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Abstract: A new type of silver nanoparticles (AgNPs) was prepared and comprehensively studied.
Scanning electron microscopy (SEM) and dynamic light scattering (DLS) analyses indicated that 24 nm
AgNPs with narrow size distribution were obtained while Z-potential confirms their good stability.
The composites of the obtained AgNPs with nontoxic-nature-inspired hydrogel were formed upon
cooling of the aqueous solution AgNPs and CjyAla. The thermal gravimetric analysis (TGA) and the
differential scanning calorimetry (DSC) do not show significant shifts in the characteristic temperature
peaks for pure and silver-enriched gels, which indicates that AgNPs do not strongly interact with
CjpAla fibers, which was also confirmed by SEM. Both AgNPs alone and in the assembly with the
gelator CipAla were almost biologically passive against bacteria, fungus, cancer, and nontumor
human cells, as well as zebra-fish embryos. These studies proved that the new inactive AgNPs-doped
hydrogels have potential for the application in therapy as drug delivery media.

Keywords: silver nanoparticles; hydrogels; TGA; DLS; XPS; DSC; SEM; Z-potential; drug delivery;
biological activity

1. Introduction

A huge challenge in modern medicine is the search for alternative and effective
solutions to overcome the existing limitations in the diagnosis and treatment of various
diseases. This applies mainly to cancer diseases, the treatment of which is associated
with the problem of resistance to chemotherapy and with general toxicity of drugs for
healthy tissues of the patient [1,2]. Another very important problem are bacterial and fungal
infections, which are becoming more and more resistant to existing treatments. A promising
idea is to use nanoparticles for this purpose as nanomedicines or delivery systems [3].

Nanotechnology is a field of science that has recently gained great interest in the
scientific community due to the wide spectrum of applications in the food, electronics, and
cosmetic industries, as well as medicine. The medical use of nanotechnology significantly
supports the development of innovative methods of prevention, treatment, diagnosis, and
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monitoring of diseases [4,5]. In cancer treatment, nanoparticles allow direct delivery of
drugs to cancer cells, as well as imaging and early tumor detection and monitoring of
treatment effectiveness [6,7]. Nowadays, the potential of application of a large library
of nanoparticles, which, thanks to their nanometric dimensions, have unique chemical,
physical and biological properties, is being assessed. Nanoparticles of metals such as
gold (AuNPs), silver (AgNPs), and copper, as well as silicon dioxide nanoparticles (SiO,-
NPs), titanium oxide (TiO2-NPs), and zinc oxide (ZnO-NPs), are of great interest [8-11].
AgNPs have become very popular, which is due to the well-documented antimicrobial
properties of silver ions [12]. For example, there are some estimates that the production
of silver nanoparticles in the world amounts to about 500 tons per year [13,14]. Silver
nanoparticles are widely used, due to their antibacterial and antifungal properties, against
a fairly wide spectrum of microbial species [12,15-17]. This is possible due to the suspicion
that AgNPs may cause, for example, damage to cell membranes, disruption of the synthesis
of some proteins or their degradation, or cause the formation of reactive oxygen species [18].
Gram-positive bacteria are more sensitive to silver than Gram-negative bacteria, which
results from the fact that the presence of more layers of peptidoglycan reduces sensitivity
of these cells. In addition, studies have shown that the formation of AgNPs combinations
with commonly used antibiotics increases their effect [3,19,20]. Due to their antimicrobial
properties, AgNPs are popular agents used in production of cleaning and disinfecting
agents for surfaces and textiles, gels, or antimicrobial paints, as well as food packaging and
preservation materials. They can be found in many daily used products, such as clothing,
toothpastes, deodorants, and other antibacterial cosmetics, and even in the interior of
refrigerators and washing machines [10,21]. However, toxic effects of AgNPs on various
organisms, including humans, and on the environment have been reported recently. The
mechanism of silver toxicity is not well understood yet, and requires further research in
this area [10,22-27].

Among the methods allowing the synthesis of AgNPs, the three main groups are
distinguished [28]. The most common are chemical methods, due to their relative ease and
efficiency, where various organic solvents are used [17]. Another group are physicochemical
methods, in which specialized equipment is often used, because the synthesis is carried
out using ultrasounds or irradiation. The last group includes biological methods that are
based on the use of plant extracts, vitamins, and amino acids, or the use of bacteria and
fungi [5,18,29,30].

Here we report synthesis of AgNPs which by design are characterized as biologically
inactive. That was achieved by applying the low-temperature synthesis in the presence of
tannic acid followed by exhaustive purification by multiple centrifuging and ultrasound-
assisted dissolving. The hydrogels were prepared from Cj,Ala with an addition of sodium
citrate stabilizing additive, while AgNPs-doped hydrogel was prepared from AgNPs stock
solution, solid CypAla, and sodium citrate solution.

Biological activity of sole silver nanoparticles as well as in the combination with gelator
were assessed against a panel of microorganisms including bacteria and fungi tumor and
nontumor human cell lines, human red blood cells, and zebra-fish embryos.

2. Results and Discussion
2.1. AgNPs Synthesis

AgNPs stabilized by citric acid, with controlled dimensions and surface properties,
were obtained using a modified method published in our previous work [31]. The quoted
procedure consists of a reduction of ionic silver to metallic nanoparticles in an aqueous
system with citric acid. In this reaction, the reducing agent was also used as a capping
ligand generating a stabilizing, negative charge on the surface of the obtained AgNPs. The
main factors affecting the kinetics of reduction, nucleation, and then the aggregation of
growing seeds are concentration of reagents, reaction time, and also the temperature [32].
Each of these has a strong impact on morphological and physicochemical, as well as
antibacterial, properties of the obtained nanomaterials. Typically, AgNPs are prepared
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in boiling aqueous solution by reduction of soluble silver salts by NaBH, or other mild
reductant. The low-temperature syntheses are rare but they certainly may lead to AgNPs
of a different structure and surface properties. This option was selected and the AgNPs
were obtained at a room temperature in sodium citrate and tannic acid, physically purified,
and dissolved in water to obtain a solution of 4.4 mg/mL concentration.

Physicochemical characteristics of AgNPs were determined using the DLS method,
SEM, and ultraviolet-visible absorption spectroscopy (UV-Vis). Furthermore, the compo-
sition of the AgNPs surface was analyzed by means of X-ray photoelectron spectroscopy
(XPS). The hydrodynamic diameter of obtained AgNPs, determined by DLS, was equal
to 24 £ 5 nm with PDI (polydispersity index) of 0.04. The particle size and the PDI indi-
cated the absence of aggregates in the tested suspension. The zeta potential of obtained
nanoparticles, calculated to be —26 = 6 mV, reveals high stability of the tested AgNPs
suspension (at pH = 6.67), with a high negative surface charge resulting from the presence
of dissociated citric acid molecules adsorbed on the surface of nanoparticles. The presence
of a high surface charge effectively inhibits the process of aggregation of nanoparticles,
which is observed in DLS (hydrodynamic diameter) analysis. The measurement results are
shown in Figure 1.
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Figure 1. (Left) Hydrodynamic diameter distribution and (Right) surface zeta potential of AgNPs
(the different colors correspond to repeated measurements).

The AgNPs monolayer for SEM observations was obtained by the diffusion-
adsorption method [33] according to the random sequential adsorption (RSA) the-
ory [34,35]. The AgNPs monolayer adsorbed on the polyethyleneimine (PEI)-modified
silicon surface is shown in various magnifications in Figure 2a—c. The normalized
Gauss distribution of diameters calculated by graphical analysis (Image] software) of
SEM images is shown in Figure 2d. The average diameter of AgNPs determined by
SEM is 31 nm. The difference in values of hydrodynamic diameter measured by the
DLS and SEM methods is naturally explained by specificity of the techniques used [36].

The electronic absorption spectra of the obtained AgNPs, as presented in Figure 3,
show a characteristic intense narrow band at Apax = 400 nm and an additional band at
Amax = 1000 nm. The stock solution of AgNPs with concentration of 1.9 mg/mL was
used for preparation of more diluted solutions (20, 40, and 60 pL of stock solution per
1 mL of water) for UV-Vis spectroscopy.



Molecules 2023, 28, 1194

40f19

(a) — magnification 100 000 times.
(b) — magnification 200 000 times.
(¢) — magnification 400 000 times.
(d) — normalized size distribution.

