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N/S/Se-heteroatom doping of
carbon nanodots produces divergent yet consistent
optical responses to reactive oxygen species†

Xu Geng,ab Thomas R. Congdon, a Palapuravan Anees,a Andrea A. Greschner,a

Fiorenzo Vetrone a and Marc A. Gauthier *a

Carbon nanodots (CNDs) have attracted substantial scientific curiosity because of their intriguing stimuli-

responsive optical properties. However, one obstacle to the more widespread use of CNDs as

transducers for e.g., biodetection systems is incomplete knowledge regarding the underlying chemical

changes responsible for this responsiveness, and how these chemical features can be engineered via the

precursors chosen for CND synthesis. This study demonstrates that the precursor's functional groups

play a key role in directing N/S/Se heteroatom dopants either towards the surface of the CNDs, towards

the aromatic core, or towards small organic fluorophores in the core. Divergent optical properties, which

were consistent amongst groups of CNDs prepared with similar precursors, were obtained including

either a decrease or increase of fluorescence intensity in the presence of hydrogen peroxide. Moreover,

CNDs were identified with orthogonal responsiveness to radical (hydroxyl radicals, cOH; down to 2.5 mM)

vs. non-radical oxidants (H2O2; down to 50 mM), which suggests that control of the chemistry of CNDs

via the choice of precursor could yield probes that are specific to certain sub-species of reactive oxygen

species or entirely different molecules altogether, based on the way they chemically-modify the surface

(respond faster) and core functional groups (respond slower) associated with chromophores/

fluorophores of which the CNDs are composed.
1. Introduction

Carbon nanodots (CNDs) are an emerging class of metal-free
and carbon-rich nanomaterial with intriguing properties. They
have attracted substantial scientic curiosity because they can
possess high uorescence quantum yield, high photo-stability,
excitation-dependent uorescence, adjustable surface chem-
istry, and especially stimuli-responsive optical properties.1–5

Indeed, this last feature has drawn considerable attention
because of its usefulness as an optical transducer for the pres-
ence of various chemicals.6–13 Concurrently, much exciting work
is ongoing to understand how to control the optical properties
of CNDs via their chemistry.14 However, one of the major
obstacles to the more widespread use of CNDs is the incomplete
knowledge regarding their chemical structure and how the
latter relates to the aforementioned properties. At present, high
quantum yield is believed to be related to the presence of small
organic uorophores produced by the condensation of certain
types of precursor molecules, such as L-cysteine with citric
que (INRS), EMT Research Center, 1650
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tion (ESI) available. See DOI:

4–4033
acid.14 High photo-stability, moderate quantum yield, and
excitation-dependent uorescence are associated with uores-
cent states of aromatic or graphenic (sub)nano-domains.15

Moreover, pendant functional groups not only determine the
surface chemistry of the CNDs, which inuence their colloidal
properties, but also inuence the energy levels of the aromatic/
graphenic domains.

Within this context, heteroatom doping has been explored as
a means to control and tune the features above. However, while it
is very likely that the surface vs. core features of CNDs play
a pivotal role in optical responses towards analytes, little infor-
mation is available on this topic. To contribute towards a better
understanding of CNDs, this study explores the chemical and
optical features of a series of ve related CNDs produced by
hydrothermal synthesis from citric acid and amino acids. The
incorporation of heteroatoms via precursors containing different
functional groups (thiol/selenol, disulde/diselenide, thioether/
selenoether) is used to promote N/S/Se heteroatom doping to
core (i.e., incorporated in the aromatic domains) versus surface
locations (pendant solvent exposed functional groups). Sulfur
and selenium heteroatoms are of interest because of their
susceptibility to oxidation/reduction, which can make them
responsive to biologically relevant concentrations of reactive-
oxygen species (ROS).13,16,17 The latter are associated with varied
physiological processes and diseases (cancer, inammation,
This journal is © The Royal Society of Chemistry 2020
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neurodegenerative diseases, etc.).11,18,19 Results show that
precursor functional groups do indeed play a key role on direct-
ing heteroatom dopants either towards the surface of the CNDs,
towards their aromatic core, or towards the formation of small
organic uorophores. This, in turn had an important and
predictable impact on surface chemistry, optical properties, and
changes to these two parameters in the presence of oxidants.
Remarkably, selective S/Se-doping of the core yielded CNDs that
slowly lost uorescence upon oxidation with ROS. In contrast,
a rapid gain of uorescence was observed for surface S/Se-doped
CNDs. Moreover, the CNDs displayed a quantitative yet selective
response to radical vs. non-radical oxidants, based on how their
functional groups react with oxidants.
2. Results
2.1 Morphology, composition, and optical properties

