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ABSTRACT: Melamine is a chemical compound that is added to dairy
products to increase the apparent protein content for higher profit margins.
However, extended consumption of melamine can cause health risks. The SERS
technique has proven to be an important tool for detecting small compounds,
such as melamine. Here, a paper-based flexible nanoparticles (NPs)-hybrid
SERS substrate was designed by drop-casting pegylated gold nanoparticles
(AuNPs) on the filter papers. In SERS characterization, this substrate exhibited
an enhancement factor of 108 and a limit of detection (LOD) as low as 10−8 M
for Rhodamine 6G dye. Furthermore, we successfully utilized these substrates to
detect the melamine spiked milk sample with an LOD as low as 0.01 ppm. This
hybrid SERS substrate offers a low-cost, biocompatible, and easy-to-use
fabrication for large-scale production, which may be widely used in food safety
applications.

1. INTRODUCTION
The discovery of surface-enhanced Raman scattering (SERS)
in the mid-1970s by Fleischmann and colleagues1 has wide-
range use. Since its discovery, SERS has been employed for the
detection of a vestige of analytes owing to its reliable,
adaptable, and label-free method of gaining information on
molecular fingerprint(s).2 The two primary mechanisms for
Raman enhancements are (i) electromagnetic enhancement,
which is linked to the local surface plasmon resonance on the
nearby noble metal nanostructures, and (ii) the chemical
enhancement caused by the charge transfer.3 Due to its reliable
performance, SERS can be used as a detection tool in various
applications including forensics, bio-sensing, environmental
pollution, and detection of contamination in food products.
The aspirations of a healthy and disease-free life are often

challenged by poor food quality. The edible items present in
the kitchen are regularly contaminated with additives.4

According to a 2018−2019 report released by the Food Safety
and Standards Authority of India (FSSAI), ∼28% of the food
samples are contaminated or of inferior quality.5 If people or
animals consume such tainted food for an extended period,
they will encounter deteriorated health.
Melamine (C3H6N6) is an organic compound commonly

used as an additive in dairy products. It is a rich source of
nitrogen, mimicking a rich nitrogen content similar to that in
natural proteins. It is purposefully added to low-quality milk or
in other dairy products to increase apparent protein content
detected by the Kjeldahl and Dumas test.6 Of note, the

Kjeldahl and Dumas test is a widely used method for
determining the protein content of foods.7 The World Health
Organization (WHO) recommended melamine content is 1
mg L−1 for infant formula and 2.5 mg L−1 for milk and food
products. When melamine is consumed for an extended period
above the WHO recommended limits, cyanuric acid (a well-
known kidney toxicant) reacts with it and creates yellow
crystals that can block kidney functions, which can be fatal.8

The “milk crisis” of 2008, which occurred in China caused the
death of 6 infants due to the consumption of melamine-
containing infant milk with ∼860 hospitalizations.9 For this
reason, it is therefore vital to monitor the melamine content
present in food items, particularly in milk and infant formula.
Traditional methods, such as gas chromatography (GC), liquid
chromatography (LC), high-performance liquid chromatog-
raphy (HPLC), or mass spectrometry (MS), are very sensitive
and accurate detection methods.10,11 However, they are time-
consuming, require skilled manpower, and are expensive.7

While these techniques are affordable in resource-rich settings,
these techniques are not frequently available in low- and
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middle-income (LMICs) countries. Therefore, techniques such
as SERS can be considered as a modern-day replacement for
the techniques mentioned above in LMICs. SERS is fast,
accurate, sensitive, and facile to use for the analysis of
melamine in food.12−15

SERS depends on the development of SERS-active
substrates, and therefore, efforts continue to improve upon
the SERS substrates. In recent years, advancement in SERS
research has been constrained due to the complicated
fabrication process of SERS substrates.16 The substrates are
neither flexible, environmentally benign, nor economically
viable. As a result, considerable effort has been put into
creating high-performance and cost-effective SERS surfaces. In
this regard, the advantages of paper-based flexible NPs hybrid
SERS substrates are low cost and easy-to-design substrate.17

