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Abstract

The selective fluorescence sensing of fructose was achieved by fluorescence quenching of the emission of hydrothermal-
synthesized carbon quantum dots prepared by 3-hydroxyphenylboronic acid. Quantification of fructose was possible in aqueous
solutions with pH of 9 (Limit of Detection Lop and Limit of Quantification Lop of 2.04 and 6.12 mM), by quenching of the
emission at 376 nm and excitation ~380 nm with a linearity range of 0—150 mM. A Stern-Volmer constant (Kgy) of 2.11 x
102 mM " was obtained, while a fluorescent quantum yield of 31% was calculated. The sensitivity of this assay towards fructose
was confirmed by comparison with other sugars (such as glucose, sucrose and lactose). Finally, the validity of the proposed
assays was further demonstrated by performing recovery assays in different matrixes.
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Introduction

Fructose is a sugar with high sweetness and is a major com-
ponent of added sugars. However, excess intake of this sugar
is associated with risk for metabolic disease. When compared
with other sugars it shows ability to cause many diseases like
intracellular ATP depletion, nucleotide turnover, endothelial
dysfunction and oxidative stress [1, 2]. Furthermore, fructose
provokes a rapid increase in the levels of uric acid [3], and
diets rich in fructose are directly related to the epidemic
growth of obesity [4]. In fact, sugar-sweetened beverages have
become one of the primary sources of added sugars in daily
diets [5, 6], which emphasizes the importance of fructose and
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its metabolism [7]. The ubiquity of fructose in modern diets
also increases its relevance in diabetes, which is increasing at
an alarming pace [5]. However, the fructose content in bever-
ages and foods is not generally specified yet, though the total
carbohydrate content is already done in many cases.
Therefore, it is difficult to estimate the fructose consumption
level at present [8] .

Given this, the ability to detect and quantify fructose is
essential both in medical diagnostics [9] and in food and bev-
erage industries [10]. Some of the approaches available for the
detection of fructose and other sugars involve either gas/liquid
chromatography [11-13] or capillary electrophoresis [14].
These methods are not ideal due to long-time of analysis and
expensive instrumentation. Thus, it is of the utmost interest to
develop efficient, accurate, simple and potentially automat-
able sensing methods for fructose. Some advance has been
made in this direction with the development of Raman spec-
troscopic, enzymatic and non-enzymatic chemiluminescence-
based methodologies [15—17], but they still require elaborated
microscopy setups and characteristic periods of time [18].

Fluorescence is a very attractive sensing technique for fruc-
tose and other sugars due to its operational simplicity and high
sensitivity [19, 20]. In fact, there has been significant effort in
developing fluorescent molecular probes that have boronic
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Fig. 1 Normalized fluorescent spectra obtained for 3-HPBA-based CDs,
in aqueous solutions at pH 7.4 and 9, when excited at 310 nm

acid motifs [18, 21-25], due to their well-described ability to
bind sugar molecules and form cyclic esters in neutral and

basic solutions [26, 27]. Nevertheless, several of those fluo-
rescent probes suffer from weak signaling responses [18]. To
overcome this problem, some authors have added amine
groups near to the boronic acid moieties to allow for photoin-
duced electron transfer (PET) [18, 28, 29], coupled dyes with
high quantum yield (such as rhodamine and fluorescein) to the
boronic acid moieties [30, 31], or created multi-dimensional
sensors [25, 32, 33]. While some success was achieved with
these different approaches, they require the preparation of dif-
ferent boronic acid receptors and sensing methods, which can
be quite complex, and so, not very practical.

Herein, we describe a simple but selective and sensitive
analytical procedure for the detection and quantification of
fructose based on fluorescent carbon dots (CDs) synthesized
hydrothermally from 3-hydroxyphenylboronic acid (3-
HPBA). CDs are carbon-based nanoparticles with interesting
optical and analytical properties [34-37]. They present high
photo and chemical stability and biocompatibility, low
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toxicity, water solubility, and are easily functionalized.
Moreover, they can be obtained from simple and green ap-
proaches, such as a hydrothermal [38, 39] and microwave [37,
40] methodologies.

The synthesized CDs show a relatively high quantum yield
(P of 31%). The sensibility to fructose in different conditions
(as different pH) were verified and their quantification ability
was evaluated in standard solutions and in other matrixes. It
was also analyzed the potential interference made by other
sugars, such as glucose and sucrose. The Limit of Detection
Lop was calculated by measuring the fluorescence intensity
equal to 3 times the SD of the blank (n = 8) divided by the slop
of the calibration graph (Fig. 3), while the Limit of
Quantification Lo was determined as 3 times the Lop. The
obtained CDs were revealed to be sensitive and selective sen-
sors for fructose, with Lop and Lyp of 2.01 and 6.12 mM
(respectively), in optimized conditions (pH 9).

