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Application of Transmural Flow Across In Vitro
Microvasculature Enables Direct Sampling of Interstitial

Therapeutic Molecule Distribution

Giovanni S. Offeddu, Luca Possenti, Joshua T. Loessberg-Zahl, Paolo Zunino, John Roberts,
Xiaogang Han, Dean Hickman, Charles G. Knutson,* and Roger D. Kamm*

In vitro prediction of physiologically relevant transport of therapeutic
molecules across the microcirculation represents an intriguing opportunity
to predict efficacy in human populations. On-chip microvascular networks
(MVNs) show physiologically relevant values of molecular permeability, yet
like most systems, they lack an important contribution to transport: the ever-
present fluid convection through the endothelium. Quantification of transport
through the MVNs by current methods also requires confocal imaging and
advanced analytical techniques, which can be a bottleneck in industry and
academic laboratories. Here, it is shown that by recapitulating physiological
transmural flow across the MVNs, the concentration of small and large mole-
cule therapeutics can be directly sampled in the interstitial fluid and analyzed
using standard analytical techniques. The magnitudes of transport measured
in MVNs reveal trends with molecular size and type (protein versus nonpro-
tein) that are expected in vivo, supporting the use of the MVNs platform as

1. Introduction

Organ-on-chip technologies are attracting
increased attention because of their poten-
tial to better recapitulate and explore
complex human biological interactions
compared to conventional in vitro sys-
tems."2l A promising application is that
of drug discovery and development, where
limitations arise with the use of animal
models in reproducing critical aspects of
human biology.’] Organ-on-chip technolo-
gies can reduce our reliance on animal
testing and inform safety assessments by
testing novel molecules directly in physi-
ologically relevant, human-derived tissues.
Systems that allow the measurement

an in vitro tool to predict distribution of therapeutics in vivo.
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of fundamental aspects of drug safety,

pharmacokinetics and efficacy, therefore,

hold great potential value for patients.

In particular, 3D models of the human
microvasculature (endothelium-on-chip, made by bioprinting,
casting,® or combination approaches,® among others) can
be used to quantify the distribution of circulating therapeutic
molecules across the capillary wall into the interstitial space
where they access cellular targets and elicit pharmacological
response.l’!

In vivo, therapeutic molecules can cross the endothelium in
several ways, the specific contributions of which are primarily
determined by the physicochemical properties of the particular
therapeutic, such as size, charge, and ability to bind endothelial
membrane transport proteins.! Many small molecule thera-
peutics can passively diffuse across the endothelial cell mem-
brane,””) while large molecule therapeutics may only passively
distribute across the endothelium if their size permits passage
through endothelial cell junctions (<10 nm in diameter!!%), in
which case the molecules are carried through the endothelium
by transmural fluid flow.l'] Larger molecules and nanoparticles
(up to 80-100 nm!'?13]), instead, likely require active cellular
transport (transcytosis) through endothelial cell vesicles. In
order to successfully predict therapeutic molecule distribution
in vivo, an in vitro system must be capable of recapitulating not
only the magnitude of transport, but also the particular paths
through which therapeutics cross the endothelium.

Self-assembled microvascular networks (MVNs) made of
primary endothelial and stromal cells can be formed as part
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of microfluidic devices, where they take on a fully perfus-
able 3D capillary bed morphology enclosed within a hydrogel
matrix.'#1 These MVNs have been shown to possess values
of endothelial permeability that are comparable to those meas-
ured in animals and humans for a variety of molecules.l'%l As
observed in vivo, tight endothelial junctions in the MVNs limit
the paracellular passage of large proteins, which are instead
actively shuttled across the cells through vesicular transport.
This quality makes the MVNs clearly outperform other in
vitro systems, such as endothelial monolayers in transwells,
where permeability values can be up to three orders of mag-
nitude higher.'®'7] However, compared to transwell systems
where fluid across the monolayer can be directly sampled,
MVNs are typically formed in a closed system, which hinders
direct fluid sampling and requires imaging-based measure-
ments. In order to make physiologically relevant measurements
of therapeutics distribution across the MVNs, fluorescently
labeled molecules are required, which may have altered bio-
distribution due to increased size (relevant for small molecule
therapeutics) or to different binding to transporters (relevant
for large molecule therapeutics). Additionally, a need exists for
higher throughput measurements, which are compromised by
imaging-based assessments that require advanced analysis to
capture and quantify molecular extravasation.

