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In the last years, intense efforts have been made in order to obtain colloidal-based systems capable
of pointing out the presence of melamine in food samples. In this work, we reported about the
recognition of melamine in aqueous solutions, using gold nanoparticles stabilized with 3-mercapto-
1-propanesulfonate (AuNPs-3MPS), with the aim of deepening how the recognition process works.
AUNPs were synthesized using a wet chemical reduction method. The synthesized AuNPs-3MPS
probe was fully characterized, before and after the recognition process, by both physicochemical
(UV-vis, FT-IR, *H-NMR, DLS and {-potential) and morphostructural techniques (AFM, HR-TEM).
The chemical and electronic structure was also investigated by SR-XPS. The sensing method is based
on the melamine-induced aggregation of AuNPs; the presence of melamine was successfully detected
in the range of 2.5-500 ppm. The results achieved also demonstrate that negatively charged AuNPs-
3MPS are potentially useful for determining melamine contents in aqueous solution. SR-XPS
measurements allowed to understand interaction mechanisms between the probe and the analyte. The
presence of sulfonate groups allows a mutual interaction mediated by electrostatic bonds between

nanoparticles surface thiols and positively charged amino groups of melamine molecules.
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1. Introduction



1,3,5-Triazine-2,4,6-triamine — better known as Melamine — is a non-natural heterocyclic organic
compound with the chemical formula C3HsNs. Combined with formaldehyde, it produces a resin that
is nowadays widely used in chemical industries to produce plastics?, dyes?, fertilizers®, and fabrics®.
However, commercial melamine has attracted critical attention since 2008, when many infants in
several Chinese provinces were diagnosed with kidney stones, although this type of fraud was first
documented in 2007. All of them had been fed with powdered-milk formula for infants that was later
found to have been adulterated with melamine®>®’. A short distance away, an estimated 300,000
babies in China were sick from the contaminated milk, and the kidney damage led to six fatalities and
about 50,000 babies were hospitalized®. Toxic effects of melamine and its congeners have been
known for decades. Ingestion of melamine leads to kidney failure and urolithiasis as symptoms of
chronic poisoning®!°; FDA set the current limit for melamine in milk and other milk products to 1
mg/kg and 2.5 mg/kg body weight per day, respectively!!. Toxicity of melamine is not strictly related

to its structure but rather to the mechanism of hydrolysis that produces its cyanurate form*?, as shown

in Scheme 1.
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Scheme 1. Chemical structure of melamine and its derivatives obtained by hydrolysis mechanism.

In cases of food fraud, melamine is artificially added as non-protein additives to food products, e.g.
milk, infant formula and pet food, in order to increase the apparent protein content'>!4. Nitrogen
content — 66% by molecular weight for melamine — has long been used as a surrogate for assessing
the protein content of foods by the most common Kjeldahl assay*®. Conventional electrochemical
methods®®, hyphenated techniques such as liquid and gas chromatography-mass spectrometry (LC-
MS/GC-MS)*%1"  immunosorbent assays*®, molecularly imprinted polymer (MIP)'® and capillary
electrophoresis? are currently used for the detection of melamine in food samples. Even though these
methods are accurate and selective, lab-scale equipment is expensive, time-consuming and requires
specific skills for operation?. For these reasons, intense efforts to devise novel efficient and simple
detection systems for recognizing melamine are still under consideration??23242526  The main
challenge in the field of sensing is to detect low molecular weight analytes, i.e. biomolecules and
contaminants, quickly, at very small concentrations and with high resolution. In this regard, great
strides have been made so far in applying nanomaterials as sensors and biosensors?/?8:2930,

