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ARTICLEINFO ABSTRACT

Article history: Given the severe toxicity and widespread presence of cadmium (Cd) in staple foods such as rice, accurate
Received 8 June 2023 dietary exposure assessments are imperative for public health. In vitro bioavailability is commonly used to
Received in revised form 20 July 2024 adjust dietary exposure levels of risk factors; however, traditional planar Transwell models have limitations, such

Accepted 2 September 2024 as cell dedifferentiation and lack of key intestinal components, necessitating a more physiologically relevant

in vitro platform. This study introduces an innovative three-dimensional (3D) intestinal organoid model using
a microfluidic chip to evaluate Cd bioavailability in food. Caco-2 cells were cultured on the chip to mimic
small intestinal villi’s 3D structure, mucus production, and absorption functions. The model’s physiological
relevance was thoroughly characterized, demonstrating the formation of a confluent epithelial monolayer
with well-developed tight junctions (ZO-1), high microvilli density (F-actin), and significant mucus secretion
(Alcian blue staining), closely resembling the physiological intestinal epithelium. Fluorescent particle tracking
confirmed its ability to simulate intestinal transport and diffusion. The Cd bioavailability in rice measured by
the 3D intestinal organoid model ((9.07 + 0.21)%) was comparable to the mouse model ((12.82 + 3.42)%)
but significantly lower than the Caco-2 monolayer model ((26.97 + 1.11)%). This 3D intestinal organoid
model provides a novel and reliable strategy for in vitro assessment of heavy metal bioavailability in food, with
important implications for food safety and risk assessment.
© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction contaminated soils, posing a potential exposure risk™. However, not
all Cd in rice is available for gastrointestinal absorption, which can lead

Cadmium (Cd) is a highly toxic heavy metal with various adverse to an overestimated risk. It has been noted that the intake of toxicants
health effects'"’. Rice, a major dietary staple, can accumulate Cd from  from food should not be assessed merely by their quantity but also by

; their bioaccessibility and bioavailability™ . Toxicants can be partially
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the bloodstream™. Recent study have emphasized that the risk of

Sci.pen Cd toxicity from rice consumption depends not only on the total Cd
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content in the grains but also crucially on the concentrations that are
bioaccessible and bioavailable™.

Although in vivo human studies are ideal for assessing the
bioaccessibility and bioavailability of Cd, practical limitations
(cost, time, and ethics) often necessitate the use of in vitro models'”.
The human intestinal cell line (Caco-2) is widely employed as
a representative model to study toxicant bioavailability™. This
approach involves seeding Caco-2 cells onto Transwell inserts to
establish an intact barrier that mimics the intestinal epithelium™.
The planar Transwell model has been utilized to evaluate Cd
bioavailability in various food matrices, such as rice, pork kidney,

619 However, the planar Transwell model has some

and lettuce
apparent limitations, including the cells spread predominantly along
the horizontal direction of the culture dish and are prone to flattening
and dedifferentiation” ", which impede the model from simulating
the three-dimensional (3D) structure and differentiated cell types
of the small intestinal villi. Moreover, the in vifro planar Transwell
model lacks critical components of the intestinal epithelium, such
as goblet cells and the mucous layer (or mucins), which are essential
for the absorption of substances within the intestinal cavity'”. These
limitations highlight the need for a more physiologically relevant in vitro
platform to understand better the bioavailability of Cd or other
toxicants in the intestinal environment.

A 3D intestinal cell model called intestinal organoid has
been developed to enable more realistic exposure conditions and
physiologically relevant developmental processes, providing a more
accurate representation of harmful substance absorption within the
intestine". For instance, studies have induced Caco-2 cells to form
3D intestinal villus structures in chip devices by applying specific
stress forces, better mimicking the actual intestinal structure and
physiology™'. Furthermore, a recent study evaluated the effects of
polystyrene nanoplastics in human intestinal organoids, observing
polystyrene nanoplastics accumulated in multiple cells, in contrast

[16]
, moreover,

to the limited accumulation observed in 2D cell lines
a more significant apoptosis (apoptosis rate was close to the results
of in vivo study) was observed in the human intestinal organoids
compared with 2D cell lines"®. These results suggested that the
2D cell lines may do not accurately reflect the intestinal conditions
in vivo, leading to an underestimation of the intestinal toxicity of
polystyrene nanoplastics. However, no established intestinal organoid
model currently exists for assessing Cd bioavailability in rice. This
gap in the research leads to an insufficient understanding of Cd
bioavailability from rice consumption. Results from the evaluation
of Cd bioavailability are critical for accurate risk assessment and the
establishment of regulatory limits for Cd in rice.

