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Abstract 

 

Cerium–Nitrogen co–doped carbon quantum dots (Ce-N-CDs), a novel type of carbon-based nanomaterials, are prepared 

using hydrothermal synthesis. Ce-N-CDs demonstrate low toxicity, stability, and satisfactory biocompatibility. Effects of Ce-

N-CDs on Arabidopsis root growth were analyzed at the molecular and physiological levels in this work. Ce-N-CDs (0.04 

mg/mL) promoted the root tip meristem (RAM) and primary root (PR) growth. Ce-N-CDs effectively regulated the genes 

expression associated with cell cycle and facilitate the RAM and PR growth by enhancing cell division capacity of the RAM 

and activity of stem cells niche. The expression of auxin synthesis genes was upregulated after treatment with Ce-N-CDs, and 

the increased abundance of auxin transporters PIN1, PIN2, and PIN7 led to the increased accumulation of auxin and promotion 

of root growth. Thus, Ce-N-CDs can potentially promote plant growth and bioimaging. 
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Introduction 

 

In recent years, on account of the raising production, the 

ecological effect of nano-materials diffusion in environment 

has aroused extend research attention (Batley et al., 2013). 

Nanotechnology has become an important tool for 

increasing agricultural productivity. Molecular mechanisms 

by which nanoparticles respond in plants must be thoroughly 

considered because effects of nanoparticles on plant systems 

are remarkably more complex than expected. Carbon dots 

(CDs) are the nanomaterials based on carbon with 

characteristics of biocompatibility and minimal 

environmental toxicity due to their nontoxic carbon skeleton 

(Li et al., 2019). Therefore, CDs are also often used as 

objects for investigating interactions with plants. For 

example, CDs can facilitate the mung bean roots growth, 

(Wang et al., 2018; Zhang et al., 2018) although other CDs 

suppress the plant roots growth (Chen et al., 2016; Yan et 

al., 2021). The CDs’ conflicting effects against plants may 

be determined by the type of plant, stage of growth and 

development, and their own nature and concentration. 

Doping of heteroatoms (elements, such as Mg, La, and Ce) 

onto CDs can also enhance the distinctive optical 

performances of CDs in some practical applications (Zhang 

et al., 2017; Han et al., 2018; Zhang et al., 2019). The 

incorporation of rare earth elements can exert a positive role 

on the growth of plant (Fashui, 2002; An et al., 2020). 

However, high concentrations of lanthanum (La) and cerium 

(Ce) can present toxic effects against the growth of plant root 

(Zhang et al., 2013). Cerium is a rich rare earth element 

containing high ecological value. However, studies on Ce 

typically focus on germination, biomass, and physiological 

effects of nanomaterials on plants. We chelated CDs and Ce 

into a novel nanomaterial to investigate physiological 

mechanisms of its interactions with plants thoroughly. 

Terrestrial plants rely on their roots to absorb water 

and nutrients and transport them to various organs via the 

vascular bundle. Furthermore, roots provide support for the 

plant. The root system can respond to changes in the 

environment because of its direct contact with the external 

environment. Cell division and differentiation in the RAM 

contribute to the continuous growth of the root (Petricka et 

al., 2012). The RAM is composed of four stem cells groups 

and a quiescent center (QC). QC cells divide very 

infrequently or even not at all (Van Den Berg et al., 1997). 

The concentration of auxin in the course of root growth 

together with development is modulated through the two 

pathways of SCARECROW (SCR)/SHORT-ROOT (SHR) 

and PLETHORA1 (PLT1)-PIN auxin transport carriers 

(Ulmasov et al., 1997; Aida et al., 2004; Galinha et al., 

2007). However, Ce-N-CD regulation of root structure via 

the auxin pathway remains unclear. 

