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Abstract
The increasing production and use of engineered inorganic nanoparticles
(EINPs) escalate the risk for their unintended release into the environment. Coat-
ing of nanoparticles like natural organic matter (NOM) plays an important role
in the stability, toxicity, and transport of nanoparticles. Surface-enhancedRaman
scattering (SERS) has been proven to be a promising method to detect and char-
acterize the coating on noble metal nanoparticles. Here, we report on the syn-
thesis of core-shell Au–Ag nanoparticles (NPs) with a high SERS enhancement
factor to study the exchange and competition of different coating agents with
different binding abilities to simulate the release of NPs into a receiving environ-
ment with a number of potential coating agents. Suwannee River natural organic
matter (SRNOM), 4-mercaptobenzoic acid (4-MBA), and 4-mercaptopyridine (4-
MPy)were selectedmolecules for the experiments. The SERS experimental setup
parameters such as aggregation size, laser excitationwavelength, and laser power
were optimized before further experiments were conducted. It was shown that 4-
MPyhas a higher binding affinity than SRNOMand 4-MBA through the presence
of simultaneous S and N atoms, which leads to dominating the coating process
when two coating agents are present in themedia at the same time. In addition, it
was observed that 4-MPy and 4-MBA can replace the SRNOM coating on Au–Ag
NPs.

Abbreviations: DLS, dynamic light scattering; EINP, engineered
inorganic nanoparticle; EDX, energy-dispersive X-ray spectroscopy; EM,
electromagnetic; 4-MBA, 4-mercaptobenzoic acid; 4-MPy,
4-mercaptopyridine; ICP–MS, inductively coupled plasma mass
spectrometry; NOM, natural organic matter; NP, nanoparticle; SEM,
scanning electron microscopy; SERS, surface-enhanced Raman
scattering; SRNOM, Suwannee River natural organic matter; TEM,
transmission electron microscopy; UV-vis, ultraviolet–visible.
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1 INTRODUCTION

The developments and innovations in nanotechnology
and nanoscience have led to increasing use of engineered
inorganic nanoparticles (EINPs) in numerous fields such
as medicine, catalysis, photonics, electronics, agriculture,
manufacturing technology, and energy due to their unique
properties compared with their bulk material (Aragay,
Pino, & Merkoci, 2012; Saha, Pal, Kundu, Basu, & Pal,
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2009). The growing production and use of EINPs inten-
sifies the risk for their discharge into the environment
(Frimmel & Niessner, 2014; Sun, Gottschalk, Hungerbüh-
ler, & Nowack, 2014). Soil and water are twomain environ-
mental compartments where nanoparticles (NPs) might
finally sink. The predicted release scenarios demonstrate
that landfills (∼63–91%) and soil (∼8–28%) receive the
largest portion of emitted NPs in the environment, fol-
lowed by aquatic environment (∼7%) (Bundschuh et al.,
2018). Therefore, NPs impose a great risk for soil quality
in the vadose zone, as well as potential risks for ground-
water quality. To understand toxicity and fate of NPs in
the environment, it is important to study the chemical
nature of NPs, as well as their coatings (Wang, Zhang,
Zhao, & Xing, 2016). Coating of NPs can alter their sta-
bility, mobility, and toxicity in the host media (Baalousha,
Nur, Römer, Tejamaya, & Lead, 2013; El Badawy, Aly Has-
san, Scheckel, Suidan, & Tolaymat, 2013; El Badawy et al.,
2011; Gao et al., 2012). Adsorption of natural organic mat-
ter (NOM) is a controlling factor for stability of Au NPs
with different capping agents (Stankus, Lohse, Hutchison,
& Nason, 2011). The sorption of fulvic and humic acids,
as well as Suwannee River humic acid, to Ag NPs was
reported to increase the stability of NPs (Huynh & Chen,
2011; Li, Lenhart, & Walker, 2010). It has been observed
that soil organic matter, on the one hand, accelerates
aggregation of Ag NPs by bridging flocculation but, on
the other hand, can stabilize them through electrostatic
and steric effects (Klitzke, Metreveli, Peters, Schaumann,
& Lang, 2015; Philippe & Schaumann, 2014). The pres-
ence of coatings can increase the mobility and decrease
the retention of Ag NPs in soil. That can be attributed to
the blocking of solid-phase sites that were initially avail-
able for retention of Ag NPs (He, Wang, & Zhou, 2019).
Among the different methods implemented to character-
ize the coating of NPs, surface-enhanced Raman scatter-
ing (SERS) is an emerging technology that has shown
great potential for detection of different coatings on noble
metal NPs (Kühn, Ivleva, Klitzke, Niessner, & Baumann,
2015; Marsich et al., 2012). At least two principal mecha-
nisms contribute to the enhancement: the electromagnetic
(EM) enhancement and chemical enhancement (Kneipp,
Kneipp, Itzkan, Dasari, & Feld, 2002; Schlücker, 2014). The
EM enhancement occurs when the laser excites the sur-
face plasmons and creates an EM field on the nanome-
ter scale of SERS substrates. Chemical enhancement takes
place when coating agent forms a chemical bond with
metal surface and an electronic coupling is involved in
between (Valley, Greeneltch, Van Duyne, & Schatz, 2013).
The EM enhancement decreases strongly with growing
distance (d−12) from the surface of NP (Kneipp et al., 2002;
Schlücker, 2014). It is believed that SERS can be effec-
tively obtained from molecules located within 1–5 nm of

