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This study describes a new method for passivating Ag nanoparticles (AgNPs) with SnO, layer and their

further treatment by microwave irradiation. The one-step process of SnO, layer formation was carried

out by adding sodium stannate to the boiling aqueous AgNPs solution, which resulted in the formation

of core@shell Ag@SnO, nanoparticles. The coating formation was a tunable process, making it possible

to obtain an SnO, layer thickness in the range from 2 to 13 nm. The morphology, size, zeta-potential,

and optical properties of the Ag@SnO,NPs were studied. The microwave irradiation significantly

improved the environmental resistance of Ag@SnO,NPs, which remained stable in different biological
solutions such as NaCl at 150 mM and 0.1 M, Tris-buffered saline buffer at 0.1 M, and phosphate buffer
at pH 5.6, 7.0, and 8.0. Ag@SnO,NPs after microwave irradiation were also stable at biologically relevant
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pH values, both highly acidic (1.4) and alkaline (13.2). Moreover, AgNPs covered with a 13 nm-thick SnO,

layer were resistant to cyanide up to 0.1 wt%. The microwave-treated SnO, shell can facilitate the
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1. Introduction

Due to their physico-chemical properties, nanometer size, and
high surface area to volume ratio, silver nanoparticles (AgNPs)
are an ideal system for constructing devices for optics, elec-
tronics, and catalysis such as fuel cells, photocatalysts,
membranes, solar cells, and organic dye degradation systems."?
As a result of AgNPs' antibacterial, antiviral, antifungal, and
anti-inflammatory properties, they have also attracted consid-
erable interest in biological and medical sciences as a tool for
disease diagnosis and treatment.>* They can act as a base for
designing various biological tools for detection, imaging,
labelling, and drug delivery as well as for bone cement,
dentistry, or wound-healing materials.»* The fabrication of an
effective biosystem based on nanoscale silver, a compound
known to have low stability in biological liquids, is a key chal-
lenge today. It requires a method for the modification of silver
surface in order to improve its stability in aqueous solutions of
high ionic strength and buffers of different pH levels. Moreover,
preventing interactions between individual Ag nanostructures
is crucial to avoid the aggregation process and formation of
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introduction of AgNPs in various solutions and extend their potential application in biological
environments by protecting the metal nanostructures from dissolution and aggregation.

clusters. The surface interaction of Ag nanomaterials with
various molecules in the medium is a complex issue, including
chemical and physical adsorption phenomena and dissolution
of surface atoms.

Because the coatings affect the properties of AgNPs, core@-
shell systems can control them by changing the ratio of the shell
to the Ag core and by applying various materials, including
organic and non-organic ones.*” By applying various shells on
AgNPs, their stability increases, the core release becomes more
controllable, and different functionalities are obtained on the
surface. AgNPs core@shell systems attract great interest in the
application of a variety of bioimaging tools or drug-release
systems.®

It has been found that covering AgNPs' surface with protein
(bovine serum albumin, BSA) can significantly enhance their
stability even under acidic environments.>*® The presence of
proteins provide colloidal stabilization to metallic NPs in bio-
logical fluids regardless of their chemical composition, surface
structure, and surface charge.! Polymer capping and different
surfactants are applied to prevent changes in the shape of
nanoparticles, prevent further agglomeration, and obtain long-
term stability."™*> The AgNP colloidal solution showed
unchanged properties more than 300 days after using a combi-
nation of microwave technology and starch as a stabilizing
agent.” Although the number of reports investigating various
protecting coating on AgNPs is steadily growing, these still
represent only a partial evaluation of the topic. Many
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fundamental issues that concern obtaining long term and high
stability in a strong complexing environment and in a wide
range of pH remain unsolved.

Due to the fact that this kind of stability is difficult to achieve
by traditional methods by applying proteins or polymers,
intensive studies in recent years have focused on the introduc-
tion of inorganic coatings on Ag nanoparticles. Different wide-
gap semiconductors, such as ZnO* or TiO,,">'® have been
applied to form a shell on the Ag nanostructures. On the other
hand, most of them such as ZnO are known as compounds with
low stability in an aquatic environment, especially at the
nanoscale.”” One of the most promising non-organic coating
materials is tin oxide (SnO,), which shows high mechanical,
thermal, and chemical stability and can be applied as a protec-
tive layer on various nanomaterials, including silver nano-
structures.'®'® Zhao et al. presented overnight solution-grown
SnO, monolayer as an anti-corrosion coating to protect Ag
nanowires.*® The proposed system was evaluated in different
gases, such as the 0,/O; mixture and H,S at room temperature;
the biological applicability of SnO, coating in liquids with
a high degree of complexation and at different pH has still not
been tested.

This study presents a facile method for SnO, shell formation
on AgNPs, in which the metal core is not only covered by one
ceramic layer but is also characterized by adjustable and
controllable thickness. The obtained SnO, shell improves the
Ag nanoparticle stability in biological liquids or even in strongly
complexing solutions such as cyanides as well as provides long-
term stability. The SnO, layer on the AgNPs surface was formed
in a one-step synthetic process by the treatment of sodium
stannate in boiling water. It resulted in the core@shell
Ag@SnO,NPs with different coating thicknesses of the SnO,
shell from 2 to 13 nm. The properties of the synthesized
materials were additionally improved by microwave treatment
at 150 °C. The characterization of the system was performed
using STEM (Scanning Transmission Electron Microscopy), DLS
(Dynamic Light Scattering), zeta-potential, EDS (Energy
Dispersive X-ray Spectroscopy), UV/Vis, UV/Vis DRS (Diffuse
Reflectance Spectroscopy), and XPS (X-ray Photoelectron Spec-
troscopy) analysis. The biological stability of the system was
studied in an NaCl solution at a physiological concentration of
150 mM and one order of magnitude higher (1.5 M), in Tris-
buffered saline (TBS) at 0.1 M, and in 0.1 M phosphate buffer
with pH values from 5.6 to 8.0 and even non-biologically rele-
vant pH values. Moreover, the excellent efficiency of the SnO,
shell was proven in a harsh KCN environment (up to 0.1 wt%)
and by long-term stability for over six months.

