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nalized two-dimensional MXene–
Au nanocomposites were prepared as SERS
substrates for the detection of melamine in dairy
products†

Dongbo Xi, ab Ruipeng Chen,b Shuyue Ren, *b Zhenhong Jia*a and Zhixian Gao*b

In the present study, we address the limitations of conventional surface-enhanced Raman scattering (SERS)

techniques for sensitive and stable detection of melamine in food products, especially dairy. To overcome

these challenges, we developed a novel SERS-active substrate by incorporating gold nanoparticles (AuNPs)

onto carboxyl-functionalized two-dimensional (2D) MXene material doped with nitrides, specifically Au–

Ti2N–COOH. Our strategy leverages the unique physicochemical properties of MXene, a class of

atomically thin, 2D transition metal carbides/nitrides, with tunable surface functionalities. By modifying

the MXene surface with AuNPs and introducing carboxyl groups (–COOH), we successfully enhanced

the interaction between the substrate and melamine molecules. The carboxyl groups form hydrogen

bonds with the amino groups on the melamine's triazine ring, facilitating the adsorption of melamine

molecules within the ‘hotspot’ regions responsible for SERS signal amplification. A series of

characterization methods were used to confirm the successful synthesis of Au–Ti2N–COOH

composites.Using Au–Ti2N–COOH as the SERS substrate, we detected melamine in spiked dairy product

samples with significantly enhanced sensitivity and stability compared to nitride-doped MXene alone.

The detection limit in liquid milk stands at 3.7008 mg kg−1, with spike recovery rates ranging from 99.84%

to 107.55% and an approximate RSD of 5%. This work demonstrates the effectiveness of our approach in

designing a label-free, rapid, and robust SERS platform for the accurate quantitation of melamine

contamination in food, thereby mitigating health risks associated with melamine adulteration.
1. Introduction

Melamine, also known as cyanuramide, is a small organic
molecule that contains a triazine ring. It serves as a crucial
chemical raw material, with melamine–formaldehyde resin
being derived from melamine as its primary constituent. Ille-
gally adding melamine to dairy products, owing to its elevated
nitrogen content, has been a concern. Ingesting excessive
quantities of melamine can result in urinary calculi, crystalline
urine, and acute renal failure, particularly in individuals of
smaller stature, those exposed to high doses, or those with
limited uid intake.1 Upon ingestion, melamine can react with
certain intermediate degradation products to form insoluble
melamine cyanuric acid salt crystals, which are highly harmful
ing, Xinjiang University, Urumqi 830000,
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to our kidneys and can even be fatal to infants.2 United States
Food and Drug Administration (FDA) suggests setting.

A safety exposure limit for melamine and its structural
analogues of less than 0.63 mg per kg bw per day. The European
Food Safety Authority recommends a daily intake of 0.5 mg per
kg bw per day of melamine.3 Furthermore, the World Health
Organization has set the maximum allowable content of mela-
mine in infant formula at 1 mg g−1, while the maximum allow-
able content for all other foods is 2.5 mg g−1.4

To determine the protein content in milk, a milk analysis is
required. The classical method for analyzing the protein
content in milk is the Kjeldahl method.5 This method is
straightforward to execute and yields highly accurate results.
However, it exclusively quanties the nitrogen content in
mixtures, with protein content being derived from nitrogen
content calculations rather than direct measurement. Due to
the high nitrogen content of melamine and its resemblance to
the appearance of powdered milk, it has been illegally added to
dairy products. Traditional detection methods cannot differ-
entiate whether the nitrogen contribution arises from protein.
Consequently, researchers have explored and implemented
several melamine detection methods, including: High
RSC Adv., 2024, 14, 14041–14050 | 14041
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Performance Liquid Chromatography (HPLC),6–8 Electro-
chemical Analysis (ECA),9 Infrared (IR),10 Gas Chromatography-
Mass Spectrometry (GC/MS),11,12 Colorimetric Sensing,13,14

