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Hypothesis: The selective permeation of molecules and nanomedicines across the diseased vasculature
dictates the success of a therapeutic intervention. Yet, in vitro assays cannot recapitulate relevant differ-
ences between the physiological and pathological microvasculature. Here, a double-channel microfluidic
device was engineered to comprise vascular and extravascular compartments connected through a
micropillar membrane with tunable permeability.
Experiments: The vascular compartment was coated by endothelial cells to achieve permeability values
ranging from ~0.1 lm/sec, following a cyclic adenosine monophosphate (cAMP) pre-treatment (25 lg/
mL), up to ~2 lm/sec, upon exposure to Mannitol, Lexiscan or in the absence of cells. Fluorescent micro-
scopy was used to monitor the vascular behavior of 250 kDa Dextran molecules, 200 nm polystyrene
nanoparticles (PB), and 1,000 � 400 nm discoidal polymeric nanoconstructs (DPN), under different per-
meability and flow conditions.
Findings: In the proposed on-chip microvasculature, it was confirmed that permeation enhancers could
favor the perivascular accumulation of ~200 nm, in a dose and time dependent fashion, while have no
effect on larger particles. Moreover, the microfluidic device was used to interrogate the role of particle
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deformability in vascular dynamics. In the presence of a continuous endothelium, soft DPN attached to
the vasculature more avidly at sub-physiological flows (100 lm/sec) than rigid DPN, whose deposition
was larger at higher flow rates (1 mm/sec). The proposed double-channel microfluidic device can be effi-
ciently used to systematically analyze the vascular behavior of drug delivery systems to enhance their
tissue specific accumulation.
� 2021 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The human vascular system has a remarkable ability to main-
tain tissue and cellular homeostasis in the body through a complex
network of arteries, capillaries, and veins. The smallest vessels –
the capillaries – are responsible for distributing nutrients and col-
lecting waste from every single organ. As such, their walls com-
prise only the basal membrane and a monolayer of endothelial
cells [1]. Transport across capillaries, from the vascular to the
extravascular compartment, occurs via the paracellular pathway,
exploiting openings at the interface among adjacent endothelial
cells; and the transcellular pathway, using receptors and intracel-
lular vesicles as shuttles to connect the two compartments.
Depending on the vascular district and the biophysical properties
of the agent to be transported – small molecules, macromolecules
and nanoparticles – the transcellular pathway could be more rele-
vant than the paracellular pathway [2,3]. For instance, the brain
capillary network is characterized by very tight intra-endothelial
cell junctions that limits the paracellular pathway in favor of a
more selective transcellular transport, resulting in an overall mod-
est vascular permeability [4–6]. On the other hand, capillaries in
the kidneys, intestine, and liver – the liver sinusoids – are charac-
terized by a discontinuous or even fenestrated endothelium that
facilitates the paracellular transport, resulting into a high vascular
permeability [7,8].

A variety of pathologies, including cancer, atherosclerosis,
thrombosis, and, more in general, inflammatory diseases, are asso-
ciated with alterations in vascular permeability [9,10]. For its dys-
regulated and chaotic growth, the cancer neovasculature presents
a tortuous capillary network and large openings – fenestrations –
that could range up to several hundreds of nanometers. This results
in lower perfusion, and blood flow velocities, and higher vascular
permeability as compared to healthy capillary networks [11,12].
Similarly, the inflamed vasculature is associated with more relaxed
endothelial junctions to favor the recruitment of circulating mono-
cytes and other cells of the immune system from the vascular net-
work to the diseased tissue [13]. Incidentally, these alterations in
vascular permeability have been extensively exploited to facilitate
the passive accumulation of a variety of therapeutic agents at dis-
eased sites. For instance, in cancer therapy, the Enhanced Perme-
ability and Retention Effect (EPR) has been invoked over the last
20 years to design liposomes, polymeric and metal-based nanopar-
ticles that could accumulate within the malignant tissue through
the vascular fenestrations and remain in there because of the inef-
ficient lymphatic drainage [12,14]. A similar approach has been
also adopted in targeting atherosclerotic plaques and the hyper-
permeable vascular network in the inflammatory bowel disease
[13,15].

Traditionally, in vitro models such as the Boyden chamber and
in vivo experiments have been used to assess the transport proper-
ties of macromolecules and nanoconstructs. However, trans-well
membrane system (Boyden chamber) cannot replicate the complex
in vivo tri-dimensional cell organization and flow conditions [16].
Animal models also present well-known ethical and technical lim-
itations [17]. More recently, researchers have been generating
functional, endothelial networks within microfluidic devices in
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order to accurately, yet effectively, study the transport of macro-
molecules and nanoconstructs under different controlled condi-
tions [18–25]. However, most vascular systems developed so far
comprise large channels, with a characteristic size much larger
than 100 lm, which are well above that of arterioles and capillaries
[19]. Also, microchannels formed in tridimensional gels upon the
spontaneous organization of endothelial cells suffer of poor geo-
metrical control and stability over time [26,27]. Indeed, these sys-
tems could be thought of as more authentic representations of a
microvascular network, but the lack of control on geometry, and
therefore flow, limits their use in systematic analyses. Further-
more, microfluidic systems have been realized with vertically
arranged channels replicating a trans-well system. However, in
general, these systems cannot be efficiently used to quantify vascu-
lar permeability of molecules and nanoparticles because transport
occurs across different optical planes [13,23,28,29].

In this work, the vascular permeability of macromolecules and
polymeric nanoconstructs, both rigid and deformable, is analyzed
utilizing a tridimensional model of a human microvessel. This is
realized in a so-called double-channel microfluidic device where
the vascular compartment and the extravascular chamber lay on
the same geometric plane. Cyclic adenosine monophosphate
(cAMP), Mannitol, and Lexiscan were employed to modulate the
vascular permeability from physiological to pathological condi-
tions, demonstrating the full potential of the system. After assess-
ing the integrity of the vascular endothelial barrier against the
FITC-fluorescent Dextran macromolecules (250 kDa), the microflu-
idic device was employed to study the vascular transport, adhesion
and permeability of 200 nm nanoparticles and 1,000 � 400 nm dis-
coidal polymeric nanoconstructs.
2. Materials and methods

