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Abstract

Carbon nanodots modified with Neutral Red covalently inserted in the nanostructure (NR-CDs) have been prepared by a
simple synthesis method based on microwave irradiation under controlled temperature and pressure. The synthetized NR-CDs
have been characterized by different techniques, demonstrating the covalent bonding of Neutral Red molecules to the carbon
dots nanostructure. Fluorescence activity of the prepare NR-CDs has been explored showing different interaction pathways
with singled and doubled stranded DNA. These studies have been successfully applied to develop a new fluorescence DNA
hybridization assay to the detection of a specific DNA sequence of Escherichia coli bacteria.
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Introduction

Carbon nanomaterials have been widely used during the
last decades in multitude of applications and fields as
biomedicine [1], electronic industry [2], environmental
applications [3], energy [4], sensors [5], and biosensors
[6]. Despite of the interesting properties and capabili-
ties discover for the different carbon nanomaterials, there
is a great trend that tries to manipulate their interesting
properties according to our needs. Therefore, there are
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multitudes of research projects aimed at carbon nanoma-
terials functionalization to endow them with interesting
properties [7—10]. In this sense, new synthetic methods,
especially those based on bottom-up strategies, allow a fine
control of synthetic procedures, opening new possibilities
of functionalization and insertion of specific moieties in
nanomaterial structure as have been described in graphene
nanoribbons [11] and nanocomposites material [12].
Among carbon nanomaterials, carbon nanodots (CDs)
are the allotropic specie of carbon last discovered [13].
A great interest about CDs, regarding their extraordinary
properties (water solubility, low cytotoxicity, high photo-
luminescence, simplicity of their synthesis), has emerged
in recent years [14]. Their easy synthesis is usually based
on solvothermal methods, using as precursor compounds
very abundant in the nature as saccharides, amino acids,
and organic acids. Within different synthetic protocols
for producing CDs, the bottom-up approach has shown
that the choice of the starting materials is critical. For
example, choosing the proper precursors, the presence of
heteroatoms can be modulated in order to obtain in situ
doped CDs with specific properties [15-17]. Further-
more, new synthetic protocols are using specific organic
moieties as precursor of CDs with the aim of providing
certain reactivity or specificity to the CDs nanostruc-
ture. This is the case of the use of some quinones [18] to
customize the electrochemical behavior of CDs, and the
use of porphyrin-containing carbon dots [19], used to

@ Springer


http://orcid.org/0000-0003-3122-3381
http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-022-03980-1&domain=pdf

5538

Martinez-Perinan E. et al.

generate cytotoxic singlet oxygen upon irradiation, and
induce cell apoptosis.

Following this research line, herein, we report a
simple synthetic strategy based on fast and controlled
microwave heating, to obtain the in situ tuning of CDs
optical properties by introducing Neutral Red (NR) in
their structure. Phenazines present antimicrobial activ-
ity, anti-oomycete activity, genotoxicity, and cytotoxicity
[20]. Based on their unique electrochemical and opti-
cal properties, they have also different important appli-
cations such as in the development of electrochemical
sensors [21] and biosensors [22], optical assays [23], in
particular those based on their fluorescence [24, 25],
and fabrication of dye-sensitized solar cells (DSSCs)
[26-28]. All of these excellent properties can be acquired
by a nanomaterial as CDs, if it is modified with a phena-
zine. It has been previously described the modification
of CDs with NR by supramolecular interaction in order
to combine their specific properties at analytical applica-
tions [29, 30]. Neutral Red molecules have also covalent
linked to carbon dots in a post-synthetic step to be used
as an electrochemical redox probe [31]. Recently, carbon
dots modified with Neutral Red have been obtained by
hydrothermal methods using the phenazine as precursor
together with thiourea [32, 33] or citric acid [34]. Hydro-
thermal methods usually require long synthesis times.
Their specific spectroscopic and electrochemical proper-
ties have been applied as analytical tools, demonstrating
the great advantages of combining carbon nanostructures
and the phenazine.

