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Abstract: The human body is exposed to the ingestion of microplastics that are often contaminated
with other substances, which can be released into our body. In this work, a dynamic in-vitro simulator
of the gastrointestinal tract based on a membrane reactor has been used for the first time to study
the release, bioaccessibility, and bioavailability of chromium (Cr) and lead (Pb) from polyethylene
and polypropylene microplastics previously contaminated in the laboratory. The results showed
that 23.11% of the initial Cr and 23.17% of the initial Pb present in microplastics were able to cross
the tubular membrane, simulating the intestinal absorption phase. The pH evolution during the
gastric phase and the duodenal phase, the interaction mechanisms with physiological fluids, and the
properties of the polymers, such as specific surface, porosity, and/or surface degradation, affected the
kinetics of release from the microplastics and the behavior of both heavy metals. Cr was released
very early in the gastric phase, but also began simultaneously to precipitate quite fast, while Pb
was released slower and in less quantity than Cr, and did not precipitate until the beginning of
the duodenal phase. This study shows, for the first time, how useful the dynamic gastrointestinal
simulator is to study the behavior of microplastics and some problematic heavy metals along the
human gastrointestinal tract, and can serve as a reference for future studies focused on the effects of
these substances in the human body.

Keywords: gastrointestinal dynamic simulator; microplastic pollution; human health; intestinal
absorption; heavy metals

1. Introduction

Concern for microplastics and their environmental impact has been growing in recent years.
These particles can be manufactured with a purpose (i.e., exfoliating particles in cosmetics) or can result
from the breakdown of larger plastics [1]. There are numerous sources of microplastic emissions into
aquatic environments and the atmosphere—most notably, tire wear and washing of synthetic textile
garments [2,3]. Currently, microplastics are present in all aquatic environments, including oceans,
seas, rivers, and lakes of the entire planet, in addition to being deposited and accumulated in the
sand of beaches, estuaries, river basins, and all kinds of landfills [4,5]. These particles also pollute the
atmosphere and the air people breathe, and their presence has even been detected in the ice and snow
of several highland environments, indicating the great geographical dispersion of microplastics [6–8].

One of the main problems related to microplastics is their capacity to carry chemical pollutants
and additives [9]. Furthermore, these substances can be released into the gastrointestinal tracts of
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organisms when microplastics are ingested [10]. Some of the most common pollutants in microplastics
are metals and heavy metals, such as chromium, iron, lead, or titanium [11–13]. These metals can be
indirectly adsorbed onto the microplastics in aquatic environments or directly added to plastics as metal
additives to enhance their properties during the manufacturing process. For example, Godoy et al. [14]
examined the adsorption behavior of five types of microplastics on cadmium, cobaltum, chromium,
copper, nickel, lead, and zinc in different aquatic systems. The results revealed that Cr and Pb were the
most adsorbed metals by microplastics in a relatively short period of time. Holmes [13] also found that
polyethylene (PE) pellets could adsorb considerable amounts of Cr and Pb. This author demonstrated,
through the simulation of an avian gizzard, that some metals, such as Mn, Zn, Fe, or Pb, adhered to the
surfaces of the pellets, could be released, and could become bioaccessible to the birds’ gastrointestinal
tracts as well.

In addition, evidence of microplastics has also been found in various foods and beverages
that people ingest, such as mollusks, bivalves and fish, salt, beer, honey, and bottled water [15–18].
Schwabl et al. [19] demonstrated the presence of microplastics in human stool, at least 20 particles per
10 grams of sample in adults, indicating a significant intake of these microparticles. Other authors
have estimated the annual human intake of microplastics to be more than 40,000 particles [17].
When metal-contaminated microplastics enter the human body through food or drink, the release
of these metals into the digestive tract may occur. Liao and Yang [20] found that Cr (III) and Cr (VI)
present in microplastics were released into the simulated human gastrointestinal tract, mainly in the
gastric phase, influenced by the action of gastric juices. However, the effects of microplastics on the
human body are not yet very clear. There is a great lack of knowledge about the role played by the
contaminants they carry and the additives added to the human body. With regard to metals, some of
them, such as Zn, Pb, Cr, Co, or Ti, are added to plastics as pigments, stabilizers, or for resistance
to degradation [21]. Their toxicity in humans depends on many factors, including dose and level of
exposure, age, sex, or genetics. However, it has been demonstrated that high concentrations of metals
can cause cell and tissue damage as well as estrogenic reactions [22,23].

