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Abstract

Photoluminescence(PL) nano-biosensors that can be used for accurately and reliably monitoring
pH and vitamin hold a great promise in biology and medicine. Herein, a high quantum yield of 16%
saccharomyces-derived N-doped carbon dots (s-N-CDs) was synthesized through a simple and
one-pot microwave-assisted hydrothermal approach. The produced s-N-CDs are an excellent
multi-functional biosensor for the applications of pH sensing and vitamin probing. Fluorescence
intensity and fluorescence lifetime dramatically increases with pH decreasing from 14 to 2.
Moreover, the fluorescence intensity presents highly reversible abilty from 13 to 2 without any
profound attenuation after ten consecutive circles. More importantly, the CDs prepared herein are
sound option for assaying cobalamin (VB 12) based fluorescence resonance energy transfer
(FRET) with a superior low detection limit of 2.19 pM.
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1. Introduction

Biosensor is an analytic device consisting of a biological unit and a selective detector to
convert biological responses into electronical signals[1]. Owing to its superior selectivity,
high sensitivity, fast analysis, and low-cost features, biosensor has attracted ample interest
from both academia and industry over the past decades[2-6]. It is well recognized that
different biological organs, tissues and cells have their specific survival pH ranges in the
human body. As such, it is of great importance to enable reliable and accurate monitoring
of organs and intracellular pH values[7-8]. In addition, some elements in the human body
also play a crucial role in human health. For instance, Vitamin B protects our livers against
excess alcohol intake[9]. When the deficiency in supplies of such key vitamins takes place,
acute or chronical damages may be incurred to liver[10]. Therefore, development of an
accurate monitoring system regarding vitamins supplies is highly desired.

To address such technical issues, the prevalent option is non-contact sensor, in particular
fluorescence sensor that exhibits a broad range of applications in recent years. The fluorescence
intensity or fluorescence life changes are a key indicator of some biological activities of
organism[11]. A larger number of nanomaterials have been produced as biosensor
components, such as, functionalized CdS quantum dots for probing tumor cells[12], and

AuC@urease nanoparticles for selective detection of urea in blood[13], organic fluorescent
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molecules used for analysing amyloid beta aggregates[14]. These sensor components are
mainly consisted of organic fluorescent molecules or semiconductor quantum dots.
However, severe concerns were raised over the safety of such nanosize materials in
physiological environment[15, 16].

Carbon dots (CDs) are an emerging material for such biosensor device, which
outperform other nanomaterials in low toxicity[17], high cost-effectiveness[18-22] and
strong photoluminescence[23-25]. CDs are defined as well dispersed, spherical, spherical
fluorescent carbon nanoparticles of less than 10 nm in diameter[26]. A variety of synthetic
approaches have been proposed for CDs, including top-down strategies of arc
discharge[27], laser ablation[28] and electrochemical oxidation[29], and bottom-up
techniques of combustion[30], hydrothermal treatments[31] and pyrolysis[32].
Heteroatoms can also be doped with CDs to perform functions for various needs. Though
research on CDs has been boosted in a larger number of practical applications in recent
years[33-39]. It is challenging to develop a simple, rapid and cost-effective approach to
synthesize CDs with a high yield rate for mass production.

Herein, we prepare N-doped fluorescent CDs with several cheap and green non-toxic
fungus biomass raw materials (i.e. saccharomyces, lactobacillus, bacillus brevis, bacillus
lateraporus and brevibacterium) and ethylenediamine in the role of water solvent through a
one-shot microwave-assisted method. To employ the superior photoluminescence of
saccharomyces synthesized CDs (s-N-CDs) for biosensing applications, the preparation,
properties and applications of s-N-CDs are systematically studied in this paper. The
prepared s-N-CDs perform a multifunctional role in detecting both pH variations and
concentration of Vitamin B 12 in a selective way with a high resolution. Our results could
provide new guidance for the design and development of functional CDs for the next
generation of high-performance photoluminescence-based biosensor devices.

