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Pharmaceutical compounds are the main pillar in the treatment of various illnesses. To administer these
drugs in the therapeutic setting, multiple routes of administration have been defined, including ingestion,
inhalation, and injection. After administration, drugs need to find their way to the intended target for
high effectiveness, and this penetration is greatly dependent on obstacles the drugs encounter along their
path. Key hurdles include the physical barriers that are present within the body and knowledge of those
is indispensable for progress in the development of drugs with increased therapeutic efficacy. In this
review, we examine several important physical barriers, such as the blood-brain barrier, the gut-
mucosal barrier, and the extracellular matrix barrier, and evaluate their influence on drug transport
and efficacy. We explore various in vitromodel systems that aid in understanding how parameters within
the barrier model affect drug transfer and therapeutic effect. We conclude that physical barriers in the
body restrict the quantity of drugs that can pass through, mainly as a consequence of the barrier archi-
tecture. In addition, the specific physical properties of the tissue can trigger intracellular changes, altering
cell behavior in response to drugs. Though the barriers negatively influence drug distribution, physical
stimulation of the surrounding environment may also be exploited as a mechanism to control drug
release. This drug delivery approach is explored in this review as a potential alternative to the conven-
tional ways of delivering therapeutics.
� 2022 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

Drugs can be introduced into living organisms in several ways,
including intravenous administration (where the drug is directly
injected into the bloodstream), oral, topical, sublingual, rectal,
intramuscular, or subcutaneous routes. Each of these routes can
be beneficial for a specific application, and the administration
route is chosen based on the targeted tissue, necessary treatment,
and patient-specific factors. The administered drugs need to over-
come the body’s various external and internal biological barriers,
such as the skin or blood-brain barrier (BBB). Crossing some of
the barriers can be directly circumvented upon injection, where
the drug immediately enters the cardiovascular system, which
runs through the entire organism, connecting its most vital organs
[1]. Therefore, intravenous injection is an especially efficient drug
delivery method, as the drug can be transported along the vessels
with blood flow. However, the injected drugs get diluted by the
blood flow, and, as a result, the amount of drug uptake in the tar-
geted organ may be relatively low. Although the uptake through
the gastrointestinal tract (GI) or skin is circumvented with this
approach, the presence of trained healthcare professionals is often
necessary, and, in some patients, resistance towards injections is
developed. Additionally, circumventing the biological barriers is
not always possible. For instance, the BBB is characterized by lim-
ited transport between the lumen of the vessels and interstitial
space due to the formation of tight junctions in between endothe-
lial cells hampering the permeability of therapeutics. The perme-
ability is also severely limited because of efflux transporters
found on the luminal side of endothelial cells, such as P-
glycoprotein, multidrug resistance proteins, and breast cancer
resistance protein [2]. Another characteristic of the BBB is its expo-
sure to mechanical forces such as shear stresses and stretches (wall
strains) in the capillaries caused by the blood flow. Such forces can
have an influence on drug administration and should be taken into
account while considering drug delivery approaches aimed at the
BBB [3]. Orally administered drugs face the additional challenge
of passing the GI. The GI has a function of a barrier, with physiolog-
ically relevant characteristics including peristaltic motion, further
affecting the drug transport. Besides the peristaltic motion, the
mucus layer also affects oral drug absorption and it can be consid-
ered as one of the major barriers in the intestine. The mucus prop-
erties vary across the different parts of the GI and therefore, it has
diverse effects on drug transport.

The fraction of the drug that will pass through the endothelial
or epithelial barrier will be transported throughout the body,
where it may face additional physical restraints. The extracellular
matrix (ECM), secreted by cells, serves as structural support for
the cells and regulates their various functions. The ECM is present
in all tissues and can significantly vary in composition and proper-
ties, depending on the tissue type and its state, e.g. diseases such as
cancer can substantially change the mechanical properties of ECM,
influencing drug penetration. Finally, once the drug crosses the
barrier to the diseased zone, it can enter cells in several ways,
depending not only on the cell type but also on the drug formula-
tion. The drug can permeate the cell membrane by passive diffu-
sion or by binding itself to the receptors present on the
membrane. It can also be incorporated via endocytosis, a process
in which the cell itself engulfs external particles. This mechanism
2

is most common among drugs with nanometric sizes [4] and has
been extensively reviewed elsewhere [5].

The different ways of drug delivery can be tested in in vivomod-
els. However, these offer limited flexibility to study individual
parameters. The possibility to independently tune and alternate
various parameters and elements of the biomimetic physical tissue
microenvironment acknowledges the vast potential of in vitro
approaches to study and predict drug efficacy and transport
through barriers. Additionally, the interest in in vitro models as
alternative methods for testing drug adequacy is growing due to
the desire to reduce animal usage. Yet, typically employed
in vitro models have limited complexity. As such, they need to
incorporate additional parameters to fully replicate the native bar-
riers in the human body. For example, the most commonly used
in vitro models for the GI and BBB are static Transwell models in
two-dimensional (2D) culture formats. These models use inserts
with porous membranes that can be mounted onto a well plate
and serve as permeable support for growing cells either in mono-
or co-culture. Even though multiple cell types can be combined
in this system, the static models lack full physiological relevance
as mechanical stimuli, including flow and peristaltic motion, are
typically not included. Such mechanical stimuli are crucial for cell
proliferation and differentiation, showing the need for more
advanced barrier models than the traditional static ones.

Knowing different biological barriers which need to be over-
come by drugs before reaching the designated tissue is necessary
to design their most optimal formulation and choose the right dose
required for therapeutic effects. Without this knowledge, the drug
could undergo inactivation before reaching its target. It could also
get activated in a tissue that is not targeted or reach the target zone
in insufficient quantities for successful treatment. Therefore, in this
review, we provide a broad perspective on the main barriers in the
human body - that should be considered in drug development and
drug delivery studies. For in-depth characteristics of drug transport
through each of the discussed barriers, the reader is referred to
these specific reviews [6–11]. As the drug formulation and dosage,
before reaching clinical trials, could be tested and monitored in
detail in in vitro platforms, we also present here different
approaches to recapitulate physical microenvironments and their
role in drug uptake. Finally, we discuss how drug efficacy can be
modulated via physical stimulation for each of the main barriers
discussed.

2. Tissue characteristics as natural barriers for drug transfer

Natural barriers are characterized by a dynamic and complex
environment, which requires thorough understanding to success-
fully design appropriate drugs and models for uptake studies. In
the human body there is a multitude of natural barriers, which
should be considered while developing therapeutics and new drug
enhancement strategies. Therefore, in the following sections, we
will discuss, one by one, the endothelial barrier, epithelial barrier,
and the physical barrier of bulk tissue along with the ECM.

2.1. Endothelial barrier

Intravenous administration is one of the most common drug
delivery routes. Consequently, the first barrier most drugs need



Fig. 1. Mechanical forces in tissues: A) Blood vessel; B) Intestine. The dynamic environment affects gene expression, cell differentiation, and signaling pathways, therefore it
is considered crucial for establishing relevant models (set of different processes specific for contraction (purple) and relaxation (blue) shown schematically in the close-ups).
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to pass is connected to the cardiovascular system, notably the vas-
cular endothelium, which is an interface separating the blood from
tissues. Solutes and cells can pass through this barrier into the
extravascular space in a regulated manner, to maintain homeosta-
sis [12]. The blood vessels are lined with endothelial cells, blocking
the transport of molecules bigger than 66 kDa [13]. Typically, the
transport through the endothelial layer occurs via the transcellular
and paracellular routes.
2.1.1. Blood flow and vessels
Blood flow is an inseparable part of the cardiovascular system

and therefore, of blood vessels. In straight parts of blood vessels,
the movement of blood is laminar, which means that the motion
of blood could be represented as a set of parallel flow lines, show-
ing a gradual decrease in velocity from the center of the vessel to
its wall [14]. In the direction parallel to the blood flow, shear stress
is generated [15]. It can be characterized as the tangential drag
force exerted by the blood moving through the luminal side of
the vessel [16]. The velocity profiles of laminar blood flow through
the vessels show that the layer of blood which is in the closest
proximity to the vessel’s inner wall is relatively stationary in com-
parison with the innermost layer [17,18]. The velocity of blood
along with its viscosity are factors directly determining the shear
stress value to which the vessel’s endothelium is exposed [19].
The indirect factor playing a role in shear stress’ magnitude is
the vessel diameter [17]. Moreover, it has been shown by Zarins
et al. that the arteries’ diameter is regulated by the flow of blood
and, more precisely, by the homeostatic adaptation to keep the
shear stress at an optimal level. The lumen’s diameter increases
together with the increase of flow and shear stress [20,21]. There-
3

fore, the diameter of a blood vessel can be used as an indicator of
the expected values of shear stress. Laminar flow is often utilized
in in vitro models, even though it is a simplified way of mimicking
blood movement through the vessels. Blood flowing in the vessel
generates forces acting in more than one direction. Blood pressure,
as force-directed perpendicularly to the inner (luminal) part of the
vessel, generates normal stress and cyclic circumferential stretch
[22]. In the direction perpendicular to normal stress and shear
stress, the endothelial cells are subjected to stretching (See
Fig. 1A). Additionally, under physiological conditions in the human
body, the blood flow is pulsatile and not laminar. Oscillatory stress
results from disturbances in the flow of blood, and it is mainly
observed in large arteries’ curves and bifurcations as well as in ste-
notic arteries [23].

Various in vivo experiments reflecting different organs have
captured physiological values of shear stress. Lipowsky and col-
leagues investigated the microvasculature of cat mesentery and
found the shear stress inside the blood vessels to vary from 29.0
dyn/cm2 in venules to 47.1 dyn/cm2 in arterioles [24]. In the stud-
ies of coronary arteries, Krams et al. showed that the values of
shear stress in the endothelium ranged from around 20 to 80
dyn/cm2, depending on the inflow velocities used (from 10 to
30 cm/s) [25]. Cucullo et al. focused on the brain vascular system
in vivo and found the value of shear stress in capillaries to fall
between 5 and 23 dyn/cm2 and in venules to oscillate around 3
dyn/cm2 [26]. In turn, Santa-Maria et al. indicated that the shear
stress of 1.6 dyn/cm2 is an accurate in vitro representation of the
native brain postcapillary venule conditions [27]. As the numbers
differ depending on the vessel’s geometry and curvature, it is
imperative that in vitro models recapitulate conditions relevant
for a specific microenvironment.



