Open Access Article. Published on 10 April 2026. Downloaded on 4/12/2026 10:29:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

(3

View Article Online

View Journal | View Issue

{ ") Check for updates ‘

Cite this: RSC Ad\v., 2026, 16, 18974

Received 14th January 2026
Accepted 23rd March 2026

DOI: 10.1039/d6ra00349d

A new insight of a pH-dependent fluorescence
switching mechanism and the novel radical
scavenging ability of nitrogen-doped citric acid-
based carbon dots
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Thi Bich Viet Nguyen, {22 Nga Tran-The® and Ngan Nguyen-Bich (2 *?

In this report, nitrogen-doped citric acid-based carbon dots (N-CAdots) were synthesized, and their
apparent pK, values as well as a fluorescence switching pK, were systematically determined, providing
new insight into the pH-dependent fluorescence switching mechanism of these materials. In addition,
the N-CAdots presented as an efficient radical scavenger in mildly alkaline medium, exhibiting high
reactivity toward the peroxymonocarbonate radical (COs" ") compared with N,N-dimethylaniline. This
property enables their application as a fluorescence sensor for hydrogen peroxide (H,O,). Based on
a simple reaction system involving N-CAdots, H,O,, HCOs~, and Co?*, the sensor demonstrates high
sensitivity toward H,O, at low, biologically relevant concentration levels in serum matrices. Furthermore,
a novel modified glucose oxidase method was successfully developed by coupling enzymatic H,O,
generation with N-CAdots as the fluorescence probe, enabling glucose determination in serum. This
versatile sensing platform offers a promising alternative strategy for the detection of H,O, and H,O5-
generating analytes by exploiting the radical scavenging properties of N-CAdots. These sensors highlight
sustainable analytical approaches that support global efforts to reduce the carbon footprint of chemical

rsc.li/rsc-advances measurements.

Introduction

Carbon dots (CDs) and their extraordinary photoluminescence
properties make them promising candidates for fluorescence-
based analytical methods." The vast majority of material prop-
erties of CDs have been well documented, encompassing FT-IR,
EDX, and X-ray spectra.>* Despite its significance, the pK,,
a crucial parameter, has rarely been reported. For example,
Zhang et al. reported a pK, value of CDs with simple surface
groups based on the potentiometric titration data analyzed
using the Henderson-Hasselbalch equation.® In fact, CDs
usually possess abundant surface functional groups, especially
when doped with nitrogen (N-CDs) or other heteroatoms. On
the other hand, in addition to the carbon core, the surface
groups play a crucial role in the fluorescence (FL) properties of
CDs,*” which are dependent on pK, values. Therefore, pK, value
determination is important, as it not only elucidates
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fundamental material properties but also provides valuable
mechanistic insights into the fluorescence (FL) properties of
CDs.

Hydrogen peroxide (H,O,) is one of the most important
molecules capable of producing reactive oxidant species in
biological systems.®? H,O, plays a major role in redox signalling
that controls many cellular pathways determining cell fate,
including cellular metabolism, proliferation, stress responses,
cell survival (oxidative eustress), and inflammation, growth
arrest, cell death, tumour growth, and metastasis (oxidative
distress).”'® The conversion between oxidative eustress and
distress depends on the H,0, concentration. For instance, the
extracellular H,O, concentrations below approximately 100 uM
and above 10 pM correspond to oxidative eustress and distress,
respectively.®™ Numerous diseases are associated with exces-
sive H,0, release into the bloodstream. Consequently, the
detection of H,0, in serum is potentially valuable as
a biomarker for a range of diseases, including thyroid disorders,
Alzheimer's disease, asthma, chronic obstructive pulmonary
disease, and cancer.”®** Methods for H,0, detection are diverse
titration, fluorescence, chem-
iluminescence, electrochemistry, chromatography, and NMR
spectroscopy.®'*'® However, the primary drawbacks of these
approaches are limited sensitivity and selectivity within the

and include colorimetry,
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biological concentration range, as well as complex instrumen-
tation requirements.® Therefore, sensors have been developed
to detect H,O, at micromolar levels. These sensor devices are
typically based on carbonaceous or polymeric substrates, which
incorporate composites with heavy metal or metal oxide nano-
structures.””*® In addition, enzyme-based sensors employing
horseradish peroxidase, cytochrome C, and catalase have been
reported.®" The main disadvantages of these sensors arise from
fabrication processes involving heavy metals or metal oxides.
Moreover, the enzyme activity is susceptible to pH, temperature,
buffer conditions, and long-term stability.'* Therefore, devel-
oping a simple method to detect H,O, at low concentrations,
particularly within the biological range, remains an important
research challenge.

CDs are promising materials that have been primarily
studied for H,O, detection based on their electrochemical
properties.'>*® In contrast, the application of CDs as FL sensors
for H,0, analysis remains limited. Existing methods are often
complex, requiring post-synthesis surface modification or
operation under harsh conditions, such as pH 1-3 in the Fenton
reaction.”*> These studies propose that CD fluorescence
quenching is caused by hydroxyl (HO'), one of the major reac-
tive oxygen species (ROS) generated via the Fenton reaction.
These studies reveal that CDs can act as radical scavengers. In
this context, H,O, is considered a primary ROS precursor.
However, to date, no studies have reported fluorescence
quenching of CDs by H,0,-derived ROS under mild alkaline pH
conditions, which are more suitable for analytical applications
and biological matrices.

