 &= 305.18
Vss (mL/kg) 313.68 36.9 871.04 274.55 229.12 345.06 4= 312.66

Legend: Crax (ng/mL) is the maximum Ag0 plasma concentration; Trax (h) is the time needed to reach Cpax; AUC
(ng *h/mL) is the aria under the curve (drug plasma concentration * time); Lz (h~1) is the terminal elimination rate
constant; Ty, (h) is the half-time; MRT (h) is the mean residence time; Vz (mL/Kg) is the volume of distribution
during the terminal phase; Vss (mL/Kg) is the volume of distribution at steady state.

Regarding the differences obtained between the pharmacokinetic parameters of the
two rodent species (Table 6), meaningful variations were obtained for maximum plasma
concentrations (p < 0.01), clearance (p < 0.05), Vz (p < 0.0001) and Vss (p < 0.0001). These
results complement previous research comparing AgNp pharmacokinetics between species,
or between the two genera of the same species. More specifically, Lee et al. [37] showed
that Ty /; is three- to four-times higher in rabbits compared to rats (rodents), and Xue Y. [38]
demonstrated that the pharmacokinetic profile of AgNp depends on the sex of the indi-
vidual, being higher in males compared to females. On the contrary, another study on rats
conducted by Boudreau et al. [39] showed that silver distribution and accumulation are
significantly higher in female species compared to male species. This discrepancy may
be attributable to a female-specific hormonal regulation of the clearance and subsequent
accumulation of AgNp. The target organs for AgNp distribution and accumulation are
the kidneys, liver, and sections of the gastrointestinal tract, such as the jejunum and colon.
Male rats had larger silver levels in the spleen, while female rats had higher silver levels in
the kidneys.
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Table 6. Significant variations in pharmacokinetic parameters between the two species.
CmaxA CmaxB ClearanceA ClearanceB VssA VssB
(ng/mL) (ng/mL) (mL/hxkg) (mL/hxkg) VzA (mL/kg)  VzB (mL/kg) (mL/kg) (mL/kg)
1.16 1.324 5.6 12.76 4.44 290.93 6.61 313.68
1.03 2.032 1.53 0.92 6.59 36.37 7.31 36.9
0.69 0.568 151 17.95 2.82 846.82 3.86 871.04
0.76 3.199 1.59 13.05 2.78 265.56 6.17 274.55
0.87 1.655 2.38 21.04 1.94 213.61 5.98 229.12
p<0.01 p <0.05 p < 0.0001 p < 0.0001

5. Influence of Topical Treatment with AgNp Suspension on the Course of Burn-Type
Lesions in Experimental Animals

5.1. Introduction

Among metals, silver preparations (silver ions, silver nanoparticles, and silver salts)
are increasingly utilized due to their broad antimicrobial applications [40]. They are
frequently used in the treatment of burn or eschar-type injuries because silver ions can
easily bind to proteins, RNA, and DNA with a much lower risk of triggering resistance
mechanisms compared to traditional antimicrobials [41]. Over time, it has been discovered
that silver nanoparticles have a strong antibacterial impact against both Gram-negative and
Gram-positive bacteria [42]. Silver is also an excellent germicide with hardly any human
toxicity [43]. The use of silver nanoparticles in topical ointments to prevent the infection of
open wounds and burns is one of the most widespread applications [44].

In this section, we compared the antibacterial and healing properties of silver nanopar-
ticles in distilled water generated by the Turkevich method, with an average crystallite size
of 9.49 nm and an Ag concentration of 0.103 mg/mL, to those of silver sulfadiazine.

5.2. Materials and Methods

The equipment utilized consisted of a device with a metal disk that had a diameter of
10 mm, saline, and silver sulfadiazine cream 10 mg/g. The tested compounds were AgNp
in the form of a suspension in distilled water, previously obtained by the Turkevich method,
with an average crystallite size of 9.49 nm and an Ag concentration of 0.103 mg/mL.

The research involved 22 male Wistar rats from the “Cantacuzino” National Institute
of Medical-Military Research and Development. The animals were kept under laboratory
conditions, monitoring humidity and temperature using a thermohygrometer. The recorded
temperature varied between 20 °C and 22 °C, and the humidity was between 35% and 45%.
The animals that were brought from the biobase were left for seven days with food and
water “ad libitum” for acclimatization.

