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Rapid Detection of Melamine in Tap Water
and Milk Using Conjugated “One-Step”
Molecularly Imprinted Polymers-Surface
Enhanced Raman Spectroscopic Sensor

Yaxi Hu and Xiaonan Lu

Abstract:  An innovative “one-step” sensor conjugating molecularly imprinted polymers and surface enhanced Raman
spectroscopic-active substrate (MIPs-SERS) was investigated for simultaneous extraction and determination of melamine
in tap water and milk. This sensor was fabricated by integrating silver nanoparticles (AgNPs) with MIPs synthesized
by bulk polymerization of melamine (template), methacrylic acid (functional monomer), ethylene glycol dimethacrylate
(cross-linking agent), and 2,2’-azobisisobutyronitrile (initiator). Static and kinetic adsorption tests validated the specific
affinity of MIPs-AgNPs to melamine and the rapid adsorption equilibration rate. Principal component analysis segregated
SERS spectral features of tap water and milk samples with different melamine concentrations. Partial least squares
regression models correlated melamine concentrations in tap water and skim milk with SERS spectral features. The
limit of detection (LOD) and limit of quantification (LOQ) of melamine in tap water were determined as 0.0019 and
0.0064 mmol/L, while the LOD and LOQ were 0.0165 and 0.055 mmol/L for the determination of melamine in skim
milk. However, this sensor is not ideal to quantify melamine in tap water and skim milk. By conjugating MIPs with
SER S-active substrate (that is, AgNPs), reproducibility of SERS spectral features was increased, resulting in more accurate
detection. The time required to determine melamine in tap water and milk were 6 and 25 min, respectively. The low
LOD, LOQ, and rapid detection confirm the potential of applying this sensor for accurate and high-throughput detection

of melamine in tap water and milk.
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Practical Application:

A new method for rapid detection of melamine in tapping water and milk.

Introduction

Melamine, an industrial material used for the production of
melamine resins, was added deliberately to protein-rich foods for
economically motivated adulteration. Containing 66.7% nitrogen
by weight, melamine increases the amount of apparent protein
content determined by nonspecific Kjeldahl method, which as-
sumes that all nitrogen content comes from protein. Although
melamine itself has low toxicity, it could be hydrolyzed to cya-
nuric acid in body and form low soluble crystals with cyanuric
acid, resulting in renal failure (Li and others 2015), which caused
thousands of injuries and deaths of babies and pets after consuming
melamine adulterated infant formula and pet foods, respectively
(Brown and others 2007; Wu and others 2009). Proposed by World
Health Organization, the maximum tolerance of melamine con-
centration allowed in dried infant formula and other products con-
taining milk are 1 parts per million (ppm) and 2.5 ppm (Ingelfinger
2008), respectively. The “baseline” level of melamine in processed
foods can be attributed to the widespread uses of melamine in
resin production and fertilizer, leading to the contamination of soil
and water. To assure the conformance with these regulations and
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monitor melamine level in the environmental sources, rapid and
accurate determination techniques with specificity to melamine
are highly demanded.

Commonly employed approaches for the determination of
melamine involve solid phase extraction (SPE) or liquid-liquid
extraction to remove sample matrices, and liquid chromatogra-
phy or gas chromatography for further separation of melamine
from impurities, followed by a detection technique such as mass
spectrometer or photo-diode array detector (DAD) (Xu and oth-
ers 2009; Filazi and others 2012; Zheng and others 2012). Al-
though low limit of detection (LOD) and limit of quantification
(LOQ) can be achieved with these aforementioned techniques,
the overall analyses are time consuming, expensive, labor inten-
sive, and need highly trained personnel to perform complicated
instruments. These attributes interfere with the high-throughput
screening required by food industry and government laboratory.