Additionally, flexible NPs hybrid SERS substrate shows high
sensitivity and excellent reproducibility,18,19 thereby facilitating
its use in food analysis, environmental safety, and forensic
science.20 When compared to smooth surface supports such as
silicon wafers and metal film, special properties of paper, such
as flexibility and hydrophilicity, are particularly well-suited for
the analyses of samples with arbitrary shapes and levels.
Additionally, the ridges on the paper’s surface provide the
formation of SERS hot spots.16 Numerous studies have been

done to hybridize plasmonic nanoparticles with paper using
different techniques such as dip-coating, soaking, inkjet
printing, screen printing, and vapor deposition of metal
nanomaterials on the filter paper to create NPs hybrid SERS
substrates. However, these techniques also have drawbacks.
For example, dip-coating and soaking methods need
comparatively more colloidal solution and prior research
revealed that the soaking time was typically 1 to 2 days to
achieve high SERS performance.21 This could result in the
oxidation of NPs during the process as well as potential decay
of the filter paper. In the case of inkjet printing, the use of high-
viscosity dyes (NPs colloidal solution) for adequate loadings
can lead to nozzle clogging at times.19 While the vapor-
deposition method22 shows excellent reproducibility, it is not
cost-effective and has difficult fabrication requirements. A new
perspective is necessary to allow high-performance fast
production of NPs hybrid paper-based SERS substrates.
A number of noble metal-based substrates, including Au, Ag,

and Cu, have exceptional SERS capability for localized surface
plasmon resonance (LSPR), generating hot spots, which is
thought to be the primary method of achieving the SERS
effect.23 Much work has been put into creating efficient SERS
substrates based on noble metals, metallic oxides (ZnO, SnO2,
TiO2, and others), two-dimensional materials (graphene,

Figure 1. (a) Schematic illustration of the preparation of pegylated AuNPs and fabrication of the AuNPs hybrid SERS substrate. (b) Schematic
illustration showing the interactions between the hydroxyl groups in PEG 400 present with the surface of AuNPs.
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graphene oxide, and its derivatives, 2D Mxenes24 as well as
MoS2), and metal−organic frameworks in the latest
literature.25 Silver and copper are among the major
competitors that can be used as SERS substrates as these
two show SERS enhancement that is comparable to the gold
substrate but both silver and copper are more susceptible to
oxidation and degradation, which can limit its long-term
stability and hence can affect the reliability of the substrate. On
the other hand, platinum and semiconductor materials are
quite stable, but they do not show an enhancement factor that
is comparable to that of gold due to weaker plasmonic
properties. Therefore, among the noble metals mentioned
above, gold is the chosen SERS substrate due to its strong
plasmonic properties, chemical inertness, resistance to
oxidation, and ease of synthesis.23

Here, paper-based NPs hybrid substrates were constructed
by drop-casting centrifuged pegylated AuNPs on filter paper.
AuNPs were synthesized using poly(ethylene glycol) (PEG)
400 as a reducing agent via a facile and cost-effective method.
The substrate was accessed for its application immediately after
fabrication for qualitative and quantitative analysis of
melamine. For quantitative analysis, Raman spectra of the
melamine spiked sample were obtained and analyzed. The
highest intensity Raman band at the wavelength(s) was
considered the marker (control) band. The increase or
decrease in the intensities of the marker band was observed
in spiked samples at various concentrations. Calibration curves
were plotted between the Raman intensities of the marker
band against the logarithm of concentrations. The linear
relation and high correlation coefficient (r) ⩾ 0.99 were
obtained to demonstrate the efficiency of substrate in
quantitative analysis

