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A B S T R A C T   

Soil is considered as a sink for heavy metals. Human health is severely affected by the continuous intake of toxic 
heavy metals even in a very low concentration. In the present experiment, we determined the influence of 
nutritional status including control (fasted condition), glucose (fed state), plant protein (fed state), animal 
protein (fed state) and calcium (fed state) on soil cadmium (Cd) and copper (Cu) bioaccessibility using 
physiologically-based extraction test (PBET) method together with simulator of the human intestinal microbial 
ecosystem (SHIME) model. The bioaccessibility of Cd was 1.06–73.58%, 0.44–54.79% and 0–17.78% and Cu was 
3.81–67.32%, 4.98–71.14%, and 0–17.54% in the phase-I, phase-II and Phase-III respectively (in this study 
gastric phase, small intestinal phase and colon phase were considered as phase-I, phase-II and Phase-III 
respectively). The outcomes showed that, the average Cd bioaccessibility was higher with animal protein 
addition compared with other treatments in different phases. So, the effect of animal protein on Cd bio-
accessibility was higher than other treatments in the phase-I, phase-II and phase-III. Due to the addition of plant 
protein, the higher average bioaccessibility of Cu was noticed in phase-I and phase-II in comparison to other 
treatments. However, in phase-III, the higher average bioaccessibility of Cu was found due to control treatment 
comparing with other treatments. Therefore, the influence of plant protein was higher than other nutrients on Cu 
bioaccessibility in the phase-I and phase-II. Moreover, other nutrients showed variable influence on Cd and Cu 
bioaccessibility. So, nutritional status has a significant effect on bioaccessibility as well as human health risk 
assessment.   

1. Introduction 

Heavy metal toxicity is a threat to human health and is associated 
with several health risks. Soil is considered as a sink for multi-sources 
contaminants and it can cause hazard to human well-being (Xia et al., 
2016). It is therefore essential to assess the heavy metals exposure risk 
from soil. Cadmium (Cd) is widely distributed in the earth’s crust at an 
average concentration of about 0.1 mg/kg (Tchounwou et al., 2012). Cd 
is considered as the seventh most toxic heavy metal according to the 
ATSDR (Agency for Toxic Substances and Disease Registry) list (Jaish-
ankar et al., 2014). Once this metal is absorbed by humans, it will 
accumulate through-out life inside the body (Jaishankar et al., 2014), 
because it has a long biological half-life (>25 years) and is released 

slowly from the body. Long-term exposure to Cd causes toxic effects 
because it accumulates in various tissues overtime (Wang and Du, 
2013). Human exposure to Cd can cause several diseases such as kidney 
dysfunction, osteoporosis, emphysema and obstructive pulmonary dis-
ease (Faroon et al., 2012). Cd may also cross boundaries to the 
placental-blood and blood-brain and extreme prenatal contact can cause 
developmental delays (Narkowicz et al., 2013). Long-term exposure to 
Cd can cause itai-itai disease (renal damage) (Nomiyama, 1980). Several 
regulatory agencies, including the International Agency for Research on 
Cancer (IARC, 1993) reported Cd as a human carcinogen. So, the joint 
FAO and WHO Expert Committee Codex Alimentarius Commission 
(CAC) (2017) on Food Additives suggested the tolerable daily intake of 
0.83 μg kg� 1 body weights for Cd, which is equal to an ingestion of 50 μg 
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Cd per day for an adult weighing 60 kg. Copper (Cu) is an important 
trace element for all biological organisms including bacterial cells to 
human (Hefnawy and khaiat, 2015). Contrarily, it can also accumulate 
at the toxic level to the environment (Oliver, 2008). Smoking, con-
sumption of contaminated water and food, dust inhalation, and inci-
dental ingestion of dust is the pathway of Cd and Cu exposure. Notably, 
children who live near contaminated sites, ingestion is one of the critical 
pathways for contamination (Schilderman et al., 1997). 

Heavy metal pollution in the soil has become a serious problem all 
over the world (Facchinelli et al., 2001; Solgi et al., 2012). Soil heavy 
metal pollution has also become an environmental issue in China due to 
industrial development and rapid urbanization in past three decades 
(Dong et al., 2001; Li et al., 2014). With respect to health hazard, the 
total concentration of heavy metal is not a real indicator of the extent of 
heavy metal exposure (Feng et al., 2012; Rahman et al., 2014). It can 
substantially overrate the real health hazards, as humans are not likely 
to absorb 100% of the contaminants (Walraven et al., 2015). In fact, just 
a small part of the entire soil heavy metal can be absorbed by human (Gu 
et al., 2016). That’s why using the term, “bioaccessibility” and “bio-
availability/phytoavailability” are better to explain whether the con-
centration of heavy metal is dangerous or not for organisms. 
Bioaccessibility is defined as the fraction of metal that is soluble in the 
gastrointestinal environment of humans and available for absorption. 
So, bioaccessibility assessment provides information on the amount of a 
contaminant that can be absorbed into the bloodstream. Bioavailability 
is defined as the quantity of a pollutant that is absorbed into the body 
after ingestion or inhalation or skin contact. 