In this work, the important contribution of transmural flow
to the extent of molecular flux to the tissue compartment was
recapitulated for the first time in the MVNs using physiological
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levels of pressure across the endothelium. Further, because
transmural fluid continues flowing through the interstitial
matrix and eventually exits the MVNs device, it can be collected
and analyzed by standard analytical techniques like enzyme-
linked immunosorbent assay (ELISA), which do not rely on a
fluorescent tag. Model molecules of varying physicochemical
and biological properties, including both small and large thera-
peutic molecules, were perfused through the system, recapitu-
lating important trends that reflect in vivo biodistribution. The
results reported here further demonstrate the physiological
relevance of the MVNs for the in vitro measurement of drug
transport in the human microcirculation.

2. Results and Discussion

2.1. Perfusion and Hydraulic Conductivity of MVNs

The recapitulation of physiological transmural flow requires the
creation of a pressure differential across the endothelium. The
MVNs form within the central gel channel of a three-channel
microfluidic device, where they bridge the side channels con-
taining cell culture medium (Figure 1a). An additional endothe-
lial monolayer is formed on the gel channel sides, which
integrates with the MVNs and limits direct diffusion from
the cell culture medium into the hydrogel matrix.' All three
device channels possess two inlets, used in the case of the gel

small solutei

large solute

fluid flow

Figure 1. a) Schematic diagram and b) photograph of microfluidic device setup with applied pressure. Pressurization of the MVNs produces trans-
mural flow and size-selective convective filtering of solutes across the endothelium that determines the transendothelial distribution of the solutes.
In (a), py represents the pressure applied in the media channels and p, the pressure at the gel outlet (atmospheric), where Ap = p;—p, > 0. A confocal
microscopy image of the perfused MVNs is shown in (c); the scale bar is 200 um.
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channel to inject the cell mixture during fabrication, and in the
case of the side channels to change cell culture medium daily.
By using a pressure regulator connected to the open inlets of
both side channels (Figure 1b), this medium can be pressur-
ized, thereby inducing a pressure differential between the side
channels and the open gel ports. The presence of continuous
fluid within the perfused MVNs (Figure 1c) ensures that the
entire endothelium is subjected to the differential pressure,
producing transmural flow into the hydrogel matrix.

In the body, the total pressure differential in the microcircu-
lation is due to two contributions: hydrostatic and oncotic pres-
sures. Hydrostatic pressure originates from pumping of the heart,
and within the microcirculation has a magnitude of =4-5 kPa,!8l
resulting in flow out of the circulation (apical to basal). Conversely,
oncotic pressure derives from the higher concentration of plasma
proteins, mostly albumin and immunoglobulin G (IgG),'! within
the blood compared to the tissue compartment, resulting in flow
into the circulation (basal to apical). Oncotic flow is driven by a
pressure of ~3—4 kPa,® resulting in a net pressure differential
across the microcirculation of =1-2 kPa. This positive transmural
pressure gives rise to interstitial fluid flow, which enters into the
lymphatic vascular network that returns it to the low-pressure
venous circulation. Fluid flux per surface area of the endothe-
lium, Q/SA, is given by the Starling equation(?”

Q/SA=L, (Ap-onm) (1)

where Ap and Ar are the hydrostatic and oncotic pressure differ-
entials, o is the reflection coefficient (i.e., the fraction of plasma
proteins in the blood that is not carried by the transmural
flow), and L, is the hydraulic conductivity of the endothelium.
Together, L, and o contribute to the correct barrier function of
the endothelium and its capacity to maintain homeostasis.['!

Within the MVNs, the net differential pressure was recapitu-
lated entirely through hydrostatic pressure, as no oncotic pressure
difference is present at steady state within the microfluidic device
(medium serum concentration within and outside the lumens is
equivalent). In order to investigate the effect of this physiological
pressure differential on the MVN endothelium, a small (=390 Da)
tracer, fluorescein isothiocyanate (FITC), was perfused and its flux
across the endothelium measured as a function of applied hydro-
static pressure (Figure 2a). As transmural pressure, hence flow,
increased, more solute was transported by convection through the
endothelial junctions, which was measured as an increase in the
apparent permeability to the solute, P, according tol'!!

