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ABSTRACT: The bloo&brain barrier (BBB) is a prime focus f - —
clinicians to maintain the homeostatic function in health J\ Coe EmL ) RS
deliver the theranostics in brain cancer and number of neurolegical .~/ |- —

diseases. The structural hierarchy and in situ biochemical signalinggne emingand aritcia orain
of BBB neurovascular unitveabeen primary targets to j $

recapitulate into the in vitro modules. The microengineered S . i '

-]

perfusion systems and development in 3D cellular and organoid %: o Vg nry
culture have given a major thrust to BBB research for ® e
neuropharmacology. In this review, we focus on revisiting the K 5\2 m ¥y, o '
nanoparticles based bimolecular engineering to enable them to L 3 }"&f?
maneuver, control, target, and deliver the theranostic payloads [ oo @ By
across cellular BBB as nanorobots or nanobots. Subsequently we Y Terget $sa o
provide a brief outline of specicase studies addressing the A Y\ Tracking -
payload delivery in brain tumor and neurological disorders (e.g.,” — 4 Fﬂmzl
Alzheimés disease, Parkinsodisease, multiple sclerosis, etc.). In : : 4

Magnetic Resonance Imaging (MRI Coil)

addition, we also address the opportunities and challenges across
the nanorobotslevelopment and design. Finally, we address how
computationally powered machine learning (ML) tools andalititelligence (Al) can be partnered with robotics to predict and
design the next generation nanorobots to interact and deliver across the BBB without causing damage, toxicity, or malfunctions. -
content of this review could be references to multidisciplinary science to clinicians, roboticists, chemists, and bioengineers invol
in cutting-edge pharmaceutical design and BBB research.

KEYWORDS:Bloo&brain barrier, nanorobots, transcytosis, machine learnirgjahmtedligence, bioengineering, nanoparticles

1. INTRODUCTION Hence, researchers have started focusing on developing in vitro

With the increase in neurological disorders and the demand\E?_B models or BBB-on-chip devices to overcome these

new drug development, a focus on expedite brain research
be seen in recent times. Alarming attention to develop no
neuropharmaceutic raised the urgency to develop in vit
models, mimicking in vivo like blGbdain barrier (BBB)

structure/function relationship. Due to the complexity an

tations of new drug development. The need for in vitro
models is indispensable as they also contribute in

rigentifying the sped physiological and pathological mecha-
nisms under diseased conditions, thereby uncovering the route
0 e ective drug discovery. The challenges in modeling BBB by

poor accessibility, BBB models act aseatie alternate tool Incorporating the key in vivo properties stem from the complex

for brain research. Use of animal models is considered as ?r'ﬁ?tlet'es of BBB structure and the interactions with

exemplar of drug testing as the BBB complexity can be easiy

recapitulated. This is contemplated to be highly advantagedigseived: February 14, 2021
considering the ease of testing of pharmaceutical interventidifgepted: May 6, 2021

from the cellular to the systemic level. However, testing of

drugs with in vivo models for BBB is highly tedious, immensely

costly, and time-consuming. Further, there is a hegendie

in drug interactions between animal model and humatrttrials.
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Figure 1.Time line and evolution of experimental model in BBB research ranging from early attempts to identify BBB existence, establishing it
relation with CNS to the most advanced perfusion based models.

neighboring cells. Currently, complete mimicking of the entirand the technological gaps that needs tdldm by future
brain structure and function in a laboratory engineered desigesearchers.
is unavailable, due to gaps in the knowledge on complexity and..1. Early Attempts To Identify BBB Existence and
diversity of brain function during healthy and diseased stat&stablishing Its Relation with Central Nervous System
Further, limited techniques and their workability havdCNS)Blood vessels are the primary infrastructure involved in
provided scope for recapitulation of speparts of brain  the transport and delivery of oxygen and nutrients to all organs.
like nonleaky and tight BBB. Being the most complex element of human body, the brain
Advent of nanocarrier systems for drug delivery has beerd@mands a more complex microvasculature. Research on this
crowning discovery in theld of brain research as they are dynamic conduit has been ongoing for two centuries with
said to have the capabilities for conquering BBB defenses baseebral sigriant ndings Figure ). Though the original
on their surface properties. Nanoparticles, when combindteory on the existence of a barrier that prevents movement of
with other elements like polymer, have shown ability tonolecules was iderd by Paul Ehrlich based on dye
e ectively cross BBB and deliver drugs to ‘CN@. many injection studies, the terbloodSbrain barriérwas initially
advantages of using nanoscale materials in brain research laireed by biochemist Lina Stern, after the systematic study of
been identied by several researchérand many are still transport of several molecules from blood tob&amilar to
probing the potential of these matefialanorobotics  studies by Stern and Gautier, several investigations were
represent a relatively recent advancement in this regard casried out by dye injections to understand the circulations
they are engineered speally with sensing, decision making, into the human braiff.The next important milestone on BBB
and actuation propertiegnlike traditional nanoscale drug was the identtation of cellular structure that was responsible
delivery strategies, nanobo&r@ whole range of possibilities for its barrier properties. After the advent of electron
that include targeting design perspective and the ability ticroscopy, visualization of BBB became feasible and attempts
sense, control, and carry out massive tasks in parallel. l@mre made to understand the cellular architecture of BBB
instance, remote controlling by manipulation of magnetic ar{édrigure ). By injecting horseradish peroxidase, Reese and
optical properties in an origami-like fabrication of microbotkarnovsky evidenced the conement of the same luminal
can provide excellent theranostic applications for several breagion which was further attributed to the tight junctions
disorder§. Thus, extending the existing nanodrug delivenpbetween two adjacent endothelial cell (EC) membranes.
strategies to nanorobotics can shape the future of neureurther investigations on BBB were focused on identifying
medicine. This review will provide a brief outline on thehe phenotype involved in the barrier. Grafting experiments
physiology of BBB that is sig@int in in vitro model performed in vitro threw light on the involvement of astrocyte
development. The review further proceeds with explaining teadfeet and several other cell types in the barrier fdfiction.
existing model system that a nanoroboticist can utilize tBarly in vitro studies by Arthur and tEamevealed the
design nanobots for targeting BBB with maneuverabkxistence of tight junction facilitated by the coculturing of
properties. Finally, an attempt has been made to summaredothelial cells with astrocytes. Simultaneous search on other
the recent advances in the nanorobotics for BBB crossingll types involved in BBB was also conducted by several
theranostic application by utilizing computational modelingesearchers in the early 19th century. The contribution of
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Figure 2 Molecular and transport details of BBB: (A) ibodin barrier formed by the endothelial cells and contributed by pericytes, astrocytes,
microglia, and neurons; (B) structure and function of tight junctions and some of the molecules that contribute to the tight junction; (C) primary
transport routes across the BBB. CreatedBwikkender.com

barrier properties by pericytes was identied in the late  properties including ionization, lipophilicity, polarity, and
19th century by EbertA Though there was little research on other physicochemical properties, the intercellular transport
pericytes in 20th century, emergence of advanced and accuisticilitated by diusion, endocytosis, and the ratio afixn
techniques has imenced the increasing research on these celind e ux transporters Figure B). Similarly, synaptic
types in the past 15 years. signaling is regulated by maintaining optimum ionic
1.2. Complexity in Structural and Functional Anat- composition using ion channels and such transp6tfers.
omy of BBB.On the basis of these initial studies, the currenDespite the existence of several literature works on the
knowledge of the components involved in BBB and theimnolecules involved in TJ and their role, spéd function is
functions has been derived. The BBB is a combination gét to be studied in depth.
several cells including specialized EC, along with microvessel$he research on astrocytes contribution in BBB has
astrocytes, pericytésAll these cells interact continuously and increased ever since its role was idghtby grafting
further form the basal membrane of the vasculafimnite experiments. Further coculturing with astrocytes induced
2A). The interaction of ECs with other neural and immuneformation of tight endothelium with higher trans endothelial
cells resulting in an integrated network is known as thelectrical resistance (TEER) values, thereby reducing the
neurovascular unit'® EC and pericytes and astrocytes permeability of derent moleculé$?° Anatomically, pericytes
contribute to the brain microvasculature and regulate thare part of the abluminal surfaéégre 2), embedded
passage of substances between brain and blood, thwishin the basal membrarésThough the exact role of
maintaining brain homeostasis and also prevention agaipsticytes in barrier properties is still unknown, the relatively
pathogens and neurotoXih€Cs of central nervous system higher ratio of pericytes to EC in the central nervous system is
exhibit unique characteristics unlike other peripheral ECs thatnsidered to be responsible for the endothelial barrier
can be attributed to the tight junctions (TJs) and adherencproperties. Similarly, neurons and microglia further contribute
junctions (AJs), thus strictly regulating paracellular transpott maintaining the integrity and functions of BBB. The
The TJs are regulated by the TJ proteins composed trfansport of molecules is highly controlled by this unique
claudins, occludin (ZO-1, zZO-2, Z0-3), and junctionalmicrovasculature. With the lack of evidence on the exact
adhesion molecules (JAMs) by sustaining TJ structure &sction and properties of other cell types, there is a wide
shown inFigure B® Keaney and Campbélhoted that AJs  scope for research on studying the role of all cell types during
play a role in maintaining TJs and junctional complex. Whileealth and diseased state. With the combined activity of all
TJs control the intracellular transport based on molecul®BB cells, resistance to paracellulasidin of ions and other
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Table 1. Entities Crossing the BBB

active passive mixed
transport  transport  transport remark

Lipid-soluble molecules yes uenced by concentration gradient and lipid solubility
Example: blood gases and anesthetics,?Aeroin

Solute carriers (SLC) yes yes Driven by electrochemical {i@r.,Hi@ump) or by concentration gradiéfts
Example: drugs likeDOPA, glucose, amino acids, nucleosides, monocarboxylates, and

organic anions and cations
Carrier-mediated eix (e ux yes Involves energy expenditure by ATP hydrolysis for transport against concentration
transporters) gradient

P-glycoprotein (Pgp, ABCB1) and breast cancer related protein (BCRP, ABCG2) are
some e ux transporters

For example, a variety of cytotoxic dfugs

Receptor mediated transport yes Induced by binding of molecules to receptors like insulin receptor, low density
lipoprotein (LDL), transferring receptor

Example: nutrients like insulin, iron, and &fin

molecules resulting in high TEER can be nd#sla result,  out by release of the molecule at the basolateral Isisialin
all the cell types and the BBB properties become highheceptors, low density lipoprotein receptors, and leptin and
pertinent with respect to treatment, diagnosis, and imaging flactoferrin receptors are some of the receptors that carry out
brain abnormalities. receptor mediated transcytosis. A more detailed review on the
While TJs maintain homeostasis by restricting passageneéchanisms of transport across the BBB has been reviewed
toxins and pathogens, the energy and nutritional requiremegisewhere: Another mechanism by which molecules cross
for the brain is achieved by several speransport BBB is by adsorptive mediated transcytosis which is a
mechanisms, viz., paracellular, transcellular pathways (receptarspecic pathway unlike a receptor mediated one. Though
mediated and carrier mediated), adsorptive transcytosis, ahi mode of transport exhibits lowndy, it shows higher
passive dusion Figure £). Small lipophilic molecules like binding ability, thus having similar transcytosieecy’*
carbon dioxide are transported across the BBB by passivé number of neurological conditions including multiple
di usion. The mechanism of passage of components betwesterosis (MS), stroke, epilepsy, vascular dementia, Alzheimer
the endothelial cells is termed as paracellular transpoglisease (AD), Parkinssmlisease (PD), brain infections, and
whereas the passage of molecules through the endotheligtious neurological tumors can be attributed to the
cells is achieved by transcellular transport. In a healthy braimy&function of BBB. In all these disorders, BBB dysfunction
proper balance of paracellular and transcellular is decisive ifothe primary element of pathologwénced by a series of
determining the permeability propeftiée endothelial cell  physiological properties. rFmstance, basal membrane
lining of BBB is known to possess speeceptors for plasma degradation, altered expression of components ur e
protein growth factors and several macromolecules on themps, and leaky BBB occur in series, leading to brain
luminal and basolateral side of the BGgu(e Z). For disorders? Similarly, in the case of traumatic brain injuries,
example, glucose transporter 1 (GLUT-1), neutral amino acilich events occur immediately or in a delayed manner and
transporter, and cation and anion transporters are known {sult in inammation and activation of coagulation cascades.
play key roles in brain metabolism. And this is usually achievegcent evidence also suggests that poor expression of TJ
by carrier mediated transport of their substrétesile some  proteins is the underlying reason for several psychiatric
transport pathways are simply governed by a concentratigizorders! Similarly in the case of MS pathology leaky barrier
gradient, some require energy for the transport of the desirgfhs attributed to being the underlying reason for lesion
molecules to the brain. In such cases, adenosine triphosph@i#nation and disease progtétisis eminent to mention that
(ATP)-driver e ux pumps (also known as ATP binding in many diseases, it is unclear whether disease is caused due to
cassette (ABC) transporters) contribute to molecular passag@p dysfunction or disruption in BBB is the result of disease.
across the BBB to maintain brain homeostasisie( ). Thus, a thorough understanding of the BBB properties will

Neurotoxins are primarily e_xclu_ded fr.om the brain by thigycilitate better model desig and targeted thernostic
passage. Active pharmaceutical ingredients (APIs) also becqagelopment.

the substrate of these transporters and get excreted. Some of

the extensively researcheduxe proteins are the P- 2 IN VITROMODELING OF THE NEUROVASCULAR

glycoproteins (P-gp), breast cancer resistant proteins, and )
multidrug resistance associated protémisd ). .LI_Jl_NHIETi:'IAEE[?lTlCAL APPRAISAL OF ADVANCES IN

