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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• CDs removed the Cr-reduced changes in 
RGR, RWC and Pro content. 

• Cr toxicity decreased fluorescence ki-
netics and performance of PSII in 
lettuce. 

• Cr disrupted the energy fluxes, quantum 
efficiency and performance index. 

• All CD applications induced SOD and 
CAT in response to stress. 

• CDs were able to protect the AsA 
regeneration, GSH/GSSG and GSH 
redox status.  
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A B S T R A C T   

Based on their chemical structure and catalytic features, carbon dots (CDs) demonstrate great advantages for 
agricultural systems. The improvements in growth, photosynthesis, nutrient assimilation and resistance are 
provided by CDs treatments under control or adverse conditions. However, there is no data on how CDs can 
enhance the tolerance against chromium toxicity on gas exchange, photosynthetic machinery and ROS-based 
membrane functionality. The present study was conducted to evaluate the impacts of the different 
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Chromium 
Lactuca sativa 
Photosynthetic efficiency 

concentrations of orange peel derived-carbon dots (50-100-200-500 mg L− 1 CD) on growth, chlorophyll fluo-
rescence, phenomenological fluxes between photosystems, photosynthetic performance, ROS accumulation and 
antioxidant system under chromium stress (Cr, 100 μM chromium (VI) oxide) in Lactuca sativa. CDs removed the 
Cr-reduced changes in growth (RGR), water content (RWC) and proline (Pro) content. Compared to stress, CD 
exposures caused an alleviation in carbon assimilation rate, stomatal conductance, transpiration rate, carbox-
ylation efficiency, chlorophyll fluorescence (Fv/Fm) and potential photochemical efficiency (Fv/Fo). Cr toxicity 
disrupted the energy fluxes (ABS/RC, TRo/RC, ETo/RC and DIo/RC), quantum yields and, efficiency (ΨEo and 
φRo), dissipation of energy (DIo/RC) and performance index (PIABS and PItotal). An amelioration in these pa-
rameters was provided by CD addition to Cr-applied plants. Stressed plants had high activities of superoxide 
dismutase (SOD), peroxidase (POX) and ascorbate peroxidase (APX), which could not prevent the increase of 
H2O2 and lipid peroxidation (TBARS content). While all CDs induced SOD and catalase (CAT) in response to 
stress, POX and enzyme/non-enzymes related to ascorbate-glutathione (AsA-GSH) cycle (APX, mono-
dehydroascorbate reductase (MDHAR) and dehydroascorbate reductase (DHAR), the contents of AsA and, GSH) 
were activated by 50-100-200 mg L− 1 CD. CDs were able to protect the AsA regeneration, GSH/GSSG and GSH 
redox status. The decreases in H2O2 content might be attributed to the increased activity of glutathione 
peroxidase (GPX). Therefore, all CD applications minimized the Cr stress-based disturbances (TBARS content) by 
controlling ROS accumulation, antioxidant system and photosynthetic machinery. In conclusion, CDs have the 
potential to be used as a biocompatible inducer in removing the adverse effects of Cr stress in lettuce plants.   

1. Introduction 

Green synthesis of nanomaterials is gaining tremendous attention in 
nanotechnology. Green nanomaterials have been produced using bio-
molecules (proteins, enzymes and DNA), microorganisms (bacteria, 
fungi and algae) (Galal et al., 2021) or plant extracts (leaf, root, stem, 
fruit, flower and waste shell) (Amer et al., 2021). Biowaste plant ma-
terials are known as eco-friendly, non-corrosive, non-toxic, fully active 
upon recycling, and cost-efficient (Shahriari et al., 2019). In recent de-
cades, much attention has focused on the synthesis and usage of carbon 
dots (CD) prepared from fruit peel wastes. The peels of corn stalk (Li 
et al., 2021b), banana (Atchudan et al., 2021), orange (Hu et al., 2021), 
watermelon and pomegranate (Muktha et al., 2020) are utilized. CDs 
have a small size (less than 10 nm), excellent photostability and, fluo-
rescence performance, biodegradability, high biochemical reactivity, 
biocompatibility, low cytotoxicity, and water solubility (Guo et al., 
2022a; Panahirad et al., 2023). CDs have advantages in gene trans-
fection (Liu et al., 2012), drug delivery (Cheng et al., 2014), and bio-
imaging (Fan et al., 2015). Recent finding reveals that CDs are easily 
uptake by the roots of plants and translocate to stems or leaves via the 
vascular system. The potential negative or positive impacts of CDs 
investigated varied depending on the CD concentrations (Li et al., 
2020a). CD exposures significantly decreased biomass of roots and 
shoots, induced oxidative damage (lipid peroxidation) (1000–2000 mg 
L− 1 CD in maize), reduced the root elongation and down-regulated gene 
expression related to chloroplast function and structure (125–1000 mg 
L− 1 CD in Arabidopsis) (Chen et al., 2016, 2018). The plants subjected to 
CDs exhibit high capability of water and nutrient absorption of seeds, 
improved stem elongation and growth (optimal concentrations, 
0.02–0.4 mg mL− 1), increased carbohydrate content, enhanced nitrogen 
fixation, and resistance against stress factors (Li et al., 2020a; Wang 
et al., 2018). There are different responses on chlorophyll content of CD 
applications, which increased in CD-applied mung beans (10, 50, 100, 
500, 1000 μg mL− 1) (Zhang et al., 2018) and did not increase in rice 
under 0.56 mg mL− 1 CD (Li et al., 2018). To have more knowledge of 
agricultural systems, some points still need to be clarified in practical 
applications. CDs can improve the photosystem capacity by enhancing 
the electron transfer rate. Owing to their excellent optical properties, 
CDs are considered an alternative candidate as energy acceptors and 
donors in inorganic or organic hybrid structures (Hildebrandt et al., 
2017). The process of light harvesting, which is sensitive to extreme 
conditions, is a basic issue for photosynthesis in plants (Kundu and 
Patra, 2017) and researchers have tried to find a way for accelerating 
light harvesting capacity by synthetic methods. LeBlanc et al. (2014) 
described a hybrid system in which graphene-based CDs interact with 
the reaction center of the photosystem I (PSI). Thanks to this hybrid 

system, it has been shown that light harvesting can be done in a wider 
wavelength range of photosynthesis. In the other study, Nabiev et al. 
(2010) represented that the excitation energy harvested by CDs was 
transferred to reaction centers of PSII. The nitrogen-enriched dots, 
which are applied as fertilizer, can enhance the fluorescence ability of 
photosynthetic pigments by energy transfer from CDs (Budak et al., 
2020). Based on a study in lettuce and tomato presented by Kou et al. 
(2021), CD applications resulted in a promotion on photosynthesis by 
activated PSI, thus improving nutrient status of plants. The mechanisms 
underlying CDs in terms of photochemical reactions and photosystems 
efficiency need further clarification. 