2. Experimental

2.1. Synthesis of AgNPs

AgNPs were synthesized in water by a chemical reduction
method to obtain a final concentration of 100 ppm.** The
reagents were of analytical purity and used without further
purification: silver nitrate (AgNO;, purity 99.9999%, Sigma-
Aldrich), sodium citrate (NazCeHs0,-2H,0, purity 99.0%,
Sigma-Aldrich), tannic acid (C,¢Hs,046, Fluka), and deionized
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water (Deionizer Millipore Simplicity system). The first step of
the synthesis, the seed stage, was carried out by the incorpo-
ration of a mixture of sodium citrate (4.2 g, 4 wt%) and tannic
acid (0.6 g, 5 wt%) in 94.5 g of silver nitrate aqueous solution
(1.66 x 10> wt%). Then, to the above-prepared mixture,
a solution of sodium borohydride (0.7 g, 2 wt%) was added
within a few seconds with stirring, which was continued for the
next 15 min to obtain the seeds. In the second stage, the seed
solution (2.7 g), deionized water (37.3 g), and sodium citrate
solution (4 wt%, 2.0 g) were heated to boiling under reflux.
Then, to the reaction flask, an aqueous solution of silver nitrate
(8.0 g, 0.122 wt%) was added at a constant flow rate of § mL h ™.
After adding the whole amount of silver nitrate, the mixture was
boiled for another 5 min.

2.2. SnO, shell formation on the AgNPs surface and further
microwave treatment

Forty grams of AgNPs aqueous solution at a concentration of
25 ppm (solution obtained according to the procedure from the
experimental part of 2.1) was heated to 100 °C under reflux and
constantly stirred at 600 rpm. Next, 0.25 wt% aqueous solution
of sodium stannate trihydrate (Na,SnO3-3H,0, Sigma-Aldrich,
95%) was added to the AgNPs solution after reaching 100 °C
and kept under the above conditions (temperature and stirring)
for 15 min. Then, the mixture was cooled in cold water. To
obtain various thicknesses of the SnO, shell, selected amounts
of 0.25 wt% sodium stannate trihydrate were added to the
AgNPs solution: 0.57, 0.86, 1.71, 2.85, and 5.70 g, and the SnO,
layers were labelled as 2.0, 3.5, 6.5, 8.5, and 13.0 nm (Table S1
and Fig. S11). The amount of sodium stannate required to
obtain the defined shell thickness was selected based on
calculations. The details of the calculations are shown in the
ESIL.} After adding stannate, the solution changed to a brownish
colour, demonstrating the formation of the SnO, shell. The
more the amount of tin that was added, the darker the solution
became, indicating the creation of a thicker shell (see Fig. S27).

Pure SnO,NPs were also synthesized as a control sample. For
this purpose, 5.70 g of sodium stannate trihydrate (0.25 wt%)
was added to 40 mL of boiling water and this sample was heated
to 100 °C and stirred at 600 rpm for 15 min.

After the synthesis, 15 mL of each Ag@SnO,NPs sample (2,
3.5, 6.5, 8.5, and 13 nm SnO, layer) and the SnO,NPs sample
were treated by microwave using a CEM Focused Microwave
(Discover SPD model). The samples were irradiated by the
microwave at 150 °C at a maximum pressure of 100 psi,
maximum power of 250 W, and time of 30 min under magnetic
stirring.

2.3. Characterization of core@shell Ag@SnO,NPs

The morphology and size of Ag and the Ag@SnO, nanoparticles
were determined by the STEM technique (NovaNanoSEM 450
FEI microscope equipped with a STEM II detector for trans-
mitted electron detection, acceleration voltage of 30 kV, spot
size of 1.5). The mean diameter of the nanoparticles was
calculated based on the measurements of about 200 nano-
particles. The samples were characterized by zeta potential

RSC Adv, 2020, 10, 38424-38436 | 38425
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measurements and hydrodynamic diameter using the DLS
technique (Anton Paar Kalliope, Particle Analyzer Litesizer 500).
The optical properties of the nanoparticles and their colloidal
stability in different environments were determined using UV/
Vis spectroscopy (UV-5600 spectrophotometer, Biosens) in the
wavelength range of 190 to 1100 nm. The AgNPs concentration
of each sample for optical evaluation was 6.25 ppm (the original
solution was diluted four times). The UV/Vis diffuse reflectance
spectra were measured on a UV/Vis spectrophotometer (Ocean
Optics DH-2000) equipped with a diffuse reflectance accessory.

X-ray photoelectron spectroscopy (XPS) analysis of the nano-
particles was also applied to study the shell-covering process and
to evaluate the surface elemental composition. The AgNPs,
untreated Ag@SnO,NPs, and Ag@SnO,NPs treated by microwave
were deposited on a silicon wafer coated with 100 nm of gold. An
X-ray photoelectron spectrometer (Axis Supra, Kratos Analytical)
with a monochromatic X-ray beam (energy of 1466.6 eV) was used
for the study. The photoemission spectra were collected in a wide
range of binding energies from —5 to 1200 eV. The chemical
composition of the particles was also investigated by EDS using an
FEI Nova NanoSEM 450 microscope equipped with an EDAX
Roentgen spectrometer (EDS) and an Octane Pro Silicon Drift
Detector (SDD). The samples were collected on silicon wafers for
EDS measurements.

