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Abstract

Detection of sialic acid using advanced sensors in milk-based products is essential in the food industry. Therefore, the
present work reports the sulfur and nitrogen-doped graphene quantum dots from bone meal functionalized with bo-
ronic acid (Boro-S/N-dGQDs) nanoprobe for sialic acid sensing applications. Briefly, S/N-dGQDs were functionalized
with 4-carboxyphenylboronic acid to improve performance of fluorescent sensors toward the detection of sialic acid.
Here, boronic acid surface decoration on S/N-dGQD was confirmed by several spectral characterizations. The addition
of different quantities of sialic acid results in a directly proportionate correlation to fluorescence quenching. It gives a
broad linear range of 50 ng/mL to 1000 ng/mL and a limit of detection of 6.04 ng/mL. Also, it displayed remarkable se-
lectivity, likely due to interaction of sialic acid-containing 1,2-diol with hydroxyl group of Boro-S/N-dGQDs nanoprobe.
Designed sensor demonstrated good stability and reproducibility. Real-time analysis of sialic acid in different milk-based

products confirmed practicability of Boro-S/N-dGQDs.
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1. Introduction

Sialic acid is a negatively charged monosaccharide
that is present at the ends of glycolipids and glycoproteins
on the cell surface.! In addition, sialic acid is present in
milk, meat, and other foods.? According to the literature,
sialic acid is present in mammalian glycoconjugates. Here,
the hydroxylated form of sialic acid is absent in humans.
On the contrary, sialic acid is present in mammals. There-
fore, the consumption of milk-based products and meat
with high concentrations of a hydroxylated form of sialic
acid (non-human sialic acid) can pose health risks.? Here,
the chronic consumption of the hydroxylated form of sial-
ic acid can result in chronic inflammation, leading to dif-
ferent types of diet-associated cancers, as well as other
types of health issues.** Therefore, there is a need to mon-
itor the level of the hydroxylated form of sialic acid in milk
products.

To date, several techniques for detecting sialic acid
have been recorded. In brief, electrochemical methods
such as potentiometric, non-enzymatic electrochemical,®
organic electrochemical transistors,” electrochemical im-
pedance spectroscopy;? etc. have been documented for the
detection of sialic acid. Other methods for the detection of
sialic acid include chromatography, colorimetry, and spec-
trofluorimetry."® Despite their several advantages, there
are some disadvantages, such as the usage of harmful and
expensive chemicals in the sensor's construction, limited
selectivity, poor sensitivity, time-consuming, complex
processing, and so on. Therefore, there is a pressing urgen-
cy to produce a highly sensitive, green-made, simple, high-
ly selective, cost-effective, quick sensor for sialic acid iden-
tification in milk-based products.

The adoption of a fluorescence-based sensor over-
comes various demerits of the previously utilized approach
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for the identification of interest compounds.!” In the case
of fluorescence-based sensors, the scientific community
has established a strong preference for carbon-mediated
zero-dimensional nanosized fluorescent particles known
as graphene quantum dots (GQDs) for a variety of applica-
tions. The nanosize design of GQDs is a crystalline gra-
phitic material founded on sp?-hybridized carbon.!! Fur-
thermore, owing to their edge effects and strong quantum
confinement, GQDs have excellent stability, minute toxic-
ity, and good fluorescence.!? As well, it has strong biocom-
patibility, great solubility, an adjustable band gap, and oth-
ers.!3 During the last few decades, GQDs have been
modified for sensing applications employing several types
of heteroatoms.'* According to the literature, heteroa-
tom-doped GQDs may efficiently modify their chemical
and physical properties.' In this shade, GQD doping al-
lows for changes in energy density, band gap, and other
properties.!?

As explained, heteroatom doping in GQDs raised the
aggregate capability of fluorescence-based sensors for ex-
tremely sensitive and selective analyte recognition.!>!¢ For
the design of heteroatom-doped GQDs, the preference for
green precursor has been reported!” to avoid exposure to
chemicals followed by toxicity.!® Moreover, the use of bio-
mass such as honey, orange juice, green tea extract, rice
husk, etc. for the design of GQDs!® provides several advan-
tages including abundant surface functionality, high car-
bon composition, cost-effectiveness, eco-friendly, etc.!
Finally, the green-made doped GQDs showcased upgrad-
ed sensor performance.!®!” As a result, we prefer to devel-
op green-made doped GQD:s for sialic acid sensing appli-
cations.

Of particular importance, nitrogen (N) and sulfur
(S) are the most widely employed doping agents for the
production of doped GQDs.!”:! Because of their five va-
lence electrons and equivalent atomic size, 'N' doping is
capable of bonding with the carbon backbone of GQDs.
According to the literature, the design of ‘N’ doping in a
GQD lattice can drastically affect the electrical and chem-
ical characteristics, as well as impart a large number of
sites for additional adjustments.!® Likewise, the preference
for ‘S’ doping in GQDs has been reported.?” In this case,
the doping of §’ can aid in improving the electron transfer
process.?! On this basis, the design of ‘S’ and ‘N’ doped
GQDs (S/N-dGQDs) have been majorly documented for
plentiful sensing?? and other applications.?! Despite the
considerable degree of customization in GQDs utilizing
various dopants, high sensitivity, and selectivity are critical
tasks in sensing applications.?® In recent years, the func-
tionalization of fluorescent nanoparticles such as GQDs
has been described as offering an improved presentation
for the detection of interest analytes.”* In short, green-
made GQDs with appropriate functionalizing agents have
been described for sensing applications?>?® that furnish
advanced sensing performance. In this light, the selectivity
for the analyte of interest in the involvement of various in-

terfering agents has been explained as acceptable for func-
tionalizing agents.?>?>2® More importantly, the design of
surface functionalized S/N-dGQDs for sialic acid sensing
in milk-based products has yet to be released. As a result,
the synergistic benefits of surface functionalized S/N-
dGQDs may grant increased sensitivity and selectivity
than the previously published techniques.