Another attractive property of CDs is the capacity for both produc-
tion and elimination of reactive oxygen species (ROS). The reason for the 
scavenging capacity of CDs under stress conditions is the electron donor 
and acceptor amino and carboxyl groups on the surface (Zhao et al., 
2015). After drought exposure, CDs triggered the resistance of peanuts 
by activating antioxidant enzymes such as peroxidase (POX), superoxide 
dismutase (SOD), and catalase (CAT) and decreased lipid peroxidation 
(malondialdehyde content) (Su et al., 2018). Enhancing the antioxidant 
system reflects tolerance in response to adverse conditions (Kou et al., 
2021). In the presence of heavy metal toxicity such as cadmium, the 
inhibition of cadmium absorption into the plants, promotion of antho-
cyanin content and antioxidant system, and alleviation of membrane 
damage were observed in CD-applied wheat and citrus seedlings (Li 
et al., 2019). CD supplementation caused low arsenic accumulation via 
the decline of arsenic uptake in Cicer arietinum roots (Chandrakar et al., 
2020a). Xiao et al. (2019) reported a reduction in cadmium accumula-
tion upon 50 and 75 mg L− 1 CD in wheat roots and an increase in 
chlorophyll content under 50 mg L− 1 CD. Since the positive effects of 
CDs on the metabolic process in plants subjected to heavy metal toxicity, 
we have been considered as an alternative tool for the CD-mediated 
removal of chromium-toxicity in lettuce plants. Chromium-mediated 
pollution caused a decrement in photosynthesis, cell respiration, 
pigment biosynthesis, transpiration rate, nutrient uptake and cell divi-
sion in plants (Ma et al., 2016; Zhao et al., 2019). Chromium (Cr) ex-
posures are found to induce oxidative stress, which is eliminated 
through antioxidant system and accumulation of osmolytes or some 
protecting peptides such as phytochelatins (Christou et al., 2020). 
However, there is still some question concerning the interactions of CDs 
in plants under Cr stress, particularly how CDs, can be used as a fertil-
izer, regulate the antioxidant system and photosynthetic apparatus to 
reduce damage induced by Cr stress. Therefore, the innovative point of 
this study is the detailed assessments on the defense response systems 
and kinetics of chlorophyll fluorescence and photochemical activity in 
photosystems of plants after CDs and Cr stress exposure. 

Lactuca sativa, the most consumed leafy vegetable, has been selected 
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as an ecotoxicological crop model due to its high metal-accumulating 
ability such as cadmium (Li et al., 2020b). However, there is no 
knowledge about the defense mechanisms of CDs against Cr stress in 
lettuce plants. To close the gap in information regarding the possible 
positive impacts of CDs, the roles of different concentrations of orange 
peel derived-carbon dots (50-100-200-500 mg L− 1 CD) were clarified by 
integrating the growth, water relations (water content and proline 
content), gas exchange (stomatal conductance, transpiration rate, 
carboxylation efficiency and intercellular CO2 concentrations), chloro-
phyll fluorescence, the photochemical capacity of PSII, ROS accumula-
tion (H2O2 content), antioxidant system (enzyme activities and 
ascorbate-glutathione cycle) and lipid peroxidation in chromium (100 
μM Cr)-treated Lactuca sativa. The novelty of the current study is 
revealing the antioxidant capacity, photochemical efficiency, gas ex-
change and redox state of plant-based CD applications in controlling 
Cr-induced oxidative damages in Lactuca sativa. 

2. Material and methods 

2.1. Materials and synthesis of orange peel derived-carbon dots 

All chemicals used in this study were commercially purchased and 
used as pure grade without further purification. Orange was purchased 
from the market. Ethylene diamine (99%, EDA) and filter papers were 
purchased from Sigma-Aldrich. Milli-Q water was used in all synthesis 
and to prepare solutions for characterization studies. 

2.2. Synthesis of orange peel derived-carbon dots 

Purchased fresh oranges were sterilized 3 times with distilled water 
after pre-washing. The orange peels were peeled and cut into fine pieces 
and ground with a laboratory grinder. The ground shells were left to dry 
in an oven at 70 ◦C for 1 h. 3 g of dried shells were weighed and a so-
lution of 60 ml of distilled water was prepared. The prepared solution 
was stirred for 1 h in a magnetic stirrer at 400 rpm and 40 ◦C until it 
became homogeneous. A separatory funnel was used to separate the oil 
phase in the orange peel solution. The orange peel sample separated 
from its oily layer was ultracentrifuged 3 times at 10.000 rpm rpm for 
15 min. The sample obtained after ultracentrifugation was taken into 60 
ml microwave Teflon and 2 ml of Ethylenediamine (EDA) was added to 
the Teflon. Microwave treatment was applied at 90 ◦C for 20 min. In 
order to purify the sample obtained after microwave synthesis, stepwise 
ultracentrifugation and syringe filtering processes were applied. After 
15 min of ultracentrifugation at 10.000 rpm, the sample was passed 
through the syringe filter. This process was repeated 3 times. The 
transparent sample was dried in a magnetic stirrer at 60 ◦C. 

2.3. The characterization of orange peel derived-carbon dots 

Fluoescence spectroscopy measurements of the CDs and lettuce plant 
were made by using PerkinElmer LS 55 brand Luminescence Spec-
trometer. FT-IR and XRD were used to perform structural characteriza-
tions of CDs and the plant samples with CDs. Fourier transformed 
infrared (FT-IR) spectra were recorded from 400 to 4000 cm− 1 by using 
Bruker Fourier Transform Infrared FT-IR (ATR) Bruker Advance D8 
brand. X-ray Diffraction Spectroscopy (XRD) was used to determine the 
crystallinity of CDs and CDs in lettuce plant. Dynamic light scattering 
(DLS) analysis was performed with a MALVERN/DLS MPT2 instrument 
to measure the intensity and variation of light scattered from small 
particles in dilute solution of CDs. A JEOL JEM-2100PLUS TEM brand 
transmission electron microscopy (TEM) studies were performed to 
justify the formation of the CDs. After weighing 1 g of powdered plant 
samples, 1.5 ml of water was added to them. The solutions were left to 
stir for one day. The next day, the solutions were filtered to separate 
them from the residue fractions. 500 μl of the filtered solutions were 
pipetted and placed in a mixing bowl. Pure water was added to the 

solutions until the total volume was 2 ml and measurements were made 
by fluorescence spectroscopy. CD stock solution was prepared at a 
concentration of 5 mg ml− 1. The prepared stock solution was first 
diluted in half with water. The prepared solution was re-diluted with 
water at a 1:2 (CD solution:water) volume ratio and this solution was 
used for fluorescence measurement. FT-IR and XRD measurements were 
made directly using powdered CD and plant samples. 

2.4. Plant material and the applications of Cr stress/CDs and the 
sampling 

Lettuce seeds (Lactuca sativa L. cv. paris island) were surface sterilized 
and allowed to germinate on wet filter paper. After one week, seedlings 
were transferred to Hoagland solution under controlled conditions and it 
was refreshed every other day. All treatments were completed by being 
dissolved in Hoagland solution and were added to the growth medium 
for seven days. For stress treatment, the lettuce plants were exposed to 
chromium dichloride (Cr, 100 μM chromium (VI) oxide). After the 
synthesis stage of CDs, orange peel derived-carbon dots (50-100-200- 
500 mg L− 1 CD) were subjected to lettuce plants as simultaneously with 
Cr stress. The treatment doses were selected according to previous 
findings (Ahmad et al., 2020; Prakash et al., 2022; Tan et al., 2021; 
Wang et al., 2021). Lettuce plants were harvested after one week of 
treatment. 

2.5. Elemental analysis 

The endogenous contents of Cr6+, Ca2+, K+, Mg2+, Fe2+ and Mn2+

were analyzed by ICP-AES (Varian-Vista) and the measurements were 
completed for third leaf (0.1 g dry weight) (Nyomora et al., 1997). 

2.6. Determination of growth and water relations 

Hunt et al. (2002) proposed a method for determining relative 
growth rate (RGR). Following treatment, six leaves from each group 
were harvested and their relative water content (RWC) was calculated 
using the Maghsoudi et al. (2019) algorithm. Proline (Pro) content was 
determined in 0.5 g fresh samples followed by Chandrakar et al. (2016). 