Many scientists use animal models such as mouse and juvenile swine 
to estimate heavy metals risk from contaminated soil ingestion (Denys 
et al., 2012; Juhasz et al., 2010). But, such models are expensive, time 
consuming and are subject to complications in ethics (Ting et al., 2015). 
This has lead to the development of some in vitro methods such as PBET 
(Physiologically Based Extraction Test), UBM (Unified BARGE Method), 
SBRC (Solubility Bioaccessibility Research Consortium), IVG (In Vitro 
Gastrointestinal) to simulate human gastrointestinal system (Denys 
et al., 2012; Juhasz et al., 2010; Ruby et al., 1996; Schroder et al., 2003). 
The colon is the end part of the gastrointestinal tract that is populated by 
diverse microbial species. It is mentioned that, gut microbiota invading 
the colon may have a significant impact on the quantities dissolved and 
existing types of elements (Laird et al., 2007; Sun et al., 2012). SHIME 
could be a potentially practical way to integrate the human-origin colon 
microbial culture into the in vitro model. 

Prior studies showed that, soil pollutants bioaccessibility relied on 
soil physicochemical properties, in vitro tests, pH and other variables 
(Juhasz et al., 2009; Smith et al., 2014). But, the bioaccessibility of 
pollutants was influenced by diet in actual conditions. Hence, dietary 
context is an significant factor that affects bioaccessibility when evalu-
ating health hazards from oral pollutants exposure (Alava et al., 2013). 
Human get different nutrients from diets. Glucose is the human body’s 
primary source of energy. The human brain gets energy from glucose 
(Mergenthaler et al., 2013). Protein is a fundamental nutrient for 
humans. Protein deficiency can cause hypertension, anemia, cardiac 
failure (Wu, 2016). Due to calcium deficiency, the integrity of the 
skeleton would be at risk (Nordberg et al., 2009). It is important to 
intake a sufficient amount of calcium in childhood because puberty is a 
crucial time for osteoporosis prevention (Moitra et al., 2013). So, in this 
study, the PBET approach (phase-I and phase-II) combined with SHIME 
(phase-III) was utilized to assess the effect of nutrients on the bio-
accessibility of Cd and Cu in contaminated soil. 

Most of the previous experiments give emphasis to the effect of food 
on chemical elements bioaccessibility. There were some literatures on, 
effects of foods and nutrients on the bioaccessibility of soil As, Pb, Fe and 
some other chemical elements (Oomen et al., 2002; Wang et al., 2018) 
but research on the impact of nutrients on soil Cd and Cu bioaccessibility 
using PBET approach combined with the SHIME model is unknown. 
Some literatures were found on the effect of nutrients on Cd 

bioaccessibility of food e.g. (Fu and Cui, 2013). So, effect estimation of 
nutrients on soil Cd and Cu bioaccessibility especially in phase-III will 
give some new and important information to the research field of Cd and 
Cu bioaccessibility as well as human health risk estimation. The aims of 
this research were to determine the bioaccessibility of Cd and Cu in the 
contaminated soil and to compare the effect of nutritional condition on 
the bioaccessibility of Cd and Cu in the phase-I, phase-II and phase-III by 
means of PBET method together with SHIME. 

2. Materials and methods 

2.1. Soil samples and reagents 

Ten surface (0–20 cm) samples of soil from different sites throughout 
China were collected. Each soil sample was air-dried, grounded and 
sieved to 2 mm mesh sieves, which were utilized to assess soil physi-
cochemical properties. Before in vitro test, all soil samples were sieved to 
<0.25 mm as particles of this size are frequently attaches to the hand of 
humans and thus more likely to be ingested. 

Unless otherwise stated, all chemicals used in this study were pro-
cured from Sigma- Aldrich Chemicals Co. (St. Louis, MO, USA). Four 
nutrients such as glucose, plant protein (from soya bean), animal protein 
(casein), and calcium (as calcium carbonate) were used as treatments. 
Plant protein and animal protein were purchased from an online shop, 
Beijing, China. The purity of glucose was �99.5%, and Calcium was 
99.99%. The main component of plant protein and animal protein 
powder was protein, which reaches 99.0% and 96.6%, respectively. 
MilliQ water was used during the whole study. Each glassware was 
dipped at least 24 h into 10% (v/v) HNO3 and washed three times with 
MilliQ water prior to use. 