This study aims to establish a novel organoid-on-a-chip model to
evaluate the bioavailability of Cd in rice. Firstly, a Caco-2 organoid
model of human small intestinal cancer cells will be cultured on a
microchip to closely replicate the 3D structure, mucus production,
and absorption functions analogous to those of the small intestinal
villi. The physiological relevance of this model will be assessed
by evaluating its morphology, markers of differentiated cells,
permeability, and structural integrity. Subsequently, the bioavailability
of Cd in rice will be compared between the organoid-on-a-chip model
and the conventional planar Transwell model. This study will provide
important theoretical support for risk assessment and standard setting
of Cd levels in rice.

2. Materials and methods
2.1 Sample preparation

Cd-contaminated rice samples were collected from Hubei,
China, representing low (Rice-L, (0.091 7 £ 0.002 6) mg/kg),
medium (Rice-M, (0.408 4 £ 0.019 5) mg/kg), and high (Rice-H,
(0.681 6 = 0.028 3) mg/kg) pollution levels. A normal rice sample
(Rice-N) was also purchased from a supermarket in Wuhan, China.
The Rice-N was mixed with a CdCl, solution (0.4 mg/L) to achieve
a Cd content consistent with the Rice-M sample (Rice-N + CdCl,,
(0.399 8 + 0.009 8) mg/kg). All rice samples were cooked with
ultrapure water at a water-to-rice ratio of 1:1.5 (m/m). The cooked
samples were then dried at 40 °C, pulverized, and passed through a
100-mesh sieve before being sealed for storage.

2.2 Determination of Cd content

The Cd content in rice samples was determined following
a modified protocol based on the previously described'”.
Approximately 0.2 g of each sample (n = 3) was digested with 7.0 mL
of concentrated nitric acid (HNO;). The digestion tubes were allowed
to stand overnight at room temperature before being placed in a
microwave digestion furnace (CEM Mars 6 240/50, Matthews, NC,
USA). The temperature was then increased in steps from 75 °C
to 140 °C over 2 h. The digested samples were cooled, diluted with
25 mL of deionized water, and filtered (0.45 pum filters) before
analysis by inductively coupled plasma mass spectrometry (ICP-MS,
NexION 350X, PerkinElmer Life Science). The digestion and analysis
procedures included 3 blank samples and a standard reference
material (n = 3, certified reference material GBW 10048 (GSB-26),
China) for quality assurance and control. The adding standard
recovery was (100 £ 5)%.

2.3 Simulated digestion in vitro

An in vitro digestion model was modified based on the RIVM
method™ to evaluate the bioaccessibility of Cd. Artificial digestive
juices (saliva, gastric juice, duodenal juice, and bile) were prepared,
and their compositions are provided in Table S1. Approximately
0.5 g of each rice sample was sequentially digested under the following
conditions: mouth (pH 6.2, 7 mL, 5 min); stomach (pH 2.0-2.5,
14 mL, 2 h); small intestine (pH 6.5-7.0, 14 mL duodenal juice + 7 mL
bile, 2 h). Finally, the duodenal juice was heated at 90 °C for
5 min to denature the digestive enzymes and then filtered through a
0.22 um Supor membrane (Corning Inc., NY, USA).

2.4 Assessment of Cd bioavailability in a Caco-2 cell
monolayer model

2.4.1 Caco-2 cell culture

The Caco-2 cell line was obtained from Shanghai Zhongqgiao
Xinzhou Biotechnology Co., Ltd. (Shanghai, China). The cells
(passage number 5-15) were cultured in 25 cm’ flasks using
Dulbecco’s Modified Eagle’s Medium (DMEM, Hyclone, USA)
supplemented with 10% (V/V) fetal bovine serum (FBS, Hyclone),
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1% (VI1V) non-essential amino-acid (NEAA), and 1% antibiotics
(complete medium). The cells were incubated at 37 °C with 5% CO,
in a humidified atmosphere, and the medium was changed every
48 h. When the cells reached approximately 80% confluence, they
were subcultured with a 7-day passage frequency using 0.25%
trypsin-EDTA. To establish the Caco-2 intestinal model, the cells
were seeded at a density of 5.0 x 10" cells/cm” on Transwell plates
(Millipore 12-well Millicell Hangcell Culture Insert, 0.4 um pore size
membrane, PET; Corning Inc., NY, USA). The culture media was
changed every 2 days for 21 days to allow the formation of confluent,
differentiated cell monolayers.

