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A B S T R A C T   

The effect of different types of nanoparticles on plants has been of great interest in recent years. Within this 
general context, the specific purpose of the present work was to study the interaction between carbon nano-
particles and the photosynthetic electron chain, to determine whether they induced a beneficial or toxic effect on 
the primary steps of photosynthesis. Two types of nanoparticles were synthesized and physicochemically char-
acterized: nanocarbon black (nano-CB) and graphene quantum dots (GQD). They were sprayed over Cichorium 
intybus leaves and their effect on the photosynthetic chain was studied using chlorophyll-a fluorescence analysis. 
Nano-CB was prepared by an acid exfoliation method from commercial carbon black, whereas GQD were ob-
tained by pyrolysis of L-glutamic acid. The nanoparticulate systems displayed luminescent properties and the 
fluorescence quantum yield for GQD resulted about six times higher than the value for nano-CB. Both kind of 
nanoparticles presented similar effects on the plant leaves, but the action of GQD was more pronounced. They 
induced an evident decrease in the content of photosynthetic pigments, a reduced xanthophyll cycle and a lower 
ability to dissipate excess energy by non-photochemical quenching. Changes in the concentration ratios Chlo-
rophyll a/b and Chlorophylls/Carotenoids were similar to those previously found for shaded leaves but could not 
be assigned to shading effects in this case. The results of this work suggested a particular deleterious action on the 
performance of photosystem I (PSI). The phytotoxicity of the tested carbon nanoparticles on Cichorium intybus, at 
the level of the primary photosynthesis stages was, thus, demonstrated.   

1. Introduction 

In recent times, the topic concerning the adequate use of energy in 
the world has gained increasing prominence. In this context, photo-
synthesis represents an essential process in relation to the use of solar 
energy for carbon assimilation and biomass production, with relevance 
at a global level [1]. Improving the photosynthetic process is evidently a 
matter of interest and nanoparticles (Nps) are involved in new meth-
odologies developed for this purpose. In fact, the use of nanotechnology 
in plant growth has increased lately due to the novel properties of 
nanoparticulate materials that allow their use in different applications 
such as nutrition [2], pathogen control [3] or controlled delivery of 
chemicals [4], among others. In the last decade, many studies dealing 
with the interaction between nanoparticles and photosynthetic material 
were published, showing both detrimental and beneficial effects [5,6]. 
Nanoparticles are also relevant to the development of sensors and 

imaging technologies with applications in environmental sensing [7]. 
Therefore, research on the consequences of the interaction of nano-
particles with plants is essential, either for crop production or for 
environmental protection. 

In particular, carbon-based nanomaterials have been considered the 
most discussed and used nanomaterials over the last decade. Carbon 
nanoparticles or carbon dots (CDs) have been classified as a remarkable 
type of recently developed quasi-spherical carbonaceous nanomaterials, 
their sizes smaller than 10 nm [8,9]. Although it has not been long since 
the discovery of CDs in 2004, carbon quantum dots have been the sub-
ject of numerous optical research studies to be used in areas such as 
biomonitoring, sensing, photocatalysis, drug and gene delivery, solar 
conversion and LED technology [10]. Thanks to the existence of 
numerous carboxylic moieties on their surface, CDs have excellent water 
solubility and may be chemically functionalized. Furthermore, CDs have 
been used in light energy conversion applications [11,12], since they are 
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good electron donors and acceptors [13,14]. Other unique properties of 
CDs, including a well-defined shape; small dimensions; harmonic and 
adjustable surface functionalities; and their simple, fast, inexpensive, 
and non-toxic synthesis procedures, make them a promising alternative 
to other nanoparticles, 

CDs mainly include GQDs (graphene quantum dots), CNDs (carbon 
nanodots), and PDs (polymers dots). GQDs have one or more layers of 
graphene and functional groups (carboxylic, hydroxyl, amino, etc., 
depending on the synthesis route) connected at their edges. CNDs are 
always spherical and classified into two categories: carbon nano-
particles, which do not have a crystal lattice, and carbon quantum dots 
(CQDs), which have an obvious crystal lattice. Due to the diversity of 
CDs, different approaches can be adopted for their preparation, the most 
common ones being "top-down" cutting from different carbon sources 
(often forming GQD or CND), and "bottom-up" synthesis (from organic 
molecules or polymers and the modification of the functionality of the 
surface) [15,16]. Carbon dots have become a rising star in carbon-based 
nanomaterials thanks to their fluorescent properties, high chemical 
stability, tolerance to photobleaching, good functionalization capacity 
and low biological toxicity. It is for these reasons that they are chosen as 
fluorescent labels for biological and chemical analysis, and for fluores-
cence imaging [17]. 

Research work on the interactions of carbonaceous nanomaterials 
(fullerenes, nanotubes, QDs, nano-onions, nano-horns, among others) 
with plants has been reported [8,18–21]. Nanoparticles can penetrate 
plants either via their leaves or via their roots. Two routes for solute 
absorption through the cuticle exist, one accessible for non-polar solutes 
through diffusion and permeation (lipophilic pathway) and another one 
for polar solutes, which enter through aqueous pores (hydrophilic 
pathway) with an estimated effective size ranging from 0.6 to 4.8 nm 
[22]. Consequently, Nps with diameters below 4.8 nm can penetrate 
directly through the cuticular pathway. Additionally, many studies have 
reported foliar uptake and accumulation of Nps larger than 5 nm, 
although the pathway by which these Nps are absorbed is still unclear. 
Moreover, in addition to the cuticular pathway, some studies have 
demonstrated the uptake of hydrophilic substances through stomatal 
apertures. The morphological size of stomatal apertures is approxi-
mately 25 μm in length and 3 to 10 μm in width [22]. Numerous studies 
support this uptake pathway by the observation of several Nps or their 
aggregates in leaf stomata and deeper tissues of different plant species, 
using electron microscopy and X-ray micrographs, among others [23, 
24]. 

Once nanoparticles were taken by plants through an aerial or root 
pathway, beneficial or adverse effect on plant growth and productivity 
could be observed. The results were dependent on the composition, 
concentration, size, and coating of nanoparticles. 

Milenkovićet al. recently found that low concentration (≈ 1mg/L) of 
CDs, foliarly applied on Maize, increased the photosynthesis rate 
measured by the uptake of CO2 [25]. Enhanced photosynthesis was also 
observed by Chandra et al. [26]. They detected electron transfer from 
carbon dots to chloroplasts of mung bean plants and they found that 
oxygen evolution, non-cyclic photophosphorylation and ATP synthesis 
were improved in the presence of these nanoparticles. Despite the 
above-mentioned promoting functions of CDs on the growth of various 
crop plants, inhibition of crop development was also observed [9]. As an 
example, after the exposure of maize seeds to high concentrations of CDs 
(2000 mg/L), the fresh weights of the roots and shoots of the resulting 
plants were significantly reduced and oxidative damage was identified 
[27]. 

