Published on 18 July 2024. Downloaded on 4/7/2026 1:10:55 PM.

Biomaterials

Science

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Biomater. Sci., 2024, 12,
4363

Received 14th May 2024,
Accepted 10th July 2024

DOI: 10.1039/d4bm00663a

rsc.li/biomaterials-science

Introduction

Development of a 3D printed perfusable in vitro
blood—-brain barrier model for use as a scalable
screening toolf

Madison K. Royse,1? Martha Fowler,3? A. Kristen Mai, e

Marc R. Durante,® Nicole Buist, Adam Procopio,® Jun Xu

@ Yufang He,
*< and Omid Veiseh () *2

Despite recent technological advances in drug discovery, the success rate for neurotherapeutics remains
alarmingly low compared to treatments for other areas of the body. One of the biggest challenges for
delivering therapeutics to the central nervous system (CNS) is the presence of the blood-brain barrier
(BBB). In vitro blood—brain barrier models with high predictability are essential to aid in designing para-
meters for new therapeutics, assess their ability to cross the BBB, and investigate therapeutic strategies
that can be employed to enhance transport. Here, we demonstrate the development of a 3D printable
hydrogel blood—brain barrier model that mimics the cellular composition and structure of the blood-
brain barrier with human brain endothelial cells lining the surface, pericytes in direct contact with the
endothelial cells on the abluminal side of the endothelium, and astrocytes in the surrounding printed bulk
matrix. We introduce a simple, static printed hemi-cylinder model to determine design parameters such
as media selection, co-culture ratios, and cell incorporation timing in a resource-conservative and high-
throughput manner. Presence of cellular adhesion junction, VE-Cadherin, efflux transporters,
P-glycoprotein (P-gp) and Breast cancer resistance protein (BCRP), and receptor-mediated transporters,
Transferrin receptor (TfR) and low-density lipoprotein receptor-related protein 1 (LRP1) were confirmed
via immunostaining demonstrating the ability of this model for screening in therapeutic strategies that rely
on these transport systems. Design parameters determined in the hemi-cylinder model were translated to
a more complex, perfusable vessel model to demonstrate its utility for determining barrier function and
assessing permeability to model therapeutic compounds. This 3D-printed blood—brain barrier model rep-
resents one of the first uses of projection stereolithography to fabricate a perfusable blood—brain barrier
model, enabling the patterning of complex vessel geometries and precise arrangement of cell popu-
lations. This model demonstrates potential as a new platform to investigate the delivery of neurotherapeu-
tic compounds and drug delivery strategies through the blood—brain barrier, providing a useful in vitro
screening tool in central nervous system drug discovery and development.

cular unit is the blood-brain barrier. The blood-brain barrier
(BBB) is a structural and metabolic barrier that separates the

The neurovascular unit (NVU) contains blood-brain barrier
capillaries, neurons, and supporting cells in the brain stroma
(such as microglia, macrophages, and other glial cells) and
their basement membrane." One crucial part of the neurovas-
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bloodstream from the central nervous system (CNS). The BBB
is essential for protecting the brain and maintaining homeo-
stasis in the CNS. The main cellular components of this
barrier are non-fenestrated brain microvascular endothelial
cells, pericytes, and astrocytes. The pericytes are in direct
contact with the endothelial cells and ensheathe the endo-
thelial lining to mediate the contraction of the endothelial
wall. Astrocytes reside in the surrounding extracellular matrix
and have end-feet projections that almost entirely encase the
vessels of endothelial cells and pericytes. From there, astro-
cytes can regulate blood flow and help maintain the BBB. Each
of these cells’ unique features is imperative for the proper
function of the blood-brain barrier.*?

Biomater. Sci., 2024,12, 4363-4375 | 4363


http://rsc.li/biomaterials-science
http://orcid.org/0000-0002-2689-970X
http://orcid.org/0009-0002-8561-2999
http://orcid.org/0000-0002-4477-1670
http://orcid.org/0000-0003-1153-8079
https://doi.org/10.1039/d4bm00663a
https://doi.org/10.1039/d4bm00663a
https://doi.org/10.1039/d4bm00663a
http://crossmark.crossref.org/dialog/?doi=10.1039/d4bm00663a&domain=pdf&date_stamp=2024-08-16
https://doi.org/10.1039/d4bm00663a
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM012017

Published on 18 July 2024. Downloaded on 4/7/2026 1:10:55 PM.

Paper

Historically, studies for drug development of neuro phar-
maceuticals have been assessed using both in vivo and in vitro
methods. In vivo methods using animals are beneficial in reca-
pitulating biological complexities and are generally regarded
as the gold standard for preclinical validation of therapies in
development,® however, species differences between animal
and human systems, such as genetic differences and lifespan,
may produce results that fail to predict complications or
proper efficacy in humans.? It has been reported that more
than 80% of candidate drugs deemed successful in animal
models failed in clinical trials.® Additionally, animal models
are costly, labor-intensive, and are facing increasing pressure
due to ethical issues associated with their use.” As a result,
there has been a shift towards developing enhanced in vitro
models that incorporate more biological intricacies and can
better replicate the human in vivo environment for more accu-
rate prediction of therapeutic outcomes. Additionally, there
has been recent legislation passed to push the field towards
utilizing the increasingly more accurate in vitro models being
developed. In December 2022, the FDA Modernization Act 2.0
was signed into law. This law eliminated the requirement that
all drugs developed for humans must first be tested on
animals. This legislation encourages the use of alternative
testing strategies such as organ-on-a-chip and other in vitro
models that enable the assessment of drug safety, thus redu-
cing the number of animal studies performed.®

The first in vitro technologies relied on 2D cell culture for
drug discovery. Models consisting of a single layer of cells
grown in the lab are robust, reproducible, and easy to analyze.
These models may prove helpful in assessing the cytotoxicity
of a drug candidate, as well as an initial assessment of drug
efficacy. However, the 2D models are limited and often cannot
recapitulate crucial complexities within a physiological setting,
such as fluid shear stress mechanical stimulation and inter-
actions with neighboring cells and the extracellular matrix in a
3D environment. These factors are essential for influencing
cell function, signaling pathways, stimuli response, and gene
and protein expression - all crucial components for the accu-
rate prediction of human drug response.’ Therefore, there is a
need for an in vitro system that can model more complex
systems to enable the screening of therapeutic compounds in
a more representative environment.