ELISA15 and Fluorescence Detection.16,17 However, these
methods have long detection times and complex preprocessing
processes, requiring specialized operators. Therefore, the main
objective of this study is to develop a more sensitive, conve-
nient, and cost-effective melamine detection method. Surface-
Enhanced Raman scattering (SERS) spectroscopy technique is
extensively applied in elds, encompassing chemistry, bio-
sensing, environmental science, food safety, and clinical diag-
nosis. Due to its remarkable attributes, including high
resolution, rapidity, ngerprinting capability, real-time anal-
ysis, and non-invasive nature, SERS stands as a prominent
technique for qualitative and quantitative analysis of target
analytes.18–22 Consequently, we leverage SERS to achieve swi
and highly sensitive detection of the target substance. Despite
the many advantages of SERS technology, such as high sensi-
tivity and rapid detection, its relatively weak signal has been
criticized. Researchers have thus employed various strategies to
prepare novel SERS substrates to enhance their signal
performance.

Two-dimensional (2D) materials possess advantages such as
surface atness and a large specic surface area.23 Graphene
was the rst 2Dmaterial that demonstrated enhancement of the
Raman signal. Since then, several 2D materials have been
applied up to date. 2D materials such as transition metal
dichalcogenides (TMDs) and black phosphorus (BP), hexagonal
boron nitride (h-BN), have been used as SERS substrates.
However, the sensitivity of these materials is generally insuffi-
cient. In 2011, Naguib and colleagues24 have discovered a new
series of 2D materials called “MXenes.” These materials are
generated by selectively etching the A elements from the cor-
responding three-dimensional (3D) MAX phases using appro-
priate etchants. MAX phases comprise layered ternary
compounds consisting of metallic carbides, nitrides, or car-
bonitrides, with the general formula Mn+1AXnTx, where M
represents an early transition metal, a comprises elements from
Group 13 and 14 (mainly), and X denotes carbon and/or
nitrogen.25 Tx represents surface functional groups (–O, –OH
and –F).26 As emerging 2D material MXenes have demonstrated
exceptional SERS (Surface-Enhanced Raman Spectroscopy)
activity. For example, He et al.,27 designed a TiVC (MXene)
material as a substrate with rhodamine as the Raman reporter
molecule, achieving a SERS enhancement factor of 1012 M and
a detection limit in the femtomolar range. Liu et al.28 prepared
a tungsten nitride (WN\W2N\W3N4\W2N3) MXene material as
a substrate, with a minimum detection limit of 10−12 M. The
SERS enhancement factor is 6.5 × 108 M. Sarycheva et al.29

synthesized a Ti2C3 MXene material as a SERS substrate, which
exhibited extensive multifunctionality. The substrate demon-
strated the ability to detect various organic dyes such as meth-
ylene blue (MB), rhodamine (R6G), brilliant green (BG),
malachite green (MG), crystal violet (CV), Nile Blue (NB), as well
as certain harmful substances, including 1,10-phenanthroline
monohydrate (PHEN), p-aminobenzoic acid (PABA), and 4-
mercaptobenzoic acid (4-MBA), at extremely low
14042 | RSC Adv., 2024, 14, 14041–14050
concentrations. Peng et al.30 designed Nb2C and Ta2C MXene
substrates capable of detecting the SARS-CoV-2 spike protein at
detection limits as low as 5× 10−9 M. Lan et al.,31 developed two
MXene materials, vanadium carbide (V4C3 and V2C), as
substrates. exhibiting high SERS sensitivity, enabling rapid
molecular enrichment (within 2 minutes) and achieving
a molecular removal efficiency of over 95%. Additionally, this
study marks the rst preparation of M4X3-type MXene materials
as SERS substrates. MXene possesses advantages such as
tunable structure, topology, morphology, and surface chem-
istry. Beyond its application in SERS, it has found utility in
photoluminescence, colorimetric sensing, electrochemistry,
photothermal bioapplications, and surface plasmon resonance
(SPR).32 To further enhance the Raman signal amplication
capability of the substrate, we modied the surface of Ti2N with
Au NPs (gold nanoparticles) and employed the Raman probe
molecule 4-MBA (4-mercaptobenzoic acid) as a novel substrate.

