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Abstract: There is a huge demand for pro-/anti-angiogenic nanomedicines to treat conditions
such as ischemic strokes, brain tumors, and neurodegenerative diseases such as Alzheimer’s and
Parkinson’s. Nanomedicines are therapeutic particles in the size range of 10–1000 nm, where the drug
is encapsulated into nano-capsules or adsorbed onto nano-scaffolds. They have good blood–brain
barrier permeability, stability and shelf life, and able to rapidly target different sites in the brain.
However, the relationship between the nanomedicines’ physical and chemical properties and its
ability to travel across the brain remains incompletely understood. The main challenge is the lack
of a reliable drug testing model for brain angiogenesis. Recently, microfluidic platforms (known as
“lab-on-a-chip” or LOCs) have been developed to mimic the brain micro-vasculature related events,
such as vasculogenesis, angiogenesis, inflammation, etc. The LOCs are able to closely replicate
the dynamic conditions of the human brain and could be reliable platforms for drug screening
applications. There are still many technical difficulties in establishing uniform and reproducible
conditions, mainly due to the extreme complexity of the human brain. In this paper, we review the
prospective of LOCs in the development of nanomedicines for brain angiogenesis–related conditions.
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1. Introduction

The human brain is the primary center for our cognitive activities and is commonly recognized as
the most complex organ of the human body. Due to its important role in human survival, the brain
is guarded by a boney skull (elastic modulus, 2.4 ± 1.5 GPa) [1] and a robust blood–brain barrier
(BBB) (Transendothelial Electrical Resistance (TEER), ~5000 Ω cm2) [2]. While excellent for protecting
the brain, these natural barriers have also made it difficult to study and treat brain disorders, in
particular, diseases that require rapid treatment. More specifically, not much is known about up- or
downregulation of angiogenesis, that is, the formation of new blood capillaries via vascular sprouting
from the preexisting vasculature. Most drugs that are used for treating extracranial angiogenesis
(pro-/anti-angiogenic)-related conditions are ineffective intracranially. Timely delivery of the therapeutic
molecules across the BBB in an angiogenesis-related condition is therefore needed.
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Numerous nanomedicines (NMs) have been investigated to treat angiogenesis-related conditions
all over the body, and various endothelium-targeting nanosystems have been reported [3]. Recently,
NMs have been investigated for their efficacy in treating brain angiogenesis conditions. These have
included nano-capsules, such as solid lipid nanoparticles (SLNs) [4–8], liposomes [9–16], exosomes [17],
and others [18], as well as nano-scaffolds made of chitosan [19], polymers [20,21], inorganic nanoparticles
(NPs) [22–24], etc. (see Table 1). Only a few are FDA approved—namely, lomustine-liposomes and
carboplatin-liposomes—and the survival benefits are very limited [25]. While NMs aid in overcoming
the anatomical barriers, most of the NM’s clinical viability is still unclear due to the lack of suitable
pre-clinical models for drug screening.

The disproportionate and expensive failures during the clinical transformation of the angiogenic
brain drugs, have led to the divestment in brain drug development [26]. It is difficult to reproduce
the mechanistic aspects of the brain’s vasculature, such as dynamic flow, shear stress, perfusability,
and cellular tension, in a static petri dish. Moreover, the sedimentation of NMs in a static culture,
and the lack of precise spatial and temporal control renders the petri dish deficient in studying
NMs [27]. Also, the limitation in imaging neovascular growth and manipulation of the chemical and
biological parameters has made the animal models less desirable. Further, the genetic variation and
the difficulty in developing global standard protocols for animal studies [28] have made researchers
look for alternatives.

Recently, vascularized microfluidic LOCs have revolutionized the in vitro tissue and organ
models, and resulted in the development of vascularized models of, retina [29], skin [30], hair [31],
bone [32], thyroid [33], heart [34], lungs, [35], kidney [36], pancreas [37], liver [38], and intestine [39],
respectively. A vascularized body-on-chip, linking eight different organs, including the brain and
a BBB, transforming the future drug screening technology, was also reported [40]. The human-like
perfusability, dynamic microenvironment, and the ability to carry out robust, rapid and reproducible
assays in a controlled operational condition, with high throughput screening readouts, have made the
above devices a super-tool to screen angiogenic drugs [41]. Some of the above devices were already
evaluated for drug screening [32,34,36,38,40], and a few studied the effect of NPs [35,41] and NMs [39].

Microfluidic technology has also been used to model brain vasculogenesis/angiogenesis [42–
46], BBB [2,42,47–53], brain tissues [54,55], and brain angiogenesis-related cellular events such as
inflammation [47,50], cell migration [56], cell-cell interactions [57], etc., see Table 2. In addition,
specific conditions, involving pathological-angiogenesis, such as brain tumors [46,54–56,58], ischemic
strokes [59], and neurodegenerative disorders including Alzheimer’s disease (AD) [60], Parkinson’s
disease (PD) [61], and Huntington’s disease (HD) [62], could also be created on-chip.

In addition to this, LOCs have been developed for studying the biocompatibility, cellular uptake
and transport of NMs [2,27], many of them focusing on brain angiogenesis [2,45,63]. Further, LOCs are
also used to synthesis NMs [64]. The prospective of LOCs in the development of nanomedicines for
brain angiogenesis-related conditions are discussed here.
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Table 1. List of nanomedicines (NMs) for brain angiogenesis–related conditions.

S.No. NM Formulation * Particle Size (nm) Zeta Potential (mV) PDI EE% LC% Disease Model Ref.

