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gens, and exclusion of microbiota and 
exogenous hazards including bacteria. 
The ability of intestinal epithelial cells to 
actively transcytose nano- and micron-
sized particles has long been established, 
but the mechanisms and extent to which 
this process occurs in healthy intestinal 
tissues have been the object of significant 
discussion.[1] Specialized epithelial Micro-
fold (M) cells located in the gut associated 
lymphoid tissue (GALT) have high particle 
transcytotic capabilities.[2] In addition to 
their role in shaping intestinal immune 
homeostasis, M cells have been postu-
lated to play a key role in particle trans-
port. However, they represent <1% of the 
cellular population in the human small 
intestine and while M cells may contribute 
to particle transport across the intestinal 
epithelium, several studies have shown 
that they are not essential to particle trans-
port.[3–5] Conversely, there is strong evi-
dence that nano- and micro-particles are 
efficiently transported across enterocytes 
in villi within the small intestine.[1,6–8] 
For example, Reineke et al. conclusively 
demonstrated in a rat model that non-

phagocytic processes are key to the absorption of nano- and 
even micro-particles in the small intestine and, consequently, 
to their systemic bioavailability.[1] These studies refute the view 
that enterocyte transcytosis is a neglectable process in the small 

Understanding the intestinal transport of particles is critical in several fields 
ranging from optimizing drug delivery systems to capturing health risks 
from the increased presence of nano- and micro-sized particles in human 
environment. While Caco-2 cell monolayers grown on permeable supports 
are the traditional in vitro model used to probe intestinal absorption of dis-
solved molecules, they fail to recapitulate the transcytotic activity of polar-
ized enterocytes. Here, an intestine-on-chip model is combined with in silico 
modeling to demonstrate that the rate of particle transcytosis is ≈350× higher 
across Caco-2 cell monolayers exposed to fluid shear stress compared to 
Caco-2 cells in standard “static” configuration. This relates to profound phe-
notypical alterations and highly polarized state of cells grown under mechan-
ical stimulation and it is shown that transcytosis in the microphysiological 
model is energy-dependent and involves both clathrin and macropinocytosis 
mediated endocytic pathways. Finally, it is demonstrated that the increased 
rate of transcytosis through cells exposed to flow is explained by a higher 
rate of internal particle transport (i.e., vesicular cellular trafficking and baso-
lateral exocytosis), rather than a change in apical uptake (i.e., binding and 
endocytosis). Taken together, the findings have important implications for 
addressing research questions concerning intestinal transport of engineered 
and environmental particles.

ReseaRch aRticle

L. C. Delon, Z. Jia, B. Thierry
Future Industries Institute
University of South Australia
Adelaide, SA 5095, Australia
E-mail: benjamin.thierry@unisa.edu.au
L. C. Delon, Z. Jia, C. A. Prestidge, B. Thierry
Clinical and Health Sciences
University of South Australia
Adelaide, SA 5000, Australia

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smtd.202200989.

M. Faria
Department of Biomedical Engineering
The University of Melbourne
Parkville, Victoria 3010, Australia
S. Johnston
School of Mathematics and Statistics
The University of Melbourne
Parkville, Victoria 3010, Australia
R. Gibson
School of Allied Health Science and Practice
Faculty of Health and Medical Sciences
University of Adelaide
Adelaide, SA 5050, Australia

1. Introduction

The intestinal epithelium performs essential physiological 
functions in the selective absorption of nutrients and anti-

© 2022 The Authors. Small Methods published by Wiley-VCH GmbH. 
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intestine, which is consistent with the fact that transcytosis is a 
hallmark of polarized epithelial cells.[9]

Better understanding of the intestinal uptake of nano- and 
micro-particles is directly relevant to human health. This is par-
ticularly time-critical considering the multiple recent reports of 
the near-ubiquitous presence of man-made particles, including 
nano and microplastics, within our environment, including 
the oceans.[10] Man-made colloids can rapidly enter food prod-
ucts, as illustrated recently in Scallop Pecten maximus,[11] and 
have even be found in human placenta.[12,13] Understanding 
and quantifying intestinal absorption is also critical for the 
development of effective oral formulations of drugs. This is 
important as oral delivery of biologically active molecules is the 
preferred route for drug administration.[14] Particle formula-
tions can effectively protect their biological payloads from the 
harsh environment of the gastrointestinal tract, which is espe-
cially important for nucleic acids, peptides, and protein drugs/
vaccines.[15] One of the requirements for the successful applica-
tion of particle technology in oral drug delivery is their efficient 
absorption within the small intestine; and a lack of mechanistic 
insight into these processes has hampered the field.

A major bottleneck inhibiting the development of particle-
based delivery systems has been the lack of in vitro models 
able to quantify and predict the intestinal absorption (uptake 
and transport) of particles.[16] Caco-2 cell monolayers grown 
within Transwell static permeable support are the most estab-
lished in vitro model to evaluate the intestinal permeability and 
metabolism of molecules in dissolved states.[17] This is because 
the structural and functional differentiation of Caco-2 cell 
monolayers is somewhat similar to that exhibited by mature 
enterocytes. Robust correlations have been established between 
in vivo data and data obtained in Caco-2 cell monolayers.[18] 
However, Caco-2 cells cultured in static permeable support 
have extremely low rates of particle transcytosis.[19] While such 
assays are commonly used, there is little evidence demon-
strating effective transport of particles within standard in vitro 
monoculture models based on Caco-2 cells.[20,21]