Fig. 2. Graphical representation of drug uptake enhancement strategies, based on physical stimulation and enzymatic ECM disruption, for various tissues.
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2.1.1.1. Enhanced uptake strategies. Vascular endothelium poses a
challenge for larger molecules and therapeutics, such as nanopar-
ticles, which may not be able to cross it unless the barrier is dis-
rupted. Therefore, some advances in enhanced drug delivery
strategies have been made. Various strategies will be introduced
and discussed throughout the manuscript (See Fig. 2).

Qiu et al. demonstrated that drug transport through the
endothelial layer could be enhanced using magnetic forces [28].
The authors used both an in vitro model based on microfluidic
channels and an in vivo mouse model. They showed that by apply-
ing a controlled magnetic field in the presence of magnetic
nanoparticles, based on iron oxide-poly(ethylene glycol) (PEG), cel-
lular uptake of nanoparticles could be observed, together with the
distortion of alignment of actin filaments and tight junctions
between neighboring cells. As a result, the paracellular pathway
was activated, and the local delivery of drugs circulating in the
neighboring bloodstream was increased. The ability to penetrate
the endothelial layer by a 150 kDa anti-collagen molecule in the
in vitro model and an indocyanine green fluorophore in the
in vivo model was shown. The induced changes were temporal,
and after removal of magnetic force, the original endothelial cell
junctions and actin arrangement could be restored. Improving
transport through the endothelial barrier is very promising for a
broad application in drug delivery. It allows control over intra-
venous paths and circulatory systems in various diseases.
4

2.1.2. Blood-brain barrier (BBB)
One of the most prominent, yet very specific, examples of the

blood-to-tissue barriers is the BBB, an interface between the blood-
stream and the brain tissue. The BBB is the main obstacle that
drugs intended to treat diseased brain tissue need to overcome.
Its properties hinder conventional drug therapies, e.g. targeting
brain tumors, leading to the low survival rate of patients with
glioblastoma, a malignant type of brain cancer [29]. Therefore, it
is essential to investigate the BBB environment in vitro to have a
detailed understanding of the mechanisms hindering the drug
uptake and potentially enhancing it. In recent years a multitude
of various in vitro BBB models were proposed, taking into account
the dynamic, multicellular environment of native BBB.

The BBB is a selective interface between the blood vessels com-
posed of a monolayer of endothelial cells and a part of the central
nervous system mostly made up of astrocytes, pericytes, and neu-
rons. The permeability of the BBB is highly restricted and the trans-
port mechanisms are limited to transmembrane and transcellular
passive diffusion (in the case of lipophilic molecules with molecu-
lar weight lower than 400 Da), active transport (either in a form of
carrier-mediated transporters or as active efflux transporters,
which can carry larger or hydrophilic molecules as well as macro-
molecular complexes), endocytosis, and the extracellular pathways
[6,30,31]. As a result, substances such as hydrophilic molecules can
only pass through the BBB in case of its disruption or via



Fig. 3. Schematic representations of dynamic in vitro blood-brain barrier models with the introduced flow. A) Microfluidic setup with a medium/hydrogel reservoir and
porous membrane serving as the basement membrane on which the cells are grown. The medium flow, and thus shear stress, is introduced to the system via tubing connected
to the chip. B) A dynamic model consisting of a tube inside which endothelial cells are grown, a peristaltic pump providing medium flow, and a medium reservoir, all
interconnected with tubing. C) A close-up of the in vivo BBB environment, which the models strive to recapitulate.
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mentioned specific receptor-mediated transporters. In between
the blood and the brain part of the barrier lies the basement mem-
brane, which primarily consists of collagen type IV and laminin,
along with nidogen and heparan sulfate proteoglycans [32]. Tight
junctions (also known as zonula occludens) are crucial components
of the BBB, protecting the brain from the uptake of non-selective
substances such as pathogens and therapeutics. Tight junctions
are complex protein structures, mainly formed by claudins and
occludins. Their formation inhibits substrates from passing
through the areas in between endothelial cells, leaving only the
transcellular route as a way to access the brain [33]. This zonula
occludens formation makes the BBB endothelium unique among
the capillary blood vessels, as it hampers the ability of drugs to
cross and move from the bloodstream to the brain (cancer) tissue.

The brain microenvironment is subjected to flow and shear
stress. These, in turn, influence drug transport efficacy. The flow
in venous vessels present in the brain is pulsatile. Endothelial cells
on the luminal side of blood vessels are constantly subjected and
affected by all of the aforementioned forces (laminar/pulsatile
flow, shear stress, normal stress, cyclic circumferential stretch,
and oscillatory stress). Additionally, the drug’s transport, when
the flow is not laminar, is influenced by its relative residence time
on the vessel’s endothelium, dependent on the time-averaged wall
shear stress and oscillatory shear index [34]. Therefore, it is crucial
to study how blood flow inside the brain vasculature impacts the
transport of drugs through the layer of endothelial cells.

As the tightness of the BBB is one of its most crucial character-
istics, the most frequently used method for the quantitative mea-
5

surement of barrier permeability in microfluidic devices is
transendothelial electrical resistance (TEER) investigation. TEER
measurement is a common way of investigating the integrity of a
cell monolayer, and thus its paracellular permeability. It is based
on the assessment of either ohmic resistance or impedance using
a wide frequency range. The values obtained by these measure-
ments reflect cell barrier integrity and are usually used to evaluate
the model before drugs are introduced to it for penetration studies
[35]. However, a study conducted by Costa et al. revealed that,
although TEER is a convenient and widely used method of assess-
ing the integrity of the investigated BBB model, the resistance val-
ues may change due to a variety of physical parameters and cells
used. They showed that in comparison with human primary brain
endothelial cells, the frequently used human cortical microvessels
endothelial cells/D3 (hCMEC/D3) cell line shows a significant
decrease in claudin-5, occludin, and JAM2 expression, which con-
sequently leads to lowered TEER values for hCMEC/D3 cells [36].

2.1.2.1. Modelling of the blood-brain barrier and uptake studies. Var-
ious dynamic in vitro models have been developed to recapitulate
the native BBB (See Fig. 3). Garcia-Polite et al. utilized a system
based on a silicone tube coated with fibronectin to create an engi-
neered vasculature model [37]. Human brain microvascular
endothelial cells (hBMEC) were seeded inside the tube, after which
the construct was connected to a perfusion bioreactor and a peri-
staltic pump. A range of shear stress values was applied to the sys-
tem to examine how changes in the flow, and consequently shear
stress, affected the formation of tight junctions between the cells.
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For this investigation, the authors used markers for zonula
occludens-1 (ZO-1) and claudin-5. ZO-1 is the main cytoskeletal
organizer for endothelial cells, as it controls F-actin distribution
and governs the recruitment of proteins responsible for tight junc-
tions development. Therefore, it regulates barrier formation, which
is imperative in terms of selective permeability of the BBB and thus
drug penetration into the brain. Experiments on mice have shown
that claudin-5 inhibits the passage through the BBB of molecules
smaller than 800 Da. The EZ-LinkTM Sulfo-NHS-Biotin, with a
molecular weight of 443 Da, and Hoechst stain, with a molecular
weight of 562 Da, were used as model substrates [38]. They also
showed that high shear stress values of 40 dyn/cm2, as well as pul-
satile blood flow, result in a decrease in the expression of tight
junction markers, namely ZO-1 and claudin-5, to the values noted
for static controls at 0 dyn/cm2. Upon pulsatile flow being intro-
duced and maintained for 96 h, translocation of ZO-1 from in
between the endothelial cells towards the direction of the nucleus
and cytoplasm was observed. This situation is atypical, indicating
inhibited formation of tight junctions. hBMEC showed restricted
ZO-1 expression when grown under static conditions. The authors
also presented that hBMEC cultured under physiologic shear stress
(10–20 dyn/cm2) exhibit upregulated markers associated with
tight junctions. Compared to non-shear conditions, ZO-1 was 1.7-
fold higher and claudin-5 more than 2-fold. Interestingly, no astro-
cytes were involved in the model used. Instead, the authors applied
a human astrocyte-conditioned medium, which enhanced the
development of tight junctions.

Another essential factor for BBB permeability, in addition to
claudin-5 and ZO-1, is P-glycoprotein (P-gp), a drug transporter
found in the plasma membrane. P-gp was shown to limit penetra-
tion through the BBB of various hydrophobic molecules with
atomic masses larger than 400 Da, exporting them from the
endothelial cells back to the bloodstream. This was shown via
studies using cells from knockout mice and P-gp blocking agents
[39]. P-gp expression was also studied by the authors in an
in vitro model system. They found that under capillary-like values
of shear stress at 10–20 dyn/cm2, P-gp is upregulated by 1.5- to
1.6-fold. However, its activity decreased under high shear stress,
namely 40 dyn/cm2, and pulsatile flow. Interestingly, hampered
permeability induced by 40 dyn/cm2 can be reversed by applying
10 dyn/cm2, as indicated by recovered upregulation of tight junc-
tion markers. Overall, these studies show that the type and value
of the medium flow, and consequently the induced shear stress,
play an essential role in tight junction formation.

Elbakary et al. designed another BBB in vitro perfusion system
intended to study cytotoxicity along with the permeation of drugs.
It consisted of three chambers connected to a reservoir bottle and a
peristaltic pump, forming a complete circuit. The system enabled
co-culture and drug perfusion studies, but compared to the one
by Garcia-Polite et al., it lacks the curvature of a blood vessel
[37,40]. Endothelial cells were grown both on the coverslips and
on inserts. The flow rate of media and oxygen could be adjusted
using the peristaltic pump, and the rates investigated had values
of 275 mL/min (low rate) and 550 mL/min (high rate). In this system,
the coverslip’s location is an essential factor, as the shear stress
decreases 200–300-fold when the coverslip approaches the bottom
of the chamber [41]. Elbakary et al. measured TEER in both static
and dynamic conditions. The TEER was enhanced and maintained
longer when the fluid flow was applied to the system. Conse-
quently, a reduction in its flux across endothelium could be seen
when mitoxantrone was introduced. Mitoxantrone (444 Da) is
used to assess barrier function, as this drug cannot penetrate the
BBB unless the barrier is disrupted. Elbakary et al. investigated
how flow at 550 mL/min influences mitoxantrone permeability
through the endothelial monolayer. In the model, there was a lar-
ger flux of mitoxantrone from the basolateral (blood) to the apical
6

(brain) side than in the opposite direction. The ratio between
apparent permeability coefficients for both directions (efflux ratio)
was 1.6-fold greater for static and 3.6-fold greater for flow condi-
tions. It suggests that the efflux process is active, and the difference
in ratios may be related to the formation of a tighter barrier in
dynamic conditions. The flow application can positively influence
the formation of an impenetrable barrier, as shown by the increase
in TEER values and the difference in efflux ratios.