Mag = 100.00 KX EHT = 3.00kV

Mag = 200.00 K X EHT = 3.00 kV

(b)

20 25 30 35 40 45
diameter [nm]

Mag = 400.00 KX EHT = 3.00kV

(©) (d)

Figure 2. SEM images of AgNPs nanoparticles monolayer on PEI-modified silica wafers with various
magnifications, and their normalized size distribution at N = 500 (D). (a) 100 KX; (b) 200 KX; (c) 400 KX;
(d) AgNPs size distribution.
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Figure 3. UV-Vis absorption spectroscopy of silver nanoparticles solutions.

AgNPs were isolated from the suspension and, after drying, examined for the surface
composition using the XPS method (Figure 4). Core level spectra of Ag 3d, O 1s, and C
1s are shown in Figure 4. The collected results confirm that the stabilizer remains on the
surface of the nanoparticles. This is evidenced by the peaks at E,, = 285.1 & 0.1 eV (C-C
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species), 286.6 + 0.2 eV (C-OH species), and 288.7 £ 0.1 eV (carboxyl species) observed in
the XPS C 1s spectra, as well as at E,, = 531.5 £ 0.1 eV (O=C-O species) and 532.7 £+ 0.1 eV
(C-O species) in the XPS O 1s spectra [37]. In the discussed areas, we also found the features
that confirm the presence of water adsorbed on the surface (E;,, = 535.4 eV), as well as trace
amounts of K (doublet with K 2p3/» at 293.1 eV and K 2pq /; at 296.0 eV). The surface also
contains silver, but its chemical state may not be uniform. Both samples show the Ag 3ds,,
peak at 368.3 == 0.1 eV and the Ag 3d3,, peak at 374.3 &= 0.1 eV. Such high binding energy
value of these peaks may indicate the presence of metallic silver (oxide systems usually give
peaks at Ey, below 368 eV) [38,39]. On the other hand, in the O 1s region, the component
typical for the emission of photoelectrons from oxygen atoms bound to metal atoms (Eb
= 530.2 eV) is observed. Most likely, therefore, the surface of silver is partially oxidized
to form film of silver hydroxide or silver doped with oxygen atoms [40-42]. Notably,
the presence of oxygen atoms bonded to silver was not evidenced in the case of highly
biologically active silver nanoparticles prepared in regular hydrothermal conditions [31].
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Figure 4. XPS core level spectra of (a) Ag 3d, (b) O 1s, and (c) C 1s for the AgNPs.

2.2. Preparation of Hydrogels

Inspired by our previous results in the preparation of a stable and nontoxic gold
nanoparticle containing hydrogels [11] suitable for medical applications and drug delivery,
we decided to use the same gelator CjpAla which had been thoroughly studied and proved
to be efficient and safe [11,43,44]. The blank hydrogel containing C1,Ala was prepared as a
reference. At first, we measured the solubility of CjpAla in water at 20 °C. The experiments
were based on a direct measurement of a weight loss of insoluble material recovered after
ultrasonic-assisted dissolving of excess C1pAla in water at 30 °C, and 4 days equilibration
at 20 °C without the ultrasonic irradiation. The measured solubility was determined as
116 mg/L. The development of stable hydrogels required formation of the net of fibers of
gelator from the permeated solution. We found that hydrogels containing less than 5% of
the gelator undergo relatively fast phase transformation and precipitation of gelator. The
stable gels were obtained after rapid cooling of (prepared at 85 °C in ultrasonic bath) 7%
solution of CjpAla in 0.5% aqueous solution of sodium citrate. The CjpAla is the molecule
with polar and nonpolar parts. In the presence of a solvent, the gelator molecules connect
with each other with the polar parts through weak hydrogen bonding and electrostatic
interactions [44], forming thin and long fibers of the gel matrix. In the case of strongly
hydrophilic molecules dissolved by polar solvents, the structures of the gel matrix look
very different. ZhangPing Li and coworkers showed SEM images of the internal structure
of a hydrogel made of polyethyleneimine-modified pectin, as seen in Figure 2 in [45].
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The hydrogels doped with AgNPs (C1,Ala-AgNPs) were obtained similarly from the
solution of AgNPs (4.4 mg/mL and 2.2 mg/mL), sodium citrate (0.00125 M), and solid
CjpAla. Formed hydrogels were examined by applying several physicochemical methods.

2.3. SEM Analysis

The SEM images of hydrogels stored for 5 months at 5 °C presented in Figure 5
correspond to the blank hydrogel (Figure 5a); Ci2Ala-AgNPs containing 4 mg/L of AgNPs
(Figure 5b); AgNPs distributed among the fibers of gel, and the melted by electron beam
hydrogel containing AgNPs (Figure 5c); and separated AgNPs in completely melted gel
(Figure 5d).

(d)

Figure 5. The SEM images of hydrogels. (a) hydrogel without AgNPs; (b) hydrogel with AgNPs;
(c) SEM images of AgNPs distributed among the fibers of gel in two magnificstions; (d) SEM images
AgNPs in melted gel in two magnificstions.

As it was measured, the average diameter of gel fibers in blank hydrogel was between
d = 0.15-0.25 pm, while in hydrogel doped with silver, it was between d = 0.6-1.8 m.
This could be rationalized by the assumption that the negatively charged AgNPs most
strongly interact with thinner nanofibers and promote their recrystallization and fusion.
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The metal nanoparticles also make the hydrogel less stable under the electron beam
irradiation, and the gelator fibers are melted during the measurement.

We confirmed a weak interaction of AgNPs with fibers of the gelator in centrifuge ex-
periment. The AgNPs were separated from the gel; after 15 min of rotation at 13,000 rpm,
the majority of AgNPs were collected at the bottom of the centrifuge vessel (Figure 6a),
and they were dissolved back after storing for 24 h at ambient temperature (Figure 6c).

»

©

(b)

Figure 6. CjpAla-AgNPs (a) before, (b) after rotation, and (c) after 24 h of storing.

2.4. Thermal Resistance

As was already demonstrated, the presence of AgNPs in the liquid phase located
between the nanofibers affected the properties of gel and its stability. More information
about this phenomenon was gathered during thermal analysis.

2.4.1. The Melting and Crystallization Point of Gels

The three repetitions of the gel samples” heating and cooling process were performed
in the temperature range from 20 °C to 100 °C by DSC method. Figure 7 shows the second
repetition for both samples.

65°C

C,,Ala-AgNPs

40 -

»
=]
1

— CpAla

Heat flow, mW
=2
1

—
=
1

q — C'l 2A1a-AgNPs

C ,Ala-AgNDPs

melting
point

,,,,,,,,,,,, CioAla 64°C

heating

CppAla

cooling
CppAla

G 21\ld

crystallization

C,,Ala-AgNPs point 35°C

,,,,,

40, 50 60 70 80 90

Temperature, °C

C,,Ala-AgNPs

Figure 7. The second cycle (heating and cooling) of DSC measurements of C1Ala and CpAla-AgNPs
gel samples.

The melting point is clearly visible in Figure 7 at around 65 °C and it fluctuates
by one degree between the pure sample CiyAla gel and the sample doped with silver
nanoparticles, C1pAla-AgNPs. The crystallization point of the sample does not depend
on the nanoparticle content and amounts to 35 °C. The results of the DSC test indicate
that the gel samples are stable in the tested temperature range; they do not change their
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chemical characteristics in the multicortical dissolution and gelling process. Moreover,
the presence of silver nanoparticles does not significantly affect the stability of the
gel matrix.

2.4.2. Temperature Decomposition of Gels

The total decomposition of the gels was recorded at a temperature of about 350 °C. In
comparison, the total decomposition temperature of analogical gel enriched with gold nanopar-
ticles (C1pAla-AuNPs) was about 300 °C (see Figure 2 in [11]). Figure 8 shows thermograms
for CypAla gel and CqpAla-AgNPs gel samples, obtained for a heating rate of 10 °C/min.

1.0
— C12Ala

—— CjrAla-AgNPs

0.9
0.8:
0.7;
0.6;

0.5

CppAla

0.4 heating rate - 10°C/min

_——

weight, x100%

0.3 1
0.2

0.1 1
CppAla-AgNPs

00— 77— L B L B
0 50 100 150 200 250 300 350 400 450 500 550 600

T LI

Temperature, °C

Figure 8. TGA curves of CjpAla and CypAla-AgNPs gel samples.

