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Abstract

Biological effects of nanoparticles have attracted widespread attention. However, the interaction between plants and nano-
particles remains unclear. The purpose of this study was to investigate characteristics of nano-sized metal particles in two
representative plant species, Erigeron canadensis and Boehmeria nivea, in the Guangdong Province, China. The stems of
the plants were sliced and placed on Ni—C grids for field-emission transmission electron microscopy (TEM). The metal-
bearing nanoparticles were further analysed for their size, shape, composition, content and other characteristics using X-ray
energy spectrum analysis, scanning TEM and selected-area electron diffraction pattern. The results revealed that the plants
contain nano-sized Au-bearing particles with a diameter of 5-50 nm, ellipsoid, spherical and bone-rod shapes or irregular
morphology with smooth edges. These nanoparticles primarily consisted of Au, Cu, O and Cl. The discovery of Au-bearing
nanoparticles in natural plant tissues is of great significance for biological nanoscience. Here, we discuss the function and
absorption mechanism of Au-bearing nanoparticles in plants and present the influence of the discovery of Au-bearing nano-

particles in natural plants.
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Introduction

Scanning tunnelling microscopy has facilitated the visualisa-
tion of the microatomic world since 1981 and is the base on
which the field of nanotechnology has gradually developed.
With the rapid development of nanotechnology, nanopar-
ticles will present some environmental risks (Meyer et al.
2009; Yang et al. 2016). Nanoparticles are natural products,
but the widespread use of nano-materials, which have a
very wide range of applications in fields such as electronics,
magnetism, optics, biomedicine, pharmacology, cosmetics,
energy resources, sensors, catalysis and materials science,
has enhanced the growth of synthetic, engineered nanopar-
ticles (Bhatt and Tripathi 2011). There is little doubt regard-
ing the artificial nanoparticles entering the ecosystem and
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concomitantly presenting a series of potential environmental
risks. Plants, which are an important part of the ecosystem,
are the fundamental route for nanoparticles to enter the food
chain and accumulate in organisms (Rico et al. 2011). How-
ever, little is known about the interactions between nanopar-
ticles and plants, let alone between nanoparticles and the
environment.

Two articles have discussed biological effects of nano-
particles (Brumfiel 2003; Service 2003). As a result, this
topic has attracted widespread attention among researchers.
The characteristic of nano-materials has been of tremendous
value for scientific and technological development, and their
safety is paramount to their further development. The spe-
cial physical and chemical properties of nanoparticles, such
as the small size effect, surface effect, quantum size effect
and macroscopic quantum tunnelling effect, make nanopar-
ticles easily absorbable by organisms; thus, these nanoparti-
cles affect the growth and health of organisms by interacting
with them (Nel et al. 2006). In addition, metallic nanopar-
ticles have the dual adverse effects of metal- and nano-
toxicity. Their biological toxicity and ecological risk have,
therefore, become an important topic in nano-toxicology.

A lot of research on interactions between plants and met-
als has been conducted, but research on the interactions
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between plants and metal nanoparticles is still inadequate.
Because of differences among different types of plants and
nanoparticles, the mechanisms underlying and extent of their
actions vary (Andreotti et al. 2015). For instance, Ag, Fe,
Cu, Al and Zn nano-materials may present toxicological
risks for the growth of plants (Lin and Xing 2007; Lee et al.
2008, 2012; Kumari et al. 2009; Stampoulis et al. 2009; Yin
et al. 2011; El-Temsah and Joner 2012; Liu et al. 2016). In
contrast, Au nanoparticles could be beneficial to growth,
leading to an increased yield (Kumar et al. 2013). Each of
these studies consisted of observations made using cultures.
To date, studies reporting types and characteristics of metal
nanoparticles present in natural plant tissues are rare. We,
therefore, conducted this study to determine the presence of
noble metal (such as Au) nanoparticles in plants growing in
the natural environment.

