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Abstract: Once in soil and water, metals can enter the food chain, and the consumption of contami-
nated crops can pose a serious risk to human health. This study used pot experiments to evaluate
the accumulation of metal elements and their influence on levels of antioxidants in vegetables. The
current study clearly demonstrates that metals accumulated in the five vegetables that were planted
in the contaminated soils, especially so for water spinach. Cd accumulation of all of the vegetables
planted in the contaminated soils was greater Cu. The low accumulation rate that was seen in sweet
potato leaf, potato, and tomato indicated their suitability for planting in suspected contaminated
soil, such as at farms nearby metal industries, in replacement of high accumulators, such as leafy
vegetables. The non-carcinogenic HI of Cd exposure from water spinach and sweet potato were >1,
whereas those for Cu were <1. This study suggests that residents may experience health risks due
to vegetable consumption, and that children are vulnerable to the adverse effects of heavy metal
ingestion.
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1. Introduction

Toxic heavy metal pollutants are serious global problems, posing health risks to human
beings, animals, and plants. Most of the metals concerned occur naturally, but they become
concentrated from human industrial activities and accompanying pollution, accumulating
in high concentrations in the environment. Once in soil and water, these metals can enter
the food chain, and the consumption of contaminated crops can pose a serious risk to
human health [1–3]. The Taiwan government started to monitor soil quality of agriculture
land throughout whole of Taiwan in 1981, revealing that 1024 ha of agricultural land
was contaminated, of which 319 ha were reported as heavy metal-contaminated soils [4].
Concern regarding heavy metals has been rising due to their longevity in soils and because
they are not easily metabolized after ingestion. Hence, they are easily accumulated in
metabolic organs, such as liver and kidney, causing various toxic symptoms [5–8]. The high
dose exposure to cadmium (Cd) by ingestion can cause severe irritation to the stomach,
followed by symptoms of vomiting and diarrhea. Long-term exposure to low doses causes
kidney disease, which damages the renal tubules and impedes the absorption of calcium
(Ca), leading to brittle bones that are less resistant to breakage [9]. Although copper
(Cu) is an essential element for the human body, exposure to high doses can cause health
problems, such as irritation of the respiratory tract and throat, vomiting, diarrhea, fetal
growth retardation, or even an increased risk of Alzheimer’s disease [10–13].
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When plants absorb nutrients and water from the soil through the roots and pores,
heavy metals also enter the plant [1,14,15]. Additionally, studies have shown that the
uptake of Cd, Cu, manganese (Mn), and zinc (Zn) by plants correlates with increasing
levels of soil contamination [16]. The biomass of vegetables has been shown to be negatively
affected by metal contaminants in irrigation water [17]. Balkhair and Ashraf [18] carried
out field experiments on agricultural land that was adjacent to contaminated sites or by
applying untreated sewage to various crops, showing that both natural and man-made
pollution had a significant impact on local land and crops. Noor et al. [19] also indicated
the high accumulation of metals in rice and in vegetables in four agricultural sites near
mining areas in China [20].

Vegetables are valuable sources of many essential micronutrients, such as vitamins C
and E [21–23]. These vitamins have the potential to inhibit oxidative stress and regulate the
immune system in preventing many chronic diseases such as cardiovascular disease and
cancer [21,24,25]. However, some studies have shown that the levels of plant antioxidants
are changed following exposure to metal elements [26,27].

In the past, studies on the relationship between heavy metal pollution and plant
growth were commonly carried out using field and pot experiments. Lai and Chen [28] used
pots containing soil that was artificially contaminated with Cd, and showed that the Cd
bioaccumulation factor (BAF) of harvested cabbage was raised as Cd concentration in soil
increased. Even though they did not discuss the health risks of ingesting the contaminated
cabbage, or conduct a risk assessment, they raised concerns of heavy metal exposure
through the food chain. In another case, Sipter et al. [29] planted two vegetables (sorrel and
amaranth) in pots with contaminated soil that was taken from near an abandoned mine in
Hungary, and the accumulated element concentrations indicated that the vegetables that
were grown in such soil could have negative health effects on consumers. Pot experiments
can be easier, cheaper, and more effective than field experiments, and they can be used
to indicate whether land remediation to reduce levels of heavy metals is needed prior to
planting. In this study, we used pot experiments to evaluate the accumulation of metal
elements in vegetables and their influence on levels of antioxidants. We also finished a
risk assessment for humans consuming these contaminated vegetables in proposing a
management strategy for farming on contaminated land.