Gastrointestinal simulators are relatively recent, but can accurately predict the pharmacokinetics
of drugs, and could thus serve as a research and development (R&D) tool to study the in-vitro transit
of these metal-contaminated microplastics through the digestive tube. There are important differences
between static and dynamic simulators. Digestion is a dynamic process, and physico-chemical
conditions, such as pH, digestive enzyme concentrations, etc., occurring in the different compartments
change with time. Static gastrointestinal simulators often use a single set of initial conditions for
each part of the digestion and do not take into account the evolution of parameters with time [24,25].
To improve these conditions, several dynamic multi-compartmental simulators have been developed
during the past decades.

Molly et al. [26] designed the first dynamic gastrointestinal simulator with the aim of emulating
the different conditions of the digestive system of the human body and its interaction with the intestinal
flora. This simulator (called SHIME) consisted of a multi-compartmental system made up of five serial
stirred reactors simulating the duodenum/jejunum, ileum, cecum, and ascending colon, transverse
colon, and descending colon. It also presented a sixth reactor to simulate the stomach. In addition,
Minekus et al. [27] developed a multicompartmental in-vitro model that accurately reproduces the
evolution of meal transit, pH, and bile salt concentrations along the different gastrointestinal parts.
Since the development of these two first dynamic gastrointestinal simulators, others have evolved over
the years with the aim of studying infant digestion, simulating the microbial conditions in intestines,
or testing the effects of several molecules, bacteria, or acids on the digestive tract of humans [28–32].

The aim of this work is to analyze the behavior of two very common types of microplastics
(polyethylene and polypropylene) contaminated with metals (chromium and lead) along the digestive
tract by means of in-vitro experiments using a membrane bioreactor system mimicking the human
gastrointestinal tract conditions. This type of computer-controlled dynamic model is able to reproduce
the physiological conditions of the human gastrointestinal tract and is normally used to study the
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effects of the active components of drugs and their resistance along the different phases of digestion.
Nevertheless, the present work aims to demonstrate that it is also possible to study the bioaccessibility
of the metal released from the microplastics in the human body using the gastrointestinal simulator,
and this could serve as complementary and/or previous study to more complex and costly human
intervention studies. To the best of the authors’ knowledge, this is the first study that uses a dynamic
gastrointestinal simulator to analyze the release of pollutants present in microplastics along the dynamic
digestion process.

2. Materials and Methods

2.1. Materials and Chemical Agents

The choice of microplastics and contaminants was based on a previous study published by the
same authors [14]. The results of that study demonstrated that Cr and Pb were the fastest adsorbed
metals and in the greatest quantity, and that the microplastics showing the most favorable interactions
with Cr and Pb were polyethylene (PE) and polypropylene (PP), respectively. Therefore, in accordance
with those results, for the gastrointestinal simulator in this study, the metals chosen were Cr and
Pb, while the plastics were PE and PP, which came from recycled pellets and commercial box waste,
respectively. The plastic was shredded and sieved using a stainless-steel sieve with a mesh of <5 mm
in order to obtain a microplastic size. To prepare the metal solutions, standard solutions of 1000 mg/L
were acquired from the Panreac brand for Cr and Pb. The solutions were composed of chromium and
lead nitrate in nitric acid (0.5 M).

In order to simulate the presence of real food together with the assayed microplastics during the
gastrointestinal simulation, uperized skimmed milk was used. To prepare the Salivary Simulated
Fluid (henceforth referred to as SSF) and Gastric Simulated Fluid (henceforth referred to as GSF),
corresponding to the gastric phase of digestion, the following reagents were used: Potassium Chloride
(KCl, 99.5% purity) from the brand Merck, Sodium Hydrogen Carbonate anhydrous (NaHCO3,
99.5% purity) from the brand Sigma-Aldrich, Potassium Dihydrogen Phosphate anhydrous (KH2PO4,
99% purity), Sodium Chloride (NaCl, 99% purity), Magnesium Chloride hexahydrate (MgCl2·6H2O,
98% purity), Hydrochloric Acid (35%), and Calcium Chloride dihydrate (CaCl2·2H2O, 99% purity),
from the brand Panreac. Compositions of the SSF and GSF were adopted from Brodkorb et al. [33].

In order to simulate the conditions of the different phases of human digestion (gastric phase,
duodenal phase, and intestinal absorption), different enzymes and salts were necessary, which are
naturally secreted by the body. The enzymes and salts used in this study were as follows:
Alpha-Amylase from human saliva, Pepsin from porcine gastric mucosa, Lipase from porcine pancreas,
Pancreatin from porcine pancreas, Trypsin from bovine pancreas, Bile salts from Sigma-Aldrich,
and Lipoid p45 from Lipoid GmbH.

