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Optimization of Electrospun Fibrous Membranes for in vitro
modeling of Blood-Brain Barrier

V. Pensaben&W. Crowder, DA. Balikov, J.B. Lee and H.J. Sung

Abstract— Theblood-brain barrier (BBB) playsacritical rolein
brain homeostasis at the cellular and global level. Mimicking the
selective permeability and transport properties of the BBB to
specific molecules and cells remains a significant challenge
towards the development of a physiologically relevant in vitro
BBB model. In this study, we developed electrospun poly
(e-caprolactone) (PCL) and polyethylene glycol (PEG)
copolymer membranes that supported different cellular
components of the neurovascular unit including human-derived
endothelial cells, pericytes and astrocytes. Comparative
analyses of thickness, morphology, biocompatibility and
per meability of membraneswer e also conducted. We found that
collagen coated 4%PEG-96%PCL membranes supported the
growth of a confluent and tight endothelium confirmed by
transendothelial electrical resistance measurements (TEER).
Based on fabrication process and reported results, we finally
discussthe adoption of these electrospun fiber membranesfor in
vitro and on-a-chip human BBB models.

. INTRODUCTION

The blood-brain barrier (BBB) is a selectively permeable

side of the vessels and their abluminal side is surrounded by
pericytes and astrocytes [3]. 2) Pericytes are contractile
phagocytic cells that are in direct physical contact with the
brain endothelium. Pericytes also regulate capillary
permeability by modulating endocytosis-mediated transport
and tight junction stability of endothelial cells [4,5]. 3)
Astrocytes serve as a physical contact between neurons and
endothelial cells, and regulate tight junction expression and
the localization of molecular transporters [6,7].

In order to reproduce the unique properties of the BBB in
vitro, these three cell types must be grown in an organized
fashion that mimics their in vivo physiology. This requires an
appropriate scaffold that does not impairithaability or
proliferation and results in a functional, highly-selective
cellular barrier.

The primary aim of this study was to synthetize permeable
electrospun fiber membranes that support the growth of the
three constituent BBB cell types, and to test the functional
capacity of this tri-culture system as a synthetic BBB mimetic.
Copolymers of x% poly(e-caprolactone) (PCL) and y%

membrane, formed by various cell types that comprise tR@lyethylene glycol (PEG) (x, y: mole %) were used in this

brain microvasculature. The BBB regulates brain function argiudy.-

metabolism by either permitting or blockitige transport of

PCL is a semi-crystalline,
FDA-approved, hydrophobic polymer

biodegradable,

[8]. PEG is a

molecules [1] Because the tight junctions of the vasculaPiocompatible, hydrophilic polymer that can repel protein and

endothelium are responsible for blocking the passage of la

Is [9]. In our previous studies we showed that

drug molecules through the BBB, the development of nel ysicochemical, mechanical, and bioactive properties of

drugs for neurological diseases has been severely limited [2
New models that mimic the properties of the BBB would b&

ectrospun  fiber scaffolds can be tuned to promote cell
owth and differentiation by combining these two

useful for testing drug interactions at this selectivelf@mponents with different mole percentages [10, 11].

permeable interface.

In order to produce an in vitro BBB model, the thickness

Different cell types constitute the human BBB: 1 nd porosity of these membranes must be finely contrtaled
endothelial cells forna tight physical barrier in the luminal facilitate cell-cell contact, paracrine signaling and selective

*Research supported in part by NIH 1UH2-TR000441-

Virginia Pensabenes now with the School of Electronic and Electrical

Engineering at the University of Leeds, LS2 9JT, Leeds, &l was with
Department of Biomedical Engineering at Vanderbilt uémsity, 37235,
Nashville, TN, USA (phone: 61843-8978; e-mail:
Lvirginia.pensabene@vanderbilt.g¢du

S. W. Crowder was with the Department of Biomedicagikeering,
Vanderbilt University, 37235, Nashville, TN, USA, am now with the
Department of Materials, Department of Bioengineerlngerial College
London, London, UKe-mail{s.crowder@imperial.ac.jik

D. A. Balikov is with the Department of Biomedical dimeering at
Vanderbilt  University, 37235, Nashville, TN, USA (e-mail:
daniel.a.balikov@vanderbilt.eflu

J.B. Lee is with the Department of Biomedical Enginepand with the
Department of Mechanical Engineering, Vanderbilt uénsity, 37235,
Nashville, TN, USA (e-mailjung.bok.le@vanderbilt.elu).