2.4. Stability studies of the Ag@SnO,NPs

AgNPs and Ag@SnO,NPs with coating characterized as 2, 3.5, 6.5,
8.5, and 13 nm SnO, before and after microwave irradiation were
treated with TBS (Tris-buffered saline) buffer at a pH of 7.4 (HCI)
and a concentration of 0.1 M. The samples were also added into
the NaCl solution at concentrations of 150 mM and 1.5 M and
phosphate buffer (Na,HPO,/NaH,PO,) at a concentration of 0.1 M
and pH values of 5.6, 7.0, and 8.0. To evaluate the influence of the
PH value in the non-biologically relevant range, the Ag@SnO,NPs
were also treated with two aqueous solutions at pH 1.4 (HCI, 2%)
and 13.2 (NaOH, 0.1 M). Moreover, the AgNPs and Ag@SnO,NPs
before and after microwave irradiation were treated with an
aqueous solution of KCN at different concentrations if 0.0005,
0.005, 0.01, 0.05, and 0.1 wt%.

To study the influence of SnO, as an anti-aggregation factor,
the samples were centrifuged four times at 18 000 rpm for
20 min and redispersed in deionized water. The evaluation of
the system stability was carried out using absorbance
measurements (UV-5600 spectrophotometer, Biosens) in the
wavelength range from 190 to 1100 nm.

3. Results and discussion

The AgNPs used in this work were synthesized by a two-step
method with an intermediate seed stage, which has been
described in detail in our previous reports.**** The nano-
particles were characterized by a hydrodynamic diameter of
about 20 nm using DLS analysis (Fig. S31). STEM imaging
indicated a mean diameter of AgNPs of about 13 (+1) nm.
Moreover, STEM showed a uniform distribution of the particles
(Fig. S3, inset}) and there was no indication of agglomeration.
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To enhance the stability of the AgNPs for their further
introduction into different environments, especially biological
liquids, they were covered with SnO,, an inorganic compound
characterized by high chemical and thermal stability. The
synthesis of the SnO, shell was a result of stannate hydrolysis at
a temperature above 60 °C and the formation of Sn(OH),>~ ions
(eqn (1)-(4)). High temperature caused the formation of an
SnO,-nanostructured layer on the Ag surface (4).

Na,SnO; + 2H,0 — H,Sn0s| + 2NaOH 1)
Sn0O;*~ + 3H,0 — Sn(OH)4| + 20H™ (2)
Sn(OH), + 20H™ — Sn(OH)s>~ (3)
Sn(OH)s>~ — SnO,| + 20H™ + 2H,0 (4)

The combination of DLS and STEM techniques was applied
to give a comprehensive description of the nanoparticles
covered with the SnO, shell. The STEM images allowed the
determination of particle size, shape, and size distribution,
while DLS provided additional information on the hydrody-
namic diameter.”***> After coating the Ag nanoparticles with
Sn0O,, their diameter increased as a result of the formation of
the Ag@SnO, core@shell nanostructure. DLS analysis indicated
shell formation and the mean hydrodynamic diameters of the
particles of about 23, 26, 35, 36, and 44 nm with increasing
concentration of sodium stannate added to the reaction, such
as 0.57, 0.86, 1.71, 2.85, and 5.70 g, respectively (Fig. 1). For the
lowest concentration of stannate, only slight changes of an
increase in the mean diameter of about 2 nm were noted due to
the fact that the SnO, shell did not cover the entire surface area
of the particles. In the STEM images (Fig. 2(a)), the coating is
clearly visible and occurs not as a uniform layer but as islands
on the AgNPs. The second sample synthesized with a higher
precursor concentration also revealed that part of the Ag surface
area was exposed to the surrounding environment because the
shell was not uniform (Fig. 2(b)). The hydrodynamic diameter of
the nanoparticles increased from 21 to 26 nm (Fig. S1t and 1(b))
due to the formation of larger SnO, islands in comparison to the
previously described sample. The shell for other selected
amounts of the covering became significantly thicker and the
hydrodynamic diameter increased by 14, 15, and 23 nm
sequentially for the three highest concentrations of stannate in
the synthesis (Fig. 1(c)-(e)). It was found that there was not
a simple correlation between the selected amount of sodium
stannate added and a clearly defined shell thickness because
the addition of a higher concentration of stannate influenced
not only the thickness of the shell but also its homogeneity. In
the STEM images, the SnO, shell was formed partially (*) for the
two lowest stannate concentrations added during the synthesis
and well-formed for other concentrations. The shell thicknesses
are about 2.0 (£1.5)*, 3.5 (£2.0)*, 6.5 (£1.5), 8.5 (£1.5), and 13.0
(£2.0) nm with increments in the amount of the precursor
added (Fig. 2(c)-(e) and S1, Table S1t). Moreover, after SnO,
shell formation, all the samples were homogenously dispersed
and did not aggregate.

This journal is © The Royal Society of Chemistry 2020
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For the additional improvement of the

AgNPs' stability, the

Ag@SnO,NPs were treated by microwave at 150 °C for 30 min.