Outstanding physicochemical properties are afforded by the small size of nanomaterials: high surface-



to-volume ratio, variety of composition (i.e. metal, dielectric) and geometry (i.e. size, shape), unusual
target binding characteristics allow to markedly enhance the response to the analytes®. To improve
the performances, several configurations have been explored throughout the years, ranging from
metallic/dielectric layers to nanostructures and thin films®®®2, The aforementioned characteristics,
together with the overall structural robustness of nanomaterials, make these materials useful in
various detection configuration based on diverse recognition/transduction modes. Particularly
attractive are Surface Plasmon Resonance (SPR) sensors that combine quick response with extreme
sensitivity®**435, Noble metallic nanoparticles, especially gold nanoparticles (AuNPs), belong to this
category, for which Localized Surface Plasmon Resonance (LSPR) is one of the most obvious
properties that leads to strong absorption band in the visible/near-infrared wavelength regions.
Moreover, LSPR of AuNPs can be tuned by controlling their size, shape, stabilizing agent,
interparticle distance, aggregation state and dielectric constant (refractive index) of the local
environment®®. Thanks to excellent optoelectronic properties, easy fabrication process, chemical
inertia, biocompatibility, and fast response various AuNPs-based colorimetric sensors have been
explored over the years®’83° In this paper, we investigated the interaction mechanism that occurs
between AuNPs capped with hydrophilic thiol 3-mercapto-1-propanesulfonate (3MPS) and melamine
in aqueous medium. We obtained a colorimetric detection system based on electrostatic interactions
between the analyte and gold nanoparticles. The effect of the molecular recognition of different
standard solutions of melamine was investigated by Ultraviolet-visible (UV-vis) and Fourier-
Transform Infrared spectroscopies (FT-IR). Dynamic Light Scattering (DLS) and {-potential analysis
were able to detect the change in hydrodynamic radius (<2Rn>) and stability of the colloids, while
morphology techniques such as Atomic Force Microscopy (AFM), High-Resolution Transmission
Electron Microscopy (HR-TEM) and elemental composition analysis through Synchrotron Radiation-
induced X-ray Photoelectron Spectroscopy (SR-XPS) were employed in order to confirm the

tendency towards aggregation of AuNPs-3MPS after interaction with melamine.

2. Experimental section



2.1. Materials

Hydrogen tetrachloroaurate trihydrate (HAuCls-:3H20, 99.0%, P.M. 393.83 g/mol); sodium 3-
mercapto-1-propanesulfonate (HS(CH2);SOs3Na, 3MPS, 90.0%, P.M. 178.21 g/mol); sodium
borohydride (NaBH4); melamine (C3HsNs, 1,3,5-Triazine-2,4,6-triamine, 99%, P.M. 126.12 g/mol);
hydrochloric acid (HCI, >37%) were purchased from Sigma Aldrich and used as received. Milli-Q
water (18.3 MQ-cm) was used in all experiments. All glassware was cleaned by freshly prepared aqua
regia (HC1 37%/HNO3>65% 3:1 by volume), rinsed thoroughly with deionized water and stored at
180°C before use.

2.2. Methods
2.2.1. Ultraviolet-Visible (UV-vis) spectroscopy

The UV-vis spectrum of aqueous colloidal gold samples was taken using a UV-vis spectrophotometer
Varian Cary 100 (wavelength range of 200-800 nm) at room temperature. The quartz cells having 1

cm optical path length were used.
2.2.2.  Fourier-Transform Infrared (FT-IR) spectroscopy

The FT-IR spectra of AuNPs-3MPS before and after the interaction with melamine solutions were
recorded by Bruker Vertex 70 FT-IR instrument in Attenuated Total Reflection (ATR) mode at 4000-
600 cm™! or in transmittance mode by using KRS-5 (4 mm) windows in the range 4000-400 cm™?, 16

scan rates with resolution of 4 cm™!.

2.2.3. Particle size and (-potential measurements

The particle size distribution and {-potential measurements of the colloidal samples were carried out
using Malvern Zetasizer Nano-ZS90. All the determinations were done in triplicate and data was

presented in mean + S.D. (n = 3).
2.2.4. Nuclear Magnetic Resonance (NMR) spectroscopy

"H-NMR measurements were performed on a 400.13 MHz Bruker Avance III spectrometer at 9.4T.
The samples were prepared in 600 uL of D,O. The acquisition parameters for 'H monodimensional
experiments recorded at 295 K were: spectral width of 15 ppm, 16 scans, 6.55s repetition time to

achieve full relaxation for all resonances.