P, =P+L, (1-0)(Ap—oAr) (2)

where P is the vessel permeability with no driving pressure, as
is normally measured. Assuming no reflection of FITC by the
endothelium due to its small size (o = 0), the linear increase
(p-value < 0.05, R* = 0.98) in P,;, can be fit by Equation (2) to
yield L, for the MVNs as 4.37 x 102 m s Pa™.,

Figure 2b shows a comparison of this hydraulic conductivity
with those of in vitro endothelial monolayers,?!~2°] as well as data
from animal models and humans.'®3% The MVNs show one
to two orders of magnitude lower L, compared to the majority
of other in vitro models (1072 compared to 107°-107'!), and,

instead, a value comparable to in vivo animal models (1072 for
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the nonspecialized microvasculature of the rabbit, dog, and cat).
Notably, for both in vitro and in vivo models the lowest L, values
are those for brain endothelial cells (in vitro, only mouse brain
endothelial cells produced a lower value than what was meas-
ured for the MVNis), likely due to the increased tightness of the
junctions making up the blood-brain barrier.3!] Conversely, the
only in vivo value significantly larger than what was measured
for the MVNs was that of the frog mesentery, where the need
for nutrient intake likely mandates greater amounts of fluid
transport.?2 The physiological value of hydraulic conductivity of
the MVNs ultimately depends on the small dimension of the
endothelial junctions, as well as on the presence of a functional
glycocalyx in this system,® imposing a larger barrier to fluid
transport.?%) These factors contribute to the observed physi-
ological values of permeability in the MVNs, further supporting
the importance of more complex in vitro endothelial models to
predict distribution of therapeutics in the body.

2.2. Effect of Transmural Flow on Plasma Protein Transport

The ability to differentiate between passive and active transport
pathways across the endothelium is of significant importance
to establish a successful model of the microcirculation. Indeed,
pathological states may affect passive and active passage differ-
ently,?¥ and so recapitulation of the magnitude of transport alone
is not enough. Having established the baseline of hydraulic con-
ductivity of the MVNs using a small molecule, a similar inves-
tigation of permeability as a function of pressure can provide
insight into the capacity of large molecules to cross the endothe-
lium. Dextrans are large molecule solutes that are not specifically
recognized for transport by endothelial cells, so that their per-
meability proceeds primarily through endothelial junctions.!'®!
Figure 2c shows the increase in P,,, with pressure for dextrans
of increasing molecular weight (4, 40, 70, and150 kDa, R? = 0.96,
0.89, 0.94, 0.99, respectively, and p-value < 0.05 in all cases). The
increase in P,p, was found to be faster for smaller solutes, and the
linear trends were fit to Equation (2) to yield the reflection coef-
ficient (Figure 2d). It can be seen that ¢ increases (p-value < 0.05)
with dextran molecular weight from 0.35 for 4 kDa to 0.78 for
150 kDa, indicating that less of the large molecules are carried by
the transmural flow into the hydrogel matrix, which is consistent
with the decreasing permeability of these molecules.!°]

Plasma proteins like human serum albumin and IgG are pri-
marily involved in maintaining homeostasis across the endothe-
lium through the oncotic contribution to transmural flow. To
maintain the correct osmotic pressure in vivo, their passage
through the endothelium must be limited.' In the MVNs, con-
trary to what was observed for dextrans, the P,,, of these proteins
was not observed to increase with pressure (Figure 3a, p-value
> 0.05). Any small increase in protein flux with pressure, if pre-
sent, was hidden by the inherent variability of the measurements,
indicating that o = 1 for these molecules. This result is consistent
with values of o reported previously for albumin (0.83) and IgG
(0.96) in animals.}¥ Further, it is consistent with a mechanism
of active transport for these molecules across the endothelium
(i-e., transcytosis through active cellular recognition and vesicular
transport, as previously reported1®3>3%) which is unaffected by
fluid convection through the endothelial junctions (Figure 3b).

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Permeability (P) of the MVNs to FITC as a function of transmural pressure. The linear fit (solid line) was used to calculate the hydraulic
conductivity (L,) of the MVNs, compared in b) to other in vitro systems and in vivo data. c) Increase in P of the MVNs to dextrans of varying molecular
weights with pressure. The linear fits (solid lines) yield the reflection coefficient (o) for each solute, shown in (d). In (a), (c), and (d) data are reported

as mean = std. dev.

Pressurization of the MVNs may produce changes in the
endothelial junctions, potentially impacting passive solute flux.
However, repeated cycles of pressurization were not found to
alter the P,,, measurements (Figure 3c) or the morphology of
the endothelial junctions, as imaged by immunofluorescent
staining of a tight junction marker, ZO1 (Figure 3d). Instead,
the MVNs showed the ability to maintain structural integrity
under physiological levels of pressure, as indicated by their
consistent recovery during cycles of pressurization (Video S1,
Supporting Information). Importantly, the results reported so
far show that the MVNs can be used in conjunction with con-
focal microscopy and fluorescently labeled molecules to make
robust local measurements of concentration distribution across
the endothelium in the presence of physiologically relevant
transmural pressure and flow.