Experimental

Erigeron canadensis and Boehmeria nivea were the plants
chosen for this study. B. nivea is a perennial subshrub or
shrub, whereas E. canadensis is an annual or biennial weed.
Both have a very wide distribution in Guangdong Province,
China. Stems of E. canadensis and B. nivea were sampled in
their flourished period, cleaned using ultrapure water and cut
into strips measuring 2—4 mm in length prior to storage in
5-ml centrifuge tubes containing aldehyde fixative (5% glu-
taraldehyde + 4% paraformaldehyde). The centrifuge tubes
were refrigerated at 0—4 °C throughout the experimental
course. Samples were fixed, dehydrated and embedded as
described previously (Glauert 1975). Ultrathin sections were
prepared from the embedded samples (Hagler 2007). Ni—-C
grids were used to support the sample slices. The samples
were not dyed to ensure that clear images were obtained
under the mirror, and the entire procedure was performed
while maintaining high standards of cleanliness.
Following pretreatment, plant tissue sections on Ni—C
grids were examined using a field-emission transmission
electron microscope (TEM; Tecnai G2 F30 S-TWIN instru-
ment) at the Testing Center at Yangzhou University, China.
Energy-dispersive X-ray spectroscopy (EDS) and selected-
area electron diffraction (SAED) data or high-resolution
TEM (HRTEM) images were obtained for each detected
particle. The maximum magnifications of TEM and scan-
ning TEM (STEM) were 1 and 2.3 million, respectively.
The dot resolution was 0.20 nm, and the line resolution was
0.102 nm. The High-Angle Annular Dark Field STEM reso-
lution was 0.17 nm. This meant that the size, shape, compo-
sition, content and other characteristics of metal nanopar-
ticles could be displayed. In addition, particles primarily
composed of metallic elements (metal-bearing particles)
appeared dark under TEM and bright under STEM (Hu et al.
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2017). C and Ni content measurements were eliminated from
the measured values for Ni—C grids, and H and O could not
be determined because plant cells mostly consist of organic
matter.

Results and discussion

Characteristics of Au nanoparticles within plant
tissues

Au-bearing nanoparticles were observed in both E. canaden-
sis and B. nivea using HRTEM (Figs. 1, 2). Some common
nanoparticles were rejected because they are ubiquitously
present in air. The results revealed that Au-bearing nano-
particles in E. canadensis primarily consisted of Au, O, Cu
and CI (Fig. 1c) or only Au and O (Fig. 1d). These Au-
bearing particles were approximately 20-50 nm in diameter
and had an irregular morphology. EDS analysis revealed
that components of one particle were mainly O (44.81%),
Cl1(5.27%), Cu (17.52%) and Au (32.40%; Table 1), whereas
another one only consisted of Au (50.05%) and O (49.95%;
Table 2). In addition, the diffraction pattern shown in Fig. 1d
revealed a number of relatively regular spots, indicating that
this particle was crystalline in nature. Nanoparticles found
in B. nivea mainly consisted of Au (54.46%) and O (45.54%;
Table 3 and Fig. 2e) and were circular, elliptical or bone-
rod shaped with smooth edges. Au nanoparticles in B. nivea
were 5—15 nm in size. The clear diffraction spots in the dif-
fraction pattern (Fig. 2e) indicated that these Au-bearing
nanoparticles were also likely to be crystalline. The Au-
bearing nanoparticles found in B. nivea were more abundant
and more regular shaped than those found in E. canadensis.
Furthermore, most of these Au-bearing nanoparticles were
distributed around the plant cytoskeleton, as assessed by
TEM and STEM.

The source of Au nanoparticles

It is likely that the Au-bearing nanoparticles found in these
plants were accumulated by enrichment given that the abun-
dance of Au in the crust is very low. In plants, gold exists
as an ultra-trace element and is a non-essential element for
plant growth. The natural baseline level of gold in plants
is usually as low as 10 ng/g dry weight (10 ppb), and its
concentration in hyperaccumulator plants is 100 times more
than that in normal vegetation, i.e. up to 1 mg/g dry weight
(1 ppm; Brooks et al. 1977). Besides the concentration of
metal elements in the environment, the entry and accumu-
lation of metals is also related to their availability, pH and
other physicochemical properties of the soil and the inter-
action between various elements (antagonism and synergy)
and other ecological factors, such as light, temperature and
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Fig. 1 Au-bearing nanoparticles in the plant E. canadensis. Transmis-
sion electron microscope (TEM) photomicrograph (a) and scanning
TEM (STEM) photomicrograph (b) of nanoparticles. TEM images,
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particle electron diffraction pattern and energy-dispersive X-ray spec-
troscopy (EDS) results of irregular Au-bearing particles (c, d)
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«Fig.2 Au-bearing nanoparticles in the plant B. nivea. Transmission
electron microscope (TEM) photomicrograph (a) and scanning TEM
(STEM) photomicrograph (b) of nanoparticles. High-resolution TEM
photomicrographs (c, e), their electron diffraction patterns (d, e) and
an energy-dispersive X-ray spectroscopy (EDS) result (e) of irregular
Au-bearing particles