Santa-Maria et al. built a BBB lab-on-a-chip system made of
polydimethylsiloxane (PDMS) compartments connected by chan-
nels. A porous membrane with a pore size of 0.45 mm was placed
inside the device. Gold electrodes connected to glass slides were
placed over the top and bottom PDMS parts for TEER measure-
ments. Cell culture medium was supplied to the system by a peri-
staltic pump connected to the chip via silicone tubing [27,42]. The
authors investigated the BBB microfluidic system under two shear
stress values, namely 0.4 dyn/cm2 and 1.6 dyn/cm2. The latter was
chosen to represent conditions present in brain postcapillary
venules. They investigated human brain-like endothelial cells
(BLECs) and observed a downregulation in claudin-1, �3, and �7,
while expression levels of tight proteins associated with tight junc-
tions (occludin, JAMs, ESAM, MARVELDs) were unaltered. claudin-
5 investigated in co-culture with pericytes under flow showed a
decrease in expression, as opposed to its expression in co-culture
with astrocytes. This effect might suggest that the addition of per-
icytes is not essential for tight barrier formation. In turn, genes for
adherens junctions remained unaltered or upregulated due to
introduction of flow. The addition of shear stress at 0.4 and 1.6
dyn/cm2 elevated the TEER values significantly by 18%. Along with
an increase in resistance, the decrease in paracellular permeability
for the model compounds Lucifer yellow (molecular weight:
457 Da) by 78% and Evans blue labeled albumin (molecular weight:
67.5 kDa) by 93% was observed. A comparison was made with the
static control, showing that the endothelial cells formed a tighter
barrier. Santa-Maria et al. also reported the gene expression of
ATP-binding cassette transporter (ABC transporters or efflux trans-
porters) to be at the same level in the static and dynamic model.
The efflux transporters prevent molecules, which manage to dif-
fuse into the endothelial cells, from penetrating the brain by redi-
recting them into the bloodstream [43,44]. The solute carrier
transporters, which take part in the transport of various substrates,
such as amino acids, glucose, and organic ions, across the BBB [45],
showed either upregulated or unchanged expression levels under
dynamic conditions. On the other hand, the authors observed that
the endothelium was more negatively charged in the dynamic con-
ditions and had more lectin binding sites, specific to endothelial
glycocalyx [46]. This was the desired effect, as the abluminal side
of both the endothelial monolayer and basement membrane is
highly negatively charged in vivo, serving as an additional protec-
tive mechanism to prevent positively charged substrates from
crossing the BBB [47]. This lab-on-a-chip approach showed that
not only the choice of endothelial cells but also pericytes and/or
astrocytes could influence the formation of tight junctions. An
increase in TEER values under flow was observed; however, the
expression of significant tight junction proteins and ABC trans-
porters was unaltered or even downregulated. It might be con-
nected to the choice of BLECs and indicate that other endothelial
cell types would perform better in dynamic conditions.

Cucullo et al. utilized a dynamic in vitro BBB model (DIV-BBB),
composed of 50 polypropylene porous fibers, hollow inside to facil-
itate nutrient and gas exchange in the interface between the lumi-
nal and the abluminal compartment. A pump provided pulsatile
flow to the system [48,49]. hBMEC co-cultured with human astro-
cytes under both static and dynamic conditions were investigated.
The authors observed that exposure to shear stress at 6.2 dyn/cm2

upregulated expression of occludin, claudin-5, N-cadherin, and VE-
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cadherin (vascular endothelial cadherin). VE-cadherin is especially
important in relation to the permeability of the BBB, as it is char-
acteristic of endothelial cells and plays a role in their adhesion,
cell-cell communication, and tight junction formation [50]. How-
ever, it was shown that once the vasculature is well-formed, VE-
cadherin is no longer needed to sustain the barrier’s integrity
[51]. N-cadherin ensures the integrity of cell-cell adhesion, and it
can replace VE-cadherin when it is lacking in between endothelial
cells [52,53]. Furthermore, Cucullo et al. reported that capillary-like
shear stress increased the RNA levels of members of CYP1, -2, and -
3 families, namely, CYP1A1, CYP2B6, CYP2C8, CYP2J2, CYP3A4, and
CYP3A5 of cultured hBMEC. CYP enzymes play a key role in drug
metabolism, so their upregulation might indicate neuroprotective
system formation. Some of them, like CYP1B1, have been found
in the human BBB in vivo [54], though expression varies from
one individual to another. Interestingly, the presence of CYP3A4,
which was upregulated in the in vitro study of Cucullo et al., was
not found in the BBB in vivo [47]. This observation indicates that
although those enzymes seem desirable in terms of drug metabo-
lism, their appearance in the model system might indicate that the
actual in vivo conditions were not reproduced. Cucullo et al. found
that in dynamic conditions with a shear stress of 6.2 dyn/cm2, TEER
values of the co-culture model increased seven-fold compared to
the static control (700 O/cm2 vs. 100 O/cm2). Permeability studies
using D-glucose, Dilantin, L-asparaginase, Morphine, D-aspartic
acid, Sucrose, and Mannitol as model compounds have shown that
the permeability values change under flow. In general, the values
for static conditions were a few orders of magnitude higher than
those observed in flow models (one order of magnitude for D-
glucose and L-asparaginase, two for Sucrose, and three orders for
Morphine and D-aspartic acid). The values obtained with flow clo-
sely resembled the values detected in in vivo models. The studies
performed by Cucullo et al. corroborated findings by Garcia-Polite
et al. [37], Elbakary et al. [40], and Santa-Maria et al. [27], with TEER
values increasing under flow conditions, in comparison with static
conditions. The values might differ, as they depend on various fac-
tors, but the trend is uniform. Permeability for different drugs also
decreased when dynamic conditions were applied.

Another microfluidic chip design was reported by Partyka et al.,
who constructed a device with a reservoir filled with a hydrogel
obtained by mixing collagen type I with Matrigel and hyaluronic
acid with embedded astrocytes [55]. The model investigated tight
junction formation under low shear stress values (0.5 dyn/cm2)
and cyclic strain. Tight junctions were formed under shear stress
conditions when cultured for 96 h, as shown by ZO-1 staining,
which indicated an intact barrier, as opposed to the static control
in which gaps along the endothelium could be seen. The authors
also measured the TEER after exposure to shear stress. They
observed that the resistance increased significantly after three
days of a dynamic culture compared to the static control and in
relation to the initial TEER values. Apart from the tight endothelial
monolayer formation, another explanation for the increase in TEER
levels could be additional impedance stemming from the hydrogel
used in the system. Partyka et al. used 4 kDa fluorescein
isothiocyanate-labeled (FITC) dextran as a model compound to
investigate how pulsatile flow, and thus pulsatile strain occurring
in the vessels, impacted endothelial permeability. The use of
FITC-dextrans is a common practice when evaluating perivascular
transport in the microfluidic channels. Dextran is one of the
reagents frequently used to examine BBB tightness, as it can con-
trollably vary in molecular weight, which is one of the factors
determining drug permeability [56]. The authors concluded that
pulsatile flow induced retrograde transport of dextran along the
endothelium. The permeability coefficient values were much lower
for shear stress conditions (approximately 0.8–1.6 � 10�6 cm/s)
than in static channels (approximately 10 � 10�6 cm/s). The lowest
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permeability to FITC-dextran was observed in the model with both
endothelial cells and astrocytes subjected to shear stress. When
subjected to cyclic stretch, this model showed two-fold higher val-
ues. Based on the permeability studies performed with 4 kDa FITC-
dextran, the authors found that barrier development is dependent
primarily on mechanical stimuli rather than direct contact with
astrocyte endfeet. This result has been confirmed by Kubotera
et al., who removed the astrocyte endfeet covering rat capillaries
to determine the influence on the integrity of the BBB. The authors
did not observe relevant changes in permeability and, therefore,
concluded that the astrocytes are not imperative for BBB fabrica-
tion [57]. The permeability coefficient measured with FITC-
dextran for endothelial cells in flow conditions cultured without
astrocytes was higher than those in co-culture. Furthermore, sim-
ilarly high values for the permeability coefficient were obtained for
co-cultures undergoing cyclic stretch, where radial strain values
oscillated between 0 and 7.8 ± 0.4%. Another observation by Par-
tyka et al. was that a tight BBB environment could be successfully
reproduced without adding pericytes, which raises the question of
how important those cells are for BBB models recapitulating bar-
rier function. Astrocytes and pericytes are frequently used in BBB
models because they are present in the human organism in close
proximity to the endothelial monolayer, forming together the
BBB. However, it has been shown in more than one model that they
do not contribute directly to tight junction formation, and there-
fore they do not influence the permeability [37,57]. An interesting
finding of the study conducted by the authors is the positive effect
of pulsatile flow application on dextran transport, and that barrier
development is facilitated better without the addition of astro-
cytes, which was suggested earlier by Santa-Maria et al. [27]. How-
ever, Partyka et al. emphasize that mechanical stimuli, such as
shear stress and cyclic stretch, are imperative to stimulate the for-
mation of a non-permeable BBB environment in vitro. This trend
connected to shear stress has also been observed by Cucullo et al.
[48,49] though investigated using different drugs.