2.3. Measurement and Simulation of Interstitial Flow
Transmural flow from capillaries continues within the

tissue compartment as interstitial flow, until it is collected
by lymphatic vessels and eventually flows back into the

Small 2019, 15, 1902393 1902393

circulation.’”] In the system presented here, one of the gel

ports was closed in order to direct all flow to the other (the
“lymphatic”) outlet. Interstitial flow is then the result of trans-
mural flow from the MVNs, as well as from the endothelial
monolayer lining the side of the gel channel, which is more
permissive than the self-assembled microvessels likely due
to the 2D morphology.'®! The overall fluid velocity magni-
tude was measured by fluorescent tracking of photobleached
spots (Videos S2 and S3, Supporting Information) as a func-
tion of location within the device. The resulting velocity map
is shown in Figure 4a in the case of an applied pressure of
1000 Pa. A pressure of 1000 Pa was used in all subsequent
studies because it falls within the physiological range of the
microcirculation.

The measured velocities were compared to computa-
tional simulations of interstitial fluid flow (Figure 4b and
Figure Sla, Supporting Information) for a range of hydraulic
conductivities of the endothelial monolayer, varying between
1-fold (1X) and 500-fold (500X) of the hydraulic conductivity
of the MVNs. Figure 4c shows the average interstitial fluid
velocity as a function of distance from the outlet, which
was observed to increase toward the outlet (p-value < 0.05).

(4 of 10) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Permeability (P) of the MVNs to plasma proteins (albumin and 1gG) as a function of transmural pressure. b) Schematic diagram of active
vesicular transport and passive membrane diffusion (both flow-independent), and passive convection through junctions (flow-dependent) across the
endothelium. Plasma protein binding of small molecules is not represented. c) Hysteresis of P to 4 kDa dextran during a cycled pressure regime.
d) Confocal immunofluorescence staining of tight junctions between endothelial cells before (top) and after (bottom) flow. The scale bar is 50 um.
In (a), and (c), data are reported as mean = std. dev.
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Comparison between the experimental data and simulated
fluid velocities shows that the endothelial monolayer is
~100X more permissive to fluid than the MVNs, consistent
with previously published monolayer results (Figure 2b).
Notably, the resulting interstitial flow has an average velocity
comparable to that reported in vivo (=1.3 um s~ compared to
0.1-4 pum s~1),

For a given applied pressure, the hydraulic conductivity of the
MVNs and side-monolayer determine the fluid pressure within
the hydrogel matrix. If either conductivity is high enough,
pressurization of the hydrogel would reduce the effective pres-
sure differential across the endothelium. Computational simu-
lation of the pressure within the hydrogel for the same range of
monolayer L, showed that in the present case (100X of MVNs,
Figure 4d and Figure S1b, Supporting Information) inter-
stitial pressure ranged between =2 and 15 Pa, values that are
essentially negligible compared to the physiologically relevant
applied pressure (1000 Pa).

The presence of the endothelial monolayer alters the flow
profile within the device. Indeed, transmural flow across
the MVNs only, which in the system is supplied by a small
amount (1-4 um s!) of luminal flow from the side channels
(Figure S2¢,d, Supporting Information), would result in much
smaller interstitial fluid velocities, of the order of 0.1 um s7!
(Figure 4c). This enhanced flow through the monolayer can be
used advantageously to directly sample molecular concentra-
tions in fluid crossing the endothelium, thereby providing a
means to quantifying transport of nonfluorescent molecules,
such as therapeutic agents, as described next.

2.4. Direct Sampling of Interstitial Fluid

Interstitial fluid originating from the MVNs and the endothe-
lial monolayer accumulates outside of the open gel outlet as a
result of interstitial flow. As expected, the volume of extruded
fluid within a set time increased with applied pressure
(Figure S2, Supporting Information), having an average flow
rate of 1.2 UL s' when an intravascular pressure of 1000 Pa
was applied. This extruded fluid can be collected to measure
the concentration of any analyte perfused through the media
channels. However, the precise measurement of molecular dis-
tribution across the MVNs requires separation from the signal
coming from the monolayer, which is likely to be much larger
due to a more permissive barrier.

The shape of the microfluidic device used here facilitates this
separation, due to a difference in proximity of the MVNs and
monolayer to the outlet. Indeed, the MVNs were observed to
include perfusable vessels up to the outlet of the device, more
than 3 mm away from the monolayer (Figure 5a). As a result,
upon pressurization to 1000 Pa, the fluid collected was found
to initially increase slightly in concentration and then remain
approximately constant for 10 min (Figure 5b), after which
the concentration rose to values comparable to what was per-
fused within the side channels of the device. This behavior can
be interpreted by considering that when fluid flow is initiated,
there will be a delay before the solute front flowing from the
distant endothelial monolayer reaches the outlet and dominates
the measurement. During this time, the fluid flowing ahead of

Small 2019, 15, 1902393
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the front is largely displaced by fluid extruded purely from the
MVNs in the proximity of the outlet.

