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Abstract: We present a colorimetric sensor based on functionalized silver nanoparticles for the
detection of metal ions in aqueous solutions. The interaction between the target metal ion and the
functionalizing agent triggers the aggregation of these nanoparticles, and the consequent change in
optical properties allows the detection/quantification of the analyte. In detail, this work describes
the synthesis of AgNPs by a chemical reduction method, and the production of mercaptoundecanoic
acid functionalized NPs with different surface densities (multi-, full-, and two partial layers). UV-Vis
spectroscopy was used to monitor the functionalization processes, and to investigate the aggregation
behavior of each AgNPs@11MUA sensor upon titration with the metal ions of interest, namely Ni?*,
7Zn?t, Co?*, Cd%*t, Mn?*, and Cu?*. The resulting UV-Vis raw data obtained for each layer density
were submitted to principal component analysis to dissect the role of the metal ions in NP aggregation
and in establishing the sensitivity and selectivity of the AgNPs@11MUA sensor. Interestingly, we
observed an increase in sensor sensitivity and selectivity at a lower density of the functionalizing
agent on the AgNPs’ surface, which results in characteristic colors of the NP suspension upon titration
with each metal ion.

Keywords: colorimetric sensor; silver nanoparticles; surface functionalization; metal ions detection

1. Introduction

The progressive development of anthropic activities has contributed to an increase
in the environmental levels of several toxic pollutants, such as heavy metal ions, anions,
organic compounds, dyes, drugs, pesticides, bacteria, viruses, and gases [1], with haz-
ardous consequences to human health [2]. Great efforts have been devoted to developing
analytical methods for their rapid, real-time, sensitive, and selective determination [3]. In
this context, recent advances in nanotechnology and materials science have prompted the
use of nanoparticles (NPs) [4], quantum dots [5-7], carbon nanotubes [8], graphene [9-11],
nano-sheets [12] and other two-dimensional nanomaterials in the field of sensors [10].

In particular, nanoparticle-based colorimetric sensors exhibited promising results
in the detection of metallic ions [13], organic dyes [14], drugs [15], pesticides [16], and
viruses [17], with their sensing mechanism mainly relying on NP aggregation [18-20]. Their
popularity is also growing rapidly due to their ease of fabrication, rapid detection, high
sensitivity, and naked-eye sensing [21].

Gold, silver, and copper NPs are the most widely used metallic NPs [22] with unique
optical properties due to strong surface plasmon resonance (SPR) [23-25], which is generated
by the collective oscillation of electrons at the interface between metal and dielectric [26].
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Among these, silver nanoparticles (AgNPs) are largely used as optical sensing materi-
als [27,28] due to their cost-effective properties compared with AuNPs and broader range
of applications compared with CuNPs (which cannot be used in aqueous solvents [29]).
Most importantly, AgNPs display high values in the molar extinction coefficients in the
range 108-10'" M~! cm ! in their absorption band [30], also known as the surface plasmon
absorption band (SPAB), which lies in the range 390-600 nm depending on the shape,
dimension, composition, and dielectric constant [31], resulting in an unambiguous color of
the colloidal suspension [32,33].

In these aggregation-based sensors, the chromatic variation in the colloidal suspen-
sion is triggered by the interaction of the NPs with the analyte of interest [20], which is
accompanied by the appearance of a second SPAB at a higher wavelength [34]. In fact, the
decrease in the interparticle distance (induced by the nanoparticle aggregation) leads to a
strong plasmon coupling between the nearby particles, which in turn causes changes in the
plasmon bands and a consequent change in the color of the colloidal solution [35,36].