Pro-angiogenic NMs

1 microRNA-210-Exosome-c(RGDyK) peptide a ~140 - - - - Ischemic brain, A 2019, [17]
2 NO donor-Nanocapsule-PEG-PLGA 200 1.59 ± 0.254 1.48–1.53 70 ± 4 - Non-specific, P 2018, [21]
3 PirB-Liposome 100 - 0.201 ± 0.034 - - Ischemic stroke, A 2018, [13]
4 CsA-Liposome 81.5 ± 0.75 −37.1 0.056 ± 0.02 78.8 ± 0.59 - Ischemic neuroinflamation, A 2017, [12]
5 ZL006- Liposome-T7-SHp b 96.24 ± 1.13 −3.237 ± 0.206 0.157 ± 0.015 79.12 ± 3.44 9.37 ± 0.48 Ischemic stroke, P 2016, [10]
6 Simvastatin-Liposome 151.85 −1.01 0.15 64.37 ± 7.55 - Ischemic stroke, A 2016, [11]
7 VEGF-Nanocapsule- peptide c 22 ± 3 - - - - Non-specific, P & A 2016, [18]
8 L-Peptide- Liposome 127.6 ± 48.0 - - - 62.1 Ischemic stroke, A 2015 [9]

Anti-angiogenic NMs

1 Indirubin-SLN 118 −16.3 ± 8.11 0.104 99.73 0.054 GBM, P 2019, [5]
2 BVZ-Nano-scaffold-PLGA, trehalose 208–238 −6.37 0.09–0.14 84.7 ± 0.3 - Non-specific, P 2018, [20]
3 SFN-nano-capsule 54 ± 1 −7.8 ± 0.6 0.15 ± 0.01 >90 - GBM, P & A 2018, [15]
4 MTX-SLN-ApoE 338.0±10.0 −7.18 ± 1.92 ~0.287 89 1.4 GBM, P & A 2017, [6]
5 SLN-ApoE, Palmitate 174 ± 10.3 −11.46 0.156 ± 0.092 - - Non-specific, P 2017, [7]
6 Palcitexel-SLN 80–90 −17.4 to −24.8 0.19 ± 0.02 ~88 5.18 ± 0.14 GBM, P & A 2016, [8]
7 TMZ-Nano-capsule-CTX ~67.2 −1.8 ± 4.3 - - 4.9 ± 0.5 GBM, P & A 2015, [19]
8 microRNA-21-Liposome-CTX 190 Neutral < 0.3 85–95 - GBM, P & A 2015, [14]
9 BVZ-SLN-stearic acid 515.6 ± 113.6 - 0.191 29.8 ± 4.4 30.0 ± 5.0 GBM, P 2015 [4]

10 Dox-Liposome 111 ± 5.3 - - - - GBM, A 2013, [16]

Others

1 QD-Angiopep-2 20 - - - - LOC 2018, [2]
2 Cerium oxide NP 1–10 - - - - P 2017, [22]
3 Gallium NP 5–7 - - - - A 2017 [23]

Petri dish model-P, animal model-A, polydispersity index-PDI, encapsulation efficacy-EE, loading capacity-LC. * NM formulation: drug-type of NM (carrier/scaffold/micelles, etc.)-the
substance used to functionalize the NM, in italic. a cyclo (Arg-Gly-Asp-D-Tyr-Lys) peptide, b stroke homing peptide, c acrylamide-based monomers and bisacryl plasmin-labile peptide.
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Table 2. List of labs-on-a-chip (LOCs) modeling brain vasculature.

S.No. Model Drug Screening Dynamic Flow Lumen
perfusability Vessel Dia. Endothelial Cells Brain Cells Other Cells TEER Ref.

1 GBM (spheroid)-angiogenesis (PC) BVZ, Sunitinib,
Cetuximab Y Y - HUVEC U87MG hLF NA 2019, [46]

2 BBB (HT) - Y Y W = 200 µm, H
= 100 µm hCMEC/D3 hA - NA 2019, [52]

3 GBM-angiogenesis (CR) TMZ Static N - HUVEC U87MG - NA 2019, [54]

4 BBB (HT) Dox, Cetuximab,
Q-dot-Angiopep-2 Y Y W = 1000 µm, H

= 200 µm iPS-BMVEC hP, hA - Impedance,
~25,000 Ω 2018, [2]

5 Angiogenesis 3D (PC) - Y Y D = 25 µm HUVEC - - NA 2018, [43]
6 BBB (HT) Antibody MEM-189 Y Y NA TY10 hBPCT*, hA - NA 2018, [49]
7 GBM spheroid (Microwell) TMZ, BEV Static N NA - GBM cell* - NA 2018, [58]

8 Vasculogenesis (PC) - Static Y - HUVEC E17-brain
cells hLF NA 2017, [42]

9 Vasculogenesis (spheroid) (PC) - Y Y D = 60 µm HUVEC, iPS-EC hNSC - NA 2017, [44]

10 Hybrid-Brain (others) Methamphetamine Y N NA hBMVEC hP, HIP-009,
hA - NA 2017. [57]

11 BBB (HT) - Y Y D = 600–800 µm hBMVEC hP, hA - NA 2016, [50]
12 Angiogenesis (PC) Bortezomib Y Y - HUVEC - NA 2015, [45]
13 BBB (HT) - Y Y H = 50 µm RBE4 - NA 2015, [47]

14 BBB (others) Mannitol Y N NA b.End3 C8D1A - Resistance,
250 Ω cm2 2012, [53]

Yes-Y, Parallel channel-PC, Hollow microtube channel-HT, Co-centric rings-CR, not applicable-NA, Cell line description: HUVEC-Human Umbilical Vein Endothelial Cell (primary),
hCMEC-Human Cerebral Microvascular Endothelial Cell (immortal), iPS-BMVEC-induced pluripotent stem cell-derived human brain microvascular endothelial cell, TY10-human spinal
cord microvascular endothelial cell (immortal), iPS-EC- induced pluripotent stem cell-derived human endothelial cell, hBMVEC- Human brain microvascular endothelial cells (primary),
RBE4-rat brain endothelial cell (immortal), b.End3-mice brain endothelial cell (immortal), U87MG-human glioblastoma cell (immortal), hA- Human Astrocyte (primary), hP-Human brain
Pericyte (primary), hBPCT-human brain pericytes (immortal), hNSC- human neuronal stem cell, HIP-009-Human Hippocampal Neural Stem, C8D1A-mice astrocyte cell (immortal), and
hLF-human Lung fibroblast (primary). * Patient derived cells.
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The Brain Vasculature: General Background