In order to analyze solute transport across the MVN
endothelium, one can express the concentration of solute in the
extruded fluid (the MVN equivalent of interstitial fluid in vivo),
¢, as a fraction of that of the perfused fluid (the MVN equivalent
of blood/plasma), c,. This normalized concentration ratio is
often similarly used in animal model tests of drug biodistribu-
tion,® as ¢ and ¢, are parameters that can be easily measured
without real-time imaging in the live specimens. The ratio can
be expressed in terms of endothelial transport parameters, by
considering that ¢ will be the ratio between solute (J;) and fluid
(Q) fluxes across the endothelium

c=J./Q (3)

For large molecule therapeutics (>1 kDa), solute flux will be the
sum of diffusion through cell junctions and active transcellular
transport, quantified by the permeability of the endothelium
through a surface area SA, and convection of the solute across
the junctions, a function of Q (from Equation (1)), so that

Js=PSA(co—c)+Q(1-0)c, “4)
Rearrangement of Equation (3) yields

¢ _P+LAp(1-0)
Co P+L,Ap

()

Where Ap represents the pressure difference across the
endothelium.

In the analysis above, it is assumed that solute is uniformly
distributed in the hydrogel matrix encompassing the MVNs,
and that the loss of solute as it flows through this matrix,
either due to filtration or chemical binding, is negligible. The
former assumption is supported by the fact that the MVNs
maintain a perfusable, uniform 3D morphology up to the outlet
(Figure S3, Supporting Information). The latter assumption is
supported both by the high porosity and interfiber spacing of
the matrix (Figure S4a, Supporting Information), much larger
than the nanometer-sized protein perfused (i.e., albumin and
IgG), and that ¢/c, is approximately unity for all solutes after
the monolayer solute front reaches the gel outlet, supporting
the assumption that binding is negligible to the gel matrix. In
addition, measurements of interstitial fluid velocity as a result
of a pressure difference between the two side channels and
across a cell-free gel region (Figure S4b, Supporting Informa-
tion) revealed a hydraulic permeability of the matrix equal to
4.88 x 1071% m? s7! Pa’l, comparable to highly permissive
sponge materials used for the engineering of large tissues.l*’l
Consistently, measurements of the diffusion coefficient in the
matrix, Ds, for dextran of varying molecular weight, albumin,
and IgG (Figure S4c,d, Supporting Information), yielded values
within 60% to 100% of their respective diffusion coefficients
in fluid, Dy, setting a high baseline of diffusive transport to be
further enhanced by convection.

Figure 5c shows values of ¢/c, for dextran, obtained through
fluorescence analysis of the extruded fluid in a plate reader,
where the ratio was observed to decrease with increasing

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Confocal microscopy image of MVNs near the outlet of the device, showing connected lumens extending up to the outlet, and schematic
of the interstitial fluid collection process. The scale bar is 1 mm. b) Relative concentration (¢/c) of human FITC-labeled serum 1gG sampled from
the interstitial flow as a function of time, analyzed by fluorescence. The insert shows a scaled-up version of the data points up to 15 min. c) Sampled
c/cy of sampled dextran of varying molecular weight and d) model proteins, compared to the predicted values using Equation (5). e) Sampled c/c
of therapeutic molecules. For paclitaxel and doxorubicin, the overlaid bars represent the sampled concentrations (lower) and concentrations after
adjustment for protein binding to plasma proteins (higher). Statistical significance assessed by student’s t-test, * p-value < 0.05. In (c)—(e) data are

reported as mean = std. dev.

molecular weight. Importantly, the model based on the
endothelial transport parameters for these large molecules was
found to successfully predict the experimental values measured
in the system. A similar successful prediction was also obtained
for albumin and IgG (Figure 5d), using reported values for ¢,
whereby the c/¢, ratio for the two proteins was measured not
only by fluorescence, but also through ELISA. Here, c/c, for
albumin was found to be larger than for IgG, consistent with
the permeability measurements for these proteins.[®l

Finally, these MVNs were used to test the transport of clini-
cally relevant therapeutic molecules. Figure 5e reports data
for c/cy of two large protein-based therapeutics, Trastuzumab
and Cetuximab, which are monoclonal antibodies used in the
treatment of breast cancer to target the HER2 and EGF recep-
tors, respectively,***!] and two common small chemothera-
peutic drugs, Paclitaxel and Doxorubicin. Trastuzumab and
Cetuximab produced values of ¢/c, comparable to those of
human serum IgG (IgG: 0.10 £ 0.07, Trastuzumab: 0.06 + 0.04,
Cetuximab: 0.04 £ 0.02, p-value > 0.05 for all pairs). Such ratios,