Chemicals, reagents, and cells. The following chemicals and
reagents were used for the fabrication of the microfluidic chip:
AZ5214E positive photoresist and the corresponding solvent
AZ726MF from Microchem (Italy), Chrome etch 18 from OrganoS-
pezialChemie GmbH (Germany), N-Methyl-2-pyridone from
Sigma-Aldrich (Italy) as PG Remover and 1H,1H,2H,2H-Perfluoro-
octyltrichloro-silane, 97% from Alfa Aesar (Germany). For the litho-
graphic process, the following materials were employed: a laser-
writing machine (DLW6000), an ICP-RIE (Si 500, Sentech Instru-
ments GmbH, Germany) for the Bosh process, and a Plasma System
(Gambetti, Italy) for oxygen plasma treatment. The soft lithogra-
phy process was conducted using polydimethylsiloxane (PDMS)
(Sylgard 182) from Corning (Italy), glass coversheets No. 1.5H from
Deckalaser and biopsy punches with OD = 1 mm from Miltex
(Italy). As endothelial cell model Human Umbelical Vein Endothe-
lial Cell (HUVEC) from PromoCell (USA) were used and cultured in
endothelial growth medium according to the manufacture’s guide-
line. [3–4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium bromide]
(MTT) � 97% from Sigma-Aldrich was used for viability experiment
together with a microplate reader from Tecan (CH). For integrating
the vasculature on the microfluidic chip, the following reagents
were used: collagen type I solution (�95%) from bovine skin and
Human Fibronectin from Sigma-Aldrich and Matrigel� High Con-
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centration from Corning. Permeability experiment were performed
by using the following reagents and instruments: 250 kDa FITC-
Dextran (0.5 mg/mL) from Sigma-Aldrich, Fluoresbrite� YO Car-
boxylate Microspheres 200 nm (2.27 � 109 particles/mL) from
Polysciences (USA), a syringe pump model Harvard Pump 11 Elite
from Harvard Apparatus (USA), a multirack syringe pump model
230 from Kd Scientific (USA), polyethylene tubes (BTPE-50,
ID = 0.58 mm, OD = 0.97 mm) from Instech Laboratories (Germany)
and an epi-fluorescent inverted microscope from Leica (Germany)
model Leica 6000 (objective 10�, 0.22 N.A.). For modulating the
permeability of the endothelial barrier, the following reagents
were used: N6,20-O-Dibutyryladenosine 30,50-cyclic monophos-
phate sodium salt (db-cAMP) (�98.5%), Mannitol (�98%) and Lex-
iscan (�98%) from Sigma-Aldrich. In order to characterize the
vasculature in the microfluidic device the following instruments
were employed: Scanning Electron Microscope JSM-6490LV from
FEI Company (USA), a Critical Point Drier (CPD) K850WM (UK)
and a sputter coater model 550 from Emitech (Italy), and an A1-
Nikon Confocal Microscope from Nikon Corporation (Japan). For
immunofluorescence staining protocols, the following antibodies
and reagents were used: PFA 4% from Santa Cruz Biotechnologies
(USA), Ms anti-human VE-Cadherin (1:200), AlexaFluor 488 anti-
mouse secondary antibody (1:500) from Abcam (UK), Hoechst
(1 mg/mL) (1:1000) and AlexaFluor 488 Phalloidin from Invitrogen
(USA).

Microfluidic device fabrication. Double-channel microfluidic
device was fabricated via two lithographic steps, as previously
reported by the authors with some modifications [30]. Briefly,
using a laser-writing machine, a negative optical mask for the
two-parallel channels and a positive optical mask for the micropil-
lars membrane were realized. In the first step, the AZ5214E pho-
toresist was used as a positive photoresist and spin-coated at
4,000 rpm on a Cr surface. The sample was then baked a 110 �C
for 60 s to clean the resist. The mask including the micropillars
was impressed using a mask-aligner on the resist at 80 mJ. To
develop the resist, the solvent AZ726MF was used. The impressed
pattern was transferred from the resist to the Cr mask by using a Cr
etchant. The residual resist layer was then removed from the unex-
posed surface via PG remover at 80 �C for five minutes and a clean-
ing step procedure with ultrapure water. An ICP-RIE Bosh process
was performed to dig the micropillar membrane over the Si etching
down by 5 lm. The obtained Si wafer with the impressed micropil-
lar membrane was used in the second step in order to transfer the
channels. In this second step, the AZ5214E was used as negative
photoresist. AZ5214E was spin-coated on the residual Cr layer
and baked at 110 �C for 60 s. Subsequently, the channels mask
was aligned on the micropillar membrane and then exposed at
95 mJ. Because the resist was used in the reversal mode, the wafer
required an additional baking phase at 120 �C for 120 s and an
exposure phase at 300 mJ. The development was performed as
for the micropillars. A second ICP-RIE Bosh etching was performed
down to 50 lm, the actual, final height of the channels, in order to
get both pillars and channels on the Si layer. At the end of the litho-
graphic process, the silicon template was covered with a layer of
silanes by using a desiccator for 1 h. The PDMS replica were
obtained by mixing base and curing agent in a ratio 1:10 (w/w).
The PDMS solution was casted on the silicon template, degassed
until all bubbles were removed and cured at 80 �C overnight. The
PDMS replicas were cleaned with a scotch-tape and inlet and outlet
ports were created with a biopsy punch. Before bonding the PDMS
to a glass coversheet, the PDMS replicas were autoclaved (dry auto-
clave) and dried at 80 �C for 4 h. In addition, also the glass cover
sheets were autoclaved and dried in order to get the same temper-
ature of PDMS replicas and prevent collapse of the micropillars
structure during the bonding step. Oxygen (O2) plasma treatment
(pressure = 1.0 mbar, power = 20 W, time = 20 s) was performed
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and PDMS replicas were bonded to the glass coversheets. The
obtained microfluidic chip had a rectangular cross section of
210 lm (width), a height of 50 lm and a port-to-port length of
2.7 cm. The micropillar membrane, positioned in the middle part
of the channels, had a length of 500 lm and a width of 25 lm, with
a gap-size between pillars of 3 lm.

Extracellular matrix realization. To mimic the extravascular
space, different extracellular matrices (ECM) were realized by mix-
ing increasing amount (vol/vol) of Matrigel with a solution of type I
collagen. Starting from a stock solution of collagen type I (6 mg/
mL), a final collagen concentration of 2 mg/mL was obtained by
using deionized water, 10x EMEM, HEPES buffer 1 M and 1 M
NaOH solution. Seven different types of ECM were prepared, start-
ing from 100% of collagen type I and then adding increasing vol-
umes of Matrigel (i.e., 10, 20, 30, 50, 95%) up to 100% of Matrigel.
During the matrix manufacturing process, all components were
kept at 4�C to avoid matrix polymerization. In order to characterize
the ultrastructure, the obtained composite matrices were placed in
a petri dish and allowed to polymerize in an incubator for at least
30 min (37 �C, >95% humidity).

Extracellular matrix characterization: Scanning Electron Micro-
scopy (SEM). Matrix ultrastructure was analyzed using a scanning
electron microscope. Samples of the selected matrix composition
were fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer,
pH 7.3 for 2 h at room temperature, and then post-fixed in 1% OsO4

phosphate buffer for two hours. Then, samples were dehydrated
through an ascending series of ethanol solutions (30 up to 100%),
and critical point dried for 1 h using CO2. The obtained matrices
were sputter-coated with 10 nm of gold, and multiple images were
acquired with an accelerating voltage of 10 kV and a magnification
of 5,000�. To characterize the structural features of the 3D matrix
network, SEM images were analyzed using the free software Ima-
geJ. The porosity of the ECM was quantified by using three inde-
pendent images from each sample, binarizing them and
calculating the areas of black (pores) over the white (fibers) pixels,
within the binary images.

Extracellular matrix characterization: diffusion study. Microfluidic
devices were autoclaved at 120 �C for sterilization (wet autoclave)
and then dried overnight (>15 h) at 80 �C. Before extracellular
matrix filling, microfluidic devices were stored for 1 h at 4 �C. Dur-
ing the whole procedure, matrix solutions were kept on ice. At this
point, 10 mL of the selected matrix were introduced into the
extravascular channel and loaded devices were transferred at
37 �C for 30 min to allow matrix gelation. To characterize the
transport of biomolecules within the extracellular matrix,
250 kDa FITC-Dextran (0.5 mg/mL) and Fluoresbrite� YO Carboxy-
late Microspheres 200 nm (2.27 � 109 particles/mL) were used.
The avascular channel was connected to a syringe pump via poly-
ethylene tubing. For all the experiments, the working solutions
were infused in the avascular channel at a volumetric flow rate
of 100 nL/min. Dextran or 200 nm beads were infused through
the inlet port, allowing to fill completely the avascular channel
before starting the time-lapse fluorescence acquisition (5 s inter-
vals via an epi-fluorescent inverted microscope). Time-lapse
images were analyzed using ImageJ software, selecting Regions
of Interest (ROI) in the avascular and extravascular channels. When
the avascular channel was fully filled with the solution, the perme-
ability coefficient P was calculated as, readapting the equation
reported in [23,30]:

P ¼ AECM � ðIf� IiDt Þ
wpillars � ðIvascular � IpillarsÞt¼0

where AECM refers to the surface area of the ROI within the extravas-
cular space; If is the total fluorescence intensity of the extravascular
region at the final time and Ii at t = 0; wpillars is the width of the pil-
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lars across which diffusion occurs; Ivascular is the total fluorescence
intensity of the vascular channel once completely filled and Ipillars
is the total fluorescence intensity of the interface between the vas-
cular region and the ECM region, both at t = 0.Dt is the time interval
between t = 0 and the final time of the experiment.

