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Abstract

Carbon Dots (CDs) responding to Peroxynitrite (ONOO") and Hypochlorite (ClO") were synthesised by microwave
methodology. To improve the quantum yield, selectivity and sensitivity, CDs were doped with Sulphur, Nitrogen and
Phosphorous, Nitrogen (S,N-CDs/P,N-CDs) using urea, cysteine and sodium phosphate. In both synthesis the precursors
were diluted in 15 mL of water and exposed for 5 min to a microwave radiation of 700 W. Contents of cysteine and sodium
phosphate from 0.5 to 2 g were respectively used with 1 g of citric acid and urea for the synthesis of the co-doped S,N-CDs
and with 3 g of citric acid and 1 g of urea for the synthesis of the co-doped P,N-CDs. The ONOO" and ClO- detection was
achieved respectively with co-doped S,N-CDs and P,N-CDs at pH 7.4. The optimum compositions were: S,N-CDs - citric
acid, urea and cysteine in the proportion 1:1:1; P,N-CDs - citric acid, urea and sodium phosphate in the proportion 3:1:1.
The quantification of CIO- and ONOO- at pH 7.4 was performed in standard and in fortified serum sample solutions.
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Introduction

Carbon Dots (CDs) are fluorescent nanoparticles
based in carbon with unique optical properties [1-3].
Also attending to their water solubility, photostabili-
ty, low toxicity, high biocompatibility and resistance to
photo bleaching have been applied in fluorescence sens-
ing, drug delivery and in bio imaging [4]. The CDs could
yet be passivated, functionalized and doped in order to
improve their quantum yield (&), to modify their com-
positions with the aim to improve their properties and to
make them sensitive to specific compounds [5,6].

Microwave synthesis of CDs is extensively used for
the CDs synthesis since it’s an economic, facile and rapid
method [7,8]. Citric Acid (CA) and Urea (UR) have also
been used as precursors in the microwave synthesis of lu-
minescent CDs that exhibits stable and excitation-wave-
length-dependent photoluminescent properties in aqueous
solutions with a @ about 14% [9,10]. The CDs doping with
heteroatoms (e.g., oxygen, nitrogen, phosphor, boron or
sulfur) allows modifying and adjust their compositions and

structures being one way of tuning their electronic and op-
tical properties [11] in order to optimize the synthesis of the
CDs for a specific objective. Doped Nitrogen CDs (N-CDs)
[12], Doped Sulfur CDs (S-CDs) [13] Co-doped Sulfur, Ni-
trogen CDs (S,N-CDs) [6,14-21] and Phosphorous, Nitro-
gen (P,N-CDs) [22] have been applied in published recent
works. Li, et al. synthesized S,N-CDs by a microwave meth-
odology using CA as carbon source, UR as nitrogen source
and Cysteine (Cys) as sulfur source [15]. CA and Cys were
also employed in the preparation of S,N-CDs with high @
using a hydrothermal synthesis method [19]. Applying a
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similar hydrothermal synthesis method Xue, et al. prepared
S,N-CDs and applied them in the detection of free chlorine
[21]. S,N-CDs have been also synthesized using as precur-
sors natural products, like natural plants (garlic acid and
alfalfa) [20], milk [23], rice [24] and hair fiber [25]. Gong,
et al. synthesized P,N-CDs and applied them as fluorescent
probe for real-time measurement of Reactive Oxygen Spe-
cies (ROS) and Reactive Nitrogen Species (RNS) [22].