2.2. Methods

2.2.1. Contamination of Microplastics in Laboratory

Solutions of both metals (Cr and Pb) were prepared in Milli-Q water in order to contaminate the
microplastics. Then, 100 mL of each mother solution were put into a glass beaker and, subsequently,
0.5 g of PE were added to the Cr solution and 0.5 g of PP to the Pb solution. These solutions were
kept stirred in an orbital agitator Comecta Ivymen AG-200 at 160 rpm for 14 days. This time was
enough to reach equilibrium in the adsorption. At the end of this period, a sample of each solution
was taken and metal concentration in liquid was measured using Inductively Coupled Plasma Mass
(ICP-masses), with a mass spectrometer NexION 300D with ionization source by plasma torch and ion
filter by quadrupole. Finally, the amount of metal retained by each type of plastic was determined
using the following equation:

qe =
Ci −Ce

m·V
(1)
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where qe is the equilibrium adsorption capacity of each metal on the adsorbent (mg g−1); Ci is the initial
concentration of the metal (mg L−1) in the aqueous phase; Ce is the equilibrium concentration of each
metal (mg L−1) in the aqueous phase; m is the mass of microplastic; and V is the sample volume (L).
During the experiment, a solution containing microplastics without contaminants was subjected to the
same procedure and used as a blank. Likewise, a previous control test without plastics was carried
out with metal solutions to check that there was no metal adsorption by the flasks and there was no
precipitation of metals. The blank vials were subjected to the same procedure, and metal concentration
in liquid was measured using ICP-masses.

Finally, the microplastics were separated from the solution by filtration with a vacuum pump
using Filter-Lab 1240 cellulose filters with a pore size of 16–18 µm. They were left to dry in an oven
at a temperature of 40 ◦C for 24 h. It is not recommended to dry the plastic at higher temperatures,
as excessive heat can cause alterations in the polymer. After finishing the tests in the simulator,
the microplastics were examined under a Portable Digital Microscope with 4x, with the objective of
detecting possible alterations on the surface of the plastic.

2.2.2. Gastrointestinal-Tract-Simulating Membrane Bioreactor (GITSMB)—SimuGIT

The dynamic gastrointestinal simulator system used (SimuGIT) was developed by the Research
Group TEP025 of the Department of Chemical Engineering of the University of Granada [31].

The dynamic in-vitro Gastrointestinal-Tract-Simulating Membrane Bioreactor GITSMB (SimuGIT),
schematically shown in Figure 1, consists of a continuous stirred-tank reactor (CSTR) connected in
series to a continuous plug-flow tubular reactor (PFTR) equipped with a monochannel tubular ceramic
microfiltration membrane. The CSTR used to simulate the gastric digestion in the stomach is a benchtop
fermenter supplied by Braun Biotech International (model Biostat B). It comprises a conventional
autoclavable stirred tank glass vessel equipped with an impeller stirrer (180 W, model Rushton)
and a proportional-integral-derivative (PID) unit control system for the temperature, level, foam,
dissolved oxygen, and pH. The control system unit includes an RS-422 interface that enables the control
of the CSTR with a computer. The CSTR has an external jacket to maintain constant temperature,
such that the temperature in the vessel is measured by means of a Pt-100 digital sensor and is accurately
controlled (Tsetpoint ± 0.1 ◦C) by the PID loop connected to a thermostatic laboratory bath. The CSTR
system also has sampling and reagent addition inlets by means of several peristaltic pumps (Eyela,
modelMP-3). The pH inside the CSTR is measured by a pH electrode (Hamilton, model Easyferm Plus
K8) immersed in the vessel and adjusted by an own-made pH control system based on data acquisition
modules, which acts on two different peristaltic pumps that dose the acid and basic solutions (HCl
or NaHCO3).

The digested solution exiting the CSTR is continuously driven to the PFR. To this end, the PID
control system acts on impulsion and return peristaltic pumps (two of the four peristaltic pumps
integrated in the benchtop fermented, as previously described), such that by varying the flow rates of
these pumps, it is possible to regulate the pressure inside the hydraulic circuits, as well as the product
filtration rate. In addition to this own-developed control pressure mechanism, the operating pressure
can be adjusted accurately (P setpoint ± 10 mmHg) with a spring-loaded pressure-regulating valve
(SS-R4512MM-SP model, Swagelok) and monitored by a digital pressure gauge (Endress + Hauser,
model Ceraphant PTC31).

The continuous PFR connected in series to the CSTR serves for the simulation of the conditions in
the intestine. It consists of a cylindrical tube made of stainless steel (provided by Prozesstechnik GmbH,
Basel, Switzerland) equipped with a monochannel ceramic microfiltration (MF) membrane in tubular
configuration provided by Atech Innovations GmbH. The MF membrane used for the experiments is
an inorganic one of α-Al2O3 active surface with a mean pore diameter equal to 0.2 µm and molecular
weight cut-off in the range 1.2 kDa (model 20N).