2. MATERIALS AND INSTRUMENTS
Gold(III) chloride hydrate (HAuCl4) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). PEG 400 and sodium
hydroxide were obtained from Fisher Scientific (Mumbai,
India). Rhodamine 6G (R6G) and melamine were obtained
from CDH (Central Drug House, New Delhi, India).
Whatman filter paper with a pore size of 11 μm and 125
mm diameter from Sigma-Aldrich (St. Louis, MO, USA) was
used for substrate preparation. The size and morphology of
AuNPs were characterized by UV−visible absorption spec-
troscopy (Tempstar double beam UV−visible spectrophotom-
eter, India) and transmission electron microscopy (TEM;
TEM-JEM-2100plus, JEOL Japan; 0.2 Å resolution). To check
if the functional groups were present in the colloid suspension
of AuNPs, Fourier transform infrared (FTIR) spectra of
AuNPs were recorded on a Cary 630 FTIR (Agilent
Technologies, New Delhi, India) between 400 and 4000
cm−1. The RIAFMR-785-C (RI Nanotech, Uttarakhand, India)
was used to capture Raman spectra at ambient temperatures
(room temperature, that is, about 27 °C) with a 785 nm
excitation monochromatic source. The same objective lens was
used to collect the Raman scattered light in backscattering
geometry, and a 1600 grooves/mm grating was employed as
the dispersive element. For the observations, a 10× objective
lens was used to focus the incident laser beam on the samples.
2.1. Synthesis of Pegylated Gold Nanoparticles

(AuNPs) and Fabrication of NPs Hybrid SERS Substrate.
The pegylated AuNPs were synthesized following the protocol
as described by Stiufiuc et al. in 2013 with slight
modifications.26 Briefly, an initial solution (45 mL) containing

1.2 mL of 1% NaOH and 340 μL of PEG 400 was prepared in
doubly distilled MiliQ water. This solution was placed on a
programmable temperature controlled magnetic stirrer set to a
temperature of 50 °C. A 5 mL aliquot of HAuCl4 solution was
rapidly added, and the reaction temperature was raised to 80
°C. This solution was stirred continuously until the solution
turned ruby red (Figure 1a). The pegylated AuNPs produced
by this method had a pH of 6.5. The colloidal suspension of
peglylated AuNPs was centrifuged and washed three times.
Furthermore, the bare sheets of filter paper were cut into strips
of 1 cm × 3 cm. Then, 5 μL of the centrifuged AuNPs was
drop-cast on the filter paper strips and oven-dried at 50 °C for
30 min. The substrate produced in this way was ready for use
immediately after drying. It can also be stored for several
months and used if needed. The UV−vis spectra were used for
AuNPs characterization.
2.2. Optimization of Nanoparticle Hybrid SERS

Substrate and the Control. All SERS analyses in this article
used the following methodology. A 10 μL amount of the test
sample was applied to the paper-based flexible AuNPs hybrid
SERS substrate in each experiment. The excitation laser
wavelength was adjusted according to the analyte to be
identified using SERS. Averaging over 10 scans, each spectrum
was measured once with an accumulation duration of 1000 ms.
2.3. Powder Milk Sample Preparation for SERS

Analysis. The powdered milk sample was created by mixing
500 mg of powdered milk with 100 mL of water. After that, a
standard melamine solution was added to the milk sample to
create a concentration gradient ranging between 10 and 0.01
ppm for SERS analysis. The SERS analysis was done using the
method as described above (Section 2.2).

