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Abstract

Fluidic microphysiological systems (MPS) are microfluidic cell culture devices that are designed
to mimic the biochemical and biophysical /n vivo microenvironments of human tissues better than
conventional petri dishes or well-plates. MPS-grown tissue cultures can be used for probing new
drugs for their potential primary and secondary toxicities as well as their efficacy. The systems
can also be used for assessing the effects of environmental nanoparticles and nanotheranostics,
including their rate of uptake, biodistribution, elimination, and toxicity. Pumpless MPS are a group
of MPS that often utilize gravity to recirculate cell culture medium through their microfluidic
networks, providing some advantages, but also presenting some challenges. They can be operated
with near-physiological amounts of blood surrogate (i.e. cell culture medium) that can recirculate
in bidirectional or unidirectional flow patterns depending on the device configuration. Here we
discuss recent advances in the design and use of both pumped and pumpless MPS with a focus on
where pumpless devices can contribute to realizing the potential future role of MPS in evaluating
nanomaterials.
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Abstract Figure: Pumpless MPS can be used to estimate the rate of nanoparticle uptake,
biodistribution, elimination, and toxicity. Tissue-chip-integrated measurements of tissue health
and function can help with estimating the particles’ efficacy and/or potential adverse effects.

Introduction

1.1 The Power of fluidic MPS

Fluidic microphysiological systems (MPS) are small devices that contain surfaces or
chambers for the growth of human cells under microfluidic flow. The cells cultured on

each surface (or in each chamber) represent tissues or even entire organs that are typically
1/100000t" to 1/50000t of the size of the corresponding organ in the human body. MPS can
contain more than one organ chamber (multi-organ MPS). The devices also typically include
a mechanism to recirculate cell culture medium (blood surrogate) to mimic the circulation of
blood.

MPS can be powerful /n vitro mimics of human organs (or a subset of organs) because

the surfaces and chambers can provide microscale biophysical and biochemical cues that
help reproduce a cell’s (or a tissue’s) microenvironment inside the body. For example,

lung epithelial cells grown on a membrane that is periodically stretched, experience the
mechanical stress that breathing causes in lung tissue (Huh et al., 2010). Endothelial cells
grown within microfluidic channels experience the mechanical shear that blood flow causes
in some blood vessels (Traore & George, 2017), and liver cells grown in different regions
of a microfluidic chip can be exposed to high or low oxygen concentrations, similar to what
they would experience in different zones within liver tissue /n vivo (Y. B. Kang et al., 2020;
Y. B. A. Kang et al., 2018). Such microscale conditions provide cues that may influence how
the tissue mimics interact with drugs or nanoparticles.

MPS that contain several organ chambers and a mechanism to recirculate cell culture
medium (blood surrogate) among organ chambers can identify primary effects stemming
from the original drug or nanoparticle challenge, as well as secondary effects stemming
from drug metabolites or from the tissues’ responses to nanoparticles. To measure secondary
effects, any soluble proteins produced by tissues should ideally reach concentrations similar
to those found in the circulation of a patient. To achieve that, MPS can be designed to
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mimic appropriate blood residence times within a given tissue volume. Equally important
is the volume of blood surrogate that recirculates within the device. That volume can be
scaled using the same scaling factor that is used for all other tissues in the MPS so that
biomarker or drug metabolite concentrations approach levels similar to what they might be
in the human body.

Though still under discussion, several reviews have provided a general framework for
designing MPS so that data obtained with them can help with choosing suitable drug
concentrations for clinical trials (Andersen et al., 2014; Edington et al., 2018; A. S. Smith
et al., 2013). Here we discuss advantages and disadvantages of pumpless MPS and how the
devices could contribute to assessing nanoparticle therapeutics.

1.2 Advantages and disadvantages of pumpless MPS

Pumpless MPS utilize gravity to drive fluid through organ chambers, making both external
and system-integrated pumps unnecessary. The lack of pumps simplifies the operation of
such devices and often also lessens the generation of air bubbles in the fluidic circuits.

The first pumpless microfluidic tissue culture systems were developed for liver tissue where
the device was rocked back and forth, and cell culture medium alternated between forward
and backward flow across the tissue (Sung, Kam, et al., 2010). Follow-up systems have
incorporated many more organ chambers, resulting in pumpless multi-organ MPS (Miller &
Shuler, 2016; Oleaga et al., 2016).

To create a pressure drop between two medium reservoirs using gravity, the devices are
placed at an angle using a rocker or a rotating platform (Fig. 1). To create physiological
flow rates in each organ chamber, either active or passive flow control mechanisms must

be integrated. The most commonly used mechanism to control the flow rate is to utilize the
hydraulic resistance of a microfluidic channel. That is achieved by fine-tuning the channel’s
length, width, and depth. For example, a wider channel will provide a lower hydraulic
resistance and allow for a higher flow rate. Flow rates can be adjusted from very slow flow
(about 1.8 pL/min in fat tissue) to very fast (about 61.2 uL/min in lung tissue) (Miller &
Shuler, 2016). When the angle the devices are placed on is significant (x 45° to ~ 90°), the
resulting flow can reach magnitudes that cause endothelial cells to align to the direction of
flow (Fathi & Esch, 2022; Y. Yang et al., 2019). However, it should be noted that in systems
that are operated using a rocker platform or a rotating platform the flow typically reaches its
maximum at the beginning of the cycle and then decreases over time.

For the purpose of toxicity testing, especially for picking up secondary effects that result
from the original exposure to a drug or other toxicant, and inter-organ interactions, the main
advantage of pumpless MPS lies in the fact that those devices can recirculate very small
amounts (almost near-physiological) of liquids (L. Chen et al., 2020). Since the average
adult human body contains 5 L to 6 L of blood, an MPS that is scaled down by a factor

of 50000 to 100000 should only contain about 50 uL to 120 uL of blood surrogate (cell
culture medium) to replicate physiological values. Additional cell culture medium in each
cell culture chamber is justified if its purpose is to mimic the interstitial fluid present in each
organ. It is challenging to recirculate such small amounts of cell culture medium in an MPS,
but some MPS designs can achieve it (L. Chen et al., 2020).
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To benefit from testing a drug or nanoparticle with a pumpless MPS, a significant amount
of thought has to go into its design and operation (see info box 1). For example, when
operating a pumpless MPS with bidirectional flow, care must be taken to operate it with
enough liquid such that no portion of the medium becomes trapped inside the fluidic circuit
and becomes nutrient-depleted over time.