humidity. No metal deposits were identified in the sampling
area; however, there was an electroplating plant nearby. The
pollution of the electroplating plant is very serious because
it not only discharges heavy metal pollutants and eluates,
but also the discharged acid gas can corrode the metal arti-
cles. The surrounding air, water and soil were more or less
polluted by waste from the factory, which included metal
nanoparticles. Therefore, we theorised that the factory would
have an effect on the formation of gold nanoparticles in the
plant tissues.

The mechanism of nanoparticles entry
and accumulation within the plant body

It is uncertain how these Au nanoparticles were absorbed by
the plants. Previous investigations have revealed that there
are two ways by which metal elements enter plant tissues.
One is by root absorption (Bali et al. 2010; Lintern et al.
2013; Fontes et al. 2014). In general, dissolved metal ele-
ments in plants are primarily absorbed from the soil by the
roots, where they gradually accumulate and are then trans-
ferred to other plant tissues. It is generally recognised that
gold is imbibed through roots in the biogeochemical cycle
and then combined with organic compounds to form organic
complexes or chelates. Separating border cells (border cells
separated from the root) and mucus can accumulate and
capture metal nanoparticles regardless of particle charge
(Avellan et al. 2017). Plants have previously been induced
to accumulate gold from ores (Cwn et al. 1998; Robinson
et al. 1997), which supports the possibility of root absorp-
tion. A previous study has shown that gold ions accumu-
lated by plants (Alfalfa) and stored in leaf and stem biomass
can be reduced to form discrete nanoparticles of pure metal
(Gardea-Torresdey et al. 2002). So one possibility is that
gold ions absorbed by roots can be reduced in the plant tis-
sues (Anand et al. 2016; Lintern et al. 2013). And it has been
proved that nanoparticles could be absorbed directly by the
plant body through root uptake also and then translocated
through the plant tissues (Stone 2010; Cifuentes et al. 2010).
Some studies have shown that nanoparticles can be absorbed
and transported by plants, but their storage locations vary
(Lin et al. 2009; Parsons et al. 2010; Wild and Jones 2009;
Zhang et al. 2011; Zhu et al. 2008).

Another alternate route for the absorption of metal nano-
particles is via plant surfaces. Nanoparticles in the atmos-
phere may settle on leaves or upper roots and enter through

trichomes or stomata before being transported to other tis-
sues of plant (Nair et al. 2010; Eichert et al. 2008; Navarro
et al. 2008). It is well known that plants possess natural
barriers to absorption and transport, such as cutin, a cork
layer and the Casparian strip, which makes it difficult for
nanoparticles to enter plant cells (Schreiber 2010). Above
the ground, nanoparticles may enter the plant through the
non-cuticle parts, such as drainage holes, stomata and
stigma, but they would have to pass through the cork layer
and Casparian strip before reaching the vascular cylinder
(Kurepa et al. 2010; Lee et al. 2008; Lin and Xing 2008;
Wang et al. 2012). The plant cell wall is porous, with a pore
diameter of 5-20 nm; consequently, nanoparticles smaller
than this diameter can commonly enter the cell. However,
new and larger pores created by smaller nanoparticles ena-
ble the larger nanoparticles to enter (Navarro et al. 2008).
The diameter of Au nanoparticles found in the plant tissues
ranges from 5 to 50 nm, so these nanoparticles were most
likely to be absorbed through pores directly.