The brain microvasculature channels blood to various regions of the brain—a key activity for
orchestrating brain function and repair regulated by angiogenesis. A 600 km of small capillaries (7 µm
in diameter) supply the brain with constant nourishment, resulting in a brain vessel density (BVD) that
is so high that each neuron has its own blood vessel, positioned at a distance of 20 µm from each other.
The BVD varies among the different brain regions (e.g., the BVD of cerebral cortex, ~1311 mm−3 and
white mater, ~222 mm−3 [65]) and between healthy and diseased tissues [66]. The brain cells become
hypoxic when they are further away from the vessels than 100 to 200 µm, inducing angiogenesis.

The brain vasculature is made up of highly specialized, continuous, non-fenestrated brain
microvascular endothelial cells (BMECs), (200 nm thick) that are held together by the tight junction
(TJ) proteins (zonula occludens (ZOs), cingulin, and 7H6 phosphoprotein, heterotrimeric G-proteins,
occludin, claudins, and Junctional adhesion molecules (JAMs)), sealing the interendothelial space.
The BMECs have a negative surface charge due to the sulphated proteoglycan, with glycosaminoglycan
(anionic) sidechain and are apicobasally polarized, the basal side faces the vessel lumen and is in
contact with the blood [67,68]. The apical side faces the brain tissues and are closely associated with
pericytes [69], astrocytes [70], immune cells-microglia and myocytes [71] and neurons [72]. Due to this
association, a 30–40 nm thick basal membrane (BM) is developed; the above cells along with the BM
constitute the neurovascular unit (NVU) (Figure 1).
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Figure 1. The schematics of neurovascular unit (NUV). The NUV comprises of the brain endothelial
cell, pericyte, astrocyte (end feet), neuron, microglia, and the basal membrane.

This NVU hosts the BBB that maintains a stable ionic microenvironment for the propagation
of the neuronal action potentials. The TJs proteins render the BBB impermeable, blocking the
diffusion of polar solutes, and maintains the integrity, permeability, and the high electric resistance
of the BBB. Any oral/intravenous drug should cross the BBB in order to reach the targeted site, and,
for this reason, BMEC-targeting NMs are been developed. There are two ways to cross over the
BBB: the energy dependent transcellular pathways (receptor-mediated transcytosis), right through
the cytosol of BMECs, and the passive paracellular pathways, via the space in between adjacent
BMECs. The transcellular pathways are regulated by the molecular receptor-transporters and efflux
pumps. In contrast, the paracellular space is guarded by the TJs proteins and requires to be temporarily
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disrupted to enable drug transport. The junction proteins coordinate with the transmembrane proteins
and cytoskeletons to transport materials across the BBB [73].

The BMECs are not fixed in a post-mitotic state and, therefore, respond to various pathological
signals and modulate angiogenesis [74]. Subsequently, angiogenesis is tightly regulated by
the micro-environment and steered by the pro-vascular endothelial growth factor (VEGF), basic
fibroblast growth factor, transforming growth factor beta inflammatory factor and tumor necrosis
factor, and hypoxia (hypoxia-inducible transcription) factor, and anti-angiogenic factors, namely,
thrombospondin, angiostatin, endostatin, and dopamine agonists [75]. The BBB is closely affiliated
with the angiogenesis process in maintaining brain hemostasis. For example, the VEGF that enhances
angiogenesis, also increases the permeability of BBB during both physiological [76] and pathological
conditions [77]. The characteristics of brain drugs greatly depend on the properties of the BBB.

2. Nano-Drug Delivery for Treating Brain Diseases

Bolus delivery of drugs is not effective in achieving the therapeutic concentrations in the targeted
brain regions, mainly due to the presence of BBB and intracranial pressure. In order to cross the
hydrophobic and highly resistant BBB, the material should be cationic and lipophilic (lipophilicity
in the range of 1.5–2.7) and have a hydrodynamic radius in the range of ~200 nm, a molecular
weight < 400 Da, and a cumulative number of hydrogen bonds < 8–10. It can be very challenging
to develop a drug molecule with the above characteristics/components, without compromising its
therapeutic properties. One of the potential alternatives to overcome this challenge is to engineer NMs
that take advantage of the properties of BBB and their transcellular routes [78].

NMs are defined as therapeutic particles in the size range of 10–1000 nm, which have unique
pharmacokinetic behaviors attributed to their “size effects,” such as increased reactivity due to increased
surface area and increase in cellular uptake due to their small size [79,80] and charge [11,81]. Eventually,
in order to access the transcellular routes at the BBB, the size, surface chemistry and the charge are
found to be critical factors. The cut-off size for the clathrin- and calveolin- mediated endocytosis are
200 and 80 nm in diameter, respectively. But, various studies have demonstrated the uptake of NMs
larger than 200 nm (see Table 1). The surface chemistry of the NM’ is such that the circulation time is
prolonged and/or complements the receptors on the BMECs.