The detection of ROS/RNS like Peroxynitrite (ONOO")
and Hypochlorite (ClO") is extremely important be-
cause these species are involved in several physiological
and pathological processes. The formation of ONOO in
vivo is the result of the reaction between nitric oxide and
superoxide radicals. This RNS is a strong oxidant and a
powerful nitration agent of biomolecules, is stable in ba-
sic media and very unstable in neutral conditions. Due
their instability in physiological conditions their detec-
tion is not straight forward. Three sensors for ONOO-
detection based in CDs were described. One of them
consists in CDs functionalized with Tryptophan (Trp-
CDs). Taking into consideration the nitration and oxi-
dation potential of ONOO-, the amino acid tryptophan
was used to functionalize the CDs in order to make them
reactive toward ONOO". The CDs were microwave syn-
thesized from glucose and tryptophan and the detection
of ONOO" was done through the fluorescence quench-
ing probably due to the oxidation of tryptophan linked
to CDs. The evaluated analytical methodology shows a
linear response range from 5 to 25 puM with a Limit of
Detection (LOD) of 1.5 uM [26]. In other described sen-
sor, also developed as a NO sensor, the ONOO" determi-
nation was made with a greater sensitivity at pH 7.4 and
10 with synthesized CDs with 0.25 g of CA and 500 pL
of Ethylenediamine (EDA) diluted in 15 mL of water ex-
posed for 5 min to a microwave radiation potency of 700
W [27]. Finally Simdes, et al. use synthesized CDs from
AC and UR for the ONOO" quantification at pH 9 based
in a fluorescence quenching phenomenon by addition of
ONOO[10].

Hypochlorous Acid (HCIO) is a weak acid that dis-
sociates into Hypochlorite Ion (ClO’) and hydrogen.
Together, HOCI and ClO" are known as free chlorine.
The two species are in a pH dependent equilibrium. The
dominant species below pH 7.5 is the HCIO and above
pH 7.5 is the ClO". The HCIO usually used as antimicro-
bial agent is also used in water treatment for natural de-
fense in living organisms and oxidize a great number of
biological compounds [28]. A method based on the fluo-
rescence quenching mechanism of N-CDs was applied in
HCIO detection showing a relatively fast response time
and a linear response range from 0.03 to 15 pM with a
LOD of 1 nM. This method has been successfully applied
to the determination of HCIO in tap and river water with

good recoveries showing potential for the detection of
HCIO in environmental applications [29]. Another sen-
sor for HCIO based on the fluorescence of CDs was pre-
pared by one-step microwave-assisted procedure. A de-
creased of 76% when the concentration of HCIO reached
2.2 uM was observed. There is a good linear relationship
in the range from 0.2 to 2.0 uM with a LOD of 15 nM
[30]. One more sensor based on fluorescence quenching
of synthesized CDs from sweet pepper in the presence
of ClO" in tap water was reported. The HCIO detection
was made in two consecutive linear ranges of 0.1 to 10
pmolL" to 10 to 300 umolL"! with a LOD of 0.05 and 0.06
umolL" using both the down- and up-conversion fluo-
rescence signals [31]. Simdes, et al. beside the possibil-
ity of the ONOO" quantification at pH 9 by synthesized
CDs from AC and UR also demonstrate the possibility of
ClO" quantification at pH 4 by these CDs also based in
the fluorescence quenching induced by addition of CIO®
at this pH [10].

Herein we report the synthesis of co-doped S,N-CDs
and P,N-CDs by a simple and facile one step micro-
wave pyrolysis method for the quantification at pH 7.4
of ONOO" and ClO  respectively. The evaluation of the
CDs response relatively to other ROS/RNS was also per-
formed. The ONOO" and ClO" quantification capability
in standard and in fortified serum solutions with the syn-
thesized were respectively evaluated with the co-doped
P,N and S,N-CDs.

Experimental

Reagents

Citric Acid (CA), Urea (UR), Cysteine (Cys), Hydrogen
Peroxide (H,0,), Hydrogen Chloride (HCI), Potassium
Superoxide (KO,), Sodium Hypochlorite 3.5% (NaClO),
Sodium Nitrite (NaNO,), Sodium Nitrate (NaNO,), Sodi-
um Chloride (NaCl), Sodium Phosphate (Na,PO,, SP), Po-
tassium Chloride (KCI), Ethylenediamine Tetraacetic Acid
(EDTA), Iron(II) Sulphate (FeSO,.7H,O), Iron(III) Nitrate
[Fe,(NO,),.9H,0], Magnesium Chloride (MgCL.6H,0),
Copper(II) Sulphate (CuSO,.5H,0), Sodium Phosphate
Dibasic (Na,HPO,), Monosodium Phosphate (NaH,PO,),
Sodium Hydroxide (NaOH), analytical grade reagents were
used. Mili-Q water with a resistivity 18 MQ.cm at 25 °C was
used in all the work.

