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• Here is a first evidence plants hyper-
accumulating ENP (Zn QDs and Cd QDs).

• This occurs in medium supplemented with
non-toxic amounts of ENP without signifi-
cant disrupting of ENP.

• Hyperaccumulation of ENP was showed by
BCF and TF similar when to those from Zn
and Cd salts.

• Hyperaccumulation of ENP may involve
their biotransformation with formation of
ionic metal but a portion of ENP remains.

• This constitute new possibilities of
searching for Zn and Cd ENP hyper-
accumulatorwith greater phytoremediation
potential.
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Metal hyperaccumulating plant species are an interesting example of natural selection and environmental adaptation
but they may also be useful to developing new technologies of environmental monitoring and remediation. Noccaea
caerulescens and Arabidopsis halleri are both Brassicaceae and are known metal hyperaccumulators. This study evalu-
ated tolerance, uptake and translocation of zinc sulfide quantum dots byN. cearulescens and cadmium sulfide quantum
dots by A. halleri in direct comparison with the non-hyperaccumulator, genetically similar T. perfoliatum and
A. thaliana. Growth media were supplied with two different concentrations of metal in either salt (ZnSO4 and
CdSO4) or nanoscale form (ZnS QDs and CdS QDs). After 30 days of exposure, the concentration of metals in the
soil, roots and leaves was determined. Uptake and localization of the metal in both nanoscale and non-nanoscale
form inside plant tissues was investigated by Environmental Scanning Electron Microscopy (ESEM) equipped with
an X-ray probe. Specifically, the hyperaccumulators in comparison with the non-hyperaccumulators accumulate
ionic and nanoscale Zn and Cd in the aerial parts with a BCF ratio of 45.9 for Zn ion, 49.6 for nanoscale Zn, 2.64 for
Cd ion and 2.54 for nanoscale Cd. Results obtained with a differential extraction analytical procedure also showed
that a significant fraction of nanoscale metals remained inside the plants in a form compatible with the retention of
at least a partial initial structure. Themolecular consequences of the hyperaccumulation of nanoscalematerials are dis-
cussed considering data obtained with hyperaccumulation of ionic metal. This is the first report of conventional
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hyperaccumulating plants demonstrating an ability to hyperaccumulate also engineered nanomaterials (ENMs) and
suggests a potential novel strategy for not only understanding plant-nanomaterial interactions but also for potential
biomonitoring in the environment to avoid their entering into the food chains.
1. Introduction

Metals are important contaminantswithwidespread environmental dis-
tribution in soil and water (Halim et al., 2003). Although many metals are
natural constituents in the Earth's crust and essential for the growth of
plants and other organisms, the same elements can exert toxicity at higher
concentrations.Metals (ormetalloids) are considered “contaminants”when
present in either a form or at a concentration that may be harmful to
humans or to the environment (McIntyre, 2003). In agricultural soils, an ex-
cessive level of metals can reduce soil quality, crop yield and compromise
the integrity of agricultural products, as well as cause possible hazard to
humans, animals and ecosystem health.

The exploitation of plants for bioremediation of contaminated soils or
“phytoremediation” has been a topic of interest for a number of years and
has been attributed significant environmental and economic potential
(Maestri et al., 2013; Marmiroli, 2007; Marmiroli et al., 2006; Marmiroli
and McCutcheon, 2003). Approximately 400 species of plants are known
as hyperaccumulators of metals as Zn, Cd, Ni, As, Co, Mn (Baker et al.,
2020). By definition, the concentrations of these metals in the above
ground tissues far exceeds that present in the soil: hyperaccumulation im-
plies that metals were absorbed from the soil by the roots and translocated
above to the shoot, where concentration in stem and leaves becomes quite
high (Maestri et al., 2010). The level of hyperaccumulation varies with the
metal, as does the resulting toxicity. For Cd, a doubling of aerial accumula-
tion is a challenge for plants given the high toxicity of this metal. Many
hyperaccumulators have been identified within the Brassicaceae family
(Baker and Brooks, 1989), and studies have suggested an evolutionary
role of hyperaccumulation as a defense against the herbivores (Behmer
et al., 2005) and pests (Fones et al., 2010). Noccaea caerulescens (formerly
Thlaspi caerulescens) and Arabidopsis halleri have been proposed as model
species to study metal hyperaccumulation, (Assuncao et al., 2003) largely
as a result of their genetic closeness with the model species Arabidopsis
thaliana (L.) Heynh and because their genomes are 94% and 88.5% identi-
cal in coding regions with that of A. thaliana, respectively (Rigola et al.,
2006).

N. caerulescens is the most extensively studied Zn and Cd
hyperaccumulator: the species can accumulate these metals at concentra-
tions exceeding 1% of shoot dry biomass. Under natural conditions, Cd
seems to be less consistently hyperaccumulated than Zn (Reeves et al.,
2001); the N. caerulescens Monte Prinzera (MP) (Italy) accession grows on
serpentine soils rich in Ni and Zn and the plant hyperaccumulates both
these metals. Noticeably, N. caerulescens is the one species currently
known to hyperaccumulate Cd to over 0.01% of its shoot dry biomass
(Bert et al., 2002; Reeves et al., 2001) equaled only by N. precox
(Mišljenović et al., 2020; Zemanová et al., 2016). Pence et al. reported
that in Thlaspi caerulescens the molecular mechanisms of Zn/Cd transport
from root to shoot involved the expression of ZNT1 high-affinity trans-
porter (Pence et al., 2000) and other authors suggest the involvement of
gene NRAMP3/NRAMP4 (Oomen et al., 2009). A. halleri is known as
hyperaccumulator of Zn but it was also found on soils with high levels
of Cd; in fact, this plant can constitutively accumulate both Zn and Cd
(Bert et al., 2002). A. halleri shares certain similarities with
N. caerulescens in the hyperaccumulation of Zn, which is consistently ob-
served in all natural populations. Conversely, Cd hyperaccumulation is
more variable, with plants from non-metalliferous sites often showing
higher degrees of metal hyperaccumulation under controlled conditions
than those from metalliferous sites (Bert et al., 2002). Many
hyperaccumulator species have reduced growth and metabolic rates in
the absence of the metal; these plants could be at a disadvantage when
resources are abundant but are favored by the high concentrations of
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metals in their tissues that may serve as a deterrent for animals and
pests (Jiang et al., 2005; Visioli et al., 2010a).