Core Ideas

∙ SERS was successfully used to characterize dif-
ferent coatings on noble metal NPs.

∙ Different parameters were investigated to opti-
mize the reproducibility of SERS measure-
ments.

∙ Competition of several coating agents with dif-
ferent binding affinities was studied.

the NP surface, although the exact distance is still up
for debate (Kumari, Kandula, & Narayana, 2015; Shanthil,
Thomas, Swathi, & George Thomas, 2012). The advantage
of SERS is that the signal of conventional Raman tech-
niques is increased by localized surface plasmon resonance
(EM enhancement) and an increased Raman cross section
(chemical enhancement) of substances in close vicinity of
noble metal NPs. Surface-enhanced Raman scattering can
characterize the functional groups of organic coatings that
interact with the NPs including NOM and pesticides. In
a study conducted by our group, SERS was implemented
to characterize humic acid coating on Ag NPs under envi-
ronmentally relevant conditions. Also, it was found that
Ag NP treated with river water or soil suspension can be
naturally coated with humic acid (Kühn et al., 2015). In
another study, SERS has been successfully implemented
to analyze thiram fungicide in soil suspension without
any pretreatment with a detection limit of 0.148 mg kg−1
(Lin et al., 2019). Another group of researchers have also
applied SERS technique for determination of chlorpyrifos
pesticide residues in soil (He, Xiao, Dong, & Nie, 2019).
Despite the increasing number of SERS applications in dif-
ferent fields like environmental pollutants detection, food
chemistry, and forensic science, reproducibility of mea-
surements and consistent enhancement are the main limi-
tations of this method (Cui, Li, Deng, Chen, &Wang, 2017;
Guo et al., 2015; Kurouski & Van Duyne, 2015; Xu, Gao,
Han, & Zhao, 2017; Zhao, Zhang, Li, Ji, & Liu, 2016). There
are several parameters that need to be optimized in order
to achieve SERS responses for characterization of NOM
coatings on metallic NPs. Different factors like type of NP,
size, morphology, and surface chemistry of NPs can alter
the performance of SERS (Tian, Bonnier, Casey, Shana-
han, & Byrne, 2014). In general, noble metal NPs within
a size range of 10–200 nm show SERS activity, and NPs
smaller than 10 nm or bigger than 200 nm exhibit very
weak or no SERS enhancement. Noble metal NPs with a
size range of 10–100 nm show an optimal SERS (Guo et al.,
2015; Moskovits, 2005; Stamplecoskie, Scaiano, Tiwari, &
Anis, 2011). In addition, the NPs used for the experiments
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should be reproducible and easy to synthesize. Laser exci-
tation wavelength has an effect on the experiment and
should be selected in order tomaximize scattering efficien-
cies and minimize the fluorescence background from the
sample at the same time. Visible excitation lasers (e.g. 488,
514, 532, and 633 nm) are typically used for the measure-
ments, but other excitation wavelengths from the ultravio-
let (UV, 325 nm) aswell as near infrared (785 or 830 nm), are
also implemented for the measurements (Cui, Wu, Wang,
Ren, & Tian, 2010; Kalachyova, Lyutakov, Kostejn, Clu-
pek, & Svorcik, 2015; Ren et al., 2003; Wen, 2007). The
pH can influence the adsorption process between coat-
ing agent and NPs by changing the surface charge. Tem-
perature, time, aggregation, and coating agent are some
of the other factors influencing the result of SERS mea-
surements (Das et al., 2009; Qian & Nie, 2008). The objec-
tive of this study was to implement and optimize SERS
for measurement of NOM coatings on metallic NPs. Fur-
thermore, exchange and competition of different coating
agents with different binding abilities was studied to sim-
ulate the release of NPs into a receivingmedia with a num-
ber of potential coating agents with different adsorption
coefficients.