The surface charge of the NM, is measured in vitro, as the Zeta potential (electrokinetic potential
of a particle in a colloidal system). In theory, the BMEC membrane is negatively charged and NMs
with a positive surface charge are prone to adsorb strongly to the cell membrane, resulting in a higher
cellular intake. However, the experimental results show that liposomes with negative charge tend to
exhibited higher cellular uptake at the BBB when compared with the positive and neutral liposomes,
respectively [11]. It is believed that the negative/neutral NMs, due to their poor protein adsorption,
have a longer circulation time, resulting in a greater probability to be adsorbed to BBB. Although, there
is no “golden rule” regarding the characteristic features of the NMs, a right combination of particle
size, surface chemistry, and charge is required to cross the BBB.

The NMs can be engineered using various materials and crafted into different shapes and sizes to
take advantage of the transcellular and paracellular routes. More importantly, they can be specifically
functionalized to target particular pathways and sites on the BMECs. They are designed to have
greater BBB permeability [2,6,9,11,17,19], stability [5,9], half-life [11,18,82,83] and shelf-life [5], high-site
specific targeting [10,14,84], and a controlled load-release of drugs [18,19,21,84,85].

Medications are either encapsulated into a nano-capsules, or else adsorbed onto nano-scaffolds,
which allows them to be delivered across the BBB. During transcellular transport, NMs adsorb on to the
apical side of the BMECs (charge dependent [11]), imbibed into the BMEC via endocytosis pathways
clathrin-dependent/independent and caveolae mediated pathways. The drug is, either released into
the intracellular space of BMECs, or transported across into the basal lamina and released into the
brain extracellular matrix, depending on their destined site.
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Nano-capsules such as SLN, liposomes and exosomes are most commonly used as carriers.
They are highly stable and allow the manipulation of the drug release-kinetics. These carriers can
be functionalized with specific peptides and proteins, to exploit the endocytosis pathways and also
be targeted to specific regions of brain. Simply by encapsulating the drugs into a nano-capsule, the
drug was able to cross the BBB [6,18]. The SLNs are spherical solid lipid cores, that can encapsulate
hydrophilic molecules, the core is made of triglycerides, fatty acids and waxes, and their size ranges
from 400 to 1000 nm [6]. They are preferred for their higher drug loading capacity, best production
scalability and longer shelf-life (SLNs are stable for 45 days, at 4 ◦C [5]). The liposomes are hollow
capsules made of a phospholipid bilayer that encapsulates both hydrophilic and lipophilic drugs
(small, <100, large, >100 nm, multi lamellar, >500 nm), and they are by far the most effective for brain
drug delivery. By simply altering the lipid composition, size, and charge, they can be tailored to
target a specific cell or tissue. The only drawback is the low stability and poor drug loading efficiency.
The exosomes are nothing but naturally occurring liposomes, also made of phospholipids, a sub-group
of extracellular vesicles, with a size range from 50 nm to 120 nm. They are highly biocompatible and
readily internalized by brain cells [17]. Nano-scaffolds made from cationic polysaccharides/polymers
(10–1000 nm) have been used to adsorb the drug and facilitate its transport across the BBB by masking
the drug’s steric effect [20,21].

2.1. Pro-Angiogenic Nanomedicine for Brain Diseases

The therapeutic upregulation of angiogenesis is required to treat brain vasculature loss that occurs
during strokes, ageing, and neurodegenerative diseases [74], such as AD, PD, and HD. [86]. The brain
stroke, which is caused by the constriction of brain blood vessels or hemorrhage requires immediate
treatment as the therapeutic window is only 3–4.5 h. Restoring blood circulation and controlling
vascular degeneration through angiogenesis are the major strategies for the above conditions. Various
pro-angiogenic materials have been reported, some of which already are available as NMs such as
Simvastatin [11], VEGF [18,87], nitric oxide (NO) donors [21], ZL006 [10], Cyclosporine A (CsA) [12],
and microRNAs [14,17] (see Table 1).

A tightly regulated spatial and temporal distribution of the pro-angiogenic drugs is required
to rapidly initiate and maintain angiogenic sprouting. Some drugs have dual effect, depending on
the concentration. For example, Simvastatin has a pro- and an anti-angiogenic effect at nano- and
micro-concentrations, respectively [88]. In addition, the bolus delivery of VEGF, small molecule NO
donors, is not desired due to the poor receptor activation, shorter half-life and initial burst release.
A VEGF-loaded liposome, functionalized with transferrin [87], was found to have enhanced the
neuroprotective and angiogenic effects on an ischemic stroke brain. A nano-capsule loaded with
VEGF, is made of acrylamide-based monomers and a bisacryl plasmin-labile peptide that release
small, time-dependent doses of VEGF and upregulates angiogenesis [18]. The VEGF delivered via
a nano-capsule was found to have superior therapeutic outcomes when compared with the bolus
delivery [18]. In another study, angiogenesis was induced by releasing low concentrations of NO,
from NO donors with short half-life, such as N-diazeniumdiolate and S-nitrosothiol. They were
loaded onto nano-scaffolds made of methoxy poly(ethylene glycol)-b-poly(lactic-co-glycolic acid)
(mPEG-PLGA) [21].

2.2. Anti-Angiogenic Nanomedicine for Brain Diseases

The pathogenic upregulation of angiogenesis occurs due to genetic alterations in tumor cells
and/or by hypoxia and plays a critical role in brain cancer biology. Any tumor cannot grow beyond
1–2 mm without developing new blood vessels. Therefore, blocking tumor-induced angiogenesis is one
of the main strategies in treatment. From the perspective of drug delivery, brain tumors have additional
barriers caused by the efflux activity of the tumor cells. These barriers are the major challenges when
treating brain tumors. Bevacizumab (BVZ) [4,20], Temozolomide, (TMZ) [19], Doxorubicin (DOX) [16]
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Paclitaxel [8], and Sorafenib (SFN) [15] are some of the anti-angiogenic drugs that have been proven to
be effective when transported across the BBB using nano-carriers (see Table 1).