In contrast to the Fenton reaction, which is inefficient in
forming radicals in basic medium, the H,0,-HCO; reaction
system catalyzed by Co®>" has recently been reported to effi-
ciently produce ROS under mildly alkaline conditions. The
proposed reaction are as follows:

H,0, + HCO;~ = HCO, + H,0 1)
HCO,™ + Co** — CO3~ + HO™ + Co™* (2)
HCO,™ + Co** — HO" + CO;>~ + Co’* 3)

In this system, H,0, transfers the peroxide moiety (-O-O-) to
HCO;~ to form peroxymonocarbonate (PMC, HCO, ).**>
Therefore, HCO, act as a secondary ROS precursor. Notably,
PMC is formed in situ in H,O, solution with the presence of
HCO; ™. The production of carbonate radical anions (CO;" ™) and
hydroxyl radicals (HO") occurs simultaneously. Under specific
conditions, the concentration of CO;"~ has been reported to be
approximately 1000 times higher than that of HO".*® Further-
more, the lifetime of CO;" is longer than that of HO",** sug-
gesting that CDs fluorescence could be quenched in this system.
Nevertheless, this phenomenon has not yet been reported.

In this study, we synthesized nitrogen-doped citric acid-
based carbon dots (N-CAdots) based on our previous report.>
We subsequently focused on: (i) determining the apparent pK,
of N-CAdots; (ii) investigating fluorescence quenching of N-
CAdots fluorescence in the presence of ROS via their radical
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scavenging activity towards H,O,-derived ROS under mild
alkaline conditions; (iii) developing new methods for H,O, and
glucose determination in serum matrices.

Experimental
Materials

All reagents were of analytical grade. Citric acid anhydrous (CA,
C¢HgO;), ammonium hydrogen carbonate (AHC, NH,HCOj3),
sodium acetate (CH3;COONa), acetic acid (CH;COOH), sodium
chloride (NaCl), potassium chloride (KCl), disodium hydrogen
phosphate (Na,HPO,), potassium dihydrogen phosphate
(KH,PO,), sodium hydroxide (NaOH), hydrogen chloride (HCI),
sodium azide (NaNj3), hydrogen peroxide (H,0O,), borax (Na,B,-
0;-10H,0), oxalic acid (C,H,0,), N,N-dimethylaniline (DMA)
were purchased from Merck. Bovine serum albumin (BSA) and
glucose oxidase (GOx) were purchased from Biobasic. Metal
standard solutions (1000 ppm) including Co>", Zn**, Cr**, Ni**,
Mn?*, Cu**, and Fe*" in 0.5 M HNO; were obtained from Merck.
Fluorescence spectra were recorded using an FL8500
Molecular Fluorescence Spectrophotometer (PerkinElmer).
Fluorescence emission intensity was collected at 438 nm with
an excitation wavelength of 345 nm using quartz cuvettes
(1.0 cm path length). Other instrumental parameters were kept
constant: photomultiplier tube voltage of 400 V and the slit
width of 5 nm. pH values were measured using a pH/ISE
benchtop meter (inoLab pH/ION 7320, Xylem Analytics).
Ammonium concentrations measured using an
ammonium-selective electrode (WTW, Xylem Analytics).

were

N-CAdots preparation

Based on our previous work,* N-CAdots were synthesized from
CA and NH,CI, with NH,Cl replaced to NH,HCO; as a nitrogen-
doped source. Reactions were performed in a microwave
synthesis reactor (Monowave 200, Anton Paar, 800 W). The
reaction between CA and NH," was systematically investigated
by varying the following parameters: (i) the CA: NH," molar ratio
(5.0 mM CA with NH," concentration of 0, 20, 40, 60, 80 mM, pH
8) at 200 °C for 5 min; (ii) reaction pH (2, 4, 5, 6, 8, 10, 11, and
12) at 5.0 mM CA and 80 mM NH,", 200 °C for 5 min; (iii)
reaction time (5.0 mM CA, 40 mM NH,", pH 8) at 200 °C for 2, 4,
6, 8, 10, 15, and 20 minutes. The resulting dots were purified
using regenerated cellulose dialysis membranes (Merck,
molecular weight cut-off 3.5 kDa) for 3 hours.

pK, values determination

The pK, values were determined by analysing potentiometric
and fluorescent titration data. pH measurements were recorded
at 25.0 £ 0.5 °C. The titration data were analyzed using Curtipot
software®” to calculate the apparent pK, values of N-CAdots. The
software optimized the target values to fit the experimental data
using the regression analysis while accounting for ionic
strength. NaOH and HCI titrant solutions were standardized by
potentiometric titration with oxalic acid and borax, respectively.
A 5.0 mL aliquot of studied solutions were titrated potentio-
metrically or fluorometrically with NaOH and HCI.

RSC Adv, 2026, 16, 18974-18983 | 18975
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Radical scavenging activity of N-CAdots

The radical scavenging activity of N-CAdots was evaluated by
fluorescence quenching in reaction systems containing N-
CAdots and H,0,. The quenching effect was quantified using
the ratio of the fluorescence intensity of the blank solution (I,)
to that of the sample (I), expressed as I,/I. Three experiments
batches were conducted: (i) the effect of reaction media,
including PBS 1x (8 g per L NaCl, 0.2 g per L KCI, 1.44 g per L
Na,HPO,, 0.245 g per L KH,PO,), acetate (100 mM CH3;COONa),
and AHC (100 mM NH,HCO;) at various pH values (adjusted
using NaOH or HCI) with and without Co*"; (ii) the effect of
transition metal ion catalysts (Co>*, Zn**, Cr’", Ni**, Mn**, Cu**,
and Fe®*, all at 1.85 ppm) in 100 mM AHC at pH 7.8; (iii) the
effect of reaction time in 100 mM AHC buffer at pH 7.8 and 8.2,
compared with DMA at 5 and 25 °C. The reaction setup included
N-CAdots, H,0,, and, when applicable, the reaction medium,
serum, and transition metal ions.