Previous studies generally focused on oxidative stress of 

CDs on plants and photosynthesis (Li et al., 2019; Xiao et al., 

2019; Chandrakar et al., 2020; Chen et al., 2020; Chen et al., 

2020). Therefore, in this work, A. thaliana, citric acid, 

ethylenediamine and cerium nitrate were respectively utilized 

as plant material, carbon source, nitrogen source, and doping 

material to integrate Ce–N co-doped CDs in quantum dots 

via hydrothermal synthesis. We then characterized the novel 

Ce-N-CDs, verified their biocompatibility, and investigated 

their application in phytology. The experimental results 

showed that Ce-N-CDs demonstrate low biotoxicity and can 

affect the cell cycle and auxin synthesis by entering roots of 

plants. Hence, we hypothesized that the application of Ce-N-

CDs may potentially affect the growth together with 

development of plant root. 

 

Experimental methods 

 

Synthetic materials and characterization apparatus for 

Ce-N-CDs: The cerium nitrate, ethylenediamine, and citric 

acid were analytically pure and purchased from Shanxi 

Aiko Laboratory Equipment Co. Transmission electron 

microscope was employed for acquiring the images of 

high-resolution transmission electron microscopy and 

transmission electron microscopy images. Cary 300 UV–

vis spectrophotometer was conducted to determine UV–

visible spectra. With Nicolet 380 infrared spectrometer 

(Varian, USA), the fourier transform infrared (FTIR) 
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spectra could be acquired. The instrument of Thermo 

ESCALAB 250Xi was applied for measuring X-ray 

photoelectron spectroscopy (XPS). Fluorescence was 

measured using an LS-55 fluorescence spectrophotometer 

(Perkins Elmer, USA). 

 

Synthesis of Ce-N-CDs: Ce-N-CDs and Ce-CDs were 

integrated utilizing a hydrothermal synthesis method. 

Citric acid (2 g) and Ce(NO3)3 (2 g) were dissolved in 

ultrapure water (40 mL) and ethylenediamine (1 mL) was 

next added when stirring prior to the mixture was dissolved 

fully. The mixture after dissolved was subsequently 

transferred into the lined autoclave and heated for 120 min 

under a temperature of 180°C. Cooling the sample to RT 

and centrifuging it (10,000 r/min, for 20 min) after heating. 

Supernatant was retained and sieved via a filtering device 

(0.22 mm) to generate an uniformly dispersed solution. 

Ultimately, the resulting solution was frozen in refrigerator 

for one day and subsequently dried utilizing vacuum freeze 

dryer to obtain dried Ce-N-CDs solids. 

 

Cell toxicity test of Ce-N-CDs: Cell Counting Kit-8 

(CCK-8) was employed for determining the Ce-N-CDs’ 

cell toxicity (Cai et al., 2019) HeLa cells were used in this 

study. The suspension of cell was added into a cell culture 

plate (96 well) and cultivated in a 5% CO2 incubator under 

a temperature of 37°C for one day. Ce-N-CD solution 

containing a concentration between 0 and 0.7 mg/mL was 

produced with complete medium (90%DMEM+10%fetal 

serum) to continue the culture of cell for half a day, in 

which the concentration of the control group was 0 mg/ml. 

Cell survival rate was counted through the measurement of 

the absorbance of test hole with a microplate reader as 

follows: VR = A / A0 × 100%, in which A and A0 denote 

the cell absorbance with or without the probe treatment, 

respectively. Each measurement is repeated three times. 

 

Plant culture: The plant used in this experiment is A. 

thaliana (Col-0, DR5-GUS, PIN7:PIN7-GFP, PIN2:PIN2-

GFP, PIN1:PIN1-GFP, CYCB1;1:CYCB1;1-GUS, QC25-

GUS, WOX5:WOX5-GFP). Seeds are first soaked for 1 

hour and then placed in the refrigerator at 4℃ for 

vernalization for 3 days. The surface of seed is disinfected 

through 1.5% (v/v) NaClO for ten minutes and next rinsed 

utilizing sterile water for 5 times. The seeds were cultivated 

on MS medium add with various concentrations of Ce-N-

CDs. Samples were placed in a light incubator with a 

temperature of 22℃/18℃ and cultured in a simulated 

photoperiod (16 h/8 h). Root length was measured with a 

ruler in the experiment. RAM is defined as the region from 

the rest center to the first significantly elongated cortical 

cell. The Image J software was implemented for 

determining RAM length. 