The superior biological representation offered by microflu-
idic organ-on-chip models over static ones is now well estab-
lished.[22–24] These models offer the ability to apply biochemical 
and mechanical stimuli to cells within the microfluidic environ-
ment, which translates into distinctly different phenotypes and 
functions.[25–27] For example, Caco-2 cells cultured within intes-
tine-on-chip (IOC) models differentiate into all cellular subtypes 
of the intestinal epithelium.[28,29] IOC models are increasingly 
employed to examine the effects of drugs, as well as for person-
alized medicine and disease modeling.[28,30,31] Surprisingly, to 
date there is no report on transport of particles in IOC, but only 
a single study reports semi-quantitatively on the transport of 
nanoparticles within an organ-on-chip model: Huh et al. report 
increased nanoparticle transport rates in a lung-on-chip model, 
in better agreement with the physiological situation.[32]

To establish the validity of IOC models in particle absorp-
tion studies, here we systematically investigate the uptake and 
transport of nanoparticles within a microfluidic IOC model. We 
demonstrate Caco-2 cells display efficient nanoparticle transcy-
tosis in an IOC model, unlike when cultured in standard static 
permeable support models (350x increase). Importantly, rig-
orous quantification of the differences in transcytosis between 

these setups necessarily requires excluding the significant con-
founding experimental factors between the static and dynamic 
environments. We accomplish this by fitting our experimental 
data to a novel mathematical model that accounts for hydro-
dynamic differences and enables determination of the rates of 
particle transcytosis, apical uptake, and basolateral exocytosis. 
We demonstrate that the overall transcytosis rate is ≈900 fold 
higher in the IOC condition when compared to the static per-
meable support assay; and that this is largely explained by a 
≈500 fold increase in basolateral exocytosis of particles. It is 
noteworthy that the rate of apical uptake is largely unchanged 
between these conditions. Finally, we investigate the mecha-
nisms for this strikingly increased ability to transport nano-
particles by blocking specific uptake pathways. This is the first 
detailed investigation of the utility of IOC as models of the 
small intestine with respect to the intestinal uptake and trans-
port of nanoparticles. Additionally, it demonstrates the value of 
kinetic modeling to extract quantitative parameters from com-
plex organ-on-a-chip systems.

2. Results

2.1. Fluid Shear Stress Affects Morphology, Mucus Secretion, 
and Metabolism of Caco-2 Cell Monolayers

We have previously conducted a systematic study of the effect 
of fluid shear stress (FSS) on the phenotype and function of 
Caco-2 cells monolayers cultured on glass substrates within 
microfluidic devices with Hele–Shaw geometry.[33] Building 
on this data, we have now designed and established a micro-
fluidic IOC model compatible with particle transport studies 
and characterized the Caco-2 cells monolayers grown for 5 days 
on porous polycarbonate membranes under shear stresses of 
0.025 dyn.cm−2 (see Figure 1W). First, we demonstrate that the 
F-actin network displays a higher density in cells cultured in the 
IOC compared cells cultured for 21 days in the standard Tran-
swell static permeable support model (Figure  1A,B). We then 
compare the secreted mucus in the two models. As illustrated 
in Figure  1C,D, increased Alcian blue staining is observed 
in the IOC compared to the static permeable support model, 
confirming increase in glycocalyx production. Mucin 2 is also 
stained and is almost entirely absent in the static permeable 
support. In contrast, in the IOC, Mucin 2 expression is more 
pronounced, though inhomogeneous that possibly result from 
washing-off of the extracellular mucus during necessary sample 
processing for immunostaining (Figure  1E,F). The thickness 
of the mucus layer is estimated to be up to 5 µm (Figure S1E, 
Supporting Information) and is in agreement with previous 
studies demonstrating microfluidic FSS drastically increases 
the secretion of mucus by Caco-2 cells.[29,34] As expected, 
apical expressions of tight junction proteins zona-occludens 
(ZO)-1 and occludin were elevated in the IOC (Figure  1Q–T; 
Figure  S1C,D,F, Supporting Information), confirming the 
barrier integrity of the monolayers. Villin 1 expression is also 
increased on the apical membrane of cells in the microflu-
idic chamber and is up to 2 µm thick over the top of the cells 
(Figure 1G,H; Figure S1E, Supporting Information). This is in 
agreement with previous studies where it is shown that FSS 
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Figure 1. Effect of culture conditions on key characteristics and morphology of Caco-2 cell monolayers. Static culture (21 days) is shown in A, C, E, G, 
I, K, M, N, and Q, microfluidic IOC culture (5 days) in B, D, F, H, J, L, O, P, R, S, T, and V. A&B: 3D reconstructions (from z-stack) of confocal images 
displaying F-actin (green) and nuclei (blue) staining. C and D: Images from inverted microscope showing Alcian Blue staining for glycocalyx production. 
E and F: Confocal images (from z-stack) showing Muc-2 staining (yellow). G and H: Orthogonal projections of confocal images (from z-stack) showing 
villin 1 expression (green). I and J: Expression of the CYP450 3A4 (red). K and L: Confocal images (from z-stack) of active mitochondria (red) stained 
by Mitotracker Deep Red FM. M, N, O, and P: Digital holographic images of Caco-2 cells grown in static conditions for 21 days in static permeable 
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induces increased development of microvilli and a more dense 
network of F-actin.[31,35] We also demonstrate the expression of 
ezrin apically, which further confirms the polarization of Caco-2 
cell monolayer in the IOC (Figure  1V). Next, we visualize the 
expression of the enzyme cytochrome (CYP) 450 3A4 and the 
presence of active mitochondria. CYP450 3A4 is primarily pre-
sent on the apical surface of the cells and is markedly abundant 
in the monolayer grown in the IOC. In contrast, this enzyme 
is not expressed in the cells grown under static conditions in 
the static permeable support assay (Figure 1I,J). This suggests 
that drug metabolism may be improved in Caco-2 cells grown 
in dynamic versus static conditions.[36] However, further inves-
tigation of the effect of shear stress on the drug metabolism 
should be performed to ascertain the utility of IOC model in 
drug intestinal absorption studies. The mitochondrial activity 
(corresponding to higher mitochondrial membrane potential) is 
assessed by measuring the fluorescence intensity of Mitotracker 
Deep Red FM. Higher mitochondrial activity is observed in cells 
cultured in the IOC as compared to the population in the static 
permeable support (Figure  1K,L; Figure  S1G,H, Supporting 
Information) that is confirmed by imaging flow cytometry 
(Figure  S2, Supporting Information). Increased mitochondrial 
activity in Caco-2 cells cultured in the IOC may be associated 
with the changes in their tight junction proteins, as previ-
ously demonstrated.[37] Finally, we investigate the effect of FSS 
on the 3D structure/morphology of the cellular monolayer by 
using digital holography microscopy. We find that the Caco-2 
cell monolayers display an increased and more irregular optical 
thickness when grown in IOC compared to static permeable 
support (Figure 1M–P). Multi-nucleated cells were occasionally 
observed in Caco-2 cells monolayers grown under fluid shear 
stress within the IOC (Figure  S1F, Supporting Information). 
Altogether, this data confirm that the application of FSS within 
the microfluidic environment strongly influences the differen-
tiation and polarization of Caco-2 cell monolayers compared to 
the static permeable support environment that lacks fluid flow 
and thus does not provide mechanical stimuli to the cells.