2.2. Soil properties 

Soil physicochemical properties were calculated on triplicate sam-
ples. Soil pH was measured after 0.5h of equilibration in water extract 
(1:2.5 soil: deionized water) with a pH meter (METTLER TOLEDO SG, 
CH). The content of soil organic matter (OM) was measured by the 
process of acid dichromate oxidation (Bao, 2000) and analyzed by 
ultraviolet/visible (UV/vis) spectrophotometry (Cary 60, Agilent, USA). 
The size of the soil particles (organic matter dislodge by H2O2) was 
measured using a laser difractometer (Mastersizer, 2000; Malvern, U.K.) 
(Blott and Pye, 2006). The oxalate-extractable iron, aluminum, and 
manganese oxides were extracted using 0.2 mol L� 1 acid ammonium 
oxalate (Yin et al., 2014). Inductively coupled plasma-optical emission 
spectroscopy (ICP OES; Optima 5300V, Perkin- Elmer Co. Lt, USA) was 
used to determine the total concentrations of Cd and Cu in soils 
following microwave digestion (CEM MARS6) using a combination of 
concentrated HNO3, H2O2 and HF (5:3:2). To assure the quality control 
(QA/QC), blank sample (no soil added) and standard soil sample GSS-5 
(National Institute of Metrology, China) were used. 

2.3. SHIME 

The SHIME is made up of five chambers that represent the stomach, 
small intestine, ascending colon, transverse colon, and descending 
colon. Usually, fresh fecal microbes were obtained from one volunteer to 
inject into the colon compartment (Laird et al., 2007; Sun et al., 2012; 
Van de Wiele et al., 2010). In short, fresh fecal microbes were collected 
from a 28- year-old male Chinese healthy volunteer who had no anti-
biotic treatment history in the last six months prior to this study and 
injected into the three colon compartments. The solution for feed was 
applied for thrice a day to supply digested nutrition for the colon mi-
crobes. Feed solution consist of (in grams/liter) arabinogalactan (1.0), 
starch (4.0), glucose (0.4), xylan (1.0), yeast extract (3.0), pectin (2.0), 
peptone (3.0), mucin (1.0) and cysteine (0.5). Then, the feed solution 
was autoclaved. When the feed cools down then the feed adjusted at pH 
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2.0� 0.1. The ascending, descending and transverse colon temperature 
(37 �C) and pH (5.6–5.9, 6.7–6.9 and 6.15–6.4) (Molly et al., 2009) were 
kept up automatically. The SHIME reactors were agitated constantly and 
kept in anaerobic state through regular flushing with nitrogen gas. In the 
colon compartment, stable microbial communities were obtained after 
3–4 weeks of adjustment. The community composition and proximal 
colon microbial fermentation action (short-chain fatty acid and ammo-
nium production) were consistent with previous runs and a situation in 
vivo (Molly et al., 2009; Yin et al., 2017). 

2.4. In vitro test 

In this experiment, we have evaluated the effect of various nutrients 
on the bioaccessibility of Cd and Cu in three phases (phase-I, phase-II 
and phase-III) following the PBET approach together with SHIME. The 
method was customized by (Rodriguez et al., 1999; Tang et al., 2006) 
from (Ruby et al., 1996). In brief, the artificial gastric solution was made 
by mixing 0.5 g citrate, 0.5 g malate, 420 μL lactic acid, 500 μL acetic 
acid with 0.15 mol L� 1 NaCl solution and pH was fixed to 1.5 adding 12 
M HCl acid, after that 1.25 g pepsin was added into each liter solution. 
0.3 g soil sample and 30 ml gastric solution were taken in each 50 mL 
polypropylene tube at a soil/solution ratio of 1:100 (Yin et al., 2015). 
For the control treatment, gastric solution was added to every vessel. 
1.0 g glucose was added with gastric solution according to the Chinese 
people’s reference consumption of nutrients in diets (Cheng, 2014). For 
the plant and animal protein treatment, the solution comprised of 1.0 g 
of plant and animal protein powder was mixed with gastric fluid. 1.55 g 
calcium carbonate powder was added with gastric solution for calcium 
treatment. Then, the gastric fluid and nutrients containing tubes were 
put in a shaker at 150 rpm and incubated at 37 �C for 1h to complete 
phase-I. 

