
Li et al. Environ Sci Eur           (2019) 31:18  
https://doi.org/10.1186/s12302-019-0199-8

RESEARCH

The depuration fate of the mixtures of CdS/
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Abstract 

Background:  The depuration fate of mixtures of metal-based quantum dots (QDs) in root epidermis is an important 
factor that determined their follow-up transportation and transformation processes in plant. However, the related 
mechanisms are poorly understood due to the lack of appropriate quantitative methods.

Results:  In our study, a novel method for in situ determination of mixtures of CdS/ZnS QDs with different surface 
coatings located on root epidermis was developed using an excitation–emission matrix combined with multi-way 
parallel factor analysis (PARAFAC) and n-way partial least squares (n-PLS). Then, the fates of CdS/ZnS QDs on man-
grove and wheat root epidermis were investigated using the established method. During the rapid dissipation stage, 
intracellular and intercellular degradation of metal ions instead of transportation and rhizophytic bacteria degrada-
tion was the predominant reasons for the reduction in the CdS/ZnS QDs mixtures. However, due to vertical migration 
of CdS/ZnS QDs in the slow depuration stage, negative linear relationships were observed between the Ks values of 
oleic acid-CdS/ZnS QDs and the polarity index of the root epidermis (p < 0.05), which further indicated a difference 
between the single and mixture QDs.

Conclusions:  To our knowledge, this study provided a new approach to investigate the fate of QDs located on root 
epidermis and revealed the related mechanisms.
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Background
Semiconductor quantum dots (QDs) have been classi-
fied as a new class of engineered nanomaterials (ENMs), 
which are used in many applications due to their unique 
optical and electrical properties [1–3], and global pro-
duction reached 55 t/y in 2012 [4, 5]. The growing preva-
lence of QDs, especially metal-based QDs, in conjunction 
with the risk of unwanted/unanticipated biota exposure 
renders them a potential concern [6, 7]. For example, 

Pasquali et  al. demonstrated that a variety of negative 
effects, including increased reactive oxygen species levels 
and decreased glutathione levels, were observed in Sac-
charomyces cerevisiae yeast cells after exposure to CdS 
QDs [8]. Modlitbová et al. confirmed that the toxicity of 
CdTe QDs is similar to that of CdCl2 for the model plant 
Allium cepa L. [9].

ENM uptake by roots, including metal-based QDs, has 
been confirmed to be one of the most important path-
ways for plant contamination and subsequent biota expo-
sure through the food chain [10–12]. Al-Salim et al. first 
confirmed that four different surface coatings (cysteine-, 
mercaptosuccinic acid-, glycine- and amine-conjugated) 
of CdS/ZnS QDs were transported to the limited zones in 
onion (Allium cepa), chrysanthemum (Chrysanthemum 
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sp.) and ryegrass (Lolium perenne) roots [13]. The results 
from in situ two-photon laser confocal scanning fluores-
cence microscopy (TPLCSM) further validated that the 
root epidermis was the limiting zone for nearly all of the 
remaining N-acetyl cysteine-coated CdS:Mn/ZnS QDs 
[14].

However, some recent studies have demonstrated that 
ENMs located on the root epidermis are not stable and 
are easily depurated through many pathways [15, 16]. 
For example, CeO2 nanoparticles (NPs) are partly bio-
transformed from Ce(IV) to Ce(III) in the root surface 
of hydroponic plants with the aid of the interactions 
between the NPs and root exudates [17]. Montes et  al. 
concluded that other kinds of metal NPs, including poly-
acrylic acid (PAA)-/polyethylenimine (PEI)-coated Fe2O3 
and TiO2 NPs, displayed similar depuration behaviors on 
Arabidopsis thaliana root epidermis [18]. In this respect, 
metal-based QDs located on root epidermis may undergo 
degradation, desorption and transportation processes. 
However, until now, no corresponding studies have con-
firmed our assumption and the contributions of individ-
ual processes to total depuration. Moreover, metal-based 
QDs with different surface coatings often exist as a mix-
ture in soil/sediment and water [19]. Due to their dif-
ferent physicochemical characteristics, the interactions 
of different kinds of ENMs in higher plant roots may 
directly induce changes in the selective substance trans-
membrane transport kinetics of the plasma membrane 
H+-ATPase [20, 21], which also needs special attention.

