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Abstract

Colloidal silica or silicon dioxide nanoparticles (SiO, NPs) are extremely amorphous nanomaterials owing spherical shape.
These nanoparticles have gained much interest due to their usage in various fields; going from the industrial domain to the
biomedical field. In this study, the synthesis of SiO, NPs was investigated and optimized by varying two essential param-
eters including the type of silica precursor and the concentration of sodium hydroxide. The suitable nanoparticles were
formed according to the best silica precursor (Colloidal Silica) and the optimum NaOH concentration (C=100 mM). The
applicability of the prepared nanoparticles was performed for the detection of silver ions in the concentration range between
5 and 300 pM based on resonance Rayleigh scattering (RRS) spectrometry. The limit of detection obtained was equal to
130 nM and the recovery percentage was between 98.4 and 100.4%. The detection of silver ions based on RRS technique
was find to be easy to manipulate, simple and fast with low cost, compared to the usual techniques used as chromatography

and calorimetric techniques.
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Introduction

Nanoparticles are defined as particles that have a diameter
between 1 and 100 nm [1]. In fact, colloidal silica nanopar-
ticles, also called silicon dioxide (SiO, NPs), are amorphous
nanoparticles produced in spherical shape. SiO, NPs can be
synthesized based on several techniques as reverse micro-
emulsion, flame synthesis, and sol-gel method [2]. Mainly,
silica nanoparticles have unique properties especially high
chemical stability, biocompatibility, and targeted controlled
release. Generally, the Si—O bond of the silica is responsi-
ble for their higher stability [3]. In fact, SiO, NPs can be
synthesized in different sizes, shapes and different surface
area. These properties expand the use of these nanomate-
rials in different domains [4]. Furthermore, silicon dioxide
nanoparticles possess significant benefits such as their high
biocompatibility and hydrophobicity, high systemic stability.
Additionally, SiO, NPs can highly resist to pH changes, and
present large multi-functionality, due to their low toxicity [5].
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Lately, researchers have developed the use of nanoparti-
cles in the biomedical field as nanosensor for the detection
of specific analytes. Hence, a sensor is by definition a device
that reacts to a biological, chemical, or physical pattern and
interprets its reaction into a signal modification [6]. Actually,
to determine a perfect recognition of the irregular expres-
sion of a certain illness, the nanosensor should not interfere
with other similar compounds to the essential analyte. Thus,
conventional sensors such as microelectrode or fiber optical
sensors suffer from their low selectivity due to their large
area and size that trigger physical noise [7]. Based on these
facts, it was necessary to develop nanosensors that are cheap,
easy to manipulate along with high selectivity towards spe-
cific analytes. Thus, silica nanomaterials are being widely
used and investigated as nanosensors for the estimation of
biological molecules, heavy metals, etc. For example, Oth-
man et al. have arisen the use of silica nanoparticles in the
formation of liposomal curcumin for the selective estimation
of ATP molecule [8]. Moreover, a recent study handled by
El-Kurdi et al. has proven the efficiency of silica nanopar-
ticles coated by chitosan oligosaccharides for the detection
of mercury ions [9].

In recent years, there has been an increase in the pres-
ence of Ag* in the environment because of human activities.
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Scheme 1: Schematic representation of the SiO, NPs synthesis

This increase is found in drinking water and food chains
consumed by humans and leads to an accumulation of this
metal ion in the human body that causes cell toxicity and
organ failure [10, 11].

Generally, silver is found either in air, water, soil, and/
or food. In fact, the US Environmental Protection Agency
(EPA) has listed silver as a Group D carcinogen and has
recognized an oral reference dose at a daily intake limit of
0.005 mg/kg. According to EPA, “minimal dietary exposure
may result from the use of silver in human drinking water
system”. Consequently, it was necessary to find suitable
methods that help in estimating silver ions concentration
[12]. The common methods used to detect silver ions are
atomic absorption spectrometry [13, 14], inductively cou-
pled plasma-mass spectrometry (ICP-MS) [15, 16], and ionic
selective electrode [17]. However, these techniques present
several limitations. On the first hand, they are extremely
expensive, and on the other hand, they require complicated
sample preparations and demand experienced engineers for
their repairs [18, 19]. Henceforward, it was the need to find
simple, fast, with low cost technique for the detection of Ag*
ions. Thus, resonance Rayleigh scattering (RRS) was one of
the most easiest techniques to be applied in sensing applica-
tion. In fact, RRS is a distinctive elastic scattering formed
when the wavelength of Rayleigh scattering (RS) is located
at/or close to the molecular absorption band. RRS means
that for an excited sample, the transmission, reflection and
coherent emission exist in other directions [20].

