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Introduction

Monitoring CO as a plant signaling molecule

under heavy metal stress using carbon nanodots¥}
Shrodha Mondal,? Olivia Sarkar,” Santi M. Mandal, 2 ¢ Ansuman Chattopadhyay® and
Prithidipa Sahoo (= *@

Carbon monoxide (CO) is widely recognized as a significant environmental pollutant and is associated
with numerous instances of accidental poisoning in humans. However, it also serves a pivotal role as a sig-
naling molecule in plants, exhibiting functions analogous to those of other gaseous signaling molecules,
including nitric oxide (NO) and hydrogen sulfide (H,S). In plant physiology, CO is synthesized as an integral
component of the defense mechanism against oxidative damage, particularly under abiotic stress con-
ditions such as drought, salinity, and exposure to heavy metals. Current research methodologies have
demonstrated a lack of effective tools for monitoring CO dynamics in plants during stress conditions, par-
ticularly in relation to heavy metal accumulation across various developmental stages. Therefore, develop-
ment of a sensor capable of detecting CO in living plant tissues is essential, as it would enable a deeper
understanding of its biological functions, underlying mechanisms, and metabolic pathways. In response
to this gap, the present study introduces a novel technique for monitoring CO production and activity in
plants using nitrogen-doped carbon quantum dots (N-CQDs). These nanodots exhibited exceptional bio-
compatibility, low toxicity, and environmentally sustainable characteristics, rendering them an optimal
tool for CO detection via fluorescence quenching mechanism, with a detection limit (LOD) of 0.102 pM.
This innovative nanomarker facilitated the detection of trace quantities of CO within plant cells, providing
new insights into plant stress responses to heavy metals such as Cu, Zn, Pb, Ru, Cr, Cd, and Hg, as well as
the processes involved in seed germination. Additionally, confocal microscopy validated the interaction
between CO and N-CQDs, yielding visual evidence of CO binding within plant cells, further enhancing
the understanding of CO's role in plant biology.

ties. Previous research has identified three crucial pathways
for CO production in living organisms.®’” The first pathway

For centuries, carbon monoxide has been considered as a
harmful gas to humans; however, recent studies have revealed
its important signaling role in plants."? By generating a wide
range of defense-related hormones that trigger intricate regu-
latory networks, plants in biological environments establish
inducible defensive systems to endure biotic and abiotic stres-
ses. Carbon monoxide (CO) is also produced as a defense
mechanism against oxidative damage under abiotic stressors,
such as drought, salinity, and exposure to heavy metals.*
Similar to other gasotransmitters, such as NO and H,S, CO
needs to be present to participate in plant physiological activi-
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involves lipid peroxidation and ureide metabolism. Lipid per-
oxidation requires nicotinamide adenine dinucleotide phos-
phate (NADPH) for CO production and occurs in various
plants as well as mammalian tissues and cells. During ureide
metabolism, glyoxylate from urea catabolism may be formed,
potentially leading to the production of CO. The second
pathway involves the photo-oxidation of organic compounds
within plants, likely due to direct photochemical transform-
ations within the plant matrix. The third pathway involves
degradation catalyzed by heme oxygenase (HO), an enzyme
responsible for CO production, free iron, and biliverdin (BV).
This pathway specifically occurs in plants, and HOs are still
considered the primary enzymatic source of endogenous CO in
plants.®'® These three pathways demonstrate the diverse
mechanisms through which CO is generated in living organ-
isms. CO influences development of seedlings, including
stress responses, root growth, and germination."'™® It pro-
motes seedling growth and increases resistance to environ-
mental stressors by interacting with plant hormones such as
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auxins and gibberellins. The signaling function of CO is
related to antioxidant activity and regulates the reactive oxygen
species (ROS) levels in seedlings under oxidative stress.
Additionally, CO has been shown to reduce the absorption of
Cd in plants and alleviate Cd stress by regulating transcription
factors and transporter genes. CO is found to alleviate stress
due to other heavy metals such as Cu, Zn, Pb, Ru, Cr, and Hg
by regulating the antioxidant system. These results indicate
that under controlled conditions, CO may have a protective
and regulatory role in early plant development and stress
adaptation.®