2 MATERIALS ANDMETHODS

2.1 Chemicals

Trisodium citrate and silver nitrate were obtained from
Merck (Germany). The HAuCl4⋅H2O and 4-mercapto
benzoic acid (4-MBA) were purchased from Sigma-
Aldrich (USA). The 4-mercaptopyridine (4-MPy) was
purchased from Sigma-Aldrich (Japan). Suwannee River
NOM (SRNOM) was purchased from the International
Humic Substances Society (USA).

2.2 Synthesis of Au–Ag NPs

Citrate-reduced Au–Ag core-shell NPs were synthesized
following a similar procedure as Song, Mao, Zhou, and Hu
(2016). Fifty milliliters of 0.01% (w/w) HAuCl4 was mixed
and reduced with 750 μl 1% (w/w) sodium citrate solu-
tion and heated at 100 ◦C for 20 min under magnetic stir-
ring until the color of solution changed from colorless to
wine red. The synthesized Au NPs were used as seed parti-
cles for preparation of Au–Ag core-shell NPs. Two hundred
and ninety microliters of 0.5% (w/w) AgNO3 was added to
the 50-ml boiling Au NP suspension. Finally, 0.5 ml of 1%
(w/w) sodium citrate solution was slowly added to the stir-
ring suspension and heated at 100 ◦C for 1 h. Then, heating
was stopped and the suspension was cooled down to room

F IGURE 1 Chemical structure of (a) 4-mercaptobenzoic acid
(4-MBA) and (b) 4-mercaptopyridine (4-MPy)

temperature for 2 h. The color of the final suspension was
red–orange.

2.3 Characterization of Au–Ag NPs

Ultraviolet–visible (UV-vis) spectroscopy, scanning elec-
tron microscopy (SEM) coupled with energy-dispersive
X-ray spectroscopy (EDX), as well as transmission elec-
tron microscopy (TEM) were applied to confirm the
successful synthesis of the core-shell NPs. Dynamic
light scattering (DLS) was implemented to measure the
hydrodynamic size of the NPs (Delsa Nano C, Beckman
Coulter). The size and morphology of the NPs was char-
acterized by using a Sigma VP 300 SEM (Carl Zeiss). The
EDX measurements were conducted to understand the
composition of the synthesized NPs using a XFlash 6 |
60 (BRUKER). Nanoparticles were additionally charac-
terized by TEM using a JEM-1400plus with an accelera-
tion voltage of 120 kV. Inductively coupled plasma mass
spectrometry (ICP–MS) measurements were conducted at
the Institute for Environmental Sciences at the Univer-
sity of Koblenz-Landau to evaluate the concentration of
Au and Ag (XSeries 2, Thermo Scientific). For UV-vis
measurements, NP suspensions were measured in semi-
micro PMMA-cuvette using a SPECORD 250 PLUS (Ana-
lytic Jena). Deionized water was used as reference spec-
trum for UV-vis measurements.

2.4 Preparation of coated Au–Ag NPs

Suwannee River NOM, 4-MBA, and 4-MPy were selected
as sample molecules for the experiments. The chemical
structures of 4-MBA and 4-MPy are shown in Figure 1. For
optimization of SERS measurements for separate 4-MBA,
4-MPy, and SRNOM coatings, the Au−Ag NP suspension
was added to coating solutions in equal parts with a final
concentration of 10−5 mol L−1 and equilibrated for 2 h on
an overhead shaker. SuwanneeRiverNOMhad a final con-
centration of 20mg L−1. Afterwards, samples were washed
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two times via centrifugation for 15 min and resuspended
in deionized water after removal of supernatant. The sam-
ples were also treated in an ultrasonic bath for 10 min to
avoid formation of aggregates. The samples were kept in
water bath filled with ice in order to avoid thermal dam-
age to NOM. Finally, 10 μl of the suspension was placed on
a silicon wafer to dry for SERS measurements.
To simulate competition of coating agents, two of the

mentioned coating agents at concentrations of 10−5 mol
L−1 for 4-MBA or 4-MPy and 20 mg L−1 for SRNOM,
respectively, were mixed together and the Au−Ag NP sus-
pension was added in equal parts to them. After shaking
for 2 h on overhead shaker the samples were washed for
two times as described above.
To simulate replacement of coating agents, the NPswere

coated with SRNOM for 24 h on overhead shaker to ensure
the coating. Consequently, 4-MBA or 4-MPy with a final
concentration of 10−5 mol L−1 was added and the suspen-
sions were shaking for 2 h before washing steps.