Henceforth in this study, we optimized the reaction’s
parameters as a first step, by studying the effect of the silica
precursor on the size of the nanoparticles, and the effect
of the concentration of NaOH added. The most stable NPs
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were then taken and used for the detection of Ag™ using
RRS technique.

Materials and Methods
Materials

Colloidal silica suspension (size =20 nm) was purchased
from Sigma-Aldrich. Pure ethanol and sodium hydroxide
(NaOH), tetraethyl orthosilicate (TEOS), silica gel, and
(3-aminopropyl) triethoxysilane were obtained from Sigma-
Aldrich. Silver nitrate (AgNO;) was obtained from Sigma-
Aldrich. Mercury (II) nitrate monohydrate (Hg(NO5),.
H,0), nickel (II) nitrate hexahydrate (Ni(NO;),.6H,0),
lead (II) nitrate (Pb(NO3),), aluminum nitrate nonahydrate
(AI(NO3);.9H,0), sodium nitrate (NaNQO,), zinc nitrate hex-
ahydrate (Zn(NO;),.6H,0), and potassium nitrate (KNO;)
were acquired from Acros. All chemicals were used as
received without any further purifications, and dissolved in
double distilled water.

Synthesis of Silica Dioxide Nanoparticles

The preparation of colloidal silica nanoparticles was carried
out based on Rao et al. [21], with some modifications (see
Scheme 1). Initially, 5 mL of double distilled water (DDW)
were mixed with 5 mL of pure ethanol and sonicated for
20 min. Later on, 1 mL of colloidal silica was added drop
wise to the solvent mixture with continuous sonication. After-
ward, 2 mL of NaOH (C =1 mol/L) were added and the mix-
ture was stirred for 1 h at 400 rpm to ensure the formation of
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a turbid white precipitate. This precipitate was then isolated
from the solution by centrifugation at 4000 rpm for 15 min.
In order to eliminate the EtOH traces, the precipitate was
washed twice with DDW and centrifuged again at 4000 rpm
for 15 min. Finally, the solution was kept under freeze dryer
for 24 h in order to get a white dehydrated powder.

Optimization of the Reaction Parameters

The size, shape, etc., depend intensely on the reaction
parameters. For this reason, the reaction parameters were
optimized in order to prepare the most stable, and the small-
est SiO, NPs. For this purpose, different silica precursors
were used, and NaOH concentration was varied.

Effect of Silica Precursor

In this step, 4 different solutions were prepared, each con-
taining different silica precursor. The different silica precur-
sors used were tetracthyl orthosilicate (TEOS, V=1 mL),
(3-aminopropyl) triethoxysilane (APTMS, V=1 mL), silica
gel (m=1.12 g), and colloidal silica (V=1 mL). After that,
the synthesis was completed as described in the “Synthesis
of Silica Dioxide Nanoparticles” section.

Effect of Sodium Hydroxide’s Concentration

After choosing the adequate silica precursor, the effect
of NaOH’s concentration was expanded. For this reason,
a stock solution of NaOH (C =6 M) was prepared by dis-
solving 2.4 g of NaOH in 10 mL of double distilled water.
From this stock solution, different concentrations of NaOH
were added to the mixture of DDW, EtOH, and silica pre-
cursor. The NaOH concentration used was equal to 50 mM,
100 mM, 500 mM, 1 M, and 3 M, Similarly, the synthesis
was continued as described in the “Synthesis of Silica Diox-
ide Nanoparticles” section.