Simple and sensitive sequence-specific DNA detection
is fundamental not only in the area of clinical molecular
diagnostics of diseases and biomedical studies but also
in microbiology, food control and security, and environ-
mental monitoring. As a powerful analytical tool, fluo-
rescence-based systems have been widely employed for
DNA sequences detection due to the advantages of them
including sensitivity, specificity, and cost-effectiveness.
In particular, recognition of specific DNA sequence from
a pathogen as a fast and sensitive detection method is
arising, since pathogenic bacteria and viruses are respon-
sible of serious health diseases [35]. It is well known

the health problems caused by the contamination of food
or water with the bacteria Escherichia coli. Hence, this
research field is open to new assay developments and
advanced functional materials, such as carbon nanoma-
terials, that have given into novel pathway for the estab-
lishment of fluorometric sensing strategies [36]. In fact,
CDs have been successfully applied in the development
of a fluorometric DNA method of detecting DNA hybrid-
ization [37], being used even for the rapid detection of
gene mutations. However, one of the drawbacks of these
assays is that CDs need excitations wavelengths in the
range of UV. Although much effort has been put into
improving their optical performance, there is still much
room for improvement. In this sense, the modification of
CDs with a molecular specie capable of being excited in
the visible wavelength range will entail an advantage, by
allowing the use of affordable equipment and the direct
application in well plates.

In this work, we report a new assay strategy for fast
detection of specific DNA sequences of E. coli based on
a functional carbon material: Neutral Red-carbon nano-
dots (NR-CDs) synthesized using, for the first time, a
microwave assisted reactor, which allows the complete
synthesis process of NR-CDs in only 3 min. It is worth
to note that the developed procedure does not require a
post-modification of CDs after their synthesis to include
the NR molecule.

Materials and methods
Chemicals

Sodium chloride, dibasic and monobasic sodium phosphate,
L-arginine, 3,3'-diamino-N-methyldipropylamine, NR chlo-
ride, double-stranded calf thymus DNA (dsDNA), DNA
oligonucleotides, and all other chemicals used in this work
were purchased from Merck. All solutions were prepared
using water purified with a Millipore Milli-Q-System (18.2
MQ cm). Dialysis membrane tubing cutoff in the range of
0.1-0.5 kDa was provided by Spectrum Laboratories.

Table 1 DNA sequences used Oligonucleotides sequences

Probe
Complementary
Non-complementary
(Interference)
Non-complementary
(Interference)

5'-CAGGATATGTGGCGGATGAGCGGCA E. coli probe
5'-TGCCGCTCATCCGCCACATATCCTG E. coli
5'-GTACGCTTCGCCGTTCGCGCGCGGC Salmonella
5'-AGTGAGTGCGGTTAGACCTGCTAGG Listeria
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DNA samples

Double-stranded DNA from calf thymus (dsDNA)
and 25-base oligonucleotides-specific sequences from
Escherichia coli, Salmonella enterica, and Listeria
monocytogenes bacteria used in this work were pur-
chased from Merck and are listed in Table 1. The DNA
sequences used comprise the DNA probe (a single-
stranded sequence complementary to the analyte named
as E. coli probe), the target sequence (a specific sequence
from Escherichia coli bacteria, denoted as E. coli), and
two non-complementary sequence (a specific sequence
from other bacteria, Salmonella Enterica and Listeria
Monocytogenes, denoted in the text as Salmonella and
Listeria, respectively) used as potential interferents.

Real bacteria culture samples

Genomic DNA was extracted from the cultured Escheri-
chia coli (4.31-10° CFU/mL; 215.7 ng/uL). Firstly, 50 pL
of Escherichia coli bacterial strains (positive sample) or
Lactobacillus rhamnosus (6.23-10° CFU/mL; 225.2 ng/
puL) (negative sample) were streaked on brain heart infu-
sion (BHI) with 25% glycerol and incubated at 37.0 °C
for 24 h. Then, 1 mL of each bacterial culture suspension
was used for DNA extraction using the E.Z.N.A Bacterial
DNA kit (Omega Bio-TEK) according to the manufac-
turer’s instructions. A unique type of cell colony with a
positive growth was obtained in purity test.