H.J. Sung is with the Division of Cardiovascular Medicibepartment of
Medicine, Vanderbilt University Medical Center, withe Department of
Biomedical Engineering at Vanderbilt University, 3823Nashville, TN,
USA, and with Severance Biomedical Science Institufmllege of
Medicine Yonsei University Seoul 120752, Republic of Koreae-mail:
hak-joon.sung@vanderbilt.efu

permeability. All of these properties can be manipulated by
changing the processing parameters or chemical composition
of the material.

With this goal, we employed copolymer substrates with
promising properties for the desired application, and
characterized the fiber architecture, pore structure, and overall
morphology and permeability of electrospun membranes. We
then evaluated the ability of copolymer membrandsoth
uncoated and coated with collagen type | - to support the
growth and functionality of endothelial, pericytes and
astrocytes as a synthetic BBB system.

Il. MATERIALS AND METHODS

2.1 Polymer synthesiand BBB membrane fabrication and
characterization

Copolymers of x%poly(e-caprolactone) (PCL) and y%
polyethylene glycol (PEG) (x, y: mole %) were synthesized
as previously described in [11]. BrieflpCL was synthesized
via ring-opening polymerization of-caprolactone in bulk
with benzyl alcohol and Sn(Oet)The polymer structure was
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verified byH NMR spectra: (CDG)=4 4.06 (t, 3H,-OCH), Human brain astrocytes (ATCC CRL 8621-SVG pl2)
2.31(t, 2H, €Hy), 1.66 (m, 2H, €Hy), 1.37 (m, 4HEH;) were cultured in Eagle's Minimum Essential Medium
ppm 4%PEG-96%PCL was prepared with the same methgMEM, ATCC 30-2003) modified to contain Earle's
except for a stoichiometric amount of in the presence of 2k[Balanced Salt Solution,omessential amino acids, 2 mM
monomethoxy-PEG and showed a spectra as 1H NMRglutamine,1 mM sodium pyruvate, 1500 mg/L sodium
(CDCl3)=6 4.06 (t, 3H,-OCH)), 3.65 (s, 4H,-OCh), 2.31(t, bicarbonate and Penicillin-Streptomycin-Amphotericin B.
2H,-CHy), 1.66 (m, 2H,EHy), 1.37 (m, 4HEHy) ppm. Human vascular brain pericytes (ScienCell, Carlsbayl CA

g-caprolactone was dried and distiled over gaHwere cultured in pericytes medium (ScienCell) containing
immediately before polymerization. Tin (ll) ethyl hexanoaté®asal medium, 2% of fetal bovine seruf% of pericyte
was distilled under high vacuum. Benzyl alcohol was driegrowth supplement and 1% penicillin/streptomycin solution.
and distilled over Cafd e-caprolactone and benzyl alcohol ~ Cell culture experiments were performed in a 6-well plate
were purchased from Alfa Aesar (Ward Hill, MA, USA). Tincontaining modified transwell membrane-less inserts
() ethyl hexanoate (Sn(Og)) benzyl alcohol, (“snapwells”, Corning, Tewksbury, MA). One fiber
monomethoxypoly(ethylene glycol) (PEG) (MW :2000),membrane was secured on each insert by a polystyrene ring.
anhydrous tetrahydrofuran (THF), lithium diisopropylamidéAstrocytes, pericytes and TIME cells were seeded (it
(LDA) (2M in THF/n-heptane), anhydrous toluenecells/transwell on 100%PCL and 4%PEG-96%PCL
dichloromethane, and diethyl ether were purchased frofembranes and on glass (as control). Seeding densities are
Sigma Aldrich Chemicals (St. Louis, MO, USA) and werdive cell densities as trypan blue was used during cell
used as purchased unless otherwise noted. counting. After 7 days of culture, viability of the cells was

