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ABSTRACT. Crop yield increases with a sustained increase in leaf photosynthesis. Due to many limitations, plants do not sufficiently 

use their photosynthetic capacity. Carbon dots (CDs) have a high light harvest capability, which may be used to improve the photosynthe- 

sis efficiency of plants. In this study, nontoxic orange CDs (o-CDs) were foliarly applied to boost the maize (Zea mays L.) and green 

beans (Phaseolus vulgaris L.) productivity in the field. Leaves of both plant species were sprayed three times with 1 and 5 mg/L of the 

o-CDs aqueous solutions in equal intervals during the vegetative growth stage until flowering. To find the best geometries for CO2 ad- 

sorption on o-CD, modeling of o-CDs-CO2 interaction was performed. Photosynthesis parameters and fruit yield were measured during 

plant growth. Total phenolic content and antioxidative activity were monitored as oxidative stress indicators. Computational simulations 

and spectroscopic measurements suggest that o-CDs, acting as a “CO2 delivery” system, can enhance photosynthetic efficiency. Photo- 

synthesis was enhanced in both plant species, but only green beans showed an increased fruit yield. CO2 use in tested species was dis- 

cussed in light of two mechanisms. Plant species show different, but no significant antioxidative responses. The chemical surface compo- 

sition has shown that o-CDs were not contained in either the leaves or fruits of the treated plants. The results indicate that o-CDs may be 

applied as a simple and safe biostimulator on plants. That could have an environmental benefit in capturing CO2 in the atmosphere. 
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1. Introduction 

Photosynthesis is a vital process that sustains almost all forms 

of life on our planet. It has a direct impact on plant productivity 

playing an important role in the agroindustry. A sustained in- 

crease in leaf photosynthesis increases crop yield (Long et al., 

2006). Due to many limitations, plants use much less photosyn- 

thetic capacity than is theoretically possible (Irving, 2015). 

Plant nanobionics, a new field of bioengineering that ap- 

plies nanoparticles (NPs) to living plants to improve their certain 

functions (Feregrino-Perez et al., 2018), is a promising method 

to transfer energy to photosynthetic reaction centers and increase 

light absorption. Most metal-based NPs (Swift et al., 2019) have 

shown toxic side effects on plants, whereas only a few studies 

utilized organic NPs in vitro on the isolated chloroplasts (Li et 
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al., 2018) and in planta models to increase photosynthetic ca- 

pacity (Khatri and Rathore, 2018). Carbon dots (CDs) are well 

known for their diverse physicochemical properties. We previ- 

ously reported the physicochemical characterizations, excita- 

tion independent yellow PL emission, moderate fluorescence 

quantum yield, tunable surface functionality, and nontoxicity 

of one type of CDs-orange CDs (o-CDs) (Zhou et al., 2019). o-

CDs demonstrated an increase in photosynthetic parameters 

without toxic effects on the maize plants, more after spraying 

on leaves than after addition in hydroponics (Milenković et al., 

2021). Due to their small size (~ 2 nm) and amphiphilic prop- 

erties, o-CDs easily pass through the cell wall pores. 

Understanding the o-CDs adsorption in leaves and their in- 

teraction with CO2 is of crucial importance for clarification of 

their effect on photosynthetic efficiency and plant productivity. 

Thus, computational simulations and modeling of o-CDs-CO2 

interaction are important methods that may suggest the mecha- 

nism of o-CDs action in plants. The CO2 adsorption on other 

types of CDs was previously reported (Osler et al., 2017; Me- 

coni et al., 2020). 

In the present study, we focused on the o-CDs’ application 
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on two agricultural species, green beans and maize, grown in 

the field during one complete vegetation cycle. The aim was to 

explore if o-CDs’ spraying on leaves would stimulate photo- 

synthesis and enhance fruit yield. The o-CDs emission range 

partly overlaps with the chlorophyll absorption spectrum, thus 

possibly enhancing photosynthetic efficiency. Also, the large 

surface area or high surface-area-to-volume ratio and abundant 

surface functional groups, carboxylate (COOH) and amino (NH2) 

groups, theoretically enabled CDs to adsorb CO2. Also, the aim 

was to reveal the mechanism of o-CDs action on plants. We pro- 

posed two possible mechanisms of action: (1) passing absorbed 

light photons to the photosynthetic system in the interaction 

with the chloroplasts and (2) enhancing the intake quantity of 

CO2 by its adsorption onto the o-CDs surface. As maize and 

green beans are two different types of plant species regarding 

CO2 intake and usage in photosynthesis (C4 and C3 plant car- 

boxylation, respectively), the aim was to observe the difference 

in the o-CDs’ effects on photosynthetic parameters and yield. 

The morphological and biochemical parameters (total antioxi- 

dant activity-TAA, total phenolic content-TPC), photosynthetic 

parameters, and the content of photosynthetic pigments were 

analyzed in the leaves after the treatments. To find out if the o-

CDs degraded in the leaves or passed in the fruits, X-ray pho- 

toelectron spectroscopy (XPS) analysis was performed in green 

beans’ fruits after the treatments. The CO2 adsorption capacity 

of o-CDs was investigated in vitro. CO2 adsorption and desorp- 

tion processes were monitored using thermo-gravimetric analy- 

sis (TGA) and Fourier-transform infrared (FTIR) spectroscopy 

over time. To provide a deeper insight into the adsorption modes 

of CO2 onto the surface of o-CD, molecular dynamics (MD) 

simulations were employed. Quantum mechanics calculations 

(DFT) were performed to estimate the adsorption energy of 

CO2 onto o-CD. The results of this study pave the way for o-

CDs’ agricultural applications, more specifically to an increase 

in crop yield. Simultaneously, the application of o-CDs would 

have an environmental benefit in capturing CO2 in the atmo- 

sphere, thus reducing global warming. 