The dimensions of the selected membrane are 1000 mm in length, 6 mm in duct diameter,
and 2 ± 0.5 mm in thickness. This type of MF membrane also ensures a series of advantageous
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characteristics, such as high resistance to temperature (suitable for steam sterilization at 121 ◦C) and
pressure (up to 10 bar) during the cleaning protocols, pH stability (0 to 14), possibility of back pulsing,
very high abrasion resistance (against aggressive chemical reagents), optimal permeability recovery,
as well as high selectivity and performance, and long lifetime service. The PFR is integrated with
the CSTR by means of a drive and return system made of chemically resistant polyethylene tubes.
Finally, a precision electronic mass balance with USB connectivity (Sartorius, model Quintix 5102,
accuracy equal to 1 mg) is coupled to an automatic sampling and data registration system in order to
register values of permeate (bioaccessible fraction that crossed the membrane) with time.Sustainability 2020, 12, x FOR PEER REVIEW  5 of 17 
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Bioreactor (SimuGIT).

2.2.3. GITSMB Conditions

• Gastric Phase
When the trial began, the bath temperature that keeps the reactor jacket warm was set at 37.5 ± 1 ◦C

throughout the process, and the reactor stirring speed was set at 50 rpm to simulate the peristaltic
movements of the stomach. Next, 800 mL of GSF and 14 mL of SSF were prepared using the reagents
mentioned in Section 2.1. The concentrations used of each reagent for each fluid were pre-established
in accordance with Brodkorb et al. [33]. Once prepared, the GSF was introduced into the reactor and
heated to a temperature of 37.5 ◦C. At this point, the pH dropped to 3, as the empty stomach was
simulated before adding the food with the microplastics.

In parallel, 20 g of skimmed milk were weighed and 0.5 g of contaminated plastic were added.
Since two different plastics (PE-Cr and PP-Pb) were chosen, two separate tests were carried out.
The SSF was then mixed with the food preparation + microplastics; 1 mL alpha-amylase solution
(75 U/mL), 0.1 mL CaCl2·2H2O of concentration 0.3 M, and 4.9 mL distilled water were added (final
salivary fluid to food preparation ratio of 1:1). The mixture was shaken for 2 min and the pH was
adjusted to 7 (if necessary).
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Once the GSF was hot, the mixture of the food with the SSF was added to the reactor tank,
stirred for a few seconds, and an initial sample was taken. Then, a 10 mL solution of pepsin (2000 U)
and 50 mg of phospholipid (Lipoid p45) were added, and the pH was adjusted to 3 by controlled
dosing of 6 M HCl. From this moment on, a sample was taken every 5 min for the next half-hour.

• Duodenum Phase
When the gastric phase ended with the last sample taken, the pH of the GSF was raised to 6.5

by dosing 1 M NaHCO3 at a rate of 2.05 mL/min and a sample was taken after adjustment. This pH
simulates the action of pancreatic juices on the food being digested. Intestinal enzymes were added:
10 mL solution of pancreatic lipase (2000 U/mL), biliary salts (for a final concentration of 5 mM),
10 mL solution of pancreatin (10%), and 1 mL solution of trypsin (50 mg/assay). Digestion in the
duodenum takes about 10 min after the addition of enzymes, and a sample was taken after that
digestion period. The approximate total duration of this phase (including pH rise, addition of enzymes,
and digestion) was 30 min.

• Intestinal Absorption Phase
To simulate intestinal absorption, fluids from the bioreactor were pumped to flow through the

modular filtration system described in Section 2.2.2. A 0.2 µm membrane size was chosen for these
trials, based on tests carried out previously [34,35]. The system overpressure limit was set at 50 mmHg,
so that the diffusion of metals through the membrane was only due to passive transport. It is
important to remind that the ionization characteristics of a compound can have a profound effect on
the rate of its transfer by passive diffusion because only the unionized species are capable of passive
diffusion across the membrane. Once the circuit was primed and fluids began to fall into the bioreactor,
the intestinal absorption phase was considered to have begun and lasted 180 min. Samples were taken
at 30, 60, 90, 120, 150, and 180 min. Two samples were taken each time, one from the fluid filtrated
through the membrane (permeate) and another from the retained fluid, which forms part of the colonic
residue (retained).

In summary, each simulation test lasted approximately 4 h: Gastric phase (30 min), duodenal phase
(30 min), and intestinal absorption phase (180 min). Each trial was conducted in duplicate. Throughout
the trial, the system program generated a data file in which all the events and processes that occurred
during the simulation were recorded. This file was then processed in the computer to obtain information
on all the variables.