Engineered nanomaterials (ENMs) have vast applications in supercon-
ductors, nanocrystals and solid state lighting solutions, next generation
medicine, automotive components, electronics, sporting goods, environ-
mental remediation, food, and agriculture (Caballero-Guzman and
Nowack, 2016; Giese et al., 2018; Singh et al., 2021; Usman et al., 2020).

The market for quantum dots alone is projected to increase from $3
billion to $8.5 billion by 2023, with an almost 3-fold increase in produc-
tion and marketing. For quantum dots, progress in nanomedicine,
(Volkov, 2015) glass application for solar and nuclear power genera-
tion, glassy materials for supercapacitors and electrochemical devices
are anticipated (Brow and Schmitt, 2009). Although the amount of
quantum dots in the environment so far is quite low, the projected in-
crease in production and the spread of use into areas as electronics, en-
ergy and healthcare products a significant potential as emerging
contaminant (Chopra and Theis, 2017; Gottschalk et al., 2015). In addi-
tion, each boast in production will increase the likelihood for localized
contamination at production sites or at specific locations during their
transport. In these situations, biotechnological solutions such as
phytoremediation may be a useful tool in the remediation tool box
(Cota-Ruiz et al., 2018; Keller and Parker, 2019).

Soil is often the main repository for released ENMs; their small size and
high surface reactivity may facilitate entry into plant cells, where both det-
rimental and positive effect have been noted (Hatami et al., 2016). Al-
though some plants have shown the ability to accumulate or degrade
certain nano-materials, (Cota-Ruiz et al., 2018) no species so far have
been described as nanomaterial hyperaccumulator. In the present study,
we showed that a Zn hyperaccumulator, N. caerulescens, and a Cd
hyperaccumulator, A. halleri, also have the ability to hyperaccumulate
ZnS QDs and CdS QDs, respectively. These findings open new perspectives
in studying plant-nanomaterial interactions and may also be a strategy for
ENM biomonitoring in the environment.

2. Methods

2.1. Hyperaccumulator and non-hyperaccumulator seed collection

Seeds of A. halleri Langhelsheim were kindly provided by Prof. S. Clem-
ens (Department of Plant Physiology, University of Bayreuth, Germany);
seeds of A. thaliana (Landsberg erecta) were obtained from the Nottingham
Arabidopsis Stock Centre (NASC, University of Nottingham, United
Kingdom). Seeds of N. cearulescensMonte Prinzera accession and of Thlaspi
perfoliatum were taken from our collection from the Monte Prinzera site
(Fornovo, Parma, Italy), a serpentine hill near Parma Italy.

2.2. Nanomaterials

The ZnS QDs and CdS QDs (uncoated) were synthesized by CNR-
IMEM (Parma, Italy) following the methods of Villani et al. (2012).
The CdS QDs have a bulk density of 4.82 g cm−3 and an average diam-
eter of 5 nm. Cd represents 78% of the dry weight of the QD; the Z-
potential for these nanoparticles was +61.6 mV and they have a hydro-
dynamic range of 1190 nm. The ZnS QDs had an average diameter under
5 nm, with Zn representing 63% of the dry weight of each QD. The ZnS
QDs have a Z-potential of +34.9 mV and a hydrodynamic range of
248.7 nm. The purity of these products has been verified and estab-
lished by TEM and X-ray diffraction spectrum. In Imperiale et al.
(2022, Data in Brief) are reported method details on the determination
of size, Z-potential and hydrodynamic range.
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2.3. Soil mix preparation

Plantswere grownon soilmix composed of sphagnummoss peat (33%),
black peat and wood fibre (66%). The pH was 6.05 and CE was 501.3 mS/
m. The soilwas homogenized, sieved to 2mm, sterilized at 120 °C and dried
in an oven at 50 °C for 72 h until reaching constant weight. For this study,
300 ml plastic pots were amended with 55 g (d.w.) of soil. The metal con-
tent in the soil was determined by inductively coupled plasma-mass spec-
trometry (ICP-MS)(Optima 7300 DV device, Perkin Elmer, Waltham, MA,
United States) and by flame atomic absorption spectrometer (FA-AAS)
(AA240FS device, Agilent Technologies, California, USA), after an accurate
calibrationwith 1000 ppmZn standard solution and 1000 ppmCd standard
solution (Agilent Technologies, USA).

2.4. Plant growth and treatments

One seed of N. caerulescens, T. perfoliatum, A. halleri or A. thaliana was
placed in each pot and was germinated in a growth chamber (MIR-554-
PE, Panasonic, Osaka, Japan) for 72 h at 25 °C, under a relative humidity
of 50% and dark conditions. After germination, pots with seedlings were
transferred to a greenhouse with average temperatures of 25/16 °C (day/
night), and light supplemented by a metal halide lamps to maintain a min-
imum light intensity of 300 μmol m−2 s−1, with a 14 h photoperiod. Plants
were grown for different periods prior to treatment: 45 d for N. caerulescens
and T. perfoliatum, 60 d for A. halleri and 20 d for A. thaliana. The watering
frequency was 30 ml of deionized water, twice a week. These conditions
allowed the plants to reach approximately the same growth phase.

After the growth as above, 3 plants of each species were subjected to
each treatment. N. cearulescens and T. perfoliatum exposed to 10 and
30 mg of Zn administered as ZnSO4 and ZnS QDs, A. halleri and A. thaliana
exposed to 10 and 30 mg of Cd administered as CdSO4 and CdS QDs; three
biological replicates for condition. To minimize particle aggregation, salt
and NP solutions were sonicated with an Ultrasonic Cleaner USC-TH
(VWR International srl, Milano, Italy) for 30 min before addition to the
plants. Specifically, each plant was treated with 30ml of a solution contain-
ing 333.33 mg L−1 (Cd or Zn) for the lowest concentration and 30 ml of a
treatment solution containing 999.99 mg L−1 (Cd or Zn) for the highest
concentration. The plants were then grown for an additional 30 days
under the same conditions of temperature, humidity, light and irrigation.
The concentrations, high and low for ion and nanoscale metals, were cho-
sen after experiments with A. thaliana and T. perfoliatum had shown that
these doses were well below those inhibiting growth.

