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Abstract. The wide usage of microplastics and heavy metals has led to the accumulation of these
pollutants in our environment. Among heavy metals and microplastics, Cadmium (Cd), polyvinyl
chloride (PVC), and polyethylene (PE) are the most severe and ubiquitous pollutants. With large
surface areas, microplastics have the ability to absorb metal ions, potentially performing "carrier
effect”", by which microparticles enhance the transfer of other pollutants from soil to plants.
Phytoextraction has been shown to be the most effective strategy to remediate heavy metal
contamination. In this study, we selected Galinsoga quadriradiata (G. quadriradiata) as the test
species to investigate the effectiveness of phytoextraction in soil contaminated with Cd, PVC
and PE. According to our results, G. quadriradiata present effective phytoextraction to Cd and
microplastics. However, the carrier effect between Cd and PVC or PE only exists in the value of
maximal quantum efficiency of photosystem II (Fv/Fm) but has no effect on the uptake of Cd by
G. quadriradiata. For future studies, we propose to investigate the carrier effect between heavy
metals and microplastics in plants, test the pathway of microplastics by which they are up-taken
by plants from soil, and increase the efficiency of phytoextraction by exposing plants (such as
G. quadriradiata) that have been proved to absorb heavy metal to microplastics.
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1. Introduction

Heavy metals have been used for centuries in all fields, including industry and technology, and spread
widely in the environment, becoming a ubiquitous contaminant that raises concerns for human health
and the environment [1]. Although the term “heavy metals” can be confusing, they are proposed as
naturally occurring metals that have an atomic number (Z) greater than 20 and an elemental density
greater than 5 g/cm® [2]. Heavy metals are classified into two categories based on their roles in living
organisms: essential heavy metals and non-essential heavy metals. [3] Cadmium (Cd), along with lead
(Pb), arsenic (As), mercury (Hg), argentum (Ag), and antimony(Sb), are categorized as non-essential
heavy metals that have no benefit to living organisms [3] but are highly toxic to the soil environment
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even at low concentrations [4] by damaging soil organic matter, pH, clay content [5, 6], microbes [7, 8],
and agricultural crops [9].

Despite the soil contamination of Cd, microplastic - including polyethylene (PE), polyvinyl chloride
(PVC), and polypropylene (PP), which are among the most common types of microplastics [10] — also
pose a serious threat toward terrestrial ecosystems. Plastics-Europe [11] estimates that 367 Mt of plastics
were produced worldwide in 2020. Nevertheless, according to Dahlbo, Poliakova [12], plastic waste
accumulation is trending upward. As calculated in the previous study [13], household activities are the
main source of plastics contamination, accounting for 77%, while 23% of plastics contamination comes
from industries. In the same study [13], Julien Boucher and Damien Friot found that plastics undergo
degradation cycles for more than a hundred years after entering the environment. As part of this process,
plastic particles are micro-degraded by microbial mediated or weathering mechanisms such as
hydrolysis and UV radiation, and subsequently form into microparticles known as microplastics, which
are capable of contaminating both marine and soil environments [14] through four pathways: ocean
pathway, wastewater pathway [15, 16], wind pathway [17], and road runoff pathway [15, 18]. Ultimately,
52% of microplastics ended up in soil ecosystems, a higher ratio compared to 48% of microplastics that
went to aquatic ecosystems [13]. Due to the features of microplastics such as the large surface area and
small size, they are able to absorb other pollutants such as heavy metals and organic pollutants,
facilitating further negative impacts on the soil environment. These include changing soil properties and
functions, threatening biodiversity in soil ecosystems [10], affecting the life cycle of soil microbes [19-
21], and negatively impacting organisms that live in soil ecosystems [22, 23].

To date, the main strategies to control Cd contamination in soil environments are physical strategy,
chemical strategy, and phytoremediation. Physical strategies mainly include electrokinetic technology
[24], in which a groove for an electrical solution is inserted between the soil and an electrode, and the
heavy metal ions are able to transfer and settle in the solution. However, this technique has the
disadvantage of triggering the turbulence of the electrical potential at the soil surface. According to Gao,
Peng [25] and Ji and Guo [26], chemical strategies for Cd contamination are soil washing [26] and
passivation repair technology [25]. Though they are able to reduce the Cd concentration, they also lead
to changes in soil pH. When it comes to phytoremediation, Yan, Wang [27] demonstrated that besides
phytostabilization and phytovolatilization, phytoextraction is proven to be the most important technique
for remediating heavy metal contamination in soil environments [28, 29] which relies on plants to absorb
ions of heavy metal contaminants, then trans-locate and accumulate these contaminants in their above-
ground biomass [30, 31].