Therefore, the current study presents a simplistic,
highly sensitive, highly selective, green-made, and stable
Boro-S/N-dGQDs-based fluorescence sensor for sialic
acid detection in milk products. In summary, the hydro-
thermal approach was adopted to achieve a green synthe-
sis of S/N-dGQDs as a fluorescent agent, with bone meal
serving as both a green precursor and a dopant source.
Subsequently, the generated S/N-dGQDs were functional-
ized with boronic acid, and fluorescence analysis con-
firmed enhanced fluorescence compared to the S/N-
dGQDs. FT-IR, PXRD, HR-TEM, XPS, Raman, zeta
potential, fluorescence research, and other techniques
were employed to verify the successful synthesis of S/N-
dGQDs and Boro-S/N-dGQDs. The sialic acid sensing us-
ing Boro-S/N-dGQDs exhibited a proportional connec-
tion to fluorescence quenching. It demonstrated a wide
linear concentration range and a detection limit of 50 ng/
mL for sialic acid. Moreover, it displayed significant an-
ti-interference potential, attributed to the interaction of
sialic acid-containing 1,2-diol with a hydroxyl group of
Boro-S/N-dGQDs. Consequently, the study confirmed the
synergistic effect of dopants and functionalizing agents
used in GQDs to enhance fluorescence sensor perfor-
mance for sialic acid detection, surpassing previously re-
ported approaches. At last, the different local milk prod-
ucts were analyzed confirming the real-time applications
of the proposed sensor for the detection of sialic acid.
Overall, Boro-S/N-dGQDs offer several advantages, in-
cluding enhanced sensitivity, excellent selectivity, superior
stability, eco-friendliness, cost-effectiveness, simplicity,
and more, which will pave the way for future monitoring
safety of milk-based products.

2. Materials and Methods
2. 1. Materials

The bone meal was collected from the local market in
Shirpur, Maharashtra, India. Sialic acid (C;;H;oNOs,
N-acetylneuraminic acid, Mol. Wt: 309.27 g/mol] was pur-
chased from Tokyo Chemical Industry Co. Ltd. Chennai,
Tamil Nadu, India. 4-carboxyphenylboronicacid (C;H;BOy;
4-CPBA; Mol. Wt: 165.94 g/mol] was purchased from To-
kyo Chemical Industry Co. Ltd. Chennai, Tamil Nadu, In-
dia. The citric acid (C4HgOy; 2-hydroxypropane-1,2,3-tri-
carboxylic acid; Mol. Wt: 192.12 g/mol], sodium chloride
(NaCl), uric acid, ferric chloride (FeCl;), magnesium sulfate
(MgS0O,), and potassium chloride (KCl), etc. were pur-
chased from Loba Chemie Pvt. Ltd. Mumbai, India. Double
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distilled water (DDW) was purchased from Ranchem Pvt.
Ltd. India. For this research work, all chemicals and reagents
were utilized exactly as they were obtained.

2. 2. Methods

2. 2. 1. Synthesis of Bare GQDs

In this work, the synthesis of bare GQDs was per-
formed utilizing a previously published method. In brief, 2
g citric acid was added to 30 mL of DDW. After that, the
resulting solution underwent a hydrothermal procedure in
a stainless steel autoclave coated with Teflon. In this case,
the temperature of the operation was sustained at 160 °C
for 8 h in a programmed hot air oven (Bio-Technics In-
dia)'¢. Following the completion of the hydrothermal pro-
cedure, the yellow-colored GQDs solution was filtered us-
ing 022 um membrane filter paper. Herein, cold
centrifugation was used to concentrate the filtrate at 14000
rpm for 45 min at 20 °C. After this, a freeze-drying proce-
dure was used to finish the drying. Finally, bare GQDs
were employed to validate fluorescence amplification fol-
lowing doping and functionalization of GQDs.
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Hydrothermal
Process

Bone meal powder

Boro-S/N-dGQDs

Scheme 1: Synthesis of Boro-S/N-dGQDs from bone meal-derived S/N-dGQDs from bone meal powder

4- carboxyphenyl boronic acid

2. 2. 2. Green Synthesis of S/N-dGQDs

In this step, the green synthesis of S/N-dGQDs was
completed from bone meal. In brief, bone meal (1 g) was
blended in a glass beaker carrying 50 mL of DDW. Follow-
ing this, the produced dispersion was exposed to a sin-
gle-step hydrothermal procedure in a stainless steel auto-
clave lined with Teflon. The hydrothermal procedure was
carried out for 9 h at 160 °C in a laboratory vacuum oven.!®
In this part of the process, the initially produced disper-
sion of bone meal was altered to a dark brown color. Next,
filtration was performed on the treated dispersion using
0.22 um membrane filter paper. Then, the filtrate was con-
centrated using cold centrifugation at 14000 rpm for 45
min at 20 °C. Last, the freeze-drying method was em-
ployed to dry up the produced S/N-dGQDs.?”

2. 2. 3. Synthesis of Boro-S/N-dGQDs

In this step, the synthesis of fluorescent Boro-S/N
-dGQDs was accomplished (Scheme 1) for the detection of
sialic acid. In short, 4 mL of S/N-dGQDs (100 ng/mL) and
phosphate-buffered solution (PBS, pH 7.4) were appropri-
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ately mixed (1:1). After that, the solution was treated with
24 mg of 4-CPBA to form Boro-S/N -dGQDs. Here, the
resulting mixture was incubated at room temperature for 3
h with constant stirring at 100 rpm. Followed by, the ob-
tained Boro-S/N-dGQDs were filtered using a membrane
filter whereas the filtrate was dialyzed for 48 h against PBS
(pH 7.4) in a dialysis bag (Mol Wt. cut-off: 3500 Da) to
provide pure Boro-S/N -dGQDs.23 At last, the freeze-dry-
ing method was employed to dry the produced Boro-S/N-
dGQDs.