After 1 h shaking, the artificial gastric fluid was altered to the small 
intestinal fluid by adding 0.018g porcine pancreatin and 0.06 g porcine 
bile extract in each vessel, then the pH was adjusted to 7 with NaHCO3 
powder. The mixer were kept in a shaker at 150 rpm and incubated at 37 
�C for 4 h to complete phase-II. Then, the solutions were moved into 100 
mL anaerobic serum bottles with 30 mL of colon solution from the 
descending colon chamber of the SHIME at a ratio (soil/solution) of 
1:200 (Van de Wiele et al., 2010; Yin et al., 2015, 2016). The gastro-
intestinal solution was flushed with nitrogen gas for 20–30 min, then the 
bottles were sealed with butyl rubber stoppers to preserve anaerobial 
conditions. The digests were shaken at 150 rpm and incubated at 37 �C 
for 48 h to complete phase-III (Yin et al., 2015, 2016). 10 mL of sample 
were collected at the end of each phase with a syringe and centrifugated 
for 20 min at 4000 rpm. Upon filtering via 0.45 μm filter every sample 
was preserved at � 20 �C. The concentration of Cd and Cu were 
measured by ICP OES/ICP MS (diluted with 3% HNO3). ICP MS was used 
for the quantifications of Cd and Cu having the total concentration 
below 200 μg L� 1 in the soil sample and ICP OES was used for quanti-
fying more than 200 μg L� 1 of Cd and Cu in the soil sample. The oper-
ating conditions of ICP-MS were as follows: 1.05 L min� 1 for carrier gas, 
RF power of 1300 W, 2 �C for an atomizer chamber, sampling depth of 7 
mm, and 0.4 mL min� 1 for sample uptake (Fu and Cui, 2013). The 
multi-element solution (National Institute of Metrology, China) con-
taining 50 mg L� 1 of Fe, Mn, Cu, and Zn was diluted to prepare the 
calibration standards with the concentrations of 0, 1, 5, 10, 20, 50, 100, 
and 200 μg L� 1. The stability of instrumental analysis was checked using 
the standard solutions at 10-sample intervals, and the results were 
considered valid, only if the measured value was within �10% of the 
true value. Operating condition of ICP OES was as follows: Plasma gas 
flows 15L min� 1; auxiliary gas flows 0.215L min� 1; nebulizer gas flows 
0.8L min� 1; RF Power1300 W; pump flow rate 1.5 mL min� 1. The test 
was conducted three times. The assessment of Cd and Cu bioaccessibility 
was performed by following formula (Cui et al., 2011): 

Bioaccessibility ðBAÞ¼
Cb
Ct

*100  

Where, Cb is the bioaccessible fraction of Cd or Cu in the phase-I or 
phase-II or phase-III, Ct is the total concentration of soil Cd or Cu. 

2.5. Statistical analysis 

One-way analysis of variance (ANOVA) was performed to make 
comparisons of the average bioaccessibility of Cd and Cu in control 
condition with various treatments. Duncan multiple range tests (DMRT) 
were performed using SPSS software (Version 23.0) and other statistical 
analyses were performed in Microsoft Excel 2010). Pearson correlation 
was employed to calculate the correlations of Cd and Cu bioaccessibility 
with different nutrients. All diagrams were drawn by Origin Pro. 9.0. 

3. Results and discussion 

3.1. Soil characteristics 

Soil properties, total Cd and Cu concentrations of 10 soil samples are 
presented in Table 1. The soil extend over a range of pH from 4.00 to 
7.85 including one strong acid soil (pH < 5.0), two slightly acidic soils 
(pH 5.0–6.5), three neutral soils (pH 6.5–7.5), four slightly alkaline soil 
(pH 7.5–8.5) (Cui and Chen, 2010; Yin et al., 2015). Soil organic matter 
ranged from 1.72 to 11.16% ðw=wÞ. The clay content varied from 0.77 to 
28.42% (w=wÞ. The concentration of oxalate-extractable Mn, Al and Fe 
ranged from 0.25 to 1.83 g/kg, 0.80–15.40 g/kg, 1.60–46.87 g/kg 
respectively. The total concentrations of Cd and Cu in soils were varied 
from 7.59 to 99.33 mg/kg and 39.14–1127.29 mg/kg, respectively. 

3.2. Correlations of Cd bioaccessibility with different nutrients 

The Pearson correlation coefficients for Cd bioaccessibility among 
the treatments were presented in Supplementary Materials Table S1. In 
the phase-I, there was a significant positive correlation (P<0.01) be-
tween the bioaccessibility of Cd with glucose addition and bio-
accessibility of Cd with plant protein and animal protein addition. 
Significant positive correlations (P<0.01) were observed between the 
Cd bioaccessibility for plant protein and the Cd bioaccessibility for 
glucose and calcium addition in phase-II. In phase-III, there was a sig-
nificant positive correlation (P<0.01) among the bioaccessibility of Cd 
with animal protein addition and bioaccessibility of Cd with glucose and 
calcium addition. 

3.3. Correlations of Cu bioaccessibility among the treatments 

The Pearson correlation coefficients for Cu bioaccessibility among 
the treatments were presented in Supplementary Materials Table S2. Cu 
bioaccessibility for control treatment and animal protein addition 
showed significant positive correlation in the phase-I. Significant posi-
tive correlations (P<0.01) were observed for the Cu bioaccessibility and 
animal protein and the Cu bioaccessibility for glucose and calcium 
addition in phase-II. In phase-III, there was a significant positive cor-
relation (P<0.01) among the bioaccessibility of Cu with control treat-
ment and the bioaccessibility of Cu with glucose, plant protein, animal 
protein and calcium addition. 