Escherichia coli and Lactobacillus rhamnosus
genomic DNA samples were denatured by boiling in
water capped vials containing the samples for 30 min fol-
lowed by rapid cooled. To prevent spontaneous re-natu-
ralization, this solution was subsequently quenched in an
ice-bath. Finally, 50 puL of denatured sample were diluted
to a final volume of 200 pL using 50 pL of 10 mM phos-
phate buffer (pH 6.8) containing 800 nM of E. coli probe
and 100 pL of 5.6 pg/mL NR-CDs.

Apparatus

A Cary Eclipse Varian fluorescence spectrophotometer
equipped with Cary Eclipse Microplate Reader and a
Thermo Scientific™ Multiskan™ GO spectrophotom-
eter were used for fluorometric and spectrophotometric
measurements, respectively. 96-well microplates were
used for absorbance titrations and were supplied by JET-
BIOFIL. 96-well microplates for fluorescence-based
assays (Microfluor®2white Thermo Scientific) were
used for fluorescence titrations and E. coli determination
fluorescence assays.

A CEM Discover microwave system (Matthews (NC),
USA) was used for NR-CDs synthesis.

Fourier transform infrared (FT-IR) spectra were
recorded from KBr pressed pellets of the solid material
and precursors in the wavelength range 5000-500 cm™!
using a Brucker IFS60v spectrometer.

For transmission electron microscopy (TEM), Lacey car-
bon support film copper grids (400 mesh, Electron Micros-
copy Sciences) were used. Images were obtained with a
JEOL JEM 2100 electron microscope.

X-ray photoelectron spectroscopy (XPS) analysis of
the samples was carried out with a Phoibos 150 MCD
spectrometer equipped with hemispherical electron
analyzer, and using an Al Ka X-ray source (1486.7 eV)
with an aperture of 7 mm X 20 mm. The base pressure in
the ultra-high vacuum chamber was 2 X 10~° mbar, and
the experiments were carried out at room temperature.
A 30 eV pass energy was applied for taking the over-
view sample, whereas 20 eV pass energy was applied
for the analysis of the following core level spectra: O
(I s), C (1s), and N (1 s). XPS spectra regions were
fitted and deconvoluted using the fitt-xps software, and
calibration was done against the Au (4f ;,,) peak set to
84.0 eV for the gold surface sample. For XPS, gold plates
(12 mm x 12 mm, Arrandee TM Supplies, Germany)
were modified by drop casting with suspension of the
nanomaterial and letting them dry.

Procedures
NR-CDs synthesis

NR-CDs were synthesized following the next procedure.
In a typical synthesis, 87 pg L-arginine, 72 pug Neu-
tral Red chloride, 86 puL 3,3’-diamino-N-methyldipro-
pylamine, and 100 pL. Milli-Q water were irradiated in
a microwave system at a constant temperature of 235 °C
and a maximum pressure of 20 bar during 180 s. Then,
the red solid obtained was dissolved in 10 mL of Milli-Q
water and filtered using 0.1 pm porous filter. The suspen-
sion was dialyzed in a 0.1-0.5 kDa dialysis membrane for
10 days. The concentration of as-prepared NR-CDs was
1.09 mg/mL. The resulting solution was stored at 4 °C.
A fraction of the NR-CDs suspension was freeze-dried
to carry out FT-IR and XPS experiments. To compare
the effective modification of carbon nanodots with NR,
carbon nanodots without NR were synthesized follow-
ing the same procedure without the addition of NR, as
it is reported in the literature [38]. In order to probe the
covalently linkage among NR and CDs structure during
NR-CDs synthesis process, a control experiment mixing
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NR and CDs in Milli-Q water, keeping the mixture at
room conditions, was carried out (CDs +NR). The objec-
tive of this experiment is analyzing the contribution of
NR adsorption over the CDs surface without the genera-
tion of new covalent bonds. A fraction of the NR + CDs
suspension was freeze-dried to carry out FT-IR and XPS
experiments.

DNA solution preparation and denaturation

dsDNA stock solutions (1.0 mg/mL) were prepared in
Milli-Q water. The concentration in base pairs (bp) of
DNA was determined by using the molar absorptivity
(6600 L/(mol cm)) of DNA at 260 nm. Single-stranded
calf thymus DNA (ssDNA) was obtained by boiling in
water the vials containing dsDNA for 30 min, cooling
them in an ice-bath, and stored frozen at — 20 °C.