The drug effect of BVZ was found to increase up to 100–200 folds when delivered via SNPs [4].
In another study, BVZ was lipolyzed and encapsulated into PLGA NPs along with trehalose in
order to achieve long term stability [20]. Indirubin, a hydrophobic compound to treat glioblastoma
multiforme (GBM) due to its anti-tumor and anti-angiogenesis properties, was found to be more
effective when delivered via SLN [5]. Similarly, SLN functionalized with apolipoprotein E (ApoE),
a suppressor of angiogenesis and cell invasion, was found to show a greater cellular intake when
compared to non-functionalized SLNs [7]. In another study, methotrexate (MTX), an anti-angiogenic
prodrug-loaded SNPs conjugated with ApoE, were found to have a superior biodistribution in the brain,
when compared to bolus delivery of MTX [6]. Further, TMZ, an anti-angiogenic drug used to treat
GBM is fast degrading and difficult to direct specified therapeutic dosages to targeted regions. In order
to overcome this flaw, a chitosan-based NP, loaded with TMZ and functionalized with chlorotoxin
(CTX) was developed to selectively target the GBM cells [19]. The NM was found to have higher
stability, the half-life was seven-fold greater than the free TMZ and had a 2–6-fold higher uptake by the
GBM cells [19].

3. Lab-on-a-Chip—A Model for Angiogenic Brain Diseases

Various factors need to be synergized to model brain angiogenesis in vitro; this involves the
coordination of different cell lines (endothelial and the brain cells) [50], the combination of angiogenic
factors, and the presence of shear stress and dynamic flow, etc. The conventional monolayer, Transwell,
and vessel-like capillary cells cultures grown in a static petri dishes are insufficient for synergizing
and completely neglect dynamic flow and shear stress. Hence have proven to be unsuitable for
evaluating brain angiogenesis drugs, thus a platform to synergies these factors towards angiogenesis
is required. Moreover, the way in which NPs are loaded into well plates was found to alter the
cellular adsorption and uptake, respectively [89]. As a result, carefully designed experiments involving
NMs are needed. In addition to the above advantages, LOCs also allow the testing of very low drug
concentrations in a dose-dependent manner, even in the range of a few nanomoles per liter, which is
corresponds to the therapeutic concentration [45]. Further, simultaneous, high throughput screening
of different concentration on the same microfluidic platforms is possible [46,49,58]. The possibility
of developing precise brain-like vasculature to perform challenging experiments has encouraged a
number of researchers to adapt LOCs for their studies, Table 2.

3.1. Angiogenic Nanomedicine Screening in LOCs

In order to evaluate the pro/anti-angiogenic effects of NMs, their effect on cell migration,
angiogenesis, lumen formation, and their ability to target specific sites needs to be studied. In addition,
the cellular uptake, transport via the transcellular/paracellular routes and drug-release kinetics, needs
to be evaluated. Various device geometries have been reported for brain vasculature models (Figures 2
and 3); parallel channels (PCs), with interconnecting micro-gaps, [42–45,51,56,90], hollow-microtubes
(HTs) [2,47,49,50,52], and others, concentric-ring (CR) channels [54], multi-layered channels [53],
hybrid-microchambers [57], and microwells [58]. Each of the above designs has its own advantage in
terms of angiogenesis drug screening application.
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Figure 2. The angiogenesis and vasculogenesis microfluidic model, respectively, for potential angiogenic
drug screening application. (A) The angiogenesis model [43], i. shows the geometry of the microfluidic
device. ii. The device comprises of three parallel microchannel, the endothelial cells are loaded to
the top channel (pink), the angiogenic growth factors are added to the bottom channel (blue) and the
gradient of the growth factor is generated in the middle channel. 1. Formation of a stable monolayer
of the endothelial cells in response to the angiogenic gradient. 2. Cell tip formation followed by 3.
The lumen formation. iii. Angiogenic sprouts after four days simulated with different combinations of
angiogenic factors, VEGF, phorbol 12-myristate 13-acetate (PMA) and sphingosine-1-phosphate (S1P).
iv. (a) Angiogenic sprouts after six days of stimulation with VEGF+PMA+S1P, (b) VEGF+PMA and
b) VEGF+S1P, respectively, and (c) close-up of the lumen middle c(i), top c(ii), and cross-section
c(iii) and stained against F-actin (red) and nucleus (blue). (B) The vasculogenesis model [42],
i. The schematics of the in vitro 3D NVU platform comprising of astrocytes, neurons and the endothelial
cells. ii. The perfusable vascular network is formed over a three-day period via vasculogenesis. 1. The
vascular network formation in the middle channel, 2. Loading of astrocytes and neurons into the
right-side channel. 3. The formation BBB within 5–7 days. BBB: blood–brain barrier.

The PC type LOC (Figure 2), modeling 2D monolayer vascular network, is the most commonly
used to model angiogenesis [43,45] (Figure 2A) and vasculogenesis [42,44] (Figure 2B). Usually, five or
three microchannels are fabricated (Width, W, 500–1000 um), in the case of vasculogenesis model.
The middle channel is loaded with the endothelial cells, and supplied with culture medium through
the adjacent channels and the brain cells or fibroblast cells and their respective culture mediums are
supplied separately (Figure 2B). In the case of angiogenesis model, the middle channel is supplied
with culture medium and the adjacent channels are loaded with endothelial cells (Figure 2A).