H,0, and glucose detection

Stock solutions of H,0, and at various glucose concentrations
were prepared in a simulated serum matrix and used
throughout the experiments. A stock of simulated serum matrix
consisted of PBS 1x (pH 7.4), 4% BSA, and 0.05% NaNj. Reac-
tion mixture for H,0, or glucose detection included AHC buffer
pH 7.8 or 8.2, N-CAdots, Co>", and either H,0, or glucose-
glucose oxidase. The mixture was incubated, and fluorescence
measurements were performed after 1 min for H,0, and 20 min
for glucose. The blank solution contained AHC, N-CAdots, Co>",
and serum matrix. Optimization of the detection conditions for
both H,0, and glucose was systematically investigated. For
H,O0, detection, the effect of reaction time, H,0, concentration
(0.06-60 mM), and serum fraction (0.94-18.87%) were studied.
The Co** concentrations were optimized (e.g., 0-4.7 ppm Co>").
For glucose detection, optimization included components, GOx
concentration (e.g. 0.95 and 1.9 pg mL ™" enzyme), and reaction
kinetics. Calibration curves were constructed based on the H,0,
or glucose concentration versus Iy/I value under optimized
conditions. Following the AOAC guidelines, the limit of detec-
tion (LOD) and limit of quantification (LOQ) were calculated
using the standard deviation of 10 blank measurements.*
Repeatability and recovery were evaluated at 3 concentration
levels, with each level replicated seven times. Performance
criteria for repeatability and recovery were assessed according
to concentration (mass fraction), as specified by AOAC
guidelines.*

Result and discussion
Synthesis optimization and N-CAdots properties

As demonstrated in our previous study, nitrogen doping using
an AHC endowed N-CAdots with good fluorescence character-
istics, including high quantum yield, strong emission fluores-
cence intensity, and long-term stability.”” In that system,
bicarbonate played as a buffer agent, maintaining a mildly basic
reaction environment without significantly altering the
concentration (data not showed). Building on these finding, the
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present work aims to investigate the synthesis of N-CAdots from
citric acid (CA) using a simpler nitrogen source, namely
ammonium ion (NH,"), which can inherently provide buffering
capacity under mildly basic conditions.

In the absence of bicarbonate, the optimized synthesis
conditions for CA-NH," system exhibited trends similar to
those observed for CA-AHC system. The details are as follows:
the optimal CA : NH," mole ratio from 1: 8 to 1: 10, with reac-
tion time of 15 minutes at pH = 8 and a temperature of 180-
220 °C (Fig. 1). These results clearly demonstrate the crucial role
of nitrogen doping in the formation of N-CAdots, as no
detectable fluorescence was observed in the absence of nitrogen
source (ratio 1:0 in Fig. 1A). The synthesis effectiveness
reached a maximum within the pH range of 8-10, consistent
with the favorable condition for cyclic structure formation re-
ported previously.” In contrast, acidic condition significantly
suppressed the synthesis, particularly at pH values below 5
(Fig. 1B). The previous work showed that the fluorescence of N-
CAdots can be quenched under acidic conditions (pH = 4 and
lower), therefore, the reaction mixtures were initially prepared
at pH 2 and 4 then the post-synthesis solutions were subse-
quently adjusted to pH values above 5 to restore fluorescence.
Nevertheless, no fluorescence was detected confirming that N-
CAdots were not formed under these acidic synthesis condi-
tions. The carbon footprint under the optimal synthesis
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Fig. 1 The fluorescence spectra of N-CAdots solutions under
different synthesis conditions. (A) The effect of CA: NH,4" ratios (1: 0,
1:4,1:8,1:12,1:16). (B) Different pH conditions (2, 4, 5, 6, 8, 10, 12).
(C) Varying synthesis time (2, 4, 6, 8, 10, 15, 20 min). (D) Influence of
temperature (100, 150, 180, 200, 220, 240 °C). The optimal conditions
are presented the solid lines, the other are in dot lines.
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condition, raising mainly form the electrical energy consump-
tion (15 min of 800 W microwave-assisted synthesis), was
calculated according to method reported in ref. 29 to be 4.73 ¢
CO, per mL of N-CAdots solution. The material properties for N-
CAdots in this work including FT-IR spectrum, TEM, UV-vis
spectrum, emission independent excitation spectra (SI Fig. S1)
were also similarly to those in N-CAdots synthesized form CA
and AHC.”

Several studies have reported the synthesis of CDs from CA
and ammonia; however, these works did not comprehensively
optimize the synthesis parameters, despite their crucial influ-
ence on the fluorescence properties of CDs.***® Notably,
although microwave-assisted synthesis was employed in both
cases, Wang et al. reported CDs exhibited excitation-dependent
fluorescence emission and selective sensing of Fe®' ion,
whereas the N-CAdots developed in our work displayed
excitation-independent emission and strong selectivity toward
Hg>".>* Similarly, Zhang et al. synthesized CDs via a hydro-
thermal route that also resulted in excitation-dependent fluo-
rescence behaviour, while retaining the selectivity toward
Hg?".* In contrast, Reckmeier et al. reported that CDs prepared
from CA and aqueous or supercritical ammonia under hydro-
thermal synthesis conditions consisted of amorphous aggre-
gates of molecular fluorophores with an average particle size of
approximately 18 nm;*® whereas our N-CAdots and those re-
ported in other studies typically exhibit average diameters
below 5 nm. These pronounced variation in optical properties,
particle size, and sensing selectivity, despite the use of similar
precursors or synthesis techniques, underscore the strong
dependence of carbon dot characteristics on precise synthesis
conditions and methodologies.

