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ABSTRACT: Fluorescent carbon quantum dots (CDs) are synthesized and employed as
fluorescent nanochemosensors for selective detection of amino acids. A detailed investigation of
excitation−emission maps revealed that the fluorescence properties of CDs are intensely and
strongly influenced by the interaction at the surface with different amino acids. The discrimination
capability was demonstrated by tensor rank decomposition of the differences induced by the
surface reaction in the excitation−emission maps and by means of a common machine learning approach based on artificial neural
networks.
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■ INTRODUCTION

Carbon quantum dots (CDs) are carbon nanoparticles smaller
than 10 nm having attractive photoluminescence properties,
good water solubility, high stability, and biocompatibility. The
name derives from the most important property that
characterizes them: fluorescence, which allows them to be
assimilated to quantum dots, nanoparticles of fluorescent
semiconductors. They differ from these because they are
mainly composed of carbon, a generally nontoxic element,
which is expected to represent a significant advantage for their
application in the biological field. The name CDs, therefore,
reflects the composition and property of emitting light at
different wavelengths from the incident. Since their discovery
by Xu et al. in 2004,1 CDs have been applied for different basic
research circumstances and very technical applications ranging
from molecular communication2−5 to theranostics,6 as well as
for the detection of specific analytes7,8 with particular reference
to metal ions.9−11 Moreover, as demonstrated by Sun et al.,
CD fluorescence yield is greatly increased through surface
passivation.12 Although the chemical−physical mechanism
underlying CD fluorescence is not yet fully understood,13 it
is found in the literature that fluorescence can be modulated
through several factors: particle size (quantum effect), surface
groups, surface defects, and fluorophores with different degrees
of π conjugation and electron holes located between the sp2

carbons of the clusters and the sp3 carbons of the
matrices.14−16 Recent studies have shown that the optical
properties vary considerably depending on the synthesis
methodology used, passivation, doping, and size of the
CDs.17−22 This suggests that fluorescence may depend on
the surface of the nanoparticles, in particular on the ″surface
defects″ that may be responsible for absorption at certain
wavelengths.23 Therefore, the functionalization of the surface

of CDs can change the fluorescence characteristics in terms of
emission intensity and excitation and emission wavelengths.
This makes CDs suitable for the detection of natural
molecules. In particular, CDs are synthesized by hydrothermal
decomposition that produces at their surface hydroxy,
carbonyl, carboxylic, ether, and epoxy groups, and these
nanoparticles are suitable for reaction with amine groups.24

The capability of selective identification of amino acids is
central to the diagnosis of various conditions including neural
degenerative diseases,25 spina bifida,26 metabolic disorders,27

and so on. Several methods were reported for amino acid
determination.28 Gao et al. proposed an array for natural
amino acid sensing based on the interaction between CDs and
metal ions.29 However, such methods suffer from complex
sample pretreatment or low sensitivity. What we propose to
overcome these limitations is a chemosensor strategy, shown in
Scheme 1, through the combined use of bare CDs and the
application of multivariate analysis and fluorescent nano-
chemosensors.
Using the standard EDC/NHS approach (EDC: (1-ethyl-3-

(−3-dimethylaminopropyl)carbodiimide hydrochloride and
NHS: N-hydroxy succinimide),30 we activated the carboxyl
groups on nanoparticle surfaces and then made them react
with different amino acids. The detailed study of the obtained
fluorescence spectra allowed us not only to recognize each
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amino acid upon reaction with nanoparticles, but also to
discriminate among them in a mixture of amino acids in which
these nanochemosensors were previously immersed.