As can be seen in Figure 8, the very fast weight loss (from 100% to ~10% of weight) was
recorded for both samples in the temperature range from 20 °C to 125 °C. This process is
related to the rapid evaporation of the solvent from the gels. In the temperature range from
125 °C to 275 °C for both samples, another process of a mass loss occurs, related to the de-
composition of the gelator C1;Ala. Moreover, as shown in the graph of the TGA derivative
(Figure 9), over the temperature range of 330-350 °C, an additional peak is clearly visible.
This peak is related to the degradation of the silver particles (AgNPs) and suggests that the
silver nanoparticles are not chemically bound to the C;,Ala gelator molecules. In the case of
strong bonding of nanoparticles to gelator fibers, the decomposition peak for nanoparticles
would not be so pronounced; nanoparticles would decompose together with gelator fibers.
The TGA measurements were performed with heating rates of 1 °C/min, 5 °C/min, and
10 °C/min to calculate the kinetics of samples decomposition by the Ozawa-Flynn-Wall
(OFW) theory [46]. The results (not shown in this work) were similar to the sample enriched
with gold nanoparticles AuNPs. Within the limit of 10% liquid phase loss, we found that
CypAla-AgNPs can stay at a temperature of 10 °C for about 65 min, whereas increasing
the temperature to 90 °C shortens this time to only a few minutes. For CjpAla-AulNPs, the
limit of 10% of weight at 10 °C was reached after 70 min [11].
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Figure 9. Temperature dependence of the derivative of weight loss on the heating rates of Cj,Ala
and CipAla-AgNPs gels.

In general, the thermal analysis proves the stability of hydrogels at ambient tempera-
ture and the lack of strong interaction between AgNPs and CypAla gelator.

2.5. Biological Activity
2.5.1. Antimicrobial Properties

In the context of the biological activity of silver, the antimicrobial properties of the
metal are the most common. Newly synthesized at low temperature AgNPs were exam-
ined by the broth microdilution method against twelve bacteria and one fungal strains.
Surprisingly, the AgNPs at the tested concentration of up to 1 mg/mL did not inhibit
the growth of any of the tested microorganisms, neither bacteria nor fungi (Table 1). The
results are in opposition to these presented by others, where AgNPs were obtained in the
hydrothermal synthesis. Hwang et al. also tested antibacterial activity of AgNPs against
human pathogenic bacteria, including two strains of E. coli and P. aeruginosa, S. aureus.
Nanoparticles showed antibacterial activity with MIC (minimal inhibitory concentration)
values of 0.5-2 ug/mL [20]. In research by Pucelik et al. on multifunctional silver nanoparti-
cles modified with 11-mercapto-N, N, N-trimethylammonium chloride (TMA), and sodium
citrate (TSC), MIC values of 0.17 pg/mL and 0.05 ug/mL, respectively, for E. coli and S.
aureus were obtained [31]. AgNPs were also the subject of the research of Loo et al. [47].
In their study, the MICs of AgNPs against E. coli, K. pneumoniae, S. typhimurium, and S.
enteritidis were 7.8, 3.9, 3.9, and 3.9 pg/mL, respectively. In antimicrobial tests performed
by Liao et al., AgNPs were shown to have a strong bactericidal effect on drug-resistant and
multidrug-resistant P. aeruginosa with an MIC range of 1.4-5.6 pg/mL [48]. Antimicrobial
studies on the gelator CipAla and its variant containing AgNPs showed a lack of both
antibacterial and antifungal properties (Table 1).

Table 1. Assessment of antibacterial and antifungal properties of AgNPs, and Cj,Ala, as well as
CipAla-AgNPs, gels. MIC values expressed in pg/mL are presented. Chloramphenicol (CPL) and
Amphotericin B (AmpB) were used as control antibacterial and antifungal agents, respectively.

. . Clela-
Microorganism AgNPs Ci2Ala AgNPs CPL AmpB
S. aureus ATCC 6538 15.6 n/a
S. aureus ATCC 25923 31.2 n/a
S. aureus ATCC BAA-2313 >1000 >6000 >6000 15.6 n/a
S. epidermidis PCM 2651 31.2 n/a

S. pneumoniae PCM 2589 15.6 n/a
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Table 1. Cont.

CuAla-

Microorganism AgNPs CppAla AgNPs CPL AmpB
A. lwoffii PCM 2235 7.8 n/a
E. cloacae PCM 2569 15.6 n/a
E. faecalis PCM 2786 15.6 n/a
P. aeruginosa PCM 3035 15.6 n/a
E coli ATCC 25922 15.6 n/a
P. vulgaris PCM 1347 15.6 n/a
K. pneumoniage PCM 1 15.6 n/a
C. albicans ATCC 10231 n/a 3.12

In addition to antimicrobial properties, silver nanoparticles are known for their an-
ticancer activity. The synthesized AgNPs have been tested for anticancer activity against
normal (CCD-11Lu) and cancer (HeLa, SW480) human cell lines. At the lowest tested
concentration of 0.5 ug/mL against HeLa, SW480, and CCD cells, cell viability was very
close, or equal, to 100%. However, at the highest concentration (220 pg/mL) for HeLa cell
line, AgNPs inhibit the proliferation only by 5.73% after 24 h of incubation and by 7.41%
after 48 h. In the case of the SW480 and CCD-11Lu lines, the inhibition of proliferation was
higher and amounted to 23.54% and 20.5% after 48 h of incubation, respectively (Figure 10).

24 h

R 100 { = o I T I
£ ) 1
o 80 &
8 =
>
S 60
%o H Hela
40 OSW 480
S 2 CCD-11Lu

0

0.5 1 10 50 100 220
AgNPs [ug/mL]
48 h

. 100 Tk «I» I e 1]
£ hI
3 80 I
>
® 60
% W Hela
£ 40 OSW 480
g 2 CCD-11Lu

0

0.5 1 10 50 100 220

AgNPs [ug/mL]

Figure 10. Viability (%) of human cell lines exposed to the increasing concentrations of AgNPs,
assessed with the use of (3-[4,5-dimethylthiazol-2-yl])-2,5 diphenyl tetrazolium bromide (MTT) assay
after 24 and 48 h of incubation.

Similarly to antimicrobial inactivity, the AgNPs show the minor influence on human
cancer cells only at the highest tested concentration, which does not correspond with the
results obtained by others, where hydrothermal AgNPs synthesis was applied. Pucelik
et al. found that AgNPs are highly toxic to cancer cells [31]. The studies included AgNPs
of different sizes (DLS: 3.1-41 nm) with positive surface charge: Ag@TMA1, Ag@TMA?2,
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Lysed erythrocytes [%]
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and negative surface charge: Ag@TSC1, Ag@TSC2 against human keratinocytes (Ha-
CaT) and cancer cell line: CT26, 4T1. The test included the concentration of 0.1 and
0.5 pg/mL and incubations for 2 and 24 h. In concentration of 0.50 pug/mL, AgNPs show
high toxicity in all tested cases. Other studies on the cytotoxicity of AgNPs were carried
out against breast cancer cell lines (MCF-7) and human lung fibroblast cell lines (WI38).
The ICsq of cellular inhibition of silver nanoparticles was observed at 27.79 + 2.3 and
31.78 &+ 2.2 ug/mlL, respectively [49]. On the other hand, studies on biosynthesized silver
nanoparticles showed reduced cell viability in colon cancer cells (HCT-116) at an ICsg
concentration of 100 pg/mL [50]. Next, the gelator alone, as well as in the combination
with AgNPs, was tested against two cancer and one nontumor human cell lines. The
presented high ICsq values, starting from 1.86 mg/mL revealed low anticancer activity
of these substances (Table 2). In spite of such results, firstly, nontumor CCD-11Lu cells
showed lower susceptibility to gelators, and, secondly, addition of AgNPs resulted in
higher cytotoxicity, especially against tumor SW480 cell line.

Table 2. IC5p (mg/mL) against tumor and nontumor cells at 24 h of incubation.