The production of CNDs by hydrothermal synthesis from citric
acid and amino acids takes place via a dehydration–polymeriza-
tionmechanism.6,7 Six CNDs were produced by thismethod using
a series of structurally related double-nucleophile precursors
containing N/S or N/Se heteroatoms: L-cysteine (C), L-selenocys-
teine (Se-C), L-cystine (C2), L-selenocystine (Se-C2), L-methionine
Fig. 1 Structure, composition, and optical characteristics of CNDs. (a
Elemental composition of CNDs by XPS, and fluorescence quantum yield
maximum emission wavelength seen in subsequent figures) in the prese

This journal is © The Royal Society of Chemistry 2020
(M), and L-selenomethionine (Se-M). Themorphologies of ve out
of the six heteroatom doped CNDs were characterized by trans-
mission electron microscopy (Fig. 1a). All CNDs had a quasi-
spherical shape with average diameters in the range of 1.5–
2.5 nm. The absence of electron diffraction patterns in these
images, as well as our inability to obtain quality Raman spectra
for these entities (data not shown) suggests that the CNDs are
essentially amorphous (i.e., no pristine graphenic nano-
domains). Our failure to image CNDs produced with Se-C by
TEM, coupled to the absence of uorescence for these CNDs
suggested that selenol groups interfered with their hydrothermal
synthesis. Indeed, selenols are substantially more nucleophilic
than thiols and can also act as catalytic agents for the generation
of ROS,20 which could possibly contribute to degrading the
structure of the CNDs. These CNDs were not further character-
ized. In other works, the incorporation of selenium heteroatoms
into CNDs by hydrothermal synthesis was achieved using e.g.,
sodium selenite,21 Se-M,22 or Se-C2 precursors,13 while sodium
hydrogen selenide was used for doping pre-formed graphene
oxide quantum dots.12 Elemental analysis (Fig. 1b; full XPS survey
spectra in Fig. S1†) revealed that all CNDs possess the expected
heteroatoms. Highest N/S/Se doping was achieved using M and
Se-M, and a range of quantum yields were observed for the CNDs
) Representative TEM images of CNDs and average particle size. (b)
. (c) Evolution of fluorescence emission of CNDs (lex 360 nm; lem is the
nce of 50 mM H2O2. Data presented as mean + SD, n ¼ 3.

Nanoscale Adv., 2020, 2, 4024–4033 | 4025
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(high for C and C2, low for the rest; Fig. 1b). Remarkably, both
losses and gains of uorescence were observed for different
groups of structurally-related CNDs in the presence of hydrogen
peroxide (H2O2; Fig. 1c). As seen in Fig. 1c, H2O2 can oxidize
surface and core functional groups based on their accessibility
and susceptibility to oxidation, which in turn inuences uores-
cence intensity. Note that the uorescence intensities of all CNDs
were stable for at least four days in the presence of very low
concentrations of H2O2, demonstrating that these changes are
specically related to oxidation and not some form of instability
(Fig. S2†). To rationalize this phenomenon, the location of
heteroatom dopants as well as the inuence of oxidation on the
chemistry of the CNDs was investigated.

2.2 Core N,S and surface N-doped CNDs produced with C

Cysteine possesses two nucleophilic functional groups (thiol
and amine), which are expected to readily react with citric acid
Fig. 2 CNDs produced from citric acid and cysteine are core S,N-dop
fluorophores. (a) Absorbance and excitation-dependent fluorescence sp
possible pendant alanine-type structure shown in inset; (c) high-resolutio
the structure of the putative fluorophore produced by condensation of c
decomposition of the XPS is used to guide the eye and not to identify indiv
within CNDs.