Alternatively, pumpless MPS can also be operated with unidirectional flow. Unidirectional
flow systems must contain an active or passive valve mechanism that allows the cell culture
medium to flow back to the top reservoir through a second fluidic path that does not lead
through the organ chamber (Fig. 1 D-F) (L. Chen et al., 2020; Esch et al., 2016; Y. I. Wang
& Shuler, 2018; Y. Yang et al., 2019). Unidirectional flow is important when the system
contains barrier tissues such as the gastrointestinal tract epithelium or the endothelium
since those tissues are sensitive to the direction and magnitude of shear. For example, the
pattern of cell-cell junctions that regulate paracellular transport of drugs and nanoparticles
can change when exposed to different levels of shear (Buchanan et al., 2014; Dabagh et
al., 2017). To create significant amounts of shear inside microfluidic vessels lined with
endothelial cells, the height difference between the system’s reservoirs can be increased
using custom-build rocker platforms (J. won Jeon et al., 2021; H. J. Song et al., 2017) or
rotating platforms that place the MPS at angles of up to 90° (Fathi & Esch, 2022).

Both pumped and pumpless MPS can be used to better simulate the uptake, biodistribution,
and elimination of drugs and nanoparticles /n vitro. Multi-organ devices have also the
potential to simulate inter-organ communication and to detect secondary drug toxicity
stemming from toxic drug metabolites or adverse responses of tissues. Table 1 lists examples
of both pumped and pumpless MPS that have been used to assess nanoparticles.

2. Pumped and PUMPLESS MPS FOR ASSESSING NANOPARTICLES

2.1 Uptake of nanoparticles

The uptake of nanoparticles into the body typically happens through exposure to the

skin, the airways, or through oral ingestion. All three organs, the skin, the lung and

the gastrointestinal tract (Gl tract) have been modelled on microfluidic chips, sometimes

in conjunction with other organ mimics (Fig. 2). Systems that provide access to both

the apical and basolateral sides of the tissue are suitable for quantifying the passage of
nanoparticles across those barrier tissues. Access is often achieved by culturing cells on
porous, track-etched polymer membranes, similar to those used in transwells (Arlk et al.,
2018; Zoio et al., 2021). Since such membranes are not as thin and as porous as /7 vivo
basement membranes, alternatives made from other materials such as a thin layer of porous
epoxy (Esch et al., 2012), and poly (lactic-co-glycolic acid) (PLGA) (X. Yang et al., 2018),
as well as systems without membranes have been developed (M. Zhang et al., 2018).

Using polydimethylsiloxane (PDMS) as membrane material has the added benefit that it is
stretchable and well-suited to mimic mechanical forces that may affect barrier tissues (Huh
etal., 2010).

Therapeutic nanoparticles can also be administered intravenously. Regardless of the route of
administration, nanoparticles must cross the vascular endothelium if their intended targets
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are beyond the vasculature. Because of their high relevance, models of the endothelium were
among the first to be developed in an on-chip format.

2.1.1 Uptake through the lungs—Microfluidic systems have been used to re-create
important components of the human lung alveolar-capillary interface that facilitates
nanoparticle uptake through the airways. The lung epithelium contains cells that produce
surfactants that keep the air-exposed apical side of the tissue covered with a thin layer

of liquid thereby reducing surface tension and stabilizing it. The presence of surfactants
influences the strength of the alveolar-capillary barrier (Frerking et al., 2001), and is likely
responsible for its relatively high electrical resistance. The breathing motion of the lung
also causes the lung epithelium to constantly stretch (5 % to 15 %), which has been shown
to affect the permeability of the pulmonary endothelial cell barrier (Birukov et al., 2003;
Birukova et al., 2006).

To recapitulate the characteristics of the lung alveolar-capillary interface in a pumped MPS,
Huh et al. cultured lung epithelial cells in an MPS that contained a porous membrane

and exposed the cells to air on their apical side and cell culture medium on their basal

side (Huh et al., 2007). The air-exposed cells produce Clara cell 10 kDa protein (CC10),
indicating that some cells in the system have differentiated into Clara cells. (Clara cell 10
kDa protein is involved in pulmonary surfactant biology as it binds surfactant lipids (Singh
& Katyal, 1997)). Building on that lung model, but using stretchable PDMS membranes,
Huh et al. were also able to additionally expose the lung epithelium to 10 % mechanical
strain at a frequency of 0.2 Hz (Huh et al., 2010). Measurements after 4 h showed that

the mechanical stress increased the translocation of 200 nm polystyrene nanoparticles from
the apical to the basal side of the epithelial-endothelial layer while albumin permeability
remained unchanged. Mechanical stress also contributed to the inflammatory response of the
tissue to 12 nm silica nanoparticles (measured after 2 h of exposure) (Huh et al., 2010).

Cell-extracellular matrix (ECM) interactions in the lung have been modelled with a
membraneless MPS where a layer of matrigel functioned as seeding surface for human
pulmonary alveolar epithelial cells (HPAEpiCs) on one side and human umbilical vein
endothelial cells (HUVECS) on the other (M. Zhang et al., 2018). While cell culture medium
was pumped through the system at 10 pL/h, 25 nm TiO, and 40 nm ZnO nanoparticles
were added at low and high concentrations to the pulmonary compartment (50 pg/mL, and
200 pg/mL respectively). The nanoparticles increased the barrier tissue’s permeability to
fluorescent dyes and ZnO particles also caused significant levels of apoptosis. However, it
was noted that tissues that were constructed from only one of the two cell types (HUVECs
or HPAEpICs) were more susceptible to nanoparticle damage, highlighting the importance
of cell-cell interactions in this lung tissue mimic.

2.1.2 Uptake through the skin—Native skin is highly complex, containing three
distinct layers of tissues (epidermis, dermis, and hypodermis) that are each composed of
several cell types. /n vitro engineered 3D human skin constructs (HSCs) are used for testing
cosmetics and pharmaceuticals. Static models of full thickness HSCs with several cell types,
including keratinocytes, fibroblasts and melanocytes are already commercially available
(Stojic et al., 2019). HSCs cultured under static conditions have been used for assessing skin
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irritation caused by nanoparticles such as TiO, nanoparticles (Sanches et al., 2020) and SiO»
nanoparticles (Wills et al., 2016), as well as the efficacy of anti-inflammatory drugs, such as
dexamethasone loaded into nano-carriers (Graff et al., 2022).