2.2.5. Determination of surface morphology



The morphological characterization of AuNPs-3MPS/melamine was performed by tapping-mode
Atomic Force Microscopy (AFM, Veeco Instrument, Multimode™ model equipped with a
Nanoscope Illa controller, Bruker RTESP-300 probe) on the samples prepared by drop casting onto
a Si/Si0O substrate from their aqueous dispersion. Additionally, HR-TEM images were acquired
using FEI Talos F200S FEG microscope operating at 200 keV (CITIUS central services of the
University of Seville, Spain). Compositional analysis distribution was analyzed with a Super-X
energy dispersive X-ray spectrometry system which includes two silicon drift detectors, couple to the
microscope in the Scanning Transmission Electron Microscopy (STEM) mode, using spatial drift

correction and a dwell time of 0.2 s.
Synchrotron Radiation-induced X-ray photoelectron spectroscopy (SR-XPS) measurements

SR-XPS measurements were carried out at the BACH (Beamline for Advanced DiCHroism)
beamline at the ELETTRA facility in Trieste (Italy). The BACH beamline exploits the intense
radiation emitted from an undulator front-end. XPS data were collected using a VG-Scienta R3000
hemispherical electron energy analyser in fixed angular mode (A21, pass energy = 50 eV), with the
entrance and exit slits of the monochromator fixed at 30 pm and 20 pum, respectively. Photon energy
of 360 eV was used for Cls, S2p, Au4f, spectral regions with a total binding energy resolution of
0.17 eV; for N1s and Ols spectral regions photon energy values of respectively 520 eV and 596 eV
were selected, as to maximize signals intensities. The total binding energy resolution was about 0.22
eV. The energy scale was calibrated using as reference the Cls aliphatic signal at 285 eV and the
Au4fy signal of AuNPs arising by metallic gold atoms, always found at 83.96 eV. Curve-fitting
analysis of the Cls, S2p, N1s, Ols, Au4f spectra was performed using Gaussian curves as fitting
functions. S2p3n, S2p12 and Auéfr2, Audfs, doublets were fitted by using the same full width at half-
maximum (FWHM) for each pair of components of the same core level, a spin—orbit splitting of 1.2
eV and 3.7 eV respectively, and branching ratios S2p32/S2p12 = 2/1, Audfrn/Auvdfs, = 4/3. When
several different species were individuated in a spectrum, the same FWHM value was used for all

individual photoemission bands.

2.2.6. Gold nanoparticles AuNPs-3MPS synthesis

In this work, gold nanoparticles were synthesized as mentioned in our previous work®.

Tetrachloroauric acid (1) trihydrate (HAuCls-3H20) was used as gold ion source in the synthesis.



Sodium 3-mercapto-1-propanesulfonate (HS(CH2)sSOsNa, 3MPS) was used as stabilizing agent in
Au/S molar ratio 1/4. 0.1000g (2.5-10** mol) gold salt was dissolved in 10 mL of deionized water in
a two-neck round-bottom flask. Gold salt was yellow at that time. After complete dissolution of the
HAUCIl4, 10 mL aqueous solution of 1.0-10* mol 3MPS was added. At that stage, the color of the
reaction solution was observed to change suddenly to colorless, going from Au(l11) to Au(l) oxidation
state. The reduction of gold precursor to Au(0) was accomplished by drop wise addition of 5 mL
solution of NaBH4 (0.0960 g, 2.5-10° mol) as reducing agent. Thus, the mixture was stirred for 2
hours under inert atmosphere (Ar) at +4°C. The residue, containing the AuNPs-3MPS, was washed
in centrifuge at 13,400 rpm for 20 minutes with circa 30 mL of HCI 1M and 300 mL of deionized
water until no sign of unreacted thiol in UV-vis absorbance spectra was observed. The obtained
AUNPs-3MPS were stored at +4°C for further use (yield: 21%).

2.2.7. Preparation of melamine standard solutions

A standard stock solution of melamine with a concentration of 1 mg/mL (1000 ppm) was prepared
by dissolving melamine powder in deionized water. Melamine solutions were freshly prepared by
serial dilution of the ready-made stock solution with deionized water to obtain 50, 20, 10 and 5 ppm

for each experimental use. The pH values of all solutions were adjusted to 4.00 = 0.01 with HCI.
2.2.8. Interaction AuNPs-3MPS/melamine

In a typical experiment, colorimetric sensing of melamine was carried out by adding 600 pL of the

synthesized AuNPs-3MPS into a fresh aliquot of 600 pL of different concentration of melamine

aqueous solutions and then the mixture was shaken for 20 minutes at room temperature to obtain a

stable solution.