As a result, an increasing interest among researchers for
investigating the functions and presence of CO in plant
systems has been noted. There remains a lack of comprehen-
sive methodologies for effectively monitoring CO within plant
cells and tissues. Compared to previous techniques, our pro-
posed method offers a biocompatible, simple, and cost-
effective approach to synthesize a nontoxic nanosensor
capable of detecting CO at low concentrations. This advance-
ment enables real-time monitoring of CO dynamics within
plant systems, as demonstrated under heavy metal stress con-
ditions. Unlike some previous works that have utilized Pd,
chemosensors, or dyes that are not biocompatible, water-
soluble, cost-effective and are often toxic, our method priori-
tizes environmental and biological compatibility. The pub-
lished processes are quite complicated and time consuming.
The performance metrics, provided in Table S1,f underscore
the sensor’s sensitivity and practicality, positioning it as a valu-
able tool for studying plant signaling pathways. Carbon
quantum dots (CDs) have attracted considerable scholarly
attention in recent years for their versatile applications in
sensing and imaging due to their distinctive optical character-
istics and surface functionalities. Recent studies have explored
the synthesis and functionalization of CDs for specific appli-
cations, such as environmental monitoring,'® energy pro-
duction,'” catalysis,'® chemical sensing,'® as well as biosen-
sing platforms.>® Building on these advances, the present
study developed a novel nanomarker utilizing nitrogen-doped
carbon quantum dots (N-CQDs) (3-aminophenol and diethyl-
enetriamine) with unique fluorescence quenching properties,
thus enabling the detection and monitoring of carbon monox-
ide (CO) as a signaling molecule in plants under heavy metal
stress. These N-CQDs demonstrate high biocompatibility, low
toxicity, and an environment-friendly profile, thereby facilitat-
ing the detection of trace amounts of CO within plant cells.
This successful synthesis of fluorescent nanodots for CO moni-
toring represents a significant advancement in understanding
CO’s role in alleviating heavy metal stress in plant systems.
This study facilitates the real-time tracking of CO and its path-
ways within plant organisms, thereby offering novel insights
into the dynamic responses of plants subjected to environ-
mental stressors. Integrating CO-sensing technology with the
biological study of plants not only enhances comprehension of
the mechanisms underlying plant resilience but creates oppor-
tunities for future research directed toward agricultural stress
management and environmental monitoring.
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In our prior research, this quantum dot-based sensor was
developed for CO detection, with specific applications aimed
at ensuring human safety, primarily due to the harmful effects
of CO as a toxic gas. The present study illustrates the transition
from emphasizing CO as a hazardous agent to exploring its
vital role as a signaling molecule within plant systems. Recent
investigations have indicated that, under controlled concen-
trations, CO acts as a crucial mediator in various physiological
processes of plants, including their responses to environ-
mental stressors, such as heavy metal toxicity. This affirms the
multifunctionality of the nanosensors and explains their appli-
cability in technological, agricultural, and biological contexts.

Experimental
Materials and methods

All analytes, including nitric oxide, carbon monoxide, nicotine,
hydrogen peroxide, 3-aminophenol, and diethylenetriamine,
were obtained from TCI India and Sigma-Aldrich and utilized
exactly as supplied, requiring no additional purification.
Double-distilled water was used as the solvent.

Preparation and characterization of N-CQDs

Nitrogen-doped carbon quantum dots (N-CQDs) have been
produced utilizing a domestic microwave oven. The precursor
materials selected for this synthesis, i.e., 3-aminophenol and
diethylenetriamine, were chosen due to their significant nitrogen
and carbon content, as illustrated in Scheme 1. Detailed descrip-
tions of the synthesis conditions and procedural steps are pro-
vided in the ESL{ A complete characterization of N-CQDs was
conducted employing a diverse range of spectroscopic and micro-
scopic techniques. Dynamic light scattering (DLS) and trans-
mission electron microscopy (TEM) were utilized to assess the
size distribution and morphology of the dots. Fourier transform
infrared (FT-IR) spectroscopy and energy dispersive X-ray spec-
troscopy (EDX) were applied to study the surface functional
groups and chemical structure. The optical properties, including
UV absorption and fluorescence characteristics, were analyzed
using a UV-visible spectrophotometer and a fluorimeter, respect-
ively. Furthermore, fluorescence lifetimes were quantified
through time-correlated single-photon counting (TCSPC), and the
elemental composition was determined via X-ray photoelectron
spectroscopy (XPS). Confocal laser scanning microscopy (CLSM)
was used to generate confocal images. Further details and find-
ings are available in the ESL}
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Scheme 1 A diagrammatic representation of the process for synthesiz-
ing N-CQDs in a home microwave using 3-amino phenol and
diethylenetriamine.
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CO detection process