Limited by an appropriate quantification analytical 
method, few studies have focused on investigating the 
depuration of mixture CdS/ZnS QDs located on the root 
epidermis. Inductively coupled plasma-mass spectrom-
etry (ICP-MS) has long been considered as an effective 
approach to determine trace concentrations of metal-
based QDs in environmental samples, including water, 
soil/sediment and biota [22–24]. However, the ICP-
MS method does not yet possess the spatial resolution 
required for completely degraded QDs in environmental 
samples, which occurs during pretreatment procedures, 
[25, 26] and thus, the method cannot quantify this frac-
tion of metal-based QDs.

As the metal-based QDs have high fluorescence quan-
tum yield, the single wavelength fluorescence spectra 
combined with fluorescence microscopy techniques 
have been widely used to in  situ determine the metal-
based QDs in specific locations of environmental samples 
[27, 28]. Unfortunately, further studies have demon-
strated that the sensitivity and selectivity of this stand-
ard fluorescence spectroscopy method significantly 
decrease in the presence of the strong autofluorescence 
of root tissues [29]. To overcome such drawbacks, an 
in  situ accurate nanosecond time-resolved fluorescence 

spectroscopy (NTFS) method was recently established 
to detect CdS/ZnS QDs located on mangrove root epi-
dermis. The detection limits are as low as 1.2–2.0 ng/spot 
for CdS/ZnS QDs with different surface coatings [30]. 
Nevertheless, the excitation–emission and time-resolved 
fluorescence spectra of the QDs overlapped, and thus, 
determining mixtures of metal-based QDs located on 
root epidermis is impossible.

As Carabajal et  al. reported, parallel factor analy-
sis (PARAFAC) and n-way partial least squares (n-PLS) 
based on excitation–emission matrix fluorescence spec-
tra have been used to quantify mixture components with 
strong fluorescence signals [31]. For example, Yang et al. 
simultaneously identified and quantified multiple com-
ponents of polycyclic aromatic hydrocarbons (PAHs) in 
the presence of humic acids with similarities above 0.980 
for the resolved and reference spectra [32]. Therefore, 
combining the PARAFAC/n-PLS technique with the 
NTFS method may provide the ability to establish a novel 
in situ quantification method for mixtures of metal-based 
QDs that well fits our requirements.

The objectives of this study were to (1) improve the 
selectivity of the NTFS method to fit the requirements 
to determine the mixtures of CdS/ZnS QDs, (2) inves-
tigate the depuration fate of the mixtures of CdS/ZnS 
QDs located on root epidermis and (3) further explore 
the related mechanisms of mixtures of CdS/ZnS QDs 
depurated on the root epidermis. Mixtures of CdS/ZnS 
QDs with different surface coatings (oleic acid–, PEG-
COOH– and MPA-COOH–) were selected as the model 
mixture CdS/ZnS QDs.

Materials and methods
Reagents
Oleic acid-CdS/ZnS QDs, PEG-COOH-CdS/ZnS QDs 
and MPA-COOH-CdS/ZnS QDs were purchased from 
Xingshuo Co., Ltd. (China). These QDs have a fluores-
cence emission peak at 400–460  nm and a half-peak 
width of less than 25 nm. All other reagents in this study 
were analytical-grade reagents (A.R.) obtained from Sin-
opharm Chemical Reagent Co., Ltd. (China).

Cultivation of the model plant
The wheat seeds (Triticum acstivnm L.) and man-
grove (Kandelia obovata (S., L.) Yong) hypocotyl were 
immersed into 10% H2O2 (v/v) and subsequently Milli-
Q water three times. Then, the seeds were germinated 
on moist filter paper in a growth chamber (Safu Co. Ltd, 
China) under a light intensity of 200 μmol m−2 s−1 with a 
light cycle of 14/10 h (day/night) and constant tempera-
ture (298.15 ± 1  K). After 7  days, several mature plants 
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with nearly the same heights were selected for further 
studies.

Establishing in situ determination of mixture CdS/ZnS QDs 
located on root epidermis
The mangrove (Kandelia obovata (S., L.) Yong) and 
wheat seedlings (Triticum aestivum L.) were carefully 
cleaned with tap water, distilled water and Milli-Q water 
three times for approximately 10  min. After air drying, 
the plants were transferred into 500-mL beakers con-
taining graded mixtures of the CdS/ZnS QD series [total 
concentrations (Ct): 30 μg/L, 60 μg/L, 90 μg/L, 120 μg/L 
and 300 μg/L] for 6 h. The residual concentrations of the 
CdS/ZnS QDs in aqueous solution (Cr) were determined 
using the synchronous fluorescence spectra methods (the 
detailed information of this method was presented in the 
experimental section of Additional file  1) [33], and the 
contents of CdS/ZnS QDs adsorbed onto the roots (Cs) 
were calculated by the equation Cs = Ct − Cr.