As a non- or less-destructive detection method (Li-Chan 1996;
Choo-Smith and others 2002; Gao and others 2014), Raman
spectroscopy can be applied without any sample pretreatment or
analyte extraction procedures and the instrumentation operation is
simple and rapid. Raman spectroscopy reflects vibrational modes
associated with functional groups in chemicals, providing unique
inelastic Raman scattering pattern for each chemical (Colthup
2012). In addition, melamine is a Raman-active molecule with
a unique Raman band at the wavenumber of 674 cm™!, mak-
ing it applicable to be sensed by Raman spectrometer. However,
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Rapid detection of melamine...

because of the weak inelastic Raman scattering (Lu and others
2012), traditional Raman spectroscopy is not applicable for trace-
level detection of food chemical hazards. With the assistance of
noble metallic (for example, silver or gold) nanostructure (that
is, SER S-active substrate), surface enhanced Raman spectroscopy
(SERYS) is a technique that can enhance faint Raman cross section
significantly when the chemical approaches to the electromagnetic
field on the surface of SERS-active substrate, resulting in the de-
tection of single molecules (Lu and others 2013). Based on the
advantages of SERS, it is an emerging technique to be applied in
the detection of food chemical hazards (Cheung and others 2010;
Xie and others 2012; Liu and others 2013).

However, effective and efficient sample pretreatment or ana-
lyte extraction is still required because SERS collects scattering
signals from every chemical appeared in the sample, which hin-
ders the accuracy of detection. By applying extraction techniques
with specificity to target analyte, removal of the food matrices can
be achieved more efficiently. Techniques involving antibody and
“artificial antibody” [that is, aptamer and molecularly imprinted
polymers (MIPs)] are candidates (He and others 2007, 2011a, b;
Yakala and others 2013; Pang and others 2014). Although protein-
based antibody and DNA-based aptamer have higher specificity
and sensitivity to target analyte than polymer-based MIPs, the pro-
duction procedures for those 2 are more complicated than that of
MIPs. In addition, the type of the target analyte that can be recog-
nized by antibody and aptamer is very limited, constraining their
wide usage. Moreover, antibody is very sensitive and degraded
easily in the harsh conditions (for example, extreme temperature
or extreme pH), which is not desirable for in-field application.
Therefore, MIPs, which is simple to be synthesized, stable in the
extreme conditions and has specificity toward a wide range of
chemicals (Wang and others 2007; He and others 2008; Yang and
others 2009; Lombardo-Agiii and others 2010), is more suitable
to be used in the determination of food chemical hazards. The
synthesis of MIPs involves the copolymerization of functional
monomer and cross-linking agents, forming rigid shell around
target analyte which is used as the template (Haupt 2003). After
removal of the template, cavities imprinted with the chemical and
physical properties of template are exposed. Thus, MIPs can be
used to exclusively recognize and bind to target analyte, achiev-
ing a high efficiency to simultaneously extract analyte and remove
impurities.

Recent studies have demonstrated the feasibility of combining
MIPs with SERS for extraction and detection of target analyte
in food systems. Strategies to integrate these 2 techniques can be
divided into 2 categories: “two-step” and “one-step” MIPs-SERS
sensor. Recent publications validated the potential of using MIPs
as specific sorbent in SPE to extract target analyte, and silver den-
drite as SER S-active substrate to enhance Raman scattering of the
eluent from SPE (Feng and others 2013; Gao and others 2014; Hu
and others 2015). These sensors contain 2 sensing elements (that
is MIPs and SERS-active substrate) are regarded as “two-step”
MIPs-SERS sensor. However, the SERS spectral reproducibility
of the “two-step” sensor is not ideal because variations exist in
the synthesis of SER S-active substrates, leading to variances in the
shape and intensity of the electromagnetic field. By depositing the
liquid samples onto the substrates, the final location of molecules
on the substrate is random as well, due to the Brownian movement.

“One-step” MIPs-SERS sensors for theophylline (Liu and oth-
ers 2011), TNT (Holthoff and others 2011), and S-propranolol
(Kantarovich and others 2010) have been successfully fabricated by
conjugating MIPs with different SER S-active substrates. Through

developing MIPs on the surface of SER S-active substrates or with
the substrates incorporated in during polymerization, locations of
the substrates on MIPs are fixed. Thus, distances between the cav-
ities for analyte in MIPs and the substrates can be precisely con-
trolled. Consequently, analyte adsorbed onto MIPs also located
closely to SER S-active substrates (<10 nm), resulting in improved
reproducibility of SERS spectra. The methodology proposed by
Liu and others (2011) integrated AgNPs with MIPs by adding
silver nitrate as AgNPs precursor that bind to theophylline during
bulk polymerization. Melamine contains a triazine ring, which
is similar to the imidazole structure in theophylline that inter-
acted with AgNPs precursor during polymerization. Therefore,
this methodology was adopted in this study.