Solutions

All the experiments were made at pH 7.4 A phosphate
bufter 0.01 M (pH 7.4) was prepared through rigorous
weighting of NaH PO, and Na HPO,. Solutions of HCI
and NaOH 0.1 M were prepared in order adjust the pH
of bufter solution and to evaluate the influence of pH in
the CDs fluorescence.
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Saturated NO solutions (1.9 mM) were prepared by
bubbling argon in water for 15 min and followed bub-
bling argon of the prepared NO solution for another 15
min. The ONOO" solutions were prepared in a refriger-
ated beaker under constant stirring by mixing 100 mL
of NaNO, 600 mM, 100 mL of H,O, 600 mM in HCI 0.6
M and 100 mL of NaOH 3.6 M. The solution will turn
yellow indicating the formation of ONOO". The agitation
is maintained until no O, is formed. The Hydroxyl (HO")
was generated in situ by the Fenton reaction by addition
of a 5 fold excess of H,O, to the EDTA-Fe (II) complex
formed with different concentrations of FeSO,. Human
serum fortified sample solutions were done respectively
in water by rigorous dilution to the desired concentra-
tions. The other solutions of H,0,, KO,, NaCIO, NaNO,,
NaNO, used in the interference studies were prepared in
water.

Microwave CDs synthesis

Attending to previous published work CA and UR,
a volume of 15 mL of water and a time of 5 min in a
domestic microwave with a radiation potency of 700 w
were used for all the CDs synthesis [10]. Beside CA and
UR also Cys and SP were used to the CDs synthesis. For
the S,N-CDs synthesis were used 1 g of CA, 1 g of UR
with a mass of Cys from 0.5 to 2 g, and for the P,N-CDs
synthesis were used 3 g of CA, 1 g of UR with a mass of
SP from 0.5 to 2 g. For the CDs microwave synthesis a
domestic microwave with a maximum radiation poten-
cy of 700 w was used. The synthesized CDs were leaving
to cool, diluted with water and posterior centrifuged at
9000 rpm during 10 min in order to eliminated suspend-
ed impurities. A final of 30 mL were posterior set with
water.

Instrumentation

The fluorescence sensing evaluations were made us-
ing a QE65000 charge-coupled detector, a 380 nm Light
Emitting Diode (LED), a sampling compartment (CUV-
ALL-UV 4-way) and two 1.0 mm core diameter fiber op-
tics (P1000-2-UV-VIS) from Ocean Optics. One of the
fibers guides the light from the source to the sampling
compartment and the other guide the emitted light to the
detector. The reaction time profiles were obtained col-
lecting the signal at the maximum emission wavelength,
every 10 s with an integration time of 300 ms. A differ-
ence between the initial and the final fluorescence inten-
sity measured after 10 min the addition of the ROS/RNS
(intensity variation) were used in all the work.

The absorbance and fluorescence spectra were ob-
tained in a standard 1 cm fluorescence quartz cell and
collected respectively in a Jasco V-530 UV-Visible spec-
trophotometer and in a Jasco FP-6200 spectrofluorim-

eter. The absorption spectra were obtained in a wave-
length range from 250 to 650 nm with a 2 nm interval, slit
widths 2 nm and wavelength scan rate medium; the Flu-
orescence spectra were obtained in a wavelength range
from 300 to 700 nm with a 1 nm interval, slit widths 5
nm, sensitivity response medium, response time fast and
wavelength scan rate 1000 nm/min. Fourier Transform
Infrared (FTIR) spectra were obtained by a Perkin El-
mer FTIR Spectrum 400 in solid state with an Attenuat-
ed Total Reflectance (ATR) accessory in a range of 4000
to 650 cm™ with 16 accumulations and a resolution of 4
cm’. The particle size, size distribution and shape of the
synthesized CDs were evaluated by Transmission Elec-
tronic Microscopy (TEM) in a FEI Company Tecnai G2
20 S-Twin electronic microscopic.

