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Abstract: Melamine, an industrial chemical, receives wide attention nowadays because of its unethical
usage as a nitrogen enhancer in protein-rich foods and dairy products. Since most of the existing
melamine detection methods are highly expensive and time-consuming, high sensitivity biosensor-
based detection methods have arisen in the scientific literature as promising alternatives. This study
reports the design, synthesis, and fluorescent investigations of a carbazole-based sensor (CB) for the
detection of melamine in aqueous solutions. The titration studies and microplate experiments on
a CB-cyanuric acid mixture (CB-CA) with melamine suggested that the novel sensor could detect
melamine even at very low concentrations in both aqueous solutions and dairy samples.

Keywords: melamine; carbazole; barbituric acid; Aggregation-Induced Emission (AIE); fluores-
cent sensor

1. Introduction

Melamine is a chemical primarily used in industry for the production of melamine
resin. Since 2007, it has been detected as an adulterant in milk products and pet food [1].
Due to its high nitrogen content, melamine was added to food products in order to produce
a false elevated protein content. This compound, however, has very serious health effects
as it forms large crystals in the kidneys, leading to the formation of kidney stones and
causing kidney failure in babies and pets [2,3].

The current detection methods for melamine in food samples include Raman spec-
troscopy, HPLC-MS and electrochemical techniques [4]. These techniques require expensive
equipment in a lab setting with lubricous procedures [5,6]. Hence, several groups have
reported on the development of colorimetric or fluorescent sensors for melamine that can
be used in the field or with minimal use of lab equipment. Ai et al. [7] reported one of
the early examples of colorimetric sensors; the detection was based on melamine-induced
aggregation of gold nanoparticles that were conjugated to cyanuric acid groups, leading to
a color change from red to black. The detection mechanism was based on strong H-bonding
interaction between melamine and the cyanuric acid group, which has a complementary
H-bonding motif to that of melamine. Since then, several other nanoparticle-based sensors
have been reported with different mechanisms and concentration ranges of detection, based
on metal nanoparticles, imprinted polymers, and aptamers [5,8-12]. While many of these
techniques can detect melamine at very low concentrations (nano-and femtomolar), they
still suffer from several limitations, such as high cost, unidentified detection mechanisms
(and thus high level of interference) and/or complicated optimization mechanisms [9,13,14].
Therefore, there is still a demand for a specific, cost-effective, and quick test for the detection
of melamine [15].

In this paper, we report the design, synthesis, and fluorescent investigations of a
novel carbazole-based sensor (CB) for the detection of melamine in aqueous solutions.
The sensor consisted of a carbazole fluorophore brandishing two barbituric acid units that
are conjugated to the fluorophore through a carbon—carbon double bond. The barbiturate
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groups provide a binding cleft for melamine with complementary hydrogen bonding motifs
that bind a molecule of melamine from two sides, as depicted in Scheme 1 [16-18]. We
hypothesized that the binding of melamine by the barbiturates through six hydrogen bonds
alters the electronic distribution within the molecule and the carbazole fluorophore, leading
to observable and measurable changes in the emission profile of CB that reflect the concen-
tration of melamine in the solution. Indeed, the results showed that the emission of CB was
quenched upon an increase in the concentration of melamine in the solution. The results
also showed that CB undergoes an aggregation-induced emission (AIE) enhancement in
aqueous solutions. This AIE feature of CB provides another effective tool for detecting and
measuring the concentration of melamine in aqueous solution and milk samples.
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Scheme 1. The binding process of melamine to the binding site of CB.

2. Materials and Methods

9-(2-Ethylhexyl) carbazole-3,6-dicarboxaldehyde, anhydrous cyanuric acid, and
melamine (99%) were purchased from Sigma-Aldrich (Europe). All other chemicals used in
the study were of the highest analytical grade and purchased from Sigma-Aldrich.