Although several research articles focus on the identification of the optimal functional-
izing agent for the detection/quantification of a given analyte, no studies on the correlation
between the sensor behavior and the density of the functionalized layer are currently
available. To fill this gap, in this work we report on the synthesis and characterization of
AgNPs and the functionalization thereof with different levels of 11IMUA. Most importantly,
AgNPs@11MUA at different layer densities were individually titrated with a panel of the
most common heavy metals ions (namely Ni%t, Zn%*, Co?*, Cd?*, Mn?*, and Cu?*) [37],
and the corresponding changes in SPAB were discussed. To further dissect spectral fea-
tures associated with each AgNPs@11MUA’s density layer, a multivariate approach was
exploited to compare the effect of the different metal ions, relying on principal component
analysis (PCA) directly applied to the SPAB, which could be considered the “chemical
fingerprint” of the samples under investigation [38].

2. Materials and Methods
2.1. Materials

Silver nitrate (AgNOj3), sodium borohydride (NaBH;), mercaptoundecanoic acid
(11IMUA), NiCly, CoClp, ZnCl,, CuCly, MnCly, and CdCl, were purchased from Sigma-
Aldrich (St. Louis, MO, USA). All these chemicals were used as received without further
purification. Aqua regia was used to wash all the glassware before being used. Ultrapure
water (18.2 uS/cm) produced by Milli-Q® Advantage A10, Merk, was used to prepare all
the solutions.

2.2. Synthesis and Surface Functionalization of AGNPs

Functionalized AgNPs were obtained with the same procedure reported in our previ-
ous work [13]. Briefly, AgNPs were synthesized by adding 1 mL of freshly prepared water
solution of NaBHj (0.25 M) to 50 mL of AgNOs3-containing water solution (0.001 M) and
stirred for 30 min. For the functionalization, a specific amount of a stock solution of 11IMUA
in NaOH-solution (0.6 M, pH = 9) was added to the particle suspension and stirred for 24 h.
The exact amount of 11IMUA added to each AgNP suspension is reported in Table 1.

Table 1. The number of moles of 11IMUA added to the AgNP suspension for the functionalization, cor-
responding number of 11IMUA molecules per nanoparticle, and % of saturation for ML = multi-layer,
FL = full-layer, and PL; , = partial layers, respectively.

11MUA Layer Mol of 11IMUA 11IMUA/NP Saturation %
ML 1.33 x 1073 2.42 x 1016 multilayer
FL 1.33 x 107 242 x 1014 100
PL; 1.33 x 1077 242 x 1012 1

PL, 1.33 x 10711 242 x 108 0.000001
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2.3. Characterization of Bare and Functionalized AgNPs

UV-Vis spectra of AgNPs and AgNPs@11MUA at different layer densities and the
SPABs observed at each step of the titration were acquired with a Cary 8454 Diode Array
System spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).

X-ray diffraction (XRD) of AgNPs was carried out using a custom horizontal Debye—
Scherrer diffractometer as described elsewhere [39].

2.4. Colorimetric Response Investigation

The colorimetric response of the AgNPs@11MUA sensor was investigated upon step-
wise additions of 10 pL of each metal stock solution (0.1 mM) to the AgNPs@11MUA
suspension. SPAB was acquired at each step of titration to build the dose/response curves.

2.5. Morphological Analysis by Scanning Electron Microscopy (SEM)

Field emission scanning electron microscopy (FE-SEM, Sigma 300, Zeiss, Germany)
operating at 7 kV, equipped with energy dispersive X-ray spectroscopy (EDX, Quantax,
EDS, Bruker, Billerica, MA, USA), was used to evaluate the morphology of AgNPs and
AgNPs@11MUA. Samples were prepared as described elsewhere [13].

2.6. Multivariate Data Treatment

UV-Vis spectra were collected at each step of the titration of 11IMUA-coated AgNPs
with all the metal ions of interest, and the overall dataset was submitted to PCA, applying
autoscaling as column pretreatment. This procedure was individually repeated for each
layer density. Only the region from 300 to 800 nm was considered, since it was the most
informative portion of the spectrum for this investigation. The multivariate data treatment
was performed using the open-source software CAT [40].