2. 2. 4. Characterizations of Bare GQDs,
S/N-dGQDs, Boro-S/N-dGQDs

The ultraviolet-visible (UV-Vis) spectrophotometer
(UV 1800 Shimadzu, Japan) was chosen to ensure the syn-
thesis of bare GQDs, S/N-dGQDs, and Boro-S/N-dGQDs
using a quartz cuvette (width: 1 cm) and a scanning wave-
length range of 200 nm to 800 nm. The fluorescence study
of bare GQDs, S/N-dGQDs, and Boro-S/N-dGQDs was
performed using a UV cabinet (Southern scientific lab in-
strument, India) and spectrofluorometer spectrophotome-
ter (Jasco, FP-8200, Japan). In addition, the excitation and
emission of Boro-S/N-dGQDs were reported using a spec-
trofluorometer. The excitation wavelength-dependent
emission of Boro-S/N-dGQDs was measured by altering
the excitation wavelength (range 310 nm — 370 nm) using
a spectrofluorometer. The Fourier transform infrared (FT-
IR, Bruker, ALPHA II Compact FT-IR Spectrometer)
spectrophotometer was used to confirm the functionality
presentinbare GQDs, S/N-dGQDs, and Boro-S/N-dGQDs.
In FT-IR analysis, the samples were scanned from a range
of 600 nm to 4000 nm with 22 scans. The particle size, zeta
potential, and polydispersity index (PDI) of obtained na-
nomaterials bare GQDs, S/N-dGQDs, and Boro-S/N
-dGQDs were assessed using a particle size analyzer (Nan-
oPlus3, Micromeritics, USA). The crystalline nature of
prepared modified nanomaterials was evaluated using a
powder X-ray diffractometer (Bruker Kappa Apex II). The
elemental composition of bone meal was confirmed using
Energy-dispersive X-ray analysis (EDAX, Jeol/OXFORD
XMX N). (EDAX)The Raman analysis of S/N-dGQDs and
Boro-S/N-dGQDs was completed using via Raman spec-
troscopy (Renishaw). The X-ray photoelectron spectrosco-
py (XPS, Physical Electronics, PHI 5000 Versa Probe III)
was used to verify the surface functionality of S/N-dGQDs
and Boro-S/N-dGQDs. The particle size and morphology
of S/N-dGQDs and Boro-S/N-dGQDs were validated us-
ing high-resolution-transmission electron microscopy
[HR-TEM, Joel/JEM 2100] in which LaBg light was pre-
ferred as an electron gun.

2.2. 6. pH-dependent Fluorescence Stability

In this step, the impact of pH on the fluorescence
property of Boro-S/N-dGQDs was confirmed. At first, the

Boro-S/N-dGQDs (100 ng/mL) were freshly prepared us-
ing DDW as a stock. After this, 5 mL of Boro-S/N-dGQDs
was added into a separate test tube for further analysis.
Herein, different pH (range from pH 3, 5, 7, 9, and 11) of
Boro-S/N-dGQDs was adjusted using 1 M NaOH and 1 M
HCI. Afterwards, the solutions were kept for 30 min at be-
low 25 °C temperature. Finally, the impact of pH on the
fluorescent property of Boro-S/N-dGQDs was assessed
using a spectrofluorometer at A,,,, of 360 nm (excitation
wavelength). After this, the UV cabinet was preferred to
inspect the change in fluorescence of the Boro-S/N-dGQDs
sensor under different lights such as visible light, short
wavelength (., = 254 nm), and long wavelength (A, =
365 nm). As well, pH-based fluorescence correlation was
verified via zeta potential analysis.

2. 2. 7. Determination of Percent Quantum Yield
(% QY)

In this study, the % of QY of bare GQDs, S/N-
dGQDs, and Boro-S/N-dGQDs was calculated using the
formerly reported method.26 The ‘% QY’ of bare GQDs,
S/N-dGQDs, and Boro-S/N-dGQDs was determined us-
ing the following Equation 1,

_ (Gradx)(nx) )
Py = Pyt Grad,,) \n.,

In this equation 1, ‘¢’ denotes the QY. As well, the
subscripts 'x' and 'st' stand for a test and standard, accord-
ingly. The ‘n’ denotes the refractive index (RI) of solvents.

2. 2. 8. Sensing of Sialic Acid

At first, Boro-S/N-dGQDs (100 pg/mL) were pre-
pared freshly for sensitivity application. In concisely, 5 mL
of prepared Boro-S/N-dGQDs was added into each test
tube as a fluorescent sensing probe for the recognition of
sialic acid. Then, the selected range of sialic acid concen-
tration from 50 ng/mL to 1000 ng/mL was prepared using
pH 7.4 phosphate buffer in a separate sample tube. The
first concentration of sialic acid was added into the Boro-
S/N-dGQDs and then it was kept aside for 10 min to com-
plete the reaction. After this, the probe was subjected to a
fluorescence study to verify the suppression of fluores-
cence of Boro-S/N-dGQDs. Similarly, different concentra-
tions of sialic acid were added to the probe solution to ob-
tain the linearity. Finally, the relation of concentration of
sialic acid vs fluorescence quenching of Boro-S/N-dGQDs
was investigated. As well, the limit of detection (LOD) and
limit of quantification (LOQ) was assessed using slope and
standard deviation. Equation 2 and Equation 3 were used
for LOD and LOQ measurements.?®

6

LOD =33 (m) (2)

LOQ = 10(%) 3)
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2. 2. 9. Selectivity, Stability, and Reproducibility
Analysis

In this study, different interfering agents were pre-
ferred to confirm the selectivity of designed Boro-S/N
-dGQDs for sialic acid in the complex sample containing
agents. In brief, diverse types of interfering agents such as
NaCl, KCl, uric acid, MgSO,, and ferric chloride were add-
ed into the separate test tube containing pH 7.4 phosphate
buffer (100 ng/mL). After this preparation step, 100 pL of
each interfering agent was added to the 5 mL of Boro-S/N-
dGQDs in a separate test tube. After 10 min, each sample
was examined for change in fluorescence using a spectro-
fluorometer (n = 3). Similarly, 100 ng/mL of sialic acid
(100 pL) was added to the 5 mL of Boro-S/N-dGQDs to
compare the selectivity in the presence of other interfering
substances. In addition, the stability of fluorescence of
Boro-S/N-dGQDs was studied at different time points at
25 °C. Similarly, the stability analysis of Boro-S/N-dGQDs
as a sensor in the presence of sialic acid was confirmed. In
this study, 100 ng/mL of sialic acid was added to the 5 mL
of Boro-S/N-dGQDs sensor solution (n = 3). After com-
pletion of the redox reaction, the sensor was subjected to
confirm the fluorescence quenching at different time in-
tervals at controlled room temperature (25 °C). After this
analysis, the reproducibility of the anticipated Boro-S/N-
dGQDs-based fluorescent sensor was confirmed. In brief,
100 ng/mL of sialic acid was added to the 5 mL of Boro-
S/N-dGQDs (n = 6) in triplicate. This sensor was exam-
ined for fluorescence quenching in the occurrence of the
same concentrations of sialic acid. Here, the percent rela-
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tive standard deviation (% RSD) was calculated to confirm
the stability and reproducibility of the Boro-S/N-dGQDs
sensor for the recognition of sialic acid.