2.5 SERS measurements of coated
Au–Ag NPs

The SERS spectra were recorded by a LabRAMHRRaman
microscope (Horiba, Jobin Yvon) using a He–Ne laser
(633 nm) with 3.4 mW laser power at the sample. A 50×
objective (numerical aperture= 0.75) was used with acqui-
sition times of 2, 5, or 10 s. Replicate of each sample
were made for three times, and spectra were obtained at
least at five different points of each sample to verify the
reproducibility of the spectra. Baseline correction was per-
formed to obtain the final spectrum.

3 RESULTS AND DISCUSSIONS

3.1 Characterization of coated of Au–Ag
NPs

The SEM and TEM images of the citrate-reduced Au–Ag
NPs show uniform spheres with an approximate size of
35 nm (Figure 2). The results are in agreement with DLS
measurements which reveal an approximate diameter of
33 nm.
The results of the EDX analyses show the presence of

Au and Ag in elemental composition of the synthesized
NPs. The spectrum contains characteristic peaks, which
are assigned to Au and Ag (Figure 3).
The UV-vis spectrum of gold NPs shows a peak at

520 nm, which is in the adsorption peak region for gold.
The peak of UV-vis spectrum for Au–Ag core-shell NPs
shows a blue shift compared with the absorption peak of

F IGURE 2 Scanning electron microscope (SEM) image of pre-
pared Au–Ag nanoparticles, and transmission emission microscope
(TEM) image of Au–Ag nanoparticles

Au NPs, which indicates the effective coating of Au NP
seeds with Ag. Both UV-vis spectra show narrow peaks,
which is indicative of relative monodisperse suspension
(Figure 4). The Au–Ag NPs have a zeta potential value of
−41 mV, which is less than −30 mV, and therefore the NPs
are considered to be stable. The results prove the successful
synthesis of core-shell NPs.

3.2 Optimization of experimental
parameters

To achieve reproducible SERS results as the main chal-
lenge for SERS analysis, the experimental parameters
should be optimized at first. The optimum SERS condi-
tions for different coating agents can be highly variable
and, therefore, an optimum setup that fits for all of the
coating agents should be implemented (Yaffe, Ingram,
Graham, & Blanch, 2009).
Figure 5 shows the SERS spectra of selected coating

agents on Au–Ag NPs after optimization of experimental
parameters. The SERS spectra of 4-MPy is dominated by
characteristic peaks at about 711, 1,006, 1,063, 1,097, 1,223,
1,580, and 1,609 cm−1. The band at 1,091 cm−1 is represen-
tative of covalent binding of S to the Au–Ag as the result
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F IGURE 3 Energy dispersive X-ray analysis (EDX) of as-prepared Au–Ag nanoparticles

F IGURE 4 Ultraviolet–visible (UV-vis) spectra of Au–Ag and Au nanoparticles (NPs)

of the altered C–S bond on the ring vibrations. The peak
around 711 cm−1 is indicative of the in-plane ring defor-
mation with C–S. The bands at 1,580 and 1,609 cm−1 are
indicative of the ring stretch with N vibrations, and the
bands at 1,063 and 1,223 cm−1 are assigned to in-plane C–
H vibrations. Furthermore, the band at around 1,006 cm−1

is assigned to the ring-breathing vibrations (Wang & Roth-
berg, 2005; Zhang, Bai, Shang, Zhang, & Mo, 2007). The
two Raman peaks at 1,580 and 1,609 cm−1 have been also
attributed to N-deprotonation and N-protonation and are
therefore being used as markers for the SERS-based pH
sensors.