3. RESULTS AND DISCUSSION
3.1. Chemistry of Synthesis of Pegylated AuNPs. PEG

400 is a biopolymer, rich in the OH group and it is also
affordable and adaptable.27 Here, we present a straightforward,
biocompatible, economical, and quick technique for synthesiz-
ing pegylated AuNPs using unmodified PEG, which serves as
both a reducing and a stabilizing agent. AuNPs synthesized by
other methods tend to self-assemble and agglomerate. Here,
the OH group of PEG 400 acts as a reducing agent as well as a
stabilizing agent and surrounds the AuNPs surface as shown in
Figure 1b. This stabilization occurs due to van der Waals
interactions between the OH of PEG 400 and AuNPs. The
chain length of PEG 400 enhances the stabilization. In the
process of experimenting in very mild circumstances, we
observed, that the reduction of HAuCl4 aqueous solution was
significantly slow and made the formation of pegylated
spherical AuNPs almost impossible in a very short time in
the absence of alkaline media. Therefore, to make the HAuCl4
aqueous solution, alkaline NaOH was added. As soon as
NaOH solution was added to it, the pale-yellow color of the
diluted HAuCl4 aqueous solution changed to colorless.
According to previous findings, this demonstrates the
occurrence of a ligand-exchange reaction involving the
tetrachloroaurate(III) ion.28,29 In general, the following
process caused the tetrachloroaurate complex to have a couple
of chloride ions substituted by hydroxide ions in the manner
described as [AuCl4] + nOH− → [AuCl4−n (OH)n] + nCl−, a
loss of the complex’s yellow color, and a decrease in the extent
of the ligand-to-metal charge transfer transition phenomenon,
leading to a substantial blue shift in the absorption spectra.28,29

We can infer that the PEG 400 molecule oxidizes due to an
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alkaline reaction environment, even though hydroxy−gold(III)
derivatives have higher reduction potentials than
tetrachloroaurate(III) ions,30 while the extra hydroxide ions
facilitate the deprotonation of various reactions in the process
with a subsequent shift in chemical equilibrium toward the
formation of oxidation products.31 Therefore, NaOH and PEG
400 both play important roles in the preparation of pegylated
AuNPs, where the former provides much-needed alkalinity to
the solution and the latter causes the reduction of HAuCl4
aqueous solution along with the stability of AuNPs.
3.2. Gold Nanoparticles (AuNPs) Characterization.

The UV−visible spectrum of synthesized AuNPs exhibited a
narrow and well-defined absorption band with an absorption
maximum at ∼526 nm, indicating a narrow size and shape of
AuNPs32 particles (Figure 2a). From the UV−vis spectra, the
average AuNPs particle size was estimated to be between 20
and 30 nm.33,26 To further confirm the particle size and
morphology, AuNPs were characterized by TEM (transmission
electron microscopy). The TEM image shown in Figure 2c
suggests that most of the AuNPs were nearly spherical and
polydisperse with a particle size of 20−25 nm. The average size
from TEM was ∼23 nm (Figure 2d).
FTIR is a technique used for the characterization of

functional groups in compounds. The near-IR region
(12500−4000 cm−1) absorption provides information on the
type of groups present in a molecule.34 The data shown in
Figure 2b depict the FTIR spectra of PEG 400 and pegylated
AuNPs. The shift in the absorption bands in pegylated AuNPs
confirms the synthesis of AuNPs due to PEG 400. The
absorption bands at 3400, 2800, and 1100 cm−1 in PEG 400
are due to OH stretching, −CH2 stretching, and C−O
stretching, respectively. The C−O peak has been shifted to

1300−1500 cm−1 as AuNPs envelop it. The existence of a
carbonyl group created through the oxidative transformation of
PEG is indicated by an intense peak in a region of 1500−1700
cm−1. The presence of an H-bonded O−H group in our
sample is indicated by a broad peak in the wavenumber region
3300−3500 cm−1.
3.3. SERS-Active Characterization and Enhancement

