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Intestinal flora plays a crucial role in the host’s intestinal health. Imbalances in the

intestinal flora, when accompanied by inflammation, affect the host’s intestinal

barrier function. Understanding it requires studying how living cells and tissues

work in the context of living organs, but it is difficult to form the three-dimensional

microstructure intestinal–vascular system by monolayer cell or co-culture cell

models, and animal models are costly and slow. The use of microfluidic-based

organ chips is a fast, simple, and high-throughput method that not only solves the

affinity problem of animal models but the lack of microstructure problem of

monolayer cells. In this study, we designed an embedded membrane chip to

generate an in vitro gut-on-a-chip model. Human umbilical vein endothelial cells

andCaco-2were cultured in the upper and lower layers of the culture chambers in

themicrofluidic chip, respectively. The human peripheral bloodmononuclear cells

were infused into the capillary side at a constant rate using an external pump to

simulate the in vitro immune system and the shear stress of blood in vivo. The

model exhibited intestine morphology and function after only 5 days of culture,

which is significantly less than the 21 days required for static culture in the

Transwell
®
chamber. Furthermore, it was observed that drug-resistant bacteria

triggered barrier function impairment and inflammation, resulting in enteritis,

whereas probiotics (Lactobacillus rhamnosus GG) improved only partially. The

use of Amikacin for enteritis is effective, whereas other antibiotic therapies do not

work, which are consistent with clinical test results. This model may be used to

explore intestinal ecology, host and intestinal flora interactions, and medication

assessment.
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Introduction

The intestine is the longest organ of the human body’s

digestive tract and plays an important role in the digestion,

absorption, and secretion functions (Atarashi et al., 2017).

The intestinal microbiota found in human and other animal

digestive tracts comprise a complex community of microbes that

coexist in host mucosal epithelial cells, which are closely tied to

blood vessels (Garrett et al., 2010) and the immune system

(Thomas et al., 2017). Intestinal microbiota plays an

important role in maintaining intestinal homeostasis

(Tremaroli and Backhed, 2012). Consequently, constructing a

small intestine model is crucial for the study of the interactions

between gut microorganisms and their hosts.

Researchers initially only cultured one type of cell (Caco-2 or

HT-29). Bilayer cell static culture methods were then gradually

utilized to produce the small intestinal barrier model (Vizoso

Pinto et al., 2009; Calatayud et al., 2019), which is widely used for

drug development (Per Arturssona’* et al., 1996; S et al., 1990).

Although an epithelial barrier is established in these procedures,

the cells lack the columnar structure shown in vivo to better

mimic the differentiated organ-specific features of the human

gut. The first intestinal organoid was constructed in 2009 (Sato

et al., 2009), signaling the beginning of a new era of in vitro organ

models. The model utilizes extracellular matrix (ECM) to offer a

3D structure and a growth microenvironment more closely

resembling the in vivo microenvironment, allowing stem cells

to differentiate into structures that resemble intestinal cavities.

Since then, researchers have built an increasing number of

organoids (Jason et al., 2009; Jung et al., 2011; Sato et al.,

2011; Chua et al., 2014; DeWard et al., 2014; Karthaus et al.,

2014; Ren et al., 2014; Bartfeld et al., 2015; Boj et al., 2015; Huch

et al., 2015; Kessler et al., 2015; Maimets et al., 2016; Turco et al.,

2017; Sachs et al., 2018), but intestinal organoids still have

drawbacks, such as a long build time, difficulty removing dead

cells.

Because of the combination of microsystems engineering and

cell biology, chips for cell culture have been able to precisely

control the shape, location, and function of cells in highly

structured cell culture scaffolds (Kim et al., 2012). Some gut-

on-a-chip system simulate external mechanical stress, pipeline

shearing force, and other in vivo environmental simulation

characteristics, thus shortening the culture period from

21 days to only 5 days. Simultaneously, it possesses the

structure, functions, secretes mucus and enzymes of the small

intestine. In addition, numerous other organs-on-a-chip have

been created (Huh et al., 2010; Wei et al., 2011; Huh et al., 2012;

Snouber et al., 2012; Agarwal et al., 2013; Maschmeyer et al.,

2015; Jie et al., 2016; Li et al., 2016; Nierode et al., 2016; Oleaga

et al., 2016; Du et al., 2017; Delalat et al., 2018; Jain et al., 2018;

Deng et al., 2019; Theobald et al., 2019; Zhang et al., 2020).

Today, organ-on-a-chip increasingly resembles the real organ,

take gut-on-a-chip as an example, some models simulate

probiotics or flora colonization (Kim et al., 2012; Jing et al.,

2020), whereas others simulate the anaerobic environment in the

intestine (Jalili-Firoozinezhad et al., 2019).

Drug mechanisms and drug screenings have also been

studied (Maschmeyer et al., 2015; Choe et al., 2017; Kyall

Pocock and Vaskor, 2017; Li et al., 2017). Aside from the

standard small intestine model, scientists have attempted to

model human intestinal inflammation in vitro using organ-

on-a-chip technology (Jing et al., 2020; Nikolaev et al., 2020).

Some researchers have used a model for intestinal inflammatory

responses caused by Escherichia coli (E. coli). However, the use of

non-pathogenic bacteria that settle in the digestive system to

mimic enteritis is not the best choice. This study utilized E. coli

that produce extended-spectrum β-lactamase enzymes (ESBL-

EC) isolated from the intestinal tract to imitate enteritis caused

by antibiotic-induced flora imbalance. ESBL-EC is not sensitive

to β-lactam antibiotics such as penicillin, cephalosporins,

aztreonam, and other antibiotics; it may cause faster plasmid

transmission of drug resistance genes, causing significant clinical

problems. Presently, drug-resistant E. coli is prevalent worldwide.

The types and breadth of drug resistance in E. coli have increased,

as well as the characteristics of cross-resistance and multi-

resistance (HAN and Han, 1996; Anucha Apisarnthanarak

et al., 2008). Antibiotic use may cause dysbacteriosis, lasting

more than a year after treatment is stopped. Creating a model of

drug-resistant bacteria enteritis is crucial to comprehending the

critically important effects of drug-resistant bacteria on the

intestine.

Lots of organ-on-a-chip models use microfluidic chips with

similar structures (Kim et al., 2012; Kim and Ingber, 2013; Kim

et al., 2016; Villenave et al., 2017; Shin et al., 2019; Ambrosini et al.,

2020; Nelson et al., 2021), but the thin, porous

polydimethylsiloxane (PDMS) layer in the middle of the chip is

difficult to manufacture. Consequently, many researchers prefer

polycarbonate (PC) film to PDMS film, but we found that PC film

and PDMS adhesion are not strong enough compared with PDMS

film. In order to solve this problem, a unique human intestinal

microfluidic chip was constructed that effectively avoided the

restrictions above in this study. First, the embedded membrane

microfluidic chip’s architecture increases the chip’s durability.

Compared with the thin PDMS membrane, the PC membrane

has superior biocompatibility. The sealing channel design ensures

that the PC film and PDMS are firmly embedded. Second,

compared with the earlier gut-on-a-chip (Kim et al., 2016),

which only used Caco-2 to simulate the intestinal, the gut-on-

a-chip system constructed in this study contains the intestinal

cavity, the vascular cavity (containing PBMC), and probiotics

colonized in the intestinal cavity. The shear forces are

simulated using syringe pumps. This system is closer to the real

situation of intestinal tract in vivo. Finally, we created the

inflammatory model of intestinal injury produced by clinically

isolated drug-resistant bacteria and tested the therapeutic effects of

Lactobacillus rhamnosus GG (LGG) and antibiotics.
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Experimental section

Materials and reagents

PDMS (RTV615) was purchased from Momentive

(Waterford, NY, United States). SU-8 2075 was purchased

from MicroChem (Newton, MA, United States).

Polycarbonate membranes with pore sizes of 8 μm was

purchased from Whatman (110414; Maidstone,

United Kingdom). L. rhamnosus GG (LGG) was obtained

from American Type Culture Collection (ATCC 53103;

Manassas, VA, United States), which was originally isolated

from the human gut (Saxelin, 2009). E. coli with extended-

spectrum β-Lactamase (ESBL-EC) was provided by the

Department of Clinical Laboratory, Shanghai East Hospital.

Antibodies were bought from Santa Cruz Biotechnology

(United States) and Novoprotein (Shanghai, China).