UV-visible (UV-vis) absorption spectra were collected with a UV-1800 UV-vis spec-
trophotometer (Shimadzu, Kyoto, Japan). Fluorescence spectra and analysis were recorded
on an FLSP920 Series of Fluorescence spectrometer (Edinburgh Instruments Ltd., Liv-
ingston, UK). Dynamic light scattering experiments and particle size distribution data were
collected with the help of a Dyanopro Nanostar laser photometer (WYATT, Santa Barbara,
CA, USA). A FLUOstar Omega Plate reader from BMG LABTECH was used for 96-well
microtiter plate fluorescence measurements. 'H NMR and '3C NMR spectra of CB were
obtained using a Bruker-400 MHz NMR spectrometer and Fourier transfer infrared (FTIR)
analysis was performed on a Perkin Elmer spectrometer.

2.1. Synthesis of CB

CB was synthesized as per previous literature [19,20]. Briefly, a mixture of 9-(2-
Ethylhexyl) carbazole-3,6-dicarboxaldehyde (1.1 g, 3.3 mmol) and barbituric acid (0.85 g,
6.6 mmol) in acetic acid (30 mL) was heated at reflux for 2 h. The formed yellow precipitate
was filtered while hot and washed with hot acetic acid (2 x 20 mL). The collected solid was
dried in an oven at 90 °C for 3 h and then air-dried for 1 h [19,20]. Yield: 93%. FTIR (KBr):
v (cm™') 3463.4, 3202.8, 3060.5, 2958.3, 2855.7, 1745.7, 1660.8, 1525.7, 1450.1, 1381.3, 1193.2,
1130.3, 795.24, 491.6; 'H NMR (400 MHz, d¢-DMSO): § (ppm) 11.35 (s, 2H), 11.25 (s, 2H),
9.39 (s, 2H), 8.50 (s, 2H), 8.49 (d, ] =9.2 Hz, 2H), 7.77 (d, ] = 9.2 Hz, 2H), 441 (d,] = 7.2 Hz,
2H), 2.02 (m, 1H), 1.40-1.12 (m, 8H), 0.87 (t, ] = 7.2 Hz, 3H), 0.78 (t, ] = 7.2 Hz, 3H); 13C
NMR (100.5 MHz, d¢-DMSO): 6 (ppm) 164.5, 162.8, 156.7, 150.8, 144.5, 134.8, 128.7, 125.2,
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122.8,115.9,110.7, 47.6, 30.5, 28 .4, 24.0, 22.9, 14.2, 11.1. MS m/z 556.37 [M + H]*, calculated
for C30H30N5O6 556.22.

2.2. Preparation of CB Aggregates and Study of Absorption/Emission Profiles

A stock solution of CB (1 mM) was prepared in organic solvent dimethyl sulfoxide
(DMSO). Aliquots of CB stock solution were transferred to glass tubes containing appropri-
ate volume fractions of DMSO and water (f,, values of 0-99%), maintaining 10 uM sensor
concentration. The fluorescence emission from each solution was recorded immediately
after vigorous mixing at a scanning excitation wavelength of 465 nm and an emission
wavelength range of 485-800 nm. To study the absorption properties of CB, UV absorption
spectra of CB (10 pM in DMSO) were taken in a wavelength range of 250-600 nm.

2.3. Binding Studies

The binding interaction of the prepared molecules with melamine was studied first in
an organic solvent to establish the mode of interaction. The fluorescence of the molecules
was monitored for different levels of melamine.

2.3.1. Fluorescence Titrations

A solution of the sensor (10 uM, 2 mL) in the appropriate solvent system (f,, = 0, 50 and
99%) placed into a 1-cm X 1-cm cuvette was titrated with a solution of melamine ranging
from 0-1000 uM (0, 5, 10, 17.5, 22, 37, 50, 74, 98, 122, 146, 192, 238, 348, 455, 652, 1000 uM)
containing the sensor (10 M) in the same solvent. Aliquots of the melamine solution were
added to the cuvette via transfer pipettes until a total of 100 molar equivalents of the anion
had been added. The UV-vis and emission spectra (Aex = 465 nm) were recorded after
each addition.