The microwave irradiation influen

ced the particle
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hydrodynamic diameter, which increased to about 27, 30, 35,
52, and 52 nm for the Ag@SnO,NPs characterized by a shell
thicknesses of 2.0, 3.5, 6.5, 8.5, and 13.0 nm, respectively
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Fig. 1 The DLS size distribution by the intensity of AgQNPs coverage with (a and f) 2, (b and g) 3.5, (cand h) 6.5, (d and i) 8.5, and (e and j) 13 nm
SnO; shells (a—e) before and (f-j) after microwave treatment.
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Fig.2 STEM images of AgNPs covered with (aand f) 2, (b and g) 3.5, (c
and h) 6.5, (d and i) 8.5, and (e and j) 13 nm SnO; shells (a—e) before and
(f—j) after microwave treatment.

(Fig. 1(f)-(j)). STEM analysis supported the results and revealed
mean diameters of the particles after microwave irradiation of
21 (+£3.0), 22 (£2.0), 28 (£2.0), 31 (£2.0), and 41 nm (£2.0) for
Ag@SnO,NPs characterized by 2.0, 3.5, 6.5, 8.5, and 13.0 nm-
thick SnO, layers, respectively (Fig. 2(f)-(j)). The microwave
treatment significantly increased the particle diameter of the
nanostructures with the thinnest coating. The AgNPs covered by
a 2 nm-thick non-continuous shell and microwave treated were
still only partially coated but their diameter increased by 4 nm
as an effect of increasing the thickness of SnO, (Fig. 2(f)).
Moreover, in comparison to the non-treated sample (Fig. 2(a)),
they were well-dispersed and separated due to the influence of
the improved SnO, shell. For other shell thicknesses, the value
of the mean diameter increased slightly. The EDS analysis of the
Ag@SnO,NPs revealed Ag connected with the presence of
metallic core as well as Sn and O, indicating the SnO, shell
before and after microwave treatment. Fig. S41 shows the EDS
spectra of the AgNPs coated with a 13 nm-thick SnO, shell. To

38428 | RSC Adv, 2020, 10, 38424-38436
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Fig. 3 DLS size distributions by the intensity and the STEM images
(insets) of SNO,NPs (a) before and (b) after microwave treatment.

Table 1 The zeta potential values for AgNPs, AgNPs covered with
SnO5 (2 to 13 nm), and SNO,NPs before and after microwave treatment

As-synthesized After microwave treatment

AgNPs —35.8 (£1.4) mV  —52.6 (+1.1) mV
Ag@SnO,_2 nm NPs —51.1 (£1.5) mV  —56.6 (+3.8) mV
Ag@Sn0, 3.5 nm NPs —51.0 (+1.5) mV  —50.3 (+1.9) mV
Ag@SnO, 6.5 nm NPs —50.7 (£2.1) mV  —50.6 (£2.6) mV
Ag@Sn0, 8.5 nm NPs —52.7 (+1.2) mV  —52.7 (+2.6) mV
Ag@SnO,_13 nm NPs  —53.8 (£1.0) mV  —52.9 (£0.9) mV
Sno, —54.9 (£0.9) mV  —59.3 (+0.9) mV

evaluate the tin oxide covering process and to determine the
chemical state of the Ag@SnO,NPs’' surface, XPS analysis was
used. Fig. S51 shows the XPS survey spectra and the Ag 3d and
Sn 3d regions for the as-synthesized AgNPs and AgNPs coated
with a 13 nm thin SnO, shell before and after microwave
treatment. The binding energy of the Ag 3d;,, and Ag 3d;/, peaks
at 367.7 and 373.7 eV, respectively, indicated a non-covered
metallic silver (Ag®) particle surface.’® The Ag 3d bands were
noted only for the non-coated samples, confirming the high
efficiency of the shell covering process and a shell thickness
above 10 nm. The core level Sn 3d spectrum core/shell particles
after microwave treatment show the spin-orbit doublet typical
for Sn** at 486.9 and 495.3 eV, indicating the presence of SnO,.
The value of the Sn 3ds,, peak maximum is very close to the

This journal is © The Royal Society of Chemistry 2020
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reported value of 486.6 eV, confirming the high-quality SnO,
structure. Before the microwave irradiation core level, the Sn 3d
spectrum reveals the presence of SnO, and the value of binding
energy for the Sn 3ds,, peak maximum is slightly shifted to
488.5 eV due to surface charging.*®

As a control sample for SnO, coating formation on the
AgNPs, the synthesis was performed in pure water without the
nanoparticles. As a result of adding sodium stannate to boiling
water (~100 °C), SnO, particles were formed. The SnO, NPs
were characterized by a hydrodynamic diameter of about 30 nm
by DLS analysis (Fig. 3(a)) and a mean diameter of 24 (+3) nm by
STEM imaging (Fig. 3(a) inset). Moreover, the surface
morphology of the SnO,NPs is similar to the SnO, shell. The
formation of SnO, in pure deionized water allowed the better
evaluation of the process of creation of the shell. It can also be
a facile method for the synthesis of SnO, semiconducting
particles. SnO, particles were formed without the addition of
sodium citrate, which was present in all the Ag@SnO, samples
after the AgNP synthesis. The SnO, particles did not agglom-
erate in water either before or after microwave treatment
(Fig. 3(a) and (b) - insets). Microwave irradiation did not affect
the morphology and size of the SnO,NPs (STEM imaging),
whose hydrodynamic diameter was determined by DLS to be
about 31 nm. To study the impact of the SnO, layer as a stabi-
lizing agent for the AgNPs, they were centrifuged to remove
sodium citrate solution and redispersed in deionized water and
this procedure was repeated four times. Ag@SnO,NPs in water
formed a homogenous colloidal solution in comparison to pure
AgNPs, which agglomerated and formed a sediment that could
not be redispersed (Fig. S61).