3. Results and Discussions
3.1. Scanning Electron Microscopy Characterization

AgNPs morphology was revealed by SEM characterization; the particles displayed a
spherical distribution, characteristic of AgNPs that possess a SPAB in the range
350-450 nm [41]. Size analysis was performed by Image] software on 200 nanoparticles and
data were fitted by normal distribution, revealing an average diameter of ~23.07 £ 5.12 nm
(Figure 1). The absence of stabilizers, which was necessary to ensure that only 11MUA
was bonded on the surface of the particles, caused polydispersity in the NPs’ distribution.
Upon functionalization, AgNPs retained the same morphology as demonstrated in our
previous work [13].

X

\\\&\\3\,& =

30 35 40 45 50
Size (nm)

Figure 1. SEM image of AgNPs 11IMUA at Mag = 200.00 Kx (left panel). Particle size distribution
(~ 23.07 £ 5.12 nm) obtained by size analysis with Image] software (right panel).



Chemosensors 2022, 10, 483

40f 15

3.2. Functionalization of AgNPs with Different Layer Densities

The number of 11MUA molecules necessary to form one monolayer functionalization
was calculated on the assumption that a maximum of 3 & 1 molecules of 11IMUA can be
packed in 1 nm? [42]. The surface of the nanoparticles was calculated by size distribution
analysis of AgNPs, as described in the Experimental Section. Assuming that all the Ag-ions
react to form AgNPs, the number of particles in the colloidal suspension was calculated by
Equation (1) [43]:

m
NNPS = W = 8.06 x 1013 mol (1)

"1

where “p” is the density of the face-centered cubic (fcc) silver (=10.5 g/ cm?), “r” is the
mean radius of the particles (11.5 nm = 11.5 x 10~7 cm), and “m” is the mass of silver
(0.0054 g). Postulating a spherical distribution of NPs, the surface area Sa of the particles
was calculated by Equation (2):

Sa = Nyps X s = 1340 cm? ()
where ”Nyp;s” is the number of NPs previously obtained, and “s” is the surface of NPs
obtained by considering the mean radius of NPs in cm?. Therefore, the amount of 11MUA to
obtain a monolayer functionalization can be easily obtained (Sa x 3 x MUA/nm?). Table 1
reports the number of 11IMUA molecules per nanoparticle in the different synthesized
layers. Specifically, in the full-layer functionalization (FL), 2.42 x 10'* molecules of 11IMUA
were present on a single nanoparticle, whereas in the multi-layer (ML), the number of
11IMUA molecules increased 100-fold. Two different partial layers (PL; ») were synthesized
using 2.42 x 10'? and 2.42 x 10® molecules of 11MUA per NP, respectively.

3.3. Spectrophotometer Characterization of Bare AGQNPs and AgNPs@11MUA

The colorless to pale-yellow change after the addition of a reducing agent to the solu-
tion containing Ag* confirmed the formation of bare silver nanoparticles. The successful
formation of AgNPs was further verified by XRD (Figure S5). The addition of a functional-
izing agent caused the increase in the color intensity of the AgNP suspension. The SPAB
of bare AgNPs showed a strong absorption at 392 nm, characteristic of spherical AgNPs,
whereas AgNPs functionalized with different concentrations of 11IMUA (Table 1) resulted
in a red shift (393—440 nm) of the SPAB due to the interaction between thiol group on the
surface of the NPs (Figure 2) [44—46].