For more complex, 3D, in vitro models, one of the
leading technologies in this area is the organ-on-a-chip plat-
form. Organs-on-chips are microfluidic in vitro cell culture
systems that recapitulate the functions of human organs.
These microfluidic devices are populated with relevant cell
types in hollow 3D channels and can be cultured under per-
fusion to form cell layers. These models show potential for
disease modeling and high-throughput drug screening to
assess the physiologic response of human tissues or
organs.'® The first organ-on-a-chip platform was focused on
lung function and published in 2010,"* and since then,
much effort has been focused on extending the platform to
replicate other organs of the body, such as the heart, intes-
tine, kidney, and liver.'?
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Given the challenges in drug discovery regarding neuro-
pharmaceuticals, there has been significant interest in extend-
ing the organ-on-a-chip technology toward recapitulating the
BBB. Microfluidics/organ-on-a-chip devices are one of the
most prevalent technologies to assess BBB function. One of
the most used microfluidic BBB chips is the commercially
available OrganoPlate manufactured by Mimetas. It has been
adapted to create a BBB model through the incorporation of
brain endothelial cells, pericytes, and astrocytes.'*> While the
OrganoPlate is a high throughput and enables shear stress
compared to traditional models, it has a few notable limit-
ations. Perfusion in the OrganoPlate is planar and occurs via
rocking, which is sub-optimal, mimicking in vivo conditions.
Contrary to steady flow, oscillatory flow has the potential to
disrupt cell-cell junctions and fails to induce cytoskeletal
remodeling typically associated with flow conditions."*
Additionally, limitations associated with microfluidics include
a technically complex fabrication procedure that makes it
difficult to iterate through various architectural designs and a
lack of cell-cell contacts, an essential component for recreat-
ing the blood-brain barrier in an in vitro model.

In addition to 2D cell monolayers and microfluidic chips,
additional platforms have arisen as potential BBB model
alternatives. Some of these include spheroids, self-assembled
microvasculature, vessel-like structures in gels, and bioprinted
models.”>™' For the BBB models generated via bioprinting,
two-photon lithography has been used to fabricate a microflui-
dic system with cylindrical, porous microcapillaries, and
another group has demonstrated a PCL/PLGA microfluidic per-
fusion system manufactured by freeze-coating a 3D-printed
sacrificial template.*>* The use of 3D bioprinting for fabricat-
ing a BBB model holds immense potential for reducing the
manufacturing difficulties associated with traditional micro-
fluidics, enabling tunable perfusion and shear stress, permit-
ting real-time visualization of cell morphology and fabricating
complex geometries that allow for the precise placement of cell
types. Utilizing 3D projection stereolithography printing, we
have recently demonstrated a novel 3D bioprinted perfusable
vessel-mimicking hydrogel as a scalable platform for delivery
of therapeutics across a cellular barrier.”*

This work applies our 3D bioprinted platform to investigate
fabrication methods for innovative and novel BBB models with
anatomically relevant cell populations and structural organiz-
ation for utilization as a scalable screening tool in drug devel-
opment. A static 2.5D hemi-cylinder hydrogel model, that is
easily tunable, was first fabricated for optimization of BBB con-
ditions such as culture media selection, co-culture ratio, cell
incorporation order, and culture durations. The 2.5D model
demonstrated human brain endothelial cells in direct contact
with pericytes, and astrocytes in the surrounding printed
matrix which displayed key cellular adhesion junctions as pre-
viously demonstrated with general endothelial cells** and rele-
vant transporters. These optimized parameters were then
extended to a 3D perfusable channel model to validate the
model’s potential for assessing barrier function to model com-
pounds. Finally, this 3D BBB model was subjected to an ultra-
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sound therapeutic to demonstrate this model’s capability as a
3D BBB platform. These 3D bioprinted hydrogels model
uniquely provides an in vitro platform to inform future design
and screening of neurotherapeutics.

Experimental section
3D printing of hydrogels

The polymers and initiators for the pre-hydrogel solutions,
including poly(ethylene glycol) diacrylate (PEGDA; 3.4 kDa),
lithium  phenyl-2,4,6-trimethylbenzoylphosphinate  (LAP),
gelatin methacrylate (GelMA) were synthesized as previously
described.> Fabrication of the 3D-printed hydrogels was con-
ducted as previously described.>>?® Briefly, pre-hydrogel mix-
tures contained 10 wt% GelMA, 3.25 wt% 3.4 kDa PEGDA,
17 mM LAP, 2.255 mM tartrazine photo absorber, and 10% gly-
cerol in sterile 1x PBS. Hydrogel printing was conducted on
the Lumen Bioprinter previously developed in the Miller
lab.25'26

Printing astrocyte-containing hydrogel half pipes

The fabrication of cellular monolithic gels, pre-hydrogel mix-
tures were prepared according to the same formula listed
above.”® Immediately before printing, human brain astrocytes
(HBAs) from (passages 5-7, AngioProteomie, cAP-0031) were
resuspended in the pre-hydrogel mixture at a concentration of
6 x 10° cells per mL. This concentration was selected based on
unpublished lab work demonstrating the ability to print at
this density of cells in bulk without needing print parameter
modification. Additionally, all cells were cultured and pas-
saged upon reaching confluence in p1000 tissue dishes with
Astrocytes Growth Medium (AGM, contains FBS and Growth
factor supplements, cAP-29) supplemented with 1% penicillin/
streptomycin (Sigma-Aldrich P4333). To passage, cells are
removed from tissue culture dishes with 0.25% trypsin-EDTA
(Gibco, #25200056) and incubated at 37 °C and 5% CO, for
3-5 minutes. AGM media was then added at equal amounts of
trypsin to neutralize trypsin and centrifuged at 500g for
5 minutes. The pellet is collected and resuspended in AGM
media at 1 x 10° cells per mL and cultured onto p1000 tissue
culture dishes.