2.2.4. Analysis of the Samples

All samples collected during the assay were refrigerated and, subsequently, the concentration
of metal present in the fluids in each sample was measured using ICP-masses. The concepts of
release or bioaccessibility and bioavailability were used in order to measure the amount of Cr and
Pb released along the digestive tube that is present in the chymus and the amount absorbed by
the membrane, respectively. The release corresponds to the metal fraction (Cr or Pb) delivered by
microplastics in the gastrointestinal tract during the gastric and duodenal phases, and was calculated
using Equation (2), adapted from Rivas-Montoya et al. [31]. When release and precipitation processes
took place simultaneously, the same equation was used to calculate the bioaccessible percentage as the
released and non-precipitated fraction in the chymus. On the other hand, bioavailability corresponds
to the metal fraction absorbed by diffusion through the membrane during the intestinal absorption
phase, and was calculated using Equation (3), adapted from Ariza et al. [36]:

Release or bioaccesibility (%) =
Metal amount in chymus

Initial metal amount in plastic
× 100 (2)

Bioavailability (%) =
Metal amount in IAS

Initial metal amount in plastic
× 100 (3)
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where IAS means intestinal absorption samples. In both equations, the amounts of metal present in the
chymus and in the plastic are expressed in milligrams (mg).

3. Results

3.1. Characterization of Microplastics after the In-Vitro Tests

The main properties of the microplastics used (specific surface, porosity, pore size, and null point)
were analyzed in a previous study by the same authors [14]. The specific surfaces of PP and PE are
the largest of the five types of microplastics analyzed in that study (1.4 and 2.7 m2/g, respectively).
This influences the adsorption and desorption capacities due to the competition produced by the ions
in the medium to occupy the holes in the plastic structure [37,38]. The pore volume of PE is larger
than that of PP (40·10−3 and 30·10−3 cm3/g, respectively), while pore size is inversely proportional to
volume, with PP having slightly larger pores than PE, although both have a pore size close to 40 Å.

The microplastics used were analyzed after the in-vitro tests using a digital microscope in order
to detect possible surface degradation or deformation, as well as color changes produced after its
passage through the different simulated gastrointestinal conditions (Figure 2). As can be observed,
PP microplastics have suffered slight degradation at the edges and have also split a little, being smaller
in size. However, the PE microplastics underwent further degradation after the test, which can be
detected in a loss of the original color and shape of the microplastic, as well as great degradation
of the particle edges (Figure 2b). The PE used came from recycled pellets in which different types
of polyethylene are mixed (mainly high density and low density). Both types of polyethylene have
different properties (e.g., density, crystallinity, chemical resistance, hardness, etc.) and different
behavior in relation to the surrounding environment, which could have caused the degradation of PE
to be greater than that of PP. However, the effect of these factors is complex and must be studied in
depth in subsequent studies.
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This degradation may have led to the release of small fibers or nano-sized PE particles (known
as nano-plastics). There are numerous factors that control the degradation of polymers, such as the
type of chemical bond in the structure, the pH of the medium, the composition of the polymer, or the
uptake of water [39]. According to this author, it is difficult to analyze the degradation of a polymer,
since there are several indicators (e.g., loss of molecular weight, loss of mechanical strength, or release
of monomers), and not all of these changes occur necessarily with the same kinetics. However,
this author states that when polymers suffer erosion, morphological changes occur and a loss of surface
material is produced. It is clear that the PE after the in-vitro test in the gastrointestinal simulator has
undergone surface changes, so it is probable that a release of nano-fibers or nano-particles of PE into
the gastrointestinal tract may have occurred.

For both types of microplastics used (PE and PP), the physical alteration suffered by the
microplastics studied may influence the adsorption capacity and diffusivity of Cr and Pb through the
structure [40].

3.2. Metal Amount Adsorbed by Microplastics in the Previous Adsorption Tests

Table 1 shows the results obtained for the qe measured at PE and PP according to the methodology
described in Section 2.2.1. As can be observed, PP has a higher adsorption capacity for Pb than PE for
Cr, which is reflected in a higher qe. Since the adsorption test was performed with 0.5 g of microplastics,
the amount of metal present in these plastics is half of qe. In view of the results obtained, there is more
metal present in PP than in PE at the time of starting the in-vitro tests.

Table 1. Maximum calculated amount of metal that microplastics can adsorb (qe), and amount of metal
contained in the plastics at the start of the in-vitro tests.

Plastic and Metal qe (mg·g−1) mg in microplastic

PE-Cr 2.31 1.16
PP-Pb 4.92 2.46

The adsorption capacity of polymers is influenced by many variables that are not the main
objective of this study. Some of these variables are the type of polymer and the type of contaminant
with which polymers interact, since properties such as the point of zero charge (pzc) of the polymer,
the surface groups, or the degree of degradation should be considered, as well as characteristics of
the contaminant, such as polarity, hydrophobicity, or the speciation of the metal in aqueous solution
(i.e., hydrated, in ionic form, in molecular form, etc.) [41–44]. In addition, the properties of the medium
(especially the pH) should also be taken into account.