2.2. Nanoparticle Characterization and Surface Modification

The colloidal properties of the fluorescently labeled polysty-
rene (PS) nanoparticles used in this study were systematically 
assessed (Figure  S3, Supporting Information). Aminated PS 
nanoparticles have a mean diameter of 200 nm with a narrow 
size distribution (PDI < 0.01) (Figure S3, Supporting Informa-
tion) and zeta potential of +10  mV. Homo-bifunctional poly 
ethylene glycol (PEG) carboxylic acid (molecular weight of 
2 kDa) is surface conjugated to the primary amines to coat the 
nanoparticles and increase their ability to transport through 
mucus as PEG coating significantly increases the mucus dif-
fusion coefficient of nanoparticles.[38,39] The PEG content and 
density are optimized by varying the ratio of PS to PEG used 

in the preparation process.[40] Terminal carboxylic groups on 
the grafted PEG chains are further reacted using carbodiimide 
chemistry to bioconjugate the nanoparticles with Concanav-
alin A (Con A). Con A is a lectin with high binding affinity to 
enterocytes apical membranes and has been shown to improve 
particle transport through the intestinal epithelium.[40,41] The 
zeta potential of PEGylated particles and ConA-modified par-
ticles decreases to −7 and −23  mV, respectively (Figure  S3, 
Supporting Information). The hydrodynamic diameter of the 
PEGylated and ConA particles increases compared to the ami-
nated nanoparticles (from 235 to 251 and 271 nm, respectively, 
PDIs for both PEGylated and ConA particles were <0.01).

2.3. Transcellular Transport of Nanoparticles within  
Intestine-on-Chip Model

Having characterized the Caco-2 cell monolayers grown in 
both IOC and static permeable support, we next quantify their 
respective barrier integrity by measuring the transport rates 
of Lucifer Yellow (LY) and FITC-dextran 4  kDa (FD4). These 
small hydrophilic molecules primarily cross the intestinal epi-
thelium via the paracellular route[42] and consequently their 
permeability varies depending on tight junction integrity and 
opening. Here, we refer to the apparent permeability Papp for 
transport of small tracer molecules, and to transcytosis rate tr for 
the transport of particles. For the IOC, samples were collected 
from the outlet of the basal/lower channel every hour for 6  h. 
For the static permeable support, the basolateral solution was 
sampled every hour for 4 h (see SM-8 for more details). Experi-
ments were repeated three times independently for each condi-
tion (see details in Experimental Section, SM-8). The apparent 
permeability coefficients Papp determined for Lucifer Yellow in 
both IOC and static permeable support are ≤12  nm  s−1, which 
indicates well-established Caco-2 cell monolayers.[43,44] The Papp 
for Lucifer Yellow in the IOC is significantly lower than in static 
permeable support (3  nm  s−1 versus 10  nm  s−1, respectively; 
p-value = 0.007; Figure 2A), which is consistent with the observa-
tion that monolayers cultured within IOC display higher levels 
of tight junction markers. This is also consistent with previous 
studies reporting higher transepithelial electrical resistance 
(TEER) for monolayers within IOC compared to static perme-
able support.[30] We also measure the permeability for FD4 to 
further assess the paracellular transport in both models. Papp 
for FD4 is 14.8 nm s−1 +/− 0.94 in static permeable support and 
3.8 nm s−1 +/−1.3 in IOC, (p = 0.005; Figure 2A). The Papp for FD4 
in Caco-2 monolayers in Transwell has been previously reported 
to be in the range 0.2 to 10 nm s−1.[45] This is a fairly broad range 
of values that may be related to differences in the experimental 
setup including the Caco-2 cells passage number (20–55). Nev-
ertheless, our data conclusively show that the permeability coef-
ficient for small molecules is lower for Caco-2 cell monolayers 
cultured within IOC than in static permeable support.