In the preparation of the N-CQDs solution, 200 pL of the syn-
thesized N-CQDs was diluted with 1.8 mL of DD water within a
quartz cuvette. Subsequently, this diluted solution was then
treated with varying concentrations of CO derived from a 10™*
M stock solution. Fluorescence spectra were subsequently
acquired by exciting the solution at a wavelength of 320 nm.

Determination of quantum yield (QY)

The quantum yield (QY) of N-CQDs was calculated using the
following equation®" employing quinine sulfate as the refer-
ence standard, which possesses a known quantum yield of
0.54.

Qx = Qst(lx/lst)(Ast/Ax)(nxz/nstz) (1)

In this expression, the variable “x” is indicative of the
sample, while “st” denotes the standard (quinine sulfate) with
a predetermined quantum yield. The variables ‘I’ represent the
observed integrated emission intensity, ‘A’ signifies the absor-
bance at 320 nm, ‘n’ refers to the refractive index, and ‘Q’ indi-
cates the quantum yield of the N-CQDs. To minimize the
effects of reabsorption, the absorbance of each solution was
upheld below 0.05 at the excitation wavelength of 320 nm.
Additional details, along with a graphical representation of the
measurements, are provided in Fig. S1.7

Experimental design and confocal laser scanning microscopy
(CLSM) analyses

The uptake of CO and heavy metals (analytes) and evaluation
of the efficiency and permeability of quantum dots (N-CQDs)
(probes) into biological systems were substantiated utilizing
embryonic roots and seeds of two plant species, namely, black
chickpea (Cicer arietinum) and mung bean (Vigna radiata). The
experiment involved four distinct groups of plants for each
species.

The first group, selected as the control, remained untreated
without any exposure to either the analyte or probe. The
second group of plants was treated with heavy metals (107> M)
for 12 hours. The third group was treated with a low concen-
tration of the synthesized N-CQDs (10~ M) for 12 hours fol-
lowing a prior 12-hour exposure to heavy metals at a concen-
tration of 10> M. The fourth set was treated with a low dose of
CO (107* M) for 12 hours after treatment with heavy metals
(107® M) and N-CQDs (10~* M) for 12 hours each.

Once all the treatment phases were finished, thin transverse
sections were cut from both the embryonic roots and seeds of
untreated and treated black chickpeas and mung beans. These
slices were placed in watch glasses containing an equal mixture
of double-distilled water and glycerol. The sections were then
gently moved onto glass slides and covered with cover slips, allow-
ing for examination using a confocal microscope.

A Leica TCS SP8 laser scanning confocal microscope system
was used to capture confocal microscopic images. LasX software
facilitated analysis of the images obtained through section scan-
ning. A blue channel filter was employed with an excitation wave-
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length of 320 nm and an emission wavelength of 390 nm. The
images were captured at a magnification of 10x.

Results and discussion
Morphological analysis

The TEM images presented in Fig. 1A highlight the spherical
morphology of N-CQDs, with particles exhibiting a uniform
dispersion and the absence of visible agglomeration. The dis-
tribution of particle sizes for N-CQDs is found to range from
1.1 to 3.3 nm, with an average diameter of around 2.1 nm,
which aligns with the DLS data depicted in Fig. 1B.
Furthermore, the high-resolution TEM (HRTEM) image pre-
sented as an inset in Fig. 1A reveals distinct lattice fringes in
numerous particles, confirming their crystalline structure with
a lattice spacing measured at 0.1867 nm. This crystalline
characteristic was further validated by the circular ring pattern
observed in the selected area electron diffraction (SAED) image
shown in Fig. 1C.>*