3.3. In-Vitro Simulating Assay PE-Cr

The most noticeable result of the in-vitro simulating assay PE-Cr was that 86.08% of the initial
Cr retained in the microplastics was released after two minutes of contact with the GSF fraction
(Figure 3a). As a consequence, that Cr became bioaccessible at this point of the stomach simulating
phase. This resulted in the release of 0.99 mg Cr into the GSF solution. However, from that moment on,
the amount of Cr available in solution during the gastric phase began to decrease noticeably, so that
at the end of this phase, only 0.38 mg of Cr remained available in solution, and it is susceptible to
reach the intestinal absorption phase. Therefore, the percentage of bioaccessible Cr decreased from
86.08% at minute 2 to 32.76% at minute 27, as can be seen in Figure 3a. These changes took place
at a pH of approximately 3 (Figure 4A) and a temperature of 37.5 ◦C, values that remained almost
constant throughout the entire gastric phase. This value of pH is related with the action of pepsin and
phospholipid on the added uperized milk.
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Figure 3. (a) Percentage of Cr available in the Gastric Simulated Fluid (GSF) during the gastric and
duodenal phases (bioaccessibility); (b) percentage of Cr absorbed by the membrane during the intestinal
absorption phase, with respect to the amount of Cr that was initially adsorbed onto the microplastic
(bioavailability).
The fast release of Cr into the medium may be due to a chemical preference of metal for acids,

already demonstrated by some studies [45]. Deitsch and Rockaway [46] suggested that intestinal
surfactants increase the rate of diffusion of solutes present in the polymer. Bakir et al. [37] also
performed desorption tests of persistent organic pollutants (POPs) contained in microplastics in
seawater and in the presence of intestinal surfactants, establishing that the most favorable and rapid
desorption occurred in the second case.

The rapid release of Cr might also be related to the characteristics of the chosen polymer. The PE
used came from recycled pellets in which different types of polyethylene are mixed (mainly high density
and low density). Both types of polyethylene have different properties (e.g., density, crystallinity,
chemical resistance, hardness, etc.) and different behaviors in relation to the surrounding environment.
In addition, PE has a high specific surface and a significant porosity, which enhance the adsorption
of pollutants [12]. In addition, the degradation of the PE plastic surface during the assay can cause
breakage of bonds and formation of cracks, favoring the diffusivity of the particles and, therefore,
their rapid release into the medium [47].

Cr3+ in solution can form different complexes or can precipitate depending on the ions present in
the medium, the pH, and other factors (Gorny et al., [48]). Most researchers indicate the precipitation
of Cr as hydroxide from pH 5–6 (Fendorf, [49]; Rai et al., [50]), although it can also precipitate as oxide,
depending on the aqueous medium conditions.

Rai et al. [50] studied the solubility of Cr and its different species from hydrolysis reactions,
and estimated that at pH values lower than 4, Cr3+ precipitation was produced in the form of hydroxide,
according to the following reaction:

Cr3+ + 3H2O
 Cr(OH)3(s) + 3H+ (4)

Ks = 9.64± 0.23 (5)

As described in Section 2.1, numerous chemical compounds have been used in the tests of this
study that provide a great diversity of cations and anions with which Cr3+ can interact to form
various compounds in solution or precipitates (Figure S1, Supplementary Material). In this case,
hydrated species and an oxide that precipitates from pH 4 have been formed. Therefore, it can be
concluded that, in this test, the precipitation of Cr occurs due to the interaction with the numerous
species present in the medium.
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According to Figure 3a, Cr started to precipitate after the first two minutes of contact with the GSF.
This precipitate was therefore not available in the chyme at the beginning of the intestinal absorption
phase. This precipitated Cr became part of the colonic residue (called "retained" in Section 2.2.3),
a non-absorbed fluid that would pass into the colon and would eventually be excreted through urine
and stool, as some studies have demonstrated [51]. Table 2 shows the amount of Cr precipitated
at the end of gastric and duodenal phases, with respect to the maximum amount of Cr released by
microplastics (0.99 mg). The highest precipitation occurred during the gastric phase, in which more
than 60% of the maximum Cr released was precipitated. By the end of the duodenal phase, 65% of
the released Cr had precipitated, which means that this amount became part of the colonic residue.
Therefore, 0.34 mg of Cr remained bioavailable at the beginning of the intestinal absorption phase.

Table 2. Amount of Cr precipitated at the end of the gastric and duodenal phases and not available in
the intestinal absorption phase.