Vascular endothelium in the microfluidic device. To mimic
the extravascular compartment, a 80% collagen type I � 20% Matri-
gel matrix was selected. Next, the vascular channel was filled with
50 mg/mL of a human fibronectin solution and incubated for 2 h at
37 �C. HUVEC were cultured till confluence (~80%) and then trypsi-
nized, counted and concentrated to 5 � 106 cells/mL. Cells were
used until passage 6 (P6). For complete coverage of the PDMS
walls, a double seeding procedure was used. In the first step,
10 mL of cell suspension was added through the inlet port of the
vascular channel and immediately the microfluidic chip was faced
upside-down to promote endothelial cells adhesion to the top of
the channel. In this configuration, microfluidic chips were incu-
bated at 37 �C, 5%CO2 for 1 h. A second cell-seeding step was per-
formed, without flipping the microfluidic chip, allowing the
adhesion of the endothelial cells to the bottom of the channel.
Devices were incubated at 37 �C for 2 h. Micropipette tips, filled
with 200 mL of culture media, were connected to inlet ports of
the vascular channel, while empty tips were placed in the corre-
spective outlets. The inlet and outlet ports of the extravascular
channel were connected with tips filled with 50 mL of culture
media. Cell culture medium was changed every 12 h. HUVEC were
cultured to reach confluence (approximately 2 days) in order to
form a continuous monolayer before conducting permeability
experiments.

db-cAMP treatment to tune the vascular permeability. In order to
strengthen, the endothelial barrier, HUVEC were treated with
increasing concentrations of N6,20-O-Dibutyryladenosine 30,50-
cyclic monophosphate sodium salt (db-cAMP). After 2 h from the
cells seeding, endothelial cells were treated until confluence with
25, 50, 100 or 200 mg/mL of db-cAMP, respectively. Due to the
reduced paracellular permeability observed, in the following
experiments HUVEC were cultured with 25 mg/mL of db-cAMP.

Endothelial cells viability. To assess the effect of db-cAMP on
HUVEC viability and proliferation, an MTT assay was performed.
The assay detects the reduction of MTT by mitochondrial dehydro-
genase to blue formazan product. Briefly, 105 cells/well were
seeded in 96-well plates and incubated at 37◦C, 5% CO2, for 24 h.
Next, the mediumwas replaced with Endothelial Cell GrowthMed-
ium containing the corresponding concentrations of db-cAMP (25,
50, 100 and 200 mg/mL). After 24, 48 and 72 h of incubation, the
MTT solution (5.0 mg/mL PBS) was diluted in Endothelial Cell
Growth Medium (0.25 mg/mL), added to each well and incubated
at 37◦C for 4 h. The resulting formazan crystals were dissolved
by adding ethanol (200 mL/well), and the absorbance was read at
570 nm using a microplate reader. Controls (i.e., cells that had
received no treatment) were normalized to 100% and readings
from treated cells were expressed as the percentage of viability
inhibition. Five replicates were considered for each data point.

Mannitol and Lexiscan treatment to tune the vascular permeability.
For modeling the opening of the vascular endothelium, Mannitol
1 M was infused in the vascular channel for 5, 15 and 30 min after
achieving cell confluence. 1 mM of Lexiscan was infused into the
vascular channel and permeability calculated after 5, 15, and
30 min of treatment. Permeability analyses were conducted as pre-
viously reported.

Discoidal polymeric nanoconstructs (DPN) permeability and
adhesion study. Discoidal polymeric nanoconstructs (DPN) were
synthesized by employing a top-down fabrication process, as
already reported by the authors [31-34]. For the experiments,
two types of DPN were fabricated, soft, deformable DPN (sDPN)
and rigid DPN (rDPN). Briefly, a polymeric mixture composed by
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poly(lactic-co-glycolic acid) (PLGA) and polyethylene glycol (PEG)
was casted in the wells of the sacrificial PVA template and exposed
to UV-light for polymerization. PVA templates were dissolved in
water and particles collected through centrifugation. Lipid Rho-
damine B (Avanti Polar Lipids, USA) was added to the polymeric
paste composing DPN for permeability experiments, while Lipid-
Cy5 synthetized by the authors was used for adhesion experiments
[35]. On day two post seeding, the permeability of HUVEC mono-
layers to both DPN configurations (500 � 106 particles/mL) was
tested as reported previously. For the adhesion study, a multi-
rack syringe pump was placed inside a cell incubator and loaded
with 1 mL syringes. The vascular channel was perfused with sDPN
and rDPN (50 � 106 particles/mL) with and without endothelial
cells at 0.1 mL/min (0.2 dyne/cm2), 0.25 mL/min (0.7 dyne/cm2)
and 0.5 mL/min (1 dyne/cm2), corresponding to the tumor flow rate,
an intermediate flow rate and physiological flow rate, respectively
[36]. Channels were then flushed with culture medium to remove
non-adhering particles and fixed with 4% PFA for 15 min. Nanocon-
structs adhesion was immediately investigated using an A1-Nikon
confocal microscope.

Electron Microscopy Imaging. Vascularized microfluidic chips
were imaged via scanning electron microscopy. Cells in the vascu-
lar channels were fixed in 2% glutaraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.3 for 1 h at room temperature. Subse-
quently, the PDMS chips, with endothelial cells adhered to the
channel walls, were detached from the glass coversheets and
post-fixed in 1% OsO4 phosphate buffer for two hours. The samples
were then dehydrated through ascending series of ethanol solu-
tions (30% up to 100%), followed by a solution of 1:1 ethanol:hex-
amethyldisilazane (HMDS, �99% Sigma-Aldrich), and 100% HMDS
and dried overnight at room temperature. The obtained microflu-
idic chips were sputter-coated with 10 nm of gold and images
acquired with accelerating voltage of 10 kV.

Cells immunofluorescence staining. Endothelialized vascular
channels were fixed with 4% of PFA for 20 min at room tempera-
ture. Following fixation, channels were washed three times with
cold PBS, permeabilized with a solution of Triton X 0.3% in PBS
for 15 min and incubated with 20% of goat serum solution diluted
in PBS for 1 h at 4 �C. Endothelial Cadherins were targeted with
antihuman VE-cadherin antibody overnight at 4 �C with 10% of
goat serum. The unbound antibody was removed with three
washes of cold PBS. After that microfluidic chips were incubated
with a solution of Alexa Fluor 488 anti-mouse secondary antibody
(1:500) with 10% of goat serum for 2 h at 4 �C. Cells were washed
again three times with cold PBS and incubated with a solution of
PBS and 1:1000 Hoechst for 30 min at room temperature. F-actin
cytoskeleton was stained in green using Alexa FluorTM 488 Phal-
loidin according to the supplier instructions. Images were acquired
using an A1-Nikon confocal microscope

Statistical analysis. All data are presented as the mean ± SD
using GraphPad Prism5 software. Calculation of porosity was ana-
lyzed via 1-way ANOVA. p – values < 0.05 were denoted with *, p –
value < 0.01 with **. Permeability studies and DPN adhesion stud-
ies were evaluated via 2-way ANOVA analysis of variance followed
by ad hoc Bonferroni post-test. p – values < 0.05 were denoted with
*, p – values < 0.01 with **, and p – values < 0.001 with ***. For all
experiments, at least 5 independent repetitions were conducted.
3. Results

Architecture of the double-channel microfluidic device: the
vascular compartment. A soft-lithographic approach was
employed to create an optically-clear poly(dimethyl siloxane)
(PDMS) double-channel microfluidic device (Fig. 1A), following
previous works by the authors [22,30].