3.4. Spectrophotometric Characterization of 11MUA—-Metal-lon Interactions

The interactions between free mercaptoundecanoic acid and different metal ions were
investigated by UV-Vis spectroscopy to rule out possible interferences of the metal-ligand
complex with the SPAB of AgNP@11MUA. UV-Vis spectra (Figure 3) showed absorption
bands at wavelengths below 290 nm for all the investigated metal ions. Interaction between
Cu?* and Mn?*, with 11IMUA also showing a broad and low-intensity absorbance at
400 nm. Therefore, we could reasonably argue that the individual second SPAB generated
upon the interaction between AgNPs@11MUA and the metal ions of interest (M) is mainly
attributable to the formation of the AgNPs@11MUA-M lattice.
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Figure 2. SPAB of the bare AgNPs (black line), and SPABs of AgNPs after the functionalization with
a multi-layer (blue line), full layer (cyan line), and two different partial layers, PL; (green line) and

PL; (yellow line), respectively.
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Figure 3. UV-Vis spectra of complexes formed upon the addition of metal ions to the 1IMUA in NaOH
solution; 11IMUA (black line), Ni** (green line), Mn?* (blue line), Cu?* (red line), Zn?* (cyan line),
Co?* (purple line), and Cd?* (yellow line).
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3.5. Titration of AGNPs@11MUA with Metal lons

Specifically, different AgNPs colloidal suspensions with different surface densities
(ML, FL, PL;, and PL;) were titrated with each metal-ion solution (Ni?*, Zn?*, Cu?*, Cd?*,
Co?*, Cr?*) and the consequent aggregation was evaluated by UV-Vis spectroscopy.

3.5.1. ML-AgNPs@11MUA

Upon titration of ML-AgNPs@11MUA with metal ions, the corresponding
UV-Vis spectra did not show the appearance of the second SPAB, characteristic of ag-
gregated NPs. Figure 4 shows a representative superimposition of spectra obtained at the
highest concentration of tested metal ions and the relationship between absorbance ratio
(Absssg/ Absyyo) and metal-ion concentration.

0.6
0.5 01b
30.4 < o0.05} ;
T 2
§ 0.3 £
3F [0} 0¢
g7 g
g 8
902 5-0.05
< 2
<
0.1 -0.1
0 -0.15 : . . .
300 400 500 600 700 800 0 5 10 15 20 25
Wavelenght (nm) Metal (uM)

Figure 4. SPABs of ML-AgNPs@11MUA (black line) obtained at the highest concentration of metal
ions (left-panel); calibration curve showing the relationship between absorbance ratio and metal ion
concentration used in the titrations (right-panel). Ni2+ (green line), Mn?* (blue line), Cu?* (red line),
Zn?* (cyan line), Co?* (purple line), and Cd?* (yellow line).

Additional information was obtained by submitting the entire dataset to principal
component analysis. In this case, PC1 and PC2 together accounted for 95.70% of the
percentage variance. The loadings plot (Figure S1) clearly showed that PC1 represented
85.32% of the spectra variation for the entire region (300-800 nm) whereas PC2 represented
10.38% of variance, which allowed us to distinguish samples with signals in the region
below 500 nm, located in the positive part of the axis, from those reporting signals above
500 nm, placed in the negative part of the axes.

In the scores plot (Figure 5), no clear distinction among the different metal ions was
observed alongside PC1 or PC2. Nevertheless, when considering metal ions individually,
PC1 revealed variations in the UV-Vis spectra upon titration even in the absence of the
second SPAB, with a resulting decrease in the score value. The highest effect was observed
when Cu?* and Cd?* were added to ML-AgNPs@11MUA, whereas no variation was
observed for Mn?*.

The blue shift observed for the SPAB can be rationalized by hypothesizing that, at
concentrations of 11MUA far greater than in the FL, the functionalizing agent can form a
multilayer due to the formation of either secondary interactions (even layers) or disulfide
bonds (odd layers) between the surface-bound 11IMUA and free 11MUA [47,48]. The
formation of this multilayer was confirmed by the strong change in the SPAB observed upon
functionalization, as previously demonstrated for analogous functionalized NPs [49,50].