support (Static Transwell) (M,N) and in the IOC for 5 days under 0.02 dyn.cm−2 shear stress (O,P). Phase holograms (M,O), and reconstructed objects 
(N,P) are shown (scales indicate the optical thickness of cells). Q, R, S, and T: Confocal images (from z-stack) showing tight junctional protein ZO-1 
(green) expressed in Caco-2 cell monolayers cultured in Static Transwell (Q) and in the IOC at different magnifications (R, S, and T). U: Phase contrast 
bright field image. V: Confocal image (from z-stack) showing ezrin (green) expressed in Caco-2 cell monolayer cultured in the IOC and orthogonal 
projection xy showing apical expression of ezrin. W: Schematic of Static Transwell versus IOC set-ups used for the culture of Caco-2 cell monolayers.
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Next, we investigate the transport of highly fluorescent PS 
nanoparticles across Caco-2 cells monolayers grown in the two 
models. We chose to use 200 nm particles as this size is often 
considered to be the upper limit for transcellular transport by 
enterocytes.[46] We determine that the 200  nm FluoSpheres 
nanoparticles are transported across the cellular monolayer to 
a much greater extent in the IOC compared to the static perme-
able support conditions. The rate of transport tr is calculated 
(see experimental details) to be ≈2.00 × 10−5 nm s−1 in static per-
meable support and ≈0.007  nm  s−1 in IOC (p  =  0.009), which 
represents an increase of ≈350x for the cells cultured in the 
microfluidic environment (Figure 2B). As a control, a transport 
experiment is performed with no cells grown in either IOC. As 
expected, a significant increase is measured in both cases when 
compared to IOC with intact cellular monolayers (≈10 000-fold 
increase, p  =  0.0004, Figure  S4, Supporting Information). To 
confirm the integrity of the Caco-2 cell monolayers during the 
nanoparticle transport studies, we perform the transport experi-
ment simultaneously with rhodamine-labeled dextran 3  kDa 
(RD3). Similar to the data obtained for FD4 and Lucifer Yellow, 
RD3 has a significantly higher permeability in static permeable 
support than in IOC (Papp: 35.26  nm  s−1 in static permeable 
support versus 15.95 nm s−1 in IOC, p =  0.0006). Importantly, 
the RD3 data confirm that the presence of the nanoparticles 
does not significantly damage Caco-2 cell monolayer paracel-
lular barrier function in either model. This observation agrees 
with the previous report by Lamson et al. that only nanoparti-
cles smaller than 100 nm affect paracellular barrier integrity.[47] 
The FluoSpheres data indicate that in the IOC, an average of 
11  300 nanoparticles/h/cm2 are transported, while only 31 
nanoparticles/h/cm2 are transported in static permeable sup-
port. The actual kinetics of transport are presented in Figure S5 
(Supporting Information) and transport results summarized in 
Figure S6 (Supporting Information).

2.4. Experimental Effect of Flow Conditions during  
Transport Studies

Next we determine the effect of the presence of flow condi-
tions on both sides of the porous polycarbonate membrane 
separating the two fluidic compartments of the IOC (Figure 3). 

The absence of flow on both sides of the membrane during 
the particle transport experiment (“Chip transport without 
flow”) for monolayers grown for 5 days under fluid shear stress 
yielded a significant increase in transport in comparison to 
the situation when flow is present on both side of the mem-
brane during the same particle transport experiment (tr Chip 
even flow  =  0.007  nm  s−1 versus tr “Chip transport without 
flow” =  0.09 nm s−1; p =  0.02; Figure 3A). On the other hand, 
the Papp for the paracellular tracer RD3 dextran remains 
unchanged for the different flow conditions, which demon-
strates the maintenance of monolayer integrities. Similarly, the 
uptake of the nanoparticles without flow during the particle 
incubation experiment in the IOC is increased, but not signifi-
cantly (Figure S7, Supporting Information).

We also test the effect of applying a very low fluid shear 
stress, i.e., creating a “near-static” culture environment for the 
Caco-2 cells in the IOC (“Chip cells cultured with no shear 
stress”). Measurement for cells cultured within the IOC under 
fully static conditions could not be carried out due to its small 
volume and the need to regularly refresh the medium. Note 
that the actual transport experiment was in this case carried 
out under flow to allow for direct comparison. A significant 
decrease in the FluoSpheres tr was measured for monolayers 
cultured under the “cells near-static” condition (tr Chip “even 
flow” = 0.007 nm s−1 versus tr  ‘Chip cells cultured with no shear 
stress' = 0.0006 nm s−1; p = 0.02; Figure 3A), although it did not 
revert to the tr measured in the static permeable support model.

2.5. Effect of Surface Modification of the Nanoparticles

To better understand the relevance of the IOC in regard to nano-
particle transport, we determine the transport rate of PEGylated 
and ConA-modified FluoSpheres nanoparticles using the 
approach detailed above for aminated FluoSpheres nanoparti-
cles (Figure 3B). PEGylated FluoSpheres are transported across 
IOC-Caco-2 cell monolayers at 0.07  nm  s−1, which is higher 
than the transport rate measured for the aminated FluoSpheres 
nanoparticles (aminated FluoSpheres tr  =  0.007  nm  s−1 versus 
PEGylated FluoSpheres tr  =  0.07  nm  s−1, p  =  0.06). We also 
examine the effect of PEGylation of FluoSpheres on the uptake 
in the IOC, and observe a decrease in the uptake of PEGylated 

Figure 2. Effect of culture conditions on the permeability to small tracer molecules and on the transport of nanoparticles. A) Apparent permeabilities 
of Caco-2 monolayers for Lucifer Yellow and 4 kDa Dextran in static permeable support and in IOC (t-test, n = 3). B) Apparent permeabilities of Caco-2 
monolayers for 3 kDa Dextran and 200 nm FluoSpheres in static permeable support and in IOC (t-test, n = 3).
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FluoSpheres in the IOC compared to the static permeable sup-
port (at 2 h, p = 0.03) when the experiment is performed in the 
IOC (Figure  S8, Supporting Information). However, we have 
previously demonstrated that the uptake of PEGylated silica 
particles increases in a single layer microchamber IOC.[34] 
In combination, this supports the fact that PEGylated parti-
cles are taken up and transcytosed at a higher rate by Caco-2 
cells cultured in the two-chamber IOC. The rate of transport 
of the ConA-modified nanoparticles is also significantly higher 
than plain aminated FluoSpheres (aminated FluoSpheres 
tr  =  0.007  nm  s−1 versus ConA FluoSpheres tr  =  0.44  nm  s−1, 
p = 0.002).