2.7. Determination of gas exchange parameters 

Carbon assimilation rate (A), stomatal conductance (gs), intercellular 
CO2 concentration (Ci) and transpiration rate (E) were detected with a 
portable gas exchange system (LCpro+; ADC, Hoddesdon, UK). The 
stomatal limitation value (Ls) was calculated as 1 – Ci/Ca (Ma et al., 
2011). 

2.8. Determination of photosynthetic efficiency and OJIP analysis 

A portable fluorometer (Handy PEA, Hansatech Instruments Ltd., 
Norfolk, UK) was used to determine the maximal quantum yield of PSII 
photochemistry (Fv/Fm), physiological state of the photosynthetic 
apparatus (Fo/Fm) and potential photochemical efficiency (Fv/Fo). 
Handy PEA (Plant Efficiency Analyzer, Hansatech Instruments Ltd.) was 
used to reveal the alterations in the photochemistry of PSII. The de-
scriptions for the estimated parameters are included in Supplementary 
Table S1. 

2.9. Determination of oxidative stress biomarker assays and confocal 
laser scanning microscopy 

H2O2 content in leaves was evaluated using the method described by 
Velikova et al. (2000), and lipid peroxidation level (TBARS content) was 
computed using the method described by Rao and Sresty (2000). H2O2 
concentration in guard cells was observed using 2,7-dichlorofluorescein 
diacetate (H2DCF-DA), as explained previously (Ahammed et al., 2020). 
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2.10. Determination of antioxidant system and AsA-GSH cycle enzyme/ 
non-enzyme compositions 

For protein and enzyme extractions, 0.5 g of each leaf sample was 
homogenized in 50 mM Tris-HCl (pH 7.8) containing 0.1 mM ethyl-
enediaminetetraacetic acid (EDTA), 0.2% Triton X-100, 1 mM phenyl-
methylsulfonyl fluoride and 2 mM dithiothreitol (DTT) (Li et al., 2020a, 
b). The total soluble protein content of the enzyme extracts was deter-
mined (Bradford, 1976). Superoxide dismutase (SOD) isozyme/enzyme 

activity was defined (Beauchamp and Fridovich, 1971; Laemmli, 1970). 
The activity of catalase (CAT) isozyme/enzyme was determined using 
the procedure suggested by Woodbury et al. (1971) and Bergmeyer 
(1970). The isozymes/enzyme capacity of peroxidase (POX) was 
measured according to the method suggested by Seevers et al. (1971) 
and Herzog and Fahimi (1973). The enzyme/isozyme activities of 
glutathione S-transferase (GST) and glutathione peroxidase (GPX) were 
determined (Hossain et al., 2006; Ricci et al., 1984). The isoforms and 
total NADPH oxidase (NOX) activity were calculated (Jiang and Zhang, 

Fig. 1. The characterization of orange peel derived-carbon dots (50-100-200-500 mg L− 1 CD) in lettuce plants under chromium (VI) oxide (100 μM Cr). (A) TEM 
image of CDs, (B) DLS measurements of CDs, (C) Fluorescence spectra of control group, CD, Cr + CD1, Cr + CD2, Cr + CD3 and Cr + CD4, (D) FT-IR spectra of control 
group, CD, Cr + CD1, Cr + CD2, Cr + CD3 and Cr + CD4, (E) XRD graphics of CD, Cr + CD1, Cr + CD2, Cr + CD3 and Cr + CD4. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 
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2002; Sagi and Fluhr, 2001). 
Ascorbate peroxidase (APX) and glutathione reductase (GR) were 

spectrophotometrically and electrophoretically carried out (Mittler and 
Zilinskas, 1993; Nakano and Asada, 1981). The contents of ascorbate 
(AsA) and oxidized ascorbate (DHA) were estimated (Dutilleul et al., 
2003). The procedure for monodehydroascorbate reductase (MDHAR) 
and dehydroascorbate reductase (DHAR) was performed (Dutilleul 
et al., 2003). Glutathione (GSH) was assayed according to Paradiso et al. 
(2008), utilizing aliquots of supernatant neutralized with 0.5 M K–P 
buffer. Based on enzymatic recycling, glutathione is oxidized by DTNB 
and reduced by NADPH in the presence of GR, and glutathione content is 
evaluated by the rate of absorption changes at 412 nm. Oxidized 
glutathione (GSSG) was determined after the removal of GSH by 2-vinyl-
pyridine derivatization. Standard curves with known concentrations of 
GSH and GSSG were used for the quantification. GSH redox status was 
obtained (Shi et al., 2013). 

The Gel Doc XR + System was used to photograph stained gels and 
subsequently evaluated using Image Lab software v4.0.1 (Bio-Rad, 
California, USA). Enzyme standards are used in gels for normalization. 

2.11. Statistical analysis 

All data were reported as technical triplicates and six biological 
replicates. One-way analysis of variance (ANOVA) was used for all an-
alyses. SPSS 20.0 was used to perform statistical analysis on the values. 
At p < 0.05, differences were considered significant. In all figures, the 
error bars represent standard errors of the means. 

3. Results 

3.1. Orange peel derived-CDs under Cr stress: Characterization 

TEM image showing information about the particle size and 
morphology of CDs can be seen in Fig. 1A. Although the particle size of 
CDs varies between 10 nm and 24 nm, the majority of the population has 
a size of 17 nm. The shape of the particles is typically flattened from the 
sides and not fully spherical. Fig. 1B shows the size analysis of CDs with 
DLS (Le et al., 2023; Liu et al., 2017; Oliveira et al., 2020; Siddique et al., 
2018). According to the DLS results, the size and standard deviation of 
the obtained particles were found to be 17.423 ± 7.592 nm. This study 
reported the single-pot synthesis of CDs from orange peels. When the 
results are examined, the fluorescence peak width, FTIR peaks and the 
range of the peak in the spectrum obtained for XRD are exactly 
compatible with the results obtained from orange in the literature (Liang 
et al., 2017; Prasannan and Imae, 2013). 

Fig. 1C showed the fluorescence spectra of the control group, CDs in 
pure form, Cr + CD1, Cr + CD2, Cr + CD3, Cr + CD4. In order to obtain 
samples as control group, Cr + CD1, Cr + CD2, Cr + CD3, and Cr + CD4, 
the powders taken from different parts of lettuce were mixed and were 
dissolved in water. Fluorescence spectroscopy was used to measure the 
liquids obtained after the sediment was filtered. A solution of appro-
priate concentration was prepared from the powder form of pure CDs 
that were not given to the plants, and fluorescence measurements were 
compared with the emissions of samples taken from lettuce plants. Ac-
cording to Fig. 1C, the obtained carbon dots show a strong emission 
spectrum at around 475 nm. The resulting peak has a very symmetrical 
and sharp peak. On the other hand, it is seen that the control group has a 
rather broad emission and low intensity emission peak. Considering the 
fluorescence peaks obtained for the samples with Cr and CD together 
from lettuce plants, it is seen that the top of the peaks is suppressed and 
shifted to the left. The peak starts to appear around 450 nm. The binding 
relationship between Cr and CD is thought to cause this result. Especially 
for 200 mg L− 1 CD (CD3) of carbon quantum dot concentration, the peak 
on the left is more prominent than the other spectra. It has been deter-
mined that this value is the concentration that minimizes the stress on 
the plant by the application of different CD concentrations. As in our 

current study, there are examples of studies on the interactions of Cr and 
CDs in the literature. In the example of an optical sensor study developed 
for Cr (VI) ions, the interaction between Cr and CDs was confirmed 
according to the results obtained by fluorescence spectroscopy. The 
composition of CDs and concentration of Cr (VI) ions can also affect the 
change of these optical properties of CDs. In conclusion, CDs obtained 
from an orange waste enabled the binding of Cr (VI) ions because they 
contained both amine and carboxyl groups. For this reason, a change 
was observed in the fluorescence intensity graphs according to the Cr ion 
concentration. It has been reported that there were energy changes in 
the absorption peaks of carbon dots due to the binding of Cr ions to the 
surface of carbon dots (Liang et al., 2017; Moonsuang et al., 2020; Zhang 
et al., 2017). 