The animals had a part of their dorsal fur removed. Subsequently, they were anes-
thetized with ethyl ether, and a thermal burn injury of low to moderate severity was caused
using a particular metal device with a diameter of 10 mm, heated in a saline solution
brought to a boil, and held in contact with the dorsal side for 15 to 20 s. The lesions were
cleansed with saline, and the animals were separated into three groups according to the
following topical treatments:

the control group—untreated animals, NaCl (six animals);

the reference group—animals treated with silver sulfadiazine cream, SAg (eight animals);
the treatment group—animals treated with a suspension of silver nanoparticles, AgNp
(eight animals).

In the untreated control group, wounds were cleansed with a saline solution and
wrapped with sterile gauze, which is the standard treatment for burns. In the control
group, lesions were covered with sterile gauze, onto which silver sulfadiazine cream was
applied. In the treatment group, lesions were covered with sterile gauze impregnated with
a previously synthesized AgNp suspension.
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The lesions on the animals were treated daily with gauze for the first five days, as
previously described. Six days following the removal of the sterile gauze dressings, the
lesions were treated until they healed in the majority of the animals by day 15. Every day for
15 days, the condition and appearance of the lesions were assessed. Digital cameras were
used to capture the surface morphology of the lesions. The progression of the wound’s
mean diameter was measured daily for five days, then on days 8, 10, 12, and 15. The
average of three measurements was used to determine the average diameter of the burns.
The wounds were observed while they healed in order to compare them to those of the
untreated group.

Animals were also monitored for possible topical or systemic adverse reactions fol-
lowing topical treatment. The scarring or wound healing process was calculated according
to the equation:

Healing % = Di=Dit1 449 )
D;
where D is the initial diameter of the lesion determined on day i, and D;,; is the diameter
determined at time i + 1.

The calculated diameter represents the arithmetic mean of the diameters measured
from different areas of the lesion.

The wounds were considered healed (diameter = 0 mm) after the shedding of the crust
that formed following the experimental wound induction.

The open-source program R, version 3.6.3, was used for statistical analysis. A bifactor
ANOVA analysis of variance and post hoc comparisons, notably the Nemenyi Test, were
applied to paired data.

5.3. Results

Figure 12 depicts, both visually and quantitatively, the progression of the healing
process for the burn-type injuries in all three groups. For each individual group, repre-
sentative images were chosen. The lesions were not infected in any case. On the second
day, we can observe that the lesion treated with silver sulfadiazine did not worsen, and
the healing process began without the development of a crust. However, in the case of the
group treated with silver nanoparticles, a crust appears on a segment of the lesion’s surface.

In the untreated group, the entire surface of the lesion developed a crust. On the
third day of the experiment, the animals treated with SAg exhibited inflammation in the
perilesional tissue, but the group treated with AgNp did not. The lesions of the animals
treated with silver sulfadiazine exhibited a similar progression to those of the animals
treated with AgNp, with the exception of the formation and exfoliation of the crust being
visible on day 10 in the AgNp group and on day 12 in the SAg group.

It should be observed that on day 15, healing was complete in the group treated
with AgNp, however a scar was still apparent in the group treated with silver sulfadiazine.
Although healing occurred more rapidly in the control group, the progression of the healing
process was accompanied by inflammation and the development of a substantially larger
and harder crust by day five.
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Figure 12. Comparative evolution of the scarring process in the case of the three groups (representa-
tive images).
5.4. Discussion

Figure 13 shows that the average diameter of the animal lesions decreased with time,
with the exception of the first day following the induction of the burn, when the average
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diameter increased. The development of the lesions in the control group and the reference
group were similar.

Boxplot
B8 AgNP B3 Nacl BB SAg
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S

Diameter

1 2 3 5 Day 8 10 12 15

Figure 13. The evolution of the average diameter of the lesions about time.

Following the ANOVA statistical analysis, it was observed that there were no signifi-
cant differences between the three groups (p > 0.05).

Table 7 illustrates the percentage variation in the healing process from one day to
the next, determined using the average daily diameters of each group’s lesions. On the
second day of the experiment, the average diameter of the lesions developed the most in
the control group. The average diameters increased in the following order by percentage:
AgNp <S5Ag <NaCl (+3.08% < +6.70% < +10.24%). The healing percentages were constantly
higher for the AgNp group in comparison to the SAg group.

Table 7. Percentage evolution of the healing process.

AgNp (%) NaCl (%) SAg (%)
D1-D2 +3.08 +10.24 +6.70
D2-D3 —9.45 —2.14 —7.85
D3-D5 —21.43 —27.74 —26.14
D5-D8 —27.27 —28.28 ~19.23
D8-D10 —12.50 —9.86 —3.81

D10-D12 —23.08 —23.44 ~10.89

D12-D15 —100.00 —100.00 ~100.00

The healing effect occurred on the third day, with the results indicating that AgNp
had a higher percentage of healing from the beginning: AgNp < SAg < NaCl (—9.45% <
—7.85% < —2.14%). Between days 8 and 10, the rate of healing was reduced for all groups;
despite this, AgNp had the highest healing percentage. We can therefore conclude that,
among the three examined groups, AgNp had the strongest therapeutic effect (Figure 14).
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Figure 14. Effect of treatments on burn diameter versus time.