2.6. Modeling of the Transport Data to Obtain Objective  
Quantitative Transcytosis Rates

The experimental setups for IOC and static permeable support 
models are different in several notable ways relevant to trans-

port studies. There are differences in: the introduction of the 
nanoparticle suspensions (continuously or once); whether par-
ticle sedimentation is a relevant phenomenon (no or yes); cell 
culture surface area; incubation dimensions; and the method of 
counting transcytosed particles.

To rigorously and quantitatively compare the transport of 
nanoparticles in these two cell culture systems, we develop and 
implement a mathematical model that accounts for these exper-
imental differences. Analogous approaches have been used 
previously to better quantify cellular association.[48] Within this 
model, the transcytosis is represented as a linear process, i.e., 
the rate of particle transcytosis is proportional to the amount 
of nanoparticles the cells are exposed to. We fit this model with 
our experimental time-course data (see Experimental Section 
for more details) to obtain the transcytosis rate tr (nm s−1) for 
the two conditions. This approach can be used to accurately 
compare the biological processes controlling the transport 
of the nanoparticles in an experiment-independent manner. 
Strikingly, when taking into consideration these experimental 

Figure 3. Effects of the flow conditions and nanoparticles coatings on FluoSpheres transport. A) Apparent permeabilities for FluoSpheres and 3 kDa 
Dextran in IOC measured in the absence of flow for Caco-2 cell monolayers grown for 5 days under flow condition (“Chip transport without flow”) 
and measured in the presence of flow for monolayers grown under near-static conditions (“Chip cells cultured with no shear stress”) (t-test, n = 3). 
B) Effect of PEG and Con A-PEG coatings of FluoSpheres on their apparent permeability within IOC (t-test, n = 3). C) Table summarizing the transport 
data with the different models. D,E) Experimental and fitted model for overall transcytosis.
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confounding factors, Caco-2 cells grown under the dynamic 
conditions of IOC are found to transcytose nanoparticles ≈900 
times more than those grown within the static condition of the 
static permeable support. (Figure 3D,E)

2.7. Computational Model to Delineate Nanoparticle Absorption 
and Exocytosis

Transcytosis of nanoparticles across the Caco-2 cell epithe-
lial monolayer can be considered as a two-step process. First, 
nanoparticles associate to cells (i.e., bind and are internalized). 
Second, cells exocytose nanoparticles into the basal compart-
ment. We seek to determine which of these biological processes 
is up-regulated for Caco-2 cells cultured within the IOC micro-
fluidic environment. To this end, we first measure the number 
of particles associated per cell in each of the two models over 
several time points (Figure 4A–C; Figure S9, Supporting Infor-
mation). In both models, the number of nanoparticles associ-
ated to Caco-2 cells increases as a function of time. However, 
significantly more particles accumulate over time in static 
permeable support than in IOC (Figure  S9, Supporting Infor-
mation). There are two contrasting possible explanations for 
this. First, this observation could be explained by a higher rate 
of nanoparticle association with Caco-2 cells cultured in static 
permeable support. Alternatively, Caco-2 cells cultured within 
IOC may exocytose nanoparticles at a higher rate, either in the 
apical compartment or in the basal one. To investigate whether 
increased apical exocytosis can explain these differences, we 
culture Caco-2 cells under dynamic and static conditions on 
glass substrates to eliminate the possibility for basal exocy-
tosis (similar to our previous study[34]). A significant decrease 

in the Caco-2 cells’ apical exocytosis of FluoSpheres is meas-
ured for cells grown in IOC compared to static permeable sup-
port (measured as mean fluorescence intensity (MFI), Static 
MFI  =  30  338 a.u. versus IOC MFI  =  8119 a.u., p  =  0.0005, 
Figure S10, Supporting Information).

To independently quantify the association and basal exocy-
tosis rates, we fit both the association and transcytosis data to a 
“two stage” computational model in which particles first asso-
ciate with cells in the apical compartment and are then eventu-
ally transcytosed to the basal compartment (see Experimental 
Section). As in Section 5.11., this computational modeling 
approach fully accounts for experimental differences and allows 
direct, quantitative comparison between experiments done in 
different perfusion conditions. Using this model, we calculate 
an association rate ar and a basal exocytosis rate br for each 
time course experiment. Interestingly, the association rate ar 
was remarkably similar for both conditions (6.23 nm s−1 versus 
6.60  nm  s−1 in IOC and in static permeable support, respec-
tively; Figure 4D,E). However, the basal exocytosis rate br is sub-
stantially different; it is more than 500 times higher for IOC 
than static permeable support models (0.98 and 0.0022 nm s−1, 
respectively; Figure 4F,G).

2.8. Biological Mechanisms of Nanoparticles Endocytosis and 
Transcytosis in Intestine-on-Chip

Finally, to understand the endocytic mechanisms by which nan-
oparticles are internalized and transported across Caco-2 cell 
monolayers cultured in IOC, we conducted a series of experi-
ments using a panel of pharmacological inhibitors that sup-
press specific endocytic pathways. Prior to the use of inhibitors, 