According to Suman, Uhlik [32], the phytoextraction strategy in remediating heavy metal
contamination provides significant advantages over techniques such as physical and chemical strategies.
First, phytoextraction is cost-effective, since there is no need to purchase chemical solutions or
equipment as is necessary when it comes to traditional methods. Second, phytoextraction is not limited
to specific heavy metals, but can pick up multiple heavy metals at once. Moreover, phytoextraction does
not require excavation of contaminated soil, which leads to its simple procedure and a minimum of
potentially negative impact on the soil ecosystem. Under these circumstances, the public is more prone
to accept the strategy of phytoextraction, which also serves as an advantage of phytoextraction.

On the other hand, according to Guo, Huang [33], although the contamination of soil with
microplastics is increasingly serious, the study of its effects is still limited due to the complicated
structure of soil. Since there are various organic matters and aggregates in the soil environment, which
greatly affect the separation of microplastics from soil [34], pretreatments are often carried out to reduce
the interference of organic matters. Pretreatments mainly include dissolution with acids, alkalis,
enzymes, and oxidation. Although researchers have proposed effective strategies for pretreatments [34-
39], these strategies still have potential effects of degrading organic matters, and some are not applicable
to temperature sensitive aggregates [40]. In addition, researchers suggest using organisms such as
animals and microbes to degrade microplastics in soil [41]. First, insects are proven to be able to chew
beeswax and plastic particles [42], including Tenebrio molitor, Zophobas atratus, and the larvae of
Galleria mellonella [43]. Second, as for microbe degradation, fungi and bacteria are able to take part in
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the degradation of microplastics when they form into compounds consisting of various flora [44-46]. In
addition, studies [47, 48] demonstrated that fungi are superior to bacteria, due to their hyphae, which
attach more tightly to the surface of microplastics and can even make their way to the interior of
microplastics.

Based on research, there are studies that proved the interactions between microplastics and heavy
metals, also known as “carrier effect” [49]. According to Liu, Dave [50], physical, chemical, and
environmental factors such as absorption, speciation, and precipitation, are likely to impact carriage of
heavy metals through microplastic particles in soil ecosystems [51]. It is well proven that microplastics
(instantly PE) can have carrier effect with heavy metals on the surface of microplastics, including Cd.
The results show that in the natural environment, the increase of oxygen-containing functional groups
in PE MPs can give PE MPs more electronegativity, so as to enhance its adsorption of ions such as Cu?*
[10].

In addition, previous studies on the impact of the existence of microplastics on the phytoextraction
of Cd [49, 52] came to controversial conclusions. According to Manjate, Ramos [52], the presence of
PE in diameter between 850 and 1000 pm did not affect the phytoextraction of copper (Cu) and Cd by
Phragmites australis. On the other hand, Jia, Wu [49] concluded that the accumulation of Cu and lead
(Pb) increased with the presence of microplastics with an average size 0f 293 um. Nevertheless, previous
studies [53] demonstrated that most microplastic particles ingested by wheat were between 0.2 and 2
um in size, and there were a minimum number of microplastic particles with a diameter of 5 pm and
almost none with 7 um or larger. Under these circumstances, the microplastic particles used by Jia, Wu
[49] and Manjate, Ramos [52] were far above the size that the plants can absorb, which makes us doubt
the accuracy of their conclusions, since the microplastics could not enter the plants.

According to CHEN Di, LI Boqun [54], Galinsoga quadriradiata (G. quadriradiata) revealed high
sustainability toward Cd and had the greatest effectiveness of transferring Cd from roots to organs above
ground comparing with Panicum dichotomiflorum, Setaria geniculate, and Lolium persicum, owing to
its traits of fast-growing pace [55] and sustainability toward the toxicity of Cd [56]. Thus, G.
quadriradiata is suggested as an effective hyper-accumulator in [54]. However, G. quadriradiata is not
proven to be effective in the phytoextraction of PVC or PE, which are both ubiquitous contaminants
illustrated above.

