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sieves out major proportion of therapeutics with the exception of small lipophilic molecules. Various nano-deliv-
ery systems (NDS) provide an effective solution around this obstacle owing to their small size and targeting prop-
erties. To date, these systems have been used for several pre-clinical disease models including glioma,
neurodegenerative diseases and psychotic disorders. An efficacy screen for these systems involves a test battery

gﬁ:ivr:ords' designed to probe into the multiple facets of therapeutic delivery. Despite their wide application in redressing

Pre-clinical disease models various disease targets, the efficacy evaluation strategies for all can be broadly grouped into four modalities,

Nanoparticles namely: histological, bio-imaging, molecular and behavioural. This review presents a comprehensive insight

Histology into all of these modalities along with their strengths and weaknesses as well as perspectives on an ideal design

Bio-imaging for a panel of tests to screen brain nano-delivery systems.

Molecular © 2019 Elsevier B.V. All rights reserved.
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Fig. 1. Brain's protective shield: (1) Representation of blood-brain barrier (BBB) that effectively masks the brain from free access to the molecules in circulation and (2) Mechanisms of
evasion of the BBB used by various delivery systems to facilitate the molecules in circulation to gain access to the brain.

1. Introduction Two major causes of the CNS disorders are neurodegeneration and neu-
roinflammation. Neurodegenerative disorders like Alzheimer’s disease
The brain is befittingly protected by layers of fluidic and solid pro- (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and Amyo-
cesses along with the cerebrospinal fluid (CSF) that function together trophic Lateral Sclerosis (ALS) are a substantial proportion of CNS disor-
to buffer and protect it from challenges in the external environment ders that are characterized by age-related progressive loss of neuronal
that might result in brain injuries [1,2]. About 11% of the world function followed by cell death [5]. There are many causes and mecha-
poulation is currently suffering from disorders of the central nervous nism of neurodegeneration involving a cascade of molecular changes
system which is anticipated to increase to 14% by 2020 [3]. A major pro- that makes devising an efficient treatment very complicated [6].
portion of this is the elderly population over 70 years of age, where the Maintenance of brain homeostasis and the exchange of molecules
incidence of central nervous system (CNS) disorders is 50% or more [4]. between peripheral circulation and brain is stringently regulated by
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Dendrimers

Polymer-based

Fig. 2. Systematization of therapeutic nano-systems in the brain: These can either have an
intrinsic therapeutic effect or mediate the drug delivery into the site of action. These are
divided into inorganic, lipid-base and polymeric-based systems, depending on their
composition and structure.

three interfaces or barriers: the blood-brain barrier (BBB), the choroid
plexus epithelium and the arachnoid epithelium. Therapeutic delivery
to the brain in a systemic injection that is faced with these barriers.
BBB is a sieving layer composed of cerebrovascular endothelial cells, as-
trocytes end-feet, pericytes and basal lamina characterised by the pres-
ence of tight junctions between the endothelial cells, transmembrane
protein-complexes and minimal fenestra [7]. Molecules in circulation
have access through the BBB subject to following criteria (i) low molec-
ular weight lipid-soluble molecules (MW <400 Da) or (ii) endogenous
BBB transporter mediated transport. The role of these barriers and var-
ious strategies to circumvent them have been represented in Fig. 1.

The unsuitability of large-molecule drug candidates for many CNS
disorders hinders their clinical translation as they fail to reach the target
site in the brain at therapeutically relevant concentrations. The size-de-
pendent stringency of regulation by these barriers does not allow even
the therapeutic molecules to enter the brain, and this renders various
therapeutic strategies ineffective. To address this, there is mounting re-
search interest in developing nanotechnology-based strategies to over-
come these physical and biological barriers to therapeutic transport for
CNS disorders.