2. 2. 10. Real-time Analysis of Sialic Acid

The real-time analysis of sialic acid in local milk-
based products, such as cheese, flavored milk, yogurt, and
butter was accomplished using a designed fluores-
cence-based Boro-S/N-dGQDs sensor. In brief, the milk
products were collected from the North Maharashtra state.
After that, 10 mg of each milk-based product (cheese) was
mixed with dilute hydrochloric acid (45 mM) in separate
50 mL of water in a glass beaker for 75 min at 80 °C. Here,
hydrolyzation using dilute hydrochloric acid gives the free
form of sialic acid from their conjugates.29 Next, 0.1 mL of
the sample was added to the test containing 5 mL of Boro-
S/N-dGQDs (n = 3), separately. After 5 min, the fluores-
cence of the sensor was monitored to ensure the quench-
ing of fluorescence due to the presence of sialic acid in the
milk product. At last, the sialic acid concentration was
calculated using a calibration curve containing the slope
and intercept. A similar method was used for other report-
ed milk products such as yogurt, butter, and flavor milk29.

3. Results and Discussion

The bone meal underwent PXRD and EDAX analy-
ses (Figure S1). In Figure S1A, the diffractogram revealed

Figure 1: (A) UV Vis spectra of bare GQDs, S/N-dGQDs, and Boro-S/N-dGQDs. (B) UV cabinet pictures of bare GQDs, S/N-dGQDs, and Boro-
S/N-dGQDs at visible light (i), short wavelength (A,,,,, = 254 nm-ii), and long wavelength (A, = 365 nm-iii).
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sharp intense peaks at 20 values of 19.94°, 20.64°, 23.56°,
26.38°, 32.32°,40.19°, 47.28°, etc., indicating its crystalline
nature. The EDAX spectrum in Figure S1A displayed the
elemental composition of the bone meal, showing the
presence of carbon (C), nitrogen (N), oxygen (O), phos-
phorus (P), sulfur (S), and calcium, constituting 40.77
wt%, 12.84 wt%, 9.49 wt%, 1.08 wt%, 3.45 wt%, respective-
ly. In summary, EDAX analysis confirmed the diverse ele-
mental composition present in the bone meal.

3. 1. UV Vis Spectroscopy

Figure 1A represents the UV Vis spectra of bare
GQDs, S/N-dGQDs, and Boro-S/N-dGQDs. In brief, the
green-prepared GQDs showed two absorption peaks.
Herein, the peak at 215 nm confirmed the - ©* transition
of C=C while the peak at 335 nm indicates the n-* of
-C=0 and -OH. Overall, it verifies the presence of carbox-
ylic functional groups in bare GQDs. In the second spec-
tra, the UV Vis spectrum of S/N-dGQDs showed the peaks
at 222 nm while it also demonstrates the decreased ab-
sorption peaks around 292 nm (n-m* transition of C=C
bond) and 330 nm (n-n* transition of C=N, -C=0 and
-OH). Therefore, it confirmed the presence of amine and
carboxylic functionality on the surface of doped GQDs. As
well, the no absorption peak for S’ at near about 550 nm to
595 nm was found, which may be because of the identical
electronegativity of ‘C’ and ‘S. In conclusion, it confirmed
the synthesis of S/N-dGQDs using a bone meal via the hy-
drothermal method.?®3! In the case of third spectra, the
UV Vis absorption spectra of Boro-S/N-dGQDs displayed
two peaks around wavelengths 226 nm and 340 nm, which
are ascribed to the m-m* and n-m* transitions of carboxylic
and amine functionality, respectively. In these spectra, the
reduction in peak intensity at 292 nm was obtained which
may be because of structural changes. Furthermore, the
shift in UV absorption peaks from 222 nm and 330 nm to
226 nm and 340 nm was obtained, which may be because
of functionalization using 4-CPBA. Overall, the UV Vis
analysis confirmed the synthesis of Boro-S/N-dGQDs.

3. 2. Fluorescence study of GQDs,
S/N-dGQDs, and Boro-S/N-dGQDs

Figure 1B depicts the fluorescence of bare GQDs us-
inga UV cabinet. In brief, the freshly prepared solutions of
bare GQDs, S/N-dGQDs, and Boro-S/N-dGQDs were
analyzed for changes in fluorescence in different lights. In
brief, bare GQDs exhibited no color (transparent), faintly
blue, and blue fluorescence at visible light, short wave-
length (A, = 254 nm), and long wavelength (A,,, = 365
nm), respectively.2® Figure 1B displays the pictures of the
S/N-dGQDs in different lights. In concise, it shows a slight
orange color, green luminescence, and prominent blue flu-
orescence in the visible range, short wavelength (A, =
254 nm), and long wavelength (., = 365 nm), respec-