To generate fiborous membranes by e|ectrospinrﬂn@ investigated using the LIVE/DEAD® VIabl'lty/CYtOtOXlClty
polymers were dissolved in trifluoroethanol at 10% w/v anlfit (Molecular Probes, Life Technologies, Carlsbad, CA).
p|aced into a Syringe with a 2 mL stainless steel needle. T-ﬁbe cultures were rinsed with PBS and then treated for 10 min
solutions were ejected at a flow rate of 1 nuuthwith an  at 37°C with 2 uM calcein AM and 4 M EthD-1 in PBS.
applied voltage o0 kV and collected on a grounded drumCells were imaged with an inverted fluorescent microscope
(diameter = 10 cm), spinning at a rat&s60rpm placed at0  (Nikon Eclipse Ti, Nikon Instruments, Melville, NY)
cm of distance. AfteB0O minutes, the electrospun membrsine €quipped with a cooled CCD camera (DS-5MC USB2, Nikon
were cut and carefully peeled off the drum. The thickness whtruments). Images were process in NIS Elements imaging
measured with a stylus profilometer (Veeco Dektak 150), &9ftware.
average of 5 measurement$orphology and pore size were
measured by Scanning Electron Microscopy (Hitachi Sp20®-4 Membrane diffusion experiments

In order to measure water absorption, dry membranes Diffusion of compounds with different molecular WEIth
were cut inb 1 x 1cn? pieces andveighted (“dry mass”). through the fiber membranes was measured by using a
Samples were then incubated in deionize® ldvernight at UV-Vis Spectrophotometer (Varian Cary 50, Agilent
37°C and thus \ighted again (“wet masg). The reported T€chnologies, Santa Clara, CA). FITC-Dextran (70kDa and

values of mass fold increase (wet/dry) are averages4f nt°0kDA) and 2kDa FITC-Inulin (Sigma Aldrich, St. Louis,
measurements. MO) were diluted in deionized water and added to nude fiber

mats and on fiber membranes coated with purified type |
collagen (50 pg/miScienCel).
The same method was used to measure diffusion of the
ifferent compounds through the same membranes in the
Devices, Norwood, MA) with 2 electrodes fixed on a printe@resgnce of a confluent layer of endothglial cells. Prior t_o cell
seeding, membranes were assembled in the snapwell inserts,

circuit board in order to fit on a 24 well plate (or 6-well>>="" . i . o .
snapwell plate). Measurements were performed in PBgt_enhzed for 15 minutes under direct UV light, and divided in

Impedance values were reported after subtraction ,—@/O groups (with e_md without col_lagen type .I coating).
background PBS impedance. 3 measurements were reco glmbranes were first hydrated with full medium for 15

for each mat with frequency ranging from 20 kHz to 21 kHZMNutes. D0 pL of the media was then removed from the
g y ranging apical side and replaced witA0 pL of TIME cell suspension

2.3 Live/Dead staining of cells on membranes (10° cells/mL). Cells were allowed to grow for 72 haurs
Telomerase immortalized microvascular endothelial cel@¢€ the m_onolgyers were formed,_ the media were collected
(TIME) cells (ATCC CRL-4025, Manassas, MA) were rom_the apical S|d§ and replacgd with FITC dextran _(_70 kDa)
maintained with Vascular Cell Basal Medium (ATCCSOIUI'On’ as prewougly described. The_ permgablllty was
PCS400030) supplemented with Microvascular Endothelia?"""luat‘Ed by analysis o_f ﬂuorescence. Intensity of m?d'a
Cell Growth Kit-VEGF (ATCC PCS:10041) which colleced from the basal side after 20 minutes of incubation.

contains VEGF (5 ng/ml), EGF (5 ng/ml), FGF basic (én the same way, in the second experiment, the cell layers
ng/ml), IGF-1 (15 ng/ml), 10 mM L-glutamine, heparin'V€'® permeabilized by adding 4% DMSO to the apical side.
sulfate (0.75 Units/ml), hydrocortisone (1 pg/ml), ascorbiflter 23 hours the media were replaced by fresh media
acid (50 pg/ml), 5% fetal bovine serum andcontaining dextran (2.5ug/mL) and permeability was
penicillin-streptomycin (0.5 mL, 10 units/mL) andMmeasured.

amphotericin B (25 ng/mL).

2.2 Membrane conductivity measurements
Impedance was measured with an AD5933 1 MSP
12-Bit Impedance Converter Network Analyzer (Analo



membranegright column) at 600x (a,b) an@B0x (c,d) magnification. The
thickness of the membranes was measured by tilting the (8t4g800x
magnification).

