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Abstract

Nitrogen doped carbon quantum dots (NCQDs) were synthesized via hydrothermal route. The NCQDs are thermally and
optically stable with high flouresence yield. For the synthesis of NCQDs, citric acid and urea was taken as carbon and nitrogen
sources, respectively. The Transmission Electron Microscopy (TEM) of these quantum dots revealed nearly spherical shape and
average size of 1.5 nm, which was calculated using Image J software. The quantum dots were also well-characterized using
spectroscopic techniques such as FTIR, UV-Visible absorption and fluorescence. These synthesized and characterized dots were
utilized for selective detection of lactose in Milli Q water. The bioprobe provide a wide linear range varying from (10.00-77.41)

puM with limit of detection 11.36 pM and sensitivity equal to (0.0065 +0.0002) M
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Introduction

Lactose (disaccharide) is an important ingredient of milk and
milk products. A large number of people are suffering from
lactose intolerance cannot digest lactose easily [1, 2]. The
lactose intolerant people suffer from (-galactosidase
(Lactase) deficiency are prime cause of lactose indigestion
[3]. The undigested lactose causes several problems such as
abdominal pain, bloating, loose stool and flatulence [4—6].
This widespread problem can be controlled to a large extent

Ranjana Singh and Anjali Yadav contributed equally to this work.

Highlights

« Sensitive and selective detection of lactose using fluorescent bioprobe.
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by precise measurement of the quantity of lactose and subse-
quently reducing the lactose amount.

Earlier, enzymatic spectrometry [7], polarimetery, cryo-
scopic techniques [8], ion exchange chromatography [9, 10]
are used to evaluate the quantity of lactose present in milk and
other dairy products. However, these methods have inherent
limitations such as time consuming, low sensitivity and lack
of stability as well as expensive.

Recently, electrochemical biosensors based on conducti-
metric [11, 12], amperometric [13], potentiometric techniques
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have been reported for selective detection of lactose.
However, preparation of electrodes in electrochemical method
is very tedious and involves multistep process such as exten-
sive pretreatment (polishing, surface contamination like oxi-
dation) of the electrode. Fluorescent sensors are highly sensi-
tive, simple, reproducible and selective [14—16]. Nitrogen
doped carbon quantum dots (NCQDs) have large fluorescence
quantum Yyield and they can be used in bioimaging [17-19]
and detection of various heavy metal ions and toxins [17, 18,
20-27].

In the present work a thermally and optically stable
NCQDs were prepared through hydrothermal method and
they were characterized by transmission electron microscopy
(TEM), Fourier-transform infrared (FTIR), UV-Visible ab-
sorption and fluorescence (both steady state and time-
resolved) fluorescence spectroscopic techniques. The
NCQDs were then immobilized with Lens culinaris 3-galac-
tosidase (Lsbgal) for the selective detection of lactose into
Milli Q water.

Experimental Section
Materials

N-hydrooxysuccinimide (NHS), N-ethyl-N-(3-
dimethylaminopropyl) carbodiimide (EDC), bovine serum al-
bumin (BSA), citric acid, urea, and other chemicals of analyt-
ical grade with 99% purity used in this work were procured
from Sigma-Aldrich, India. Lens culinaris seeds were pur-
chased from agriculture seed store. The chemicals and buffers
required for extraction of enzyme were procured from Merck
Eurolab GmbH Darmstadt, Germany. All reagents and mate-
rials used in chromatography, Size-Exclusion
Chromatography FPLC column (Superdex-200) (GE
Healthcare) and molecular marker were purchased from
Sigma (St. Louis, MO, USA). Milli Q (Millipore, Bedford,
MA, USA) water with resistance of more than 18 M{Q.cm
was used throughout the experiment.

Enzyme Preparation

(-Galactosidase was isolated and purified from Lens culinaris
seeds by the following published procedure [28].