Fabrication and assemblage of the
microfluidic device

The microfluidic devices of gut-on-a-chip used in this study

include the sealing channel, PC porous membranes, and cell

microculture chambers. Briefly, in order to bond the PC and the

upper and lower cell culture chambers of the gut-on-a-chip

device more firmly, PDMS pre-polymer was mixed with

curing agent of 10:1 (w:w) and 8:1 (w:w), and the mixture

was then cast onto two silicon wafers with 150 μm thick

patterns of SU-8 2075 separately and cured at for 2 h at 80°C.

The cured PDMS layer was peeled from the wafer separately.

Holes of 1 mm diameter were drilled through the cured PDMS to

serve as inlets or outlets.

Between two pieces of PDMS containing channel features,

PC membranes with pore sizes of 8 μm served as the middle

layer (Figure 1A). A membrane with a diameter of 400 μm was

gently sandwiched in the sealing channel with a diameter of

500 μm (sealing tube pre-treated by plasma). The assembled

chip was pre-cured at 80°c for 5 min. The membrane edge was

then soaked with PDMS pre-polymer combined with a curing

agent at a 9:1 (w: w) ratio and fed into the sealing channel from

two inlets at a flow rate of 10 μl min−1. The microfluidic device

was then cured at 80°C for 10 h. Then, the chip was pre-treated

with 75% ethanol, autoclaved at 121°C for 30 min, and dried in

an oven at 60°C.

Cell culture

The human intestinal epithelial cells Caco-2 from the

National Collection of Authenticated Cell Cultures (NCACC)

were cultured in Modified Eagle Medium (MEM, Gibco)

supplemented with 15% (w/v) of fetal bovine serum (FBS,

Gibco). The human umbilical vein endothelial cells

(HUVECs) were provided by Shaorui Ke from the Henan

University of Chinese Medicine and cultured in Endothelial

FIGURE 1
Microsystem for gut-on-a-chip. (A) Three-dimensional schematics of the device show structure of individual components and the sealing
method. (B) Photographs of the chip’s physical diagram were taken from various angles. (C) An image of the device. The upper and bottom
microchannels are filled with yellow and blue dyes, respectively.
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Cell Medium (Scciencell Shanghai, China) containing 5% (w/v)

of fetal bovine serum and 1% endothelial cell growth

supplements (ECGS). Peripheral blood mononuclear cells

(PBMC, Sciencell Shanghai, China) were cultured in RPMI

1640 medium (RPMI 1640, Gibco) containing 10% (w/v) of

FBS. Penicillin (100 units/mL, Gibco) and streptomycin (100 mg/

ml, Gibco) were added to all mediums mentioned above. All cells

were cultured in a cell incubator with 5%CO2 at 37°C. Antibiotics

were removed from the culture mediumwhen gut chip co-culture

with living microbes.

Establishing the gut-on-a-chip

Both chambers of the chip were coated with type I collagen

(30 μg/ml; Gibco) and Matrigel (100 μg/ml; BD Biosciences,

Bedford, MA, United States) in serum-free MEM, which was

injected into the microchannels and incubated for 1 h before

cell plating. Caco-2 cells (1 × 105 cell/cm2) were stained with

5 mM green cell-tracker (CMFDA Dye, Invitrogen) were

seeded in the lower microculture chamber, and the chip

was turned upside down and incubated at 37°C allowing

the seeded intestinal epithelial cells to grow on the

membrane surface, Caco-2 static culture for 1 day, then

continuously perfused into Caco-2 chambers at 60 μl/h

using a multi-channel injection pump (LSP04-1A,

LONGER Halma, England). After 2 days, HUVECs (1 ×

105 cells/cm2) stained with 5 mM red cell-tracker (CMPTX

Dye, Invitrogen) were seeded into the upper microculture

chamber and static culture for 1 day, then continuously

perfused into all chambers at 60 μl/h using a multi-channel

injection pump. After 3 days, PBMC (1 × 107 cells/ml) with

fresh antibiotic-free culture medium (50% HUVECs culture

medium and 50% PBMC medium) was continuously perfused

into the upper chamber (capillary side) at 60 μl/h using a

multi-channel injection pump.

Establishing the intestinal on the
Transwell

®
chamber

For the static model, 1 × 105 cell/cm2 Caco-2 cells were

stained with CellTracker™ Green CMFDA (5 mM), then it

was seeded onto the basal of the Transwell® chamber with

collagen type I hydrogel and Matrigel-coated membrane

(6.5 mm diameter, 8 μm pore size PC membrane), the

Transwell® was turned upside down and incubated at 37°C for

2 h allowing the seeded intestinal epithelial cells to grow on the

membrane surface, then turn it upside down again and add fresh

culture medium. After 2 days, HUVECs cells stained with

CellTracker™ Red CMPTX (5 mM) were plated in the upper

chambers. After 3 days, PBMC (1 × 107 cells/ml) was added to

the upper chamber.

Setting up the inflammatory bowel disease
model caused by ESBL-EC on the chip

The ESBL-EC was obtained from patients with pathological

tissue of the human intestine. After adjusting the ESBL-EC

density to 1 × 107 CFU/ml, it was centrifuged at 10,000G for

5 min and stained in the antibiotics-free and serum-free MEM

medium with 5 mM CMTPX or CMFDA at 37°C for 30 min.

Then ESBL-EC were resuspended in antibiotic-free 10% FBS

MEM medium immediately and flowed into the lumen side. At

the same time, PBMC (1 × 107 cells/ml) were introduced into the

capillary side at 60 μl/h. After ESBL-EC was allowed to attach to

the surface of the gut for 2 h under static conditions, a fresh

antibiotic-free but containing PBMC culture medium was

perfused continuously into capillary microchannels for 1 day.

Amounts of IL-8, IL-6, IL-1β, and TNF-α were analyzed using an
enzyme linked immunosorbent assay (ELISA) kit (1110802,

1110602, 1110122, 1117202; Dakewe Bio-engineering).

Anti-inflammatory evaluation of L.
rhamnosus GG and antibiotics

To evaluate the anti-inflammatory effect of LGG, probiotics

was resuspended in a mixture of sterilized MRS Broth

(1.10661.0500, MERCK, Darmstadt, Germany) and static

culture at 37°C for 12 h. After cell density was adjusted to 1 ×

107 CFU/ml, LGGwas mixed with ESBL-EC and injected into the

Caco-2 channel.

For the antibiotic anti-inflammatory evaluation, 1 ×

107 CFU/ml ESBL-EC was added into the Caco-2 channel.

Then using Ceftazidime (30 μg/ml, 60 μg/ml TCI, Shanghai,

China), Amikacin (30 μg/ml, 60 μg/ml OKA, Beijing, China)

or penicillin (100 units/ml, Gibco) and streptomycin (100 mg/

ml, Gibco) (P-S)were added to the culture medium of the lumen

layer, PBMC side keeps static. After 1 day, ELISA (mentioned

above) and counting (mentioned below) were conducted.

Morphological studies

Samples were fixed with 4% paraformaldehyde (P0099,

Beyotime) for 15 min, permeabilized with 0.1% Triton X-100

(P0096, Beyotime) for 10 min, and blocked with Blocking Buffer

(P0200, Beyotime) for 10 min at room temperature. To visualize

tight epithelial junctions, cells were then incubated with Occludin

monoclonal antibody (sc-271842, CRUZ biotechnology) at 1:

100 in Immunol staining primary antibody dilution buffer

(P0103, Beyotime) for 4°C overnight, washed with PBS. To

visualize the protein of the intestinal epithelial polarization

and specific structure, cells were then incubated with the

F-actin polyclonal antibody (130935, Abcam), villi polyclonal

antibody (sc-58897, CRUZ biotechnology) at 1:100 in primary
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antibody dilution buffer for 4°C overnight, and washed with PBS,

then incubated with an Alexa Fluor 488-labeled Goat anti-Mouse

IgG (H + L) Secondary Antibody (A0428, Beyotime) at a dilution

of 1:500 for 2 h at room temperature. For visualize the

carbohydrate of the intestinal epithelial mucus layer, Caco-2

was incubated with fluorescein isothiocyanate labeled wheat

germ agglutinin (WGA, Sigma) for 30 min at 37°C, then

washed with PBS. Nuclei were stained with 2-(4-

Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI,

C1002, Beyotime) or Hoechst 33258 (23491-45-4, Sigma). For

the acidic mucopolysaccharides within the mucus, gut-on-a-chip

was stained with alcian blue (pH 2.5, Biotime) by flowing the

solution into microchannela for 12 h after fixed with 4%

paraformaldehyde, and then washing with PBS.As a negtive

control, Caco-2 clutured in the Transwell® chamber for

21 days. Images were taken under inverted fluorescence

microscopy (Nikon).