■ MATERIALS AND METHODS
CDs were synthesized by hydrothermal decomposition of citric acid
(from Aldrich Milan, Italy). In a typical procedure of CD synthesis, 7
g of citric acid were put into a 20 mL beaker and heated at 205 °C.
About 10 min later, salts were liquefied obtaining a pale-yellow liquid,
which turned dark green in 15 min, implying the formation of CDs.
The obtained brown liquid was cooled down to room temperature,
and 50 mL of 0.25 M aqueous solution of NaOH (Aldrich, Milan,
Italy) was added dropwise under vigorous stirring. The solution was
centrifuged at 6000 RPM for 5 min, and the supernatant solution was
dialyzed for 24 h using a tube having 11′000 Da cutoff (Aldrich,
Milan, Italy). Water was evaporated using a rotary evaporator under
vacuum at 40 °C to obtain dry CDs. From 7 g of starting raw material,
typically around 200 mg of dry CDs was collected. The fluorescence
efficiency of the CDs was evaluated according to ref 31. The as-
prepared CDs presented 11% efficiency. The amino acid solutions
glycine (GLY), alanine (ALA), proline (PRO), aspartic acid (ASP),
lysine (LYS), and histidine (HYS) (from Aldrich Milano, Italy) were
prepared in phosphate buffer at pH 7.4 (from Aldrich Milano, Italy).
Activation with EDC (1-ethyl-3-(−3-dimethylaminopropyl)-
carbodiimide hydrochloride, from Aldrich Milano, Italy) and NHS
(N-hydroxy succinimide, from Aldrich Milano, Italy) was performed
according to ref 30. The activation reaction was performed at room
temperature. Fluorescence characterization was performed using a
Cary Eclipse instrument (Agilent). The fluorescence characterization
was performed within 30 min. It was verified that within this time
range the difference maps did not vary significantly (vide infra).
Fourier-transform infrared spectroscopy (FT-IR) characterization was
performed in KBr tablets of dried nanoparticles with a Spectrum Two
instrument (PerkinElmer). Atomic force microscopy (AFM) charac-
terization was performed with a Nanoscope IIIA instrument (Veeco).
The transmission electron microscopy (TEM) analysis was performed
in a conventional bright-field configuration with a JEOL ARM200F
operated at 200KeV and equipped with a Gatan Image Filter (GIF)
and a Gatan UltraScan 1000XP (2 k × 2 k) charge-coupled device

camera. Images were obtained filtering only the elastic scattering
component of the transmitted electron beam and at a low electron
dose to increase the contrast and to reduce the beam damage,
respectively. The TEM sample was prepared by drop casting the
nanoparticle dispersion on an ultrathin (<3 nm) carbon film TEM
grid. More than 650 CDs were detected and measured. The size
distribution, fitted with a Gaussian, gave a measure of 14.1 ± 5.8 nm
of the diameter. Data processing including the analysis of the principal
components and machine learning were performed by means of
Python scripts developed in house using the Numpy, SciPy, and
Matplotlib libraries.

■ RESULTS AND DISCUSSION

The size and morphology of CDs were determined by AFM
and TEM (see Figure S1). Both indicate that the formed CDs
were mainly spherical in shape, with the diameter in a range of
10 nm, as revealed by section analysis. X-ray diffraction (XRD)
measurements (see Figure S2) revealed that CDs have a single
broad diffraction peak centered around 25°, which is attributed
to the (002) lattice spacing of carbon-based materials with
amorphous nature. CDs show optical absorption mainly in the
ultraviolet region with a strong absorption band below 300 nm,
which is attributed to the π−π* transition of the aromatic C
C units located at the nanoparticle core, and a weak band
shoulder above 330 nm assigned to the n−π* transition
corresponding to the carbonyl functional groups on the surface
(see Figure S3a). Further confirmation of surface functional
groups of CDs was obtained from FT-IR spectra. The typical
spectrum is reported in Figure S3b, which exhibits a broad
peak around ∼3400 cm−1 corresponding to the O−H
stretching attributed to hydroxylic groups, and displays the
C−H stretching zone with a maximum at ∼2920 cm−1, and the
CC aromatic stretching at ∼1650 cm−1 shows a peak at
1721 cm−1 assigned to the stretching of CO (related to
carbonyl). All of these suggest that the carboxylic functional
groups are present on the surface of CDs. The observation of
the CD fluorescence spectra shows, as expected, a dependence

Scheme 1. Pictorial Representation of Amino Acid Recognition Based on the Effect on the CD Fluorescence Coupled with
Machine Learning Capabilities