This work proposes an innovative substrate utilizing Au
nanoparticles (NPS) modied with carboxyl-functionalized
MXene material Ti2N, we enhance its signal amplication by
introducing carboxyl groups through modication with 4-mer-
captobenzoic acid (4-MBA), facilitating the detection of low
concentrations of melamine in milk. The method achieves an
impressively low detection limit for melamine at just 3.7008 mg
kg−1, requiring only straightforward pretreatment steps. This
method is of signicant importance for ensuring quality control
and supervision in the dairy industry.
2. Materials and methods
2.1. Chemicals and reagents

Ti2AlN (99.8%) was purchased from Jiangsu Xianfeng Nano-
Technology Co., Ltd, located in Jiangsu Province, China.
Chloroauric acid (HAuCl4) was purchased from TaKaRa
(Shanghai, China). Potassium uoride (KF), hydrochloric acid
(HCl, 35–38%), deionized water, dimethyl sulfoxide (DMSO),
sodium borohydride (NaBH4), chloroacetic acid (CH2COOH), 4-
mercaptobenzoic acid (4-MBA, 99.8%), cyanuric acid (99.8%),
isopropanol (99.8%) were purchased from Aladdin. Melamine
monoamide (99.7%), diamide cyanate (99.7%), dicyanamide
(99.7%), and cypromazine (99.7%) were purchased from
Macklin.
2.2. Analytical techniques

Zeta potential is analyzed at a 90° angle using the Zetasizer
Nano ZS 90 instrument (Malvern Instruments Ltd, UK). The
maximum range for the zeta potential is from −150 mV to
150 mV.

XPS measurements were performed on the ESCALAB 250 Xi
instrument, with a binding energy scanning range of 0–1350 eV
and a 1 eV per step scanning step size.

The morphological features of Ti2N material and Au–Ti2N–
COOH material were observed using a scanning electron
microscope (SEM) (Carl Zeiss Co Ltd, Germany) and a trans-
mission electron microscope (TEM) Talos F200X (Thermo
Fisher, USA).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The chemical bonding and characteristic peaks of functional
groups in the Ti2N–COOH material were measured using IS5
(Thermo Fisher, USA).

The SERS characteristic peaks of the target substance were
measured using a confocal Raman laser, via Basis 116W21
(Renishaw, UK).
2.3. Synthesis of Au–Ti2N–COOH

Following with the previously reported process,25 the synthesis
of Ti2N–COOH employs a similar method. To prepare the KF–
HCl mixture, dissolve 6 g of potassium uoride (KF) in 100 mL
of 6 M hydrochloric acid (HCl). Subsequently, immerse
approximately 2 g of Ti2AlN in 20mL of the KF–HCl mixture and
heat it for 3 hours. Aerward, subject the suspension to ultra-
sonication in a water bath at 40 °C for one hour. Following the
ultrasonication step, remove the supernatant and add deion-
ized water to the powdered material. Centrifuge the mixture at
3500 rpm for 5 minutes to eliminate soluble uorides. Repeat
the above procedure until the pH of the supernatant approaches
Aer decanting, add isopropanol to the powder and centrifuge
the mixture at 3500 rpm for half an hour. Filter the mixture to
obtain ML-Ti2NTx. Immerse 1 g of powder in 20 mL DMSO and
sonicate for one hour to achieve stratication. Allow themixture
to stand overnight. Remove the supernatant, add deionized
water, and centrifuge the mixture at 3500 rpm for one hour.
Vacuum lter the supernatant suspension and dry it to collect
FL-Ti2NTx.

To prepare a Ti2N–COOH solution, initiate with a Ti2NTx
solution having a concentration of 1 mg mL−1. Under nitrogen
gas and ice-water bath conditions, add chloroacetic acid and
stir for 4 hours to prepare a Ti2N–COOH solution. Subsequently,
store the prepared colloidal solution at 4 °C for future use in the
next step.

Next, utilize the prepared Ti2N–COOH solution. Again,
maintain the process under ice-water bath conditions. Intro-
duce a 10% by-weight solution of chloroauric acid and stir for 1
hour. Gradually incorporate an excess amount of sodium
borohydride (NaBH4) solution. Aerward, perform centrifuga-
tion at 3500 rpm and wash the precipitate three times. Under
nitrogen gas protection, subject the mixture to sonication for
half an hour, creating an Au–Ti2N–COOH solution. Store the
Fig. 1 Scheme of melamine SERS detection.