Some molecules do not have spettansporter proteins
but still manage to reach the brain. Such transport is usuafiyiccessful replication of the neurovascular unit provides an
facilitated by receptor mediated transcytosis. This is achieviedaluable tool to aid in dissecting out the pathological factors,
in three steps, viz., endocytosis, intracellular vesiculaechanisms of action, and the onset of CNS disorders. Models
tra cking, and exocytosis. Molecules that need to bare crucial to predict the uptake of drug candidates prior to
transported get attached to their respective receptors on thestly and laborious in vivo studies. The human body is
endothelial cell lining, thereby initiating endocytosis. Thisomposed of both cellular and noncellular material organized
molecule and receptor complex are invaginated leading to tinea highly specialized manner. It iscdit to mimic all
formation of intracellular transport vesicles. While the receptaspects of human biology with one in vitro model system.
gets recycled, the molecules get sorted and exocytosis is cafledertheless, in vitro models continue to hold sige in
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brain research, drug development, and testing owing to théirain ECs with primary astrocytes, pericytes, and neural
exibility in designs. cells’™>*® Further focus on using induced PSC derived cell
2.1. Primary Cells, Cell Lines, and Human-Induced types of astrocytes and pericytes was also attempted recently to
Pluripotent Stem Cells Model. The rst and foremost note an improvement in the TEER vél{i&sthus making a
challenge in developing a BBB-on-chip is the choice of cpltrsonalized approach on modeling BBB, with the hopes of
lines or types used in the model development,cailydbrain gaining new insights on geneticallpénced neurological
microvascular ECs. It will determine the translational relevandisorders. Use of models with induced P8¢ potential for
of the model since the model exhibiting highest similarity to imvestigation of BBB breakdown at the earliest stages of
vivo BBB structure and functions is considered to be a modysfunction, which can be dult from post-mortem tissue
reliable model. Primary cell lines are regarded as the ideak’® However, reports have ideed the lack of complete
candidate, as they provide the closest approximation to theirtmanslational relevance of iPSC based brain ECs to their in vivo
situ counterpart: Such primary and low passage EC has theounterparts like showing epithelial markers along with
ability to mimic or reproduce maximum biochemicalendothelial celfs.
functionalities and possess morphological similarities to their2.2. Components of Microengineered Perfusion
in vivo counterpart. Based Preliminary BBB Models (Structural Basis)in
Initially, several BBB models were established by culturingro modeling of BBB has seen many radical changes and
primary human brain ECs, by isolating the tissues during braiovel technologies as an amelioration of the existing traditional
specimen resection in tumor patients or during autopsyechniques. Several in vitro BBB models have been developed
However, concerns regarding the availability, poor vyielthcluding monolayer, coculture, dynamic models, and micro-
contamination by other cell types, and reproducibility of theuidic models. It is to be noted that no in vitro model can
cell lines limit their ubiquitous use in BBB mddeBn exactly replicate the in vivo conditions. However, they bridge
removal from the host environment, human brain EC¢he gap between pathology and drug discovery. By under-
dedi erentiate rapidly and lose their primary BBB propertiestanding the limitations of the @ient models, a better model
leading to drift in the phenotypic traits resulting in leakycan be designed and applicability of the data obtained can be
paracellular functiofi. To circumvent this problem, cell determined by better assessment of the results. BBB models
immortalization was attempted by few researchers. Humarvolving cell cultures are the most versatile model for basic
cerebral microvascular endothelial cell line (h\CMEC/D3) isesearch on permeability stutfiédell culture models, based
one of the most commonly used human immortalized cell linen either primary cells or immortalized brain endothelial cell
in the BBB model development other than immortalized celihes, have been developed in order to facilitate the in vitro
lines from animafé. However, few reported poor tight studies of drug transport to the brain and studies of endothelial
junction protein expression resulting in low TEER valuesgll biology and pathophysiology. One primary challenge in
thus making them unworkable for BBB model developmentthese models of BBB is that brain ECs undergo rapid
Alternatively, primary brain ECs from mouse, bovine, rat, auédi erentiation when removed from their native environ-
porcine like mouse b.End.3 cell line, rat GP8, RBE4 cell linment, resulting in a generic phenotype.
etc. have been used for developing the in vitro BBB model asThese in vitro models can be claskas static and dynamic
they pose better advantages than primary cell culture in term®dels based on their ability to create shear stress mimicking
of the ability to form better functional BBB, low costphysical traits of BBB. Static cultures are employed in studying
maintenance, and faster grofthAs the brain micro- transport kinetics, signaling pathways, and high throughput
vasculature occupies only 0.1% (v/v) of the whole brain, screening®. Most of the static BBB models employ cell
large number of rodents are needed to generate the requiradtures in Transwell systems. On the basis of the number of
brain ECs. Nevertheless, similar to in vivo models, speciesl types used, static model can further be ethsss
di erence results in poor translational relevanEer monolayer model and coculture system. In the former, the
example, it was noted that there was a dramatic decreaséiiain ECs are cultured on top of a permeable membrane, thus
the activity of -glutamyl transpeptidase and alkalineenabling compartmentalization of blood side and brain side.
phosphatase by the RBE4 cell line in comparison with isolat&tis microporous membrane actively prevents migration of
brain capillaries. cells to the other side while selectively permeating only the
Identi cation of potentials of pluripotent stem cell (PSC)small molecules or cell expressed protein components. To
came as a breakthrough for development of model systemsyadintain the selective permeability and nonepgiciision,
human and has cleared a path for novel avenuesaidtbé the BBB associated in vivo capillaries are gen&@lbell
neurotherapeutics. These preimplanted embryo-derived rendayer thick, and in vitro experiments also demonstrate that cell
able cell lines have inherited developmental capacity tdability is preserved in 40n or 1S3 cell thick layer:
generate all kinds of cell type$hey are known for their Therefore, Transwell membranes which &8010n thick
ability to renew by itself and éientiate into phenotype by exhibit a suitable in vitro culture system for the BBB
pluripotent. Researchers have ever since attempted emperiments. A more detailed review on the types of porous
di erentiate pure population of ECs from PSC that arenembranes adapted for this application has been discussed
capable of possessing BBB propé&ttiksnan induced PSCs elsewher®. Due to the polar nature of the brain ECs, apical
possess several key characteristics of brain microvascular l#@sd compartment and basolateral brain side are achieved. It
including good tight junction properties and appropriatés to be noted that the monolayer BBB model has only one cell
expression of aix transporters, thereby having aective type, the brain EC, and has no communication with any other
measurable TEER valffiedence, a large accumulation of cell types. However, there is more room for maneuvering in
literature in recent years on BBB models involving these cé&lanswell setups, thus making coculturing with other cell types
types can be seen. Many researchers have als®ddentifeasiblé® Due to such exibility in its design, Transwell
enhanced barrier function by coculturing induced PSC basegstems still continue to be widely used as one of the primary
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Figure 3.Physical traits and dynamic environment in and around BBB. (A) Principle physical forces ensuring the barrier function of BBB; (B)
cutting edge in vitro BBB models following perfusions system and BBRwpecetry to recapitulate the advanced BBB models.

BBB models, owing to their user friendliness and ease to $éet BBB integrity. As a result, organoids reproduce many
up. However, there are several limitations inherent to thegeatures of the BBB, including the expression of tight junctions,
models including 2D structure and poor or no exposure of E@olecular transporters, and drugpepumps and hence can
to shear stress. be used to model drug transport across BBB. They are one of
3D cell culture is of representation that is more accurate. the relevant models of in vivo conditions and proved to be a
contrast to static models, dynamic models were created witable system for extended cultivation. They are aaxistee
the sole purpose of replicating the physiological surroundingarid versatile model for therapeutic discovery for the treatment
BBB and addressing the limitations of 2D cultures in terms of various neuropathologies. Research on cerebral organoids
in vivo tissue speci functions. A range of approaches havehas seen sigeant advances in recent years with more Gpeci
been used to create shear stress in BBB models includipmtocols for developing vascularized org@ntiddne of
hollow ber constructs (spheroid model) and migdics the critical drawbacks of organoids is the absence of essential
systems! Such dynamic in vitro BBB (DIV-BBB) holds the types of cells, including glia, microglia, oligodendrocytes,
ability to self-assemble to resemble the anatomy of brawasculature, etc. This may hinder neurons maturation, thus
microvasculature with high TEER valuB$V-BBBs are one  limiting its utilities for speci disease models.
of the initial 3D systems developed to replicate the complexityTo overcome the limitations posed by organoids, 3D
of the BBB with ECs cultured on the luminal side of thespheroid model of the BBB comprising all major cell types
capillaries or hollowbers, while glial cells are seeded on theincluding neurons, microglia, and oligodendrocytes were
outer surfac&”’ A comparative study between cell barriersdeveloped to recapitulate more closely normal human brain
cultured in a staticow (Transwell) and dynamiow (DIV- tissue. Spheroids show expression of tight junctions, adherent
BBB) environments showed thaid ow conditions greatly junctions, adherent junction-associated proteins, and speci
in uence how a cell barrier develops. TEERSs across the DiMarkers. Use of induced pluripotent cells to derive the cells
BBB culture increased to 10-fold higher than those recordeddnuld help narrow the gap in achieving an ideal in vitro BBB
the Transwell and are much closer to values observed in vivanodef® For example, high cell viability was found to be
2.3. Organoid and Spheroidin Vitro Models. Research  maintained up to 21 days in the spheroid model containing six
with a more realistic 3D model of BBB can better mimic theell types, which is useful in evaluating long-teratseof
BBB properties in vivo. For this purposed 3D cultures can lalrug toxicity. Expression of P-gp and GLUT-1 proteins was
classied based on the complexity of the structure as spheroidenti ed. Junctional protein distribution was altered under
multicellular spheroid, and organdiddn the basis of the hypoxic conditiorf$°® Thus, the spheroid model may have
culture conditions and methods, edént models can be potential applications in drug discovery, disease modeling
achieved. Though many organs have been modeled using thesgrotoxicity and cytotoxicity testing. However, structural
techniques, research on BBB spheroids and organoids is vegsideration in terms of extracellular matrix and celcspeci
limited owing to their complexity. Organoids are in vitrofunction needs to be addressed to make this model applicable
derived 3D cell aggregates derived from primary tissue or stéan pathology studies.
cells that are self-renewed and self-organized and exhibit orga®.4. Micro uidics and Application of 3D Printing. The
functionality. BBB organoids are obtained following cocultutehavior of vascular cells is greatlyeimced by mechano-
of endothelial cells, pericytes, and astrocytes under ldvansduction creating the ability to convert bioph%sical stimuli
adhesion conditions. Such a self-assembling model provides hiochemical signals in the cellular microenviroffrizume.
certain degree of developmental freedom resulting in a moddbod ow, brain ECs are subjected to shear stress that in turn
of BBB structure with similar compleXity. The noteworthy  realigns and elongates accordingpw by redistribution of
feature of organoids model is that each cell type in thginctional proteinsF{gure 3 Additionally, the mechanism
organoid is in direct contact with each other which is cruciahvolving vascular endothelial (VE)-cadherin, platelet endo-
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Table 2. Current Model of in Vitro BBB with Merits and Demerits

type of model features advantages disadvantages
Static 2D
« EC monolayer on Petri dish  Endothelial cells grown directly on PetrildidheSheap and facile standardization = Quick eleditiation of cells
with medium
High throughput screening No shear

Limited barrier properties

Can be applicable only for
monolayer

Lack of ceficell interaction
Static Transwell 2D

« Monolayer Endothelial cells gown on porous membrane Cheap and easy standardization Stekintéreeiion
No shear
« Coculture Endothelial cells and astrocytes and/or pericyt&C-perivascular interaction Lack of blavdand shear stress
grown on either side of porous membrane to form Limited barrier properties

apical and basal side . - ) ;
Limited cetbcell interaction

3D
« DIV-BBB Initial models of 3D culture Improved physical attributes Requires high cell numbers
Low cost fabrication Invisible Sekll interaction
Enable shear stress with capilladyimited leukocyte transmigration
like structures
Possible hemodynamic studies Not ideal for high throughput
screening and kinetic studies
« Organoids Self-assembling under low adhesion of EC, Can be made patient speci Lack vasculature
astrocytes, pericytes In vivo like complexity and Less amenable for high throughput
architecture screening
Assay complication
« Spheroids Involves microglia in addition to ECs, astrocyt&gse of use Simgd architecture for
pericytes High reproducibility and scalability Pathological studies
« Micro uidics BBB Traditional micrgdics patterns by soft lithograptlexibility in design Moderate TEER
\;gvggc;{]:snnels for coculture of EC and astrocyfesés cell number requirement Limited scalability
Control of microenvironment Complex fabrication
Considerable shear stress
In vivo like structure
* 3D printing Patterning of the channels by 3D printing simildnteivo like architecture Lack of high through put screening
In Vivo microenvironment Immediate permeability studies Not ideal for kinetic studies