Then, the contaminated roots were placed under a 
nanosecond time-resolved spectrofluorimeter (Edin-
burgh FLS 980, UK) equipped with a 450  W Xe lamp. 
The experimental set-ups were similar to our previously 
reported [29]. Other key parameters are as follows: exci-
tation wavelength, 390–410  nm; emission wavelength, 
420–550 nm; delay time, 30 ns; light frequency, 40 MHz; 
and collection time, 5.00 s. All of the acquired excitation–
emission fluorescence matrixes were processed under the 
Matlab environment. The N-way toolbox combined with 
the n-PLS algorithm, as previously described by Yang 
et al. [34], was used to split the fluorescence of the CdS/
ZnS QD mixtures located on the root epidermis. Finally, 
the linear ranges, detection limits and relative standard 
deviations of the novel established method were acquired 
based on our previously reported methods [35].

The fate of the mixture CdS/ZnS QDs located 
on the epidermis of roots
After cleaning up the seedlings with Milli-Q water three 
times, nine groups of mangrove (Kandelia obovata (S., L.) 
Yong) and wheat (Triticum acstivnm L.) seedlings were 
immediately divided into two groups: with and without 
sterilized treatment. The in  vitro-sterilized treatments 
were similar to those reported [36]. Briefly, the roots 
were sequentially immersed in 200 mL of 99% (v/v) etha-
nol for 1 min, 100 mL of 3.125% (v/v) sodium hypochlo-
rite for 6 min, 200 mL of 99% (v/v) ethanol for 0.5 min 
and 500 mL of sterile reverse osmosis-treated (RO) water. 
Then, these two groups were transferred to 500-mL beak-
ers containing 400 mL of full-strength Hoagland nutrient 
solution (pH = 5.5) with mixtures of CdS/ZnS QDs with 
three different surface coatings (oleic acid-CdS/ZnS QDs: 

40  μg/L, PEG-COOH-CdS/ZnS QDs: 100  μg/L, MPA-
COOH-CdS/ZnS QDs: 100  μg/L). Another two groups 
of mangrove (Kandelia obovata (S., L.) Yong) and wheat 
(Triticum acstivnm L.) seedlings contaminated with 
monocomponent CdS/ZnS QDs were selected as the 
control groups.

After the exposure procedures, the CdS/ZnS QDs 
located on the root epidermis were allowed to be trans-
ported and degraded for 1 h, 2 h, 4 h, 8 h, 16 h, 36 h, 72 h, 
120 h and 168 h in aqueous solutions. At each sampling 
point, the CdS/ZnS QD concentrations were deter-
mined using the novel method established in our study. 
The experiments were conducted over a 7-day period at 
a day/night time (16/8) with day/night temperatures of 
293.15 ± 1 K and 298.15 ± 1 K, respectively, and relative 
humidity of 60%.

Characterization of the mangrove and wheat roots
Prior to the analysis of the root characteristics, the root 
samples were fixed according to a previously reported 
method [35]. The procedures are briefly described as fol-
lows. First, approximately, 2  g of sample was immersed 
in 2.5% glutaraldehyde in a 0.1 mmol/L phosphate buffer 
(pH = 7.2) for 8  h. Second, the sample was dehydrated 
in a graded ethanol series (30%, 50%, 70%, 80%, 90% and 
100%), and then, the solvent was replaced by t-butanol. 
Third, to acquire a new intact surface, the root samples 
were cut into slices using a sterile knife under liquid 
nitrogen conditions. Finally, the spatial arrangement 
of the functionalities and morphologies of the roots 
was obtained using a JXA-8230 field emission scanning 
electron microscope (JEOL, Japan) combined with an 
energy-dispersive spectrometer (EDS).

To obtain the Cd content in the roots, the inductively 
coupled plasma-mass spectrometry (ICP-MS) method 
was used with some modification [37]. Briefly, root tissue 
below the liquid level was first dried at 60 ± 2 °C for 24 h. 
Then, the samples were microwave digested using 5 mL 
of HNO3 and 1 mL of H2O2 and then directly analyzed by 
ICP-MS (Thermo Fisher, ICAP-Qc).