Figure 1. Map of fluorescence difference after surface functionalization of activated CDs with GLY at various concentrations: (a) 0.5, (b) 1.0, and
(c) 1.5 μg/mL
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of both fluorescence maximum and intensity on the excitation
wavelength. Figure S4a shows the fluorescence map (nominally
excitation−emission) in false colors of CDs synthesized by
hydrothermal decomposition. Light colors mean high emission
while dark colors mean low fluorescence intensity. CDs show a
fluorescence maximum at 490 nm when excited around 410
nm. Upon interaction with an amino acid, carboxyl groups
(activated with the standard method concerning EDC/NHS30)
are expected to react with the amino group by changing the
physical chemical nature of the surface, hence affecting the
fluorescence (Figure S4b). At this concentration, GLY does
not show remarkable fluorescence properties in the range of
the wavelengths explored in comparison with CD emission. To
reveal the change of fluorescence induced by the reaction with
the amino acid, we made maps obtained as the difference
between those of excitation−emission of activated CDs after
reaction with GLY at different concentrations (ranging from
0.5 to 1.5 μg/mL) and the one of the as-prepared CDs. These
maps are shown in Figure 1, indicating with warm colors an
increase of fluorescence compared to naked CDs, while with
cold colors a decrease of fluorescence, as a result of
functionalization. The effect is clear and indisputable; indeed,
the increase of the GLY concentration causes a strong increase
in the observed fluorescence. It suggests that the effect
observed on the activated CDs is not due to a simple contact
but due to a chemical reaction between the amino acid groups
of GLY and carboxyl groups present at the CD surface.
Conversely, the difference maps obtained for nonactivated
CDs in the presence of GLY appear merely noisy (Figure S5a)
with low intensity, indicating that no reaction occurred and
that, at least at the GLY concentration used (10 μg/mL) the
effect of amino acids on the CD fluorescence is not detectable.
Consequently, the activation is a “sine qua non” step.
It might suggest that the effect that we are observing when

CDs are activated is due to the interaction between the amino
acid groups of amino acids and carboxyl groups present on the
surface of CDs that when not activated do not affect the
fluorescence because they do not react.
Figure 2a shows that the variation of the fluorescence

obtained from the section analysis of fluorescence difference
maps obtained analyzing several GLY solutions upon reaction
with CDs calculated along the white dotted line as shown in
Figure 1c. The plot of the peak-valley distance (ΔI) reported
in Figure 2b as a function of concentration clearly shows a
saturation trend. The data were fitted with the Langmuir
model governing the adsorption. Figure 2c reports a plot like
that shown in Figure 2b but obtained at lower concentrations.
To allow easier quantitative evaluation, for the sake of
simplicity, one can assume a direct proportionality between
ΔI and GLY concentration. Several replicas in this range led to
estimation of a ΔI uncertainty of ±10 (a.u.). Therefore, we
assume a minimum detectability limit of about 0.1−0.2 μg/
mL, although more accurate evaluations are necessary if a
rigorous analytical method would be developed. Because the
amide bond is expected to be reversible,32 we explored whether
the fluorescence of CDs would change with time after
prolonged immersion in GLY solutions at different concen-
trations. Figure 2d shows the plot of the variation of
fluorescence intensity as a function of time. The trend is
complex, depending on the concentration. At high concen-
trations, the decrease appears to be linear, while at
concentrations lower than 2 μg/mL the initial linear decrease
is followed by an exponential decay, which leads, at long times

(overnight) a reduction of the fluorescence of the function-
alized CDs to that measured in the as-prepared CDs. Similar
results have been obtained with different amino acids. Also,
ALA, PRO, ASP, LYS, and HYS were selected. The
determination of these analytes could have important
repercussions in biomedical applications. For example, in
cystinuria there is increased excretion of lysine in urine, which
results in kidney stones.33 The rare metabolic condition known
as Prolidase deficiency could benefit from the prompt
determination of proline.34 Liver damage could result in
pathologic alanine aminotransferase behavior causing uncon-
trolled variation of alanine.35 Histidinemia is an inherited
condition characterized by elevated blood levels of the amino
acid histidine. Histidinemia typically causes no health
problems, and most people with elevated histidine levels are
unaware that they have this condition.35 Because time-of-flight
secondary ion mass spectrometry (ToF-SIMS) is a surface-
sensitive mass spectrometry technique, it is possible to verify
that amino acid-related fragments are detected on the surface
of CDs after purification, based on dialysis, which confirms the
anchoring reaction. Figure S6 shows an extract of the
characterization of ToF-SIMS, for the sake of brevity. These
results may suggest that by varying the chemical nature of the
group that chemically bonds to the surface, a different,
selective, chemospecific effect on the fluorescence of CDs
could emerge. To carry out an evaluation of the effect of the
reaction of carboxyl groups on the fluorescence properties of
CDs, we have carried out an extensive analysis program
acquiring several excitation−emission maps and numerous
replicas for various amino acids at 10 μg/mL. At this
concentration, none of the analyzed amino acids show
remarkable fluorescence properties in the range of the
wavelengths explored in comparison with CD emission. The
excitation−emission maps of these samples were assembled to
make a three-dimensional tensor consisting of 25 excitation
wavelength values × 400 emission wavelength values × 60
samples (10 replicas per amino acid) that add up to 6 × 105