Measurement of paracellular permeability

The barrier-forming capacity of the gut-on-a-chip was

evaluated by measuring the apparent permeability

coefficients (Papp) of FITC-labeled dextran with different

molecular weights (3–5, 40, and 70 kDa, Sigma) through the

microfluidic chip. The FITC-dextran (1 μM) was perfused

through the lumen microchannel, and the D’Hanks solution

was add into the capillary microchannels and detect

fluorescence intensity. The equation mentioned by Kim et al.

(2012).

Papp = (dQdt )( 1
AC0

)
Where A is the surface area of the chamber (cm2), C0 is the

initial concentration (mM), and Q is the number of absorbed

molecules (mol).

Measurement of alkaline phosphatase
activity

Human intestinal epithelial cell functioning was

assessed by quantifying the activity of an apical brush

border alkaline phosphatase produced by differentiated

human intestinal Caco-2 using the Alkaline Phosphatase

Assay kit (P0321, Beyotime). In this study, the supernatants

of cells cultured for 1–5 days (50 μl) were transferred to a

96-well plate, and substrate solution was applied to the

solution or standard incubation at 37°C for 30 min, then the

product was quantified in a microplate reader (Multiskan

Ascent, Thermo Fisher, Waltham, MA, United States) at

405 nm using culture medium as a reference. The actual

amount of cleaved product was estimated based on the

calibration curve of 4-Nitrophenyl phosphate disodium

salt hexahydrate (pNPP).

Colony counting

Samples were diluted 104, 105, 106, 107, and 108 times

respectively. 100 μl for each dilution was added into LB solid

medium. For LGG, 100 μl of each dilution was added into MRS

solid medium and sealed. Each dilution was repeated three times.

After inverted culture for 24 h, the colonies were counted, and

then the actual number of colonies was calculated.

Statistical analysis

All results and error bars in this paper are presented as

mean ± standard error (SEM). For statistical evaluation of

quantified data, a one-way analysis of variance (ANOVA) and

Tukey-Kramer multiple comparisons test was performed using

GraphPad Prism version 7 (GraphPad Software Inc., San Diego

CA, United States). Differences between groups were considered

statistically significant when p < 0.05.

Results and discussion

Gut-on-a-chip microsystem design

To mimic the human intestine in vitro, we created a

microfluidic chip (Figure 1A) that supports a long-term

culture of Caco-2 cells and HUVECs. Briefly, gut-on-a-chip

includes two microculture chambers, porous PC membranes,

sealing channels, inlets, outlets, and microchannels. The PDMS

chip’s basic design (25 mm long, 14 mm wide, and 6 mm high;

this size conveniently fits onto six-well plates) incorporates two

microculture chambers (2.75 mm radius, 0.3 mm high)

embedded with a porous PC membrane (8 μm). Here, two

microculture chambers are used to provide room for cell and

medium, and the porous membrane provides a region for cell

adhesion. The inlet (0.26 μm wide) is narrower than the outlet

pipeline (0.52 μm wide) to avoid bubble entry or generation.

The chip is primarily round, containing a flower-shaped

cylinder combination. The radius of the small cylinder is

150 μm, and the space between cylinders is 5–10 μm. The

design of the flower–cylinder combination can not only be

used as the support point of the PC membrane to prevent it

from collapsing under the gravity of the culture medium but also

can delimit the range of the culture chamber. Furthermore, the

cell-free zone formed via blocking cells in the outer ring can be

utilized as a culture medium reservoir to provide more nutrients

for cells. There are five Z-shaped column combinations in the

middle area to support the PC membrane and intercept cells

(assist inoculation when the cells are first inoculated.) Bubbles

and damage to the cells can be effectively avoided because of the

rounding treatment at the bend of the Z-shaped column and

different sizes of microchannels. Setting the upper and lower
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channels at different angles prevents cell cross-inoculation

(Figure 1A).

One ever-present challenge is the method to firmly and stably

embed the PC film into a chip. Here, a solution inspired by Liu

and Zhang’s research (Liu et al., 2018; Tian et al., 2022) effectively

solves this problem. We designed two big near-semicircular

concave sealing channels and two small sealing channels on

the chip periphery to hold the edge of the membrane and added

liquid PDMS to seal the membrane. The big sealing channel has

one middle inlet and two outlets. During the sealing process

(inject liquid PDMS), atmospheric pressure is balanced by two

outlets near the edge of the sealing channel. Two small sealing

channels were also designed near the position of the culture

chamber in the middle of the tail of the upper and lower two cell

injection microchannels. The small sealing channel has different

shapes, but the same principles aim to firmly fix the PC

membrane-embedded by PDMS in a limited space, preventing

liquid from being exchanged incorrectly between the two

channels before entering the culture chamber (Figure 1B).

Because the intermediate porous membrane allows material

interchange between the two channels, color mixing occurring in

the chip flowthrough experiment is reasonable (Figure 1C). In

some experiment (like ELISA), a relatively large volume of cell

supernatant was needed, so we also designed another chip to

collect enough cell supernatant. The chip is shown in

Supplementary Figure S1. The manufacturing principle is

similar, except that the structure of the cell culture chamber is

different.

The new chip solve the problem that a thin and porous

polydimethylsiloxane (PDMS) lay in the middle of the old chip

(Kim et al., 2012; Kim and Ingber, 2013; Kim et al., 2016;

Villenave et al., 2017; Shin et al., 2019; Ambrosini et al., 2020;

Nelson et al., 2021) is difficult to manufacture. But also solves the

problem that the adhesive force of the PC film and the PDMS

film is not strong enough, and balances the durability and

biocompatibility of the chip.

Human intestinal model on a chip

To mimic the intestinal system, we cultured cells either in the

static Transwell® chamber or in the flow microfluidic chip,

adding PBMC on the HUVECs side to mimic the immune

system [Figure 2A (a)]. After 5 days of culture, consistent with

previous studies, when gut-on-a-chip were cultured on the

collagen type I hydrogel and Matrigel-coated membrane

under continuous perfusion (60 μl/h), mimicking the fluid

flow of the human body, the gut-on-a-chip spontaneously

formed undulating villi-like structures [Figure 2A (b)].

Immunofluorescence detected F-actin expression on the

lumen side, and we found that Caco-2 cells spontaneously

form structures with a polarized, differentiated columnar

epithelium with a tight brush border [Figure 2B (a)]. It

showed a clear signal of the tight junction protein on the

HUVECs cell edge, indicating that HUVECs formed a tight

connection on the chip [Figure 2B (b)].

Immunofluorescence experiments proved the villi formation

by detecting the villi protein expression [Figure 2B (c)].

Additionally, the Caco-2 cells and HUVECs have high

viability (>99%) [Figure 2B (d, e)]. The glycocalyx in mucus

was stained by WGA, which indirectly proved the formation of

intestinal mucus [Figure 2B (f)]. Acidic mucopolyaccharides

staining by alcian blue also proved the mucus was there

(Supplementary Figure S2A). Previous researchers discovered

that when cells were cultured in a Transwell® chamber, it took at

least 3 weeks to build intestinal barrier function (Vizoso Pinto

et al., 2009; Calatayud et al., 2019), but when cells were cultured

in the chip, the same effects could be achieved in only 5 days

(Kim et al., 2012; Kim and Ingber, 2013; Kim et al., 2016; Jalili-

Firoozinezhad et al., 2018; Nikolaev et al., 2020; Nelson et al.,

2021). The intestinal mucus was present when cultured on the

chip, but not in the Transwell® chamber (Kim and Ingber, 2013;

Jalili-Firoozinezhad et al., 2019).

The apparent permeability coefficient (Papp) of the gut

model correlates with human intestinal absorption (Hubatsch

et al., 2007). Thus, we compared the Papp value of Caco-2 layers

or Caco-2 with HUVECs growing under static Transwell®

chambers or microfluidic chips with flow culture. By

measuring Papp using fluorescent dextran with 3–5 kDa, we

found that on day 12, the coculture (Caco-2 and HUVECs)

model in a static Transwell® chamber reached a minimum Papp

(5.068 × 108 cm/s), which equals to day 2 of coculture on the

chip (Figure 2C). Besides, on day 20 (mature state of the gut

model in a static Transwell® chamber), the Papp value (4.572 ×

107 cm/s)of the gut model equals day 4 or day 6 of the gut model

culture on the chip. Caco-2 model has a similar phenomenon.