This 2.5D model of a hydrogel half pipe was created in
Blender and designed with flat and curved hemispherical sur-
faces surrounded by 1 mm tall hydrogel walls that hold a
volume of ~50 pL of solution. After printing, the 2.5D half
pipe is removed from the glass slide of the build platform with
a sterile razor and equilibrated in complete AGM media.
Multiple AGM media washes are performed to remove any
unreacted moieties.

Pericyte seeding on the astrocyte-containing hydrogel half pipes

The HBA-containing hydrogel half-pipes were soaked in AGM
media overnight in individual wells of a 24-well plate. Red fluo-
rescent protein labeled human brain microvascular pericytes
(RFP-HBMPs) (passages 5-7, AngioProteomie, cAP-0030RFP)
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were resuspended and seeded onto the hydrogel surface at 0.4
x 10° cells per cm® and left for 4 hours at 37 °C. After seeding,
the gels were covered with 1 mL of complete Pericyte Growth
Medium (PGM, contains FBS and Growth factor supplements,
CAP-09). RFP-HBMPs were cultured on the HBA-containing
hydrogel half pipes for three days before the addition of endo-
thelial cells. Media changes were conducted daily using PGM
media supplemented with 1% penicillin/streptomycin. Images
were acquired daily on Nikon Ti epifluorescent microscope at
4%, 10%, or 20x magnification.

Endothelial cell seeding on pericyte and astrocyte-containing
half pipes

After three days of pericyte culture, GFP-expressing human
brain microvascular endothelial cells (GFP-HBMECs) ( passages
5-7, AngioProteomie, cAP-0002GFP) were seeded on the HBA
and RFP HBMP-containing hydrogel half pipe. GFP-HBMECs
were resuspended from freeze and pipetted onto the pericyte-
filled hydrogel surface at 0.4 x 10° cellsper cm?, creating a 1:1
ratio of pericytes to endothelial cells on top of the astrocyte-
containing printed half pipe. To enable HBMEC adhesion, the
half pipes were seeded for 4 hours at 37 °C. After seeding, the
gels were covered with 1 mL of complete Vasculife (Endothelial
medium complete kit, LifeLine, LL-0003) media supplemented
with 1% penicillin/streptomycin rather than gentamicin, the
tri-culture hydrogel was established. These tri-culture half
pipes were carried out for six days (for a total culture time of
ten days for the HBAs printed in bulk, nine days for the
RFP-HBMPs seeded on top of the hydrogel, and six days for
the GFP-HBMECs seeded on top). Media changes were con-
ducted daily using Vasculife media supplemented with 1%
penicillin/streptomycin. Images were acquired daily on Nikon
Ti epifluorescent microscope at 4%, 10x, or 20x magnification.

Immunostaining of VE-Cadherin and BBB transporters on tri-
culture hydrogel half pipes

Tri-culture hydrogel half-pipes were cultured with complete
Vasculife media supplemented with 1% penicillin/streptomy-
cin for six (6) days after adding the final cell type,
GFP-HBMEGCs. For the following staining steps, 50 pL of each
solution per hydrogel was pipetted onto the surface sequen-
tially, being careful not to puncture the hydrogel with the
pipette tip. First, the cell monolayers were fixed with 4 wt%
paraformaldehyde (PFA, Thermo Scientific, AAJ6189) and
allowed to soak for 10 minutes at RT, followed by 20 minutes
of permeabilization with 0.1% Triton X-100 (Sigma-Aldrich,
X100) in PBS. Then cells were blocked with 1 wt% bovine
serum albumin (BSA, Sigma-Aldrich, A9418) for 1 hour at RT.
The primary antibody for VE-cadherin (VE-Cadherin, D87F2
Rabbit mAb, Cell Signaling Technology) was prepared at 1 : 400
in 1 wt% BSA solution, and 50 pL pipetted onto each gel to
incubate overnight at 4 °C. Transporters were stained for using
primary antibodies for P-glycoprotein 1 (P-gp) (Rabbit polyclo-
nal to P glycoprotein, Abcam, ab235954), breast cancer resis-
tance protein (BCRP) (Rabbit monoclonal to BCRP/ABCG2,
Abcam, ab229193), transferrin receptor (TfR) (Rabbit mono-
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clonal to the transferrin receptor, Abcam, ab214039), and low-
density lipoprotein receptor-related protein 1 (LRP1) (LRP1,
Rabbit mAb #26387, Cell Signaling Technology). Primary anti-
bodies were prepared at 1:50 in 1 wt% BSA solution and 50 pL
pipetted onto each gel to incubate overnight at 4 °C. Following
overnight incubation, 3 x 30 min washes with PBS were done
before incubating with the secondary antibody (Anti-rabbit IgG
(H + L) #4414, Alexa Fluor® 647 Conjugate, Cell Signaling
Technology) prepared at a 1:500 dilution for 2 hours. A
nuclear counter-stain was applied using 2.5 pg mL~" Hoechst
for 15 minutes. Finally, all gels were washed for 3 x 30 minutes
with PBS before imaging. Images were acquired on Nikon A1-
Rsi Confocal at 10x magnification.

Printing of astrocyte-containing 3D hydrogels

Identical to the 2.5D studies, before printing, human brain
astrocytes (HBAs) (passages 5-7, AngioProteomie, cAP-0030)
were resuspended in the pre-hydrogel mixture at a concen-
tration of 6 x 10° cells per mL. The HBA-containing 3D straight
channel hydrogels were soaked in complete Vasculife media
supplemented with 1% penicillin/streptomycin overnight in
individual wells of a 6-well plate. Multiple Vasculife media
washes are performed to remove any unreacted moieties.

Seeding pericytes then endothelial cells into the channel of
the astrocyte-containing hydrogels

The 3D printed hydrogels containing 6 x 10° cells per mL
HBAs printed into the bulk and a 700 pm diameter channel
were transferred into sterilized 3D printed plastic housing
chambers with aligned ports for fluidic tips. Fluidic tips were
primed with media and gently inserted into the gel chamber
and then into the inlet and outlet portions of the hydrogel.
RFP HBMPs were resuspended from freeze to a density of 30 x
10° cells per mL for seeding and injected into the channel.
Gels were seeded for 4 hours at 37 °C and rotated 90 degrees
every 15 minutes. After seeding, gels were perfused with com-
plete Vasculife media supplemented with 1% penicillin/strep-
tomycin at a flow rate of 5 pL. min~". Pericytes were cultured
under flow within the channel of the HBA-containing printed
gel for one to three days (see timeline studies in the results)
before endothelial cell inclusion.