2. Material and methods

2.1. Materials

Ethylenediamine was purchased from Shanghai Sinopharm Chemical Reagent Co. Ltd.,
China. Saccharomyces, lactobacillus, bacillus brevis, bacillus lateraporus, brevibacterium
were purchased from Shandong Sukahan Co. Ltd. Cobalamin, biotin, pyridoxine,
calpanate, nicotinic acid, thiamine hydrochloride, were purchased from Shanghai energy
chemical Co. Ltd., China. CdCl,, CrCl;, CuCl,, FeCl;, KCI, NaCl, NiCl,, PbCl,, glycine,
L-alanine, L-threonine and L-serine are purchased from Sigma-Aldrich, Ltd. Dialysis bags
were purchased from Shanghai Yuanye Bio-Technology Co. Ltd., China.

2.2. Methods

2.2.1. N-doped CDs

Water-soluble N-CDs were prepared through a one-pot microwave hydrothermal method.
Typical steps of experiment are described as follows: saccharomycetes (0.4000 g) and
ethanediamine (5 mL) were dissolved in deionized water (15 mL). Then, the mixture was
transferred to a microwave oven(ETHOS ONE, ITALY), and heated up to and held at 200
°C for 3 h. After naturally cooling down to room temperature, raw products were obtained.
Finally, after dialyzing (MW = 500-1000) for 24 hours, the s-N-CDs solution was obtained.
(The other four types bacteria-derived CDs were produced through the same synthetic
procedures).



2.2.2. pH probing
A certain quantity of NaOH or HCI solution was added into 1 mL dialyzed s-N-CDs
solution. Values of pH were read with pH meter. Fluorescence spectra and fluorescence
lifetime of s-N-CDs solution with varying pH values (1-14) (A, = 460 nm, A, = 380 nm)
were recorded through a spectrofluorophotometer.
2.2.3. Vitamin detection
Two mL dialyzed s-N-CDs solutions was diluted with 1 mL phosphate buffered saline (PBS,
pH = 7.4). Various vitamins B (VB 1, VB 3, VB 5, VB 6, VB 7, VB 12), common metal
cations and amino acid of 1 mM were added into the above diluted s-N-CDs solution,
respectively and the corresponding fluorescence intensity was measured. For the detection
of VB 12, a number of concentrations of VB 12 (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100
uM) were mixed with the s-N-CDs solution, and the respective responsive fluorescence
spectra were recorded (Aex = 380 nm).
2.2.4. Characterization
TEM images were obtained by using an FEI Tecnai G2 S-Twin microscope with a
field-emission gun operated at 200 kV. FTIR spectra were recorded with a Bruker IFS
66v/S FTIR spectrometer. Ultraviolet-visible (UV—vis) absorption spectra were measured
with a Shimadzu UV-2450 UV-vis spectrophotometer. X-ray diffraction (XRD) were
carried out on a Rigaku D/Max 2500 diffractometer with a graphite monochromator using
Cu Ko radiation operating at 200 mA and 40 kV. X-ray photoelectron spectroscopy (XPS)
was conducted on an ESCALAB 250 spectrometer with a mono X-ray source with Al Ka
excitation (1486.6 eV). Binding energy calibration was based on C s at 284.7 eV.
Fluorescence emission and excitation spectra of the products were measurand with an
Edinburgh Instruments FLS 920.
2.2.5. Fluorescence lifetime measurements
The fluorescence lifetime of the resultant s-N-CDs were measured by the following
equation:

Y(t) = Ajexp(=t/s1) + Arexp(—t/sy), Aj+A,=1
Where s, s, are decay time constants[40]. A; and A, stand for the percentage of s; and s,
in total decay lifetime.