© 2024 The Author(s). Published by the Royal Society of Chemistry
prepared colloidal solution at 4 °C for future use in the subse-
quent step.
2.4. SERS spectra acquisition in milk

Ordinary brand milk purchased from a local supermarket
served as the study. 10 mg of melamine was placed in a 10 mL
centrifuge tube and dissolved in ultrapure water to prepare
a melamine solution. The prepared melamine solution was
then diluted sequentially to prepare different concentrations of
melamine standard solutions, and three samples of each
concentration were spiked into milk samples for testing. In the
detection process, a small amount of 4-MBA solution was added
to the base solution and mixed for 1 hour. Following this, the
sample solution was combined proportionally with the base
solution containing 4-MBA and mixed for 10 minutes. The
resulting mixture solution was dropped onto a silicon wafer
substrate and dried at 60 °C under vacuum, and SERS signals
were detected.
3. Results and discussion
3.1. Scheme

First, synthesize the Ti2N material. As shown in Fig. 1, chloro-
acetic acid was added to the successfully synthesized Ti2N
material, and the carboxyl functional group was modied on
the surface of the material. Next, use chloroauric acid as the
gold nanoparticle source and sodium borohydride as the
reducing agent. Utilizing the material modied with carboxyl
functional groups as the substrate, synthesize Au–Ti2N–COOH
material through in situ growth method by decorating gold
nanoparticles onto the substrate. Subsequently, the detection of
the target substance is achieved through Raman spectroscopy.

The carboxyl modication performed on the two-
dimensional (2D) substrate composed of MXene material
serves several key purposes in enhancing the performance of
the SERS (Surface Enhanced Raman Scattering) substrate for
the detection of melamine. The addition of gold (Au) to the
carboxyl-modied MXene, specically forming Au–Ti2N–COOH,
introduces complementary functionalities and synergistic
effects that together address the challenges of sensitivity and
stability in melamine detection. Here is a detailed explanation
of the rationale behind this approach:
RSC Adv., 2024, 14, 14041–14050 | 14043
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3.1.1. Carboxyl group-mediated target enrichment. The
carboxyl groups (–COOH) introduced on the MXene surface
form hydrogen bonds with the three amino groups (–NH2)
present on the melamine triazine ring. This specic interaction
facilitates the selective and efficient capture of melamine
molecules, effectively concentrating them within the vicinity of
the Au nanoparticles. This targeted enrichment mechanism
ensures that melamine molecules are more likely to occupy the
high-eld hotspots, further improving the SERS sensitivity. A
plain gold lm without such functionalization would lack this
targeted enrichment capacity, potentially leading to reduced
detection efficiency for melamine.

3.1.2. Stability and Reproducibility. The combination of
MXene and Au nanoparticles in a single substrate offers
enhanced stability compared to a standalone gold lm. The
MXene layers provide mechanical support and prevent Au
nanoparticle aggregation, maintaining the substrate's struc-
tural integrity and ensuring consistent SERS performance over
time. Moreover, the carboxyl groups may contribute to the
stability of the Au nanoparticles by anchoring them to the
MXene surface, preventing their detachment or migration
during use or storage. A gold lm alone might be more prone to
degradation or surface oxidation, compromising the long-term
reliability of the SERS substrate.
3.2. Characterization

The morphology of the Ti2N material is being described in
detail through TEM testing. As shown in Fig. 2(a), the material
exhibits the characteristic layered structure of MXene materials.
Fig. 2(b) presents the SEM characterization of the Ti2Nmaterial,
which conrms the layered structure of Ti2N. Additionally,
Fig. (S1) and (S2)† are SEM images taken at a relatively lower
magnication, providing an overview of the Ti2N material. In
Fig. 2 (a) TEM image of Ti2N. (b) SEM image of Ti2N. (c) Infrared spectrosc
Ti2N–COOH. (f) XPS survey spectrum of Au–Ti2N–COOH. (g) Zeta-pote

14044 | RSC Adv., 2024, 14, 14041–14050
these images, the layered structure can be observed, further
conrming the successful synthesis of the Ti2N material.