2.4.2  Caco-2 cell monolayer model exposure

Before the Caco-2 uptake experiment, the growth medium was
removed from each culture well, and the cell layer was washed twice with
37 °C DMEM at pH 7. The cellular integrity was checked by measuring
trans-epithelial electrical resistance (TEER) using a volt-ohm meter
equipped with a chopstick electrode (Millicell ERS-2, Millipore, USA).
The apical side of the cell monolayers received 0.5 mL of the filtered
duodenal juice from section 2.3, while the basolateral side received
1.5 mL of HBSS. After 2 h of incubation, the solution from the apical
chamber and basolateral side was harvested. The bioavailability of Cd in
rice samples was calculated using the following equation:

Bioavailability (%) = (1- M ) x 100 (1)
Fap X Kyp
Where U,; is the concentration of Cd on the apical side (mg/L);
V4p is the volume of solution on the apical side (mL); Fp is the
concentration of Cd in rice samples (mg/kg); K,p is the mass of rice
samples added in the transport experiment (kg).

2.5 Assessment of Cd bioavailability in a 3D intestinal
organoid model

2.5.1 Design and fabrication of the micro-fluidic chip

The microfluidic chip (model DAX-1) was provided by AIM
Biotech (Singapore). The features of this chip, including its material
structure, facilitate fluorescence and confocal microscopy imaging and
allow for the control and adjustment of various gel substrates, fluid,
and chemical gradients. Each micro-fluidic chip has 3 cell culture
devices, each consisting of 1 cell gel channel, 2 media channels, and
4 culture-medium chambers. The bottom of the microfluidic chip is
made of a porous polymer, which enables gas exchange during cell
culture. Different volumes of medium can be added to the 4 culture-
medium chambers to generate the fluid shear forces required for
cell culture. The cell gel solution is injected into the cell gel channel
and incubated for a period to form a 3D gel structure, with the cells
evenly distributed and growing in all directions. The fluid shear force
generated by the fluid flow can stimulate the cells, inducing their
differentiation and improving their physiological relevance.

2.5.2  Construction of 3D intestinal organoid model

A Caco-2 cell suspension (2.0 x 10'— 3.0 x 10 cells/mL) was mixed
with high-sugar DMEM medium containing fibrinogen (10 mg/mL)

and thrombin (100 U/mL) solutions, and then 10 pL of the mixture
was injected into the cell gel channel of the microfluidic chip. The
construct was incubated at 37 °C for 1 h. Subsequently, 70 pL
and 50 pL DMEM medium (containing 20% FBS) were added to
the respective culture-medium chambers, generating the vertical
fluid shear forces required for cell culture. The DMEM medium was
replaced twice daily to ensure sufficient media supplementation.

The growth of the Caco-2 cells was monitored using bright-field
microscopy (IX53, Olympus Co., Japan). Once the physiological
structure of the Caco-2 cells was characterized, the expression of the
tight junction protein ZO-1, cell nuclei, and microvilli were observed
through immunofluorescence staining. Caco-2 cells were fixed with 4%
(m/V) buffered formalin, blocked with 5% goat serum, and incubated
with primary antibodies against ZO-1 (1:250, ab190085) and microvilli
protein (F-actin, 1:250, ab112124, Abcam) at 37 °C for 2 h. After
washing, the cells were incubated with Alexa Fluor 488-conjugated
secondary antibodies, and cell nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI, 1:4 000, Life Technologies). Imaging was
performed using a confocal microscope (IX81, Olympus Co., Japan) with
405 and 488 nm lasers.

To further evaluate the physiological relevance of the constructed
3D intestinal organoid model, the presence of mucus was assessed. The
small intestine secretes mucus to maintain intestinal functions, including
maintaining intestinal mucosal homeostasis and regulating microbial-
host immune responses“g]. Caco-2 cells were fixed with 4% (m/V)
buffered formalin, washed with PBS, and stained with Alcian blue
solution (pH 2.5) for 12 h. Bright-field microscopy was used to
capture the images.

Finally, the permeability and structural integrity of the 3D
intestinal organoid model were verified. Fluorescent particles
(7 pm in size) were diluted 100-fold in PBS and added (20 pL) to
the 2 culture-medium chambers connected to the same medium
channel. The flow of the fluorescent particles was observed using a
fluorescence microscope (IX53, Olympus Co., Japan).