=At,2+A07 / (At +Asts)
Where 1 is the average lifetime of the photoluminescence decay[41-43].
3. Results and discussion
3.1. Synthesis and characterization of the N-doped C-dots
We have demonstrated that microwave-assisted hydrothermal conditions facilitate the
growth of N-doped CDs (N-CDs). Five distinct carbon sources (i.e. saccharomyces,
lactobacillu, bacillus brevis, bacillus lateraporus and brevibacterium) were employed to
react with ethylenediamine in water at 200 °C for 3 h, respectively. Of these, the N-CDs
made from saccharomyces exhibited excellent photoluminescence properties and a narrow
size distribution range, which is the research focus in the following parts. Morphology,
structure and size distribution of s-N-CDs were characterized by TEM (Fig. 1a). In general,

the s-N-CDs displaying a spherical or nearly spherical shape were well-dispersed with an
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average diameter of 2.9 nm based on no less than 200 measurements of individual
nanoparticles (Fig. S1, ESIT). TEM images (Fig. S2, ESIT) indicate that the same type of
carbon source also synthesized small size carbon dots. XRD pattern (Fig. 1b) exhibits a
typical broad peak at 24.9°, which is attributed to the diffraction of the (002) lattice
plane[44]. Two broad peaks at 1360 cm™ and 1580 cm™ could be seen from Raman
spectrum (Fig. 1¢), which are in correspondence to D band (sp’- hybridized) and G band
(spz-hybridized), respectively. The most intensive peak is D1 band, which appears at 1360
cm”' and corresponds to a graphitic lattice vibration mode with A, symmetry. The G
(“‘Graphite””) band at around 1580 cm™' corresponds to an ideal graphitic lattice vibration
mode with E,, symmetry[38]. It is proved that s-N-CDs have a certain degree of
graphitization. Moreover, FTIR spectra of s-N-CDs and saccharomycetes (Fig. 1d) reveal
that a strong absorption band centered at about 3295 cm™ is assigned to the stretching
vibrations of N-H or O-H[45]. The absorption peaks located at 1550 cm™ and 1423 cm™
may attribute to the Amide II bending and C-N stretching, respectively[39]. The existence
of carboxylic groups can be proved by the =C—H bending for trans at 997 cm’' and C=0
stretching at 1659 cm’'[46].

XPS characterization (Fig. 2a) demonstrates that C (291.6 eV), N (399.7 ¢V) and O
(531.6 eV) are the main elements of s-N-CDs, Si and S are the minor. Si 2p peak at 101.8
eV is assigned to the presence of four-valent silicon (Si—O/Si—C). S 2p peak at 407.0 eV is
attributed to the presence of C—SOx. The three fitted peaks at 284.7, 286.0 and 287.9 eV in
C 1s spectrum (Fig. 2b) can be attributed to C—C/C=C (sp2 carbons), C-O/C-N (sp3
carbons) and C=0, respectively[47]. The peaks of N 1s spectrum (Fig. 2¢) located at 399.7
eV correspond to C-N-C and 401.3 eV are assigned to N-H. O 1s spectrum (Fig. 2d)
indicates the presence of C=0O and C-O, respectively. These results demonstrate that
s-N-CDs are composed of abundant elements and surface-modified with various functional
groups (carboxyl, amino, hydroxyl, imino and amide bonds), which agrees with FTIR
results (Fig. 1d). UV-vis absorption spectrum (Fig. 3a) displays a broad absorption band
with peaks centered at 281 nm (carbonic corecentre) and 340 nm (surface/molecule center).
Due to the Mie scattering of nanosize particles, high energy tail in visible region
occurs[48]. Inset of Fig. 3a depicts the s-N-CDs exposed to daylight (left) is colorless
while exhibits a bright blue color under UV light (A, = 365nm, intermediate). s-N-CDs are
feasible fluorescent inks for printing with sharp and visible patterns. As the excitation
wavelength increases from 260 to 480 nm, the emission peak shifts towards red zones (Fig.
3b). This excitation dependent fluorescence behavior may be attributed to the wide
distribution of differently sized s-N-CDs and surface chemistry or different emissive
traps[11, 27-29]. The other CD couterparts have similar properties (Figs. S3 and S4, ESIY).
s-N-CDs have an absolute quantum yield of up to 16%, whilst the other four N-CDs also
have desirable optical properties. (Table. 1, ESI{). The calculated CIE (Fig. 3c)
corresponds to the emission diagram (Fig. 3b) with an excitation wavelength number at
380 nm and an emission wavelength number at 460 nm. To elucidate the fluorescence
mechanism of s-N-CDs, fluorescence lifetime measurement was performed (Fig. 3d) and
the average lifetime is 6.84 ns. The decay curve can be fitted to biexponential functions

Y (t) based on nonlinear least-squares analysis.