Quantum yield

The @ of the CDs was calculated comparing the in-
tegrated photoluminescence intensities and the absor-
bance values of the synthesized CDs with the ones of the
quinine sulfate.

2
6=, x Grad L

Grad, 77_12z

In the equation @ is the fluorescence quantum yield,
Grad is the gradient from the plot of integrated fluores-
cence intensity vs. absorbance and # is the refractive in-
dex. The subscripts R refer to reference fluorophore, qui-
nine sulfate of known @. The ® of the quinine sulfate is
@ = 0.54. The 7 of the quinine sulfate in 0.1 M H,SO, and
of nanocomposites water solutions used were 7 = 1.33.

ROS/RNS evaluations

The more adequate CDs dilution in phosphate buf-
fer 0.01 M was assessed by the evaluation of successive
dilutions of CDs solution in order to establish the di-
lution with the higher CDs fluorescence intensity. The
ROS/RNS addition, in the required concentration to the
more adequate CDs dilution, was done in a cuvette with
a Hamilton® syringe with permanent agitation while the
fluorescence signal is continuously monitored for a peri-
od of 10 min.

Results

ROS/RNS evaluations

Preliminary results shows that the co-doped S,N-
CDs could be used for the ONOO" detection and the
co-doped P,N-CDs could be used to the CIO- detection
at pH 7.4. Worse results were obtained with non-doped
CDs (data don’t shown). Indeed they found with the syn-
thesis of co-doped S,N and P,N-CDs with CA and UR in
the range from 1 to 3 g with 1 g of Cys or SP shows that
the more selective and sensitivity ONOO" and CIO" flu-
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Figure 1: NO, ONOO, CIO,, HO, H,O, and O, fluorescence response evaluation of the co-doped S,N-CDs and P,N-CDs.

orescence detection were obtained respectively with the
synthesized co-doped CDs with 1 g of CA and UR and
with 3 g of CA and 1 g of UR.

Attending to those preliminary results the possibili-
ty of the ONOO" and ClO- fluorescence quantification at
pH 7.4 were then evaluated with the co-doped S,N-CDs
and P,N-CDs synthesized respectively with 1 g of CA and
UR and with 3 g of CA and 1 g of UR with Cysor SPina
range from 0.5 to 2 g. The sensibility and selectivity fluo-
rescence detection of the ONOO- and the ClO- in respect
to other ROS/RNS, by the initially evaluated synthesized
co-doped S,N-CDs and P,N-CDs, is shown in Figure 1.
Other evaluations with different contents of Cys and SP
are presented in supplementary information (Figure S1).

The fluorescence detection of the main ROS/RNS
(NO, ONOO, CIO;, HO, H,0, and O,’) by the S,N-CDs
and P,S-CDs was done at concentrations of 10, 50 and
100 uM. A greater sensible and selective response of S,N-
CDs to ONOO and of P,N-CDs to ClO- was verified at
pH 7.4. Also was verified that the S,N-CDs responds to
the NO and the P,N-CDs responds to ONOO- and NO.
A similar quenching effect was verified for the ONOO
with the S,N-CDs and for the CIO" with the P,N-CDs.
For the other ROS/RNS a minor quenching effect was
verified for the ONOQO™ and NO with the P,N-CDs.

In comparison with the S,N-CDs synthesized in the
other conditions is verified that the CDs synthesized
with 0.5 g of Cys don’t show selectivity between ROS/
RNS and the CDs with 2 g of Cys presented sensibility
to NO but wasn’t observed a linear variation. Relative-
ly to P,N-CDs although the CDs, with others masses of

SP present sensibility to ClO" only the prepared with 1 g
of SP showed a linear variation. Also a greater selectivi-
ty was verified with the co-doped P,N-CDs synthesized
with 1 g of SP.

Attending to this previous evaluation the co-doped
S,N-CDs and P,N-CDs, respectively synthesized with 1 g
of CA, UR and Cys and with 3 gof CA, 1 gof UR and 1
gof UR and 1 g of SP, were then characterized and their
ONOO and ClO" quantification capability was evaluated.

CDs characterization

The synthesized co-doped S,N-CDs and P,N-CDs,
posterior used for ONOO"and ClO- quantification, were
characterized by fluorescence, FTIR and TEM analysis.