Flexibility in design
Built-in multicellular network

thelial cell adhesion molecule (PECAM-1), vascular endothand in ammatiori® By control of the cell patterning,atient

lial growth factor (VEGF), etc. is considered to be responsibtell types can be cultured in distinct patterns similar to their
for this eect by the cells. With the aim of recreating this environment in vivo. 3D printing of miarmlics network
intricate biomechanical interaction, application of midio highlights the most recent advances in BBB-on-chip devices,
devices was adopted giving rise to a new generation of BRBere elements are added to fabricate objects based on 3D
models “brain-on-chip Due to its several advantages, model data. The intended product is digitally rendered in 3D
micro uidics has emerged as the innovative approach farith computer aided design (CAD) software. Raw materials
conducting research related to the brain, including modelingsiich as thermoplastic polymers, natural polymers, and
neurodegenerative diseases and high throughput drug scrd#aeompatible synthetic polymers are processedbimients

ing. A typical micraiidic pattern is derived by soft lithography and granules. Unprinted materials will also be harvested and
of elastomeric material, and the cells are cultured on threcycled for continued use in the printing process. The leading
channels under dynamiow to induce cell proliferation. 3D setup processes for mictidic systems are 3D printed
These so-callé¢drgan-on-chipgontain microuidic devices, transfer molding, fused deposit in modeling, stereolithography,
in which cells are cultures in a continuously perfusediirect ink jet printing: and selective laser sintefing.
micrometer sized compartments to mimic the physiologic&lol}ltj)etf3 digital light processifgjiquid deposition model-
conditions in the tissues. Theadent aspects of mictodics ing, > and ber encapsulation additive manufacturing are the
and their application in brain research have been discussech@w developed techniqi®Bespite the several advantages of
several review®."°® To date, several designs of migidic 3D printing in BBB micraiidics, the technology is yet to gain
BBB exist, including sandwich, parallel, 3D tubular design, amdmentum due to several bottlenecks. For instance, the
vasculogenesis pattétnThe former two are a more complexity of the tissue to be reproduced increases
preliminary and well explored model, while the latter are thexponentially the complexity of the technical challenges that
advanced design of miarwlic models. As a recent advance-need to be overcome, thus hindering the widespread adoption.
ment in the micrauidic BBB on chip development, 3D However, complete integration between multglds and
printing to replicate the neurovascular microenvironment bgxamination of validation steps will strengthen their future
collagen was attempted to conduct studies on drug screenamgplications. The key attributes with merits and demerits of
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Figure 4.Emerging scope of nanorobotics in neurology. The four quadrants of the scheme demonstrate the trend of nanorobots application i
imaging, nanomedicine, nanotheranostic, and envisioned nanosurgery in single targeted cells, a visionary cutting-edge technology for preci
medicine with versatile task achievement.

each model are listed Trable 2to facilitate wise choice of precisely relocated for delivery in the brain. The magnetic
models for future theranostic development. Despite the seveaique applied by uniform magnettd lines to nanorobots
advances in dérent in vitro models, there continues to be aligns and redirects the nanorobots motion, providing a high
prospects for newer and more advanced models, aimingdagree of local control on device and facilitating long lasting
tighter junctions, close &alell interaction, and better shear operatiod? Further control and maneuvering of bacteria
induced BBB morphology, ultimately aiming at closelriven nanorobots could be harnessed in the future, riding
mimicking of BBB properties. With very limited therapeutigpon advances in synthetic biology to produce programmable
options for neurological disorders, in vitro modeling of BBBnd functional magnetic components via genetic manipulation

continues to appeal to a majority of neuroscientists. responsive to local environniéfit.Similarly, optical control
is another practical possibility, with limited penetration to
3. ADVANCES IN NANOROBOTICS-ENABLED body tissue, and is still in a state of infancy for nanorobots
TARGETED DRUG DELIVERY ACROSS BBB control. The closed loop control feedback, often called

feedback control systems, is the method of choice with the

The primary drive in theeld of neuromedicine is to develop . S . .
ability to self-correct in an autonomous in vivo microenviron-
2

smaller, ecacious, and costegtive systems that will easily
cross the BBB and reach the brain parenchyma. Such a queg? : . N .
based on the cellular and subcellular genesis of neurologic a.“om?‘te“a's can be forme_d inecent structures W'th.

disorders. Of the cérent approaches available to circumventPeCiC Size and other physical properties like optical,

the BBB defense mechanisms, application of nhanorobotics 39todynamic, magnetic, etc. Owing to thesiible proper-

gained more popularity due to their multifunctional approach®S: they can be used to target spesiies. The nanorobots

The programmed nanoparticle to theranostic delivery acro@%€ tamed to selectively sneak through the permeable
BBB can be addressedramorobots or nanobbince they membrane, which regulate_s the passage of a multitude of
are capable of carrying out smedasks with controlled large and.small moIeCL_JIes into the microenvironment of the
maneuvering and targe%ﬁg\lanorobots are biocompatible heuron, without perturbing the homeostasis of CNS. As shown
entities of size§1000 nm and are synthesized using severd Figure 4these stealth nanobots are selectively programmed
biomaterials including lipids, polymers, metals, and crystdf disguise those tra posts via molecular mimicry to assist a
Scaling down the tiny robots from microscale to nanoscafBultitude of tasks such as imaging, delivery, sending, and
reveals several unigue scale-dependent properties such asPI&&ISIon surge?y Bioengineers and roboticists are develop-
power independent actuation and dynamic switchability?d ways to safely bypass the BBB to deliver the therapeutics to
between 2D and 3D swimmifig. the brain without any long-termeets. In this regard,

The recent focus on controlling and maneuvering th&anotechnology is providing the permeable platform enabling
nanorobots in in vivo microenvironment has attained majdtelivery of drug across the BBB. For example, nanodiamonds, a
thrust in the eld of theranostic application. In this context, theless toxic substitute to other carbon nanoparticles, are currently
control of nanorobots reges device modeling (e.g., applied in biomedical imaging, drug delivery, and other areas
biohybrid, self-(dis)assembly driveg)ds (e.g., untethered of medicine$’ The excellent biocompatibility, functional
magnetic eld, optical, electrield), and feedback (e.g., open versatility, and unique surface electrostatic properties of
or closed loop). In such a case, manipulation of nanobots Imanodiamonds are attributed to the drug delivery.
external magneticeld in the clinical environment using Regardless of the high restriction to the transport of
magnetic resonance imaging (MRI) will be feasible and can bwlecules across the BBB, the CNS continues to demand
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Figure 5.Multifunctional design criteria of nanobots to cross the BBB: (A) varying ApoE ligand density to tame the barrier transport of nanobots
for therapeutic delivery scheme involving multireceptor mediated therapy; (B) soft-nanobots decorated with paclitaxel-loadedecationic liposon
targeting to suppress postoperative glioma recurrence crossing BBB; (C) schematic illustration of nanobots with integrin based sorting al
detection of brain glioblastoma comprising cell penetrating RGD peptides for surface enhanced Raman spectroscopy. Figure is created v

BioRender.com

| https://doi.org/10.1021/acschemneuro.1c00087
ACS Chem. NeuroskiXXX, XXX, XXSKXX


https://pubs.acs.org/doi/10.1021/acschemneuro.1c00087?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00087?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00087?fig=fig5&ref=pdf
http://BioRender.com
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00087?fig=fig5&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00087?rel=cite-as&ref=PDF&jav=VoR

ACS Chemical Neuroscience pubs.acs.org/chemneuro

nutrients and energy to be regularly supplied to it. For thiherapy, and radiotherapy. However, it is widely known that
purpose, several mechanisms exist that facilitate the transpomplete surgical ablation is impossible and the possibility of
of small molecules that keep the CNS functions intact. Teecurrence is high.Nanotechnology poses as a remarkable
e ectively deliver drug molecules, one should tap into thalternative to such a conventional, invasive diagnosis and
potential of these transport mechanisms, thereby leading tota@atment in the eld of brain tumor. For example several
e ective therapeutic opportunity without having to succumb touorescence, photoacoustic, and Raman imaging nanoprobes
brute force techniques that involve the mechanical or physi¢&igure &) have been highly eient for intraoperative
disruption of barriér. Nanobots are designed to be able to imaging of tumor cefi3?° A wide spectrum of potential drugs
cross the blo&brain barrier through several pathways tohave been investigated to treat several neurological disorders,
enable communication and transport of nutrients across theit their therapeutic success is still limited due to a range of
bloodSbrain barrier in endothelial cells. The prospect ofchallenges. The past decade has witnessed an unprecedented
delivering drug by passiveudion is very limited due to the expansion in engineering of various kinds of theranostic
highly selective nature of BBB. This is arbitrated by the Td&nobots for cancer imaging and therdmpl¢ 3. The
and adherence junctions in addition to the phospholipid padevelopment of theranostic nanobots that are tumorgspeci
of ECs. The only possibility for drug delivery by thissafer, simpler, and yet still powerful will continue to be the
mechanism is to develop a small lipophilic molecule, whidhcus in the near future, holding a greater potential to be
in turn is highly dependent on the surface area, chargeanslated into the clinic.
molecular weight, and volufiawith higher lipophilicity, Nanomaterials as a possible therapeutic system for targeting
lower hydrogen bonding further reduces thesidin®’ Thus, neurological disorders has gained more attention due to their
net migration of components is highly dependent on theersatile properties. Unlike conventional drugs they hold the
concentration gradient, thereby becoming a poor choice pbtential to overcome the BBB defenses, thereby becoming the
transport pathway for drug molecules, especially througilucleus of several neurological research. Despite the rapid
nanoparticulate transpoft. advancements and the abundant application of nanomedinces,
By specic design of the nanoparticle to mimic the their translation to clinical process has been very slow. To date,
components that have the ability to undergo paracellulaery limited nanomedicines have been approved for clinical use
transport, targeted drug delivery can be achieved. Aldny FDA and many nanoparticles are continuing to be the
utilizing the potentials of components naturally entering BB8&ubject of several clinical trials in recent Yeatss to be
by this pathway can also be explored for targeted theranostinsted that the vast majority of the approved nanomedicines
For instance, neutrophils have the natural ability to cross tlaad those in development are dedicated toward cancer
BBB and inltrate the tumor mass in a brain cancer patienttherapeutics®> However, the eld of nanomedicine is
These immune cells can be usédBgan horsésto deliver continuing to be the forefront of several research studies,
the drugl#ayload or imaging agents to theted sites. Xue owing to their potential to surpass several bottlenecks,
and teant explored the ability of neutrophils to deliver particularly in theeld of brain theranostics. Considering the
paclitaxel loaded cationic liposomes (PTX-CL) into thdimited number of nanomedicines for neurological disorder to
in amed brain tissue after surgical resection. It was notedte, an augmented interest toward nanomedicines for
that such a designed PTC-CL/NE delivery systemcsigtly overcoming BBB defenses can be expected in the near future.
reduced the recurrence of the brain turhmufe B\). It is to be acknowledged that the development and clinical
It is to be noted that many of the targeted drug deliveryranslation of nhanomedicine for neurological dysfunctions are
using nanoparticles focuses on crossing the BBB througbcompanied by their own hitches, owing to the limitations
transcytosis, owing to the ability to develop nanocarriemosed by the size and also the recent necessities to develop
specic to receptors**° Polymer and magnetic nanoparticles safer nanomateriats. This can be attributed to the poor
facilitate drug delivery across the BBB through recept@redictability of these nanomatérimbavior and state in the
mediated transcytosis.Nanocarriers can also be designed tocomplex BBB atmosphere. For instance, disease pathology in
target receptor mediated pathway by preparing the naneach patient may vary, thugeding the eectiveness of the
carriers-like extracellular vesicles secreted by cells so that theyoparticle. Similarly, the drug behavior with humans could
can carry the drug load across the BBB through endocytiary from their behavior in animal models with the same
pathways: By utilization of the potential of ligands that can pathological condition resulting in failure of clinical translation
facilitate the crossing of BBB via carrier mediated or receptdye to such discrepancies. Recent advances in bioprospecting
mediated pathways caneetively release the desired of natural resources for dmpment safer and natural
compounds, thereby facilitating drug delivery or enhancethnotherapeutics could hold the future of BBB targeting
site-spect imaging feasibility. For example, the BBB crossinganomedicin€'***> Further investigations on the nano-
ability of apolipoprotein E peptide éApoE) and SAP loadednedicine properties like their pharmacokinetics, pharmacody-
chimeric polymerosome was investigatedias noticed that  namics, and bioavailability need to be thoroughly studied in
ApoE promoted multireceptor mediated pathway includingddition to their toxicity, side exts, and biocompatibility
LDLR, LRP1, and LRPZigure B). In order to develop prior to clinical use. For example, the tamed nanorobots after
e cient nanobots, one should know thergint mechanisms extravasation from the blood vessels will largely be trapped into
by which molecules get transported across the BBB. By tailthre cells in closest distribution of blood vesBelsré .
making nanomachines, aedént transport mechanism can be Furthermore, even if the nanoparticle meets the standards of
achieved with a wholesome theranostic application. clinical trials, at a manufacturing point of view, the scale-up of
Brain cancer or glioblastoma is highly invasive and one wénoparticle synthesis is dilt, making them a poor choice
the most devastating deadly neoplasms. The prognosis remé&mgharmaceutical companies to venture into bulk production.
dismal, and the median survival rarely exceeds 16 months. Dhespite the challenges in nanoparticle development, the
present clinical treatment approaches include surgery, chemmmise that nanomedicines hold in thdd of brain
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Table 3. continued

ref

108

nanotechnology assistance and control
mechanism

effects

disease/disorder
targeted

drugs delivered

nanocarriers

» Enhanced detection sensitivity at the

femtosecond

Neurodrug delwepmbined with TAT protein to cross BBB and increase highdmproved specificity and bioavailability of 109

drug
« Controlled by magnetic field, optical field

« Conjugation of Pittsburgh compound with multiwalled nanotubtiltimodal imaging with high selectivity 110

uptake by the brain parenchyma

Carbon dots, quantum dots, carbon nanotubes

to increase brain uptake and increase biodistribution of drug
« Attempt to have a more clinically available modality in imagir@ompensate inherent drawbacks

Tumor imaging

theranostics is huge and is rightly considered to be the
revolutionary therapeutics of this era due to their versatile
nature and tremendous potential.