Statistical analysis
All data presented in this study are the mean values of 
six replicates. The mean and standard deviation values of 
the replicates were calculated and compared by one-way 
analysis of variance (ANOVA) tests. All statistical analy-
ses were run using SPSS version 19.0 software.

Results and discussion
Establishing an in situ method to determine the content 
of CdS/ZnS QDs located on root epidermis
Prior to establishing the in  situ method, the stand-
ard emission fluorescence spectra of uncontaminated 
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mangrove (Kandelia obovata (S., L.) Yong) and wheat 
(Triticum acstivnm L.) root epidermis samples were 
obtained and are presented in Additional file 1: Figure S1. 
Clearly, this technique is not suitable for determining the 
contents of CdS/ZnS QDs because of the presence of a 
strong autofluorescence signal from the roots and fluo-
rescence signals from nontarget components. To reduce 
these interferences, as previously reported [38], the short 
lifetime fluorescence signal measurements were sub-
tracted, and the signal/noise (S/N) rates increased about 
7.06–19.11 times for CdS/ZnS QDs located on the man-
grove (Kandelia obovata (S., L.) Yong) root epidermis at 
the optimal excitation/emission wavelength, which fit our 
requirements (Additional file 1: Table S1). Similar results 
were obtained for wheat (Triticum acstivnm L.) root sam-
ples. However, overlap still exists between the fluores-
cence spectra of the three kinds of CdS/ZnS QDs in the 
emission wavelength range of 420 nm–650 nm.

To validate the accuracy of the PARAFAC model, 
smaller data sets comprised of samples containing only 
one standard showed satisfactory data for these three 
CdS/ZnS QDs located on mangrove (Kandelia obo-
vata (S., L.) Yong) root epidermis after deduction of 
the short lifetime fluorescence signal (< 10  ns, Addi-
tional file  1: Figure S2). Similar results were obtained 
for wheat (Triticum acstivnm L.) (Additional file  1: Fig-
ure S3). In addition, negligible fluctuations existed for 
the relative fluorescence intensity and optimal emis-
sion/excitation wavelength (Oleic acid-CdS/ZnS QDs, 
λex/λem = 398  nm/482  nm; PEG-COOH-CdS/ZnS QDs, 
λex/λem = 345  nm/498  nm; MPA-COOH-CdS/ZnS QDs, 
λex/λem = 368  nm/516  nm). The above results demon-
strated that the PARAFAC technique can distinguish the 
fluorescence spectra of these three CdS/ZnS QDs in situ, 
even with strong spectral overlap (Additional file 1: Fig-
ure S1). Additionally, a value of R2 = 1 indicates that two 
spectra are exactly the same. In our study, high correla-
tion coefficient (R2) values were obtained between the 
fluorescence spectra retrieved from the mixtures by the 
PARAFAC model and the fluorescence spectra of single 
CdS/ZnS QDs, and the results are listed in Table 1.

After applying the n-PLS algorithm, the relative con-
centration of CdS/ZnS QDs located on mangrove 

(Kandelia obovata (S., L.) Yong) root epidermis and 
its relationship with the practical concentration were 
determined with the correlation coefficients of 0.9987, 
0.9978 and 0.9973 for the oleic acid-CdS/ZnS QDs, 
PEG-COOH-CdS/ZnS QDs and MPA-COOH-CdS/
ZnS QDs, respectively (Fig.  1). For wheat (Triticum 
acstivnm L.), the correlation coefficients were 0.9966, 
0.9969 and 0.9986 for oleic acid-CdS/ZnS QDs, PEG-
COOH-CdS/ZnS QDs and MPA-COOH-CdS/ZnS QDs, 
respectively (Additional file 1: Figure S4). A three-factor 
model provided a %fit in the range of 98.39–99.31% and 
98.25–99.53% and a core consistency in the ranges of 
99.08–99.44% and 98.50–99.51% for mangrove (Kandelia 

Table 1  Nanosecond time-resolved fluorescence spectra 
correlation coefficient (R2) for  the  three-way PARAFAC 
model

Plant Oleic acid-CdS/
ZnS QDs

PEG-COOH-CdS/
ZnS QDs

MPA-COOH-
CdS/ZnS 
QDs

Mangrove 0.9983 0.9947 0.9990

Wheat 0.9976 0.9932 0.9969

Fig. 1  The predicted concentration derived by n-PLS versus practical 
concentrations for a oleic acid-CdS/ZnS QDs, b PEG-COOH-CdS/ZnS 
QDs and c MPA-COOH-CdS/ZnS QDs located on mangrove (Kandelia 
obovata (S., L.) Yong) root epidermis
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obovata (S., L.) Yong) and wheat (Triticum acstivnm L.), 
respectively (Additional file  1: Table  S2). Overall, the 
observations indicated that the reliability, sensitivity and 
selectivity meet the requirements for establishing an 
in situ CdS/ZnS QD determination method.