2. Materials and Methods 

The citric acid (99.5 ~ 100%) was ordered from VWR 

(West Chester, PA, USA). The deionized water applied was ob- 

tained via a Modulab 2020 water purification system bought 

from Continental Water System Corporation (San Antonio, TX, 

USA). Its pH was 6.62 ± 0.30 with 18.2 MΩ·cm resistivity and 

surface tension of 72.6 mN/m at 25.0 ± 0.5 °C. The GE Health- 

care Sephacryl S-300 (Uppsala, Sweden) was used as a station- 

ary matrix in the size exclusion chromatography (SEC) to puri- 

fy the o-CDs. 1,2-phenylenediamine (99.5%), 2,2-azino-bis (3-

ethylbenzothiazoline-6-sulphonic acid) (ABTS), acetone, H2O2, 

horseradish peroxidase type II (HRP)-150-250 units per mg of 

solid, KH2PO4, Na2CO3, gallic acid, ascorbic acid, 2 N Folin-

Ciocalteu reagent, and CH3OH were of analytical grade and ob- 

tained from Sigma-Aldrich (St. Louis, MO, USA). All the che- 

micals were used without any further treatment. 

 

2.1. Synthesis of CDs 

The synthesis of o-CDs strictly followed the established 

protocol (Zhou et al., 2019). In brief, o-CDs were synthesized 

with 0.02 g citric acid and 0.28 g 1,2-phenylenediamine as a 

carbon source and N-dopant, respectively. They were mixed 

and dissolved in 10 mL deionized H2O mediated by 5-min ul- 

trasonication (42 kHz). Then, ultrasonication was further ap- 

plied to the mixture for another 1 h (42 kHz). The whole ultra- 

sonication process was protected by argon gas. After 1 h, an 

orange aqueous solution was obtained exhibiting a yellow PL 

emission under the excitation of a UV light of 365 nm. After 

filtration of unreacted 1,2-phenylenediamine in the ice bath and 

SEC, o-CDs remained in the water. After lyophilization, o-CDs 

were obtained in powder. 

 

2.2. CO2 Adsorption Study 

The CO2 adsorption capacity of o-CDs was studied with 

TGA using a Netzsch TG 209 F3 Tarsus thermo-microbalance 

and FTIR spectroscopy on a PerkinElmer FTIR (Frontier) spec- 

trometer (Waltham, MA, USA) with an attenuated total reflec- 

tion (ATR) technique. The detailed TGA parameters referred to 

an early study (Chen and Lu, 2014). In detail, the temperature 

was initially increased from 25 to 100 °C at a rate of 10 °C/min. 

After the temperature reached 100 °C, heating lasted for 40 min, 

under pure N2 (99.995%) at a flow rate of 70 ml/min, to remove 

moisture from the o-CDs. The temperature was then reduced to 

25 °C, under pure N2 (99.995%) at a flow rate of 70 ml/min. 

Subsequently, the specimen was flushed by pure CO2 (99.9%) 

at a flow rate of 30 ml/min for 2 h for CO2 adsorption. Finally, 

the temperature was increased to 100 °C to desorb CO2 and then 

decreased to 25 °C, and the gas flow was also changed from 

CO2 to N2 (flow rate: 70 ml/min). The change in the weight of 

the specimen during adsorption/desorption process, measured 

through TGA, was used to calculate the CO2 adsorption capa- 

city of dry o-CDs (mg-CO2/g-adsorbent). 

Additionally, to investigate the CO2 adsorption capacity of 

o-CDs in a natural state, TGA was also conducted in the ab-

sence of the dehydration step. In that case, a modified proce- 

dure was followed. Initially, o-CDs were flushed by pure CO2 

(99.9%) at a flow rate of 30 ml/min for 2 h for CO2 adsorption. 

Then, the temperature was increased to 100 °C and then reduced 

to 25 °C, and the gas flow was also changed from CO2 to N2 

(flow rate: 70 ml/min) for desorption of CO2. The change in the 

weight of the specimen during adsorption/desorption processes, 

measured through TGA, was used to calculate the CO2 adsorp- 

tion capacity of o-CDs in the presence of moisture (mg-CO2/g-

adsorbent). To confirm CO2 adsorption on the o-CDs over time, 

FTIR spectroscopy was conducted on the o-CDs without de- 

hydration and treated with CO2 flush at a flow rate of 30 ml/min 

for 0, 10, 20, 40, and 60 min, with air as background. 

 

2.3. Computational Modeling of CO2 Adsorption on o-CDs 

To find the best geometries for CO2 adsorption on o-CD, 

classical annealing and MD simulations were carried out using 

the Forcite module of the Materials Studio software package. 

The system contained one o-CDs particle, placed at the center 

of the simulation box, and CO2 and water molecules to repro- 

duce the density of 1 g/cm3, at 1 atm and 300 K. The PCFF 

(Polymer Consistent ForceField) was adopted to perform these 
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simulations. The classic annealing was carried out as follows; 

a total of 100 annealing cycles was simulated with an initial 

(midcycle) temperature of 300 K (400 K) and 50 heating ramps 

per cycle, with 100 dynamic steps per ramp. Using the NPT en- 

semble we performed the dynamics with a time step of 1 fs us- 

ing the Nose thermostat and the Berendsen barostat. The lowest 

energy configuration of the classical annealing was used as the 

input for the MD simulation. The MD simulations were carried 

out using the same settings as described for the classic anneal- 

ing simulation for a total simulation time of 50 ns. 