Fig. 1. The double-channel microfluidic device – the vascular compartment. A. Photograph (left) and schematic illustration (right) of a double-channel microfluidic device
showing the vascular channel (reddish color) and the extravascular chamber (bluish color). B. Scanning electron micrographs showing the double-channel microfluidic
structure (left) and the micropillars geometry (right) (Scale bar: 100 lm. Inset – Scale bar 5 lm). C. Scanning electron micrographs of the vascular channel (left) and its micro-
pillar membrane (right) covered by endothelial cells (Left – Scale bar: 100 lm. Right – Scale bar: 20 lm). D. Immunofluorescence images of a continuous layer of human
umbilical vascular endothelial cells (HUVEC) covering the vascular compartment. (Nuclei – blue; VE-cadherin molecules – green). On the right, cross-sectional view of the
endothelialized channel. (Scale bar: 100 lm). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The microfluidic device is composed of two parallel channels
interconnected in the central section via an array of micropillars,
realizing a permeable membrane (Fig. 1B). Specifically, this central
permeable section has a characteristic length of 500 mm and an
inter-pillar gap size of ~3 mm, as detailed by the scanning electron
micrograph shown in the right inset of Fig. 1B. Such a configuration
realizes a physical separation between the two channels support-
413
ing the identification of the two different biological compartments
– the vascular and the extravascular space – without hampering
the transport of molecules, nanoparticles and cells. To build a
physiologically relevant and vascularized organ-on-chip, the upper
channel was designed to accommodate endothelial cells (the vas-
cular compartment) while the bottom channel was filled with
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extravascular matrix components (the extravascular
compartment).

Human umbilical vein cells (HUVEC) were cultured in the vas-
cular compartment over a fibronectin-coated PDMS surface and
let to spread, grow and stably adhere, as documented in Fig. 1C.
Specifically, HUVEC were seeded in the upper channel after treat-
ing the PDMS surface with 50 mg/mL of human fibronectin for
2 h. A double-step cell seeding procedure was employed to entirely
cover the walls of PDMS channel. After fibronectin coating, HUVEC
were gently pipetted into the vascular channel, and the microflu-
idic chip was immediately flipped. In this configuration, HUVEC
were left to adhere to the top surface of the channel for 1 h, at
37 �C. Then, the microfluidic chip was flipped again, HUVEC were
pipetted into the vascular channel in order, this time, to cover
the bottom surface. A detailed analysis with confocal fluorescence
microscopy revealed the formation of a continuous endothelial
monolayer covering the bottom, top and later walls of the vascular
compartment even next to the pillar membrane (Fig. 1D). The right
inset of Fig. 1D also shows a lateral projection of the confocal
microscopy images demonstrating that the endothelial cells uni-
formly coat the vascular compartment’s surface along its entire
rectangular cross section. Moreover, the staining of the VE-
Cadherin proteins (green) demonstrates the formation of inter-
endothelial cell junctions that are important regulators of vascular
integrity and permeability (Fig. 1D).

Architecture of the double-channel microfluidic device: the
extravascular compartment. On the other side of the micropillar
membrane, the extravascular compartment was filled with compo-
nents of the extracellular matrix (ECM), including Matrigel and
Collagen type I.

To finely modulate the ECM permeability, the relative ratio
between the two components was varied from 100% Matrigel
(8.6 mg/mL) to 100% Collagen (2 mg/ml) realizing seven different
matrix configurations (see table in Fig. 2A). Representing scanning
electron microscopy images of four matrix configurations are
shown in Fig. 2B, specifically for the case of 100% Collagen (left);
80% Collagen and 20% Matrigel; 50% Collagen and 50% Matrigel;
100% Matrigel (right). This series of images qualitatively shows
that the progressive increase in Matrigel content is associated with
a decrease in matrix permeability. The first image on the left,
which is associated with a Collagen only matrix, shows fibrils
arranged to form pores over multiple scales and certainly compa-
rable in size to that of a cell. As the Matrigel content increases,
the Collagen fibers appear to entangle more forming denser struc-
tures. At 20% (v/v) Matrigel, the gel is composed of thicker fibers
still preserving the original porosity of the network. At 50% (v/v)
Matrigel, the collagen fibers are compacted into a dense matrix
with a drastically reduced network porosity as compared to the
previous configurations. Finally, the first image on the right, which
is associated with a Matrigel only matrix, shows a continuous net-
work in which individual pores and fibers cannot be anymore dis-
tinguished at the considered magnification. The electron
microscopy images were further analyzed using ImageJ to extract
quantitative information on the matrix porosity

(Supporting Fig. S1). Fig. 2B shows the porosity variation as the
Matrigel content in the extracellular matrix increases.

As expected, the porosity of the hydrogel reduces from
51 ± 4.6% for a Collagen only matrix to 2 ± 1.04% for a Matrigel only
matrix. It is here important to highlight that SEM images, and the
corresponding porosity analyses, were obtained on dehydrated
matrices, as required by the imaging technique.

To investigate further the gel porosity in an actual functional
assays, permeability studies were conducted on the seven matrix
configurations using two different fluorescent tracers, namely the
250 kDa FITC-Dextran (green) and 200 nm polystyrene beads
(red). These tracers were infused from the vascular compartment
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and observed as they slowly permeate the extravascular space
(Supporting Movies 1–6). Dynamic Light Scattering (DLS) analyses
of the two tracers returned a hydrodynamic diameter of 12.86 ± 3.
74 nm for the Dextran molecules and 181 ± 31 nm for the beads
(Supporting Fig. S2). The estimated permeability values are given
in Fig. 2C and confirm that, for both tracers, the gel permeability
drops progressively with the Matrigel content. Indeed, the perme-
ability associated with the larger 200 nm polystyrene beads is
overall smaller than that registered for the ~10 nm Dextran mole-
cules. A rapid decrease in permeability is observed between 20 and
30% of Matrigel content. For higher Matrigel contents, the perme-
ability of the 200 nm polystyrene beads goes to zero whereas it
plateaus around ~0.2 lm/sec for the Dextran molecules. Based on
these observations and data from the current literature [25,37],
an extracellular matrix with a 20% Matrigel content was selected
for the extravascular compartment of the microfluidic chip to reca-
pitulate the ECM composition through fibrillar collagen type I and
proteins associated with Matrigel. This matrix configuration offers
a proper balance between molecule and particle permeability,
while ensuring that the extravascular compartment is enriched
with unique growth factors for cell culture.

Reducing the vascular permeability to circulating agents. The
integrity of the endothelial barrier across the micropillar mem-
brane was tested using the same two fluorescent tracers adopted
for the ECM characterization.

