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Abstract

Adjusting the shape of nanoparticles is a fundamental issue in achieving the desired properties. We have
proven that it is possible to synthesize the nanoparticles with the desired shapes (spherical, triangular,
and colloids with a mixture of shapes) by a suitable combination of reagents. Subsequently, the size and
shape of the nanoparticles affect the color of the solution. UV-VIS spectroscopy was used to evaluate the
colloidal solutions, and Transmission Electron Microscopy (TEM) to indicate the shape and size of the
nanoparticles. Combination of electrostatic repulsion (TCS) and steric stabilization (PVP) secure stability
of nanoparticles and act also as good caping agents. AgNPs show very low antimicrobial/antibiofilm
activity against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) bacteria and one-cell algae
Chlorella kessleri (Ch. kessleri).
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Introduction

Silver nanoparticles are used in various fields such as electronics, healthcare and
consumer products. The healthcare industry is the second significant consumer of AgNPs,
where nanoparticles are used in medical devices, wound dressings and other applications.
There are several methods of nanoparticle synthesis. One of the simplest is chemical, this
procedure involves reduction reactions in a metal precursor solution. The precursor ions
are reduced using suitable reducing agents and the addition of stabilizing agents ensures the
stability of the nanoparticles. By changing the reagents’ concentration and other processing
conditions it is possible to prepare nanoparticles with different shapes. The shape of the silver
nanoparticles is an important factor in determining the optical properties of the colloid and
can be tuned to produce a wide range of colors. The shape of AgNPs has important implications
for a variety of applications including sensing, imaging and catalysis [1,2]. The shape of AgNPs
also impact their interaction with biological systems. V praci Auclair a kol. sledovali troven
toxicity nanocastic striebra v zavislosti od ich tvaru. Zistili Ze najvySiu toxicitu vykazuje
iéonové striebro, potom sférické nanocastice a nakoniec kubicko-prizmatické nanocastice [3].
Silver is well known for its toxic properties but in some applications, it is needed to suppress
this property. Nontoxic AgNPs can find applications in medicine, can be functionalized, or
loaded with various active ingredients such as drugs, antimicrobial agents. Non-toxic AgNPs
allow controlled and targeted release of these substances, ensuring effective delivery while
minimizing potential toxicity to healthy cells. Overall, the need for different shapes of AgNPs
arises from the desire to tailor their properties to specific applications. The aim of this work
was to develop an easy technique to synthesize silver nanoparticles of different shapes. We
analyzed the impact of NaBH4 volume on shape formation and proved the PVP and TSC
capability to ensure a good capping/stabilizing effect of prepared nanoparticles. The toxic
tests were performed on bacteria E. coli, S. aureus and one-cell algal Ch. kessleri.
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Materials and Methods

Silver nitrate (>98%), sodium borohydride (298%),
sodium citrate (TSC) (299%), hydrogen peroxide (30%) and
Polyvinylpyrrolidone (PVP) were purchased from Mikrochem
Ltd., Pezinok, Slovakia. De-ionized water was used for preparing
all solutions. Silver nanoparticles were synthesized by chemical
method, the concentration and volume of used solutions were as
follow: AgNO,-0.11mM, 100ml; TSC-30mM, 8.56ml; PVP-2% w/w,
8.56ml; H,0,-30%, 0.28ml; NaBH4-0.1M, different volumes: 0.35,
0.37, 0.4, 0.47, 0.58 and 0.7ml. All reagents were freshly prepared
and in 1min intervals, added to AgNO, solution under constant
steering in followed order (except sample Ag4): TSC, PVP, H,0, and
NaBH,. Subsequently, solutions were cowered and stirred for 25min
in the dark. The labeling of solutions: Agl, Ag2, Ag3, Ag5 and Ag6-
all reagents added, volume of NaBH, 0.35, 0.37, 0.4, 0.58 and 0.7m],
respectively. Ag4 was prepared similarly but without TSC, and H,0,
was added, volume of NaBH, was 0.47ml. Synthesized AgNPs were
analyzed by UNICAM UV-VIS Spectrophotometer UV4. The size and
morphology of the nanoparticles were studied by means of TEM
(JEOL model JEM-2000FX). The image analysis (Image ] software)
was used for the analysis of Ag nanoparticles’ size.

Toxicity

The toxicity of colloidal AgNPs was evaluated using the agar
well diffusion and the standard disk-diffusion method. Three
microorganisms were used for testing: E. coli, S. aureus, and Ch.
kessleri. In agar disk-diffusion test, agar plates were inoculated
with the microorganism Ch. kessleri. Then, sterile swabs (g6mm)
containing the test compound (~15pl) were placed on the agar
surface. The agar well diffusion method was performed on bacteria
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E. coli and S. aureus. The agar plate surface was inoculated by
spreading the microbial inoculum over the agar surface. Then,
a hole with a diameter of 6mm was aseptically punched, and a
volume (20uL) of the tested agent was introduced into the well. In
both tests, Petri dishes were incubated under suitable conditions
and the diameters of inhibition zones were measured. As a control,
the AgNO, solution was used.