 

Microscopy imaging: HeLa cell imaging: Add Ce-N-CD 

solution (10 μL) into the culture medium containing 

cultured HeLa cells and incubate under a temperature of 

37℃ for 120 minutes. Cells were cleaned for 3 times 

applying PBS buffer solution (10 mM, with a pH of 7.4), 

and Olympus laser confocal microscope was conducted for 

cell fluorescence imaging. 

In vivo imaging of plants: The laser confocal microscope 

was employed for observing the distribution and absorption of 

Ce-N-CDs in the roots and A. thaliana leaves together with 

the GFP fluorescence. The excitation wavelength of Ce-N-

CDs and GFP under laser confocal microscope are 405 nm 

and 488 nm, respectively. Image J software was implemented 

to quantify the GFP fluorescence intensity. 

GUS staining: The GUS histochemical staining was 

carried out with root tip (Nan et al., 2014). The 

transparency was utilized to treat root after staining at 37℃ 

for 12 hours in dark environment. Stained pictures were 

then obtained on a fluorescence microscope (OLYMPUS, 

BX53). Finally, the activity of Gus was quantified (Béziat 

et al., 2017). 

 

RT-qPCR assay: Fresh root tips (approximately 0.5 cm) 

from each experimental group at 7 days of age were taken, 

quick frozen utilizing the liquid nitrogen, and placed under 

a temperature of −80°C. RNA could be extracted from the 

root tips employing the TRIzol method and cDNA strands 

were subsequently obtained via reverse transcription 

(TransScript One-Step gDNA Removal and cDNA 

Synthesis SuperMix, Transgen, China). The changes in 

relevant genes expression was determined through the 

instrument of real-time fluorescence quantitative PCR 

(ABI 7500Fast Real-Time PCR System, China). The 

comparative2−ΔΔCt approach was applied to count the 

relative genes expression (Livak & Schmittgen, 2001) 

EF1α was selected as an internal reference gene (Lilly et 

al., 2011). Table 1 summarizes all the primer sequences in 

the current work. 
 

Table 1. Primer sequences for qRT-PCR. 

Gene name Forward primer (5’-3’) Reverse primer (5’-3’) 

EF1α CCAGGCTGATTGTGCTGTTCT GGTGGTGGCATCCATCTTGTT 

Histone 4 GATTCGTCGTCTTGCTCGTAG CAGTCACCGTCTTCCTCCTC 

CYCB1;1 CTCTTCTCATGTCGGCCAAGTA GTCGGAACTGTCAAGTACCACTCA 

CDKA;1 GGAAACCAACGGACCTAGAAACT ATGCCTCCAAGATCCTTGAAGTAT 

PCNA1 TTGGTGACACAGTTGTGATCTCTG CTATCACAATTGCATCTTCCGG 

PCNA2 CTCAGTAGCATTGGTGACACAGTTG ACAGGCTCGTTCATCTCTATCACA 

YUC3 CAACGTCCCTTCATGGCTTAA TCTCGTGAACCCTACCGCATAC 

YUC5 TCTGGCGCATCAAGACAACA TCACCTCGCCTTCAAACTCC 

YUC9 CTTGTCGTCGGATGTGGAAACT GCCACTTCATCATCATCACTGAGAT 

SUR1 TGGTGTGTGATAGGCTCAAGGA ATCCATCAATGACAGCTCCAACTT 

AAO3 TGGTAGCACGACATCCGAGAG TGACCATACGCTTGTTGAATGAGT 

javascript:;
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Fig. 1. (a) TEM of Ce-N-CDs. (b) and the ultraviolet-visible absorption spectra of the Ce-N-CDs. Inset: The diagram of the water Ce-

N-CDs under UV light (340 nm) sunlight, respectively. (c) The FTIR spectra and (d)XPS spectra of the Ce-N-CDs. (e) Ce-N-CDs’ 

emission and excitation spectra. (f) The emission spectra related to excitation of Ce-N-CDs at various excitation wavelengths. 
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Fig. 2. Single element spectrogram of Ce-N-CDs. (a)Spectra of C 1s.(b) N 1s.(c) O 1s and (d) Ce 3d. 
 