Spectroscopic characterization: Figure 2 presents the
fluorescence Excitation-Emission Matrices (EEM) of the
synthesized co-doped S,N-CDs and P,N-CDs used for
quantification. In supplementary information are present-
ed the EEM of the other synthesized CDs (Figure S2) and,
for easier comparison, a table with the main fluorescence
features of the all the synthesized CDs (Table S1).

Relatively similar fluorescence characteristics for the
different synthesized CDs were observed. The co-doped
S,N-CDs presents a @ of 21% and the P,N-CDs of 6%.
The excitation/emission wavelength of both CDs is sim-
ilar. The excitation/emission wavelengths at maximum
fluorescence intensity found for the S,N-CDs is 350/421
nm and for the P,N-CDs is 360/441 nm. For the co-
doped S,N-CDs with different quantities of Cysan ex-
citation wavelength of 350 nm and a similar emission
wavelength close to 430 nm and a @ between 22.09 and
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Figure 2: Typical Excitation Emission Matrices (EEM) of the co-doped S,N-CDs and P,N-CDs.
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Figure 3: FTIR spectra of the co-doped S,N-CDs and P,N-
CDs.

30.53 was observed. For the P,N-CDs with different con-
tents of SP an excitation wavelength close to 360 nm and
emission wavelength that increase from 390 nm to 449
nm with the increase of the SP mass was observed. For
the co-doped P,N-CDs was also observed that the @ de-
crease with higher masses of SP.

In supplementary information (Figure S3) is also pre-
sented the influence in the fluorescence intensity of the pH
and of the ionic strength of the synthesized co-doped S,N-
CDs and P,N-CDs in the synthesis conditions used for the
quantification. By analysis of the this figure it’s possible to
see that the maximum fluorescence intensity for the S,N-
CDs it’s found at pH 5 and for the P,N-CDs at a pH from 8
to 11. At pH 7.4 a greater decrease and a slightly increase are
respectively observed for the S,N-CDs and P,N-CDs.

A non-significate variation of the fluorescence inten-

sity it’s obtained with the ionic strength showing that a
non-significant influence of the ionic strength could be
expected in the fluorescence quantifications.

The FTIR spectra of the different CDs synthesized
are presented in Figure 3 and in supplementary material
(Figure S4).

Slightly different FTIR spectra of the synthesized co-
doped S,N-CDs and P,N-CDs used for the quantification
are found. Significant difference are for the peaks of the
C-H (2846 and 2764 cm™) and of the C-N (1382 and 1395
cm™) Even so the great differences are obtained for the co-
doped P,N-CDs in the region of the singles bonds below
1500 cm™ where a stronger peak now appears at 1068 cm’™
(C-C) and of the double bonds between 2000 and 1500 cm™
where are clearly evident two peaks at 1764 (C = O) and
1663 cm™ (C=C).

Size and shape: The size and the shape of the two CDs
presented were obtained using TEM analysis (Figure 4).

A statistical evaluation of the size distribution consid-
ering a sample of 100 nanoparticles shows for the S,N-
CDs an average size of 10.9 nm and a standard deviation
of 3.7 and for P,N-CDs an average size of 8.2 nm and
a standard deviation of 4.9. Comparing the two syn-
thesized co-doped CDs for the co-doped S,N-CDs was
found a slightly larger size with a more heterogeneous
size distribution. Also by TEM analysis were verified
for the S,N-CDs an irregular shape and for P,N-CDs a
spherical or quasi-spherical shape. An higher aggrega-
tion could be seen for the S,N-CDs.

Fluorescence sensing

Quantification capability: Following are present-
ed the results that allow to evaluate the quantification
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Figure 4: TEM images of the co-doped S,N-CDs and P,N-CDs.
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capability of the ONOO" and CIO" by the S,N-CDs and
P,N-CDs, respectively. Both ROS/RNS it’s observed a
fluorescence quenching effect provoked by addition of
ONOO- to the S,N-CDs and of ClO" to the P,N-CDs.
The fluorescence quenching mechanism is probably due
to a pH dependent redox reaction between the ClO™ or
ONOO" and the CDs surface oxygen and nitrogen func-
tionalities and dangling bonds. Indeed, the fluorescence
of CD are markedly affected by the surface chemistry and
the oxidation of surface functionalities modified those
properties [32].