The objective of the current study was to develop a “one-
step” MIPs-SERS sensor for rapid detection of melamine in tap
water and milk by using AgNPs incorporated MIPs synthesized
by bulk polymerization for simultaneous extraction and detection.
To the best of our knowledge, this was the first study investigating
“one-step” MIPs-SERS sensor for high-throughput screening of
melamine in water and foods.

Materials and Methods

Chemicals and reagents

Methacrylic acid (MAA), ethylene glycol dimethacrylate
(EGDMA), 2,2’-azobis(isobutyronitrile) (AIBN), melamine, silver
nitrite (AgNO3), sodium borohydride (NaBH,), and zinc plate
were purchased from Sigma-Aldrich (St. Louis, Mo., US.A.).
Methanol (HPLC grade), acetonitrile (HPLC grade), ethanol
(HPLC grade), ammonium hydroxide, and acetic acid were pur-
chased from Thermo Fisher Scientific (Toronto, ON, Canada).
Tap water was collected from local home and skim milk samples
were obtained from local grocery stores. Melamine stock solution
(1 mmol/L) was prepared in methanol, stored at 20 °C, and diluted
by methanol for further use as working solution.

Synthesis of MIPs-AgNPs

The synthesis of MIPs-AgNPs for melamine followed the pro-
cedures by Hu and others (2015) with modifications. Briefly,
0.5 mmol of melamine (template) was dissolved in 5 mL of ethanol
and 1.5 mL of water (porogen). After adding 6 mmol of MAA
(functional monomer), the mixture was magnetically stirred for
10 min. Then 30 mmol of EGDMA (cross-linker) was added, fol-
lowed by incubation at 50 °C in oil bath overnight. Subsequently,
500 mg AgNOj; (AgNPs precursor) and 0.25 mmol of AIBN were
added, and the mixture was purged with nitrogen for 10 min. The
solution was sealed and incubated for 24 h at 60 °C in oil bath. The
monolithic product was ground and sieved through a 200 mesh
steel sieve to obtain homogeneous fine particles. Before apply-
ing Soxhlet extraction to remove template, excessive NaBH,4 was
added to reduce MIPs-AgNOj3 into MIPs-AgINPs. Soxhlet extrac-
tion was conducted using 250 mL of methanol/acetic acid (8:2,
v/v) for 24 h, and another 250 mL of methanol was used for fur-
ther extraction. Finally, the MIPs were dried for 12 h in a vacuum
drying oven at 50 °C. The nonimprinted polymers (NIPs-AgNPs)
was synthesized following the same procedure without addition of
template (that is, melamine).

Raman spectra of MIPs-AgNPs and NIPs-AgNPs were
collected to confirm the success of AgNPs formation and the
complete removal of template molecule (melamine). MIPs-AgNPs
before and after the reduction were also scanned by UV-Vis spec-
trometer to confirm the formation of AgNPs. MIPs synthesized
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Rapid detection of melamine...

recently in our laboratory for melamine “two-step” MIPs-SERS
sensor (Hu and others 2015) was used as no-AgNPs control.

Adsorption capacity tests

Static and kinetic adsorption tests were conducted to confirm
the specific affinity of MIPs-AgNPs toward melamine and the
equilibration rates. For static adsorption test, 10 mg of MIPs-
AgNPs or NIPs-AgNPs was mixed with 2 mL melamine stan-
dard solutions at selective concentrations ranging from 0.01 to
0.2 mmol/L. The mixtures were horizontally shaken for 2 h at
20 °C. After centrifugation at 12000 x ¢ for 3 min, the supernatant
was filtered through a 0.22-pm nylon syringe filter (Thermo Sci-
entific, Rockwood, Tenn., U.S.A.), and the final concentration
of melamine was determined by high-performance liquid chro-
matography (HPLC) with DAD set at a wavelength of 240 nm.
The pellet (that is, MIPs-AgNPs and NIPs-AgINPs) was deposited
onto gold-coated microarray for Raman spectral collection.