To evaluate their potentional for the expected applications in vivo, we investigated the
influence of UV irradiation, temperature and ionic strength on the fluorescence stability of
s-N-CDs. To study the anti-bleaching performance, s-N-CDs solutionwas placed under UV
irradiation (Aex = 365 nm) for 30 min, during which the fluorescence intensities of the
s-N-CDs solution were recorded every 30 s. No significant changes in color of the
s-N-CDs (Fig. 4a) and only a slight variation in the corresponding photostability (Fig. 4b)
were indentified, which indicates an excellent anti-bleaching ability of s-N-CDs. P is the
fluorescence intensity per measurement. Py is the original fluorescence intensity which is
measured at 25 °C, pH = 7.4 and not irradiated by the UV lamp. ( All of the P, covered in
this paper is at the same condition).

Similarly, to touch the base of temperature effect, fluorescence intensity of s-N-CDs
solution was recorded at an interval of 8 °C (2 — 80 °C). As shown in Fig. 4c, the location
of the fluorescence emission peak remains and the fluorescence intensity of the
corresponding color is changed slightly with increasing temperature. Photostability study (Fig.
4d) shows that s-N-CDs have a desirable thermal stable ability. To investigate the ionic strength
effect, fluorescence intensity of s-N-CDs solution was recorded every 100 mM (0 - 1 M). The
fluorescence intensity was substantially unchanged (Fig. 4e) and no drops are seen in the
corresponding photostability on the whole (Fig. 4f), which indicates that photoluminescence
intensity of the s-N-CDs is not independent of ionic strength of the solution. s-N-CDs maintain a
high degree of stability in a variety of environments, suggesting a strong potential for practical
applications in vivo.

3.2. Fluorescence responses of s-N-CDs towards pH

It is evident that fluorescence intensity and fluorescence lifetime are closely correlated with
pH of the s-N-CDs solutions. As shown in Fig. 5a, when pH of s-N-CDs solutions decrease
from 14 to 2, fluorescence intensity increases a lot, but fluorescence emission peak position
remains unchanged. There is a large color difference between the s-N-CDs of pH = 13 and
pH = 2 under 365 nm irradiation (Fig. 5b). Furthermore, the reversibility of such a
pH-switched operation is reproducible. As shown in Fig. 5 (¢) and (d), pH values of
s-N-CDs solutions can be adjusted cycling from pH = 2 to pH = 13 using HCI] and NaOH,
and the fluorescence switching operation can be repeated over ten consecutive cycles
without profound fluorescence degradation. The strong optical responses to pH variations
of s-N-CDs solutions, may be attributed to the protonation-deprotonation of the surface
state with amide and carboxyl groups, under acidic conditions, where s-N-CDs exist as
non-aggregated and dispersed substances. However, under alkaline conditions s-N-CDs may
aggregate due to the formation of intermolecular hydrogen bonds, and lead to fluorescence
quenching[49, 50].

Fluorescence lifetimes as a function of temperature (2-80 °C) and pH were evaluated to clarify
the optical responses of s-N-CDs to the changes of temperature and pH (Fig. 6a-c). A constant
fluorescence lifetime emerges with increasing temperature. In contrast, the s-N-CDs exhibit
extraordinary performance as a fluorescence lifetime-based pH sensor (Fig. 6d-f). When pH value
of s-N-CDs solutions is adjusted from 1 to 14, fluorescence lifetime decreases from 14.00 to 6.01
ns. Obviously, the fluorescence lifetimes of s-N-CDs are selective and sensitive to pH. It should

be noted that there will be good prospects for nanoprobes based on fluorescent decay kinetics.



Especially in the fields of biology and medicine, specific treatments may be achieved depending
on the pH value of the environments.