In situ investigation of the depuration fate of mixtures 
of CdS/ZnS QDs with different surface coatings on root 
epidermis
The dominant factors that determine their depuration fate 
in the rapid stage
The kinetic depuration of multicomponent CdS/ZnS 
QDs located on the root epidermis of mangrove (Kan-
delia obovata (S., L.) Yong) and wheat (Triticum acs-
tivnm L.) was monitored over 7 days in the presence and 
absence of sterilization treatment using the established 
method, and the experimental results are presented in 
Fig.  2, Table  2 (rapid stages) and Table  3 (slow stages). 
The depuration of CdS/ZnS QDs clearly followed two 
stages: a rapid phase in the initial 8  h (Kr = (C0/Cr)/Δt) 
and a slower phase (Ks = (Cr/Cs)/Δt, where C0, Cr and Cs 
represent the remaining concentrations of CdS/ZnS QDs 
on the root epidermis at 0 h, 8 h and 7 days, respectively, 
and Δt represents the time duration of the correspond-
ing processes) over the last 160  h. Zhou et  al. deter-
mined that the desorption of ENMs from root surfaces 
and tissues can be considered negligible unless applying 
different metal ions, surfactants, complexing agents or 
ultrasonic techniques due to the strong adhesion force 
between ENMs and roots [39]. Thus, the main contribu-
tions to the dissipation of CdS/ZnS QDs on root epider-
mis are transportation and biodegradation processes.

In this study, the total Cd content in the root epider-
mis (Ccd) was considered as an indicator of the transpor-
tation rate of the CdS/ZnS QDs because biodegradation 
has no effect on Ccd values (Fig. 3). As Fig. 3 displays, in 
both the sterilizing and non-sterilizing treatment groups, 
the Ccd values on the mangrove (Kandelia obovata (S., 
L.) Yong) roots in the rapid stage slightly decreased from 
393.9 to 346.7  ng  g−1, 223.6 to 216.9  ng  g−1 and 217.7 
to 205.5  ng  g−1 for the oleic acid-CdS/ZnS QDs, PEG-
COOH-CdS/ZnS QDs and MPA-COOH-CdS/ZnS QDs, 
respectively (p > 0.05). Similar results were obtained for 
the wheat (Triticum acstivnm L.) root. These results indi-
rectly indicated that biodegradation rather than transpor-
tation of CdS/ZnS QDs in roots may have a dominative 
effect on the clearance during the rapid phase. Further-
more, no obvious differences between the Kr values of 
the sterilizing and nonsterilizing treatment groups con-
taminated with mixtures of oleic acid-CdS/ZnS QDs, 
PEG-COOH-CdS/ZnS QDs and MPA-COOH-CdS/
ZnS QDs were observed in the rapid depuration stage 
(Table  2, p < 0.05), which indicated that degradation did 

not originate from plant-associated rhizophytic bacteria 
[40, 41].

Except for in  vitro microbial degradation, Kwon et  al. 
reported that metal-based QDs can be degraded in both 
intracellular and intercellular spaces of freshwater inver-
tebrates (Daphnia magna) because QDs have small sizes 
that easily penetrate the cell membranes of protoplasts 
[42]. In contrast to animal cells, in general, the trans-
portation and transformation of exotic substances (e.g., 
PAHs, PCBs, metal oxides nanoparticles and so on) in 
root cells can be ignored due to strong adsorption and 
absorption by cell walls [43, 44]. However, after exposure 
for 8  h, the fluorescence lifetime imaging microscopy 
(FLIM) images displayed that the CdS/ZnS QDs formed 
large cluster in both the intracellular and intercellular 

Fig. 2  The depuration rates of mixtures of CdS/ZnS QDs located on 
mangrove (Kandelia obovata (S., L.) Yong) root epidermis with the 
sterilization treatment a oleic acid-CdS/ZnS QDs, b PEG-COOH-CdS/
ZnS QDs and c MPA-COOH-CdS/ZnS QDs
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space of root epidermis cell (Additional file  1: Figure 
S5) [the green and yellow colour represented the fluo-
rescence signal of CdS/ZnS QDs (> 15 ns) and auto-flu-
orescence signal of root (< 10 ns) separately]. This result 
demonstrated that the degradations of metal-based QDs 
may happen in the intracellular and intercellular of root 
epidermis cell. The surface coating of metal-based QDs 
prevents nanoparticle degradation and ion leakage.