Based on this assumption, the titration of ML-AgNPs@11MUA with metal ions could
promote the formation of Met?>*-SH and Met?>*-COOH coordination complexes and disrupt
the secondary MUA-MUA interactions that stabilize the multilayer, eventually reversing
the red shift of the SPAB associated with the formation of the multilayer (Figure 6) [51-53].
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Figure 5. PCA score plot for PC1 and PC2 components upon titration of SPABs of ML-
AgNPs@11MUA with each metal ion.
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Figure 6. Schematic representation of the multi-layer arrangement for ML-AgNPs@11MUA on the
surface of the NPs. & indicates the metal ions that could disrupt MUA-MUA secondary interactions.

3.5.2. FL-AgNPs@11IMUA

The analysis of the SPABs upon titration of FL-AgNPs@11MUA with metal ions
revealed a metal-type-dependent aggregation behavior. The comparison of the spectra
obtained at the highest concentration of each metal ion showed that FL-AgNPs@11MUA
fully aggregated after the addition of 10uM Ni?* and 17 uM of Mn?* and Cd?*. Differently,
Zn**, Cu?*, and Co?* were extremely inactive, as the aggregation of FL-AgNPs@11MUA
was not triggered upon additions in the same concentration range (Figure 7, left panel).

The superimposition of titration curves (Absssy/Abss14 vs metal concentration) re-
ported in Figure 7, right panel, is representative of the sensor sensitivity to each metal.

In this case too, submitting the entire dataset to PCA, PC1 and PC2 together accounted
for an high percentage of variance (90.11%). Specifically, the analysis of the loadings plot
(Figure S2), showed that the separation alongside PC1 (62.89%) was mainly attributed to
the region of the spectra above 500 nm, with a positive contribution, and to the region
between 350 and 450 nm, with a negative contribution; on the other hand, the separation
along PC2 was associated with changes in the SPAB at 350 and 450 nm, with a positive
contribution.

The scores plot (Figure 8) revealed no significative change in the UV-Vis spectra
upon titration with Cu?* and Zn?*. Conversely, PC1 and (only to a minor extent) PC2
score values increased with Co?*, Mn%*, and Cd2* concentrations; this behavior was likely
dependent upon the simultaneous decrease in the intensity of the SPABs characteristic
of dispersed ML-AgNPs@11MUA, and the broadening of the SPABs (no well-defined
second SPAB was observed). Conversely, a different trend was observed for Ni?*, since it
was clearly separated alongside PC1, due to a decrease in the signal intensity of dispersed
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ML-AgNPS@11MUA at increasing concentrations, and alongside PC2, due to the formation
of a second well-defined SPAB [13].
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Figure 7. SPABs of FL-AgNPs@11MUA (black line) obtained at the highest concentration of metal
ions (left-panel); calibration curve showing the relationship between absorbance ratio and metal ion
concentration used in the titrations (right-panel). Ni%+ (green line), Mn2* (blue line), Cu?* (red line),
Zn?* (cyan line), Co?* (purple line), and Cd?* (yellow line).
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Figure 8. PCA score plot for PC1 and PC2 components upon titration of SPABs of FL-AgNPs@11MUA
with each metal ion.

The interaction between metal ions and partially functionalized AgNPs, namely PL;

and PL, (2 x 10'2 and 2 x 108 molecules of 11MUA per NP, respectively), was investigated
by UV-Vis spectroscopy upon titrations with each metal ion. Generally, a second SPAB was
observed at a higher wavelength, indicating the aggregation of AgNPs. Table 2 summarizes
the position of the second SPABs, identified by the deconvolution of the spectra with a
lognormal function, for each metal for PL; and PL,, respectively [54,55].
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Table 2. Wavelength position of the second SPABs in nm obtained by spectra deconvolution using a
lognormal distribution.

Metals Ions PL; SPAB (nm) PL, SPAB (nm)
Zn%* 506 594
Cd?* 560 613
Co?* 531 595
Ni2+ 516 568
Mn?2* 620 670
Cu?* 537 635

The UV-Vis titration spectra of PL;{-AgNPs@11MUA with each metal ion at the highest
concentration, and the corresponding titration curves (Abs,™gpap/ Abszgy Vs concentration)
showed that all metal ions caused the full aggregation of the PL;-AgNPS@11MUA at
~20 uM of metal ion (Figure 9).