To examine the potential application of the s-N-CDs for imaging and pH sensing in living cells,
the laser confocal microscopic images of A549 cells were carried out. As shown in Fig. 7, blue
fluorescence emissions from s-N-CDs was found from A549 cells at a 405 nm excitation.
Furthermore, s-N-CDs-stained A549 cells exhibit strong blue fluorescence at pH 6.0 (Fig. 7a),
whereas the fluorescent brightness obviously reduces as the pH increases (Fig. 7b and c). In order
to compare the pH sensing capabilities in different cell types, LO2 and HepG2 cells were also
tested (Fig. S5, ESIT). It turns out that the fluorescence intensity decreased with increasing pH in
both A549, LO2 and HepG2 cells. These results successfully demonstrate that the s-N-CDs can
serve as a promising probe for the potential application in intracellular pH sensing. More
importantly, it is clearly seen that after incubating HepG2 cells in s-N-CDs at pH 6, brighter
fluorescence images were obtained by exciting at 405 nm than LO2 cells. This phenomenon may
be caused by the weakly acidic microenvironment of tumor cells and their stronger phagocytic
capacity [51]. This study provides a useful approach for the development of unique carbon dots
for facilitating specific biological sensing.

3.3. Sensitive and selective detection VB 12

Vitamin is essential to maintain the normal function of the human body, and plays an
important role in regulating the essential activities of many enzymes in metabolism[46].
For this purpose, it is imperative to detect and monitor Vitamin content in the human blood
serum. In this research, highly water soluble s-N-CDs with high fluorescence stability were
synthesized as a novel fluorescence-based nanoprobe. Fig. 8 (a) shows normalized color
plots of fluorescence spectrum of the s-N-CDs with various vitamins, such as VB 1, VB 3,
VB 5, VB 6, VB 7 and VB 12. In comparison to other vitamins, VB 12 plays a strong
quenching role in fluorescence intensity, which confirms good selectivity of the s-N-CDs
based sensor. And corresponding fluorescence spectra is shown in Fig. 8 (b). A rational
mechanism was proposed herein to attribute to the fluorescence-intensity quenching role of
VB 12 on a basis of the good matching of UV -Vis absorption spectrum of VB 12 with the
emission spectrum of s-N-CDs (Fig. S6, ESI{). We therefore speculates that there is a
fluorescence resonance energy transfer process between s-N-CDs and VB 12 due to the
overlap of the emission spectrum of the s-N-CDs and the UV-vis absorbance spectrum of
VB 12. This reasonable assumption does fit well with the previous literature[9]. To
eliminated the potential interfering specie/factors, the effect of the fluorescence intensity
ratio of the s-N-CDs were studied after their exposure to other common metal cations and
amino acid with the same detection condition as that of the VB 12. (Fig. S7, ESIY)

To monitor the detection sensitivity of s-N-CDs, normalized color plots of fluorescence
spectrum of s-N-CDs solutions containing various concentrations (10-100 puM) of VB 12 are
presented in Fig. 8 (¢) and the corresponding fluorescence spectra are presented in Fig. 8 (d). The
increasing concentration of VB 12 leads to linearly decreasing fluorescence intensity. A
Stern-Volmer formula (Io/I= Kq[Q] + C) is employe to evaluate the quenching effect of VB 12. I,
is the fluorescence intensity in the absence of VB 12 and I is the fluorescence intensity in the
presence of VB 12. Kq is the fluorescence quenching constant and [Q] is the concentration of VB
12. There is a good linear relationship (R*=0.97542) of Iy/I against the concentration of VB 12
(Fig. S8 ESI¥). The intercept is C and slope is Kq. The limit of detection (LOD) could be obtained
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by the formula (36/S, where S is Kq and o is the standard deviation) [52, 53]. The measurements
reveal Kq of 0.02277, ¢ of 0.0166 and calculated LOD of 2.19 uM, repsectively. Such a superior
low limit of detection demonstrates a high VB 12-detecting sensitivity of the s-N-CDs.