2.5.3 3D intestinal organoid model exposure

Before assessing Cd uptake in the 3D intestinal organoid model,
the growth medium was removed from each culture-medium chamber,
and the cell layer was washed twice with 37 °C HBSS at pH 7.
The 2 culture-medium chambers connected to the same medium
channel were filled with 20 pL of 37 °C filtered duodenal juice from
section 2.3. The other 2 culture-medium chambers connected to the
same medium channel were filled with 50 pL of 37 °C HBSS (defined
as the lower chambers). The cells were then incubated at 37 °C with
5% CO, in a humidified atmosphere, and the medium was changed
every 20 min. After the formation of the 3D intestinal organoid, the
duodenal juice from section 2.3 was continuously introduced into the
device at a low flow rate of 30 pL/L, as reported by Schepers et al.””
for liver-on-a-chip applications. This low flow rate was maintained
throughout the differentiation and culture period. Specifically,
10 pL of liquid was collected from the two lower chambers, and
then 10 pL of 37 °C preheated intestinal juice was added to the 2
upper chambers. This process was repeated 6 times, after which the
solutions from the upper and lower chambers were collected for Cd
content determination. The bioavailability of Cd in rice samples was
calculated using the following equation:
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m,

Bioavailability (%) = (1- TR

) x 100 )

Where S, is the concentration of Cd in the rice sample (mg/kg);
S, is the mass of intestinal juice added to the upper chambers (kg);
m, is the total amount of Cd (mg) in the upper and lower chambers
after absorption.

All animal experiments in this study were conducted in
accordance with the principles of animal welfare and were approved
by the Animal Ethics Committee of Research unite.

2.6 Characterization of intestinal microvilli and crypt
structures in mice

Male C57BL/6N mice 4 weeks of age were used to perform the
characterization of intestinal microvilli and crypt structures. The
mice were housed in rearing cages under a 12 h light/dark cycle and
(22 + 2) °C temperature and were given access to mouse chow and
Milli-Q water ad libitum. All animals were fed in the laboratory
animal center of Huazhong University of Science and Technology,
and the Institutional Animal Care and Use Committee approved the
whole procedure of animal experiments. Animal care complied with
the Guidelines for the Care and Use of Laboratory Animals. After
acclimation for 1 week, mice were sacrificed after anesthesia, and
jejunum tissues were collected and fixed in 4% paraformaldehyde.
Subsequently, 4-5 pm sections were obtained and subjected to
immunofluorescence according to previous study™".

For dewaxing, the sections were placed in xylene I for 15 min,
xylene II for 15 min, and 100% ethanol I, 100% ethanol II, and
95%, 80%, and 70% ethanol for 5 min each. After dewaxing, the
rehydrated sections were incubated with Tris-EDTA (pH 9.0) for
25 min under heating in a microwave oven for antigen retrieval.
After the deactivation of endogenous peroxidases, the sections were
treated with 1% Triton-X 100 and blocked with 10% goat normal
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membrane
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Blank
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50 um
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serum before incubation with primary antibodies at 4 °C overnight.
The primary antibodies were microvilli protein (F-actin, 1:250,
Abcam ab112124) and anti-HES1 (Santa Cruz Biotechnology, USA).
Alexa-488-conjugated antibodies (Abcam, UK) were used for
immunofluorescence staining. Imaging was performed using
a confocal microscope (IX81, Olympus Corp., Japan) with
488 nm lasers.

2.7 Statistical analysis

Data are expressed as the mean + standard deviation (SD). The
software OriginPro 2019b (OriginLab Co., MA, USA) and GraphPad
Prism 8.0 (GraphPad Software Inc., CA, USA) software were used for
graphing and mean difference analysis. The P-values were calculated
using Student’s -test, and the statistical significance threshold was set
at *P < 0.05 and **P < 0.01.

3. Results and discussion

3.1 Growth of Caco-2 cells in Transwell chamber and Cd
bioavailability in the Caco-2 cell monolayer model

The structure of the Transwell chamber and the growth and
distribution of Caco-2 cells in the Transwell chamber are shown in
Fig. 1A. The space above the Transwell chamber was defined as the
apical side (AP), and the space below the Transwell chamber was
defined as the basal side (BL). As Caco-2 cells were initially seeded
on the AP of the Transwell chamber, they were uniformly distributed
on the porous polyester transparent membrane. After 21 days
of culture, the Caco-2 cells grew and differentiated into a dense
monolayer epithelial cell structure.