A large number of research studies on the interaction between 
nanoparticles and plants have been conducted, but most of them are 
mainly based on measurements of plant and root growth, leaf develop-
ment, oxidative stress and variations in pigment content. Works that 
focus on the effect of nanoparticles on the early stages of photosynthesis, 
on the partitioning of the absorbed energy and on the consequences over 
the electronic transport chain are not frequent. Considering this vacancy 

in literature, the specific purpose of the present work was to study the 
interaction between carbon nanoparticles and the photosynthetic elec-
tron chain, to determine whether they induced a beneficial or toxic ef-
fect on the primary steps of photosynthesis. 

In this research, and based on the previously published bibliography, 
two types of carbon nanoparticles, GQDs and CNDs, were prepared in 
order to study their interaction with plant material. Two alternative 
working hypotheses were formulated here:  

i The prepared carbon nanoparticles will interfere in the processes of 
energy and electron transfer within chloroplasts and will have a 
deleterious effect on photosynthesis.  

ii The prepared carbon nanoparticles will enhance energy absorption 
by plants and will benefit the photosynthetic process. 

These two hypotheses were analyzed by means of a series of spec-
troscopic techniques (mainly reflectance and chlorophyll-fluorescence) 
that allow inferring damage or improvement at the photosynthetic 
chain level. 

2. Materials and methods 

2.1. Nanoparticle synthesis 

Two types of carbon nanoparticles were prepared by a top-down and 
by a bottom-up method. They were respectively named Nano-carbon 
black (nano-CB) and graphene quantum dots (GQD). Nano-CB was 
prepared by an acid exfoliation method from commercial carbon black 
(Full Black S.R.L., average diameter of 10-300 nm). The procedure was 
based on previously reported techniques [28–30]. In brief, carbon black 
(1 g) was dispersed in water and sonicated for 30 minutes, to deag-
glomerate its solid particles and improve their wetting. Then, 50 mL of a 
mixture of 30% H2O2 and H2SO4(c), in a ratio of approximately 3:1, was 
added. The mixture was refluxed at 80◦C for 3 hours and allowed to cool. 
Once it has reached room temperature, acetone was added, to obtain a 
solution with 10% by volume of acetone and centrifuged at 20,000 RPM 
for 15 minutes. The acid-containing supernatant remaining from the 
reaction was discarded, and the precipitate was dispersed in water and 
neutralized with NaOH (s) to neutral pH. During this process, Na2SO4 
precipitated and was cold filtered, in order to reduce the concentration 
of this salt in the resulting nanoparticle dispersion. Finally, the sample 
was centrifuged again adding a small quantity of acetone to facilitate 
nanoparticles precipitation [31]. The precipitation and redispersion 
processes were repeated several times until their impurities were suffi-
ciently removed. The precipitate was suspended in distilled water and 
stored for subsequent spectroscopic characterization. 

On the other hand, GQD were synthesized following Wu et al. (2013) 
[32]. Briefly, 2.0 g of L-glutamic acid was added into an appropriate 
beaker and heated at 210◦C. During heating, the solid L-glutamic melted 
and turned brown in about 45 seconds. Then, 15 ml of water was added 
while stirring for 10 min. The solution was cooled to room temperature 
and centrifuged at 22,000 RPM during 30 min. Finally, the supernatant, 
containing GQD, was collected and stored for further characterization. 

2.2. Nanoparticle characterization 

UV-VIS absorption spectra were recorded using a double-beam 
spectrophotometer (UV-3600 Plus, Shimadzu, Tokyo, Japan). 
Excitation-emission matrices and fluorescence quantum yields of the 
nanoparticles were obtained with a steady-state spectrofluorometer 
(QuantaMaster, PTI-Photon Technology International-Brunswick, USA), 
using a 90◦ geometry. Determinations of fluorescence quantum yields 
were performed as described elsewhere [33]. A solution of Rhodamine 
101 in ethanol was used as fluorescence reference and measurements 
were carried out in triplicates. Both absorption and fluorescence mea-
surements were performed on nanoparticles suspensions. 
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IR spectra of the synthesized solid nanomaterials were recorded with 
a Nicolet 8700 FTIR spectrophotometer with a resolution of 4 cm− 1 

using an ATR accessory. 
The morphology of the nanoparticles was observed under a Zeiss 

SUPRA 40 scanning electron microscope (SEM) operated at 20 kV, and a 
Phillips EM 301 transmission electron microscope, operated at 60 kV; 
both with a resolution of 5 nm. Microscopy samples were prepared by 
drop-casting: drops of dilute dispersions of nanoparticles were deposited 
on appropriate grids and allowed to dry. 

All the determinations were carried out at room temperature. 

2.3. Plant growth and nanoparticle application 

Fourteen chicory (Cichorium intybus) seedlings were acquired from a 
plant nursery and acclimatized for 30-45 days under LED irradiation1 

(photosynthetic photon flux density (PPFD) 300 µmol m− 2 s− 1), 16-hour 
photoperiod) and controlled irrigation, at an average temperature of 
25◦C. Nano-CB and GQD dispersions in distilled water (absorbance 
value at maximum = 0.2) were applied on these plant leaves using a 
sprayer. The resulting concentrations were at 1.15 g/L (≈ 9 1018 Np/ 
mL) for GQD and 2.3 g/L (≈ 2 1019 Np/mL) for nano-CB. The application 
was performed on four plants for each treatment (a total of twelve plants 
were employed: four plants were used as control, four were treated with 
nano-CB and four treated with GQD) and a volume of 25 mL of each 
suspension was sprayed on the leaves, at each application. For the 
control samples, distilled water, instead of nanoparticle dispersions, was 
sprayed on the leaves. Fully developed leaves were sprayed once a day, 
twice a week for a total period of four weeks. Afterwards, detection and 
analysis of optical and spectroscopic parameters were carried out for 
control and treated plants. 

2.4. Pigment content of plant leaves 

Leaves were cut from each plant (control and treated samples), 
washed with distilled water and the central veins and petioles were 
removed. A mortar was used to extract pigments with 80% (V/V) 
acetone, which were then centrifuged for 3 to 5 minutes at 3000 RPM. A 
suitable dilution of the resulting extract was immediately assayed by 
UV-VIS spectrophotometry (UV-3600 Plus, Shimadzu, Tokyo, Japan) 
and the contents of Chlorophyll-a (Chl a), Chlorophyll-b (Chl b) and 
carotenoids (Cars) were determined according to Lichtenthaler and 
Buschmann (2005) [34]. 

Pigment content was reported in µg cm− 2 of leaf area. Weight ratios 
Chl a/b and Chls/Cars were also calculated. Twelve plants were used: 
four controls, four plants treated with nano-CB and four plants treated 
with GQD. From each group of four plants, 8 leaves were collected, by 
detaching two leaves from each plant. Pigment extraction and quanti-
fication were carried out on these 8 leaves. The determination was 
repeated for each treatment on another group of 8 leaves collected in the 
same way. 