4026 | Nanoscale Adv., 2020, 2, 4024–4033
to produce organic uorophores in the early stages of the
condensation–polymerization reaction (such as those proposed
by Kasprzyk et al.),14 in addition to aromatic domains due to the
carbonization of citric acid. The high quantum yield observed
for CNDC, similar to that reported by others (70–80%),23,24

alongside the absence of excitation-dependent uorescence
corroborates this expectation (emission spectrum prole does
not depend on excitation wavelength; Fig. 2a). Further analyzing
these CNDs by 1H NMR spectroscopy enabled the character-
ization of the most mobile and solvent-accessible functional
groups on the CNDs, presumably those on their surface. Signals
from rigid structures and solvent-inaccessible functional
groups (within the core) are generally not observed using typical
acquisition parameters. As suggested by Fig. 2b, the surface of
CNDC bears residual carboxylic acid functional groups from the
incomplete carbonization of citric acid. Moreover, the quartet at
3.7 ppm and doublet at 1.4 ppm, combined with the absence of
ed, surface N-doped, and possess high quantum yield small organic
ectra; (b) 1H NMR spectra before and after oxidation with H2O2 with
n XPS spectra for S2p before and after oxidation with H2O2. Inset shows
itric acid and cysteine, as reported by Kasprzyk et al. (ref. 14). Spectral
idual chemical species, owing to the diversity of such species expected

This journal is © The Royal Society of Chemistry 2020
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signals characteristic of the alkyl thiol from cysteine, suggests
that cysteine on the surface of the CND is undergoing a thermal
desulfurization reaction, leading to a structure resembling
alanine. These observations are also reected by 13C NMR
spectroscopy (Fig. S3†) with resonances at 17 ppm and 50 ppm
that are similar to those of alanine. In light of the absence of S
heteroatoms at the surface of CNDC, it is expected that the S
heteroatoms are preferentially located in the core, while N
heteroatoms are present at least partially on the surface in the
form of alanine-type pendant functional groups. XPS analysis of
the CNDs conrms the presence of thioether- and thiophenic
groups, alongside amide-, pyridinic-, and pyrrolic-type nitrogen
structures, which can be assigned to the core of the CNDs
(Fig. 2c and S8†). Oxidation with H2O2 led to a very slow
decrease of uorescence over a period of several days (Fig. 1c).
The appearance of sulfonic species was observed alongside an
extensive decrease of thioether species, as well as partial
oxidation of nitrogen groups (Fig. 2c and S8†). This suggests
that degradation of the heterocyclic uorophore is required to
disrupt uorescence. Moreover, the retention of the peaks from
thiophenic S heteroatoms suggests that S heteroatoms in the
core (i.e., other than those associated with the small uo-
rophore) are not readily oxidized. Oxidation of amide nitrogen
on the surface of CNDC did not occur under these conditions,
based on 1H and 13C NMR data (Fig. 2b and S3†).

The use of C as precursor thus led to alanine-type surface
functional groups (i.e., “N-doped”), an S,N-doped aromatic core,
and to high quantum yield small molecule uorophores con-
cealed in the core. Data suggests that degradation of the uo-
rophore is the dominant mechanism of loss of uorescence
intensity for CNDC in the presence of H2O2. The remaining N-
heteroatoms on the surface and the S,N heteroatoms in the
core changed little by oxidation under the conditions tested.
2.3 Core N,S(ox)/Se(ox)- and surface N-doped CNDs produced
with C2/Se-C2

C2 and Se-C2 are oxidized forms of C and Se-C, respectively,
which do not possess thiol or selenol nucleophiles. Both of
these precursors possess two amino groups and therefore
should behave as double nucleophiles in the CND fabrication
reaction, at least in the initial stages of the hydrothermal
reaction. Homolytic scission of the disulde/diselenide bonds
is not expected to occur at the temperatures used in the
hydrothermal process.25 Both precursors are insoluble in the
citric acid in water mixture, requiring the addition of HCl to
achieve solubility. In the literature, the acidic hydrolysis of C2