2.5. Characterization of treatment solutions

One ml of the treatment solutions (CdSO4, ZnSO4) or suspensions (CdS
QDs and ZnS QDs) after sonication for 30 min at 35 kHz (Transsonic T460,
Elma Schmidbauer GmbH, Singen, Germany) was digested in 5 ml of 65%
HNO₃ for 20 min at 165 °C with a VELP DK20 digester. After this initial di-
gestion step, 1 ml of 30% H2O2 was added. The resulting solution was di-
luted to a final concentration of 30% HNO₃ with distilled water and the
metal content was determined using FA-AAS. The solutions of QDs were
analysed to determine free ions, released from the nanomaterial during
the course of the experiment (Kittler et al., 2010). To do this the solutions
were ultracentrifuged at 80,000 rpm for 20min (OptimaMAX-TL, Beckman
Coulter, Fullerton, CA, USA) and the supernatant was analysed for metal
content by ICP-MS and FA-AAS as described below.

2.6. Sampling

After 20–60 days of growth, the plants were harvested and the leaves
were separated from roots, rinsed with deionized water, and weighed.
Roots were thoroughly washed with deionized water to remove soil parti-
cles, weighed, and the length was measured. Each tissue sample was
dried for 72 h at 70 °C, ground and homogenized. Soil samples from starting
soil mix and from each treatment were collected and sieved at 2 mm.
3

2.7. Metal content analysis

Fifty mg of each dried sample, soil or plant, were digested in 10 ml of
65% HNO₃ (Carlo Erba, Milano, Italy) for 20 min at 165 °C and for
40 min at 230 °Cwith a VELP DK20 digester (Velp Scientifica S.r.l., Milano,
Italy). After each digestion step, 1 ml of 30% H2O2 was added. The digest
was filtered through a 0.45 μm mesh (Sarstead, Numbrecht, Germany)
and diluted to a final concentration of 30% HNO₃ with deionized water.
The Zn content in soil, roots and leaves for the N. cearulescens and
T. perfoliatum experiment and Cd content in soil, roots and leaves for the
A. halleri and A. thaliana experiment were determined by FA-AAS or by
ICP-MS. A protocol for a more selective extraction of the ionic forms of
Zn and Cd but which left substantially unaltered the nano forms of Cd
and Zn or their bioconversion derivatives was developed by using milder
condition as described below.

2.8. Environmental Scanning Electron Microscopy (ESEM) and X-ray
microanalysis

Leaves with petioles were collected from each treatment and thor-
oughly washed in deionized water. Cross serial sections of petioles were
prepared using carbon steel lancets (Incofar, Modena, Italy). Fresh tissue
slices were positioned on 2 cm diameter stainless-steel stubs covered with
double-adhesive conductive carbon tape and samples were observed with
a scanning electron microscope ESEM FEG2500 FEI (FEI Europe, Eindho-
ven, Netherlands) operating in low-vacuum (70 Pa). For each plant, three
sections of leaves and three cross sections of petioles were analysed. Details
of the microscope, as well as the EDX operating parameters and data anal-
ysis are given in Imperiale et al. (2022, Data in Brief).

2.9. BCF and TF

The Bioconcentration Factor (BCF) was calculated following Zayed
et al. (1998), based on the ratio between the Cd or Zn concentration
found in the plant tissues to that present in the soil. The Translocation Fac-
tor (TF) was calculated as the ratio between the amount of Cd or Zn present
in the aerial parts of the plant to that present in the roots. Empirical proce-
dures used to calculate these parameters are described in Imperiale et al.
(2022, Data in Brief).

2.10. Analytical evaluation of metal extractable from plant tissues after growth
in different conditions

In addition to the canonical extraction procedure (65% HNO3 for
20 min at 165 °C and 40 min at 230 °C) two mild digestion protocols
were tested for the ability to extract Cd and Zn from tissues without
disrupting nanoparticles. Each treatment condition was preceded by soni-
cation for 15 min at 35 kHz (Transsonic T460, Elma Schmidbauer GmbH,
Singen, Germany). First, H2O treatment in a volume of 10 ml for 90 min
was used. The solubilized metals were separated from an insoluble fraction
(including the nanoparticles) by ultracentrifugation at 80,000 rpm for
20 min (Optima MAX-TL, Beckman Coulter, Fullerton, CA, USA) before
their analysis with ICP-MS and FA-AAS. With a second procedure, dried
plant tissues were reduced to a fine powder, kept in the muffle at 450 °C
for 8 h, digested with 5% HNO3, sonicated for 15 min at 35 kHz,
ultracentrifugated as above and the supernatant was analysed for free
Cd or Zn released in the supernatant. Portions of the samples remaining
at the bottom were analysed by TEM-EDX to detect residual nanoparti-
cles. Details of procedures are given in Imperiale et al. (2022, Data in
Brief). A procedure for differential extraction of ionic Cd and Zn from
salts and nanoscale metals was developed as described in Imperiale
et al. (2022, Data in Brief). The resulting supernatant after the treatment
(5% HNO3 and H2O) was centrifuged and then re-extracted with 65%
HNO3 at 165 °C. To confirm the specificity for ionic metal of the mild ex-
traction procedures, the plant materials were dried and prior to extrac-
tion were spiked with concentrations (the same) of ionic and nanoscale
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metals. The methods and the results are shown in Imperiale et al. (2022,
Data in Brief).

2.11. Statistical analysis

Statistical significance between samples were identified by apply-
ing an ANOVA multivariate analysis, with the Tukey post-hoc test.
The software package SPSS v24 (IBM website, www.ibm.com/
software/it/analytics/spss/downloads.html) was used for all statisti-
cal analysis.

3. Results

3.1. Treatments of plants with Cd and Zn

The properties of the ZnS QDs and CdS QDs are shown in Fig. 2 in
Imperiale et al. (2022, Data in Brief). Both particles had an average
size <5 nm but they did differ substantially in z-potential, hydrody-
namic range and metal content. Some properties of the plant species
are shown in Fig. 3 in Imperiale et al. (2022, Data in Brief), including ge-
netic relatedness (calculated with SSRs molecular markers) between the
hyperaccumulators and non-hyperaccumulators along with their prove-
nance.