Apparent pK, determination

The pK, values of CDs surface groups are a crucial parameter of
this material, but it is not commonly studied, and thus, the data
on the pK, values of CDs are currently unavailable. The pK,
plays an important role in the prediction of an effective fluo-
rescence medium for CDs. However, CDs are known to be
carbon-core materials which have various surface functional
groups. The determination of an individual pK, value for each
group seems impossible and holds little scientific significance.
Therefore, we focus our attention on determining some
apparent pK, values of N-CAdots for groups with distinctly
different pK, such as carboxylic acid, phenol, ammonium salt of
amine (e.g., -NH;"), or amide.

In this work, acid-base titration data of the studied systems
were analysed using a regression-based approach to determine
simultaneously a pK, value and concentration of each func-
tional group. The method was first validated by fitting titration
curves to determine both the concentrations and pK, values of
purified CA and NH," in three systems, examined without and
with 3 hours of dialysis: (i) 5 mM CA solution; (ii) 50 mM NH,"
solution, and (iii) a mixed solution containing 5 mM CA and
50 mM NH,'. The results showed that the determined pK,
values of CA in individual solution and in the CA/NH," mixture,
both without and with dialysis, were not statistically different (p
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= 0.085 for pK,1, p = 0.110 for pK,,, and p = 0.146 for pK,3; all
>0.05). Accordingly, all datasets were pooled to determine the
apparent pK, values of CA, yielding pK,; = 3.54 £ 0.20, pKy, =
5.00 & 0.12, and pK,; = 6.52 & 0.10. Similarly, the pK, of NH,"
showed no significant difference between pre- and post-dialysis
(p =0.22), and a pK, value of 9.33 £ 0.05. These values were also
reproduced in the mixed CA/NH," systems under both condi-
tions (SI Table S1). Overall, the determined pK, values exhibit
good reproducibility and are in close agreement with literature
data.’” In addition, the quantitative results revealed that after 3
hours of dialysis, the concentration of ~-COOH group in CA
solution (three times of CA concentration) decreased from 15.0
£ 0.4 mM to 9.3 + 0.4 mM, corresponding to a reduction of
approximately 38%. While concentrations of NH," decreased
from 51.7 £ 2.1 mM to 10.2 £ 0.5 mM, corresponding to an
about 80% reduction (SI Table S1). The calculated pre-dialysis
concentrations of both ~-COOH group of CA and NH,' in
closely matched the values prepared from purified reagents. For
NH,", the concentration was further confirmed using an NH,"-
selective membrane electrode. These results validate the
regression-based titration method for simultaneous determi-
nation of CA (or -COOH group) and NH," concentrations, as
well as their corresponding pK, values. On this basis, the vali-
dated approach was subsequently applied to determine the
apparent pK, values of synthesized N-CAdots.

Secondly, the potentiometric titration curves of the synthe-
sized N-CAdots solution before dialysis were analyzed. In this
solution, the concentration of -COOH group was determined to
be (11.9 + 0.5) mM, corresponding to about 20.1% decrease
relative to the value before synthesis. The reduction can be
attributed to the partial conversion of carboxyl groups into
polymeric carbon structures or incorporation into the carbon-
core of N-CAdots. For the solution after dialysis, the -COOH
concentration decreased only slightly (by approximately 8.3%)
compared to the pre-dialysis solution. Comparing between pre-
and post-dialysis, the decrease level of -COOH concentration in
N-CAdots was much less than that in the CA itself solution. This
indicates that the majority of the detected -COOH groups are
associated with the surface of N-CAdots. Once bound to the
carbon-core, these -COOH groups become part of larger
molecular structures and are therefore unable to pass through
a dialysis membrane.

Potentiometric analysis of the dialysed N-CAdots solution
yielded pK, values of residual CA (3.34 £ 0.36), (5.10 £ 0.12),
(6.37 = 0.17), as well as additional pkK, values at (2.24 £ 0.19),
(4.41 £ 0.22), (5.75 £ 0.16), and (7.04 £ 0.19). These additional
dissociation constants suggest the appearance of -COOH
groups on the surface of the carbon core in modified electronic
environment, resulting in acidic strengths distinct from those
of the original -COOH groups of CA, or possibly arising from
other surface acidic functionalities. Notably, these values are
closely spaced, such that they cannot be individually resolved
using the Henderson-Hasselbalch equation. This observation is
consistent with the report by Zhang et al., who obtained a single
apparent pK, value of 4.50 for CQDs.*

A detailed analysis of the synthesized solution further
revealed that the concentration of NH,  remained nearly
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unchanged within the detection limit of the potentiometric
titration method. This observation indicates that the overall
extent of nitrogen incorporation into the N-CAdots is relatively
low, despite its pronounced influence on the fluorescence
properties of N-CAdots. Following dialysis of the N-CAdots
solution, the decrease in NH," concentration was comparable
to that observed for dialysed pure NH,' solution, with the
measured concentration of 10.0 + 0.9 mM and a pK, of 9.34 +
0.03. Notably, potentiometric analysis of the dialysed N-CAdots
solution revealed an additional pK, value at 9.69 + 0.12, which
is close to that of NH,". This value is therefore attributed to
pronated nitrogen-containing surface functionalities, such as
ammonium salts of amine groups, present on the surface of the
N-CAdots (SI Table S2 and Fig. S2).