and Se-C2 in 6 M HCl at 110 �C has been reported to produce
dehydroalanine, followed by pyruvate, ammonia, and small
amounts of alanine.26 Under the considerably less acidic
conditions used herein, 1H NMR spectroscopy revealed that the
surface of CNDC2 and CNDSe-C2

is dominated by signature peaks
for citric acid and alanine (as for CNDC), but no dehydroalanine
(Fig. S4 and 5†). The elemental composition (Fig. 1b) of CNDC2

was similar to that of CNDC. Interestingly, S and Se heteroatoms
in the as-synthesized CNDC2/Se-C2

already show signs of
substantial oxidation (Fig. 3a and b), which contrasts to CNDC
This journal is © The Royal Society of Chemistry 2020
(Fig. 2c; where only thioether and thiophenic peaks were
observed). Similar to CNDC, CDNC2

did not exhibit excitation-
dependent uorescence (Fig. 3c). This could suggest the pres-
ence of a small organic uorophore (possibly in a partially
oxidized form, which would explain lower quantum yield than
CNDC), which possesses the same two emissions as CNDC (i.e.,
425 and 450 nm), though the relative intensity of these two
peaks was different. An alternative or additional interpretation
is that the oxidation of S-heteroatoms in CNDC2

renders more
uniform the functional groups associated with aromatic uo-
rophores, which can eliminate the excitation-dependence of
uorescence, albeit the quantum yield is too high for this
explanation to be plausible.15 This interpretation is in line with
the XPS data (Fig. 3a and b) whereby only a small increase of
sulfoxide/sulfone peak intensity was observed following oxida-
tion with H2O2. However, as argument in favor of the formation
of small organic uorophores in CNDC2

, the emission spectrum
of CNDSe-C2

showed clear excitation-dependence (Fig. 3d). This,
in combination with low quantum yield of CNDSe-C2

(<10%)
suggests emission from core aromatic domains. Exposure of
both CNDs to H2O2 yielded a slow loss of uorescence signal
over 72 h (Fig. 1c) as well as a signicant change in the N1s

signals as observed by XPS (Fig. 3a and b).
The use of C2 and Se-C2 precursors leads to alanine-type

surface functional groups (N-doped) and N,S(ox)/Se(ox)-doped
core aromatic domains. The combined data suggests that the
dominant mechanism of loss of uorescence quantum yield for
CNDC2

and CNDSe-C2
by H2O2 is oxidation of core N-

heteroatoms. The remaining N-heteroatoms on the surface of
CNDC2/Se-C2

as well as the S/Se-heteroatoms in the core of the
CNDs (already oxidized during synthesis) were insensitive to
further oxidation by ROS under the conditions tested.
2.4 Core and surface N,S/Se-doped CNDs produced with M/
Se-M

To overcome the loss of surface S/Se heteroatoms due to
precursor decomposition during hydrothermal synthesis, the
latter were incorporated into the CNDs via thioether and
selenoether precursors. Thioethers and selenoethers are weak
nucleophiles that can be alkylated under certain conditions.27

However, in the present context, reaction with carboxylic
groups on citric acid is not expected as the resulting structures
would be highly unstable. The CNDs produced with these two
precursors both possessed quantum yields <10% and dis-
played important excitation-dependent uorescence (Fig. 4a
and b). This suggests that uorescence results from a pop-
ulation of aromatic core uorophores. Compared to the CNDs
above, the level of incorporation of N,S/Se heteroatoms was
substantially greater (Fig. 1b) despite the fact that M and Se-M
behave more as single nucleophiles than as double nucleo-
philes. This could indicate that thio/selenoethers are more
stable to the conditions encountered during hydrothermal
synthesis. Indeed, 1H and 13C NMR spectroscopy shows that
the thio/selenoether functional groups remain intact on the
surface of CNDs, which is in contrast to the CNDs above for
which the S/Se heteroatoms on the surface were always lost
Nanoscale Adv., 2020, 2, 4024–4033 | 4027
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Fig. 3 CNDs produced from citric acid and C2/Se-C2 are surface N-doped and core N,S(ox)/Se(ox)-doped. High-resolution XPS spectra (S2p, N1s)
before and after oxidation with H2O2 of CNDC2

(a) and CNDSe-C2
(b). Spectral decomposition of the XPS spectra was performed to guide the eye.