2. Materials and Methods
2.1. Study Design

The study involved two experimental groups and one control group. Experimen-
tal group 1 used metal-contaminated soil that was obtained from a contaminated field
in Taiwan. Experimental group 2 used compost soil that was artificially contaminated
with Cd and Cu additives. The control group used uncontaminated/untreated com-
post soil. These soils were utilized as a medium to grow five selected vegetables: wa-
ter spinach (Ipomoea aquatica), sweet potato leaf, potato, sweet potato, and tomato (Ly-
copersicon esculentum Mill.), all with three replicates. In total, 90 pots were observed
(2 metals × 3 groups × 5 vegetables × 3 replicates). At the end of the experiment, analysis
of the metals in the soils and vegetables was carried out, and the levels of antioxidants in
the vegetables were measured.

2.2. Preparation of Soil Artificially Contaminated with Metals

For the artificially contaminated soil for group 2, 0.42 g of cadmium acetate and 28.0 g
of copper chloride were dissolved in 3 L of deionized water separately. The solutions
were then sprayed onto 30 kg of different soils, which were then allowed to equilibrate
with mixing for one month. The final concentration of Cd and Cu in the contaminated
soils was 7 mg/kg and 440 mg/kg, respectively, before the start of planting. The con-
centration was then expected to be comparable with the limit value in soil for farming in
Taiwan regulation.
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2.3. Sample Collection and Pre-Treatment

Soils, irrigation water, and harvested vegetables were prepared for the analysis of
metal concentration. (a) The soils were sampled before and after planting, and subsequently
freeze-dried for 48–72 h in a freeze dryer. They were then sieved and stored in sample
vials. (b) The irrigation water was analyzed for metal concentration in pre- and post-pot
experiments; however, the Cd levels in all of irrigation waters were non-detectable and
all of their Cu levels were lower than the lowest level of calculation range (<0.001 mg/L).
The sampled water pH was adjusted to <2 by adding nitric acid and stored in sample
vials. (c) The harvested vegetables were thoroughly washed to remove the adhering dirt
using deionized water. The potatoes and the sweet potatoes were peeled and the edible
parts were subsequently freeze-dried for about 48–72 h in a freeze dryer. They were then
pulverized and homogenized in a high-speed mixer and stored in sample bottles.

2.4. Chemicals

Nitric acid ultrapure grade (JT Baker, Canada, 70%,), nitric acid analytical reagent
grade (Merck, Germany, 65%,), hydrochloric acid analytical reagent grade (Merck, Germany,
37%), ICP multi-element standard solution VI (Merck, Germany, 1000 mg/L), rhodium ICP
standard (Merck, Germany, 1000 mg/L), copper chloride (Alfa Aesar, China, 98%), cad-
mium acetate (Sigma-Aldrich, India, 98%), methanol (Merck, Germany, 100%), phosphoric
acid (Fluka, Poland, 85%), L-ascorbic acid (Sigma-Aldrich, China, 99%), and α-tocopherol
(ACROS Inc., 97%) were used in the current study.

2.5. Metals Analysis of Soils, Water, and Vegetables

A total of 0.1 g dry soil, or 0.3 g dry vegetable, was accurately weighed into a digestion
vessel. For the digestion, a mixture of 3 mL hydrochloric acid and 1 mL nitric acid was
added and mixed uniformly, and the samples were then digested using a 1800 W microwave
oven (MarsXpress microwave digestion system, CEM). The digested sample was then
filtered (30 mm × 0.45 µm) and additional deionized water was added to make a 50 mL
final volume. In addition, 1 mL of water was processed in the same way and then adjusted
to the same volume without any digestion. A standard curve was created using serial
dilutions of Cd and Cu standard solutions that ranged from 1–50 µg/L and 50–5000 µg/L,
respectively. Inductively coupled plasma spectroscopy (ICP-MS NexION® 2000 I, Perkin
Elmer, San Jose, California, United States) was used to determine Cd and Cu concentrations
in the vegetables and an Avio 200 ICP Optical Emission Spectrometer (ICP-OES, Perkin
Elmer, San Jose, California, United States) was used for water and soil samples.

2.6. Vitamin C Analysis in Vegetables

The analysis protocol followed that of Orsavova et al. [25] with modifications. A
total of 0.5 g dry vegetable was weighed and extracted by methanol and then shaken in
an ultrasonic water bath for 60 min. at 40 ◦C in dark. After extraction, the sample was
filtered (30 mm × 0.45 µm) and the eluate was collected in a dark tube. The sample was
analyzed by high-performance liquid chromatography (HPLC) for measuring vitamin C
concentration (Ascentis® C18 column: 25 cm × 4.6 mm, 5 µm C18, mobile phase consisting
methanol: phosphoric acid: deionized water in the ratio 99: 0.5: 0.5, flow rate: 0.8 mL/min.,
injection volume: 20 µL, wavelength: 275 nm). L-ascorbic was used as a standard solution
to create the standard curve with a concentration range of 10–800 mg/L.