The SERS spectra of 4-MBA are dominated by two
signals, one at about 1,585 cm−1 that arises from ν8a
aromatic-ring vibrations, and a band at about 1,076 cm−1

that is assigned to ν12 aromatic-ring vibrations process-
ing C–S stretching characteristics (Ho & Lee, 2015). The
band seen at about 1,424 cm−1 is attributed to sym-
metric stretching vibration of the carboxylate group,
νs(COO‾).
The SERS spectra of SRNOM are dominated by two fea-

tures at about 1,355 and 1,575 cm−1, which are referred to
as G peak (graphite peak) and D peak (disordered peak)
in carbon analysis. The G peak is assigned to in-plane
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F IGURE 5 Surface-enhanced Raman scattering (SERS) spectra of selected coating agents on Au–Ag. SRNOM, Suwannee River natural
organic matter; 4-MPy, 4-mercaptopyridine; 4-MBA, 4-mercaptobenzoic acid

F IGURE 6 The surface-enhanced Raman scattering (SERS) spectra of 4-mercaptobenzoic acid (4-MBA) coated on the surface of Au
nanoparticles (NPs) and Au–Ag NPs

bond-stretching motion of pairs of sp2 atoms. The D peak
is assigned to the breathing mode of sixfold aromatic rings
(E2g symmetry).
To confirm the effect of different NPs on SERS enhance-

ment, we have compared the different SERS signals of Au
NPs as the core with final Au–Ag NPs. Figure 6 shows
that Au–Ag NPs exhibit a higher SERS enhancement fac-
tor than Au NPs. The spectra have been collected at the
same measurement conditions. It has been reported that
Ag NPs generate stronger SERS intensities than Au NPs

of the same size (Yuan, Fales, Khoury, Liu, & Vo-Dinh,
2013). However, synthesizing of monodisperse Ag NPs is
still challenging. From the other side, Au NPs are more
uniform (Dreaden, Alkilany, Huang, Murphy, & El-Sayed,
2012; Rycenga et al., 2011). Hence, Au–Ag NPs are an effec-
tive solution to synthesize more monodisperse NPs with
high SERS enhancement.
The selection of proper laser wavelength is highly

dependent on the application. To select the appro-
priate excitation wavelength, three different excitation
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F IGURE 7 The surface-enhanced Raman scattering (SERS) spectra of 4-mercaptobenzoic acid (4-MBA) on the surface of Au–Ag nanopar-
ticles (NPs) with different excitation wavelengths

F IGURE 8 Effect of aggregation size on the surface-enhanced Raman scattering (SERS) spectra of 4-mercaptopyridine (4-MPy) on the
surface of Au–Ag nanoparticles (NPs). (a) Selected aggregates with different sizes. (b) 4-MPy SERS spectra of selected aggregates

wavelengths of 532, 633, and 785 nm were tested. Fig-
ure 7 shows the recorded spectra of 4-MBA coated Au–
Ag NPs with these laser excitation wavelengths. The use
of a 532-nm excitation laser can lead to thermal decom-
position of the NOM and the formation of amorphous C.
The 633-nm laser provides a balance of high sensitivity
and low fluorescence that is optimal for the experiments.
The spectra obtainedwith a 785-nm laser show lower SERS
enhancement. Therefore, further experiments were con-
ducted using a 633-nm laser.

Figure 8 shows the effect of size of NPs aggregates on
the SERS spectra of the 4-MPy coated Au–Ag NPs. With
increasing the size of aggregate from less than 1 μm to
almost 4 μm, more intensive SERS spectra are observed
that can be attributed to formation of more hot spots. The
formation of hot spots via aggregation is dependent on
many factors such as size, shape, and also surface chem-
istry of the NPs (Schlücker, 2014). In colloidal suspensions,
the formation of hot spots are stimulated by addition of
aggregating salts like NaCl or KNO3, but this process is not
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F IGURE 9 (a) Laser power dependency of mercaptopyridine (4-MPy) surface-enhanced Raman scattering (SERS) spectra on the surface
of Au–Ag nanoparticles (NPs) at the same location and (b) laser power-induced alteration of 4-MPy coating based on the intensity ratio of the
two peaks appearing at 1,575 and 1,610 cm−1 (I1575/I1610) (RPT = second run)

well reproducible (Wei, Abtahi, & Vikesland, 2015; Yaffe
et al., 2009).
Figure 9 shows spectra acquisition of 4-MPy coated Au–

Ag NPs deposited on a silicon wafer, taken with different
laser powers. It can be observed that increasing the laser
power during measurements can also increase the inten-
sity of SERS signal, but it also causes change of the struc-
ture of carbonaceous coating. Higher laser powers induce
thermal damage to the structure of the coating suggested
by appearance of the G andD peaks. In addition, the inten-
sity ratio of peaks at 1,575 (I1575) and 1,610 cm−1 (I1610) is also
changing by increasing the laser power.
Figures 9b and 10 illustrate the evolution of the ratio

of I1575/I1610 at different laser powers of 0.14, 1.4, 3.4, and
6.9mW. It can be observed that the intensity ratio increases

with increasing the laser power. Finally, by changing the
laser power from 6.9 mW back to 0.14 mW, the intensity
ratio will stay constant and does not change. This phe-
nomenon can show a laser power-dependent (thermal-
dependent) change of the structure of 4-MPy coating on
Au–Ag NPs leading to observed spectral changes. These
changes can be attributed to double-end-bonded state (Au–
Ag/4-MPy/Au–Ag) formation of coating via both sulfydryl
and pyridyl in the structure of 4-MPy (Zheng et al., 2014).