Phase Time (min) Milligrams of Cr Precipitated 1 % of Cr Precipitated

End of gastric phase 27 0.62 61.98
End of duodenal phase 62 0.66 65.64

1 Cr precipitated with respect to the maximum amount released from the microplastic.
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When the duodenal phase began, there was an increase in pH up to 6.5 (Figure 4) related to the
addition of pancreatic juices. At this stage, the amount of Cr present in solution remained stable,
and at the end, there was 29.58% of the initial Cr amount in the intestinal streams (Figure 3a),
which was equivalent to 0.34 mg. This amount was available in the liquid when the intestinal
absorption phase began, and could therefore be absorbed by the membrane. As the intestinal phase
progressed, the amount of Cr permeating the membrane increased. When the intestinal absorption
stage ended, 23.11% of the initial amount of Cr had been absorbed by the membrane (Figure 3b),
which was equivalent to 0.23 mg.

3.4. In-Vitro Simulating Assay PP-Pb

In this test, Pb was released more slowly and gradually than Cr. The maximum amount released
to the gastrointestinal system occurred within 20 min of the start of the assay, with 32.41% of the initial
Pb released (Figure 5a). This was equivalent to 0.80 mg of Pb available in GSF. As other studies have
shown, Pb was released quite well at acid pH, in media such as organic acids or nitric acid [52,53].
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Figure 5. (a) Percentage of Pb available in the GSF during the gastric and duodenal phases
(bioaccessibility); (b) percentage of Pb absorbed by the membrane during the intestinal absorption phase,
with respect to the amount of Pb that was initially adsorbed onto the microplastic (bioavailability).

Compared to the results obtained in the PE-Cr test, Pb took longer to break free from microplastics
and was also released in much smaller quantities. This could be due to a combination between the
structure of PP and the chemical character of Pb that causes a stronger bond than that of Cr atoms
with PE. According to Holmes [13], the most favorable interactions between metals and microplastics
occur with bivalent cations, such as Pb2+, Cd2+, or Cu2+. Likewise, the previous adsorption study
carried out by the same authors [12] demonstrated the existence of titanium oxide in PP microplastics,
an inorganic pigment widely used in the manufacture of plastics [54]. This pigment can act by favoring
the adsorption and retention of metals by contributing to the formation of negatively charged surfaces,
which have more affinity for cations [55].

PP also has a specific surface lower than PE (1.4 m2/g) and a moderate porosity (30·10−3 m3/g),
which can also be decisive factors for slow release, as a large atom such as Pb can become very
embedded in the pores of PP and have a slow diffusivity [56]. The release occurred during the gastric
phase, at a pH close to 3 (Figure 4B) and a temperature close to 37.5 ◦C. These values remained constant
throughout the gastric phase. As can be observed, the pH and temperature values showed the same
behavior as in the test with Cr.
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From that moment on, there was a slow and progressive decrease in the amount of Pb available
in the liquid. This decrease could be associated with the rise in pH that occurred at the beginning of
the duodenal phase as a result of the addition of pancreatic juices (Figure 4B). When the pH increases
above 6, Pb2+ reacts with the carbonate ions (CO3

2−) available in the medium and precipitates in the
form of lead hydroxycarbonate, also known as hydrocerusite, according to the following reaction [57]:

3Pb2+ + 4H2O + 2CO2 
 Pb3(CO3)2(OH)2 + 6H+ (6)

Pb precipitation showed a very different behavior from that of Cr. Table 3 shows the amount
of Pb precipitated at the end of the gastric and duodenal phases. Of the maximum amount of Pb
released by microplastics (0.80 mg), more than 25% precipitated before the intestinal absorption phase
(Table 3). In addition, precipitation began at the beginning of the duodenal phase (Figure 5a) when the
pH increased to 6.5 (Figure 4B). This means that 0.20 mg of the maximum Pb released became part of
the colonic residue, which could later be excreted, according to some studies already conducted on
the presence of Pb in the human body [58]. Thus, at the beginning of the intestinal absorption phase,
0.60 mg of Pb was available to be permeated by the membrane.

Table 3. Amount of Pb precipitated at the end of the gastric and duodenal phases and not available in
the intestinal absorption phase.

Phase Time (min) Milligrams of Pb Precipitated 1 % of Pb Precipitated

End of gastric phase 27 0.053 6.61
End of duodenal phase 56 0.20 25.22

1 Pb precipitated respect to the maximum amount released from the microplastics.

When the intestinal absorption phase began, the 24.24% of the total initial Pb was available in
postduodenal fluids that could consequently be absorbed by the membrane (equivalent to 0.60 mg
of Pb). The behavior of absorption during that phase was very similar to that of Cr (Figure 5b),
although Pb was absorbed in greater quantity by the membrane. Thus, when the intestinal absorption
stage ended, 23.17% of the total initial Pb present in the microplastics had been absorbed by the
membrane (Figure 5b), which was equivalent to 0.57 mg. Therefore, comparing both assays conducted,
the reactor membrane simulating intestinal absorption absorbed more Pb than Cr, in terms of net
amounts (0.23 and 0.57 mg absorbed for Cr and Pb, respectively).