2.3.2. Measurements Using 96-Well Plates

To analyze the efficacy of CB to detect melamine in an aqueous environment, the bind-
ing reactions of the sensor molecule with melamine and CA (in distilled water) were tested
in a 96-well microtiter plate. A stock mixture containing 1 tM CB (prepared in DMSO) and
5mM CA in distilled water was prepared. Aliquots of 25 uL of the mixture were transferred
to microtiter plate wells, after which 25 uL of melamine solution (0-600 ppm) was added
and mixed well. The plate underwent proper shaking for 30-60 s to achieve uniform mixing.
After 30 min of incubation, the fluorescence emission from each well was measured at an
emission wavelength of 520 nm and excitation wavelength of 490 nm via microplate reader.
The experiments were repeated for three different batches in triplicate trials.

2.3.3. Analysis of Dairy Products

To study the effect of CB on dairy products, the 96-well plate experiment described in
Section 2.3.2 was repeated replacing the melamine solution with baby food milk (100 mg/mL)
spiked with different levels of melamine (0-600 ppm). The experiments were repeated for
three different batches in triplicate trials.

3. Results and Discussion
3.1. Design and Synthesis of CB
The fluorescent sensor was prepared in a one-step reaction (Scheme 2) of 9-(2-ethylhexyl)

carbazole-3,6-dicarboxaldehyde (1) and barbituric acid (2) in acetic acid with excellent
yield [19,20].
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Scheme 2. The synthetic scheme for the preparation of CB.
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The absorption and emission spectra of CB showed the characteristic peaks of car-
bazole fluorophore at 284, 327, 386, and 453 nm in the UV spectrum and an emission peak
at 520 nm upon excitation at 465 nm. The absorption peak at 450 nm indicates the presence
of the extended conjugation of the fluorophore with the two barbiturate groups, which
leads to absorption at a higher wavelength [19]. The emission peak was also shifted to a
higher wavelength compared to that of the starting material (1) (Figure 1), but at a much
lower intensity; these observations were most likely due to the extended conjugation.
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Figure 1. Absorption and emission profiles of (1) (10 uM) and CB (10 uM) in DMSO (Aex = 465 nm).
The dotted lines correspond to the absorption and emission spectra of starting material (1) and
the continuous lines correspond to that of CB. The absorption spectra showed a peak shift from
343 nm (starting material) to 450 nm (CB) while the emission Amax shifted from 499 nm for the starting
material to 524 nm for CB.
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3.2. Binding Studies of CB to Melamine

To evaluate the ability of CB as a fluorescent sensor for melamine, the fluorescence
of CB was monitored as the melamine concentration increased in the solution. Figure 2A
shows the emission spectra of CB (10 uM) upon titrating with aliquots of melamine solution
(0-1000 uM) in DMSO. The total emission of CB decreased as the concentration of melamine
increased from 10 to 1000 pM. This change in emission was minor but noticeable (it
decreased by approximately 10% at 1000 uM of melamine) and can be attributed to the
interaction of melamine with the barbiturate groups through hydrogen bonding.
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Figure 2. Titration of CB with melamine at varying  levels (A) fw 0%; (B) fw = 50% (C) fw 99%.
(D) Plot showing the variation in relative emission of CB (f/fy) with respect to melamine concentration
(0-1000 uM) for different f+ (0, 50 and 100%) [f represents the total fluorescence emission of CB-
aggregates at each melamine levels and fj is the total emission at zero -melamine level].

In order for CB to be an effective sensor for melamine in food samples, we needed to
test its ability to detect melamine in an aqueous environment. Hence, we monitored the
emission spectra of CB at different concentrations of melamine in 50% aqueous solution (1:1
volume ratio of DMSO and H;O) and in 99% aqueous solution (1:99 volume ratio of DMSO
and H;O). The obtained spectra (Figure 2B,C) showed that there was a significant decrease
in the emission intensity of CB upon the increase in the concentration of melamine for both
solutions, but to different extents. The results in 50% aqueous solutions showed that the
emission decreased by 80% as the concentration of melamine increased to 200 pM or higher.
However, the decrease in the 99% aqueous solution was to a much lower extent, reaching
approximately 30% after 100 molar equivalents of melamine were added (at 1000 uM).
This stronger effect of melamine on emissions in aqueous solutions as compared to DMSO
was interesting, since H-bonding interactions between the sensor and melamine usually
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weaken in aqueous solutions. Another interesting observation from these titrations was
the enhanced initial emission of CB as the concentration of water increased in the solution.
The emission peak also shifted to higher wavelengths as the concentration of water in the
solution increased. Thus, we further investigated the effect of water fraction (fy in the
solution on the total emission of CB.