Materials and Methods
Materials

3-Hydroxyphenylboronic acid >95%, fructose, glucose, su-
crose, phosphate buffer, sodium carbonate (Na,COj3) and so-
dium hydrogen carbonate (NaHCO3) from Sigma-Aldrich.

Synthesis of CDs

The CDs were prepared by a hydrothermal approach. Briefly,
0.05 g of 3-hydroxyphenylboronic acid was dissolved in 5 mL
of deionized water and transferred to a Teflon reactor and
heated to 200 °C in an oven for 2 h. After cooling to room
temperature, the CDs’ solution was centrifuged at 12,000 rpm
for 10 min to remove suspended impurities. The CDs were
preserved at 4 °C for further use.

Fructose Sensing Procedures in Aqueous Solution

Amounts of 100 uL of CDs and appropriated amount of phos-
phate buffer (pH 7.4) or carbonate (pH 9) prepared from
Na,CO; and NaHCOj; buffer were placed in 500 puL
Eppendorfs. Then, different amounts of fructose were added.
The mixtures were mixed thoroughly, and their fluorescence
spectra were recorded.

Fluorescence Quantum Yield

The quantum yield (®) was calculated by comparing the inte-
grated luminescence intensities and the absorbance values of
the synthesized CDs with the ones of tryptophan, with the
following equation:

1.6 pH 7.4

0 10 20 30 40
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pH9

0 50 100
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Fig. 3 Linear Stern-Volmer plots for the quenching induced by fructose
on the fluorescence of 3-HPBA CDs, in aqueous solutions of different pH
(7.4 and 9). The plots at pH 7.4 and 9 presented a R? value of 0.97 and
0.99, respectively

150

Grad 1
P=Pp X —— X —
R Gradg A

In the equation, P is the fluorescence quantum yield, Grad
is the gradient from the plot of integrated fluorescence inten-
sity versus absorbance and 1 is the refractive index. The sub-
script R refer to the reference fluorophore, tryptophan of
known quantum yield, which is of 0.14 [41].

Instrumentation

Fluorescence spectra were obtained in a standard 10 mm fluo-
rescence quartz cell and collected in a Horiba Jovin Yvon
Fluoromax-4 spectrofluorimeter. The spectra were obtained
with a 1 nm interval and slit widths of 5 nm. Dynamic light
scattering (DLS) measurements were made in an Anton Paar,
Litesizer™ 500. Absorbance measurements were made with
an UV-3100PC Spectrophotometer. Quartz cells were used.
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Results and Discussion
Characterization

Measurements by DLS determined the ¢ potential by DLS of
the CDs (—0.003 V) in aqueous solution (pH of ~5.6) to be of
—0.003 V. Adjusting the pH to 7.4 and 9 of the aqueous solu-
tion containing the CDs changed the  potential to —0.021 and

—0.035 V, respectively, which is consistent with the ionization
of the boronic acid moieties [26, 27]. Thus, the CDs can ag-
gregate easily in aqueous solutions but suspend stably at
pH 7.4 and 9.

The fluorescent spectra were obtained at pH 7.4 and 9 for
centrifuged CDs and are presented in Fig. 1. While the spectra
at both pH values show similar emission-maximum wave-
length (of ~380 nm when excited at 310 nm), the spectrum
is more sharp at pH 9. At neutral pH can be observed a shoul-
der at ~450 nm. A fluorescent quantum yield 31% was deter-
mined for the CDs, at pH 9.

Sensing of Fructose

As already mentioned, our aim is to use the obtained CDs as a
fluorescent probe for the determination of fructose. It was
analyzed the effected exerted by fructose addition on the fluo-
rescent properties of CDs (Fig. 2), in aqueous solutions with
pH of 7.4 and 9. A linear quenching effect was observed with
addition of fructose at both pH values. Nevertheless, the de-
gree of quenching is more pronounced at pH 9, having
reached an 82.5% decrease in fluorescence intensity in the
range of 0-250 mM for fructose. At pH 7, the maximum
quenching was only of 33.0%. The quenching of CDs by
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fructose was expected due to the presence of boronic acid
groups present in the 3-hydroxyphenylboronic acid precursor.
More specifically, boronic acids are electron-deficient Lewis
acids that can form reversible cyclic esters with the 1,2-diols
of carbohydrates [18, 21-27]. The formation of this type of
complex on the surface of the CD explains the change of its
photophysical properties (in this case, the quenching induced
by fructose). As for the selectivity toward fructose, it is ex-
pected given that boronic acids tend to exhibit inherent selec-
tivity towards fructose [21].