Statistical analysis 

 

All the tests were repeated three times. The data of 

experiment were analyzed through one-way ANOVA on 

the basis of Newman Keuls multiple comparison detection 

(P ≤ 0.05) Origin 8 and GraphPad Prism 5 were applied for 

mapping of data and statistical analysis. 

 

Results and Analysis 

 

Characterization and spectroscopic properties of Ce-N-

CDs: The transmission electron microscopy (TEM) can be 

carried out to characterize the morphology of Ce-N-CDs. 

The TEM outcomes suggested that Ce-N-CDs are mostly 

spherical and properly dispersed (Fig. 1a). The ultraviolet 

absorption spectra of the Ce-N-CDs in Fig. 1b showed that 

an absorption peak is observed at 340 nm likely due to the 

n–π* electron leap (Atchudan et al., 2017; Liu et al., 2019). 

The inset in Fig. 1b based on the Ce-N-CDs water solution 

under sunlight and ultraviolet light (340 nm) revealed that 

under the ultraviolet excitation, the Ce-N-CDs can emit 

blue light. The infrared spectroscopy was applied to 

explore the chemical functional groups on the Ce-N-CDs 

surface (Fig. 1c). Peaks at 3,418 and 3,044 cm−1 are caused 

by contraction vibrations of N–H and O–H bonds. The 

tensile vibrations peaks of C=O bonds are presented at 

1,555 and 1,653 cm−1, those at the CH2 bond are observed 

at 1,376 cm−1, and those at the C–O–C bond are exhibited 

at 1,222 and 1,043 cm−1. The outcomes of FTIR reflected 

that the Ce-N-CDs surface involves hydrophilic groups, for 

instance unsaturated C–H, carboxyl, and hydroxyl groups, 

which lead to extremely water soluble and dispersible Ce-

N-CDs. The elemental composition of the Ce-N-CDs 

surface was further analyzed via XPS. Fig. 1d shows that 

four peaks, namely, N1s (400 eV), C1s (285 eV), Ce3d 

(903 eV) and O1s (531 eV), contain nitrogen, carbon, 

cerium oxygen on the Ce-N-CDs surface. This finding 

corresponds to the results of the single element analysis 

through XPS (Fig. 2). The results clearly showed that the 

element Ce on the Ce-N-CDs surface is reflected in the 

form of Ce4+ and Ce3+. The fluorescence spectrophotometer 

was utilized for determining the optical performances of 

Ce-N-CDs. Fig. 1e reveals the Ce-N-CDs’ emission and 

excitation spectra. At 440 nm, Ce-N-CDs exhibit the 
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largest emission peak with 340 nm of excitation 

wavelength. Fig. 1f reflects the Ce-N-CDs’ FL emission 

spectra with the excitation wavelengths between 300 nm 

and 400 nm. The outcomes exhibited that Ce-N-CDs’ 

fluorescence performances are acceptable. 

 

Biological toxicity of Ce-N-CDs and stability of 

fluorescence (FL) intensity: We measured the biological 

toxicity and fluorescence stability of Ce-N-CDs to detect their 

applicability to organisms. HeLa cells were selected in this 

study for measuring the cell toxicity. Seven concentrations of 

Ce-N-CDs were set and used to culture HeLa cells, 

respectively. The results in Fig. 3a showed that the cell 

survival rate is at least 95% with 0.4 mg/ml of Ce-N-CDs 

concentration. The cell survival rate was still exceed 85% with 

0.7 mg/ml of Ce-N-CDs concentration. However, the 

concentration we used in the experiment was significantly less 

than 0.4 mg/ml. We tested the Ce-N-CDs’ fluorescence 

stability at different pH values, ionic strengths, and times 

when the excitation wavelength was 340 nm (Fig. 3b–3d). The 

FL intensity of Ce-N-CDs fluctuates slightly and is stable 

when the pH value is 5.0–7.0 in different pH solutions (Fig. 