Fig. 2(c) shows the infrared characterization of the synthe-
sized Ti2N–COOH material. For carboxyl groups (dimer)
involved in hydrogen bonding, the O–H stretching vibration
absorption peak appears as a broad and diffuse band in the
range of 2500–3300 cm−1. The carboxylic acid exhibits absorp-
tion peaks around 1400–1428 cm−1 and 1250 cm−1, which
correspond to in-plane bending vibrations of the O–H group
and coupled stretching vibrations of the C–O bond. The peak
observed near 920 cm−1 indicates the out-of-plane wagging
vibrations of the O–H group. This conrms the successful
modication of the carboxyl functional groups.

Fig. 2(d) shows the TEM image of the Au–Ti2N–COOH
material. According to the comparison of the scales in the
gure, the particle size of gold nanoparticles is roughly in the
range of 10–16 nm, and the gold nanoparticles have a slight
agglomeration phenomenon, and the overall distribution is
relatively uniform. A large proportion of gold nanoparticles are
spaced within 10 nm to provide sufficient “hot spot” areas.
Moreover, the Ti2N material itself has a high electron density
distribution of N atoms due to the transfer of electrons from Ti
atoms, thus providing SERS signal enhancement ability.
Therefore, the material itself has a good SERS signal ampli-
cation ability, and the gold nanoparticles are modied on its
surface to further enhance the signal amplication ability of the
composite. Fig. 2(e) presents the AFM characterization of the
material, and in combination with Fig. (S3),† we measure the
thickness of the material at 10 points from the material,
through the calculation and analysis of the measured results, it
can be seen that the average thickness of the material is
47.34 nm, and the RSD is about 7.27%. Fig. (S4), (S5) and Table
(S1)† depict the EDS characterization of the Ti2AlN material.
From these gures, compared with the subsequent
opy of Ti2N–COOH. (d) TEM image of Au–Ti2N–COOH. (e) AFM of Au–
ntial of Ti2N, Ti2N–COOH and Au–Ti2N–COOH.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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characterizations, it can be seen that the Al element has been
etched away. Fig. (S6)† represents the XPS characterization of
the Ti2N–COOH material, further conrming the absence of Au
elements. Fig. 2(f) shows the XPS characterization of the Au–
Ti2N–COOH material, where the absorption peaks at 532 eV,
284 eV, and 88 eV correspond to O 1s, C 1s, and Au 4f,
respectively.

Fig. 2(g) presents three zeta potential graphs representing
the zeta potentials of the Ti2N material, Ti2N–COOH material,
and Au–Ti2N–COOHmaterial, which are measured to be 13 mV,
24.4 mV, and −20.8 mV, respectively. These measurements
further conrm the successful carboxyl group modication in
the second step and the successful gold particle decoration in
the third step.
3.3. Experimental conditions optimization

The SERS signals of melamine powder, 4-MBA powder, and
mixture of melamine and 4-MBA were rst measured. As shown
in Fig. S8–S10,† the characteristic peak of melamine powder is
located at 707 cm−1 and 4-MBA is located at 1560 cm−1.

To enhance the sensitivity of the substrate, various experi-
mental conditions were optimized using melamine as the target
analyte. A xed concentration of 4-MBA was dropped separately
onto glass, paper, and silicon substrates. Aer drying, the SERS
signals were detected. Fig. 3(a–c) shows the Raman spectra of 4-
MBA recorded on glass substrates, paper substrates, and silicon
substrates at different concentrations. From the images, it can
be observed that the background peak signals are more robust
on paper substrates and glass substrates. In contrast, the
background peak on the silicon substrate is located at
520 cm−1, which does not interfere with the target peak region
we are interested in. Therefore, in the subsequent experiments,
silicon wafers were used as substrates tominimize the impact of
errors on the investigation.