Fig. 1D presents the results of FTIR spectroscopy, which
was performed to elucidate the surface functional groups
present in N-CQDs. The analysis reveals broad absorption
bands observed in the 3100-3500 cm™ ' region, which are
indicative of O-H and N-H vibrational modes. Furthermore,
the absorption band located at 2914 cm™" can be attributed to
C-H stretching vibrations. The spectral signals detected
between 1640 and 1550 cm ™" are associated with N-H bending
vibrations, thereby confirming the presence of amino func-
tional groups on the surface of N-CQDs. Notably, a character-
istic peak observed at 1398 cm™" serves as evidence for nitro-
gen doping, specifically associated with C-N bond formation.
Additionally, the absorption features identified in the range of
1000-1300 cm ™" suggest the presence of C-O, C-N, and N-H
bonds, further supporting the characterization of the func-
tional groups on the N-CQD surface.”**” The interaction
between CO and the surface groups of N-CQDs was further
clarified with the generation of CO stretching frequency at
1965 cm™ " (Fig. S21). The shifts in absorption peaks indicate
the formation of a ground-state complex between CO and
these functional groups, which likely contributes to the fluo-
rescence quenching mechanism. Also, the variations in peak
intensity suggest alterations in the vibrational modes, poten-
tially due to CO adsorption or bonding.

The structural characteristics and elemental composition of
N-CQDs were examined through XPS and EDX analyses. The
EDX spectrum, as illustrated in Fig. 1E, affirmed the presence
of carbon (C), oxygen (O), and nitrogen (N), corroborating the
findings obtained from the XPS results shown in Fig. 1F. The
XPS survey spectrum displayed prominent peaks -corres-
ponding to binding energies of C 1s, N 1s, and O 1s at 283.1
eV, 399.3 eV, and 530.2 eV, respectively (Fig. 1F). Furthermore,
the high-resolution XPS spectra for C 1s, as depicted in
Fig. S3A,T revealed two significant peaks at 284.5 eV and 285.5
eV, indicative of C-C/C-H and C-N/C-O bonds, respectively.
The presence of nitrogen doping was further substantiated by
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Fig. 1 (A) TEM (inset: HRTEM) image, (B) DLS analysis, (C) SAED analysis, (D) FT-IR spectra, (E) EDX data and (F) XPS survey spectra of N-CQDs.

the N 1s spectra presented in Fig. S3B,t which exhibited peaks
attributable to pyridinic nitrogen (C-N-C, C=N), pyrrolic
nitrogen (C;-N), and N-H, located at binding energies of 399.5
eV, 400.1 eV, and 401.2 eV, respectively. In addition, the O 1s
spectra, demonstrated in Fig. S3C,t exhibited peaks at 531.5
eV and 532.5 eV, corresponding to C=0 and C-O-H functional
groups, respectively.?83!

Optical properties of N-CQDs

The ultraviolet-visible (UV-Vis) absorption spectrum of
N-CQDs, as illustrated in Fig. 2A, reveals two distinct peaks:
the first at 298 nm within the 250-300 nm range, and a
shoulder peak at 455 nm. The peak at 298 nm is indicative of
the characteristic absorption properties associated with aro-
matic pi systems, which are analogous to those observed in
polycyclic aromatic hydrocarbons. Conversely, the absorption
feature observed at 455 nm suggests the indicative of nitrogen
doping within the carbon quantum dots.**** N-CQDs exhibi-
ted their most pronounced fluorescence emission at 389 nm
when excited at a wavelength of 320 nm, a phenomenon pre-
sented in Fig. 2B. Furthermore, they demonstrated significant
solubility and emitted a vibrant blue fluorescence upon
exposure to ultraviolet (UV) light, as shown in the inset of
Fig. 2B. The maximum fluorescence intensity was recorded at
an excitation wavelength of 320 nm, accompanied by a gradual
redshift and a corresponding decline in intensity (Fig. 2C).
The fluorescence quantum yield (FLQY) of the N-CQDs was
computed to be approximately 39%, as indicated in Fig. S1.T A
study examining pH stability was conducted both in the pres-
ence and absence of CO, revealing that the fluorescence inten-
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sity remained stable within the pH range of 7-9 in both experi-
mental conditions (Fig. 2D). The photostability of N-CQDs was
extensively evaluated through exposure to continuous UV
irradiation at 365 nm; the results demonstrated that even after
240 minutes of sustained exposure, the fluorescence intensity
exhibited negligible change, as illustrated in Fig. 2E. This
highlights the remarkable photostability and resistance of
N-CQDs against photodegradation under extended UV
irradiation. Besides, the fluorescence intensity was stable even
after several months of storage when subsequently re-exposed
to UV light at 365 nm.