In Figure 5 is presented the fluorescence time profiles
due to the fluorescence quenching effect of the synthe-
sized CDs at concentrations from 2.5 to 200 uM. In sup-
plementary information (Figure S5) are presented the
ONOO and CIO" linear range evaluation by addition of
a ONOO" and CIO" concentration from 2.5 to 200 uM
respectively to the synthesized S,N-CDs and P,N-CDs in
the synthesis conditions used for the quantification. The
average response time at 90% of maximum fluorescence
quenching effect is 9 seconds.

It is now clear by analysis of the Figure 5 a higher
quenching effect by addition of ONOO- to the co-doped
S,N-CDs relatively to the found by addition of CIO" to
the co-doped P,N-CDs. By the evaluation of the linear
range (Figure 5) in the levels of concentration from 2.5
to 200 pM was also obtained a higher linear range from
2.5 and 200 uM for the ONOO" and for the ClO"a smaller
linear range from 2.5 and 100 uM.
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Figure 5: Fluorescence time profiles found by addition of
ONOO-to the co-doped S,N-CDs and of CIO- to the P,N-CDs

in the range from 2.5 to 200 yM.

In Table 1 is presented the ONOO" and ClO" quanti-
fication results obtained in standard and in spiked serum
samples in the more adequate linear range.

Good quantification results were found for the ONOO-
with the co-doped S,N-CDs and for the ClO™ with the co-
doped P,N-CDs in the quantification of the standard solu-
tions in the concentrations levels evaluated. Recoveries for
the ONOO" with the co-doped S,N-CDs from 81 and 100%
and for the ClO with the co-doped P,N-CDs from 99 and
108% were found. Worse results were generally found in
the ONOO' and CIO" quantification in serum samples with
recoveries for the ONOO- with the co-doped S,N-CDs from
70 and 85% and for the ClO" with the co-doped P,N-CDs
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Table 1: Quantification results found in the more adequate linear range by addition of ONOO- to the co-doped S,N-CDs and of
CIO- to the co-doped P,N-CDs*.

S,N-CDs (m_, =1/m =1Im__=1)
y=a+bx b=-783%0.14;a=-22.87 +12.69;m=7

s, =25.72; r=0.9991

LR -2.5-200 uM; LD = 1.34 uM
[ONOO] (uM) Standard solutions Spiked serum samples (100 x)
Expected 10 25 50 10 25 50
Estimated 9.95+9.29 20.15%9.19 43.75+9.05 7.30£9.32 17.45 +9.21 42.24 +9.05
Recovery (%) 99.55 80.56 87.49 72.99 69.80 84.68
P,N-CDs (m_, = 3Im . =1Im_=1)
y=a+bx b=-5.0210.08,a=-19.43+4.01; m=5

s, =6.05; r=0.9996

LR -5-100 pM; LD = 1.80 pM
[CIO] (uM) Standard solutions Spiked serum samples (100 x)
Expected 10 25 50 10 25 50
Estimated 9.99+442 24.61+4.25 53.731 £ 4.27 6.29+4.48 11.79 £ 4.40 19.42 + 4.30
Recovery (%) 99.88 98.45 107.461 62.94 47.16 38.85

“a-Intercept: s,-Intercept standard deviation; b-Slope: s,-Slope standard deviation; sy/X-ResiduaIs standard deviation; r-Linear cor-
relation coefficient; m-Number of calibration points; LR-Linear Range; LD-Limit of Detection evaluated by the s of five determina-

tions of a blank.

S,N-CDs

P,N-CDS

Fluorescence Extinction (%)

Concentration 25uM

Fluorescence Extinction (%)

Figure 6: Fluorescence quenching effect obtained by addition of ROS/RNS or ionic species to S,N-CDs and P,N-CDs.
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Concentration 25uM

from 39 and 63%. Even so generally better results with the
serum samples are obtained with the co-doped S,N-CDs in
the quantification of ONOO'.