Interestingly, the analysis of the pH-dependent FL titration
of N-CDs enabled the estimation of a critical apparent pK, value
that governs the fluorescence switching behaviour of the N-
CAdots' FL. Utilizing the second-derivative method, the
apparent pK, value for the switching equilibrium: N-CDs-H"
(off-state) = N-CDs (on-state) + H' (pKa.sw), Was determined.
Across results from analysing FL titration data for solutions
with two distinct N-CAdots concentrations, an average apparent
PKasw, value of 4.45 + 0.03 was obtained (SI Fig. S3). This result
is remarkably close to one of the newly identified pK, values
derived from potentiometric titration. The FL titration curves
and corresponding pK,., indicate that surface functional
groups with pK, values within the basic range do not govern the
pH-based fluorescence switching. Instead, these basic func-
tionalities significantly contribute to enhancing the FL intensity
of N-CAdots through nitrogen doping. Conversely, the
pronounced pH-dependent fluorescence behavior observed in
the acidic region suggests that the protonation-deprotonation
processes of hydroxyl-containing surface groups play a domi-
nant role. Protonation of -OH groups can directly perturb the
conjugated aromatic system, thereby modulating the electronic
structure and fluorescence response. This interpretation is
supported by analogous small-molecule systems, such as 4-
methyl-8-hydroxyquinoline (pK, = 4.67), 3-hydroxyquinoline
(pKa = 4.30), and 3-hydroxypyridine (pK, = 4.80),*” in which
protonation or deprotonation of the -OH groups alters the
electron density of the nitrogen-containing heterocyclic
aromatic framework. The pK, values of these compounds are
comparable to pK,s, determined for the N-CAdots. These
findings are also consistent with the pH-dependent UV-vis
absorption behavior reported in our previous study. At low pH
(pH = 2.3), the absorbance peak at 234 nm, assigned to the 7-
7* transition of the aromatic C=C group, disappears due to the
protonation of surface groups.” Collectively, the apparent
PK..sw €merges as a key parameter governing the fluorescence
switching mechanism of N-CAdots synthesized using this
approach.

The radical scavenger ability of N-CAdots

As discussed in the introduction, the fluorescence quenching of
carbon quantum dots by H,0, under acidic conditions has been
widely attributed to the generation of ROS. In the present study,
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we focus on the behavior of N-CAdots in the presence of ROS
under mildly basic conditions. As showed in Fig. 2, the FL of N-
CAdots remains essentially unchanged in the presence of H,0,
alone in all investigated media (I,/I = 1), indicating that H,O,
neither directly generates ROS nor reacts with N-CAdots under
these conditions. Consequently, to demonstrate the interaction
between N-CAdots and ROS, H,0, must be activated via two
approaches. First, H,O, can be catalytically activated by tran-
sition metal ions (TMIs), where it functions as a primary ROS
precursor through direct catalytic processes (primary reactions).
Second, H,0, can participate in secondary reactions with suit-
able substrates to form peroxo (-O-O-) intermediates, which act
as secondary ROS precursors and subsequently decompose to
generate ROS.

The formation of ROS via primary reaction was examined in
the N-CAdots-H,0,-Co>* system in DI water, where slight
fluorescence quenching was observed (I,/I = 1.30 & 0.05). This
result suggests that Co>" catalytically activates H,0, to produce
ROS, including hydroperoxyl ("OOH), superoxide (O, "), and
other moderate-to-strong oxidizing agents, such as Co(ur). The
catalytic process was proposed to proceed via the formation of
a cobalt-peroxo intermediate, [(H,0),Co(u)(OOH)(H,0,)].**
These reactive species can be responsible for the observed
fluorescence quenching of the N-CAdots. When PBS was used in
place of DI water, the Iy/I ratio decreased to 1.06 £ 0.02. Raineri
et al. reported that, the PBS buffer can inhibit the peroxidase-
like activity.*® These results demonstrated that the FL quench-
ing of N-CAdots via primary reaction at neutral pH is weak and
that the FL signal can be preserved in the presence of PBS.

Secondary reactions were investigated under mildly alkaline
conditions using AHC (pH 8.2) and acetate (pH 8.3). In acetate
medium, only weak fluorescence quenching was observed (I,/I

50 -
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w o
)
A |
]
7 R
S —

DIWater PBSpH Acetate AHCpH AHCpH AHCpH AHCpH AHCpH AHC.pH
pH7.1 7.4 pH8.3 6.1 7.8 8.2 9.1 10.3 11.0

® H,0,, N-CAdots ® H,0,, N-CAdots, Co**

Fig. 2 Magnified view of the N-CAdots scavenging activity under
various reaction conditions. The inset presents the full image. The
different buffers utilized were phosphate-buffered saline (PBS, pH 7.4),
acetate (pH 8.3), and ammonium hydrogen carbonate (AHC) (pH 6.1,
7.8, 8.2, 9.1, 10.3, and 11.0). The base line corresponding to 1 or the
value of N-CAdots FL in DI water.
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= 1.14 + 0.10). This limited quenching effect can be explained
by the fact that the formation of peroxyacetic acid (PAA), as
described by the equation CH;COOH + H,0, = CH;COOOH +
H,O0, is favored in acidic rather than alkaline conditions.*® The —
O-O- bond in PAA is prone to homolytic cleavage, generating
acetoxyl (CH3C(O)O’) and (HO) radicals, a process widely
exploited in advanced oxidation processes for organic pollutant
removal under acidic conditions.** Conversely, in the AHC
medium, a pronounced FL quenching was observed, with the I,/
I ratio reaching approximately 36.5. In the H,0,-HCO; -Co**
reaction system, PMC is formed and subsequently decomposed
into highly reactive radical species, predominantly CO;"~ and
HO’, according to eqn (1)—(3).* These results demonstrate the
strong sensitivity of N-CAdots toward ROS generated under
mildly alkaline conditions through the PMC pathway.