Result and Discussion

After adding all the ingredients and stirring for 25 minutes in
the dark, colloids of different colors were formed, Figure 1, which
indicates the presence of differently shaped nanoparticles. Based on
the UV-VIS spectra, Figure 1a)-f), it is possible to divide all colloids
into three groups: solutions with one (Ag4), three (Agl, Ag3, Ag5,
Ag6) and four peaks (Ag2). The TEM micrographs of AgNPs colloids
are in Figure 1g)-1). Regarding UV-VIS spectra and TEM analysis,
it can be concluded that all colloids, where spectra show a peak
near 400nm contain spherical nanoparticles, Table 1. It is obvious
that in all solutions that have a peak above 500nm the presence
of triangles nano-prisms was observed. The higher the value of
the peak wavelength, the greater portion of triangular prisms in
the colloid. If there is a significant peak at ~500nm, rods may be
synthesized, but this peak must be perceived in combination with
other peaks, especially with a peak at higher wavelengths. The
more the maxima are shifted to higher wavelengths, the sharper
the triangles [4]. There are many works dealing with the effect of
nanoparticle shape on toxicity and with the main mechanisms of

AgNPs toxicity on living cells [5]. Nanoparticles can have a toxic
effect on the cell through three mechanisms: oxidative stress, DNA
damage, and reproductive disorders.
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Figure 1: UV-VIS spectra and TEM micrographs of colloids. Sample: Agl to Ag6 corresponds to g)-1)
microphotographs.

Table 1: Comparison of peaks wavelength and AgNPs shapes.

AgNPs Shape and Size(nm)
Peak Number Sample Peaks Wavelength (nm)
Spheres Rods Triangular
1 Ag4 406 12nm
Agl 334 400 552 8nm 24nm truncated 25nm
Ag3 332 484 658 30nm 30nm
3 Ag5 334 390 612 10nm 44nm
Agb 330 556 882 30-12nm
4 Ag2 332 392 484 772 10nm 33nm 40nm
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The degree of antibiofilm/toxic effect of prepared AgNPs on
Ch. kessleri is sown in Figure 2. After 14 days of cultivation, just
a very low, negligible inhibition zones were observed for colloid
samples. Inhibition zones were max 9mm in diameter, which can
be considered as a negligible toxic effect. On the other hand, AgNO,

AT ; Ag4

control showed a 12mm inhibition zone, which proved that Ag* ions
have a good toxic effect. No inhibition zones were observed at the
agar well diffusion method performed on E. coli and S. aureus (data
not shown).

Ag5 Agb6 A

N@3 solution

Figure 2: The anti-biofilm effect of AgNPs colloids and AgNO, solution.

With proper AgNPs stabilization [6] there is a low probability of
Ag*ionsrelease from AgNPs. Among the most common stabilization
agents belong polymers, such as polyvinylpyrrolidone, polyethylene
glycol, thiol-cappingagents, etc. Surface coatings of nanoparticlesare
used mainly to stabilize them and prevent them from aggregating, it
also reduces their toxicity by preventing them from interacting with
biological molecules. The choice of surface coating depends on the
specific application and the desired properties of the nanoparticles.
TSC is mainly a stabilization agent, Gontijo LAP et al. [7] report that
the silver colloidal particles possessed a negative charge due to the

adsorbed citrate ions, a repulsive force worked along particles and
prevented aggregation [7] (electrostatic repulsion), Figure 3. The
latest research shows that citrate ions alone can stabilize the silver
nanoplates by stabilizing formed silver nuclei through preferential
binding to the {111} plains [8]. But its stabilization effect must be
supported by another ligand. The combination of citrate and PVP
helps to stabilize and control the formation of nanoparticles shape.
PVP provides covalent organic ligands and allows steric repulsion
to prevent aggregation, moreover, it can protect AgNPs surfaces
from oxidation and instability [9].
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Figure 3: Scheme of AgNPs synthesis and stabilization by TSC and PVP.

PVP has a higher affinity for the AgNPs surface than TSC. Citrate
is generally thought to be weakly bound to the surface. In contrast,
PVP coordinates with the AgNPs surface through van der Waals
interactions and direct bonding interactions with the Ag d-band
[10]. Due to direct bonding interactions, PVP is more complicated
to displace than citrate. Studies have also shown that AgNPs exhibit
dose-dependent toxicity, increasing their toxicity with increasing
concentrations. The reason why our AgNPs are not highly toxic
is that they have low solubility in water because of the good
coating/stabilizing effect (PVP and TSC). The exact mechanisms
underlying the toxicity of AgNPs are still not fully understood. The
concentration and stabilization of AgNPs surface are key factors but
it was found that the shape of AgNPs is also one of the important
factors [3]. Some shapes are more toxic than others. Spherical

AgNPs have been shown to have lower toxicity compared to other
shapes. The reason is that spherical AgNPs have a lower surface-
to-volume ratio - to another shapes, which reduces their ability
to interact with biological molecules and cells. AgNPs of other
shapes such as truncated triangles were found to be more toxic
than spherical ones. Triangular AgNPs have been found to be the
most toxic shape. This is thought to be because the sharp edges
and corners of the triangles can cause physical damage to cells and
tissues. Also, the release of silver ions from triangular corners is
more likely than from the surface of spherical nanoparticles.

Conclusion

We successfully prepared differently shaped silver
nanoparticles by changing the concentration of the main reducing

agent. The shape of nanoparticles influenced the color of the
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colloidal solution. It was proved that despite the toxicity of silver
nanoparticles the use of PVP and TSC as stabilizing/capping agents

secured the nontoxicity of synthesized AgNPs regardless of their

shape. The proper coating increases the application possibility of
nanoparticles.
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