As depicted in Fig. 1D, the FT-IR spectrum displayed the appearance 
of different peaks that represent some functional groups located on the 
surface of CDs. In order to investigate the mechanisms of CDs against Cr 
stress in lettuce plants, samples taken from lettuce plants were measured 
by FT-IR spectroscopy. As can be understood from the spectra, the peaks 
seen in the control group are also seen in the spectra obtained for Cr +
CD1, Cr + CD2, Cr + CD3 and Cr + CD4 samples. Although there is a 
small shift in the location of the peaks, around 1010 cm− 1 peaks in the 
control group shifted to around 1030 cm− 1 in the sample taken from the 
CD-treated plant and this peak belongs to the C–C bonds. The control 
group spectrum exhibited a band at 1238 cm− 1 that could be related to 
stretching vibrations of C–N. This peak is seen to be intensified in the 
plant with N-CD (Cr + CD1, Cr + CD2, Cr + CD3 and Cr + CD4). The 
spectrum exhibited bands of CDs at 3280 and 2925 cm− 1 that could be 
related to stretching vibrations of N–H and C–H. Compared to the vi-
bration peaks attributed to C–H in the control group, the intensity of 
these peaks increased in plant samples given CDs and Cr (Chan-
drasekaran et al., 2020). Also, the peak of CDs at 1635 cm− 1 is due to the 
stretching vibration of C––C and C––O. The peaks at 1389 cm− 1 and 
1575 cm− 1 in the spectrum of CDs are thought to be caused by asym-
metric and symmetric stretching vibrations of carboxylate anions. These 
peaks are also seen in the FT-IR spectra of the samples in which CDs were 
given to the plant. Absorption peaks of 500–945 cm− 1 are associated 
with the bending vibration of C–H in the structure of the control group, 
CDs, and lettuce plant with CD (Su et al., 2017). 

X-ray Diffraction Spectrometer (XRD) analysis for qualitative and 
quantitative examinations of CDs was performed with BRUKER D8 
ADVANCE X-Ray Diffractometry. The XRD model of CDs was shown in 
Fig. 1E. Peaks corresponding to the (0 0 2) plane were shown at 2ϴ =
23.20◦ and 24.80◦ for the CD, 2ϴ = 24.10◦ for the Control, 2ϴ = 20.60◦, 
22.01◦ and 24.02◦ for the Cr + CD1, 2ϴ = 23.85◦ for the Cr + CD2, 2ϴ =
24.14◦ for the Cr + CD3, 2ϴ = 20.08◦ and 24.18◦ for the Cr + CD4. 
According to literature, the broad peaks at 2ϴ = 20.60◦ (Bajpai et al., 
2019; Lu et al., 2016), 2ϴ = 22.01◦ (Sabet and Mahdavi, 2019), 2ϴ =
23.20◦ and 23.85◦ (Qu et al., 2012), and 2ϴ = 24.10◦ and 24.18◦ (Jaison 
et al., 2023) indicate the existence of CDs. 

3.2. Orange peel derived-CDs under Cr stress: The accumulation of some 
ions 

As expected, Cr treatment induced the endogenous content of Cr6+ in 
lettuce plants by a 1.1-fold increase (Fig. 2A). This induction in Cr6+

content by stress was reduced by all CD applications. Cr stress caused 
less accumulation in the endogenous contents of Ca2+ (Fig. 2B), K+

(Fig. 2C), Mg2+ (Fig. 2D) and Mn2+ (Fig. 2F) in lettuce leaves. However, 
no alteration in the endogenous content of Fe was observed under stress 
conditions (Fig. 2E). The limitations on these ion contents were removed 
by all CD applications, except for Ca2+ content at Cr + CD1. The pro-
moted accumulation in the contents of Ca2+, Mg2+, Fe2+ and Mn2+ was 
detected after CDs alone as compared to the control group. 
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3.3. Orange peel derived-CDs under Cr stress: Growth and water relations 

Fig. 3A showed that there was a significant decline in RGR under Cr 
stress (by a 1.6-fold reduction). The presence of CDs provided high levels 
of RGR after Cr stress or non-stress conditions. Stress led to a consider-
able decrement (by a 27% decline) in the RWC of lettuce plants (Fig. 3B). 
Like RGR, the decreased values of RWC were reversed by plant-based CD 
applications in response to the control or stress conditions. Cr stress did 
not affect Pro content compared to the control group (Fig. 3C). The co- 
existence of CDs and Cr stress resulted in an increase in Pro content 
(Fig. 3C). This trend in Pro occurred only when plants were exposed to 
50 mg L− 1 CD under the control conditions. 

3.4. Orange peel derived-CDs under Cr stress: Gas exchange parameters 

Cr-applied lettuce plants had a considerable decline in the carbon 
assimilation rate (A), which was a maximum reduction by 4-fold 
(Fig. 4A). Both CD alone and CD together with Cr stress increased A 
levels compared to that of the control and stress alone group, respec-
tively. Stomatal conductance (gs) was noticeably decreased under 100 
μM Cr toxicity (Fig. 4B). Except for Cr + CD1, the high levels in gs were 
calculated under the combination of CD and Cr stress. gs values did not 
reach to the control groups at CD alone. Cr exposure suppressed the 
intercellular CO2 concentration (Ci) to its lowest levels by a 40% 
decrease (Fig. 4C). Compared to the stress alone, more reduction in Ci 
was observed through exogenously applied CDs. A similar response in Ci 
was detected at CD alone as compared to the control group. The 
reduction of transpiration rate (E) was observed under stress exposure 
(Fig. 4D). Besides, this decline in E was prevented by CD applications 

under Cr stress, except for Cr + CD1. Co-exposure to CDs and Cr toxicity 
resulted in significant decreases in E levels. The stomatal limitation 
value (Ls) increased in lettuce plants with Cr stress (Fig. 4E). However, 
this limitation in stomatal regulation was removed by all CD concen-
trations in L. sativa. By comparison, there was no difference in Ls be-
tween CD alone and the control group. While the low levels of 
carboxylation efficiency (A/Ci) were detected in Cr-treated plants, the 
co-existence of CDs and Cr caused a higher ratio in A/Ci. 

3.5. Orange peel derived-CDs under Cr stress: Chlorophyll fluorescence 

Fig. 5 revealed that Cr exposure significantly inhibited Fv/Fm and Fv/ 
Fo of lettuce leaves and the highest reduction level in Fv/Fo was by a 37% 
decline. However, stress resulted in a noticeable induction in Fo/Fm. 
When lettuce plants were applied to CDs together with Cr stress, 
remarkable changes were created on Fv/Fm (Fig. 5A), Fo/Fm (Fig. 5B) 
and Fv/Fo (Fig. 5C). The findings for these parameters were reversed by 
all CD treatments. On the other hand, no impact on Fv/Fm, Fo/Fm and Fv/ 
Fo was detected after CD applications under the control conditions 
(except for 500 mg L− 1 CD in Fv/Fo). 