Figure 4. Effect of FSS on the uptake/association in/to cells of FluoSpheres. A) Number of FluoSpheres nanoparticles per cell over time in static 
permeable support versus IOC (Welch two-tailed t-test, n = 3). B) Normalized FITC intensity graphs at the 10 min and 2 h time-points. C) Images of 
FluoSpheres uptaken by Caco-2 cells cultured in static permeable support (top row) and in IOC (bottom row) (Channel 2: Alexa Fluor 488, Channel 4: 
brightfield). Experimental data and fitted “two stage” model for D,E) uptake and F,G) total trancytosis for monolayers grown in IOC and static perme-
able support.
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we aim to verify if the transcytosis activity observed is medi-
ated by energy-dependent processes. To this end, the cellular 
transport of FluoSpheres at 37 and 4 °C are measured as pre-
sented in Figure 5A. Permeability in the IOC to RD3 is mostly 
unchanged at 4 °C, which confirms the conservation of barrier 
integrity. However, conducting the experiment at 4  °C signifi-
cantly decreases the transport of the FluoSpheres nanopar-
ticles (≈99% reduction versus 37  °C, p  =  0.02) indicating that 
the transport is an active, energy-dependent phenomenon car-
ried out by the cells cultured under FSS conditions. The uptake 
as determined by imaging flow cytometry is also significantly 
decreased when cells are exposed to nanoparticles at 4  °C 
(p = 0.009, Figure S11, Supporting Information).

Various endocytic inhibitors were then used to further ascer-
tain the cellular mechanisms underpinning the vast increase 
in nanoparticle transcytosis in Caco-2 cell monolayers cul-
tured within IOC. Here, we show the percentage of transport 
of FluoSpheres relative to the control (i.e., exposed to particles 
but not treated with blockers) after blocking caveolae (phorbol-
12-myristate-13-acetate – PMA), clathrin (chlorpromazine 
hydrochloride – CPZ), macropinocytosis (N-(ethyl-N-isopropyl)-
amiloride – EIPA) pathways, and actin polymerization (Cytoch-
alasin D – CytD). CPZ, EIPA and CytD all cause statistically 
significant decreases in the transport of particles as summa-
rized in Figure  5. Blocking of the clathrin pathway with CPZ 
reduces the transport 68% compared to the untreated control. 
The decreases are 50% with EIPA and 45% with CytD. Treat-
ment with PMA does not induce a significant decrease (12%) 
in transport.

To provide a more comprehensive view of the transport pro-
cess, we also determine the effect of blocking these pathways 
on the association/uptake of the nanoparticles to/in cells using 
imaging flow cytometry. Treatment with CPZ and EIPA triggers 
the largest reduction in nanoparticle uptake (77%, p  =  0.003 
and 80%, p  =  0.003, respectively), followed by CytD (≈54% of 
decrease, p = 0.03) (Figures S11 and S12, Supporting Informa-
tion). Confocal images qualitatively confirm the imaging flow 
cytometry data (Figures S11 and S12, Supporting Information). 

Together, these results show co-mediation of clathrin-mediated 
pathway and macropinocytosis, which indicates the variety and 
non-specificity of nanoparticles endocytosis and transcytosis by 
Caco-2 cells cultured in the IOC. Most importantly, the results 
demonstrate that non-phagocytic (endocytosis) processes by 
polarized enterocytes are responsible for uptake and trans-
port of FluoSpheres in the Caco-2-IOC model. Finally, to fully 
ascertain the transcytosis of nanoparticles by Caco-2 cells in the 
IOC, blockers of vesicular trafficking were tested. Dynasore, a 
blocker of the GTPase activity of dynamin and hence dynamin-
dependent endocytosis in cells[49] leads to a significant decrease 
in nanoparticles transport (87% compared to untreated con-
trol; p  =  0.006; Figure  5B). Similarly, disruption of microtu-
bules with nocodazole significantly suppresses the transport 
of nanoparticles across the cells (decrease by 88%; p  =  0.006; 
Figure 5B). The effects of dynasore and nocodazole indicate a 
major involvement of the transcellular vesicular trafficking in 
the overall nanoparticle transport across the Caco-2 cell mon-
olayers cultured in the IOC.

3. Discussion

The passage of particles across the intestinal epithelium has 
been reported to occur by different pathways, namely trans-
cytosis through either polarized enterocytes[1,6,50] or M cells 
located in the GALT,[51] and to much lesser extent by paracel-
lular transport (tight junctions opening),[52,53] by persorption, 
i.e., through gaps at the villous tip following loss or renewal 
of enterocytes,[54] and more hypothetically through migratory 
macrophages and phagocytes.[55] As noted by Reineke et al. and 
others in mice and rat models, nano and sub-micron particles 
are mostly transported by the absorptive epithelium rather than 
in the Peyer's patches of the ileum.[1,6,56] In vivo and even ex vivo 
mechanistic studies are non-trivial to perform due to the com-
plexity and heterogeneity of the intestinal epithelium. In addi-
tion, while animal models remain the gold standard method 
to obtain insights on the bioavailability and biodistribution of 

Figure 5. Effect of temperatures and endocytic blockers on nanoparticles uptake/association and transport in Caco-2 cells cultured in IOC. A) Apparent 
permeability for FluoSpheres and 3 kDa Dextran for cells cultured at either 37 or at 4 °C (two-tailed Mann–Whitney test, n > 3). B) Relative percentage 
of FluoSpheres transport in presence of endocytic blockers (n = 3). Values were compared to the untreated control using t-test.
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orally administrated nanoparticles, quantitative insights on the 
intestinal uptake, and transport of nano- and micro-particles 
are difficult to extract. Moreover, animal studies suffer from 
noteworthy limitations, including well-known inter-species 
differences and existence of many confounding factors such 
as animals’ age, physiological and nutritional status, and the 
microbiome.