Factor (EF) of AuNPs Hybrid Substrate. Due to the well-
known vibrational characteristics of R6G, it was chosen as the
sensor molecule to examine the SERS efficacy of the AuNPs
hybrid substrate. Figure 3a shows Raman spectra of R6G at
10−5 M concentration with a AuNPs hybrid substrate and
without the substrate. The Raman spectra of AuNPs hybrid
substrate was also taken, and the results indicate that there is
no contribution of the substrate in the SERS spectra of R6G.
Figure 3b shows SERS spectra of varying concentrations (10−1

to 10−8 M) of R6G when dropped onto the substrate and
allowed to dry for 5 min before analysis. The most prominent
Raman band at 1185 cm−1 corresponds to C−H in-plane
bending vibrations, whereas bands at 1363 and 1510 cm−1

correspond to the aromatic C−C stretching vibrations.35 The
lowest concentration of 10−8 M also showed the prominent
bands of R6G using this substrate, although the band intensity
was significantly low.
With the help of spectral analysis of Figure 3b the SERS

intensities centered at 1363 cm−1 were plotted against the
corresponding concentration, Figure 3c. This figure shows a
smooth accent in values of SERS intensity with the increasing
order of concentration of R6G. Thereafter a graph was plotted
on logarithm-scale axes, between the log values of intensities
(log I) and corresponding concentrations (log C), which was
linear as shown in the inset of Figure 3c. This linear

Figure 2. (a) UV−visible spectrum of AuNPs colloid with the picture of AuNPs colloidal solution in the inset. (b) FTIR spectra of PEG 400 and
pegylated AuNPs. (c) TEM image of pegylated AuNPs. (d) Histogram of the size distribution of pegylated AuNPs.
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relationship is discovered to be identical to earlier reports,36 in
which the Langmuir isotherm is followed to study the
adsorption of analyte molecules.35 As discussed in Section 1,
this linear relationship can be utilized to calculate the unknown
concentration of R6G using this substrate. To calculate the
SERS enhancement factor (EF) of the paper-based flexible
AuNPs hybrid substrate, the formula as shown in eq 1 was
used:

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz=

I
I

C
C

EF SERS

bare

bare

SERS (1)

where ISERS and Ibare are the intensities of the SERS band and
Raman band centered at 1363 cm−1 corresponding to
concentrations CSERS = 4.7 × 10−8 M and Cbare = 4.5 × 10−1

M, respectively.35 Thus, the calculated EF for the prepared
hybrid AuNPs substrate is on the order of 108.
3.4. SERS Detection of Melamine in Solution. The

frequent use of melamine as a cheap source of protein in dairy
products calls for its efficient and fast detection. Here, the
synthesized pegylated AuNPs hybrid substrate is utilized for
the detection of melamine in dairy products. Figure 4a shows
the Raman spectrum of pure melamine powder with sharp and
clear bands at 587, 677, and 985 cm−1. The bands at 677 and
985 cm−1 correspond to ring-breathing modes II and I of the
triazine ring, respectively.37 Thereafter a stock solution (1000
ppm) of melamine was created by stirring 100 mg of pure
melamine powder into 100 mL of double-distilled water; this

stock solution was further diluted in water to create a series of
melamine standard solutions with the following concentra-
tions: 100, 10, 1, 0.8, 0.6, 0.4, 0.2, 0.1, and 0.01 ppm. The
SERS spectra of solution concentrations of 100, 10, 1, 0.4, 0.1,
and.01 ppm are shown in Figure 4b. Here Raman bands that
appear at 712 and 992 cm−1 in the SERS spectra show
enhanced intensities for increased concentration of melamine.
Along with the Raman spectrum of melamine solution of
concentration 1000 ppm, a spectrum was also recorded of a
sample in the absence of the hybrid substrate and none of the
characteristic bands of melamine are visible in the spectrum,
Figure 4b.
Here, surprisingly, Raman bands of melamine stock solution

in SERS spectra exhibit a drastic shift from their actual position
when they are associated with SERS substrate. This significant
shift is of 35 and 7 cm−1 for the bands at 712 and 992 cm−1,
respectively, as compared to the bands in the Raman spectra of
solid melamine.38 In the quest to know the concentration
where Raman bands start to shift for the sake of this SERS
analysis of different concentrations between 1000 and 100
ppm, spectral analyses were also performed as shown in Figure
4c. It became obvious from the experiment that the shifting of
both band positions 677 and 985 cm−1 started near about 600
ppm and followed the same trend in lower concentration
thereafter. The shift in band position may be due to the effect
of the enhancement mechanism.39,40 Thus, melamine
detection via pegylated AuNPs hybrid substrates may become