A post hoc analysis revealed a greater difference between the first and last dates
assessed in the study between the treatment group and the control group (Table 7).

6. Analysis of Hematological Parameters
6.1. Introduction

In the past few years, there has been a huge expansion in the manufacture and utiliza-
tion of numerous nanostructured materials, including silver nanoparticles. Due to their
antibacterial properties, these nanoparticles have been incorporated into a variety of prod-
ucts, including cosmetics, textiles, and pharmaceuticals [45]. Although silver nanoparticles
have superior properties to other nanostructured particles, in terms of electrical conductiv-
ity, antimicrobial effects, optical properties, and applications in oxidative catalysis, they
remain one of the most contentious materials due to their potential toxicity in biological
systems [46]. Several factors, including chemistry, surface, size, dosage, and particle ad-
ministration method, play a crucial role in the harmful mechanisms of nanoparticles in
organisms, the consequences of which are still unknown [47]. Kim et al. [48] reported
the results of a 29-day study on Sprague-Dawley rats, which showed that the oral ad-
ministration of 300 mg/kg of silver nanoparticles altered the clinical chemistry and the
hematological parameters. In a separate study conducted by M. S. Heydrnejad et al. [49],
oral administration of AgNp caused alterations in the blood chemistry and the hepatotoxic-
ity, as evidenced by elevated serum activity levels of both AST and ALT, and histological
liver damage, with no significant differences between male and female mice. In addition,
Tiwari et al. [50] detected substantial alterations in the hematological parameters (WBC
count, platelet count, hemoglobin, and RBC count) in Wistar rats injected intravenously
with 40 and 20 mg/kg of AgNp.

6.2. Materials and Methods

At the completion of the burn model experiment, blood samples were collected from
the three examined groups of animals. The following hematological parameters were
determined: erythrocyte count (RBC), erythrocyte indices—mean erythrocyte volume
(MCV), mean erythrocyte hemoglobin (MCH), mean erythrocyte hemoglobin concentration
(MCHC), erythrocyte distribution (RDW), hemoglobin (HGB), hematocrit (HCT), leukocyte
count (WBC), leukocyte formula—lymphocyte (LY), monocyte (MI), granulocyte (GR),
platelet count (PLT), platelet indices—mean platelet volume (MPV), platelet count (PCT),
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platelet distribution (PDW). Using the Abacus Junior hematological multianalyzer and
specific reagents from Diatron, determinations were performed.

We compared each hematological parameter between the three groups: SAg, NaCl,
and AgNp. For the statistical analysis, the means of the three groups were compared. Using
the Shapiro-Wilk test and the Levene test for equality of dispersion, the normality of the
data-related hypotheses was examined.

If the hypotheses were to be confirmed, the parametric one-factor ANOVA and post-
hoc tests were used to identify significant differences, otherwise, the non-parametric
Kruskal-Wallis test, followed by the non-parametric post-hoc Wilcoxon test were used. The
chosen significance level was 5%.

6.3. Results
The results are shown in Tables 8-10 and Figures 15-17.

Table 8. Platelet and platelet index values.

Group PLT (Cells x 10%/uL) MPV (fL) PCT (%) PDWc (%)
AgNp 1299.78 + 177.20 7.53 +0.17 0.98 +0.13 34.5 + 0.54
SAg 1251 + 237.73 7.33 +0.31 0.92 +0.18 35.2 +0.81
NaCl 1131.6 + 157.69 744 £+ 0.15 0.84 +0.10 34.86 + 0.88
Table 9. Leucocytes formula.
Group WBC (Cells x 103/uL) LY (%) MI (%) GR (%)
AgNp 5.42 + 0.99 47.82 £1.22 12.41 +0.97 37.06 + 1.37
SAg 3.86 + 0.40 54.99 + 3.24 12.64 + 0.66 30.76 £ 1.25
NaCl 4.30 +0.93 55.1 +4.46 145 +1.72 29.9 +4.81
Table 10. Erythrocyte values and erythrocyte indices.
MCH MCHC
6 o o
Group RBC (Cells x 10°/uL) HGB (g/dL) HCT (%) MCV (fL) RDWc (%) (pg/Cells) (g/dL)
AgNp 8.65 + 0.42 8.39 +2.34 46.49 + 2.33 53.78 + 0.97 18.46 4+ 0.38 10.14 +2.98 18.18 £ 5.31
SAg 9.15 £ 0.60 14.6 = 0.65 48.89 £+ 3.46 53.43 + 2.07 18.54 + 0.70 18.2 +0.50 33.71 £ 1.61
NaCl 834 +1.14 17.66 + 0.61 45.34 +5.81 544 +1.14 18.16 + 0.25 22.72 £ 0.66 42.14 £2.01

Figure 15 shows that neither the platelet values nor the platelet index values of the
three groups of animals in the experiment are statistically different.