Another approach was implemented by Wang et al. They devel-
oped a microfluidic system, encompassing an insert with a co-
culture of endothelial cells and astrocytes grown on the opposite
sides of a porous membrane (See Fig. 4). The researchers refer to
their system as BBBoC (BBB-on-a-chip) [58]. The BBBoC consisted
of a lid layer, a neuronal chamber for cell culture and medium
reservoirs, and a layer with medium perfusion channels. The neu-
ronal chamber was located centrally in between two reservoirs
filled with medium. To circumvent the wall shear stress resulting
from the reciprocating flow, a ‘‘step chamber” has been introduced
inside the neuronal chamber. The insert was put over the deliver-
ing channel running underneath. The BBBoC was produced via
stereolithography. In this system, the flow was introduced using
a rocking platform, generating oscillatory shear stress due to the
reciprocating flow. This BBBoC model used gravity-based medium
flow to mimic the blood’s residence in brain tissues. TEER values
obtained by the step chamber introduction were roughly one order
of magnitude higher than for other systems mentioned above (See
Table 1). The authors also investigated the permeability of the
gravity-based device with minimized shear stress using FITC-
dextrans. They observed that FITC-dextran permeability decreased
by approximately 90% for 70 kDa compared to 4 kDa FITC-dextran.
These results corroborate the research by Matter and Balda. They
showed that smaller molecules could diffuse across endothelium
via both transcytosis and paracellular diffusion. However, if tight
junctions are well-formed, larger molecules will be excluded from
the paracellular transport route [59]. Wang et al. investigated the
permeability of their BBB microfluidic model using drugs varying
in their perfusion mechanisms. They utilized doxorubicin, which
does not penetrate the BBB, as it is transported back to the blood-
stream via active efflux transporters [60], cimetidine, which can



Fig. 4. BBB-on-a-chip presented byWang et al. A) Schematic representation of the layers fromwhich the device is made. B) Overview of the assembled chip. C) Side view with
a close-up on the neuronal chamber and the cells grown on both sides of the porous membrane. Figure reprinted from Wang et al. [58], with permission from Wiley.
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pass through the BBB with the use of organic cation transporters or
efflux transporters [58], and caffeine, which penetrates the in vivo
BBB rapidly either via carrier-mediated transport or via simple dif-
fusion [61]. The permeability values of the model of Wang et al.
correlate with those obtained in in vivo studies on drug penetration
across the BBB [62,63]. Indeed, the highest value was obtained for
caffeine (4.85 ± 1.84 � 10�4 cm/s), intermediate for cimetidine
(1.11 ± 0.09 � 10�6 cm/s) and the lowest for doxorubicin
(1.54 ± 0.66 � 10�7 cm/s). In their setup, the authors chose to min-
imize shear stress on the endothelial cells and refrain from using
pumps for medium flow introduction. They observed a tight
endothelial barrier, as investigated via TEER measurements. The
TEER values were higher for the system of Wang et al. [58] than
for other microfluidic systems mentioned beforehand, which
implemented pump-based medium flow, and therefore unidirec-
tional laminar shear stress [27,37,40,48,49,55]. The findings of
Wang et al. [58] do not indicate any negative impact of astrocytes
on barrier formation, as it was in cases of Santa-Maria et al. [27]
and Partyka et al. [55].

An overview of the dynamic set-ups used for BBB fabrication is
presented in Table 1.
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Different endothelial cell types were used for the models pre-
sented in this review. As such, the models cannot be directly com-
pared with one another, as mentioned by Wang et al., who stated
that hBMECs have proven to respond differently to shear stress
than other cell types commonly used in microfluidic devices. All
the above examples confirm the indisputable value of flow in
in vitro BBB models. Flow enables a constant supply of nutrients
and oxygen with simultaneous waste removal. It increases the
resemblance to the human organism by preventing phenomena
like gravitational settling and aggregation of nano-sized drugs used
in the systems. Lack of flow is one of the hurdles in static in vitro
systems, which are less representative of the human body’s phys-
iological environment, where no settling can be observed [64].
Dynamic models show enhanced tight junction formation and
lower permeability. Yet, the variety of flow rates used in the sys-
tems, and therefore the variety of shear stress values, pose the
question of which values are needed to have a truly representative
model. Further studies of dynamic models incorporating investiga-
tion of shear stress conditions are needed to develop a better
understanding of the cellular mechanisms hampering drug trans-
port across the BBB.



Table 1
The overview of dynamic in vitro systems with the introduced flow.

System Flow
Perfusion
Bioreactor
[37]

Kirkstall Quasi Vivo
(QV600) [40]

Lab-on-a-chip [27] DIV-BBB [48,49] BBB-on-a-chip [55] BBB-on-a-chip [58]

Type of used endothelial
cells

hBMEC PBMEC BLEC hBMEC hCMEC/D3 BMECs derived from human iPSCs

Co-culture No No Yes Yes Yes Yes
Flow type Steady/

pulsatile
Laminar Laminar Pulsatile Steady/pulsatile Reciprocating

Shear stress (dyn/cm2) 0–40 0–110 � 10�6 0.4 and 1.6 4 and 6.2 0.7 0.014–0.023
TEER (O � cm2) Not

measurable
448.1 ± 11.3 361.8 ± 166.3 –

425.5 ± 188.8
700 150–1200 2000–4000

Immunofluorescence
staining (tight
junctions detection)

ZO-1,
claudin-5

ZO-1 ZO-1, claudin-5, b-catenin,
P-glycoprotein (P-gp),
glucose transporter-1
(GLUT-1), ICAM-1, VCAM-1

Analysis via gene array (ZO-1,
claudin 3 and 5, cadherins, catenin
a2, and b1, and actin a2)

ZO-1, GFAP ZO-1, claudin-5

Permeability assay – Mitoxantrone transport
assay

Lucifer yellow, Evans blue
labeled albumin

D-glucose, Dilantin, L-
asparaginase, Morphine, D-
aspartic acid, Sucrose, Mannitol

FITC-dextrans FITC-dextrans, caffeine, cimetidine,
doxorubicin

Additional tests Western
blot

MTT cellular viability
assay

RNA sequencing analysis,
zeta potential
measurements, cell surface
glycocalyx staining

Glucose consumption, lactate
production, RNA extraction, and
gene analysis, endothelial cells
protein separation, 2D gel
electrophoresis

Micro-particle image velocimetry,
copGFP transfection

–

Outcome on drug transfer – The ratio between
apparent permeability
coefficients for both
directions (efflux ratio)
was 1.6-fold greater for
static and 3.6-fold greater
for flow conditions

Along with an increase in
resistance, the decrease in
paracellular permeability
for Lucifer yellow (by 78%)
and Evans blue labeled
albumin (by 93%) was
observed

The values for static conditions
were a few orders of magnitude
higher than those observed in flow
models. The values obtained with
the use of flow resemble closely
the values detected in in vivo
models

The permeability coefficient values
are much lower for shear stress
conditions than in static channels. The
lowest permeability to FITC-dextran
was observed in the model with both
endothelial cells and astrocytes
subjected to shear stress. When
subjected to cyclic stretch, this model
showed two-fold higher values

FITC-dextran permeability decreased
by approximately 90% for 70 kDa in
relation to 4 kDA. The highest
permeability value was obtained for
caffeine (4.85 ± 1.84 � 10�4 cm/s),
intermediate for cimetidine
(1.11 ± 0.09 � 10�6) and the lowest
for doxorubicin (1.54 ± 0.66 � 10�7

cm/s)
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Overall, in vitro models employed to study the BBB are an extre-
mely valuable tool enabling research on a molecular level. They
provide an opportunity to build the BBB environment in a con-
trolled way, where small alterations in just one of the components,
e.g. absence and presence of flow, the value of flow, absence, and
presence of astrocytes and pericytes, can be monitored. With this
approach, complementary to in vivo tests that explore systemic
effects, more light can be shed on the significance of each of the
monitored components.

2.1.2.2. Enhanced uptake strategies. To increase or control the drug
uptake through BBB, several approaches can be employed. Ultra-
sonic stimulation is a physical factor studied for its ability to
increase drug efficiency, e.g. in cancer treatment [65–68] and
transport through the endothelial layer or the BBB, as reviewed
elsewhere [69]. The application of ultrasound is based on thermal
or mechanical effects. For example, injection of microbubbles can
further increase drug penetration through the endothelial layer
and, as such, stimulate drug uptake due to the increased perme-
ability of the vasculature and cell membranes. The bubbles can
contract and expand under the ultrasonic wave and subsequently
collapse. This leads to the formation of small fluid jets that can
impact surrounding cells [68]. The focused ultrasound (FUS) com-
bined with microbubbles enhanced drug delivery through the
blood-tumor barrier. The ultrasound and microbubble destruction
causes high mechanical forces, directly disturbing the vascular
endothelial cell monolayer or leading to inertial cavitation that
releases drugs from liposomes [67]. When using FUS, the temper-
ature can be locally increased, leading to tissue ablation and, con-
sequently, increasing the blood circulation and drug transport in
the surroundings [68]. Ultrasound was shown to increase drug
penetration through the BBB due to the joined effect of tight junc-
tion disturbance, induction of transcytosis, and induction of pores
in the vascular endothelium [69]. In another study, Arvanitis et al.
[65] analyzed the effect of FUS using an orthotopic mouse HER2-
positive xenograft to model breast cancer metastasis to the brain.
Based on quantitative analysis of fluorescence imaging, the authors
observed increased drug penetration for two tested molecules, i.e.
the low–molecular-weight chemotherapeutic agent doxorubicin
(580 Da) and the antibody-drug conjugate ado-trastuzumab
emtansine (T-DM1; 66.5 kDa). The increase in extravasation of
the drug was seven-fold and two-fold, for doxorubicin and T-
DM1, respectively, and in penetration depth was greater
than 100 lm vs. < 20 lm for doxorubicin, and 42 ± 7 lm vs.
12 ± 4 lm for T-DM1, when compared to the control samples with-
out FUS. Based on the experimental results and modeling, the
authors concluded that FUS enhanced interstitial convective trans-
port due to the increased hydraulic conductivity. For small mole-
cules (doxorubicin), the transmembrane transport, drug uptake,
and binding to the nucleus in the endothelial cells were also
increased. Additionally, poorly perfused vessels with negative
transvascular pressure, lying near highly perfused vessels with
positive transvascular pressure, attracted the drug and increased
transport into poorly perfused tumor areas. In another study, Ho
et al. used ultrasound at 2 MHz and lipid-shell microbubbles of
1.12 lm in size [66]. The antivascular effect and doxorubicin pen-
etration were observed in the in vitro and in vivomouse model. The
higher the acoustic pressure used, the bigger the vessels that could
be disrupted, the higher the distance of drug penetration, and the
greater the tumor growth inhibition was. Tardoski et al. used
low-intensity ultrasound, at 2.9 and 1.3 MHz, with maximal pres-
sure of 0.29 MPa [67]. The authors aimed at avoiding cavitation
effects to eliminate the risk of tissue damage. They observed the
increased bisphosphonate uptake in the form of zoledronic acid
(270 Da) into MCF-7 human breast cancer cells via cadherin-
mediated endocytosis. Typically, the zoledronic acid could not pass
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the membrane by diffusion due to its negative charges. A further
increase in zoledronic acid uptake was observed when additionally
mild hyperthermia (approximately 43–44 �C) was induced via con-
tinuous ultrasound delivery. The effects were assigned to the
induced mechanical stresses, which did not affect cell membrane
integrity or cell growth rate, but induced endocytosis. The thermal
effects led to increased blood flow and increased endothelial per-
meability. Accumulation of small drugs in the heated area was also
reported [68].