3.4. Cd bioaccessibility 

The results of Cd bioaccessibility showed considerable variability 
due to different nutrients addition among ten soil samples (Figs. 1–3). 
Cadmium bioaccessibility ranged from 1.06 to 73.58%, with an average 
of 27.01% in the phase-I. In the phase-II, Cd bioaccessibility varied from 
0.44 to 54.79% with an average of 20.42%. Cd bioaccessibility ranged 
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from 0 to 17.78% with an average of 3.72% in the phase-III. Results 
showed that, the bioaccessibility of Cd under control condition in phase- 
I was 2.35–71.31% with an average value of 24.5%, while in the phase- 
II, it was 0.44–39.74% with an average value of 20.52% and in phase-III, 
it was 0.24–16.19% with an average value of 4.92%. So, this study 
indicated that, the bioaccessibility of Cd was higher in the phase-I than 
phase-II and phase-III under control condition which was in line with the 
literature (Maosheng et al., 2015; Rodriguez et al., 1999; Ruby et al., 
1996). 

Due to glucose addition, Cd bioaccessibility was 3.85–41.60% 
(average 23.28%) in the phase-I, 2.23–42.62% (average17.68%) in the 
phase-II and 0.81–11.59% (average 3.72%) in the phase-III. The bio-
accessibility of Cd with glucose addition was 0.41–4.28 times, 0.39–5.04 
times and 0.13–4.04 times of the control treatment in the phase-I, phase- 
II and phase-III, respectively. After adding plant protein Cd bio-
accessibility ranged from 6.88 to 63.81% (average 33.46%) in the phase- 
I, 3.01–27.31% (average 14.41%) in the phase-II and 0–1.46% (average 
0.50%) in the phase-III respectively (Figs. 1–3). Due to plant protein 
addition Cd bioaccessibility was 0.84–6.57 times (increased in HZ1, HC, 
HZ2, HZ3, CZ1, ZZ2, NJ, CZ2 samples and decreased in ZZ1 & CF 

samples) in the phase-I, 0.24–6.79 times (increased in HZ1, HC, HZ2, CF 
samples and decreased in HZ3, CZ1, CZ2, ZZ1, ZZ2, NJ samples) in the 
phase-II, and 0–0.98 times (decreased all the soil samples) in the phase- 
III comparing with control treatment. Cd bioaccessibility varied from 
8.65 to 73.58% with an average of 35.66% in the phase-I, 4.62–51.25% 
with an average of 26.89% in the phase-II and 0.08–17.78% with an 
average 6.02% in the phase-III respectively due to animal protein 
addition (Figs. 1–3). Cd bioaccessibility was 0.91–7.57 times in the 
phase-I, 0.77–10.41 times in the phase-II and 0.37–2.96 times in the 
phase-III compared to control treatments as a result of animal protein 
addition. After calcium addition Cd bioaccessibility was 1.06–35.14% 
(average 20.13%), 1.70–54.79% (average 22.61%) and 0.43–11.01% 
(average 3.35%) in the phase-I, phase-II and phase-III, respectively 
(Figs. 1–3). Due to calcium addition, Cd bioaccessibility was 0.37–2.96 
times, 0.34–3.82 times and 0.20–3.26 times of the control in the phase-I, 
phase-II and phase-III respectively. In the phase-I and phase-III, the 
bioaccessibility of Cd got the highest value (73.58% and 17.78% 
respectively) with animal protein addition comparing with other treat-
ments (ZZ2 and HZ3 soil respectively, among all soil samples) (Figs. 1 
and 3). However, in the phase-II, Cd bioaccessibility had the highest 

Table 1 
Physicochemical properties of the soil samples.  

Site pH OM 
% 

Clay Content% MnOx g/kg AlOx g/kg FeOx g/kg Cd mg/kg Cu mg/kg 

HZ1 7.23 9.16 4.19 0.37 2.60 11.21 39.01 112.25 
HZ2 7.51 3.27 24.90 1.40 3.52 6.56 82.03 202.40 
HZ3 7.30 11.16 4.03 1.83 1.75 46.87 18.60 1127.29 
HC 4.00 3.00 10.70 0.70 15.40 4.30 60.20 850.07 
CZ1 5.84 4.20 28.42 0.25 1.06 4.65 9.90 51.13 
CZ2 5.09 3.80 21.82 0.28 1.27 6.40 11.60 113.76 
ZZ1 7.85 4.32 6.10 0.30 1.90 3.90 12.44 96.28 
ZZ2 7.61 2.94 6.80 0.40 0.80 1.60 7.59 72.30 
NJ 6.70 3.04 14.50 1.39 1.05 4.35 99.33 39.14 
CF 7.53 1.72 0.77 0.54 0.91 1.94 38.87 390.93 

HZ1-Hezhang Guizhou 1, HZ2-Hezhang Guizhou 2, HZ2-Hezhang Guizhou 3, HC-Hechi Guangxi, CZ1-Chenzhou Hunan 1, CZ2-Chenzhou Hunan 2, ZZ1-Zhuzhou 
Hunan 1, ZZ2-Zhuzhou Hunan 2, NJ-Nujiang Yunnan, CF-Chifeng Inner Monglia 