4. MACHINE LEARNING HELPING IN PREDICTION OF
CHEMOTHERAPEUTICS CROSSING BBB

The experimental validation of theranostic agents crossing the
BBB to investigate the permeability and drug development
targeted to the central nervous system is a very long process.
Sometimes it may take a decade and at the end has a very low
success rate. This is due to the extraordinary complexity of the
brain, the degree of sideeets, and most importantly the
inadequate precision of the BBB model to investigate in vitro.
Therefore, it is of paramount importance to develop
prescreening tools for large chemical databases with the aim
to test dierent nanobots. Over the past decade, several
computational models have been dedicatedly developed to
investigate the BBB permeability including machine learn-
ing!'® Several approaches are available in this regard, which
are reviewed elsewh€re.Recently computational nano-
toxicology and nanomedicine have made great strides for
safer theranostic to biomedical materials deSigrisBy
application of appropriate algorithms, prediction of BBB
permeability with high accuracy can be achieved. A proper
amalgamation of the research knowledge, BBB physiology, and
permeability models can result in such accurate predictions,
thereby making drug development a rapid process. The
computational arttial intelligence (Al) in this context could

be categorized as application driven screening in neuro-
oncology, CNS infections, and neurodegenerative disorders
such as Alzheim&r Parkinson, and multiple sclerosis. The
computation Al could also assist indirectly BBB related
neurotechnology paving thlengineered nanomaterials
(ENMs) design for BBB theranostic and imaging, Al for
targeting and control maneuvering in CNS afégaré 7J.

There is a big development in quantitative structure activity/
property relationship (QSAR/QSPR), which is based on
database/similarity searching perform systematic evaluation
and prediction of whether a molecule could cross the BBB or
not. The databases store the info about chemotherapeutics
with BBB permeability measured in vivo in animal models as
logBBB, i.e., the logarithmic ratio of brain to plasma
concentration of test or experimental molecule. The modeling
algorithm includesngerprints molecular similarities of a test
compound using distance measuring principal coordinates
analysis as input.

Several recent studies on application of QSAR models and
Al tools_have been established for predicting BBB perme-
ability?*®*?® The machine learning algorithms convert high
dimensional data into a lower dimensional vector of
coordinates for each molecule such as nearest neighbors,
support vector machine, deep neural network, and random
forests. Identical pipelines are built for the aatisn or
regressions tree development with neural network and
similarity matrix computed via principle component analysis
(PCA). Outputs of vector of coordinates only then are
predicted as molecular weights anB i@giables as a measure
of solubility because traditionally these are two important
factors that explain why certain molecules cross the barrier;
however alone they do not seem to be enough for this
classication. The advantage of random forests algorithm is
that it allows the analysis of individual variables by looking at
their impact in the decrease of accuracy based on the number
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Figure 6.(Upper panel) Enhanced permeation and retention (ERB)and nanotheranostic crossing BBB aShtaid interface showing

saturation eect in neighboring microcapillaries (created BiitRender.com (Lower panel) Delayed-binding strategy. Nanoparticles are
shielded from binding for a duratiop, after injection, thereby allowing them taisi freely throughout the tumor tissue. After thisidn

period, the shielding is degraded based on pH, enzymatic activity, injected chemicals, or external energy sources to unveil intact targeting liga
The nanoparticles are then able to bind to the tumor cells. Lower panel is reproduced with permission from Hauert, S., and Bhatia, S. N
Mechanisms of Cooperation in Cancer Nanomedicine: Towards Systems Nanot@cand®uyBiotechnoldgjgevier Lto2014 pp 44%

455 https://doi.org/10.1016/j.tibtech.2014.06.630Copyright 2014 Elsevier.

of bonds in molecular rings as particular descriptors. On tlehich the neural network is a four-layer multilayer
basis of data training, it sets a certain threshold predicatipgrceptrori?* Wang and teafr address the data imbalance
high or low probability of being clasdi as a crossing (i.e., the majority of chemicals in the training data cannot
molecule. It is expected that the lower weight moleculggenetrate BBB) through resampling methods, such as SMOTE
preferred crossing the BBB. Most importantly random forestid SMOTE+. Recently, Alsenan et'atlesigned and
choose the number of oxygens with one single bond as tHeveloped a recurrent neural network (RNN) for predicting
most important variable to distinguish between crossing aBB permeability, which improves prediction accuracy further.
then comparison of the overall accuracy. RFs implementatibhe same authors proposed a dimensionality reduction
utilizes lowP values indicating that data are unlikely with a trugechnique Auto-KPCA, whichpplies kernel principal
null, thus rejecting the null hypothesis for the entirecomponent analysis (KPCA) as a preprocessing step to
population. This enables high predictive capability for crossieghance the accuracy performance of the subsequent deep
the BBB and the ability to identify the most importantlearning modéf®

molecular descriptors for the particular ctaggin in Finally, it is noteworthy to mention that although the above
conclusion of the most potent statistical method fomethods can accurately predict BBB permeability of a given
predictions. chemical, they do not directly help generdéen@vohemical

Gao and othet$’ reported signcant prediction accuracy structure with desirable BBB permeability properties. The state
gains (from 0.69 AUC to 0.85 AUC) that can be obtained byf the art for Al-based chemical syntifésfellows the
using both chemical features and clinical phenotypesethodology of inverse molecular d&€iggmnd combines
compared to using chemical features alone. They have ate®p reinforcement learning with Monte Carlo tree search
identi ed a large number (110) of drugs in a database that c{MCTS) to search for a molecular structure with target
potentially penetrate BBB with their learned model. Sulproperties that can be synthesized with known chemical
sequent work studies the same problem and improvesactions. In contrast, MolGARdirectly generates the graph
prediction accuracy using a deep neural network model, $tructure of a new chemical that resembles known drugs, based
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Figure 7.Machine learning and adial intelligence in advance nanobots design and safety prediction to cross the BBB: (A) scope of
computational tools; (B) information driven biophysical design criteria for advance nanobots; (C) physiology based pharmacokinetic (PBPK
models in predicting the safety assessment of chemotherapeutics carrying nanobots for crossing the BBB.

N https://doi.org/10.1021/acschemneuro.1c00087
ACS Chem. NeuroskiXXX, XXX, XXSKXX


https://pubs.acs.org/doi/10.1021/acschemneuro.1c00087?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00087?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00087?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00087?fig=fig7&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00087?rel=cite-as&ref=PDF&jav=VoR

ACS Chemical Neuroscience pubs.acs.org/chemneuro

on a generative adversarial network (GAN). None of theschemes. The recent advances in computation design and
methods, however, have been applied to create new chemdaiatovery of nanomaterials using machine learning tools can be
structures with BBB permeability, which might be a promisingiilized to unambiguously address the failsafe synthesis of

direction for future studies. nanorobots with increasing performéatic&imilarly nano-
QSAR approaches to predict the fate of these nanobots in anin
5. CONCLUSION AND FUTURE PROSPECT vivo environment could result ineetive bench side

Navigation across the BBB continues to be one of the prima®pplications:® However, mobility and tracking in the in
challenges in neurotheranostics development. While nan@yO environment are a matter of continuous improvement
delivery strategies continue to be the best choice in this regafdth advancing technologies in design and development of
nanobots can be considered as the pinnacle for surpassing BBBOrobots to cross the logical barriers. Hence, an
defenses with better control. In future the nanomotors desidftegration of in vitro and in silico techniques could result in
must accompany application-spedésign strategy to follow the development of ective theranostic nanobots for neuro-
facile systemic clearance/removal after the therapeutic deIika?'CaI disorders in the future.

to the CNS. Therefore, functions required by nanomotors for

the therapeutic payload, targeting to BBB, maneuvering control AUTHOR INFORMATION

while in systemic circulation and clearance from kid”e@orresponding Authors

[tration must be rected in their physical design intended Ajay Vikram SingB Department of Chemical and Product

as per the applications. The smart in vivo performance of ‘gafety, German Federal Institute for Risk Assessment (BfR),
nanomotors can be envisioned by selecting self-degradable 10559 Berlin Germanyorcid.org/0000-0002-9875-

biopolymers designs that can be broken down into their tiny 7797 Email:Ajay-Vikram.Singh@bfr.bund.de
molecular components to readily clear from brain without Sarad:a Prasad DakiidDepartment of Surgery, Hamad

causing any immunogenic response or toxicity to brain cells. edical Corporation (HMC), 3050 Doha, Qatar
Therefore, nanorobotics can appreciate plenty of leverage from Email:SDakua@hamad.qa ' ’

bioinspired designs strategies involving biomaterials research.

In spite of greater development and successful in vitruthors

demonstration of nanorobots with precise control, actuation, vaisali Chandrasek&rDepartment of Surgery, Hamad

and cellular targeting, in vivo applications face tremendous Medical Corporation (HMC), 3050 Doha, Qatar

challenges to tame the nanorobots for the theranostic imagingPoonam JanaparedflyDepartment of Surgery, Hamad

and chemotherapeutic delivery across the BBB. Considering Medical Corporation (HMC), 3050 Doha, Qatar

reduction, renements, and replacement (three Rs) in Divya Elsa Mathevi Department of Surgery, Hamad

research, the iterative designs of nanorobots can be improved Medical Corporation (HMC), 3050 Doha, Qatar

and tested in the realistic phantoms and ex vivo tissuespeter Laus Department of Chemical and Product Safety,

following scient€ ethics and the regulatory permission aspects  German Federal Institute for Risk Assessment (BfR), 10589

for rapid bench-to-bedside translation. Berlin, Germany; orcid.org/0000-0002-0351-3392
Visualizing the dynamics of NPs in the laboratory is often Andreas LucK Department of Chemical and Product Safety,

achieved by uorescent images of adherent cell monolayer ~ German Federal Institute for Risk Assessment (BfR), 10589

culture. Computer simulations have helped model and imagine Berlin, Germany

these complex structures, but stochastic simulations lackyin YangS College of Science and Engineering, Hamad Bin

physical grounding and are hard to understand. Crowdsourcing Khalifa University (HBKU), 24404 Doha, Qatar

test beds can be a key to simplifying stochastic simulations angeatriz Garcia-CanibaSoDepartment of Surgery, Hamad

the physical world predicting homogeneous or inhomogeneous Medical Corporation (HMC), 3050 Doha, Qatar

distribution of NPs over cell monolayer depending on sShidin Balakrishna® Department of Surgery, Hamad

tightness of membradeorona binding. The machine Medical Corporation (HMC), 3050 Doha, Qatar

intelligence has to come up with the superior algorithms to julien Abinahe8 Department of Surgery, Hamad Medical

tame and control these nanomotors to cross the BBB and reach Corporation (HMC), 3050 Doha, Qatar

deeper into the brain tumor. Better algorithms are needed to Abdulla Al Ansat$ Department of Surgery, Hamad Medical

simulate the binding kinetics, transport, and internalization of ~Corporation (HMC), 3050 Doha, Qatar

nanoparticles on a represgive cell monolayer, and

stochastic and deterministic rea&ibrusion models can

be implemented. Rather than modeling a speell line in

focus, the experimentalist must collaborate with codlg thor Contributions

developers to focus on a complex scenario whose solut'oﬁ . :

will generalize to a wide variety ofStéfls interactions \V.S. and V.C. contributed equally to this work.

addressing in a wide variety of biological barriers enviroAuthor Contributions

ments. Such an advanced algorithm will predict delay&tbnceptualization was done by A.V.S., V.C., S.B., S.P.D., and

binding to cells close to microcapillaries untilr$tdbatch of  Y.Y. Data curation was done by A.V.S., V.C., and P.J. Original

internalized particles are actively pushed deeper into tumahsaft preparation was done by AV.S., S.B., V.C., and P.J.

via active magnetic nanorobots swarms controlled Hyeview and editing of the manuscript were done by A.V.S,,

untethered magnetic cdiS. V.C.,PJ., AL, P.L,B.G.-C., JA, and A.A.A. Graphic design
In conclusion, the actual envisioned application of nan@nd visualization were done by P.J., D.E.M., and V.C.

robots to payload delivery across the BBB needs to address$wpervision was by A.V.S., P.L., and S.P.D. Project

common challenges (synthesis, mobility, tracking, toxicitggdministration was done by A.V.S. and S.P.D. Funding

biodegradability, etc.) in addition to control and maneuveringcquisition was done by A.V.S., S.B., S.P.D., and A.L. All

Complete contact information is available at:
https://pubs.acs.org/10.1021/acschemneuro.1c00087

(@] https://doi.org/10.1021/acschemneuro.1c00087
ACS Chem. NeuroskiXXX, XXX, XXSKXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ajay+Vikram+Singh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9875-7727
https://orcid.org/0000-0002-9875-7727
mailto:Ajay-Vikram.Singh@bfr.bund.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarada+Prasad+Dakua"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:SDakua@hamad.qa
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vaisali+Chandrasekar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Poonam+Janapareddy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Divya+Elsa+Mathews"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Laux"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0351-3392
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Luch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yin+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beatriz+Garcia-Canibano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shidin+Balakrishnan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julien+Abinahed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdulla+Al+Ansari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00087?ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00087?rel=cite-as&ref=PDF&jav=VoR

ACS Chemical Neuroscience pubs.acs.org/chemneuro

authors have read and agreed to the published version of ti{&8) Haddad-Tovolli, R., Dragano, N. R. V., Ramalho, A. F. S., and

manuscript. Velloso, L. A. (2017) Development and Function of the Blood-Brain
Barrier in the Context of Metabolic Controbnt. Neurosci., PP4.
Notes (19) Keaney, J., and Campbell, M. (2015) The Dynamic Blood-
The authors declare no competingncial interest. Brain BarrielfEBS J. 2821), 40654079.
(20) Yao, Y., and Tsirka, S. E. (2011) Truncation of Monocyte
ACKNOWLEDGMENTS Chemoattractant Protein 1 by Plasmin Promotes Blood-Brain Barrier

DisruptionJ. Cell Sci. 128), 148651495.