2.5. Diffuse reflectance and spectral indexes of plant leaves 

Diffuse reflectance spectra (R(λ)) as a function of wavelength (λ) 
were determined for optically thick layers composed of several leaves 
(4-5 leaves), so that the transmittance was null in the entire visible re-
gion. For this purpose, a spectrophotometer (3101PC, Shimadzu, Tokyo, 
Japan) equipped with an integrating sphere was employed. Barium 
sulfate was used to adjust 100% reflectance. Zero transmittance for the 
thick layer of leaves was a condition for the application of the correction 

model to account for light re-absorption processes in steady state fluo-
rescence spectra. 

From reflectance values, several spectral indexes were calculated: 
the normalized difference vegetation index, NDVI (Eq. (1), [35]), the 
modified normalized difference vegetation index, mNDVI (Eq. (2), 
[35]), the photochemical reflectance index, PRI (Eq. (3), [35]), the 
Pigment Specific Normalized Difference for Chlorophyll a,  PSNDa (Eq. 
(4), [36]) and the Pigment Specific Normalized Difference for Chloro-
phyll b,  PSNDb (Eq. (5), [36]). 

NDVI =
R800 nm − R680 nm

R800 nm + R680 nm
(1)  

mNDVI =
R750 nm − R705 nm

R750 nm + R705 nm − 2 R445 nm
(2)  

PRI =
R531 nm − R570 nm

R531 nm + R570 nm
(3)  

PSNDa =
R800 nm − R675 nm

R800 nm + R675 nm
(4)  

PSNDb =
R800 nm − R650 nm

R800 nm + R650 nm
(5)  

2.6. Plant leaves. Variable chlorophyll fluorescence. Kautskýs Kinetics 

Variable chlorophyll fluorescence was recorded in vivo, using a pulse- 
amplitude-modulated chlorophyll fluorometer (FMS1, Hansatech In-
struments Ltd., UK) on non-detached leaves, previously dark-adapted for 
15 min as described elsewhere [37]. The experimental protocol is out-
lined in Fig. 1. 

Measurements were started by recording the minimum fluorescence 
signal of the dark- adapted samples (F0), with only the modulation beam 
on for 30 seconds. This beam had very short duration pulses (1.8 µs), 
with long off period between pulses, and the integrated number of 
photons incident upon the leaves was very small (PPFD < 0.05 µmol 
m− 2s− 1).Then, a saturation pulse (PPFD = 2700 µmol m− 2 s− 1) was 
applied to determine the maximum fluorescence (FM). After stabilization 
of the fluorescence for 30 seconds, an actinic light (AL) of PPFD = 12 
µmol m− 2 s− 1 was turned on for a total of 7 minutes. A saturating pulse 
was then applied to record FM’. The protocol was repeated for higher AL: 
PPFD = 185 µmol m− 2 s− 1 and 627 µmol m− 2 s− 1. 

The procedure was replicated on five different leaves of each plant 
for each treatment. From the analysis of variable fluorescence, the 
following photosynthetic parameters were obtained: the initial fluores-
cence of dark adapted leaves, F0; the maximum fluorescence for dark- 
adapted leaves, FM; the variable fluorescence for dark-adapted leaves, 
Fv (FM - F0); the ratio between variable and maximum fluorescence, Fv/ 
FM 

2; the ratio between variable and initial fluorescence, Fv/F0; the 
maximum chlorophyll fluorescence for light-adapted leaves, FḾ; the 
stationary fluorescence for light-adapted leaves, Fs; the quantum yield 
of photophysical decay, Φc (Fs/FM); the quantum yield of non- 
photochemical quenching, ΦNPQ (Fs.(FM-FḾ)/(FM.FḾ)); the efficiency 
of PSII, ΦPSII (FḾ-FS/FḾ); the photosynthetic rate of PSII, PSrate (ΦPSII. 
AL, with Al: intensity of the actinic light); the coefficient for the 
photochemical quenching, qP, ((FḾ-Fs)/(FḾ-F0)) and the coefficient for 

1 A combination of 6 cool white light lamps (Philips, EcoHome LEDBulb 14W 
E27 6500KHV, 910 lm/W; technical sheet at: https://bit.ly/35BtfVC) and 6 
warm light lamps (Philips, EcoHome LEDBulb 12W E27 3000KHV, 910 lm/W; 
technical sheet at: https://bit.ly/3pKI92C) was used. 

2 The ratio Fv/FM has been historically considered as the maximum quantum 
yield of photosynthesis for dark-adapted leaves. However, recent research 
highlights that this ratio cannot be strictly considered equivalent to the 
photochemical efficiency of PSII [85]. These authors demonstrated that Fv, 
which has been traditionally assigned to the transition from the open to the 
close states of PSII reaction center, has an important transition contribution 
from the closed state to a light-adapted charge separated state of PSII. This last 
transition was shown to be associated to light-induced conformational varia-
tions in the core complexes. 
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non-photochemical quenching, qNP ((FM-FḾ)/(FM-F0)). More details on 
these parameters can be found in references [38–41]. 

2.7. Plant leaves. Fast chlorophyll fluorescence induction curve (OJIP) 

Fast chlorophyll fluorescence induction curves (OJIP) were obtained 
with a Plant Efficiency Analyser (Handy-PEA, Hansatech Instruments 
Ltd., UK) on previously dark-adapted leaves [37]. Measurements were 
carried out without detaching the leaves from the plant. Fluorescence 
was recorded for 1 second while illuminating with saturating light 
(PPFD = 3,000 µmol m− 2 s− 1). Several photosynthetic parameters were 
calculated from these measurements. (See Appendix, Table A.1). More 
details on these parameters can be found in references [42–44]. 

2.8. Plant leaves. Spectral distribution of initial fluorescence. Correction 
for light re-absorption processes 

Initial fluorescence spectra of the adaxial (upper) face of the dark- 
adapted leaves were carried out in front-face geometry by means of a 
steady state spectrofluorometer (QuantaMaster, PTI-Photon Technology 
International-Brunswick, USA) at room temperature. Several leaves 
were stacked in groups of three or four in order to assure zero trans-
mittance through them (a necessary condition to apply the correction for 
light re-absorption processes). The excitation wavelength was set at 460 
nm and the emission between 600 and 800 nm was recorded and cor-
rected by the response of the detector at each wavelength. The intensity 
of the excitation beam was kept sufficiently low, so that successive re-
cordings of fluorescence spectra did not show variations for the ratio of 
the fluorescence peaks in the red and far-red. In this way, we could 
assure that appreciable induction of variable chlorophyll fluorescence 
was absent. 

Experimental spectra were then corrected by light re-absorption 
processes [45,46] by dividing them by the gamma function (Eqs. (6)-(8)) 

Ic
f (λ) =

Ie
f (λ)

γ (λ, λ0)
(6)  

γ (λ, λ0 ) =
1

1 +
̅̅̅̅̅̅̅̅̅̅̅̅

F(Rλ)
F(Rλ)+2

√ .
1

1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
F(Rλ)(F(Rλ)+2)

F(Rλ0 )(F(Rλ0 )+2)

√ (7)  

where F(Rλ) is the remission function at wavelength λ, calculated by Eq. 
(8) from the diffuse reflectance (R(λ)) of a thick layer of leaves. 