Absorbance and excitation-dependent fluorescence spectra of CNDC2
(c) and CNDSe-C2

(d).
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(Fig. 5a, b, S6 and S7†). Interestingly, oxidation led to a rapid
200–400% increase of uorescence emission (<1 h; Fig. 1c),
which contrasts with the very slow (days) decrease of uores-
cence observed for all other CNDs above. As established by 1H
NMR spectroscopy (Fig. 5a), oxidation of CNDM leads to
4028 | Nanoscale Adv., 2020, 2, 4024–4033
a quantitative conversion of surface thioether peaks to those of
a sulfoxide. This is also observed by XPS (Fig. 4c). The absence
of other signicant changes to C1s and N1s signals (Fig. S11†)
suggests that oxidation of surface thioether groups is
responsible for the rapid increase of uorescence intensity.
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 CNDs produced from citric acid and M/Se-M are surface and core N,S/Se-doped. Absorbance and excitation-dependent fluorescence
spectra of CNDM (a) and CNDSe-M (b). High-resolution XPS spectra (S2p, Se3d) before and after oxidation with H2O2 of CNDM (c) and CNDSe-M (d).
Spectral decomposition of the XPS spectra was performed to guide the eye.
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The presence of residual thioether/thiophenic sulfur aer
oxidation was observed by XPS (Fig. 4c), suggesting that
certain S-doped functional groups in the core are less
responsive to oxidation. Indeed, following the initial (rapid)
increase of uorescence caused by oxidation of surface thio-
ether groups, a decrease of uorescence was observed over
a much longer period, synonymous with oxidation of core
heteroatoms as seen above for the other CNDs. The results
obtained with Se-M were similar to those for M, in that intact
selenoether groups are observed on the surface of the CNDs by
1H NMR spectroscopy (Fig. 5b) and that oxidation of these led
to a rapid increase of uorescence. In contrast, however, the
1H NMR spectrum of the oxidized CNDSe-M was not sufficiently
clear to identify the structure of the oxidized surface func-
tional groups. Indeed, selenoxides can undergo both elimi-
nation reactions and cyclization to selenuranes,28 which could
be responsible for the observed changes to the spectrum aer
oxidation. However, as the XPS Se3d signal from CNDSe-M

(Fig. 4d) did not change signicantly aer oxidation, it is most
This journal is © The Royal Society of Chemistry 2020
likely that selenoxide elimination is occurring, which would
leave behind only core Se-heteroatoms. The latter were
insensitive to oxidation under the conditions examined, and
consequently no decrease of uorescence signal with pro-
longed oxidation, as seen for CNDM, was observed in Fig. 1c.
Indeed very little or no change in the N1s signal was observed
upon oxidation of either CNDM or CNDSe-M (Fig. S11 and 12†),
which suggests that only S/Se heteroatoms are involved in the
uorescence increase (and subsequent decrease for CNDM).

Overall, the use of M/Se-M as precursor leads to pendant
thioether/selenoether surface functional groups and N,S/Se-
doped core aromatic domains. The collective data suggests
that oxidation of the surface S/Se-heteroatoms leads to
a rapid (<1 h) increase of uorescence, but also to the
concurrent elimination of surface Se heteroatoms. Slow
oxidation of core S-heteroatoms caused a subsequent
decrease of uorescence for CNDM, while the oxidation of
core Se heteroatoms did not occur for CNDSe-M under the
conditions examined.
Nanoscale Adv., 2020, 2, 4024–4033 | 4029
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Fig. 5 Changes to surface chemistry of CNDM/Se-M in response to
H2O2.