E. coli solutions: probe, complementary sequence (E.
coli) and interference sequences (Salmonella and Lis-
teria) were prepared from the 100 uM stock using 10 mM
phosphate buffer (PB) pH 7.0 as solvent. These solutions
were stored at —20 °C.

Interaction of DNA and NR-CDs

Absorbance and fluorescence titrations of NR-CDs and
calf thymus DNA were carried out fixing NR-CDs con-
centration and varying the concentration of dsDNA and
ssDNA from 1.0 to 150.0 uM. In all cases, 0.1 M PB 7.0
pH were used as a solvent. The mixture solutions were
allowed to react for 30 min at 23 °C before fluorescence
spectra were monitored using an exciting wavelength of
530 nm directly at the well-plates.

Calculation of the intrinsic binding constant
between NR-CDs and dsDNA, Kb

The intrinsic binding constants, Kb, were calculated by
using the data from absorption titration and the equation
previously reported by Meehan et al. [39]:

[ADN]/(ea — €f ) = [ADN]/(eb — €f) + 1/Kb(ea — ef)
ey

where ea is the molar absorptivity of NR-CDs in the pres-
ence of the different concentrations of dsDNA, and &f and
eb are the molar absorptivity for free and bound forms of
NR-CDs, respectively.

From the plot of [ADN] / (¢a — €f) versus (ea — gf), the
value of 1/Kb was obtained.

@ Springer

E. coli determination by fluorescence assays

Different concentrations of complementary (E. coli) or
non-complementary sequence (Salmonella and Listeria)
were incubated with E. coli probe (200 nM) for 2 h at 40 °C
in 0.1 M pH 6.8 phosphate buffer, in order to allow hybridi-
zation. Then, NR-CDs were added in the wells, fixing the
NR-CDs concentration at 2.8 pg/mL. Solutions were let to
react for 30 min at 23 °C before fluorescence was moni-
tored at 590 nm with an excitation wavelength of 530 nm at
room temperature, directly in the microwell plate.

Results and discussion
Synthesis and characterization of NR-CDs

NR-CDs were synthesized in a microwave reactor, using
Neutral Red chloride, L-arginine, and 3,3'-diamino-N-
methyldipropylamine as precursors as described in detail in
the experimental section and following a similar procedure
described by Arcudi et al. [15, 18] with some variations.

Counts
I

0o 1 2 3 4 5 6 7 8
NR-CDs diameter/nm

Fig.1 TEM images of NR-CDs A and B diameter histogram obtained
by TEM
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Fig.2 A FT-IR spectra of NR-CDs (red), CDs (blue), CDs+NR
(green), and NR (black). Amplification of FT-IR spectra of Fig.2A
in the range 3750-3000 cm~! B, 1800-1500 cm~! C, and 1450

NR-CDs have been exhaustively characterized. The TEM
image (Fig. 1A) shows NR-CDs morphology as quasi-spher-
ical nanoparticles. The size distribution of NR-CDs obtained
by measuring the average size of around 70 CDs (see histo-
gram at Fig. 1B) indicates an average size of 4.7 nm ranging
from 1.0 to 6.5 nm in diameter.

Figure 2A shows the FT-IR spectrum of NR-CDs,
CDs +NR, CDs, and NR. As can be observed in the NR
spectrum, a band at 3336 cm™' related to primary amine
(N-H stretch asym) and a band at 3147 cm™! caused by the
(N-H stretch asym) appear. The band around 1617 cm™' is a

1200 cm™' D. E XPS photoemission spectra of N 1 s core level of
NR-CDs, CDs+NR, and CDs drop casted on gold surfaces and F
XPS photoemission spectra amplification between 396 and 400 eV

consequence of the N-H bending. The FT-IR of CDs shows
the stretching band of OH and NH, as a broad band centered
at 3436 cm™ !, the bands around 2930 cm™" derived from the
C-H bond stretching vibration. C = O stretching vibrations
appear at 1644 cm™!. At 1562 cm™' appears a band ascribed
to the C=N stretching, while the bands at 1457 cm~! and
1384 cm™! are related with C-N bonds. The 1071 cm™!
bands correspond to the alcoxy (C-O) stretching vibrations.
FT-IR spectrum of NR-CDs shows similar features to that of
CDs. However, slight differences are observed and point to
modification of CDs with the phenazine (NR). In particular,