Figure 2. (a) Fluorescence intensity acquired by the section analysis
along the white dotted line drawn in Figure1c. (b) Variation of
fluorescence intensity as a function of GLY concentration; the red line
is the plot of the best fit of data by the Langmuir model for the
concentration above 1.5 μg/mL and in (c) is the linear best fit of data
related to low concentration of GLY (below 1.5 μg/mL). (d)
Variation of fluorescence intensity as a function of time. Dotted lines
are drawn to help the reader’s eye.
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values. We applied a method of tensor rank decomposition
known as PARAFAC to facilitate data processing and to have
an objective and operator-independent evaluation of these
results.36,37 PARAFAC is a generalization of principal
component analysis to higher order arrays where, compared
to other methods, there is no rotation problem of the matrix,
and for example, pure spectra can be recovered from a
multiway spectral data tensor. In particular, we have used a
NON-NEGATIVE-PARAFAC38,39 method because the fluo-
rescence and excitation spectra are always positive, and the
output of the decomposition will be easier to interpret. We
calculated the sum of the residual decomposition as the rank
increases, so we have chosen to make a rank-3 decomposition
where the residue is minimum. Figure 3 shows the result of the
rank 3 decomposition.
The sample mode shows that the differences between the 10

replicas are less relevant than the differences between the
several amino acids under investigation, paving the way for the
possibility of using CDs as nanosensors sensitive to different
amino acids. It is not easy to assign the physicochemical
meaning to factors obtained by the PARAFAC analysis. In the
literature, it has been reported that factors may be related to
the property of the different substances, to the concentration of
the analytes, or to some other characteristic not easily
identifiable.39 In the case under investigation, it is possible to
find a direct correlation between the hydrophobic or
hydrophilic properties of the lateral groups of the amino
acids and the values of the first and second factors, respectively.
The third factor discriminates LYS and ASP, which are two of
the amino acids with the most relevant electrical charge in the
lateral group, among those investigated.
Figure 4 shows the representation of the mode of the

samples in the three-dimensional space consisting of the three
factors. The plot shows that the individual amino acids are
discriminated without significant overlapping between the
clusters of the replicates. These results confirm that by
analyzing a large data set with an unsupervised data treatment
method the variations of the replicates are lower than the
differences between the different samples. Thus, CDs could be
used as nanochemosensors for discriminating amino acids at
concentrations in the order of 10 μg/mL. The analysis of the
excitation and emission mode confirms that the discrimination
is obtained thanks to variations in the excitation and emission
properties of CDs.

For more insight, Figure 5 shows the effect of different
amino acids on the fluorescence variation of activated CDs.
The variation is significant between different amino acids at the
concentration needed to reach the saturation region (10 μg/
mL). A closer investigation confirms a correlation between the
chemical nature of the amino acid and the effect on the
variation of the excitation−emission map. Note, for example,
the similarity of the effect of GLY, ALA, and PRO compared to
the others. Certainly, they are chemically more similar to each
other when compared to the other amino acids investigated as,
for example, GLY and ALA only differ for one methyl group.
The effect on the variation of the excitation−emission map is
still clearly discernible but is very similar. If, by comparison, the
effect of ASP is observed, the chemical difference in the lateral
group is reflected on a significant variation of the fluorescence
of CDs, because of interaction with the amino acid. In
particular, amino acids having higher hydrophilic features affect
the excitation of CDs around 425 nm and the emission around
500 nm, decreasing the intensity of the emission compared to
naked CDs (please refer to Figure 5a−c). The hydrophobic
group is characterized by an effect on the excitation around
380 nm and the emission at 470 nm, increasing fluorescence
compared to naked CDs (please refer to Figure 5d-f).