3. Results and discussion



AuNPs stabilized with hydrophilic thiol 3-mercapto-1-propanesulfonate were used to detect different
concentrations of melamine in aqueous environment, using standard solutions. The aim of this work
was to assess the mechanism behind the AuNPs-3MPS/melamine interaction. As shown in Figure
1(a), UV-vis spectra exhibit a noticeable change: LSPR band displays a red shift from A spr=520 nm
in absence of melamine up to 555 nm when AuNPs-3MPS were mixed with melamine solutions.
Moreover, a broadening of plasmonic bands occurs, while the intensity of the related band gradually
decreases with increasing concentration of melamine. In principle, synthetized AuNPs were stabilized
against aggregation thanks to a strong negative charge of the 3MPS thiols coating the nanoparticles
surface. According to DLVO theory, when nanoparticles are capped with negatively charged agents,
electrostatic repulsive forces predominate over Van der Waals attractive ones, stabilizing the
nanoparticles towards aggregation®t. On the contrary, melamine is a weak base with a pKa value of
5.05% and acidic conditions lead to protonation of its exocyclic amino groups (-NHz). As already
demonstrated in literature, recognition process shows a pH dependence with the optimum detection
between pH=3.0 and pH=4.0, so we worked at this pH range for all the following experiments®,
Understanding the principle of detection is therefore essential. AUNPs-3MPS alone exhibited a -
potential = -32 + 6 mV, the presence of protonated -NH> groups linked to the aromatic ring of
melamine determines an electrostatic attraction between sulfonate [-] and protonated amino group
[+]*. Consequently, {-potential reaches a value of -7 + 1 mV as concentration of melamine increases
(see Table 1). Moreover, due to the presence of primary amino groups in the molecular structure of

melamine that act both as H-bond donors and H-bond acceptors, melamine molecules can form
double hydrogen bonds (NH--N) with each other. Owing to this behavior, melamine molecules non-

covalently attached on the AuNPs-3MPS surface can form intermolecular bonding with neighboring
melamine molecules, determining the formation of a sort of self-assembled network**%6, The change
of interspacing distances between AuNPs-3MPS, mediated by both electrostatic -SOs7/-NHs*
interactions and hydrogen bonds between melamine molecules, disturbs the equilibrium between
electrostatic repulsive and attractive forces in favor of the latter. In these circumstances, AuNPs get
unstable and quickly aggregate, which results in a red shift of the extinction maximum. A values are
reported in Table 2. Another evidence of the aggregation process comes from monodimensional *H-
NMR experiments. As previously reported in literature,*® *H-NMR spectra of AuNPs functionalized
with 3MPS shows 3 intense signals in the range 2.00-3.00 ppm associated to -CH»- protons of the
aliphatic chain; the aggregation process occurring after the mixing of colloidal gold with melamine
leads to disappearance of such signals (see Figure S1, Supporting Information), mainly due to an

increase in the average size of the sample that affects the correlation time of the objects.
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Figure 1. (a) Absorbance spectra of the AUNPs-3MPS obtained in the presence of different concentrations of melamine.
From left to right: A.spr=520 nm (0 ppm), Aser=530 nm (2.5 ppm), Aspr=533 nm (5 ppm), ALsPr=536 nm (10 ppm),
ALspr=538 nm (25 ppm), LLspr=560 nm (500 ppm). (b) Hydrodinamic radii of AuNPs-3MPS determined from DLS plotted
vs. melamine concentration. The error bars were calculated based on the standard deviation of three measurements.

[Melamine] ¢ -potential
(ppm) (mV)

0 -32+6
2.5 -25+1

5 171
10 -22+8
25 -23+2
500 -7x1

Table 1. ¢ -potential values of AUNPs-3MPS in presence of different concentrations of melamine solutions.

[Melamine] AL
(ppm) (nm)
2.5 +10

5 +13

10 +16

25 +18

500 +40

Table 2. 42 value of AUNPs-3MPS in presence of different concentration of melamine solutions.