The reaction in AHC medium was further investigated at
various pH values. At pH 6.1, the reaction exhibited only a weak
response, with an Io/I ratio comparable to those observed in PBS
and acetate media. A pronounced increase in FL quenching was
observed at pH 7.8, reaching a maximum at pH 8.2. Beyond this
point, the Iy/I ratio decreases sharply at pH 9.1 and continues to
decline at pH 10.3, eventually stabilizing at approximately 3.0 at
pH 11.0. Despite this decrease, the Io/I value remained signifi-
cantly higher than unity, indicating sustained ROS activity. This
pH-dependent trend of N-CAdots FL quenching is consistent
with the reported pH dependence of PMC formation, which is
governed by the availability its precursor, bicarbonate.** The
observed decrease in the I,/I at higher pH values is likely asso-
ciated with a reduction in the concentration of soluble
[Co(H,0)s]*" ions. This decrease can be attributed to the
precipitation of cobalt species, such as Co,(CO;)(OH), and
Co(OH), at pH values between 9 and 11.** These observations
reflect the pH-dependent behavior of ROS generation in the
H,0,-HCO; -Co*" reaction system and further demonstrate
the capability of N-CAdots to sensitively probe variations in ROS
levels, as well as their effective radical scavenging properties.

To further investigate the effect of TMIs in catalyzing ROS
formation via the PMC pathway, a series of metal ions were
evaluated under identical reaction conditions (H,O,, HCO; /
AHC, pH 7.8, and the respective TMIs). The results showed that
Co®" yielded an I/I value approximately nine times higher than
those obtained with other metal ions, including Zn>*, Cr**, Ni**,
Mn>", Cu®*’, and Fe®" (SI Fig. S4). Although these TMIs are
capable of catalyzing the conversion of PMC into radical species
in the H,0,-HCO;™ system, their catalytic efficiencies strongly
depend on the reaction conditions. For instance, Co>" exhibits
the highest catalytic activity in the neutral to mildly alkaline pH
range, where the reaction is rapid and exothermic, whereas Fe**
is most effective under acidic conditions (pH 2-3) and Cu*" at
strongly alkaline pH values (pH = 10).**** These results clearly
demonstrate that ROS formation via the PMC pathway is
significantly enhanced by Co>* under the present experimental
conditions, in agreement with previous reports highlighting the
pivotal role of Co®" in ROS generation from PMC.2%4%

From these observations, together with evidence that ROS
generation via the PMC pathway results in CO;"~ concentration
exceeding that of HO" by up to three orders of magnitude

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(approximately 1000-fold),*® N-CAdots are proposed to be
particularly sensitive toward carbonate radicals. The radical
scavenger ability of N-CAdots was further evaluated by
comparison with N,N-dimethylalanine (DMA) a well-known
radical scavenger with a high reaction rate constant toward
carbonate radicals (1.8 x 10° M~" s7!).#** Under optimal PMC-
mediated radical generation conditions, both N-CAdots and
DMA exhibited rapid radical scavenging. As showed in Fig. 3,
the Io/I ratio was indistinguishable between 5 and 25 °C.
Notably, however, the I,/I value for N-CAdots was approximately
four times higher than that observed for DMA, demonstrating
the superior radical-scavenging efficiency of N-CAdots under
these conditions.

In summary, the N-CAdots-HCO; -Co”>" system represents
a promising platform for H,O, detection under mildly alkaline
conditions. In this system, the N-CAdots act as efficient radical
scavengers, enabling the direct detection of H,0, through Co>*-
catalyzed PMC pathway.

H,0, detection

Effect of reaction time. The effect of reaction time on the N-
CAdots-HCO; -Co*'-H,0, system was evaluated at pH 7.8 and
pH 8.2. In both cases, the FL quenching occurred immediately
(SI Fig. S5) indicating the rapid reaction kinetics. This fast
response is comparable to the study by Bakhmutova-Albert
et al.,** who reported that PMC was detectable within the first
400 s and that equilibrium was achieved within approximately
10 min in the presence of a zinc complex.>* Furthermore, at the
same H,0, concentration, the I,/ value at pH 8.2 was higher
than the one at pH 7.8, corresponding to the effect of the AHC
buffer pH on PMC formation and subsequent ROS generation.

Matrix effect. To evaluate matrix effect, H,O, was spiked into
a serum matrix. Serum albumin, the dominant protein in

10
: A
o | 5 :
A a5
A
1 A N-CAdots 5 °C
6] ODMAS °C
S O DMA 25 °C
4 A N-CAdots 25 °C
______ o :
2 @ ..... f‘\ 8
0 T T T T T T T T T T T T

1 0 1 2 3 4 5 6 7 8 9 10 11 12
Time (min)

Fig. 3 The comparison of radical scavenging by N-CAdots and DMA.
The N-CAdots and DMA concentrations were adjusted to obtain the
same initial fluorescence intensity (/p) value. The reaction were per-
formed at 5 and 25 °C.
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serum, is known to act as a radical scavenger and may therefore
compete with N-CAdots for reactive radicals.®® As a result, the
serum matrix has the potential to interfere with the FL
quenching response of N-CAdots. The results showed that
increasing the serum fraction from 0.94 to 18.87% significantly
reduced the quenching efficiency of N-CAdots. At a fixed H,O,
concentration of 0.06 mM, the I,/ values were higher at low
serum content (0.94 and 1.88%) and significantly decreased at
higher serum fractions (9.43 and 18.87%). At serum content of
9.43 and 18.87% of serum, there was no discriminable differ-
ence in FL intensities, with Iy/I value remaining only slightly
above unity (Fig. 4). This trend was also observed at other H,0,
concentrations, demonstrating the strong scavenging effect of
serum components on the ROS-mediated FL quenching of N-
CAdots.