The PC type devices enable the study of both the inner and outer surface of the vessels and
are best suited for observing angiogenesis. The real-time drug effect on the cell morphology [44,45],
cell migration [43–45], lumen growth [45], angiogenic sprouting [43,45], vessel anastomosis [43,44],
can be observed and quantified in this model. The lumen perfusability is easily achieved in the
2D monolayer and allows for the injection of drugs into the vasculature through the inlet ports.
The formation or inhibition of tumor-associated blood vessel, in response to anti-angiogenic drugs
can be precisely quantified [45]. In an in vitro brain spheroid, it is not possible to access the lumens to
perform perfusability assays. In such cases, the brain spheroids can be introduced form outside into
the vascularize device and anastomosed with the preexisting vasculature, thereby enabling lumen
access [44,46]. One of the main drawbacks is that it not possible to install electrodes into the PC devices
for TEER measurements.
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Figure 3. (A) Hollow microtube model [2], i. photograph of the PDMS microfluidic device. ii. schematic
illustration (center), and immunofluorescence micrographs (right) of the two-channel microfluidic
Organ Chip with endothelial cells cultured on all surfaces of the basal vascular channel, and astrocytes
and pericytes on the upper surface of the central horizontal membrane in the apical parenchymal
channel. iii. At the top pannel, z-stack images of the pericytes (yellow, F-actin staining) and astrocytes
(white, glial fibrillary acidic protein (GFAP) staining) in the top channel of the BBB Chip are reconstituted
and shown from above; at the bottom panel, a side view of similar stacked images for the lower
vascular channel containing endothelial cells (blue, ZO-1 staining). (B) (Reprinted with permission
from the publisher) i. The hybrid brain-BBB device, displaying the metabolic flux across the BBB and
the brain cells, [57], brain endothelial cells (magenta) are cultured on all four walls of the lower vascular
compartment and a mixture of brain astrocytes (blue) and pericytes (yellow) in the top compartment of
both BBB chips; neuronal cells (green) and astrocytes (blue) are cultured in the lower compartment of
the brain chip. Cell culture medium is flowed into the upper perivascular compartment of BBB chip
as an artificial cerebrospinal fluid (CSF) (blue), and cell culture medium mimicking blood is flowed
separately through the lower vascular compartment. ii. and iii. The reconstruction of the human BBB
chip from confocal fluorescence microscopic images. ii. The endothelial cell monolayer stained for
VE-Cadherin (purple), and a mixture of pericytes (F-actin, yellow) and astrocytes (GFAP, blue), (scale
bar, 75 µm). iii culture of neurons (β-III-tubulin, green) and astrocytes (GFAP, blue) (scale bar, 100 µm).
Figure 3B is reproduced with permission from Maoz, B.M.; Herland, A.; Fitzgerald, E.A.; Grevesse, T.;
Vidoudez, C.; Pacheco, A.R.; Sheehy, S.P.; Park, T.E.; Dauth, S.; Mannix, R.; et al. A linked organ-on-chip
model of the human neurovascular unit reveals the metabolic coupling of endothelial and neuronal
cells. Nat. Biotechnol. 2018, 36, 865–874. [57].

The HT models (Figure 3A) were used to create 3D BBB, with easy-to-access lumens and are useful
for studying the apical side of the BBB. The endothelial cells are loaded into the hollow tube, the cells
adhere to the tube walls and form a lumen-like structure. In some cases, the brain cells are grown on
the outer surface of the tube and were coupled with the endothelial cells via microchannels [47,52],
micropores [2] or extracellular matrix [49,50]. The real-time uptake of NMs and their effect on the
TJs [47] and transmigration of the neutrophils [47], antibodies [49], and Q-dots functionalized with
Angiopep-2 [2], were easily quantified in this model. The BBB permeability during pathological
conditions involving neuroinflammation [47,50] and ischemic obstruction were observed in the HT
model [47]. A microrod model, i.e., an inside-out geometry of the HT model, demonstrated that BMEC
resists elongation in response to both curvature and shear stress [91]. The cell curvature is directly
proportionate to the number of adjacent cells around the perimeter and eventually increase the TJs [91],
mimicking more closely the in vivo condition.

Apart from the above mentioned advantages, HT models eliminate the artificial paracellular leaks
that occurs in Transwells [52], allowing precise measurement of the NMs perfusability [2]. Further,
the HT models not only capture the shear stress and the vessel curvature, it is the most convenient
model to integrate electrodes for a real-time measurement of TEER without destroying the cells [2,53].

The CR model is advantageous in mimicking tumor angiogenesis conditions, such as radial oxygen
gradient on-chips [54], and are suitable for analyzing drugs targeting tumor mediated-angiogenesis.
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Another recently reported hybrid BBB-brain on-chip device recapitulated brain-blood/CSF flow and
the structural hierarchy of the brain tissues (Figure 3B) [57]. The device screened the effect of
Methamphetamine, (anti-angiogenic and psychostimulant drug) on the reversible disruption of BBB.
The drug uptake, influx and efflux of the drug across the BBB were demonstrated for their potential to
screening NMs.

3.2. Design and Fabrication of Brain-Angiogenesis LOCs

LOCs are made of optically transparent polymers, namely, polydimethylsiloxane (PDMS),
polymethylmethacrylate (PMMA), SU-8, etc., and fabricated by soft lithography from SU-8 patterned
molds. The media reservoir, inlets and outlets can be created with a biopsy punch and other fabrication
methods. The polymer chip can be bonded to glass coverslips and petri plates using the plasma
bond technique and can be sterilized by autoclave and/or UV. Through simple fabrication techniques,
electronics can be integrated into the LOC for various applications. For example, electrodes were
fabricated to generate an electric field for evaluating barrier functions, such as permeability [51],
and TEER [2,53] respectively. Further, the QDs were used to measure brain cell temperature [92].
In addition, stable drug concentration profiles can be easily generated in a microfluidic platform
by controlling the volumetric flow rates across multiple-channels [45,58]. Because of these features,
non-destructible, real-time, and simultaneous measurement of various factors, such as BBB permeability,
TEER, etc., is possible.