3.3 Competition of coating agents

Figure 11 shows the competition of coating agents when
two of them are available at the same time in the media
and have contact with NPs. The spectra are collected
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F IGURE 10 Laser power-induced
alteration of mercaptopyridine (4-MPy)
coating based on the intensity ratio of the two
peaks appearing at 1,575 and 1,610 cm−1

(I1575/I1610) (five replicates for each
measurement point)

F IGURE 11 Comparison of binding of different coating agents and competition of coating agents at the same time under same optimized
setup. 4-MBA, 4-mercaptobenzoic acid; 4-MPy, 4-mercaptopyridine; SRNOM, Suwannee River natural organic matter

at the same measurement conditions after optimization
of the parameters. Figure 11 exhibits the characteristic
signals of 4-MBA when 4-MBA and SRNOM were both
present in the media, which shows that 4-MBA binds
more strongly than SRNOM to the NPs. The more intense
signals of 4-MBA and 4-MPy can be also explained by
a higher cross section of these compounds. The same
situation was observed when 4-MPy and SRNOM were
both present in the NP-containing system and the spec-
trum showed the characteristics of 4-MPy, suggesting
that 4-MPy also binds more strongly than SRNOM to
the NPs. The competition between 4-MBA and 4-MPy
showed that 4-MPy outcompeted 4-MBA and has binds
more strongly with Ag–Au NPs. The results indicate that
4-MPy binds more strongly than the other two coating
agents to the NPs. This may be explained by the pres-

ence of S and N atoms at the same time in 4-MPy,
which leads to a stronger bond than just the S atom in
4-MBA.
Figure 12 exhibits the SERS spectrum of NPs coatedwith

SRNOM after 24 h, and also the NP-containing systems
exposed to a second coating agent for 2 h after 24 h of coat-
ing with SRNOM. The spectra indicate the characteristic
signals of both coating agents at the same time. It shows
that 4-MBAand 4-MPy bind to theNPs despite the SRNOM
coating being previously formed. The band at 230 cm−1

represents the Ag ̶ N vibration of the NPs (Dai, Zhang, Du,
Huang, &Dang, 2005). Both 4-MPy and 4-MBAare smaller
molecules than SRNOM molecules, and due to presence
of a S atom in their molecular structure, they can strongly
bind to the surface of the core-shell NPs, even when a coat-
ing has already formed.
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F IGURE 1 2 (a) Surface-enhanced Raman scattering (SERS)
spectra of Suwannee River natural organic matter (SRNOM) coating
on Au–Ag nanoparticles after 24 h. SERS spectra of Au–Ag nanopar-
ticle coated with SRNOM for 24 h and afterwards exposed to (b) 4-
mercaptobenzoic acid (4-MBA) or (c) mercaptopyridine (4-MPy) or
2 h

4 CONCLUSIONS

Optimization parameters for SERS play a vital role in the
reproducibility of the results, especially when the interac-
tion of different coating agents at the same time is stud-
ied and each of the coating agents might require differ-
ent SERSmeasurement parameters. These parameters can
change the qualitative and especially quantitative results of
the SERSmeasurements. After optimization of experimen-

tal parameters, competition of different coating agents was
studied using the same setup. It was shown that 4-MPy has
a higher binding affinity than SRNOMand4-MBA through
the presence of simultaneous S and N atoms. Therefore,
4-MPy dominates the coating process when two coating
agents are present in the media at the same time. Further-
more, 4-MBA and 4-MPy bind to the SRNOM-coated NP
despite the SRNOM coating already being formed.
Nanoparticles in the vadose zone experience changing

environmental conditions. The detection of effects caused
by changing environmental conditions on the coatings
of NPs is very relevant to assess the environmental fate
of NPs, whether they are released intentionally or unin-
tentionally. Surface-enhanced-Raman scattering offers the
possibility of directly detecting changes in NP coatings in
natural environments.
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