2.7. Vitamin E Analysis in Vegetables

The protocol was the same as for vitamin C analysis [25]. The HPLC parameters were:
Ascentis® C18 column: 25 cm × 4.6 mm, 5 µm C18, mobile phase: methanol: deionized
water in the ratio 98:2, flow rate: 1.0 mL/min., injection volume: 20 µL, wavelength: 230 nm.
The standard solution was formulated with α-tocopherol at concentrations ranging from
0.5–50 mg/L.
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2.8. Bioaccumulation Factor of Heavy Metals in Vegetables

BAF is defined as the ratio of the heavy metal concentration in the edible parts of
vegetables to that in the corresponding soil. BAF is used to confirm the translocation
capability of different heavy metals through soils to vegetables. The BAF for the heavy
metals was calculated, as follows [28]:

BAF =
Cp

Cs
(1)

where Cp = heavy metal concentration in the vegetable (mg/kg) and Cs = heavy metal
concentration in the soil (mg/kg).

2.9. Statistical Analysis

Microsoft Office Excel managed the results, and the descriptive statistics
(mean ± standard deviation) were run using SPSS Statistics v20.0 software. All of the data
were presented as arithmetic means with standard error. In addition, analytical statistics
included the Kruskal–Wallis test utilized to investigate whether there were any significant
differences in heavy metal or antioxidant concentration in the five different vegetables that
were cultivated in the different contaminated soils. In addition, the Spearman correlation
was used for assessing the correlations between the heavy metal, antioxidant concentration
in the five different vegetables, and metal concentration in the cultivation soils.

2.10. Health Risk Assessment

The health risk assessment for the heavy metals in five different vegetables for different
age consumers was estimated according to the food intake data and metal concentrations in
the cultivated plants [30,31]. The food intake data were obtained from the Taiwan National
Consumption Database. The average daily dose (ADD) was used to measure the amount
of daily metal intake that is associated with local inhabitants’ vegetable consumption. The
formula used for calculating ADD for a single heavy metal through the diet was:

ADD =
C × IR × AF

BW
(2)

• ADD: average daily dose via ingestion pathway (mg/kg b.w./day)
• C: concentration of metal in the vegetable (mg/kg)
• IR: daily intake of vegetable (kg/day)
• AF: absorption rate (%), set as 100%
• BW: average body weight (kg)

It explicitly quantifies the variability and uncertainty that are given by each parameter
probability function with an iteration size of 10,000 via the random sampling method
(stability condition) to obtain a 95% confidence interval (CI) (MCS P95). Lognormal
distribution and normal distribution models were used to determine the input parameters
of Cd and Cu concentrations, food consumption data, and BW. The health risk assessment
was performed using the Monte Carlo simulation with @Risk 7.5.1 (Palisade Corporation,
Ithaca, NY, USA) to estimate each variable’s uncertainty.

Furthermore, the hazard quotient (HQ) was chosen to reflect a non-carcinogenic risk
that was dependent on daily average exposure dose and reference dose (RfD) of the metal
exposure. The total non-carcinogenic risk hazard index (HI) is the sum of the HQs exposed
to the same pollutant by consuming different foods. HI < 1 indicates a non-carcinogenic
risk of the substance and a less significant impact on human health. The formulas to
estimate HQ and HI are:

HQ =
ADD
RfD

(3)

HI = ∑ HQ (4)
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RfD for Cd: 0.001 mg/kg/day; for Cu: 0.04 mg/kg/day

3. Results and Discussion
3.1. Heavy Metal Concentrations in Soil and Water

Figure 1 presents the concentrations of Cd and Cu in the soil for the experimental
and control groups before and after planting the various vegetables. Pre-planting, Cd
concentrations in group 1, group 2, and control were 8.24, 20.6, and 0.11 mg/kg d.w.
(dry weight), respectively. At the end of the growing period, Cd concentration in the
soil decreased by 58%, 18%, and 4% in group 1 and decreased by 44%, 19%, and 16% in
group 2 after planting spinach/sweet potato leaves, potato/sweet potato, and tomato,
respectively. In pre-planting soils, the Cu concentrations were 423 ± 3.74, 1492 ± 175, and
27.1 ± 1.47 mg/kg in group 1, group 2, and control, respectively. Overall, at the end of the
growing period, the Cu concentration in the soils of group 1 decreased by 15%, 15%, and
10% in water spinach/sweet potato leaf, potato/sweet potato, and tomato, respectively,
and then decreased by 46%, 23%, and 31%, respectively, in the soils of group 2 for the
same vegetable categories. To account for any interference from additional metals in the
irrigation water during the pot experiment, Cd and Cu concentrations were also monitored
in the first, second, and third phases of the pot experiments. The Cd and Cu concentrations
were non-detectable in all of the samples, which indicated that the results should not be
affected by water pollution during the experiment.
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The Cd and Cu contamination ranges in the soils in the current study were compa-
rable with those in other studies. Zeng et al. [32] analyzed heavy metal concentrations in
selected agricultural land that was adjacent to industrial areas in the eastern, western, and
central regions of China. Cd was considered to be the most toxic (0.00–16.8 mg/kg), and
Cu was found to contaminate the central area (4.43–217 mg/kg). In Taiwan, Lin et al. [33]
also reported soil contamination by Cd in Taoyuan (1.90–19.4 mg/kg) and Taichung
(0.48–3.89 mg/kg). These results suggest that health risks should be taken into consid-
eration for the food safety of local crops. Overall, the investigation of industrial waste
treatment and pollution distribution of these heavy metals is necessary and it should be
carried out by the government.