Small 2019, 15, 1902393 1902393

obtained for therapeutically relevant untagged molecules, are
comparable to those measured for monoclonal antibodies in
a variety of animal and human organs, including the lung,
heart, muscles, and skin (0.04-0.153%)), and are particularly
applicable given the clinically relevant perfused concentration
used (20 ug mL™!, compared to a typical 10-65 ug mL™! anti-
body concentration in patients’ seruml[*?l). The values meas-
ured for Paclitaxel and Doxorubicin, with molecular weights of
854 and 544 Da, respectively, were initially found to be compa-
rable to, or smaller than, those of the larger dextrans previously
perfused (0.18 and 0.42, respectively, compared to the 0.25-0.77
range for dextrans), implying c/c, values of much larger mole-
cules. However, these values were corrected by accounting
for binding of the small molecules to serum present in the
cell culture medium, a normal phenomenon in vivo.[*3] These
results, appropriately corrected for protein binding, showed a
c/c, ratio close to unity for the two molecules, as expected from
their small size, and, interestingly, higher for Paclitaxel than
Doxorubicin (p-value < 0.05) despite the larger size of Paclitaxel.

(7 of 10) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

These results highlight the use of MVNs as a platform ame-
nable to testing physiologically relevant endothelial transport
of small and large molecule therapeutics in the presence of
transmural flow, revealing important trends in distribution
across the endothelium depending on the particular molecule.

3. Conclusion

The MVN microfluidic platform is a tool that possesses the
capability to predict both the magnitude and mode of trans-
port of therapeutic molecules across the human microvascular
endothelium. Through the induction of physiological rates
of transmural and interstitial flow, the platform also gains
an engineering benefit in that molecular concentrations can
now be sampled directly in fluid flowing from the device, the
MVN equivalent of interstitial fluid. This allows the use of
standard analytical techniques used in academic and industry
laboratories, without sacrificing the high-resolution imaging
capabilities already offered by the platform. As such, the MVNs
represent a versatile and robust system to test drug distribu-
tion with greater potential translation to outcomes in human
populations.

4. Experimental Section

Fabrication of MVNs Devices: MVNs formed by self-assembly of
endothelial and stromal cells, and the general method used to seed
MVNs within microfluidic devices is detailed.**l Here, the MVNs were
formed within three-channel microfluidic devices with large width
channels (gel channel width of 3 mm, height of 500 uml'®l) to allow
quantitative measurements of transport across the MVNs without
interference from diffusion from the media channels. The device
makes use of a guide-edge to hold the gel mixture within the central
channel upon injection. Pooled Human Umbilical Vein Endothelial Cells
(HUVECs, Angio-Proteomie, USA), HUVECs GFP (Angio-Proteomie,
USA), and normal Human Lung Fibroblasts (nHLFs, Lonza, USA)
were cultured in collagen-coated flasks (Corning, USA) in a controlled
5% CO, atmosphere at 37 °C (used throughout for cell culture), with
Vasculife Endothelial Medium (Lifeline LL-0003) and Fibrolife Fibroblast
Medium (Lifeline LL-0011), respectively, and frozen following three
passages. Upon thaw and subculture in uncoated flasks, the cells
were seeded in fibrin gel as described in,* at a final concentration
of 6 million endothelial cells mL™" and 2 million fibroblasts mL™". The
cell mixture within the device was cultured over 7 d with daily Vasculife
medium replacement. Excess HUVECs after seeding were replated and
used at day 4 to form a monolayer on the side of the gel channel. For
this, the endothelial cells were resuspended at 1 million cells mL™", and
40 pL of cell suspension was added to each media channel sequentially
with a hold time of 10 min each, during which time the device was held
vertically so that gravity would deposit cells evenly on the side of the gel
channel. The MVNs became perfusable between day 5 and 6, and were
used throughout the studies at day 7.