Figure 3. (a) Raman spectra of R6G at concentration 10−5 M with AuNPs hybrid substrate and without substrate and also Raman spectra of
AuNPs hybrid substrate alone. (b) SERS spectra of R6G solutions of concentration ranging from 10−8 to 10−1 M. (c) Plot between the SERS
intensity and corresponding concentration for the band centered at 1363 cm−1. The inset shows the plot of log values of intensities (log I) and
corresponding concentrations (log C).
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a promising tool to quantify melamine adulteration in various
milk products.
3.5. Melamine Detection in a Spiked Milk Sample. In

order to examine the selectivity of pegylated AuNPs hybrid
substrate for melamine, this substrate was used to detect
melamine in powder milk matrix.41 There are several different
ingredients in milk, such as proteins, lipids, and carbs.42 A
powder milk solution (100 mL) was spiked with 10 mg of
melamine powder to create a concentration of 100 ppm of
melamine in milk. From this concentration, 10, 1, 0.8, 0.6, 0.4,
0.2, 0.1, and 0.01 ppm melamine in milk were made through
serial dilutions. Additionally, 1 mL of the spiked sample was
put into a 1.5 mL centrifuge vial before being spun at 5000

rpm for 10 min. To quantify it, the supernatant was transferred
to a clean vial for analysis. For reference, a milk sample devoid
of melamine was used. Figure 5a shows SERS spectra of
different concentrations (10, 1, 0.8, 0.6, 0.4, 0.2, 0.1, and 0.01
ppm) of melamine spiked milk samples. The bands at 712 and
992 cm−1 are distinctively visible, and the band intensity
decreases as the concentration of melamine is reduced in the
milk sample. Figure 5b shows an approximately straight line
with a good determination coefficient (R2 ∼ 0.987) between
the log values of intensities (log I) and the corresponding log
values of concentrations (log C) for the band centered at 712
cm−1. Table 1 summarizes the earlier reports related to the
various substrates used for melamine detection that are

Figure 4. (a) Raman spectrum of powder melamine. (b) Raman spectra and SERS spectra of melamine for different concentrations. (c) Shift in
SERS spectra peak as compared to different concentrations of solutions.

Figure 5. (a) SERS spectra of melamine spiked milk solution with a concentration ranging from 10 to 0.01 ppm. (b) Plot between the log values of
intensities (log I) and corresponding log values of concentrations (log C) for the band centered at 712 cm−1.
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comparable to these results. The comparison with the previous
reports indicates that AuNPs hybrid substrates used in the
current research work involve a facile and cost-effective
protocol. The LOD of melamine achieved in the current
work is also low compared to other research reports.

4. CONCLUSION
In conclusion, a paper-based flexible AuNPs hybrid substrate,
using Whatman filter paper of pore size 11 μm, was
successfully prepared by drop-cast method to achieve a low-
cost, uniform SERS substrate for the fast and accurate
identification of melamine in powder milk. The pegylated
AuNPs utilized here were spherical with an average particle
size of ∼23 nm. FTIR analysis confirmed the protective layer
of PEG on AuNPs, thereby providing much-needed stability.
SERS characterization of the substrate using R6G exhibited
desirable signal sensitivity, reproducibility, enhancement factor
(108), and appreciably low LOD (10−8 M). Further, to
demonstrate the practical applicability of the AuNPs hybrid
SERS substrate in real world samples, it was utilized to detect
the melamine in spiked milk samples and showed a melamine
characteristic band for the concentration as low as 0.01 ppm.
Thus, it is a desirable substrate for application in food analysis.
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