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ABSTRACT: In this Research Article, we report for the first
time the use of upconverting nanoparticles to detect melamine
up to nanomolar concentration. Detection of melamine is
important as it is one of the adulterant in protein rich food
products due to its high nitrogen content. In this work, we
have shown how the electron deficient 3,5-dinitrobenzoic acid
(DNB)-coated Er/Yb-NaYF4 nanocrystals can specifically bind
to electron rich melamine and alter the upconverting property
of the nanocrystals. This selective binding led to the quenching
of the upconversion emission from the nanocrystals. The high
selectivity is verified by the addition of various analytes similar
in structure with that of melamine. In addition, the selective quenching of the upconversion emission is reversible with the
addition of dilute acid. This process has been repeated for more than five cycles with only a slight decrease in the sensing ability.
The study was also extended to real milk samples, where the milk adulterated with melamine quenches the emission intensity of
the DNB coated NaYF4:Er/Yb nanocrystals, whereas hardly any change is noted for the unadulterated milk sample. The high
robustness and the sharp emission peaks make Er3+/Yb3+-doped NaYF4 nanocrystals a potential melamine sensing material over
other organic fluorophores and nanocrystals possessing broad emissions.
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■ INTRODUCTION

Melamine, an organic base and a trimer of cyanamide, with a
1,3,5-triazine skeleton is an important industrial material which
had wide application in plastic engineering and agriculture as
fertilizer in the early 50s.1 However, the high nonprotein
nitrogen content of melamine led to illegal use in infant
formula, wheat gluten, pet foods, etc., to increase the apparent
protein content.2 Standard tests such as the Kjeldahl and
Dumas tests3 used to estimate protein levels in food products
by measuring the nitrogen content, can easily be misled by
adding nitrogen-rich compounds such as melamine. In 2007,
several pet food brands have been recalled in U.S. by Food and
Drug Administration (FDA) because of an outbreak melamine-
induced illness.4 The UN food standard commission set the
new guidance and safety limit of melamine in food and infant
formula as 2.5 and 1 parts-per-million (ppm), respectively.5,6

Various analytical methods have been used for the melamine
assay. For example, chromatographic techniques become a
general method for melamine detection.7−9 Huang et al. have
reported melamine detection in a complex mixture using a low
temperature plasma probe-tandem mass spectrometry.10,11 The
detection of melamine in untreated milk and wheat gluten by
electrospray ionization mass spectrometry was also demon-
strated.12 Yang and co-workers used chemical ionization mass
spectrometric technique for the detection of melamine in milk
products.13 Although these techniques are very sensitive they

are quite expensive. On the other hand, nanoparticles are quite
robust and can be synthesized easily. There have been only few
reports on the use of nanoparticles {NPs} to determine
melamine in the recent past.14−16 For example, hydrogen-
bonding based color change in cyanuric acid derivative-grafted
gold nanoparticles for visual detection of melamine has been
reported.17,18 Li et al. reported a portable sensor system based
on surface-enhanced Raman scattering (SERS) of Au nano-
fingers for the detection of trace amounts of melamine in milk
products.19 Lin and co-workers have developed a sensitive turn-
on fluorescent detection method for melamine based on FRET
between fluorescein and Au NPs.20 However, to the best of our
knowledge, there have been no reports on the use of
upconverting nanoparticles for the selective detection of
melamine.
Upconverting materials are lanthanides (Ln3+)-doped

materials which possess the ability to convert low energy
near-infrared (NIR) radiation into high-energy visible radia-
tion.21−31 Recently, there is much interest in upconverting
nanomaterials as they find applications in metal ion and
chemical sensing,32,33 bioimaging,34−38 and enzymatic and
affinity assays.39−41 Furthermore, the luminescent signals of

Received: February 24, 2014
Accepted: April 17, 2014
Published: April 17, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 7833 dx.doi.org/10.1021/am5011089 | ACS Appl. Mater. Interfaces 2014, 6, 7833−7839

www.acsami.org


Ln3+ ions are quite sharp compared to the broad absorption of
gold nanoparticles thus minimizing the interference from other
factors like autofluorescence.42−46

In this Research Article, we report the use of upconverting
nanocrystals for the selective detection of melamine. This is
achieved by coating the surface of the nanocrystals with
electron deficient groups such as 3,5-dinitrobenzoic acid.
Melamine being electron rich is expected to have strong
interactions with the DNB-coated nanocrystals. Indeed,
addition of melamine selectively quenches the luminescence
signals from the upconverting nanocrystals because of the
aggregation of the nanocrystals. The high selectivity toward
melamine determination is found to be reversible by the
addition of HCl, which recovered almost 90% of the initial
luminescence intensity.