To better clarify the degradation mechanisms, we com-
pared the differences in the Kr values between the single 
and mixture CdS/ZnS QDs located on the root epider-
mis. Interestingly, we found that obvious differences 
between the Kr values of these two groups were obtained 
for the PEG-COOH-CdS/ZnS QDs and MPA-COOH-
CdS/ZnS QDs, while the oleic acid-CdS/ZnS QD expo-
sure groups were not different (p < 0.05). Meanwhile, the 
Kr values of the oleic acid-CdS/ZnS QDs located on man-
grove (Kandelia obovata (S., L.) Yong) and wheat (Triti-
cum acstivnm L.) root epidermis samples, i.e., 0.3851 h−1 
and 0.3406  h−1, respectively, were much higher than 
those of PEG-COOH-CdS/ZnS QDs and MPA-COOH-
CdS/ZnS QDs (Table  2, p < 0.05). These two results 

Table 2  The concentrations of CdS/ZnS QDs located on root epidermis after the exposure of 8 h (rapid depuration stages)

a  Mean values of the concentrations of CdS/ZnS QDs located on root epidermis of six groups
b  Standard deviations of the concentrations of CdS/ZnS QDs located on root epidermis of six groups

Plant QDs C0 (ng g−1) Sterilization treatment Non-sterilization treatment

Cr (ng g−1) Kr (h
−1) Cr (ng g−1) Kr (h

−1)

Mangrove Oleic acid-CdS/ZnS QDs 355.6a ± 8.2b 131.9 ± 4.1 0.3851 133.8 ± 4.9 0.3796

PEG-COOH-CdS/ZnS QDs 198.4 ± 4.0 87.8 ± 3.5 0.3228 90.2 ± 3.2 0.3142

MPA-COOH-CdS/ZnS QDs 176.6 ± 3.9 86.5 ± 2.6 0.2917 84.4 ± 1.7 0.2989

Wheat Oleic acid-CdS/ZnS QDs 289.7 ± 6.3 121.5 ± 8.1 0.3406 111.4 ± 5.9 0.3715

PEG-COOH-CdS/ZnS QDs 155.2 ± 5.1 81.3 ± 4.6 0.2727 85.5 ± 2.6 0.2593

MPA-COOH-CdS/ZnS QDs 167.8 ± 2.6 84.0 ± 1.3 0.2497 81.7 ± 2.5 0.2934

Table 3  The concentrations of  CdS/ZnS QDs located on  root epidermis after  the  exposure of  7  days (slow depuration 
stages)

a  Mean values of the concentrations of CdS/ZnS QDs located on root epidermis of six groups
b  Standard deviations of the concentrations of CdS/ZnS QDs located on root epidermis of six groups

Plant QDs Sterilization treatment Non-sterilization treatment

Cr (ng g−1) Cs (ng g−1) Ks (h−1) Cr (ng g−1) Cs (ng g−1) Ks (h−1)

Mangrove Oleic acid-CdS/ZnS QDs 131.9a ± 4.1b 88.5 ± 3.5 9.315 × 10−3 133.8 ± 4.9 85.2 ± 2.7 9.815 × 10−3

PEG-COOH-CdS/ZnS QDs 87.8 ± 3.5 65.1 ± 1.9 8.429 × 10−3 90.2 ± 3.2 70.7 ± 1.9 7.974 × 10−3

MPA-COOH-CdS/ZnS QDs 86.5 ± 2.6 68.5 ± 3.7 7.892 × 10−3 84.4 ± 1.7 64.4 ± 4.8 8.191 × 10−3

Wheat Oleic acid-CdS/ZnS QDs 121.5 ± 8.1 80.5 ± 4.6 9.433 × 10−3 111.4 ± 5.9 75.4 ± 4.2 9.234 × 10−3