Synthesis of Nitrogen Doped Carbon Quantum Dots
(NCQDs) Via Hydrothermal Route

The NCQDs were synthesized by hydrothermal route using
citric acid and urea as carbon and nitrogen source, respec-
tively. In the previous work, microwave assisted green
method was used with same precursors [15]. First of all
transparent, clear and colorless solution of citric acid and
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urea with concentration 1 mM and 3 mM, respectively, were
prepared in the Mili Q water and subsequently these solu-
tions were transferred into a teflon tube. The tube containing
this solution was autoclaved for 12 h at 200 °C and at atmo-
spheric pressure. After this time duration, the colorless so-
lution gets converted into brown color and cooled down to
room temperature. The solution obtained finally was centri-
fuged at 12,557 g for 30 min to separate the uniform sized
quantum dots.

Immobilization of Lens culinaris B-Galactosidase
(Lsbgal) onto NCQDs

The conjugation of Lsbgal and NCQDs was performed via
amide condensation between the carboxylic group of
NCQDs and primary amine of enzyme as per N-
hydrooxysuccinimide/N-ethyl-N-(3-dimethylaminopropyl)
carbodiimide (EDC/NHS) chemistry [15, 29]. Briefly,
NCQDs, EDC (10 p1, 1 mg/ml) and NHS (10 pl, 1 mg/ml)
were mixed to actuate COOH groups of NCQDs. Thereafter,
BSA (1 ul; 1 mg/ml) has been added to block the non-specific
sites of the fluorescent bioprobe [29]. Then Lsbgal (100 ng),
freshly prepared (25 mM, Sodium phosphate buffer, pH 6.7)
was added into EDC/NHS/BSA activated NCQDs and incu-
bated at room temperature for ~12 h. Formation of covalent
bond between NH, functional groups of Lsbgal and COOH
groups of NCQDs [17] has been observed. It was experimen-
tally confirmed through FTIR spectrum of NCQDs/Lsbgal.
Schematics of immobilization of Lsbgal on highly fluorescing
and thermally stable NCQDs treated with EDC/NHS and BSA
along with sensing of lactose via steady state fluorescence
quenching mechanism (static quenching) in Milli Q water
has been depicted in Scheme 1.

Material Characterizations

The size and morphologies of the NCQDs were determined
using Transmission Electron Microscopy (TEM). FTIR stud-
ies was performed on Spectrum 65 FTIR spectrometer, Perkin
Elmer using KBr pellet techniques. The optical properties of
NCQDs were recorded using UV-Visible (Lambda 25 UV-
Visible spectrometer, Perkin Elmer) and fluorescence spectro-
scopic techniques. Emission, excitation spectra and fluores-
cence decay profiles were recorded using fluorescence spec-
trophotometer (Edinburg FL 900) with spectral slit widths
2 nm for both the excitation and the emission monochroma-
tors. The excitation source was xenon lamp for emission and
excitation profile and light emitting diode (LED) with a low
full width at half-maximum at fixed excitation wavelength ~
369 nm for time decay measurements.
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Scheme 1 EDC/NHS/BSA
treated and subsequently Lsbgal
immobilized NCQDs fluorescent
bioprobe and detection of lactose
in Milli Q water using steady state
fluorescence spectroscopic
techniques with mechanism of
reduction in the intensity of the
fluorescent bioprobe.

at 300 nm on
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Results and Discussion

As shown in Scheme 2, NCQDs were selected as a
fluorophores. The obtained NCQDs exhibited abundant car-
boxylic groups, which was activated by EDC/NHS chemistry
and subsequently modified with enzyme.

Characterization of NCQDs

NCQDs were synthesized via typical hydrothermal method
using urea and citric acid. The size, morphology and
photophysical properties were characterized, respectively. As
shown in TEM images [Fig. S1(a), supplementary material]
showed almost spherical shape of NCQDs (highlighted with
yellow color) with an average size ~1.5 nm [Fig. S2(a), sup-
plementary material]. The selected area electron diffraction
(SAED) pattern showed the amorphous nature of NCQDs,
shown in left corner inset Fig. S1(a), [supplementary materi-
al]. The UV-Visible absorption spectrum of NCQDs dispersed
in the phosphate buffer solution (PBS, 25 mM, pH ~ 6.7) has

Scheme 2 Schematic to prepare
fluorescent bioprobe modifying
NCQDs treated with EDC/NHS/
BSA and subsequently
immobilized with (3-galactosidase