Hela SW480 CCD-11Lu

AgNPs >0.22 >0.22 >0.22
CipAla 250 £0.25 3.08£0.13 4.85+1.28
Ci2Ala + AgNPs 233 +0.71 1.86 & 0.32 4.35+0.97

2.5.2. Hemolytic Properties

In order to confirm the low toxicity of metal nanoparticles against normal human cells,
AgNPs alone, as well as in the combination with the gelator, were tested for hemolytic
activity using human erythrocytes (Figure 11). At the concentration of 11 ug/mlL, the
nanoparticles do not cause hemolysis of the blood cells. In turn, at the concentrations of
22 and 110 ug/mL, 4.2% and 8.2% of the blood cells were lysed, respectively. The highest
percentage of hemolysis (11%) was obtained at the highest concentration (220 pg/mL).
The results show that the AgNPs, even at high concentration, have little hemolytic activity.
Korolev et al. [51] and Zharkova and team [52] obtained similar results. They found that the
hemolytic activity of unmodified AgNPs was minimal and did not exceed a few percent. In
turn, Chen et al. [53] investigated the hemolytic activity against three diameters of AgNPs.
Studies showed that AgNPs15 resulted in a much higher level hemolysis (60%) compared
to AgNPs50 and AgNPs100, which caused less than 12% hemolysis even at the highest
tested concentration. The combination of AgNPs with the gelator results in slightly higher
hemolysis in comparison with an activity of sole C1pAla, but taking into consideration that
gels were tested at quite high concentrations, this effect was rather irrelevant (Figure 11).

100 (a) - AgNPs
(b) - C,Ala
(c)- CioAla + AgNPs
(a) (b) (c)
17.7
g2 1 g2 89 133 9.5 114
4.2 5.7 . 6.5
0
- B L = = wm NN
Triton 0.01 0.02 0.11 0.22 0.1 10 0.1 10
X100 AgNPs [mg/mL] Cy,Ala [mg/mL] Cy,Ala + AgNPs [mg/mL]

Figure 11. Hemolytic activity of AgNPs and gelators measured by percent of lysed erythrocytes
compared to control (Triton X-100). (a) AgNDPs; (b) CipAla; (c) CipAla-AgNPs.
2.5.3. Ecotoxic Properties

In the final stage, silver nanoparticles and gelators were tested for ecotoxic properties
using the in vivo Danio rerio model (Figure 12).



Molecules 2023, 28, 1194

12 0of 19

FET (Danio rerio)

(a) - AgNPs
b)-C,
il - E:‘:ll:—i\gNPs . L
S
g (a)ECso= 4.6 mg/ml
---------- a1 e R
= (b)ECso= 3.7 mg/ml
in |

10 mg/ml

Figure 12. Determination of the fish embryo toxicity (FET), expressed as ECsy values, and
the effect of the tested compounds on the morphology of zebra-fish embryos. (a) AgNPs,
(b) Cy2Ala, (c) CipAla-AgNPs.

CipAla-AgNPs was not toxic at all, while compounds AgNPs and Cy;Ala were toxic at
the dose of 5 mg/mL. No malformations were observed. The toxicity of AgNPs and Cy;Ala
were exerted in coagulation of fertilized eggs in concentrations of 5 mg/mL and higher.

3. Materials and Methods
3.1. General CPL

AmpB, TSC, silver nitrate, tannic acid, and PEI (branched, analytical standard) were
purchased from Sigma-Aldrich Chemicals, St. Louis, MO, USA. Distilled water was ob-
tained with Millipore system (o = 18.2 M()) and used in all experiments and for washing
glass parts of the laboratory equipment. Silicon wafers used in the experiments were pur-
chased from Siegert Wafer GmbH (Aachen, Germany). XPS measurements were performed
in a Prevac photoelectron spectrometer consisting of an analysis UHV chamber with a
hemispherical analyzer (VG SCIENTA R3000 (Pleasanton, CA, USA)). A monochromatized
aluminum source Al Ko (hv = 1486.6 eV) was used for acquiring survey- and cor-level
spectra. The scale of binding energy value was calibrated by referring to a position of
Au 4f (E, = 84.0 V). Curve-fitting analysis of all spectra was performed in the Casa XPS
software using the mixed Gauss and Lorentz function (GL = 30) after subtraction of the
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Shirley-type background. The reference strains of microorganisms from Polish Collection of
Microorganisms (PCM) of Hirszfeld Institute of Immunology and Experimental Therapy of
Polish Academy of Sciences (Wroctaw, Poland), and from American Type Culture Collection
(ATCC) (Manassas, VA, USA) were included. The representative Gram-positive bacteria
were Staphylococcus aureus ATCC 6538, Staphylococcus aureus ATCC 25923, Staphylococcus
aureus ATCC BAA-2313 (MRSA), Staphylococcus epidermidis PCM 2651, and Streptococcus
pneumoniae PCM 2589, while the Gram-negative bacteria were Acinetobacter lwoffii PCM
2235, Escherichia coli ATCC 25922, Proteus vulgaris PCM 1347, Klebsiella pneumoniae PCM 1,
Pseudomonas aeruginosa PCM 3035, Enterobacter cloacae PCM 2569, and Enterococcus faecalis
PCM 2786. Moreover, the fungi belonging to yeasts, Candida albicans ATCC 10231, were
used. The CCD-11Lu (normal lung fibroblasts), HeLa (cervix adenocarcinoma), and SW480
cell line (colorectal adenocarcinoma) were obtained from ATCC. DSC measurements were
made using a DSC 4000 (—50-400 °C)/PERKIN ELMER differential calorimeter. TGA mea-
surements were made on a TGA 8000 (—20-1200 °C)/PERKIN ELMER. The hydrodynamic
size distribution and surface zeta potential of the manufactured solutions were assessed
directly through the DLS technique via the diffusion coefficient measurements conducted
using ZetaSizer Nano ZS Instrument (Malvern Panalytical, Malvern, UK) from Malvern.
The measurements were conducted using appropriate quartz cuvettes, dedicated to such
measurements. The analysis of the statistical distribution of the nanoparticles’ sizes was car-
ried out through computing SEM images. To evaluate the NPs size distribution, an analysis
software for graphical images was implemented: Image] (https://imagej.nih.gov/, ac-
cessed on 26 December 2022). The statistical analysis was conducted for a probe of N = 500.
UV-Vis spectroscopy was implemented to examine the solutions of manufactured nanopar-
ticles in the wavelength range of 300-1100 nm, using a UV-2600 spectrometer (Shimadzu,
Kyoto, Japan). The measurements were conducted using appropriate quartz cuvettes,
dedicated to such measurements. The weight concentration of silver (Ag) nanoparticles
was measured by a densitometer DMA 5000M from Anton Paar. The SEM measurements
were recorded on a ZEISS Ultra Plus microscope.

3.2. AgNPs Preparation

Silver nanoparticles with controlled dimensions and surface properties were obtained
by a modified method published in our previous work [31]. A total of 20 mL of 25 mM
solution of TSC was mixed with 2 mL 5 mM solution of tannic acid and diluted with
78 mL of water. The obtained solution was stirred for 15 min at room temperature (RT),
then 3 mL of 25 mM solution of AgNO3; was added dropwise. The change in the color of
the solution, from bright yellow through intensive yellow to slightly red, within several
minutes indicated the formation of AgNPs coated with the citric ligands. After the reaction,
the final solution was purified by recentrifugation at 2500 rcf, which led to the separation
of NPs larger than 40 nm from the supernatant. The purification process was carried out
by recentrifugation at 18,000 rcf and then the solution was washed several times, resulting
in a precipitate of AgNPs with water. The size and zeta potential of the final AgNPs were
estimated by DLS and SEM. The concentration of the obtained suspension was determined
by density measurement, which was 4.4 mg/L.

Determination of Concentration of AgNPs

The weight concentration of silver (Ag) nanoparticles in the solution after purification
was evaluated by measuring the density of the native suspension ps and the effluent pe
obtained following centrifugation. The mass concentration is then determined using the
formula [54]:

_ Pp(os — pe)
ps(op — pe)
where: p, = 10.49 g/cm? is the specific density of silver nanoparticles [55].