Fluorescence detection of N-CQDs in the presence of CO

To assess the efficacy of N-CQDs as a sensor for CO, a solution
with a concentration of 107 M CO was added into the N-CQDs
solution, followed by an analysis of the resultant fluorescence
spectra. A significant reduction in fluorescence intensity was
recorded (Fig. 3) as the concentration of CO was increased
from 9.7 x 107> M to 2.6 x 10™° M, thereby indicating the suc-
cessful quenching of N-CQDs. Additionally, results from UV-
visible titration corroborated the observation of a consistent
decline in N-CQD fluorescence with increasing CO concen-
tration (Fig. S41). These findings confirm the capacity of
N-CQDs to detect CO via fluctuations in both fluorescence and
UV intensity. Subsequent regression analysis was conducted to
ascertain the binding affinity of N-CQDs for CO, which yielded
a value of 3.055 x 10* M~ (Fig. S51). An exceptional linear cor-
relation between fluorescence intensity and CO concentration
was identified within the range of 2.43-47.51 pM, exhibiting a
correlation coefficient (R?) of 0.99836 (Fig. S67). The limits of

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Fluorescence emission spectra of N-CQDs upon addition of CO
(107* M).
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detection (LOD) and quantification (LOQ) for CO were deter-
mined to be 0.102 pM and 0.341 pM utilizing the formulas 36/m
and 10o0/m, respectively, where m denotes the slope of the cali-
bration curve and o represents the standard deviation (Table S27).
Comprehensive selectivity tests (Fig. S71) demonstrated that the
fluorescence of N-CQDs experienced substantial quenching in the
presence of CO, while other analytes tested exhibited negligible
effects, thereby underscoring the high selectivity of N-CQDs for
CO detection. The integration of fluorescence spectroscopy along-
side UV-visible absorption analyses provides foundational
insights into the interaction mechanisms at play, while FT-IR,
DLS, and XPS analyses furnish more detailed information regard-
ing the specific chemical interactions and functional groups
involved. The selective affinity of these N-CQDs for CO is attribu-
ted to the meticulous arrangement of surface functional groups,
enhanced interaction sites resulting from nitrogen doping, and
the complementary dimensions and morphology. Moreover, their
distinctive fluorescence response, compatibility with environ-
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mental conditions, and capacity for aggregation with CO contrib-
ute to the simultaneous quenching of fluorescence, thus reinfor-
cing their strong selective affinity toward CO.

Probable quenching mechanism discussion

A comprehensive series of studies was undertaken to under-
stand how CO induces the quenching of N-CQDs.
Fluorescence quenching may occur via multiple mechanisms,
including static quenching, dynamic quenching, or a combi-
nation of these pathways. To elucidate the specific quenching
mechanism of N-CQDs by CO, the Stern-Volmer equation®***
was applied (eqn (2)) as a methodological framework. This
involved plotting the ratio Fy/F against the concentration of the
quencher, [Q], where F, and F represent the fluorescence
intensities of N-CQDs in the absence and presence of CO (the
quencher), respectively, while K is the Stern-Volmer quenching
constant. A linear relationship was anticipated in scenarios
characterized by either static or dynamic quenching, a result
that was corroborated by the experimental findings obtained
in this study (Fig. 4A).

Fo/F =1+K[Q] (2)

For scenarios involving both dynamic and static quenching,
the Stern-Volmer plot can be expressed as follows.

Fo/F = (14 Kp[Q))(1 + Ks[Q]) (3)

Analysis suggests that a plot of F,/F against [Q] should
exhibit an upward curve. Nevertheless, such a curvature was
not observed in the results obtained (see Fig. 4A). Therefore,

E
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Kapp

0 10 20 30 40 50
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Fig. 4 (A) Second-order polynomial fitting of the Stern—Volmer plot for
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the hypothesis regarding the existence of combined mecha-
nisms was rejected.