tively. At this instant, it confirmed the significant incre-
ment in the fluorescence behavior of S/N-dGQDs. Figure
1B demonstrates the fluorescence behavior of Boro-S/N-
dGQDs in different lights. In brief, it shows the orange
color, greenish-orange fluorescence, and bright bluish flu-
orescence under visible light, short wavelength (A, = 254
nm), and long wavelength (A,,,, = 365 nm), respectively.
Here, the functionalization of S/N-dGQDs using 4-CPBA
offered a boost in the fluorescence property of Boro-S/N-
dGQDs more than the S/N-dGQDs and bare GQDs. In a
nutshell, this study confirmed the functionalization of
S/N-dGQDs. After confirmation of fluorescence changes
of prepared bare GQDs, S/N-dGQDs, and Boro-S/N
-dGQDs, the spectrofluorometer was preferred to ensure
the fluorescence characteristic of bare GQDs, S/N-dGQDs,
and Boro-S/N-dGQDs. In brief, the diverse types of mod-
ification strategies such as doping and functionalization of
bare GQDs resulted in the boost in fluorescence properties
of GQDs. The % QY was found to be 8.9 %, 25.36 %, and
68.69 % for bare GQDs, S/N-dGQDs, and Boro-S/N
-dGQDs, accordingly. Herein, the augment in % QY of
Boro-S/N-dGQDs confirmed the improvement in optical
properties such as the fluorescence of the sensor. Figure
2A depicts the excitation wavelength-dependent emission
spectra of Boro-S/N-dGQDs. In brief, the change in ex-
citation wavelength from 310 nm to 350 nm resulted in a
shift in the emission wavelength of Boro-S/N-dGQDs to-
wards a longer wavelength. At an excitation wavelength of
360 nm, it demonstrated an intense emission peak at 425
nm. After an increment in excitation wavelength from 360
nm to 370 nm, the reduction in emission peak with a slight
shift towards a longer wavelength was obtained. Overall,
the excitation and emission of Boro-S/N-dGQDs were ob-
tained at 360 nm and 425 nm, respectively (Figure 2B).
Figure 2C displays the fluorescence behavior of GQDs,
S/N-dGQDs, and Boro-S/N-dGQDs. Here, there was a
significant difference in the fluorescence behavior of Boro-
S/N-dGQDs obtained as compared to the S/N-dGQDs
and bare GQDs. Interestingly, it may be because of the
combined benefits of S’ and ‘N’ atom doping in graphitic
structure as well as the functionalization of S/N-dGQDs
using 4-CPBA. Overall, Boro-S/N-dGQDs presented a
highly fluorescent sensing system for the revealing of in-
terest analytes that can assist in improving sensitivity pa-
rameters.

3. 3. pH study of Boro-S/N-dGQDs

The UV cabinet study of Boro-S/N-dGQDs at differ-
ent pH at longer wavelength light (A_,,, = 365 nm) reveals
the changes in fluorescence behavior. Figure 3A illustrates
the UV cabinet pictures of Boro-S/N-dGQDs at different
pH ranges. In brief, the change in pH from pH 3 to pH 5
displayed an increase in the fluorescence intensity of Boro-
S/N-dGQDs. On the contrary, the adjustment in pH from
pH 9 to pH 11 demonstrated the reduction in fluorescence
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Figure 2: (A) Excitation wavelength dependant emission of Boro-S/N-dGQDs. (B) Excitation and emission spectra of designed Boro-S/N-dGQDs.
(C) Fluorescence comparison of bare GQDs, S/N-dGQDs, and Boro-S/N-dGQDs

intensity of Boro-S/N-dGQDs. As well, at pH 7, Boro-S/N-
dGQDs displayed a high fluorescent intensity. The impact
of different pH ranges on the fluorescence property of de-
signed Boro-S/N-dGQDs may be because of protonation
and deprotonation. In conclusion, it confirmed the impact
of pH on the fluorescence characteristics of Boro-S/N
-dGQDs. After qualitative confirmation, the quantitative
confirmation of pH impact on fluorescence was confirmed
using a spectrofluorometer. Later, the impact of pH of flu-
orescence of Boro-S/N-dGQDs was examined using a
spectrofluorometer (Figure 3B). In concisely, the fluores-
cence spectra revealed a rise in fluorescence after adjusting
the pH from the acidic range (pH 3 to pH 5). At pH 7, the
fabricated Boro-S/N-dGQDs sensor disclosed a higher flu-
orescence intensity. After that, with the change in pH from
pH 9 to pH 11 (basic), there was a reduction in fluores-
cence intensity of the Boro-S/N-dGQDs sensor. Possibly,
the protonation or de-protonation and aggregation of the
Boro-S/N-dGQDs may be responsible for the pH-based

changes in the fluorescence properties of Boro-S/N
-dGQDs.32 Figure 3C disclosed the impact of pH on the
zeta potential of the Boro-S/N-dGQDs sensor solution. In
concisely, the zeta potential of the Boro-S/N-dGQDs sen-
sor was found to be + 30.58 mV, and + 15.28 mV, for pH 3,
and pH 5, accordingly. After changes in pH from the neu-
tral to the basic, the zeta potential of Boro-S/N-dGQDs
was obtained to be -34.8 mV, -26.4 mV, and -39.88 mV at
pH 7,9, and 11, respectively. In this, the change in the zeta
potential of Boro-S/N-dGQDs with respective adjusted
pH of solution confirmed the protonation and deprotona-
tion of carboxylic functionality present in the exterior of
Boro-S/N-dGQDs. As well, it ensured the good stability of
designed Boro-S/N-dGQDs in an aqueous environment.

3. 4. Zeta Potential and Particle Size Analysis

The zeta potential of nanomaterials is measured
to ensure their stability in a particular solvent solution.
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Figure 3: Impact of pH on fluorescence behavior of Boro-S/N-dGQDs. (B) Fluorescence spectra of Boro-S/N-dGQDs in different pH solutions. (C)

Zeta potential of Boro-S/N-dGQDs at different pH

Figure 4 depicts the zeta potential of bare GQDs, Boro-
S/N-dGQDs, and Boro-S/N-dGQDs.?* In concisely the
zeta potential of citric acid-produced bare GQDs was
determined to be -31.79 mV. As a result, it proved that
the negative zeta potential was due to the presence of
carboxylic functionality on the surface of GQDs, such
as carboxyl, hydroxyl, epoxy, etc. It also ensured the
stability of GQDs in the aqueous system. The zeta po-
tential of S/N-dGQDs was also discovered to be -20.96
mV. Here, the decrease in zeta potential is caused by
the incorporation of 'N' and 'S' into the graphitic struc-
ture of GQDs. Furthermore, it demonstrated the stabil-
ity of S/N-dGQDs in aquatic environments. Boro-S/N-
dGQDs had a zeta potential of -19.62 mV after
the functionalization of the S/N-dGQDs. As a result, it
implies that Boro-S/N-dGQDs are stable in specific
solvent systems.