The pH-dependence presented by the CDs toward fructose
is also expected given that previous studies on boronic-diol
binding have found that this reaction is more favorable upon
the ionization of the boronic acid moiety, which should occur
at more basic pH [18, 21-27]. In fact, our analysis of these
CDs by DLS showed that their  potential is more negative at
pH 9 than at pH 7.4.

Interestingly, at pH 7.4 quenching induced by fructose con-
verts the shoulder at ~450 nm to a more well-resolved peak at
fructose concentrations as low as 20 mM. As this second peak
appears to not be responsive to fructose, it decreases the over-
all response of the CD to fructose. A similar peak is also seen
at pH 9 but is only noticeable from fructose concentrations of
80 mM onward, and so, it does not have such significant
impact on the response of the CD to the target sugar. This
explains why the maximum quenching is significantly higher
at basic pH than at neutral pH.

To analyze the quenching mechanism imposed by fructose,
Stern-Volmer analysis was carried out and linear trends were
obtained (Fig. 3). The reproducibility of the senor was good as
shown in the error bars of Fig. 3, especially at pH 9. The Stern-
Volmer constant (Ksy) for fructose was 2.11 x 10 > mM ' and

35.1

6.2

-1.2

-3.9
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1.24 %1072 mM " at pH 9 and pH 7.4, respectively. It should
be noted that while the CDs showed a good linear response to
fructose between a concentration of 0 and 150 mM of this
sugar at pH 9, at pH 7.4 a linear response was only found
between a fructose concentration of 0—40 mM. The L,p and
Lo at pH 9 (with a relative standard deviation of 1.43%) was
0f2.04 mM and 6.12 mM, respectively, while at pH 7.4 these
parameters were of 5.18 and 15.54 mM (with a relative stan-
dard deviation of 6.05%). Thus, the proposed CDs behave
better as fructose at pH 9 than at pH 7.4.

To ensure a good specificity for fructose by this method, it
was measured the fluorescent response of the CDs in the pres-
ence of other sugars, such as glucose, sucrose and lactose
(Fig. 4). We have only analyzed this response at pH 9, given
that the best results were obtained at basic pH. Moreover, the
different sugars were considered with a concentration of
30 mM. As expected, fructose elicited by far the highest de-
gree of quenching (35.1%), followed by glucose. However,
the response elicited by this sugar was quite smaller (6.2%).
Both sucrose and lactose elicit almost negligible responses
(between —1.2 and — 3.9%). Interestingly, the CDs responded
to these latter sugars not by quenching but by fluorescence
enhancement. In conclusion, glucose, lactose and sucrose pro-
duced only a limited response when compared with fructose,
which indicates the specificity of these CDs for fructose.

Finally, we proceeded to further validate the proposed an-
alytical approach by quantifying the amount of known fruc-
tose concentration (30 mM) to two different matrixes: tap
water, and chamomile tea (Continente®, a Portuguese brand).
We have obtained recovery values of 99.6% and 83.9%,
respectively.

Conclusions

The CDs synthesized from 3-hydroyxphenylboronic acid with
a hydrothermal approach showed blue emission characteristic
of CDs with a relatively high fluorescent quantum yield
(31%). More importantly, they can be used in fructose sensing
due to a concentration-dependent quenching effect. Good
quantification results were assessed in standard solutions and
in other matrixes (tap water and chamomile tea). Other sugars
(such as glucose, lactose and sucrose) showed quite limited
interference in fructose quantification.

Optimization of the analytical assay was made by changing
the pH from 7.4 to 9. We have found the assays to be more
sensitive in pH 9 (Lop and Lop 0f 2.01 and 6.12 mM) than in
pH 7.4 (Lop and Lo of 5.18 and 15.54), which can be attrib-
uted to a higher Stern-Volmer constant at higher pH (2.11 x
102 mM ! versus 1.24x 1072 mel). Moreover, at neutral
pH the fluorescence spectrum is composed by fructose-
responsive band at ~376 nm and an unresponsive shoulder
at ~450 nm. The shoulder becomes a more-well defined peak

at fructose concentrations as low as 20 mM, which decreases
the response of the nano-sensor. At pH 9, the shoulder at ~450
only starts to become more well-resolved at concentrations of
80 mM and onwards. This explain why the linearity range of
the CD is 0—150 mM at pH 9, and 0-40 mM at pH 7.4.
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