Fluorescence lifetime measurements were performed to elu-
cidate the quenching mechanism associated with N-CQDs.
The average fluorescence lifetimes of the N-CQDs were deter-
mined to be 1.51 ns in the absence of CO and 1.71 ns when
CO was present, as detailed in Table S3.f As depicted in
Fig. 4C and presented in Table S3,} the addition of CO did not
elicit a significant alteration in fluorescence lifetime values,
suggesting that N-CQDs engage with CO in the ground state
through a process of static quenching, thereby negating the
possibility of dynamic quenching.*®

Additionally, UV-vis spectroscopy assessments were per-
formed to further validate static quenching resulting from
complex formation in the ground state. The findings illus-
trated in Fig. S4f indicate a shift in the absorption peak of
N-CQDs following the addition of CO, which supports the con-
clusion of ground state complex formation and confirms the
occurrence of static quenching. A modified Stern-Volmer
equation was employed to substantiate the existence of the
ground-state complex through the mechanism of static
quenching.

Kapp = (Fo/F —1)/[Q] = (Ks + Kp) + KsKp[Q] (4)

By graphing (Fo/F — 1)/[Q] vs. [Q], a linear correlation was
anticipated, thereby suggesting that the quenching process is
likely facilitated by the formation of such a ground-state
complex, as evidenced in this study (Fig. 4B).>¢
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On the other hand, the overlap observed between the fluo-
rescence emission and/or excitation spectra of the fluorophore,
specifically N-CQDs, and the absorption band of the quencher,
CO, indicates the occurrence of an inner filter effect (IFE),
which was also substantiated by the results of this study
(Fig. 4D).””

Static/Ground
state
complexation

quenching

hv thv*

Non-fluorescent

v v

Inner Filter Effect
Quenching

Fig. 5 Schematic of the combined static quenching and inner filter
effect (IFE) of N-CQDs by the quencher (Q) CO.

After 2days
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In conclusion, it can be asserted that the quenching mecha-
nism of N-CQDs is primarily attributed to static quenching,
which occurs through the formation of ground-state com-
plexes, as well as the IFE (Fig. 5).

Seed germination in the presence of CO

An experimental investigation was conducted to study seed
germination under varying conditions involving carbon mon-
oxide (CO). The study utilized black chickpeas and mung
beans, which were categorized into three distinct sets: the first
set was soaked in water (Fig. 6A), the second in a solution com-
prising ruthenium/cadmium metal (Fig. 6B), and the third in a
solution containing a carbon monoxide-releasing compound
(tricarbonylchloro(glycinato) ruthenium(u), CORM) (Fig. 6C).
Normal seed germination was observed in both the water-
soaked and CORM-treated sets, whereas no germination
occurred in the ruthenium/cadmium metal solution, a
phenomenon likely attributable to the stress induced by heavy
metals. Despite the presence of ruthenium/cadmium in set
three, seed germination proceeded, attributed to CO release
from the CORM compound. These observations indicate the
significant role of CO in mitigating heavy metal-induced
stress, enabling successful seed germination in challenging
environments. Furthermore, the presence of CO within plant
systems was effectively monitored employing N-CQDs and con-
focal microscopy. The findings designate the synthesized
N-CQDs to serve as a reliable tool for detecting CO within bio-
logical systems, particularly in circumstances where CO
reduces heavy metal stress.

Germination of

black chickpeas

and mung beans
in water

No germination
of black
chickpeas and
mung beans in
the presence of
heavy metals

After 3days

—_— |

Germination
of heavy
metal-treated
seeds with
induced CO

Fig. 6 Schematic representation of the effect of CO on seed germination under heavy metal stress (A-C).
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Fig. 7 Confocal microscopy images of transverse sections of the root of (A) black chickpeas (Cicer arietinum) and (B) mung bean (Vigna radiata)
after treatment with quantum dots (N-CQDs), carbon monoxide (CO), and heavy metals. (Al-BI) Control root section; (All-BII) root section exposed
to 10~ M of heavy metal; (Alll-BIIl) root section exposed to 10~> M of N-CQDs following prior exposure to heavy metals; (AIV-BIV) root section
pre-treated with CO (103 M) after treatment with heavy metal and N-CQDs. The left, middle, and right panels display fluorescent images, brightfield
images, and overlay images, respectively. Magnification: 100x. Zoom factor: 0.75. Scale bars: 0—-250 um.

Biological quantitative analysis by confocal laser scanning
microscopy

Using confocal laser scanning microscopy, it was observed that
the N-CQDs effectually entered live plant cells and interacted
with analytes, ie., CO and heavy metals. The N-CQDs fluo-
rescent signal was used to observe endocytosis, allowing for
the study and investigation of cellular uptake processes. Fig. 7
distinctly establishes diffusion of the probe into live cells of
embryonic roots and seeds of black chickpeas and mung
beans, as shown by the vivid blue fluorescence. This corro-
borates the ability of N-CQDs to traverse cellular membranes
in both plant species.