These challenges highlight the need for in vitro models 
that recapitulate the physiological transcytotic competency 
of enterocytes in the small intestine. While Caco-2 cell mon-
olayers grown in static permeable support have been widely 
used in drug intestinal absorption studies and generally corre-
late well with in vivo data for molecules in solute states, they 
display only limited transport of colloids.[20,21] For the first time, 
we provide both qualitative and quantitative confirmation that 
nanoparticles are actively transcytosed by the absorptive Caco-2 
cells cultured within an IOC model. We employ computational 
simulations to fit the experimental data. The results obtained 
from the computational model reveal that the increased trans-
port within IOC results from a significantly higher rate of nano-
particle basal exocytosis (500 fold) by the Caco-2 cells rather 
than from increased particle uptake. This explanation could not 
be distinguished from other potential explanations without the 
computational model, and highlights the importance of in silico 
models to tease out complex biological processes and eliminate 
the confounding factors associated with experimental set-ups.

The nanoparticle transport assay is carried out simultane-
ously with low molecular weight rhodamine-labeled dextran to 
ensure the integrity of the cellular monolayer. This provides a 
reliable quality control method to ensure the suitability of all 
tested IOCs prior to the start of the FluoSpheres nanoparticles 
(yellow-green fluorescence) transport experiment. The dextran 
data also confirm that Caco-2 cell monolayers cultured within 
IOC display higher barrier resistance to paracellular transport 
than when cultured in static conditions within static perme-
able support (Figure  2A). This is in agreement with previous 
studies[57,58] as well as with the high levels of expression of 
tight junctional proteins in IOC models as observed here 
(Figure  1) and previously reported.[33,59] The combination of 
these results suggests IOC models might not be well suited to 
study the intestinal absorption of soluble low molecular weight 
and hydrophilic molecules as they likely underestimate the 
permeability compared to the human intestinal epithelium in 
vivo.[18,60,61] Importantly, the simultaneous measurements of 
the FluoSpheres and LMW Dextran transport demonstrate that 
the 200  nm nanoparticles used here, either in the aminated, 
PEGylated, or Con A bioconjugated form, have no significant 
effect on the barrier integrity of the cellular monolayer, although 
a modest increase in the paracellular transport of Dextran was 
measured. The preservation of the integrity of the paracellular 
function of the Caco-2 monolayers in presence of the nanopar-
ticles is supported by the fact that ≈99% of the transport was 
inhibited at 4 °C. This observation is in agreement with recent 
in vivo data reported by Lamson et al. in their systematic inves-
tigation of the effect of nanoparticle physicochemical character-
istics on the paracellular barrier integrity and transport of low 
molecular weight macromolecules, such as dextran, as only 
particles smaller than 100 nm were found to moderately affect 
paracellular transport.[62]

The large increase in nanoparticle transport mediated by 
Caco-2 cells basal exocytosis in IOC can be somewhat com-
pared to the previous report by Huh et al. in which both lung 
epithelial and endothelial cells cultured within microfluidic 
devices display 4 times increased rates of nanoparticles trans-
location across the alveolar-capillary interface compared to 
static permeable support.[32] Although in this study the cells are 
mechanically stimulated by the application of 10% mechanical 
strain rather than by FSS, this confirms transcytotic capabili-
ties of epithelial monolayers are strongly influenced by mecha-
nobiological stimulation. As noted above, while several studies 
have confirmed that particles can be transported through the 
intestinal epithelium to achieve systemic circulation, most 
reports are qualitative. Available quantitative studies are usually 
focused on measuring intestinal absorption, and in vivo data are 
scarce on nanoparticle transport rate through the epithelium. 
However, Jani et  al. reported significant systemic availability 
for PS microspheres administrated orally for 10 days to female 
Sprague Dawley rats with extents ranging from 7% (1 µm par-
ticles) to up to 34% (50 nm nanoparticles) of the administered 
dose, depending on the particle size and other experimental 
parameters.[63] Our previous ex vivo microscopic study showed 
that ≈3% of 200 nm latex nanoparticles taken-up by the epithe-
lium are transported into the lamina propria within 4 h.[40]

Based on these considerations and our experimental find-
ings, we advocate that Caco-2 cells-IOCs have the potential to 
serve as a much-needed in vitro model of the small intestine 
for studies investigating the transport of colloids across the epi-
thelium. This is not an entirely surprising finding as, on one 
hand transcytosis is an inherent characteristic of polarized epi-
thelial cells, and on the other hand, it is now well established 
that dynamic culture conditions enhance the polarization of 
epithelial cells and alter their structure, function, phenotype 
and response to treatments compared to static conditions. For 
example, in the present report as well as our previous system-
atic study of the effect of the FSS, we find a significant increase 
in mitochondrial and potentially drug metabolism activity for 
Caco-2 cells within the IOC.[33] The dramatic influence of the 
microfluidic environment on Caco-2 cell phenotype was also 
shown in recent transcriptomic studies.[26,27] Heterogeneous 
phenotypes regarding cell cycles, differentiation, and intes-
tinal functions including digestion, absorption, drug transport, 
and metabolism of xenobiotics were observed. It is also note-
worthy that increased mitochondria biogenesis was observed 
in Caco-2 cells cultured in the IOC compared to the static per-
meable support culture. This observation agrees with several 
studies reporting increased mitochondrial biogenesis in vivo 
in response to fluid shear stress.[64] Mitochondrial function is a 
very important aspect of intestinal cell differentiation and func-
tion as well as intestinal homeostasis.[65] The increased trans-
cytotic potential of cells cultured in the IOC might be linked to 
this increased mitochondrial activity and this question warrants 
further investigation.