3.6. Orange peel derived-CDs under Cr stress: Chlorophyll-a fluorescence 
transient 

The phenomenological energy fluxes of the treatment groups were 
presented in Fig. 6A. In response to Cr stress, the promoted levels of 
ABS/RC, TRo/RC and DIo/RC related to absorption, energy trapping and 
dissipation of reaction centers and the low level of ETo/RC showing 
electron transport of reaction centers were detected under stress 

Fig. 2. The effects of orange peel derived-carbon dots (50-100-200-500 mg L− 1 CD) on the endogenous content of (A) Cr6+, (B) Ca2+, (C) K+, (D) Mg2+, (E) Fe2+ and 
(F) Mn2+ in lettuce plants under chromium (VI) oxide (100 μM Cr). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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treatment. The stress-depended negative effects on reaction centers were 
reversed by all CD concentrations. The induced dV/dto under stress 
showed the closure rate of reaction centers. On the other hand, Cr stress 
decreased ΦPo/(1-ΦPo), ΨEo/(1-ΨEo) and γRC/(1-γRC) indicating the 
efficiency of light reaction and rate of biochemical reaction in lettuce 
plants. All negative changes in the photosynthetic apparatus were 
removed by CD applications. Quantum efficiency-related parameters 
(ΨEo and φRo) reduced by Cr stress were increased by CD applications. 
The induced relative variable fluorescence (VI and VJ) representing the 
electron transfer at the acceptor side of PSII increased in Cr-applied 
lettuce plants. However, CDs supplied a reduction in these parameters 
compared to the stress alone. The performance indices (PItotal and PIABS) 
for energy conservation from photons absorbed by PSII to the reduction 
of PSI end acceptors calculated a markedly reduction after stress expo-
sure, which was not observed under the combination of CDs and Cr 
toxicity. CD alone provided high levels of the photosynthetic index. The 
heat map given in Fig. 6B summarized the plant responses to Cr and/or 
plant-derived CD applications. 

3.7. Orange peel derived-CDs under Cr stress: ROS accumulation and 
lipid peroxidation 

The accumulation of H2O2 was measured by a 2, 7-dichlorofluores-
cein diacetate (H2DCF-DA) staining (Fig. 7A) and spectrophotometry- 
based method (Fig. 7B). DCF-DA staining showed that the fluores-
cence signal (green spots) increased in stoma of Cr-applied lettuce plants 
(Fig. 7A). As evident by the data in Fig. 7A, the high content of H2O2 (by 
1.9-fold increase) was calculated in plants treated with stress (Fig. 7B). 
As compared to the stress alone, CD addition to stressed plants resulted 
in the low H2O2 levels. This result was consistent with the reduced in-
tensity of H2O2 fluorescence under Cr stress plus CDs. As compared to 
the control group, CD exposures had no effect on the contents of H2O2 
(Fig. 7B) and TBARS (Fig. 7C). Similar to H2O2 content, a 5-fold increase 
in TBARS was determined under Cr stress. This trend in TBARS was 

prevented by all CD applications (Fig. 7C). 

3.8. Orange peel derived-CDs under Cr stress: Antioxidant defense system 
and AsA-GSH cycle 

As revealed in Fig. 8A, three SOD isozymes (one Mn-SOD and two Fe- 
SOD1-2) were detected in lettuce leaves during the experimental period. 
In all treatment groups, Cu/Zn-SOD could not be detected. Total SOD 
activity of leaves increased in the presence of Cr stress (Fig. 8A), which 
was compatible with the intensities of Fe-SOD1-2 (Fig. 8B). This in-
duction in SOD was maintained by plant-derived dots in lettuce plants. 
However, no change in this activity showed under CD alone. As illus-
trated by Fig. 8C, only one CAT isozyme was viewed by native PAGE 
analysis. While total CAT activity was similar to the control groups 
(Fig. 8D), CD applications caused higher activity than that of Cr stress. 
On the other hand, under CD4 alone, the increment in both total and 
isozyme activities of CAT was clearly observed in lettuce leaves. 

The plants exhibited three POX isoforms under all treatment groups 
(Fig. 9A). As compared to the control group, POX activity induced Cr- 
applied plants by a 2-fold increase (Fig. 9B), depending on all POX 
isozymes (Fig. 9A). Except for Cr + CD4, the increments in the intensities 
of POX2-3 were consistent with the total POX activity in CDs plus Cr- 
treated plants. There was an increase in POX activity by CD applica-
tions under non-stress conditions. Examination of APX isoenzymes 
identified three isoforms (APX1-2-3) (Fig. 9C). The high activity in APX 
was observed under stress treatment (Fig. 9D). CD1-2-3 applications to 
stress-applied plants supplied the further increase in total APX activity, 
which were related to the changes in all APX intensities. After CD 
exposure to lettuce plants, APX activity increased throughout the 
experimental period. 

Quantification of the band intensities showed two isoforms of GR 
(GR1-2) in lettuce leaves (Fig. 10A). Both CDs alone and Cr stress 
decreased total GR activity compared to the control group (Fig. 10B). 
When the combination of CD and Cr stress applied, the intensities of GR1 

Fig. 3. The effects of orange peel derived-carbon dots (50-100-200-500 mg L− 1 CD) on (A) relative growth rate (RGR), (B) relative water content (RWC), (C) proline 
content (Pro) in lettuce plants under chromium (VI) oxide (100 μM Cr). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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and GR2 were stronger than stress treatment alone, except for Cr + CD1. 
As shown in Fig. 10C, four NOX isoenzymes (NOX1-2-3-4) were detected 
by native PAGE analysis. The total NOX activity decreased by a 2.5-fold 
decline under the stress treatment (Fig. 10D). This reduction of NOX 
activity was especially related to the intensities of NOX1-3-4. Cr + CD1- 
2-3 was either lower or unaffected the total NOX activity as compared to 
the Cr stress alone. Similar to the GR activity, a remarkable decrease was 
measured in NOX of lettuce leaves. 

During the experimental period, six isoforms for GST enzyme (GST1- 
2-3-4-5-6) were defined by gel analysis (Fig. 11A). The total GST activity 
was higher in Cr stress-treated plants, providing the intensities of GST2- 
3-4-6. Under stress or non-stress conditions, exogenous CD application 
could maintain the high levels of total GST activity (Fig. 11B). This effect 
was associated with the induced intensities of GST2-3-4. The isozyme 
staining pattern in Fig. 11C showed that the lettuce leaves treated with 
stress and/or CDs had three GPX isozymes (GPX1-2-3). Unaffected ac-
tivity in GPX was observed under Cr stress (Fig. 11D). However, after Cr 
exposure, plant-derived CDs provided a significant increase in GPX 
enzyme activity, which was responsible for the intensities of GPX2-3. A 
similar response was calculated in the CD alone-applied plants. CD2 
caused the maximum induction in GPX activity under stress or non- 
stress treatments. 