F(Rλ) =
( 1 − Rλ)

2

2 Rλ
(8) 

In Eq. (7), λ and λ0 state for emission and excitation wavelengths 
respectively. 

2.9. Statistics 

Data processing was carried out in Python using the Numpy module 
and Pandas, mainly. The statistical analysis was performed using one- 
way ANOVA with a Tukey HSD post-hoc test (rejection level of 1 and 
5%), to determine the statistical significance between groups. For this 
purpose, Pingouin package was used. 

3. Results and discussion 

3.1. Properties of nanoparticles 

IR spectra for nano-CB and for GQD are shown in Fig. 2. From these 
results, characteristic signals of the nanoparticles and their respective 
precursors (not observed in the base signal of the support used) could be 
distinguished. 

Identifying signals corresponding to amide functional groups and 
C=C bonds in GQD is particularly interesting. In fact, GQD presented a 
deep and wide band around 1650 cm‾1, which is unfolded. In this 
spectral region, absorption due to C=O stretches of primary amides 
(-CO-NH-) and C=C stretches of conjugated double bonds usually ap-
pears [32,47]. Given the characteristics of the observed band, it is 
possible that both overlapping signals are present. In addition, peaks 
located at 1230 and 825 cm‾1 correspond to stretching of -O-C-O groups, 
whereas those located at 1400 and 1100 cm‾1 are associated with C-O 
stretching of carboxylic -COOH groups [47,48]. Additionally, the bands 
around 2900 cm‾1 correspond to aromatic =C-H stretching, commonly 
observed in graphene-based carbon nanoparticles. Finally, the peak 
observed at 3300 cm‾1 is intense and deep, so it could correspond to an 
N-H or COOH stretch with H bound by a hydrogen bond [47,49]. In this 
way, we could identify specific functional groups of graphene quantum 
dots, such as amide groups, carboxyl groups and carbon-carbon double 
bonds. 

On the other hand, the infrared spectrum of nano-CB significantly 
differed from the spectrum of GQD. Peaks observed at 615 (sharp), 690, 
835 and 910 cm‾1 correspond to signals from an aromatic nucleus. The 

Fig. 1. Kautskýs kinetics. Scheme of the measuring 
protocol. The upper bar shows the intensity of the 
actinic light as a function of the intensity of the yellow 
color. The black portions represent the dark phase 
where the actinic light is off. F0 is the initial fluores-
cence signal of the dark- adapted leaves, FM is the 
maximum fluorescence after applying a light saturation 
pulse on dark-adapted leaves, FḾ is the maximum 
fluorescence after applying a light saturation pulse on 
light-adapted leaves, Fs is the stationary fluorescence 
for light-adapted leaves. The fluorometer allows 
application of far red light for preferential excitation of 
PSI, for the accurate determination of the minimum 
fluorescence F0́.   
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strong band at 1100 cm‾1 is related to stretching of carboxyl C-O-C or C- 
OH epoxide groups [47–49]. This band is divided into three, and shows 
the presence of multiple C-O bonds in the sample. The absorption 
located between 1330 and 1400 cm‾1 is a deep, wide and asymmetric 
band, and can be attributed to C-OH and O-H stretching [47,50]. The 
peak at 1600 cm‾1 corresponds to C-C stretching of aromatic or poly-
cyclic aromatic groups which is characteristic of carbon dots [32,47,48, 
51]. Finally, a broad band around 3400 cm‾1, characteristic of O-H 
stretching, was observed. 

Thus, from the infrared spectra, the main functional groups present 
in both nanoparticles could be identified. Whereas in the GQD sample 
signs of amide groups, carboxylic acid and carbon-carbon bonds were 
observed, in the nano-CB sample, evidences of aromatic groups, groups 
with varied C-O bonds and alcohols were noticed. The presence of 
groups containing oxygen and nitrogen explains the high stability of 

suspensions of both nanoparticles in water. In general, the IR absorption 
bands are similar to those previously published in references for this 
type of carbon nanoparticles [47,48,52–54]. 

The morphology of the obtained GQDs and nano-CBs was charac-
terized by electron microscopy (Fig. 2. B and C). The average diameter 
for GQD was 6 ± 1 nm, according to the statistical calculation of more 
than 300 points (Fig. 2C). Similarly, the average nano-CB size was 12 ±
4 nm. Size and shape distribution was uniform for GQD, whereas nano- 
CB presented a spherical uniform shape but with a wide size 
distribution. 

Regarding UV-visible spectra, nano-CB presented decreasing ab-
sorption from 250 to 600 nm with a slight maximum at 370 nm (Fig. 3A). 
Given these characteristics, nano-CB spectrum was deconvoluted into 
three bands, with estimated maxima at 221, 278 and 342 nm. GQD 
absorbance spectrum, in contrast, showed sharper and better-defined 
maxima (Fig. 3C). The absorbance spectrum for GQD displayed a 
typical band around 250 nm and a long tail with a relative maximum at 
320 nm, which may be attributed to ππ*of aromatic sp2 and nπ* (in sp2 

C=O bonds), respectively [48]. For nano-CB, the 221 nm bands could be 
due to solvent or impurities, while absorptions at 278 and 342 nm are 
consistent with the two bands observed in the excitation spectra. As in 
GQD, the bands observed in nano-CB correspond to ππ* and nπ* 
transitions. 

Both nano-CB and GQD are fluorescent. Fluorescence excitation 
spectra (with emission detection at 440 nm) presented two peaks at 310 
and 370 nm for nano-CB and at 279 and 360 nm for GQD (Fig. 3A and 
3C, respectively). Fluorescence emission (excited at 360 nm) was 
observed from 400 to 520 nm for nano-CB (Fig. 3A) and from 380 to 520 
nm for GQD (Fig. 3C). Emission maxima are placed at 440 and 425 nm 
for nano-CB and for GQD, respectively. Excitation-emission matrices are 
displayed in Fig. 3B and 3D. The fluorescent emission behavior was 
found to be dependent on the excitation wavelength, which is typical for 
most fluorescent carbon nanoparticles. Different authors have suggested 
that such behavior may result from the wide distributions of differently 
sized dots and surface chemistry, different emissive traps (solvation ef-
fect), or a mechanism currently unresolved [15]. In this case, as it can be 
observed in Fig. 3C and 3D, the emission maximum shift is more evident 
for nano-CBs. This could indicate that nano-CBs have a broader particle 
size distribution than GQD [55]. 

In literature, the blue emission from carbon nanoparticles was 
attributed to hole-electron recombination or quantum confinement ef-
fect, due to the nanoscopic size of the particles [48]. 