(25 mM, pH 6.7)

been shown by blue color in Fig. S1(b), [supplementary ma-
terial]. The UV-visible absorption bands at 275 nm and
300 nm corresponds to 7t-7t* of the C=C, n-7t* transition of
the C=0 bond present in NCQDs, respectively [15, 30]. The
NCQDs exhibited maximum fluorescence emission centered
at 400 nm shown in brown color Fig. S1(b), [supplementary
material]. It was recorded at 300 nm excitation wavelengths.
Corresponding excitation spectrum has been represented with
green color [Fig. SI1(b)]. It was obtained at fixed emission
maximum at 400 nm wavelength. Effects of different excita-
tion wavelengths [300—330 nm] on the emission spectra of
NCQDs have been also studied which showed that an increas-
ing excitation wavelength emission maxima slightly shifted
towards higher wavelength Fig. S2(b)]. This excitation-
dependent fluorescence properties associated with NCQDs
may be attributed due to different sizes and distribution of
the different surface states [23, 31]. The two-dimensional
(2D) fluorescence intensity map of NCQDs is depicted in
Fig. S1(c), [supplementary material] as a function of fluores-
cence emission wavelength (A.,.) under different excitation

EDC/NHS * * * *
BSA B -galactosidase

NCQDs dispersed in PBS

Fluorescent
bioprobe
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wavelengths (A.,.) varying from 300 nm to 330 nm. The po-
sition of maximum intensity of emission spectra of NCQDs is
represented with white circle shown in Fig. S1(c) [supplemen-
tary material]. The international commission on illumination
(CIE) map software was used to determine the emission-
colors of NCQDs. It gives emission blue color (0.18, 0.40)
of the fluorescence spectra at the excitation wavelength
300 nm Fig. S1(d) [supplementary material]. The optical im-
ages of NCQDs dispersed in PBS, under white light (left) and
UV lamp of wavelength 365 nm (right) have been shown in
the inset of Fig. S1(d) [supplementary material]. Under UV-
lamp illumination the NCQDs also provides the blue color
which strongly supports the color observed with CIE map.

Characterization of Bioprobe (NCQDs-Lsbgal)

To confirm the successful conjugation of NCQDs-Lsbgal UV-
Visible absorption and FTIR studies was carried out as shown
in [supplementary material, Figs. S3(a) and (b)].

The UV-Visible absorption spectra of NCQDs, NCQDs/
EDC/NHS, NCQDs/EDC/NHS/BSA and NCQDs/EDC/
NHS/BSA/Lsbgal have been shown in Fig. S3(a) [supplemen-
tary material] which showed typical peak at 280 nm in case of
NCQDs/EDC/NHS/BSA/Lsbgal. FTIR spectra for NCQDs,
Lsbgal and NCQDs/Lsbgal shown in Fig. S3(b) [supplemen-
tary material] by blue, green and violet colors, respectively.
Both result implies the successful conjugation of NCQDs and
enzyme.

Steady State and Time Domain Fluorescence Studies
of NCQDs and Modified NCQDs

Fluorescence spectra of NCQDs (violet color) (5 ul of
NCQDs dispersed in 2 ml PBS) and successively modified
NCQDs with EDC/NHS (green color), EDC/NHS/BSA
(brown color) and EDC/NHS/BSA/Lsbgal (blue color) were
recorded at similar excitation wavelength 300 nm. These

(a) (b)

spectra have been shown in Fig. 1(a). Gradual decrease in
the intensity was monitored at successive steps of fluorescent
biosensor preparation. The reduction in the intensity is also
represented on bar graph in the inset of Fig. 1(a). An important
parameter fluorescence quenching efficiency defined as Fy/F
[here F( = fluorescence intensity of NCQDs and F = fluores-
cence intensity of the modified NCQDs at successive steps] is
depicted in Fig. 1(b). The parameter Fyo/F gives a linear re-
sponse at different stages of biosensors preparation which
might be due to static or dynamic quenching. The mechanism
of reduction in intensity, time domain fluorescence measure-
ments were carried out using light emitting diode (LED) of
369 nm excitation wavelength [Fig. S4]. NCQDs contain
three life times which were also observed with modified
NCQDs. The first life-time changes at each step while other
two remain almost unchanged after second step [Table S1]
[supplementary material]. An important parameter To/T
[where T, = life-times associated with NCQDs and T = life-
times with modified NCQDs] was calculated for these three
life-times. For first life-time this parameter [black color]
changes at each step whereas for other two life-times after
second step remain constant [Ty/T for second life-time repre-
sented by red color and for third with green color]. These
parameters are also provided in the form of Table S1 [supple-
mentary material]. Reduction in the intensity could be attrib-
uted due to dynamic and static quenching in the excited and
ground states, respectively.