3.2. Vegetable Growth

Growth data for the vegetables were obtained in all groups to evaluate whether the
growth of vegetables was affected by metal contamination. The growth rate of water
spinach and sweet potato leaf in the experimental groups was slower than that in the
control group from the third week to harvest time. The harvest quantity for potato and
sweet potato in the control groups was significantly higher than in the experimental groups
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(Table 1). The greatest negative effect on growth was in tomato during the last period
before harvesting time (p < 0.05). In the Cu contamination group, we found that all of the
vegetables in the control groups grew higher than all of the experimental groups by harvest
time (Table 2).

The crop weights at harvest for potatoes, sweet potatoes, and tomatoes were greater in
the control group than the experimental groups. This result is consistent with Hou et al. [27],
who reported that growth declined in carrot and pakchoi under greenhouse cultivation
conditions with exposure to metals in the soil. Additionally, the harvest weight of water
spinach and sweet potato leaf were lower in group 1 as compared to the control group, and
similarly for sweet potato (p < 0.05).

To monitor Cd accumulation in vegetables grown in Cd-contaminated soils,
Sun et al. [34] planted Solanum nigrum L. in soils that were contaminated with Cd at
different concentrations. They found that the concentration of Cd in the vegetables ranged
from 122 (standard deviation (SD): 38.2) to 387 (SD: 84.9) mg/kg. The height and quantity
of vegetables did not decrease if the Cd concentration was <10 mg/kg in soil, while there
was a reduction in the plant height and shoot dry biomass when the plants were grown
at Cd concentration >25 mg/kg [34,35]. In the current study, there was a negative impact
of Cd contamination on the growth (height) and quantity of vegetables at harvest for soil
concentrations in the range 8.24–20.6 mg/kg. Xie et al. [3] also demonstrated that the
yield of rice decreased with an increase in Cd concentration in each group using artifi-
cially heavy metal-contaminated soils in China; comparing plant growth with Cd- and
Cu-contaminated irrigation water at same dose, Cu produced a slight decrease in growth
parameters, but Cd had a high impact on plant growth [36], and Cd exposure seriously
inhibited the root growth as compared to other metals [37].

Overall, heavy metal-polluted soils have a significant effect on the growth of plants
or vegetables. In this study, in addition to soil texture and species, we also found that the
soil organic matter, electrical conductivity, and total nitrogen content of each soil differed
among the three soil groups (Supplementary Materials Table S1). All of these factors may
affect the nutrient content and water transport capacity of vegetables in different groups,
which results in differences in the growth and development of each vegetable [38].

3.3. Analysis of Heavy Metals in Vegetables

Figure 2a presents the distribution of Cd concentrations in vegetables of the experimen-
tal and control groups. Briefly, the Cd concentrations of all vegetables in group 1 ranked in
the order: water spinach (2.38 mg/kg) > sweet potato (0.90 mg/kg) > potato (0.18 mg/kg)
> sweet potato leaves (0.15 mg/kg) > tomato (0.10 mg/kg). The Cd concentrations in group
2 ranked in the order: water spinach (0.92 mg/kg) > sweet potato (0.86 mg/kg) > sweet
potato leaves (0.25 mg/kg) > potato (0.22 mg/kg) > tomato (0.15 mg/kg). A very low
Cd concentration was found in all types of vegetable in the control group. Significantly
different Cd concentrations were found in all of the investigated vegetables among the
three soil contaminant soils, with the results indicating that water spinach becomes the
most polluted with Cd as compared to the other vegetables in all experimental groups.
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Table 1. The growth data of the vegetables in both contaminated-Cd groups and control group.