The result of UV-visible spectrum was consistent with the DLS measurements showed in Figure
1(b). From the light scattering analysis, the average particle size of the AUNPs-3MPS was estimated
to be 17£2 nm before the interaction with melamine samples. After hybridization with melamine,
hydrodynamic diameter increased dramatically, reaching value above 1000 nm, due to aggregation
process that occurs between gold nanoparticles and melamine molecules (for the size distribution of

each sample see Figure S2, Supporting Information).



To better understand the interaction from a spectroscopic point of view, FT-IR measurements were
performed. To do that, we investigated both pristine and protonated melamine, trying to highlight the
importance of chemical environment in the recognition process. Figure 2(a) shows the comparison of
FT-IR spectra of melamine before (neutral melamine) and after the exposure to HCI vapors (Mel-
H™). Following the blue spectra in Figure 2(a), v(-NH>) vibrations and deformation modes appear as
intense bands within the region 3469-3128 cm™ (3469, 3419, 3325, 3180, 3128 cm™), whereas two
strong bands at 1651 cm™ and 1626 cm™ are assigned to 8(-NH_). Bands observed at 1432 cm™, 1468
cm™ and 1542 cm™ are due to the v(>C=N) and 8(-NH). Out-of-plane deformation of triazine ring is
found at 810 cm ™. In agreement with literature, the obtained infrared spectrum corresponds to neutral
molecular form of melamine*’. After exposure to HCI vapors a slight band shift occurs. As reported
in several studies, protonation of melamine molecules can involve endocyclic N-atoms and/or
exocyclic -NH; groups*’“8; appearance of a strong band centered at ca. 1660 cm™ provides evidence
of triazine ring protonation resulting from exposure to HCI. Further evidence comes from the
characteristic band at 813 cm™, that moves to lower frequencies (762 cm™) due to the formation of
-NH3" groups on melamine protonated molecules. Moreover, it should be noted broadening and
consequent disappearance of separated bands in the 3500-3000 cm™ region, with respect to neutral
form, which is consistent with NH---N hydrogen bonds between protonated melamine*®. The FTIR
spectrum also provides information about the groups involved in the interaction between melamine
and AuNPs-3MPS surface. Figure 2(b) shows IR spectrum of protonated melamine alone and the one
of AuUNPs-3MPS/melamine: the appearance of bands vas(-S=0)=1372 cm™, v5(-S=0)=1030 cm™ and
vs(-S-0)=670 cm™ is consistent with the presence of -SO3™ groups on thiol functionalized gold
nanoparticles. Changes in the 8(-NH2) region (3500-3000 cm?) indicate that the interaction with thiol
capped AuNPs involves a hypothetical ionic bond between protonated exocyclic -NH> groups of
melamine and negatively charged SOz™ functional groups of 3MPS capping agent, meanwhile there

are no differences in the 1750-1550 cm™ resulting from endocyclic ring protonation.
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Figure 2. a) FT-IR spectra of melamine before (blue line) and after (black line) exposure to HCI vapors. b) Comparison
of the spectra of protonated melamine (black line) and after interaction with AUNPs-3MPS sample (red line).

3.1 Morphostructural characterizations

The size and morphology at solid state were also analyzed. 2D AFM image and the corresponding
3D projection of AuNPs-3MPS before the interaction are shown in Figure 3(a)-3(b), respectively.
The as synthesized AuNPs-3MPS appear well-dispersed, showing a quite homogeneous aspect and a
maximum height of ca. 5-6 nm. On the other hand, upon mixing with melamine solutions it is possible
to observe the presence of aggregates. In Figure 3(c)-3(d) besides well detached objects, large

agglomerations of nanoparticles are clearly visible, resulting from the melamine-induced aggregation
behavior.
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Figure 2. a) 2D AFM image and b) corresponding 3D projection of pristine AUNPs-3MPS. ¢) 2D AFM image and d) 3D
projection of AUNPs-3MPS after interaction with melamine sample.