Notably, these results also reveal that the pronounced
dependence of FL quenching efficiency on H,0, concentration
(0.06-60 mM) at constant serum levels. This effect was partic-
ularly evident at low serum fractions (e.g. 0.94 and 1.88%),
where the radical scavenging activity of N-CAdots surpassed
that of the serum proteins. Specifically, at 0.94% serum, the I,/I
value at 0.06 mM was approximately 14 times higher than those
observed at higher H,O, concentrations, for which no signifi-
cant difference in I,/ was detected (Fig. 4). This phenomenon
can be a result of the radical-radical recombination at high
radical concentrations, as described by the reaction A" + HOO"
— 0O, + AH.”* In addition, the excess H,O, can inhibit the
radical chain oxidation process.*> Thus, based on these find-
ings, optimization of the H,0, concentration is essential to for
observing the fluorescence quenching measurements. In this
study, H,O, concentrations were therefore maintained below
0.06 mM (or 60 pM) for subsequent experiments.

Effect of Co®* concentration. In our previous study, Co** was
shown not to affect the intrinsic fluorescence of N-CAdots at

50 1 H,0, concentration
m0.06 MM
4 1 0.6 mM
25 4 m6.0mM
5 | 60 mM
} J!n_llll_.m
0 A

0.94% 1.88% 9.43% 18.87%

0.94%

1.88% 9.43%
Serum fraction

18.87%

Fig. 4 Magnified view of the effect of serum H,O, concentrations on
the radical scavenging activity of N-CAdots. The reaction varied
concentrations of H,O, (0.06 to 60 mM) and serum fractions (0.94 to
18.87%). The inset presents the full image.
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concentrations up to 14 ppm.* Therefore, variations in the I,/I
ratio of the N-CAdots-H,0,-HCO; -Co>" at different Co*
concentrations observed in Fig. 5 can be attributed solely to the
catalytic activity of Co®>" in ROS generation. In the absence of
Co**, no fluorescence quenching was observed upon addition of
H,0,. The I,/I ratio increased significantly with increasing Co>"
concentration up to approximately 2 ppm. Beyond this
concentration, further increases in Co®>' did not result in
a substantial enhancement of FL quenching at either pH 7.8 or
pH 8.2 (Fig. 5). Therefore, a Co®" concentration of 2 ppm was
selected as optimal for catalytic activation.

Method validation. At both pH 7.8 and pH 8.2, the I,/I ratio
showed a dependence on the H,O, concentration. In the wide
concentration range, the response was nonlinear (SI Fig. S6).
Within the linear range at pH 8.2, the calibration curve was Ip/I
= (0.4836 % 0.0009)Cy,0, + (0.949 £ 0.002) (R* = 0.998), with
a quantification range of 0.77-4.6 M, LOD and LOQ of 0.25 and
0.77 uM, respectively. At pH 7.8, the linear calibration curve was
Io/T = (0.363 % 0.009)Cy 0, + (0.82 £ 0.03) (R* = 0.998), with
a quantification range from 1.2 to 9.2 uM H,0,, LOD and LOQ
of 0.41 and 1.22 pM, respectively (Fig. 6).

These findings are comparable to those reported for carbon
dot-based H,0, sensors, particularly those employing Fenton
reactions (Table 1). A key advantage of the present method is its
ability to achieve reliable detection limits under mildly alkaline
conditions, in contrast to the strongly acidic environment
typically required for Fenton-based systems. This feature makes
the N-CAdots-HCO; —-Co>* system a promising candidate for
biological and environmental applications where mild condi-
tions are essential.

The method was validated following the AOAC guideline,*
using calibration curves constructed at both pH 7.8 and pH 8.2.

Method repeatability and recovery were established by
analyzing H,0, at concentrations of 1.2, 3.1, and 9.1 uM at pH
7.8 and 0.77, 1.85, and 4.6 uM at pH 8.2. Each concentration
level was replicated seven times. The results showed that all
tested levels satisfied the AOAC performance criteria for
analytical methods (SI Tables S3 and S4), confirming the accu-
racy, precision, and reliability of the N-CAdots-based assay.

<2 o 1
} s
- 1
1 a
pH7.8 OpH8.2
0 T T T T T
-1 0 1 2 3 4 5

Co* (ppm)

Fig. 5 Effect of Co?* concentration on the /o// value at different AHC
pH buffer conditions. The /o/l value was investigated at various
condition of Co?* (0 to 4.70 ppm), 100 mM AHC at pH (7.8 and 8.2).

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00349d

Open Access Article. Published on 10 April 2026. Downloaded on 4/12/2026 10:29:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

45

4] |
351 y = 0.4836x + 0.9492 ;

R? = 0.9983 GF [
> g .
25 1 & A y=03631x+08244
R?=0.998

2 -

15 -
pH78  OpH8.2
1 , . , ; ;
05 2 35 5 65 8 95
H,0, (1M)

Fig. 6 Calibration curves of H,O, at AHC pH 7.8 and 8.2. The cali-
bration curve was constructed at the optimized condition, which
included 100 mM AHC pH 7.8 and 8.2, N-CAdots, 1.85 ppm Co?*.

Glucose sensing by modification GOD method

One of the most widely used methods for glucose determination
is the glucose oxidase (GOD) assay, in which GOx catalyzes the
oxidation of glucose to gluconate with the concomitant
production of H,0,. The generated H,O, is subsequently
quantified via chromogenic reactions involving peroxidase or by
electrochemical methods that monitor oxygen consumption or
H,0, formation.*®* Consequently, the conventional GOD-based
assays typically require an additional enzyme or specialized
electrode instrumentation.

Based on the ability of N-CAdots to detect H,O, through
radical scavenging properties, we developed a modified GOD-
based FL method for glucose determination. In this approach,
GOx catalyzes the conversion of glucose into gluconate and
H,0,, which subsequently participates in the PMC-mediated

a

Table 1 Selected previously reported detection of H,O, by N-Cadots
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radical generation pathway, leading to FL quenching of N-
CAdots.