Several on-chip, perfused skin models were developed recently (Ponmozhi et al., 2021;
Risuefio et al., 2021; J. Zhang et al., 2021). Perfused models offer the possibility to remove
waste products from the tissue, to replenish nutrients, and to recruit cells and proteins

that repair tissue damage from the stream of blood surrogate. Zhang et al. developed a
high-throughput chip operated with external pumps to assess the cytotoxicity of small
particles (2.5 um or less in width) on epidermal cells (Y. Zhang et al., 2017). The study
showed that such particles can upregulate the expression of interleukin-1p (IL-1p) and
interleukin-6 (IL-6) and induce inflammation in epidermal cells. Despite lacking the dermis
component, this system provides an example of how to use skin-on-chip MPS for screening
of nanoparticles.

In 2015, Abaci et al. developed a pumpless microfluidic system which can maintain full-
thickness HSCs at an air-liquid-interface culture for up to three weeks (Abaci et al., 2015).
The model uses microchannels underlying the HSC compartment to achieve physiological
blood residence times in human skin. Lee et al. further extended that design to generate
HSCs /n situ and demonstrate the critical role of fluidic flow for the long-term culture of
HSCs (S. Lee et al., 2017). While the fluidic models and the static transwell models express
similar amounts of proteins such as collagen IV and keratin 10, Song et al. suggested

that static cultures in transwells dry quicker, leading to a higher degree of collagen matrix
contraction (H. J. Song et al., 2018). In a recent study, Ronaldson-Bouchard et al. integrated
HSCs onto a multi-organ platform containing bioengineered liver, heart, bone and vascular
tissues, and studied the tissue-specific toxicity of doxorubicin on skin and other tissues
(Ronaldson-Bouchard et al., 2022). The air-liquid-interface culture of HSCs was achieved
using a floating device that could also be useful in future pumpless device designs.

Using a pumpless skin-on-a-chip model, Kim et al. demonstrated the testing of a cosmetic
ingredient (Curcuma longa leaf extract) and its effects on gene expression levels of proteins
involved in establishing the barrier function of skin (filaggrin, involucrin, laminin alpha-5,
and keratin 10) (K. Kim et al., 2020). Building on previous work that optimized the
extracellular matrix component of the system (H. J. Song et al., 2017), their skin model
utilized rat tail collagen to support the 3D skin culture. A follow-up study with this fluidic
skin model was able to recapitulate the side effects the kinase inhibitor sorafenib has on the
skin (H. M. Jeon et al., 2020), showing that drug toxicity data can be replicated with such
systems.

Fluidic flow underneath the /n vitro skin model also enables the culture of endothelial cells
that can then be exposed to fluidic shear. Wufuer et al. developed a pumpless model where
fibroblasts and HUVECs were cultured on opposite sides of a porous membrane where
medium flow was possible on both sides (Wufuer et al., 2016). This culture was combined
with another membrane culture that held keratinocytes and fibroblasts on opposite sides.
The model could reproduce the protective effects of dexamethasone on the tight junctions of
HUVEC layers when dexamethasone was added to the keratinocyte layer and the HUVEC
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were challenged with inflammation-inducing tumour necrosis factor-a (TNF-a.). However,
this model (as all current pumpless on-chip skin models) was cultured under bidirectional
fluidic flow that can create higher levels of inflammation in HUVEC (Y. Yang et al., 2019).
Using unidirectional flow designs (Fig. 1D-F) may be suitable to decrease the baseline
inflammation exhibited in the system. So far none of the pumpless skin MPS has been
exposed to nanoparticles yet.

2.1.3 Oral uptake and first pass through the liver—The oral uptake of
nanoparticles into the systemic circulation requires the particle’s travel through the
gastrointestinal tract, crossing the intestinal mucous and epithelial cell layers, and passing
through the liver without being captured by Kupffer cells. To estimate the fraction of
nanoparticles that make it into the bloodstream, Esch et al. (Esch et al., 2014) have used

a pumped MPS with Gl tract epithelium and liver tissue models that simulated the oral
uptake and first pass through the liver albeit without Kupffer cells. The Gl tract module
contained a mixture of intestinal epithelial cells (Caco-2) that developed 2D cell layers
with tight junctions and cells that produce mucous (HT29-MTX) (Mahler et al., 2009). A
similar system was tested earlier with acetaminophen, showing that the concentrations of
acetaminophen metabolites increase over time in the systemic circulation of the MPS. A test
with 50 nm carboxylated polystyrene nanoparticles (NP) (240 x 1011 NP/ mL and 480 x
1011 NP/ mL) suggested that the GI tract mucous layer and epithelium presents an effective
barrier to the majority of the particles (90.5 % + 2.9 %), and that the particles that do

cross the barrier emerge with a changed zeta potential (Esch et al., 2014). In that study,

the flow on both sides of the membrane on which epithelial cells grew was driven with
external peristaltic pumps that were carefully balanced to avoid a large pressure drop across
the Gl tract tissue. Shinha at el. achieved a balanced fluidic flow with system-integrated
micropumps as well (Shinha et al., 2021).

A pumpless system that incorporates the Gl tract epithelium as well as liver tissue was
published in 2016 by Esch et al. (Esch et al., 2016). That system was capable of sustained
Gl tract and liver cell co-culture in a mixture of cell culture medium for fourteen days.
Another pumpless version was published in 2021 by Jeon et al. (J. won Jeon et al., 2021),
who used it to evaluate the absorption of fatty acids and reproduced the anti-steatotic effects
of turofexorate isopropyl (XL-335) and metformin. These pumpless MPS have not yet been
used to simulate the oral uptake of nanoparticles.

2.1.4 Uptake through the Endothelium—Nanoparticles that are administered
intravenously, or that reach the systemic circulation after entering uptake through the Gl
tract, the lung, or the skin can cross the endothelium. The endothelium is a monolayer

of endothelial cells that line the blood-facing side of blood vessels. Endothelial cells
connect with each other via junction proteins, creating an effective physical barrier. Since
fluidic flow influences the morphology of endothelial cells and with that the cell layer’s
permeability (Buchanan et al., 2014), fluidic models may be better suited to quantify
nanoparticle travel across the endothelial barrier than static models. Microfluidics can be
used to recreate both the mechanical and chemical factors that influence the vascular
microenvironment (ABACI et al., 2013). Early microfluidic models of the endothelium
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utilize polydimethylsiloxane (PDMS) and large glass cover slips to construct microchannels
that are lined with HUVEC (Esch, Post, et al., 2011). The endothelial linings can be exposed
to varying magnitudes of shear, mimicking the varying conditions the cells encounter /n
vivo. Instead of PDMS, dense collagen matrixes can also be used as channel material
(Alimperti et al., 2017; Cross et al., 2010; Tronolone et al., 2021), making it possible

to observe substance transport across the endothelial barrier into the extracellular matrix
(ECM).