3. 5. FT-IR Spectroscopy Analysis

Figure 5A displays the FT-IR spectrum of bare
GQDs, S/N-dGQDs, and Boro-S/N-dGQDs. In brief, the
peak intensity at 3236 cm™!, 1637 cm™!, 1524 cm™!, 1445
cm™, 1395 cm™!, and 1233 cm™! indicates the OH stretch-
ing, C=O0 stretching, aromatic C=C stretching, OH bend-
ing, C-O stretching of COOH, and C-O-C stretching vi-
brations, respectively. Hence, it confirmed the presence of
carboxylic functionality in citric acid-made bare GQDs.
The peak intensity at 3186 cm™!, 3045 cm™!, 1680 cm™},
1355 cm™}, and 1170 cm™! confirmed the OH/NH, stretch-
ing, -CH stretching, C=0 stretching, C-N stretching, and
C-S stretching vibrations, respectively. On the whole, the
FT-IR analysis confirmed the presence of carbon, oxygen,
nitrogen, and sulfur-based functionality in S/N-dGQDs.
The peak intensity at 3275 cm™!, 2975 cm™!, 1700 cm™},
1555 cm™!, 1338 cm™, 1254 cm™}, and 1170 cm™ desig-
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Figure 4: Zeta Potential analysis of (A) bare GQDs, (B) S/N-dGQDs, and (C) Boro-S/N-dGQDs

nates the -OH/NH stretching, C-H stretching, C=0
stretching, C-N stretching, B-O-H bending, C-O-C
stretching, and C-S stretching vibrations, respectively.
Opverall, FT-IR analysis confirmed the synthesis of Boro-
S/N-dGQDs.
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3. 6. Powder X-ray Diffraction (PXRD)

In this work, PXRD analysis ensured the fabrication
of the graphitic architecture of S/N-dGQDs and Boro-S/
N-dGQDs. In brief, Figure 5B reveals the diffractogram of
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Figure 5: (A) Overlay of FTIR spectra of overlay of bare GQDs, S/N-dGQDs, and Boro-S/N-dGQDs. (B) Diffractogram of S/N-dGQDs and Boro-

S/N-dGQDs
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S/N-dGQDs in which a wide diffraction peak was ob-
tained at 20 = 19.25° and 23.69°.3° Here, it confirmed the
occurrence of S/N-dGQDs in the amorphous form of a

graphene-like structure. Possibly, the doping of the ‘N’ and
‘S’ components in graphitic structure enhanced the lattice
voids and structural defects. The diffractogram of Boro-S/
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Nangare et al.: Nanoprobe for Sialic Acid Sensing ...



76

Acta Chim. Slov. 2024, 71, 66-83

N-dGQDs is presented in Figure 5B. It displays the peaks
at 20 = 17.70°, 24.19°, 28.70°, 29.99°, 31.02°, 32°, 34.31°,
35.52°,36.72°, 38.74°, 40.87°, 46.04°, 46.74°, 47.29°, 50.54°,
55.36° 59.05°, 60.36° and 66.75°. Here, the crystallinity of
S/N-dGQDs was increased after functionalization by
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4-CPBA ('d spacing: 0.36). Possibly, the functionality of
4-CPBA provides the separation of graphitic flakes that
may part in a boost in the crystalline nature of the sensor.
Overall, it confirmed the synthesis of Boro-S/N-dGQDs
from S/N-dGQDs.
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3. 7. X-Ray Photoelectron Spectroscopy

Figure 6 represents the XPS spectra of S/N-dGQDs.
The survey scan spectrum showed the peaks at binding en-
ergy 159.5 eV, 285 eV, 400.5 eV, and 531.5 eV for ‘S2p, Cls,
N1s, and Ols; respectively. Hence, it confirmed the pres-
ence of S, C, N, and ‘O’-based functionality in S/N-
dGQDs.** In brief, ‘Cls’ deconvoluted high-resolution
peaks showed the binding energies at 284.48 eV, 285.33 eV,
and 288.43 eV for C=C, C-O/C-N, and O-C=0 respective-
ly. As a result, it assured the presence of carbon-based
functionality in S/N-dGQDs. The ‘Ols’ deconvoluted
high-resolution XPS spectra demonstrated the intensity

peaks at binding energies of 531.71 eV and 532.67 eV for
C-OH and C-O-C, respectively. Hence, it confirmed the
existence of oxygen-based functionality in S/N-dGQDs.
The S2p° deconvoluted high-resolution XPS spectra
showed peaks at binding energies of 163.48 eV and 163.53
eV for C-S (S2py,) and C-S (S2p;),), respectively. Hence, it
verified the doping of the ‘S element into the graphitic
structure of GQDs. The ‘N1s” high-resolution peaks illus-
trated the binding energies at 399.92 eV for N-H that en-
sured the presence of ‘N’ in graphitic frameworks of
GQDs. In conclusion, the XPS analysis of S/N-dGQDs val-
idated the synthesis of heteroatom-doped GQDs from

Figure 8: HR-TEM images of (A, B) S/N-dGQDs and (C, D) Boro-S/N-dGQDs
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bone meal. Figure 7 represents the XPS spectra of Boro-S/
N-dGQDs. The survey scan spectrum of Boro-S/N-dGQDs
displayed the major peaks at near about 154 eV, 192.5 eV,
284 eV, 399 eV, and 531.5 eV indicating the S2p, Bls, Cls,
N1s, and Ols, respectively. Hence, it confirmed the occur-
rence of ‘Bls, S2p, Cls, N1s, and O1s’ after the functional-
ization of S/N-dGQDs.* In brief, the ‘S2p’ deconvoluted
high-resolution XPS spectra demonstrated the peaks at the
binding energies of 164.05 eV and 168.49 eV for -SO;H
and -SH, respectively. The ‘B1s’ deconvoluted high-resolu-
tion XPS spectra disclosed the peaks at binding energies of
190.99 eV, 193.07 eV, and 192.15 eV for B-N, C-B-N, and
B-O, respectively. Therefore, it confirmed the functionali-
zation of S/N-dGQDs using 4-CPBA. In short, the ‘Cls’
deconvoluted high-resolution XPS spectra revealed the
binding energies at 284.88 eV, 287.42 eV, and 295.36 eV for
C-C, C-N, and C-B-N, respectively. The ‘O1s” deconvolut-
ed high-resolution XPS spectra showed the peaks at 532.11
eV for O-B and C-O confirming the presence of oxy-
gen-based functionality. In addition, the ‘N1s’ deconvolut-
ed high-resolution XPS spectra endow with the peaks at
binding energies of 399.95 eV and 401.36 eV for N-B and
N-C, respectively. Consequently, it confirmed the func-
tionalization of S/N-dGQDs using 4-CPBA.