1.5 T T T T 1
—~0.8}F
S
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~ = 06 L
g
©
3 &
< ?
Q
<o2}
0 . . . 0 N . i
300 400 500 600 700 800 0 5 10 15 20
Wavelenght (nm) Metal (UM)

Figure 9. Superimposition of UV-Vis spectra of PL;-AgNPs@11MUA (black line) obtained at the
highest concentration of metal ions (left-panel), calibration curve showing the relationship between
absorbance ratio and metal concentration used in the titrations (right-panel). Nj2+ (green line), MnZ*
(blue line), Cu®* (red line), Zn?* (cyan line), Co?* (purple line), and Cd?* (yellow line).

All the titration curves showed three major regions: an “initial zone”, in which only
a few clusters of PL1-AgNPS@11MUA-M are formed; an “intermediate zone”, in which
the addition of metal ions caused a strong change in the SPAB resulting in the forma-
tion of a superlattice of previously formed PL;-AgNPS@11MUA-M clusters [56]; and a
“pre-saturation zone” in which the superlattice reaches a critical size and collapses. In-
terestingly, upon individual titration, particular colors were observed for each metal ion
(Figure 10).

Considering the multivariate analysis in the case of partial monolayer, PC1 and PC2
accounted for 80.6% of the experimental variance (see loading plot Figure S3). Analyzing
the loading plot in Figure S3, alongside PC1 (60.26%), 450 nm emerged as the discriminating
wavelength between positive (>450 nm) and negative contributions (<450 nm), whereas
PC2 (20.20%) was associated with SPAB broadening (local maxima at approximately 350 nm
and 435 nm) and the appearance of signals between 450 and 600. Peak shift and background
had a positive contribution, whereas the 450-600 zone had a negative contribution.

The scores plot (Figure 11) showed a shift for all metal ions towards higher PC1 score
values by increasing the concentration, due to the decrease and increase in the first and
second SPAB, respectively. The shift along the PC1 axis also reflected the behavior of the
titration curves reported in Figure 9 (right panel), since it followed the same trend with a
higher shift in the “intermediate zone”. Additionally, the PC1 score also evidenced that the
optimal sensing zone depended on the type of metal ion added to the PL;-AgNPS@11MUA.
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PC2 instead discriminated the metal ions mainly on the position of the second SPAB; in
fact, those metal ions that generate secondary well-resolved SPABs (and do not cause a
high enlargement of the first SPAB), were placed in the bottom part of the score plot. This
behavior was found for Zn?*, Cd?*, and Cu?*. Conversely, those metals that did not show
a second well-resolved SPAB, such as NiZ*, Mn2* and, to a lesser extent, Co?*, were in the
top part of the plot.

|

s o)
)
.I»

N2t Cu?t Zn?*  Co?%* Cd?t Mn?2t
Figure 10. PL;-AgNPs@11MUA upon the addition of each metal ion at the highest concentration of
metal ion added before the collapse.
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Figure 11. PCA score plot for PC1 and PC2 components upon titration of SPABs of
PL;-AgNPs@11MUA with each metal ion.

At further lower layer density (2 x 10% molecules of 11IMUA per NP, PL,-AgNPS@11MUA),
a shift toward higher wavelengths of the second SPAB was observed with respect to PL; (Table 2).
As for the other partial layer, the formation of a second well-distinguished SPAB was observed
(Figure 12) upon the titration, due to the aggregation of PL,-AgNPS@11MUA; again, the titration
curves (Absy,gspap/ Abssos Vs. concentration) were characterized by three different parts, with
the intermediate zones presenting higher slope values.
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Figure 12. SPABs of PL,-AgNPs@11MUA (black line) obtained at the highest concentration of metal
ions (left-panel), calibration curve showing the relationship between absorbance ratio and metal ions
concentration used in the titrations (right-panel). Ni2+ (green line), Mn?* (blue line), Cu®* (red line),
Zn?* (cyan line), Co®* (purple line), and Cd?* (yellow line).