After one to three days of pericyte culture, GFP-expressing
human brain microvascular endothelial cells (GFP-HBMECs)
(passages 5-7, AngioProteomie, cAP-0002GFP) were seeded
within the channel of the HBA and RFP HBMP-containing 3D
straight channel hydrogel. GFP-HBMECs were seeded at 30 x
10° cells per mL, matching the 1: 1 ratio of endothelial cells to
pericytes optimized in the 2.5D half-pipe studies. Gels were
seeded for 4 hours at 37 °C and rotated 90 degrees every
15 minutes. After seeding, gels were perfused with complete
Vasculife media supplemented with 1% penicillin/streptomy-
cin at a flow rate of 5 pL min~'. After the addition of the
GFP-HBMECs, the tri-culture hydrogel half pipes were carried
out for three to six days (for a total culture time of ten days for
the HBAs printed in bulk, nine days for the RFP HBMPs
seeded on top of the hydrogel, and six days for the GFP
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HBMECs seeded on top), mimicking the timeline used in the
2.5D studies. Images were acquired daily on Nikon Ti epifluor-
escent microscope at 4x, 10x, or 20x magnification.

Demonstration of therapeutic screening studies

The 3D-printed cellular hydrogels were perfused with Vasculife
media for three days at 5 pL. min~". These hydrogels were sub-
jected to an ultrasound-based permeability assay with intra-
luminal microbubble administration through the open chan-
nels of the 3D-printed hydrogels as previously established.?® In
the absence of cells and for the HBA only hydrogels, the hydro-
gels were perfused with 150 kDa FITC-dextran (Sigma-Aldrich,
FD150S) to define the hydrogel channel barrier as previously
described.”® The higher molecular weight FITC-dextran was
perfused to fill the channel so that the edge-detection feature
of the custom GUI could be utilized. All hydrogels were per-
fused with Donkey Anti-Rabbit IgG (ab10755, Alexa Fluor®
555, Abcam) as the channel perfusate at a constant flow rate of
100 pL min~ and were imaged in real-time using an epifluores-
cent microscope (Nikon). A 3D-printed cassette was custo-
mized to accommodate the perfusate and ultrasound catheteri-
zation. The ultrasound transducer probe was secured to the
top of the printed hydrogels with ultrasound conductive gel
between the probe and hydrogel. An imaging acquisition was
set up to image fluorescent IgG permeability in real time over a
twenty-minute time loop. Ultrasound was activated after ten
minutes into the acquisition and applied at 2.0 W ecm™2, 1 MHz
frequency, and 50% duty cycle for five minutes. The middle
hydrogel channel was selected as the region of interest (ROI)
during the image acquisition. Following ultrasound, the per-
meability coefficient was assessed with a customized MatLab
GUI that tracks and quantifies the fluorescent intensities of the
perfusate and endothelial cell barrier within the hydrogel. For
acellular and astrocyte-only hydrogels, the acquisition did not
start until the perfusate could be detected within the channels
to ensure similarities in the acquisition starting point between
astrocyte-only hydrogels and endothelialized hydrogels.

Calculation of permeability coefficient

To perform the permeability and ultrasound studies, the
hydrogel remaining in its sterile chamber was removed from
incubation and media perfusion to be transferred to a Nikon
Eclipse Ti inverted epifluorescence microscope (Nikon
Instruments Inc.) with a Zyla 4.2 sCMOS camera (Andor) to
acquire time-lapsed imaging during the perfusion of a fluo-
rescent compound with microbubbles.

These permeability ultrasound studies were conducted with
a continuous perfusate flow of 100 pL min~" throughout the
entire time-lapsed acquisition. The flow of the perfusate was
initiated, and at the 10 minute mark, ultrasound with a fre-
quency of 1 MHz, duty cycle of 50%, and power of 2.0 W cm >
was applied to the hydrogel for 5 minutes. Each trial consisted
of perfusate flow and image acquisition for 10 minutes to
allow equilibration, 5 minutes for ultrasound application, and
5 minutes after ultrasound application, for a total of
20 minute trials. Time-lapsed acquisitions of the fluorescent

This journal is © The Royal Society of Chemistry 2024
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molecule channel were used to calculate the apparent per-
meability coefficient with the equation below,

_dIr
T de2r,

where P is the apparent permeability coefficient, di/d¢ is the
change in fluorescence intensity of the dye over time, r is the
radius of the endothelialized channel, and I, is the maximum
fluorescence intensity inside the lumen. The change in fluo-
rescence intensity (d//d¢) was determined by monitoring a
region outside the channel at a fixed distance from the
channel edge and the maximum fluorescence intensity (I,) was
determined by the fluorescence intensity of the dye within the
lumen at a time before the diffusion of the dye out of the gel
occurs. The image processing used to determine each of these
variables is described in previous work.>®

For each trial, a permeability coefficient was calculated
before and after the ultrasound to assess the effects of ultra-
sound on permeability and barrier function. The permeability
coefficient before the ultrasound was determined using the
5 minutes before the ultrasound was applied. The permeability
coefficient after ultrasound was determined using the
5 minutes after the ultrasound ended.

Statistical analysis

A paired t-test was used for statistical analysis to evaluate the
permeability coefficients before and after ultrasound for the
perfusion-based permeability studies, *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001. All statistical analyses were
performed using the GraphPad Prism software package (PRISM
9.3.0; GraphPad Software). Biological replicates were used in all
experiments unless otherwise stated. All experimental results
were indicated as the mean + SD unless otherwise specified.