In Figure 16a it can be observed that, regarding the percentage of granulocytes in
the leukocyte formula, there are statistically significant differences between the groups
of animals treated with silver nanoparticles and silver sulfadiazine (p < 0.001), as well
as between the control group and the group of animals treated with silver sulfadiazine
(p <0.01).



Processes 2023, 11, 1212

20 of 27

No significant p-values

1400

No significant p-values

no significant p-values

355

Sl:tg e AghP SAg NaCl
ot

(a) (b)

Mo significant p-values

775

750

My

725

7.00

B75

SAg NaCl AghP Shg NaCl
ot lot

(c (d)

Figure 15. Variation in platelet counts and platelet indices. (a) PLT vari-ation. (b) PCT variation. (c)
PDWc vari-ation. (d) MPV var-iation.

Comparing the percentage of monocytes in the leukocyte formula among the three
groups of animals, we observed statistically significant differences between the AgNp-
treated group and the control group (p = 0.038) (Figure 16b). There are statistically signifi-
cant differences in the number of leukocytes between the group of AgNp-treated animals
and the control group (p < 0.01) (Figure 16¢).

Figure 16d indicates statistically significant differences (p < 0.001) between the per-
centages of lymphocytes within the leukocyte formula of the animals in the reference and
AgNp groups, as well as between the animals in the control and AgNp groups (p < 0.05).
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Figure 16. Leucocyte and leukocyte count variation. (a) GR variation. (b) MI variation. (c¢) WBC
variation. (d) LY variation. Legend: *—p < 0.05; **—p < 0.01; ***—p < 0.001.

For the MCHC index, there are statistically significant differences between the animals
treated with AgNp and the animals in the reference group (p < 0.0001), as well as between
the animals in the control group and the animals treated with AgNp (p < 0.0001). We can
also observe statistically significant differences between the reference group and the control
group animals (p < 0.0001) (Figure 17e).

Similar to the MCHC index, there are statistically significant differences in hemoglobin
values (Figure 17f) between the AgNp-treated animals and the animals in the reference
group (p < 0.0001), the AgNp-treated animals and the animals in the control group
(p < 0.0001), and between the animals in the control group and the animals in the reference
group (p < 0.0001).
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Figure 17. Erythrocyte variation and erythrocyte indices. (a) HCT variation. (b) MCV variation. (c)
RDWc variation. (d) RBC variation. (e) MCHC variation. (f) HGB variation. (g) MCH variation.
Legend: ****—p < 0.0001.
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In the case of MCH (Figure 17g), there are statistically significant major differences
between the AgNp-treated animals and the animals in the control group (p < 0.0001) and
between the animals in the control group and the animals in the reference group (p < 0.0001)
There are no statistically significant differences between the erythrocyte parameters HCT,
MCYV, RDWc, and RBC.

6.4. Discussion

Changes in the hematological parameters were calculated as a percentage. Significant
variations were observed for leukocytes. The leukocyte count was 10.38% lower in the
reference group compared to the control group, and 29% higher in the test group compared
to the control group. Compared to the reference group, the white blood cell count is 40.57%
higher in the test group.

The percentage of lymphocytes is 13% lower for the test group compared to both the
control and reference groups.

The percentage of granulocytes in the leukocyte formula is 23% higher in the AgNp
group compared to the control group, and 20% higher compared to the reference group.

7. Discussion

Nanotechnology is a rapidly developing field that examines materials and interactions
at the atomic and molecular levels, with dimensions ranging from 0.1 to 100 nm. The
nanoparticles’ reduced size and changes in the physical and chemical characteristics, as
compared to their macromolecular equivalents, provide several possibilities for modern
medicine [51]. Metallic silver, silver nitrate, and silver sulfadiazine have all been used for
centuries to treat burns, wounds, and a variety of bacterial infections, albeit their use has
waned significantly since the development of effective antibiotics [52]. The prevalence of
multidrug-resistant bacteria is increasing in hospitals and in the general population. In
this way, antibiotic resistance is a major public health concern [53] because it raises the risk
of death and illness from the most common types of bacterial infections [54]. The misuse
of antibiotics has been linked to the development of resistance genes [55], hence cutting
back on antibiotic use is an important first step in combating resistance [56]. Newly found
antibiotic resistance [57] highlights the need to address the root cause of this problem,
which is the widespread misuse of antibiotics. Non-traditional antimicrobials are of major
interest since alternative therapies are essential in the modern environment.