There was a similar trend between MDHAR and DHAR activities 
throughout the experimental period (Fig. 12A–B). Both MDHAR and 

DHAR decreased in the presence of stress by 2- and 1.2-fold decrement, 
respectively. Cr stress together with CDs caused an induction in MDHAR 
and DHAR, except for Cr + CD4 as compared to the stress alone. Under 
the existence of non-stress, CD1-2-3 alone maintained the high activities 
of MDHAR and DHAR. Interestingly, CD4 alone and Cr + CD4 created no 
increase in these enzyme activities. While there was no effect on tAsA 
content of Cr-stressed plants (Fig. 12C), stress led to a significant in-
crease in DHA content by a 2.1-fold increment (Fig. 12D). Depending on 
these contents, tAsA/DHA decreased under stress exposure, which was a 
marker for toxicity (Fig. 12E). Cr plus CDs caused an opposite response 
in the contents of tAsA and DHA. While CD alone (CD1-2-3) resulted in 
the elevated contents of tAsA, CD addition to plants under the control 
conditions produced any effect in DHA content. The induced levels of 
tAsA/DHA were observed under the combined form of Cr and CD1-2-3, 
which was an indicator of defense response against Cr stress. However, 
in comparison with those of the Cr stress-treated lettuce plants alone, the 
increment in tAsA/DHA was not maintained by CD4 (500 mg L− 1 CD). 
Cr stress did not change in GSH content (Fig. 12F). On the other hand, 
the lettuce leaves exposed to Cr stress exhibited a high GSSG content by 
a 32% increase (Fig. 12G). The high contents of GSH were observed 
under Cr + CD1-2-3. A remarkable increase in GSSG content was 
detected only in plants with CD1-2 as compared to the Cr stress alone. As 
shown in Fig. 12H, the GSH redox state reduced by Cr stress could be 
preserved by exogenously applied CD1-2-3, but not under Cr + CD4. 

Fig. 4. The effects of orange peel derived-carbon dots (50-100-200-500 mg L− 1 CD) on (A) carbon assimilation rate (A), (B) stomatal conductance (gs), (C) 
intercellular CO2 concentration (Ci), (D) transpiration rate (E), (E) stomatal limitation value (Ls), (F) carboxylation efficiency (A/Ci) in lettuce plants under chro-
mium (VI) oxide (100 μM Cr). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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4. Discussion 

CDs were synthesized by a general method accepted in the literature 
and powdered after the necessary purification steps. Together with the 
obtained carbon dots, solutions with Cr were given to the plants and 
their effect was tried to be understood. Carbon dots and plant samples 
were characterized by fluorescence, FT-IR and XRD spectroscopy. Ac-
cording to the fluorescence spectra, emission peaks were obtained in the 
samples taken from the plant where the carbon dots alone emit intense 
peaks, although less intense. In the presence of Cr in the environment, an 
increase in the emission peaks at the left shoulder peak was observed, 
and this is thought to be due to the binding between Cr and CD. We can 
say that Cr (VI) ions are bound due to the presence of amine (NH2) and 
carboxyl groups (COO− ) on the surface of carbon dot (Moonsuang et al., 
2020). 

According to the analyses, stress reduction in the plant gave better 
results for the Cr + CD3 composition, where the crystal structure was 
seen more clearly. The difference in crystal structures emerged as a 
result of the interactions between the relevant ion-carbon quantum dots 
as a result of the binding of Cr ions to the surface of the carbon dot and 
the ion-carbon quantum dot concentration ratios. These results show us 
that the most appropriate concentration application is 200 mg L− 1 for 
Cr-CD. XRD results show the best reduction in Cr-based stress in sample 
3 as seen in all results. The results are consistent with each other. 

Elevated accumulation of heavy metals in plants disturbs growth due 
to altered cell wall components, membrane stability, pigment contents, 
photosynthesis and ROS overproduction (Chandrakar et al., 2020b). In 
the present study, the exposure of lettuce plants to Cr toxicity caused a 
decrement in RGR and RWC due to inhibited cell elongation, and cell 
division and impairment in the uptake of essential elements such as 
Singh and Prasad (2019) and Ahmad et al. (2020). CDs as plant growth 
regulators led to a promotion in the growth and survival of maize plants 
against drought stress (Yang et al., 2022). Wang et al. (2018) determined 
that the optimal CD concentration was 200 mg L− 1 for growth of mung 
bean plants, but 1200 mg L− 1 CD did not stimulate growth. Similarly, in 

our study, all concentrations of CD applied to lettuce plants (50–500 mg 
L− 1) were suitable for good growth levels under the control or Cr stress 
conditions. CD-triggered growth increments might be connection with 
induced water dispersion/essential proteins, mineral absorption or ni-
trogen assimilation/utilization and carbohydrate accumulation/tran-
sport by accelerating CO2 assimilation in photosynthesis (Chen et al., 
2020; Kou et al., 2021). Besides, the promoted RGR levels was associ-
ated with less accumulation of Cr content under the co-exposure of stress 
and CD applications. On the other hand, Liang et al. (2023) and Ji et al. 
(2023) detected that the increased growth in CD-treated plants con-
nected with the root vigor and branch root numbers, which caused the 
absorption of more water. Wang et al. (2022a) demonstrated the high 
expression levels of aquaporin genes, PIP1 and PIP2, which play role in 
water transport under UV-B stress after CD exposure. This result was 
consistent with the high RWC status under CDs containing hydrophilic 
groups such as –OH and –COOH, which provide binding sites for water 
molecules or metal ions (Kou et al., 2021). Being non-enzymatic anti-
oxidant, osmolyte and an amino acid, proline (Pro) regulates the growth 
by stabilizing the membrane and, controlling protein synthesis and 
directly quenching free radicals (Saha et al., 2017). In the present study, 
exogenously applied CDs were effectively reversed through increased 
Pro content imposed by Cr stress. CD-mediated Pro accumulation under 
Cr stress could be explained by positive impacts of Pro related to the 
conservation of redox balance, neutralization ROS and reconstructing 
chlorophyll, as observed by Emamverdian et al. (2015). This observation 
in our study was in line with the results of Chandrakar et al. (2020a), 
which found an induction in Pro content and its biosynthesis gene 
(pyrroline-5-carboxylate synthetase). 

Cr exposure led to a destruction in photosynthesis (Zaheer et al., 
2020). Our data showed a critical decline in Mg2+ and Mn2+ accumu-
lation and unchanged Fe2+ contents under Cr stress, which play a role in 
oxygen-evolving complex and participate in the chlorophyll structure. 
Similar findings were obtained by Hussain et al. (2018). In the present 
study, the negative effects induced by stress on stomatal conductance 
(gs) and electron transport chain were further intensified due to the 

Fig. 5. The effects of orange peel derived-carbon dots (50-100-200-500 mg L− 1 CD) on (A) maximal quantum yield of PSII photochemistry (Fv/Fm), (B) physiological 
state of the photosynthetic apparatus (Fo/Fm), (C) potential photochemical efficiency (Fv/Fo) in lettuce plants under chromium (VI) oxide (100 μM Cr). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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increase in endogenous Cr accumulation. The low levels of gs showing 
stomatal closure (Fig. 7A) were better explained by the decreases in A, E 
and Ci in the stress applied-plants. In parallel with the decrease in Cr 
stress-induced gs, the closure of the stomatal opening also limited the 
assimilation of CO2 (A, gs and A/Ci) in photosynthesis and subsequently 
led to a decline in the yield of lettuce plants. A decrement in photo-
synthetic products induced by Cr stress might be reflected the reduced 
RGR levels of lettuce plants. Liang et al. (2023) observed that CD-treated 
pea seedlings had elevated carbohydrate accumulation, which is a 
product of photosynthesis as an energy source for growth. In response to 
UV-B stress, lettuce seedlings had induced net photosynthesis under 0.5 
mg mL− 1 CD (Wang et al., 2022a). After CD applications to 
stressed-lettuce plants, stomatal conductance (gs), transpiration rate (E) 
and carboxylation efficiency (A/Ci) improved, which correlated with Ji 
et al. (2023). After CD exposure, the high levels of A/Ci reflected 
improved CO2 assimilation rate and removal of Cr-induced stomatal 
limitation (compatible with the high gs levels) in lettuce plants. One of 
the reasons for accelerating CO2 assimilation was the activation in 
rubisco enzyme, which improves the carbon reaction process (Guo et al., 