The tracers were slowly infused through the vascular compart-
ment and their permeation into the extravascular space was
assessed via fluorescent microscopy in the absence (�HUVEC)
and presence (+HUVEC) of endothelial cells. From the post-
processing of the fluorescent microscopy acquisitions, reported in
the Supplementary Information as Supporting Movie 2, it
resulted that the 250 kDa FITC-Dextran molecules would readily
flow across the micropillar membrane returning a permeability
of 1.35 ± 0.3 mm/sec. The formation of a continuous monolayer of
endothelial cells (+HUVEC) significantly reduced this permeability
value to 0.93 ± 0.30 mm/sec (Supporting Movie 7), thus confirming
the presence of a functional, vascular barrier (Fig. 3A). For the
200 nm beads, the permeability value in the absence of HUVEC
was 0.88 ± 0.18 mm/sec and reduced dramatically to 0.04 ± 0.005
mm/sec in the presence of HUVEC (Fig. 3A, Supporting Movie 9).
Importantly, in the absence of HUVEC, the permeability of the Dex-
tran molecules and 200 nm beads into the extravascular space are
comparable. However, the addition of HUVEC induces a much lar-
ger decrease in permeability for the 200 nm beads as opposed to
the 10 nm macromolecules, resulting in a 30% vs 95% reduction,
respectively. This demonstrated the size-dependent selectivity of
the micropillar membrane.

To further modulate the permeability of the endothelial layer,
cells were treated with Dibutyryl-cAMP (db-cAMP). This is an acti-
vator of cAMP-dependent protein kinases that is known to reduce
vascular permeability by inducing changes in the endothelial cell–
cell junctional proteins, like VE-cadherin [38]. Endothelial cells
were treated with db-cAMP, ranging from 25 to 200 mg/mL, and
tested for the permeability to 250 kDa FITC-Dextran molecules. A
3-fold decrease in permeability was observed already at 25 mg/
mL db-cAMP, from 0.93 ± 0.30 to 0.27 ± 0.24 mm/sec (Fig. 3A and
Supporting Movie 8). Similar permeability values were reported
at higher db-cAMP concentrations (Supporting Fig. S3A). More-
over, cell viability studies showed that treating endothelial cells
with 25 mg/mL db-cAMP did not induce any significant toxicity
up to 72 h. On the other hand, some moderate toxicity returning
a cell viability of ~70% was documented at the higher db-cAMP
concentrations and longer incubation times (Supporting
Fig. S3B). For this reason, all the experiments were conducted by
culturing endothelial cells with 25 mg/mL db-cAMP. Note also that,
not surprisingly, the reduction in permeability observed for the



Fig. 2. The double-channel microfluidic device – the extravascular compartment. A. List of collagen type I and Matrigel concentrations used for the biologically derived
extracellular matrix. B. Scanning electron micrographs of the tested extracellular matrices (Scale bar: 5 lm. p < 0.05 denoted with *, p < 0.01 denoted with **). C. Porosity
percentage calculated via ImageJ analysis (n = 3). D. Diffusion of 250 kDa-FITC Dextran and 200 nm PB within the extracellular matrix (n � 5).
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~10 nm FITC-Dextran molecules was not recapitulated for the lar-
ger 200 nm polystyrene beads. For these larger agents, a dramatic
reduction in vascular permeability was already documented with
the sole addition of the HUVEC. The pre-treatment with 25 mg/
mL db-cAMP returned a permeability of 0.05 ± 0.04 mm/sec, which
is statistically similar to the untreated case (0.04 ± 0.005 mm/sec –
p = 0.6890).
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Confocal images of endothelial cells treated with 25 mg/mL of
db-cAMP documented a higher density of VE-cadherin proteins
(green) as compared to the untreated case (Fig. 3C), further con-
firming the generation of tighter inter-endothelial bonds.

Increasing the vascular permeability to circulating agents. In
drug delivery and biomedical imaging, the transient and reversible
opening of the blood vessel walls is key to support the accumula-
tion of molecules and nanocarriers in the diseased tissue. There-



Fig. 3. Modulating vascular permeability. A. Permeability coefficients calculated for 250 kDa-FITC Dextran and 200 nm PB in a microfluidic device without HUVEC (�HUVEC),
with HUVEC (+HUVEC), and with HUVEC pre-treated with 25 lg/mL of db-cAMP (+db-cAMP) (n � 5). (p < 0.05 denoted with *, p < 0.01 denoted with **, p < 0.001 denoted
with ***). Permeability values are presented in the table as average ± SD. B. Representative fluorescence images of 250 kDa-FITC Dextran (left) and 200 nm PB (right)
permeation at 0.1 lL/min across the micro-pillar membrane without endothelial cells (�HUVEC), with endothelial cells (+HUVEC) and with db-cAMP pre-treated endothelial
cells (+db-cAMP) (Scale bar: 250 lm). C. Immunofluorescence images of VE-Cadherin molecules (green) on HUVEC before and after treatment with 25 lg/mL db-cAMP (Scale
bar: 50 lm). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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fore, to further characterize the functionality of the vascular
endothelium in the microfluidic chip, two different permeation
enhancers were considered, namely Mannitol and Lexiscan.
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The first agent, Mannitol, is clinically used to reduce excessive
intra-tissue pressure, especially in the brain as its application
causes on osmotic shrinkage of the endothelial cells and enhances
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the BBB permeability [39]. In accordance with other studies, a 1 M
Mannitol solution was infused into the vascular compartment
under physiological conditions (37 �C, 5% CO2, >95% of humidity)
for 5, 15 and 30 min. Then, the permeability of the endothelial
layer was assessed, following the same protocol described above,
by infusing 250 kDa FITC-Dextran molecules and 200 nm polystyr-
ene beads at 0.1 mL/min (Fig. 4A). The osmotic opening of the
endothelial layer resulted in an increased, time-dependent
extravascular accumulation for both 250 kDa FITC-Dextran mole-
cules and 200 nm beads (Supporting Movie 10, 11). For the Dex-
tran molecules, the permeability values (+HUVEC and + db-
cAMP) increased from 0.27 ± 0.24 to 0.56 ± 0.10 mm/sec, to 0.78 ±
0.09 mm/sec and 0.99 ± 0.06 mm/sec after 5, 15 and 30 min of man-
nitol continuous infusion, respectively (Fig. 4A). A 30-minutes
treatment with Mannitol would increase the permeability by over
3 times. Notice that in the absence of HUVEC, the permeability of
Dextran was equal to 1.37 ± 0.2 mm/sec indicating that the Manni-
tol treatment is almost equivalent to transiently removing the
endothelial layer. For the 200 nm beads, the permeability values
(+HUVEC and + db-cAMP) increased from 0.029 ± 0.01 to 0.06 ± 0.
02 mm/sec, 0.15 ± 0.01 mm/sec and 0.20 ± 0.006 mm/sec after 5, 10
and 30 min of mannitol treatment, respectively (Fig. 4A). This
results in a 10-fold increase in the accumulation of 200 nm beads
into the extravascular compartment (Fig. 4C).

Despite multiple successes with mannitol, the non-uniform
effect among different brain regions and negative side effects
(e.g., epileptic seizure) has limited the clinical application of this
procedure [40]. A more recent approach is based on the manipula-
tion of the Adenosine Receptors (AR) using the FDA-approved A2A

AR agonist (Lexiscan�). As with Mannitol, Lexiscan modulates
cytoskeletal organization reflecting a down-regulation of both
adherent and tight junctions [41,42]. In the proposed microfluidic
device, a Lexiscan treatment (1 mM) was conducted as per the Man-
nitol. For 250 kDa FITC-Dextran, a plateau in permeability was
already reached at 15 min of treatment returning a value of 0.64
± 0.09 mm/sec (Supporting Movie 12). At 30 min of treatment,
the permeability slightly but not significantly decreased down to
0.54 ± 0.23 mm/sec (p = 0.5124) (Fig. 4B). Thus, for dextran macro-
molecules, the infusion of Lexiscan induced an overall 2-fold
increase in vascular permeability. A similar trend was also
observed for the 200 nm beads for which a plateau was reached
after 15 min of treatment with a permeability value of 0.24 ± 0.0
1 mm/sec (Fig. 4B, Supporting Movie 13). No change in permeabil-
ity was documented at the longer treatment time of 30 min. How-
ever, differently from the 250 kDa FITC-Dextran, this was still
sufficient to realize a 10-fold increase in vascular permeability.
Indeed, no significant statistical difference was observed in terms
of enhanced permeabilization for the 200 nm beads with Lexiscan
or Mannitol.