In this study, we focus on testing the possibility of phytoextraction of PVC and PE in addition to Cd
by G. quadriradiata and finding out the size range of microplastics that can be absorbed by G.
quadriradiata. Besides, based on the conclusion in [53], we aimed to test whether the presence of PVC
and PE, particles with sizes between 0.3 and 20 pm positively affects Cd absorption by performing
carrier effect, and thus increasing the efficiency of phytoextraction by G. quadriradiat. Therefore, we
divided G. quadriradiata into nine groups that received nine kinds of different treatments with different
concentrations of Cd, PVC, and PE. In the experimental design phase, we proposed several hypotheses:

(1) G. quadriradiata can effectively apply phytoextraction to PVC and PE in addition to Cd.

(2) Microplastics enter the plant through the cracks of new born lateral roots.

(3) The size of microplastics absorbed by G. quadriradiata is between 0.2-2 um.

(4)  With the existence of PVC or PE, the amount of Cd that is absorbed by G. quadriradiata would
be increased.

2. Materials and methods

2.1. Materials
PE particles (average size: 2 um) and PVC particles (average size: 0.8 um) were purchased from
Zhangmutou Huachuang plastic raw material firm (Dongguan, China). CdCl,-2.5H,O was purchased
from Shanghai Macklin Biochemical Co., Ltd. G. quadriradiata seeds were purchased from the Seed
Bank of Kunming Institute of Botany, Chinese Academy of Sciences.

The soil in this experiment was purchased from Chenghai Perlite Business Department (Kunming,
China). The physicochemical properties of the soil were as follows: pH=7.33, organic matter content
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279.79 g/kg, total nitrogen (N) content 7.08 g/kg, total phosphorus (P) content 0.7 g/kg, total
potassium (K) content 26.7 g/kg, Cd concentration 0.34 mg/kg, cation exchange capacity 46.84
[cmol(+)/kg]. The mechanical composition of the soil was: sand (2-0.05 mm): powder (0.05-0.002 mm):
clay (< 0.002 mm) = 52.26 : 41.65 : 6.09.

2.2. Treatments and cultivation

The experimental plants were cultivated in the lab of Kunming Institute of Botany, Chinese Academy
of Sciences (Kunming, China). The temperature ranged from 20 °C to 25 °C, and the air humidity ranged
from 50% and 65%. We set 9 soil treatments in the experiment: Control, PE, PVC, 20 mg Cd kg'!, 50
mg Cd kg'!, PE + 25 mg Cd kg, PE + 50 mg Cd kg!, PVC + 25 mg Cd kg'!, PVC + 50 mg Cd kg™\.
Microplastics were applied at 2% in each treatment. Each treatment was performed in triplicate, thus
there were 27 pots in total. They were prepared by mixing 500 g soil with a corresponding amount of
CdCl,2.5H,0, PE powder, or PVC powder evenly and rested for 19 days.

Seeds of G. quadriradiata were planted in petri dishes and buried in agar for germination, and were
transplanted into untreated soil for another growth period, 37 days in total. Then the healthy seedlings
were planted in the treated soil, one pot each. 14 ml of water was sprayed on each pot twice a day, and
an additional light source was placed to promote growth, illuminating from 6 a.m. to 9 p.m. No fertilizer
was added to the soil. But in order to avoid pest attack, a minute amount of pesticide (Cypermethrin,
Syngenta AG) was used in every pot.

2.3. Sampling
Plant growth indexes including leaf length, leaf width, stem thickness, and plant height were measured
and chlorophyll fluorescence imaging was done before the plants were uprooted. Some of the samples
present significant difference in plant growth, as is shown in Figure 1. Plant weight (fresh and dry weight,
by electronic scale, Ningbo Jiming weighing equipment Co., Ltd), N content, P content, K content, Cd
content, and microplastics uptake were determined after uprooting. After 35 days of the soil treatment,
G. quadriradiata were uprooted carefully, ensuring to preserve the completeness of their root systems,
in order to provide accurate fresh/dry weight data. They were then thoroughly washed in tap water to
remove any dust, followed by immediate cutting and weighing. The remaining plants were stored in a
refri eratlor (4 °C) awaiting analysis of N, P, K, Cd contents.
| —_— "

Figure 1. Difference in sizes of G. quadriradiata.

2.4. Determination of photosynthesis rate and stomatal conductance
Photosynthesis rate and stomatal conductance were determined by Portable Photosynthesis System
GFS-3000 (Heinz Walz GmbH, Germany)(Figure 2). The tests were conducted during day time from 8
a.m. to 7 p.m when plant photosynthesis is active. After pre-heating of 30 min, initial conditions were
set to leaf cuvette as follows:

(1) Flow (gas flow through the cuvette): 600 umol/s;

(2) TImp (impeller): 7 steps;
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(3) CO; abs (CO> mole fraction in reference cell of analyzer, equal to CO» concentration at the
inlet of cuvette): 500 ppm;

(4) PARtop (photosynthetic active radiation measured with the sensor in upper cuvette half): 1000
pumol/(m2*s);

(5) GH2O0 (water vapor conductance): 40mmol/(m?*s);

(6) Tcuv (cuvette temperature measured in lower air exit): 23°C.