2022a). CDs could maintain the photosynthetic efficiency in the stoma 
(by reduced Ls) of lettuce plants subjected to Cr toxicity. Therefore, CDs 
could remove the stomatal and non-stoma restriction in Cr-applied let-
tuce plants. In more detail to understand the role of CDs on photosyn-
thesis, the interaction of CD applications on the electron transfer among 
photosystems, chlorophyll fluorescence and dissipation of excess energy 
accumulated under Cr stress. Concerning chlorophyll fluorescence, 
Fv/Fm and Fv/Fo were negatively affected by Cr toxicity in lettuce plants, 
which showed the inactivation in plastoquinone reduction. Our findings 
were in agreement with the report submitted by Ayyaz et al. (2020). 
Co-existing of CDs and Cr stress resulted an induction/regulation in 
quantum yield and electron acceptors of PSII, which caused an elimi-
nating in electron deficiency at PSI, as showed high Fv/Fm and Fv/Fo. 
Thus, the perturbations in the electron transfer rate in photosystems 
triggered by Cr stress were removed by CD applications and the redox 
state of NADP+/NADPH in CD-applied lettuce plants could re-controlled 
by the preventing of over-accumulation of NADPH and H+. The reduced 
Fo/Fm levels observed that CDs caused the low reduction rate of QA and 
modulated the oxidation of QB. Depending on Fo/Fm values, CDs could 

Fig. 6. The effects of orange peel derived-carbon dots (50-100-200-500 mg L− 1 CD) chlorophyll a transient and heat map in lettuce plants under chromium (VI) oxide 
(100 μM Cr). (A) radar plot with a series parameter derived from JIP-test analyses of the experimental fluorescence OJIP transients: ABS/RC, average absorption per 
active reaction center; ETo/RC, electron transport flux per active reaction centers; TRo/RC, flux or exciton trapped per active reaction center; ΦPo/(1-ΦPo), QA- 
reducing RCs per PSII antenna chlorophyll; ΨEo/(1-ΨEo), the efficiency with which a trapped exciton transfers an electron to the photosynthetic electron transfer 
chain; γRC/(1-γRC), QA

− reducing reaction centers per PSII antenna chlorophyll; DIo/RC, ratio of total dissipation to the amount of active reaction center; PIABS, 
performance index based on the absorption of light energy; PItotal, performance index (potential) for energy conservation from exciton to the reduction of PSI and 
acceptors. (B) Heatmap showing correlation among all treatments tested in parameters related to chlorophyll a transient. It showed the decreasing change from the 
red towards the blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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regulate proteins of oxygen evolving complex (OEC) as evident by high 
endogenous content of Mn2+ and Fm under co-exposure of CDs and Cr 
stress in lettuce plants. Therefore, CDs induced the electron transport 
rate from OEC to D1 protein, which was related to reaction centers of 
PSII. 

The parameters related to chlorophyll a fluorescence transient 
indicated the absorption flux, electron transport fluxes, trapped/dissi-
pated energy status and performance index of photosynthetic apparatus 

under stress or non-stress conditions (Kumar et al., 2020). Our findings 
showed that Cr toxicity negatively affected energy fluxes (ABS/RC, 
TRo/RC, ETo/RC and DIo/RC) quantum yields and efficiency (ΨEo and 
φRo) and performance index (PIABS and PItotal) in lettuce plants. Li et al. 
(2021a) and Wang et al. (2022b) presented encouraging impacts of CDs 
in growth by increasing PSII efficiency, rubisco activity, chlorophyll 
content, quantity of light harvesting complex-related gene expression, 
NADPH production and electron transfer rate (consistent with increased 

Fig. 7. The effects of orange peel derived-carbon dots (50-100-200-500 mg L− 1 CD) on (A) H2O2 production (green spots) in stoma after H2DCF-DA staining, (B) 
hydrogen peroxide content (H2O2), (C) lipid peroxidation (TBARS content) in lettuce plants under chromium (VI) oxide (100 μM Cr). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 8. The effects of orange peel derived-carbon dots (50-100-200-500 mg L− 1 CD) on (A) relative band intensity of superoxide dismutase isoenzymes (SOD), (B) 
total SOD activity, (C) relative band intensity of different types of catalase isoenzymes (CAT), (D) total CAT activity in lettuce plants under chromium (VI) oxide (100 
μM Cr). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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ETo/RC) associated with photosynthetic process in plants. One of the 
basic reasons for photosynthetic improvements was the induction in 
light utilization efficiency triggered by CD applications, as suggested by 
Swift et al. (2019). Like their carboxylation capacity, CDs trigger the 
efficiency of light energy into NADPH and ATP and optimize the 
light-capturing antenna system (Xiao et al., 2021). In terms of their 
photoluminescence properties, Li et al. (2020a) found that CDs can 
transfer energy to chloroplasts, accelerate the electron transport state in 
light-harvesting complexes/photosynthetic systems and improve the 
photosynthetic capacity of chloroplasts in plants exposed to stress. The 
photosynthetic efficiency and electron transfer rate of PSI (Kou et al., 
2021) and PSII (Xiao et al., 2021) are promoted by the addition of CDs. 

The declines in ABS/RC in our study interpreted that CDs caused an 
improvement in the number of active centers of PSII. The absorption flux 
rate of the reaction center (TRo/RC and DIo/RC) induced by Cr stress 
was re-arranged by all CD applications in lettuce plants. After stress 
exposure, CDs reduced the dissipation of energy (decreased DIo/RC) 
absorbed by PSII and then, energy capture efficiency of PSII increased. 
In the presence of CD, the removal of induction in dV/dto, VI and VJ 
under Cr stress indicated that CDs re-organized the donor side (oxida-
tion) of PSII and improved the antenna efficiency of photosystems in 
lettuce plants. In the present study, CD-mediated increased values in 
φRo and ΨEo, which were quantum yield parameters, showed a positive 
impact on the electron acceptor side in PSI and induced 

Fig. 9. The effects of orange peel derived-carbon dots (50-100-200-500 mg L− 1 CD) on (A) relative band intensity of peroxidase isoenzymes (POX), (B) total POX 
activity, (C) relative band intensity of different types of ascorbate peroxidase isoenzymes (APX), (D) total APX activity in lettuce plants under chromium (VI) oxide 
(100 μM Cr). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. The effects of orange peel derived-carbon dots (50-100-200-500 mg L− 1 CD) on (A) relative band intensity of glutathione reductase isoenzymes (GR), (B) 
total GR activity, (C) relative band intensity of different types of NADPH oxidase isoenzymes (NOX), (D) total NOX activity in lettuce plants under chromium (VI) 
oxide (100 μM Cr). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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ferrodoxin-NADP+ reductase activity. Besides, the balance of the redox 
reactions between PSI and PSII was maintained through CD applications 
as suggested by increasing ΨEo/(1-ΨEo)) against Cr stress. All mentioned 
impacts of CDs on photosynthetic apparatus resulted in the alleviation of 
performance indexes (PIABS and PItotal) in photosynthesis under Cr stress 
by activating PSII repair cycle. 