A drawback of those early models was that they were operated with external pumps to
drive unidirectional fluidic flow, but without liquid recirculation. At high flow rates this
one-time pass technique creates significant waste of cell culture medium. In 2017, Van
Duinen et al. published a commercially available cell culture plate that contained 96
microfluidic perfusable vessels that were lined with endothelial cells (van Duinen et al.,
2017). Recirculating medium flow within the vessels is driven by gravity when the plate is
placed on a rocker platform. Medium flow through the vessels changes direction every 8
min with the highest magnitude of shear reaching 0.5 Pa (5 dyn/cm?) right after the rocker
position changes.

In addition to the templated models described above (where the vessel structure is
microfabricated and then lined with cells), there are also self-organized networks of
capillaries where vessel networks form within 4 days to 7 days of mixing stromal cells
and endothelial cells within a polymerized hydrogel (Traore & George, 2017). Such vessel
networks can be perfused with pressure-driven flow (S. Kim et al., 2013; Moya et al.,
2013; J. W. Song et al., 2012) or with gravity-driven flow (Chan et al., 2012; Yeon et

al., 2012). Self-organized vessel networks are particularly useful when studying vessel
formation in response to varying biochemical and biophysical growth conditions (Ehsan &
George, 2015).

To create pumpless vessel perfusion systems that can generate unidirectional medium flow,
Wang et. al and Yang et al. have developed systems that redirect the fluidic flow to the top
medium reservoir through a secondary channel (Y. . Wang & Shuler, 2018; Y. Yang et al.,
2019). Yang et al. used their system to compare HUVECs grown under bidirectional and
unidirectional fluidic flow, showing that bidirectional flow causes the cells to release higher
concentrations of inflammatory cytokines (Y. Yang et al., 2019). Inflammation can change
the structure of tight junctions and adherens junctions and increase endothelial leakiness
(Claesson-Welsh et al., 2021). A model of the lymph node endothelium reacted similarly to
bidirectional medium flow (Fathi & Esch, 2022).

The magnitude of shear created within MPS can influence nanoparticle uptake into the
endothelium as shown by Samuel et al. who tested negatively charged 2.7 nm and 4.7 nm
CdTe quantum dots and 50 nm SiO, nanoparticles under several magnitudes of shear (0 Pa,
0.05 Pa, 0.1 Pa, and 0.5 Pa) (Samuel et al., 2012). Fede et al. also observed that HUVECs
exposed to 13 nm gold nanoparticles remained more viable when the exposure occurred
under fluidic flow (5 pL/min for 24 h) rather than in transwells, even though the overall
number of nanoparticles administered in the fluidic system was higher (Fede et al., 2015,
2017).
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Microfluidic vessel networks have also been used to recreate organ-specific models of

the vasculature with their distinct characteristics (Herron et al., 2019). For example a

model of the vasculature was integrated with heart and liver tissues in the HeLiVa device
(Vunjak-Novakovic et al., 2013). Among tissue-specific blood vessel models, the blood
brain barrier (BBB) is particularly difficult to achieve because of its high transepithelial
resistance (TEER) and low rates of transcytosis. The BBB prevents the transport of large
drugs and antibodies into the brain. A number of fluidic models of the BBB already exist
(Berry et al., 2018) with at least one utilizing a pumpless platform (Y. I. Wang, Erbil Abaci,
et al., 2017). Pumped BBB chips developed by Papademetriou et al. show that angiopep-2
coated liposomes (80 nm to 95 nm in diameter) bind to brain endothelial cells under static
conditions and at low flow (0.1 Pa) but not at higher flow rates (0.6 Pa) (Papademetriou

et al., 2018). Considering that shear in the brain is estimated to be between 0.5 Pa to 2.3

Pa (Cucullo et al., 2013; Jamieson et al., 2017), their study demonstrates the importance of
testing nanoparticle uptake under fluidic flow. Similarly, Park et al. were able to recapitulate
the shuttling activities of angiopep-2 using their model of the BBB and angiopep-2 coated
quantum dots (20 nm in diameter) (Park et al., 2019). The BBB model was constructed from
induced pluripotent stem cell-derived human brain microvascular endothelial cells that were
differentiated using a developmentally inspired protocol that included temporary hypoxic
conditions. The model also contained primary human brain astrocytes and pericytes and
mimicked the barrier function of the /n vivo BBB well, including higher impedance values
(about 24000 Q after two days of culture) when compared with the same differentiation
protocol conducted in transwells.

2.2 Biodistribution

Multi-organ MPS that mimic the human body can potentially be used to study the
biodistribution of nanoparticles in the human body. However, the design of multi-organ
MPS strongly influences how a drug or substance is distributed within it, and to obtain
useful predictions, that design must be carefully considered. Since the inception of multi-
organ MPS, design criteria have been discussed with some researchers proposing to use
physiologically based pharmacokinetic models and physiologically based tissue volume
ratios as guiding principles (Esch, King, et al., 2011; Malik et al., 2021; Sung, Esch, et al.,
2010; Sung et al., 2020). When following those guidelines, organ-specific flow rates create
fluid residence times that may mimic the /n7 vivo exposure of a tissue to nanoparticles.

Several pumpless multi-organ MPS have been developed(L. Chen et al., 2020; LaValley
etal., 2021; H. Lee et al., 2017; H. Li et al., 2022; Miller & Shuler, 2016; Oleaga et

al., 2016). Miller et al. built a 14-organ system, demonstrating it with five living tissues
(Miller & Shuler, 2016). However, most multi-organ MPS contain a limited number of organ
chambers. When organs are left out, the implicit assumption is that drugs or nanoparticles do
not interact with those organs, meaning they are not absorbed, metabolized, or excreted in
significant amounts by those organs.