The effect of the two vascular permeabilizers on the expression
of VE-Cadherins and the organization of the actin cytoskeleton was
then analyzed, as reported in the Supporting Information. The
exposure of endothelial cells to hyperosmotic agents – Mannitol
– resulted in the detachment of adjacent cells as documented by
the drop in VE-cadherin expression already after just 5 min of
treatment (Supporting Fig. S4A). A similar behavior was also doc-
umented with Lexiscan (Supporting Fig. S4B). However, in the
case of Lexiscan, the opening of endothelial barrier is reversible
and at 30 min of treatment, VE-Cadherin proteins started to appear
again on the cell membrane and reassemble to form new intracel-
lular bonds (Supporting Fig. S4B). These results confirm the
enhanced paracellular permeability observed within the first min-
utes of Lexiscan treatment but also document the reversibility of
the process.

Assessing the vascular dynamics of circulating polymeric
nanoconstructs. The proposed microfluidic device can be used to
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study the transport of blood-borne nano- and micro-particles from
the vascular to the extravascular compartments. In this context,
three different types of particles were tested and compared:
200 nm polystyrene beads (PB), soft discoidal polymeric nanocon-
structs (sDPN), and rigid discoidal polymeric nanoconstructs
(rDPN). DPN are disc shaped nanoconstructs, with a 1,000 nm
diameter and 400 nm height, and are fabricated following a soft
lithography templating technique (Fig. 5A-B) [31–34]. These parti-
cles result from mixing together the biocompatible and biodegrad-
able polymers, poly (lactic-co-glycoli acid) (PLGA) and
polyethyleneglycol diacrylate (PEG-DA). Previous studies have
shown that the mechanical stiffness of these particles can be mod-
ulated by tailoring the content of PEG-DA in the formulation [32].
First, vascular permeability experiments were carried out with soft
and rigid DPN under low flow conditions. Both sDPN and rDPN
were not able to cross the endothelial layer, even following Manni-
tol or Lexiscan treatment (Fig. 5C). Specifically, in the absence of
HUVEC, the permeability values were equal to 0.019 ± 0.002 mm/
sec and 0.014 ± 0.001 mm/sec (p = 0.595) for the sDPN and rDPN,
respectively. After the inclusion of endothelial cells, the vascular
permeability reduced further falling in the range of 0.007 ± 0.001
mm/sec, with no significant difference between the two nanocon-
structs. Treatments with Mannitol and Lexiscan did not enhance
the permeation of DPN. Also, the 200 nm PB beads generally
returned a vascular permeability about 2 orders of magnitude
higher than that observed for DPN under all the tested conditions.
Representative images for the different tested conditions are pro-
vided in Fig. 5D-E (with and without HUVEC) and Supporting
Fig. S5 and S6 (upon treatment with Mannitol and Lexiscan).
Indeed, the permeability values documented in Fig. 5C were
expected given the size of the discoidal nanoconstructs, which
have been designed to target the malignant vasculature rather than
extravasating at sites of vascular hyperpermeability [31,34].

Then, vascular adhesion experiments were performed under
three different conditions: a low capillary flow condition (low
flow), which is characterized by a flow rate of 0.1 mL/min (wall
shear stress ~0.03 Pa; average velocity ~0.2 mm/s) as opposed to
a physiological capillary flow condition (physiological flow), which
is characterized by a flow rate of 0.5 mL/min (wall shear stress
~0.15 Pa; average velocity of ~1 mm/s); and an intermediate flow
condition characterized by a flow rate of 0.25 mL/min (wall shear
stress ~0.071 Pa; average velocity ~500 mm/s). Interestingly in the
absence of HUVEC, DPN appeared to be attracted and entrapped
at the micro-pillar membrane rather than adhering on the
fibronectin-coated PDMS of the main channel (Fig. 6A and Sup-
porting Fig. S7, sDPN – left column; rDPN – right column).

Note that the matrix filling the extravascular compartment
would favor the formation of ‘openings’, similar to fenestrations
in a malignant vasculature, at the micro-pillar interface where
DPN could be trapped. The number of entrapped DPN grows with
the flow rate for both the soft and rigid configurations. However,
the soft DPN showed a stronger tendency than the rigid DPN to
be entrapped at the micro-pillar interface forming almost a contin-
uous layer of particles at the highest flow rates (Fig. 6A, right col-
umn). The bars in the chart of Fig. 6B-C return theamounts of
adherent DPN, expressed in terms of fluorescent intensity, within
the channel and at the micro-pillar interface, respectively, for the
different tested flow rates.

In the presence of endothelial cells, a different behavior was
observed. Under this condition, the micro-pillar membrane was
no more an attractor for DPN as the vascular cells would prevent
the formation of openings. Adhesion within the channel on the
HUVEC was instead preferred by DPN (Fig. 6D and Supporting
Fig. S7, sDPN – left column; rDPN – right column). Interestingly,
the soft DPN were observed to adhere at low flow rates more than
rigid DPN. The opposite trend was instead observed at the higher



Fig. 4. Effect of permeabilizing agents. Permeability coefficients calculated for 250 kDa-FITC Dextran and 200 nm PB in a microfluidic device with HUVEC exposed to (A) 1 M
Mannitol and (B) 1 lM Lexiscan. (n � 5) (p < 0.05 denoted with *, p < 0.01 denoted with **, p < 0.001 denoted with ***). Permeability values are presented in the table as
average ± SD. C. Representative fluorescence images of 250 kDa-FITC Dextran (left) and 200 nm PB (right) permeation at 0.1 lL/min across the micro-pillar membrane under
normal conditions (top row), after 30 min treatment with 1 M Mannitol (intermediate row), and 15 min treatment with 1 lM Lexiscan (bottom row) (Scale bar: 250 lm).
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Fig. 5. Vascular permeability of polymeric nanoconstructs. A. Schematic illustration of sDPN (blue) and rDPN (orange) resulting from the mixing of PLGA and PEG-DA chains.
B. Confocal image (left) and scanning electron micrograph (right) of DPN (Scale bar: 1 lm (left), 5 lm (right)). C. Permeability coefficients calculated for 200 nm PB, soft DPN
(sDPN) and rigid DPN (rDPN) in the absence of HUVEC (�HUVEC), with HUVEC (+HUVEC), with HUVEC treated with 1 M Mannitol for 30 min (+Mannitol 30 min), and with
HUVEC treated with 1 lM Lexiscan for 15 min (+Lexiscan 15 min). (n � 5). (p < 0.001 denoted with ***). D. Representative fluorescence images of 200 nm Polystyrene Beads
diffusion at 0.1 mL/min with untreated HUVEC, after 30 min treatment of Mannitol and after 15 min treatment of Lexiscan (Scale bar 250 mm). E. Representative fluorescence
images of sDPN (left) and rDPN (right) diffusion at 0.1 mL/min with untreated HUVEC, after 30 min treatment of Mannitol and after 15 min treatment of Lexiscan (Scale bar
250 mm). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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flow rates. This is summarized in the bar chart of Fig. 6E. Under low
flow conditions, a fluorescence intensity value equal to 43 ± 9.35
AU was measured for sDPN as opposed to 23 ± 5.77 AU for rDPN
(p = 0.0006). Under physiological flow conditions, adhering rDPN
were associated to a fluorescence intensity of 44 ± 2.8 AU while
for the sDPN the value was almost two times lower 26 ± 6.0 AU
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(p = 0.004) (Fig. 6E). Under intermediate flow conditions, sDPN
and rDPN displayed no difference in vascular adhesion document-
ing a smooth transition from low to high flow rate conditions.