According to the discussed procedure, the concentration of AgNPs was found to be
44 mg/L.

w
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3.3. Silicon Substrate Treatment for NPs Microscopy Observations

The procedure is based on thoroughly washing the silicon substrate (1 cm x 1 cm)
in methanol and then in ultrapure water under sonication treatment. In the next step,
ultraclean and dried under argon flush substrates were oxidized by piranha solution (3
parts of concentrated sulfuric acid and 1 part of 30% hydrogen peroxide solution; 15 min).
The PEI polyelectrolyte monolayer was applied onto the surface of the silicon substrate by
the layer-by-layer LBL technique. In the case of the negative charge of NPs, one PEI layer
was formed on the surface, as a result of immersing substrates in a PEI solution (1 mg/mL;
30 min). The deposition of the NPs was carried out by immersing the substrates in the
nanoparticles” dispersion during 20 min. After this process, the substrates were thoroughly
washed with water and dried with argon. Freshly prepared solutions of polyelectrolytes,
which were previously sonicated, were used.

3.4. Preparation of the Hydrogels, Typical Procedure

The dry glass vial equipped with the stirrer magnet was charged with 7.3 mL of
solution AgNPs (4.4 mg/mL), 560 mg of solid CjpAla was added, and after 2 min of
stirring, 0.12 mL of a 1.25 M solution TSC was added. The vial was closed and the reaction
mixture was heated at 85-90 °C in ultrasonic bath for 10 min to achieve the homogenous
mixture. Next, the vial was cooled down to 0-5 °C in an ice bath without stirring. After the
cooling was completed, the stable at ambient (and lower) temperature light yellow gel was
formed, as presented in Figure 5B.

3.5. Differential Scanning Calorimetry (DSC)

DSC measurement was used to analyze phase transitions related to temperature
change in samples and determine the phase and structural changes taking place in the
sample during heating along with their kinetics, exothermic and endothermic chemical
reactions, changes in the heat capacity of the sample, and, in some cases, as well as the
temperature stability of the samples.

3.6. Thermal Gravimetric Analysis (TGA)

TGA was used to record changes in the mass of a sample during its thermal decom-
position to make conclusions regarding the amount of thermal transformation and the
temperature at which this transformation takes place.

3.7. Determination of Minimum Inhibitory Concentrations (MICs)

The substances were investigated in vitro for antimicrobial activities. In these stud-
ies, the broth microdilution was used. The MIC of the substances was evaluated by the
microdilution broth method in 96-well polystyrene plates. The tests were performed in
accordance with the guidelines of the European Committee on Antimicrobial Suscepti-
bility Testing (EUCAST) [56] and Clinical and Laboratory Standards Institute (CLSI) [57].
All the used microbial cultures were first subcultured on nutrient agar (for bacteria) or
Sabouraud agar (for Candida) (BioMaxima S.A., Lublin, Poland). Twofold dilutions of the
tested compounds in selective Mueller-Hinton broth (BioMaxima S.A., Lublin, Poland)
for bacteria and RPMI 1640 (Sigma-Aldrich Chemicals, St. Louis, MO, USA) with MOPS
(3-(N-Morpholino)propanesulfonic acid) (Sigma-Aldrich Chemicals, St. Louis, MO, USA)
for fungi were performed. The final concentrations of AgNPs ranged from 1000 pg/mL
to 0.35 ng/mL, CjpAla ranged from 6000 ng/mL to 11.7 ng/mL, and CipAla + AgNPs
ranged from 6000 pg/mL to 11.7 ug/mL. Bacterial and fungal suspensions were prepared
in sterile NaCl with an optical density of 0.5 McFarland standard. Next, the microbial
suspension was introduced into each well of the microplate containing broth and various
concentrations of the tested substances. After 24 h incubation, the MIC value was assessed
visually as the minimal concentration of the samples that showed complete microbial
growth inhibition. Each concentration range for all microbial species was tested in triplicate.
Appropriate DMSO, sterile, and growth controls were performed. The media with and
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without tested substances/DMSO were used as controls. Standard antibiotics, antibacterial
CPL, and antifungal AmpB were used as reference substances.

3.8. Cell Culture

The CCD-11Lu (normal lung fibroblasts), HeLa (cervix adenocarcinoma), and SW480
cell line (colorectal adenocarcinoma) cells were cultured in DMEM (Dulbecco’s Modified
Eagle Medium, high glucose)+ GlutaMAX supplemented with penicillin (100 U/mL),
streptomycin (100 U/mL), and 10% heat-inactivated fetal bovine serum (FBS). Cells were
maintained in a humidified atmosphere at 37 °C and 5% CO, and passaged twice before
performing an experiment.

3.9. Antiproliferative Assay

For antiproliferative assay, cells of each line were seeded in 96-well microplates (Wuxi
Nest Biotechnology, Wuxi, Jiangsu, China) at a density of 2.5 X 10% cells/mL in 100 pL
DMEM + GlutaMAX supplemented with 10% heat-inactivated FBS in two sets for different
periods of tested compound exposure. After 24 h of cell attachment, plates were washed
with 100 uL/well of Dulbecco’s phosphate-buffered saline (DPBS) and the cells were treated
with increasing concentrations (0.0005-0.22 mg/mL final concentration) of AgNPs and
0.056-100 mg/mL final concentration of CjpAla and CjpAla-AgNPs prepared in fresh FBS-
free medium for 24 and 48 h. All stock solutions were diluted to the desired concentration
with the culture medium only. Each concentration was tested in triplicate. Cytotoxicity
of compounds was assessed using (3-[4,5-dimethylthiazol-2-yl])-2,5 dipheny]l tetrazolium
bromide (MTT) assay as described below. Following 24 and 48 h of compound exposure,
control medium or test exposures medium were removed, the cells were rinsed with DPBS,
100 pL of fresh medium (without FBS or antibiotics) containing 0.5 mg/mL of MTT was
added to each well, and the plates were incubated for 3 h at 37 °C in a 5% CO, humidified
incubator. After the incubation period, the medium was discarded, the cells were washed
with 100 puL of DPBS, and 100 pL of DMSO was added to each well to extract the dye.
The plate was shaken for 10 min and the absorbance was measured at 570 nm. Viability
was calculated as the ratio of the mean of OD obtained for each condition to the control
condition. Calculations of ICs( values and statistical analysis were performed in GraphPad
Prism 9 software.

3.10. Hemolytic Activity

The hemolytic activity of the AgNPs and gelators was determined on human red blood
cells. Human erythrocytes were harvested by centrifugation for 10 min at 2000 rpm and
4 °C. Then, the pellets were washed in PBS buffer (10 mM phosphate, pH 7.5; 150 mM NaCl).
This step was performed three times. The resulting suspension was serially diluted 10-fold
in PBS. A further 1:10 dilution of PBS was prepared from this suspension. Then, 450 uL
of the final diluted erythrocytes were added to microcentrifuge tubes, which contained
test compounds in an amount of 50 uL each. The final concentrations was 11-220 pug/mL
(AgNPs), and 0.1-10 mg/mL (CjpAla and CjpAla + AgNPs). Test concentrations were
prepared by dissolving in PBS, and 1% Triton was used as a positive control, causing total
hemolysis. The tubes were incubated at 37 °C for 1 h and then centrifuged for 10 min
at 2000 rpm and 4 °C. A total of 150 pL of each tube was transferred to a flat-bottomed
microtiter plate. The absorbance was measured at 450 nm. The hemolysis percentage was
calculated by the following equation: % hemolysis = (A450 of test compound treated sample
— Aysg of buffer treated sample/ Aysp of 1% Triton X-100 treated sample — Aysg of buffer
treated sample) x 100%. The experiments were performed in duplicate.

3.11. Ecotoxicity

To determine the toxicity of AgNPs, CipAla, and CipAla-AgNPs, the FET test was
performed on zebra-fish (Danio rerio) according to OECD Test Guideline 236. Briefly, newly
fertilized zebra-fish eggs were exposed to solutions of compounds for a period of 96 h at
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concentrations ranging from 1 to 10 mg/mL. The system applied in the experiment was
static, as the changes of solution concentrations did not exceed the range of 20% of nominal
concentration values.