To achieve physiological values, the blood surrogate volume in a multi-organ MPS can be
scaled using the same scaling factor as was used for all other organs in the system. However,
such a design requirement can be difficult to implement since MPS tissues tend to be quite
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small (typically 1/50000t to 1/200000t" of the human organ). The body cube developed by
Chen et al. demonstrated the co-culture of four tissues with physiologically scaled amounts
of blood surrogate (i.e. 80 pL of recirculating cell culture medium in a system that was
scaled down using a scaling factor of 73000) (L. Chen et al., 2020). That was achieved by
arranging the cell culture chambers in a cube format so that fluidic connections between
organ chambers were short and the amount of liquid needed to operate the device could be
decreased to 80 pL (1/73000 of the physiological volume of blood).

On the other hand, currently most pumpless multi-organ MPS are operated using
bidirectional fluidic flow, making it necessary to ensure that there is enough medium inside
the device so that none of it becomes trapped in the channel network of the device. Trapping
even small amounts of medium inside the system will result in nutrient depletion in the
middle of the device and potentially cause unexpected adverse effects in the tissues residing
there. Small-scale MPS that recirculate small amounts of liquid are also prone to liquid
evaporation, making it necessary to replace evaporated amounts regularly. Evaporation

is deleterious to cell culture in microfluidic systems because it significantly increases
osmolality, affecting cell physiological characteristics including cell metabolism (Yun et

al., 2007).

Unidirectional flow systems are needed when tissues that are exposed to significant shear
inside the body, such as the vasculature, are included in the multi-organ MPS. A number of
passive device designs that direct the fluidic flow in a single direction even when the device
is operated on a rocker platform have been developed (Esch & Shuler, 2015; Y. I. Wang &
Shuler, 2018; Y. Yang et al., 2019), (Fig. 1), including one multi-organ system (LaValley et
al., 2021).

However, despite their potential capability none of the multi-organ MPS has been used yet
for nanoparticle distributions studies.

2.3 Elimination

2.3.1 Liver—Because of its central role in drug metabolism and drug toxicity studies,
liver tissue was one of the first to be constructed as an MPS (Sin et al., 2008; Viravaidya

et al., 2008) and one of the first to be created in a pumpless MPS (Sung, Kam, et al.,

2010). Pumped liver MPS have been used to recapitulate liver architecture, liver zonation,
and liver disease models (P. Y. Chen et al., 2021; Decsi et al., 2019; Y. B. A. Kang et

al., 2015; Moradi et al., 2020; Polidoro et al., 2021; Prot et al., 2012). For nanoparticle
biodistribution and toxicity testing, it is useful to incorporate Kupffer cells into the MPS
liver tissue. Kupffer cells are resident macrophages in the liver that remove particulates and
foreign matter from the portal vein through phagocytosis (Dixon et al., 2013). They are
responsible for sequestering significant amounts of nanoparticles (15 nm to 200 nm in size),
changing the number of particles in the liver and in circulation (MacParland et al., 2017,
Poon et al., 2019) and with that their toxicity profiles (Zhu et al., 2017).

To build a liver functional unit with /n vivo-like 3D architecture, multiple cell types and
extracellular matrix have been used (Bhushan et al., 2013; Esch et al., 2015). Fluidic flow
at physiological flow rates across liver tissue has been shown to increase liver metabolism
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(Esch et al., 2015), which is likely due to an increase in the rate of gas exchange under flow
(Rennert et al., 2015). Oxygen gradients across liver tissue can be created using a number of
different MPS designs (Y. B. Kang et al., 2020; Y. B. A. Kang et al., 2018).

Some liver MPS have been exposed to nanoparticles for toxicity measurements (Jiang
etal., 2021; L. Li et al., 2019). Pumpless liver MPS have not yet been used to test
nanoparticles, but the systems are well-suited to probe particle elimination by Kupffer cells
under physiological flow rates.

2.3.2 Spleen—Besides being trapped in the skin and liver, significant amounts of
nanoparticles can also accumulate in the spleen either by being taken up by splenic
macrophages in the white pulp section (particles that are 15 nm to 200 nm in size), or

by being retained in the red pulp section and internalized by macrophages there (particles
that are larger than 200 nm) (Almeida et al., 2011; Moghimi et al., 2001). The red-pulp zone
and the white pulp zone of the spleen are separated by the perifollicular zone. The spleen has
interendothelial slits (IES) that hold back blood-borne pathogens, aging red blood cells as
well as larger nanoparticles (100 nm and larger). /n vivo IES can be between 250 pm to 1200
pum wide openings with an average length of 1.89 um (Deplaine et al., 2011), a slit size that
can easily be microfabricated with contact photolithography methods. Microfluidic chips
that mimic those slits have been made to filter out larger cells such as circulating tumor cells
and to investigate mechanical deformation of human cells (Patil et al., 2015). However, there
are currently very few microfluidic chips that mimic the IES of the spleen as well as the
physiological flow division. Rigat-Brugarolas et al. fabricated a pumped microfluidic device
that is operated without human cells, but that accurately replicates the physiological flow
division into fast flow and slow microcirculations (Rigat-Brugarolas et al., 2014). Picot et

al. also designed a fluidic chip with slits that they tested with red blood cells, finding that
infected cells were retained by the slits (Picot et al., 2015). Using a similar idea, an artificial
microfluidic spleen device was developed and used to clean the blood of actual patients (J.
H. Kang et al., 2014).

2.3.3 Kidney—Kidney MPS can provide a platform for testing and optimizing
nanoparticle drug delivery systems. Circulating nanoparticles are cleared from the body

by the organs of the reticuloendothelial system (RES) or the kidneys (Du et al., 2018).

The kidneys are responsible for filtration, osmoregulation and reuptake, and receive about
25 % of cardiac output, meaning that they play a large role in absorption, distribution,
metabolism, elimination, and toxicity (ADMET) of a substance (Brown et al., 1997). Major
components of the nephron, which are the functional units of the kidney, include the
glomerulus, proximal tubule, distal tubule, and collecting duct. The glomerulus is a network
of capillaries surrounded by Bowman’s capsule. The glomerular filtration membrane is
composed of glomerular endothelial cells, a basement membrane or basal lamina, and
podocytes. Together, this structure is responsible for the size- and charge-dependent
filtration of blood (Marieb & Hoehn, 2019). Glomerular filtrate next reaches the proximal
convoluted tubule, which is primarily responsible for the reuptake of salts, sugar, and water
from the filtrate. This reabsorption is achieved through both active and passive transport.
Within the distal tubule, charged particles can be transported into and out of the filtrate,
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and finally concentrated filtrate reaches the collecting ducts for transport to the bladder for
removal from the body (Marieb & Hoehn, 2019). During the reabsorption process urine
becomes highly concentrated, allowing for the toxicity of compounds to emerge (Bonventre
et al., 2010). Due to their function the majority of drug toxicity cases (90 %) occur within
the proximal tubule and glomerular regions of the kidney (Bonventre et al., 2010), which has
also made glomerulus and proximal tubules the focus of MPS development. Nanoparticles
are quickly filtered from the blood, and important considerations in nanomedicine design is
renal clearance (Du et al., 2018).