The best geometries obtained by the classic forcefield sim- 

ulations were optimized at the DFT level using the Gaussian 16 

software. In these simulations, both the core and valence shell 

electrons were taken into account using the 6-31+G (d, p) basis 

set. This includes the polarization and diffuse functions, which 

are required for investigating dipolar species. The hybrid ex- 

change-correlation density functional B3LYP was used to im- 

plement the computations. Additionally, the dispersive interac- 

tions were taken into account using the grimme D3 scheme, 

while the solvent effects were treated implicitly using the po- 

larized continuum model, IEFPCM. 

 

2.4. Growth and Treatment of Green Beans and Maize with 

o-CDs 

Green bean and maize seeds were sown in the field at the 

beginning of May 2021. Before sowing, the soil was prepared 

by performing standard tillage to a depth of 10 inches followed 

by soil leveling and cleaning. The o-CDs were applied three 

times for both plant species in equal intervals during the vege- 

tative growth stage until flowering, by spraying on the leaves 

with 1 and 5 mg/L of the o-CDs’ aqueous solutions. The treat- 

ments were performed on a dry day, just before sunset to avoid 

direct Sun radiation impact. The 15 plants in the case of maize 

and 50 plants in the case of green beans were used for each of 

the applied concentrations and the control. 

After the treatment period, the leaves from the treated 

plants were collected, frozen in liquid nitrogen, and kept at – 80 

˚C until the determination of TPC, TAA, and pigments, as well 

as dry weight. The aboveground part of maize plants was col- 

lected after the treatments and dried to quantify biomass. 

 

2.5. Measurements of Photosynthetic Parameters 

Photosynthesis rate (PR) (µmol CO2·m–2·s–1) and transpi- 

ration rate (TR) (mmol H2O·m–2·s–1) were measured using LC- 

pro + Portable Photosynthesis System (ADC Bioscientific Ltd.) 

while the water use efficiency (WUE) (µmol CO2 mmol–1 H2O) 

was calculated as a ratio of PR/TR. Measurements were con- 

ducted between 9 and 13 hours, two days after the first and last 

treatments, with 4 replicates on 5 different plants per treatment. 

The light was set by the LCpro + light unit, which emitted pho- 

tosynthetically active radiation at 1,000 µmol photons·m–2·s–1. 

The air supply unit provided a constant rate of ambient airflow 

of 100 µmol/s. Temperature, humidity, and CO2 concentrations 

were at ambient levels. 

 

2.6. Determination of Chlorophyll and Carotenoid Content 

Frozen leaves of ten plants (one per replicate) were used 

for the extraction of photosynthetic pigments with 80% acetone 

(1:10 w/v). The extracts were centrifuged at 10,000 rpm at room 

temperature, and the precipitates were re-extracted with ace- 

tone. Supernatants were pooled together and their absorbance 

was measured at 663, 646, and 470 nm. Concentrations of chl- 

orophylls a and b (Chl a and Chl b) and carotenoids (Car) were 

determined spectrophotometrically (TECAN, “Shimadzu”, Ja- 

pan) (Lichtenthaler and Wellburn, 1983), and the values were 

expressed in µg of pigment per g of fresh weight. 

 

2.7. Extraction of Phenolic Compounds and TPC 

Determination 

Phenolic extracts were obtained from the leaves of ten 

plants (one plant per replicate) after all foliar treatments which 

were separately homogenized in a mortar with liquid nitrogen. 

Homogenates were resuspended in 80% methanol in the 1:10 

(m/v) ratio and stirred for 60 minutes at room temperature. Ex- 

tracts were centrifuged for 5 minutes at 10,000 rpm and pheno- 

lics were obtained in the supernatant. For the determination of 

TPC in the samples, Folin-Ciocalteu’s spectrophotometric pro- 

cedure (Singleton and Rossi, 1965) was used. Folin-Ciocalteu 

reagent was mixed with phenolic extracts in 1 mL of total vol- 

ume. After 3 min, sodium carbonate solution was added and the 

mixture was incubated for 60 min at 25 °C. Gallic acid was used 

as a standard for the construction of the standard curve (0.1 ~ 

2.0 mM). Absorbance was read at 724 nm (TECAN, “Shima- 

dzu”, Japan) and the results were expressed as micromoles of 

gallic acid equivalents per gram of fresh weight. 

 

2.8. Determination of TAA 

TAA of the samples was determined from the methanolic 

extracts obtained from 10 frozen plants (one per plant replicate) 

using ABTS/HRP end-point method, according to a modified 

procedure described in the literature (Cano et al., 1998). In brief, 

the reaction mixture contained 2 mM ABTS, 15 µM H2O2, 0.25 

µM HRP type II, and 20 µL of 80% methanol extract of the 

samples in 50 mM potassium-phosphate buffer, pH 7.5, in 1 mL 

of total volume. The assay was performed in 10 replicates per 

treatment at 25 °C. The reaction was monitored at 730 nm (TE- 

CAN, “Shimadzu”, Japan) until a steady absorbance was ob- 

tained, due to ABTS radical (ABTS˙+) formation in the reac- 

tion with HRP. The decrease of absorbance due to ABTS˙+ de- 

pletion which appeared after adding methanolic plant extracts 

was used for the calculation of TAA. The standard curve was 

constructed using ascorbic acid (0.1 ~ 1 mM) as a universal 

antioxidant. The TAA was expressed as micromoles of ascorbic 

acid equivalents per gram of fresh weight. 

 

2.9. XPS Spectroscopy of the Green Beans’ Leaves and 

Fruits 

XPS analysis was carried out on a Physical Electronics 

PHI VersaProbe II spectrometer (Al-Kα monochromatic radia- 

tion 49.1 W, 15 kV, and 1486.6 eV), at University of Malaga. 