Fig. 1. Cadmium bioaccessibility of ten soils in the phase-I. Different letters indicate statistically significant differences with different treatments in the same kind of 
soil (P˂0.05). 
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value (54.79%) with calcium addition relative to other treatments (CF 
soil among all soils) (Fig. 2). The lowest Cd bioaccessibility (1.06%) was 
obtained for calcium in the phase-I in HC soil (Fig. 1). Plant protein was 
responsible for the lowest Cd bioaccessibility (0%) in the phase-III in 
CZ1 and CZ2 soils among all soil samples (Fig. 3). In this study, glucose 
performed variable influence on Cd bioaccessibility in the phase-I, 
phase-II and phase-III. Glucose significantly increased Cd 

bioaccessibility in three soil samples in the phase-I, two soil samples in 
phase-II and four soil samples in the phase-III among ten soil samples 
compared with control treatment. Among the ten soil samples, Cd bio-
accessibility significantly increased in five soil samples in phase-I, three 
soil samples in phase-II, on the other hand, Cd bioaccessibility signifi-
cantly decreased in all soil samples except ZZ2 soil in phase-III, due to 
plant protein addition comparing with control treatment. In the phase-I, 

Fig. 2. Cadmium bioaccessibility of ten soils in the Phase-II. Different letters indicate statistically significant differences with different treatments in the same kind of 
soil (P˂0.05). 

Fig. 3. Cadmium bioaccessibility of ten soils in the phase-III. Different letters indicate statistically significant differences with different treatments in the same kind of 
soil (P˂0.05). 
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animal protein significantly increased Cd bioaccessibility in seven soil 
samples from ten soil samples comparing with control condition. Cd 
bioaccessibility increased in six soils and decreased in three soils in the 
phase-II but Cd bioaccessibility decreased in five soil samples in phase- 
III due to the addition of animal protein compared to control. Bio-
accessibility of Cd significantly increased in the phase-I in two soils, four 
soils in both the phase-II and phase-III as a result of calcium addition in 
relation to control. Due to calcium addition, Cd bioaccessibility declined 
significantly in four soils in the phase-I, three soils in phase-II and six soil 
samples in phase-III in comparison to control treatment. 

The various soil properties, such as pH, particle size, Fe/Mn, and 
organic matter contents may all influence the bioaccessibility of soil 
heavy metals (including Cd and Cu). The variability of soil heavy metal 
bioaccessibility were also reported by some researchers (Juhasz et al., 
2009; Ljung et al., 2007; Petruzzelli et al., 2020; Smith et al., 2014; 
Wang et al., 2020; Zhu et al., 2015). In addition, the nutrients may also 
influence the bioaccessibility of soil heavy metal. Our study showed that 
the bioaccessibility of Cd and Cu are also variable with the nutrients 
addition. The average Cd bioaccessibility was higher with animal pro-
tein addition compared with other treatments in different intestinal 
phases. Due to the addition of plant protein, the higher average bio-
accessibility of Cu was noticed in the gastric and small intestinal phases. 
Moreover, other nutrients showed variable influence on Cd and Cu 
bioaccessibility. Larid found that, the carbohydrate mixture enhanced 
the bioaccessibility of arsenic in relation to control conditions from four 
out of five samples in the SHIME stomach but only three out of five 
samples in the SHIME small intestine and colon phases (Laird et al., 
2009). He also figured that, cowberries increased bioaccessibility from 
four out of five samples in the small intestinal phase but in the stomach 
and colon phases it had variable effects. Nigam and Wei found that, the 
bioavailability of Cd to Zea mays and Solanum nigrum L. was enhanced by 
glycine (Nigam et al., 2001; Wei et al., 2015). Previous report (He et al., 
2018) have noted that glycine might interact with Cd2þ/Pb2þ sorption 
sites and enhanced Cd2þ/Pb2þ desorption from inorganic soil parts, 
which might increase the solubility of Cd. The increased sorption of 
Cd2þ/glycine could result from soil-glycine-Cd or soil-Cd-glycine 

complex formation. Therefore, the effect of plant protein on Cd bio-
accessibility in different phases might be different for the 
above-mentioned reason. Protein intake in the short-term can alter the 
gut microbiota (David et al., 2014), which may increase the dissolution 
of Cd from soils. Furthermore, Cadmium can be bound to the thiol 
groups of the proteins (Choong et al., 2014), which may affect its bio-
accessibility. In the phase-I, protein increased the bioaccessibility of soil 
arsenic (As) (Wang et al., 2018). Fu and Cui observed that, the bio-
accessibility of Cd was reduced for the Malabar spinach following the 
addition of calcium in the cooked and raw samples in the phase-II (Fu 
and Cui, 2013). The lowest Cd bioaccessibility was observed in HC soil 
compared with other soil samples. In HC soil AlOx was higher than other 
soil samples. Quenea et al. (2009) noticed a strong interaction between 
Cd, Pb and other constituent parts of the soil such as oxides, minerals, 
etc (Quenea et al., 2009). So, it might be suggested that AlOx may bind 
Cd and reduce its bioaccessibility in HC soil. 