According to DLVO (Derjaguin-Landau-Verwey-Overbeek)
theory, nanostructures tend to agglomerate due to van der
Waals interactions, which can be inhibited by the ligand layer,
causing them to form a strong enough electrostatic repulsion so
as to block the attraction between nanoparticles.” Rinsing
sodium citrate from the aqueous nanoparticle suspension
resulted in the removal of electrostatic repulsion, which
promotes the agglomeration process of pure AgNPs.

In the case of expansion of the SnO, shell surface (see Fig. 2
and S17), a significant amount of Sn—-OH groups are present on
each nanoparticle. The nanoparticles may become positively or
negatively charged, depending on the pH (eqn (5) and (6)):

Sn-OH + H* — Sn-OH," (5)
Sn-OH + OH™ — Sn-O" + H,0 ©)

Oxide particles show an isoelectric point if the pH is
a potential-determining factor, and for the SnO,NPs, according
to literature, this point is pHjsoe = 5.5.>° At pH values higher
than that characteristic for the isoelectric point, the nano-
particles are highly negatively charged, which is shown by the
results of zeta potential measurement presented in Table 1. The
shell built of tin oxides plays the role of an electrostatic stabi-
lizer of the silver core even when no organic stabilizers are
present. In addition, the oxide shell does not allow for direct
metal-metal contact between the silver cores and acts as a steric

This journal is © The Royal Society of Chemistry 2020
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stabilizer. In this situation, the tin oxide shell acts as an inor-
ganic electrosteric stabilizer.

The UV/Vis diffuse reflectance spectrum of the SnO,NPs has
an intense absorption in the UV region below 400 nm
(Fig. S7at). The same absorption band appears in the spectrum
for core@shell Ag@SnO,NPs before and after microwave irra-
diation, indicating a wide band semiconductor of tin oxide
(Fig. S7b¥). The DRS spectra for the SnO,-coated samples also
revealed bands in the range of 400-520 nm in the visible light
region. The absorbance spectra of pure AgNPs and the nano-
particles covered with SnO, showed two characteristic bands
with a maxima at about 190 and 409-460 nm (Fig. 4(a)). The first
band is connected to the presence of both sodium citrate and
the SnO, shell (Fig. 4(b)). Sodium citrate is a residue after the
synthesis of the particles, which is added as a stabilizer to
prevent the aggregation process and was present in all the
samples at the same concentration. The absorbance spectra of
the pure SnO, particles (Fig. 4(b)) prepared as a control sample
showed a peak at about 193 nm, which is typical for tin oxide.**
For Ag@SnO,NPs, the intensity of this peak increased with the
increase in the amount of tin stannate added to the nano-
particle solution during the shell formation process. It indicates
an increase in the thickness of the SnO, shell on the AgNP
surface. To study the optical signal from the SnO, shell in detail,
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Fig. 4 Absorbance spectra of the (a) AgNPs, (a) Ag@SnO,NPs, (b)
SnO,NPs and (b) sodium citrate at the same concentration as in all the
optically evaluated samples of the AgNPs and Ag@SnO,NPs.
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Fig.5 The absorbance spectra of Ag@SnO,NPs (a) before and (b) after
microwave treatment.

sodium citrate was removed from the samples by the centrifu-
gation and redispersion of the samples in deionized water. The
process was repeated four times. Fig. S8 shows that the
intensity of the absorbance band maximum at about 193 nm
increases with increasing SnO, shell thickness.