The morphology of Caco-2 cells was observed under a bright-
field optical microscope, as shown in Fig. 1B. At the beginning of
inoculation, Caco-2 cells were uniformly distributed. On days 3 and 8,

. d
—>
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Characterization of Caco-2 cell growth in a Transwell chamber and Cd bioavailability in Caco-2 cell monolayer model. (A) The (a) picture and (b) diagram

of Transwell chamber, (c) growth diagram of Caco-2 cells seeded and (d) cultured for 21 days. (B) Morphological changes of Caco-2 cells. (C) Bioavailability of
Cd in different samples. **P < 0.01, *P < 0.05.
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the number of Caco-2 cells increased significantly, and the cells
became flat and irregular in shape, indicating rapid growth and the
formation of a planar membrane structure. On day 21, the Caco-2
cells were very densely distributed, with no gaps between cells and
clear boundaries, suggesting the formation of tight connections
between cells™. Some small “clumps” were observed, indicating that
the Caco-2 cells had secreted a small amount of mucus.

TEER measurement was used to confirm the integrity of the
cellular barrier before studying transepithelial passage of ions,
chemicals, or drugs. In this study, after 21 days of culture, the TEER
value of Caco-2 cells reached 600 Q/cm”. It has been reported that
TEER value > 200 Q/cm’ can be considered indicative of a tightly
connected and relatively complete cell monolayer™, and a model
with TEER values > 250 Q/cm” during differentiation can be used for
intestinal absorption studies”™'. Therefore, it can be concluded that the
Caco-2 cells had formed a complete and dense intestinal monolayer
epithelial cell structure after 21 days of growth and differentiation in
the AP of the Transwell compartment.

The in vitro bioavailability of Cd refers to the extent to which
Cd is released from the food matrix and subsequently absorbed by

25
5 As shown

Caco-2 cells after simulated gastrointestinal digestion
in Fig. 1C, the bioavailability of Cd from the Rice-N + CdCl, group
((30.04 + 1.49)%) was significantly (P < 0.05) higher than that of the
Rice-M group ((26.97 = 1.11)%), indicating that inorganic Cd was
more readily absorbed by the small intestine compared to Cd from the
rice matrix. The bioavailability of the CdCl, group ((35.04 + 1.63)%)
was the highest among all groups, suggesting that the rice matrix
significantly affected Cd bioaccessibility in vitro. Previous studies
have reported that the bioavailability of Cd was affected by the
chemical composition of rice, positively correlated with calcium and
amylose content, but negatively correlated with the concentrations
of sulfur, phosphorus, phytic acid, and crude protein
concentrations of Ca, Fe, or Zn decreased the bioavailability

! higher

of Cd"™". Moreover, essential bivalent metal ions in the rice
matrix, such as Fe’*, Mn™, Zn’*, and Cu’™, may compete with
Cd for binding to transporter molecules on the apical side of the
small intestine epithelium, leading to a lower absorption rate

or similar bioaccessibility of Cd compared to these essential
[28-29]

bivalent metal ions

Media filling port

Media filling port

High media pressure/,—"”/

Gel filling port

.............. =F A AR

Low media pressure

3.2 Differentiation and formation of 3D intestinal organoid model

3.2.1 Formation of 3D intestinal organoid model in micro-
Auidic chip

The microfluidic chip device is depicted in Fig. 2. Different
volumes of medium were added to the culture medium chambers on
different sides, creating fluid shear forces (Fig. 2A). After the Caco-2
cell-containing gel solution was injected into the cell gel channel
and incubated, the cell density within the gel increased (Fig. 2B).
The fluid shear force provided stimulation to the Caco-2 cells, and
after 96 h of incubation, the cells formed a fluctuating epithelial
cell structure (Fig. 2B). The Caco-2 cells were confined within the
chip throughout the growth process and subsequently differentiated
into 3D intestinal organoids, enabling in situ tracking and real-time
imaging. Furthermore, the shape and dimensions of the cell gel
channel efficiently prevented the fusion of adjacent spheroids during
culture, overcoming the limitations of traditional suspension culture
approaches.

3.2.2  Formation of tight junction and development of brush
border and microvilli

To evaluate the growth of intestinal organoids within the
microfluidic chip, we examined the tissue morphology of the
organoid during the 96-h culture period. The changes in organoid
shape over time are shown in Fig. 3A, spontaneous intestinal
morphogenesis was achieved on the chip. Initially, the seeded Caco-2
cells were uniformly distributed in the gel channel and exhibited
a circular morphology. After 48 h incubation, a condensation of
epithelial cells was sporadically found across the microchannel,
indicating the cells had formed a wavy structure”**". After 96 h of
incubation, the continuous protrusion of 3D epithelial cell layers
was observed, indicating the cells had developed a more pronounced
wavy structure®**!
epithelium cells in vivo. The small intestine in vivo is characterized by
ring-like folds and protruding goblet cells in the lumen®.