3.3. Establishing Brain Vasculature on Chips

In order to vascularize the device, the endothelial cells (see Table 2) are co-cultured with one or
more cells constituting the NVU. Although, a mono-culture of endothelial cells alone can produce
vasculature [42,44,46,50], a more realistic model requires the co-culturing of astrocytes [43,45,47,51]
and pericytes [50], or both [2,49,57]. In recent models, neurons [42,57] and tumor cells [46,54] were also
included. Direct contact with the above non-endothelial cells, in particular astrocytes and pericytes were
found to produce stable BBB, with high TEER and in vivo like permeability, for a longer time period.

Until recently, primary and immortalized cells from both animals and humans, respectively,
were used to develop brain angiogenesis models. The recent development of the gene editing
technology, such as CRISPR/Cas9, led to the use of Human induced pluripotent stem cells (HiPSC)
derived from both healthy and diseased humans [93]. Although it is very challenging to maintain
and standardize HiPSC protocols, microfluidics platforms once again have aided in sustaining more
complex, dynamic and controlled environment for using HiPSC [2]. The HiPSCs demonstrated superior
barrier function and low inflammatory response when compared with the primary cells [2].

In general, it takes around 3–4 days to vascularize a microfluidic device, the endothelial cells are
loaded along with the extracellular matrix, and the cells differentiates and polarizes in response to the
growth factors (e.g., VEGF) that is supplied by the culture media or released from the co-cultured cell
lines. A monolayer or 3D vascular network is formed depending on the device geometry. Following
this, vessel-like structure with a lumen is formed and the perfusability is achieved in a few days and
the functional BBB develops within the next 5–7 days [42]. The vasculature inside the LOC can be
maintained for many weeks and the BBB integrity for up to a full week [2]. The choice of cell lines,
composition of the co-cultures, cell loading sequence, culture media flow rate, and mechanical property
of the cell matrix, can be easily optimized based on the final applications. Apart from developing the
2D vascular network, 3D brain micro-spheroids (diameter of 100–600 um) were also used to model
tumor angiogenesis [44,46,54,55]. The spheroids were grown through one of these techniques, namely,
3D bio-printing [54,55] or the hanging droplet technique [94]. They can also be grown using the
micro-wells [58] or 96-well plate and later transferred into the LOC [44]. Recently, a microfluidic
platform that can be integrated with a 96-well plate to develop tumor spheroid angiogenesis model
was reported [46].
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3.4. Important Features of Vascularized LOCs Vs. Petri Dish Models

3.4.1. Dynamic Flow and Shear Stress in Brain-Angiogenesis LOCs

Dynamic flow and shear stress play an important role in the cell differentiation, the expression
of the membrane proteins, signal pathways and other barrier properties such as TEER. These factors
determine the extent to which the brain-like conditions are mimicked on-chip. Physiologically or
pathologically relevant expression of protein/peptide receptors involved in the transcellular and
paracellular pathways is very important for the clinical analysis of the NMs. The stress promotes
glycalyx formation in the endothelial cells, eventually affecting the charge on the membrane, further
the non-uniform shear stress affects the endothelial permeability [95]. Therefore, shear stress is an
important factor while studying the cellular uptake of NMs. Unlike in the static petri dish culture,
dynamic flow and shear stress can be generated on microfluidic platforms. LOC provides precise
control over the flow rate and shear stress when integrated with a syringe pump [90]. In an LOC, it is
possible to dynamically flow culture media and other fluids at a physiological flow rate and create
shear stress on the BMVECs (6 dyne cm−2 at 100 µL h−1). It is also feasible to recreate blood-like
viscosity (3–4 cP) by adding microbeads.

Recently, various studies have reported the significance of these mechanistic factors in mimicking
the characteristic features of brain vasculature in LOCs. It was demonstrated that, unlike other
endothelial cells, BMEC resists elongation, in response to both curvature and shear stress [91].
Likewise, the TJ proteins were upregulated in a dynamic flow culture, when compared to a static
culture [52]. Currently, iPS-BMVECs are used in brain studies as these cells exhibit high levels of TEER
(~3000–5000 Ω·cm2) within 24–48 h of culture [2]. However, in a static culture, the TEER levels can
be maintained only for ~2 days and the junction protein expressions are not high enough, limiting
their use in drug screening applications. A transendothelial impedance as high as ~ 25,000 Ohm,
was achieved in a dynamic flow LOC and were maintained for a period of one week [2]. In the same
study, the expression of P-gp (permeability glycoprotein, efflux transporter) under dynamic flow
(100 µL h−1), enabled the observation of a 2.7 fold increase in DOX flux [2].

3.4.2. Lumen Perfusability in Brain-Angiogenesis LOCs

It is important that the vasculature is perfusable, in order to mimic the circulation of nutrients and
metabolites in the brain, which in turn helps the lumen formation and maintenance [45]. The lumen
perfusability was found to increase the neural activity, that was measured by the Ca2+ oscillation [44].
While lumen formation can be achieved in petri plate, only LOCs allow direct accesses to them via
the chip’s access ports. This enables studying perfusability [96], intra lumen flow [44], drug kinetics,
drug translocation across the BBB and their effect on angiogenesis [45,46], in a clinically relevant manner.

The lumen structures with diameters in the range of 1–50 µm can be modeled in an LOC [96],
and the intra lumen flow can be generated using a hydrostatic pressure head, simply by connecting the
inlet with a larger media reserve [44] and to syringe pumps [50]. The lumens are modeled either by
forming a vascular network with innate lumens [42–44,46,49] or by recreating the lumen structure,
devoid of any vascular network, as described in the HT models [2,47–50,52]. The perfusability and the
integrity of the vasculature were evaluated using microbeads and the dextran, 20 kDa and 70 kDa
FITC with Stokes’ radii of 23 and 60 Å, respectively [42–44,46,49].