Spectra were recorded with a constant pass energy value of 

29.35 eV, using a 200 µm diameter circular analysis area, and 

analyzed using PHI SmartSoft software and processed using 

MultiPak 9.3 package. Shirley-type background and Gauss-Lo- 
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rentz curves were used to determine the binding energies, which 

were referenced to the adventitious carbon C 1s signal (284.8 

eV). 

 

2.10. Statistical Analysis 

Exploratory and data analyses were performed using the 

IBM SPSS Statistics 20 software (IBM, USA). The raw data- 

TPC, TAA, and pigments’ concentrations in green beans and 

maize leaves after foliar treatment were used as input variables. 

The number of observations was n = 10 for each group. Levene’s 

test of homogeneity of variances followed by one-way analysis 

of variance (ANOVA) for independent samples was applied to 

test the differences in TPC, TAA, and pigments’ concentrations 

measured in green beans and maize leaves under different treat- 

ments. Inter-group comparisons of variables (between different 

treatments and control) were performed by the Bonferroni or 

Tamhane post-hoc tests at the level of significance of p < 0.05. 

The one-way mixed ANOVA with repeated measurements was 

applied to evaluate the effect of o-CD’s concentration on three 

measured properties (PR, TR, WUE) at two-time points. That 

means that the between-subject factor was o-CD’s concentra- 

tion (three levels: control, 1, and 5 mg/L), while the within- 

subject factor was the time (two-time points: T1 and T2). The 

number of observations was n = 20 for each group. One-way 

ANOVA tests were followed by an additional post-hoc Tam- 

hane test with a significance level of α = 0.05. Atomic percent- 

ages for green beans’ fruits and leaves were used as input vari- 

ables. The number of observations was n = 3 for each group. A 

non-parametric Kruskal-Wallis test (α = 0.05) for independent 

samples was used to test the differences in atomic percentage 

measured in green beans’ fruits and leaves under different treat- 

ments. Mass and length of fruits, dry/fresh mass of leaves in 

green beans as well as the mass of grains per maize cop mass, 

number of grains per maize cop, and the biomass of maize in 

different treatments were used as input variables. The number 

of observations was n = 11 for each group. Levene’s test of ho- 

mogeneity of variances and one-way ANOVA for independent 

samples followed by the Bonferroni post-hoc comparisons be- 

tween different treatments and control were performed, at the 

level of significance of p < 0.05. 

3. Results and Discussion 

In a previous study conducted on maize grown for 14 days 

in hydroponic static cultures, o-CDs increased the intensity of 

photosynthesis and transpiration, without toxic effects on plants 

(Milenković et al., 2021). Leaf spray treatment with o-CDs was 

more effective than treatment by adding them to a hydroponic 

nutrient solution. The potential of o-CDs to increase photosyn- 

thesis without toxic effects on plants opens the way for their 

applications in agriculture, as an outcome of increasing crop 

yields. Thus in our present study, we performed the foliar treat- 

ment of o-CDs on the two plant species in the field until at- 

taining the stage of fruits.  

The previous literature on the changes in photosynthetic 

parameters by using CDs described the use of organic NPs to 

increase the photosynthetic intensity, either by using NPs in vi- 

tro on isolated chloroplasts or in the plant (Chandra et al., 2014). 

Giraldo et al. (2014) found that certain types of CDs, as well as 

single-walled carbon nanotubes (SWNTs), increased photosyn- 

thetic activity in extracted plant chloroplasts, increasing the rate 

of electron transfer through enhanced photo-absorption. It has 

been shown that the CD-induced enhancement of rice growth 

was associated with increased electron transfer or the efficiency 

of enzymes such as Rubisco in the photosynthesis reaction (Li 

et al., 2018). It has been reported that, due to strong conjugation 

on the chloroplast surface, CDs could easily transfer electrons 

to chloroplasts using absorbed light or photons. 

Besides considering the enhancement of the photosynthe-

tic parameters by the CDs themselves as a reason for the possi- 

ble increase in fruit yield, an interesting direction in exploring 

the effects of o-CDs is to see if they may act as a CO2 carrier 

and thus import a higher amount of this gas needed for photo- 

synthesis. This may be an additional reason for an increase in 

plant productivity. Therefore, we performed an in vitro experi- 

ment of CO2 binding to o-CDs, as well as a theoretical consid- 

eration of their interactions. 

 

3.1. Interactions of o-CD and CO2 by FTIR Spectroscopy 

and TGA 

According to the TGA of o-CDs in CO2 adsorption and de- 

sorption processes as demonstrated in Figure S1(a), a rapid mass 

loss (55%) was observed within 0 ~ 85 min where the initial 

purpose was to remove the H2O adsorbed by the o-CDs. How-  

ever, since o-CDs were prepared by a relatively milder synthe- 

tic approach in comparison to most of the other reported CD spe- 

cies, the structure of o-CDs is less carbonized and more thermo 

sensitive. Consequently, comparing the FTIR spectra of o-CDs 

before and after initial heating (Figure S1(b)), it is observed that 

the structure of o-CDs was damaged during the moisture remov- 

al step. In particular, based on the relative amount of each func- 

tional group, it is worth noting that amine groups (3385, 3364 

cm–1) were reduced while carboxyl groups (1705, 1387 cm–1) 

were increased as a result of heating and oxidation, respectively. 

Furthermore, during 85 ~ 205 min when CO2 was applied, no 

change was observed in the weight of the specimen, which indi- 

cates no CO2 adsorption. To ensure this result, two more repli- 

cates were implemented, and the results are presented in Figure 

S2 in Supplementary material. Eventually, during 205 ~ 250 

min when the temperature was raised to 100 °C, mass loss was 

again initiated following where it ended at 85 min. 