@ Springer



5542

Martinez-Perinan E. et al.

the wider band present at the NR spectra shows a shift from
the 3431 in CDs to 3360 in NR-CDs (Fig. 2B). At the same
time, the intensity increase of the band at 1633 cm™! in the
NR-CDs spectrum is also associated with NR (Fig. 2C). Fur-
thermore, the presence of a wide band at 1440-1358 cm™!
is also related to the NR spectra (Fig. 2D). The appearance
of these new IR features after NR interaction on the CDs
(NR-CDs), although they are not conclusive results, seems
to indicate compositional changes that we attribute to the
presence of NR, therefore pointing out the successful NR
insertion in the CDs structure. Furthermore, the appearance
of these significant IR features is less remarkable for the
CDs+ NR (green spectra) case, meaning a significance dif-
ference between both interaction processes: adsorption in the
case of CDs+ NRs or covalent linkage of NR into the CDs
nanostructure in the case of NR-CDs.

In order to confirm the successful NR insertion in
the CDs structure, complementary information about
chemical identity of the NR-CDs, CDs + NR, and CDs
drop casted over Au plate surfaces were obtained by XPS
analysis. Figure 2E shows the N 1 s core level peaks
of the CDs, CDs + NR, and NR-CDs (covalent linkage)
samples. High-resolution spectra of nitrogen show com-
plex features, which were carefully decomposed. A best-
fit of the N 1 s core level shows three contributions at
400.6-400.1 eV, 401.2-401.6 eV, and 403.0-403.5 eV
which are assigned to nitrogen in N-(C3), C=N (cycles),
and N = positive charges (quaternary) species, respec-
tively [40]. In addition, the NR-CDs compound presents
an extra forth nitrogen component at 398.0 eV (pink line)
and Fig. 2F, which would be assigned to the pyridinic
nitrogen (imine) structure [40-42], that is ascribe to
nitrogen with only one electron pair, located either at
the edge of the graphitic network or next to a vacancy,
and bonded to two carbon atoms. The appearance of the
new component only for the NR-CDs case suggests the
chemical structure modification due to the interaction
between the colorant NR and the CDs compound, which
does not occur for the CDs + NR case. Therefore, the
XPS data confirm the covalently insertion of NR com-
pound on the NR-CDs case, whereas for the CDs + NR
does not take place. Additionally, the C 1 s peak for the
NR-CDs shows noteworthy changes in its shape respect
to the CDs and CDs + NR cases (see Fig. SI 1). Even if
the C 1 s core level peak presents four similar compo-
nents at 285.0 eV, 286.7 eV, 288.0 eV, and 289.7 eV for
all cases, the ratio between the components changes for
the NR-CDs sample. The two first components increase
their intensity, and the two last components decrease,
which causes a significant change in the profile shape
carbon spectra, whereas the CDs and CDs + NR cases
show a very similar peak profile in both cases for the
carbon region. These results are in good agreement with
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the previously described chemical modification for the
NR-CDs case.

FT-IR and XPS complementary techniques prove a
remarkable difference between the studied cases, first
confirming the interaction between the colorant NR and
the CDs in both cases CDs + NR and NR-CDs, and second
the effective covalently insertion only in the NR-CDs case.

The Z-potential of NR-CDs in water was determined
to be + 17.8 mV, which suggests a positive charge on the
surface in agreement with the presence of protonated
amines functional groups. However, the zeta potential
of synthesized CDs (without NR) was — 10.3 mV. This
negative value agrees well with that determined for other
CDs previously synthetized by a similar method [38].
The change from a negative to a positive value of zeta
potential for CDs and NR-CDs, respectively, confirms
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Fig.3 A UV-Vis spectrophotometric spectra of 50.0 pg/mL of
NR-CDs at different pH values. Inset: absorbance value measure at
A=538 nm at different pH values. B Fluorescence spectra at different
excitation wavelengths of 21.8 pg/mL of NR-CDs at pH 7.0
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the compositional change that takes place by the NR-
CDs formation demonstrated by XPS and FT-IR. A posi-
tive zeta potential value is indicative of an increase of
pyridinic nitrogen (imine) structures, which are usually
protonated in solutions of pH below 7, as in the present
case (pH around 5).