The second major peak in the particle absorbance spectra is
connected with the presence of the Ag core (Fig. 5(a)) as a dipole
surface plasmon resonance (SPR) band that is characteristic of
silver nanostructures and sensitive to the dielectric constant ¢.**
The band is centered at about 409 nm for pure AgNPs and
shifted to 423, 430, 447, 454, and 460 nm for 2.0, 3.5, 6.5, 8.5,
and 13.0 nm SnO, coatings, respectively. These results indicate
that the dipole resonant wavelength is affected by the thickness
of the SnO, shell. They are consistent with other reports, which
studied the influence of the shell on the optical properties of the
silver core. It was shown that the dipole resonance wavelength
of the AgNPs shift depending on the radius of the metal
nanospheres and the permittivity of the medium.*® In our
studies, the radius of Ag particles was characterized by
a constant value of 13 nm but the shell thickness varied in the
range from 2 to 13 nm. Increasing the SnO, thickness led to an
increase in the effective permittivity of the surrounding
medium and thus a red-shift in the local surface plasmon
resonance.*® The absorbance spectra also revealed two supple-
mentary plasmon bands with the maxima located at 353-
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368 nm and 374-409 nm. They refer to the out-of-plane and in-
plane quadrupole resonance, respectively,® and also revealed
a slight red-shift.
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Fig. 6 Absorbance spectra of the AgNPs and AgNPs covered with
SnO, in 0.1 M TBS (a) before and (b) after microwave treatment and the
images of the NPs treated with 0.1 M TBS (c) for 1 h and (d) 72 h.
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The microwave treatment significantly influenced the optical
properties of the nanoparticles as a result of changing the
medium permittivity, which was influenced by the modification
of the shell size and morphology, and the improvement of the
homogeneity of SnO, (Fig. S9t). The Ag@SnO,NPs demonstrate
a red-shift after the microwave treatment from 423, 430, 447,
454, and 460 nm to 443, 447, 459, 464, and 465 nm for 2.0, 3.5,
6.5, 8.5, and 13.0 nm-thick SnO, coatings (Fig. 5). Moreover, the
quadrupole SPR bands' intensities were enhanced due to the
charge redistribution and increase in the effect of energy level
splitting with increasing particle size.** The red-shift for both
dipole and quadrupole bands indicates another slight increase
in the size and improvement in the tin oxide structure as
a result of the simultaneous application of high temperature
and microwave treatment. The microwave treatment influenced
the ceramic SnO, layer to some extent, which became more
resistant to environmental influence. The combination of irra-
diation and high temperature resulted in the improvement of
the properties of the SnO, layer. The enhanced protective effect
appears probably due to the recrystallization process, which is
commonly applied for semiconductors to enhance their
compression in the layers. It was previously found that a high
temperature of about 250 °C and even a low temperature of
about 100 °C applied in a hydrothermal method can recrystal-
lize SnO, and cause the formation of highly ordered crystals
characterized by a higher diameter.**** Microwave irradiation is
used to obtain or improve the crystal structure of different
ceramic nanomaterials, such as changing amorphous TiO, to
anatase at only 180 °C.*® The microwave treatment significantly
influences the SnO, structure and has also been recently used as
a method for the synthesis of different nanostructures such as
dots,*” nanoparticles,*® wires,* or films.*” SnO, nanoparticles
synthesized by the precipitation or combustion method indi-
cate that the crystallite size increased with increasing annealing
temperature.**> Gaber et al. revealed that the SnO, particles
obtained at 100 °C were composed of crystallites characterized
by a mean diameter of 2.9 nm.*" The crystal size increased to
3.5 nm for the crystallites synthesized at the temperature of
300 °C.** During the irradiation process, the applied tempera-
ture in this study reached 150 °C; however, its influence on the
SnO, crystals was enhanced by simultaneous irradiation treat-
ment. The increase in the particle mean diameter of about 2 nm
after irradiation (see Table S1, STEM analysis) was probably
caused by the recrystallization process of the SnO, crystallites at
a higher temperature and under irradiation, which influences
the crystal size and their compression in the shell. Moreover, it
has been previously shown that the SnO,NPs obtained at low
temperatures have many hydroxyl groups on the surface, which
resulted in the generation of tin vacancies and the modification
of the Sn-O bonds.** After applying high temperature, the
dehydroxylation process decreased the number of tin vacancies
and increased the symmetry of the crystals.**

The formation of the tin oxide shell, as well as microwave
treatment, had an effect on the value of the zeta potential of the
as-synthesized AgNPs (Table 1). The zeta potential of the AgNPs
was about —36 mV, indicating sufficient electrostatic repulsion
for them to remain stable in solution.*® After the formation of
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the SnO, shell, the value of the zeta potential decreased to about
—51 mV for a covering of up to 6.5 nm and about —54 mV for
a thicker coating before and after microwave treatment. For
pure SnO, nanoparticles, the zeta potential was about —55 mV
and shifted to more negative values after irradiation, also con-
firming the stability of the system after microwave treatment.
The zeta potential values of the core/shell AgNP@SnO,NPs
(Table 1) are below —30 mV, which is generally considered to be
sufficient to inhibit the nanoparticle aggregation process. In
addition, the nanoparticles were protected by electrosteric
stabilization by the inorganic shell, creating a system charac-
terized by high colloidal stability. This effect was demonstrated
by other reports on Ag cores covered by organic shells, such as
polymers.** Moreover, the negatively charged nanoparticles are
beneficial for biological applications due to their lower cyto-
toxicity and slower elimination from the bloodstream in
comparison to positively charged probes.**

Sn0,, as a coating for AgNPs, is a promising material for
photocatalysis, gas sensing, batteries, transparent conducting
electrodes, and solar cells.***” SnO, has also been applied
recently in biological studies due to its high biocompatibility,
low toxicity, and antifungal and antibacterial activities.*”*®
Many studies have showed that tin oxide is a suitable antibac-
terial agent for inhibiting the growth of both Gram-positive and
Gram-negative bacteria.*>>' The core@shell Ag@SnO, arrange-
ment proposed in this paper can create a promising future
antimicrobial system, which combines the antimicrobial prop-
erties of Ag and SnO,. Moreover, it was found that SnO, shows
both antioxidant*®*”*> and anticancer activities.****