Based on the whole data analysis, it proved that gut-on-a-chip

matured in about 5 days. We used dextran with different

molecular weights (3–5, 40, and 70 kDa) to detect Papp

values of two models, which were detected in gut-on-a-chip

on day 4, in Transwell® on day 4 and day 20. The results showed

that the higher the molecular weight of dextran, the smaller the

Papp value, and the Papp of the gut-on-a-chip was higher than

that of Transwell® on day 4, which was similar to the results of

Transwell® on day 20. There may be more cell stacks in the static

culturing of Transwell®, resulting in poor system permeability

(Supplementary Figure S2B). The increased permeability of

intestinal cells on the chip might be due to the timely

removal of dead cells by flow culture. Additionally, the

coculture model keeps a stable and higher Papp,

demonstrating that HUVECs may help the small intestine

construct an intestinal barrier model, and make its barrier

and absorption superior, which is consistent with previous

research (Jing et al., 2020) (Figure 2C). The results

demonstrated that the flow cultured gut-on-a-chip achieved

a mature and stable barrier function for about 5 days.
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Researchers found that intestinal alkaline phosphatase (ALP)

plays a vital role in the integrity and function of the intestinal

barrier structure (Nakano et al., 2009). ALP is released into the

intestinal lumen via the apical membrane of intestinal epithelial

cells (Han et al., 2001; Van Biervliet et al., 2003; Lisle). Thus, we

tested the enzyme activity of ALP on both Caco-2 and HUVECs

sides in three models: coculture in Transwell®, coculture on a

chip, or only Caco-2 cultured on a chip. The results showed that

the ALP activity on the coculture chip was higher than the ALP

activity on only Caco-2 cells on the chip. ALP activity of the

Transwell® static coculture was lower than that of the flow

coculture on the chip. In addition, the secretion of ALP from

the Caco-2 side and HUVECs side was significantly different, and

the difference increased with time, indicating the polarization

degree of Caco-2 cell is increasing. The above results prove that

the Caco-2 cultured for 4 days exhibited obvious ALP secretion

and secretion speed faster on the chip than in the Transwell®

chamber (Figure 2D), and HUVECs contribute to the

cytodifferentiation of Caco-2 cells. In summary, the on-chip

intestinal tract we constructed formed an intestinal

microstructure, expressed specific proteins, had a barrier

function, produced intestinal mucus, and secreted ALP, so it

could well simulate the intestinal tract in vivo.

To sum up, in order to simulate the physiological structure

and function of the intestine to the greatest extent. The gut-on-a-

chip contains the intestinal cavity, the vascular cavity. PBMCs

was used to mimic the immune system, colonized probiotics are

used to simulate the physiological state of the intestine. The shear

forces are simulated using syringe pumps.

Interaction between different types of
bacteria and the host gut

LGG exists in the intestines of humans and animals (Kim

et al., 2012). LGG becomes a biological barrier layer of the

intestinal mucosa by colonizing and reproducing on host

intestinal epithelial cells, improving the barrier ability of the

FIGURE 2
Human gut-on-a-chip. (A) A schematic diagram and a micrograph of the gut-on-a-chip. a: A schematic of the intestinal system; b: The bright-
field images of a five-day-old gut-on-a-chip, the wavy 3D epithelial structures were observed in the microfluidic chip (Scale bar, 100 μm). (B)
Immunofluorescence images of gut-on-a-chip culture for 5 days. a: F-actin (green); Caco-2 cell nuclei (blue); b: Occludin (green); HUVECs cell
nuclei (blue); c: villi (green); Caco-2 cell nuclei (blue); d: showing the viability of the Caco-2 cells (live cells in green, dead in red); e: showing the
viability of the HUVECs cells (live cells in green, dead in red); f: WGA (green); Caco-2 cell nuclei (blue), (Scale bar, 50 μm). (C) Apparent paracellular
permeability (Papp) is measured by real-time quantitating fluorescent dextran 3-5 KDa transport through the Caco-2 monolayer or coculture with
HUVECs cultured in static Transwell

®
chamber for 24 days or in the flow culturemicrofluidic chip for 12 days. (D) Intestinal alkaline phosphatase (ALP)

activity of cocultured in the static Transwell
®
system or flow coculture in themicrofluidic chip, or only Caco-2 flow culture in a chip for 1–4 days. For

the coculture system, the Caco-2 and HUVECs side were measured, respectively. (chip Caco-2 side, chip HUVECs side, Transwell Caco-2 side, and
Transwell HUVECs side) (n = 3; *p < 0.05, **p < 0.005, ***p < 0.0005).
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host’s intestinal mucosa. Nevertheless, if drug-resistant bacteria

colonize and reproduce uncontrollabe in the digestive system, the

host’s intestinal flora will become unbalanced, prolonging disease

recovery time and making treatment more difficult, which may

endanger the host’s life in severe cases.

To investigate the effects of probiotics and pathogenic

bacteria on the host, the probiotic LGG or intestinal drug-

resistant bacteria ESBL-EC was added to the intestinal lumen

side (Caco-2 side), as shown in Figure 3A. The HUVCE side of

the LGG-added gut-on-a-chip remained tightly connected, but

the HUVEC tight junction of the ESBL-EC-added chip was

damaged [Figure 3B (a, b)], and a large amount of ESBL-EC

could be seen simultaneously on the HUVECs side [see the red

arrow in Figure 3B (b) and Supplementary Figure S3A].

Furthermore, compared with probiotic LGG, ESBL-EC

harmed the gut microvilli structure [Figure 3B (c, d)], reduced

the secretion of intestinal mucus [Figure 3B (e, f)], and

dramatically enhanced cell mortality [Figure 3B (g, h)],

FIGURE 3
Interaction between different bacteria and host gut (A) A schematic of ESBL-EC or LGG coculturewith gut-on-a-chip. (B) Immunofluorescence
images. a, b: Occludin (green); HUVECs cell nuclei (blue), arrow point to ESBL-EC; c, d: villi (green); Caco-2 cell nuclei (blue); e, f: WGA (green); Caco-
2 cell nuclei (blue); g, h: showing the viability of the Caco-2 cells (live cells in green, dead in red), arrow point to LGG; i, j: TLR4 (green); Caco-2 cell
nuclei (blue), (Scale bar, 50 μm). (C) Apparent paracellular permeability (Papp) was measured by quantitating fluorescent dextran of 40 KDa
transport through the Caco-2 after drug-resistant bacteria were cultured in the microfluidic chip for 1 day. (D)Detection of inflammatory factors IL-
1β, IL-6, IL-8, and TNF-α from the lumen layer and capillary layer by ELISA (n = 3).
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demonstrating that ESBL-EC destroys the distinctive intestinal

structure. However, there were no morphological changes in the

presence or absence of LGG, demonstrating that LGG did not

destroy the microstructure and function of the gut-on-a-

chip. LGG was observed on the staining of intestinal cells,

which gathered on intestinal epithelial cells. [see the position

of the red arrow in Figure 3B (g) and Supplementary Figure S3B].

In addition, toll-like receptor 4 (TLR4) was expressed after

infection with ESBL-EC but was barely expressed in the LGG-

treated group [Figure 3B (i, j)]. It proves that TLR4 might

recognize the lipopolysaccharide lipids on the ESBL-EC

membrane and activate the inflammatory response through

the NF-κB or JNK/SAPK pathways (Abreu1 and Abreu, 2007;

Cario, 2005).

By investigating the effects of the two bacteria on small

intestinal barrier function, we discovered that LGG did not

damage the small intestinal barrier, but that adding ESBL-EC

resulted in a significant increase in Papp (from 1 × 107 to 6.5 ×

107 cm/s), which may be attributed to the destruction of the

intestinal microstructure after ESBL-EC infection (Figure 3C).

We applied ELISA kits to detect four inflammatory factors (IL-6,

IL-8, IL-1β, and TNF-α) to prove the occurrence of

inflammation. The inflammatory factors produced from the

capillary side and secreted to the lumen side increased,

proving the occurrence of inflammation (Figure 3D). This

result was consistent with previous studies (Kim et al., 2016).

In summary, we demonstrated that the intestinal barrier

function remains intact after coculture with LGG. ESBL-EC

results in intestinal barrier destruction, microstructure

damage, and the production of key proinflammatory cytokines

(IL-8, IL-6, IL-1β, and TNF-α), which is consistent with

previously reported results (Kim et al., 2016).