1H NMR spectra of CNDM (a) and CNDSe-M (b) before and after
oxidation with H2O2.
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2.5 Quantitative response to radical vs. non-radical ROS

In light of our ability to control the location of heteroatom
doping for the CNDs, as well as our understanding of the
Fig. 6 Oxidation dependent fluorescence of CNDs. (a) Concentration-de
H2O2 (log–log scale) for a duration indicated between parentheses in the
preceding figures). R2 was 0.96–0.99 for all linear fits. (b) Concentration-d
30 min exposure to H2O2 and UV radiation to produce hydroxyl radicals

4030 | Nanoscale Adv., 2020, 2, 4024–4033
chemical transformation that occurs in the presence of H2O2,
an exploration of the quantitative relationship between uo-
rescence and the presence of ROS was undertaken. It is
currently thought that the nature of the (heteroatom-
containing) functional groups connected to or within the
carbon framework of CNDs inuence the energy levels of
surface/core aromatic chromophores and uorophores. This
can lead, for instance, to excitation-dependent uorescence
when multiple different uorescent species are present within
a given CND. As such, the chemical changes to CNDs described
above can lead to a change in the number and type of
chromophores/uorophores, resulting in e.g., an increase or
decrease of uorescence. While the underlying structure–
property relationships remain difficult to elucidate, in the
present case the oxidation of the CNDs led to very minor
changes to their absorption spectrum, with the exception of
CNDC2 for which a new peak below �300 nm appeared
(Fig. S13†). At 360 nm, the wavelength chosen to induce uo-
rescence in Fig. 6, increases/decreases of absorbance were
consistent, yet not proportional, to the observed increase/
decrease of uorescence. This suggests the existence of
a substantial population of non-uorescent species that absorb
at 360 nm and is consistent with the generally low quantum
yield values (Fig. 1b). No additional peaks or shis in the uo-
rescence spectrum were observed upon oxidation to explain
changes of uorescence intensity. Fig. 6a shows the changes of
uorescence of the CNDs in the presence of different concen-
trations of H2O2 spanning 4-orders of magnitude. The curves
are plotted for a certain xed reaction time, which was different
for each CND owing to their different response kinetics to
oxidation. The full time course evolution of uorescence at each
concentration of H2O2 for each CND is provided in Fig. S2.† It
was interesting to note that linear responses (R2 0.96–0.99) to
H2O2 concentration were observed for all CND samples over 2–4
orders of magnitude of concentration in the 50 mM to 50 mM
range, which encompasses the range of biological relevance
pendent change of fluorescence emission of CNDs in the presence of
legend (lex 360 nm; lem is the maximum emission wavelength seen in
ependent change of fluorescence emission of CNDs (linear scale) after
. For both panes, data presented as mean + SD, n ¼ 3.

This journal is © The Royal Society of Chemistry 2020
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(50–100 mM).29 Fluorescence intensity decreased for CNDC,C2,Se-

C2
and increased for CNDM,Se-M as expected from Fig. 1c. Devi-

ations from linearity were sometimes observed at low H2O2

concentration and at high concentration, where the effect
seemed to either to saturate (CNDM) or be enhanced (CNDC2

; the
latter possibly indicating that more than one mechanism of
inactivation is at play).

Considering that the response of the CNDs towards H2O2

was very slow for CNDC,C2,Se-C2
(days), it was considered war-

ranted to explore whether a more rapid response to oxidation
could be achieved with more reactive ROS.30 As such, the change
in optical properties of the CNDs was examined under ultravi-
olet (UV) irradiation in the presence of H2O2, to generate
hydroxyl radicals (cOH) in situ.31 Moreover, optical properties
were measured aer a period of 30 min of UV irradiation. In
contrast to the non-radial oxidant H2O2, hydroxyl radicals are
substantially more reactive and, as seen in Fig. 6b, much lower
concentrations of H2O2 were employed in this series of experi-
ments. Under these conditions, CNDC and CNDC2

showed
a strong linear dependence on uorescence emission with
oxidant concentration over the 2.5–500 mM range (R2 > 0.97).
CNDC was more sensitive to this oxidant than CNDC2

and UV
light alone did not inuence its uorescent properties
(Fig. S14†). Intriguingly, under these same conditions, none of
the other CNDs exhibited a change in their uorescence output.
This was especially surprising in the case of CNDM and CNDSe-

M, which displayed a rapid and important response to H2O2

(Fig. 6a). This result can be reconciled by the fact that Hiller
et al. have shown that the mechanism of oxidation of the thio-
ether of methionine with hydroxyl radicals is substantially
different from that with H2O2,32 leading to a variety of possible
structures, but not a sulfoxide. This observation highlights the
importance of documenting chemical changes that occur to
CNDs in response to a given stimulus, as the resulting chemical
changes may produce very different optical effects. Indeed, the
orthogonal responsiveness of CNDC and CNDM to the radical
oxidant (�OH) and to the non-radical oxidant H2O2 is one
example of how contradictory observations could be reported in
the literature if the underlying chemical changes, even for
related ‘oxidizing’ reactions, are not fully considered.