Figure 3 shows the change in the total emission of CB with a systematic increase in
the concentration of water in DMSO. As water fraction (fv) in the CB solution increased,
the total fluorescence emission of the sensor enhanced significantly (Figure 3A). Initially,
as the water fraction increased from 0 to 40%, the total emission of CB slightly decreased
(Figure 3A). However, with further increase of the water fraction to 60%, the emission
increased by approximately 800% concomitant with a slight shift of emission peak to
a higher wavelength; the emission did not show any significant further change as fw
increased up to 99% water. The fluorescence enhancement of CB solution was visually
observed under UV light illumination of the solution (Figure 3A insets).
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Figure 3. Absorbance and fluorescence properties of CB. (A) Plot showing the variation in relative
fluorescence intensity (f/fy) with respect to water fraction, f. (vol %), for Figure 2B. f represents
the total fluorescence calculated for each fy, fraction and fj is the value that of f, corresponds to
0%. (A) Photographs of CB (10 uM) in water-DMSO (left corner fy = 0% and right corner fy, = 99%)
visualized under UV irradiation. (B) UV-vis absorption spectra of CB (10 uM) for f, = 0, 50, and 99%.

We attributed this enhancement of the emission to aggregation of the hydrophobic
sensor as the water content of the solvent increased; such aggregation-induced emission
(AIE) of similar barbiturate systems was reported previously [20,21]. To further support
this explanation, we ran dynamic light scattering (DLS) measurements on the CB solution at
fw =99% which showed the presence of aggregates with a mean radius size of ~313 nm and
a polydispersity range (Pd) of 25.8%. In addition, the UV spectra of CB at different water
fractions (Figure 3B) showed that the relative intensity of the peak at 450 nm decreased
as fw increased. The decrease in the intensity of this low-energy absorption suggests
that as aggregation increases, the extended conjugation of the carbazole fluorophore with
the barbiturate group becomes more restricted. Thus, the AIE of CB can be attributed
to the restricted rotation around the bond connecting the barbiturate with the carbazole
upon aggregation [20,21]. This restricted rotation prevents the conjugation between the
two units and suppresses the non-radiative relaxation channels. On the other hand, DLS
measurements (Figure 4) conducted on CB solutions (f = 99%) before and after the addition
of melamine showed that the size distribution of the aggregates shifted towards smaller



Chemosensors 2022, 10, 13

7 of 10

radii. These results suggest that the decrease in the emission of CB in aqueous solution
upon addition of melamine can be attributed to the interaction of melamine with the sensor,
which led to a decrease in aggregation.
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Figure 4. DLS measurements of (A) CB solution (10 pM) in the absence and presence of melamine
(1000 uM); a shift of aggregate size distribution to smaller sizes was observed upon addition of
melamine. (B) CB-CA solution in the absence and in the presence of melamine (100 ppm); a shift of
aggregate size distribution to larger sizes was observed upon addition of melamine.

3.3. Design and Studies of AIE Assay for Detection of Melamine

Thus, since the experiments above indicated that aggregation of CB leads to en-
hancement of its emission, we designed an assay such that melamine presence enhances
aggregation, which in turn enhances the emission of CB. It is well established in the lit-
erature that melamine binds strongly to cyanuric acid in an aqueous solution, leading to
the formation of aggregates and precipitates [22-24]. Hence, we hypothesized that the
presence of cyanuric acid (CA) in CB solution would lead to the formation of aggregates
upon the addition of melamine; the formation of these aggregates would further enhance
the aggregation of CB as the CA-melamine aggregates provide an adsorption surface for CB
aggregation, facilitated by the formation of strong H-bonding interaction with melamine.
The addition of CA alone to a CB solution has no significant effect on the emission of CB.