Kinetic adsorption test was conducted by mixing 10 mg MIPs or
NIPs with 2 mL melamine solution (0.1 mmol/L). The mixtures
were horizontally shaken for different time intervals ranging from
5 to 90 min. After the centrifugation at 12000 x ¢ for 3 min, the
supernatant and pellet were treated and determined following the
same procedures as static adsorption aforementioned.

Skim milk sample pretreatment

Skim milk was spiked with different concentrations of melamine
ranging from 0.01 to 1 mmol/L. Nonspecific sample pretreatment
was conducted by using Phenomenex Strate Melamine SPE car-
tridge (silica-based sorbent) to partially remove milk matrices.
Briefly, 1 mL of milk was mixed with 3 mL of acetonitrile. After
shaking for 10 s, the mixture was centrifuged at 8000 x g for
5 min. An aliquot of 2 mL of the supernatant were loaded onto
SPE cartridge. After washing with 1 mL 50% acetonitrile and
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Figure 1-Schematic illustration of “one-step” MIPs-SERS sensor for the detection of melamine in skim milk samples. CCD, charge coupled device; MIPs,
molecularly imprinted polymers; SERS, surface enhanced Raman spectroscopy.
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Figure 2—Representative Raman spectra of
MIPs-AgNPs and NIPs-AgNPs before and after the
reduction of Ag™ and after Soxhlet extraction. Solid
lines represent spectra of MIPs-AgNPs, and dashed
lines represent spectra of NIPs-AgNPs. a—f:
MIPs-AgNPs before reduction, NIPs-AgNPs before
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0.5 mL methanol, melamine was eluted out by 1 mL methanol
with 5% ammonium hydroxide. The eluent was evaporated to
dryness and redissolved in 0.2 mL methanol. The recovery of
melamine was evaluated by HPLC-DAD. This pretreatment pro-
cess took approximately 15 min in total.

HPLC conditions

HPLC analysis was performed on an Agilent 1100 series HPLC
system and DAD was set at a wavelength of 240 nm. Samples (2 uL)
were injected into a hydrophilic interaction liquid chromatography
(HILIC) column (Phenomenex Luna HILIC, 3 um, 2 mm X
100 mm, Torrance, Calif., U.S.A.) at 30 °C. Each sample was tested
in triplicate. The mobile phase was 0.1 M ammonium acetate —
acetonitrile (10:90, v/v) with the flow rate of 0.2 mL/min. The
total running time for melamine standard solution was 10 min
while for each skim milk sample was 22 min.

MIPs-AgNPs extraction

An aliquot of 2.5 mg MIPs-AgNPs was mixed with 0.5 mL
melamine tap water solution or pretreated skim milk samples.
After horizontally shaking for 5 min, the mixture was centrifuged
at 12500 x ¢ for 1 min. The supernatant was discarded and the
pellet was dried before depositing onto the gold-coated microarray
chip for SERS spectral collection.

Raman spectroscopic instrumentation

A confocal micro-Raman spectroscopic system coupled with a
785 nm near-infrared laser (25 mW incident laser power) was used
for SERS spectral collection. The system contains a spectrometer
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Figure 3—(A) Static binding isotherm of MIPs-AgNPs and NIPs-AgNPs for
melamine. (B) Kinetic binding isotherm of MIPs-AgNPs and NIPs-AgNPs
(Ci: 12.6 mg/L). C;. initial concentration of melamine; Q: binding capacity;
error bars indicated standard deviation (N = 3).

(Renishaw, Gloucestershire, U.K.) with an entrance aperture of
50 pm, a focal length of 300 mm, and a 1200 line/mm grating.
SERS signal features were recorded by a charge coupled device
(CCD) array detector (578 by 385 pixel), with a pixel size of
22 pm.

SERS spectra were collected from samples illuminated by
the incident laser through the Leica microscope (Leica Biosys-
tems, Wetzlar, Germany) equipped with a 50x Nikon objective
(NA = 0.75, WD = 0.37). The spectra of each sample were
collected with an exposure time of 10 s. All experiments were
conducted at least in triplicate.