[ 84.0nm
| 70.0
| 60.0

| 50.0

40.0

30.0

20.0

10.0

00




High magnification electron microscopy observations have been acquired on the AuNPs-3MPS
interacting with melamine to visualize the real impact induced by the mutual interactions of Au
nanocrystals with organic species. Preliminary observation by HR-TEM image evidences the
presence of dark nanostructured aggregations, as displayed in Figure 4(a). To identify the chemical
composition of such dark nanostructures, EDX measurements were carried out showing the presence
of gold intense peaks into the spectrum (Si, Ni and Cu peaks were from instrumental background),
while the weak oxygen, nitrogen and sulfur peaks can be ascribed to the large presence of the organic
species (Figure 4(b)). In particular, the small sulfur peak, shoulder of Au emission line, might be
underling the presence of thiol groups covalently bound to the AuNPs-3MPS at the surface (see SR-
XPS comments).

To get detailed information on the self-assembling nanostructured of gold functionalized
nanoparticles interacting with melamine, the analysis of HR-TEM image by Fast Fourier Transform
(FFT) and Inverse Fast Fourier Transform (IFFT) allowed to discern the mutual relationship between
nanocrystals of different nature. *® The HR-TEM image reported in Figure 4(c) clearly shows visible
overlapped crystalline lattices, providing evidence of a self-assembled metal-organic network. In
order to ascertain the presence of different crystalline phases from small nanocrystals embedded in
the structure, the FFT analyses has been performed on selected image nanoareas of 22.76 x 22.76
nm?. Four representative regions enclosed by short dashed blue boxes and labelled from | to IV were
selected, and their corresponding FFT patterns were displayed. The It images reported, related to
region | (Figure 4(c)), showed the nano-diffraction features of three superposition diffraction patterns.
The intense inner diffraction rings have been indexed as higher-order diffraction ring (101) and its
second order (202) reflection plane arose from random orientation of different crystallites (rings
marked as red short dashed circles). These measured indexes are in according to the melamine crystal
structure of a monoclinic system with space group P21/n.%! The outer diffracted ring and two distinct
diffraction spots of low intensity (orange short dashed) belong to the crystallographic lattice of gold
sulfide (Au2S). The cubic crystal system has space group Pn3m of (002) diffraction ring and two
symmetrical reflections of (022) and (113) planes, marked by orange circles.>® The high intensity
spots (highlighted with yellow circles) represent nanocrystallites originate from the typical Au crystal
of a face-centered-cubic (fcc) with a space group Fm3m and (200) reflection plane. The corresponding
IFFT of the Irrr image shows visible self-assembled nano-crystallites in a superimposed
configuration (Figure lirrr). To discern the nanocystalline structures, the FFT contribution of the
melamine or gold crystal has been subtracted before performing the inverse FFT (IFFT), for real
space imaging. This procedure evidences the presence of two separate crystallites. The crystalline

melamine of region | exhibits overlapped fringes with the lattice spacing of d220 = 0.59 and da20 =



0.30 nm (red arrowed, Figure Imer), while the super position of pure Au and functionalized Au
crystallites are well visible in the IFFT of same region (Figure laJ). Herein, two adjacent crystallites
of pure Au of d2o0 = 0.20 nm (yellow short dashed lines and yellow arrowed) show lattice fringe
partially overlapped by the lattice fringe of the AuzS crystallites (doo2 = 0.1.75 and d113 = 0.154 nm,
orange arrowed) and separated Au»S lattice fringes (d113 = 0.25 nm, orange arrowed) can be observed.
It should be added that the observed different intensity of the lattice fringes can be related to different
height of the focal plane imaging intersecting the atomic layers at different heights along the axis
normal to the image plane. In order to better show the alone crystalline contributions of the melamine,
the region Il of Figure 4(c) was selected. The llrrr nanoregion of the alone melamine has been
identified the preferential orientations of the crystallographic (101) and (202) planes. The
corresponding lirrr images evidences the mutual crystallographic interaction among the planes. By
subtracting the crystallographic (202) diffraction contribution, broad lattice fringes of (101) plane
with lattice spacing of 0.59 nm are well shown (Figure llmer); whereas lirrr image, representing the
second order reflection plane (202) of 0.30 nm lattice spacing, was characterized by long and narrow
lattice fringes that may be attributed to the intrinsic property of the small melamine molecules in
stacking configuration. The selected region 111 of peculiar structural property has been proposed to
show on how crystalline melamine self-assembled with amount of Au functionalized crystallites at
small nanometric dimension. The analysis of the nano-diffraction pattern of Illrrr image exhibits the
presence of several superimposed patters. Figure Illirrr confirmed the mutual interaction of
crystalline melamine lattices surrounded by Au.S and Au pure nanocrystallites by analysing the
corresponding separate contributions. Figure Illmei shows the crystalline melamine lattices well
overlapped (dio120 = 0.59 and d2o220 = 0.30 nm) as well as the Au,S and Au pure crystallites,
superimposing melamine lattices in red short dashed line (Figure Illay). It was also interesting to
show the structural contribution of the Au2S nanocrystallites surrounding the melamine molecules in
the selected region 1V. By comparing Figure IVme and Figure 1V au, high amount of AuS crystallites
formed a layer of connected nanocrystallites with melamine. The lattice crystalline layer of
functionalized Au exhibited different orientation lattice probably due to the growth of gold crystal
seed during the interaction with melamine broad lattice fringes (Figure IV au).5 This result was further
supported by the finding of the techniques above discussed. To the best of our knowledge, a full
understanding of the growth mechanism of Au nanoparticles interacting with melamine is still a
challenging task, although HR-TEM imaging analysis have shown that the gold functionalized
nanoparticles easily entrap the melamine structure, starting from their initial mutual interaction at