The E3 solution (5 mmol/L NaCl, 0.17 mmol/L KCl, 0.33 mmol/L CaCl,, and
0.33 mmol/L MgSQO,, containing no methylene blue, with a pH value of about 7.2) was
used as embryo culture medium as well as to prepare the solutions. The experiment was
performed in 24-well plates, with five embryos per well, ten per group, in three repetitions.
Each plate was covered and kept in an incubator set at 28 = 0.5 °C under a light/dark
period of 12/12 h. At the end of the exposure period (96 hours post fertilization (hpf)), acute
toxicity was determined based on a positive outcome in any of the four visual indicators
of lethality, including the coagulation of fertilized eggs, lack of somite formation, lack of
detachment of the tailbud from the yolk sac, and lack of heartbeat. The value of ECs
was calculated.

4. Conclusions

The main goal of this work was to prepare and investigate the properties of a new
CjpAla-based hydrogel enriched with AgNPs in terms of its suitability for pharmaceutical
purposes. On the basis of physical and biological tests, it was found that silver nanoparticles
do not disturb the stability of the gel matrix, and both matrixes, pure and silver-enriched
are stable in the temperature range of 20 °C to 100 °C. No interactions were found between
gelator molecules and silver nanoparticles, which diffuse freely in the pores filled with the
liquid phase of hydrogel.

In comparison with the biological activity of AgNPs published elsewhere, our nanopar-
ticles show high level of biological neutrality when tested against microorganisms, human
cells as well as zebra-fish embryos. Combination of AgNPs with the gelator Cj,Ala studied
in parallel also showed trace biological activity towards the used models. Such biologically
neutral assembly may be taken into consideration as promising agent for applications
where side effects are unwanted, e.g., in drug delivery.

Author Contributions: Conceptualization, O.M.D. and K.K.; methodology, O.M.D., KK., M.M,,
J.K., PK. and M.B,; investigation, KK, K.G.,, M.J.,, AM,, MK, MM, EZ, JK, PK, M.B,, AB.-C,,
A K. and O.M.D.; writing—original draft preparation, K.XK., K.G., AM., ] K., M.B., PK. and O.M.D;
writing—review and editing, K.X., K.G., A M., ] K., M.B. and O.M.D. All authors have read and
agreed to the published version of the manuscript.

Funding: The studies were partially supported by the Polish National Science Center grant number
2019/33/B/NZ7/01608.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data supporting reported results can be received from the Authors.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Holohan, C.; Van Schaeybroeck, S.; Longley, D.B.; Johnston, P.G. Cancer drug resistance: An evolving paradigm. Nat. Rev. Cancer
2013, 13, 714-726. [CrossRef]

2. Alfarouk, K.O.; Stock, C.M.; Taylor, S.; Walsh, M.; Muddathir, A.K.; Verduzco, D.; Bashir, A.H.; Mohammed, O.Y.; Elhassan, G.O.;
Harguindey, S.; et al. Resistance to cancer chemotherapy: Failure in drug response from ADME to P-gp. Cancer Cell. Int. 2015, 15,

71. [CrossRef]

3. Nino-Martinez, N.; Salas Orozco, M.E.; Martinez-Castanon, G.A.; Torres Mendez, F.; Ruiz, F. Molecular Mechanisms of Bacterial
Resistance to Metal and Metal Oxide Nanoparticles. Int. ]. Mol. Sci. 2019, 20, 2808. [CrossRef] [PubMed]
4. Soares, S.; Sousa, J.; Pais, A.; Vitorino, C. Nanomedicine: Principles, Properties, and Regulatory Issues. Front. Chem. 2018, 6, 360.

[CrossRef]

5. Zhang, X.F; Liu, Z.G.; Shen, W.; Gurunathan, S. Silver Nanoparticles: Synthesis, Characterization, Properties, Applications, and
Therapeutic Approaches. Int. . Mol. Sci. 2016, 17, 1534. [CrossRef] [PubMed]


http://doi.org/10.1038/nrc3599
http://doi.org/10.1186/s12935-015-0221-1
http://doi.org/10.3390/ijms20112808
http://www.ncbi.nlm.nih.gov/pubmed/31181755
http://doi.org/10.3389/fchem.2018.00360
http://doi.org/10.3390/ijms17091534
http://www.ncbi.nlm.nih.gov/pubmed/27649147

Molecules 2023, 28, 1194 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Jin, C.; Wang, K; Oppong-Gyebi, A.; Hu, J. Application of Nanotechnology in Cancer Diagnosis and Therapy—A Mini-Review.
Int. J. Med. Sci. 2020, 17, 2964-2973. [CrossRef] [PubMed]

Blaszczak-Swiatkiewicz, K.; Olszewska, P.; Mikiciuk-Olasik, E. Zastosowanie nanoczasteczek w leczeniu i diagnostyce nowot-
worow. Nowotw. J. Oncol. 2013, 63, 320-330. [CrossRef]

Singh, J.; Dutta, T.; Kim, K.H.; Rawat, M.; Samddar, P.; Kumar, P. ‘Green’ synthesis of metals and their oxide nanoparticles:
Applications for environmental remediation. J. Nanobiotechnol. 2018, 16, 84. [CrossRef] [PubMed]

Iliger, K.S.; Sofi, T.A.; Bhat, N.A.; Ahanger, FA.; Sekhar, ].C.; Elhendi, A.Z.; Al-Huqail, A.A.; Khan, F. Copper nanoparticles:
Green synthesis and managing fruit rot disease of chilli caused by Colletotrichum capsici. Saudi J. Biol. Sci. 2021, 28, 1477-1486.
[CrossRef]

Calderon-Jimenez, B.; Johnson, M.E.; Montoro Bustos, A.R.; Murphy, K.E.; Winchester, M.R.; Vega Baudrit, ].R. Silver Nanoparti-
cles: Technological Advances, Societal Impacts, and Metrological Challenges. Front. Chem. 2017, 5, 6. [CrossRef]

Kowalczuk, J.; Lapinski, A.; Stolarczyk, E.; Demchuk, O.M.; Kubinski, K.; Janeczko, M.; Martyna, A.; Maslyk, M.; Turczyniak-
Surdacka, S. New Supramolecular Drug Carriers: The Study of Organogel Conjugated Gold Nanoparticles. Molecules 2021, 26,
7462. [CrossRef] [PubMed]

Koser, J.; Engelke, M.; Hoppe, M.; Nogowski, A ; Filser, ].; Thoming, J. Predictability of silver nanoparticle speciation and toxicity
in ecotoxicological media. Environ. Sci.-Nano 2017, 4, 1470-1483. [CrossRef]

Kedziora, A.; Wieczorek, R.; Speruda, M.; Matolinova, I.; Goszczynski, T.M.; Litwin, I.; Matolin, V.; Bugla-Ploskonska, G.
Comparison of Antibacterial Mode of Action of Silver Ions and Silver Nanoformulations with Different Physico-Chemical
Properties: Experimental and Computational Studies. Front. Microbiol. 2021, 12, 659614. [CrossRef]

Ghobashy, M.M.; Elkodous, M.A; Shabaka, S.H.; Younis, S.A.; Alshangiti, D.M.; Madani, M.; Al-Gahtany, S.A.; Elkhatib, W.E;
Noreddin, A.M.; Nady, N.; et al. An overview of methods for production and detection of silver nanoparticles, with emphasis on
their fate and toxicological effects on human, soil, and aquatic environment. Nanotechnol. Rev. 2021, 10, 954-977. [CrossRef]
Galatage, 5.T.; Hebalkar, A.S.; Dhobale, S.V.; Mali, O.R.; Kumbhar, P.S.; Nikade, S.V.; Killedar, S.G. Silver Nanoparticles: Properties,
Synthesis, Characterization, Applications and Future Trends. In Silver Micro-Nanoparticles—Properties, Synthesis, Characterization,
and Applications; Kumar, S., Kumar, P, Pathak, C.S., Eds.; IntechOpen: London, UK, 2021. [CrossRef]

Wang, M.; Marepally, S.K.; Vemula, PK.; Xu, C. Chapter 5—Inorganic Nanoparticles for Transdermal Drug Delivery and Topical
Application. In Nanoscience in Dermatology; Hamblin, M., Pinar, R., Prow, T., Eds.; Academic Press: San Francisco, CA, USA, 2016.
[CrossRef]

Vega-Baudrit, J.; Gamboa, S.; Rojas, E.; Martinez, V. Synthesis and characterization of silver nanoparticles and their application as
an antibacterial agent. Int. ]. Biosens. Bioelectron. 2019, 5, 166-173. [CrossRef]