Detection of Lactose

These optically characterized fluorescent biosensors were
employed to detect various concentration of lactose prepared
in Milli Q water. From 0.2 mM stock solution of
lactose 10 uM was added to the fluorescent probe incubated
at 58 °C for 10 min as temperature is an important parameter
for catalytic activity of enzyme. Thereafter fluorescence
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Fig. 1 (a) Fluorescence spectra of NCQDs (violet color), NCQDs/EDC/
NHS (green color), NCQDs/EDC/NHS/BSA (red color) and NCQDs/
EDC/NHS/BSA/Lsbgal (blue color) excited at 300 nm (b) Fluorescence
quenching efficiency of the modified NCQDs excited at similar
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Fig. 2 (a) Fluorescence emission spectra of fluorescent bioprobe [blue
color] and after the addition of various concentration of lactose (10,
19.04, 27.27, 34.78, 41.66, 48.00, 53.84, 59.25, 64.28, 68.96, 73.33,
77.41 uM) prepared in phosphate buffer 25 mM at pH 6.7 [blue color]

spectrum was recorded at 300 nm excitation wavelength and
continued at similar excitation wavelength 300 nm by adding
diverse amounts of lactose [10—77.41 uM] prepared in Milli Q
water. The fluorescence spectrum of bioprobe with different
concentration of lactose is depicted in Fig. 2(a). The UV-
visible absorption spectrum of bioprobe with different concen-
tration of lactose (10-77.41 uM) is depicted in Fig. S5 (sup-
plementary material) which showed that fluorescence intensi-
ty of the probe declines on adding diverse amounts of lactose
[from Fig. 2(a)]. The linear response of quenching efficiency
(Fo/F) versus concentrations of lactose has been shown in Fig.
2(b). The linear nature of the graph indicates towards static
quenching. In order to verify this mechanism of reduction in
the fluorescence intensity, its time domain fluorescence mea-
surements were done with excitation at 369 nm [Table S1 &
Fig. S6]. The lifetimes of probe and probe with lactose at
different concentrations were observed to be almost unaffect-
ed which confirmed that the nature of quenching is static. At
each step, decay lifetime of probe and probe with different
concentrations of lactose [10-77.41 uM] have been recorded
and a graph is shown by red color for 1o/t [Where T, is decay
lifetime for probe and T is decay lifetime for each step of
addition different amount of lactose, excited at 369 nm, Fig.
2(c)]. This parameter is found to be more or less constant
which suggest the presence of static quenching on adding
different amount of lactose.

The linear part graph shown in (Fig. 2b) upto 77.41 uM
was fitted and presented in Fig. 2(c). The linear equation

Lactose concentration in Mili Q water (uM)

Lactose concentration in Mili Q water (uM)

(b) The dependence of Fy/F on the concentration of lactose prepared in
phosphate buffer(25 mM, pH 6.7) within the range of [10-77.41 uM] (c)
Dependency of To/T on the concentration of lactose prepared in Milli Q
water in the range of [10-77.41 uM]

giving best fit has intercept (1.0471+0.01451) and slope
(0.0065 +0.0002) 1M '. The values of linear correlation co-
efficient [R?] and standard deviation [SD] for the close-fitting
linear curve are 0.990 and 0.024 Fig. 2(c). The limit of detec-
tion [LOD] was estimated to be 11.36 uM [32]. It has been
calculated based on three times the standard deviation [SD]
rule [LOD =3*SD/m], where m is the slope of the linearly
fitted graph [15, 32]. The sensitivity was observed to be equal
to (0.0065 +0.0002) uM ' which has been determined by the
slope of the linearly fitted graph Fig. 2(c). The parameters
observed with fluorescent bioprobe were compared with other
detection methods and represented in the form of Table 1.