The tight junction protein ZO-1 expression is a key characteristic
of the intestinal epithelium. As an essential part of the tight junctional

, resembling the fold structure of small intestinal

Caco-2 cell Hydrogel

High fluid pressure

Porous polymer

Medium channel Hydrogel Ceqt ~ Medium channel

— )

Medium channel [ntestinal epithelial cells Hydrogel Medium channel

Low fluid pressure

Fig.2 Schematic diagram of 3D intestinal organoid model from Caco-2 using a microfluidic chip. (A) The appearance and configuration of the microfluidic chip.
(B) Schematic diagram of the procedures of differentiation and generation of 3D intestinal organoid from Caco-2 on cell gel channel of chip.
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Fig. 3 Characterization of Caco-2 differentiation into intestinal organoid in the micro-fluidic chip. (A) Tissue morphology of the intestinal organoid during
the 96-h incubation period (0, 48, and 96 h). Lowercase a-b represented the images observed at low magnification and high magnification, respectively. At the
bottom were schematics depicting the cells forming a wavy structure and the in vivo intestinal epithelial cell morphology. (B) Immunofluorescence confocal visualization
of the tight junction protein ZO-1 (red) the continuous brush-border membrane labeled for F-actin (green) in a horizontal en face view of the established 3D intestinal
organoid model. At the bottom were immunofluorescence confocal visualization of the intestinal microvilli and crypt structures in mice. (C) Immunofluorescence confocal
visualization of the nucleus (blue) and the microvilli proteins (green). Microvilli are distributed on the surface of each small intestinal epithelial cell, so the distribution
pattern of microvilli proteins in the images is similar to that of small intestinal epithelial cell. Image on the right was a superposition of the 2 images.
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complex, ZO-1 is closely involved in regulating the permeability of

1 Immunofluorescence staining revealed a

the intestinal epithelium
confluent epithelial monolayer with well-developed tight junctions
in the micro-fluidic chip (Fig. 3B), consistent with the observations
of differentiated human Caco-2 cells exhibiting a ‘wire fencing-
like’ organized structure, indicative of tight junction formation™",
Furthermore, as shown by the blue arrow, the immunofluorescence
staining confirmed the intestinal crypt structure of the organoid (Fig. 3B).
This was very similar to the intestinal crypt structure that we had
observed in the mouse (Fig. 3B). The typical features of the crypt
structure are that deformation of intestinal epithelium through apical
membrane invagination form T-shaped membrane invaginations
(T-folds)™. The “wire fencing-like” structure shows the flat state
of the cell, while the “intestinal crypt” structure shows the 3D state.
During intestinal development, intestinal epithelial cells gradually
developed from the initial flat state to the stereoscopic state™!. It
was reported that, in mice, intestinal crypt formation was initiated
from the first week after birth, but in humans, intestinal crypt
formation has occurred in early gestation (weeks 11-12)P". Before
that, cells were arranged in a flat sheet, and there is no obvious
crypt-like structure™”.

The microvilli, a component of the intestinal brush border, are
characterized by villous proteins™. As seen in Fig. 3C, the villous
proteins were densely distributed (green) within the 3D intestinal
organoid model, indicating the formation of many microvilli.
As shown by the blue arrow, the distribution of microvilli in intestinal
organoids differs slightly from that observed in the mouse intestine
(Fig. 3B). Current organoid culture systems do not completely mimic
the complex growth environment of the in vivo intestine, leading
to certain tissue differences. Intestinal organoids primarily consist
of intestinal epithelium and lack essential components such as
connective, muscular, and neural tissues. Furthermore, they do not
contain blood vessels, lymphatic vessels, or support neurogenesis,
and are devoid of immune cells and smooth muscle cells™.
Additionally, variations in cell source and culture conditions affect
the structure of organoids. At present, the diversity of cell sources

and the lack of standardization in culture techniques contribute to

400 pm

400 pm

substantial variability in research findings™”. The extent of microvilli
development can be further investigated using scanning electron
microscopy, as reported by Przybylla et al.*'!,