Results and discussion
Development of a blood-brain barrier tri-culture model

A 2.5D static culture model was designed with a half-pipe
architecture to screen cell parameters for BBB tri-culture. Both
static half-pipe hydrogels and 3D-printed serpentine channel
hydrogels were printed with HBMAs in the bulk of the hydro-
gel (Fig. 1 and ESI Fig. 11). HBMPs were then seeded and per-
fused post-printing, followed by sequential brain microvascu-
lar endothelial cells (HBMECs) seeding. Both models were sub-
jected to a six-day culture timeline and a 9-day endpoint. The
2.5D static culture conditions were utilized as a high-through-
put screening platform for BBB tri-culture conditions with the
3D printed hydrogel, with the lead conditions being translated
to a 3D tri-culture BBB model for therapeutic approaches
under perfusion culture.

Determination of co-culture parameters in a step-wise
approach using a 2.5D half-pipe hemi-cylinder model

To establish this BBB model, screening studies were per-
formed using a printed hydrogel half-pipe model (Fig. 2a and
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b). This model enables the seeding of cells in a chamber con-
taining a hemi-cylinder. The morphology of the cells in the
curved region can be easily seen when using fluorescent cells
such as GFP HBMECs (Fig. 2c). First, an endothelial barrier
was established by seeding HBMECs into the channel of the
half-pipe model and culturing with various cell culture media
to determine optimal culturing conditions. One parameter
that needed to be determined for the model was the type of
media. In doing this, three types of media were examined:
complete Vasculife media supplemented with 1% penicillin/
streptomycin from Lifeline Cell Technologies, human brain
microvascular endothelial cell media from Angio-Proteomie,
and human brain microvascular pericyte media from Angio-
Proteomie. VE-Cadherin immunostaining was conducted on
half pipes after three days of culture for the HBMECs (Fig. 2d).
With the VE-Cadherin immunostaining on the 2.5D half pipes,
there is a clear result that Vasculife is the superior media to
use for this model. The endothelial cells grown in Vasculife
media display clearly defined cell-cell junctions that have
thick bands surrounding the peripheries of the cells and a low
amount of intracellular VE-Cadherin (Fig. 2d, left). In contrast,
the endothelial cells grown on the 2.5D half pipes in HBMEC
and HBMP media (Fig. 2d, center & d, right) display a higher
amount of VE-Cadherin signal intracellularly, more jagged
VE-Cadherin morphology, and notable gaps within the endo-
thelial monolayer, indicated by the blue arrows.

Once Vasculife was decided as the media type to use for co-
cultures, pericytes were incorporated with endothelial cells to
determine additional parameters for their co-culture, specifi-
cally the timeline for culture and the ratio of endothelial cells
to pericytes. The next parameter explored was the selection of
timing for cell placement. Two strategies were employed: sim-
ultaneous seeding and sequential seeding. To replicate the
seeding density used in the 3D channels of past,”* an equi-
valent surface density of 0.4 x 10° cells cm™> was held constant
for the GFP HBMECs in all studies. In the simultaneous
seeding, the GFP endothelial cells and RFP pericytes were
mixed and seeded onto the half pipe as a mixture of the two
cell types. For the sequential seeding, the pericytes were
seeded onto the half-pipe and cultured for three days before
the addition of endothelial cells. After three days of endo-
thelial cell culture, varying morphologies are observed
between the two routes of timing (Fig. 2e). For the simul-
taneous seeding, we see a disruption of the endothelial layer.
In this disruption, rather than the two cell types co-existing in
the same location, they take on a mosaic-like arrangement
with patches of pericytes and patches of endothelial cells. This
arrangement is not ideal as the endothelium is not able to
provide the necessary barrier while there are large gaps in the
monolayer. In contrast, for the half pipes that were seeded
using a sequential strategy, we see both the endothelial cells
and pericytes covering the entirety of the half pipe without any
apparent gaps. It is hypothesized that the additional time
given for pericyte attachment and stabilization before adding
the endothelial cells may have enabled the formation of
proper contacts for the endothelial cell-pericyte interaction.
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Tri-culture timeline

2.5D Printed Half Pipe - Static Day (-1) Day 0 Day 3 Day 9
@ L @ @
Half pipes  RFP HBMPs  Static culture with daily GFP Static culture with daily Endpoint
3 P”"teF‘ with  seeded on top media changes HBMECs media changes assessment
HBAs in bulk half pipe seeded on
2 mm top half
pipe
///
_~"8mm
% HBA HBMP HBMEC
3D Printed Channel - Perfused
Day (-1) Day 0 Day 3 Day 9
@ & ) g @
Hydrogels  pep HBMPS  perfusion culture at a GFP Perfusion culture at a Endpoint
printed with seeded in

HBAs in bulk channel

HBA

flow rate of 5 pL/min

seeded in
/. channel

HBMECs flow rate of 5 uL/min assessment

HBMP HBMEC

Fig. 1 Static and perfusion-based 3D printed models for BBB tri-culture structure and timeline. Static cultures were performed in 2.5D printed half
pipe models and perfusion-based cultures were performed in a 3D printed serpentine channel model. Tri-cultures are present in both models, con-
sisting of human brain astrocytes (HBA), RFP labelled human brain microvascular pericytes (RFP HBMP), and GFP labelled human brain microvascular

endothelial cells (HBMEC).

Additionally, the extra time for the pericyte culture may have
enabled the production and deposition of basement mem-
brane proteins, which would also aid in endothelial adhesion
and retention.

Next, this work sought to evaluate the ratio of pericytes to
endothelial cells for the simultaneously seeded half pipes. The
seeding density of pericytes was varied between 0.04-0.4 x 10°
cells per cm™” to mimic ratios of 10:1 to 1:1 endothelial cells
to pericytes that are reported in the literature. There are
various ratios of endothelial cells to pericytes found in the lit-
erature for in vitro models. Two frequently cited in vitro BBB
models demonstrate a 10: 1 ratio of endothelial cells to peri-
cyte®® and another showing a 5:1 ratio of endothelial cells to
pericytes.'® The CNS is generally regarded as having the
highest pericyte coverage, and is reported to be between a 3: 1
and a 1:1 endothelial-to-pericyte ratio.>” Pericyte density and
coverage are reported to positively correlate with endothelial
barrier properties, so organs that have a more restrictive endo-
thelium, specifically the brain, generally have a higher pericyte
coverage.”® Given this, the endothelial-to-pericyte ratios
selected for these studies were 10:1, 6:1, 3:1, and 1:1,
chosen to closely match those used in other in vitro models, as
well as mimic the ratios reported for in vivo pericyte coverage.
In addition to the co-culture ratios, endothelial-only and peri-
cyte-only controls were also employed.