In this study, we synthesized silver nanoparticles with sizes below 10 nm. Physico-
chemical studies confirmed the following:

e the size of the nanoparticles in suspension was 9.49 nm;
e the AgNp suspension was exceptionally stable;
e the Ag concentration in the suspension was 0.103 mg/mL.

During the acute toxicity studies in laboratory animals, no lethal events were observed
at any dose. During the first eight hours after administration of the AgNp suspension, the
animals did not show significant motor, vegetative, or behavioral disturbances.

Body weight dynamics showed an upward trend towards the end of the experiment,
because AgNp altered the feeding behavior of the animals, and the percentage change in
body weight was dose-dependent:

e the linear metabolic variations were recorded for Group I (0.00103 mg of Ag per gram
of body weight, Ry = 0.9215) and Group II (0.001545 mg of Ag per gram of body weight,
Ry = 0.9818); it can be stated that the dose administered to Group II of mice resulted in
a uniform increase in the body mass of the animals

e in Group III, which was administered 0.00206 mg of Ag per gram of body weight, the
variation was biphasic: on days 1 and 2 of the experiment there was a sharp decrease,
but on days 3 to 14, a linear increase (R, = 0.9838) was observed

The results obtained in this study demonstrate, for the first time, the pharmacokinetic
profile of the AgNp administered to the males of two species, both rodents. Tmax, T1 /2, MRT
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(mean residence time), and Lz (terminal elimination rate constant) showed similar values
in the two rodent species. Plasma concentration (Cmax) differed significantly between
species (p < 0.01), with a twofold difference in rats compared to mice. In terms of clearance
efficiency, clearance values differ significantly between the two species (p < 0.05), being
six times higher in rats. The volume of the distribution also varies between the species
investigated, being significantly lower in the small animal group (p < 0.00001). It can be
stated then that the level of plasma AgNp concentration, their clearance efficiency, and
their distribution in the body are significantly increased in large rodent species.

Following topical administration of AgNp in an experimental model of induced burns
in rats, the healing effect of the tested suspension was progressive, with a decreasing
evolution of the mean diameter of the animal lesions.

Silver nanoparticles possess a large number of adaptable properties, which endorse
them for a broad range of applications in biomedical research and related fields. Numerous
in vitro and in vivo tests have been conducted on AgNp for the purpose of providing
information about their toxicity toward certain living organs and tissues [48,49,58,59].

Determinations of hematological parameters showed a statistically significant increase
in granulocytes (p < 0.001) in the AgNp group compared to the SAg group (more than 20%
in percentage change). This same pattern was observed for leukocytes, which were 40%
higher in the AgNp group compared to the SAg group (p < 0.01), which means that there is
an intense activation of the cellular and molecular mechanisms of local immune defense,
resulting in the more rapid healing seen in the AgNp group.

8. Conclusions

In the current scenario, when microbes have evolved resistance to the vast majority of
antimicrobial medications, it is still vital to search for strategies to synthesize novel com-
pounds to address this issue. Antibiotic resistance is becoming a worrisome public health
issue, and as a result of the COVID-19 pandemic, it has become increasingly prevalent,
resulting in many fatalities due to the ineffectiveness of antimicrobials. The nanotechnology-
based production of silver nanoparticles is a topic of considerable importance with several
therapeutic applications. In this study, we were able to synthesize and analyze a suspension
of silver nanoparticles with an average crystallite size of 9.49 nm. Furthermore, using ICP-
MS analysis, we established that the suspension’s silver concentration was 0.103 mg/mL.
We evaluated the acute toxicity of the nanoparticle suspension that was produced after a
single oral dosage, since recent research demonstrated that silver molecules might have
potentially hazardous consequences. Based on the obtained results, an intense stimulation
of the cellular and molecular processes of the local immune defense was observed, which
resulted in significantly faster regeneration in the AgNp-treated group. Therefore, we may
conclude that the development of pharmaceutical forms containing silver nanoparticles
might be a new method with very successful performance for the treatment of many skin
conditions, therefore replacing conventional antimicrobials.
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