In aqueous solution, NR can be protonated or not
depending on pH solution according to its pK, (around
6.50). Both forms show a single absorption band, at
452 nm for the non-protonated and at 528 nm for the
protonated form (data not shown). Hence, in order to
assess if the synthetized NR-CDs present the character-
istic absorption bands of NR, we recorded the absorbance
spectra of a suspension containing NR-CDs (21.8 ug/mL)
at pH from 5 to 9 (Fig. 3A). At pH 9, the expected band
at 460 nm ascribed to the non-protonated form of NR
molecule is observed. At pH 5, in addition to the band
at 538 nm due to the protonated form, we can observe
a huge shoulder around 460 nm, which indicates a clear
equilibrium between the protonated and non-protonated
form of NR molecules inserted in the nanostructure.
Same bands are observed at pH 7, in this case the pro-
tonation equilibrium has shifted to the non-protonated
form decreasing the band at 538 nm, which is observed
as a shoulder of the main band at 460 nm. This behavior
is quite similar to the once described for NR molecules
in solution, but the pK, of NR-CDs has been estimated

0 T T T T T T T
525 550 575 600 625 650 675 700 725
Emission Wavelength / nm

0 T T T T T T T
525 550 575 600 625 650 675 700 725
Emission Wavelength / nm

as 5.9 (Fig. 3A-Inset). This value is quite different to
the pK, of NR molecules. This fact together with shift
of the UV-Vis absorption band maximum is due to the
new covalent bonds formed among the NR molecules
inserted in the carbon dots nanostructure, which varies
its electronic structure.

Fluorescence spectra have also been studied using the
colorant NR visible absorption wavelength to excite the
NR inserted molecules, generating a fluorescence emis-
sion in the visible spectra region. As can be observed in
Fig. 3B, unless the predominant specie at pH 7.0 is the
non-protonated (maximum absorption band at 460 nm),
the fluorescence emission increases when 530 nm wave-
length is used to excite, pointing out the higher emission
of the protonated form of the NR molecule.

NR-CDs and DNA interaction

The interaction of DNA with molecules can affect their elec-
tronic structure, what generates changes in their absorption
spectra [43]. With the aim of studying the interaction of the
developed nanomaterial (NR-CDs) with DNA, we carried
out a titration of NR-CDs with calf thymus DNA by increas-
ing the amount of DNA and keeping constant the NR-CDs
concentration. dsDNA and ssDNA have been used in order
to prove if there is any difference in the mode of interaction
with them. Fig. SI 2 shows the absorption spectra of NR-CDs
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Fig.5 A Fluorescence spectra of NR-CDs (2.8 pg/mL) in the pres-
ence of E. coli probe before (black) and after the hybridization with
increasing amounts of E. coli sequence (50 nM red, 100 nM green,
150 nM blue, and 200 nM cyan) using A,.=530 nm. B Calibra-
tion plot obtained. C Fluorescence intensity obtained of NR-CDs,
NR-CDs+E. coli probe in the absence and in the presence of E.
coli sequence and the presence of non-complementary sequences
(200 nM) or at different combination of them (200 nM Salmo-
nella+200 nM Listeria and 200 nM Salmonella+ 200 nM Listeria)