Planting Time
(Week)

Water Spinach Sweet Potato Leaf

Group 1_Cd Group 2_Cd Control p-Value Group 1_Cd Group 2_Cd Control p-Value

Planting
height
(cm)

1st 0.00 ± 0.00 1.33 ± 1.53 1.33 ± 1.15 0.234 7.67 ± 1.15 7.67 ± 1.53 8.00 ± 2.65 0.870
2nd 3.67 ± 1.15 3.67 ± 2.08 3.67 ± 1.53 0.988 11.0 ± 1.00 16.3 ± 1.15 17.3 ± 2.08 0.054
3rd 8.67 ± 1.15 9.67 ± 1.15 13.7 ± 1.53 0.048 * 21.7 ± 1.15 26.3 ± 2.52 33.3 ± 7.64 0.050
4th 27.0 ± 1.00 23.0 ± 2.00 30.7 ± 5.51 0.820 29.0 ± 5.29 42.7 ± 5.51 47.7 ± 8.08 0.051
5th 34.0 ± 2.65 30.0 ± 2.65 41.0 ± 5.29 0.047 * 34.0 ± 9.64 56.0 ± 10.8 64.0 ± 12.2 0.079

Harvest weight (g) 44.2 ± 5.10 56.0 ± 25.5 52.8 ± 6.88 0.393 51.0 ± 6.63 62.0 ± 15.1 55.1 ± 3.27 0.491

Planting time
(month)

Potato Sweet potato Tomato

Group 1_Cd Group 2_Cd Control p-value Group 1_Cd Group 2_Cd Control p-value Group 1_Cd Group 2_Cd Control p-value

Harvest weight (g) 15.5 ± 5.72 27.2 ± 2.19 82.8 ± 20.4 0.027 * 62.0 ± 12.1 25.0 ± 21.1 143 ± 9.61 0.032 * 39.5 ± 11.2 31.8 ± 16.2 60.4 ± 13.2 0.184
Number of
harvested † 9 12 15 0.074 12 5 23 0.025 * 15 14 28 0.084

Note: 1. all data were showed as mean ± standard deviation (n = 3 and 1 plant in each pot); 2. †: number of harvested” was sum of three pots; *: p < 0.05

Table 2. The growth data of the vegetables in both contaminated-Cu groups and control group.

Planting Time
(Week)

Water Spinach Sweet Potato Leaf

Group 1_Cu Group 2_Cu Control p-Value Group 1_Cu Group 2_Cu Control p-Value

Planting
height
(cm)

1st 0.00 ± 0.00 1.00 ± 1.00 1.33 ± 1.15 0.211 6.33 ± 1.53 9.67 ± 1.53 8.00 ± 2.65 0.194
2nd 2.67 ± 1.15 2.67 ± 1.53 3.67 ± 1.53 0.565 9.67 ± 2.08 15.3 ± 2.52 17.3 ± 2.08 0.048 *
3rd 7.67 ± 2.08 10.7 ± 1.53 13.7 ± 1.53 0.047 * 23.3 ± 4.16 28.0 ± 4.00 33.3 ± 7.64 0.172
4th 25.3 ± 2.52 20.0 ± 3.61 30.7 ± 5.51 0.054 30.0 ± 8.89 40.0 ± 4.58 47.7 ± 8.08 0.172
5th 29.3 ± 2.52 27.0 ± 1.73 41.0 ± 5.29 0.050 41.0 ± 12.8 55.0 ± 8.00 64.0 ± 12.2 0.172

Harvest weight (g) 52.0 ± 2.95 72.4 ± 10.5 52.8 ± 6.88 0.063 44.2 ± 15.3 72.5 ± 32.0 55.1 ± 3.27 0.329

Planting time
(month)

Potato Sweet potato Tomato

Group 1_Cu Group 2_Cu Control p-value Group 1_Cu Group 2_Cu Control p-value Group 1_Cu Group 2_Cu Control p-value

Harvest weight (g) 77.6 ± 39.1 28.1 ± 3.82 82.8 ± 20.4 0.066 107 ± 24.6 18.2 ± 3.83 143 ± 9.61 0.027 * 30.7 ± 12.2 33.5 ± 19.7 60.4 ± 13.2 0.118
Number of
harvested † 10 12 15 0.463 21 4 23 0.048 * 17 15 28 0.146

Note: 1. all data were showed as mean ± standard deviation (n = 3 and 1 plant in each pot); 2. †: number of harvested” was sum of three pots; *: p < 0.05
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The Cu concentrations in group 1 (Figure 2b) were: potato (3.21 mg/kg) > water
spinach (2.31 mg/kg) > sweet potato (1.53 mg/kg) > tomato (1.09 mg/kg) > sweet potato
leaves (0.85 mg/kg). In group 2, the Cu concentrations ranked in the order: water spinach
(5.10 mg/kg) > potato (1.65 mg/kg) > sweet potato (1.60 mg/kg) > sweet potato leaves
(0.86 mg/kg) > tomato (0.74 mg/kg). These results show that potato and water spinach
were most polluted by Cu among all of the observed vegetables.