Mechanical stresses were also tested to increase drug transport
through the BBB [55]. The authors studied how the vessel wall
stretch influences transport through BBB, using a microfluidic
approach integrated with a 3D hydrogel cell culture model. Con-
trolled shear stress (ca. 0.7 dyn/cm2) and cyclic strain, driven by
fluid flow, were applied. It was observed that both the shear stress
and cyclic stretch decreased the transport of 4 kDa dextran through
the vessel walls. It was also shown that the cyclic stretch facilitates
retrograde convective transport along the basement membrane. As
the stretch-induced transport is understood to contribute to waste
removal from the brain tissue, these findings can help to explain
pathological states, caused e.g. by vessel wall stiffening, leading
to the altered strains in the vasculature.

Overall, physical stimulation of tissues offers an attractive
approach in improving drug efficiency and targeted drug delivery,
reducing dose-limited side effects of chemical modulations, and
eliminating increased drug resistance. It can be tuned to obtain
local, minimally invasive, and transient effects. Thus the approach
is very promising to enhance the delivery of therapeutics into com-
plex and challenging environments such as tumors or brain tissue
(See Fig. 2). However, several issues remain to be addressed,
including well-controlled stimulation in different tissues and at
different depths and locations. Elimination of other accompanying
effects, such as tissue heating or alteration of the signal by complex
anatomical structures, needs to be resolved as well.
2.2. Epithelial barrier

Besides the endothelial barrier, a key barrier that needs to be
overcome for drug delivery is the epithelial barrier which defines
the interface between separate compartments. The epithelium is
the primary constituent of the intestinal barrier which on the api-
cal side forms a continuous border restricting the passage of mole-
cules [70]. Even though the interstitial epithelial barrier plays a key
role in drug transport, the epithelial barrier is also important for
skin and nasal drug delivery. Several recent reviews covered the
latter topics, to which we refer readers for more in-depth informa-
tion [71–74].
2.2.1. Gastrointestinal barrier
One of the most common ways of drug administration is via the

oral route, where the drug first needs to pass the GI tract to reach
systemic circulation [75]. When drugs are administered orally, a
key barrier that needs to be overcome is the mucus layer present
in the small intestine. This layer acts as a physical barrier for drug
transport [76]. The major structural components of the mucosal
barrier are the mucins, which are highly glycosylated proteins
interacting with each other and forming a mesh-like structure
[77], which can regulate drug penetration and diffusion. The small
intestine is composed of one layer of mucus situated in near prox-
imity of the epithelial cell affecting the absorption of molecules,
whereas the colon has an inner and outer mucus layer. The muco-
sal layer that is close to the epithelial cells is more stationary with
no flow, suggesting a longer retention time of drugs. The second,
loosely adhesive mucus layer, which is facing the luminal content,
is characterized by more flow and a shorter drug retention time.
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Modeling the human gut physiology in vitro is a challenging
task where multiple strategies have been applied to date to con-
struct the most physiologically relevant model. The mucosal bar-
rier has been recreated in several ways in vitro, including using
mucus-secreting cell lines and applying mucus on inserts [76].
However, these models lack the dynamic nature of physiological
conditions. Direct comparison between the classical Transwell
and dynamic in vitro tissue models is limited to only a few studies,
which have compared the transport of compounds such as caffeine
and atenolol [78], paracetamol [79], verapamil, and ergotamine
[80]. These studies show that the two models lead to different
results. Specifically, caffeine showed higher transport in the
dynamic model, whereas ergotamine showed reduced transport.
Furthermore, the dynamic conditions offer multiple other advan-
tages, such as effects on cell differentiation. A recent study by
Kulthong et al. investigated the differences in gene expression in
Caco-2 cells cultured under static and dynamic conditions [81].
More than five thousand genes were differentially expressed when
comparing the static and dynamic conditions, both up- and down-
regulated. Specifically, fluid flow caused upregulation of specific
metabolizing enzymes such as cytochrome P450 (CYP) A1A, essen-
tial for drug metabolism in the small intestine. However, the over-
all cellular metabolism was decreased based on the
downregulation of various individual genes, including enzymes
responsible for drug metabolism. In general, differences in static
and dynamic models suggest the importance of external stimula-
tion, with dynamic models more closely mimicking in vivo
environments.

Microfluidic models can be exploited to incorporate dynamic
elements, identify drug transport, test new therapies, and even
conduct drug safety testing. The establishment of physiologically
relevant dynamic GI models allows in vitro screening of drug mole-
cules for their ability to cross the intestinal barrier. Current models
mainly rely on the previously mentioned static Transwell models,
which fail to entirely recapitulate the complex gut morphology
[82]. The human gut microenvironment largely depends on the
mechanical stress applied by the peristaltic motion which relaxes
and contracts the tissues to move the gut contents through the
GI tract [83] (See Fig. 1B).

Moreover, the peristaltic motions shape the human intestinal
microenvironment affecting drug transport and absorption. There-
fore, mimicking together the peristalsis and the mechanical
stretching of the endothelial and epithelial layers is crucial for
developing physiological relevant GI models [84]. Additionally, in
the in vitro models, compounds often fail to cross the mucin layer
due to the limited residence time on the epithelial surface [85].
Ideally, to test the drug permeability across the mucus layer, the
models need to recapitulate the human mucus composition as
close to the physiological state as possible, including the mechan-
ically moving parts. The conventional static models fail to incorpo-
rate the flow and peristaltic motion, essential for mimicking
human gut physiology. Organ-on-a-chip platforms offer the ability
to recapitulate the gut in a three-dimensional (3D) design which
may establish a more physiologically relevant model [86]. Specifi-
cally, most gut-on-a-chip models are based on two microchannels
separated by a porous membrane. Commonly, Caco-2 cells are
seeded into the microchannels under static conditions to improve
adherence, and after that, a dynamic microenvironment can be
established by having peristaltic pumps creating media flow [87].
Various studies have investigated different intestinal models by
considering multiple factors influencing drug transport. Here, we
will discuss these models in more detail, focusing on how peri-
staltic movement affects drug transport.

2.2.1.1. Microfluidic gut-on-a-chip models and drug transfer stud-
ies. One of the first dynamic GI models, including intestinal
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peristalsis-like motions, was the gut-on-a-chip model developed
by Kim et al. in 2012 [82]. The proposed chip device comprised
two layers of closely opposed microfluidic channels separated by
an ECM coated porous membrane lined with human Caco-2 intesti-
nal epithelial cells. To mimic fluid flow culture, the medium was
perfused through both channels. The established fluid flow was
at a relatively low rate of 30 mL/h. The peristalsis-like motion
was achieved by applying cyclic suction regulated by a vacuum
manifold to vacuum chambers on both sides of the channels to
stretch and relax the ECM porous membrane. Upon the applied
flow, the Caco-2 cells underwent phenotypic modifications. Specif-
ically, the cells spontaneously organized into folds that appeared to
exhibit the morphology of intestinal villi. This spontaneous intesti-
nal villi formation is potentially related to mimicking the physio-
logical mechanical microenvironment with fluid flow and
peristaltic motions. The established gut-on-a-chip model recapitu-
lated the dynamic features of the human intestine, which play a
crucial role in mimicking the physiological intestinal transport
affecting the cell differentiation to more physiologically relevant
cell types. More recent work from the same research group devel-
oped an even more advanced gut-on-a-chip model where besides
peristalsis, inflammatory events were recreated in vitro [88]. These
events could serve as a base for studying how drug transport is
affected by pathophysiology. The villi in the model were able to
show immunological properties and drug-metabolic activity by
expressing cytochrome P450 enzymes. Moreover, the gut-on-a-
chip model developed by Kim et al. holds the potential to be used
as an in vitro tool for drug transport testing as well as for drug
development. Additionally, Beaurivage et al. created a gut-on-a-
chip model, using the OrganoPlate, to mimic inflammatory bowel
disease in vitro. They tested the validity of this model for drug dis-
covery [89]. The OrganoPlate was composed of 40 microfluidic
chips, each containing three microfluidic channels where an ECM
precursor was incorporated into the central channel, and Caco-2
cells were seeded in the top channel. The OrganoPlate device was
able to perform drug screening in a high-throughput manner.
Specifically, they exposed the cells to different concentrations of
an anti-inflammatory compound, TPCA-1, which caused reduced
basal cytokine secretion. Treating the cells with 1.25 mM TPCA-1
retained barrier integrity and did not affect the viability of the
cells. However, a higher concentration of TPCA-1 caused cell death,
affecting the barrier function. Therefore, this model can be used to
assess the effect of various compounds on barrier integrity.
Recently, Tan et al. also used Caco-2 cells to create a multi-
chamber microfluidic intestinal barrier model with peristalsis-
like movements, which can be used for drug transport studies.
The cultured Caco-2 cells in their model were able to differentiate
and polarize upon the presence of a relatively high continuous flow
rate (65 mL/min) [90]. Interestingly, they used an alternative to
PDMS, namely a thiol-ene based novel membrane system. This
material has a low affinity for the absorption of molecules com-
pared to PDMS, which is notorious for absorbing small hydropho-
bic molecules, making its use challenging for drug transport
studies [91]. Specifically, the permeability of the thiol-ene
microfluidic device was investigated by applying mannitol, dex-
tran, and insulin as model compounds. The permeability of all
three compounds was higher in the microfluidic model. The
Caco-2 cells used in the model can show discrepancies in the
expression of enzymes and transporters, but also the differences
in tight junction formation compared to the human intestine
[92]. Furthermore, the most commonly used Caco-2 cell lines for
intestinal models do not produce the major mucin types, such as
MUC2, which is crucial for the establishment of the mucus layer
[93]. Therefore, the Caco-2 cells need to be co-cultured with other
mucin-producing cells to represent the mucus layer closely. When
it comes to microfluidic models, to mimic the physiological drug
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permeability, it is essential, besides including peristaltic motions,
to include the mucus layer. To study the impact of the mucus bar-
rier on drug diffusion, a comparison between mucus-containing
and non-containing models needs to be performed.