Reproducibility, Selectivity and Stability
of the Fluorescent Biosensor

In order to verify the reproducibility, four fluorescent biosen-
sors were prepared under similar conditions and treated at
58 °C for 10 min. Fluorescence spectra were recorded at same
excitation wavelength at 300 nm. The fluorescence intensity
of four sensors is shown by blue bar in Fig. 3(a) and that of the
fluorescent biosensor treated at 58 °C by green bar in Fig. 3(a).
Thermal stability was monitored at each step of probe prepa-
ration and data for first three steps are included in the supple-
mentary material in Fig. S7. The fluorescence intensity of
these two sets of the four probes was same with average error
~2.5% Fig. 3(a).

Table 1 Sensing characteristic of proposed fluorescent bioprobe NCQD/EDC/NHS/BSA/Lsbgal are compared with some reports in literature
Detection techniques for lactose detection ~ Detection Range Detection sensitivity limit ~ Stability References
Conductometric biosensor 60-800 uM 5 days (operational stability)  [11]
Ampherometeric biosensor 44-339 uM 3 days without stabilizers [33]
Ampherometeric biosensor 200-20,000 uM [34]
Biosensor based on AC Electrophoresis Linear range upto 14 mM - [35]

Fluorescent bioprobe biosensor 10.00-77.41 uM

11.36 uM

4 weeks Present work

@ Springer
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Fig. 3 (a) Fluorescence Intensity of the four fluorescent bioprobes (navy
blue color bar)/fluorescent bio-probes (treated at 58 °C, green color bar)
prepared under similar conditions and excited at similar wavelength
300 nm (b) Fluorescence Intensity of the fluorescent bioprobe and its
complex with sub 1(lactose) and sub 2 (4-methyl-umbelliferyl-o-D-

The assay was based on enzyme specificity for lactose.
Therefore, high catalysis is expected. Fluorescence intensity
of the probe (control) and probe with two different substrates
were measured at same excitation wavelength 300 nm for
lactose (85.71 uM named as subl) and 4-
methylumbelliferyl-oc-D-galactopyranosoide (85.71 uM
named as sub2). The fluorescence response of the probes on
adding same concentration of lactose and 4-
methylumbelliferyl-o-D-galactopyranosoide shown in Fig.
3(b). On adding same concentration of both substrates resulted
in decrease of fluorescence intensity of the probes as shown in
Fig. 3(b) It is clearly evident from graph that on adding 4-
methylumbelliferyl-«-D-galactopyranosoide (85.71 uM)
there is only 30.06% reduction in fluorescence intensity while
addition of lactose (85.71 uM) results in 41.44% decrease in
PL intensity of the probe Fig. 3(b). Stability of the enzyme
modified bioprobe was recorded at an equal interval once in a
week upto five weeks by monitoring fluorescence spectra.
Intensity decrease by ~2.22 and 9.05% at the end of 4th and
Sth weeks, respectively. The value of average error was below
~2.5%, which has been shown by error bar in Fig. 3(c). This
result showed good stability fluorescent bioprobes upto 4th
week.

Conclusions

Thermally and optically stable biosensor to detect the trace
amount of lactose was fabricated using fluorescence proper-
ties of NCQDs. The NCQDs were synthesized by hydrother-
mal process, COOH groups were activated by adding EDC/
NHS and the non-specific sites were blocked by BSA. The
Lsbgal that binds with lactose was covalently attached to the
probe via EDC/NHS cross-linking chemistry. At every stage
of probe preparation a heat treatment at 58 °C for 10 min was
given to achieve maximum yield. The probe prepared in this
way was mixed with lactose (10-77.41 uM) and the reduction
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Fig. 3(0)
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galactopyranoside) each having concentration 85.71 uM at Ay =
300 nm (c¢) Variation of fluorescence response of a fluorescent bioprobe
with respect to time for stability determination of the probe at regular
interval of one week excited at 300 nm wavelength

in fluorescence intensity was noted. The quenching efficiency
is linear with concentration that gives a detection range 10—
77.41 uM with detection limit 11.36 uM. The minimum de-
tection limit achieved in this biosensor is far more improved
than the earlier proposed bioprobe. This bioprobe has addi-
tional advantage of being thermally as well as optically stable.
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