2.5 Transendothelial electrical resistance (TEER)
A Millicell ERS-2 Voltohmmeter (Millipore, Billerica,
MA) with a silver/silver chloride (Ag/AgCl) electrode was

used to collect TEER measurements. Membranes only andTo evaluate permeability of the membranes, diffusion of
membranes coated with purified type | collagen were securgd

into snapwell inserts. S0TIME cells were seeded onto each extran with two different molecular weights and inulin was

membrane and grown for 6 days. TEER was measured evg?n\% dasgreﬁ. BOI.h: r:Jp onn;ers aIIov(;/ed d'foS'g.r:. of d(:]xtran:;
2 days after 48 hours from seeding. a inulin, with a decreased permeability when the

membranes were coated with type | collagen (Fig. 2).

lll. RESULTS
) I 100%PCL
100%PCL and 4%PEG-96%PCL polymers wer¢ 3 2.5 B 100%PCL & Collagen
electrospun to form fiber membranes with the same $ g B 4%PEG-96%PCL
electrospinning conditions in order to keep diameter (~0J5 é 1 4%PEG-96%PCL & Collagen
pm), morphology and alignment of the fibers in the samp £ 5]
range (Fig. 1). Table 1 summarizes thickness and pores sjizeg ;-
measured by analysis of SEM images. Water uptake data E’
show higher hydrophilicity of the PEG-PCL membrane, = 05
expected, due to the physical properties of. The impedance, %
however, was higher for the 100%PCL, suggesting a mofe £ 0. .. pextran 150kda Dextran  Inulin

compact microarchitecture that was not as disrupted by PEG— —
Figure 2. Diffusion of fluorescent molecules throughpagmer

membranes. Values are expressed as average +/- standatébdenfi N=3

TABLE I. FIBER MATS CHARACTERIZATION .
replicates.
PCL 4% PEG-96% PCL
Upon closer inspection, the permeability of botbolymers
Thickness (um) 5.88810.045 5.855:0.101 allowed for similar diffusion profiles for both dextran bead
Pore size (um) 0.627+0.053 0.612+0.038 sizes. Only when inulin was used a molecular weight cut off
could be seen. Of note, 4%PEG-96%PCL membranes yielded
Water uptake* 16.65+5.68 40.0725.78 relatively less homogeneous when not coated with collagen.
Impedance () 365.73+36 296.97+1.9 Adhesion, morphology and proliferation of the

neurovascular unit cell types were evaluated after 7 days from
seeding (Fig. 3).

*in fold changes.
** average values: 15 measurements; 5 samples for each fypigraér.
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Figure 3. Live/Dead images of cells cultured on etéht polymeric
membranes. Scale bar = 100

Astrocytes and pericytes did not show significant
differences in terms of shape and growth on the two polymers
and compared to glass. Endothelial cells, which are generally
more sensitive to chemistry and roughness of the substrate,
did not grow uniformly on 100%PCL, but they did
monolayers on the 4%PEG-96%PCL exhibiting morphology

Figure 1. SEM images of the 100%PCL (left column) 4#PEG-96%PCL




comparable to glass. All cell typegere viableon all the them for in vitro BBB models. Without a physiologically
substrates. Higher density of the 3 cell types was observeoimparable barrier, which critically defines cerebral
onto the 4%PEG-96%PCL membranes, while endotheliafasculature, observed effects from paracellular and
cells exhibited lower proliferation on 100%PCL membranedranscellular diffusion, as well as lower TEER findings, have
We then investigated if the membranes with cells couldmited applicability towards design and testing of
recreate desired properties characteristic to the basal lamimeuro-pharmacological drugs in animal and human settings.
of a completeBBB (e.g. with endothelial cells). To do this, In future work, we plan to include multiple types of neurons
endothelial cells were grown on the two membranes forveith the previously tested cell types and to co-culture them
minimum of 7 days to form a confluent monolayer. Theéogether in the transwell model. Finally, the integration of
permeability of these monolayers to 70 kDa dextran wadectrospun fiber membranido a microfluidic device could
reduced when the cells grew on collagen-coated membrartetter evaluate how test drugs and nutrients alter the BBB and
and increased in DMSO-disrupted monolayers (Fig. 4). [13he constitutive brain cells beyond it [14].
The 4PEG-96%PCL membranes, on the other hand, showed a

lower permeability compared to the 100%PCL when collagen ACKNOWLEDGMENT
was used. The authors would like to thank Prof. D. Alcendor at
0.20- Meharry Medical College, Nashville, for providing materials

and advice for pericytes culture; Prof. John Daniels at
Vanderbilt University and Prof. John Wikswo at Vanderbilt
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Figure 5: TEER of endothelial cell layers on collageated fiber mats