3.2. Zn and Cd in the treatment suspensions and solutions

Themeasured Zn in ZnS QDs treatment suspension and in ZnSO4 solution
was close to the expected theoretical concentration of 333.33 mg L−1; the
measured values were 318.30 mg L−1 of Zn in ZnS QDs and 324 mg L−1 of
Fig. 1. Fresh weights (f.w.) of aerial tissues of N. caerulescens (a) and T. perfoliatum (b)
treatment with Cd. Different letters indicate significant differences between means i
weight was excluded from the calculations.

4

Zn in ZnSO4. For the higher concentration, the theoretic value was
999.99 mg L−1 and the measured values were 980.90 mg L−1 of Zn in ZnS
QDs and 990.77 mg L−1 of Zn in ZnSO4. Similarly, the concentration of Cd
in the CdS QDs suspension and CdSO4 solution was close to the expected the-
oretical of 333.33 mg L−1; the measured values were 340.03 mg L−1 for Cd
in the CdS QDs and 330.43 mg L−1 of Cd for CdSO4. For the higher concen-
tration of 999.99 mg L−1, the measured values were 979.28 mg L−1 of Cd in
CdS QDs and of 981.37 mg L−1 of Cd in the CdSO4 solution.

The amount of free metal (Zn and Cd) in the NPs solutions and in the
growth medium is shown in Fig. S4. For the ZnS QDs treatment, the
318.30 mg L−1 suspension contained 6.07 mg L−1 of free Zn, which rep-
resents the 1.82% on the total amount. For the CdS QDs treatment, the
340.03 mg L−1 suspension contained 4.06 mg L−1 of free Cd, which rep-
resents the 1.22% on the total Cd. Interestingly, these values were
slightly modified by the presence of plant roots in the solution. The ex-
periment was included because data in literature indicate that root exu-
dates can increase the degradation or the transformation of a wide range
of molecules and xenobiotics (Huang et al., 2017).

3.3. Zn and Cd in the soil of N. caerulescens and T. perfoliatum, A. halleri and
A. thaliana

Zinc is a naturally occurring element natively present in soil, including
those used for the current experiments. The initial values were
154.3 mg kg−1 of Zn or a total of 7.72 mg of Zn per pot. The amounts of
Zn and Cd present in soil at the beginning and at the end of experiment
for all the treatments is shown in Fig. 5 in Imperiale et al. (2022, Data in
Brief). Cadmium was not detectable in the soil prior to treatment or at the
end of experiment with the untreated soil.
after 30 days of treatment with Zn; A. halleri (c) and A. thaliana (d) after 30 days of
n each graph at P < 0.05 (ANOVA and Tukey HSD post-hoc test). The root fresh
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3.4. Phenotypic variation after treatments

Some trends in phenotypic andmorphological effects of treatment were
evident and are shown in Fig. 1 in Imperiale et al. (2022, Data in Brief).
N. caerulescens treated with either ZnS QDs or ZnSO4 (10 and 30 mg per
pot) did not show any negative symptoms on the leaf development and
color. Similarly, in T. perfoliatum the same treatments did not produce any
particular differences on plant growth and leaf morphology. However,
treatment with Cd as CdS QDs at both doses (10 and 30 mg per pot) had
a positive effect on growth ofA. halleri as comparedwith the untreated con-
trol. Treatment with CdSO4 at the lower and higher dose also had a positive
effect. In A. thaliana, the two treatments did not produce overt phenotypic
differences in growth and leaf color as compared to an untreated control
(Fig. 1 in Imperiale et al. (2022, Data in Brief)).

3.5. Plants upper biomass and root length

In N. caerulescens, the addition of ZnS QDs and ZnSO4 seemed to in-
crease the fresh biomass of the aerial tissues. The biomass of the untreated
controls weighted 3.4 g; plants treated with ZnS QDs at the low and high
concentrations weighted 4.0 and 4.3 g, respectively, and plants treated
with ZnSO4 were 4.8 g for both treatment levels (Fig. 1); the increases are
statistically significant (Fig. 1a). For T. perfoliatum, the addition of ZnS
QDs and ZnSO4 did not have a statistically significant effect on the plant
biomass. The fresh mass of the aerial tissues in the untreated plants was
5.5 g; plants treated with low and high concentrations of ZnSQDsweighted
4.1 and 5.8 g, respectively, and plants treated with ZnSO4 were 5.3 and
6.1 g for the lower and the higher treatment, respectively (Fig. 1b). For
A. halleri, the addition of CdS QDs and CdSO4 increased the plant biomass.
The aerial tissue fresh weight for the untreated plants was 3.9 g; plants
Fig. 2. Zn concentration (mg kg−1) in the roots of N. caerulescens (a) and T. perfoliatum
(c) after 30 days of treatment with Cd. Different letters indicate significant differences b

5

treated with high and low concentrations of CdS QDs were 11.4 and
9.8 g, respectively, and plants treated with the low and high concentrations
of CdSO4 were 7.3 and 10.8 g, respectively. A. halleri, similar to the other
hyperaccumulator N. caerulescens, seems to benefit from exposure to Zn
and Cd in both ionic and nanoscale forms; these values are statistically sig-
nificant (Fig. 1c). For A. thaliana, the addition of CdS QDs and CdSO4 did
not show a significant effect on aerial tissue biomass as compared to con-
trols. The fresh biomass of the aerial part in untreated plants was 4.6 g;
plants treated with low and high concentrations of CdS QDs weighted 5.7
and 6.4 g, respectively, and plants treatedwith low and high concentrations
of CdSO4 were 4.8 and 5.0 g, respectively, with significant variation
(Fig. 1d). The various treatments of ZnS QDs and ZnSO4 had little impact
on the root length of N. caerulescens, although some reduction was evident
at the highest dose (30mg) (Fig. 6a in Imperiale et al. (2022, Data in Brief)).
In T. perfoliatum, both ZnS QDs and ZnSO4 increased root length (Fig. 6b in
Imperiale et al. (2022, Data in Brief)). Similarly, treatment with CdS QDs
and CdSO4 stimulated root growth in A. helleri (Fig. 6c in Imperiale et al.
(2022, Data in Brief)). The root length ofA. thalianawas differently affected
by treatments (Fig. 6 in Imperiale et al. (2022, Data in Brief)). Notable, the
majority of these differences were not statistically significant as compared
to the untreated controls.