Fig. 6. Vascular dynamics of soft DPN versus rigid DPN. A. Representative images for the perivascular accumulation of sDPN and rDPN in a microfluidic device in the absence
of HUVEC at low (0.1 lL/min) and high (0.5 lL/min) flow rates. B. Vascular adhesion of sDPN and rDPN within the channel under different flow conditions (�HUVEC). C.
Entrapment of sDPN and rDPN at the micro-pillar membrane under different flow conditions (�HUVEC). D. Representative images of sDPN and rDPN firmly adhering in a
microfluidic device with HUVEC at low (0.1 lL/min) and high (0.5 lL/min) flow rates. E. Vascular adhesion of sDPN and rDPN within the channel under different flow
conditions (+HUVEC). (n � 5). (p < 0.05 denoted with *, p < 0.01 denoted with **, p < 0.001 denoted with ***).
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4. Discussion

In drug delivery and biomedical imaging, systemically adminis-
tered molecules and nanomedicines must either escape the vascu-
lar compartment and distribute within the diseased tissue (tissue
targeting) or firmly adhere to the diseased vasculature (vascular
targeting) in order to properly exert their curative and diagnostic
functions. This process is strictly regulated by several factors
including the local hydrodynamic conditions and vascular perme-
ability. As such, assessing the efficacy of drug delivery systems
in vitro requires the design and realization of microfluidic devices
where flow rates and vascular permeability can be accurately
and independently modulated reproducing physiological and
pathological conditions. This need has inspired the engineering of
a double-channel microfluidic device (Fig. 1) that integrates a vas-
cular compartment and an extravascular chamber. The vascular
compartment, with a width of 200 mm and a height of 50 mm,
matches the characteristic dimensions of arterioles and large cap-
illaries and was coated by endothelial cells [43,44]. For the
extravascular compartment, a mixture of collagen type I and Matri-
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gel led to the realization of a biologically inspired ECM (Fig. 2)
[45,46]. The extracellular matrix underlying the vascular endothe-
lium provides simultaneously a mechanical function, supporting
the blood vessel walls, and a biological function, mediating signals
involved in endothelial cell proliferation, migration, morphogene-
sis, survival, and angiogenesis. This is achieved by multiple prop-
erly mixed components, including collagen I, III and IV, different
laminin types, perlecan and other less abundant proteins and
fibers. Matrigel� is rich in laminin, collagen type IV, and perlecan,
thus approximating the composition of the vascular basement
membrane [47]. This observation triggered the authors to use a
mixture of collagen type I and Matrigel to fill up the space next
to the vascular endothelium within the double-cannel system.

Seven different collagen/Matrigel combinations were consid-
ered and characterized for their permeability, as documented in
Fig. 2. The combination 80% of collagen and 20% of Matrigel
returned physiologically relevant permeabilities to 250 kDa FITC-
Dextran molecules. This ratio was used and recommended in the
work by Wimmer and colleagues for generating blood vessel orga-
noids [48]. Specifically, in this Nature Protocol work, 2 mg/mL of
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Collagen type I was mixed with Matrigel in a 4:1 ratio, which is
corresponding to the 80:20 ratio used in the current work. Higher
Matrigel concentrations were, with 50:50 or even 25:75 ratios,
were also documented in the literature but mostly for replicating
the malignant extracellular matrix, as reported in Anguiano and
colleagues [49]. Indeed, high Matrigel concentrations return matri-
ces that are excessively impermeable to molecules and cells,
whereas a 100% collagen type I matrix would have lacked collagen
type IV, laminin and other fiber and proteins that are contained in
Matrigel as well as in the vascular basement membrane.

With such a system, first, the formation of a continuous
endothelial barrier in the vascular compartment was assessed
using electron microscopy, to demonstrate the assembly of a con-
fluent endothelial barrier (Fig. 1C and Supporting Information);
confocal fluorescent microscopy, to document the expression of
VE-cadherin molecules (Fig. 1D and Supporting Information);
and dynamic assays to quantify the vascular permeability of
250 kDa Dextran molecules and 200 nm polystyrene beads
(Fig. 2D). The molecular Dextran 250 kDa has a characteristic
hydrodynamic diameter of ~10 nm and, as such, represents the
boundary between small molecules (� 10 nm), which can easily
permeate even continuous vascular walls (except for the blood
brain barrier) and macromolecules/nanoparticles (� 10 nm),
which can only permeate discontinuous, fenestrated, and
unhealthy vascular walls. This was then the main rationale to con-
sider Dextran 250 kDa rather than smaller Dextran molecules that
would fall in the small molecule regime.

The proper deposition and culturing of HUVEC within the
microfluidic device prompted the formation of a continuous
endothelial layer on the micro-pillar membrane leading to perme-
ability values as low as 0.93 ± 0.30 mm/sec for the 250 kDa Dextran
molecules and 0.04 ± 0.005 mm/sec for the larger 200 nm polystyr-
ene beads. The vascular permeability for the macromolecules
(250 kDa Dextran molecules ~10 nm particles) was further reduced
to 0.27 ± 0.24 mm/sec upon exposing the endothelial cells to db-
cAMP (Fig. 3). The treatment of the endothelial cells first with
cAMP and then with the clinically relevant vasodilators, Mannitol
and Lexiscan, has the objective of documenting the versatility of
the proposed system and demonstrate that it is capable to repro-
duce ‘‘healthy” and hyper-permeable blood vessel walls. However,
the term ‘‘healthy” should be properly contextualized here as the
objective of the work is to present a system for studying the vascu-
lar and perivascular dynamics of macromolecules and nanoparti-
cles, as already specified in the title.

Indeed, the data in Fig. 3A do demonstrate that the pre-
treatment with cAMP reduces the permeability to Dextran
250 kDa by 3 times as compared to untreated HUVECs. Notably,
the same data show that the pre-treatment has no effect on the
vascular permeability of the 200 nm PB. This confirms that the sole
presence of HUVEC, with or without cAMP pretreatment, are suffi-
cient to realize a ‘‘healthy” vasculature in the nanoparticle regime
(� 10 nm), while cAMP is needed for the 250 kDa macromolecule.
Possibly, additional changes could be required to seal even more
the vascular walls in the small molecule regime. But this falls out-
side the current scope of the work and will be certainly the topic of
future works with the presented system.

These permeability values are in line with those documented
for other vascular microfluidic platforms [50-53] and only slightly
higher than those measured in vivo in the case of macromolecules
[54]. Indeed, the current microfluidic device configuration includes
only a layer of endothelial cells without perivascular supportive
cells, such as pericytes, smooth muscle cells, and fibroblasts that
would reduce further the vascular permeability [55,56]. Further-
more, the human umbilical vascular endothelial cells (HUVECs)
used in this work typically line the walls of the macrovasculature
and are intrinsically more permeable than microvascular cells,
421
such as human dermal blood microvessels (BECs) or brain
microvascular endothelial cells (BMECs). Finally, the sustained
flow in authentic blood vessels ‘massage’ the endothelial mono-
layer favoring cell–cell interaction and reducing permeability. Cell
type and spatial organization, the basal lamina and extracellular
matrix composition and architecture as well as blood flow con-
tribute all together, directly and indirectly, to modulate the perme-
ability and biomechanical response of the endothelium.

Despite this, it should be highlighted that the treatment with
db-cAMP did not affect the permeability for the 200 nm particles,
suggesting that the proposed endothelial barrier could be accu-
rately and efficiently employed to study the vascular transport of
nanoparticles. The ability to modulate the vascular permeability
was demonstrated further by infusing directly into the microfluidic
devices Mannitol and Lexiscan. The exposure of the otherwise con-
tinuous endothelial layer to these permeabilizing agents results in
an increase in permeability for both Dextran molecules and, at a
lower extent, the 200 nm polystyrene beads (Fig. 4 and Supporting
Information).