Nonetheless, o-CDs were reported to enhance photosyn-

thetic efficiency in their natural state (Chen and Lu, 2014). 

Thus, the CO2 adsorption/desorption processes were also stud- 

ied in the natural state of o-CDs with TGA and FTIR spectros- 

copy. Accordingly, the dehydration step was removed from the 

previous protocol. During 0 ~ 120 min when o-CDs were flushed 

with CO2, the weight of the specimen was observed in Figure 

1(a) to increase by about 2.1% during the first 80 min and re- 

main constant during 80 ~ 120 min, which suggests that CO2 

was saturated on the surface of o-CDs and equilibrium of CO2 

adsorption/desorption was reached. Similarly, two more repli- 

cates are implemented, and the results are presented in Figure 

S3 in the supplementary material. Significantly, considering the 
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initial weight of o-CDs and 1.6% (on average of three replicates) 

mass gain due to CO2 adsorption, the CO2 adsorption capacity 

of o-CDs was calculated as 16 mg-CO2/g-adsorbent and this 

value is even comparable to that of some single-walled carbon 

nanotubes and higher than that of multi-walled carbon nano- 

tubes (Osler et al., 2017). Eventually, when the temperature was 

raised to 100 °C, a rapid mass loss was observed similar to Fig- 

ure S1(a) in the Supplementary material. However, they are dif- 

ferent because the mass loss in Figure 1(a) doesn’t only involve 

CO2 desorption but also o-CD dehydration that was removed 

from the previous protocol. Additionally, as mentioned before, 

the comparison of FTIR spectra of o-CDs before and after de- 

hydration treatments (Figure S1(b)) demonstrates a loss of amine 

groups during the dehydration process. Thus, it is hypothesized 

that a better CO2 adsorption capacity of the o-CDs in a natural 

state without dehydration than that of the o-CDs that underwent 

dehydration might be related to the amine groups on o-CDs al- 

though the content was low. It is reasonable since amines can 

naturally react with CO2 forming alkylammonium carbamate, 

carbamic acid, or bicarbonate, which depends on the surface 

density of amine groups and humid or dry condition (Said et al., 

2020). Moreover, based on their interactions, a variety of amine 

absorption technologies are developed for CO2 capture (Bui et 

al., 2018). 

In addition, FTIR spectroscopy was performed on the o- 

CDs flushed by CO2 with different durations. In the comparison 

of the FTIR spectra of the o-CDs flushed by CO2 for 0, 10, 20, 

40, and 60 min (Figure 1(b)), longer CO2 flushing resulted in a 

clearer peak at 2309 cm–1 that corresponds to O=C=O stretch- 

ing, which confirms that o-CDs in their natural state possess an 

excellent CO2 adsorption capacity. Since CO2 saturation was 

observed at about 80 min, the peak at 2309 cm–1 is expected to 

be clearer at 80 min of CO2 flushing. 

 

3.2. Computational Modeling of o-CDs 

The computational model of the o-CDs was built based on  

 

a plethora of experimental characterization techniques (IR spec- 

troscopy, XPS, atomic force microscopy (AFM)), previously 

reported by our group (Mintz et al., 2021). The experimental 

XPS data showed that the o-CDs are composed of about 92% 

of carbon, 7% of oxygen, and 1% of nitrogen atoms. Therefore, 

in agreement with experimental observations, our model was 

built with a similar atomic composition (89.5% of carbon, 8.9% 

of oxygen, and 1.5% of nitrogen atoms). Hydrogen atoms are 

present to complete valences in the model but are not accounted 

for a total atomic ratio of the NP. Additionally, the particle has 

an average diameter of 1.7 nm, which agrees with the previous- 

ly reported AFM measurements. 

The chemical nature of the carbon-oxygen bond (C=O or 

C–O), and especially the ratio between the two possible bonds 

in the structure of o-CDs, is difficult to precisely determine by 

the experimental techniques. Therefore, for simplification, ev-  

ery carbon-oxygen bond is treated as a partial double bond, with 

a negatively charged oxygen atom. Such a type of bond is char- 

acteristic of a deprotonated phenolic functional group (pheno- 

late). The presence of this functional group in o-CDs would ex- 

plain its amphipathic character, endowing it with good water 

solubility, despite the high carbon content that is responsible 

for the interactions with the hydrophobic environment of stoma 

cells. 

The computational model of o-CDs follows the layer mod- 

el proposed as the general structure of CDs (Paloncýová et al., 

2018). Each layer is composed of a hexagonal graphene lattice 

of carbon atoms, with oxygen and nitrogen atoms randomly 

placed on the edge of each layer. The model is symmetric with 

the middle layer, which has more atoms than the others, to en- 

sure the overall spherical shape of the NP. The layers in o-CDs 

are not covalently linked, instead, they are held together by elec- 

trostatic interactions. The MD simulations of o-CDs in water 

did not predict dissociation of the layers even at 126 °C (400 K). 

However, TGA experiments unveiled a significant loss of mass 

(55%) at 100 °C, after 60 min of exposure to CO2 (Supplemen-  
 

 
 

Figure 1. Study of CO2 adsorption by o-CDs in their natural state: (a) TGA of o-CDs in CO2 adsorption and desorption processes 

over time; (b) FTIR spectra of the o-CDs flushed by CO2 with different durations. 
 



I. Milenković et al. / Journal of Environmental Informatics 43(2) 80-91 (2024) 

85 

 

tary material, Figure S2(b)). 