In doing this, pericytes were seeded on half pipes and cul-
tured for three days before the addition of endothelial cells.
After endothelial cells were added, the construct was cultured
for an additional six days (a total of nine days of culture time).
On the final day of culture, an interesting trend is seen across
the varying ratio conditions (Fig. 2f). In both the pericyte-only
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and endothelial cell-only controls, the cells fill the entire
length of the pipe. However, in all co-culture ratio conditions,
it appears that the co-culture cell layer begins to retract from
the edges of the pipe. Interestingly, it appears that both cells
are detaching from the pipe surface and beginning to pull
inwards towards the center of the pipe. This retraction from
the sides of the half pipe is most notable in the conditions
where there is a lower ratio of pericytes, specifically the 10: 1
and 6:1 condition. The conditions that had a higher ratio of
pericytes (1:1 and 3:1) still displayed some detachment and
retraction of the cell layer. However, it was less substantial
than the lower ratio conditions. The CNS has the highest peri-
cyte to endothelial coverage throughout the body, so it is poss-
ible for these brain-specific cells that a ratio mimicking in vivo
conditions is essential for proper function. Given this, the 1:1
ratio condition was selected as the most optimal for use in this
model and is used in the studies going forward.

Incorporation of astrocytes for the tri-culture 2.5D model

After the optimal co-culture ratio conditions of endothelial
cells and pericytes were determined, the next step was to move
towards incorporating the third and final cell type to achieve
the blood-brain barrier tri-culture: astrocytes. Astrocytes are
located in the extracellular matrix surrounding blood vessels.
To replicate this arrangement of cells, the integration of astro-
cytes in this model was accomplished by incorporating astro-
cytes into the print solution. Human brain astrocytes (HBAs)
were printed into the bulk of the hydrogel at a concentration
of 6 x 10° cells per mL. This concentration of astrocytes was
selected as it has been previously demonstrated (unpublished
work) that this concentration of cells can be included in the

This journal is © The Royal Society of Chemistry 2024
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print solution and printed without the need for modifications
to print parameters.

Once it was demonstrated that astrocytes could be printed
into the bulk hydrogel, the studies progressed toward the
incorporation of the pericytes and endothelial cells utilizing
the optimized ratio. Hydrogel half pipes with astrocytes were
printed and allowed to soak overnight before the next cell
seeding. On day 0, the pericytes were seeded onto the half
pipe at a density of 0.4 x 10° cells per cm?, and there was
homogenous coverage of pericytes across the pipe. After
three days of culture, endothelial cells were seeded on top of
the astrocyte-printed pericyte-laden half pipes. These tri-
culture half pipes were cultured for an additional six days for
a total of nine days of culture (Fig. 3a). From these images,
the endothelial and pericyte layer is retained along the
surface of the half-pipe for the entire duration of the experi-

This journal is © The Royal Society of Chemistry 2024

ment, where the two cells co-exist in the same areas rather
than forming gaps in one cell layer. Additionally, the endo-
thelial layer begins to take on a more monolayer-like mor-
phology by day six overall (day 3 endothelial cell culture).
Pericytes also have a notable morphology progression over
the tri-culture duration. Between days 0 and 3, the pericytes
spread out along the surface of the half pipe. Their elonga-
tion and covering of the pipe continued for the remainder of
the tri-culture timeline.

With the fabrication of this tri-culture using the printed
half-pipe design, it was also important to assess the presence
of cell-cell junctions within the model. To do this, the half
pipe was immunostained for VE-Cadherin, and the presence
and morphology of cell-cell junctions were analyzed. A 3D
rendering of the half pipe immunostained for VE-Cadherin is
shown from the side view and the top view (Fig. 3b, ESI

Biomater. Sci, 2024,12, 4363-4375 | 4369
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Fig. 2f), with maximum intensity projections for each
channel shown below. From this, the presence of mature
cell-cell junctions is demonstrated in this 2.5D tri-culture
model.

Validation of the presence of blood-brain barrier efflux
transporters and receptor-mediated transporters in the hemi-
cylinder model

The blood-brain barrier (BBB) is a barrier that separates and
restricts transport between the bloodstream and the extracellu-
lar space of the brain. Maintenance of brain homeostasis is
ensured by the presence and organization of tight junctions,
as well as the existence of transporters.”®?° In developing an
in vitro BBB model, it is imperative that the model display the
presence of BBB transporters, demonstrating sufficient com-
plexity for use as an in vitro screening tool.

P-glycoprotein (P-gp) is a prominent BBB endothelial efflux
transporter in the ABCB family, which plays a role in the trans-
port of several compounds across the BBB. P-gp is located
throughout the body in organs and tissues with either excre-
tory functions (such as the liver, kidney, and small intestine),
as well as those with BBB (such as the blood-testis barrier and
placenta).>*' P-gp is essential for maintaining brain homeo-
stasis and ensuring harmful compounds in the bloodstream
do not cross over into brain tissue. However, it can also pose a
challenge for delivering therapeutics from the bloodstream
across the BBB. This is a result of P-gp expelling compounds
back into the bloodstream once they enter the cell membrane.
As a result, many therapeutic strategies have aimed to inhibit
P-gp expression to enable the transport of therapeutics across
the blood-brain barrier.>?
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In this model, the presence of P-gp was confirmed with
immunostaining on the 2.5D half-pipe, as seen in Fig. 4a.
Demonstrating the presence of this efflux transporter within the
hydrogel model displays sufficient complexity for use as a screen-
ing tool to assess therapeutic strategies that operate via P-gp inhi-
bition. While immunostaining confirms the presence of these
transporters, future studies may employ functional assays to
confirm that these transporters are functioning as expected
under the culture conditions. One area where P-gp inhibition is
used as a tool is to deliver anticancer drugs. P-gp in the BBB
restricts the entry of many anticancer drugs from the bloodstream
to the brain. Inhibition of this efflux transporter has shown
promise in delivering anticancer drugs to brain tumors via the
co-administration of anticancer drugs and a P-gp inhibitor.>* In
the translation to the 3D printed perfusable hydrogel model, this
delivery route could be studied via the perfusion of an anticancer
compound with a P-gp inhibitor and quantifying the amount of
anticancer compound that has crossed the cellular barrier.