The therapeutic effect of probiotics and
antibiotics on enteritis caused by ESBL-EC

We used LGG and antibiotics (Ceftazidime, Amikacin,

and P-S) as drugs to explore the therapeutic effects on

enteritis caused by drug-resistant bacteria. LGG maintains

the microecological balance in the intestinal tract of the host

by regulating the structure of the intestinal community

(SILVA et al., 1987; Jing et al., 2020). LGG and ESBL-EC

were cocultured on the chip, and the microorganisms were

subjected to live cell staining. LGG and ESBL-EC were

stained green and red, respectively (Figure 4A). The red

and green fluoresces could be seen clearly from the partially

enlarged view on the right, and the yellow color may be due

to the overlap of the two bacteria. It was, therefore,

demonstrated that the microorganisms remained in good

condition in the gut-on-a-chip, consistent with

previous reports (Kim et al., 2012; Jalili-Firoozinezhad

et al., 2019).

Next, we wonder about the effects of different drugs on the

enteritis model. Both Papp value and bacterial counts appeared to

decrease in the LGG treatment group, but no significant

difference was found compared with those in the ESBL-EC

group (Figures 4B,C). However, the Papp value of the gut-on-

a-chip model after the Amikacin treatment was significantly

lower than that of the ESBL-EC group, whether at high or

low concentrations, whereas there was no significant

difference between the other antibacterial drugs treatment

groups (Figure 4B). The number of bacteria reduced

significantly after Amikacin therapy but not after Ceftazidime

treatment; P-S tended to inhibit the growth of resistant bacteria,

but the difference was not significant. A small number of bacteria

were also found on the capillary side (Figure 4C), indicating that

microorganisms can reach the capillary layer through the lumen.

It may be because ESBL-EC disrupts the intestinal

microstructure, and a similar result may also be obtained

when that vascular intercellular space is increased due to the

inflammatory reaction. We found that ESBL-EC showed

resistance to Ceftazidime but susceptibility to Amikacin,

demonstrated by the inhibition zone diameter of 0 and

18 mm (Supplementary Figure S4), respectively. Further

proves that Ceftazidime was ineffective against ESBL-EC at

normal drug concentrations, whereas Amikacin was effective.

The above findings revealed that Amikacin inhibits ESBL-EC

reproduction, whereas P-S and LGG have poor effects; ESBL-EC

showed resistance to Ceftazidime.

To detect the anti-inflammatory effect of different drugs, we

evaluated the inflammatory factors of the lumen and capillary

(Figure 4D). The results showed that IL-6 expression on the

capillary side in the LGG treatment group was significantly lower

than that in the ESBL-EC group, and IL-1β expression on the

capillary side in the P-S treatment group was significantly lower

than that in the ESBL-EC group. Finally, IL-1β, IL-8, and TNF-α
expressions on the vascular side in the Amikacin treatment group

were all significantly lower than those in the ESBL-EC

group. However, there was no significant difference between

the Ceftazidime treatment group and the ESBL-EC

group. Because monocytes in blood vessels release

inflammatory factors to the lumen, inflammatory factor was

also detected on the intestine side. Inflammation is related to

ESBL-EC over-growth and damage to the intestinal

microstructure; TLR4 further secretes cytokines by recognizing

ESBL-EC, which stimulates the recruitment of additional

immune cells, thereby enhancing inflammatory response

through a positive feedback loop.

The results of immunofluorescence staining of marker

proteins revealed partial recovery of the tight junction

between HUVECs cells [Figure 4E (a, b)], the structural

integrity of microvilli [Figure 4E (c, d)], as well as intestinal

mucus [Figure 4E (e, f)] in the ESBL-EC and LGG coculture

group, but they did not return to control levels. TLR4 expression

in the LGG group was lower than of the ESBL-EC group
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[Figure 4E (g, h)], indicating that inflammation may be partially

suppressed. There were similar results between the Amikacin

treatment group and the LGG treatment group; however, the

performance of the Amikacin treatment group exceeded that of

the LGG treatment group. These results indicated that both LGG

and Amikacin improved the microstructure and function

damage of the small intestine caused by drug-resistant

bacteria, but Amikacin works better. It proved that Amikacin

is effective for inflammation caused by ESBL-EC, whereas P-S

and LGG have no pronounced effect, and Ceftazidime is entirely

ineffective. Drug resistance test results are consistent with those

from the hospital’s laboratory department.

According to “Monitoring Results of Bacterial Resistance in

CHINET China (January–December 2021)” (http://www.

chinets.com/Data/AntibioticDrugFast) released by the

Institute of Antibiotics, Huashan Hospital Affiliated to

Fudan University, E. coli ranked first in the clinical isolates

of drug-resistant strains. From the analysis of the geographical

distribution of the detection rate of important drug-resistant

pathogens, it can be seen that the detection rate of drug-

FIGURE 4
Treatment of enteritis caused by drug-resistant bacteria with probiotics and antibiotics. (A) Photographs of living microorganism fluorescence
staining. LGG: green; ESBL-EC: red, the arrow points to microorganisms (Scale bar, 10 μm). (B) After being treated with different drugs in an enteritis
chip, apparent paracellular permeability (Papp) was measured by quantitating fluorescent dextran of 40 KDa transport through the Caco-2. (C) The
number of bacteria of enteritis chip after being treated with different drugs. (D) Detection of inflammatory factors IL-1β, IL-6, IL-8, and TNF-α
from the lumen layer and capillary layer after treatment through different drugs (n = 3). (E) The schematic diagram of adding anti-inflammatory drugs
(Amikacin) or LGG to the enteritis model and immunofluorescence images of enteritis chip with different treatments. a, b: Occludin (green); HUVECs
cell nuclei (blue); c, d: villi (green); Caco-2 cell nuclei (blue); e, f: WGA (green); Caco-2 cell nuclei (blue); g, h: TLR4 (green); Caco-2 cell nuclei (blue),
(Scale bar, 50 μm).
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resistant bacteria in Shanghai ranks second in China (http://

www.carss.cn/Report/Details/808).

Ceftazidime, as the third generation of semi-synthetic

cephalosporins, has been widely used in clinic. The

nationwide resistance rate of E. coli to ceftazidime was

51.6%, while the resistance rate in Shanghai was significantly

higher than the national average level. Amikacin, as an

aminoglycoside antibiotics, occupies a unique position in the

clinical treatment of infection due to its good antibacterial

activity and low price, and increasing the possible drug

resistance risk. Therefore, it is of great significance to test

the drug-resistant bacteria with these two commonly used

antibiotics. Although only a limited number of antibiotics

were used for testing and verification in this study, the gut-

on-a-chip system can be used as a high-throughput unit

detection module to achieve high-throughput drug resistance

detection. Unlike general clinical drug resistance detection, the

model is conducive to tracking the changes in cell morphology

and metabolism under treatment. Besides, this model not only

has the function of drug resistance detection, but also can be

used for mechanism research. In the future, it is expected to use

host cells for model construction, in order to achieve

personalized treatment needs.

Conclusion

Herein, we constructed a gut-on-a-chip model and

explored the relationship between intestinal flora and the

host. We used probiotics (LGG) and drug-resistant bacteria

(ESBL-EC) to simulate intestinal flora’s normal or

unbalanced state. When LGG is implanted in the

intestine, the gut microstructural like microvilli and

mucous, and barrier function do not receive any

influence. After ESBL-EC stimulation, we found the

following: 1) the microstructure was severely damaged; 2)

the mucus layer disappeared; 3) the barrier function was

impaired; and 4) inflammatory factor and TLR4 expression

were detected, which may induce more intense inflammatory

response through the NF-κB or JNK/SAPK pathways. After

treatment with probiotics (LGG) and different antibiotics for

drug-resistant bacteria, we found that LGG and P-S have a

limited effect on reducing damage to the gut microstructure

and the function, as well as an inflammatory response caused

by ESBL-EC. The antibiotic Amikacin effectively inhibits

inflammation and protects the structure and function of the

small intestine from destruction, but ESBL-EC is insensitive

to antibiotic Ceftazidime. These findings are consistent with

clinical test results.

Above all, we constructed a gut-on-a-chip system, which

used a new chip with more solid membrane-embedded

technology. We added human peripheral blood

mononuclear cells to mimic the immune system and used

pumps to mimic the shear force in vivo. Drug-resistant

bacteria were introduced into the gut-on-a-chip to explore

the effect of drug-resistant bacteria on the intestine. This

technology can simulate the occurrence of enteritis and

evaluate different treatment regimens. Biomimetic chips can

also evaluate drug side effects and cell culture modules for

high-throughput drug screening. Nevertheless, because of the

limitations of the laboratory platform, gut biopsy tissue is not

used to construct the gut-on-a-chip. However, this does not

affect the great potential development prospects of this

technology in the future.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary

Material, further inquiries can be directed to the

corresponding authors.