Brain-targeting nano-delivery systems (BNDS) provide a solution
more suited to the invasive neural surgeries to deliver therapeutics to
a target site in the brain. The BNDS could be broadly classified into
lipid-based, polymeric and inorganic colloidal systems in the size
range of 10-1000 nm [8] fabricated using natural or synthetic polymers.
These nano-systems show inherent diversification in their architecture
dictated by the fabrication protocols, drug-loading properties, mecha-
nism of brain-targeting, target specificity and stability of the system.
BNDS offer an advantage over other delivery systems in terms of the
magnitude of therapeutic loading [9]. Encapsulated therapeutics are
sheltered against chemical or enzymatic action when these systems
are delivered into the body and are in contact with circulation, thereby
increasing the odds of their delivery at a pharmacologically relevant
concentration. Multiple surface modifications could be used to tailor
BNDS for target specificity [10,11]. An effectual BNDS would be a metic-
ulously tailored balance of parameters including stability and reason-
able circulation time, immunogenicity and degradation profile. These
would enable the transport of a high payload in a spatiotemporally reg-
ulated manner while escaping the efflux transporters. Fig. 1 represents
the physical and biological barriers for therapeutic delivery into the

brain and elucidation of different BNDS with their mechanism of evad-
ing the BBB.

Physiological barriers such as reticulo-endothelial system and BBB
significantly impede the access to target regions in the brain even in
the presence of surface-engineered functional moieties. This makes
the need all the more urgent for a multi-modal efficacy evaluation par-
adigm to comprehensively assess the therapeutic efficacy and potential
challenges associated with the BNDS catering to specific CNS disorders.
In this review, we stratify all the available efficacy evaluation methods
for therapeutic and diagnostic nanoparticles that target the brain
while addressing a multitude of CNS disorders. These are grouped into
four prime modalities: histological, behavioural, bio-imaging and mo-
lecular. Furthermore, we discuss the relevance of each modality and
interplay of these modalities in detailed valuation of the success of
nano-therapeutic delivery by BNDS in varied disease models in terms
of of precise therapeutic targeting and functional recovery. Finally, we
summarize the major advantages and critical loopholes of each modal-
ity, highlighting the design of an ideal multi-faceted disease-oriented
assessment panel for screening the efficacy of the various BNDS in the
pre-clinical models.

2. Brain-localized nano-delivery systems

Nano systems have been widely used for the targeting of brain
diseases over the last two decades to replace the conventional ap-
proaches that still fail to address untreatable conditions [12]. This is
due to the capacity of these systems to increase drug bioavailability,
while decreasing toxicity [13].

These nano-structures can be classified into distinctive categories
according to different criteria. Based on their composition, they can be
divided into polymeric, lipid-based nanoparticles and inorganic nano-
particles [12] (Fig. 2). Their targeting and release properties will differ
depending on the material used, shape, size and functionalization.
With CNS, the existence of BBB increases the difficulty of designing a
system which can overcome it and reach the site of action. However,
many different systems have already been developed and tested in
pre-clinical models of diverse brain disorders such as brain tumors, is-
chemic stroke and neurodegenerative diseases [14] [Table 1].

For all pre-clinical brain disease models, studies from 1995 till date
have been summarized in Fig. 3, further categorized on the basis of dis-
ease models and species used for investigation. TBI and hemorrhagic
stroke have not been represented in the figure due to fewer studies in-
volving the brain nano-delivery systems catering to these diseases per-
formed till date. In the case of PD, the majority of these studies were
performed in Sprague-Dawley rats (Rattus), injured by 6-
Hydroxydopamine (6-OHDA) (53%). Rotenone and 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP) were also used within other
species such as mice (Mus) and zebrafish (Danio rerio) to induce Parkin-
sonism; however, the gold standard is still the use of 6-OHDA, because
of the plethora of PD features it promotes, which resemble the human
disease. Regarding the existing glioma pre-clinical models (Fig. 3b),
the only two species used were mouse and rat. There were more studies
with rats than with mice. The use of rodents is attractive for the devel-
opment and testing of new therapies, due to their many genetic, biolog-
ical and behavioural similarities with those of humans. Most the glioma
models (approximately 70%) were achieved post-inoculation with ei-
ther C6 or U87MG cells, which are rat and human glioma cell lines
respectively.