Firstly, the SERS signals of the Ti2N–COOH material and the
Au–Ti2N–COOHmaterial modied with gold nanoparticles were
measured. Fig. S11† shows that the Ti2N–COOH and Au–Ti2N–
COOHmaterials do not have obvious SERS characteristic peaks,
and the SERS signals do not interfere with the signals of the
targets. Subsequently, the impact of different modications on
sensitivity was investigated when decorating various substances
on MXene materials. Equal concentrations of melamine were
dropped into the substrate solutions containing the same
Fig. 3 (a–c) Stack plots of Raman spectra for various concentrations of

© 2024 The Author(s). Published by the Royal Society of Chemistry
volume and concentration. Aer thorough mixing, 10 mL of the
mixture was dropped onto silicon wafer substrates and dried for
detection. The characteristic peak of melamine is around
707 cm−1 and is due to the respiratory vibration of the triazine
ring. In Fig. 4(a), a comparison revealed that when detecting the
same concentration of melamine using pure MXene material
and carboxyl-functionalized MXene material, no characteristic
peak was observed. However, when using gold nanoparticles
modied MXene material and MXene material simultaneously
modied with carboxyl functional groups and gold nano-
particles, characteristic peaks of the target substance were
detected, and the MXene material simultaneously modied
with carboxyl functional groups and gold nanoparticles
exhibited slightly higher peak intensity. This experimentation
conrms that different substrate modications result in varying
degrees of changes in the target substance's enrichment capa-
bility and Raman signal amplication. To enhance the
substrate's enrichment capability for the target substance and
achieve more signicant Raman signal enhancement, subse-
quent experiments used MXene material simultaneously
modied with carboxyl functional groups and gold nano-
particles as the substrate.

Next, the optimization of material concentration was carried
out by diluting the substrate solution to concentrations ranging
from 10 to 60 mg kg−1. The same volume of melamine at an
equal concentration was then added to each diluted substrate
solution. Aer thorough mixing,10 mL of the mixture of the
substrate and target analyte was dropped onto silicon wafer
substrates and dried for detection. Fig. 4(b) reveals that the
SERS signal peak is highest when the substrate solution
concentration is set at 40 mg kg−1. This experimentation
underscores that different concentrations of substrate materials
impact the Raman signal. When the concentration is too low,
the Raman signal does not increase to the optimal level.
Conversely, excessive concentration might weaken the mate-
rial's amplication capability. Therefore, in the subsequent
experiments, a substrate solution concentration of 40 mg kg−1

was used consistently.
Moving forward, the difference in SERS signals between 4-

MBA modied and unmodied 4-MBA was compared. Equal
concentrations of melamine were separately added to substrate
solutions containing the same volume and concentration of 4-
MBA, one being modied and the other unmodied. Aer
thorough mixing, 10 mL of the mixture of the substrate and
4-MBA on a SERS substrate. (a) Glass; (b) paper; (c) silicon.

RSC Adv., 2024, 14, 14041–14050 | 14045

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02249a


Fig. 4 (a) SERS characteristic peaks at 707 cm−1 for four different substrates (b) the SERS characteristic peak at 707 cm in substrate detection
exhibits different intensities at various concentrations. (c) The relationship between Raman intensity and 4-MBA. (d) The relationship between
different concentrations of 4-MBA and SERS characteristic peak values.
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target analyte was taken and dropped onto silicon wafer
substrates, followed by drying for detection. Fig. 4(c) shows that
the Raman signal from the substrate modied with 4-MBA is
signicantly stronger than that from the unmodied 4-MBA
substrate. Due to the enriching effect of the carboxyl functional
group on the target analyte, increasing the concentration of
carboxyl functional groups on the substrate surface enhances
the substrate's enrichment capability for the target analyte, thus
detecting a stronger Raman signal.

Concentrations ranging from 1 × 10−4 to 1 × 10−9 M of 4-
MBA solution were separately added to substrate solutions
containing the same concentration. Aer a half-hour reaction,
equal concentrations of melamine were added to the substrate
solutions, followed by thorough mixing 10 mL of the mixture of
the substrate material and target analyte was taken and drop-
ped onto silicon wafer substrates, then dried for detection.
Fig. 4(d) shows that the characteristic peaks around 1560 cm−1

are due to the C–C expansion vibration on the benzene ring, and
the characteristic peaks around 1060 cm−1 are due to the C–H
expansion vibration on the benzene ring. The characteristic
peak is most pronounced around 1560 cm−1, so this peak is
mainly observed to judge the difference in the enhancement
effect caused by the concentration. It shows that as the
concentration of 4-MBA increases, the peak of the Raman signal
gradually increases. When the concentration is 1 × 10−6 M, the
14046 | RSC Adv., 2024, 14, 14041–14050
Raman signal is signicantly the strongest. As the concentra-
tion continues to increase, the Raman signal weakens. To ach-
ieve optimal signal enhancement, subsequent experiments
used a 1 × 10−6 M 4-MBA solution to modify the substrate.