4. Conclusion

Highly fluorescent and water-soluble N-doped carbon dots are synthesized by a simple and
environmentally-friendly approach with saccharomycetes as precursor and ethanediamine
as nitrogen source. N-doped carbon dots are consisted of desirable functional groups and
display excellent photoluminescent properties. Such carbon dots can serve as fluorescent
nanosensor to detect pH. When pH changes from 14 to 2, fluorescence intensity and
lifetime of s-N-CDs increase significantly, but conversely, fluorescence intensity decreases
sharply, and generates an “switch on-off-on” loop that can be repeated over ten cycles.
This contact-less pH fluorescence sensor shows a great potential in future biological and
medical applications. More importantly, the N-doped carbon dots are employed for
assaying VB 12. In several kinds of the B vitamins, common metal cations and amino acid,
VB 12 can be detected specifically, and a LOD as low as 2.19 uM is realized. Compared
with the FRET optical sensors based on other quantum dots, our sensor has lower
cytotoxicity and greater probability in detecting VB 12 in vivo.
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Fig. 1 TEM micrographs of s-N-CDs (inset with a higher magni-fication). (b) XRD pattern
of s-N-CDs, (c) Raman spectrum of s-N-CDs, and (d) FTIR spectrum of s-N-CDs and
saccharomycetes.

Fig. 2 XPS spectrum of dried s-N-CDs. (a) survey spectrum. The high-resolution XPS peaks of
(b)Cl1s.(c)N1s.(d) O Is

Fig. 3 (a) UV absorption and (inset) optical images under (left) daylight, (intermediate) UV light,
(right) printed patterns (A, =365, UV lamp) (b) Excitation—emission color map (c) The
corresponding calculated CIE coordinate diagram emissions from the samples shown in parts (b).
(d) decay curve of s-N-CDs (Aex = 380 nm, Ae, = 460 nm).

Fig. 4 Normalized color plot of fluorescence spectra (a), photostability (b), of the s-N-CDs under
the UV irradiation (A=365 nm). Normalized color plot of fluorescence spectra (c), photostability
(d), of the s-N-CDs at temperatures from 2 to 80°C. Normalized color plot of fluorescence spectra
(e), photostability (f), at PBS concentration between 0.1 and 1M (pH = 7.4)

Fig. 5 (a) Normalized color plots of fluorescence spectra of s-N-CDs solutions with different pH
values (from 2 to 14). (b) Optical images under UV lamp at pH = 13 (left) and pH = 2 (right). (c)
Normalized color plots of the reversible PL intensity of s-N-CDs solutions with varying pH
between 2 and 13. (d) Corresponding photostability of reversible fluorescence intensity of
s-N-CDs.

Fig. 6 Normalized color plot of PL lifetimes (a), Decay curves (b), corresponding PL lifetimes (c)
of the s-N-CDs at temperatures from 2 to 80°C (A.,= 460 nm). Normalized color plot of PL

lifetimes (d), Decay curves (e), corresponding PL lifetimes (f) of the s-N-CDs at pH from 1 to 14.
Fig. 7 Laser confocal microscopic images of A549 cells after incubation with s-N-CDs at pH 6.0
(a), 7.0 (b), and 8.0 (c) (from left to right: fluorescent image excited with a 405 nm laser,
brightfield, and the merged images, respectively.)

Fig. 8 (a) Normalized color plot of fluorescence spectra of the s-N-CDs solutions with vitamins
(VB'1, VB 3, VB 5, VB 6, VB 7 and VB 12). (b) corresponding fluorescence spectra. (c)
Normalized color plot of fluorescence spectra of the s-N-CDs solutions with various
concentrations of VB 12 (0-100 uM), (d) corresponding fluorescence spectra.
Highlights

* a simple method was explored with environmental-friendly raw materials for carbon

dots preparation;

* anew explanation was proposed to the change of fluorescence intensity with pH, which

could provide new rational for design of pH biosensors;

*  as a cobalamin detection sensor, the carbon dots present a detection resolution up to 2.19
uM.
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