Sarker et al. [39] monitored the heavy metal concentrations in different kinds of veg-
etables from agricultural fields in neighboring industrial areas in Bangladesh. Cd was
found at significant levels in leafy vegetables, tubers, and fruits (0.003–1.60, 0.001–0.71,
and 0.001–0.16 mg/kg, respectively), with the Cu concentrations being 0.86–5.80, 0.27–1.60,
and 0.46–2.40, respectively. Zhuang et al. [20] carried out a similar analysis for vegeta-
bles in agricultural land near mining areas, showing that the bioaccumulation of heavy
metals was significantly higher in leafy than in non-leafy vegetables. This is reflected in
our results, where water spinach accumulated abundant Cd as compared to other plants.
Khan et al. [40] highlights the potential health risks that are associated with vegetables
cultivated in wastewater-contaminated soils, in particular the consumption of leafy vegeta-
bles that contain Cd, Cr, Ni, and Pb; and, Li et al. [41] showed a higher bioaccumulation
factor (BAF) for Cd in leaf and root vegetables than in fruit vegetables. Our results were in
agreement with those of Sarker et al. [39] and Zhuang et al. [20], and they clearly showed
that leafy vegetables are more likely to accumulate heavy metals when compared to other
vegetables. Sengar et al. [42] reported that, at the lethal concentration of Pb, the barriers
in the root endodermis will be broken and cause Pb enter the vascular tissues. That may
further affect the mineral nutrition and water balance, inactivate the enzymes activities,
change the hormonal status, and then affect the membrane structure and permeability.
Wang, Angle, Chaney, Delorme, and Reeves [43] reported that a lower pH influenced the
metal uptake by plant, since Cd and Zn are more soluble at decreasing pH. Meanwhile,
this may be due to the short growth period and fast growth rate of leafy vegetables, so the
osmotic effect and absorption of nutrients from the soil are strong. During the growing
period, exposure to harmful metals, such as Cd, may result in those metals participating
with plant-specific metal transporters and competing with essential metal elements, such
as iron, Ca, and Mn for active transport and accumulation in plants.

3.4. Bioaccumulation Factors of Heavy Metals in Vegetables

Metal BAF and Translocation Factor (TF) can used to evaluate metal uptake and
transport by plant tissues, and TF values > 1 indicate the accumulation of metals under
natural conditions [44].
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Figure 3 shows the BAF of both Cd and Cu for all of the observed vegetables in group
1. The highest BAF for Cd was in water spinach (0.29), and the highest BAF for Cu was in
potato (<0.01). Fan et al. [45] indicated that Cu was mainly accumulated in the root and
leaf parts. It is well known that BAF variation depends on the metal, the plant species,
soil pollution level, and soil acidity [29]. For example, BAF values were found to be >1
for Cr, Cd, Cu, Mn, Pb, and Zn in berseem clover (Trifolium alexandrinum) [44], which
indicated that berseem was a suitable accumulator of these metals in natural conditions.
Yari et al. [46] indicated that the TF value for Pb was >1 in maize shoots in three different
soil textures. However, BAF for Cr, Ni, Cu, Cd, and Pb in cabbage leaves and broccoli
heads were all <1, which revealed that cabbage and broccoli were poor accumulators [47].
We can conclude that BAF and TF are dependent on vegetable species and each metal. In
the present study, although the BAF values in all plants were <1, the accumulation of Cd
was higher than Cu specifically, consistent with reports from previous studies [16,48,49], as
well as TF for Cd was also higher than for Cu [50]. In addition, Katrien [51] indicated that
the solid–water distribution coefficient (Kd) of different metals influenced the distribution
of chemicals migration into water from soil when Kd is low. For example, the uptake of
Cd by Indian mustard and lettuce varied because of the larger root system in mustard and
the planting season [52]. In conclusion, BAF varied depending on the properties of the
observed heavy metals and vegetables.
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The soil characteristics may influence the absorption ability of metal contaminants.
For example, the components of clay, silt, and sand are relevant to the superficial content of
soil, and positively related to the metal accumulation [53]; the ratio of clay > silt > sand of
Cd-contaminated soil might provide high superficial content and high accumulation of Cd
as compared to Cu. Meanwhile, high organic matter will cause a high adsorption of metals
in soil, reducing their migration to cultivated plants [54]. The present study also showed a
correlation between organic matter and Cd in water spinach, and organic matter and Cu
in tomato and potato by Spearman correlation analysis (Tables S2-1 to S2-10). Therefore,
the different components and characteristics of soil will influence the transportation and
accumulation of metals.