Besides the Caco-2 cell models, Lee et al. designed a stomach-
on-a-chip using human-induced pluripotent stem cells (hiPSCs)
differentiated into gastric organoids, where luminal flow and peri-
staltic movement was observed [94]. The luminal flow was estab-
lished by using biomimetic periodic pumping. The device was
manufactured by 3D printing, followed by PDMS molding in which
hiPSC gastric organoids were integrated. The peristaltic movement
was confirmed by visualizing FITC-dextran as a model compound,
where each contraction corresponded to the peristaltic pump
speed. This stomach-on-a-chip model holds potential for personal-
ized drug screening with models composed of patient-derived
iPSCs. However, future studies are needed to establish the ability
to investigate drug transport in this model. Besides using iPSCs
in stomach-on-a-chip, Workman et al. have differentiated iPSCs
to human intestinal organoids to establish an intestine-on-a-chip
model [95]. Their model was composed of a porous PDMS mem-
brane and incorporated continuous flow at a rate of 30 mL/h. The
continuous flow exposure resulted in the formation of polarized
intestinal folds containing enterocytes, Paneth cells, goblet cells,
and endocrine cells. Specifically, the presence of different cell types
created a more physiologically relevant microenvironment. Over-
all, based on cell differentiation and, therefore, the presence of a
more complex mixture of cell types, these studies show that the
use of iPSCs can mimic the physiological conditions more realisti-
cally when compared to the Caco-2 cell models. Additionally, using
iPSCs can potentially be used to test drug transport in specific dis-
ease conditions where for example, the peristalsis is affected and
therefore affects drug transport. Kasendra et al. developed a duode-
num intestine chip for preclinical drug assessment [96]. In their
model, intestinal organoid cultures isolated from healthy individu-
als were seeded on one side of ECM-coated PDMS membranes,
while on the other side primary human intestinal microvascular
endothelial cells (HIMECs) were used. The cells were exposed to
cyclic mechanical strain to create physiologically relevant forces
mimicking peristaltic motion at 60 mL/h. The application of flow
accelerated the formation of densely packed apical microvilli and
stimulated the maturation of the epithelium polarization. To test
the intestinal barrier function and permeability of the model, the
authors investigated the permeability of dextran. The low perme-
ability coefficient of FITC-dextran indicates that their model suc-
cessfully forms a functional barrier. The results show that the
proposed duodenum intestine-chip model can mimic in vivo
results and aid preclinical drug assessment. The authors compared
the mRNA expression of relevant cell types, including enterocytes
and goblet cells of the intestinal chip to RNA values directly iso-
lated from human intestinal tissue. Furthermore, they observed
that the expression of P-gp in their model had a relatively smal
increase (�1.5–2.6 fold) compared to human native tissue. Even
though their model showed intestinal permeability, future studies
need to determine the ability of this model to assess the perme-
ability of different drugs. Interestingly, besides drug transport
studies, the platform allowed the investigation of CYP450 induc-
tion which is a promising way to investigate drug metabolism
in vitro. For instance, Pocock et al. recently established a microflu-
idic intestine-on-a-chip model for evaluating the transport of the
cancer pro-drug SN38, which has very low bioavailability [78].
The same research group designed several lipophilic pro-drugs of
SN38, which were used to evaluate their model for transepithelial
transport of drugs. The intestine-on-a-chip model was composed
of four membranes, three of which were PDMS and one polycar-
bonate. On the apical side of the model, Caco-2 cells were cultured,
and fluid shear stress was applied. To test the drug transport, SN38
12
and the prodrug formulations were applied to the apical side of the
model. At 30 min intervals samples were collected from the basal
side, and the drug concentration was measured by using ultra-fast
liquid chromatography. Besides the SN38 prodrugs, they also used
model compounds, such as caffeine and atenolol to test the sys-
tem’s permeability, which revealed that the coefficients obtained
were in approximate comparison to physiological conditions.
Overall, besides the model compounds, the SN38 prodrugs perme-
ability coefficients could be determined, suggesting that this model
mimics key characteristics of the intestinal epithelium, including
the dynamic conditions. To study the mucus layer in vitro, Elber-
skirch et al. developed a microfluidic mucus-chip system composed
of a porous silicon nitride membrane, an upper channel with a por-
cine intestinal mucus layer, and a fluidic channel connected to a
peristaltic pump [97]. This mucus-chip system can evaluate the
permeability of compounds via the mucus barrier, which is often
neglected in the traditional Transwell systems. As the mucus com-
position varies in different physiological conditions, the mucus-
chip system allows multiple adjustments, such as adapting the
mucus layer thickness based on the mimicked in vivo situation.
The system was validated by measuring the diffusion of the rela-
tively small molecules caffeine (194.2 Da) and diclofenac sodium
(318.1 Da), as well as a large molecule FITC-dextran (70,000 Da)
under fluidic conditions for three hours with and without the
mucus layer. The results showed that the test compounds crossed
the mucus barrier with different permeability based on their size,
which is considered a major permeability factor across the mucus
barrier. Using a mucus-chip system allows testing the drug mucus
barrier permeability. All of the above-discussed models vary in
their components and manufacturing process, making it challeng-
ing to determine the most appropriate characteristics of an ideal GI
in vitro model. However, the importance of implementing peri-
staltic motion was observed in all of them. Overall, mimicking
the key characteristics of the GI, such as peristalsis in vitro, has sig-
nificant potential to improve the current set-ups for in vitromodels
used for drug transport studies.

2.2.2. Enhanced uptake strategies
The intestinal thiol-ene microfluidic model of Tan et al. investi-

gated the transport of drugs with low absorption rates including
insulin [90]. To enhance the uptake they applied a permeability
enhancer namely tetradecyl-maltoside. When the permeability
enhancer was introduced, the permeability increased in both static
and microfluidic models across the Caco-2 monolayer. The perme-
ability enhancer was beneficial for insulin due to its low oral
bioavailability. The model allowed permeability studies of three
different compounds combined with permeability enhancers,
which might serve as a relevant model for drug transport and
delivery studies. Another potential way of enhancing oral drug
delivery is by using liposomes that can successfully cross the
mucus barrier [98]. Li et al. used Pluronic F127 (PF127) polymer
modifier for the composition of the liposomes. The usage of
PF127 improved the stability of the liposomes. Additionally, they
observed that their liposomes could diffuse through the rat intesti-
nal mucus barrier. Taking into account their results, the usage of
PF127-modified liposomes seems like a promising way of improv-
ing the drug delivery via the mucus barrier. Besides developing
strategies for increased drug uptake upon oral administration,
enhancement strategies are popular for other ways of administra-
tion. Specifically, nasal and topical drug delivery are very attractive
routes for drug administration due to the direct accessibility, high
available absorption area, low risk of infection, and possibility of
painless and patient-friendly drug application. Typically, these tis-
sues reveal limited permeability, especially for larger drugs. The
opportunity to increase the uptake by physical, mechanical or elec-
trical simulation, not requiring any additional chemicals, can be
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considered safe and, therefore, very interesting from the applica-
tion point of view (See Fig. 2).

Increased drug delivery under load was observed for the nasal
mucosa. Kwon et al. applied centrifugation hypergravity
(10 � increased gravity force) on a human nasal epithelial cell line
and primary human nasal epithelial cells cultured in the plate [99].
Hypergravity caused a decrease in the TEER. As a result, the cell
barrier was weakened, and the passage of polar drugs (fluores-
cently labeled 4 kDa dextran and sodium salt) was increased by
16–19%. The uptake mechanism was via the paracellular route -
the gaps between the cells. A slight decrease in cell proliferation
(ca. 7%), changes in the cytoskeleton organization, and upregula-
tion of the expression of the junctions-related genes were
observed. The authors concluded that hypergravity leads to
cytoskeletal rearrangement, causing transient alteration in the
tight junctions and consequently increasing drug permeability.

Lio et al. proposed another approach to decrease the tight junc-
tion and cell barrier in the skin tissue [100]. The authors used neo-
dymium magnets to pinch the skin and induce temporal pressure
(0.14–0.4 MPa). They showed that a one-minute treatment with
0.28 MPa pressure led to the formation of reversible, approxi-
mately 3 lm-size pores in the epidermal layers, allowing the trans-
port of different drugs (nanoparticles up to 500 nm,
macromolecules up to 20 kDa) in a distance of 430 lm from the
skin surface. After such optimized treatment, the skin barrier was
not compromised, as observed by lack of epidermis thickening or
inflammation. More prolonged application of pressure of over five
minutes and higher pressure values further increased the drug
uptake. However, this induced adverse effects on the skin. This
approach successfully delivered insulin via the topical route to dia-
betic mice. The authors suggested that the transport of drugs hap-
pens through both the paracellular and transcellular routes. A
different approach used photomechanical pulses in the form of
pressure waves to increase the transport of drug molecules
through the skin [101,102]. A single, 23-ns mechanical pulse gen-
erated by a laser allowed for a transient increase in permeability of
the stratum corneum, the most outer layer of the skin, and delivery
of fluorescently labeled 40 kDa dextran and 20 nm latex particles,
to the depth of ca. 50 lm into viable dermis and epidermis [101].
3. Load-bearing tissues and enhancement strategies

From a drug delivery perspective, load-bearing tissues are of
great interest, as drug efficacy may depend on tissue mechanics
and physical parameters. The dependence between mechanical
load and drug diffusion was established by analyzing drug uptake
in load-bearing tissues, such as cartilage, tendon, or muscle. DiDo-
menico and Bonassar studied the diffusion of solutes with different
charges within articular cartilage in ex vivo experiments [103]. The
authors used the fluorescently labeled 150 kDa-size antibodies and
traced their penetration into cartilage. The highest solute concen-
tration was observed 200–300 lm in depth from the cartilage sur-
face. At these distances, the relative content of ECM (e.g. collagen)
in the tissue is lower, and the pore sizes are larger when compared
to the superficial tissue. As a result, the contribution of diffusion
increased, specifically 1) for positively charged drugs, which can
be explained by the electrostatic interactions with the net negative
charges of the tissue matrix [104], and 2) under compressive load-
ing applied at the frequency of 1 Hz (1.5–3 fold), scaling up with
increased cyclic amplitude [103]. The latter result was explained
by the fluid flow perpendicular to the tissue surface, induced by
the cyclic load. In other studies, the dynamic compression was
shown to increase the effectiveness of insulin-like growth factors
in articular cartilage explants, as measured by an increase in the
protein and proteoglycan synthesis, also due to increased fluid flow
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[105]. Interestingly, Lima et al. have shown that the dynamic
mechanical loading can outstandingly improve mechanical and
biochemical properties of the engineered cartilage tissue when
provided after discontinued supplementation of transforming
growth factor- b3 (TGF b3) [106]. The authors claim that providing
mechanical stimulation and the addition of growth factors sequen-
tially, yields optimal results. In another study, Huang and Gu used
a numerical approach to test the effect of tension-compression
nonlinearity on drug transport under dynamic loading [107]. They
observed that both, the nonlinearity of tension-compression and
dynamic compression without nonlinearity, enhanced the trans-
port of larger molecules (2–4 nm size) in the cartilage due to
induced convection. This effect was diminished for smaller
molecules.