Characterization and Spectroscopic Analysis

For measuring resonance Rayleigh scattering spectrum
(RRS), synchronous fluorescence scan mode was used at a
wavelength interval (AA=0 nm). Synchronous fluorescence
scan was measured using Jobin—Yvon-Horiba Fluorolog III
fluorometer and the FluorEssence program. The excitation
source was a 100 W Xenon lamp, and the detector used was
R-928 operating at a voltage of 950 V by keeping the excita-
tion and emission slits width at 0 nm.

The X-ray diffraction (XRD) data were recorded using
a Bruker d8 discover X-ray diffractometer equipped with
Cu-Ka radiation (41=1.5405°). The monochromator used
was Johansson type. The step size was 0.02 s and the scan
rate was 20 s per step.

Furthermore, the thermogravimetric analysis (TGA)
measurements were done using a Netzsch TGA 209 in the
temperature range 30 to 1000 °C with an increment of 10/
min in a N, atmosphere. Scanning electron microscopy
(SEM) analysis was done using Tescan, Vega 3 LMU with
Oxford EDX detector (Inca XmaW20). In short, SiO, NPs
powder were deposited on an aluminum stub and coated with
carbon conductive adhesive tape.

Finally, the zeta potential was measured using the dynamic
light scattering machine (Manufacturer: Particulate systems,
Model: NanoPlus HD Zeta Potential/Nano Particle analyzer).

Sample Preparation for Silver Nitrate Detection

The detection of aqueous silver ions was performed using
SiO, NPs solutions at room temperature. In summary,
300 uM stock solution of silver ions was prepared by dis-
solving 0.85 mg of AgNO; in 10 mL of double distilled
water. To arrange several known concentrations in the range
of 0 to 300 uM, a known volume of stock solution of sil-
ver ion was pipetted and added to 0.1 mg/mL of SiO, NPs
aqueous solution. The detection of Ag* ions was done using
resonance Rayleigh scattering. To adjust the final concentra-
tion, a complementary volume of double distilled water was
added to make a total volume of 3 mL.

Results and Discussion
Optimization of the Reaction Parameters

The preparation of SiO, NPs was carried out through one
simple synthesis route by sol—gel process. In this procedure,
different shapes and sizes could be obtained when varying
the reaction parameters. The effect of silica precursor, and
NaOH’s concentration was developed and the obtained SiO,
NPs were compared and characterized through XRD, TGA,
and SEM.

Effect of Silica Precursor

Briefly, 5 mL of double distilled water were mixed with
5 mL of ethanol and left in a sonication bath for 20 min.
After that, each 1 mL of the 4 silica precursors was added
(TEOS, APTMS, silica gel, and colloidal silica) separately
to the different samples followed by the addition of 2 mL of
NaOH (C=1 M). After 1 h, when using APTMS and silica
gel as precursors, no white precipitate was formed. However,
in the presence of colloidal silica and TEOS, a white turbid
suspension appeared. Meaning that, the reaction occurred
only when colloidal silica and TEOS were used. After the
reaction was done, the precipitate was freeze dried and char-
acterized through XRD, TGA, and SEM.
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According to Nallathambi et al. [22], the XRD diffrac-
tion pattern of silica nanoparticles powder usually shows
a broad peak at 26 =22°. Similar results were obtained for
both SiO, NPs prepared using TEOS and colloidal silica,
confirming the amorphous nature of silica nanoparticles
(see Fig. S1A, see Supporting Information, SI), although
a minor shift in the diffraction angle was observed for
TEOS where 20 =25°. This difference is due to the fact
that TEOS has a long carbon chain (CgH,) which is absent
in colloidal silica [23]. Furthermore, thermogravimetric
analysis TGA was measured in order to check the thermal
stability of the produced NPs. As shown in Fig. S1B (see
SI), the SiO, NPs were found to be highly stable with the
increase of the temperature from 30 to 1000 °C. In fact,
the TGA analysis showed a weight loss around ~100 °C for
both colloidal silica and TEOS. Initially, this weight loss
is attributed to the loss of water and ethanol. Additionally,
the TGA results indicate that a mass loss of ~7% happened
when colloidal silica was used and of ~14% when TEOS
was used. Similarly, the highest % mass loss of TEOS is
mainly attributed to the presence of long carbon chain in
TEOS structure.