The next transporter assessed in this model was the breast
cancer resistance protein (BCRP). BCRP, like P-gp, is a drug
efflux ABC transporter principally expressed on the luminal
membrane of brain endothelial cells. It has been demon-
strated within the human blood-brain barrier that P-gp and
BCRP are the central ABC transporter genes expressed in brain
microvessels.> As a result, many efflux pump inhibition strat-
egies focus on P-gp and BCRP. In the model displayed here,
the presence of the efflux transporter, BCRP, is confirmed via
the use of immunostaining (Fig. 4b). This, taken together with
the presence of P-gp, demonstrates that this model could be
suitable for utility in screening therapeutic strategies that work
via efflux pump inhibition.

This journal is © The Royal Society of Chemistry 2024
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(purple). Top view of tri-culture. Maximum intensity projections of a confocal z-stack going through the entire z-dimension of the half pipe from
the base of the pipe to the top of the hemi-cylinder channel sides (z dimension ~400 pm). Individual channels of the maximum intensity projections
shown are GFP HBMEC (488nm laser), RFP HBMP (560nm laser), Hoechst (405nm laser), and P-glycoprotein (647nm laser). (b) Breast cancer resis-
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The next transporter that was assessed was the transferrin
receptor. Brain capillary endothelial cells have several unique
properties, one being that these cells express receptors and
transporters that play a role in the uptake of molecules from
the bloodstream. These transporters transport biologics to
the brain parenchyma via receptor-mediated transport. Due
to the strong tight junctions between brain endothelial cells,
alternative routes must be devised for delivering therapeutic
proteins with high molecular weight to the brain. One route
to deliver such large molecules utilizes receptor-mediated
transport.

This journal is © The Royal Society of Chemistry 2024

Receptor-mediated transport is an exciting route to explore
for drug delivery, as it enables the transport of large molecule
drugs across the blood-brain barrier. One prevalent method
that is used for receptor-mediated transport is the use of anti-
bodies against the transferrin receptor. Iron is essential to the
brain’s cells, so the endothelial cells contain a special mecha-
nism to ensure iron transport across their restrictive barrier.
The iron in blood serum is complexed with the iron-binding
protein transferrin. Transferrin is a glycoprotein whose
primary function is the transport of iron throughout the body,
as iron cannot travel by itself. When the complex of iron and
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transferrin reaches a transferrin receptor (TfR), the transferrin
with iron binds to the receptor, and endocytosis occurs,
forming a vesicle that carries the bound transferrin and iron
into the cell.*®

One strategy used for brain delivery of high molecular
weight therapeutic proteins is the molecular Trojan horse
(MTH) method, which delivers therapeutic proteins into the
brain via receptor-mediated endocytosis and transcytosis. The
insulin receptor and the transferrin receptor are the most
common receptors expressed on the luminal side of brain
endothelial cells that are used for the molecular Trojan horse
method.?® In this method, a therapeutic protein drug is fused
to an antibody that binds to a specific receptor on the endo-
thelial cells of the BBB. This approach enables the receptor-
mediated delivery of the fusion protein across the restrictive
BBB and delivers the therapeutic protein to the brain.?” In this
model, the presence of the transferrin receptor was confirmed
with immunostaining on the 2.5D half pipe, as seen in Fig. 4c.
This shows promise that this model can be used as an in vitro
screening tool for therapeutic strategies that operate via the
molecular Trojan horse method to deliver large molecule
therapeutics.

The final transporter assessed in this model was low-
density lipoprotein receptor-related protein 1 (LRP1). Similar
to the drug delivery approach utilizing the transferrin receptor,
delivery approaches involving LRP1 also rely on receptor-
mediated transcytosis, taking advantage of the highly
expressed endogenous receptors and mechanisms present at
the endothelial cells of brain capillaries. Due to the extensive
capillary network and perfusion rate within the brain, using
transporters for receptor-mediated transport is considered one
of the most effective methods to deliver therapeutic drugs to
the brain parenchyma and is recognized as one of the
methods with the most likely chance of success.>®

There are several receptors in the low-density lipoprotein
receptor (LDLR) family; however, LRP1 is the most studied
receptor within this family due to its critical role in multiple
pathways in the pathogenesis of Alzheimer’s Disease.*® Within
the last decade, evidence has emerged that suggests that LRP1
is involved in regulating the brain and systemic clearance of
Alzheimer’s disease amyloid p-peptide (AP) via transcytosis
through the brain endothelium for systemic elimination, and
it has been suggested that impairment of LRP1 contributes to
the accumulation of amyloid-f and drives Alzheimer’s disease
pathology. LRP1 has roles in both the generation and clear-
ance of amyloid-f; the endocytosis of amyloid precursor
protein (mediated by LRP1) is necessary for the generation of
amyloid-p within the cells; however, LRP1 is also involved in
the clearance of extracellular amyloid-p.*°

In addition to being involved in the pathology of
Alzheimer’s, understanding LRP1 and its transport mecha-
nism is also of interest for other pathologies, such as brain
tumors like glioblastoma. Glioblastoma is extremely difficult
to treat, one reason being the presence of restrictive barriers
such as the blood-brain barrier and the blood-brain tumor
barrier, thus underscoring the need for drug delivery strat-
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egies. LRP1 is widely expressed in the BBB, as well as in glio-
blastoma. One of the ligands that LRP1 interacts with, recep-
tor-associated protein (RAP), can bind to LRP1 and internalize
into the endothelial cells with these receptors via receptor-
mediated transport. Additionally, receptor-associated protein
has been shown to cross the BBB more efficiently than trans-
ferrin, demonstrating promise as an effective brain delivery
tool.** The presence of LRP1 in this hydrogel model, seen in
Fig. 4d, demonstrates that this in vitro model can be used as a
screening tool to study drug delivery approaches and pathol-
ogies associated with the LRP1 transporter. Altogether, the
2.5D static culture model demonstrates presence of BBB trans-
port proteins (Fig. 4, ESI Fig. 3 and video 1}), and therefore
allows for further high throughput investigation of transport
proteins that are essential to the function of the BBB.