While differences in excitation and emission were observed in similar 
wavelength ranges for both nano-CB and GQD, their fluorescence 
quantum yields resulted quite different. In fact, using Rhodamine 101 in 
ethanol (Φf = 1.00 ± 0.05) as reference, the obtained values were: Φf 
nano-CB = 0.04 ± 0.01 and Φf GQD = 0.25 ± 0.05. The values obtained 
for GQD are similar to those reported in literature for graphene quantum 
dots of similar composition, spectroscopy and size [48,54,56]. However, 
the fluorescent quantum yield for nano-CBs was lower than expected for 
carbon dots. In the reference used for the synthesis of nano-CB, Ye et al. 
[30] also synthesized carbon nanoparticles from an oxidized carbon 
precursor such as coal and coke. They obtained nanoparticles with low 
fluorescence quantum yield and with poorly defined band absorption 
spectra as those observed here. Similarly, other authors who synthesized 
carbon nanoparticles from candle soot or similar, obtained very small 
particles of 2 - 6 nm, with low fluorescence quantum yield in the range of 
0.008 - 0.12 [28,29,57]. Therefore, the low fluorescence quantum yield 
obtained for nano-CBs is comprised within the expected range for carbon 
nanoparticles synthesized from carbon compounds resulting from the 
combustion of organic matter. 

According to the position of the excitation and emission maxima for 
both nanoparticles, and compared with multiple bibliographical refer-
ences, the observed spectroscopic characteristics are in line with the 
sizes obtained by electronic microscopies [16,48]. Finally, Shamsipur 
et al. [58], observed that the smaller the particle size, the greater the 

Fig. 2. A) FTIR spectrum for carbon nanoparticles: nano-CB (green line) and 
GQD (blue line). The sample support spectrum (violet line) is also shown. B) 
SEM image for nano-GB. C) TEM image for GQD. 
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dependence of the emission on the excitation wavelength, and the lower 
the fluorescence quantum yield of the particles. These features are 
observed in nano-CBs compared to GQDs, suggesting a smaller mean 
particle size, a larger particle size distribution, together with a lower 
quantum yield. 

3.2. Photosynthetic properties of plants treated with nanoparticles 

The results shown below correspond to control and Nps-treated 
leaves, after four weeks of treatment (sprayed once a day and twice a 
week during that period of time, as described in Section 2.3). 

Leaves treated with either nano-CB or GQD showed a decrease in 
total chlorophylls, carotenoids and in the ratio Chlorophyll a/b, when 
compared to those from control plants. An increase in the ratio Chlo-
rophyll/Carotenoids was also evident (Table 1). 

It is well known that Chl b is found exclusively in the light harvesting 
complex (LHC), while Chl a is present in the reaction centers (RC-PSI 
and RC-PSII) and light harvesting complexes (LHC-I and LHC-II) of both 
photosystems. While Chl a/b for LHC-I is about 3, the ratio for LHC-II 
varies from 1.1 to 1.3. As shade plants have much higher amounts of 
LHC-II than sun-exposed plants, the first type of leaves usually display 

lower Chl a/b ratios [59,60]. A decrease in the Chl a/b ratio such as that 
observed here could, therefore, be interpreted as an enlargement of the 
PSII antenna system due, in principle, to a possible shading effect by 
nanoparticls presence. Nevertheless, since the UV emission for the used 
illumination source is practically negligible and the visible light ab-
sorption by Nps (although not null) is very low, this shading effect 
should not be important. 

In our study, carotenoid content reduction upon nanoparticles 
addition was sharper than chlorophyll decrease, so a net increase 
resulted in the ratio Chls/Cars. This ratio usually varies from 4,2 to 5,0 
for sun leaves and from 5,5 to 7,0 for shaded leaves [34]. 

In summary, the variations observed for pigment content, and Chl a/ 
b and Chls /Cars are similar to those found for shade leaves, but sig-
nificant shading effects of Nps are here difficult to be justified. 

Reflectance indexes, frequently used for plant health assessment, are 
shown in Table 2. Original reflectance spectra are also displayed in 
Fig. A1 in the Appendix. NDVI index is empirically related to the green 
cover of an area and to chlorophyll content of leaves [61]. In our case, 
even when a decrease in the average value for the leaves treated with 
nanoparticles (Np-leaves) exists, this is not significant. A statistically 
significant decrease was observed for mNDVI in agreement with the 
lower chlorophyll content obtained for Np-leaves. In fact, this spectral 
index compensates for surface specular reflectance effects of the leaves. 
The specular component, which is unrelated to pigment concentration, 

Fig. 3. Nanoparticles characterization. A) Nano-CB. Absorbance, fluorescence excitation (lem: 440 nm) and emission spectra (lexc: 360 nm). B) Nano-CB. Excitation - 
emission matrices. C) GQD. Absorbance, fluorescence excitation (lem: 440 nm) and emission spectra (lexc: 360 nm). D) GQD. Excitation - emission matrices. 

Table 1 
Pigment content expressed per leaf area (µg.cm− 2) and pigment ratios, for 
control and Nps-leaves samples.  

Pigments Control nano-CB GQD 

Chl a 24.3 ± 2.6* 19.7 ± 2.7* 19.0 ± 2.2* 
Chl b 8.8 ± 0.9 7.6 ± 1.2 7.6 ± 0.7 
Chl a + b 33 ± 3* 27 ± 4 27 ± 2 
Carotenoids 5.4 ± 0.6* 4.1 ± 0.5* 4.0 ± 0.5* 
Ratios    
Chl a/b 2.77 ± 0.01* 2.6 ± 0.1 2.47 ± 0.06* 
Chl a+b / Cars 6.08 ± 0.01* 6.6 ± 0.2* 6.6 ± 0.2* 

* Significant difference, α < 0.05. 

Table 2 
Reflectance indexes for control and Nps-leaves samples.  

Spectral index Control nano-CB GQD 

NDVI 0.78 ± 0.02 0.77 ± 0.01 0.76 ± 0.01 
PRI 0.027 ± 0.003 0.015 ± 0.006 0.013 ± 0.008 
mNDVI 0.58 ± 0.02 0.53 ± 0.02* 0.54 ± 0.03 
PSNDa 0.81 ± 0.01* 0.80 ± 0.01 0.79 ± 0.01* 
PSNDb 0.77 ± 0.02 0.76 ± 0.01 0.75 ± 0.01 

* Significant difference, α < 0.05. 
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tends to raise the total reflectance across the visible spectrum and dis-
torts the correlations with pigment content. As Eq. 2 shows, this 
compensation is mathematically achieved by subtracting the reflectance 
at 445 nm in the denominator. This index has traditionally displayed 
better correlations with total chlorophyll content than others [61]. 

PRI gives information on short-term fluctuations in the levels of 
pigments in the xanthophyll cycle and thus serves as an estimate of 
pigments (carotenoids) in the xanthophyll cycle and also of the photo-
synthetic light use efficiency [61]. PRI values decreased in the leaves 
treated with nanoparticles with respect to the control, a fact that is 
consistent with their lower carotenoid content. This suggests a reduced 
xanthophyll cycle for Nps-leaves, and a consequent lower ability to 
dissipate excess energy by this pathway. Several authors in literature 
[62–65] have reported relations between PRI and heat dissipation by 
NPQ. 