3. Conclusion

This study demonstrates that the precursor's functional groups
play a key role in directing N,S/Se heteroatom dopants either
towards the surface of the CNDs, towards the aromatic core, or
towards small organic uorophores in the core. C, C2, and Se–C2

partially decomposed during the hydrothermal process yielding
core N,S/Se-doped CNDs whose uorescence intensity
decreased slowly by exposure to H2O2. In contrast, M and Se-M
yielded both core and surface N,S/Se-doped CNDs whose uo-
rescence increased rapidly due to surface oxidation by H2O2.
The CNDs therefore possessed divergent optical properties that
correlated to changes to functional groups caused by exposure
to ROS. Moreover, CNDs were identied with orthogonal
responsiveness to radical vs. non-radical oxidants, a phenom-
enon that highlights the importance of documenting the
This journal is © The Royal Society of Chemistry 2020
specic chemical changes that occur upon exposure to a given
reagent. This information could provide guidelines for
preparing probes that are specic to certain sub-species of ROS
or entirely different molecules altogether, based on basic
organic chemistry reactions involving functional groups in
different parts of the CND.
4. Experimental
4.1. Materials

Borohydride (polymer-supported, 20–50 mesh, extent of
labeling: �2.5 mmol g�1 loading), citric acid, L-cysteine (C), L-
cystine (C2), L-methionine (M), hydrochloric acid (37%),
hydrogen peroxide (30% W/W in H2O), quinine sulfate, and
sodium hydroxide were purchased from Sigma-Aldrich. L-Sele-
nocystine (Se-C2), and L-selenomethionine (Se-M) were
purchased from Fisher Scientic. Dialysis membranes (MWCO
500–1000) were purchased from Spectrum Labs (Ottawa, Can-
ada). A non-stirred poly(tetrauoroethylene)-lined (PTFE) pres-
sure vessel (Model 4744, 45 mL) was purchased from Parr
Instrument Company (Moline, IL). Ultrapure water was from
a Milli-Q system (18.2 MU).
4.2. Synthesis of heteroatom-doped CNDs

CNDs were prepared by one-step hydrothermal synthesis. The
precursor solutions for the heteroatom-doped carbon dots were
prepared using similar protocols, with only slight variations in the
composition. In all cases, the molar ratio between citric acid and
amino acid remained constant. Cysteine: citric acid (0.75 g; 3.57�
10�3 mol) and L-cysteine (0.3 g, 2.48� 10�3 mol) were dissolved in
water (8 mL). The solution was transferred to the pressure vessel
and the solution bubbled with nitrogen for 30 min to remove
dissolved oxygen.33 Methionine: citric acid (0.75 g, 3.57 � 10�3

mol) and L-methionine (0.37 g, 2.48� 10�3 mol) were dissolved in
8mL water. Cystine: citric acid (0.375 g, 1.78� 10�3 mol), L-cystine
(0.149 g, 6.20� 10�4 mol), and 1MHCl (3 mL, 3� 10�3 mol) were
added to 8 mL water. Selenocystine: citric acid (0.375 g, 1.78 �
10�3 mol), L-selenocystine (0.207 g, 6.20� 10�4 mol), and 1 MHCl
(3 mL, 3 � 10�3 mol) were added to 8 mL water. Selenomethio-
nine: citric acid (0.375 g, 1.78� 10�3 mol) and L-selenomethionine
(0.243 g, 1.24 � 10�3 mol) were added to 8 mL water. Selenocys-
teine: L-selenocystine (0.207 g, 6.20� 10�4 mol) dissolved in 0.5 M
NaOH (5 mL, 2.5 � 10�3 mol) and added to 2 g of polymer-
supported borohydride (8 molar eq. relative to L-selenocystine)
and 10 mL of water, while stirring, to reduce the diselenide bond.
The ask was chilled to slow the release of hydrogen. Once the
solution turned from yellow to colorless, it was aspirated with
a syringe tipped with a 0.22 mm lter (leaving behind the polymer-
supported reducing agent) and mixed with citric acid (0.375 g,
1.78 � 10�3 mol), then transferred to the pressure vessel.