The interference study of the main ROS/RNS and se-
lected ionic species in the ONOO- detection for S,N-CDs
and in the ClO- detection for P,N-CDs was also made for
a concentration value of the potential interfering species
of 25 uM (Figure 6).

Lower selectivity to ONOO- with the co-doped S,N-
CDs and higher selectivity to ClO- quantification with
the P,N-CDs were observed. The ionic species Fe?* and
Fe’* causes the highest interference in the ONOO™ and
ClO" detection by the evaluated co-doped CDs. A greater
interference was observed with the co-doped S,N-CDs.

As could expected, attending to previous results and be-
side the Fe**and Fe’* ionic species, only for the co-doped
S,N-CDs with the ONOO- a small interference of the NO
is observed.

In Table 2 is presented the resume of the methods of
synthesis, fluorescence characteristics and principal fig-
ures of merit of the already developed CDs based sensors
for ONOO" and CIO- detection.

Comparing with previous published works was found:
for the ONOO" detection by the co-doped S,N-CDs, a
comparable selectivity, a relatively high sensitivity, a
slightly lower limit of detection and a larger linear range;
for the ClO detection by the co-doped P,N-CDs a com-
parable selectivity, a relatively high sensitivity, a slightly
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"Prec.-Synthesis precursors; Synt.-Synthesis method; ®-Quantum yield; A_,-Excitation wavelength at maximum fluorescence intensity; A_, -Emission wavelength at maximum fluo-

rescence intensity; LR-Linear Range; LOD-Limit of Detection; n.p.-not presented; TBO-Tert-butoxy radical; Glc-Glucose; Trp-Tryptophan; MW-Microwave synthesis; CA-Citric acid;

EDA-1,2-Ethylenediamine; UR-Urea; Cys-Cysteine; Suc-Sucrose; PA-Phosphoric Acid; Pep-Pepper; ACL-Autoclave Synthesis; SP-Sodium Phosphate.

*In these refs. the ionic species were not evaluated. In ref. [26] the NO, H,O,, O,-, in ref. [27] the NO, H,O,, O,-, HO, NO_, NO,  and in ref. [29] the H,0,, TBHB, NO, ONOO, O,.",
0,, NO, were evaluated; #In these refs. Beside the ionic species were also evaluated in ref. [30] the H,0, and in ref. [31] the H,O,, KCIO,, KMnO,, and K,Cr,O,; ##n this reference

only ionic species were evaluated.

higher limit of detection and a comparable
linear range. Comparing with our previous
work where synthesized N doped CDs were
used for the ONOO- and ClO- detection, at
pH 9 and 4 respectively, the co-doping with
S or P allows the ONOO" and ClO" detection
with similar performance characteristics at
pH 7.4. Beside that the ONOO" detection
was done with co-doped CDs with a high-
er quantum yield at lowers excitation and
emission wavelengths and the ClO detection
was done with co-doped CDs with a slightly
lower quantum yield and similar excitation
and lower emission wavelengths.

Conclusions

The results obtained shows a sensitive
and selective ONOO" and ClO" quantifica-
tion at pH 7.4 respectively by the co-doped
S,N-CDs and P,N-CDs. A higher sensitivity
with a lower selectivity in the ONOO" quan-
tification, with the synthesized co-doped S,N
CDs, and a lower sensitivity with a higher se-
lectivity in the ClO- quantification, with the
synthesized co-doped N,P-CDs, were found.

Good quantification results were obtained
in the analysis of the standard solutions and
worse results were obtained in the analysis of
the spiked serum sample solutions. Generally
better quantification results were found by the
co-doped S,N-CDs in the ONOO" quantifica-
tion in serum samples solutions and by the co-
doped P,N-CDs in the ClO™ quantification in
standard solutions. Only for the ONOO" with
the co-doped S,N-CDs, and beside the poten-
tial interference of the Fe ionic species, a small
interference of the NO was evaluated.
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Supplementary Information Effect of pH and ionic strength: In Figure S3 are pre-
) sented the influence of the pH and of the ionic strength
ROS/RNS evaluation (b) in the fluorescence intensity at the maximum fluores-
In Figure S1 are presented the results obtained by the ~ cence intensity of the synthesized S,;N-CDs and P,S-CDs
assessment of the response of the synthesized CDs with  in the synthesis conditions used for the quantification.
other synthesis conditions at three concentrations levels FTIR
of CIO;, ONOO’, H,0,, 0,7, NO, and HO  at pH 7.4.
L. In Figure S4 and Table S2 are presented the FTIR
CDs Characterization spectra of the synthesized S,N-CDs and P,N-CDs with

Fluorescence others synthesis conditions.