PEG-COOH-CdS/ZnS QDs 81.3 ± 4.6 60.7 ± 2.9 8.371 × 10−3 85.5 ± 2.6 61.5 ± 3.6 8.689 × 10−3

MPA-COOH-CdS/ZnS QDs 79.0 ± 1.3 59.6 ± 1.9 8.284 × 10−3 81.7 ± 2.5 63.8 ± 5.1 8.004 × 10−3

Fig. 3  The content of Cd in mangrove (Kandelia obovata (S., L.) Yong) 
root after exposures of Oleic acid-CdS/ZnS QDs, PEG-COOH-CdS/ZnS 
QDs and MPA-COOH-CdS/ZnS QDs at the a rapid depuration stages 
(0–8 h) and b slow depuration stages (8 h–7 days)
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indicate that the reactions or strong molecular interac-
tions (n–π, hydrogen bonds and so on) between PEG-
COOH– and MPA-COOH– may improve the stability of 
these two CdS/ZnS QDs and affect the rapid degradation 
rate [45].

The dominant factors that determine their depuration fate 
in the slow stage
Two dissimilar results were found for the dissipation of 
the CdS/ZnS QD mixtures in the slow stage from 8 h to 
7 days. In detail, (1) the depuration rates of the single-
component CdS/ZnS QDs were much higher than those 
of the mixture QDs on the mangrove (Kandelia obovata 
(S., L.) Yong) root (p < 0.05, Additional file  1: Figure S6 
and Fig. 2); (2) the Ccd contents of the oleic acid-CdS/ZnS 
QDs, PEG-COOH-CdS/ZnS QDs and MPA-COOH-
CdS/ZnS QDs with the sterilization treatment on the 
mangrove (Kandelia obovata (S., L.) Yong) root sig-
nificantly decreased from 346.7 to 167.7  ng  g−1, 216.9 
to 155.5  ng  g−1 and 205.5 to 123.9  ng  g−1, respectively 
(Fig. 3b). Similar results were obtained for wheat (Triti-
cum acstivnm L.). Our data suggested that the mecha-
nisms in the rapid dissipation stage of the CdS/ZnS QDs 
are not suitable for the slow stage, and thus, selective 
transportation processes may be involved in the depura-
tion process.

To confirm our assumptions, after exposure for 7 days, 
FLIM was used to in situ track the migration of CdS/ZnS 
QDs in a mangrove (Kandelia obovata (S., L.) Yong) plant 
Yong root (Additional file  1: Figure S7) [46]. From the 
figures, it can be clearly concluded that a large number 
of blue spot were founded in both the divisional, elonga-
tion and root hair zones, which indicated that these three 
kinds of CdS/ZnS QDs transported and located on the 
above sections. Meanwhile, no detectable levels of CdS/
ZnS QDs were observed in the cortex and vascular tis-
sues. Therefore, longitudinal rather than radial move-
ments participate in the slow depuration stage of CdS/
ZnS QDs located on root epidermis. Similar results were 
also obtained for the wheat (Triticum acstivnm L.) plant.

As many reports have displayed, the rates of transpor-
tation of ENMs in plants are affected by two aspects: 

[47–49] First, the chemical compositions of root epider-
mal cell wall, which consists of cellulose, lignin, hemicel-
lulose and so on, acts as an effective sorption phase for 
ENM transport through intercellular pathways (apoplas-
tic movement), and thus, the cell wall may be the first 
barrier for both spatial and vertical transportation of 
metal-based QDs [50]. Second, symplastic or endocyto-
sis by membrane cell protoplasts is an another important 
pathway for nanomaterial transportation, especially for 
ENMs that mainly move through intracellular pathways 
[51, 52].

Therefore, to further explore the transportation 
mechanisms, the distributions of carbon (C), oxygen 
(O), nitrogen (N) and sulfur (S) on the mangrove (Kan-
delia obovata (S., L.) Yong) and wheat (Triticum acs-
tivnm L.) roots were first detected using a previously 
reported method [33]. The calculated polarity indexes 
((O + N)/C) of the mangrove (Kandelia obovata (S., L.) 
Yong) and wheat (Triticum acstivnm L.) roots epider-
mis samples were 0.60 and 0.65, respectively (Table  4). 
Moreover, the Ks values of the oleic acid-CdS/ZnS QDs, 
which have relatively strong hydrophobic surface ligands, 
significantly and negatively correlated with the polarity 
index of the mangrove (Kandelia obovata (S., L.) Yong) 
(R2 = 0.9013, p < 0.05) and wheat (Triticum acstivnm L.) 
roots (R2 = 0.9046, p < 0.05). These findings revealed that 
apoplastic movement was the predominant movement 
form of the oleic acid-CdS/ZnS QDs, and thus, the inter-
actions between the root epidermal cells and QDs limit 
the dissipation rate.