Antibodies and Reagents: The MVNs were perfused with fluorescein-
conjugated dextran (4, 40, 70, and 150 kDa, 0.1 mg mL™" in Vasculife,
supplied by Sigma-Aldrich, USA), human serum albumin (0.1 mg mL™,
ab8030, Abcam, USA), and human immunoglobulin G (0.1 mg mL™,
1gG, F9636, Sigma-Aldrich, USA), as well as Trastuzumab (20 ug mL™,
MAB9589, R&D Systems, USA), Cetuximab (20 pg mL~", MAB9577,
R&D Systems, USA), Oregon Green-conjugated Paclitaxel (2 x 107 m,
P22310, Thermofisher, USA), and Doxorubicin (2 x 10 m, D1515,
Sigma-Aldrich, USA). Immunostaining of the MVNs was performed
using a monoclonal ZOT antibody (33-91 100, Invitrogen, USA).
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Solute and Fluid Perfusion, and Permeability Assessment: Solute-
containing medium was perfused through the MVNs by the introduction
of =50 Pa pressure drop between the two medium channels. Two FlowEz
pressure regulators (Fluigent, USA) were connected by tubing to an
open port of each medium channel, while the other port was sealed
using custom-made fluid stoppers. The two gel channel ports were
initially punched in the polydimethylsiloxane (PDMS) with a 1 and 3 mm
punch, respectively, and the T mm port (gel seeding port) was also
sealed with a custom-made fluid stopper. Pressurization of the MVNs
was achieved in the range 0-1000 Pa, in steps of 250 Pa. The Fluigent
pressure regulator has the capability to deliver pressures up to 2500 Pa,
but pressures above 1000 Pa resulted in interstitial flows that were too
high to make reliable measurements. Permeability was measured as
reported in.'l Briefly, the perfused MVNs were imaged on a Olympus
FV1000 confocal microscope with custom enclosure for temperature
and atmosphere control, using a 10X objective at a resolution of
800 x 800 pixels. Z-stacks at least 100 um deep were collected in steps
of 5 um at a time interval of 12 min. Image analysis was conducted
using Fiji,[* and involved the automatic thresholding and segmentation
of the fluorescent signal within the MVNs. Permeability, P, for a given
fluorescent tracer was measured as!®

=V Aly
TSAAI (©)

Where V,, and SA are the matrix volume and MVN surface area,
respectively, in the volume imaged, Al = I,1—I,, is the difference in
fluorescence intensity between vasculature and matrix at the first time-
point, and Al = I, =1 is the increase in fluorescence intensity in
the matrix during a time interval t. In order to account for drift of the
microscope and bleaching of the fluorescence, I,,, was normalized
over the change in intensity within the MVN over time, assumed here
constant, so that

2 =hma 1 )
v,2

For the fluid collection experiments, MVNs samples were perfused at
1000 Pa, and the extruded fluid from the device was manually collected
every minute using a pipette placed above the gel in the large gel
channel port.

Interstitial flow, Hydraulic Permeability, and Diffusion Assessment:
Interstitial flow velocity, v, as a function of position within the device
was measured using a variation of the Fluorescence Recovery After
Photobleaching (FRAP) technique, similar to what previously reported.[?!
Samples were perfused with FITC-conjugated 70 kDa dextran overnight,
during which time the tracer diffused uniformly within the gel matrix.
Upon testing, the tracer was washed out of the MVN with fresh media,
leaving darker traces (the MVNs) within a fluorescence-saturated matrix.
The samples were then connected to the pressure regulator as described
above and imaged on the confocal microscope, where the 488 laser was
used to bleach a circular spot 30 um in diameter over =2 s, followed by
rapid image acquisition every 280 ms up to 10 s. Tracking of the bleached
spot was performed using a MatLab plugin (frap_analysis), yielding the
velocity of the bleached spot. The technique described assumed that the
velocity of the bleached spot was that of the fluid flow, i.e., no impediment
to the flow of solute through the hydrogel matrix, due its small size (a few
nml1®l) compared to the microporosity of the material. It also assumed
that flow occurred primarily in the xy-plane due to the homogeneity of the
device in the z direction. The same technique was used in devices with only
fibroblasts present in the matrix, cultured over 7 d. Here, v was measured
in the case of a pressure offset between the two side channels, Ap, which
allowed the calculation of the hydraulic permeability of the matrix, K, as

o
‘= (Ap/w) ©

where w is the width of the gel channel, 3 mm. FRAP, in the absence
of flow, was used to measure the diffusion coefficient of the various

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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molecules assessed. The same methodology as above was used in matrix
regions of devices with MVNs to bleach and record the recovery of the
fluorescence within the spot. The frap_analysis MatLab plugin, in this
case, yielded the diffusion coefficient, D, calculated based on the time
required of the fluorescent tracers to self-diffuse within the bleached
spot. This analysis assumed that the matrix was isotropic, so that 2D
imaging of the bleached spot could be generalized to the 3D diffusion
of tracer affecting recovery. The diffusion coefficient of the solutes in
fluid was estimated using the Stoke-Einstein equation,*’] assuming the
medium viscosity as that of water,[*¥l and taking the hydrodynamic radii
for the dextrans and plasma proteins as those previously measured.[%4°]