3.6. Zn and Cd uptake and tissue bioconcentration factor (BCF)

The amount of Zn in the root tissues of untreated plants and in plants
treatedwith ZnSQDs and ZnSO4 is shown in Fig. 2. For ZnSQDs treatments,
Zn was more abundant in the roots of N. caerulescens (Fig. 2a) relatively to
T. perfoliatum (Fig. 2b), whereas for ZnSO4 the opposite was true. In
N. caerulescens the addition of 30 mg of ZnSO4 only, significantly increased
the uptake (Fig. 2a); in T. perfoliatum both treatments, 10 and 30 mg of
(b) after 30 days of treatment with Zn and in roots of A. halleri (c) and A. thaliana
etween means in each graph at P < 0.05 (ANOVA and Tukey HSD post-hoc test).
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ZnSO4, gave significant increase in Zn content as compared with control
(Fig. 2b). BCF ratios were calculated for N. caerulescens/T. perfoliatum and
for A. halleri/A. thaliana. Root BCFs are shown in Table 1 in Imperiale
et al. (2022, Data in Brief) and Fig. 3; Fig. 3b shows the root BCF ratio be-
tween N. caerulescens and T. perfoliatum. Under ZnS QDs exposure, the ra-
tios between BCF (roots) were >1, whereas for Zn SO4 were <1.
Untreated plants of A. halleri and A. thaliana had no detectable Cd uptake
in the roots (Fig. 2c) because there was almost no Cd in the growthmedium
(Fig. 5 in Imperiale et al. (2022, Data in Brief)). The amount of Cd in the
roots of plants treated with CdS QDs and CdSO4 are shown in Fig. 2 at the
begin and at the end of the growth. The amount of Cd in the roots of
A. halleri treated with 10 and 30mg of CdS QDs and CdSO4 was statistically
greater than the controls (Fig. 2c) and is comparable with that inA. thaliana
(Fig. 3d). BCFs in the roots were also similar for the two species (Table 1 in
Imperiale et al. (2022, Data in Brief)) with the exception of CdSO4 (10mg).
The same is also for the root BCF ratio between A. halleri and A. thaliana.
The ratios for treatments were <1 with the exception of CdSO4 which was
≈1 (Fig. 3d).

For the aerial tissues ofN. caerulescens and T. perfoliatum, the amount of Zn
in control plants and in plants treated with ZnS QDs and ZnSO4 are shown in
Fig. 4a and b. Here, the differences between the two plant species are clearly
evident. Across all treatments, Zn was more abundant in the aerial tissues of
the hyperaccumulator N. caerulescens than in those of the non-
hyperaccumulator T. perfoliatum. The BCFs in aerial tissues are shown in
Table 1 in Imperiale et al. (2022, Data in Brief); Fig. 3a shows the shoot BCF
ratio between the two kind of plants: 49.6 (10 mg ZnS QDs), 31.6 (30 mg
ZnS QDs) and 45.9 (10 mg ZnSO4), 33.7 (30 mg ZnSO4). This ratio was at
its maximum for the controls. Similar to the roots, the untreated plants of
A. halleri andA. thaliana did not show any Cd in the shoot tissues. The concen-
trations of Cd in plants treated with CdS QDs and CdSO4 are shown in Fig. 4c
and d. In all cases, Cd was statistically more abundant in the aerial tissues of
Fig. 3. Bioconcentration factor ratio (BCF-ratio) for the aerial tissues (a) and for roots (b)
the aerial tissues (c) and roots (d) betweenA. halleri andA. thaliana after 30 days of treatm
graph at P < 0.05 (ANOVA and Tukey HSD post-hoc test).
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the hyperaccumulator A. halleri than those of the non-hyperaccumulator
A. thaliana. Fig. 3c shows the BCF ratio of the two kind of plants treated
with CdS QDs and CdSO4: 2.51 (10 mg CdS QDs), 1.82 (30 mg CdS QDs)
and 2.64 (10 mg CdSO4), 2.22 (30 mg CdSO4) (Table 1 in Imperiale et al.
(2022, Data in Brief)). The differences in BCF are statistically significant
from the control; with 10 mg the BCFs were similar for CdSO4 and CdS QDs
treatments, with 30 mg the BCF was higher for the treatment with CdSO4.

3.7. Translocation factor (TF)

The calculation of TF is shown in Imperiale et al. (2022, Data in Brief)
and considers transfer of the metal from the roots to the shoots. TF values
are significantly higher when the hyperaccumulator is compared to the
non-hyperaccumulator (Table 1 in Imperiale et al. (2022, Data in Brief)).
Fig. 5 shows the TF ratios between the hyperaccumulators N.caerulescens
and A.halleriwith the non-hyperaccumulators T.perfoliatum and A.thaliana:
for all treatments, the TF ratios are significantly higher. The TF values for
ZnS QDs treatments 10 and 30 mg were 486.6 and 536.3 in N. caerulescens
and 17.8 and 18.4 in T.perfoliatum, respectively. The TF values for ZnSO4

treatments 10 and 30 mg were 689.9 and 378.7 in N.caerulescens and 8.3
and 9.1 in T. perfoliatum, respectively (Table S1). Calculating the ratios be-
tween TF in Zn hyperaccumulator and non-hyperaccumulator (Fig. 5a),
these ratios were 27.3 and 29.1 for the treatment with 10 and 30 ZnS
QDs and 82.6 and 41.6 for the treatment with 10 and 30 ZnSO4, respec-
tively.