No fluorescence was detected in the transverse slices of the
embryonic roots and seeds of the untreated (Con) (Fig. 7AI-BI
and S8AI-BIf) and heavy metal-treated (Fig. 7AII-BII
and S8AII-BIIT) black chickpea and mung bean plants. The
sections of the embryonic roots and seeds of both the
plants treated with heavy metal and N-CQDs (Fig. 7AIII-BIII
and SS8AIII-BIIIT) exhibited intense blue fluorescent signals.
The transverse sections of the black chickpea and mung
bean plant embryonic roots and seeds exposed to both
the analyte CO and the probe N-CQDs (Fig. 7AIV-BIV and
SS8AIV-BIVY) exhibited no fluorescence, plainly signifying
that the analyte quenches the fluorescent properties of the
probe.

In the embryonic root sections of both plants, the blue fluo-
rescence signal was detected in the epidermis (outermost
layer) and the endodermis (innermost layer). However, the
intensity of the blue fluorescence was higher in the endoder-
mal layer than in the epidermal layer. This suggests that the

Dalton Trans.

accumulation of N-CQDs was more in the endodermal region
of the embryonic root of the two plants. The internalization of
N-CQDs into the dicotyledonous seeds of black chickpea and
mung bean was verified via blue fluorescence as the N-CQDs
accumulated in the procambium within the embryo of the
seeds, which is a precursor tissue that will ultimately mature
into xylem and phloem during germination.

Discussion

Confocal microscopy confirmed that the N-CQDs successfully
penetrated the intracellular spaces and interacted with the
analytes, as observed in transverse sections of black chickpea
and mung bean embryonic roots and seeds. The embryonic
roots and seed sections treated with the combination of heavy
metals and N-CQDs exhibited a blue fluorescent signal. The
fluorescence was brighter in different regions of the embryonic
roots and seeds of the plants due to the varied assimilation of
the probe. Nevertheless, these sections treated with CO and
N-CQDs did not exhibit any fluorescence, indicating that CO
suppresses the fluorescence of N-CQDs.

Confocal microscopy enabled the detailed analysis of black
chickpea and mung bean embryonic roots and seeds cross-sec-
tions, confirming the penetration of probe and analytes and
interaction within intracellular spaces. This showed insights
into fluorescence differences and the mechanisms behind
intracellular substance interactions. Densitometric analysis
(Fig. S91) of the fluorescence signal validates a sufficient
amount of blue luminance of N-CQDs in roots and seeds.

This journal is © The Royal Society of Chemistry 2025
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Thus, it can be concluded that the produced N-CQDs func-
tion as a viable sensing tool for monitoring the presence or
absence of CO in plants that could be utilized in the investi-
gations of participation in several physiological activities in
signaling and healing processes.

Conclusions

This study elucidates the dual characteristics of carbon monox-
ide (CO) as a hazardous gas to humans, which also functions
as a crucial signaling molecule within plant systems, facilitat-
ing germination and enabling adaptation to adverse environ-
mental conditions. Monitoring the presence of CO and its
functions in plants carries substantial implications for advan-
cing comprehension of its biological activities. To address this
imperative, nitrogen-doped carbon quantum dots (N-CQDs)
were developed, characterized by low toxicity, ease of synthesis,
cost-effectiveness, exemplary biocompatibility, and minimal
environmental impact. These nanodots demonstrate the
ability to selectively detect CO through a quenching mecha-
nism, presenting an innovative method for tracking CO within
plant systems. In spectroscopic investigations, the nanodots
used for monitoring CO binding were successfully executed,
with confirmation achieved through confocal microscopy,
which provided visual evidence of CO interactions at the cellu-
lar level in the plant system. Consequently, N-CQDs are identi-
fied as an effective and reliable nanomarker for tracking CO in
plant systems, suggesting significant potential applications in
studying plant stress responses, germination, and develop-
mental processes. This study indicates the broad applicability
and assurance of the sensor in enhancing plant research, par-
ticularly in the context of germination and environmental
stress conditions.
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