3.5. Antioxidant Analysis in the Vegetables

We also measured the concentrations of antioxidants, such as vitamins C and E,
in all samples in the experimental groups (Figures 4 and 5). The respective vitamin C
concentration in groups 1 and 2 with Cd exposure were significantly higher in sweet potato
leaves (25.3 vs. 13.6 g/kg) and water spinach (8.72 vs. 9.94 g/kg) than in the control group
(16.5 and 6.63 g/kg, respectively) (Figure 4a). In addition, significantly higher levels of
vitamin C were found in the sweet potato leaves (28.4 vs. 20.8 g/kg) and water spinach
(11.9 vs. 7.26 g/kg) in groups 1 and 2 with Cu contaminant as compared to the control
group (Figure 4b). When comparing Vitamin C levels in Cd and Cu contaminant groups,
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vitamin C was active in sweet potato leaf and in water spinach in both contaminated
scenarios.
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Figure 5 presents the distribution of vitamin E concentrations in all vegetables of
the contaminated soil groups for both Cd and Cu. The respective vitamin E concen-
trations in groups 1 and 2 with Cd exposure were similar, but higher in tomato (17.1
vs. 18.0 mg/kg) and sweet potato (17.0 vs. 27.3 mg/kg) than in water spinach (14.2 vs.
13.6 mg/kg), sweet potato leaves (9.61 vs. 2.32 mg/kg), and potato (5.58 vs. 3.78 mg/kg)
as compared to the control group. Kongkachuichai et al. [55] found 15 local crops that
were rich in various active natural substances, such as vitamin C (3.46–109 mg/100 g)
and vitamin E (0.10–4.35 mg/100 g), in different types of leafy vegetables, as well as vita-
min C at 15.2–101 mg/100 g in leaf vegetables [56], and vitamin E at 0.43–12.85 mg/kg in
fruits [25], in order to establish a dietary guide for local people in Thailand. In another
study, Collin et al. [26] carried out a pot experiment using artificial additives heavy metal
(Cd and Cu) treated soils planted two hydroponic potted plants and analyzed the antioxi-
dant levels for chlorophyll, carotenoids, vitamin C, and vitamin E after harvesting. In the
Cd-contaminated soils, the concentrations of vitamin E increased significantly. Meanwhile,
in the Cu-contaminated soils, the concentrations of vitamin C and vitamin E increased
simultaneously. However, another study mentioned that there was a 70.58% reduction
in vitamin C content in pakchoi shoots that were exposed to a mixture of Cd (20 mg/kg)
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and Cu (400 mg/kg) [27]. In the present study, we also found that vitamin C increased in
sweet potato leaf and water spinach plants exposed to heavy metals, as well as an increase
in vitamin E in most crops. Our results were in agreement with Collin et al. [26], who
speculated that vitamin C and E aided in the tolerance to metals, and in particular that
vitamin E was better than vitamin C during exposure to Cd.

3.6. Exposure Dose of Heavy Metals

Table 3 presents the P50-P95 exposure dose of Cd in different age groups. The highest
Cd exposure dose was found in water spinach in different age groups of the Taiwan
population, except for 0–3 years old. However, the highest exposure dose for 0–3 years was
in sweet potato (0.0027–0.0086 mg/kg b.w./day), because sweet potato can be used as a
by-product formula for infants and young children and, so, for the intake of this age group,
is larger when compared to other types of vegetable.

Table 3. 50th–95th percentile of dietary exposures (mg/kg b.w./day) to Cd by consuming vegetables in all age groups.

Age Water Spinach Sweet Potato Leaf Potato Sweet Potato Tomato

0–3 0.0014–0.0043 0.0001–0.0003 0.0001–0.0003 0.0027–0.0086 0.0001–0.0005
3–6 0.0014–0.0042 0.0001–0.0003 0.0001–0.0002 0.0005–0.0014 0.0002–0.0006

6–12 0.0018–0.0058 0.0001–0.0004 0.0002–0.0006 0.0007–0.0022 0.0001–0.0004
12–16 0.0009–0.0028 0.0001–0.0002 0.0001–0.0004 0.0003–0.0008 0.0001–0.0003
16–18 0.0013–0.0039 0.0001–0.0003 0.0001–0.0003 0.0003–0.0008 0.0001–0.0002
19–65 0.0024–0.0070 0.0002–0.0005 0.0000–0.0002 0.0004–0.0011 0.0001–0.0004
>65 0.0033–0.0097 0.0002–0.0006 0.0001–0.0002 0.0005–0.0016 0.0001–0.0003

Table 4 shows P50-P95 of Cu exposure doses from consuming vegetables in different
age groups. The highest exposure dose for Cu was found in 0–3 years old for consuming
sweet potato (0.0043–0.0137 mg/kg b.w./day). The highest exposure doses in the different
age groups were not consistent, possibly because the Cu concentrations in water spinach,
potato, and sweet potato are not significantly different.

Table 4. 50th–95th percentile of dietary exposures (mg/kg b.w./day) to Cu by consuming vegetables in all age groups.