Author contributions

WeZ, TZ, and XZ designed the study. WeZ, YY, and HL

performed experiments and analyzed data. YY and TZ provided

an experimental resource. WaZ, XC, LZ, JZ, and GS wrote and

revised the manuscript.

Funding

Project supported by Shanghai Municipal Science and

Technology Major Project (ZD2021CY001).

Acknowledgments

We would like to thank Dr. Shaorui Ke from Henan

University of Chinese Medicine, for her assistance with the

cell culture.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Zhao et al. 10.3389/fbioe.2022.1035647

http://www.carss.cn/Report/Details/808
http://www.carss.cn/Report/Details/808
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1035647


affiliated organizations, or those of the publisher, the

editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the

publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.

1035647/full#supplementary-material

References

Abreu1, M. F. a. M. T., and Abreu, M. (2007). TLR4 signalling in the intestine in
health and disease. Biochem. Soc. Trans. 35, 1473–1478. doi:10.1042/bst0351473

Agarwal, A., Goss, J. A., Cho, A., McCain, M. L., and Parker, K. K. (2013).
Microfluidic heart on a chip for higher throughput pharmacological studies. Lab.
Chip 13, 3599–3608. doi:10.1039/c3lc50350j

Ambrosini, Y. M., Shin, W., Min, S., and Kim, H. J. (2020). Microphysiological
engineering of immune responses in intestinal inflammation. Immune Netw. 20,
e13. doi:10.4110/in.2020.20.e13

Anucha Apisarnthanarak, M., Kiratisin, Patarachai, Saifon, P., Kitphati, R.,
Dejsirilert, S., and Mundy, L. M. (2008). Predictors of mortality among patients
with community-onset infection due to extended-spectrum beta-lactamase-
producing Escherichia coli in Thailand. Infect. Control Hosp. Epidemiol. 29,
80–82. doi:10.1086/524321

Atarashi, K., Suda, W., Luo, C., Kawaguchi, T., Motoo, I., Narushima, S., et al.
(2017). Ectopic colonization of oral bacteria in the intestine drives TH1 cell
induction and inflammation. Science 358, 359–365. doi:10.1126/science.aan4526

Bartfeld, S., Bayram, T., van de Wetering, M., Huch, M., Begthel, H., Kujala, P.,
et al. (2015). In vitro expansion of human gastric epithelial stem cells and their
responses to bacterial infection. Gastroenterology 148, 126–136.e6. e126. doi:10.
1053/j.gastro.2014.09.042

Boj, S. F., Hwang, C. I., Baker, L. A., ChioII, Engle, D. D., Corbo, V., et al. (2015).
Organoid models of human and mouse ductal pancreatic cancer. Cell 160, 324–338.
doi:10.1016/j.cell.2014.12.021

Calatayud, M., Dezutter, O., Hernandez-Sanabria, E., Hidalgo-Martinez, S.,
Meysman, F. J. R., and Van de Wiele, T. (2019). Development of a host-
microbiome model of the small intestine. FASEB J. 33, 3985–3996. doi:10.1096/
fj.201801414R

Cario, E. (2005). Bacterial interactions with cells of the intestinal mucosa: Toll-
like receptors and NOD2. Gut 54, 1182–1193. doi:10.1136/gut.2004.062794

Choe, A., Ha, S. K., Choi, I., Choi, N., and Sung, J. H. (2017). Microfluidic Gut-
liver chip for reproducing the first pass metabolism. Biomed. Microdevices 19, 4.
doi:10.1007/s10544-016-0143-2

Chua, C. W., Shibata, M., Lei, M., Toivanen, R., Barlow, L. J., Bergren, S. K., et al.
(2014). Single luminal epithelial progenitors can generate prostate organoids in
culture. Nat. Cell Biol. 16, 951951–961954. doi:10.1038/ncb3047

Delalat, B., Cozzi, C., Rasi Ghaemi, S., Polito, G., Kriel, F. H., Michl, T. D., et al.
(2018). Microengineered bioartificial liver chip for drug toxicity screening. Adv.
Funct. Mat. 28, 1801825. doi:10.1002/adfm.201801825

Deng, J., Zhang, X., Chen, Z., Luo, Y., Lu, Y., Liu, T., et al. (2019). A cell lines
derived microfluidic liver model for investigation of hepatotoxicity induced by
drug-drug interaction. Biomicrofluidics 13, 024101. doi:10.1063/1.5070088

DeWard, A. D., Cramer, J., and Lagasse, E. (2014). Cellular heterogeneity in the
mouse esophagus implicates the presence of a nonquiescent epithelial stem cell
population. Cell Rep. 9, 701–711. doi:10.1016/j.celrep.2014.09.027

Du, Y., Li, N., Yang, H., Luo, C., Gong, Y., Tong, C., et al. (2017). Mimicking liver
sinusoidal structures and functions using a 3D-configured microfluidic chip. Lab.
Chip 17, 782–794. doi:10.1039/c6lc01374k

Garrett, W. S., Gordon, J. I., and Glimcher, L. H. (2010). Homeostasis and
inflammation in the intestine. Cell 140, 859–870. doi:10.1016/j.cell.2010.01.023

Han, G. A. J. A. P., and Han, P. (1996). Detection of extended-spectrum β-
lactamases in clinical isolates of Klebsiella pneumoniae and Escherichia coli. J. Clin.
Microbiol. 34, 908–911. doi:10.1128/jcm.34.4.908-911.1996

Han, J. E., Hendriks, B. v. K., and Forget, *Philippe P. (2001). Effects of therapy
with lansoprazole on intestinal permeability and inflammation in young cystic
fibrosis patients. J. Pediatr. Gastroenterology Nutr. 33, 260–265. doi:10.1097/
00005176-200109000-00006

Hubatsch, I., Ragnarsson, E. G., and Artursson, P. (2007). Determination of drug
permeability and prediction of drug absorption in Caco-2 monolayers. Nat. Protoc.
2, 2111–2119. doi:10.1038/nprot.2007.303

Huch, M., Gehart, H., van Boxtel, R., Hamer, K., Blokzijl, F., Verstegen, M. M.,
et al. (2015). Long-term culture of genome-stable bipotent stem cells from adult
human liver. Cell 160, 299–312. doi:10.1016/j.cell.2014.11.050

Huh, D., Leslie, D. C., Matthews, B. D., Fraser, J. P., Jurek, S., Hamilton, G. A.,
et al. (2012). A human disease model of drug toxicity-induced pulmonary edema in
a lung-on-a-chip microdevice. Sci. Transl. Med. 4, 159ra147. 159ra147. doi:10.1126/
scitranslmed.3004249

Huh, D., Matthews, B. D., Mammoto, A., Montoya-Zavala, M., Hsin, H. Y., and
Ingber, D. E. (2010). Reconstituting organ-level lung functions on a chip. Science
328, 1662–1668. doi:10.1126/science.1188302

Jain, A., Barrile, R., van der Meer, A. D., Mammoto, A., Mammoto, T., De
Ceunynck, K., et al. (2018). Primary human lung alveolus-on-a-chip model of
intravascular thrombosis for assessment of therapeutics. Clin. Pharmacol. Ther. 103,
332–340. doi:10.1002/cpt.742

Jalili-Firoozinezhad, S., Gazzaniga, F. S., Calamari, E. L., Camacho, D. M., Fadel,
C. W., Bein, A., et al. (2019). A complex human gut microbiome cultured in an
anaerobic intestine-on-a-chip. Nat. Biomed. Eng. 3, 520–531. doi:10.1038/s41551-
019-0397-0

Jalili-Firoozinezhad, S., Prantil-Baun, R., Jiang, A., Potla, R., Mammoto, T.,
Weaver, J. C., et al. (2018). Modeling radiation injury-induced cell death and
countermeasure drug responses in a human Gut-on-a-Chip. Cell Death Dis. 9, 223.
doi:10.1038/s41419-018-0304-8

Jason, R., Rock, M. W. O., Rawlins, Emma L., Lu, Y., Clark, C. P., Xue, Y., et al.
(2009). Basal cells as stem cells of the mouse trachea and human airway epithelium.
Proc. Natl. Acad. Sci. U. S. A. 106, 12771–12775. doi:10.1073/pnas.0906850106