This work was supported by Grants BfR SFP 1322-725 ang1) Trost, A., Lange, S., Schroed|, F., Bruckner, D., Motloch, K. A.,
BfR SFP 1322-735 (A.V.S.). This work was partly supportdbgner, B., Kaser-Eichberger, A., Strohmaier, C., Runge, C., Aigner,
by Hamad Medical Corporation Grant IRGC-05-SI-18-360. L., Rivera, F. J., and Reitsamer, H. A. (2016) Brain and Retinal
Pericytes: Origin, Function and RBlent. Cell. Neurgs20.
(22) Saraiva, C., PmdC., Ferreira, R., Santos, T., Ferreira, L., and

REFERENCES Bernardino, L. (2016) Nanoparticle-Mediated Brain Drug Delivery:
(1) Pamies, D., Hartung, T., and Hogberg, H. T. (2014) BiologicaDvercoming Blood-Brain Barrier to Treat Neurodegenerative
and Medical Applications of a Brain-on-a-Ehip. Biol. Med. 239 Diseases. Controlled Release 28%47.

(9), 109651107. ) (23) Lombardo, S. M., Schneider, MreliuA. E., and Tali, N. G.
(2) Perrin, S. (2014) Make Mouse Studies Wxaikure 5074235 (2020) Key for Crossing the BBB with Nanoparticles: The Rational
425. DesignBeilstein J. Nanotechnol86&883.

(3) Kreuter, J. (2014) Drug Delivery to the Central Nervous System(24) Hervé, F., Ghinea, N., and Scherrmann, J. M. (2008) CNS
by Polymeric Nanoparticles: What Do We Krkav? Drug Delivery — Delivery via Adsorptive TranscytdsiPS J. 10155472,

Rev. 712514, (25) Tosi, G., Bortot, B., Ruozi, B., Dolcetta, D., Vandelli, M. A.,

(4) Yang, X., Zhou, T., Zwang, T. J., Hong, G., Zhao, Y., Viveros, Rorni, F., and Severini, G. M. (2013) Potential Use of Polymeric
D., Fu, T. M., Gao, T., and Lieber, C. M. (2019) Bioinspired NeuronNanoparticles for Drug Delivery Across the Blood-Brain Barmier.
like Electronicdat. Mater. 185), 5105517. Med. Chem. 2Q7), 22152225,

(5) Lacour, S. P., Courtine, G., and Guck, J. (2016) Materials and26) Sanchez-Covarrubias, L., Slosky, L., Thompson, B., Davis, T.,
Technologies for Soft Implantable Neuroprostidsesfkev. Mater. and Ronaldson, P. (2014) Transporters at CNS Barrier Sites:
1, 1S14. Obstacles or Opportunities for Drug Delive€wy?. Pharm. Des. 20

(6) Ashrafizadeh, M., Mohammadinejad, R., Kailasa, S. K., Ahmddi), 14251449.

Z., Afshar, E. G., and Pardakhty, A. (2020) Carbon Dots as Versati[@7) Begley, D. (2004) ABC Transporters and the Blood-Brain
Nanoarchitectures for the Treatment of Neurological Disorders arBarrier.Curr. Pharm. Des. (i®), 129%1312.

Their Theranostic Applications: A Revigs. Colloid Interface Sci. (28) Scarpa, M., Bellettato, C. M., Lampe, C., and Begley, D. J.
278 102123. (2015) Neuronopathic Lysosomal Storage Disorders: Approaches to
(7) Vikram Singh, A., Laux, P., Luch, A., Balkrishnan, S., and PraJadat the Central Nervous Syst&mst Pract. Res., Clin. Endocrinol.

Dakua, S. (2019) Bottom-UP Assembly of Nanorobots: Extendirigetab. 29158171.
Synthetic Biology to Complex Material Deskgont. Nanosci. (29) Preston, J. E., Joan Abbott, N., and Begley, D. J. (2014)
Nanotechnol.(®), DOI: 10.15761/FNN.1000S2005 Transcytosis of Macromolecules at the Blood-Brain Badier.

(8) Novelino, L. S., Ze, Q., Wu, S., Paulino, G. H., and Zhao, RPharmacol. 7145163.

(2020) Untethered Control of Functional Origami Microrobots with (30) Bhalerao, A., Sivandzade, F., Archie, S. R., Chowdhury, E. A.,
Distributed Actuatioi®roc. Natl. Acad. Sci. U. S. A(39)724096 Noorani, B., and Cucullo, L. (2020) In Vitro Modeling of the
24101. Neurovascular Unit: Advances in the Fidldds Barriers CNS, 17

(9) Stern, L., and Gautier, R. (1921) Recherches Sur Le Liquid22.

Cephalo-Rachidien: l.-Les Rapports Entre Le Liquigdaloe (31) Greene, C., Hanley, N., and Campbell, M. (2020) Blood-Brain
Rachidien et La Circulation Sanguiweh. Int. Physiol. 12), Barrier Associated Tight Junction Disruption Is a Hallmark Feature of
1385192. Major Psychiatric Disordefsansl. Psychiatry (10, 1510.

(10) Ribatti, D., Nico, B., Crivellato, E., and Artico, M. (2006) (32) Sivandzade, F., and Cucullo, L. (2018) In-Vitro 8Brath
Development of the Blood-Brain Barrier: A Historical Point of ViewBarrier Modeling: A Review of Modern and Fast-Advancing
Anat. Rec., Part B 28388. Technologiesl. Cereb. Blood Flow Metabl @851681.

(11) Reese, T. S., and Karnovsky, M. J. (1967) Fine Structura(33) He, Y., Yao, Y., Tsirka, S. E., and Cao, Y. (2014) Cell-Culture
Localization of a Blood-Brain Barrier to Exogenous Perdki@zse. Models of the Blood-Brain Barrgiroke 45251462526.

Biol. 34(1), 2075217. (34) Cho, C. F., Wolfe, J. M., Fadzen, C. M., Calligaris, D.,

(12) Arthur, F. E., Shivers, R. R., and Bowman, P. D. (1987ornburg, K., Chiocca, E. A., Agar, N. Y. R., Pentelute, B. L., and
Astrocyte-Mediated Induction of Tight Junctions in Brain Capillaryawler, S. E. (2017) Blood-Brain-Barrier Spheroids as an in Vitro
Endothelium: An Efficient in Vitro ModBlev. Brain Res. @B, Screening Platform for Brain-Penetrating Afet€ommun.(@),
1555159. 1S14.

(13) Brown, L. S., Foster, C. G., Courtney, J. M., King, N. E.,(35) Man, S., Ubogu, E. E., Williams, K. A., Tucky, B., Callahan, M.
Howells, D. W., and Sutherland, B. A. (2019) Pericytes anH., and Ransohoff, R. M. (2008) Human Brain Microvascular

Neurovascular Function in the Healthy and Diseased Boah. Endothelial Cells and Umbilical Vein Endothelial Cells Differentially
Cell. Neurosci.,7B2. Facilitate Leukocyte Recruitment and Utilize Chemokines for T Cell
(14) Daneman, R., and Prat, A. (2015) The HBoain Barrier. Migration.Clin. Dev. Immunol. 20Q8

Cold Spring Harbor Perspect. Bjb), Z020412. (36) Veszelka, S., Toth, A., Walter, F. R., Téth, A. E., Grof, I,
(15) Chow, B. W., and Gu, C. (2015) The Molecular ConstituentdMészaros, M., Bocsik, A., HellingerV&stag, M., Rakhely, G., and
of the Blood-Brain Barri@rends Neurosci, 398608. Deli, M. A. (2018) Comparison of a Rat Primary Cell-Based Blood-

(16) Profaci, C. P., Munji, R. N., Pulido, R. S., and Daneman, Brain Barrier Model with Epithelial and Brain Endothelial Cell Lines:
(2020) The Bloo8Brain Barrier in Health and Disease: Important Gene Expression and Drug Transpodnt. Mol. Neurosci, 166.
Unanswered Questiods.Exp. Med. 21§20190062. (37) Lippmann, E. S., Azarin, S. M., Kay, J. E., Nessler, R. A., Wilson,

(17) Abbott, N. J., Patabendige, A. A. K., Dolman, D. E. M., Yusof,8. K., Al-Ahmad, A., Palecek, S. P., and Shusta, E. V. (2012)
R., and Begley, D. J. (2010) Structure and Function of the Bloo@erivation of Blood-Brain Barrier Endothelial Cells from Human
Brain BarriemNeurobiol. Dis. 373525. Pluripotent Stem Cellsat. Biotechnol. 88), 7835791.

P https://doi.org/10.1021/acschemneuro.1c00087
ACS Chem. NeuroskiXXX, XXX, XXSKXX


https://doi.org/10.1177/1535370214537738
https://doi.org/10.1177/1535370214537738
https://doi.org/10.1038/507423a
https://doi.org/10.1016/j.addr.2013.08.008
https://doi.org/10.1016/j.addr.2013.08.008
https://doi.org/10.1038/s41563-019-0292-9
https://doi.org/10.1038/s41563-019-0292-9
https://doi.org/10.1038/natrevmats.2016.63
https://doi.org/10.1038/natrevmats.2016.63
https://doi.org/10.1016/j.cis.2020.102123
https://doi.org/10.1016/j.cis.2020.102123
https://doi.org/10.1016/j.cis.2020.102123
https://doi.org/10.15761/FNN.1000S2005
https://doi.org/10.15761/FNN.1000S2005
https://doi.org/10.15761/FNN.1000S2005?ref=pdf
https://doi.org/10.1073/pnas.2013292117
https://doi.org/10.1073/pnas.2013292117
https://doi.org/10.3109/13813452109146211
https://doi.org/10.3109/13813452109146211
https://doi.org/10.3109/13813452109146211
https://doi.org/10.1002/ar.b.20087
https://doi.org/10.1083/jcb.34.1.207
https://doi.org/10.1083/jcb.34.1.207
https://doi.org/10.1016/0165-3806(87)90075-7
https://doi.org/10.1016/0165-3806(87)90075-7
https://doi.org/10.3389/fncel.2019.00282
https://doi.org/10.3389/fncel.2019.00282
https://doi.org/10.1101/cshperspect.a020412
https://doi.org/10.1016/j.tins.2015.08.003
https://doi.org/10.1016/j.tins.2015.08.003
https://doi.org/10.1084/jem.20190062
https://doi.org/10.1084/jem.20190062
https://doi.org/10.1016/j.nbd.2009.07.030
https://doi.org/10.1016/j.nbd.2009.07.030
https://doi.org/10.3389/fnins.2017.00224
https://doi.org/10.3389/fnins.2017.00224
https://doi.org/10.1111/febs.13412
https://doi.org/10.1111/febs.13412
https://doi.org/10.1242/jcs.082834
https://doi.org/10.1242/jcs.082834
https://doi.org/10.1242/jcs.082834
https://doi.org/10.3389/fncel.2016.00020
https://doi.org/10.3389/fncel.2016.00020
https://doi.org/10.1016/j.jconrel.2016.05.044
https://doi.org/10.1016/j.jconrel.2016.05.044
https://doi.org/10.1016/j.jconrel.2016.05.044
https://doi.org/10.3762/bjnano.11.72
https://doi.org/10.3762/bjnano.11.72
https://doi.org/10.1208/s12248-008-9055-2
https://doi.org/10.1208/s12248-008-9055-2
https://doi.org/10.2174/0929867311320170006
https://doi.org/10.2174/0929867311320170006
https://doi.org/10.2174/13816128113199990463
https://doi.org/10.2174/13816128113199990463
https://doi.org/10.2174/1381612043384844
https://doi.org/10.2174/1381612043384844
https://doi.org/10.1016/j.beem.2014.12.001
https://doi.org/10.1016/j.beem.2014.12.001
https://doi.org/10.1016/bs.apha.2014.06.001
https://doi.org/10.1186/s12987-020-00183-7
https://doi.org/10.1186/s12987-020-00183-7
https://doi.org/10.1038/s41398-020-01054-3
https://doi.org/10.1038/s41398-020-01054-3
https://doi.org/10.1038/s41398-020-01054-3
https://doi.org/10.1177/0271678X18788769
https://doi.org/10.1177/0271678X18788769
https://doi.org/10.1177/0271678X18788769
https://doi.org/10.1161/STROKEAHA.114.005427
https://doi.org/10.1161/STROKEAHA.114.005427
https://doi.org/10.1038/ncomms15623
https://doi.org/10.1038/ncomms15623
https://doi.org/10.1155/2008/384982
https://doi.org/10.1155/2008/384982
https://doi.org/10.1155/2008/384982
https://doi.org/10.1155/2008/384982
https://doi.org/10.3389/fnmol.2018.00166
https://doi.org/10.3389/fnmol.2018.00166
https://doi.org/10.3389/fnmol.2018.00166
https://doi.org/10.1038/nbt.2247
https://doi.org/10.1038/nbt.2247
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00087?rel=cite-as&ref=PDF&jav=VoR

ACS Chemical Neuroscience pubs.acs.org/chemneuro

(38) Hosoya, K. I., Takashima, T., Tetsuka, K., Nagura, T., Ohtsuki55) Palmiotti, C. A., Prasad, S., Naik, P., Abul, K. M. D., Sajja, R. K.,
S., Takanaga, H., Ueda, M., Yanai, N., Obinata, M., and TerasakiAthyuta, A. H., and Cucullo, L. (2014) In Vitro Cerebrovascular
(2000) MRNA Expression and Transport Characterization oModeling in the 21st Century: Current and Prospective Technologies.
Conditionally Immortalized Rat Brain Capillary Endothelial CelPharm. Res.,3322%3250.