3b). Therefore, the pH value of 5.0–7.0 is the optimal range of 

FL strength and selected for subsequent experiments in the 

current work. Ce-N-CDs were dissolved in NaCl solutions of 

different concentrations to test the Ce-N-CDs’ FL stability at 

high concentration of salt, and the FL intensity was recorded 

(Fig. 3C). The results showed that the FL intensity is still 

unchanged basically with the concentration of NaCl between 

0 M and 1.0 M. This finding indicated that the Ce-N-CDs’ FL 

intensity remains unaffected by the change of salt 

concentration and presents satisfactory stability. Fig. 3d 

illustrates the effect of different times on FL strength in the 

PBS solution at pH 7.0. The results showed that the Ce-N-

CDs’ fluorescence remains unaffected by time and Ce-N-CDs 

exhibit low cell toxicity and fluorescence stability and can be 

used in subsequent biological-related experiments. 

 

Absorption and distribution of Ce-N-CDs: Ce-N-CDs 

were incubated in animal and plant cells and then observed 

with a laser confocal microscope to explore their 

biocompatibility. First, HeLa cells were incubated with Ce-

N-CDs for 3 hours. The change in cell morphology was 

insignificant although fluorescence signals can be detected 

and Ce-N-CDs entered cells and became enriched in the 

cell membrane and cytoplasm (Fig. 4). This finding 

suggested that Ce-N-CDs may play a role in cell cytoplasm 

and membrane.  
 

 
 

Fig. 3. (a) Cell viability of HeLa cell at different concentration of Ce-N-CDs for 12 h. Ce-N-CDs’ FL Intensity at various pH value (b), 

concentrations of NaCl solution (c) and time (d). 
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Fig. 4. Fluorescence imaging of Ce-N-CDs in HeLa cells. 
 

 
 

Fig. 5. The distribution and absorption of the Ce-N-CDs in A. thaliana seedlings. 
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In the RAM of A. thaliana, the fluorescence signals 

could be found, and the strong signals were found in the 

cell cytoplasm and membrane (Fig. 5a–5c). Furthermore, a 

large amount of blue fluorescence was also revealed in the 

mature area of the root, which is located in the vascular 

bundle (Fig. 5d–5f). Fluorescence signals can be detected 

in mesophyll cells and localized in chloroplasts because of 

their enrichment in cotyledons (Fig. 5g–5i). In conclusion, 

Ce-N-CDs can be absorbed by animal and plant cells and 

located in the cell membrane and cytoplasm. Particularly, 

fluorescent signals can also be detected in mesophyll cells 

of leaves in A. thaliana. 

Previous studies showed that the uptake of CDs by A. 

thaliana cells is similar to that of animal cells and CDs can 

be absorbed into the cell cytoplasm and membrane for 

imaging (Cao et al., 2007; Chen et al., 2013; Tan et al., 

2013). However, carbon dots experience difficulty in 

entering the nucleus via cell membrane, and even those that 

enter nucleus require to be cultivated for a long time 

(Puvvada et al., 2012). Different from animal cells, plant 

cells given that the cell wall of plant cells acts as a 

protective barrier that modulated the substances transport 

through stomata (Kurepa et al., 2010; Ran et al., 2010). 

Therefore, the absorption of Ce-N-CDs in the cell wall is 

mainly determined by the size of pores and particles on cell 

wall. Ce-N-CDs can pass through the pore size of the plant 

cell wall (about 10 nm) and then enter the cell for 

absorption because their volume is less than 5 nm (Fig. 1a). 

(Kruk et al., 1999; Berestovsky et al., 2001) Ce-N-CDs 

typically distributed in the cell cytoplasm and membrane 

are stained (Dong et al., 2012; Zhang et al., 2013). Plants 

absorb water and inorganic salts through apoplastic and 

symplastic pathways (Steudle & Peterson, 1998; Jackson 

et al., 2000). Other studies have proven that CDs can enter 

the mung bean vascular bundle through the pathway of 

apoplast although fluorescence is absent in mung bean 

cells.(Li et al., 2016) Chen (Chen et al., 2018) hold that 

CDs are transported in Arabidopsis through the apoplastic 

pathway and demonstrated that Ce-N-CDs can enter the 

cytoplasm through the cell membrane and wall of root tip 

cells, thereby indicating that Ce-N-CDs entered A. thaliana 

in two ways. Therefore, tissue and subcellular localizations 

of Ce-N-CDs in A. thaliana based on laser confocal 

microscopy demonstrated the application potentiality of 

Ce-N-CDs in biological imaging. 
 