In the case of PL,-AgNPs@11MUA, PCA analysis revealed a general behavior similar
to PL1-AgNPs@11MUA. The scores plot (Figure 13) showed that all metal ions underwent
a shift towards higher values, alongside PC1, with increasing metal ion concentrations, due
to the decrease in the main SPAB (400 nm) and the appearance of a second SPAB upon
aggregation. In line with the titration curves, the shift alongside PC1 was higher in the
central zone and its extension was metal-ion dependent. Sample separation alongside PC2
was not so evident, with the sole exclusion of Mn?*, which was unequivocally separated
from the other metal ions; this peculiar behavior was likely related to the red shift in the
first SPAB at 400 nm (Figure 12, left panel).
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Figure 13. PCA score plot for PC1 and PC2 components upon titration of SPABs of
PL,-AgNPs@11MUA with each metal ion.
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4. Conclusions

To dissect the role of coating density in tuning the sensing properties of AgNPs, we
produced functionalized silver nanoparticles with different amounts of 11MUA, eventually
obtaining multi-layer (ML), full layer (FL), and two partial layers (PL; and PL;) NPs.

Next, the resulting colloidal suspensions were individually titrated with a selection of
the most common metal ions present in wastewater (namely, NiZt, ZnZt, Co%t, Cd2+, Mn?*,
and Cu?*) and the consequent variation in SPABs was followed using UV-Vis spectroscopy.

The differently coated AgNPs displayed major differences in their sensing proper-
ties. Specifically, multi-layered ML-AgNPs@11MUA did not undergo aggregation upon
titration with each metal ion, showing negligible sensing properties. Nevertheless, PCA
analysis disclosed a change in the UV-Vis spectra upon titration with metal ions, which
was attributed to the interaction between metal ions and the 11IMUA on the external layers.

In the case of full-monolayered FL-AgNPs@11MUA, the aggregation of the nanopar-
ticles was triggered upon titration with Ni?* (0.5-10 uM), Mn?*, and Cd?* (0.5-17 uM).
Multivariate analysis discriminated metal ions both quantitively and qualitatively. Specifi-
cally, Ni?* was evidently separated from the other metal ions, supporting the specific use
of FL-AgNPs@11MUA for its detection [13].

The most interesting results in terms of aggregation were observed when the AgNPs
were functionalized with partial layers. PL;-AgNPs@11MUA underwent aggregation
upon titration with each metal ion, forming a superlattice of PL;-AgNPS@11MUA-M
and causing characteristic colors for each metal ion. At a lower density of the layer
(PL,-AgNPS@11MUA), we did not observe any substantial change in the sensor behavior;
the main difference consisted in the shift of the second SPAB at higher wavelengths, indi-
cating the formation of a different superlattice due to the lower density of functionalized
molecules on the AgNP surface. Additionally, the effect of increasing metal-ion concen-
tration and the discrimination between the metal ions was properly rationalized by PCA
analysis for PLj and PL;. The use of multivariate analysis, even when only exploiting one
of its simplest tools, PCA, was extremely helpful in the interpretation of NP behavior, and
could support further developments of these sensors for the simultaneous determinations
of metal ions in complex mixtures.

To the best of our knowledge, this study demonstrated for the first time that the
density of the functionalizing molecules on the surface of AgNPs is critical in establishing
the sensor properties. In fact, by tuning the surface density of the functionalizing agent, it
was possible to modulate the selectivity and the application range of the AgNPs@11MUA
sensor. Given these promising results, additional studies aimed at further dissecting the
role of NP coatings are currently underway.
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