3.2.3  Mucus secretion and intestinal transport! diffusion

Mucus secretion is a key characteristic of the intestinal epithelium.
The mucus layer acts as an important physical barrier in the human
body, separating the intestinal bacteria from the epithelial surface'.
Additionally, the mucus can facilitate the diffusion of substances
that reach the intestinal epithelium along the gut wall™. Therefore,
the mucus secretion of the Caco-2 cells was measured using Alcian
blue staining at different time points, with the blue area representing
the mucus. As observed in Fig. 4A, the staining indicated significant
mucus secretion on the surface of the Caco-2 cell layer within the
microfluidic chip. The presence of this mucus layer demonstrates
the physiological functions of the 3D intestinal organoid in vitro. In
contrast, no mucus was found in the Caco-2 cell monolayer model.
Previous studies have reported the construction of a gut-mucus system
by coating cultured intestinal cells with mucin, the main component
of the intestinal mucosal layer, to simulate the physiological
environment™'. Compared to this approach, the advantage of the
current study is that the constructed 3D intestinal organoid model can
independently differentiate and exhibit the mucus secretion function.
Fig. 4B shows the distribution of fluorescent particles loaded into the
3D intestinal organoid model. Over time, some fluorescent particles
passed through the model and entered the media channels on the
other side, while some particles remained within the organoid. These
results indicate that the microfluidic chip used in this experiment can
simulate intestinal transport and diffusion. Overall, the comprehensive
analysis suggested the efficient differentiation of intestinal epithelial
cells and the key functional features of the intestine in the microfluidic
chip model.

3.3 Cd bioavailability in 3D intestinal organoid model

As shown in Fig. 5, the average bioavailability of Cd in rice in
3D intestinal organoid model was (9.07 + 0.21)%, which is similar
to that in the mouse model ((12.82 + 3.42)%, data came from our

Day 21

Caco-2 cell monolayer model

400 pm 400 pm

Fig. 4 Physiologically relevant of the 3D intestinal organoid model (mucus secretion and intestinal transport and diffusion function). (A) Alcian blue staining
showed the mucus distribution. (B) Migration of fluorescent particles. The lowercase a-d were arranged according to the loading time of fluorescent particles,
a-without fluorescent particles, b-0 min, c-10 min, d-20 min.
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previous study””) but significantly lower than that in the Caco-2 cell
monolayer model ((23.72 + 0.78)%, data came from our previous
study"”). These results indicated that the absorption of Cd in rice
in the 3D intestinal organoid model was very close to the in vivo
scenario but markedly different from the 2D cell culture model.
The intestinal absorption of Cd is achieved by means of several
transporters such as DMT-1 or Ca-channels™. It was reported that 2D
cell lines can be induced by Cd to express more transporters'*®, this
may explain the average bioavailability of Cd in rice in 3D intestinal
organoid model was significantly lower than that in the Caco-2 cell
monolayer model. In the control group, the bioavailability of CdCl,
in the 3D intestinal organoid and mouse models was similar to that
of the Cd in rice, indicating the different bioavailability of Cd in rice
in these models could not be attributed to the effect of rice substrate.
Structural and functional evaluation of the 3D intestinal organoid
model demonstrated that they were highly representative of the
physiological structure and properties of the small intestine in vivo
(Figs. 3 and 4), which may explain why the bioavailability of Cd in

this model was very close to the mouse model.

0 Caco-2 cell monolayer model
O Mice model
= 3D intestinal organoid model

IS
(=}

(9%
(=}
T

Cd bioavailability (%)
s 8
T T

Rice-N + CdCl,
Group

cdcl,

Fig. 5 Bioavailability of Cd in rice in different models.

Previous studies have analyzed the correlation between the
bioaccessibility of heavy metals in food substrates (including
rice) during in vitro simulated gastrointestinal digestion and their

bioavailability in vivo (mouse model)**"!

, aiming to predict in vivo
bioavailability through in vitro bioaccessibility. However, parameters
(e.g., pH and enzymes) of the simulated digestive solution and the
type of food substrate significantly impacted the bioaccessibility of
heavy metals™”", limiting the reliability of using bioaccessibility to
predict in vivo bioavailability.

The 3D intestinal organoid model constructed in this study
can directly reflect Cd’s real bioavailability in vivo, without being
affected by the rice substrate. This represents a meaningful attempt
that provides a new perspective and important reference for accurately
predicting the in vivo bioavailability of heavy metals in food matrices.
Furthermore, the bioavailability (9.07%) obtained in this study was
used to estimate the daily intake of Cd for different countries. As
shown in Table 1, when taking bioavailability into consideration in
the estimation, we found that the daily Cd intake was reduced from
4.6-34.6 to 0.42—-3.14 ng/day. Calculation of the daily Cd intake on
the basis of its total concentration overestimated the Cd exposure
by 11.03-fold, as compared with that calculated on the basis of Cd
bioavailability. Moreover, the estimated Cd intake from diets for
adults on the basis of bioavailable Cd contributes to 1.95%—14.66%
of the TDI value recommended by the EFSA.

Table 1
Total and bioavailable values of estimated daily intake of Cd.