Figure 3. Results of NON-NEGATIVE-PARAFAC decomposition: (a) sample mode, (b) excitation mode, and (c) emission mode. Percentages of
variance explained are 78% for Factor 1, 84% up to Factor 2, and 87% up to Factor 3.

Figure 4. 3D representation of the first three factors of NON_-
NEGATIVE PARAFAC decomposition. Dots represent sample
replicas. Red labels show the amino acid used for surface
functionalization of activated CDs.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c01046
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acsanm.1c01046?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01046?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01046?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01046?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01046?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01046?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01046?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01046?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c01046?rel=cite-as&ref=PDF&jav=VoR


Figure 6 shows the effect on fluorescence of the binary
mixture of three amino acids. CDs reacted with equimolar
mixtures of GLY-ALA, ALA-LYS, and GLY-LYS. The observed
modification of the CD excitation−emission maps with respect
to the ones obtained using a single amino acid shows that this
effect is not merely additive. In particular, the three binary
maps are distinguishable with respect to that obtained using
single amino acid solutions, and in addition they are
distinguishable from each other. This implies that the shell
of mixed amino acids anchored on the surface of the CDs will
have a unique and distinguishable effect opening the way to a
variety of applications, like the potential application of CDs as
fluorescent probes sensitive to discrimination of complex
mixtures. To provide an example of the potential application of
CDs as nanosensors for selective recognition of amino acids we
have trained an artificial neural network for ALA recognition
among other amino acids including mixtures. The performance
of the classification of the algorithm is summarized in Table 1
by means of the confusion matrix.
Each row of the matrix corresponds to a predicted class; in

this case, the output is binary ALA or not ALA. Similarly, each
column of the matrix corresponds to any actual class. The
counts of correct and incorrect classification are then filled into
the table. The total number of correct predictions for ALA
goes into the expected row for the ALA class value and the

predicted column for that class value. In the same way, the
total number of incorrect predictions for a class goes into the
expected row for that class value and the predicted column for
that class value. In particular, values within the confusion
matrix are the average percentage of entries within that cell. It
seems evident that our results confirm the proposed
application with valuable sensitivity and specificity. Further
studies and optimization of the machine learning process and
anti-interference experiments would be necessary but have not
been performed because it would be a mere exercise that goes
beyond the scope of our study.

■ CONCLUSIONS

This study showed encouraging results on the application of
CDs as fluorescent nanochemosensors. A careful analysis of the
excitation−emission maps proved that the fluorescence
properties of EDC/NHS activated CDs have potential
applications in the analytical field of the selective recognition
of various chemical compounds. In particular, we demon-
strated that EDC/NHS activated CDs show dramatic differ-
ences in their fluorescence properties when bound to different
amino acids. This effect, which easily allows discriminating
hydrophobic amino acids from polar ones, can be further
refined to selectively recognize single amino acids even when
mixed with other ones. We believe that our findings will help

Figure 5. Fluorescence variation maps of activated CDs after reaction with several amino acids (10 μg/mL) as labeled in the pictures, (a) GLY, (b)
ALA, (c) PRO, (d) ASP, (e) LYS, and (f) HYS.

Figure 6. Fluorescence variation maps of activated CDs after reaction with several equimolar mixtures of amino acids (10 μg/mL) as labeled in the
pictures, (a) GLY mixed with ALA, (b) ALA mixed with LYS, and (c) GLY mixed with LYS.

Table 1. Confusion Matrix

predicted ALA predicted not-ALA

actual ALA TRUE POSITIVE (TP) 8 FALSE NEGATIVE (FN) 2 sensitivity: TP/(TP + FN) = 0.80
actual not-ALA FALSE POSITIVE (FP) 7 TRUE NEGATIVE (TN) 73 specificity TN/(FP + TN) = 0.91
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the development of novel and inexpensive nanochemosensors
for both the investigation of specific diseases, which are
currently diagnosed by simple amino acid detection, including
in the framework of bioimaging and for the quality control of
food and beverage, whose putrefaction is accompanied by the
biosynthesis of characteristic amine.
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