Once the precursor solutions above were loaded into the
pressure vessel, the latter was sealed and heated to 160 �C in an
air oven (Quincy Lab, Inc. model 10 lab oven) for 5 h in
a chemical fume hood. Aer this period, the vessel was cooled
to room temperature and the contents dialysed (MWCO 500–
1000) against 1 L of water for 3 days, with thrice-daily water
Nanoscale Adv., 2020, 2, 4024–4033 | 4031
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changes. The contents of the dialysis bag were recovered as
a white or light yellow solid by lyophilisation and stored. The
amount of recovered solid ranged from 8–152 mg for the six
CNDs.

4.3. Characterization

The UV-visible absorption and uorescence emission spectra of
the CNDs were measured with a Cytation 5 microplate reader
(Biotek, Vermont). Water was used as a blank for background
subtraction. Excitation and emission wavelengths are
mentioned where appropriate in the Results section. For
transmission electron microscopy (TEM), a drop of CND solu-
tion in water was deposited onto a formvar/carbon coated
copper grid (FCF300–Cu, Electron Microscopy Sciences) and le
to dry at room temperature. Images were recorded with a JEM-
2100F microscope (Japan) operating at 200 kV. 1H and 13C
nuclear magnetic resonance spectroscopy was performed using
a Bruker Ultrashield spectrometer operating at 300 MHz for
protons, using D2O as a solvent. X-ray photoelectron spectros-
copy (XPS) was performed using a VG ESCALAB 220i-XL spec-
trometer equipped with a hemispherical analyzer for a Twin Al
Anode X-ray Source. The instrument resolution was 0.75 eV. The
C1s peak (284.6 eV) was used as the reference line to accurately
determine the positions of other spectral lines.

4.4. Measurement of uorescence quantum yield (QY)

The quantum yield of the CNDs was determined using a refer-
ence point method.23,34 Quinine sulfate in 0.1 M H2SO4 (litera-
ture quantum yield: 54%) was used as a standard to calculate
the quantum yield of the CNDs dispersed in ultrapure water.
The emission spectrum of the solutions at 360 nm excitation
was measured. In order to minimize re-absorption effects,
absorbance intensity was kept below 0.1.35 Quantum yield was
calculated using the formula below, where F represents
quantum yield, Abs represents absorbance, A represents area
under the uorescence curve, and h the refractive index of the
medium. The subscripts S and R denote the corresponding
parameters for the sample and reference, respectively.

FS

FR

¼ AS

AR

ðAbsÞR
ðAbsÞS

hS
2

hR
2

4.5. Response to hydrogen peroxide and hydroxyl radicals

Solutions of CNDC (1 mgmL�1), CNDC2
(0.5mgmL�1), CNDM (6mg

mL�1), CNDSe-C2
(4.5 mg mL�1), and CNDSe-M (11 mg mL�1) were

prepared in 200 mM phosphate buffer pH 7.4 containing different
concentrations of fresh H2O2. Fluorescence spectra (lex ¼ 360 nm;
lem ¼ 400–700) of these solutions were measured at pre-
determined intervals. For the detection of cOH, the solutions were
exposed to UV light from a UVGL-15 UV lamp (256 nm, 4 W) for
30 min. Following UV irradiation, a uorescence spectrum (lex ¼
360 nm; lem ¼ 400–700) was immediately recorded. To examine
chemical changes to the CNDs aer oxidation (samples exhibiting
substantial changes to their uorescence), hydrogen peroxide was
removed by dialysis (MWCO of 500–1000) against distilled water
4032 | Nanoscale Adv., 2020, 2, 4024–4033
over 3 days (water changed three times daily), and CNDs recovered
by lyophilization.
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