without and with increasing concentrations of ssSDNA (A)
and dsDNA (B). In both cases, an absorbance decrease
(hypochromic effect) of the band at 460 nm is observed, as
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well as a slight shift towards higher wavelengths (bathochro-
mic effect). Both effects are more evident in the case of
dsDNA. These changes in the absorption spectra of NR-
CDs caused by DNA are a consequence of the local polarity
changes around the chromophore due to strong interaction
with pyrimidine and purine bases [44]. From the absorption
titration data, it can be calculated the intrinsic binding con-
stant, Kb, as described in detail in experimental section. This
constant gives a quantitative estimation of the interaction
strength. The calculated Kb values were (2.5+0.5) -10° and
(5.0+0.3) -10* M~! for dsDNA and ssDNA, respectively.
This result suggests a stronger interaction with dSDNA than
with ssDNA. Fluorescence measurements of the ssDNA and
dsDNA titration (Fig. S1 2C and D, respectively) show that
an ssDNA concentration increase leads to a decrease of NR-
CDs fluorescence emission, while an increment of dsSDNA
concentration is associated with the opposite effect, an
increase of the fluorescence emission. The fluorescence of
the protonated NR-CDs species enhances when interact with
dsDNA, while the opposite effect happens when protonated
NR-CDs interact with ssDNA due to the different interaction
mechanisms among them. This effect is the starting point
of the use of this nanomaterial (NR-CDs) as an indicator of
DNA hybridization. Therefore, hybridization fluorescence
assays can be carried out using NR-CDs in solution, choos-
ing the proper DNA probe sequence.

Fluorescent assay for rapid Escherichia coli detection

Based on the results obtained with calf thymus DNA, we
decided to go a step forward and to apply NR-CDs for the
development of a fluorescence assay for the detection of a
25-mer specific sequence from the bacteria E. coli, using
them as a hybridization event detector. The assay is based on
the changes in the fluorescence of NR-CDs after interaction
with the DNA capture probe (a 25-mer synthetic sequence
from E. coli) before and after hybridization with the target (a
fully complementary sequence to the probe or non-comple-
mentary sequence used as control) under optimal conditions
of pH, concentration of NR-CDs, and temperature.

To optimize the pH of the assay, different pHs from
6.0 to 8.0 at a concentration of the recognition sequence
(E. coli probe) of 200 nM were assayed. The fluores-
cence emissions before and after addition of 200 nM of
E. coli sequence were recorded for each pH. The differ-
ence between signals due to the probe before and after
hybridization with the target analyte was higher at pH 6.8
(see Fig. SI 3A). The concentration of NR-CDs was also
optimized. Best results were obtained for 2.8 pg/mL of NR-
CDs at 200 nM of E. coli probe (Fig. SI 3B). Poor signals
were obtained when concentrations under 2.8 pg/mL of
NR-CDs were employed.
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Fig.6 A Fluorescence spectra
(Aex 530 nm) of NR-CDs
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To better understand the interaction of NR-CDs and E.
coli DNA, UV-Vis and fluorescence titration experiments
like those described above for calf thymus were now carried
out keeping constant the NR-CDs concentration (2.8 ug/mL)
and varying the concentration of ss or ds DNA sequences
from E. coli (E. coli probe and E. coli/E. coli probe) instead
calf thymus DNA. Results are shown in Fig. 4. UV-Vis titra-
tion shows the absorbance of NR-CDs initially increases
until the ss E. coli concentration added reaches 100 nM
(Fig. 4A) or 10 nM in the case of ds E. coli (Fig. 5B). Then,
the increase of E. coli DNA concentration causes a decrease
of absorbance, the same effect observed with calf thymus
DNA. This result seems to indicate that the different behav-
ior initially observed is due to the concentration rather than
to the different DNA employed. This effect has been previ-
ously described for NR [45].

In the case of fluorescence titration, when ss E. coli
concentration increases the fluorescence emission, inten-
sity initially increases (Fig. 4C) at least until a concen-
tration of 100 nM, followed by a slight fluorescence
decrease for higher ss E. coli concentrations. In the case
of ds E. coli (Fig. 4D), an increase in concentration
always generates an increase of fluorescence at least in
the studied range (10—2000 nM). This different behavior
is the key point of the developed fluorescence assay.

At the optimal experimental conditions, the assay for
E. coli detection was carried out using different con-
centrations of the target E. coli sequence (Fig. 5A). The
fluorescence intensity of the solution containing only
NR-CDs slightly increases when E. coli probe sequence
is added. After addition of increasing amounts of the
target sequence E. coli, and the hybridization event
takes places, the fluorescence intensity increases pro-
portionally to the target sequence concentration. Despite
of the initial slight fluorescence intensity increase gen-
erates when NR-CDs interact with the ss E. coli probe
sequence, the addition of other non-complementary
sequence do not increase the fluorescence intensity as is

demonstrated by the fluorescence titration of ss E. coli
probe (Fig. 4C). This effect clearly demonstrates the fact
that the emission intensity increases due to the formation
of the corresponding dsDNA after hybridization of the
target sequence with the probe, not to the addition of
a nonspecific DNA sequence, where the hybridization
event does not take place. The limit of detection for this
assay was determined as 12 nM E. coli sequence (accord-
ing to the 3 x Shx m™! criteria, where Sh corresponds to
the standard deviation (n=10) of /;, and m is the slope
of the calibration plot), and the linear range is between
55 and 200 nM.