The enhancement factor (EF) was determined according to
the formula below.34

EF = (ISERS/CSERS)/(Iref/Cref)

where ISERS and CSERS denote SERS spectrum intensity and the
concentration of 4-MBA molecules adsorbed on the Au–Ti2N–
COOH thin lm substrate, respectively. Iref and Cref denote the
non-SERS spectrum intensity and the concentration of 4-MBA
molecules adsorbed on silicon substrate, respectively. The
Raman peak intensity at 1570 cm−1 was used to estimate EF.
The reference concentration of 4-MBA molecules was deter-
mined to be 10−8 M for CSERS and 10−2 M for Cref. The EF was
derived to 1.63 × 106 for the Au–Ti2N–COOH thin lm
substrate. Compared with the previous TiN as the SERS
substrate, we have a higher magnitude of the enhancement
factor and stronger signal amplication ability.

Also using 4-MBA as a signaling molecular probe, the SERS
signal results were measured by Ti2N–COOH material, and the
results are shown in Fig. S12.†The Raman peak intensity at
1570 cm−1 was used to estimate EF. The reference
© 2024 The Author(s). Published by the Royal Society of Chemistry
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concentration of 4-MBAmolecules was determined to be 10−6 M
for CSERS and 10−2 M for Cref. The EF was derived to 1.27 × 104

for the Au–Ti2N–COOH thin lm substrate. Compared with the
EF of Au–Ti2N–COOH material, it was found that modifying
gold nanoparticles on their surface could signicantly improve
the SERS signal amplication ability of the material.
3.4. Specicity, reproducibility, stability

Fig. 5(a) illustrates the Raman spectrum of the Au–Ti2N–COOH
substrate and the corresponding SERS signals of melamine and
its analogues. Firstly, the Raman characteristic peaks of the
substrate material were detected, and it was found that there
were no obvious characteristic peaks in the target characteristic
peak area Aer subtracting the background baseline, a charac-
teristic peak was observed at 707± 5 cm−1,33 which corresponds
to the intense breathing vibration of the triazine ring of mela-
mine and its analogues. This nding is signicant because
conventional detection is typically based on the characteristic
peak at 707 cm−1. At the same time as the detection of mela-
mine, melamine monoamide, melamine diamide, dicyandia-
mide and cypromazine were also detected, and because the
detected substances had similar structures to melamine, there
were obvious characteristic peaks near 707 cm−1. In the follow-
up work, the ability of the substrate to detect multiple targets at
the same time will be studied, and the potential of the substrate
in the eld of SERS will be developed. By comparison, it was
Fig. 5 (a) SERS characteristic peaks of different target substances. (b) SER
SERS characteristic peaks of melamine at other time points. (d) Calibrati

© 2024 The Author(s). Published by the Royal Society of Chemistry
found that the SERS signal intensity for the detection of mela-
mine was signicantly stronger than that of other analogues,
and the enrichment ability for melamine could be improved
due to the modication of carboxyl functional groups on the
surface of the material, so that the SERS signal for the detection
of melamine was stronger.

To determine the quantitative detection capability of the
substrate and exclude the possibility of experimental variability,
it was necessary to test the reproducibility of SERS spectra from
samples with the same concentration but different batches. Five
samples with a concentration of 100 mg kg−1 were prepared for
SERS measurements. We test ve different locations on
a sample, as shown in Fig. 5(b), the SERS intensities are
calculated, resulting in a relative standard deviation (RSD) of
2.38%. Although the signal intensity uctuates at 707 cm−1, the
characteristic peak of the target can still be stably detected at
707 cm−1.Therefore, the substrate demonstrates good quanti-
tative capability for melamine detection.