The TF values for CdS QDs treatments 10 and 30 mg were 279.6 and
140.5 in A. halleri and 96.5 and 68.7 in A. thaliana, respectively. The TF
values for CdSO4 treatments 10 and 30 mg were 622.3 and 234.6 in
A. halleri and 63.0 and 103.3 in A. thaliana, respectively (Table S1). The
TF ratios between Cd hyperaccumulator and non-hyperaccumulator
(Fig. 5b) shows a value of 2.9 and 2.0 for the treatments with 10 and 30
betweenN. caerulescens and T. perfoliatum after 30 days of treatment with Zn and for
ent with Cd. Different letters indicate significant differences betweenmeans in each



Fig. 4. Zn concentrations (mg kg−1) in aerial tissues of N. caerulescens (a) and T. perfoliatum (b) after 30 days of treatment with Zn and in aerial tissues of A. halleri (c) and
A. thaliana (d) after 30 days of treatment with Cd. Different letters indicate significant differences betweenmeans in each graph at P< 0.05 (ANOVA and TukeyHSD post-hoc
test).
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CdS QDs and 9.9 and 2.3 for the treatments with 10 and 30 CdSO4, respec-
tively.

3.8. ESEM analysis and X-ray imaging

N. caerulescens leaf surfaces showed no overt symptoms of phytotox-
icity under any of the treatments. Under ZnS QDs exposure, the stomata
were clearly visible and abundant; with ZnSO4 treatment, there was a
visible layer of wax on the leaf upper page, but no signs of toxicity.
For both treatments, Zn Lα lines were detected in the leaf. The structure
of the petioles did not vary significantly for the two types of Zn treat-
ment; however, the amount of Zn detected within the vascular bundles
was lower with ZnS QDs treatment than with ZnSO4 (Fig. 6) as also
shown by the AAS/ICP-MS analysis on the aerial parts of the plant.
The upper leaf surfaces of T. perfoliatum were covered with a thick
layer of waxy substances under both treatments, and this condition re-
duced the detection capacity of the emitted X-rays. The abundance of
wax on the leaf surface can be interpreted as a stress response to the
presence of Zn. Zinc was detected in leaves of the plants treated with
ZnS QDs, but not with ZnSO4. Under both treatments, the vascular bun-
dles of the petioles showed traces of Zn. The leaf upper page in the ex-
posed A. halleri under both treatments (CdSO4 and CdS QDs) were
healthy and without wax. For both treatments, the Cd Lα line was de-
tected on the leaf surface and within the petioles vascular bundles
(Fig. 6) confirm the capacity of A. halleri to efficiently translocate high
levels of Cd. Comparing the data here with those of A. thaliana already
published by our group, the differences are clear and striking in fact
CdS QDs impact A. thaliana physiology and morphology (Marmiroli
et al., 2019).
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3.9. Chemical analysis of Zn and Cd extractable from plant tissues

Nanoscale forms of Zn and Cd are somewhat resistant to mild digestion
conditions such as 5% HNO3 and H2O for 90 min (Fig. 7 in Imperiale et al.
(2022, Data in Brief)). After mild digestion and ultracentrifugation at
80,000 rpm for 20 min, we observed that approximately 98% of the initial
added metal in QD form remains insoluble at the bottom of the centrifuge
tube. Conversely, when Cd or Zn salts are subjected to similar mild diges-
tion protocols, nearly all of Cd and Zn were detectable in solution. The dif-
ference between salt and nanoforms became even more striking when the
solubilisation was done with H2O with a small addition of 30% H2O2. Con-
sequently, these procedures were compared to determining the amounts of
metals extractable from plant tissues after treatments with Zn and Cd as
salts or in nanoscale form (Fig. 7 in Imperiale et al. (2022, Data in Brief)).
Specifically, three digestions conditions were compared: 1) 65% HNO3

for 20 min at 165 °C and for 40 min at 230 °C, as well as the twomild treat-
ments 2) 5% HNO3 and 3) H2O for both 90 min at room temperature with
small addition of 30% H2O2. The supernatant of control samples, which
were not added with any ZnS QDs, indeed contained a certain amount of
Zn (about 50% of total Zn) under both mild treatments due to the Zn pres-
ent in the growth medium and the procedure was considerably less effec-
tive than total digestion with 65% HNO3 at 165 °C and 230 °C. From this
test we can assume that about 50% of the total Zn, in the samples grown
with nanoscale Zn, is in a relatively insoluble form. In the samples treated
with ZnSO4, the amount of Zn extracted with 5% HNO3 was only 41%. In
the samples treated with ZnS QDs, the freely extractable Zn by mild
HNO3 digestion was about 50%. Notably, the amount of insoluble metal
after treatment remained about 50–55% in all three Zn amendment scenar-
ios: non-treated, ZnS QDs and with ZnSO4. These findings may fit with



Fig. 5. Translocation factor ratio (TF ratio) ofN. caerulescens and T. perfoliatum after
30 days of treatment with Zn (a) and of A. halleri and A. thaliana after 30 days of
treatment with Cd (b). Different letters indicate significant differences between
means in each graph at P < 0.05 (ANOVA and Tukey HSD post-hoc test).
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observations that metals may exist within the tissues in complex formswith
metal-S and metal-O bounds as previously suggested (Callahan et al.,
2006). These findings were recently confirmed in Arabidopsis exposed to
CdS QDs (Marmiroli et al., 2020). In an additional test, the plant tissue
was converted to a fine powder by heating at 450 °C for 7.5 h (Fig. 7).
This should allow to a concentration of any elements including Zn. The
dehydrated powder was than treated with 5% HNO3 and the suspension
was ultracentrifuged before more rigorous digestion of supernatant with
65% HNO3. The total amounts of Zn extractable from the ash of control
and Zn QDs treated samples were approximately the same due to the high
Zn in growth medium. It was higher when ZnSO4 was added to the plant
(Fig. 7a). However, the ratio of Zn in the untreated samples to that of sam-
ples treated with ZnSO4 was similar (0.87 and 0.83), whereas that of sam-
ples treated with Zn QDs was lower (0.57) (Fig. 7b). These findings
indicate that were less extractable Zn in condition of treatment with ZnS
QDs, although the total amount of Zn in tissues was about the same
(Fig. 7). The procedure of hard-drying performed on the three samples
highlights a greater stability of Zn when added in the form of QDs as com-
pared with Zn salt. To confirm the reliability of the analytical approach a
reconstruction experiment was performed. Another experiment of differen-
tial digestion was conducted as indicated in Fig. 8 in Imperiale et al. (2022,
Data in Brief). In this experiment the dried powders of tissues were
Fig. 6.Above in each box: ESEM images of representative upper leaf pages and vascular b
aperture 2.5 μm. White bars at bottom left indicate the magnification. Below in each box
20 keV, acquisition time 60 s. Spectra are completely deconvoluted using the PB/ZAF m
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supplemented with 10 mg of Zn salt or nanoscale Zn and then treated as in-
dicated. After the extraction with 65% HNO3, 5% HNO3, H2O the samples
were centrifuged and each supernatants furtherly extracted with 65%
HNO3. The results also in this case showed that the treatments yielded a dif-
ferential extraction of ionic and nano Zn with the mild procedures and in
particular, with H2O amended with 30% H2O2. Only 1/7 of the Zn extract-
able from the sample added with ZnSO4 was extractable when the sample
was supplemented with ZnS QDs. On the other hand, the Zn extractable
from the same type of treatment when the digestion was with 65% HNO3