Although the highest fraction of the lost mass is associated 

with moisture adsorbed on the surface of o-CD, FTIR measure- 

ments (Figure 1(b)) indicate chemical changes in the NP at the 

end of the experiment. Based on the relative intensity of each 

functional group, it is worth noting that the amine groups (3385 

and 3364 cm–1) were reduced, while the intensity of the oxygen- 

containing functional groups (1705 and 1387 cm–1) was en- 

hanced (Figure 1(b)). That is a possible result of oxidation of 

the nitrogen-containing functional groups to NO2 and subse- 

quent dissociation from the surface of o-CD or production of 

carbonated species (R–NHCO2). At such temperature condition, 

oxidation of the carbon lattice is also a possible contributing 

factor to the intensification of the C–O peaks. 

As stated previously, since o-CD was prepared by a rela- 

tively milder synthetic approach in comparison to most of the 

other reported CD species, it is expected that it is susceptible to 

decomposition under high temperatures. However, these results 

enforce the stability of the NP under the mild temperature 

(20 °C) and solvent conditions in which our experiments were 

performed. It also highlights that the o-CD used in this study is 

only suitable for biotechnological applications rather than in- 

dustrial ones. 

 

3.3. Interactions of o-CD and CO2 

CO2 has low solubility in water under standard conditions 

of temperature and pressure, and at pH close to neutral (Dodds 

et al., 1956). On the other hand, the bicarbonate ion (HCO3
–) is 

a higly soluble species that coexists in equilibrium with CO2. 

Therefore, MD and DFT calculations were employed to inves- 

tigate the CO2 fixation activity of o-CD by either increasing its 

solubility through physical adsorption or the formation of bi- 

carbonate species. 

In an aqueous solution, o-CD showed more affinity for 

CO2 molecules than HCO3
– ions as shown in Figure 2 and Fig- 

ure S4. The CO2 molecules are more aggregated at 1.0 nm from 

the center of mass of o-CD (~ 0.2 nm from its surface). The in- 

teraction continues for a long distance until 0.9 nm from the 

surface of o-CD, where the probability of finding a CO2 or a 

water molecule is about the same. In contrast, o-CD showed a 

higher affinity for water than HCO3
– as shown in Figure S4(b). 

That is due to the charge repulsion between the net negative 

charge present on the surface of o-CD and the negative charge 

of the bicarbonate anion. 

To further investigate the nature of the interactions be- 

tween CO2 and o-CD, a potential energy surface was generated 

by scanning the coordinate of the carbon atom of CO2 approach- 

ing the surface of o-CD. Three different approaching modes 

were evaluated: (1) parallel deposition on top of the aromatic 

ring, (2) side-on approximation to the negatively charged oxy- 

gen atom of the phenolate group, and (3) side-on approxima- 

tion to the lone pair of the amine nitrogen atom, as shown in 

Figure 3. 

The approximation of the electrophilic carbon atom of 

CO2 to the phenolate oxygen atom generated the lowest poten-  

 
 

Figure 2. (a) Computational model of o-CDs dissolved in 

water and CO2 and (b) radial distribution function showing 

the probability of finding each species from the center of o-

CD’s mass. 

 

 
 

Figure 3. Adsorption energy of CO2 on o-CD as a function of 

the distance. 
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tial energy surface. The interaction starts to manifest at a dis- 

tance of about 0.3 nm from o-CDs and is the most intense at 

0.15 nm, by 12 kcal/mol. This result is in agreement with other 

experimental and theoretical analysis which highlights the en- 

hancement caused by the presence of polar oxygen-containing 

functional groups, such as –OH, –C–O–C–, –C=O, and –COOH 

in other graphene-derived nanoparticles, due to the Coulombic 

forces (Yoon et al., 2020). 

The lone pair of the nitrogen atom of the amine group pro- 

vides another venue for CO2 adsorption onto the surface of o- 

CD, which agrees with our aforementioned hypothesis based 

on the experimental results. Due to the tetrahedral geometry of 

the lone pair, the CO2 molecule approaches o-CD at an angle 

that allows influence from the dispersive forces of the aromatic 

rings. On this surface, the interaction is maximized at 0.29 nm 

and is worth 3 kcal/mol. It is worth noting that the reaction of 

a primary amine and CO2 involves a more complex mechanism 

that is influenced by the presence of adjacent amine groups and 

water molecules. These groups are involved in proton transfer 

and nucleophilic attack steps that are not described in our mod- 

el. However, the production of a zwitterionic species (RH2N+–

COO–) which leads to the formation of carbamate/carbamic 

acid is reported as a fundamental step during the reaction mech- 

anism (Said et al., 2020). 

The weakest form of CO2 interaction with o-CDs is char- 

acterized by the deposition of CO2 on top of the aromatic rings. 

This interaction is dominated by weak dispersive forces origi- 

nating from the interaction between the CO2 quadrupole and 

the delocalized π electrons from the aromatic rings of the core 

of o-CDs (Meconi et al., 2020). Despite its weak energy, it is a 

long-range interaction, and it is the most intense at a distance 

of 0.36 nm from the surface of o-CDs. These forces were eval- 

uated at around 2 kcal/mol, however, it is an important compo- 

nent of the forces that attract CO2 molecules that are far away 

from o-CDs. In agreement with the simulations, solution spec- 

troscopic (FTIR) measurements at room temperature indicate 

that o-CDs are capable of adsorbing CO2 in solution as shown 

in Figure 1(b). Exposure of o-CDs to CO2 saturates the NP in 

about 80 min, as determined by the intensity of the peak at 2309 

cm–1, which corresponds to the CO2 stretching. 

 

3.4. The Effect of o-CDs on Photosynthetic Parameters 

The effect of o-CD’s concentration on three measured pho- 

tosynthetic parameters (PR, TR, WUE) is shown in Figure 4. 