In Figure S2 are presented the fluorescence exci- Linear range evaluation

tation-emission' matrices of the. synthe.s%zed S,N-CDs In Figure S5 is presented the ONOO" and CIO" linear

and P,N-CDs with others synthesis conditions. range evaluation by addition of a ONOO" and ClO" con-
In Table S1 are presented the principal fluorescence  centration from 2.5 to 200 uM respectively to the synthe-

characteristics of the synthesized CDs with m_, =1 g, sized S,N-CDs and P,N-CDs in the synthesis conditions

m, =1g andwithm, =0.5,2and CDswithm_, =3 g, used for the quantification.
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Figure $1: NO, ONOO, CIO, HO, H,0, and O, fluorescence response evaluation of the synthesized co-doped S,N-CDs and
P,N-CDs with other synthesis conditions.
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Figure S2: Typical Excitation Emission Matrices (EEM) of the synthesised co-doped S,N-CDs and P,N-CDs with other syn-
thesis conditions.

Table S1: Resume of the fluorescence characteristics of the
700-S:N-CDs 530 CDs synthesized in all the evaluated synthesis conditions’.
(@) ” (b) CDs Fluorescence detection
2 600 [ \. 15297 1 m,=1gm,=1g P (%)
g . m., (9) A (nm) A, (nm)
E 5101 I 0.5 2427 350 427
8 | 1 22.09 350 429
S L 500 - .
§ \ 2 30.53 350 422
g 400 - [N Taso ] CDs Fluorescence detection
r LN / m,=3gm,=1g @ (%)
300+ J 480 4 u _ mSP (g) AEx(nm) AEM(nm)
e . . ; 0.5 7.57 350 390
2 4 6 8 10 12 0.0 0.4 0.8
pH [NaCl] (M) 1 5.41 360 441
2 3.88 360 449
P,N-CDs
LA B B NERARERERS! '@ -Quantum yield; A_-Excitation wavelength at maximum flu-
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Figure S3: Normalized fluorescence intensity variation pro-
files with the pH (a) and with the ionic strength (b) of the
synthesized co-doped S,N-CDs and P,N-CDs in the synthe-
sis conditions used for the ONOO- and CIO- quantification.
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Figure S4: FTIR spectra of the synthesized co-doped S,N- Figure S5: Linear range evaluation by addition of a ONOO-
; ; ; " ’ and CIO- concentration from 2.5 to 200 uM to the synthesized
CDs and P,N-CDs with others synthesis conditions. co-doped S,N-CDs and P,N-CDs in the synthesis conditions
used for the quantification.

Table S2: Principal FTIR infrared bands of the synthesized CDs in all the evaluated synthesis conditions.

CDs FTIR bands (cm-)
O-H/N-H C-H C=0/C=C/IC=N C-C/C-N/C-O
(3500-3000 cm™") (3000-2500 cm') (2000-1500 cm™') (1500-1000 cm™')
m,=3g/m,.=1g
m.(9)
0.5 3197, 3073 2767 1773, 1663, 1567 1435, 1394, 1362, 1284, 1246, 1191,
1137, 1058
2 3341, 3207 2767 1767, 1697, 1663, 1557 1443, 1394, 1362, 1280, 1188, 1075
m.,=1g/m.=1g
me,.(9)
0.5 3436, 3351, 3196, 3062 2826 1774, 1703, 1649, 1575 1384, 1354, 1287, 1194, 1081
2 3347, 3195, 3054 2820 1763, 1704, 1575 1384, 1353, 1300, 1242, 1202, 1090
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