In the present study, Au-bearing nanoparticles in the
stems were found around the plant microtubules instead of in
the microtubules, and EDS analyses corroborated that these
nano-sized particles were not of pure gold. The irregular
shape of Au-bearing particles was different from the mor-
phology of natural Au reported in a previous study (Cao
et al. 2009; Hu et al. 2015). They were also not very crystal-
line, as evidenced by SAED analysis, indicating that these
Au-bearing nanoparticles were artificial and absorbed by
plants directly through the stoma and that the electroplating
factory may be the primary source of pollution.

The influence of the discovery of Au-bearing
nanoparticles in natural plants

Gold has been used for centuries as currency, hedge and
in jewellery production, and Au nanoparticles hold a great
potential for use in medicine and biology because of their
characteristic high electron density, dielectric properties and
catalysis and their lack of influence on biological activi-
ties of macromolecules (Dykman and Khlebtsov 2012; Liu
and Ye 2013; Sotnikov et al. 2015). Over the last decade or
so, a number of studies have been conducted on the use of
plants for the synthesis of gold nanoparticles (Avellan et al.
2017; Gan and Li 2012; Kumar et al. 2013; Mubarakali et al.
2011; Shankar et al. 2003, 2004). However, most of them
involved the production of gold nanoparticles using plant
extracts instead of intracellular reduction. To the best of our
knowledge, this is the first report on the presence of gold
nanoparticles in plants growing in a natural environment
without a gold-containing substrate, and the detailed char-
acteristic of Au nanoparticles has been presented using TEM
for the first time. We hope that the findings of this study can
be put to use in the treatment of nano-material pollution
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Table 1 Energy-dispersive X-ray spectroscopy (EDS) analysis of
metal-bearing particles in the plant E. canadensis (Fig. 1c)

Element Weight (%) Atomic
percentage
(%)

O(K) 8.52 44 .81

CI(K) 2.22 5.27

Cu(K) 13.26 17.52

Au(L) 76.00 32.40

Table 2 Energy-dispersive X-ray spectroscopy (EDS) analysis of Au-
bearing particles in the plant E. canadensis (Fig. le)

Element Weight (%) Atomic
percentage
(%)

O(K) 7.46 49.95

Au(L) 92.54 50.05

Table 3 Energy-dispersive X-ray spectroscopy (EDS) analysis of Au-
bearing particles in the plant B. nivea (Fig. 2e)

Element Weight (%) Atomic
percentage
(%)

O(K) 6.35 45.54

Au(L) 93.65 54.46

and the enrichment of Au nanoparticles using plants. The
safety effect of nanotechnology and nano-materials is an
important social issue closely related to human society. As
an important component of the ecosystem, plants can influ-
ence the environmental fate, migration and ecotoxicity of
nanoparticles through absorption and bioaccumulation, and
may become potential pathways for nanoparticle migration
and bioaccumulation in the food chain. Therefore, the study
of the absorption, transport and toxicity effects of plants on
nanoparticles has an important role in the evaluation of the
biological effects of nanoscale substances, the impact on
human health and environmental risks.

Conclusion

In this study, Au-bearing nanoparticles were discovered
in plant tissues (E. canadensis and B. nivea) using TEM.
These Au-bearing nanoparticles were nearly 20-50 nm in
diameter and had an irregular morphology in E. canadensis.
EDS analysis revealed that components of some particles
were mainly O (44.81%), Cl (5.27%), Cu (17.52%) and Au
(32.40%), while others only consisted of Au (50.05%) and
O (49.95%). In B. nivea, particles mainly consisted of Au

@ Springer

(54.46%) and O (45.54%) and were 5—15 nm in size and
circular, elliptical or bone-rod shaped with smooth edges. In
addition, particle electron diffraction patterns indicated that
most of these nanoparticles were nearly crystalline. Based
on our discussion of the absorption mechanism, we con-
cluded that these Au-bearing nanoparticles were directly
absorbed by the plants through their stomata. The discovery
of Au-bearing nanoparticles in natural plant tissues is of
great significance, providing new insights with respect to
the accumulation of dispersed nanoparticles in contaminated
areas and enrichment of Au nanoparticles using plants.
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