Without removal from the plant, one leaf of each of the 27 pots of G. quadriradiata was used for
testing, with its superior area covering the whole surface of the cuvette. Photosynthesis rate and stomatal
conductance measurements were taken every 15 min, 7 times including the initial value, which means
90 min measurement dugla‘tion for each plant.

O J

Figure 2. GFS-3000 (Heinz Walz GmbH, Germany).

2.5. Chlorophyll fluorescence imaging

After being placed in darkness for 30 min, one leaf at the 2nd node of each pot of G. quadriradiata was
amputated and placed inside the observation chamber of IMAGING-PAM (Heinz Walz GmbH,
Germany)(Figure 3), and the triplicates of each treatment group were placed together. Six scattered
measurement points were selected on each leaf, in similar patterns across all 27 leaves. Maximum
fluorescence yield after dark adaptation (Fm) and PSII maximum photosynthetic efficiency (Fv/Fm)
were measured and recorded at each selected point on the leaf. After the measurements, all leaves were
stored in a freezer at -80 °C for later measurements including total weights and contents of N, P, K, and
Cd.

Figure 3. IMAGING-PAM (Heinz Walz GmbH, Germany), and the chlorophyll fluorescence images
captured by its operating software ImagingWinGigE, including Fm (middle) and Fv/Fm (right).

2.6. Scanning electron microscope (SEM)

G. quadriradiata after uprooting were immediately prepared for SEM observation.3 leaf samples and 3
stem samples were sliced off from each of the top, middle and bottom parts of the plant’s above-ground
section. 3 main root samples and 3 lateral root samples were also taken, generating 24 samples in total
for each plant. The samples were then freeze-dried (BenchTop Pro with Omnitronics™, US)(Figure 4a)
and coated with Pt at 20 mA for 60 s, by a sputter coater (Cressington 108 Auto, UK)(Figure 4b),
followed by a second round of Pt coating under the same condition. The sample slices were observed
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under SEM (ZEISS SIGMA 300, Germany)(Figure 4c), and images of microplastic particles found on
the surface and inside glant tissues were clearly captured and saved.

Fate

- g
A o

(a) (b)
Figure 4. () Freeze-dryer (BenchTop Pro with OmnitronicsIM, US); (b) sputter coater (Cressington
108 Auto, UK); (c) SEM (ZEISS SIGMA 300, Germany).

2.7. Determination of N, P, K, Cd contents

After G. quadriradiata were weighed and sliced for SEM observations, the remaining were used for
assays. Plant nitrogen (N) content was tested according to the procedure of Kjeldahl method (Kjeldahl
Nitrogen Determinator-K9840, Hanon Group, Chengdu China); phosphorus (P) content was determined
by (Ultraviolet-visible spectrophotometer-UV-1601, Shimadzu Corporation, Japan); potassium (K)
content and total cadmium (Cd) was determined by Graphite Furnace Atomic Absorption Spectrometer
(ZEEnit700P, Analytik Jena AG, Germany).

2.8. Statistical analyses

Data were statistically analyzed using two-way ANOVA (R version 4.2.1) with an associated Tukey
HSD test. The differences among treatments' means were compared using the least significant difference
(LSD) at a 5% probability level. Figures (Figure 3) were generated by GraphPad Prism 8.0.2.

3. Results

Table 1. Effect of Cd, PVC, and PE treatments on leaf length, leaf width, stem diameter, height, fresh weight, dry
weight, fluorescence chlorophyll (Fv/Fm), fluorescence chlorophyll (Fm), total contents of Nitrogen (N),
Potassium (K), Phosphorus (P), and Cd in G. quadriradiata.