Finally, PSNDa and PSNDb are related to the contents of Chl a and 
Chl b, respectively. The decrease in both indexes observed for Np-leaves 
accordingly agrees with Chl a and Chl b variations. Although such 
changes are subtle, it is important to notice that GQD effects are more 
significant than nano-CB́s. 

In summary, the variations in the spectral indexes agree with the 
alterations in pigment composition. Indexes mNDVI, PSNDa and PRI 
wereg the most sensitive ones. 

Fig. 4 (A, B and C) displays the energy partition between photosyn-
thesis (ΦPSII), heat dissipation by non-photochemical quenching (ΦNPQ) 
and photophysical decay (Φc). These three parameters are related and 
sum to unity since the energy absorbed by PSII is assumed to be able to 
follow three pathways: it can be dissipated by photophysical processes 
(intrinsic heat and fluorescence); it can induce the photosynthesis pro-
cess, by reducing the first electron acceptor; or it can initiate physio-
logical processes that facilitate the release of excess energy in the form of 
heat (collectively referred to as non-photochemical quenching). 

Fig. 4 D and E show, respectively, the coefficients for photochemical 
and non-photochemical quenching. 

As a general observation, it could be noticed that increasing actinic 
light enhanced the fraction of energy dissipated as heat (ΦNPQ) at the 
expense of a decrease in the fraction used for photosynthesis (ΦPSII), 
which is a well-known and expected result for conventional leaves. 
However, differences between Nps-leaves and control leaves were 
evident. 

At low actinic illumination, PPFD = 12 µmol. m− 2s− 1, the 
nanoparticle-treated leaves showed a significant increase of ΦNPQ with a 
reduction of ΦPSII while keeping ΦC constant. This indicates that the 
Nps-leaves, at low light intensities, required to dissipate excess energy 
through NPQ mechanisms, unlike the control. This is a rather surprising 
behavior since at low AL, the proportion of excited reaction centers is 
low and dissipation mechanisms such as NPQ should not be necessary. 
At intermediate AL, the samples and the control displayed similar ΦNPQ. 
The behavior was reversed at high AL intensity, where the Nps-leaves 
presented significantly lower ΦNPQ than the control. The response of 
this parameter for the treated leaves is very similar to that observed in 
plants acclimatized to low irradiance. 

Because NPQ is one of the main mechanisms used by higher plants to 
cope with excess light, the light response of NPQ reflects the saturation 
of the photosynthetic rate, increasing rapidly when net photosynthesis 
per absorbed photon saturates [66–68]. However, the increase in NPQ is 
limited by the intrinsic capacity of the leaf to dissipate this excess light 
as heat. For example, Serôdio and Lavaud (2011) [68] reported that 
plants grown under high irradiance conditions developed a larger pool 
of xanthophylls to dissipate more excess light energy, compared to 
plants grown under low or intermediate illumination [66,68] or inter-
mediate illumination [66,68–70]. As a result, NPQ saturates at lower 
levels of AL in plants grown under intermediate-low light compared to 
plants grown in high light. The direct relationship between NPQ and the 

Fig. 4. Photosynthetic parameters and energy partition at different intensities of actinic light (AL). Energy partition between photosynthesis (FPSII), heat dissipation 
by non-photochemical quenching (FNPQ) and photophysical decay (Fc) under AL with PPFD = 12 mmol . s− 1.m− 2 (A), Al with PPDF= 185 mmol . s− 1.m− 2 (B) and 
Al with PPDF= 627 mmol . s− 1.m− 2 (C). Coefficients for photochemical, qP (D) and non-photochemical, qNP (E) quenching. 
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cycle and xanthophyll content is well reported [71,72]. The behavior of 
NPQ as a function of LA intensity in plants acclimated to different light 
intensity has been reported previously [68,73]. Thus, it can be argued 
that the lower NPQ observed in Np-leaves at high AL is not really due to 
an increase in the photosynthetic efficiency but to a lower pool of xan-
thophylls. This finding is consistent with the results obtained for 
pigment content (especially carotenoids) and spectral indexes (in 
particular PRI), which specifically pointed to a reduced xanthophyll 
cycle. 

Another significant difference between control and Nps-leaves is 
found in the coefficient for photochemical quenching (qp), which was 
considerably lower for Nps-treated leaves at high intensities of AL. This 
coefficient represents the proportion of energy consumed to initiate 
photosynthesis and is proportional to the fraction of open reaction 

centers (RC) of PSII at steady state. Low values of qP indicate that most 
PSII RCs are closed and their plastoquinone A (QA) is in the reduced state 
[74,75]. On the other hand, values close to 1 for qP, indicate that QA is in 
the oxidized state and almost all PSII centers are open. As actinic light 
increases (Fig. 4), the proportion of closed RCs increases and so qP de-
creases. Thus, lower qP values indicate that a higher proportion of the 
RCs are closed and a higher proportion of QA are reduced. This finding 
would imply that Nps-treated samples saturate the reduction of accep-
tors more easily (with a lower number of photons). 

The whole set of photosynthetic parameters obtained from Kautskýs 
kinetics can be found inTable A.2 of the Appendix. 

It is worth mentioning that the parameter Fv/FM did not significantly 
change upon Nps treatment. 

The analysis of fast chlorophyll a fluorescence OJIP transient allows 

Fig. 5. Normalized OJIP transient for Np-leaves and controls. A: O and P normalization of the OJIP curve (VOP) and kinetic difference of VOP between treatment and 
control (ΔVOP). B: O and I normalization of the OJIP curve of the OJIP curve (VOI) and kinetic difference of VOI between treatment and control (ΔVOI). 
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obtaining valuable information on the primary photosynthetic stages. At 
the FM level, according to the hypothesis introduced by Duysens and 
Sweers [76], all QA molecules are completely reduced (that is, all active 
PSII RCs are closed), due to the complete reduction of all the acceptors of 
electrons from the photosynthetic transport chain, as a result of the 
applied saturating light pulse. In this way, the different phases of the 
fluorescence transient (OJ, JI and IP) are due to the progressive satu-
ration of the electron acceptors in the photosynthetic electron transfer 
chain: OJ follows the reduction of the acceptor side of PSII (QA and QB); 
JI represents the reduction of the plastoquinone pool (PQ) and IP par-
allels the reduction of electron transport acceptors in and around the PSI 
[77,78]. This means that OJIP transients provide information about the 
state of electron transport in the photosynthetic chain. 

The relative variable fluorescence calculated as VOP = (Ft - F0)/ (FP – 
F0) and the difference VOP = VOP,Np-leaves - VOP,control are shown in 
Fig. 5A. Magnification of the VOI region is shown in Fig. 5B for more 
details. 