■ EXPERIMENTAL SECTION
Materials. Y2O3, Er2O3, Yb2O3 (99.99%, from Aldrich), HNO3 (1

M, 70%, from Merck), NaF (98%, from Merck), EtOH (Merck), and
3,5-dinitrobenzoic acid (DNB, 97%, from Loba Chemicals) were used
for the synthesis. All chemicals were used without further purification.
Synthesis. DNB-coated NaYF4:Yb

3+/Er3+ nanocrystals were
synthesized using a microwave (MW) procedure. Briefly, the
stoichiometric amounts of Y2O3, Er2O3, and Yb2O3 were converted
into their corresponding nitrate by dissolving in 1 M HNO3, whereas
NaF and DNB were used as received. In a typical procedure, Y(NO3)3
(0.78 mmol, 298.74 mg), Yb(NO3)3 (0.20 mmol, 93.4 mg), and
Er(NO3)3 (0.02 mmol, 9.2 mg) were taken in a 100 mL beaker and
completely dissolved in 20 mL distilled water. NaF (4 mmol/10 mL
1:1 water−ethanol) was then added as fluoride source, and the
solution was stirred vigorously for about 15 min at room temperature.
DNB (2 mmol/10 mL H2O) was slowly added to the solution and
stirring was maintained for another 15 min. Subsequently, the colloidal
solution was transferred to a 30 mL vial used for microwave synthesis
(Anton Parr Monowave 300 microwave reactor under temperature
control mode). The vial was tightly sealed with Teflon cap and then
microwave heated at 150 °C for 10 min. The final product appeared as
precipitate was collected by centrifugation and washed thrice with
ethanol, followed by deionized water to remove any unreacted
reactants. The XRD patterns were collected using the Rigaku-
SmartLab diffractometer attached with D/tex ultra detector and Cu
Kα source operating at 35 mA and 70 kV. Scan range was set from 10
to 90° 2θ with a step size of 0.02° with a count time of 2 s. The
samples were well powdered and spread evenly on a quartz slide. TEM
images were taken on a UHR-FEG-TEM, JEOL; JEM 2100 F model
using a 200 kV electron source. Samples were prepared by placing a
drop of aqueous dispersion of the nanocrystals on a carbon coated
copper grid and the grid was dried under air. Thermogravimetric
analysis was performed using Mettler Toledo TGA 851 instrument
under N2 atmosphere at a heating rate of 10 °C min−1. FTIR spectra

were collected from a PerkinElmer FT-IR spectrometer 1000 with a
resolution of 2 cm−1 and averaged over four scans. Upconversion
luminescence spectra was done by exciting the 0.01 wt % nanocrystal
dispersion with a 980 nm diode laser from RgBLase LLC, which was
coupled to a fiber with core diameter of 100 μm. The emitted light was
detected using a Horiba JobinYvon fluorimeter equipped with a
photomultiplier tube. To remove the scattered excitation light, a long-
bandpass filter (495 nm) was used on the excitation side. The size of
the NCs was measured by dynamic light scattering (DLS) using a
Malvern Zetasizer Nano equipped with a 4.0 mW HeNe laser
operating at λ = 633 nm. All samples were measured in a aqueous
solution at room temperature with a scattering angle of 173°. Size
distribution calculated by Nano software is derived from a non-
negative least-squares (NNLS) analysis.