Age Water Spinach Sweet Potato Leaf Potato Sweet Potato Tomato

0–3 0.0013–0.0042 0.0005–0.0017 0.0016–0.0051 0.0043–0.0137 0.0015–0.0049
3–6 0.0013–0.0040 0.0005–0.0016 0.0011–0.0032 0.0008–0.0023 0.0020–0.0061

6–12 0.0017–0.0057 0.0007–0.0022 0.0035–0.0113 0.0011–0.0037 0.0013–0.0042
12–16 0.0008–0.0026 0.0003–0.0011 0.0024–0.0077 0.0004–0.0013 0.0010–0.0031
16–18 0.0012–0.0038 0.0005–0.0015 0.0017–0.0052 0.0004–0.0014 0.0007–0.0022
19–65 0.0023–0.0067 0.0009–0.0027 0.0009–0.0026 0.0006–0.0017 0.0015–0.0046
>65 0.0031–0.0093 0.0012–0.0037 0.0011–0.0034 0.0008–0.0024 0.0011–0.0034

Table 5 shows the P50-P95 of hazard quotient (HQ) for Cd from consuming different
vegetables. The levels for 0–3 years old were 4.80–11.6 (all HQs being >1), while all HQs for
Cu were <1 (Table 6). The intake of water spinach was identified as a major contributor to
the estimated daily intake of two metals by the residents. Many researchers have identified
that vegetables that are cultivated in soil with metals can pose a potential health risk
for consumers [20,49,57], but Zhou et al. [58] suggested that the concentrations of metals
decreased in the order: leafy vegetables > stalk vegetables/root vegetables/solanaceous
vegetables > legume vegetables/melon vegetables. The current study also provided
evidence of the risk within the safe range when consuming sweet potato leaf, potato, or
tomato, indicating that the high accumulators (leafy vegetables) were unsuitable for being
planted on contaminated soil.
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Table 5. Hazard index of Cd intake by age groups.

Age Water Spinach Sweet Potato Leaf Potato Sweet Potato Tomato HI

0–3 1.40–4.36 0.09–0.28 0.09–0.29 2.70–8.69 0.15–0.45 4.80–11.6
3–6 1.42–4.19 0.09–0.27 0.06–0.19 0.47–1.41 0.19–0.57 2.40–5.44
6–12 1.81–5.82 0.12–0.38 0.19–0.65 0.68–2.26 0.12–0.39 3.18–7.77

12–16 0.87–2.75 0.06–0.18 0.13–0.44 0.25–0.82 0.09–0.29 1.52–3.65
16–18 1.27–3.96 0.08–0.26 0.09–0.29 0.27–0.85 0.07–0.21 1.88–4.74
19–65 2.38–7.02 0.15–0.45 0.05–0.15 0.36–1.08 0.14–0.42 3.20–7.97
>65 3.27–9.63 0.21–0.62 0.06–0.19 0.52–1.54 0.10–0.31 4.36–10.8

Table 6. Hazard index of Cu intake by age groups.

Age Water Spinach Sweet Potato Leaf Potato Sweet Potato Tomato HI

0–3 0.03–0.11 0.01–0.04 0.04–0.13 0.11–0.34 0.04–0.12 0.26–0.56
3–6 0.03–0.10 0.01–0.04 0.03–0.08 0.02–0.06 0.05–0.15 0.16–0.31
6–12 0.04–0.14 0.02–0.06 0.09–0.28 0.03–0.09 0.03–0.11 0.23–0.52

12–16 0.02–0.07 0.01–0.03 0.06–0.19 0.01–0.03 0.02–0.08 0.14–0.30
16–18 0.03–0.09 0.01–0.04 0.04–0.13 0.01–0.03 0.02–0.06 0.13–0.26
19–65 0.06–0.17 0.02–0.07 0.02–0.07 0.01–0.04 0.04–0.11 0.17–0.33
>65 0.08–0.23 0.03–0.09 0.03–0.09 0.02–0.06 0.03–0.08 0.21–0.40

4. Conclusions

This study clearly demonstrates that heavy metals accumulated in the five vegetables
that were planted in the contaminated soils, especially so for water spinach. Meanwhile,
Cd accumulation of all vegetables planted in the contaminated soils was greater than Cu
accumulation. In Cd-contaminated soils, there was a significant effect on the growth and
yield of potato and sweet potato, and there was also a significant effect on the growth
and yield of sweet potato in the Cu-contaminated soils. In addition, our findings also
demonstrated that, when the concentration of vitamins C and E significantly increased in
water spinach and sweet potato leaves while it was planted in heavy metal-contaminated
soils, in contrast, it significantly decreased in sweet potato and tomato.

The non-carcinogenic HI of Cd exposure from water spinach and sweet potato were
>1, whereas those for Cu were <1. The current study suggests that vegetable consumers
may experience health risks, and that children are the most vulnerable to the adverse
effects of heavy metal ingestion. Meanwhile, the low accumulation rate that was seen in
sweet potato leaf, potato, and tomato indicated their suitability for planting in suspected
contaminated soil, such as at farms nearby metal industries, in replacement of other leafy
vegetables with high accumulated character for metal contaminants, such as water spinach.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11093761/s1, Table S1: Demographic data of soil property of experiment group with Cd
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