After Cr toxicity, the electrons produced in photolysis are transferred 
to oxygen, not to NADP+, and are formed superoxide anion radicals, 
which are removed by antioxidant enzymes such as SOD, CAT, POX, 
APX and GR (Dong et al., 2021). In the present study, the increased SOD 
activity of Cr-exposed lettuce plants converted from superoxide anion 
radicals to H2O2 and oxygen. For the decomposition of H2O2, the only 
activities of POX and APX were not sufficient. Along with radical 
accumulation, lipid peroxidation levels (TBARS content) increased in 
the lettuce plants under Cr toxicity, which caused undesired oxidative 
damage. The same finding was noted by Farooq et al. (2022), who 
suggested an arsenic-mediated increase in the TBARS content of Brassica 
napus. Wang et al. (2022a) mentioned that CDs with the 
oxygen-containing functional groups have increased ROS scavenging 
ability. The scavenging of radicals by CDs was due to the co-existences of 
–OH and C––O in CD structure, as suggested by Li et al. (2021a). In the 
present study, exogenous applied CDs (in all concentrations) activated 
SOD and CAT enzymes, which was in line with the results of Wang et al. 
(2022a) under CD plus UV-B stress. Our data showed that POX activity 
was effective in the elimination of H2O2 production under CD treat-
ments, especially at 50-100-200 mg L− 1 CD, attributable to reduced 
H2O2 content thus less oxidative damage. NOX localized in the plasma 
membrane provides the production of superoxide anion radicals by 
transferring electrons from NADPH to oxygen in the apoplast (Das and 
Kar, 2018). CDs (except for Cr + CD4) did not supply an increase in NOX 
activity under the control conditions or Cr stress. A similar diminish-
ment was mentioned by (Chandrakar et al., 2020a) under carbon dots 
plus arsenic stress. 

Another defense system is the AsA-GSH cycle, which takes place in 
the cytoplasm, peroxisomes, chloroplasts and mitochondria in plants 
(Ma et al., 2015). APX catalyzes H2O2 to monodehydroascorbate 
(MDHA) and water by using AsA as a reducing agent. MDHA and 
dehydroascorbate (DHA) are catalyzed by MDHAR and DHAR to form 
AsA, respectively. GSH re-generation is regulated by GR through the 

reduction of GSSG (glutathione disulfide), which uses NADPH as an 
electron donor (Moothoo-Padayachie et al., 2016). As excepted, Cr stress 
caused dramatic declines in the enzyme/non-enzyme activities 
including the AsA-GSH cycle, except for APX. These changes decreased 
the redox state of AsA, and GSH, AsA/DHA, GSH/GSSG, which were 
indicators of Cr stress. To protect the plants against oxidative damage, 
the redox status of AsA and GSH is maintained under stress conditions. 
For that reason, after Cr exposure, CDs (50–100 and 200 mg L− 1) pro-
tected the regeneration of AsA and GSH by increasing activities of APX, 
GR (except for Cr + CD1), MDHAR and, DHAR, tAsA/DHA and the 
contents of AsA, and GSH. On the other hand, this trend did not continue 
under CD4 application (500 mg L− 1) in lettuce plants. Interestingly, 
CD-mediated eliminating capacity of hydroxyl radicals was better than 
AsA through electron transfer and CDs showed an enzyme-like activity 
(Wang et al., 2022a). The previous study showed that CD addition to 
wheat plants under cadmium stress removed the inhibitory effects on 
GSH synthesis (Xiao et al., 2019). GST and GPX participate actively in 
the decomposition of H2O2 under stress that can conjugate with GSH 
(Tiwari and Yadav, 2020). In the present study, both activities of GST 
and GPX contributed to the alleviation of Cr-toxicity by CD applications. 
Since GSH limited the activity of these enzymes, which caused a 
decrease in GSH levels at CD4, the contribution of these enzymes for 
removing H2O2 content decreased under CD4 application under Cr stress 
(Cr + CD4). Nevertheless, in the presence of Cr toxicity, CD applications 
could lessen the negative impacts of excess H2O2 accumulation by 
activated CAT, POX, GST, GPX and enzymes/non-enzymes related to 
AsA-GSH cycle depending on CD concentrations. The low levels of H2O2 
involve in defense responses as a signal molecule by early stomatal 
closure (Ma et al., 2012). In this study, DCF-DA staining indicated that 
the low intensity of H2O2 fluorescence signed the signal role of H2O2 and 
the scavenging of excess H2O2 by the antioxidant system. Besides, CDs 
decreased the lipid peroxidation in membranes induced by Cr toxicity 
through activating antioxidant and non-enzymatic systems. So, the de-
creases in TBARS were observed under Cr plus all CD applications in 
lettuce plants as indicated by Chandrakar et al. (2020a). Guo et al. 
(2022b) explained that the reduction of oxidative damage and 
improvement of antioxidase activity was due to rich in carboxyl groups 
of CDs. 

Fig. 11. The effects of orange peel derived-carbon dots (50-100-200-500 mg L− 1 CD) on (A) relative band intensity of glutathione S-transferase isoenzymes (GST), 
(B) total GST activity, (C) relative band intensity of different types of glutathione peroxidase isoenzymes (GPX), (D) total GPX activity in lettuce plants under 
chromium (VI) oxide (100 μM Cr). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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5. Conclusion 

Our study confirmed that plant-based CDs removed an inhibition on 
RGR, RWC and Pro content. Cr stress caused declines in photosynthetic 
efficiency (Fv/Fm, Fv/Fo, and Fo/Fm) in lettuce plants but the improve-
ments in chlorophyll fluorescence were supplied by CD applications. 
After CD exposure, the high levels of A/Ci reflected improved CO2 
assimilation rate and removal of Cr-induced stomatal limitation 
(compatible with the changes on gs, A, E and Ls) in lettuce plants. Cr- 

based critical changes in the endogenous contents of Mg2+, Mn2+ and 
Fe2+ contents, which play a role in oxygen-evolving complex and 
participate in the chlorophyll structure and synthesis, were reversed by 
CD applications. CDs maintained from Cr-induced damages through 
regulation of the number of active centers of PSII, the absorption flux 
rate of the reaction center, the balance of the redox reactions between 
PSI and, PSII and the dissipated energy levels absorbed energy by 
chlorophyll, as evident by the results of ABS/RC, ETo/RC, TRo/RC, DIo/ 
RC, dV/dto, VI and VJ). All findings associated with photosynthetic 

Fig. 12. The effects of different concentrations of orange peel derived-carbon dots (50-100-200-500 mg L− 1 CD) on (A) monodehydroascorbate reductase activity 
(MDHAR), (B) dehydroascorbate reductase activity (DHAR), (C) total ascorbate content (tAsA), (D) dehydroascorbate content (DHA), (E) tAsA/DHA, (F) glutathione 
content (GSH), (G) oxidized glutathione (GSSG), (H) GSH redox state in lettuce plants under chromium (VI) oxide (100 μM Cr). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 
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apparatus showed that CDs alleviated the performance indexes (PIABS 
and PItotal) under Cr stress by activating the PSII repair cycle. By 
modulating the antioxidant activity (SOD and CAT) in lettuce plants, all 
CDs were able to remove the toxic levels of H2O2 and TBARS produced 
by stress. Besides, 50-100-200 mg L− 1 CD activated POX and enzyme/ 
non-enzymes related to the ascorbate-glutathione (AsA-GSH) cycle 
(APX, monodehydroascorbate reductase (MDHAR) and dehy-
droascorbate reductase (DHAR), the contents of AsA and, GSH). These 
CD concentrations were able to protect the AsA regeneration, GSH/ 
GSSG and GSH redox status. Consequently, CDs protected lettuce plants 
from Cr-induced damages by regulating ion accumulation, gas exchange 
parameters, antioxidant defense system, electron and energy transfer in 
photosystems and ROS accumulation. 
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