The glomerular filtration barrier (GFB) filters approximately 180 L of blood daily, and
filtration is dependent on both size and charge of a compound (Comper & Glasgow,

1995; Gallardo & Vio, 2022; Tencer et al., 1998). Nanoparticle interaction with the

GFB is dependent on particle density, size, material, structure, and charge. Low density
nanoparticles such as silica particles circulate faster in the blood stream, are more easily
distributed in the body, have lower renal accumulation, and have faster renal clearance
when compared with more dense particles such as gold nanoparticles (Huang et al., 2021;
Tang et al., 2016). Nanoparticles with a size below 10 nm (30 kDa to 50 kDa) are able

to pass through the glomerulus and enter the proximal tubule (Huang et al., 2021). Larger
particles (10 nm to 20 nm) made from soft organic polymer-based materials can squeeze
through glomerular pores. Positively charged nanoparticles can pass through the GFB more
easily than negatively charged nanoparticles due to electrostatic repulsion, and disk or
rod-like nanomaterials have a longer circulation half-life when compared with spherical
nanoparticles (Huang et al., 2021). A number of glomerulus MPS have been developed
with rodent (L. Wang et al., 2017; Zhou et al., 2016) or human cells (Musah et al.,

2017; Petrosyan et al., 2019). Musah et al. were able to demonstrate that human-induced
pluripotent stem cell-derived podocyte-like cells cultured with human glomerular endothelial
cells secreted glomerular basement membrane collagen and differentially filtered albumin
and inulin. The two channel MPS used a vacuum device which pulled the fluid through the
device (Musah et al., 2017).

In the proximal and distal tubules, water, ions, and small molecules can be reabsorbed from
the filtrate into the circulation, and unwanted ions and molecules can be removed from the
bloodstream and secreted into the filtrate via ATPase pumps or passive diffusion (Marieb &
Hoehn, 2019). Tubular secretion can also be used to remove nanoparticles greater 100 nm
from the bloodstream, where the nanoparticles are secreted from the bloodstream into the
filtrate via exocytosis (Deng et al., 2019; Huang et al., 2021). Proximal and distal tubule
and collecting duct MPS have been developed with both human and animal cells (Fig.

2), although flow is driven through these systems with a pump (Mahler & Zhang, 2021).
Pump-driven MPS of both the proximal tubule and glomerulus have also been reported
(Sakolish et al., 2019; Sakolish & Mabhler, 2017; S. Y. Zhang & Mahler, 2021, 2022). Kidney
tissue slices (Bartucci et al., 2020) and 3D kidney organoids (Astashkina et al., 2014) have
been used for nanoparticle toxicity testing, but kidney MPS have not, to date, been used.

Few studies have focused on the development of a pumpless kidney MPS. A 3D printed
paper-based system created by Li et al. contains cells seeded into set chambers for individual
organ types (H. Li et al., 2022). This system also incorporates a hydrogel (GelMA) as a
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matrix for cell seeding. With viability studies producing strong results after seven days,
the technology has the potential to be scaled up for large-scale toxicity testing. This MPS
uses gravity along with capillary action of its small vascular channels to facilitate system
flow. With the initial drug and medium being placed in a siphon reservoir, medium can
move through the entire MPS. The ease of printing and ability to make fast changes allows
for flow to be highly controlled and editable, and this system could be used to model
components of the kidney.

2.4 Toxicity measurements

In 2008, Lewinski et al. summarized /n vitro cytotoxicity data for nanoparticles that were
available then, finding that cytotoxic effects emerge in a dose- and time-dependent manner
for all the nanoparticles they reviewed. MPS can contribute to uncovering cytotoxicity and
also help determine functional changes of tissues in response to nanoparticle exposure.

For example, Ahn et al. demonstrated that exposure to high doses of TiO, nanoparticles
(29 nm £ 11 nm in diameter) and Ag nanoparticles (22 nm = 3 nm in diameter) disrupts

the contractile function of cardiac tissue through structural damage to tissue architecture
(S. Ahn et al., 2018). The study provides evidence of MPS as a platform for conducting
physiologically relevant nanotoxicology studies of 3D cardiac tissues. A study by Lu

et al., also suggests that CuO nanoparticles can disrupt the endothelial barrier which

affects the particle’s translocation to cardiac tissue (Lu et al., 2021). The particles induce
electrical and contractile dysfunction through the generation of reactive oxygen species
(ROS) and subsequently cause disruption of cardiac troponin T and secretion of biomarkers
associated with cardiac injury (B-type natriuretic peptide, N-terminated pro-hormone BNP,
and troponin 1). SiO, nanoparticles elevate the secretion of pro-inflammatory cytokines and
alter the intercellular Ca?* handling (Lu et al., 2021).

In a study conducted by Li et al., exposure to atmospheric nanoparticles (ANPs) caused
endothelial dysfunction, including increased vessel permeability by disrupting endothelial
cell tight junctions. ANPs also caused imbalance in the intravascular expression of
vasoconstrictors and vasodilators, increased levels of inflammation, and increased Ca2*
influx. The results suggest that this 3D human microvessel model is suitable for the
evaluation of vascular toxicity after human vessel exposure to nanoparticles (Y. Li et al.,
2019).

Liver MPS have also been used to assess nanoparticle toxicity (Esch et al., 2014) and

the effects of nanoparticles on albumin and urea production (L. Li et al., 2019). Li et al.
exposed liver tissue grown in an MPS to 10 nm superparamagnetic FesO4 nanoparticles,
finding that fluidic flow increases the tissue’s sensitivity to the particles, which is expressed
in a decreased production of albumin. Jiang et al. have also used a liver MPS with liver
spheroids to probe the toxicity of CuS nanoparticles (Jiang et al., 2021). The particles caused
a decrease in spheroid viability, albumin and urea production and glycogen deposition. CuS
particles also altered the mitochondrial membrane potential and caused an increase in the
production of reactive oxygen species.