Jie, M., Li, H.-F., Lin, L., Zhang, J., and Lin, J.-M. (2016). Integrated microfluidic
system for cell co-culture and simulation of drug metabolism. RSC Adv. 6,
54564–54572. doi:10.1039/c6ra10407j

Jing, B., Wang, Z. A., Zhang, C., Deng, Q., Wei, J., Luo, Y., et al. (2020).
Establishment and application of peristaltic human gut-vessel microsystem for
studying host-microbial interaction. Front. Bioeng. Biotechnol. 8, 272. doi:10.3389/
fbioe.2020.00272

Jung, P., Sato, T., Merlos-Suarez, A., Barriga, F. M., Iglesias, M., Rossell, D., et al.
(2011). Isolation and in vitro expansion of human colonic stem cells. Nat. Med. 17,
1225–1227. doi:10.1038/nm.2470

Karthaus, W. R., Iaquinta, P. J., Drost, J., Gracanin, A., van Boxtel, R., Wongvipat,
J., et al. (2014). Identification of multipotent luminal progenitor cells in human
prostate organoid cultures. Cell 159, 163–175. doi:10.1016/j.cell.2014.08.017

Kessler, M., Hoffmann, K., Brinkmann, V., Thieck, O., Jackisch, S., Toelle, B., et al.
(2015). The Notch and Wnt pathways regulate stemness and differentiation in
human fallopian tube organoids. Nat. Commun. 6, 8989. doi:10.1038/ncomms9989

Kim, H. J., Huh, D., Hamilton, G., and Ingber, D. E. (2012). Human gut-on-a-chip
inhabited by microbial flora that experiences intestinal peristalsis-like motions and
flow. Lab. Chip 12, 2165–2174. doi:10.1039/c2lc40074j

Kim, H. J., and Ingber, D. E. (2013). Gut-on-a-Chip microenvironment induces
human intestinal cells to undergo villus differentiation. Integr. Biol. 5, 1130–1140.
doi:10.1039/c3ib40126j

Kim, H. J., Li, H., Collins, J. J., and Ingber, D. E. (2016). Contributions of
microbiome and mechanical deformation to intestinal bacterial overgrowth and
inflammation in a human gut-on-a-chip. Proc. Natl. Acad. Sci. U. S. A. 113, E7–E15.
doi:10.1073/pnas.1522193112

Kyall Pocock, L. D., and Vaskor, Bala. (2017). Intestine-on-a-chip microfluidic
model for efficient in vitro screening of oral chemotherapeutic uptake. Washington,
DC: ACS Biomaterials Science & Engineering.

Li, Z., Guo, Y., Yu, Y., Xu, C., Xu, H., and Qin, J. (2016). Assessment of
metabolism-dependent drug efficacy and toxicity on a multilayer organs-on-a-
chip. Integr. Biol. 8, 1022–1029. doi:10.1039/c6ib00162a

Li, Z., Su, W., Zhu, Y., Tao, T., Li, D., Peng, X., et al. (2017). Drug absorption
related nephrotoxicity assessment on an intestine-kidney chip. Biomicrofluidics 11,
034114. doi:10.1063/1.4984768

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Zhao et al. 10.3389/fbioe.2022.1035647

https://www.frontiersin.org/articles/10.3389/fbioe.2022.1035647/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1035647/full#supplementary-material
https://doi.org/10.1042/bst0351473
https://doi.org/10.1039/c3lc50350j
https://doi.org/10.4110/in.2020.20.e13
https://doi.org/10.1086/524321
https://doi.org/10.1126/science.aan4526
https://doi.org/10.1053/j.gastro.2014.09.042
https://doi.org/10.1053/j.gastro.2014.09.042
https://doi.org/10.1016/j.cell.2014.12.021
https://doi.org/10.1096/fj.201801414R
https://doi.org/10.1096/fj.201801414R
https://doi.org/10.1136/gut.2004.062794
https://doi.org/10.1007/s10544-016-0143-2
https://doi.org/10.1038/ncb3047
https://doi.org/10.1002/adfm.201801825
https://doi.org/10.1063/1.5070088
https://doi.org/10.1016/j.celrep.2014.09.027
https://doi.org/10.1039/c6lc01374k
https://doi.org/10.1016/j.cell.2010.01.023
https://doi.org/10.1128/jcm.34.4.908-911.1996
https://doi.org/10.1097/00005176-200109000-00006
https://doi.org/10.1097/00005176-200109000-00006
https://doi.org/10.1038/nprot.2007.303
https://doi.org/10.1016/j.cell.2014.11.050
https://doi.org/10.1126/scitranslmed.3004249
https://doi.org/10.1126/scitranslmed.3004249
https://doi.org/10.1126/science.1188302
https://doi.org/10.1002/cpt.742
https://doi.org/10.1038/s41551-019-0397-0
https://doi.org/10.1038/s41551-019-0397-0
https://doi.org/10.1038/s41419-018-0304-8
https://doi.org/10.1073/pnas.0906850106
https://doi.org/10.1039/c6ra10407j
https://doi.org/10.3389/fbioe.2020.00272
https://doi.org/10.3389/fbioe.2020.00272
https://doi.org/10.1038/nm.2470
https://doi.org/10.1016/j.cell.2014.08.017
https://doi.org/10.1038/ncomms9989
https://doi.org/10.1039/c2lc40074j
https://doi.org/10.1039/c3ib40126j
https://doi.org/10.1073/pnas.1522193112
https://doi.org/10.1039/c6ib00162a
https://doi.org/10.1063/1.4984768
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1035647


Lisle, R. C. D. Impaired mucosal barrier function in the small intestine of the cystic
fibrosis mouse. Philadelphia, PA: AGA Abstracts.

Liu, Q., Zhang, X., Yao, Y., Jing, W., Liu, S., and Sui, G. (2018). A novel
microfluidic module for rapid detection of airborne and waterborne pathogens.
Sensors Actuators B Chem. 258, 1138–1145. doi:10.1016/j.snb.2017.11.113

Maimets, M., Rocchi, C., Bron, R., Pringle, S., Kuipers, J., Giepmans, B. N., et al.
(2016). Long-term in vitro expansion of salivary gland stem cells driven by wnt
signals. Stem Cell Rep. 6, 150–162. doi:10.1016/j.stemcr.2015.11.009

Maschmeyer, I., Lorenz, A. K., Schimek, K., Hasenberg, T., Ramme, A. P.,
Hubner, J., et al. (2015). A four-organ-chip for interconnected long-term co-
culture of human intestine, liver, skin and kidney equivalents. Lab. Chip 15,
2688–2699. doi:10.1039/c5lc00392j

Nakano, T., Inoue, I., Alpers, D. H., Akiba, Y., Katayama, S., Shinozaki, R., et al.
(2009). Role of lysophosphatidylcholine in brush-border intestinal alkaline
phosphatase release and restoration. Am. J. Physiology-Gastrointestinal Liver
Physiology 297, G207–G214. doi:10.1152/ajpgi.90590.2008

Nelson, M. T., Charbonneau, M. R., Coia, H. G., Castillo, M. J., Holt, C.,
Greenwood, E. S., et al. (2021). Characterization of an engineered live bacterial
therapeutic for the treatment of phenylketonuria in a human gut-on-a-chip. Nat.
Commun. 12, 2805. doi:10.1038/s41467-021-23072-5

Nierode, G. J., Perea, B. C., McFarland, S. K., Pascoal, J. F., Clark, D. S., Schaffer,
D. V., et al. (2016). High-throughput toxicity and phenotypic screening of 3D
human neural progenitor cell cultures on a microarray chip platform. Stem Cell Rep.
7, 970–982. doi:10.1016/j.stemcr.2016.10.001

Nikolaev, M., Mitrofanova, O., Broguiere, N., Geraldo, S., Dutta, D., Tabata, Y.,
et al. (2020). Homeostatic mini-intestines through scaffold-guided organoid
morphogenesis. Nature 585, 574–578. doi:10.1038/s41586-020-2724-8

Oleaga, C., Bernabini, C., Smith, A. S., Srinivasan, B., Jackson, M., McLamb, W.,
et al. (2016). Multi-Organ toxicity demonstration in a functional human in vitro
system composed of four organs. Sci. Rep. 6, 20030. doi:10.1038/srep20030

Per Arturssona’*, K. P., Palm, K., and Luthman, K. (1996). Applications of the
caco-2 model in the design and development of orally active drugs: Elucidation of
biochemical and physical barriers posed by the intestinal epithelium. Adv. Drug
Deliv. Rev. 22, 67–84. doi:10.1016/s0169-409x(96)00415-2