nanoscopic scale.



123456789101112131415

oz 0.2 nn & dojs=

Figure 4. Evidence of Au-melamine nanocrystals from High resolution TEM. (a) HR-TEM image of Au-melamine system.
(b) EDX spectral image probed on Fig. 3a. (c) High resolution TEM image of Au-melamine system. Inset: four
representative regions enclosed by short dashed blue boxes and labelled by roman numbers from I to IV were selected.
The corresponding FFT patterns with the sequential IFFT images and their subtracted contributions are displayed.

To further investigate the effectiveness of melamine coordination to AuNPs as well as to attempt to

individuate the functional groups involved in the AuNPs/melamine interaction SR-XPS



measurements were carried out at Cls, Ols, S2p, Au4f and Nls core levels of both AuNPs-
3MPS/melamine and the pristine AuNPs-3MPS. SR-XPS data analysis results (Binding Energy — BE
-, Full Width Half Maxima — FWHM -, Atomic percentages and proposed assignments for all
measured signals components) are collected in Table S1 in the Supporting Information.

Audt and S2p core level spectra are usually considered as the most indicative for the assessment of
ligands/noble metal interaction; in excellent agreement with the results reported for analogous
AuNPs-3MPS systems,** gold spectra of both samples show a main peak at about 83.9 eV due to
metallic gold atoms in NPs bulk, and a small shoulder a higher BE values (about 84.8 eV BE, 10%
of whole Au4f signal intensity) assigned to positively charged gold atoms at the NP surface,
chemically interacting with the thiol functional groups of 3MPS (see Table S1, Supporting
Information). S2p spectra of AuNPs-3MPS/melamine and AuNPs-3MPS are reported in Figure 5(a)
and Figure 5(b) respectively; both spectra are composites, and four spin-orbit pairs can be
individuated by applying a peak-fitting procedure. Starting from the peaks at lower Binding Energy,
the four S2p components can be attributed to: RS-Au (thiols covalently bonded to gold atoms at the
NP surface) (S2p32 BE = 161.5 ¢V), physisorbed RS-H thiol groups (S2p32 BE = 163.5 ¢V), and
sulfonate functional groups. Although S2p spectra are analogous for the two samples in the thiol-
related part (R-S-Au and R-S-H signals), a difference can be observed in the signals components
attributed to sulfonates; as shown in Figure 5(b), the S2ps,2 peaks related to sulfonate moieties are
centered at 167.01 eV (R-SO3°) and 168.6 eV (R-SO3Na) for the pristine AuNPs-3MPS, as already
observed for analogous systems”; on the other hand, in AuNPs-3MPS/melamine (Figure 5(a)) the
S2ps2 peak associated with R-SOs is shifted at lower BE (165.41 eV). The peak at higher BE (R-
SO3Na) is stable at about 168.6 eV. The chemical shift of the sulfonate-related component suggests
an electron-acceptor behavior for the sulfonate moiety, that can be hypothesized to contribute to the

interaction of AuNPs-3MPS with melamine.
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Figure 5. S2p core-level spectra of a) AuNPs-3MPS/melamine, b) AuNPs-3MPS. In magenta, the spectral components
associated with sulfonate functional groups.