Promotional effects of Ce-N-CDs on A. thaliana roots: 

A. thaliana seeds were seeded on the medium of MS added 

with Ce-N-CDs concentrations between 0 and 0.04 mg/mL 

for culture to investigate whether Ce-N-CDs can positively 

affect roots of A. thaliana. The phenotype of A. thaliana 

seedlings grown for 7 days (Fig. 6a) showed that Ce-N-

CDs exert a promoting effect on roots. We then measured 

the primary roots length (Fig. 6b). The results clearly 

demonstrated that the primary roots length increased with 

increasing concentration when seedlings are grown for 7 

days in the medium containing Ce-N-CDs. The length 

reaches the maximum at 0.04 mg/mL of concentration, 

which is a significant level and 11.9% longer than the 

control. The main root length followed the same trend as 

the incubation of 7 days when the incubation time was 8 

days. Therefore, we conclude that Ce-N-CDs can promote 

root length. Finally, 0.04 mg/mL of concentration was 

chosen for subsequent experiments. 

The RAM is the key factor of root elongation. We 

measured the RAM length from 5 days to 8 days to 

demonstrate whether the promotion of root growth by Ce-

N-CDs is related to the RAM further (Fig. 6c). The RAM 

length was significantly higher by 20.6% after 7 days of 

treatment with Ce-N-CDs in contrast to the length of 

control. The results suggested that Ce-N-CDs can 

potentially influence cell division in the RAM to promote 

root growth. 
 

Ce-N-CDs affect cell division: We demonstrate the 

impact of Ce-N-CDs against cell division in this section. 

GUS staining was applied to the A. thaliana transgenic line 

CYCB1;1-GUS in this experiment. CYCB1;1 is a cell cycle 

protein and its expression is involved in the G2/M phase 

transition and activities indicative of cell division (Colón‐

Carmona et al., 1999). The activity of cytokinesis was 

significantly higher at 5 days of treatment with Ce-N-CDs 

compared with that of the control (Fig. 7a and 7b). The 

growth continued for 2 days and the cytokinesis activity of 

the group treated with Ce-N-CD remained evidently higher 

in comparison with control group. This outcome revealed 

that Ce-N-CDs can indeed increase the activity of cell 

division in the root tip meristematic zone. 

We performed relative quantification experiments on 

cell cycle- (Histone 4, CYCB1;1, and CDKA;1) and cell 

proliferation- (PCNA1 and PCNA2) related genes using 

qRT-PCR to investigate changes in regulatory genes of the 

A. thaliana root tip cell cycle further. Histone 4 is involved 

in the G1/S phase transition of the Arabidopsis cell cycle 

(Cui et al., 2017). The relative Histone 4 expression 

elevated by 78% compared with that of controls after 

treatment with Ce-N-CDs (Fig. 7c). CYCB1;1 and CDKA;1 

are specifically expressed in the G2/M phase, (Doerner et 

al., 1996; Shaul et al., 1996; Cao et al., 2018) and their 

relative expression elevated by 50% and 69%, respectively, 

compared with that of controls (Fig. 7c). PCNA1 and 

PCNA2 are cell proliferation marker genes (Cui et al., 

2017) and their relative expression elevated by 28% and 

11%, respectively, compared with that of controls (Fig. 7c). 

For all the associated genes, the relative expression 

elevated in varying degrees after culture with Ce-N-CDs. 

For the cell cycle marker genes, their relative 

expression in G2/M and G1/M phases significantly 

reduced and root growth was inhibited in a study of Cd 

stress on A. thaliana root growth (Cui et al., 2017). 