In order to test our hypothesis, first, DLS measurements (Figure 4B) were conducted
for a solution of CB (1.0 uM) and CA (5 mM) before and after the addition of melamine
at 0.78 mM (100 ppm). The results (Figure 4B) showed that the aggregate size distribu-
tion shifted to larger sizes upon the addition of melamine, supporting the idea that the
presence of melamine increases aggregation. Second, we measured the effect of melamine
concentration on the fluorescence of a solution mixture of CB (1.0 uM) and CA (5 mM).
The fluorescence measurements (Aey = 520 nm and Aex = 490 nm) were conducted using a
96-well plate with each well containing a solution (f, = 99%) mixture of CB (1.0 uM), CA
(5 mM) and melamine at different concentrations (0-600 ppm). The results showed that
as the concentration of melamine in the solution increased from 0 to 4.7 mM (0-600 ppm),
the relative change in emission intensity of the CB-CA solution versus its initial emission
increased by over 40-fold. This change was linearly correlated with the concentration of
melamine in the range 50-500 ppm (Figure 5A).
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Figure 5. Effect of melamine concentration in (A) distilled water and (B) milk aqueous system on
the fluorescence intensity of CB-CA solution (Aem = 520 nm, Aex = 490 nm). For the microplate
experiment, ‘I’ represents the emission intensity (au) obtained from well solutions having different
melamine levels and Ij corresponds to the emission intensity of wells that are free of melamine. The
error bars indicate the standard deviation values from triplicate readings for the three different sets
of experiments.

Then, we tested the applicability of this method for determining the concentration of
melamine in powder milk. Samples of powder milk were spiked with different concentra-
tions of melamine and the samples were introduced to CB-CA solutions in a 96-well plate.
The results showed that the relative change in CB—CA fluorescence increased by approxi-
mately 120% as the concentration of melamine increased to 600 ppm. The relative change
in fluorescence was linearly correlated with the concentration of melamine in the milk at
the range of 25-380 ppm (exhibited in Figure 5B) with a limit of detection of 15.4 ppm. This
is slightly above the acceptable concentration of melamine in food products, and lower
than the LOD of recently reported methods (Table S1, Supplementary Materials) [25-34].
However, this process is simple and quick and can provide a quick screening method for
dairy samples.

4. Conclusions

We reported here the design and binding investigations of a novel fluorescent sensor
for melamine. The results showed that the fluorescence of the sensor CB responded to the
presence of melamine in both DMSO and aqueous solutions. CB was shown to be an AIE
sensor, where the increase in water fraction in the solution enhanced its aggregation and
hence emission. In addition, the interaction of melamine with cyanuric acid in aqueous
solutions enhanced the fluorescence of CB due to the enhancement of aggregation between
melamine and CA. Therefore, a CB—CA mixture solution may be employed to measure
melamine concentration in contaminated dairy samples at concentrations at or above the
acceptable limits.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemosensors10010013/s1, Figure S1: Proton NMR spectrum
of CB in DMSO-dg; Figure S2: Absorbance and fluorescence spectra of CB. (A) Emission spectra of
CB (10 uM) for different fy, (0-99%). (B) UV-vis absorption spectra of CB (10 uM) for fv (0-99%);
Figure S3: Effect of melamine concentration in (A) distilled water and (B) milk aqueous system
on the fluorescence intensity of CB-CA solution (Aem = 520 nm, A¢x = 490 nm). For the microplate
experiment, ‘I’ represents the emission intensity (au) obtained from well solutions having different
melamine levels and Ij corresponds to the emission intensity of wells that are free of melamine. The
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error bars indicate the standard deviation values for the triplicate readings for the three different set
of experiments; Table S1: Comparison of reported detection methods for melamine.
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