at high temperature, was 2/3 of the value obtained in the sample added
with ZnSO4. In the samples addedwith ZnSO4 and the extraction performed
with 5% HNO3 this ratio became 1/2 (Table S2). If the supernatants were
not subjected to the last digestion with 65% HNO3, the values obtained
with the two mild digestion procedures were those reported in Table S3.
In particular in the extraction with 5%HNO3 the Zn released from the sam-
ple added with ZnS QDs was 50% of that supplemented with ZnSO4, and in
the extraction with H2O the Zn released from the sample added with ZnS
QDs was less than 1% of that supplemented with ZnSO4. In these cases
after ultracentrifugation of samples added with comes from nanoscale Zn
and tomild digestion, the SEM-EDX analysis of the pellets showed the pres-
ence of nanoparticles (data not shown).

3.10. TEM-EDX analysis of dehydrated plant tissues

The dehydrated ashes from plants of N. caerulescens treated with ZnS
QDs or A. halleri treated with CdS QDs were therefore thoroughly washed
withH2O, filtered and rehydrated and then analysed by TEM-EDX. EDX im-
aging indicated a large distribution of both Zn and Cd amongst the fine par-
ticles of the ashes; the distribution of the metals partially overlapped with
that of S (Fig. 9 in Imperiale et al. (2022, Data in Brief)). It is convincible
that this indicate that a significant amount of Zn and Cd in the nanoform re-
mained entrappedwithin the plant tissues after the treatment in the pristine
form or bioconverted as suggested (Marmiroli et al., 2020) though a signif-
icant portion probably is converted in more water soluble forms.

4. Discussion

Engineered nanomaterial (ENMs) use has expanded in a number of sec-
tors, including energy, electronics and agriculture (Caballero-Guzman and
Nowack, 2016; Giese et al., 2018). Given that the final sink for many of
these materials will be the soil, a significant amount of research has
begun to focus on ENMs interactions with plant species (Cota-Ruiz et al.,
2018; Pagano et al., 2018b). Many forms of ENMs have a sufficiently
small size and high surface reactivity to facilitate rapid entry into cells,
often with the formation of a biologically derived coating or “protein co-
rona” that facilitate the interaction (Ruotolo et al., 2018). Once in the envi-
ronment, ENMs undergo particle-specific transformation and aggregation
reactions with soil organic matter and other environmental compartments
(Keller et al., 2013). which can lead to increased stability or to increased
solubility with subsequent ion release (Garner et al., 2017; Tan et al.,
2017). As a commonly used ENM, quantum dots have metal cores of Zn
and Cd such as those used in the current study (CdS QDs and ZnS QDs);
These types of nanomaterials have high stability under a range of experi-
mental/environmental conditions and often release only small quantities
of ions. Upon exposure to QDs, plants can show inhibition of cell functions
such as respiration and photosynthesis, often associated with decreased
growth and large changes in gene transcription and protein synthesis
(Gallo et al., 2020; Miralles et al., 2012; Pagano et al., 2016, 2018c).

The current study reports how the Zn and Cd translocated from roots to
leaves in the hyperaccumulatorsN. caerulescens (Zn) and A. halleri (Cd) was
quantitally similar when the source supplied to medium were salts or QDs.
But, the two hyperaccumulators did not show any overt signs of toxicity,
undles. Acceleration voltage 5 keV, pressure 60 Pa,working distance 10mm, pinhole
: EDX spectra of the yellow rectangle in the SEM image above: acceleration voltage
ethod.
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Fig. 7. Zn concentrations (mg kg−1) in the tissue ash of treatedN. caerulescens after
a mild digestionwith 5%HNO3 (a) and the ratio with the Zn concentration found in
the plant tissues after the same was digested with 65% HNO3 (b).
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such as reduction of root and shoot growth,when exposed tometal or nano-
scale metal. The total amounts of metal ions and nanoscale metals
translocated to the aerial parts of the A. halleri and N. caerulescens was sig-
nificant but for Cd not as high as other reports for these species; (Marques
et al., 2009) this can likely be explained by differences in experimental de-
sign and exposure (Visioli et al., 2010b) and by the fact that the presence of
a certain amount of Zn in the growth mediummay inhibit the uptake of Cd
because it depends on the concentration of bothmetals in the medium. But,
the three basic properties of hyperaccumulators, are maintained under
these conditions. First, the shoot bioconcentration ratio (BCF ratio) and
the root to shoot translocation ratio (TF ratio) were consistently greater
than 1.0 (McGrath et al., 2006; McGrath and Zhao, 2003). Second, the
amount of Zn in the shoots of N. caerulescens treated with nanoscale Zn
was 0.23% of the DW; the value was 0.29% of DW for the ionic form. The
amount of Cd in A. halleri shoots upon treatment with nanoscale Cd was
0.008% of the DW; the value for the ionic form was 0.012% of DW
(Baker and Brooks, 1989). Third, the hyperaccumulator N. caerulescens
has a BCF (for ionic form and nanoscale) for Zn that is 31.9–49.6 that of
the non-hyperaccumulator T. perfoliatum; the A. halleri BCF for Cd was
1.82–2.64 that of A. thaliana. Importantly, plant morphology and biomass
indicate greater tolerance for Zn and Cd in N. caerulescens and A. helleri
then in their non-hyperaccumulators relatives.