Finally, scanning electron microscopy was carried out to
compare the size of the particles obtained when varying the
silica precursor. As shown in Fig. 1A, when TEOS was used
large spheres were obtained in the range of 300-500 nm.
However, a huge difference was obtained when using
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colloidal silica, where the size has decreased dramatically
to 40-50 nm (see Fig. 1B). To sum up, the silica precur-
sor that will be used throughout the experiment is colloidal
silica since the nanoparticles obtained using this precursor
were the most stable with small size.

Effect of NaOH Concentration

In fact, the use of NaOH in this experiment is critical since
silicon dioxide nanoparticles are being produced. For this
purpose, the concentration of NaOH was varied from
50 mM to 3 M and the formed NPs were also compared
through XRD, TGA, and SEM techniques. Henceforth, for
a concentration equal to 50 mM, the reaction was almost
incomplete, since after 1 h, a pale turbidity was obtained,
resulting in few nanograms of the powder formed. How-
ever, when the concentration of NaOH increased, a white
precipitate appeared, verifying the total formation of SiO,
NPs. Hence, the obtained NPs were characterizied prin-
cipally via XRD analysis. In fact, no change was found
in the X-ray diffractogram of the different SiO, NPs pre-
pared using different NaOH concentration. However, this
was expected since the NaOH concentration has no direct
effect on the crystallinity degree of the nanoparticles.
Hence a broad peak was shown at 20 =22° meaning that
no alterations were done on the amorphousness structure
of these NPs (see Fig. 2A). Moreover, as shown in Fig. 2B

_ SEMHV:50KV | ~ MIRA3 TESCAN
View field: 2.67 pm

SEM MAG: 51.9 kx

WD: 8.21 mm
Det: In-Beam SE

Date(m/dly): 04/29/21 AUB-CRSL

Fig. 1 SEM image of SiO, NPs using A TEOS and B using colloidal silica
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Fig.2 A PXRD pattern of SiO, NPs and B thermogravimetric analysis TGA prepared with different NaOH concentrations

from the TGA analysis, a minimal weight loss occurred
around ~100 °C, attributed to the loss of H,O and EtOH,
yet when using 3 M NaOH a mass loss of ~14% happened;
thus, only ~4% weight loss occurred when 100 mM of
NaOH were used. Consequently, the difference in the mass
loss percentage is due to the presence of excess concentra-
tion of NaOH.

Finally, SEM was carried out to compare the size of the
NPs formed. As shown in Fig. 3A-D, when the concentra-
tion of NaOH increased, the size of the NPs increased as
well. For instance, the size of the formed SiO, NPs increased
from 20-50 nm to 200 nm, when the NaOH concentration
increased from 100 mM to 3 M. These results were expected,
where the excess of NaOH improve the formation of aggre-
gate in the solution. Hence, the concentration of NaOH
that was chosen to use throughout the other experiments
was 100 mM since the most stable and smallest NPs in size
formed were when using this concentration.

Detection of Silver Cations

In fact, Laurent et al. have proven that the use of different
nanomaterials in various biomedical applications necessi-
tate that the NPs have great magnetization value, a size less
than 100 nm and a narrow particle size distribution [24].
Consequently, Santra et al. agreed that the interaction of
contaminants with NPs is particularly dependent on the
NPs characteristics, essentially their size [25]. Therefore,
based on Rogozea et al. work, the high surface area of NPs
obtained, due to their very small size will extremely facili-
tate the efficient reaction between the NPs and the analytes
in different reaction [26]. Based on these evidences, the SiO,
NPs prepared using 1 mL of colloidal silica in the presence
of 100 mM NaOH are used as nanoprobe for the detection
of silver ions.

Sensing Ability

The application of the resonance Rayleigh scattering (RRS)
signal was applied for the examination of the sensitivity of
the SiO, NPs sensing probe. For this aim, different concen-
trations of silver ion in the range of 5 to 300 uM were added
to the SiO, NPs solution. Figure 4 shows the RRS spectra
of SiO, NPs after adding different concentration of silver
ions. The RRS peak of SiO, NPs presented at A =398 nm
has been proportionally improved with the increase in silver
ion concentrations. This increase in the RRS intensity is due
to the adsorption of Ag" ions onto the mesoporous surface
of the SiO, NPs.