Method development. Preliminary screening of reaction
components showed that neither glucose nor GOD alone
affected the I,/I ratio. In contrast, when both glucose and GOD
were present, the I/l value increased dramatically, reaching
nearly 90-fold enhancement (Fig. 7). These results indicate that
GOx retains enzymatic activity under the optimized reaction
conditions for PMC formation and radical generation estab-
lished in this study. The reaction time was found to depend
strongly on the GOx concentration. As shown in Fig. 8A, at
a GOx concentration of 1.9 ug mL™*, the I,/I ratio reached
saturation within 10 min, whereas at a lower GOx concentration
of 0.95 ug mL™", saturation required approximately 20 min
(Fig. 8A). Therefore, the higher GOx concentration was selected

5
100 -
80 - 1
4 .
60 -
>
40 A
3 4
— 20 4
>
0
2 4 AHC, N-CAdot, AHC, N-CAdot, AHC, N-CAdot,
Co*, PBS, Co?*, GOx, Co?*, GOx,
glucose serum glucose
14 & =
0

AHC, N-CAdot, Co?,
PBS, glucose

AHC, N-CAdot, Co?*, AHC, N-CAdot, Co*,
GOx, serum GOXx, glucose

Fig.7 Magnified view of the evaluation of reaction components in the
modified GOD method. The inset presents the full image. The full
reaction system included AHC buffer, N-CAdots, Co?*, GOx and
glucose, compared to systems lacking GOx or Glucose. The reaction
time was 30 minutes.

Post-synthesis

System CDs precursors modification ~ pH  Mechanism of detection, analytical method LOD (uM) Ref.
Cu-CDs-TMB Citric acid, urea, Cu** Yes 4 Pseudo-peroxidase activity, UV-vis 0.12 54
V,05-CDs-TMB  Candle soot Yes 3.0 Pseudo-peroxidase activity, UV-vis 0.5 55
CDs-TMB Phenyl alanine No 4.2 Pseudo-peroxidase activity, UV-vis 6.5 56
CDs-ODP L-Histidine No 4.0  Pseudo-peroxidase activity, PL 0.42 57
P-CDs Citric acid, ethylenediamine Yes 4-12 Photo-induced electron transfer, PL 0.084 21
CDs-Fe** N-Dimethylformamide No 2-3  Quenching signal by Fenton reaction, PL 3.8 58
GQDs-Fe** Polycyclic aromatic hydrocarbon No 2-3  Quenching signal by Fenton reaction, PL ~1-3 22
CDs-Fe** Gelatine No 2-3  Quenching signal by Fenton reaction, PL 0.1 23
CDs-Fe** Gelatine No 2-3  Quenching signal by Fenton reaction, PL 0.01 59
CDs-AHC-Co>*  Citric acid, ammonium chloride No 8.2  Quenching signal via PMC pathway, PL 0.25 This work
7.8 0.41

“ TMB: 3,3,5,5'-tetramethylbenzidine, ODP: octophenyldiamine, P-CDs:

absorption spectroscopy; PL: fluorescence spectroscopy.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) The effect of GOx concentrations on the modified GOD
method. The reaction kinetics were observed at varying concentra-
tions of GOx (0.95 and 1.90 ng mL™Y). (B) The glucose calibration curve
by the modified GOD method. The calibration curve was constructed
at the optimized condition.

for subsequent experiments to ensure rapid and complete
reaction.

Method validation. A calibration curve for glucose was con-
structed under the selected conditions (Fig. 8B). The resulting
linear relationship was Io/I = (0.72 £ 0.01)Cgpucose + (—1.73 =
0.10), R> = 0.999, over a glucose concentration range of 5.10-
15.35 uM. The LOD and LOQ were calculated to be 3.93 and 4.31
uM, respectively. The method was validated following the AOAC
guideline. Repeatability and recovery were assessed by testing
glucose at concentrations of 5.10, 7.68, and 15.34 uM, with each
level measured in seven replicates. All tested concentrations
satisfied the AOAC performance criteria for analytical methods
(SI Table S5). These results demonstrate the feasibility of
employing N-CAdots as a fluorescence sensor for glucose
determination via a radical scavenging-based mechanism.

Conclusions

This study elucidates the pH-dependent fluorescence behavior
of nitrogen-doped citric acid-based carbon dots (N-CAdots) and
reveals their previously unreported role as radical scavengers in
peroxide-driven reaction systems under mildly alkaline condi-
tions. Determination of the apparent pK, values of the synthesis
system provides mechanism insight into the on-off fluores-
cence switching of N-CAdots, highlighting the contributions of
acidic surface functionalities and the nitrogen-doping. We
demonstrate that N-CAdots undergo efficient FL quenching in
a mildly H,0,-HCO; -Co>" system, in which peroxymonocar-
bonate (PMC) acts as a key reactive intermediate leading to
radical formation. This secondary ROS pathway contrasts with
conventional Fenton-type chemistry by offering greater
compatibility with biological matrices. Exploiting this mecha-
nism, N-CAdots enable sensitive fluorescence-based detection
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of H,0, in serum following appropriate optimization. Further-
more, integration with glucose oxidase allows indirect glucose
determination via enzymatically generated H,O,. These fluo-
rescence sensing approaches, based on simple procedures,
eliminate the additional carbon footprint associated with the
analytical process. Overall, this work establishes N-CAdots as
multifunctional nanomaterials that integrate pH-response
photophysics with radical-scavenging activity. Beyond analyt-
ical sensing, the mechanism insights presented herein may
inform the rational design of carbon-dot-based probes and
antioxidant systems for broader applications
controlled reactive oxygen species chemistry.
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