One of the most important aspects to take into account
for analytical application is the study of the effect of
potential interfering agents. For this reason, the selec-
tivity of the fluorescence assay to detect specific E. coli
sequences in the presence of other pathogens was carried
out. We have studied the variation of the fluorescence
signal of CDs-NR in samples containing other pathogen
sequences (like Salmonella and Listeria) in the absence
and in the presence of Escherichia coli sequences
(Fig. 5C). It can be observed that fluorescence intensity
increases from 290 to 403 a.u when E. coli sequence is
present, whether or not is present in the DNA sequence
of other bacteria. Furthermore, the presence of other non-
complementary sequence modified the control experi-
ment fluorescence intensity (probe + NR-CDs) in less
than a 5%. From these results, it can be concluded that
it is possible to detect a target sequence of E. coli in the
presence of potential interfering sequences from other
pathogen that usually can be present in samples contain-
ing E. coli bacteria.

Real samples application

The next step in this work was to apply the developed
strategy to real E. coli samples. In particular, two samples,
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obtained by bacteria culture (see “Materials and methods”
section), were analyzed using the developed fluorescence
assay. One of them has been confirmed positive on presence
of E. coli, while the other one has been confirmed negative
in the presence of this bacteria, but another microorganism
(Lactobacillus rhamnosus) has been grown in it. Both sam-
ples were analyzed applying the developed assay, and the
obtained results clearly showed a great difference between
both samples (Fig. 6). As can be observed, compared to the
control (probe + NR-CDs), the fluorescence increase in the
case of the negative sample is around (9 + 1) %, while in the
positive sample, the fluorescence increase is of (45 +1) %.
The big difference between two samples and with the control
demonstrates the applicability of the developed fluorescence
assay and stablishing a great tool for qualitative identifica-
tion of bacteria type.

The analytical parameters of our assay have been com-
pared with similar assays using carbon dots as fluorescence
probes to detect DNA hybridization (see Table S1). Despite
most of these works present better limit of detection and
linear range, the developed assay has some advantages as the
easy synthesis of NR-CD in one step and the possibility of
exciting in the visible region which avoid potential interfer-
ents and create a very selective platform. Furthermore, while
other authors only analyze synthetic samples, we have also
tested the applicability of the developed assay by analyzing
real samples of culture bacteria.

Conclusions

Carbon nanodots modified with Neutral Red (NR-CDs) have
been synthesized including the phenazine colorant (NR) in
the synthesis process, achieving the covalent linkage of NR
molecules in the nanomaterial structure. The formation of
the NR modified nanomaterial has been assessed by dif-
ferent techniques, confirming the generation of covalent
bonds between the phenazine molecules and the CDs struc-
ture. Moreover, following the changes in the UV-Visible
absorption and fluorescence of the NR modified nanomate-
rial, its interaction with DNA has been studied. It is dem-
onstrated that NR-CDs interact with DNA, and they have a
different interaction way with singled or doubled stranded
DNA. These studies have been successfully applied to
develop a fluorescence assay for the detection of specific
DNA sequences of Escherichia coli. When the hybridiza-
tion between the probe and the target sequences happens,
the interaction of the dsDNA formed with NR-CDs gives
rise to an increase of the fluorescence emission associated
with the stabilization of the protonated form of the phena-
zine molecule inserted in the nanomaterial. The assay has
been successfully applied to detect E. coli in bacteria culture
samples, by the difference in fluorescence intensity between

@ Springer

samples containing or not E. coli bacteria. A great advan-
tage of the developed assay is the use of an excitation wave-
length in the visible region, simplifying the instrumentation
requires to be carried out.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-022-03980-1.
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