The specific function of muscle, having the ability to contract
with given force and frequency, influences drug transport and effi-
cacy in a complex manner, going beyond passive diffusion [108–
110]. Several studies have investigated the uptake of drugs or
model compounds connected to the metabolic activity of contract-
ing muscle [111–113]. The studies of Wu and Edelman went
beyond this paradigm, testing the combined effect of tissue
dynamics and architecture on the local drug distribution in the
muscle [108]. They used custom-made devices to apply controlled
tensile strain, in the physiological range of 0–20%, on isolated rat
soleus muscle immersed in a model compound solution of
20 kDa FITC-dextran. Drug uptake and distribution were analyzed
at the planar and curved muscle surface. The tissue geometry and
type of load both showed a significant effect on the local uptake.
The drug penetration was higher at the curved surfaces than planar
surfaces, and it increased under cyclic strains compared to static
load by approximately 1.6-fold. The higher surface area explained
these observations in contact with the drug at the curvatures.
Additionally, the drug penetration from tissue margins encoun-
tered the transport from the planar surfaces, increasing the local
drug concentration. The static loading contributed to the drug
uptake by decreasing the volume of the stretched muscle and the
intramuscular gradient of pressure. The dynamic loading caused
further increase by two mechanisms. Firstly, the cyclic contrac-
tions led to higher time-average intramuscular porosity due to
myofiber deformation and displacement, and to heterogeneous
concentration gradients accelerating diffusion. Secondly, the
dynamic motion led to a pulsatile agitation increasing the drug dis-
persion and spread. The differences in local muscle architecture at
the curved surfaces led to even greater porosity differences and
higher drug dispersion in the dynamic mode, causing synergistic
effects of dynamic motion and curvature in the drug uptake.

In a follow-up study, the authors systematically tested the
influence of static and cyclic strain on drug transport at the planar
surface of the cartilage [109]. They observed that the drug penetra-
tion increased by 1.45 fold at 10% strain and was further intensified
by cyclic loading and isometric twitch contractions with a maxi-
mum of 0.5 Hz (1.52 fold increase). Histological analysis revealed
that mechanical loading influenced porosity, fiber area, and fiber
density, thereby dictating the efficiency of drug transport under
load. The starched fibers were thinned in the static load, and the
resulting porosity increased, enhancing drug transport. In the
dynamic mode, the effectiveness of the transport followed the
trend from static load but was also influenced by the loading rate.
In a contraction experiment, where a twitching force was applied,
the authors suggested a specific mechanism of myofibers’ behav-
ior. Swelling of fibers may appear in the stretched state, leading
to the displacement of the cytoplasm into the direction of the mid-
dle of the fibers, causing the lower porosity and drug transport hin-
drance. After relaxation, fibers are thin, and porosity increases. The
switch between the swollen and relaxed state leads to the disper-
sive effect and the improved drug transport. The maximum drug
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penetration at optimal frequency is connected to the increased
temporal steric hindrance and interstitial pressures and dispersion
effects. The optimal frequency is expected to be related to the
specific optimal muscle length (maximal force generation) defined
by the peak muscle performance, namely 110% of the nominal
muscle length in the performed studies. It was shown that swelling
or shrinkage of the fibers could be dictated by the strength of stim-
ulation, where higher strength leads to shrinkage, and moderate
strength leads to swelling [113]. The authors also studied the
dependency of drug size on their efficacy. Small molecules revealed
better diffusion, explained by the steric hindrance connected to
pore size. In dynamic load, the dispersion formation increased
transport beyond the molecular diffusion. The drug concentration
further influenced the drug transport due to the combined effects
of architecture-driven diffusion and muscle-motion-related dis-
persion. Modeling and numerical approaches were used to validate
the architectural and dispersive effects on drug delivery.

Overall, mechanical loading influences both the load-bearing
tissues’ architecture and functional properties, such as fluid distri-
bution, interstitial pressure, and force transmittance, determining
the drug transport [109] (See Fig. 2). Mechanical activity should
be considered when assessing drug efficacy in such microenviron-
ments and could be used to control the drug delivery. The support
of computational modeling of multifactorial systems will allow
better understanding and more accurate predictions of drug
uptake in load-bearing tissues.

4. Tissue matrix and its effect on drug delivery

Zooming in from the macroscopic to the microscopic properties
of tissues, a key component is the cells themselves. Cells in the tis-
sue that are residing close to the vasculature may limit drug trans-
port, by active sequestration of the administered drug. In addition
to the mode of action of the specific drug, the cellular density of tis-
sue is also an important determinant. Amongst others, this became
evident in studies on doxorubicin distribution in tumor tissue,
where doxorubicin was found to strongly interact with the nuclei
of the cells close the vasculature [114].

In addition to cells, our tissues also contain ECM. It is increas-
ingly recognized that ECM is not passive and static, playing only
a structural role. Instead, it is a highly dynamic and complex com-
ponent, serving a deeper purpose in cell signaling. In the context of
drug penetration, the role of the ECM is two-fold. Firstly, the ECM
may pose a physical, restrictive barrier for drugs to be effectively
distributed evenly throughout the tissue. Secondly, depending on
its characteristics, through the interaction with cells, the ECM
may trigger alterations in cell behavior that can subsequently
affect the response of cells to the drug. We will discuss both effects
in the following sections.

4.1. The ECM as a physical barrier for drug transport

The barrier function of the ECM for the transport of drugs can be
a consequence of various factors. First of all, the composition of the
ECM plays an important role. ECM components themselves were
found previously to sequester drugs, as was shown in a study by
Chang et al. for the interaction between cisplatin and collagen
[115].

Secondly, the transport of drugs through the extravascular
space makes use of a combination of diffusion and convection, pro-
cesses that can be affected by the ECM. Diffusion is a mechanism
that is thought to be used mainly by small molecules and is driven
by gradients in concentration. Convection, on the other hand, is the
preferred mechanism of larger molecules and is driven by gradi-
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ents in pressure. The extent to which these processes can take
place depends on the properties of the drug itself, but also on the
properties of the matrix. If the ECM is very dense in a certain tissue,
it may prove to act as a physical barrier for the transport of drugs
administered. Ghajar et al. studied the transport of FITC-conjugated
molecular mass markers by diffusion through fibrin gels of differ-
ent densities within microfluidic channels. Their results showed
that increased fibrin concentration led to reduced transport, but
that also the molecular weight of the marker influenced this
[116]. Studies on tissue-mimics in an in vitro setting showed that
the increased presence of ECM components reduced transport of
a subset of test molecules, including the anticancer drug paclitaxel
[117]. In this study, elastin was identified as a key ECM constituent
affecting transport. Furthermore, the penetration of therapeutics
was suggested to be reduced in tumors containing large amounts
of collagen compared to tumors with low collagen content
[118,119]. This is likely due to reduced rates of transport in the
denser ECM network and the raised interstitial fluid pressure as a
consequence of the dense ECM [120]. Disruption of the collagen
network with collagenase was shown to increase the diffusion of
IgG in xenografted tumor tissue in mice [119,121]. Hyaluronic acid,
a glycosaminoglycan, through which other ECM components can
be crosslinked, is another key component of the ECM. As such, hya-
luronic acid contributes to the mechanical properties of the ECM.
Hyaluronic acid can be enzymatically broken down by hyaluroni-
dase. Delivery of gemcitabine and liposomal doxorubicin was
found to be improved after treatment with PEGylated hyaluroni-
dase, indicating a potential barrier function of hyaluronic acid in
the ECM [122,123].

In addition, the barrier effect exerted by the ECM will heavily
depend on the properties of the drugs used. Size, shape, charge,
lipophilicity are all major determinants of transport through tissue.
Classically, our therapeutics have largely relied on small molecules,
but with the arrival of antibody-based therapeutics and nano-sized
drug delivery systems, amongst others, the diversity of drug for-
mulations has increased. Each of these formulations will have its
own characteristics when it comes to tissue penetration. As such,
nanoparticle size and surface charge were found to dictate uptake
in tumor spheroid models. Albanese et al. showed that in a tumor
spheroid-on-a-chip model, the accumulation of nanoparticles was
dependent on their size. Larger nanoparticles (greater than 100 nm
in size) were taken up to a lesser extent than smaller particles
(40 nm) [124]. This was corroborated by Tchoryk et al., who further
showed that also surface charge of the nanoparticles used affects
their uptake [125].

The disease state of tissues is another factor that needs to be
taken into consideration when exploring novel therapeutics with
increased tissue penetration. The ECM is highly likely to change
as a result of pathological remodeling, for example during fibrosis
and cancer. These alterations may affect various characteristics of
the ECM, for example, the accumulation of ECM (the density), its
composition (e.g. electrostatic properties), and organization (align-
ment and orientation of fibers), which in turn can affect drug trans-
port. When designing novel drugs, the potentially pathological
ECM should be taken into consideration, as excess ECM deposition
can inhibit drug transport, whereas reduced or disrupted ECM can
accelerate transport.

Overall, the ECM is an important physical barrier that may hin-
der the penetration of drugs into tissue. To date, several
approaches have been suggested to help overcome this. These have
mainly focused on controlling ECM in cancer, a key strategy being
disrupting ECM structure in tumor tissue (see Fig. 2). For more
extensive information on this topic, we would like to refer to pre-
viously published work [126,127].
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4.2. Effects of ECM stiffness on drug efficacy in cells

In addition to the ECM itself being a physical barrier to drug
penetration, the response cells launch upon drug exposure may
be influenced by the mechanical properties of the ECM. The differ-
ent tissues in our bodies are characterized by differences in their
mechanical properties. In this respect, various mechanical proper-
ties can be recognized, such as stiffness and elasticity, also depend-
ing on the method used for characterization. For example, bone is
the stiffest tissue we know, with elastic moduli in the GPa range,
whereas brain and lung tissue are amongst the softest, with elastic
and shear moduli in the low kPa range [128]. A key component
contributing to these properties is the ECM. The composition of
the ECM can vary greatly between different tissues, and also dis-
ease can lead to alterations in the properties of the ECM. As such,
the disease state can severely influence the mechanical properties
of tissues. Fibrosis and cancer are examples in which tissue rigidity
increases primarily through alterations in the ECM. The stiffness of
the ECM found in tumors was �4–10 kPa higher than the stiffness
of the healthy tissues [129]. The mechanics and associated charac-
teristics of the ECM influence the behavior of the cells residing in a
given environment. The cells inhabiting a tissue will respond to
physical and biochemical cues in the ECM, which can affect their
overall response to therapeutics. To date, various studies have
explored how the mechanical properties of the cellular environ-
ment can influence the therapy response, making use of various
in vitro ECM models and mimics. Below we will discuss examples
thereof and highlight the strategies taken to study this
phenomenon.