Moreover, the promoter activity of CYCB1;1-GUS 

reduced under salt stress similar to the relative expression 

of CYCB1;1 as well as the suppression of root growth 

(Burssens et al., 2000). Ce-N-CDs raised the activity of cell 

division and the expression for all the genes associated 

with cell cycle was significantly higher in the present 

study. The proteins expression associated with cell cycle is 

precisely modulated at both the post-transcriptional and 

transcriptional levels. These proteins are generated rapidly 

and then degraded to ensure that cells can successfully 

enter the next cell cycle for division (Wan et al., 2019). 

Therefore, we suggested that Ce-N-CDs drive the activity 

of cell division through modulating the genes associated 

with cell cycle and promoting the root growth. 
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Fig. 6. Effects of Ce-N-CDs on root growth together with development of A. thaliana. (a) Phenotype of A. thaliana seedlings after 7 days of 

growth; (b) The length of A. thaliana root growing at 7 and 8 days; (c) Length of root apical meristem zone at 5-8 days of culture; Different 

letters denote evident differences (p<0.05). * represents significant difference between Ce-N-CDs treatment and control group (p<0.05). 

 

 
 

Fig. 7. Ce-N-CDs affects cell division in the meristem region of the root tip. (a) GUS staining images of transgenic line CYCB1;1-GUS at 

different times. (b) Quantitative activity of GUS. (c) The levels of relative genes expression levels related to cell cycle in A. thaliana treated 

with Ce-N-CDs for 7 days. * represents significant difference between control and Ce-N-CDs treatment group (p<0.05). Scale bar: 50 μm. 
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Fig. 8. Changes in stem cell niche activity after Ce-N-CDs treatment in A. thaliana root tip. (a) Changes of WOX5-GFP after Ce-N-

CDs treatment. (b) fluorescence intensity of WOX5-GFP. (c) GUS staining image of QC25-GUS. (d) GUS activity quantification of 

QC25-GUS. * represents significant difference between control group and Ce-N-CDs treatment (p<0.05). Scale bar: 50 μm 

 

 

Fig. 9. Effects of Ce-N-CDs on auxin and PINs abundance in 

Arabidopsis thaliana root tips. (a) The changes of auxin were monitored 

by transgenic line DR5-GUS. (b) GUS activity quantification of DR5-

GUS. (c) Variation of PIN1 abundance at different times. (d) 

Fluorescence intensity value of PIN1. (e) Variation of PIN2 abundance 

at different times. (f) Fluorescence intensity value of PIN2. (g) 

Variation of PIN7 abundance at different times. (h) Fluorescence 

intensity value of PIN7. (i) Relative expression levels of auxin 

synthesis-related genes. * represents significant difference between 

control group and Ce-N-CDs treatment (p<0.05). Scale bar: 50 μm. 
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Ce-N-CDs enhance the activity of stem cell niche of A. 

thaliana in root tip: We assayed the stem cell niche 

activity using two QC transgenic lines, namely, QC25-

GUS and WOX5-GFP, to assess whether Ce-N-CDs affect 

the niche activity of A. thaliana root tip stem cell. The GFP 

fluorescence intensity and GUS activity of Ce-N-CD-

treated WOX5-GFP (Fig. 8a and 8b) and QC25-GUS (Fig. 

8c and 8d) root tips were both obviously higher in 

comparison with control at day 6. Both GUS and GFP 

signals were not evidently different from the signals in 

control group and approached normal levels at days 5 and 

7. These outcomes suggested that Ce-N-CDs raised the 

meristematic zone length through improving the stem cell 

niche activity in root tip. 
 

Altered accumulation of auxin and localization of PIN 

protein after Ce-N-CD treatment: Auxin exerts an 

essential effect through extensively regulating plant growth 

together with its development through its dynamic and 

differential distribution in plant tissues.(Vanneste & Friml, 

2009) We investigate whether the mechanism by which 

Ce-N-CDs promote root length is related to auxin in this 

section. Therefore, DR5-GUS, the A. thaliana transgenic 

line was employed for evaluating the distribution or/and 

response to the auxin (Ulmasov et al., 1997). We first 

examined changes in auxin after treatment with Ce-N-CDs 

using DR5-GUS. The results showed that the DR5-GUS 

promoter activity was significantly increased after 5 and 6 

days of Ce-N-CD treatment compared with the control, and 

the concentration of auxin increased because the promoter 

activity was induced by auxin (Fig. 9a and 9b). Auxin 

accumulation returned to levels consistent with those of the 

control at 7 days of treatment. 