Lines; a New in Vitro BBB Model for Drug TargeinBrug Target. (56) Cucullo, L., Couraud, P. O., Weksler, B., Romero, I. A,
8 (6), 3575370. Hossain, M., Rapp, E., and Janigro, D. (2008) Immortalized Human

(39) Karagiannis, P., Takahashi, K., Saito, M., Yoshida, Y., Okita, Brain Endothelial Cells and Flow-Based Vascular Modeling: A
Watanabe, A., Inoue, H., Yamashita, J. K., Todani, M., Nakagawa,N¥hrriage of Convenience for Rational Neurovascular Sfudies.
Osawa, M., Yashiro, Y., Yamanaka, S., and Osafune, K. (20&@}eb. Blood Flow Metah(2283125328.

Induced Pluripotent Stem Cells and Theirv Use in Human Models of(57) Santaguida, S., Janigro, D., Hossain, M., Oby, E., Rapp, E., and
Disease and Developméttiysiol. Rev., 985114 Cucullo, L. (2006) Side by Side Comparison between Dynamic versus
(40) Lippmann, E. S., Al-Ahmad, A., Palecek, S. P., and Shusta, Esiétic Models of Blood-Brain Barrier in Vitro: A Permeability Study.

(2013) Modeling the Blood-Brain Barrier Using Stem Cell Sourcegrain Res. 11@9), 1513.
Fluids Barriers CNS (10, 2. _ (58) Kang, S. M., Kim, D., Lee, J. H., Takayama, S., and Park, J. Y.

(41) Lippmann, E. S., Al-Ahmad, A., Azarin, S. M., Palecek, S. P., p@21) Engineered Microsystems for Spheroid and Organoid Studies.
Shusta, E. V. (2015) A Retinoic Acid-Enhanced, Multicellular HumaRgy. Healthcare Mater, 2001284.

Blood-Brain Barrier Model Derived from Stem Cell SoBoteBep.  (59) Clevers, H. (2016) Modeling Development and Disease with
4 (1), 1510. OrganoidsCell 16515861597.

(42) Appelt-Menzel, A., Cubukova, AntGer, K., Edenhofer, F., (g0) Kelava, I., and Lancaster, M. A. (2016) Stem Cell Models of
Piontek, J., Krause, G. et T., Walles, H., Neuhaus, W., and gyman Brain Developme@ell Stem Cell 1B365748.

Metzger, M. (2017) Establishment of a Human Blood-Brain Barriefg1) pham, M. T., Pollock, K. M., Rose, M. D., Cary, W. A., Stewart,
Co-Culture Model Mimicking the Neurovascular Unit Using Inducedy R zhou, P., Nolta, J. A., and Waldau, B. (2018) Generation of
Pluri- and Multipotent Stem Cefitem Cell Rep(4, 8945906. Human Vascularized Brain OrgandlésroReport 29), 5885593.

(43) Delsing, L., Herland, A., Falk, A., Hicks, R., Synnergren,J.,aqu) Mansour, A. A., Goalees, J. T., Bloyd, C. W., Li, H.,
Zetterberg, H. (2020) Models of the Blood-Brain Barrier Using IPSGegrnandes, S., Quang, D., Johnston, S., Parylak, S. L., Jin, X., and
Derived CellsMol. Cell. Neurosci. 103533. _ age, F. H. (2018) An in Vivo Model of Functional and Vascularized

(44) Canfield, S. G., Stebbins, M. J., Morales, B. S., Asai, S. W,man Brain Organoidsat. Biotechnol. 88), 4355441
Vatine, G. D, Svendsen, C. N, Palecek, S. P, and Shusta, E.( 3) Nzou. G.. Wicks. R. T Wicks E E.‘Seale SA Sane. C. H.
(2017) An Isogenic Blood-Brain Barrier Model Comprising Bra”bhen,A., Murphy, S. V.., Jackson, J. D., and Atala, A. J. (2018) Human

: = Bortex Spheroid with a Functional Blood Brain Barrier for High-
l?glsl)c ecdarﬁ}litézhpoée.rg-Stsetrgbg%ﬂssl\'iﬂelu\;?cgaelr}gi caﬁlwl’vlé.g?GL.SSgS.stfrien d roughput Neurotoxicity Screening and Disease Mo8elingep.

! ‘7413.
D., Palecek, S. P., and Shusta, E. V. (2019) An Isogenic Neurovasc .
Unit Model Comprised of Human Induced Pluripotent Stem CeII-L{@i) Pearson, T. S., Akman, C., Hinton, V. J., Engelstad, K., and De

Derived Brain Microvascular Endothelial Cells, Pericytes, Astrocyt\?/'svo’ D. C. (2013) Phenotypic Spectrum of Glucose Transporter

and Neuron<Eluids Barriers CNS. D6 ybe 1 Deficiency Syndrome (Glutl O8)er. Neurol. Neurosci. Rep.
(46) Workman, M. J., and Svendsen, C. N. (2020) Recent Advanc%% 342.

. M s . 5) Jiao, Y., Dou, Y., Lockwood, G., Pani, A., and Smeyne, R. J.
ga::iuerrsag,\lgsfzg erived Models of the Blood-Brain Béfels (2015) Acute Effects of 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyr-

(47) Vatine, G. D., Barrile, R., Workman, M. J., Sances, S., Barrig jdipe (MPTP) or Paraquat on Core Temperature in C57BL/6J Mice.
K., Rahnama, M., Barthakur, S., Kasendra, M., Lucchesi, C., Kerns; arkinstnDis. §2), 38%5401. .
Wen, N., Spivia, W. R., Chen, Z., Van Eyk, J., and Svendsen, C. .6) Wong, A.D., Ye, M., Levy, A. F., Rothsteln, ‘] D., Berglz_as, D'. E.
(2019) Human IPSC-Derived Blood-Brain Barrier Chips Enabl nd Searson, P. C. (2013) The Blood-Brain Barrier: An Engineering

Di Modeli =) li Medicine Applicas erspectivézront. Neuroeng.7
Cg?gj(e@ %%%rl%ggd ersonalized Medicine Applidaéthigiem (67) Musafargani, S., Mishra, S., Gulyas, M., Mahalakshmi, P.,

(48) Helms, H. C., Abbott, N. J., Burek, M., Cecchelli, R., Couraud\'chunan, G., Padmanabhan, P., and Gulyas, B. (2020) Blood Brain
P O. Deli M. A. Férster. C.. Galla. H. J.. Romero. . A.. Shusta. E.BArrier: A Tissue Engineered Microfluidic Chipleurosci. Methods

Stebbins, M. J., Vandenhaute, E., Weksler, B., and Brodin, B. (20%(3- 108525. . .
In Vitro Models of the Blood-Brain Barrier: An Overview of (68)0ddo, A., Peng, B., Tong, Z., Wei, Y., Tong, W. Y., Thissen, H.,

Commonly Used Brain Endothelial Cell Culture Models andd"d Voelcker, N. H. (2019) Advances in Microfluidic BB

Guidelines for Their Usg. Cereb. Blood Flow Metab8@5890. Barrier (BBB) Modeldrends Biotechnol, 329%1314.
(49) Aird, W. C. (2012) Endothelial Cell Heterogen@itid Spring (69) Bang, S., Lee, S. R., Ko, J,, Son, K, Tahk, D., Ahn, J., Im, C., and
Harbor Perspect. Medl)R a006429. Jeon, N. L. (2017) A Low Permeability Microfluidic Blood-Brain

(50) Franke, H., Galla, H. J., and Beuckmann, C. T. (1999) Aarrier Platform with Direct Contact between Perfusable Vascular

Improved Low-Permeability in Vitro-Model of the Blood-BrainNetwork and AstrocyteSci. Rep. (1), 1S10.

Barrier: Transport Studies on Retinoids, Sucrose, Halogegigol. ~ (70) Kim, J. A., Kim, H. N., Im, S. K., Chung, S., Kang, J. Y., and
Res. 818L), 65571. Choi, N. (2015) Collagen-Based Brain Microvasculature Model in
(51) Sekine, W., and Haraguchi, Y. (2011) Thickness Limitation anditro Using Three-Dimensional Printed Tempkitemicrofluidics 9

Cell Viability of Multi-Layered Cell Sheets and Overcoming thé2), 024115.

Di usion Limit by a Porous-Membrane Culture IndetBiochips (71) Li, J., Rossignol, F., and Macdonald, J. (2015) Inkjet Printing
Tissue Chips ¢a1), DOI: 10.4172/2153-0777.S1-007 for Biosensor Fabrication: Combining Chemistry and Technology for
(52) Chung, H. H., Mireles, M., Kwarta, B. J., and Gaborski, T. FAdvanced Manufacturingb Chip 1%12), 253%2558.

(2018) Use of Porous Membranes in Tissue Barrier and Co-Culturg72) Ho, C. M. B., Ng, S. H., Li, K. H. H., and Yoon, Y. J. (2015) 3D
ModelsLab Chip 1816751689. Printed Microfluidics for Biological Applicatibab.Chip 153625

(53) Seo, H. S., Motallebnejad, P., and Azarin, S. M. (20203637.

Advances and Opportunities for HiPSC-Derived Models of the(73) Kuang, X., Chen, K., Dunn, C. K., Wu, J,, Li, V. C. F., and Qi,

Blood-Brain Barrie€urr. Opin. Chem. Eng. B¥B. H. J. (2018) 3D Printing of Highly Stretchable, Shape-Memory, and
(54) Bhatia, S. N., and Ingber, D. E. (2014) Microfluidic Organs-onSelf-Healing Elastomer toward Novel 4D Prin&i@§. Appl. Mater.
Chips.Nat. Biotechnol.,326(6772. Interfaces 18), 738157388.

Q https://doi.org/10.1021/acschemneuro.1c00087

ACS Chem. NeuroskiXXX, XXX, XXSKXX


https://doi.org/10.3109/10611860008997912
https://doi.org/10.3109/10611860008997912
https://doi.org/10.3109/10611860008997912
https://doi.org/10.1152/physrev.00039.2017
https://doi.org/10.1152/physrev.00039.2017
https://doi.org/10.1186/2045-8118-10-2
https://doi.org/10.1038/srep04160
https://doi.org/10.1038/srep04160
https://doi.org/10.1016/j.stemcr.2017.02.021
https://doi.org/10.1016/j.stemcr.2017.02.021
https://doi.org/10.1016/j.stemcr.2017.02.021
https://doi.org/10.1016/j.mcn.2020.103533
https://doi.org/10.1016/j.mcn.2020.103533
https://doi.org/10.1111/jnc.13923
https://doi.org/10.1111/jnc.13923
https://doi.org/10.1111/jnc.13923
https://doi.org/10.1186/s12987-019-0145-6
https://doi.org/10.1186/s12987-019-0145-6
https://doi.org/10.1186/s12987-019-0145-6
https://doi.org/10.1186/s12987-019-0145-6
https://doi.org/10.1186/s12987-020-00191-7
https://doi.org/10.1186/s12987-020-00191-7
https://doi.org/10.1016/j.stem.2019.05.011
https://doi.org/10.1016/j.stem.2019.05.011
https://doi.org/10.1177/0271678X16630991
https://doi.org/10.1177/0271678X16630991
https://doi.org/10.1177/0271678X16630991
https://doi.org/10.1101/cshperspect.a006429
https://doi.org/10.1016/S0006-8993(98)01282-7
https://doi.org/10.1016/S0006-8993(98)01282-7
https://doi.org/10.1016/S0006-8993(98)01282-7
https://doi.org/10.4172/2153-0777.S1-007
https://doi.org/10.4172/2153-0777.S1-007
https://doi.org/10.4172/2153-0777.S1-007
https://doi.org/10.4172/2153-0777.S1-007?ref=pdf
https://doi.org/10.1039/C7LC01248A
https://doi.org/10.1039/C7LC01248A
https://doi.org/10.1016/j.coche.2020.05.006
https://doi.org/10.1016/j.coche.2020.05.006
https://doi.org/10.1038/nbt.2989
https://doi.org/10.1038/nbt.2989
https://doi.org/10.1007/s11095-014-1464-6
https://doi.org/10.1007/s11095-014-1464-6
https://doi.org/10.1038/sj.jcbfm.9600525
https://doi.org/10.1038/sj.jcbfm.9600525
https://doi.org/10.1038/sj.jcbfm.9600525
https://doi.org/10.1016/j.brainres.2006.06.027
https://doi.org/10.1016/j.brainres.2006.06.027
https://doi.org/10.1002/adhm.202001284
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1016/j.stem.2016.05.022
https://doi.org/10.1016/j.stem.2016.05.022
https://doi.org/10.1097/WNR.0000000000001014
https://doi.org/10.1097/WNR.0000000000001014
https://doi.org/10.1038/nbt.4127
https://doi.org/10.1038/nbt.4127
https://doi.org/10.1038/s41598-018-25603-5
https://doi.org/10.1038/s41598-018-25603-5
https://doi.org/10.1038/s41598-018-25603-5
https://doi.org/10.1007/s11910-013-0342-7
https://doi.org/10.1007/s11910-013-0342-7
https://doi.org/10.3233/JPD-140424
https://doi.org/10.3233/JPD-140424
https://doi.org/10.3389/fneng.2013.00007
https://doi.org/10.3389/fneng.2013.00007
https://doi.org/10.1016/j.jneumeth.2019.108525
https://doi.org/10.1016/j.jneumeth.2019.108525
https://doi.org/10.1016/j.tibtech.2019.04.006
https://doi.org/10.1016/j.tibtech.2019.04.006
https://doi.org/10.1038/s41598-017-07416-0
https://doi.org/10.1038/s41598-017-07416-0
https://doi.org/10.1038/s41598-017-07416-0
https://doi.org/10.1063/1.4917508
https://doi.org/10.1063/1.4917508
https://doi.org/10.1039/C5LC00235D
https://doi.org/10.1039/C5LC00235D
https://doi.org/10.1039/C5LC00235D
https://doi.org/10.1039/C5LC00685F
https://doi.org/10.1039/C5LC00685F
https://doi.org/10.1021/acsami.7b18265
https://doi.org/10.1021/acsami.7b18265
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00087?rel=cite-as&ref=PDF&jav=VoR