3. 8. HR-TEM Analysis

The particle size and shape of S/N-dGQDs and Boro-
S/N-dGQDs were confirmed using HR-TEM analysis. In
brief, Figures 8A and B displayed the HR-TEM images of
S/N-dGQDs. In this, the average particle size of S/N-
dGQDs was found to be less than 10 nm. As well, the shape
of S/N-dGQDs was found to be spherical with proper dis-
tribution in the aqueous system. Overall, it confirmed the
synthesis of nanosized and non-aggregated S/N-dGQD.*®
Figures 8C and D illustrate the HR-TEM image of Boro-
S/N-dGQDs. Here, the average particle size of Boro-S/N-
dGQDs was found to be upto 20 nm. As well, it depicts the
spherical shape along with homogenous dispersion in an
aqueous environment. Here, the increase in average parti-
cle size of Boro-S/N-dGQDs was obtained from the S/N-
dGQDs which may be because of the decoration of
4-CPBA on the surface of S/N-dGQDs. Taken as a whole,
the HR-TEM analysis proved the synthesis of nano dimen-
sion and uniform distribution of Boro-S/N-dGQDs from
bone meal.

3. 9. Raman Spectroscopy

Figure 9 depicts the Raman spectra of as-synthe-
sized S/N-dGQDs and Boro-S/N-dGQDs. In brief, the
Raman spectra of S/N-dGQDs revealed the two bands
namely the D’ band and the ‘G’ band at near about
1327.77 cm™! and 1583.39 cm™! respectively. The ratio of
the intensity of the ‘D’ band and the ‘G’ band (Ip/Ig) was
obtained to be 1.64. Here, the disordered structure of the

‘D’ band is related to hetero-atom doping faults and size
reduction. On the contrary, the crystal-like character of
carbon material is accompanied by the ‘G’ band.*¢37 In
the case of Raman spectra of Boro-S/N-dGQDs, the ‘D’
band, and the ‘G’ band were obtained at 1327.70 cm™!
and 1587.44 cm™!, respectively. The ratio of Ip/Ig (Ip/
Ig:1.14) was found to be reduced than the S/N-dGQDs,
which may be because of the functionalization of S/N-
dGQDs, surface using 4-CPBA.*%37 Overall, the Raman
analysis confirmed the synthesis of S/N-dGQDs and
Boro-S/N-dGQDs.
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Figure 9: Raman spectra of S/N-dGQDs and Boro-S/N-dGQDs.

3. 10. Sensing of Sialic Acid using
Fluorescence-Based Boro-S/N-dGQDs

In this step, sialic acid was detected using a fabricat-
ed highly fluorescent Boro-S/N-dGQDs sensor. To begin,
different concentrations of sialic acid were incubated in a
separate test tube containing the Boro-S/N-dGQDs sen-
sor. Here, the reaction between sialic acid and 4-APBA of
functionalized doped GQDs was achieved. As an output,
the screening of fluorescence of the Boro-S/N-dGQDs
sensor in the occurrence of sialic acid revealed fluores-
cence quenching. Similarly, an increase in sialic acid con-
centration has a directly proportional relationship with
fluorescence suppression of the Boro-S/N-dGQDs sensor
(Figure 10A). The linearity range (y = 6.71x + 0.1089, R? =
0.99) of sialic acid appears here from 50 ng/mL to 1000 ng/
mL (Figure 10B). The LOD and LOQ for sialic acid were
then determined to be 6.04 ng/mL and 14.81 ng/mL, re-
spectively. It ensured that the doping of heteroatoms like
‘N’ and S as well as the boronic acid functionalization of
GQDs, provides increased sensitivity to sialic acid. In
terms of sensing, the Boro-S/N-dGQDs sensor provides
boronic acid functional groups on the surface. Important-
ly, it generates a reversible covalent contact with sialic acid.
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Table 1: Summary of SA detection using fluorescence-mediated sensing methods

Sr.No.  Material used Method used LOD Linearity range Ref.
1. Boronic acid Spectrofluorimetric 54 uM 80 UM to 4000 uM 40
functionalized carbon dots
2. Gold nanoparticles Colorimetric 68 uM 80 UM to 2000 uM 4
3. - Liquid chromatography 0.003 mg/ mL 0.1 pg/mL to 10 pg/mL 2
fluorescence detection
4. - Spectrophotometric 0.239 mg/mL 1 mg/mL to 10 mg/mL 3
5. Zirconium metal-organic Spectrofluorimetric 0.15 uM 1 uM to 100 uM 44
framework
6. Boro-S/N-dGQDs Spectrofluorimetric 6.04 ng/mL 50 ng/mL to 1000 ng/mL  Present work
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Figure 10: (A) Fluorescence spectra of sialic acid concentrations based on quenching of Boro-S/N-dGQDs fluorescence. (B) Graph of linear corre-
lation between concentrations of sialic acid and fluorescence of Boro-S/N-dGQDs. (C) Selectivity study of Boro-S/N-dGQDs (probe) for sialic acid
(SA) in the presence of interfering agents

As aresult, it aids in modulating the fluorescence intensity 3. 11. Selectivity Study and Other Analytical

of the Boro-S/N-dGQDs sensor.3%3° Table 1 summarizes Parameters
the comparison of formerly reported methods for sensing To verify the anti-interference potential of the
sialic acid. Boro-S/N-dGQDs sensor, the selectivity study was per-
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Figure 11: (A) Schematic representation of sensing of sialic acid using designed Boro-S/N-dGQDs based fluorescence turn ‘On-Off” sensor. (B)
Fluorescence stability of Boro-S/N-dGQDs. (C) Sensor stability of Boro-S/N-dGQDs after the addition of sialic acid at different intervals. (D) Repro-

ducibility study of Boro-S/N-dGQDs for detection of sialic acid (n = 6).