No No Cd x

Cd25 Cds0 cd LSD PE PVC Plastic LSD Plastic
Leaf length (cm) 6.52C 8.32b 9.50a 0.98 8.20a 8.28a 7.86a 1.58 NS
Leaf width (cm) 4.77b 5.29b 6.52a 0.86 5.69 a 5.64a 525a 113 NS
Sten diameter (mm) 2.95b 370a 394a 049 355a 3.60a 344a 0.65 NS
Height (cm) 36.19a 41.84a 456la 1035 435la 4338a 36.76a 1061 NS
Fresh weight (g) 459 C 737b  9.74a 185 7.04a 7.90 a 6.77 a 2.81 NS
Dry Weight (g) 0.32¢c 0.62b 094a 019 062a 0.66a 059a  0.32 NS
Maximum fluorescence oy g1 0esa 004 061a 065a  060a 005 NS
yield (Fm)
PSII maximum photo
synthetic 0.726 0.71b 0.74a 001 072a 0.73a 0.73a  0.02 *x
efficiency(Fv/IFW)
Total N (N,%) 1836 2.79a 161b 0.28 2.03a 2.07a 213a 0.59 NS
Total P (P,%) 0.52a 0.17c 0.23b 0.04 0.29a 0.31a 0.3la 0.16 NS
Total K (K,%) 5.09a 5.15a 533a 0.37 5.36 a 520 a 5.02a 0.36 NS
Total Cd (Cd,%) 7450b 117.66a 57l1c 1467 6439a 67.76a 6572a 49.76 NS

*Notes: NS--no significance; **--significance; LSD--least standard difference.
In the six headers in Table 1, each of them includes three treatments, regarding:
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Cd 25: 25 mg of Cd, 25 mg of Cd with 2 % of PVC, and 25 mg of Cd with 2 % of PE.
Cd50: 50 mg of Cd, 50 mg of Cd with 2 % of PVC, and 50 mg of Cd with 2 % of PE.
No Cd: control, 2% of PVC, and 2% of PE.

PE: 2% of PE, 2 % of PE with 25 mg of Cd, and 2% of PE with 50 mg of Cd.

PVC: 2 % of PVC, 2 % of PVC with 25 mg of Cd, and 2 % of PVC with 50 mg of Cd.
No plastic: control, 25 mg of Cd, and 50 mg of Cd.

3.1. Plant growth

For plant growth, leaf length (L), leaf width (W), stem diameter (S), plant height (H), fresh weight (F),
and dry weight (D) were recorded (Figure 5). The soil Cd contamination demonstrated limitation toward
the growth of G. quadriradiata in leaf length, leaf width, stem diameter, fresh weight, and dry weight
(PL=1.52x107; Pw=1.39x10; Ps=1.52x107; Pr=4.7x10; Pp=2.18x107°), but microplastics, including
PVC and PE, had no significant effects on G. quadriradiata or carrier effect with Cd (Table 1).

From Table 1, we can see the plants in pots containing 25 mg Cd (with or without PE) have the
minimum leaf width, leaf length, stem diameter, dry weight, or fresh weight.; also, the differences
between treatments with 2% of PE or PVC and the group with no microplastics of all data are less than
LSD, so microplastics contents did not show significant negative effects in plant growth.

As is shown in Table 1 and calculations from ANOVA, the P values of plant height with Cd and
PVC/PE are 0.186 and 0.318 which means neither Cd nor microplastics have any effect on the height of
G. quadriradiata. In addition, there was no significance of carrier effect between Cd and microplastics
in all parameters of plant growth.

10+ 15+
a &3 Control = 3 Gonlrol
T 8- ab bed . ) g a a @ ab 3 +No Plastic
s d abcd B +No Plastic = 101 =& oq cd b dabc = +PE
£ 4 cd = +PE 3 g = = +PVC
I = +PVC 8
] 5 5
32 3 ﬂ
o-Lid o-LH
No Cd cd25 cds0 No Cd Cdz25 cds0
(a) Leaf width. (b) Leaf length.
807 @ Control 54 abc
= a =3 +No Plastic T a a3 2 ab &3 Control
g a a 4 24- abc =3 +No Plastic
= = +PE %—3 bc € = +PE
% a = +PVC ‘g = +PVe
a
= 2 2
= a
c
5 £
o H g1
@ .
H o-LE
No Cd Cd25 Cds50 No Cd Cd25 Cd50
(c) Plant height. (d) Stem diameter.
154 1.5
3 Control o Control
G g @ a abc =3 +No Plastic = = +No Plastic
% cd abc — Lpg E i abab = +pE
k= c
3 d bed = +PVC 2 = +PVC
= d = c b
< B c
3 I-}”Jq ’Jcl h : H[l ﬂ
- (=]
. ﬂ
No Cd Cd25 Cd50 Cd25 Cd50
(e) Fresh weight. (f) Dry weight.