For the PEG-COOH-CdS/ZnS QDs and MPA-COOH-
CdS/ZnS QDs, no correlations were detected between 
their Ks values and polarity index for both the mangrove 
(Kandelia obovata (S., L.) Yong) and wheat (Triticum acs-
tivnm L.) roots, revealing that the slow depuration step 
consisted of both degradation and transportation path-
ways. In addition, after exposure to QDs for a few days, 
as Li et  al. reported [49], plants have a negative physi-
ological response, including enhanced root/stem length, 
which changes the QD depuration rate on the root epi-
dermis. However, the contributions of these three pro-
cesses to the slow depuration step of these two QDs 

Table 4  The elemental composition of root epidermis and its relationships with the Ks values

a  The relationships between the polarity index ((O + N)/C) of root and the Ks values
b  R2 represents the correlation coefficients
c  p represents the significantly level, p < 0.05 indicates the correlation is significant

Root C (%) O (%) N (%) S (%) (O + N)/C Oleic acid-CdS/ZnS QDsa PEG-COOH-/MPA-COOH-CdS/ZnS QDs

Ks (h−1) R2(b) pc Ks (h−1) R2 p

Mangrove 61.39 32.77 4.34 1.50 0.60 9.315 × 10−3 0.9013 0.032 8.429 × 10−3/8.371 × 10−3 0.2079/0.4442 0.831/0.704

Wheat 59.82 33.61 5.14 1.43 0.65 9.433 × 10−3 0.9346 0.040 7.892 × 10−3/8.284 × 10−3 0.3318/0.3695 0.902/0.721
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located on the root epidermis remain unclear. Additional 
work is required to address this scientific issue.

Practical application
As Additional file 1: Table S3 summarized, several typi-
cal analytical methods (including the electron micros-
copy, optical microscopy, ICP-MS and so on) have been 
widely used to investigate the distribution and location 
of metal-based nanoparticles in various types of plant. 
Unfortunately, the disadvantages made them unable to 
in situ explore the transportation and transformations of 
mixtures of metal-based QDs in plant tissues. Our estab-
lished method has effectively overcome such drawbacks 
and realized our goals using the excitation–emission 
matrix combined with multi-way parallel factor analy-
sis (PARAFAC) and n-way partial least squares (n-PLS) 
approach.

Future applications and developments of the newly 
established method
It is important to note that the newly established method 
can be used in exploring various environmental behav-
iors of metal-based QDs in plants or their rhizosphere, 
not only the depuration of CdS/ZnS QDs in epider-
mis. For example, their highly sensitivity indicated that 
this method has the ability to explore the processes 
and mechanisms of trace content of metal-based QDs 
exchanged in sediment/water–root interface and air–leaf 
interface. Besides, due to the existences of spatial resolu-
tion capability, the transportation and transformations of 
metal-based QDs can also be explored in other plant tis-
sues (xylem, phloem and so on).

More studies are needed to further improve the resolu-
tion of our established method. Specifically, the method 
has provided a new approach to in  situ investigate the 
degradation, uptake and transportation of metal-based 
QDs in plant, especially in the horizontal direction. In 
other words, most of the processes that take place in 
the vertical direction cannot be easily explored by our 
established method due to the relative small z-direction 
spatial resolution. Fortunately, the super resolution fluo-
rescence microscopy, as many report displayed [53, 54], 
allows the observation of plant tissues in vertical direc-
tion and images their three-dimensional (3D) structure. 
After combination with such techniques, therefore, our 
method will have the capability to overcome the draw-
backs described above.

Conclusions
In this study, the experimental results showed that a com-
bination of excitation–emission matrix and PARAFAC/n-
PLS techniques provides a novel approach to accurately 
determine mixtures of metal-based QDs located on 

root epidermis. Then, the depuration of CdS/ZnS QDs 
on root epidermis was investigated by the established 
method, and depuration proceeded via a rapid phase and 
a slow phase. The intracellular and intercellular reactions 
of the surface coating determined the depuration rate 
of the CdS/ZnS QDs (Kr) during the rapid phase, while 
the polarity index ((O + N)/C) of the root epidermis may 
play an important role in limiting the Ks value of the oleic 
acid-CdS/ZnS QDs.

Additional file

Additional file 1. Instruments and measuring conditions.
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