Singh, P; Pandit, S.; Jers, C.; Joshi, A.S.; Garnaes, J.; Mijakovic, I. Silver nanoparticles produced from Cedecea sp. exhibit
antibiofilm activity and remarkable stability. Sci. Rep. 2021, 11, 12619. [CrossRef]

Kedzierska, M.; Milowska, K. Silver nanoparticles—Possible applications and threats. Acta Universitatis Lodziensis Folia Biologica et
Oecologica 2021, 17, 14-31. [CrossRef]

Hwang, I.S.; Hwang, ].H.; Choi, H.; Kim, K.J.; Lee, D.G. Synergistic effects between silver nanoparticles and antibiotics and the
mechanisms involved. J. Med. Microbiol. 2012, 61 Pt 12, 1719-1726. [CrossRef]

Skalska, J.; Struzynska, L. Toxic effects of silver nanoparticles in mammals—Does a risk of neurotoxicity exist? Folia Neuropathol
2015, 53, 281-300. [CrossRef]

Ferdous, Z.; Nemmar, A. Health Impact of Silver Nanoparticles: A Review of the Biodistribution and Toxicity Following Various
Routes of Exposure. Int. J. Mol. Sci. 2020, 21, 2375. [CrossRef]

Lekamge, S.; Miranda, A.F; Abraham, A ; Li, V,; Shukla, R.; Bansal, V.; Nugegoda, D. The Toxicity of Silver Nanoparticles (AgNPs)
to Three Freshwater Invertebrates with Different Life Strategies: Hydra vulgaris, Daphnia carinata, and Paratya australiensis.
Front. Environ. Sci. 2018, 6, 1-13. [CrossRef]

Grun, A.L.; Manz, W.; Kohl, Y.L.; Meier, F.; Straskraba, S.; Jost, C.; Drexel, R.; Emmerling, C. Impact of silver nanoparticles (AgNP)
on soil microbial community depending on functionalization, concentration, exposure time, and soil texture. Environ. Sci. Eur.
2019, 31, 22. [CrossRef]

Dedman, C.J.; Newson, G.C.; Davies, G.L.; Christie-Oleza, J.A. Mechanisms of silver nanoparticle toxicity on the marine
cyanobacterium Prochlorococcus under environmentally-relevant conditions. Sci. Total. Environ. 2020, 747, 141229. [CrossRef]
[PubMed]

Pohl, A.; Lubke-Becker, A.; Heuwieser, W. Minimum inhibitory concentrations of frequently used antibiotics against Escherichia
coli and Trueperella pyogenes isolated from uteri of postpartum dairy cows. J. Dairy Sci. 2018, 101, 1355-1364. [CrossRef]
Zhang, J.; Wang, F,; Yalamarty, S.; Filipczak, N.; Jin, Y; Li, X. Nano Silver-Induced Toxicity and Associated Mechanisms. Int. ].
Nanomed. 2022, 17, 1851-1864. [CrossRef]

Mukherji, S.; Bharti, S.; Shukla, G.; Mukherji, S. Synthesis and characterization of size- and shape-controlled silver nanoparticles.
Phys. Sci. Rev. 2019, 4, 1-73. [CrossRef]

Raspberry, D.; Sobczak-Merchant, A.; Kowalski, Z. Silver nanoparticles—Review of chemical synthesis methods. Czasopismo
Techniczna PK 2010, 107, 183-192.

Tariq, M.; Mohammad, K.N.; Ahmed, B.; Siddiqui, M.A; Lee, J. Biological Synthesis of Silver Nanoparticles and Prospects in
Plant Disease Management. Molecules 2022, 27, 4754. [CrossRef]


http://doi.org/10.7150/ijms.49801
http://www.ncbi.nlm.nih.gov/pubmed/33173417
http://doi.org/10.5603/NJO.2013.0020
http://doi.org/10.1186/s12951-018-0408-4
http://www.ncbi.nlm.nih.gov/pubmed/30373622
http://doi.org/10.1016/j.sjbs.2020.12.003
http://doi.org/10.3389/fchem.2017.00006
http://doi.org/10.3390/molecules26247462
http://www.ncbi.nlm.nih.gov/pubmed/34946545
http://doi.org/10.1039/C7EN00026J
http://doi.org/10.3389/fmicb.2021.659614
http://doi.org/10.1515/ntrev-2021-0066
http://doi.org/10.5772/intechopen.99173
http://doi.org/10.1016/B978-0-12-802926-8.00005-7
http://doi.org/10.15406/ijbsbe.2019.05.00172
http://doi.org/10.1038/s41598-021-92006-4
http://doi.org/10.18778/1730-2366.16.10
http://doi.org/10.1099/jmm.0.047100-0
http://doi.org/10.5114/fn.2015.56543
http://doi.org/10.3390/ijms21072375
http://doi.org/10.3389/fenvs.2018.00152
http://doi.org/10.1186/s12302-019-0196-y
http://doi.org/10.1016/j.scitotenv.2020.141229
http://www.ncbi.nlm.nih.gov/pubmed/32777503
http://doi.org/10.3168/jds.2017-12694
http://doi.org/10.2147/IJN.S355131
http://doi.org/10.1515/psr-2017-0082
http://doi.org/10.3390/molecules27154754

Molecules 2023, 28, 1194 18 of 19

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Pucelik, B.; Sulek, A.; Borkowski, M.; Barzowska, A.; Kobielusz, M.; Dabrowski, .M. Synthesis and Characterization of Size- and
Charge-Tunable Silver Nanoparticles for Selective Anticancer and Antibacterial Treatment. ACS Appl. Mater. Interfaces 2022, 14,
14981-14996. [CrossRef]

Jiang, X.C.; Chen, WM.; Chen, C.Y.; Xiong, S.X.; Yu, A.B. Role of Temperature in the Growth of Silver Nanoparticles through a
Synergetic Reduction Approach. Nanoscale Res. Lett. 2011, 6, 32. [CrossRef]

Borkowski, M.; Mazur, L.; Mackosz, K.; Mazur, T.; Szuwarzynski, M. Low roughness, elevated stiffness and thickness-modulated
surface nanocomposites based on the controlled deposition of polystyrene nanoparticles. J. Mater. Res. Technol. 2022, 19, 2799-2809.
[CrossRef]

Adamczyk, Z.; Nattich-Rak, M.; Sadowska, M.; Michna, A.; Szczepaniak, K. Mechanisms of nanoparticle and bioparticle
deposition—Kinetic aspects. Colloids Surf. A: Physicochem. Eng. Asp. 2013, 439, 3-22. [CrossRef]

Ocwieja, M.; Adamczyk, Z. Controlled release of silver nanoparticles from monolayers deposited on PAH covered mica. Langmuir
2013, 29, 3546-3555. [CrossRef]

Eaton, P.; Quaresma, P.; Soares, C.; Neves, C.; de Almeida, M.P,; Pereira, E.; West, P. A direct comparison of experimental methods
to measure dimensions of synthetic nanoparticles. Ultramicroscopy 2017, 182, 179-190. [CrossRef] [PubMed]

Stevens, ].S.; Byard, S.J.; Schroeder, S.L.M. Characterization of Proton Transfer in Co-Crystals by X-ray Photoelectron Spectroscopy
(XPS). Cryst. Growth Des. 2010, 10, 1435-1442. [CrossRef]

Wagstaffe, M.; Hussain, H.; Acres, ML.].; Jones, R.; Syres, K.L.; Thomas, A.G. Structure and Reactivity of a Model Oxide Supported
Silver Nanocluster Catalyst Studied by Near Ambient Pressure X-ray Photoelectron Spectroscopy. J. Phys. Chem. C 2017, 121,
21383-21389. [CrossRef]

Firet, N.J.; Blommaert, M.A.; Burdyny, T.; Venugopal, A.; Bohra, D.; Longo, A.; Smith, W.A. Operando EXAFS study reveals
presence of oxygen in oxide-derived silver catalysts for electrochemical CO, reduction. J. Mater. Chem. A 2019, 7, 2597-2607.
[CrossRef]

Tang, Z.; Chen, T,; Liu, K.; Du, H.; Podkolzin, S.G. Atomic, Molecular and Hybrid Oxygen Structures on Silver. Langmuir 2021, 37,
11603-11610. [CrossRef]

Simons, J.H. The solution of oxygen in silver. J. Phys. Chem.-Us 1932, 36, 652—-657. [CrossRef]