After demonstrating the ability to precisely dial the vascular
permeability from physiological to pathological values, the
microfluidic device was used to study the dynamics of blood borne
polymeric nanoconstructs. The largest majority of man-made
nanoparticles for drug delivery and biomedical imaging have a
spherical shape and a characteristic hydrodynamic size ranging
from several tens of nanometers up to a few hundreds of nanome-
ters [57]. Upon systemic administration, these systems are trans-
ported by the blood flow along the circulatory system and
progressively deposit in tissues that are characterized by a discon-
tinuous endothelium. These include cancer, whose neovasculature
is characterized by intracellular openings – fenestrations – as large
as a few microns [12], but also healthy filtering organs, such as the
liver and spleen, where the vascular endothelium is naturally dis-
continuous. Therefore, the 200 nm polystyrene beads (PB) were
selected to represent conventional nanomedicines that would
accumulate into malignant tissues exploiting the enhanced perme-
ation and retention (EPR) effect. The Discoidal Polymeric Nanopar-
ticles (DPN) have been designed to navigate the circulatory system
more efficiently than spherical nanoparticles and accumulate in
the diseased vasculature without relying on the EPR effect
[33,34]. Importantly, the size, shape, surface properties and
mechanical stiffness of this injectable drug delivery system can
be optimized to modulate uptake by cells of the immune system
[31,32]. In this work, two configurations of DPN were considered
in a first attempt to elucidate the role of particle deformability in
vascular transport and adhesion. Specifically, soft (sDPN) and rigid
(rDPN) discoidal particles were employed. In this work, we
observed sDPN accumulating more than rDPN at vascular inter-
faces characterized by an irregular geometry and low blood veloc-
ity. These are indeed conditions that differentiate tortuous, low
perfused malignant blood vessels versus their regular healthy
counterparts.

Specifically, in addition to the commercially available 200 nm
polystyrene beads (PB), soft and rigid 1,000 � 400 nm discoidal
polymeric particles (DPN) were considered. It is here important
to recall that while conventional nanoparticles, with a characteris-
tic size of 100 – 200 nm, are expected to cross the hyperpermeable
endothelial layer, DPN were designed to drift across the streamli-
nes, in a process known as margination; firmly stick to the diseased
vasculature; and release thereof their therapeutic cargo and imag-
ing signal [34]. In this context, the microfluidic device was used to
evaluate the ability of soft and rigid DPN to marginate and adhere
to the endothelial barrier under different flow and permeability
conditions. In particular, the DPN behavior was tested at flow rates
ranging from 0.1 mL/min (~100 mm/s), mimicking sub-
physiological, quasi-tumoral flow conditions, to 0.5 mL/min (~1
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mm/s), reproducing more physiologically relevant flow conditions
[36]. As expected, neither the sDPN nor the rDPN were able to cross
the micropillar membrane and diffuse deep into the extravascular
compartment.

In the absence of endothelial cells, all the walls of the microflu-
idic device were solely coated by a layer of fibronectin and
appeared as relatively flat interfaces. Differently, however, the
micro-pillar membrane zone appeared as a wavy interface with
repetitive valleys and crests, still coated by the fibronectin layer.
In this configuration, both rDPN and sDPN were observed to pref-
erentially accumulate at the micro-pillar membrane as opposed
to the top, bottom, and lateral walls of the device (Fig. 6A-C). The
number of entrapped rDPN was almost constant over a wide range
of flow rates. Although, at higher flow rates, rDPN were also
observed to adhere at the bottom of the device. Interestingly, sDPN
were entrapped in the micro-pillar membrane at a much higher
extent than rDPN, in a shear flow dependent manner (Fig. 6C). Also,
differently from rDPN, no significant accumulation of sDPN was
observed on the bottom of the device, even at higher flow rates
(Fig. 6B). This preferential accumulation of DPN at the micro-
pillar membrane, in the absence of endothelium, should be associ-
ated to the direct geometrical entrapment of those nanoconstructs
moving in proximity of the irregular, wavy interface. Also, the
deformable sDPN could be more easily entrapped, as opposed to
their rigid counterpart, as the local shear rate increases. However,
this could only partially explain the dramatic difference observed
when comparing soft versus rigid DPN (Fig. 6C). Possibly, an addi-
tional contribution to sDPN accumulation could derive by a direct,
hydrodynamic-based attraction of these nanoconstructs to the
micro-pillar membrane. While it is well known that deformable
particles moving in proximity of a flat wall would tend to be
pushed towards the center of the channel by dominating lift forces
[58], only recently computational analyses have demonstrated that
deformable particles moving in proximity of a wavy interface could
migrate away from the center toward the wall [59]. This
hydrodynamic-based attraction would depend on the amplitude
e of the wall waviness, the ratio between the wavelength k and
the characteristic size R of the particle, and the local flow condi-
tions. Importantly, this hydrodynamic-based attraction would only
apply to deformable particles. Indeed, only an ad hoc computa-
tional analysis accounting for the specific micro-pillar membrane
geometry, flow conditions and particle properties could help eval-
uate the relative importance of hydrodynamic-based attraction
over geometrical entrapment.

For an endothelialized vascular compartment, the waviness of
the micro-pillar membrane is massively reduced and DPN geomet-
rical entrapment cannot occur anymore (Fig. 6D). Notice, inciden-
tally, that this is an additional demonstration of the proper
endothelial coating of the micro-pillar membrane. Under this con-
dition, the top, bottom, and lateral walls of the device form a con-
tinuous monolayer with a moderate waviness whose amplitude is
now related to the cell nuclei. For the soft DPN, hydrodynamic-
based attraction would be minimal and could outperform lift
forces at the wall only at low flow velocities. This could explain
the higher deposition observed for the sDPN at low flow rates
(Fig. 6E). For the rigid DPN, the margination velocity would tend
to grow with the flow rates thus explaining the larger particle
deposition at higher flow velocities [60]. Even in this case, only
an ad hoc computational analysis could help to univocally identify
the governing mechanisms regulating the behavior of different
DPN. However, this is beyond the scope of the current work and
certainly constitutes the starting point for future studies on vascu-
lar dynamics of soft versus rigid, non-spherical particles.
422
5. Conclusions

A double-channel microfluidic device was demonstrated to
study the transport of macromolecules and nanoconstructs under
different vascular conditions. A vascular compartment was covered
by a continuous layer of endothelial cells, whereas an extravascular
chamber was filled with a mixed collagen-matrigel matrix. After
demonstrating the integrity of the endothelial barrier using differ-
ent complementary techniques, the vascular permeability of
macromolecules (250 kDa FITC-Dextran), nanoparticles (200 nm
polystyrene beads), and polymeric nanoconstructs
(1,000 � 400 nm discs) was characterized under physiological
and pathological conditions. First, it was shown that the proposed
microfluidic device can replicate physiologically relevant values of
permeability down to the order of 0.1 mm/sec for the ~10 nm Dex-
tran macromolecules. Then, it was documented that the vascular
permeability could be modulated, and specifically increased, by
using two clinically relevant agents, Mannitol and Lexiscan. Finally,
it was observed that soft discoidal polymeric nanoconstructs can
more efficiently than their rigid counterparts adhere to the vascu-
lar walls under pathological vascular conditions. Collectively, these
results demonstrate that the proposed double-channel microflu-
idic device could be efficiently and effectively used to test the vas-
cular behavior of a variety of drug delivery systems under various
conditions.
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