The investigation of the stability testing ability of the
substrate aimed to examine the regularity of changes over time
in the environment. Three sets of parallel samples were
prepared to directly detect the samples with the same concen-
tration of 30 mg kg−1. Aer detection, they were stored at 4 °C.
Subsequent detections were performed at intervals of 1 week, 2
weeks, 3 weeks, 4 weeks, 6 weeks, and 8 weeks respectively. The
changes in the peak intensity at 707 cm−1 are observed, as
S spectra of melamine (100 mg kg−1) weremeasured from 5 samples. (c)
on curve of melamine in milk.
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Table 2 Comparison of various analytical methods developed for
analysis of melamine in several matrixes

Matrix Analysis
LOD
(mg kg−1) Ref.

Milk and milk
powder

HPLC-HRMS 0.6 35

Milk NIR 1.2 36
Milk ELISA 0.3 16
Milk Fluorescence 68 37
Milk SERS 3.7 This work
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shown in Fig. 5(c). The peak intensity was highest when directly
detected. Only the initial 98.11% in the rst week aer the rst
week, a signicant decrease in the peak intensity of the samples
was observed. The second week was only 95.91% compared to
the initial the peak intensity in the second week was slightly
lower compared to the results of the rst week. The peak
intensity in the third week showed little change compared to the
second week. Compared with the initial 93.77% in the third
week, the SERS signal intensity aer the third week decreased
slightly with time, and the change was not obvious. Week 8 was
86.59% relative to the initial. Therefore, the SERS signal of the
substrate exhibited an overall decreasing trend over time, but
the decrease was not signicant. Subsequently, the SERS signal
reached a stable state.

3.5. SERS measurement of melamine in liquid milk

SERS testing was conducted on samples of melamine with
different concentrations. A linear model for determining the
melamine content within the range of 10–250 mg kg−1 was ob-
tained, as shown in Fig. 5(d). Within the linear range, the
equation for the relationship between intensity (I) and
concentration (C) was I= 9.47 C= 15.01, R2= 0.9976, with an R-
squared value of 0.9976. By measuring the signal-to-noise ratio
and the slope of the linear t equation, the limit of detection
(LOD) was calculated to be 3.7008 mg kg−1.

3.6. Recovery rate experiment and anti-interference
experiment

The reliability and accuracy of the method were further vali-
dated through spiking and recovery experiments using actual
milk samples. As shown in Table 1, SERS testing is performed
onmelamine samples with concentrations of 50 mg kg−1, 200 mg
kg−1, and 250 mg kg−1. Based on the predicted concentrations
obtained from the tting equation, the recovery rates of this
method range from 99.84% to 107.55%, with a relative standard
deviation (RSD) of approximately 5%.

3.7. Comparison of reported analytical methods

Table 2 compiles the comparison of the analytical features of
the selected references. Compared to the reported methods,
similar detection levels for the analysis of melamine were ob-
tained in this study. These methods have long detection times
and complex preprocessing processes, requiring specialized
operators. Such as extraction and cleanup of melamine in milk
samples. The SERS technique used in this study is simple to
operate, with an integration time of only 10 seconds, which is
much less than the time required by other methods. Therefore,
Table 1 Predicted results of melamine in milk (n = 3)

Spiked
(mg kg−1)

Detected
(mg kg−1)

Recovery
(%)

Relative standard
deviation (%)

50 53.7732 107.55 5.22
200 199.6837 99.84 5.53
250 268.3860 107.35 3.24

14048 | RSC Adv., 2024, 14, 14041–14050
the proposed method provided a relatively sensitivity and rapid
analysis of melamine in milk samples.

4. Conclusion

In this study, we introduced Au–Ti2N–COOHmaterial as a novel
SERS substrate for melamine detection. This method demon-
strates exceptional sensitivity and accuracy, eliminating the
necessity for complex sample pretreatment. The detection limit
in liquidmilk stands at 3.7008 mg kg−1, with spike recovery rates
ranging from 99.84% to 107.55% and an approximate RSD of
5%. The results of the recovery experiments further corroborate
the method's reliability. In conclusion, this new SERS substrate
holds signicant potential for applications in food safety
applications.
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