3.5. Evolution of pH, Temperature, and Pressure along the Assays

The evolution of pH, temperature, and pressure was quite similar in both the PE-Cr and PP-Pb
assays. As for pH values, after adding the GSF, an empty stomach of a healthy adult was simulated
and the pH dropped to values close to 3. Then, after adding the skimmed milk with the microplastics
and SSF, the pH increased to values close to 5 (Figure 4). At this point, the pH was lowered by adding
HCl 6 M until it reached a value close to 3, simulating GSF action on food, in which it was maintained
during the whole gastric phase.

When the duodenal phase began, the pH was raised again by adding NaHCO3 at a rate of
2.05 mL·min−1 until reaching a value of 6.5, simulating the passage of food with GSF and microplastics
through the duodenum. Subsequently, with the addition of lipase and bile salts, the pH began to rise
slowly during the intestinal absorption phase, until reaching values close to 7.5, according to scientific
literature that establishes a pH of 7.5 in the ileum [59]. The temperature was monitored throughout the
duration of the trials, and no significant changes were observed, always remaining constant around
37.5 degrees. This indicates that the dynamic gastrointestinal simulator worked adequately, as the
temperature during the whole digestion process is constant and should not vary.

As for the pressure, it was accurately controlled by the PID control system through the action
of impulsion and return peristaltic pumps to maintain the pressure at 50 mmHg during the trials.
This pressure reliably simulates the real physiological pressure of the intestine inside the human
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body [60,61]. A very slight pressure similar to the minimum physiological pressure was applied so
that the diffusion of metals was carried out only by passive diffusion. The difference in concentration
is the only driving force in passive diffusion, and, therefore, bioaccessibility is due solely to the ability
of each element to pass through the membrane. On the other hand, the interaction of Cr and Pb during
the simulation and the formation of different species by effect of the conditions of the environment
limit and affect their diffusion capacity through the membrane and, therefore, their bioaccessibility.

4. Conclusions

The objective of this research was to study the bioaccessibility of two heavy metals (Cr and Pb)
contained in microplastics in the human body by using a dynamic gastrointestinal simulator. This type
of dynamic simulator is able to reproduce the physiological conditions of the human gastrointestinal
tract and is normally used to study the effects of the active components of drugs and their resistance
along the different phases of digestion. However, to the best of the authors’ knowledge, this is the first
study that used a dynamic gastrointestinal simulator to analyze the release of contaminants present in
microplastics inside the human body.

The results obtained showed very different behaviors for both types of polymers and metals.
With respect to metals, Cr was released very quickly into the stomach and began to precipitate within
a few minutes, while Pb was released more slowly and in a smaller amount than Cr, and started to
precipitate when the pH increased to 6.5 in the duodenum. A maximum amount of 0.99 and 0.80 mg of
Cr and Pb, respectively, was released into the GSF, which was equivalent to 86.08% and 32.41% of the
initial Cr and Pb adsorbed in microplastics, respectively. When the duodenal phase ended, 29.58% and
24.24% of the initial Cr and Pb amounts in microplastics, respectively, reached the intestinal absorption
phase. At the end of that phase, more Pb than Cr (0.57 and 0.23 mg, respectively) was absorbed by the
reactor membrane simulating intestinal absorption. This represents 23.17% and 23.11% of the initial Pb
and Cr amounts adsorbed onto microplastics, respectively. The type of polymer and its properties also
influenced these behaviors. Properties such as great specific surface and porosity or the surface wear
suffered by the microplastics during the assays could influence the diffusion of Cr and Pb.

It is a reality that humans ingest microplastics or some of their components from various sources
on a daily basis. These microplastics are usually contaminated with other substances from the external
environment or with their own additives, and, inside of the human body, can produce the release of
numerous substances that, even in small concentrations, can cause effects related to the appearance
of some chronic illnesses or discomforts. The use of the dynamic gastrointestinal simulator to study
the behavior of microplastics and their associated contaminants has proven in this study to be useful
and reproducible. For this reason, future studies should focus on this field, and the effects that these
substances can cause could be known with greater certainty.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/11/4792/s1,
Figure S1: Solubility diagram of Cr3+ at 25 ◦C in the presence of compounds forming part of GSF in the in-vitro
tests. This species diagram relates the molar fraction of each species as a function of pH. The blue line indicates a
chemical complex.
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