Steacie, E.W.R.; Johnson, EM.G. The solubiltiy and rate of solution of oxygen in silver. Proc. R. Soc. Lond. A-Conta. 1926, 112,
542-558. [CrossRef]

Borkowski, M.; Orvalho, S.; Warszynski, P.; Demchuk, O.M.; Jarek, E.; Zawala, J. Experimental and theoretical study of adsorption
of synthesized amino acid core derived surfactants at an air/water interface. Phys. Chem. Chem. Phys. 2022, 24, 3854-3864.
[CrossRef]

Miroslaw, B.; Demchuk, O.M.; Luboradzki, R.; Tyszczuk-Rotko, K. Low-molecular-weight organogelators based on N-dodecanoyl-
L-amino acids—Synthesis, energy frameworks and supramolecular synthons. Materials 2023, 16, 702. [CrossRef] [PubMed]

Li, Z.; You, S.; Mao, R.; Xiang, Y.; Cai, E.; Deng, H.; Shen, J.; Qi, X. Architecting polyelectrolyte hydrogels with Cu-assisted
polydopamine nanoparticles for photothermal antibacterial therapy. Mater. Today Bio 2022, 15, 100264. [CrossRef] [PubMed]
Flynn, J.H.; Wall, L.A. A Quick Direct Method for Determination of Activation Energy from Thermogravimetric Data. J. Polym Sci.
Pol. Lett. 1966, 4, 323-328. [CrossRef]

Loo, Y.Y.; Rukayadi, Y.; Nor-Khaizura, M.A.; Kuan, C.H.; Chieng, B.W.; Nishibuchi, M.; Radu, S. In Vitro Antimicrobial Activity
of Green Synthesized Silver Nanoparticles Against Selected Gram-negative Foodborne Pathogens. Front. Microbiol. 2018, 9, 1555.
[CrossRef] [PubMed]

Liao, S.; Zhang, Y.; Pan, X.; Zhu, F; Jiang, C.; Liu, Q.; Cheng, Z.; Dai, G.; Wu, G.; Wang, L.; et al. Antibacterial activity and
mechanism of silver nanoparticles against multidrug-resistant Pseudomonas aeruginosa. Int. |. Nanomed. 2019, 14, 1469-1487.
[CrossRef] [PubMed]

El-Naggar, N.E.; Hussein, M.H.; El-Sawah, A.A. Bio-fabrication of silver nanoparticles by phycocyanin, characterization, in vitro
anticancer activity against breast cancer cell line and in vivo cytotxicity. Sci. Rep. 2017, 7, 10844. [CrossRef]

Kuppusamy, P.; Ichwan, S.J.; Al-Zikri, PN.; Suriyah, W.H.; Soundharrajan, I.; Govindan, N.; Maniam, G.P,; Yusoff, M.M. In Vitro
Anticancer Activity of Au, Ag Nanoparticles Synthesized Using Commelina nudiflora L. Aqueous Extract against HCT-116 Colon
Cancer Cells. Biol. Trace Elem. Res. 2016, 173, 297-305. [CrossRef]

Korolev, D.; Shumilo, M.; Shulmeyster, G.; Krutikov, A.; Golovkin, A.; Mishanin, A.; Gorshkov, A.; Spiridonova, A.; Domorad, A,;
Krasichkov, A.; et al. Hemolytic Activity, Cytotoxicity, and Antimicrobial Effects of Human Albumin- and Polysorbate-80-Coated
Silver Nanoparticles. Nanomaterials 2021, 11, 1484. [CrossRef]

Zharkova, M.S.; Golubeva, O.Y.; Orlov, D.S.; Vladimirova, E.V.; Dmitriev, A.V.; Tossi, A.; Shamova, O.V. Silver Nanoparticles
Functionalized With Antimicrobial Polypeptides: Benefits and Possible Pitfalls of a Novel Anti-infective Tool. Front. Microbiol.
2021, 12, 750556. [CrossRef]

Chen, L.Q; Fang, L.; Ling, J.; Ding, C.Z.; Kang, B.; Huang, C.Z. Nanotoxicity of silver nanoparticles to red blood cells: Size
dependent adsorption, uptake, and hemolytic activity. Chem. Res. Toxicol. 2015, 28, 501-509. [CrossRef] [PubMed]

Sadowska, M.; Adamczyk, Z.; Nattich-Rak, M. Formation of hematite nanoparticle monolayers of controlled coverage and
structure at polymeric microparticles. J. Colloid Interf. Sci. 2017, 505, 509-518. [CrossRef] [PubMed]


http://doi.org/10.1021/acsami.2c01100
http://doi.org/10.1007/s11671-010-9780-1
http://doi.org/10.1016/j.jmrt.2022.06.031
http://doi.org/10.1016/j.colsurfa.2012.12.060
http://doi.org/10.1021/la304855k
http://doi.org/10.1016/j.ultramic.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/28692935
http://doi.org/10.1021/cg901481q
http://doi.org/10.1021/acs.jpcc.7b05818
http://doi.org/10.1039/C8TA10412C
http://doi.org/10.1021/acs.langmuir.1c01941
http://doi.org/10.1021/j150332a022
http://doi.org/10.1098/rspa.1926.0128
http://doi.org/10.1039/D1CP05322A
http://doi.org/10.3390/ma16020702
http://www.ncbi.nlm.nih.gov/pubmed/36676438
http://doi.org/10.1016/j.mtbio.2022.100264
http://www.ncbi.nlm.nih.gov/pubmed/35517578
http://doi.org/10.1002/pol.1966.110040504
http://doi.org/10.3389/fmicb.2018.01555
http://www.ncbi.nlm.nih.gov/pubmed/30061871
http://doi.org/10.2147/IJN.S191340
http://www.ncbi.nlm.nih.gov/pubmed/30880959
http://doi.org/10.1038/s41598-017-11121-3
http://doi.org/10.1007/s12011-016-0666-7
http://doi.org/10.3390/nano11061484
http://doi.org/10.3389/fmicb.2021.750556
http://doi.org/10.1021/tx500479m
http://www.ncbi.nlm.nih.gov/pubmed/25602487
http://doi.org/10.1016/j.jcis.2017.06.031
http://www.ncbi.nlm.nih.gov/pubmed/28645034

Molecules 2023, 28, 1194 19 of 19

55. Przemieniecki, S.W.; Ocwieja, M.; Ciesielski, S.; Halecki, W.; Matras, E.; Gorczyca, A. Chemical Structure of Stabilizing Layers of
Negatively Charged Silver Nanoparticles as an Effector of Shifts in Soil Bacterial Microbiome under Short-Term Exposure. Int. J.
Environ. Res. Public Health 2022, 19, 14438. [CrossRef] [PubMed]

56. European Committee for Antimicrobial Susceptibility Testing (EUCAST) of the European Society of Clinical Microbiology and
Infectious Diseases (ESCMID). Determination of minimum inhibitory concentrations (MICs) of antibacterial agents by broth
dilution. Clin. Microbiol. Infect. 2003, 9, 1-7. [CrossRef]

57. M27-54; Reference Method for Broth Dilution An-tifungal Susceptibility Testing of Yeast. Clinical and Laboratory Standards
Institute: Wayne, PA, USA, 2012.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/ijerph192114438
http://www.ncbi.nlm.nih.gov/pubmed/36361318
http://doi.org/10.1046/j.1469-0691.2003.00790.x

	Introduction 
	Results and Discussion 
	AgNPs Synthesis 
	Preparation of Hydrogels 
	SEM Analysis 
	Thermal Resistance 
	The Melting and Crystallization Point of Gels 
	Temperature Decomposition of Gels 

	Biological Activity 
	Antimicrobial Properties 
	Hemolytic Properties 
	Ecotoxic Properties 


	Materials and Methods 
	General CPL 
	AgNPs Preparation 
	Silicon Substrate Treatment for NPs Microscopy Observations 
	Preparation of the Hydrogels, Typical Procedure 
	Differential Scanning Calorimetry (DSC) 
	Thermal Gravimetric Analysis (TGA) 
	Determination of Minimum Inhibitory Concentrations (MICs) 
	Cell Culture 
	Antiproliferative Assay 
	Hemolytic Activity 
	Ecotoxicity 

	Conclusions 
	References