3.4.3. Compartmentalization in Brain-Angiogenesis LOCs

In a conventional petri dish, it is difficult to maintain both endothelial and brain cells simultaneously
that require different growth conditions. LOCs enable (simplify) complex system level experiments of
multi-culture cell system by providing confined culturing compartments for different cell types, along
with their optimal culture media, and tunable brain-like interfaces between them to regulate their
interaction. These tunable brain-like interfaces are realized by discontinuous micropillars [42–45,56],
micropores [2,52,53], or extracellular matrix [49] and can be coupled or uncoupled as required
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to control the migration of molecules and cells between different channels. Direct [42,44,50] or
indirect [45,46,52,53] contact between the endothelial cells and the brain cells is achieved through
the microstructures.

Better control over the experiments by channelizing and enhancing cell signals, provide a clear
understanding about the distinct contribution of various cellular factors. The cell migration [45,46,56],
angiogenic sprouting, in response to chemical clues/gradients [42–44,46], respectively, and other
complex brain cell interactions were modeled in LOCs. For example, the astrocyte migration towards
the vascular network, resulting in the enhancement of BBB [42], similarly migration of the endothelial
cells in response to growth factor gradient, were observed [43,45,46]. Recently, a hybrid device,
displaying the metabolic flux across the BBB and the brain cells were reported [57]. Two BBB chips
were connected on either side of a brain chip and for the first time and a BBB influx/efflux through
the artificial CSF was demonstrated (Figure 3B). This device replicated the in vivo CSF and blood,
flow on-chip. In the brain chip part of the device, by restricting the active flow only to the upper
compartment, the flow velocity on the neurons in the lower compartment was zero, similar to the
in vivo condition.

3.5. LOCs for the Synthesis of NMs

Another major challenge for NMs is the difficulty in reproducing particle synthesis, especially in
the case of complex NPs [97]. Microfluidic platforms allow the control of various critical synthesis
parameters (temperature, flow rate, reaction rate, etc.) and are used to rapidly synthesize therapeutic
NPs in the desired size range, shape and composition [64,98]. Recently, LOCs for producing
monodispersed liposomes [99], chitosan NPs [100], protein NPs [101], lipid NPs [102] and other
organic NPs [103], some of them with higher EE, were reported [99,102,103].

4. Conclusions

In the last decade, various LOCs modeling brain vasculature has been reported, both for
fundamental studies and drug screening applications. The LOCs are now beyond the proof of concept
stage, but there is still not enough work in this field to allow for the development of standardized
devices. There are many technical difficulties in establishing uniform and reproducible conditions,
mainly due to the extreme complexity of the human brain. There are very few commercially available
LOCs that can be easily adapted for screening NMs [52]. Nonetheless, collaborative efforts from
multiple disciplines of science and engineering are necessary to develop LOC protocols for testing
NMs for brain angiogenesis conditions.

Brain angiogenesis is a vital process for brain function and development. The pathological
upregulation or downregulation of brain angiogenesis is life-threatening and requires rapid treatment.
The knowledge of the regulating mechanisms in the brain angiogenesis at the cellular and molecular
level, at both physiological and pathological levels, remains insufficient, mainly due to the lack of
brain models that closely mimic brain micro-environments. This creates further challenges for the
drug development and screening processes.

In order to treat brain angiogenic conditions, various strategies have been developed, the most
promising of which is the use of NMs. NMs are efficient in crossing the BBB, which is one of the biggest
obstacles in delivering brain drugs. Further, NMs allows programmed and controlled release of drugs
in the brain, thereby generating therapeutic concentrations in targeted regions.

Regardless of the rapid growth in the field of NMs, the transition to clinical and pre-clinical
stages is still in an incipient stage. The delay is mainly due to the lack of understanding of how
the NMs will interact with the complex human brain. So far, only a few NMs have been examined
in clinical trials, with even fewer actually reaching the market. There are a couple of shortcomings
regarding the use of NPs to treat brain-related conditions. For example, NPs have been found to induce
amyloidogenicity [104], and, for this reason, it is important in the future to characterize their complex
dynamic surface properties.
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Abbreviations

BBB Blood brain barrier
LOC Lab-on-a-chip
TEER Transendothelial Electrical Resistance
NMs Nanomedicines
SLNs Solid lipid nanoparticles
NPs Nanoparticles
CSF Cerebrospinal fluid
AD Alzheimer’s disease
PD Parkinson’s disease
HD Huntington’s disease
BVD Brain vessel density
BMECs Brain microvascular endothelial cells
VEGF Vascular endothelial growth factor
NO Nitric oxide
CsA Cyclosporine A
mPEG-PLGA Methoxy poly(ethylene glycol)-b-poly(lactic-co-glycolic acid)
BVZ Bevacizumab
TMZ Temozolomide
DOX Doxorubicin
SFN Sorafenib
GBM Glioblastoma multiforme
ApoE Apolipoprotein E
MTX Methotrexate
CTX Chlorotoxin
PC Parallel channel
HT hollow-microtube
CR Concentric-ring
PMA Phorbol 12-myristate 13-acetate
S1P Sphingosine-1-phosphate
GFAP Glial fibrillary acidic protein
PDMS Polydimethylsiloxane
P-gp Permeability glycoprotein
HUVEC Human Umbilical Vein Endothelial Cell
hCMEC Human Cerebral Microvascular Endothelial Cell
iPS-BMVEC Induced pluripotent stem cell-derived human brain microvascular endothelial cell
hBMVEC Human brain microvascular endothelial cells
RBE4 Rat brain endothelial cell 4
b.End3 Mice brain endothelial cell
hA Human Astrocyte
hP Human brain Pericyte
hNSC Human neuronal stem cell
HIP-009 Human Hippocampal Neural Stem
C8D1A Mice astrocyte cell
LF Human Lung fibroblast
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