A relatively limited number of studies have definitively shown the fate
of ENMs in plant tissues. Synchrotron radiation (μXRF and μXANES) has
been used to show the atomic environment of Ti after uptake and transloca-
tion of TiO2 nanoparticles in cucumber plants (Servin et al., 2012) and
more recently also the fate of CdS QDs in A. thaliana was shown
(Marmiroli et al., 2020). The same technique was used to study uptake
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and translocation of Cd2+ and Zn2+ ions in A. halleri and N. caerulescens
(Huguet et al., 2012; Isaure et al., 2015; Küpper et al., 2004). In the current
study, analytical techniques together with microscopic (TEM-EDX and
ESEM-EDX) tools were used to evaluate the interaction of ZnS QDs and
CdS QDs in different plant tissues. The evidences obtained, thoroughly cor-
relative, suggests that a significant amount of the metals were inside the
plant vessels and leaves after treatment in a nanoscale or a non-ionic
form. Because these analyses were made on plants exposed for
30 days, during that period the nanoscale metals can have been trans-
formed in a less structured and not equally stable form which was not
the case because the nanoscale metals maintained 30 days in the growth
medium did not increase their extractability by H2O (data not shown). It
will be important in the future to understand if the nanoscale metals in
the hyperaccumulators were bound by strong specific ligands within the
plant cells (Krämer et al., 1996) or if they are more loosely associated
with organic acids or amino acids that are abundant within the plant
vacuoles (Salt et al., 1999). It has been demonstrated that in
N. caerulescens, phytochelatins are an important metal-binding ligand
that facilitate metal compartmentalization in the cells or vacuoles, ef-
fectively reducing harm to cell function by toxic metals (Ebbs et al.,
2002; Psaras and Manetas, 2001).

5. Conclusions

The biological function of ENMs depends on their physicochemical
properties but also on their capacity to enter into the plant (Pagano et al.,
2017; Servin et al., 2017). Series of studies report that, for ENMs of larger
size (>40 nm) the size of the cell wall's pore is the limiting factor in
uptaking ENMs into the plant. The second conditioning factor is the nature
of ENMs which can promote or inhibit the attachment to the radical sur-
faces or to the radical exudates (Ali et al., 2021).

For smaller ENMs as our QDs (3 to 5 nm) they do enter into the plant
roots using either osmotic pressure, capillary forces or directly through
the epidermal cells. Once they have crossed the cells wall, they are
transported via apoplast until they reach the central vascular cylinder,
ENMs need to cross the Casparian strip barrier which in normal conditions
ENMs can make by crossing plasma membrane and then into the xylem
(Miralles et al., 2012). When they have reached the vascular system
ENMs could be translocated to the aerial part via the transpiration stream
(Miralles et al., 2012). Studies with isolated cells suggest that an endocytic
pathway may be involved with an active transport through vesicles from
the plasma membrane which are also participants in nutrient uptake, regu-
lation of plasma membrane receptors and in membrane recycling (Ovečka
et al., 2005).

The uptake of nanoscale metals (Cd/Zn) by the two hyperaccumulator
certainly benefits of this vesicular transport, but it is not consequent that
the uptake was more effective than in the non-hyperaccumulator. In fact
root uptakes remained quite comparable whereas significantly larger was
(in the hyperaccumulators) the BFs and TFs; meaning a larger tolerance
of stem and leaves to the metals in either forms (ionic or nano). Tolerance
to the metals in hyperaccumulators was related to specific chelating pro-
teins and organic acid (Małgorzata et al., 2020; Zhao et al., 2006) whereas
for nanomaterial other mechanisms like biotransformation were also in-
volved (Majumdar et al., 2019; Marmiroli et al., 2020).

But the mechanism of internalization may also involve the formation of
a “corona” around ENMs constituted also of tightly bound proteins (hard
corona) which can have a relevant role in the mechanism of displacement
but also of phytotoxicity (Ruotolo et al., 2018). According to results so far
obtained there are therefore differences between uptake and internaliza-
tion of metals when in ionic or in nanoscale forms with the involvement
of different transport mechanisms (De La Torre Roche et al., 2018;
Małgorzata et al., 2020; Pence et al., 2000; Servin et al., 2017).

But also the mechanism of phytotoxicity seems different from ionic and
nanoscale metals. This has been shown in particular for Zn and Cd and in
general for different metals and non-metals (Marmiroli et al., 2014, 2019;
Pagano et al., 2018a). Beyond many positive effects on plants and crop
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plants (Ali et al., 2021; Gardea-Torresdey et al., 2014; Kah et al., 2019;
Lowry et al., 2019) there are some risks to be considered when dispersion
of ENM in the environment is concerned.

The accurate measurement of ENMs in the environment is generally
low and difficult to achieve; as such, environmental risk assessment ef-
forts largely rely on exposure modeling (Keller and Parker, 2019). Expo-
sure estimates for QD were reported and discussed by Gottschalk et al.
(2015). The possibility of reaching significant concentrations similar
to that of carbon black and TiO2 is possible given the increased produc-
tion and use of some types of quantum dots including ZnS QDs and CdS
QDs. Given their specific uses, future contamination in the environment
will likely be heterogeneous (Chopra and Theis, 2017; Zuverza-Mena
and White, 2018). The application to healthcare and to new energy sys-
tems could lead to a concentration in wastes, wastewaters and sludges
associated with the sites of production. In particular, quantum dots
used in nanomedicine could lead to a particularly difficult emerging en-
vironmental challenge (Baun and Hansen, 2008; Gardea-Torresdey
et al., 2014). Data for relevant ecotoxicological end points is a knowl-
edge gap that must be addressed. The discovery that two plant species
such as N. caerulescens and A. halleri may also hyperaccumulate Zn and
Cd also in the nanoscale forms certainly is evidence of a new hazard
that should trigger additional research on both the mechanisms of accu-
mulation and also on understanding the subsequent risk for environ-
mental and human health. The fact that A. halleri and N. caerulescens
grow slowly and produce relatively low biomass (McGrath and Zhao,
2003) precludes their use for phytoextraction of these novel contami-
nants. However, these species may serve to an effective environmental
biomonitoring.
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