Compared to controls, Chl a fluorescence increased slightly at the J 
step for Nps-leaves, but this increment was somewhat obscured by the 
drastic rise observed at the I step. The relative amplitude of the I-P phase 
followed the decreasing order GQD-leaves > nano-CB-leaves > control. 
Fig. 5 provides evidence that Nps induced a high increase in the relative 
variable fluorescence at time I, which is correlated with the fraction of 
closed PSII centers. 

The main photosynthetic parameters (obtained from OJIP curves) for 
NPs-leaves relative to control values are represented in a spider plot in 
Fig. 6. The whole set of absolute parameters are shown in Table A.3 in 
the Appendix. The parameters related to the electron flux in PSII: ΦP0 
(parameter related to primary PSII photochemistry), ΨEt0 (efficiency 
with which a PSII trapped electron is transferred from QA to QB), ΦEt0 
(quantum yield of electron transport flux from QA to QB) were kept 
almost constant upon Nps treatment. 

On the other hand, parameters related to PSI activity were seriously 
affected: δRE, the efficiency with which an electron can move from the 

reduced electron acceptors between systems to the PSI electron accep-
tors; ΦRE0, the quantum yield of electron transport from QA

− to the PSI 
electron acceptors; ΨRE, the efficiency with which a trapped exciton can 
move an electron from QA

− to the PSI electron acceptors. The reduction in 
δRE (around 50% relative to control) is the most meaningful one and 
strongly suggests that both nano-CB and GQD partially inhibited the 
activity of PSI. A similar trend was observed in the variations of the 
specific energy fluxes per RC which include: absorption (ABS/RC), 
trapping (TR/RC), electron transport (ET/RC), dissipation (DI/RC), and 
reduction of the final acceptors on the PSI electron acceptor side (RE/ 
RC). 

Finally, PIABS describes the energy conservation between the photons 
absorbed by PSII and the reduction of inter-system electron acceptors, 
whereas PItotal

ABS describes energy conservation between photon absorp-
tion and the reduction of the final PSI acceptors [79]. For both nano-
particles, a non-significant increase in PIABS was observed in parallel to a 
significant decrease in PItotal

ABS . 
Many studies have used the parameter FV/FM =ΦP0, as an indicator 

of environmental stress [80], but, in recent years, with the impetus given 
to the recording and interpretation of the OJIP curve, it has been shown 
that it is an useful indicator whenever the stress does not occur on PSII. 
For example, in this case, a slight increase was observed in ΦP0, but the 
overall efficiency of electron transport was drastically reduced by the 
inhibitory effect on PSI or its acceptors, in agreement with the observed 
reduction in δRE, ΦRE0, RE/RC and PItotal

ABS . 
The results show that both types of nanoparticles produced negative 

and similar changes in the photosynthetic electron transport. The 
contraction in the Area over the Chl a fluorescence induction curve, 
accompanied by a reduction in PItotal

ABS , suggests that PQ pool reduced its 
size. The findings pointed to a reduction in the efficiency with which an 
electron can move from the reduced intersystem acceptors to the PSI 
electron acceptors. 

It should be noticed that the variations at the photosynthetic level 

Fig. 6. Relative photosynthetic parameters derived from OJIP curve. Radar plot of selected parameters from OJIP curve. (See the table A1 for the meaning of the 
symbols and the parameters). All values are shown in relation to control ones (values for control plants = 1). 
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observed here cannot be attributed to the mere shading effect of the 
nanoparticles (as suggested for changes in pigment content). In partic-
ular, the variations in the parameters ΦPO, ΦET, ΨET, ABS/RC, TR/RC, 
VJ, among others, did not correspond to acclimatization to low light or 
shade-grown leaves [81,82]. The yields and quantum efficiencies in 
each stage of electronic transport were reported to be lower in shaded 
leaves than in sunny leaves. Our results, on the other hand, showed little 
or no variations in the parameters associated with PSII, whereas dete-
rioration of the parameters was evident for those related to PSI. Given 
this fundamental difference, combined with the low light absorption by 
Nps in the emission region of the light sources, the Nps shadowing 

hypothesis should be discarded as an important factor. 
The fluorescence spectra corrected by the detector response and by 

light re-absorption processes (according to Section 2.8) are presented in 
Fig. 7, where normalization at 730 nm was performed. The fluorescence 
ratios Fred/Ffar-red were 2.4 ± 0.1, 2.2 ± 0.3 and 2.4 ± 0.3 for control 
leaves, nano-CB-leaves and GDQ-leaves, respectively, without observing 
significant differences. 

These results allow to assume that no change in the photosystems 
stoichiometry [83] is induced by Nps presence. A similar result was 
obtained in literature for plants adapted to suboptimal illumination 
without modification of the spectral distribution of the exciting light 

Fig. 7. Fluorescence spectra corrected by light reabsorption, normalized at 730 nm. Spectra for control and for nano-CB-treated leaves (A) and for control and GQD- 
treated leaves (B). 
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[40]. 
When comparing the action of the nanoparticles here synthesized, 

we find that variations in photosynthetic parameters were more pro-
nounced for GQD than for nano-CB. Although the concentrations used in 
the treatments were similar for nanoparticles, their sizes and physico-
chemical properties were different. The greatest effect observed for GQD 
could possibly be associated with its smaller size and, therefore, with its 
greater capacity for incorporation into plant tissue. It is also worth 
noting that GQDs presented higher light absorption and greater light 
emission than the nanoparticles synthesized from carbon black. A va-
riety of effects of carbon nanoparticles on plants have been reported in 
literature. Li et al. [9] observed positive effects on plant growth at low 
concentrations (lower or equal to 200 mg/L) and negative consequences 
at higher concentrations (1000 to 2000 mg/L). Similar results were re-
ported in the review by Mukherjee et al. [18]. In the work presented 
here, the concentrations of the nanoparticles used can be considered 
high (1 - 2 g/L), and the deterioration observed for the photosynthetic 
activity for treated leaves are consistent with the reduction in growth 
described in literature, for such concentration. 

The beneficial effects of carbon nanoparticles have been attributed, 
in bibliography, mainly to two possible mechanisms: antenna effect, in 
which the nanoparticle absorbs in the UV and transfers energy to the 
photosystems, and electron transfer processes from the nanoparticles to 
the chloroplasts [9]. 

As a matter of fact, fluorescence from carbon nanoparticles can be 
envisaged as a way to transform ultraviolet radiation into blue light and 
improve the rate of photosynthesis, by energy transfer to chloroplasts. 
Nevertheless, unless a light source with a high proportion of UV light is 
used, it is unlikely to have a significant antenna effect. Even more, the 
degree of penetration of this radiation in chloroplasts is expected to be 
small, since outdoor plant leaves usually contain UV screens. 

On the other hand, electron transfer processes may be really 
important and have been suggested as a plausive positive mechanism of 
action [9]. Our experiments also point to an impact at the level of 
electron transport, although in this case, it resulted harmful. 