Spectral analysis and chemometric models

Vancouver Raman Algorithm software (BC Cancer Agency &
University of British Columbia, Vancouver, BC, Canada) was ap-
plied for 6-order of polynomial fit baseline correction and smooth-
ing (11-Size Boxcar algorithm) of collected SERS spectra. These
spectral preprocessing reduced spectral noise and increased spectral
signal-to-noise ratio (Feng and others 2013). MATLAB R2014a
(the MathWorks, Inc., Natick, Mass., U.S.A.) software was used to
construct unsupervised principal component analysis (PCA) mod-
els to differentiate various samples based on the SERS intensity
of wavenumber from 650 to 750 cm™!, while supervised partial
least squares regression (PLSR) models were also investigated to
correlate melamine concentrations and the corresponding SERS
intensities for the quantification of melamine in water and milk.

Results and Discussion

Synthesis of MIPs-AgNPs

Schematic illustration of the synthesis of MIPs-AgNPs is shown
in Figure 1. Based on our recent publication (Hu and others 2015),
MIPs with specific affinity to melamine had been successfully
synthesized by bulk polymerization. Previous research conducted
by Liu and others (2011) validated the feasibility of incorporating
MIPs and SERS-active substrate by addition of AgNOj3 as the
AgNPs precursor during the synthesis of MIPs. The integrated
MIPs-AgNPs was then fabricated and used to bind melamine,
followed by illumination using Raman spectrometer to detect trace
level of melamine.

Figure 2 shows the representative Raman spectra of MIPs-
AgNPs and NIPs-AgNPs before and after the reduction of Ag*
(that is AgNPs precursor) and Soxhlet extraction, respectively. Be-
fore adding NaBH, for the reduction of Ag™, the Raman spectral
intensities were relatively weak because of the faint Raman in-
elastic scattering. Thus, no melamine feature band was found.
However, after the formation of AgNPs, the featured melamine
band at 703 cm ™! (that is ring-breathing mode II of triazine ring)
appeared in the spectra of MIPs-AgNPs. According to the prin-
ciple of SERS, Raman scattering can be enhanced significantly
only when the molecule approaches to the surface of SER S-active
substrate, because electromagnetic field generated by the localized
surface plasmon resonance shows distance dependency (He and
others 2011a). With the increases of distance between molecule
and SER S-active substrate, the enhancement effect decreases with
the squares of distance. Generally, only molecules located within
10 nm to the surface of SERS-active substrates have significantly
enhanced Raman scattering signals. Therefore, the appearance of
melamine feature band in the spectrum of MIPs-AgNPs after the
reduction validated the adjacent location of AgNPs and cavities
for melamine. Moreover, the disappearance of melamine feature
band in the spectrum of MIPs-AgNPs after Soxhlet extraction
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demonstrated the complete removal of template molecule (that is
melamine). Variations found between the spectra can be attributed
to the inhomogeneity of the location of AgNPs in MIPs-AgNPs,
leading to the differences in chemical structures being enhanced
by SERS effect. Except some minor variations in the intensity
of some bands of NIPs-AgNPs spectra, no obvious change could
be found for NIPs-AgNPs spectra before and after the reduction
and Soxhlet extraction, indicating that Raman scattering signals
contributed by the polymers themselves had no negative effect on
the detection of melamine.

The formation of AgNPs can be further validated by the band
at 400 nm in UV-Vis spectra, which is contributed by the surface
plasmon resonance of AgNPs of 40 nm in size (Song and others
2009; Liu and others 2011). Figure S1 shows the representative
UV-Vis spectra of MIPs synthesized for the “two-step” sensor
and MIPs-AgNPs before and after the reduction. MIPs-AgNPs
before the reduction of Ag™ shows stronger absorbance at 400 nm
compared to the “two-step” MIPs without the addition of AgNPs
precursor, demonstrating the partial formation of AgNPs during
the polymerization of “one-step” MIPs-AgNOj3. However, after
the reduction, the absorbance at 400 nm further increased and
the band became sharper, due to the enhanced surface plasmon
resonance by the formation of more AgNPs.