Computational Model of Fluid Flow in the MVNs: A 3D-1D numerical
model was applied to describe the fluid flow within the central channel
of the device between the two neck regions leading to the outlets. The
model combined two different domains with different dimensionality: i) a
3D domain, the gel region, and ii) a 1D domain, the MVN. The methods
used to perform the 1D reduction for the MVN are described in previous
works.%32 The model described the flow within the gel by means of
Darcy’s equation, and the flow in the MVNs with the Poiseuille equation
for laminar, fully developed flow, taking into account network junctions,
and filtration through the capillary membrane, which was described
by Equation (1). The model was solved by means of the finite element
method using the GetFem++ software, as previously shown.’34
The MVNs (1/4 of the length of the device, repeated spatially) were
reconstructed from confocal images using the FIJI “skeletonize”
function to compute the skeleton of the network. The viscosity of the
media was set to 0.8 cP.’®l Boundary conditions were set to describe the
experimental conditions: Fluid could not exit the device through the top
(PDMS) and the bottom (glass) surfaces. The same boundary condition
was set at the surface of the gel in contact with the neck leading to the
closed gel port. At the monolayer on the lateral surfaces, the hydraulic
conductivity was specified, spanning from 1X to 500X with respect to
that of the MVNs.

Analysis of Sampled Interstitial Fluid: Separate devices were used for
each solute and repeat.1 pL of interstitial fluid collected at each time-
point was diluted in 99 uL of phosphate buffered saline (PBS, VWR,
USA) and, in the case of fluorescently labeled tracers (dextrans, plasma
proteins, and Paclitaxel), analyzed using a Cytation 5 fluorescence plate
reader (BioTek, USA), at excitation/emission wavelengths of 490/530.
Doxorubicin was also analyzed in the same plate reader, making
use of its autofluorescence in the range 470-600. Proteins perfused
through the system (plasma proteins, Trastuzumab, and Cetuximab)
were analyzed through a sandwich ELISA, following further dilution
1:3 in PBS, and the absorbance signal was read on a SpectraMax M2
(Molecular Devices, USA) at 450 nm with reference to 650 nm. An
ELISA kit (ab108788, Abcam, USA) was used for albumin as instructed
by the manufacturer. Similarly, the monoclonal antibody pair HCA220-
HCA228P (1 pg mL™") from BioRad, USA, was used for Cetuximab. IgG
and Trastuzumab were assessed using Amgen reagents, specifically
mouse monoclonal antibodies recognizing human Fc (mu anti-hu Fc,
1.35.1 mAb, mu anti-hu Fc 21.1 mAb). For both fluorescence and ELISA
analysis, assuming the detected signal varied linearly with concentration,
a normalized concentration ratio was calculated for time-points within
5 and 10 min as

c | _c—cp

(%) Tco—cg @)
where cg is the background concentration/signal obtained for medium
perfused through the devices in the absence of any of the solutes tested.

Protein Binding: Vasculife (1 mL) was spiked with each small molecule
(Oregon Green paclitaxel or doxorubicin) to obtain a concentration
of 5 x 107 m. Triplicate 200 uL aliquots were transferred to 220 uL
ultracentrifuge tubes and spun at 37 °C and 225 000 x g for 2.5 h in
a Beckman Coulter TLA-100 rotor. 25 uL aliquots of spiked matrix
were transferred to a sample plate and kept on ice to represent total
drug. The remainder of spiked matrix was incubated at 37 °C for the
duration of the centrifugation period to be used as a stability control.
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After centrifugation, a 25 uL aliquot of the unbound fraction was
transferred from each ultracentrifuge tube to the sample plate. 25 uL
aliquots of the stability control matrix were also transferred to the
sample plate. All samples were matched with an equal volume of blank
matrix. Samples were extracted by adding three volumes of acetonitrile
containing internal standard (1 x 107® m tolbutamide) and 0.1% formic
acid. Samples were vortexed, centrifuged at 4 °C for 15 min at 3400 x g,
and analyzed by LC-MS using a Thermo Q-Exactive in positive ion mode.
Fraction unbound was calculated from the ratio of test article detected in
the water layer after centrifugation relative to the total concentration in
the original matrix.

Statistical Analysis: Measurements of MVNs permeability were
performed in three devices from three biological repeats. Flow collection
results were obtained from four separate samples per solute, from
three biological repeats, for which medium-only controls were always
run. Data representation details are provided in the figure captions.
Statistical significance was assessed using student’s t-tests performed
with the software OriginPro 2016, where differences at p-value < 0.05
were taken as significant. The same software was also used to perform
linear fits of the data and analyze the significance and quality of fit of the
trends observed.
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