■ RESULTS AND DISCUSSION

Water dispersible DNB-coated Yb3+/Er3+-doped NaYF4 nano-
crystals were successfully synthesized using microwave
procedure. Phase analysis of the Yb3+/Er3+-doped NaYF4
nanocrystals was performed using powder X-ray diffraction
(PXRD) measurement (see Figure 1A). All diffraction peaks
are perfectly matched with the standard pattern of cubic NaYF4
crystals (ICSD PDF Card No.: 01-071-5985). The average size
of the nanocrystals is ∼8 nm as evident from TEM image
shown in Figure 1B. The high monodispersity in the size is
confirmed by the narrow distribution obtained with DLS
measurements (vide infra). The average hydrodynamic size of
the nanocrystals obtained from the DLS measurements (∼10
nm) is in good agreement with TEM result.
The attachment of DNB molecules onto the surface of the

nanocrystals is confirmed by the appearance of strong carbonyl
stretching near 1645 cm−1 in the FTIR spectrum. This
frequency is much lower than that observed for the free
DNB molecules. The DNB binding makes the nanocrystals
surface hydrophilic thus render them water dispersible. The
other stretching vibrations observed near 1540 and 1350 cm−1

correspond to the asymmetric and symmetric stretching of
nitro groups. The FTIR spectra of the nanocrystals together
with that of pure DNB are shown in Supporting Information
Figure S1.The DNB coating was further verified with TGA
analysis. For the free DNB, the major weight loss is observed
from 180 to 300 °C because of the decomposition of the DNB
molecules, whereas for the DNB-coated nanocrystals, the onset
of decomposition is shifted to 310 °C. This strongly suggests
that the DNB molecules are attached to the NaYF4 surface.
TGA curves for both free DNB and the DNB coated
nanocrystals are shown in Supporting Information Figure S2.

Figure 1. (A) XRD pattern of NaYF4:Er
3+/Yb3+nanocrystals (a), standard pattern (b), and (B) TEM image of nanocrystals dispersed in water.
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Figure 2 shows the upconversion (UC) emission spectrum of
DNB coated NaYF4:Yb

3+/Er3+ nanocrystals obtained by

exciting under 980 nm laser. Strong green and red emissions
are observed near 550 and 650 nm, respectively. These
emissions are ascribed to the 2H11/2,

4S3/2 →
4I15/2, and

4F9/2 →
4I15/2 transitions, respectively. The origin of these emissions is
from the excited energy levels of Er3+ ions, which are
predominantly populated by multiple energy transfers from
excited Yb3+ ions. The Yb3+ ions act as sensitizer for the Er3+

ions because of its high absorption coefficient. The number of
photons involved in the energy transfer process is understood
by doing the power dependent studies as the laser power, P α
In, where I is the intensity of the UC emission and n is the
number of photons involved in producing the upconversion
emission. The value of n is obtained from the graph of log plot
of the laser power against the emission intensity. As shown in
Supporting Information Figures S3 and S4 the slopes (n)
obtained after fitting the straight lines are 1.73 and 1.70,
respectively, for the green and red emission suggesting the
involvement of two photons. On the basis of the calculated n
values, we propose a mechanism for the upconversion process
which is illustrated in Supporting Information Figure S5.
To investigate the sensing ability of the Er3+/Yb3+-doped

NaYF4nanocrystals toward melamine solution, aqueous sol-
ution of melamine was added to the nanocrystals dispersion.
The emission spectra shown in Figure 3 clearly indicate that
upon addition of melamine solution, the Er3+ emission intensity
of the nanocrystals decreases dramatically. To verify the
selectivity, Er3+/Yb3+-doped NaYF4 nanocrystals were exposed
to the distinct aqueous solution of other similar analytes, such
as tyrosine, cytosine, thiamine, uracil, tryptophan, and vitamin
C. The UC emission spectra shown in Figure 3 clearly indicate
that hardly any change in the emission intensity upon addition
of these analytes. The bar diagram in the inset shows the
selective quenching of Er3+ luminescence intensity occurs only
with the addition of melamine. The high selectivity of Er3+/
Yb3+-doped NaYF4 nanocrystals toward melamine is verified by
measuring the Er3+ luminescence from the Er3+/Yb3+-doped
nanocrystals dispersion containing both melamine and other
analytes. The aqueous solution of each foreign analytes was first
added to the dispersion followed by the same concentration of
melamine. Figure 4 shows that the Er3+ emission intensity from

the nanocrystals is selectively reduced only upon addition of
melamine.