The application of FSS also leads the Caco-2 cells to secrete 
mucus, which is typically not the case for static culture. Interest-
ingly, the presence of mucus within the IOC does not hamper 
the FluoSpheres particle transport, although it may contribute 
to the lower rates of uptake compared to monolayers on static 
permeable support. The introduction of a muco-penetrating 
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PEG coating on the surface of the FluoSpheres nanoparticles 
leads to a further increase in both particle uptake and trans-
port, in agreement with our previous study in a one-layer IOC 
model.[35] It is however important to note that the mucus layer 
present within Caco-2 cells based-IOC differs in several impor-
tant ways to the mucus found in intestinal mucosa. First, it is 
of much lower thickness and somewhat inhomogeneous, and 
as such its ability to serve as an efficient physical barrier func-
tion is unclear. Second, intestinal mucus has a highly dynamic 
structure that is constantly and rapidly produced that might 
even produce a hydrophobic driving force “pushing” particles 
toward the intestinal epithelium and away from the aqueous 
lumen.[1] Further bioconjugation of the PEGylated nanoparticles 
with the lectin Con A leads to a further increase in the rates 
of uptake and transport, presumably due to efficient binding 
of ConA to enterocytes.[41] This demonstrates the feasibility of 
using IOC to objectively screen for biointerfacial engineering of 
particles aimed at increasing intestinal absorption.

Finally, we investigate the endocytic mechanisms under-
lying the nanoparticles transport within the IOC. Transport 
studies conducted at 4  °C almost completely inhibit nanopar-
ticles transport within the IOC while having no effect on the 
paracellular transport of low-molecular weight dextran. As 
a common pathway, clathrin-mediated endocytosis is often 
involved in the internalization of extracellular macromolecules 
and nanoparticles, and it can be inhibited by CPZ.[66,67] CPZ 
significantly reduces both the absorption and transport of the 
FluoSpheres nanoparticles, directly demonstrating the func-
tion of this pathway.[68] In addition, particles can be internalized 
via macropinocytosis by ruffling plasma membrane to form 
cargo-loaded macropinosomes.[69] Macropinocytosis has been 
previously demonstrated to be a main endocytic mechanism 
employed by Caco-2 cells to transport large iron (Fe)-binding 
protein.[70] In addition, previous studies on HeLa cells show 
that EIPA inhibits the uptake of positively charged, 113  nm 
diameter nanoparticles.[71] CytD is also partly an inhibitor of 
macropinocytosis and phagocytosis as it is inducing depolym-
erization of actin that is essential in this pathway.[72] Inhibiting 
macropinocytosis with EIPA and CytD leads to a decrease in 
nanoparticle uptake and transport, confirming the involvement 
of this pathway. Caveolae can bud off from the membrane to 
form caveosome, resulting in the endocytosis of extracellular 
content.[73–75] Based on the inhibition of the caveolae mediated 
pathway with PMA, it is however clear that the observed trans-
port of FluoSpheres is not mediated by caveolae.

While abundant literature exists describing the various cel-
lular pathways of nanoparticles uptake,[76,77] limited data are 
available for enterocytes in vivo. Molecular pathways of endo-
cytosis depend strongly on the size of the particle, and also on 
their biointerfacial properties. Reineke et al. report that 200 and 
500 nm carboxylated particles can be observed in cytosolic vesi-
cles in the rat small intestine and that the uptake of 500 nm and 
1 µm particles is mediated via clathrin-mediated endocytosis in 
combination with macropinocytosis and potentially phagocy-
tosis.[1] Although we only investigate one size of nanoparticles, 
which is a limitation of the present study, our data are in good 
general agreement with the data available in animal models, 
and supports the use of IOC models for nanoparticle transport 
studies.[46] Further investigation of the transport of nanoparti-

cles with different size, shape, and composition is warranted 
to further correlate the IOC model with existing ex vivo and in 
vivo data. While a liquid–liquid cell culture microfluidic con-
figuration is used in the present study, a further refinement of 
the method should investigate the feasibility of transitioning 
to air–liquid culture once priming of the cellular monolayer by 
culture under fluid shear stress is completed. This would sig-
nificantly broaden the scope of microphysiological models.

4. Conclusion 

In vivo animal models have significant limitations as evidenced 
by the paucity of quantitative studies. On the other hand, cur-
rent in vitro models based on static culture in static perme-
able support display very little nanoparticle transport, and as 
such do not recapitulate the levels of transcytosis observed in 
vivo. We demonstrate that monolayers of the commonly used 
absorptive Caco-2 cell line cultured within IOC have signifi-
cantly increased rates of transcytosis compared to monolayers 
cultured within static permeable support. Through the applica-
tion of a computational model, we conclude that this striking 
finding is due to a massive increase in basal exocytosis of 
absorbed particles, rather than in the rate of particle uptake. 
Mechanistic studies reveal the involvement of clathrin-mediated 
endocytosis and macropinocytosis as well as a major involve-
ment of the transcellular vesicular trafficking pathways, which 
is in conceptual agreement with the highly polarized nature 
of cells grown under fluid shear stress in microphysiological 
systems. While it is difficult due to the lack of data to quan-
titatively benchmark the uptake and transport data obtained 
within the IOC with in vivo data, we anticipate that IOC will 
become a mainstay approach to assess intestinal absorption 
and this work serves as a template for how to accomplish this 
for nano-carrier systems.

5. Experimental Section
Nanoparticles used in the study had been characterized by DLS. 
PDMS microfluidic chips were fabricated using soft lithography 
protocols. Caco-2 cells were cultured in DMEM medium with 10% 
FBS and 1% P/S for 5 days in the different microfluidic chips, their 
differentiation was characterized and compared to static Caco-2 cell 
cultures. Cell permeability assays to small molecules and nanoparticles 
were performed simultaneously based on fluorescence measurement 
and verified with endocytosis blockers, endocytosis, and exocytosis 
assays. Computational modeling using partial and ordinary differential 
equations enables to better quantify both uptake and transport of the 
particles. A detailed description of materials and methods is provided in 
SM-9 Appendix, Materials and Methods.

Code Availability: The git clone code used to objectively and 
quantitatively compare the transcytosis between static permeable 
support assays and IOC assays is freely available at https://bitbucket.
org/mwfcomp/cell_particle_kinetic_models.git git checkout 0f177f9.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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