Furthermore, the RRS intensities at A =398 nm have been
plotted versus the concentration of silver ions in the range
5-300 uM. Figure 5 shows a linear increase in the RRS
intensity within the increase of the concentration, within a
linear equation y=2339,050.51x+ 8.63 x 10° and a regres-
sion coefficient R? equal to 0.9916. Interestingly, the limit
of detection (LOD) and quantification (LOQ) were found
to be 130 nM and 405 nM respectively, referring to ko/s
criteria, where o is the standard deviation of y-intercepts of
regression lines, k is the constant (k=3.3 for the LOD and
k=10 for LOQ), and s is the slope of the calibration curve.
The obtained results reveal that our RRS method leads to a
comparable linear range and limit of detection to those of
previously reported methods (see Table 1). It was found that
the present method works in higher concentration range and
has a higher linear dynamic range.

Mechanism of the Proposed Nanosensor
As mentioned earlier, the increase in the RRS intensity was

attributed to the adsorption of positively charged Ag* to
the negatively charged mesoporous SiO, NPs nanoprobes.
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Fig.3 SEM images of SiO, NPs prepared with different concentrations of NaOH A 100 mM; B 500 mM; C1 M, and D3 M

This adsorption is commonly due to the electrostatic inter-  charged SiO, NPs and the Ag™ ions, positively charged.
action between two opposite charged species. According  This statement was verified when measuring the surface
to Eftekhari et al. [32], silica nanoparticles are negatively  charge of the nanosensor, and the mixture using zeta poten-
charged in a pH range of 2 to 14. This confirms the elec- tial analysis. In fact, the surface charge of the SiO, NPs was
trostatic interaction happening between the negatively  equal to —19.08 mV. The charge of the surface increases
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Table 1 Different techniques used for the detection of silver ion

to—4.28 mV upon the addition of silver ions. This change
in the surface charge reveals the presence of more positive
species which are related to silver ions adsorbed on the sur-
face of SiO, NPs (see Fig. S2. SI).

Interferences in Silver Detection

It is of great importance to study the selectivity of the devel-
oped nanoprobe, particularly in real sample applications.
Accordingly, different control experiments were done using
different M*" NO*~ such as, Cu**, Hg**, Ni**, Pb>*, AI*™,
Na*, Zn**, and K* (C=300 uM), in order to test the selec-
tivity of our sensing approach for Ag* detection. The ratio
of the RRS intensity in the presence of the different analytes,
to the RRS intensity in the absence of these analytes (I/1)
was measured and shown in Fig. 6A. I/, ratio showed a
same value of ~2 for Ni?*, Pb%*, Zn%*, and K*. This value
decreased and reached ~1 for Hg?* and Na* and a value
of ~0.5 for AI**. However, for Ag*, I/1, ratio was ~28. Thus,
it is clear that the synthesized silicon dioxide nanoparticles
were extremely selective towards Ag* ions. To understand
the selective detection towards silver ions, the topological
surface area of each metal ion was found and compared (see
Table 2). In fact, mercury (II) nitrate, nickel (II) nitrate, lead
(IT) nitrate, aluminum nitrate, and zinc nitrate hexahydrate
possess high topological polar surface area. Thus, silver
nitrate, sodium nitrate, and potassium nitrate have equal
surface area, yet only silver ions can interact with SiO, NPs
since silver is considered as a transition metal and it exhibits
the highest electrical conductivity, increasing thereby the
electrostatic interaction within the SiO, NPs.

Selectivity Towards the Nanoprobe

The selectivity of the synthesized colloidal silica nanoparti-
cles was investigated in the absence of SiO, NPs nanoprobe,

Sensing technique Range

LOD

Fluorescence biosensor based on C—-Ag +-C struc-  5-1500 pmol/L
ture and exonuclease IlI-assisted dual-recycling
amplification