Dietary Cd Bioavailability L Contribution

Country intake adjusted Overefs tigmtlon rate (%) for
(ng/day)’ (ng/day) ’ DI
Bangladesh 34.6 3.14 11.03 14.66
Japan 26.4 2.39 11.03 11.19
Spain 19.1 1.73 11.03 8.10
Ttaly 18.9 1.71 11.03 8.01
Chile 18.1 1.64 11.03 7.67
China 17.3 1.57 11.03 7.33
Ireland 16.9 1.53 11.03 7.16
Hungary 16.2 1.47 11.03 6.87
Belgium 16.1 1.46 11.03 6.82
Lebanon 15.8 1.43 11.03 6.70
France 15.3 1.39 11.03 6.48
Sweden 15.2 1.38 11.03 6.44
Latvia 14.7 1.33 11.03 6.23
Korea 14.5 1.32 11.03 6.15
The Netherlands 144 1.31 11.03 6.10
United Kingdom 14.2 1.29 11.03 6.02
Czech Republic 13.8 1.25 11.03 5.85
Denmark 13.5 1.22 11.03 5.72
Canada 13.2 1.20 11.03 5.59
Finland 13.0 1.18 11.03 5.51
Germany 12.9 1.17 11.03 5.47
us 4.6 0.42 11.03 1.95

Note: * Data from the report of Zhao et al.”™". * TDI, tolerance daily intake value set by

European Food Safety Authority (EFSA) in 2014 at 21.4 pg/day. Assuming a body weight
of 60 kg.

The 3D cell culture models, such as organoids, have emerged as
superior alternatives to traditional 2D monolayer cultures for studying
human development and disease. Organoids possess the ability to
self-organize into miniaturized, yet functional, versions of their tissue
of origin, thereby more accurately recapitulating the complexity and
physiology of the original organ””.

The present study demonstrates the utility of 3D Caco-2 cell-
derived intestinal organoids as a more representative in vitro model
of human intestinal tissue compared to conventional 2D cultures.
Although the intestinal organoids do not yet recapitulate all of the
complex structures and cellular interactions associated with the
different regions of the intestine (e.g., jejunum, duodenum, ileum, and
colon), they contain the specific cell types found in the small intestine,
including goblet cells and brush border cells, and exhibited intestine-
like structural features (Fig. 3). This suggests that 3D intestinal
organoids can serve as valuable basic and translational research tools.

Organoid-based models have successfully studied various diseases
and screened new therapeutic compounds™. The ability of these 3D
structures to faithfully mimic human organ development, morphology,
and physiology in a manner akin to in vivo conditions has been well-
documented™. The present study further extends the application
of intestinal organoids to the investigation of cadmium absorption,
demonstrating their versatility as innovative research platforms.

Despite the extensive research conducted on intestinal chips,
their primary applications remain largely focused on drug absorption
and activity evaluation”"””*, The uniqueness of this study lies
in our innovative application of intestinal chips for assessing the
bioavailability of heavy metals, thereby providing a novel perspective
on food safety evaluation. This exploration aims to foster a more
comprehensive understanding of the potential impacts of heavy metals
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on human health. Furthermore, we have successfully developed a
three-dimensional intestinal organoid featuring a microvilli structure,
a first in the existing literature, achieved through precise control
of fluid pressure and cultivation conditions. Our research further
posits that traditional planar models assessing the bioavailability
of heavy metal cadmium may lead to an overestimation of food
safety risks, underscoring the importance of evaluation methods and
providing critical insights for a deeper understanding of the potential
health impacts of heavy metals. In summary, our study addresses a
significant gap in the existing literature, emphasizing the necessity
and urgency of employing more precise models for heavy metal risk
assessment.

4. Conclusion

This study introduced a 3D intestinal organoid model to
investigate the bioavailability of Cd in rice. Constructed on a
microfluidic chip, this biomimetic platform enabled Caco-2 cells
to form a compact, wave-like intestinal epithelial layer structure.
Compared to conventional in vifro Caco-2 cell monolayer models, the
3D intestinal organoid system developed in this study more accurately
mimicked the physiological intestinal microenvironment and function.
Furthermore, the 3D intestinal organoid model directly reflected the
in vivo bioavailability of Cd in rice, without the confounding effects
of the rice substrate. This innovative model offers a novel strategy for
reliable assessments of the in vivo bioavailability of heavy metals in
food matrices. The findings from this study demonstrate the utility of
3D intestinal organoids as a valuable tool for improving the evaluation
of in vivo bioavailability, with significant implications for food safety
and risk assessment.
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