Characterization of MIPs-AgNPs

After confirming the complete removal of template molecule,
static and kinetic adsorption capacity tests were conducted for the
validation of specific affinity of MIPs-AgNPs toward melamine
and evaluation of equilibration rate, respectively. The binding ca-
pacity of NIPs-AgNPs was contributed by nonspecific binding
that adsorbs analyte without recognizing its exact structure, while
MIPs-AgNPs bond analyte by both specific and nonspecific bind-
ings. Thus, MIPs-AgNPs has specific affinity toward analyte if its
adsorption capacity is higher than NIPs-AgNPs. The results of
static adsorption capacity test (Figure 3A) indicated that MIPs-
AgNPs exhibited higher adsorption capacity than NIPs-AgNPs
regardless of the initial melamine concentration. In sum, success-
ful imprint of chemical and physical properties of melamine in
MIPs-AgINPs was realized.

Comparing with the “two-step” MIPs or NIPs synthesized pre-
viously in our laboratory (Hu and others 2015), these “one-step”
MIPs-AgNPs or NIP-AgNPs showed similar adsorption capaci-
ties at the initial melamine concentration of 6.3 ppm (Figure S2).
For the same amount of “one-step” and “two-step” polymers,
the addition of AgNPs reduced the amount of imprinted poly-
mers that can bind to melamine. Therefore, the identity of “one-
step” and “two-step” polymers in terms of adsorption capacity
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Table 1-Parameters of partial least squares regression (PLSR) models for the determination of melamine in tap water and skim

milk.

Sample matrices N? factors SECP R? SECV*® Ricy
Tap water 55 6 0.0027 0.94 0.0024 0.75
Skim milk 45 7 0.036 0.97 0.033 0.80

*N, number of spectra for calibration.

YSEC, standard error of calibration.
“SECYV, standard error of cross-validation (5-fold).

indicates that AgNPs promoted the adsorption behaviors of poly-
mer itself, which might be associated with the electrostatic inter-
actions between melamine and AgNPs.

Figure 3B shows the results of kinetic adsorption capacity test.
Both MIPs-AgNPs and NIPs-AgNPs reached to the equilib-
rium within 5 min and remained stable for longer incubation
time. However, NIPs-AgNPs exhibited lower adsorption capacity
compared to MIPs-AgNPs, further validating the specific affin-
ity of MIPs-AgNPs toward melamine. The short equilibration
time indicates the potential for rapid recognition and extraction
of melamine from real sample matrices.

The selectivity of MIPs-AgNPs toward melamine analogue (for
example, cyanuric acid) was not conducted because false positive
results could not be acquired by applying SERS for detection.
SERS reveals the chemical structure of analytes and provides fin-
gerprinting spectral features to identify chemicals. The wavenum-
bers of featured SERS bands of melamine and cyanuric acid are
different (He and others 2008; Liu and others 2010), resulting in
differentiation of melamine and cyanuric acid during detection.
Therefore, even if MIPs-AgNPs lacks the capability to remove
cyanuric acid during sample pretreatment, SERS spectral features
can be used to further distinguish these compounds, avoiding false
positive results. Besides, as a metabolite of melamine, cyanuric
acid also possesses potential detriment to human (Tyan and others
2009). The false positive results associated with cyanuric acid are
also of great significance to assure food safety.

Extraction and determination of melamine in tap water
by MIPs-AgNPs

Tap water was used as a simple real sample matrix, spiked with
melamine at various concentrations, mixed with MIPs-AgNPs for
5 min, and then illuminated by Raman incident laser for SERS
spectral collection. The appearance of the featured melamine