ACS Chemical Neuroscience pubs.acs.org/chemneuro

(74) Gong, H., Beauchamp, M., Perry, S., Woolley, A. T., anflystemic Injection of Targeted Exosoias. Biotechnol. Z9),
Nordin, G. P. (2015) Optical Approach to Resin Formulation for 308415345,

Printed MicrofluidicsRSC Adv. BL29), 10662%106632. (93) Jiang, Y., Zhang, J., Meng, F., and Zhong, Z. (2018)

(75) Postiglione, G., Natale, G., Griffini, G., Levi, M., and Turri, SApolipoprotein e Peptide-Directed Chimeric Polymersomes Mediate
(2015) Conductive 3D Microstructures by Direct 3D Printing of an Ultrahigh-Efficiency Targeted Protein Therapy for Glioblastoma.
Polymer/Carbon Nanotube Nanocomposites via Liquid DepositioACS Nano 1¢11), 1107611079.

Modeling. Composites, Part A 768114, (94) Tang, W., Fan, W., Lau, J., Deng, L., Shen, Z., and Chen, X.

(76) Saari, M., Cox, B., Richer, E., Krueger, P. S., and Cohen, A(2019) Emerging Blood-Brain-Barrier-Crossing Nanotechnology for
(2015) Fiber Encapsulation Additive Manufacturing: An Enablin@rain Cancer Theranosti€hiem. Soc. Rev, 28553014,

Technology for 3D Printing of Electromechanical Devices and(95) Huang, R., Harmsen, S., Samii, J. M., Karabeber, H., Pitter, K.
Robotic Component8D Print. Addit. Manuf.(2), 32539. L., Holland, E. C., and Kircher, M. F. (2016) High Precision Imaging

(77) Singh, A. V., Ansari, M. H. D., Laux, P., and Luch, A. (2019)f Microscopic Spread of Glioblastoma with a Targeted Ultrasensitive
Micro-Nanorobots: Important Considerations When DevelopingSERRS Molecular Imaging Prdieeranostics(8), 107%51084.

Novel Drug Delivery PlatformExpert Opin. Drug Delivery 16 (96) Patil, R., Ljubimov, A. V., Gangalum, P. R., Ding, H., Portilla-
125%1275. Arias, J., Wagner, S., Inoue, S., Konda, B., Rekechenetskiy, A.,

(78) McNeill, J. M., Nama, N., Braxton, J. M., and Mallouk, T. EChesnokova, A., Markman, J. L., Ljubimov, V. A, Li, D., Prasad, R. S.,
(2020) Wafer-Scale Fabrication of Micro- To Nanoscale BubblBlack, K. L., Holler, E., and Ljubimova, J. Y. (2015) MRI Virtual
Swimmers and Their Fast Autonomous Propulsion by UltrasounBiopsy and Treatment of Brain Metastatic Tumors with Targeted
ACS Nano 146), 75287528. Nanobioconjugates: Nanoclinic in the BA@S Nano ), 55946

(79) Singh, A. V., Dad Ansari, M. H., Dayan, C. B., Giltinan, J5608.

Wang, S., Yu, Y., Kishore, V., Laux, P., Luch, A., and Sitti, M. (201997) Dhawan, S., Kapil, R., and Singh, B. (2011) Formulation
Multifunctional Magnetic Hairbot for Untethered OsteogenesisDevelopment and Systematic Optimization of Solid Lipid Nano-
Ultrasound Contrast Imaging and Drug DeliBiomaterials 219  particles of Quercetin for Improved Brain DelivéryPharm.
119394. Pharmacol. §3), 3425351.

(80) Aubry, M., Wang, W. A., Guyodo, Y., Delacou, E., Guigner, J98) Trapani, A., De Giglio, E., Cafagna, D., Denora, N., Agrimi, G.,
M., Espeli, O., Lebreton, A., Guyot, F., and Gueroui, Z. (2020) Coftassano, T., Gaetani, S., Cuomo, V., and Trapani, G. (2011)
for Magnetic Control and the Spatial Localization of Funé&i®8s. Characterization and Evaluation of Chitosan Nanoparticles for
Synth. Biol. @1), 303$3041. Dopamine Brain Deliveiyt. J. Pharm. 41252), 296307.

(81) Ramesh, P., Hwang, S.-J., Davis, H. C., Lee-Gosselin, A99) Arisoy, S., Sayiner, O., Comoglu, T., Onal, D., Atalay, O., and
Bharadwaj, V., English, M. A., Sheng, J., lyer, V., and Shapiro, MP@hlivanoglu, B. (2020) In Vitro and in Vivo Evaluation of Levodopa-
(2018) Ultraparamagnetic Cells Formed through Intracellulatoaded Nanoparticles for Nose to Brain Delivmarm. Dev.
Oxidation and Chelation of Paramagnetic kogew. Chem., Int. Technol. 28), 7355747.

Ed. 57(38), 1238512389. (100) Ahlawat, J., Barroso, G. G., Asil, S. M., Alvarado, M.,

(82) Becker, A., Onyuksel, C., Bretl, T., and McLurkin, J. (2014Armendariz, I., Bernal, J., Carabaza, X., Chavez, S., Cruz, P., Escalante,
Controlling Many Differential-Drive Robots with Uniform Control V., Estorga, S., Fernandez, D., Lozano, C., Marrufo, M., Ahmad, N.,

Inputs.Int. J. Rob. Res.(33), 16261644. Negrete, S., Olvera, K., Parada, X., Portillo, B., Ramirez, A., Ramos, R.,
(83) Soto, F., Wang, J., Ahmed, R., and Demirci, U. (2020) MedicRodriguez, V., Rojas, P., Romero, J., Suarez, D., Urueta, G., Viel, S.,
Micro/Nanorobots in Precision MediciAelv. Sci.,72002203. and Narayan, M. (2020) Nanocarriers as Potential Drug Delivery

(84) Tsai, L. W., Lin, Y. C., Perevedentseva, E., Lugovtsov, &andidates for Overcoming the B&Brhin Barrier: Challenges and
Priezzhev, A., and Cheng, C. L. (2016) Nanodiamonds for MedicBbssibilitiesACS Omega 5258%12505.

Applications: Interaction with Blood in Vitro and in itoJ. Mol. (101) Takahashi, T., Marushima, A., Nagasaki, Y., Hirayama, A.,
Sci. 147), 1111. Muroi, A., Puentes, S., Mujagic, A., Ishikawa, E., and Matsumura, A.
(85) Soares, T. B., Loureiro, L., Carvalho, A., Oliveira, M. E. C. 2020) Novel Neuroprotection Using Antioxidant Nanoparticles in a

R., Dias, A., Sarmento, B., antdd,UM. (2018) Lipid Nanocarriers Mouse Model of Head Traunda.Trauma Acute Care Surd588
Loaded with Natural Compounds: Potential New Therapies for Age775685.

Related Neurodegenerative Dise&ses? Neurobiol. 163541. (102) Gao, J. Q., Lv, Q., Li, L. M., Tang, X. J., Li, F. Z., Hu, Y. L.,
(86) Grabrucker, A. M., Ruozi, B., Belletti, D., Pederzoli, F., Forrand Han, M. (2013) Glioma Targeting and Blood-Brain Barrier
F., Vandelli, M. A., and Tosi, G. (2016) Nanoparticle TransporPenetration Bydual-Targeting Doxorubincin Lipos@&ioasaterials

across the Blood Brain Barriéssue Barriersefl153568. 34(22), 56285639.
(87) Pardridge, W. M. (2012) Drug Transpgrt across the Blood- (103) Jia, Y., Wang, X., Hu, D., Wang, P., Liu, Q., Zhang, X., Jiang, J.,
Brain Barrier]. Cereb. Blood Flow Metaghl @%$1972. Liu, X., Sheng, Z., Liu, B., and Zheng, H. (2019) Phototheranostics:

(88) Xue, J., Zhao, Z., Zhang, L., Xue, L., Shen, S., Wen, Y., Wei Attive Targeting of Orthotopic Glioma Using Biomimetic Proteolipid
Wang, L., Kong, L., Sun, H., Ping, Q., Mo, R., and Zhang, C. (201KjanoparticlesACS Nano 181), 3865398.
Neutrophil-Mediated Anticancer Drug Delivery for Suppression 0f104) Seo, J. W., Ang, J. C., Mahakian, L. M., Tam, S., Fite, B.,
Postoperative Malignant Glioma Recurréviae. Nanotechnol. 12 Ingham, E. S., Beyer, J., Forsayeth, J., Bankiewicz, K. S., Xu, T., and
(7), 6925700. Ferrara, K. W. (2015) Self-Assembled 20-Nm 64Cu-Micelles Enhance
(89) Morad, G., Carman, C. V., Hagedorn, E. J., Perlin, J. R., Zon,Accumulation in Rat GlioblastodaControlled Release(Raét A),
I, Mustafaoglu, N., Park, T. E., Ingber, D. E., Daisy, C. C., and Mos&$60.
M. A. (2019) Tumor-Derived Extracellular Vesicles Breach the Intacf105) Lollo, G., Ullio-Gamboa, G., Fuentes, E., Matha, K., Lautram,

Blood-Brain Barrier via Transcytoai8S Nano 1812), 1385% N., and Benoit, J.-P. (2018) In Vitro Anti-Cancer Activity and
13865. Pharmacokinetic Evaluation of Curcumin-Loaded Lipid Nano-
(90) Pulgar, V. M. (2019) Transcytosis to Cross the Blood BraircapsulesMater. Sci. Eng., G 85%5867.

Barrier, New Advancements and Challdfages. Neurosci., 1219. (106) Fan, K., Jia, X., Zhou, M., Wang, K., Conde, J., He, J., Tian, J.,

(91) Chen, Y., and Liu, L. (2012) Modern Methods for Delivery ofand Yan, X. (2018) Ferritin Nanocarrier Traverses the Blood Brain
Drugs across the Blood-Brain Barfidk. Drug Delivery Rev, 64 Barrier and Kills GliomACS Nano 1£5), 41054115,
6405665. (107) Hou, K., Zhao, J., Wang, H., Li, B., Li, K., Shi, X., Wan, K., Ai,
(92) Alvarez-Erviti, L., Seow, Y., Yin, H., Betts, C., Lakhal, S., add Lv, J., Wang, D., Huang, Q., Wang, H., Cao, Q., Liu, S., and Tang,
Wood, M. J. A. (2011) Delivery of SiRNA to the Mouse Brain byZ. (2020) Chiral Gold Nanoparticles Enantioselectively Rescue