The evaluation of the applicability and stability of Ag@SnO,
in a biological environment was carried out in TBS solution at
0.1 M (pH 7.4, HCI). As a non-toxic, isotonic buffer that main-
tains the pH value in a relatively narrow range of 7 to 9.2, TBS is
commonly used for many biochemical techniques and studies.
Owing to its slightly alkaline properties, it can emulate the
physiological conditions of the animal/human body, mostly due
to the addition of sodium chloride at about 150 mM. Fig. 6
shows that TBS significantly influences the as-synthesized
AgNPs before and after microwave treatment (Fig. S107). The
half-width of the absorbance band characteristic for silver
particles, at the maximum of about 400 nm, increased and the
peak intensity decreased significantly (Fig. 6(a) and (b)). More-
over, another wide band appears at about 650 nm as a result of
the aggregation process. The AgNPs dispersed in water gener-
ally produce a yellow-coloured solution, which changes to
brownish colour after the formation of the SnO, shell (Fig. S27).
The samples lost colour immediately after introducing them
into the TBS solution (Fig. 6(c) and (d)). The formation of the
SnO, shell prevented the aggregation process of the samples
with above 6.5 nm thickness of the covering. The samples with
the lowest shell covering of 2.0 and 3.5 nm aggregated to some
extent, as is visible in the absorbance spectra and the colour of
the sample (Fig. 6(a) and (c)). The other samples with thicker
coating were stable and did not change their colour; however,
the stability was short-term because after 72 h, they became
colourless and formed a sediment on the vessel bottom.
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In contrast to AgNPs that were only treated by covering with
Sn0,, the Ag@SnO, microwave-treated particles became stable
regardless of the degree of covering after both 1 h and 72 h of
immersion in the TBS solution. The absorbance bands typical
for each SnO, covering did not shift and did not change
intensity (Fig. 6(b), S10(b)f) and the samples did not change
colour (Fig. 6(d)), confirming their long-term stability. The
aggregation process of AgNPs in TBS was mainly caused by the
addition of NaCl, which supported the imitation of a biological
environment. The effect of pure NaCl solution on the nano-
particles was evaluated in a physiological environment of
150 mM and in a one-order-higher concentration of 1.5 M.
Fig. S11 and S127 show results for the lower NaCl concentration
and the images of the samples after 1 and 72 h of the immersion
process. The effect is similar to those for TBS solutions and
indicates the aggregation process for the as-synthesized AgNPs
before and after microwave treatment as well as for particles
coated with 2.0 and 3.5 nm-thick SnO, layers treated with NaCl
solution for 1 h that are not microwave irradiated. For thicker
coatings, the colloidal stability shows only short-term proper-
ties due to the fact that after 72 h, the Ag@SnO,NPs aggregated
(Fig. S11(d)T). The Ag@SnO,NPs treated by microwave revealed
high stability for all the obtained shell thicknesses, even for
partially-covered particles. The solutions remained homoge-
nous and stable after 72 h of the immersion process. Moreover,
after microwave treatment, the SnO,-covered particles were
stable in NaCl solution at 1.5 M concentration, indicating their
high stability and applicability to various biochemical tech-
niques, which require a high salt concentration (Fig. S137).

To study the impact of the biological environment on the
proposed Ag@SnO, system at various pH levels, phosphate
buffer was selected instead of TBS due to the lack of NaCl
addition. The core@shell nanostructures were treated with
acidic (pH 5.6), neutral (pH 7.0), or alkaline (pH 8.0) phosphate
buffer solution at a concentration of 0.1 M, which is several
times higher than the physiological concentration (Fig. 7, S14
and S151). The AgNPs aggregated immediately after treatment
with phosphate buffer at each selected pH value (Fig. S147),
demonstrating the need to cover them for introduction into the
biological environment.

Fig. 7 shows the absorbance spectra in the whole applied pH
range value for the selected samples partially (3.5 nm) and fully
coated (13 nm) with SnO, before and after microwave irradia-
tion. The absorbance spectra of the samples partially covered
with SnO, that are not treated by microwave changed signifi-
cantly; their intensity decreased and the half-width of the
absorbance band at about 400 nm increased. The phosphate
buffer at each tested pH value changed the optical properties of
the samples; however, the samples under alkaline conditions
showed the smallest modification in the absorbance intensity
and colour change (Fig. S15%). This is consistent with other
reports. The influence of pH on the AgNPs' stability, dissolu-
tion, and aggregation in an aquatic environment was studied in
detail by Fernando and Zhou.”® They found that pH governed
the AgNPs' surface charge, oxidative dissolution, and aggrega-
tion. In acidic and neutral pH, the aggregation rate was higher
than that in alkaline pH, which stabilizes the nanoparticles to
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Fig.7 The absorbance spectra of the AgNPs covered with 3.5 and 13.0
nm-thick SnO, shell (a) untreated and (b) treated with microwaves and
further immersed in phosphate buffer at 0.1 M and pH of 5.6, 7.0, and
8.0.

some extent due to the presence of hydroxyl ions.>® The samples
fully covered with SnO, with and without microwave irradiation
treatment (Fig. 7) revealed unchanged optical properties and
the sample colour indicated the high stability of the samples in
the aquatic environment at different pH values (Fig. S157).
The formation of the SnO, shell, followed by microwave
treatment, made it possible to introduce AgNPs into the bio-
logical environment, carry out various biochemical studies, and
use them for further different applications. The obtained
system was characterized by high colloidal stability and
a tunable level of the cover from 2 to 13 nm, with partial
coverage for 2 and 3.5 nm-thick shell and full coating for the
shell above 6.5 nm (Fig. 2(f) and (g)). The active Ag surface in the
case of the 2.0 and 3.5 nm SnO, covering is exposed to the
aqueous environment and can release Ag ions and generate
reactive oxygen species, allowing potential antimicrobial
activity or immobilization of various biomolecules. For other
potential purposes such as designing efficient systems for
photoreduction processes, two-component metal/
semiconductor silver/tin oxide particles can be also applied.
Recently, many studies have presented the construction of Ag/
SnO, heterojunctions based on materials synthesized sepa-
rately, which can result in lowering the potential efficiency of
the systems. The direct synthesis of tin oxide on the silver