Figure 5. Effects of Cd, PVC, and PE treatments on plant growth.
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3.2. Plant physiology
Chlorophyll fluorescence (Fm) and (Fv/Fm) were both tested. The minimum values of the two data
appeared in response to 50 mg Cd and 25 mg of Cd, emphasizing the negative effects of Cd in plant
physiology (Figure 6).

Soil Cd contents negatively affected both groups of data by showing differences slightly more than
LSD comparing to the control group with P values of 0.0421 and 1.01x10-3 respectively. The existence
of Cd also affects the color of the leaves, offering obvious differences among different treatments, as
shown in Figure 6 (C, D, E). On the other hand, the differences between PE or PVC and the control were
below LSD, indicating non-significant effects of microplastics on chlorophyll (Table 1).

In addition, the interaction between Cd and microplastics had a significant effect on PSII maximum
photosynthetic efficiency (Fv/Fm), but maximum fluorescence yield (Fm) still showed no significant
difference (Table 1).
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S
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No Cd cd25 cds0 No Cd Cd25 Cd50

(a) Fluorescence chlorophyll (Fv/Fm). (b) Fluorescence chlorophyll (Fm).
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(c) Leaf with dots in Cd (d) Leaf with natural color in (e) Leaf in yellow in Cd
contamination, due to chlorophyll no Cd contamination. contamination, due to severe
deficiency. chlorophyll deficiency.

Figure 6. Effects of Cd, PVC, and PE treatments on plant physiology.

3.3. Plant elements and Cd contents:
Basic elements in plants include Nitrogen (N), Potassium (K), and Phosphorus (P), which we tested in
the current study (Figure 7).

The total contents of P and N in G. quadriradiata are in Figure 7a, b., The maximum values of each
data were in either the treatment with 25 mg Cd per pot or the treatment with 50 mg Cd per pot, showing
differences higher than LSD (Table 1). Under such circumstances, the calculations led to the conclusion
that Cd contamination had significant effects on the levels of basic elements in G. quadriradiata by
increasing the values of P and N contents (P,=1.47x10"1%; Py=4.1x10%).

The level of K in G. quadriradiata showed that there were minimal differences between the control
group and groups with either Cd contamination or PE and PVC contamination (Table 1). Therefore, Cd,
PVC, and PE contamination had no significant effect on K contents in G. quadriradiata.
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The contents of Cd in treatments with either 25 mg Cd per pot or 50 mg Cd per pot increased
significantly, which served as evidence to certify the efficiency of phytoextraction that G. quadriradiata
effectively absorbed Cd from the soil, shown in Figure 7d.

0.8+ 49 3 Control
a =3 Control a & =3 +No Plastic
T 064 a e =3 +No Plastic =3 b a = +PE
< . Z bC pe = +PVC
= N b = +PVC z
2 C be bc ¢ pe g
= 0.2 ﬂ ﬁ i =
0.0-
No Cd Cd25 Cd50 Cd25 Cd50
(a) Total content of P. (b) Total content of N.
8 150
o3 Control : T 3 Control
a .
: p 2 ab b ab . 3 +NoPlastc R p b :|‘ = +No Plastic
< = +PE 8" 100 b = +PE
< = +PVC iy = +PVC
s =
= & 50+
[ o
[
c ¢ ®
i — L ol=mm|
Cd25 cdso No Cd Cd25 cds0
(c) Total content of K. (d) Total content of Cd.

Figure 7. Effects of Cd, PVC, and PE treatments on plant elements and Cd contents.

3.4. Roots observation from scanning electron microscope

(@)

10 um EHT = 7.00 kV Signal A = InLens Date :25 Jul 2022
I WD = 6.6 mm Mag = 500X Time :17:09:51
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(b)

2 IU’"1 EHT = 7.00 kV Signal A = InLens Date :26 Jul 2022
| WD = 6.2 mm Mag= 250KX Time :10:13:49

(©)

EHT = 7.00 kV Signal A = InLens Date :26 Jul 2022

— WD = 5.6 mm Mag= 250KX Time :10:23:16

Figure 8. Particles of microplastics in roots.
*Note: Arrows marked in the figures point to particles of microplastics.
In Figure 8, microplastics mostly existed in the intercellular spaces of the main roots and lateral roots.
Figure 8a shows Microplastics appeared in the layer of epidermis of the root, one of which was embraced
by the surface of the root, and another stuck in the space between the surface layer and the layer nearby,
with their diameter ranging from 13.3 to 28.3 pm. There are numerous microplastics in the interspace
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between the xylem and its walls in the central root of G. quadriradiata in the size between 1 and 1.7
um, with the majority of microplastics sized in 1.3 um. Moreover, there are also microplastics, varying
between 0.5-1.2 um in diameter, in the walls of xylem and intersects as well in the lateral roots. Thus,
the roots of G. quadriradiata contain microplastic particles ranging from 0.5 to 28.3 pm, with a
maximum number of them in 1.2-1.3 um.