R https://doi.org/10.1021/acschemneuro.1c00087
ACS Chem. NeuroskiXXX, XXX, XXSKXX


https://doi.org/10.1039/C5RA23855B
https://doi.org/10.1039/C5RA23855B
https://doi.org/10.1016/j.compositesa.2015.05.014
https://doi.org/10.1016/j.compositesa.2015.05.014
https://doi.org/10.1016/j.compositesa.2015.05.014
https://doi.org/10.1089/3dp.2015.0003
https://doi.org/10.1089/3dp.2015.0003
https://doi.org/10.1089/3dp.2015.0003
https://doi.org/10.1080/17425247.2019.1676228
https://doi.org/10.1080/17425247.2019.1676228
https://doi.org/10.1021/acsnano.0c03311
https://doi.org/10.1021/acsnano.0c03311
https://doi.org/10.1016/j.biomaterials.2019.119394
https://doi.org/10.1016/j.biomaterials.2019.119394
https://doi.org/10.1021/acssynbio.0c00286
https://doi.org/10.1021/acssynbio.0c00286
https://doi.org/10.1002/anie.201805042
https://doi.org/10.1002/anie.201805042
https://doi.org/10.1177/0278364914543481
https://doi.org/10.1177/0278364914543481
https://doi.org/10.1002/advs.202002203
https://doi.org/10.1002/advs.202002203
https://doi.org/10.3390/ijms17071111
https://doi.org/10.3390/ijms17071111
https://doi.org/10.1016/j.pneurobio.2018.04.004
https://doi.org/10.1016/j.pneurobio.2018.04.004
https://doi.org/10.1016/j.pneurobio.2018.04.004
https://doi.org/10.1080/21688370.2016.1153568
https://doi.org/10.1080/21688370.2016.1153568
https://doi.org/10.1038/jcbfm.2012.126
https://doi.org/10.1038/jcbfm.2012.126
https://doi.org/10.1038/nnano.2017.54
https://doi.org/10.1038/nnano.2017.54
https://doi.org/10.1021/acsnano.9b04397
https://doi.org/10.1021/acsnano.9b04397
https://doi.org/10.3389/fnins.2018.01019
https://doi.org/10.3389/fnins.2018.01019
https://doi.org/10.1016/j.addr.2011.11.010
https://doi.org/10.1016/j.addr.2011.11.010
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1021/acsnano.8b05265
https://doi.org/10.1021/acsnano.8b05265
https://doi.org/10.1039/C8CS00805A
https://doi.org/10.1039/C8CS00805A
https://doi.org/10.7150/thno.13842
https://doi.org/10.7150/thno.13842
https://doi.org/10.7150/thno.13842
https://doi.org/10.1021/acsnano.5b01872
https://doi.org/10.1021/acsnano.5b01872
https://doi.org/10.1021/acsnano.5b01872
https://doi.org/10.1111/j.2042-7158.2010.01225.x
https://doi.org/10.1111/j.2042-7158.2010.01225.x
https://doi.org/10.1111/j.2042-7158.2010.01225.x
https://doi.org/10.1016/j.ijpharm.2011.07.036
https://doi.org/10.1016/j.ijpharm.2011.07.036
https://doi.org/10.1080/10837450.2020.1740257
https://doi.org/10.1080/10837450.2020.1740257
https://doi.org/10.1021/acsomega.0c01592
https://doi.org/10.1021/acsomega.0c01592
https://doi.org/10.1021/acsomega.0c01592
https://doi.org/10.1097/TA.0000000000002617
https://doi.org/10.1097/TA.0000000000002617
https://doi.org/10.1016/j.biomaterials.2013.03.097
https://doi.org/10.1016/j.biomaterials.2013.03.097
https://doi.org/10.1021/acsnano.8b06556
https://doi.org/10.1021/acsnano.8b06556
https://doi.org/10.1021/acsnano.8b06556
https://doi.org/10.1016/j.jconrel.2015.09.057
https://doi.org/10.1016/j.jconrel.2015.09.057
https://doi.org/10.1016/j.msec.2018.06.014
https://doi.org/10.1016/j.msec.2018.06.014
https://doi.org/10.1016/j.msec.2018.06.014
https://doi.org/10.1021/acsnano.7b06969
https://doi.org/10.1021/acsnano.7b06969
https://doi.org/10.1038/s41467-020-18525-2
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00087?rel=cite-as&ref=PDF&jav=VoR

ACS Chemical Neuroscience pubs.acs.org/chemneuro

Memory Deficits in a Mouse Model of AlzheésnBiseaseNat. (123) Gao, Z., Chen, Y., Cai, X., and Xu, R. (2017) Predict Drug
Commun. 1(1), 1S11. Permeability to Blood-Brain-Barrier from Clinical Phenotypes: Drug
(108) Gandhi, N., Saiyed, Z. M., Napuri, J., Samikkannu, T., Reddigde Effects and Drug Indicatidisinformatics 8), 9015908.

P. V. B., Agudelo, M., Khatavkar, P., Saxena, S. K., and Nair, M. P.({24) Miao, R., Xia, L. Y., Chen, H. H., Huang, H. H., and Liang, Y.
(2010) Interactive Role of Human Immunodeficiency Virus Type 12019) Improved Classification of Blood-Brain-Barrier Drugs Using
(HIV-1) Clade-Specific Tat Protein and Cocaine in Blood-BrairPeep Learningci. Rep. @), 1S11.

Barrier Dysfunction: Implications for HIV-1associated Neurocogni{125) Wang, Z., Yang, H., Wu, Z., Wang, T, Li, W., Tang, Y., and
tive DisorderJ. NeuroVirol. 18), 2945305. Liu, G. (2018) In Silico Prediction of Bl&Rrain Barrier

(109) Costa, P. M., Wang, J. T. W., Morfin, J. F., Khanum, T., T¢,ermeability of Compounds by Machine Learning and Resampling
W., Sosabowski, J., Téth, E., and Al-Jamal, K. T. (201é‘f'eth°dsi0hemMedChemlm)x %}8%2201- 4 Hat
Functionalised Carbon Nano&s Enhance Brain Delivery of (126) Alsenan, S. A., Al-Turaiki, I. M., and Hafez, A. M. (2021)

ey . . — g uto-KPCA: A Two-Step Hybrid Feature Extraction Technique for
Q?Xé?;\i;%rgg&%mﬁgjlrgg Compound b (Pib)-Derived I"gandSéuantitative Structure-Activity Relationship Mod#likf: Access 9

. : 246652477.
(110) Neuschmelting, V., Harmsen, S., Beziere, N., Lockau, H., HS 27) Segler, M. H. S., Preuss, M., and Waller, M. P. (2018)

H.-T., Huang, R., Razansky, D., Ntziachristos, V., and Kircher, M. | f hemical h ith D N | Network
(2018) Dual-Modality Surface-Enhanced Resonance Raman Scatéefﬁqgg:% gNiE?SSSSE(}%é?eZOgglO. eep Neural Networks and

ing and Multispectral Optoastic Tomography Nanoparticle 158y Sanchez-Lengeling, B., and Aspuru-Guzik, A. (2018) Inverse
Approach for Brain Tumor Delineati®mall 1423), No. 1800740.  \olecular Design Using Machine Learning:Generative Models for
(111) Anselmo, A. C., and Mitragotri, S. (2019) Nanoparticles in th@atter Engineeringcience 3636G5365.

Clinic: An UpdateBioeng. Transl. Med3} e10143. (129) De Cao, N., and Kipf, T. (2018) MoIGAN: An Implicit
(112) Havel, H., Finch, G., Strode, P., Wolfgang, M., Zale, S., Bokenerative Model for Small Molecular Grapdriv,

., Youssoufian, H., Peterson, M., and Liu, M. (2016) NanomedicinegXiv:1805.11973.

From Bench to Bedside and Bey@PS J. 1), 13731378. (130) Hauert, S., and Bhatia, S. N. (2014) Mechanisms of
(113) Singh, A. V., Sigloch, H., Laux, P., Luch, A., Wagener, S., @gbperation in Cancer Nanomedicine: Towards Systems Nano-
Tentschert, J. (2020) Micro/Nanoplastics: An Emerging EnvirontechnologyTrends Biotechnol, 3285455,

mental Concern for the Future Dec&dent. Nanosci. Nanotechnol. 6 (131) Ramprasad, R., Batra, R., Pilania, G., Mannodi-Kanakkithodi,
DOI: 10.15761/FNN.1000191 A., and Kim, C. (2017) Machine Learning in Materials Informatics:
(114) Pandey, A. T., Pandey, I., Hachenberger, Y., Krause, B. Recent Applications and ProspegsComput. Mater, $4.

Haidar, R., Laux, P., Luch, A., Singh, M. P., and Singh, A. V. (202@132) Singh, K. P., and Gupta, S. (2014) Nano-QSAR Modeling for
Emerging Paradigm against Global Antimicrobial Resistance Wgedicting Biological Activity of Diverse Nanomat@&B(.Adv. 4
Bioprospecting of Mushroom into Novel Nanotherapeutics Develofi26), 1321513230.

ment.Trends Food Sci. Technol. 336 344.

(115) Tiwari Pandey, A., Pandey, |., Kanase, A., Verma, A., Garcia-

Canibano, B., Dakua, S. P., Balakrishnan, S., and Singh, M. P. (2021)

Validating Anti-Infective Activity of Pleurotus Opuntiae via Stand-

ardization of Its Bioactive Mycoconstituents through Multimodal

Biochemical ApproadBoatings 1), 484.

(116) Singh, A. V., Maharjan, R. S., Kanase, A., Siewert, K.,

Rosenkranz, D., Singh, R., Laux, P., and Luch, A. (2021) Machine-

Learning-Based Approach to Decode the Influence of Nanomaterial

Properties on Their Interaction with CAISS Appl. Mater. Interfaces

13 (1), 1943%51955.

(117) Saxena, D., Sharma, A., Siddiqui, M. H., and Kumar, R. (2019)

Blood Brain Barrier Permeability Prediction Using Machine Learning

Techniques: An Updat€urr. Pharm. Biotechnol.(28), 1163

1171.

(118) Singh, A. V., Rosenkranz, D., Ansari, M. H. D., Singh, R.,

Kanase, A., Singh, S. P., Johnston, B., Tentschert, J., Laux, P., and

Luch, A. (2020) Artificial Intelligence and Machine Learning

Empower Advanced Biomedical Material Design to Toxicity

PredictionAdv. Intell. Syst(22), 2070125.

(119) Singh, A. V., Ansari, M. H. D., Rosenkranz, D., Maharjan, R.

S., Kriegel, F. L., Gandhi, K., Kanase, A., Singh, R., Laux, P., and Luch,

A. (2020) Artificial Intelligence and Machine Learning in Computa-

tional Nanotoxicology: Unlocking and Empowering Nanomedicine.

Adv. Healthcare Matef19), 1901862.

(120) Toropov, A. A., Toropova, A. P., Beeg, M., Gobbi, M., and

Salmona, M. (2017) QSAR Model for Blood-Brain Barrier

Permeation). Pharmacol. Toxicol. MethodP&8 1), 518.

(121) Alsenan, S., Al-Turaiki, I., and Hafez, A. (2020) A Recurrent

Neural Network Model to Predict BI&&tain Barrier Permeability.

Comput. Biol. Chem, 897377.

(122) Wu, Z., Xian, Z., Ma, W., Liu, Q., Huang, X., Xiong, B., He, S.,

and Zhang, W. (2021) Artificial Neural Network Approach for

Predicting Blood Brain Barrier Permeability Based on a Group

Contribution Method.Comput. Methods Programs Biomed. 200

105943.

S https://doi.org/10.1021/acschemneuro.1c00087
ACS Chem. NeuroskiXXX, XXX, XXSKXX


https://doi.org/10.1038/s41467-020-18525-2
https://doi.org/10.3109/13550284.2010.499891
https://doi.org/10.3109/13550284.2010.499891
https://doi.org/10.3109/13550284.2010.499891
https://doi.org/10.3109/13550284.2010.499891
https://doi.org/10.7150/ntno.23125
https://doi.org/10.7150/ntno.23125
https://doi.org/10.1002/smll.201800740
https://doi.org/10.1002/smll.201800740
https://doi.org/10.1002/smll.201800740
https://doi.org/10.1002/btm2.10143
https://doi.org/10.1002/btm2.10143
https://doi.org/10.1208/s12248-016-9961-7
https://doi.org/10.1208/s12248-016-9961-7
https://doi.org/10.15761/FNN.1000191
https://doi.org/10.15761/FNN.1000191
https://doi.org/10.15761/FNN.1000191?ref=pdf
https://doi.org/10.1016/j.tifs.2020.10.025
https://doi.org/10.1016/j.tifs.2020.10.025
https://doi.org/10.1016/j.tifs.2020.10.025
https://doi.org/10.3390/coatings11040484
https://doi.org/10.3390/coatings11040484
https://doi.org/10.3390/coatings11040484
https://doi.org/10.1021/acsami.0c18470
https://doi.org/10.1021/acsami.0c18470
https://doi.org/10.1021/acsami.0c18470
https://doi.org/10.2174/1389201020666190821145346
https://doi.org/10.2174/1389201020666190821145346
https://doi.org/10.1002/aisy.202070125
https://doi.org/10.1002/aisy.202070125
https://doi.org/10.1002/aisy.202070125
https://doi.org/10.1002/adhm.201901862
https://doi.org/10.1002/adhm.201901862
https://doi.org/10.1016/j.vascn.2017.04.014
https://doi.org/10.1016/j.vascn.2017.04.014
https://doi.org/10.1016/j.compbiolchem.2020.107377
https://doi.org/10.1016/j.compbiolchem.2020.107377
https://doi.org/10.1016/j.cmpb.2021.105943
https://doi.org/10.1016/j.cmpb.2021.105943
https://doi.org/10.1016/j.cmpb.2021.105943
https://doi.org/10.1093/bioinformatics/btw713
https://doi.org/10.1093/bioinformatics/btw713
https://doi.org/10.1093/bioinformatics/btw713
https://doi.org/10.1038/s41598-019-44773-4
https://doi.org/10.1038/s41598-019-44773-4
https://doi.org/10.1002/cmdc.201800533
https://doi.org/10.1002/cmdc.201800533
https://doi.org/10.1002/cmdc.201800533
https://doi.org/10.1109/ACCESS.2020.3047375
https://doi.org/10.1109/ACCESS.2020.3047375
https://doi.org/10.1038/nature25978
https://doi.org/10.1038/nature25978
https://doi.org/10.1126/science.aat2663
https://doi.org/10.1126/science.aat2663
https://doi.org/10.1126/science.aat2663
https://doi.org/10.1016/j.tibtech.2014.06.010
https://doi.org/10.1016/j.tibtech.2014.06.010
https://doi.org/10.1016/j.tibtech.2014.06.010
https://doi.org/10.1038/s41524-017-0056-5
https://doi.org/10.1038/s41524-017-0056-5
https://doi.org/10.1039/C4RA01274G
https://doi.org/10.1039/C4RA01274G
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00087?rel=cite-as&ref=PDF&jav=VoR