This journal is © The Royal Society of Chemistry 2020
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surface and the tuning of the shell thickness can also create
a system for carrier recombination and the design of efficient
optoelectronic devices.>**” For other potential purposes that
need pH values in the non-biologically relevant range, the
nanoparticles were treated at highly acidic (1.4) and alkaline
(13.2) pH values. Fig. S16+ shows the absorbance spectra for
AgNPs and Ag@SnO,NPs partially (3.5 nm-thick shell) and fully
(13 nm-thick shell) coated with SnO,. The AgNPs at highly acidic
environment started to decompose and the absorbance inten-
sity decreased significantly. At highly alkaline pH, the absorp-
tion also decreased and an additional broad peak centered at
about 640 nm appeared, indicating the nanoparticle aggrega-
tion process. At the same condition, the Ag@SnO,NPs partially-
covered with SnO, shell (3.5 nm-thick shell) revealed a decrease
in the absorbance intensity, especially for acidic pH. It indi-
cated their low stability in highly acidic and alkaline conditions.
Ag@SnO,NPs with a 3.5 nm-thick SnO, shell after microwave
treatment became stable at the above conditions. Ag@SnO,NPs
with a 13 nm-thick SnO, shell were resistant to both pH
conditions regardless of microwave irradiation. For the non-
irradiated samples, only a slight decrease in the absorbance
intensity was noted. The results show high chemical stability for
the Ag@SnO,NPs system after microwave irradiation.

To examine the system in an extremely harsh environment,
the samples were treated with cyanide ions as highly complex-
ing reagents. Pure AgNPs were oxidized by dissolved oxygen in
the presence of CN™ as a result of the redox reaction. A signif-
icant decrease in the SPR absorbance band intensity of pure
silver nanostructures was noted at a KCN concentration of
0.005 wt% (Fig. 8 and S177) due to the formation of a soluble
and colourless complex of Ag(CN), .*® The SPR absorbance
band intensity of the Ag@SnO, nanostructures after microwave
treatment depends on the shell thickness in the presence of
0.005 wt% CN. The intensity of the absorbance band at about
450 nm decreases with decreasing SnO, shell thickness (Fig. 8).
The absorbance intensity of a microwave-treated 13 nm SnO,
shell is comparable to that of untreated samples (Fig. 5),
demonstrating high stability even in harsh conditions. At a KCN
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Fig. 8 Absorbance spectra of AgQNPs and Ag@SnO,NPs after micro-
wave treatment in 0.005 wt% KCN.
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concentration of 0.0005 wt%, the intensity remained
unchanged and decreased with increasing cyanide ion
concentration for the non-irradiated samples (Fig. 9(a), (c¢) and
S18t). The Ag@SnO, samples with a 13 nm-thick shell after
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Fig. 9 (a and b) Absorbance spectra and (c and d) images of AgNPs
and AgNPs covered with SnO, (13 nm) in different concentrations of
KCN (a and c) before and (b and d) after microwave treatment. (c and d)
Images of 13 nm Ag@SnO,NPs, from left to right, show the samples
treated with 0.1, 0.05, 0.01, 0.005, and 0.0005 wt% KCN and the
control sample (the as-synthesized AgNPs).
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microwave treatment revealed unchanged absorbance spectra
and colour, indicating high stability regardless of the cyanide
concentration in the range from 0.0005 to 0.1 wt% (Fig. 9(b) and
(d)). Microwave-treated tin oxides create an effective barrier
layer that protects the metallic core even against strong com-
plexing compounds with a small ionic radius such as cyanide
ions. The high chemical stability of the AgNP@SnO, nano-
structures allows the use of their photonic properties even in
highly aggressive conditions.

The obtained Ag@SnO, system is a perfect tool for intro-
ducing silver probes into a biological environment as well as
harsher ones and can significantly extend their potential
applications. Moreover, the Ag@SnO,NPs remain stable for over
six months, do not form any precipitates, do not change the
colour, and retain their stability and optical properties after
treatment with NaCl, TBS, and phosphate buffer at various pH
values and KCN concentrations.

4. Conclusion

The SnO, shell synthesis presented in this report was applied to
achieve adjustable coverage of Ag nanoparticles, characterized
by 2.0, 3.5, 6.5, 8.5, and 13.0 nm thick coatings. The obtained
core@shell Ag@SnO,NPs were treated by microwave irradiation
at 150 °C to improve their environmental resistance. The
core@shell system was studied using STEM, DLS, zeta potential,
and UV/Vis analysis. The characterization of the nanoparticles
revealed a 13 nm-thick metallic core and tunable thickness of
the shell depending on the sodium stannate concentration in
the synthetic process. The maximum SPR bands characteristic
for the silver nanostructures revealed red-shifts from 409 nm to
423, 430, 447, 454, and 460 nm after the process of SnO,
coverage and then to 443, 447, 459, 464, and 465 nm after
microwave treatment for the AgNPs characterized by 2.0, 3.5,
6.5, 8.5, and 13.0 nm thick shells, respectively. The presence of
SnO, on the metallic core was proven by XPS studies.

Thanks to inorganic electrosteric stabilization, the Ag@SnO,-
NPs remained stable in water without any organic stabilizers such
as sodium citrate and revealed their long-term stability for over six
months. The synthesis of an SnO, shell on an Ag core is an
effective method for protecting the silver nanostructures against
the influence of a biological environment. The core@shell
Ag@SnO,NPs were stable in an aqueous solution of NaCl from
150 mM to 0.1 M, TBS buffer at 0.1 M, high ionic strength
phosphate buffer, from acidic to alkaline pH and even at non-
biologically relevant pH values (pH 1.4 and 13.2). Our findings
indicate that the core@shell Ag@SnO,NPs are a promising tool
for various applications in the biological environment.

Moreover, the efficiency of the SnO, shell as an effective
coating against harsh environments was proved in KCN solu-
tion of up to 0.1 wt% concentration. This fact may be useful for
many systems working in chemically aggressive conditions that
need stable photonic properties.
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