3.5. Stems observation from scanning electron microscope

(a-1)

10 ym EHT = 7.00 kV Signal A = InLens Date :25 Jul 2022
’ ! WD = 6.1 mm Mag= 800X Time :17:44:38

(a-2)

2 pm EHT = 7.00 kV Signal A = InLens Date :25 Jul 2022
“ WD = 6.1mm Mag= 250KX Time :17:45:49
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(b-1)

10 um EHT = 7.00 kV Signal A = InLens Date :25 Jul 2022
WD = 5.9 mm Mag = 800X Time :16:23:31

(b-2)

2pm EHT = 7.00 kV Signal A = InLens Date :25 Jul 2022
WD = 59 mm Mag= 250KX Time :16:25:39

Figure 9. Particles of microplastics in stems

*Note: Arrows marked in the figures point to particles of microplastics.

A great number of microplastics accumulated around the intercellular space and cell walls at the
epidermis of stems of G. quadriradiata (Figure 9). Microplastics existed in the interspace between cells
from the second layer from the surface of the stem and on cells’ walls at the exterior layer of stem, with
their sizes ranged between 0.3-1.3 pm and most of them sized in 0.7 or 1.2 pm. All figures in Figure 9
demonstrated the effectiveness of phytoextraction, that numerous particles of microplastics had been
up-taken by G. quadriradiata and transferred from roots to stems.
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3.6. Leaves observation from scanning electron microscope

A TR Tt
2 um EHT = 7.00kV Signal A = InLens Date :25 Jul 2022
WD = 5.6 mm Mag= 250KX Time :16:03:37

Figure 10. Particles of microplastics in leaves.
*Note: Arrows marked in the figures point to particles of microplastics.
Figure 10 shows the particles of microplastics in leaf veins, cell walls, and the interspaces between cells,
sized between 0.3-1.3 um, and the majority is 1.3 um in diameter, serving as evidence of the
effectiveness of phytoextraction since microplastics were absorbed by G. quadriradiata and transferred
to leaf veins.

4, Discussion

4.1. Size range of microplastics to be absorbed and the verification of carrier effect

In this experiment, the particle size range of microplastics absorbed by G. quadriradiata was verified.
Scanning electron microscope (SEM) observation results showed that the diameter of microplastic
particles absorbed by the root of G. quadriradiata was about 0.5 ~ 28.3 um, most of which were 1.2 um.
The diameter of microplastic particles in stems and leaves ranged from 0.3 to 1.3 um, and most of them
ranged from 0.7 to 1.2 um. Compared with the previous research results from Li et al.[53], this
experiment selected G. quadriradiata as the experimental subject while Li et al. [53] selected wheat.
The adsorption ranges proved by the two experiments were roughly the same. Li et al. [53] showed that
the particle size of microplastics adsorbed by plants ranged from 0.2 um to 2 pm, and the content of 5
pum microplastics entering plants was very low, while 7 and 10 pm sized microplastics were basically
not adsorbed by plants, which was consistent with the particle size of most of the microplastics in this
experiment. At the same time, the results of this experiment showed that the interaction between
microplastics and heavy metals was significant only in the PSII maximum photosynthetic efficiency
(Fv/Fm), and no significant carrier effect between the two pollutants were found. The experimental
results are different from those previously obtained in Jia et al.[49]. According to the study of Jia et al.
[49], the presence of microplastics can promote the adsorption efficiency of heavy metals in plants,
which is different from the results of this experiment. At the same time, the experimental results obtained
by Manjate et al. [52] are the same as those obtained in this experiment, indicating that the presence of
microplastics has no effect on the adsorption efficiency of heavy metals in plants, showing no obvious
carrier effect. Although the findings of this experiment are consistent with the research results of Manjate
et al. [52] and inconsistent with the experimental results of Jia et al.[49], the particle size selection of
microplastics in these two experiments is beyond the range of particle size that can be adsorbed by plants,
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as verified in this experiment, which makes us question the reliability of the conclusions of the two
experiments. In the experiment of Jia et al. [49], the researchers selected PE particles with an average
particle size of 293um as the experimental material, while Manjate et al. [52] selected PE particles with
a particle size range of 850-1000um for the experiment. The particle size range of the microplastics in
these two experiments greatly exceeds that of the microplastics that can be adsorbed by plants. Therefore,
the author believes that the microplastics particles in these two experiments have not been adsorbed into
the body by plants, so the experimental results are of no reference value. In this experiment, the author
chose SEM to observe the adsorption of microplastics by plants by observing plant section samples.
However, the observed content of microplastics particles in plants was not high. We believes that the
selected particle size may lead to limited uptake of microplastics by plants, so it is suggested that future
studies can reduce the size of microplastics to nanometers, which may leads to significantly larger
amounts of microplastics absorbed. At that time, it will be easier to observe and determine whether the
carrier effect between microplastics sized by nanometers and Cd occurs. In addition, if the SEM that are
equipped with Energy Dispersive X-ray Spectroscopy can be used, the distribution sites of heavy metals
and microplastics in plants can be more accurately located, so as to more accurately judge whether there
is a double adsorption between them and whether there is the carrier effect between the two pollutant,
thus opening up a new research approach.