3.5. Bioaccessibility of Cu 

The bioaccessibility of Cu ranged from 3.81 to 67.32% with an 
average of 17.82% in the phase-I (Fig. 4). Cu bioaccessibility, in the 
phase-II ranged from 4.98 to 71.14% with an average of 22.47% (Fig. 5). 
In the phase-III, Cu bioaccessibility was very low which ranged from 0 to 
17.54%, with an average of 5.05% (Fig. 6). Under control condition, Cu 
bioaccessibility varied from 5.14 to 32.48% with an average value 
14.96% in the phase-I, while in phase-II it was 5.69–36.22% with an 
average value 15.34% and in phase-III it was 1.06–17.54% with an 
average value 5.86%. So, our results showed that under control condi-
tion average Cu bioaccessibility in phase-II was higher than phase-I and 
phase-III. 

Due to glucose addition, the bioaccessibility of Cu was 5.96–28.05% 
with an average of 14.97% in the phase-I, 4.98–29.07% with an average 
of 16.37% in the phase-II and 0.97–15.78% with an average of 5.32% in 
the phase-III respectively. The bioaccessibility of Cu with glucose 
addition was 0.39–3.01 times in the phase-I, 0.41–4.94 times in the 
phase-II, and 0.34–2.20 times in the phase-III of control treatment. Cu 

Fig. 4. Copper bioaccessibility of ten soil samples in the phase-I. Different letters indicate statistically significant differences with different treatments in the same 
kind of soil (P˂0.05). 
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bioaccessibility after plant protein addition was ranged from 3.8 to 
67.32% (average 27.76%) in the phase-I, 12.87–71.14% (average 39%) 
in the phase-II and 0–13.61% (average 4.12%) in the phase-III respec-
tively. Cu bioaccessibility was 0.40–3.54 times (increased in HZ1, HC, 
CZ1, CZ2, ZZ1, NJ HZ2 samples and decreased in HZ3, ZZ2 & CF sam-
ples) in the phase-I, 1.22–8.14 times (increased in all soil samples) in the 
phase-II and 0–1.36 times (increased in ZZ1 samples but decreased in 

other soil samples) in the phase-III, respectively due to plant protein 
addition comparing with control treatment. Due to animal protein 
addition, Cu bioaccessibility was varied from 5.27 to 38.48% with an 
average of 20.35%, 9.45–57.96% with an average 26.70% and 
0–15.12% with an average 4.98% in the phase-I, phase-II and phase-III, 
respectively. The bioaccessibility of Cu with animal protein addition was 
0.88–2.35 times in the phase-I, 0.97–9.84 times in the phase-II, and 

Fig. 5. Copper bioaccessibility of ten soil samples in the Phase-II. Different letters indicate statistically significant differences with different treatments in the same 
kind of soil (P˂0.05). 

Fig. 6. Copper bioaccessibility of ten soil samples in the phase-III. Different letters indicate statistically significant differences with different treatments in the same 
kind of soil (P˂0.05). 
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0–2.78 times in the phase-III of the control treatment. Upon incorpo-
rating calcium, the bioaccessibility of Cu was 7.54–18.61% with an 
average of 11.04% in the phase-I, 5.09–27.89% with an average of 
14.92% in the phase-II and 0–13.67% with an average of 4.91% in the 
phase-III. Due to calcium addition, Cu bioaccessibility was 0.39–1.76 
times, 0.29–4.73 times, and 0–2.83 times of the control treatment in the 
phase-I, phase-II and phase-III, respectively. The highest bioaccessibility 
of Cu was 67.32% in the phase-I and 71.14% in the phase-II due to plant 
protein addition, on the other hand, in phase-III the highest Cu bio-
accessibility was 17.54% due to control treatment in NJ soil among all 
soil samples. Plant protein was responsible for the lowest Cu bio-
accessibility (3.81%) in ZZ2 soil among all soil samples in the phase-I. In 
the phase-II, the lowest bioaccessibility of Cu (4.98%) was found in HZ2 
soil among all soil samples after glucose addition. In the phase-III, the 
lowest Cu bioaccessibility (0%) was noticed in CZ1 soil as a result of 
plant protein addition and ZZ1 soil as a result of animal protein and 
calcium addition. Glucose significantly enhanced the bioaccessibility of 
Cu in three soils among ten soil samples compared to control treatment 
in the phase-I, phase-II and phase-III. Glucose significantly decreased Cu 
bioaccessibility in three soils in phase-I, two soils in both phase-II and 
phase-III comparing with control treatment. In the phase-I, phase-II and 
phase-III, plant protein had varying effects on the bioaccessibility of Cu. 
In the phase-I, plant protein significantly increased Cu bioaccessibility in 
six soils among ten soil samples, and there was no significant effect in 
other soils comparing with control treatment. In phase-II, plant protein 
significantly increased Cu bioaccessibility in all soil samples except HZ3 
soil. In phase-III, plant protein significantly decreased Cu bio-
accessibility in seven soils among ten soil samples and increased in only 
one soil comparing with control treatment. Animal protein (casein) 
significantly increased Cu bioaccessibility in seven soils in the phase-I, 
eight soils in phase-II, and one soil in phase-III compared to control 
treatment. In phase-III, Cu bioaccessibility significantly decreased in six 
soils due to animal protein addition comparing with the control treat-
ment. Cu bioaccessibility significantly increased in one soil in phase-I, 
two soils in both phase-II and phase-III due to calcium addition 
comparing with control treatment. Calcium significantly reduced Cu 
bioaccessibility in five soils in phase-I, two soils in phase-II and six soils 
in phase-III compared to control treatment. 