Demonstration of therapeutic screening capabilities under
ultrasound application

In pilot studies, we demonstrated the fabrication of the opti-
mized BBB tri-culture model in the perfused serpentine archi-
tecture (Fig. 5a and b). Furthermore, we evaluated the cross-
section of the tri-culture BBB model to identify astrocyte proxi-
mity to the open perfusable channel, which revealed elongated
astrocyte endfeet towards the cellularized channels with opti-
mized HBMP and HBMECs condition (Fig. 5c). We then
assessed the transport of a model compound perfused
through the vasculature under ultrasound (Fig. 5d). These
studies leveraged a rapidly growing new class of drugs, fluores-
cently conjugated Immunoglobulin G (IgG), to represent thera-
peutic antibodies. The perfusate consisting of IgG-AlexaFluor-
555 and microbubbles to serve as the molecular tracer and
agent for sonoporation, respectively, was perfused through the
channel, and ultrasound was applied. Timelapse acquisitions
during the ultrasound-permeability trial enabled the assess-
ment of cell morphology and rearrangement during the ultra-
sound (ESI video 2t). Before ultrasound, a substantial number
of endothelial cells and pericytes were present in the channel,
and the endothelial cells appeared to be interdigitating.
However, as ultrasound was applied, the cells began to
rearrange and shift (Fig. 5d). The ultrasound-permeability GUI
developed previously>® was used to quantify vascular per-
meability before and after ultrasound application in this tri-
culture model, and there was a substantial increase in the vas-
cular permeability coefficient after ultrasound application
(Fig. 5e, bottom). The average permeability of the tri-culture
gels before ultrasound was 0.24 e °® cm s~ while the average
permeability of the tri-culture gels after ultrasound was 0.83
e ® cm s7', demonstrating that the use of ultrasound and
microbubbles played a role in enhancing transport of the con-
jugated antibody across the engineered blood-brain barrier of
this model. Consistent with previously reported values ranging
from 1-2 e~® cm s~ for non-specific CNS drugs within in vitro
and in vivo systems.’”> While the tri-culture model demon-
strates a promising application, further investigation into
efflux transporters and the transport of bioactive agents will be

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Demonstration of therapeutic screening capabilities with this 3D printed tri-culture in vitro BBB model. (a) Tri-culture serpentine hydrogel
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channel with seeded RFP HBMP and GFP HBMECs (scale bar = 100 um). (d) Images from the center serpentine channel where the permeability
acquisition was acquired before IgG-AF555 was perfused through the channel under ultrasound application and after (scale bar = 100 pm). (e)
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permeability values of the same group using a paired t-test (*p < 0.05).

necessary for further development of the 3D BBB tri-culture
model.

Currently, transwell or Boyden chamber assays such as
transendothelial electrical resistance (TEER) and molecular
tracer permeability are used for assessing endothelial barrier
functionality.”*™*® However, these models rely on monolayer
culture systems, or possess cells in different compartments
rather than interacting directly with one another, lack real
time tracking of barrier integrity, and most importantly they
do not account for shear stress on the barrier function.*™>
We have previously established the use of 3D bioprinting to
fabricate models that possess a cell barrier to elucidate vascu-
lar permeability for ultrasound-assisted delivery of thera-
peutics.>* This technology allows real time evaluation of a cell
barrier, allows cells to interact with one another to resemble
more closely that of the native environment, and can be modi-
fied to incorporate shear stress. Here, we showcase this 3D bio-
printing technology for more specific applications such as the
BBB. Future studies will utilize these findings described here
for a BBB model that can either be a 2.5D that could eventually
be modified for the incorporation of electrodes to further
investigate BBB mechanisms or a 3D perfusable platform to
investigate shear stress and the impact of a perfusable micro-
environment on drug delivery to the BBB. Overall, these

This journal is © The Royal Society of Chemistry 2024

models show exciting promise as platforms that could be used
in the late stages of drug discovery or the early stages of pre-
clinical drug development for assessing the ability of com-
pounds to traverse the BBB in treating neurological
conditions.

Conclusion

In summary, this work has established a 3D printable hydrogel
blood-brain barrier model with relevant cell populations and
organization and has demonstrated the potential for evaluat-
ing transport across this restrictive barrier in vitro. The 2.5D
static hydrogel half pipe provided an efficient method to deter-
mine tri-culture parameters in a resource-conservative and
high-throughput manner. Translating these parameters to a
3D-perfusable model enables studying transport under con-
trolled flow conditions in a more physiologically relevant
setting. In contrast to existing assays, this in vitro model
enables direct cell-cell contact between endothelial cells and
the supporting cell populations of the blood-brain barrier, a
crucial aspect in recapitulating the native environment.
Additionally, the use of 3D printing enables the precise pat-
terning of complex architectures and the ability to pattern
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regions for the incorporation of additional cell types (cancer
cell lines, disease model organoids, etc.) that would enable the
fabrication of a more complex disease model where the treat-
ment of diseased cells outside the BBB vasculature could be
examined. The confirmation of efflux transporters
(P-glycoprotein and breast cancer resistance protein), as well
as receptor-mediated transporters (Transferrin receptor and
low-density lipoprotein receptor-related protein-1), demon-
strates that this model is suitable for assessing therapeutic
drug delivery strategies whose mechanisms rely on these trans-
porters such as efflux pump inhibition and therapeutic deliv-
ery via receptor-mediated transporters. Thus far, this 3D prin-
table blood-brain barrier model has demonstrated exciting
potential for use as a scalable screening platform to investigate
transport across this restrictive barrier and has the potential to
inform decisions about neurotherapeutic drug design and
therapeutic strategies targeting the blood-brain barrier.
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