4.2. A new pathway of microplastic uptake

According to the SEM observation of microplastics entering the plant body in the outer epidermis of
plant root samples, the observation results (Figure 11) show that there is a microplastic particle
sandwiched between the outermost layer and the second outer layer of plant root, and there is another
microplastic particle wrapped by the concave surface of the root, which can be used as a schematic
diagram of the process node of microplastics entering the plant body. In this regard, we believe that with
the growth and expansion of the plant root epidermis, the microplastic particles may be wrapped in the
protective tissue by the plant and gradually fixed in the plant tissue. However, this finding is inconsistent
with Li et al. [53], who showed that microplastic particles enter plants through cracks between new
lateral roots and primary roots, while the results of this experiment tend to support that plants are
included by plant protection tissues during the growth and expansion of roots. Therefore, we suggest
that further experiments should be carried out to verify the specific way of microplastics entering plants
and verify the authenticity of microplastics being wrapped into plants by protective tissues by using
more sophisticated instruments such as laser scanning confocal fluorescence microscopy.

10um EHT = 7.00kV Signal A = InLens Date :25 Jul 2022
WD = 6.6 mm Mag = 500X Time :17:09:51

Figure 11. Particles of microplastics in root.
*Note: Arrows marked in the figures point to particles of microplastics.
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4.3. Efficient application of phytoextraction and efforts in agricultural development

In previous studies, Chen Di et al.[54] first explored the effective adsorption treatment of invasive plant
G. quadriradiat on heavy metal pollution (Cd pollution), and the results showed that the plant has high
tolerance to Cd and is capable in phytoextraction of Cd, so it was classified as an effective Cd hyper-
accumulator. However, the researchers did not extend the subject of phytoextraction to other pollutants.
In this experiment, the author applied G. quadriradiat to the extraction and treatment of microplastics,
and the SEM observation results proved that there were a large number of microplastic particles in the
plant body, realizing the double adsorption of heavy metals and microplastics by G. quadriradiat,
proving that plants with high adsorption capacity for heavy metals may also present phytoextraction to
more pollutants. Thus, through the growth process of G. quadriradiat, the plant can achieve effective
remediation of two serious pollutants, regarding microplastics and heavy metals, which greatly improves
the efficiency of phytoextraction. Therefore, we propose to use this plant as a "cover crop"” in farmland,
that is, planting G. quadriradiat during the fallow period of farmland to repair heavy metal and
microplastic pollution in farmland ecosystems and improve soil quality. This will help agriculture and
improve food safety by improving the growing environment for crops.

5. Conclusion

In this study, the existence of Cd and microplastics in G. quadriradiat were tested to shown that while
Cd contamination had significant negative effects on G. quadriradiata , microplastic contamination had
little effect on the plant. Interestingly, the interaction between Cd and microplastics only exists in
specific values in G. quadriradiata, but does not increase the amount of Cd that is absorbed by the G.
quadriradiata, with the maximum level of Cd absorption existing in the treatment with 50 mg of Cd and
2% of PVC. In this study, G. quadriradiata has been proved to be an effective hyper-accumulator for
both Cd and microplastics. Thus, phytoextraction with G. quadriradiata may offer an effective solution
for the remediation of heavy metal or microplastic contamination.
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