Multi-organ MPS also have the potential to detect secondary effects that arise after
nanoparticle exposure due to the recirculation of soluble components among all tissues
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cultured within the system. Here, the amount of blood surrogate present in the MPS can
influence the severity of such effects. Systems that contain physiologically scaled amounts
of blood surrogate (as discussed in section 2.2) are likely most suitable to pick up such
secondary effects.

3. Outlook

The most important difference between traditional /n7 vitro tissue models and fluidic MPS is
the presence of fluidic flow. The flow of medium has been shown to affect /n vitrotissues in
several ways. For example, while human skin constructs express similar amounts of proteins
such as collagen 1V and keratin 10 in fluidic models and in static transwell models, Song

et al. found that static cultures in transwells simply dry quicker, leading to a higher degree
of collagen matrix contraction and shorter viability of the tissue (H. J. Song et al., 2018). In
a liver MPS, fluidic flow was shown to increase the metabolism in heptocytes (Esch et al.,
2015) likely as a consequence of increased rates of gas exchange that become possible under
flow (Rennert et al., 2015).

In the context of testing nanoparticles, the most significant effects of fluidic flow are that
the barrier function of models of barrier tissues typically increases under fluidic flow. For
example, a model of the BBB that was constructed from stem cells was capable of reaching
much higher impedance values (about 24000 Q after two days of culture) compared with
the same model grown in transwells (Park et al., 2019). The difference flow makes in
nanoparticle uptake across models of the endothelium constructed from HUVEC has been
quantified by several groups. Samuel et al. who used negatively charged 2.7 nm and 4.7 nm
CdTe quantum dots and 50 nm SiO, nanoparticles and several different magnitudes of shear
(0 Pa, 0.05 Pa, 0.1 Pa, and 0.5 Pa) showed that nanoparticle uptake was highest at low flow
conditions and decreased at higher flow rates (Samuel et al., 2012). Similarly, Fede et al.
found that 13 nm gold nanoparticle accumulation in endothelial cell layers is very low (0.17
%) under flow compared to accumulation in wells (29.2 %) (Fede et al., 2015, 2017).

Fede et al. point out that the number of total administered nanoparticles in a flow system
without recirculation is much higher than that in wells without flow. As an example, in their
system a concentration of 1 x 1012 nanoparticles/mL flown at a flow rate of 5 uL/min for

24 h, the number of administered nanoparticles is 1.5 x 108 nanoparticles/cell in fluidic
device compared with 1 x 107 nanoparticles per cell in the well (Fede et al., 2017). Here,
pumpless fluidic devices that can recirculate small amounts of medium could offer a solution
to creating a more equal exposure to nanoparticles.

Fluid recirculation in MPS can also reduce medium waste (compared to one-pass systems)
and allow the MPS to be used for testing small amounts of expensive compounds. In the
case of nanoparticles, recirculation would allow for particles to remain in the system for a
defined exposure time.

Another feature of MPS that has been shown to influence nanoparticle uptake is mechanical
stretching of tissues such as the alveolar-capillary interface. For example, the uptake of 100
nm polystyrene particles by lung epithelial cells was significantly increased when the tissue
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was stretched 10 % at a frequency of 0.2 Hz (Huh et al., 2010). Stretching of tissues have
previously been accomplished with more traditional tissue models, but MPS can combine
stretching and fluidic flow to mimic the /n vivo situation more fully.

Multi-organ MPS where multiple tissues are incorporated into the same system to mimic
the human body may also provide an opportunity to test nanoparticles in a complex
environment. Nanoparticles may acquire a lipid/protein coating (for example by crossing
the GI tract epithelium) that could influence their interaction with other tissues. However,
current obstacles to using multi-organ MPS for nanoparticle testing are similar to those

for testing other drug candidates (Andersen et al., 2014; Hargrove-Grimes et al., 2022;
Livingston et al., 2016; Starokozhko & Groothuis, 2017). Most importantly, to accurately
mimic the human body, MPS — especially multi-organ MPS with recirculating medium flow
— remain very complex. To construct tissues that mimic the /n vivotissues in terms of
architecture and function, multi-cell type 3D models made from primary cell sources or stem
cell sources are best used. Those cell types require specialized medium formulations and to
culture multiple tissues within one MPS, those medium formulations must be optimized to
suit all tissues, a task that becomes more difficult the more tissues are included in the MPS.

Depending on the objective of the measurements, the MPS must be designed to deliver
outputs that are suitable to inform further development options, such as determining
suitable nanoparticle candidates and perhaps concentration ranges. Here, challenges remain
with increasing device complexities of multi-organ MPS. A device that includes one or
several barrier tissues becomes a complex system that requires several microfluidic circuits
representing, for example, the apical side of the Gl tract, the systemic circulation of the
body, and the basolateral side of the kidney. A multi-circuit-device must retain balanced
fluidic flow so that the pressure exerted on barrier tissues remains within physiological
limits. Here, pumpless system components may be able to better provide the needed
complexity.

While MPS offer many possibilities, there are also some interactions of hanoparticles with
the human body that are not easily modelled /in vitro and where /n vivo testing is still
needed. For example, nanoparticle interactions with components of the immune system can
potentially be studied with MPS to examine the fate of nanoparticles in the presence of
immune responses, but studies to that effect have not yet been conducted (Maharjan et al.,
2020). Nanoparticles have also been shown to cause some physiological changes such as
an increase of intestinal villi sizes upon exposure (Mahler et al., 2012). Such physiological
changes may not be observed within MPS and in those cases experiments with MPS can
only guide more in-depth /n vivotest.

One goal for MPS developers is to reduce the use of animals in the drug development
process by either eliminating drug candidates early in the development process (before
animal experiments), or by decreasing the parameter space that needs to be evaluated with
animals. Ideally, in the future, MPS would mimic the human body in a way that can achieve
those goals. In addition, to evaluate MPS responses, device validation should be possible.
To that effect there are several groups who currently are working to provide such validation
methods for MPS. However, the development of MPS is still an active field of research and
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the best strategies to design and use the devices are still under debate. The adoption by
industry also likely depends on the cost of MPS, which can be significant. Here, pumpless
devices may offer the benefit of being less expensive, easier to manufacture, and easier to
operate while still delivering some key requirements.