Schrader et al. investigated the effects of matrix stiffness on
two-dimensional-cultured hepatocellular carcinoma cancer cells
[130]. The authors used polyacrylamide gels of variable stiffness
coated with cell adhesive materials. Huh7 and HepG2 cells were
found to have higher proliferation rates when grown on the sub-
strate with the higher elastic modulus (12 kPa) compared to the
lower elastic modulus (1 kPa). Treatment with the chemothera-
peutics cisplatin and 5-fluorouracil revealed that the cells grown
on the 12 kPa substrates were more sensitive than those grown
on 1 kPa substrates. The stiffness of the substrate was further
shown to regulate intracellular signaling events, which were found
to be responsible for differences in cell behavior. Qin and co-
workers used polyacrylamide gels, with Young’s moduli that were
classified as low (10 kPa), intermediate (38 kPa), and high (57 kPa),
thereby mimicking the rigidity of normal breast tissue, and benign
and malignant breast tumors, respectively [131]. The substrates of
intermediate stiffness were found to reduce cell death upon treat-
ment with doxorubicin in MDA-MB-231 breast cancer cells. Drug
uptake was shown to be decreased in cells cultured on these sub-
strates, and as such, increased resistance. Exploration of the mech-
anisms involved revealed that the Integrin-Linked Kinase (ILK) was
induced and in turn mediated the activation of Yes-Associated Pro-
tein (YAP) and P-gp. Lin et al. examined how matrix mechanics
affect the response to the HER2-targeted kinase inhibitor lapatinib
in HER2-amplified breast cancer cells [132]. The authors relied on
polyacrylamide gels and tissue culture plastic coated with
collagen-I to create soft and stiff environments. HCC1569 breast
cancer cells showed enhanced sensitivity to lapatinib on the soft
substrates compared to the stiff substrates. BT549 cells, which do
not carry a HER2 amplification, were not affected by lapatinib or
changes in rigidity. Subsequent analysis of the mechanisms
involved also led these authors to the YAP/TAZ pathway. Knock-
down of these components using small interfering RNA abolished
the modulus-dependent lapatinib resistance. In their 2019 study,
Medina et al. used fibronectin-functionalized polyacrylamide gels
with increasing elastic modulus to investigate the effect of sub-
strate stiffness on therapy sensitivity in a panel of breast cancer
15
cells [133]. They also used a two-dimensional configuration and
analyzed the efficacy of several different cancer drugs. Overall,
the authors reported that cancer cells cultured on substrates that
mimicked the stiffness of tumor tissue were more resistant to ther-
apeutics than those cultured on the stiffer substrates. Another fac-
tor analyzed in this study is the origin of the cells used. The authors
made a comparison between well-established breast cancer cell
lines, acclimatized to growing on stiff cell culture plastics and pri-
mary breast cancer cells, directly obtained from an in vivo mouse
model. They reported that the primary cells predicted the in vivo
response more accurately than the cell lines could.

Shin et al. relied on a hydrogel system based on RGD-conjugated
alginate to control the matrix mechanics and ligand density [134].
A set of myeloid leukemia subtypes carrying different genetic
mutations were used and cultured in a three-dimensional configu-
ration. Both stiffness and ligand density were shown to control the
proliferation rates in a distinct way for the cell model. Next, the
authors studied cell responses to a panel of therapeutics. As such,
they distinguished three classes of drugs: drugs that cells are
resisting regardless of matrix stiffness, drugs that act in a matrix
stiffness-dependent manner, and drugs that cells are sensitive to
regardless of matrix mechanics. However, this classification turned
out to depend on the cell type studied. Overall, the authors
observed differential chemosensitivity that not only depended on
matrix stiffness but also on the leukemia cell type examined.
Nguyen and colleagues studied the effects of stiffening of the
ECM on resistance to the Raf kinase inhibitor sorafenib [135]. They
used a high-throughput biomaterial platform based on PEG-
phosphorylcholine (PEG-PC) hydrogels coated with basement
membrane-like ECM or collagen-rich ECM. This system had tun-
able stiffness, reported to be between 6 and 400 kPa. In the cell
types studied, the liver carcinoma cell line HEP3B and the breast
carcinoma cell lines BT-549, MDA-MB-231, and SkBr3, a significant
increase in the IC-50 value of sorafenib was found upon increasing
stiffness of the cell culture substrate. This matrix-mediated drug
resistance did not depend on the activity of ROCK but was medi-
ated by JNK. As such, adding a JNK inhibitor to sorafenib treatment
led to the cells regaining sensitivity. Tokuda et al. explored the
effect of matrix elasticity on drug response in melanoma cells,
using tunable and chemically defined polyethylene glycol (PEG)
hydrogels [136]. The Young’s modulus of the gels ranged from
0.6 to 13.1 kPa, to mimic the elasticity of non-cancerous and
cancerous tissue. The PEG chains were functionalized with
CGRGDS peptide and crosslinked with a matrix-
metalloproteinase (MMP)-degradable crosslinker. WM35 cells
(early-stage melanoma) and A375 cells (metastatic stage) were
exposed to vemurafenib (PLX4032), a drug in clinical use for the
treatment of metastatic melanoma, while cultured 2D on the PEG
gels. As measured by ATP content, analysis of the resulting meta-
bolic activity revealed no significant differences between sub-
strates of different elasticity. Assessment of apoptosis by
measuring caspase 3 activity showed an increase in WM35 cells
upon drug treatment that was strongest on the softest substrates.
On the other hand, the A375 cells showed no difference in response
on the different substrates. As such, in this particular experimental
set-up, the effects of substrate elasticity observed appear to
depend heavily on the cell types that are being studied. Recently,
Deng et al. reported that the stiffness of the extracellular environ-
ment contributes to therapy resistance by inducing a more efficient
DNA repair [137]. They cultured human embryonic kidney-293
(HEK293) cells on fibronectin-coated acrylamide hydrogels, of
which the stiffness varied from 0.5 kPa to 30 kPa. Treatment with
various genotoxic agents, including radiotherapy, cisplatin, and
etoposide, showed that the cells grown on the substrates with
the lower stiffness were more sensitive compared to cells on
higher stiffness substrates. Investigations into the underlying



Fig. 5. Schematic representation of various cancer cells’ response to both substrate stiffness and drug treatment. Green symbols were put next to stiffness values which have
proven to increase drug uptake by the cells. Grey symbols represent inhibited drug uptake due to the stiffness value of the substrate used for the cell culture.
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mechanisms revealed that the low stiffness substrates inhibited
DNA repair via the Rap2-MAP4K4/6/7-ubiquitin signaling path-
way, leading to delayed repair and more persistent DNA damage.

Collectively, these studies show that the mechanical microenvi-
ronment impacts the cellular response to therapeutics (See Fig. 5).
However, the direction in which matrix mechanics affect drug
response, i.e. resistance, sensitivity, or no change, depends heavily
on the environmental mechanics used. The range of stiffness used
in the studies discussed above varies between the different reports.
Furthermore, the drug(s) that are being studied may have a differ-
ent dependence on matrix mechanics, and also, the cell models
being used are influenced differently. Cells of various origins may
launch diverse intracellular pathways in response to a change in
matrix mechanics. This may lead to differential sensitivity, even
when the same drug is applied in identical mechanical conditions.
5. Future perspectives

As discussed in this review, multiple different physical and bio-
logical barriers in the body, dependent on the chosen administra-
tion way, affect the drug transport and efficacy. Overcoming
these barriers for effective drug delivery is highly challenging in
the native physical microenvironment. However, strategies for
crossing these barriers are continuously being improved and (re-)
invented. An essential pillar in this context is formed by relevant
in vitro models, with which the effects of the various physical bar-
riers on drug efficacy, and ways to cross these barriers, can be stud-
ied in detail. In recent years, the complexity of such models that
can be exploited for drug transport studies has significantly
increased, including the use of organ-on-chip systems.
16
In vitro BBB models should ideally implement flow to achieve
close physiologic resemblance. The flow induces shear and affects
the cell fate and interactions, including the formation of crucial
components of the BBB, such as tight junctions. Additionally,
involving co-cultures in the model was shown to increase the
expression of proteins associated with tight junctions, revealing
more in vivo-like characteristics. Orally administered drugs addi-
tionally need to cross the intestinal barrier to reach the systemic
circulation. In the GI tract, they experience peristaltic motions
and fluid flow, affecting the transport across the membrane. There-
fore, gut epithelial models that introduce both flow and peristaltic
motion may be required to predict the drug efficacy successfully.
Besides the peristalsis-like movements, the thickness of the mucus
barrier can affect the amount of drug crossing the intestinal barrier
and the efficacy of the drug. In addition, the characteristics of the
ECM, such as stiffness and elasticity, can significantly affect drug
penetration across the tissue and dictate intracellular signaling
events. Therefore, mechanical and structural properties should
not be neglected. Finally, the influence of external stimulation,
such as electrical or mechanical, may further tune and influence
drug transport and efficacy. Overall, based on recent studies, mul-
tiple aspects of the physical microenvironment should be consid-
ered together to understand the drug transport inside the body
thoroughly.

With the advance of the available in vitro models, the opportu-
nity to test new strategies of effective drug delivery in well-
controlled and adjustable environments is also becoming increas-
ingly accessible. The increasing knowledge on the physical barriers
in the body that drive sub-optimal drug delivery offers the poten-
tial to explore less conventional approaches to aid drug transport
across these barriers. Those approaches can include the use of
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mechanical forces already present in the tissue or exerted on it to
disrupt the barrier in a reversible way, which enhances drug
uptake (See Fig. 2 for a summary of enhancement strategies).
Another futuristic example is an orally administered capsule which
has been designed in such a way that it can perform gastric injec-
tions once it reaches gastric submucosa. The capsule formulation
includes a multi-spring actuation system, which is responsible
for making the injection [138].

Based on the newest scientific reports, we envision that further
progress in the field of drug delivery is connected with the devel-
opment of new high adequacy in vitro testing platforms of high
complexity, including organ-on-chips. These systems will allow
optimization of conventional routes of drug delivery through the
barriers in the body and develop novel approaches based on exter-
nal stimulation. By better understanding how to model the biolog-
ical barriers, we foresee that non-invasive drug delivery will be
highly advanced. The novel non-invasive drug delivery will be a
more patient-friendly alternative as well as a game-changer for
developing countries where currently there are drug administra-
tion challenges due to the lack of medical facilities. It may also con-
tribute to further improvement in the accuracy of drug delivery.
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