In green beans (Figure 4(a)), treatments and time course signi- 

ficantly influence changes in the PR, TR, and WUE. A growing 

trend of these values is observed with increasing concentration, 

but only at 5 mg/L was a significant difference compared to the 

control demonstrated. All three photosynthetic parameters, PR, 

TR, and WUE, were significantly higher in the second time 

point, in the leaves after the treatment with 5 mg/L o-CDs, 

while in the first time point, there was no significant difference 

compared to the control. 

In maize (Figure 4(b)), treatments and time course signifi- 

cantly influence changes in the PR, TR, and WUE. In both time 

points, the PR and WUE were significantly higher in the leaves 

after the treatment with both concentrations of 1 and 5 mg/L o- 

CDs than in the control. The TR significantly increased in the 

second time point after the treatments with both o-CDs’ con- 

centrations compared with the control. The stimulating effect 

of o-CDs on PR and WUE was significantly increased with 

treatment duration in both plant species. These results indicate 

that the two plant species react differently to the two applied o- 

CD concentrations. Maize reacts to both concentrations at the 

beginning of the treatment as well as later, while in Time 1 the 

effect of the treatment on the increase in TR was not statisti- 

cally proven. Green bean reacts to the higher concentration at 

a later time point. Generally, in both plant species, photosyn- 

thetic parameters were enhanced after the o-CDs treatment. 

The content of photosynthetic pigments, Chl a, Chl b, and 

Car, did not change significantly in the leaves after foliar o- 

CDs’ treatment at both concentrations at any of the two-time 

points (data is not shown). These results indicate that the posi- 

tive o-CDs’ effect on photosynthetic parameters may not be re- 

lated to the change in the photosynthetic pigments’ content. 

Some previous reports showed that certain types of CDs en- 

hanced chlorophyll in the leaves of treated lettuce, wheat, and 

lupin (Sun et al., 2016). 

The plants’ antioxidative response to o-CDs’ treatment was 

estimated using the biochemical tests comprising measurements 

of TAA and TPC in the leaves (Figure S5). The TAA increased 

in green beans only after the application of the higher o-CD 

concentration, while in maize it was not different from the con- 

trol (Figure S5(a)). The TPC did not change in green beans after 

any of the two applied o-CD concentrations, while it increased 

in maize after the treatment with 1 mg/L o-CDs (Figure S5). 

The results show the different antioxidative responses of the 

two plant species to the treatments, but generally, there was no 

strong effect on the measured parameters. The higher o-CD 

concentration affected TAA in the green beans and the lower 

concentration of TPC in maize. TAA is related to the contribu- 

tion of different low molecular-weight antioxidants, such as vi- 

tamins, phenolic acids, sugars, etc. (Gill and Tuteja, 2010; Ka- 

sote et al., 2015), while TPC includes phenolic secondary me- 

tabolites participating in the regulation of plant defense re- 

sponses (Kasote et al., 2015; Kulbat, 2016). Both parameters 

are indicators of antioxidative disorder in plants. The results may 

indicate an increase of oxidative stress in green bean leaves 

with higher o-CD concentrations (increase in TAA), while the 

increase of TPC in maize leaves with 1 mg/L o-CDs may in- 

dicate a higher defense capacity in the leaves (Kulbat, 2016). 

In regards to the plant production parameters (Table S1), an 

increase was observed in the mass of all green bean fruits after 

the treatment with 1 mg/L o-CDs. The average mass of fruits 

per plant was increased by 84.7% after the treatment with 1 

mg/L o-CDs (43.34 g per plant) and 62.7% after the treatment 

with 5 mg/L (38.17 g per plant) in comparison with the control 

(23.46 g per plant). The dry/fresh mass ratio of the leaves was 

reduced after the treatment with 5 mg/L o-CDs. This may be in 

accordance with the result that oxidative stress was increased 

(increased TAA), although photosynthesis was enhanced. In 

maize, there was no difference in any of the measured parame- 

ters with the control. 
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Figure 4. PR (photosynthetic rate), TR (transpiration rate), and WUE (water use efficiency) in (a) the green beans and (b) maize 

leaves after foliar treatment with the two o-CD concentrations, at two-time points, 2 days after the first (Time 1) and the last (Time 

2) treatments. The minor symbols (a, b, c) indicate the significant differences between the measured parameters within a one-time 

point (Time 1, 2). Results are presented as mean ± SE, p < 0.05. 

 

Both computational simulations and the spectroscopic mea- 

surements (Figures 2 ~ 4) suggest that o-CDs are capable of 

enhancing photosynthetic efficiency by acting as a “CO2 deliv- 

ery” system. Although the interaction between o-CDs and CO2 

is thermodynamically stable, it is a rather slow process. Such 

kinetic properties are desirable since the o-CDs have to diffuse 

the hydrophobic environment of stoma cells to deliver CO2 in- 

side the plant. Depending on where the CO2 on o-CDs is ab- 

sorbed, it will have different adsorption energies. Since the 

most elemental composition in o-CDs is carbon (> 90%), CO2 

should be more attracted by dispersive forces which are weak, 

so it can be detached as well. This is important since CO2, after 

entering the cells has to be released from o-CDs to enter the 

system for its reduction in the process of carboxylation as an 

initial biochemical reaction in the photosynthetic Calvin cycle. 