Colorimetric detection 102-10* nM

Fluorescent detection with organic nano-aggre- -—--
gates

Detection of silver ions using DNA based nano- 10 nM-1 pM
porous micro-resonator

Colorimetric detection using gold nanoparticles in  2-28 uM

the presence of ascorbic acid

RRS using silica nanoparticles 5-300 uM

80 pM

11 ppb
1 nM
0.85 uM

130 nM

Interference Reference
2 pmol/L. Na*, Hg**, Pd**, Cd**, Cu®*, Zn**, Ni**, AI*Y, [27]
FC3+
NH,*, Na*, K*, Li*, Ba®*, Ca®*, Cd**, Co*, [28]
Cu2+ Fe2+ Mg2+ Mn2+ Ni2+ Pb2+ Zn2+ Al3+
CI'3+, Fe3+, Cll+, Pd2+,Hg2+
Na*, K*, Cr’*, Mn?*, Fe?*, Fe’*, Hg?*, Co®*, [29]
Ni**, Cu?*, Zn?*, and Pb>*
Na™, Li*, Ca®*, Mg?*, Zn**, and Fe?* [30]
AP*, Mg?*, Mn?*, Ni%*, Ca>*, Zn>*, Na*, Co**,  [31]
Cu?*, Cd*, Fe**, Fe**, Pb?*, Hg?*, and K*
Cu’*, Hg?*, Ni%*, Pb>*, A1, Na*, Zn?*, and K*  Our work
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and by replacing the prepared nanoparticles with the silica
precursor (colloidal silica suspension). As shown in Fig. 6B,
no detection was observed nor in the presence of colloidal
silica suspension and nor when dissolving in water. Hence,
the synthesized colloidal silica nanoparticles SiO, NPs were
proved to act as an efficient nanoprobe for the detection of
silver ions.

Determination of Silver lons in Real Samples

The proposed silicon dioxide nanoparticles were used to
determine the concentration of silver ions in water samples.
The water samples were obtained from two different drink-
ing water suppliers. The original drinking water samples
showed no detectable silver ions. For this purpose, each
sample had been spiked with known concentration of silver
ions in order to get the recovery of the experiment. As shown
in Table 3, the recovery percentages of the spiked samples
were found to be relatively high, in the range 98.4-100.4%.

Photostability of the Proposed Nanosensor

The photo-stability of SiO, NPs in the presence and absence
of Ag* ions is illustrated in Fig. S3 (see, SI). It was found

Table 2 Topological surface area of different metal ions

Metal Topological
surface area

Silver nitrate 62.9 A2

Mercury (II) nitrate 126 A?

Nickel (IT) nitrate 126 A?

Lead (II) nitrate 126 A?

Aluminum nitrate 189 A2

Sodium nitrate 62.9 A2

Zinc nitrate hexahydrate 126 A2

Potassium nitrate 62.9 A2

@ Springer

Concnetration (uM)

Table 3 Percentage recovery of the proposed method

Theoretical Experimental Recovery
concentration (uM) concentration (UM) (%)

Unknown 1 5 4.98 99.6
Unknown 2 75 73.8 98.4
Unknown 3 250 251.01 100.4

that in the presence and absence of Ag*, the I/l ratio was
not altered within 1 h. These results indicate that the current
sensor is relatively stable during measurement within time.

Conclusion

In conclusion, SiO, NPs were synthesized through a sim-
ple method by sol-gel process. It was found that the most
efficient NPs were formed when 1 mL of colloidal silica
(0.66 M) was used in the presence of 2 mL of NaOH with a
concentration of 100 mM. The produced nanoparticles have
shown high thermal stability, and formed in a spherical shape
between 20 and 50 nm. These properties have improved the
use of SiO, NPs as a nanoprobe for the detection of silver
ions. In addition, the obtained NPs showed a highly effective
method for the detection of Ag* ions using RRS technique.
This method has shown a selective detection of silver ions,
compared to other analytical methods such as chromatog-
raphy, electrochemical techniques, and spectrophotometric
absorption. The use of RRS technique decreases the limi-
tations of the analytical methods such as source of errors
using electrodes, same retention time for different analytes
in HPLC, GC, or AA. Hence, it offers the detection of silver
ions in a wider range from 5-300, with low LOD value equal
to 130 nM and a LOQ of 405 nM. Finally, the recovery of
the methods was relatively high between 98.4 and 100.4%.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11468-022-01627-6.
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