The dinitro aromatics, as an electron acceptor, can favorably
interact with electron donors such as primary amines. In the
present case, the electron-rich amine groups of melamine have
a strong charge transfer (CT) interaction with the electron
deficient aromatic nucleus of DNB attached to the surface of
the nanocrystals. In addition, hydrogen bonding interaction
between O atom (−NO2 groups of DNB) and H atom (−NH2
groups of melamine) is also favorable. Such interactions
essentially decrease the interparticle distance between the
nanocrystals and bring the nanocrystals close together resulting
in the formation of aggregation. We presume such strong
interaction between the DNB and melamine weakens the
interaction between the DNB and the nanocrystal surface. This
might lead to the surface defect states which will act as
luminescence quenching centers. In addition, the interface
between the nanocrystals might act as grain boundaries leading
to increase in the nonradiative interactions. The formation of
aggregation is supported by DLS as well as TEM images. Figure

Figure 2. Upconversion (UC) emission spectrum of DNB-capped
NaYF4:Er

3+/Yb3+nanocrystals in H2O.

Figure 3. Emission spectra of Er3+/Yb3+-doped NaYF4 nanocrystals
after mixing with different analytes including melamine. The inset
shows a bar diagram indicating the selective quenching of the
luminescence intensity of Er3+ ions upon melamine addition.

Figure 4. Bar diagram indicating the selective quenching of the UC
emission intensity of Er3+/Yb3+-doped NaYF4 nanocrystals by
melamine in the presence of other analytes.
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5 shows the DLS results indicating an increase in the average
particle size with the addition of melamine.
Similarly in TEM images increased aggregation of nano-

crystals is observed for 10 nM melamine addition compared to
2 nM sample (see Supporting Information Figure S6). The
proposed mechanism is further supported by the absence of any
change in the average particle size of DNB-capped NaYF4
nanocrystals with the addition of other analytes. The DLS
results for the same are shown in Supporting Information
Figure S7. A schematic of the proposed mechanism is shown in
Figure 6.
We believe that hydrogen bonding or CT interactions

between the nitro groups of DNB and amino groups of
melamine may lead to weakening of nanocrystal−DNB
interaction. This might lead to development of some surface
defects, thereby the emission intensity of the Er3+ ions present
near the surface of the nanocrystals is quenched. To verify this
we have prepared a series of NaYF4 nanocrystals with 0.5, 1,
and 2 mol % Er3+ concentrations. The luminescence studies of
all the samples were performed with the addition of 10 nM
melamine to the nanocrystals dispersion. These samples are
again found to be very selective toward melamine. However, for

the 2 mol % sample the decrease in the emission intensity upon
melamine addition is 95% which is greater than 80% and 55%
observed for 1 mol % and 0.5 mol % samples, respectively
(shown in Figure 7). It is reasonable to assume that in the 2
mol % sample more Er3+ ions reside near the surface of the
nanocrystals compared to the 1 mol % samples, and 0.5 mol %.
To verify whether the selective quenching of luminescence

by melamine is reversible, we titrated the melamine complexed
NaYF4:Er

3+/Yb3+ with 0.1 M HCl. Upon addition of HCl, there
is a gradual increase in the Er3+ luminescence suggesting that
the nature of the complexation is reversible. It is clear from
Figure 7, that more than 90% of the initial intensity is
recovered. We presume this is due to the formation of
melamine: HCl adduct. This cycle can be done multiple times
with only a decrease in the luminescence intensity (see inset in
Figure 8).
To understand whether the quenching process is collisional

(dynamic) in nature we performed concentration dependence
study (i.e., Stern−Volmer plot) which is shown in Supporting
Information Figure S8. The plot of I0/I against the melamine
concentration is almost linear suggesting that the quenching
may be either dynamic or static in nature. To verify further we

Figure 5. Snap shots of the size distribution of DNB coated Er3+/Yb3+-doped NaYF4 nanocrystals after addition of different concentration of
melamine.
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have performed lifetime measurements. The lifetime of the
4S3/2 level of the Er3+ ions in DNB-capped Er3+/Yb3+-doped
nanocrystals is about 109 μs. This value gradually decreased to
43.5 μs after the addition of 7 nM melamine. The decrease in
the lifetime of the Er ions clearly suggests that the quenching of
the upconversion emission is dynamic in nature. The lifetime
decay curves are shown in Figure 9.
The sensitivity of the NaYF4:Yb

3+/Er3+nanocrystals is
evaluated using the formula 3σ/k and is found to be 2.5
(nM) for the melamine determination, where σ is the standard
deviation of the blank measurements (n = 7), k is the slope of
the linear calibration curve. For comparison, the linear range
and detection limit (LOD) obtained from our method are listed
in Table S1 (shown in the Supporting Information) along with
the corresponding values obtained from other methods, such as
SERS and FRET. It is clear from the data that the melamine
detection via upconversion method is comparable to other
methods.