Although in both plant species, photosynthesis was en- 

hanced after the application of o-CDs, only green beans show- 

ed an increased production of fruits. This may be due to the two 

different mechanisms for CO2 use in the two species. Green 

bean is a C3 plant, while maize is a C4 plant. The response of 

C3 species to increased [CO2] may be more positive than that 

of C4 species because the PR of C3 species increases by a high- 

er percent due to doubled [CO2] than that of C4 species (Drake 

et al., 1997). In C3 plants, after entering from the atmosphere 

into the mesophyll cells, CO2 is present in the CO2 form, but in 

C4 mesophyll cells, CO2 is specifically and rapidly converted 

to bicarbonate by carbonic anhydrase in the cytosol. These re- 

actions are followed by PEP carboxylase bicarbonate prefixa- 

tion (Leegood, 2002). Our current results show that o-CDs bind 

CO2 preferably in this form and not in the form of bicarbonate, 

which may be consistent with their more substantial effect on 

green beans than maize. Thus, by entering the cells via the o-

CDs carrier, a higher quantity of CO2 may be collected and re- 

leased into the cells for further processing. Also, in C3 plants, 
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photorespiration as a competing reaction can account for up to 

50% loss in CO2 fixation rates, especially in drought conditions 

and high-temperature periods (Ruan et al., 2012). Likely, there 

is a significant possibility that o-CDs can reduce photorespira- 

tion rates in C3 plants, thus attenuating oxidative stress and 

supporting higher bioproduction rate. 

The XPS measurements of the o-CDs-treated green bean 

leaves and fruits were performed to analyze if the o-CDs could 

be found in the leaves or fruits. This is an important aspect for 

the possible further applications for plant production increase. 

The atomic percentage (Table S2) has shown that there are no 

significant differences in C, N, O, P, and S, in both the leaves 

and fruits with any of the two o-CDs concentrations (1 and 5 

mg/mL) and, compared with those taken as control. 

The C 1s XPS core level spectra can help justify the pres- 

ence of o-CDs (Figure 5). The spectra of the raw o-CDs (Figure 

5(a)) show four main contributions, the most intense being at 

284.8 eV, assigned to the adventitious carbon signal of C–C/C–

H, while the three bands at 286.2, 287.1, and 288.6 eV are as- 

signed to C–O/C–N, C=O, and (O=C–O) functional groups, re-  

 

spectively (Moulder et al., 1992). 

The control samples for fruits collected at the end of the 

life cycle (Figure 5(b)) showed a profile different from the raw 

o-CDs (Figure 5(a)). Concerning the influence of o-CDs’ con-

centrations, 5 mg/L was more effective (Figure 5(d)) than 1 mg/L 

(Figure 5(c)). Compared to the control spectra, one can observe 

certain differences in XPS C 1s core level spectra of fruits (Fig- 

ure 5) at 287.1 and 286 eV C–O/C–N and 288.6 eV correspond- 

ing to the O–C=O functional groups in treated plants. However, 

these differences are not significant when averaged. The XPS 

C 1s core level spectra of the leaves did not show changes in 

the profile after the o-CDs treatment at 1 mg/L (Figure 6(b)) 

and 5 mg/L (Figure 6(c)) compared to the control (Figure 6(a)). 

After the treatment with 5 mg/L o-CDs, there was an in- 

crease in the peak at 287.13 eV assigned to the C–O/C–N, which 

may be attributed to the assimilation of the carbon NPs due to 

the functional groups such as amine (–NH2) and carbonyl groups 

(–C=O) present in the structure. These results may indicate an 

increase in protein concentration. In our previous work (Milen- 

ković et al., 2021), it was shown that higher efficiency of o-  

 

  
 

Figure 5. High-resolution C 1s XPS spectra for (a) o-CDs; (b) Fruit Control; (c) Fruit + o-CDs 1 mg/L; (d) Fruit + o-CDs 5 mg/L 

collected at the end of life cycle. 
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Figure 6. High-resolution C 1s XPS spectra in leaves: (a) Control; (b) Leaves + o-CDs 1 mg/L and (c) Leaves + o-CDs 5 mg/L. 

 

 
 

Figure 7. The interaction between CO2 and o-CDs in aqueous solution and inside the leaf with the effect on 

photosynthesis and yield. 
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CDs in increasing photosynthetic parameters was achieved in 

foliar treatment than in the hydroponic treatment of maize. The 

present results prove that the o-CDs’ treatment is efficient and 

safe when used to increase the fruit yield in the field, especially 

if applied at a lower concentration. The interaction between 

CO2 and o-CDs with the effect on photosynthesis and yield is 

shown in Figure 7. 

4. Conclusions 

This study revealed that nontoxic o-CDs stimulated the 

photosynthesis efficiency in green beans and maize cultivated 

in the field, increasing the fruit yield only in green beans. The 

current results show that o-CDs bind CO2 preferably in this 

form (the form of CO2 present in C3 plants) and not in the form 

of bicarbonate (the form of CO2 present in C4 plants), which 

may be consistent with their more substantial effect on green 

beans than maize. Both computational simulations and spectro- 

scopic measurements suggest that o-CDs are capable of en-

hancing photosynthetic efficiency by acting as a “CO2 delivery” 

system. This is explained through the two different mecha- 

nisms for CO2 use in two species. The results show different, 

but no significant antioxidative responses of the two plant spe- 

cies to the treatments. The chemical surface composition has 

shown that there are no significant differences in C, N, O, P, 

and S, in both the leaves and fruits between the treated and con- 

trol plants. This treatment, in addition to its innovation, also 

provides a green approach to biostimulation, because o-CDs is 

an organic, nontoxic water-soluble compound that is simply ap- 

plied to plants without any risks to the environment. Since CO2 

is a key factor in the greenhouse effect (Jain, 1993) the treat- 

ment could have an additional environmental benefit in captur- 

ing CO2 in the atmosphere, as a contribution to the global warm- 

ing reduction. 
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