Ren, W., Lewandowski, B. C., Watson, J., Aihara, E., Iwatsuki, K., Bachmanov, A. A.,
et al. (2014). Single Lgr5- or Lgr6-expressing taste stem/progenitor cells generate taste bud
cells ex vivo.Proc.Natl. Acad. Sci. U. S. A. 111, 16401–16406. doi:10.1073/pnas.1409064111

S, H. A. R. C. R. A. B. P., Conradi, R. A., and Burton, P. S. (1990). Caco-2 cell
monolayers as a model for drug transport across the intestinal mucosa. Pharm. Res.
7, 902–910. doi:10.1023/a:1015937605100

Sachs, N., de Ligt, J., Kopper, O., Gogola, E., Bounova, G., Weeber, F., et al. (2018).
A living biobank of breast cancer organoids captures disease heterogeneity. Cell 172,
373–386.e10. doi:10.1016/j.cell.2017.11.010

Sato, T., Stange, D. E., Ferrante, M., Vries, R. G., Van Es, J. H., Van den Brink, S.,
et al. (2011). Long-term expansion of epithelial organoids from human colon,
adenoma, adenocarcinoma, and Barrett’s epithelium. Gastroenterology 141,
1762–1772. doi:10.1053/j.gastro.2011.07.050

Sato, T., Vries, R. G., Snippert, H. J., van de Wetering, M., Barker, N., Stange, D.
E., et al. (2009). Single Lgr5 stem cells build crypt-villus structures in vitro without a
mesenchymal niche. Nature 459, 262–265. doi:10.1038/nature07935

Saxelin, M. (2009). LactobacillusGG—A human probiotic strain with thorough
clinical documentation. Food Rev. Int. 13, 293–313. doi:10.1080/
87559129709541107

Shin, W., Hinojosa, C. D., Ingber, D. E., and Kim, H. J. (2019). Human intestinal
morphogenesis controlled by transepithelial morphogen gradient and flow-
dependent physical cues in a microengineered gut-on-a-chip. iScience 15,
391–406. doi:10.1016/j.isci.2019.04.037

Silva, M., Deneke, C., and Gorbach, S. L. (1987). Antimicrobial substance from a
human Lactobacillus strain. Antimicrob. Agents Chemother. 31, 1231–1233. doi:10.
1128/aac.31.8.1231

Snouber, L. C., Letourneur, F., Chafey, P., Broussard, C., Monge, M., Legallais, C.,
et al. (2012). Analysis of transcriptomic and proteomic profiles demonstrates
improved Madin-Darby canine kidney cell function in a renal microfluidic
biochip. Biotechnol. Prog. 28, 474–484. doi:10.1002/btpr.743

Theobald, J., Abu El Maaty, M. A., Kusterer, N., Wetterauer, B., Wink, M., Cheng,
X., et al. (2019). In vitro metabolic activation of vitamin D3 by using a multi-
compartment microfluidic liver-kidney organ on chip platform. Sci. Rep. 9, 4616.
doi:10.1038/s41598-019-40851-9

Thomas, S., Izard, J., Walsh, E., Batich, K., Chongsathidkiet, P., Clarke, G., et al.
(2017). The host microbiome regulates and maintains human health: A primer and
perspective for non-microbiologists. Cancer Res. 77, 1783–1812. doi:10.1158/0008-
5472.CAN-16-2929

Tian, Y., Zhang, T., Guo, J., Lu, H., Yao, Y., Chen, X., et al. (2022). A LAMP-based
microfluidic module for rapid detection of pathogen in cryptococcal meningitis.
Talanta 236, 122827–122829. doi:10.1016/j.talanta.2021.122827

Tremaroli, V., and Backhed, F. (2012). Functional interactions between the gut
microbiota and host metabolism. Nature 489, 242–249. doi:10.1038/nature11552

Turco, M. Y., Gardner, L., Hughes, J., Cindrova-Davies, T., Gomez, M. J., Farrell,
L., et al. (2017). Long-term, hormone-responsive organoid cultures of human
endometrium in a chemically defined medium. Nat. Cell Biol. 19, 568–577.
doi:10.1038/ncb3516

Van Biervliet, S., Mariën, P., Hoffman, I., and Veereman, G. (2003). Combined
impact of mucosal damage and of cystic fibrosis on the small intestinal brush
border enzyme activities. Acta Clin. Belg. 58-4, 220–224. doi:10.1179/acb.2003.
58.4.002

Villenave, R., Wales, S. Q., Hamkins-Indik, T., Papafragkou, E., Weaver, J. C.,
Ferrante, T. C., et al. (2017). Human gut-on-A-chip supports polarized infection of
coxsackie B1 virus in vitro. PLoS One 12, e0169412. doi:10.1371/journal.pone.
0169412

Vizoso Pinto, M. G., Rodriguez Gomez, M., Seifert, S., Watzl, B., Holzapfel,
W. H., and Franz, C. M. (2009). Lactobacilli stimulate the innate immune
response and modulate the TLR expression of HT29 intestinal epithelial cells
in vitro. Int. J. Food Microbiol. 133, 86–93. doi:10.1016/j.ijfoodmicro.2009.
05.013

Wei, H., Li, H., Mao, S., and Lin, J. M. (2011). Cell signaling analysis by mass
spectrometry under coculture conditions on an integrated microfluidic device.
Anal. Chem. 83, 9306–9313. doi:10.1021/ac201709f

Zhang, F., Liu, W., Zhou, S., Jiang, L., Wang, K., Wei, Y., et al. (2020).
Investigation of environmental pollutant-induced lung inflammation and injury
in a 3D coculture-based microfluidic pulmonary alveolus system. Anal. Chem. 92,
7200–7208. doi:10.1021/acs.analchem.0c00759

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Zhao et al. 10.3389/fbioe.2022.1035647

https://doi.org/10.1016/j.snb.2017.11.113
https://doi.org/10.1016/j.stemcr.2015.11.009
https://doi.org/10.1039/c5lc00392j
https://doi.org/10.1152/ajpgi.90590.2008
https://doi.org/10.1038/s41467-021-23072-5
https://doi.org/10.1016/j.stemcr.2016.10.001
https://doi.org/10.1038/s41586-020-2724-8
https://doi.org/10.1038/srep20030
https://doi.org/10.1016/s0169-409x(96)00415-2
https://doi.org/10.1073/pnas.1409064111
https://doi.org/10.1023/a:1015937605100
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.1053/j.gastro.2011.07.050
https://doi.org/10.1038/nature07935
https://doi.org/10.1080/87559129709541107
https://doi.org/10.1080/87559129709541107
https://doi.org/10.1016/j.isci.2019.04.037
https://doi.org/10.1128/aac.31.8.1231
https://doi.org/10.1128/aac.31.8.1231
https://doi.org/10.1002/btpr.743
https://doi.org/10.1038/s41598-019-40851-9
https://doi.org/10.1158/0008-5472.CAN-16-2929
https://doi.org/10.1158/0008-5472.CAN-16-2929
https://doi.org/10.1016/j.talanta.2021.122827
https://doi.org/10.1038/nature11552
https://doi.org/10.1038/ncb3516
https://doi.org/10.1179/acb.2003.58.4.002
https://doi.org/10.1179/acb.2003.58.4.002
https://doi.org/10.1371/journal.pone.0169412
https://doi.org/10.1371/journal.pone.0169412
https://doi.org/10.1016/j.ijfoodmicro.2009.05.013
https://doi.org/10.1016/j.ijfoodmicro.2009.05.013
https://doi.org/10.1021/ac201709f
https://doi.org/10.1021/acs.analchem.0c00759
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1035647

	Primary exploration of host–microorganism interaction and enteritis treatment with an embedded membrane microfluidic chip o ...
	Introduction
	Experimental section
	Materials and reagents
	Fabrication and assemblage of the microfluidic device
	Cell culture
	Establishing the gut-on-a-chip
	Establishing the intestinal on the Transwell® chamber
	Setting up the inflammatory bowel disease model caused by ESBL-EC on the chip
	Anti-inflammatory evaluation of L. rhamnosus GG and antibiotics
	Morphological studies
	Measurement of paracellular permeability
	Measurement of alkaline phosphatase activity
	Colony counting
	Statistical analysis

	Results and discussion
	Gut-on-a-chip microsystem design
	Human intestinal model on a chip
	Interaction between different types of bacteria and the host gut
	The therapeutic effect of probiotics and antibiotics on enteritis caused by ESBL-EC

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