A third mechanism of action, presented in iterature showing positive 
effects, has been related to ribulose-1,5-bisphosphate carboxylase/oxy-
genase (Rubisco), the main enzyme that assimilates CO2 in the biosphere 
[9]. This enzyme has implications in crop yields, nitrogen and water use, 
and in the global carbon cycle. An increase of 30.9% in Rubisco activity 
was observed in several plant species such as mung beans, rice, Trifolium 
repens L., and Arabidopsis thaliana, when treated with carbon quantum 
dots. In fact, it was observed that these quantum dots were degraded by 
horseradish peroxidase (HRP) and hydrogen peroxide in the plants, a 
fact that promoted the production of hormone analogues and CO2. The 
hormone analogues favoured plant growth, whereas CO2 was converted 
to carbohydrates through the Calvin cycle in photosynthesis; both fac-
tors favoring plant growth. 

Our results indicated that the synthesized carbon nanoparticles 
interfered with the electron transport chain. More experiments testing 
the effects of carbon nanoparticles on plants, especially on charge 
transfer processes, are needed to completely elucidate the possible 
triggering mechanisms under the observed effects. 

4. Conclusions 

In this work, we have reported the effect of two types of carbon 
nanoparticles (nano-CB and GQD) on the photosynthetic machinery of 
Cichorium intybus plant. 

Hypothesis i) stating that “Carbon nanoparticles will interfere in the 
processes of energy and electron transfer within chloroplasts and will 
have a deleterious effect on photosynthesis” was validated whereas 
hypothesis ii) was refuted. 

The synthesized nanoparticles were found to be fluorescent. Fluo-
rescence efficiency for GQD was over 6 times higher than for nano-CB. 

Upon application on leaves, both nanoparticles reduced pigment 
content. Additionally, Chl a/b decreased and Total Chl/Cars increased. 
Moreover, experimental evidence suggested a reduced xanthophyll 
cycle and lower ability to dissipate excess energy by this cycle. The 
variations in pigment concentration were expressed by the plant 
through changes in some spectral indexes (mNDVI, PSNDa and PRI). 

It was also found that in Nps-treated leaves, saturation of electron 
acceptors in the photosynthetic chain is attained with a lower number of 
photons than for control leaves. 

Our results suggested that carbon nanoparticles affected the photo-
synthetic chain at PSI level. The effect was higher for particles with the 
smallest size. 

This work, together with previous literature, shows that further 
research should be focused on the study of the electron transfer pro-
cesses taking place in photosynthetic systems containing nanoparticles, 
to unveil the detailed photophysics describing their mutual interaction. 
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Fig. A1. Reflectance spectra for control leaves (green line), nano-CB treated 
leaves (orange line) and GQD treated leaves (blue line). 
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Table A1 
Chl fluorescence parameters determined from the Chl fluorescence induction kinetics (based on information presented by Strasser et. al.[84], Stirbet et. al. [77], and 
Lichtenthaler et al. [39]).  

Parameter Equation Definition 

Common basic parameters of variable fluorescence 
Fo Fo = F20 μs or F50 μs First reliable fluorescence value after the onset of actinic illumination; used as initial value of the fluorescence 
FM FM = FP Fluorescence value at the peak of OJIP curve; maximum value under saturating illumination 
FV

FM 

FM − FO

FM 

* Ratio between variable and maximum fluorescence 

FV

Fo 

FM − FO

FO 

Value that is proportional to the activity of the water-splitting complex on the donor side of the PSII 

Parameters under actinic illumination (Kautsky’seffect) 
F′

M  Maximum Chl fluorescence in the light-adapted state of leaves (induced by an saturated light) 
FS  Fluorescence level induced by actinic light on stationary state 
ΦC FS

FM 

Quantum yield of photophysical decay 

ΦNPQ FS (FM − F′

M)

FM F′

M 

Quantum yield of the NPQ 

ΦPSII F′

M − FS

FM 

Quantum yield of PSII 

PSrate ΦPSII . LA Estimated photosynthetic rate of PSII 
qP F′

M − FS

FM − Fo 

Photochemical quenching of variable Chl fluorescence 

qNP FM − F′

M
FM − Fo 

Non-photochemical quenching of variable Chl fluorescence 

Basic JIP-test parameters derived from the OJIP transient 
FK F300 μs Fluorescence value at 300 µs 
FJ F2 ms Fluorescence value at 2 ms (J-level) 
FI F30 ms Fluorescence value at 30 ms (I-level) 
Vt FT − Fo

FM − Fo 

Relative variable Chl fluorescence 

Area  Area between OJIP curve and the line F = FM 

SM Area
FM − F0 

Normalized area (related to the number of electron carriers per electron transport chain) 

MO 4 ms− 1 FK − Fo

FM − FO 

Approximate value of the initial slope of relative variable Chl fluorescence curve Vt (for Fo = F50µs) 

N SM
VJ

MO 

Number indicating how many times QA is reduced while fluorescence reaches its maximal value (number of QA redox turnovers until Fm is 
reached) 

Quantum yields and probabilities derived from the OJIP transient 
ΦPO TRo

ABS
= 1 −

Fo

FM 

*Parameter related to primary PSII photochemistry 

ΨET ET
TRo

= 1 − VJ 
Efficiency/probability with which a PSII trapped electron is transferred from QA to QB 

ΦET ET
ABS

= ΦPO (1 − VJ)
Quantum yield of the electron transport flux from QA to QB 

δRE RE
ET

=
1 − VI

1 − VJ 

Efficiency/probability with which an electron from QB is transferred until PSI acceptors 

ΦRE RE
ABS

= ΦPO (1 − VI)
Quantum yield of the electron transport flux until the PSI electron acceptors 

Specific energy fluxes expressed per active PSII reactioncenter(RC) 
RC /ABS ΦPO

VJ

MO
=

γRC
1 − γRC 

Number of QA reducing RCs per PSII antenna Chl 

ABS /RC MO

VJ

1
ΦPO 

Average absorbed photon flux per PSII reaction center (or also, apparent antenna size of an active PSII) 

TR /RC MO

VJ 

Maximum trapped exciton flux per PSII 

ET /RC MO

VJ
(1 − VJ)

Electron transport flux from QA to QB per PSII 

RE /RC MO

VJ
( 1 − VI)

Electron transport flux until PSI acceptors per PSII 

RC /CS RC
ABS

ABS
CS 

The number of active PSII RCs per cross section 

γRC ChlRC

Chltot 

Probability that a PSII Chl functions as RC 

‘‘Performance’’ indexes (combination of parameters) 
PIABS γRC

1 − γRC

ΦPO

1 − ΦPO

ΨET

1 − ΨET 

Performance index for energy conservation from photons absorbed by PSII antenna, to the reduction of QB 

PIABS
total PIABS δRE

1 − δRE 

Performance index for energy conservation from photons absorbed by PSII antenna, until the reduction of PSI acceptors 

* ΦPO and Fv/FM have been previously considered in literature as the maximum quantum yield of photosynthesis for dark-adapted leaves. A very recent research has 
shown that although these parameters are related to PSII activity, they cannot be strictly considered as the maximum quantum yield of photosynthesis [85].  
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