SERS band after 5 min incubation (Figure S3) demonstrated
the rapid binding attribute of MIPs-AgNPs toward melamine in
tap water. Figure 4 shows the representative 2-dimensional PCA
model constructed with spectral features of wavenumber from
650 to 750 cm ™. Samples with the same melamine concentration
were clustered together. Although scatterings of samples with the
same melamine concentration were observed on PC2, the vari-
ations could be neglected because PC2 only explained 2.52% of
the total variances, while PC1 contributed to 93.45% of the total
variances. In addition, PCA loading plot of PC1 (Figure S4) vali-
dated that the variances between samples with different melamine
concentrations were mainly attributed to the featured melamine
SERS band at 703 cm™". The similarity of PC1 values for sam-
ples with the same melamine concentration validated good SERS
spectral reproducibility. However, overlaps of SERS spectral fea-
tures were found between samples with 0.001 mmol/L and non-
spiked sample, and between 0.0025 and 0.005 mmol/L samples.
PLSR calibration model with 6 latent variables was constructed
using the spectral range of 1800 to 400 cm™! for quantification
of melamine in tap water (Figure 4) and 5-fold cross-validation
was also applied to avoid overfitting of PLSR calibration model.
Model parameters are summarized in Table 1. The significant
decrease from R? to R?, represents the overfitting of the PLSR
calibration model. LOD and LOQ were determined as 3 times and
10 times the standard deviation of tap water samples with no spik-
ing of melamine (that is LOD = 30},,, and LOQ = 100}4,1)
(Thomsen Schatzlein and Mercuro 2003; Strickland and Batt
2009), and the results are 0.0019 and 0.0064 mmol/L, respec-
tively. With the low R? and R?.,, this model was not feasible for
accurate quantification of melamine in tap water. However, the
LOD and LOQ was below the maximum tolerance by regulation
(that is 2.5 ppm = 0.020 mmol/L) demonstrating the potential
applicability.
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Figure 5-Representative SERS spectral features of
MIPs-AgNPs with 0.01 mmol/L melamine in methanol
as positive control (a), 0.017 mmol/L melamine in skim
milk (b) and nonspiked skim milk as negative control
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Extraction and determination of melamine in milk
by MIPs-AgNPs

To investigate the application of this innovative sensor for a more
complex food matrix, whole milk was selected in the preliminary
study. Whole milk samples spiked with melamine were pretreated
with methanol or acetonitrile to remove fat and protein. Syringe
filter (2 um) was used to eliminate the influence of short chain
proteins. However, no melamine feature band could be observed

even after incubation with MIPs-AgNPs together for 2 h. SPE
was used to further remove the food matrices, but no difference
was found between the spectra of MIPs-AgNPs after mixing with
melamine spiked whole milk and nonspiked whole milk. The
specific affinity of MIPs-AgNPs was hindered by whole milk food
matrices. The phenomenon could be attributed to the concealing
of the specific cavities or the masking of AgNPs by some large
molecules. Therefore, skim milk was selected as the food matrix.
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After spiking with melamine at different concentrations, skim
milk samples were firstly pretreated with the commercial silica-
based SPE cartridges. Then, the eluents were mixed with MIPs-
AgNPs for 5 min followed by SERS spectral collection. The over-
all analysis could be finished in 25 min. Representative SERS
spectra for 0.1 mmol/L melamine in methanol (that is positive
control), 0.017 mmol/L melamine in skim milk and nonspiked
skim milk (that is negative control) are shown in Figure 5. The
featured melamine band in the positive control was identical to the
band in MIPs-AgNPs after reduction, as shown in Figure 2. The
intensive band at 684 cm™! in the spectrum of 0.017 mmol/L
melamine spiked skim milk was assigned to the ring-breathing
mode IT of triazine ring in melamine. The shift of the melamine
feature band was due to SERS effect (Haynes McFarland and
Duyne 2005) and changes of melamine structure in different pH
conditions. Melamine spiked in methanol had pH of 5.04, while
pH of melamine spiked in skim milk was 6.71. As a base itself,
melamine acquires more positive charges in lower pH conditions;
thus the dipole of melamine changes accordingly, leading to differ-
ent Raman scattering behaviors. Moreover, variations in melamine
structure could also change the interaction between melamine and
AgNPs, resulting in shift of the wavenumber of melamine fea-
ture band. The obvious band in the spectrum of 0.017 mmol/L
melamine spiked skim milk compared to the nonspiked samples
validated the feasibility of using this MIPs-AgNPs to capture and
determine melamine in skim milk.