To understand the suitability of the method to detect
melamine in real milk samples; we mixed 5−9 nM
concentration of melamine to commercially available milk.
The melamine adulterated milk was added to the DNB-coated
NaYF4:Er/Yb nanocrystals and the upconversion luminescence
was measured. A gradual decrease in the emission intensity of
Er3+ is observed for the melamine adulterated milk whereas
hardly any change in the luminescence intensity is noted for the
pure milk sample. This clearly suggests the feasibility of the
developed method for the detection of melamine in the
nanomolar regime. The results are shown in Supporting
Information Figure S9. A linear relationship is observed
between the luminescence intensity of NaYF4:Er

3+/Yb3+

Figure 6. Scheme illustrating the interaction of melamine with DNB capped NaYF4:Er
3+/Yb3+ nanocrystals.

Figure 7. Graph showing the larger decrease in the emission intensity
for 2 mol % Er3+ in Er/Yb-doped NaYF4 NCs compared to 0.5% and 1
mol % nanocrystals samples upon addition of melamine solution to
each. Figure 8. UC emission spectra of melamine complexed-Er3+/Yb3+-

doped NaYF4 nanocrystals after the gradual addition of HCl. (A)
luminescence of Er3+/Yb3+-doped NaYF4 nanocrystals (B) after
addition of 10 nM melamine (C) after addition of 0.01 (M) HCl
and (D) 0.1 (M) HCl. Inset shows luminescence quenching and
recovery cycles upon addition of melamine and dilute HCl to the DNB
coated nanocrystals.
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nanocrystals and the concentration of melamine in the range of
5 × 10−9−1 × 10−7 (M) in the melamine-mixed milk samples.
The sensitivity of the NaYF4:Yb

3+/Er3+nanocrystals is evaluated
using the formula 3σ/k and is found to be 9.1 (nM) for the
melamine determination, where σ is the standard deviation of
the blank measurements (n = 5), k is the slope of the linear
calibration curve. To check the feasibility of this method over
melamine detection, we calculated % recovery and RSD for
samples with different melamine concentration (5−100 nM)
and the values are shown in Table S2 in the Supporting
Information. For comparative purpose the linear range,
detection limit (LOD), % recovery, RSD, etc., of our method
are listed in Table S3 (Supporting Information) along with
other conventional mass spectrometric or chromatographic
methods. It is clear that the present method provided a
comparable detection limit, dynamic range, % recovery and
RSD values to the other reported methods for melamine
detection in real samples (milk). The calibration curve for real
sample analysis is given in the inset in Figure S9 in the
Supporting Information.

■ CONCLUSION
Water dispersible 3,5-dinitrobenzoic acid capped NaYF4:Yb

3+/
Er3+ nanocrystals were prepared by microwave procedure.
Upon 980 nm excitation, the nanocrystals show strong
upconversion emissions near 550 and 650 nm, whose
intensities were selectively quenched upon addition of
melamine. This luminescence quenching is very selective as
addition of similar analytes like tyrosine, cytosine, etc. hardly
affected the intensity of the UC emission. Moreover, the
detection of melamine was found to be reversible with the
addition of 0.1 M HCl. More than 90% of the initial intensity of
the Er3+ was recovered upon HCl addition. We believe, our
findings opens a new avenue for the detection of melamine up
to 2.5 nM level, which is well below the safety limit set by UN
food Standard Commission. We strongly believe that the
present detection method may be advantageous over other
methods because NaYF4:Er

3+/Yb3+ nanocrystals are quite
robust and display two emission bands in the visible spectrum
and their large anti-Stokes shift allows for an easy separation of
the emission peaks from the excitation light source (i.e., 980
nm). In addition, they display narrow emission bands with
longer luminescence lifetimes, which can be an additional tool
to follow the sensing. Finally, the 980 nm diode lasers are very

cheap and are available as laser pointers, which are easy to carry
anywhere.
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