The Ce-N-CD treatment effect against the auxin 

generation genes expression was further explored. 

Experiments were performed on the genes expression 

associated with auxin synthesis employing qRT-PCR. 

YUCCA (YUC) protein is required for auxin biosynthesis 

during plant development (Mashiguchi et al., 2011). 

Transcript levels of YUC (YUC3, YUC5, and YUC9) were 

significantly higher after treatment with Ce-N-CDs 

compared with those of controls (Fig. 9i). YUC3 and YUC5 

genes are responsible for auxin biosynthesis in roots and are 

highly expressed. Simultaneous silencing of YUC9, YUC8, 

YUC7, YUC5, and YUC3 (yucQ mutants) led to the blockage 

of auxin synthesis in roots that ultimately suppressed the 

growth together with development of primary and lateral 

roots. Even excessive above-ground auxin synthesis fails to 

restore this phenomenon; meanwhile, the partial restoration 

of the root-deficient phenotype of the yucQ mutant through 

the application of exogenous auxin suggested that only auxin 

synthesized in root exerts a principal effect in the root 

development process (Chen et al., 2014). Two other genes 

expression associated with auxin synthesis, namely, SUR1 

and AAO3, was also upregulated to significant levels 

compared with that of the control (Fig. 9i). This 

phenomenon may explain why the addition of Ce-N-CDs 

regulated the genes expression related to auxin, induced 

auxin synthesis, and increased auxin concentrations. 

The distribution of root apical auxin is regulated by 

auxin transport carriers (Santelia et al., 2008). PIN proteins 

in these transport carriers are a class of proteins essential in 

the polar transport of auxin (Wisniewska et al., 2006). We 

used auxin transport carriers PIN7:PIN7-GFP, PIN2:PIN2-

GFP, and PIN1:PIN1-GFP to investigate whether PIN 

transport carriers are stimulated by Ce-N-CDs to change and 

detect the expression of auxin carriers. The outcomes 

reflected that the fluorescence signal intensity of PIN1-GFP 

is markedly enhanced after 5–6 d of treatment with Ce-N-

CDs and returns to a level consistent with that of the control 

by day 7 (Fig. 9c and 9d). However, the fluorescence signal 

intensity of PIN2-GFP was significantly enhanced at days 5 

and 7 of treatment with Ce-N-CDs (Fig. 9e and 9f). The 

significantly higher abundance of PIN7-GFP at 5 d of 

treatment continued for two more days compared with that 

of the control (Fig. 9g and 9h). Low concentrations of single-

walled carbon nanohorn (SWCNH) promote the A. thaliana 

YUC5 and YUC3 expression and increase the intensity of 

PIN2 expression to promote root growth (Sun et al., 2020). 

Furthermore, the inhibition of A. thaliana roots under 

cadmium stress is caused by the reduction of auxin synthesis 

on account of the reduced abundance of PIN7, PIN3, and 

PIN1 proteins (Yuan & Huang, 2016). The maintenance of 

auxin polar transport is achieved through PINs, which play 

an integral role in maintaining RAM and root growth 

(Grieneisen et al., 2007). On the basis of our outcomes, it 

can be summarized that Ce-N-CDs can increase the 

abundance of PINs to influence the distribution of auxin, 

induce auxin biosynthesis, and increase auxin accumulation 

in roots to facilitate the primary root growth. Taken together, 

these outcomes can give new insights into the molecular 

mechanisms modulated via Ce-N-CDs in the root tip. 

 

Conclusion 

 
Soluble Ce-N-CDs integrated via hydrothermal 

synthesis demonstrate low biological toxicity and stability, 
potential applicability in imaging, and suitability in 
membrane and cytoplasm imaging. Ce-N-CDs promote the 
root apical meristem growth by driving the cell cycle and 
auxin synthesis and transport to advance root growth. 
However, the role of Ce-N-CDs in plants requires further 
investigation at biochemical and molecular levels. 
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