4. Conclusion

MPS are well-suited for drug and nanoparticle testing. Devices that contain barrier tissues
such as a mucosal layer, an epithelium, or an endothelium can be used to estimate the uptake
and bioavailability of nanoparticles in the systemic circulation. MPS offer the opportunity to
test those processes under fluidic flow and when tissues are exposed to mechanical forces
such as mechanical stretching. Devices that contain elements of the liver, spleen, or kidney
offer the possibility to estimate nanoparticle elimination from the body, though more work
needs to be done in this area to further demonstrate this capability. Similarly, multi-organ
MPS that contain tissues that interact with nanoparticles may be suitable to estimate their
biodistribution within the body, though this has not been achieved yet. Pumpless MPS could
contribute to nanoparticle testing with MPS by simplifying the design and operation of
complex multi-organ systems that require multiple fluidic circuits. They can also provide
the capability to study nanoparticles in systems with near-physiological fluid volumes and
under recirculating fluid flow rather than one-pass flow systems. Both pumped and pumpless
MPS can used to study nanoparticles in a systematic way to determine best materials, sizes,
shapes, and surface coatings. In this way, MPS may contribute to reducing necessary animal
experiments, though certain aspects of nanoparticle testing with animals might remain
necessary.
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Info box 1
Pumpless MPS Features
Advantages:

. Pumpless MPS can recirculate small amounts of cell culture medium, making
it possible to reduce the liquid levels in the system to near-physiological
amounts.

. The systems don’t require expensive components like external pumps or

integrated microfluidic pumps.

Disadvantages:

. In bidirectional flow systems where medium flows back and forth, there must
be sufficient medium in the system so that there is no portion of liquid in the
channel that becomes nutrient-depleted over time.

. Pumpless systems require to be in motion every 30 s to 60 s (because they are
rocked back and forth on a rocker platform or rotated on a rotating platform)
and this makes it challenging to integrate them with wired components used
for measurements.

. Pumpless systems are typically open to the environment and thereby subject
to medium evaporation.
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Rotating platform
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Pumpless MPS - Modes of operation (A) One-pass systems (H. Li et al., 2022), (B) Rocker
platform, (C) rotating platform, and unidirectional designs (D) UniChip (reprinted with
permission from LOC) (Y. I. Wang & Shuler, 2018), (E) Gl-tract — liver system (Esch &

Shuler, 2015), and (F) vasculature chip (Y. Yang et al., 2019).
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Fig. 2:

E)?amples of microphysiological systems (MPS) of various organs, including Blood-Brain
Barrier-in-a-Chip, reprinted from (S. I. Ahn et al., 2020), Liver-on-a-Chip (Liu et al., 2022),
Kidney-on-a-Chip with glomerulus and proximal tubules (S. Y. Zhang & Mahler, 2021),
Skin-on-a-Chip (Wufuer et al., 2016), Lung-on-a-Chip (Huh et al., 2010) (reprinted with
permission from The American Association of Science), Neuromuscular junction-on-a-Chip
(V. M. Smith et al., 2021), Heart-on-a-Chip (K. W. Cho et al., 2020; Y. S. Zhang et al., 2016)
(reprinted with permission from Elsevier), Gut-on-a-Chip (Shah et al., 2016).
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TABLE 1:

Page 29

Examples of pumped and pumpless MPS used to evaluate the impact of nanoparticles on tissues.

MPS system  Organ-on-  Cell source Nanoparticles Characteristic References
a-chip
Pumped Blood- bEnd.3 Angiopep-2 Nanoparticle (Papademetriou et al., 2018; Park et
MPS Brain- BMVEC conjugated penetration al., 2019; Y. I. Wang, Abaci, et al.,
Barrier liposomes/quantum 2017)
dots (QDs)
Liver Rat hepatocyte Fe304 nanoparticle  Nanoparticle (Jiang et al., 2021; L. Li et al., 2019)
CusS nanoparticles toxicity
Liver/Gut Caco-2/HT29-MTX Carboxylated Nanoparticle (Esch et al., 2014)
with HepG2/C3A cells polystyrene (PS) toxicity:
elimination
Lung HUVECs Zno, TiO, Nanoparticle (Huh et al., 2010; X. Yang et al., 2018;
HPAEpiIC Silica nanoparticle toxicity, M. Zhang et al., 2018)
penetration
Heart NRVMs TiO,, Ag Nanoparticle (S. Ahnetal., 2018; Lu et al., 2021)
HUVECs nanoparticle toxicity
iPSC-derived Cu0, SiO,
cadiomyocytes
Spleen RBCs Magnetic nanobeads  Nanoparticle (J. H. Kang et al., 2014)
elimination
Kidney Renal adenocarcinoma Carboxylated Toxicity (S. Cho et al., 2016)
cells polystyrene (PS)
Vascular HUVECs Au nanoparticle Nanoparticle (Y. Y. Chen etal., 2020; Fede et al.,
QDs, SiO, toxicity, uptake 2015, 2017; D. Kim et al., 2011; V. Li
nanoparticle etal., 2019; Samuel et al., 2012)(Y. Y.
Chen et al., 2020; Fede et al., 2015,
2017; D. Kim et al., 2011; Y. Li et al.,
2019; Samuel et al., 2012)
Pumpless Liver HepG2/C3A Drug toxicity (Sung, Kam, et al., 2010)
MPS
Liver/Gut Caco-2/HT29-MTX Carboxylated Nanoparticle (H. J. Chen et al., 2018; Esch &
with HepG2/C3A cells polystyrene (PS), toxicity: Shuler, 2015; J. won Jeon et al., 2021)
Turofexorate elimination
isopropyl (XL-335),
metformin
3D Gl tract  Colon carcinoma cell (Sung et al., 2011)
ling, Caco-2 cells,
epithelial cells
Skin HSE from fibroblasts NA Drug toxicity (Abaci et al., 2015; H. M. Jeon et al.,
and keratinocytes 2020; H. J. Song et al., 2018)
Body A549 (lung), Caco2 NA Drug distribution (L. Chen et al., 2020; LaValley et al.,

(Gl), HepG2 C3A
(liver), Meg01 (bone
marrow), HK2 (kidney)

2021; H. Li et al., 2022; Miller &
Shuler, 2016)

Abbreviations: HUVECs, Human umbilical vein endothelial cells; HPAEpIC, Human alveolar epithelial cells; Caco-2/HT29-MTX; HepG2/C3A,
Caco-2BBE; bEnd.3, Brain microvascular endothelial cells; BMVEC, iPSC-derived brain-like microvascular endothelial cells; RBCs, red blood
cells; HSE, human skin equivalents; NRVMs, Neonatal rat ventricular myocytes; NA, not applicable.
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