The analysis of Nls core level signal allows to gather useful information about the
melamine/AuNPs-3MPS interaction. N1s spectrum of AuNPs-3MPS/melamine (see Figure 6) is
asymmetric, allowing to individuate two main contributions at 398.80 eV and 400.59 eV BE. The
peak at lower BE is attributed to pyridine-like N of the melamine rings, as well as amine pending
groups of the ring (NIST X-ray Photoelectron Spectroscopy Database, Version 4.1, National Institute
of Standards and Technology, Gaithersburg, 2012; http://srdata.nist.gov/xps/); the lower intensity

signal at 400.59 eV BE is usually attributed to positively charged amines (R-NH3"). > This last signal
allows to hypothesize that some amine groups are positively charged, and they interact with the

negatively charged sulfonate groups of 3MPS moieties.
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Figure 6. SR-XPS Nls core-level spectrum of AuNPs-3MPS/melamine. The blue component is indicative for protonated
amine groups, that are hypothesized to interact with negatively charged sulfonate moieties of AuNPs-3MPS.

4. Conclusions

Based on recent literature, thiol capped gold nanoparticles are gaining growing interest for sensing
of melamine in food samples. In this framework, a deep understanding of the mechanisms involved
in the recognition process was needed. Focusing on gold nanoparticles stabilized with negatively
charged 3-mercapto-1-propanesulfonate, we demonstrated here the capability of this colloidal system
to point out the presence of melamine in aqueous solution in the 2.5-500 ppm range. AuNPs-3MPS
before and after interaction with melamine were characterized on LSPR phenomena, mean particle
size, surface potential, morphology and structure. Specifically, UV-Vis measurements highlight the
broadening and red shift of LSPR band of AuNPs-3MPS, according to an increase in the mean
particles size from 17+2 nm up to 1000 nm and progressive decrease in surface potential, as
demonstrated by DLS and (-potential measurements, respectively. The AFM and HR-TEM analyses
provide further and deeper details in morphostructural features. The recognition process involves
formation of aggregates in which AuNPs-3MPS easily entrap the melamine structure, starting from
their initial mutual interaction at nanoscopic scale. Moreover, FT-IR measurements also provide
information about the groups involved in the interaction between gold nanoparticles surface and
melamine molecules. It was found that melamine owns -NH3" groups able to interact with -SO3
groups of thiols functionalizing nanoparticles, guiding the aggregation process, as confirmed by SR-
XPS data. These results will be helpful to improve the knowledge about gold colloids-based sensors,
since the surface functionalization and charge of AuUNPs can be tailored to obtain specific interaction

with melamine minimizing the interference effects in real matrices.
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Table S1. Binding Energy, Full Width Half Maxima, Atomic percentages and proposed
assignments for all measured signals components of AuNPs-3MPS/melamine and AuNPs-3MPS

SAMPLE SIGNAL | BE (eV) |FWHM (eV) | Atomic %* | Assignment
AuNPs- Cls 285.00 1.26 C-C
3MPS/melamine
286.29 1.26 C-N, C-S
287.43 1.26 C=0
288.96 1.26 COOH
Nls 398.80 2.29 65.8 R-NHz, N-ring
400.59 2.29 342 R-NH3"
S2p3n» 161.55 1.50 13.4 RS-Au
163.47 1.50 47.3 RS-H
165.41 1.50 7.9 RSO3
168.60 1.50 314 RSOs3Na
Audfy, 83.98 0.84 87.7
84.50 0.84 12.3
AuNPs-3MPS Cls 285.00 1.10 C-C
286.02 1.10 C-N, C-S
287.13 1.10 C=0
288.48 1.10 COOH
S2p3n» 161.53 1.44 6.6 RS-Au
163.17 1.44 42.5 RS-H
167.01 1.44 15.6 RSO3
168.60 1.44 35.2 RSOs3Na
Audfy, 83.96 0.81 90.0
84.83 0.81 10.0

* the statistical incertitude in semiquantitative evaluation by XPS is estimated as 5% of the

calculated value>®
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