formed using different interfering agents. Figure 10C il-
lustrates the selectivity potential of the Boro-S/N-dGQDs
sensor for sialic acid in the occurrence of interfering sub-
stances. In short, it verifies the fluorescence quenching of
the Boro-S/N-dGQDs sensor after the addition of sialic

acid. On the contrary, there was no response was found
for the addition of the mentioned interfering molecules.
Moreover, the addition of sialic acid with a mixture of
interfering agents did not demonstrate a significant
change in fluorescent intensity than the Boro-S/N-dGQDs
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sensor with a sialic acid response. Importantly, the fabri-
cated Boro-S/N-dGQDs sensor demonstrated the high
selectivity for sialic acid only due to the esterification re-
action between boronic acid-containing functional
groups and sialic acid. After this, stability and reproduci-
bility analysis was performed as an important analytical
parameter of the sensor. The scheme of the detection
mechanism for sialic acid using a highly fluorescent
Boro-S/N-dGQDs sensor is revealed in Figure 11A. In
brief, the boronic functional group of prepared Boro-S/
N-dGQDs formed the cyclic ester with a sialic acid-con-
taining dial group that may be the possible reason for the
quenching of fluorescence behavior of Boro-S/N-dGQDs.
At first, the fluorescence stability (Figure 11B) was per-
formed in the absence of sialic acid wherein it proved
good stability for up to 6 days (n = 3). After this, a decline
in fluorescence intensity was obtained, which may be be-
cause of the protonation or deprotonation of Boro-S/N-
dGQDs in the solution. As well, the Boro-S/N-dGQDs
sensor stability was performed with sialic acid (Figure
11C). Herein, the addition of sialic acid into the fluores-
cent Boro-S/N-dGQDs sensor shows the quenching of
fluorescence. The stability study ensured that the slight
recovery of suppressed fluorescence of Boro-S/N
-dGQDs-SA was found after 48 h. Hence, it confirmed
the good stability (% RSD: 0.0068%) of Boro-S/N
-dGQDs-SA samples. The reproducibility analysis of the
Boro-S/N-dGQDs sensor provided the 0.0067% of %
RSD (less than 5) confirmed good reproducibility (Figure
11D). Overall, the designed Boro-S/N-dGQDs-based flu-
orescent sensor exhibited high sensitivity, high selectivi-
ty, good stability, and reproducibility for the recognition
of sialic acid. In the future, there is a need to conduct
spiked sample analysis and preclinical studies to ensure
the practical applicability of the proposed Boro-S/N
-dGQDs fluorescent-mediated sensor for sensing sialic
acid.

3. 12. Real-time Analysis of Sialic Acid

The real-time analysis of sialic acid in local milk-
based products was accomplished using a fluorescence
Boro-S/N-dGQDs sensor. In summary, the total amount
of sialic acid in cheese and butter was found tobe 11 + 1.10
ng/mL and 7.5 = 1.85 ng/mL, respectively. Similarly, the
analysis of flavored milk and yogurt confirmed the pres-
ence of 6.4 + 2.41 ng/mL and 9.74 + 2.14 ng/mL of sialic
acid, respectively.? In conclusion, the Boro-S/N-dGQDs
sensor confirmed the presence of sialic acid in milk prod-
ucts of north Maharashtra, India. In the future, there is a
need to explore the reported Boro-S/N-dGQDs on a larger
scale for the detection of sialic acid in different milk prod-
ucts. Furthermore, the validation of the proposed sensor
using another method is needed for the detection of sialic
acid.

4. Conclusion

This work aimed to construct an extremely luminous
Boro-S/N-dGQDs sensor for highly sensitive and selective
detection of sialic acid in milk-based products. In concise,
the bone meal was effectively used as both a dopant and
precursor in the single-step hydrothermal synthesis of
S/N-dGQDs, resulting in improved fluorescence com-
pared to bare GQDs. Subsequently, 4-CPBA was used to
functionalize the surface of S/N-dGQDs, leading to even
higher fluorescence levels than S/N-dGQDs alone. Next,
the spectral study confirmed the formation of stable, na-
nosized, spherical Boro-S/N-dGQDs with appropriate
functional groups required for sialic acid detection. Upon
the addition of sialic acid to Boro-S/N-dGQDs, the fluo-
rescence exhibited a 'turn ON-OFF' behavior, providing a
wide linear range from 50 ng/mL to 1000 ng/mL and a re-
duced detection limit of 6.04 ng/mL in phosphate buffer at
pH 7.4. The sensor also demonstrated strong selectivity for
sialic acid due to the interaction of sialic acid-containing
1,2-diol with a hydroxyl group of Boro-S/N-dGQDs. Fur-
thermore, the Boro-S/N-dGQDs design exhibited high
stability and repeatability. The real-time analysis con-
firmed the presence of sialic acid in cheese, butter, flavored
milk, and yogurt, thus affirming the practicality of the de-
signed Boro-S/N-dGQDs sensor for detecting and moni-
toring sialic acid in milk-based products. In conclusion,
Boro-S/N-dGQDs offer a highly selective, sensitive, sim-
plistic, eco-friendly, and cost-effective platform for sens-
ing sialic acid in milk-based products. However, before
their application in milk product analysis, further confir-
mation using Boro-S/N-dGQDs will be necessary in the
future.
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Povzetek

Detekcija sialne kisline v mle¢nih proizvodih z naprednimi senzorji je klju¢na v Zivilski industriji. Namen predstavljene-
ga dela je uporaba grafenskih kvantnih pik, pridobljenih iz kostne moke, dopiranih z zveplom in dusikom ter funkcional-
iziranih z boronsko kislino (Boro-S/N-dGQDs) kot nanosenzorji za dolo¢anje sialne kisline. Nanodelce S/N-dGQDs smo
funkcionalizirali s 4-karboksifenilboronsko kislino z namenom izbolj$anja flurescen¢nih lastnosti senzorja za dolo¢anje
sialne kisline. Vezavo boronske kisline na povr$ino S/N-dGQD smo potrdili z razli¢nimi spektralnimi metodami karak-
terizacije. Dodatek razli¢nih mnozin sialne kisline je povzro¢il proporcionalno korelacijo s fluorescenénimi lastnostmi.
Meritve kazejo $iroko linearno obmod¢je od 50 ng/mL do 1000 ng/mL in mejo dolo¢ljivosti 6.04 ng/mL. Metoda izkazu-
je tudi dobro selektivnost, najverjetneje zaradi interakcije med 1,2-diolom sialne kisline in hidroksilno skupino Boro-
S/N-dGQDs nanosenzorja. Pripravljeni senzor kaze dobro stabilnost in ponovljivost. Analize sialne kisline v razli¢nih
mle¢nih proizvodih v realnem ¢asu potrjujejo uporabnost senzorjev na osnovi Boro-S/N-dGQDs.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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