Copper bioaccessibility was enhanced both in gastric and small in-
testinal phases by protein of Spirulina tablets (Wojcieszek et al., 2016). 
The bioaccessibility of Pb was also higher, possibly because of the sol-
uble components of milk competing with soil organic ligands for Pb 
(Marschner et al., 2006). The possible effect of protein on iron 
bioavailability has been reported by others researchers (Engelmann 
et al., 1998; Hallberg et al., 2003; South et al., 2000). Peptides that are 
released in the digestion of animal proteins appears to bind iron to form 
complexes in the intestinal lumen and would enhance its solubility 
(Berner and Miller, 1985). 

3.6. Comparison between Cd and Cu bioaccessibility 

In the phase-I, average bioaccessibility of Cd was higher than bio-
accessibility of Cu but the bioaccessibility of Cd was lower in phase-II 
and phase-III than that of Cu. Cd bioaccessibility had the highest value 
(73.58%) for the addition of animal protein, and the highest Cu bio-
accessibility (67.32%) was found due to plant protein addition in the 
phase-I comparing with other treatments. The highest Cd bio-
accessibility (54.79%) was observed for calcium addition and the 
highest Cu bioaccessibility (71.14%) was obtained due to plant protein 
addition in phase-II. In phase-III the highest Cd bioaccessibility 
(17.78%) was found for animal protein, and the highest Cu bio-
accessibility (17.54%) was observed due to control treatment comparing 
with other treatments. 

Calcium was responsible for the lowest Cd bioaccessibility (1.06%) 
and plant protein was responsible for the lowest Cu bioaccessibility 
(3.81%) in the phase-I comparing with other treatments. In phase-II, 

lowest Cd bioaccessibility (0.44%) was found due to control treatment 
and lowest Cu bioaccessibility (4.98%) was found due to glucose addi-
tion. In phase-III, plant protein was liable for the lowest Cd bio-
accessibility (0%) and the lowest Cu bioaccessibility (0%) was noticed 
for plant protein, animal protein and calcium addition. In phase-III Cd 
and Cu bioaccessibility reduces drastically, as noted in Figs. 3 and 6. Cai 
et al. (2017) observed that, Cu bioaccessibility decreased significantly in 
the phase-III in comparison to the phase-II and attributed that this may 
happen due to gut microbiota (Cai et al., 2017). Gut microbiota has 
excellent capacity for sulphide production which could also results in Cd 
and Cu precipitation, decreasing their bioaccessibility (Fu and Cui, 
2013). 

4. Conclusion 

Nutrients had a variable and tremendous effects on the bio-
accessibility of Cd and Cu in the phase-I, phase-II and phase-III which 
might increase the potential risk for human. The order of average Cd 
bioaccessibility due to five treatments were animal protein > plant 
protein > control > glucose > calcium in the phase-I and animal protein 
> calcium > control > glucose > plant protein in the phase-II. In phase- 
III, the order of average Cd bioaccessibility due to five nutritional states 
were animal protein > control > glucose > calcium > plant protein. So, 
the influence of animal protein was higher than other treatments on Cd 
bioaccessibility in the phase-I, phase-II and phase-III. Other treatments 
showed variable effects on Cd bioaccessibility. In phase-I and phase-II, 
the order of Cu bioaccessibility (average) among five treatments were 
plant protein > animal protein > glucose > control > calcium. In phase- 
III, the order of Cu bioaccessibility (average) were control > glucose >
animal protein > calcium > plant protein. The persuade of plant protein 
was higher than other nutrients on Cu bioaccessibility in the phase-I and 
phase-II. So, the study suggests that, the impact of nutrients on Cd and 
Cu bioaccessibility should be noted in evaluating the health risks of soil 
Cd and Cu. 
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