Representative 2-dimensional PCA model was constructed to
differentiate skim milk samples with various melamine concen-
trations using spectral features between wavenumbers of 650 to
750 cm ™! (Figure 6). Loading plot (Figure S5) demonstrates that
intensities of band at 683 cm™' contributed most to the over-
all variation of the spectra, which is associated with the fea-
tured melamine band. Forty-five spectra for 5 concentrations of
melamine in skim milk were clearly segregated into 2 clusters.
Samples with melamine concentrations lower than 0.01 mmol/L
were grouped together, while samples with higher concentrations
have similar PC scores and located closely to each other, rep-
resenting the saturation of the sensor. PLSR calibration model
(Figure 6) and cross-validation model were also developed and pa-
rameters are summarized in Table 1. Compared with the calibra-
tion model, the significant lower R?., represents overfitting of the
calibration model. The LOD and LOQ were calculated according
to the formula stated previously and the results are 0.0165 and
0.055 mmol/L, respectively. However, because of the low R,
this representative PLSR calibration model is not ideal to accu-
rately quantify melamine concentration in skim milk. The higher
LOD of this MIPs-AgNPs for melamine in skim milk compared
to that for tap water is due to the interference from the complex
skim milk matrix.

SPE was involved in sample pretreatment because of the interfer-
ences by the complex food matrix, leading to increase in time for
overall analysis (that is, 25 min) compared to the “two-step” MIPs-
SERS sensor (that is, 18 min) (Hu and others 2015). However,
the reproducibility of SERS spectra could increase by decorating
the specific cavities in MIPs with SER S-active substrate (that is,
AgNPs). In the “two-step” sensor, eluents with melamine were
deposited onto Ag dendrite nanostructure for SERS measurement.
The location of melamine on SERS-active substrate is random,
and not all of which are located in the electromagnetic field. Thus,
spots of the enhanced melamine Raman signals require extensive
time to identify. On the contrary, melamine was adsorbed in the
specific cavities using the integrated MIPs-AgNPs and adjacent

AgNPs provide electromagnetic field to enhance the Raman sig-
nals. By modifying the synthesis of this conjugated MIPs-AgNPs,
or by integrating more effective SER S-active substrates, the sam-
ple pretreatment procedures can be further simplified, making
this technique more appealing for food industry and government
laboratory.

Conclusions

This “one-step” MIPs-SERS sensor conjugating MIPs and
AgNPs during polymerization showed feasibility for specific sep-
aration and detection of trace level melamine in tap water and
milk, with the LOD of 0.0019 and 0.0165 mmol/L, and LOQ of
0.0064 and 0.055 mmol/L, respectively. Based on the PLSR mod-
els, this proposed sensor failed to accurately quantify melamine
in tap water and skim milk. The overall analysis time required
for melamine in tap water was 6 min and for skim milk was
25 min. Although this “one-step” MIPs-SERS required longer
time to determine melamine in skim milk compared to the pre-
vious “two-step” MIPs-SERS for whole milk (that is, 18 min)
(Hu and others 2015), the detection was still rapid and the re-
producibility of SERS spectra was increased by controlling the
distances between melamine and SER S-active substrate, resulting
in more efficient detection. Moreover, this conjugated 1 element
sensor makes the detection simpler and has the potential for in-field
or on-site detection. Thus, this “one-step” MIPs-SERS sensor
meets the demands of high-throughput screening and trace level
detection of melamine required by food industry and government
laboratory.
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version of this article at the publisher’s website:

Figure S1. Representative UV-Vis spectra of “two-step” MIPs,
“one-step” MIPs-AgNPs before and after the reduction of Ag+.
Solid line: two-step MIPs; dotted line: MIPs-AgNPs before the
reduction of Ag+; dashed line: MIPs-Ag-NPs after the reduction
of Ag+.

Figure S2. Comparison of the adsorption capacity of “one-step”
and “two-step” MIPs and NIPs (Ci: 6.3 mg/L). Means with dif-
ferent letters are significantly different (one-tail paired t-test, o =
0.05). Q: binding capacity; Ci: initial concentration of melamine.

Figure S3. Representative SERS spectral features of MIPs-
AgNPs with 0.0075 mmol/L melamine in tap water.

Figure S4. Loading plot of the representative PCA model for tap
water samples spiked with different concentrations of melamine.
PC1 represents 93.45% variances.

Figure S5. Loading plot of the representative PCA model for skim
milk samples spiked with different concentrations of melamine.
PC1 represents 45.69% variances and PC2 represents 25.11%
variances.