The majority of the studies in AD were conducted on rats (78%) and
the chief model used for these studies was the AR plaque model as AD is
neuropathlogically characterized by the accumulation of AR plaques
and neurofibrillary tangles. IgG-Saporin, scopolamine and ovariecto-
mized rats administered with D-Galactose (OVX-D-Gal) were the
other pharmacological models used for the pre-clinical studies using
BNDS as represented in Fig. 3c. Interestingly, transgenic mice over-
producing mutant amyloid precursor protein (APP) reproduce the



Table 1

Summary of BNDS used in varied pre-clinical models based on their compositions.

Polymeric-based nano-systems

Nanosystem tested Size (nm) Therapeutic molecule/Drug Targeting moiety Disease In vitro model In vivo model Route of Ref.
addressed administration
Core Polymer Surface Modification
Polymeric nanoparticles
PLA Transferin 120 BiCNU® Transferin receptor ~ Glioma N/A Adult male Sprague-Dawley rats Intracarotid [15]
(200-250 g)
PCL PEG 130-280 Camptothecin™ (EPR effect on Glioma N/A Female F344 Fisher rats (10-11 week Intracranial [16]
cancer) old, 150-175 g) (CED)
PBCA Polysorbate80 260 £ 5 Doxorubicin (LDL receptors) Glioma N/A Adult male Wistar rats (200-250g)  Intravenous [17]
PBCA Polysorbate80, 202 + 10 Doxorubicin SR-BI receptor Glioma N/A Male Wistar rats (210-290 g) Intravenous [18]
poloxamer188
PBCA Polysorbate80 - Doxorubicin (LDL receptors) Glioma N/A White Wistar rats (180-200 g) Intravenous [19]
PLGA Polysorbate80, 239.9-243.4 Doxorubicin N/A Glioma N/A Adult male Wistar rats (180-220 g) Intravenous [20]
poloxamer188
PBCA Polysorbate80 112 Gemcitabine (LDL receptors) Glioma C6 glioma cell Adult male Sprague-Dawley rats Intravenous [21]
line (220-250¢g)
PCL-PEG Angiopep-s 90 Paclitaxel LRP1 Glioma U87MG cell line Male BALB/c nude mice (4-5 weeks  Intravenous [22]
old, 18-22 g)
PBCA Polysorbate80 189.7 £ 7.6 Doxorubicin (LDL receptors) Glioma N/A Adult male Wistar rats (200-220 g) Intravenous [23]
PCL-PEG Aptamer 156.0 & 54.8 Paclitaxel Nucleolin Glioma C6 glioma cell Adult Sprague-Dawley rats Intravenous [24]
line (190-210g)
PCL-PEG PEG 725422 Paclitaxel (EPR effect) Glioma C6 glioma cell Male BALB/c nude mice(18-22 g); Intravenous [25]
line ICR mice (18-22 g)
PBCA Polysorbate80 1358 + 11.3 Temozolomide (LDL receptors) Glioma N/A Adult Wistar rats (180-220 g) Intravenous [26]
PBCA Polysorbate80 - TGF-B antisense oligonucleotide ~ (LDL receptors) Glioma N/A Fisher rats Intravenous [27]
PCL-PEG Angiopep2 159.9 Doxorubicin LPR1 Glioma C6 glioma cell Male Wistar rats (200-230 g) Intravenous [28]
line
PEG-PLGA ¢(RGDf(N-me) VK)-C 973 £ 1.7 Curcumin avP3, ovp5, and Glioma HUVECs and C6 ~ Adult male Sprague-Dawley rats Intravenous [29]
(cHP) a5p1 integrins glioma cell lines (180-220g)
PLGA - 175 + 40.75 Carboplatin N/A Glioma GBM cancer cell Adult male Wistar rats (225-275¢g);  Intracranial [30]
lines, Primary White pigs (40-45 kg) (CED)
neuroncultures
PLGA-PEG - 69 +4 Paclitaxel N/A Glioma N/A Adult female Fischer F344 rats Intracranial [31]
PEG-PLGA TGN, QSH, Ap42 125.5.10 £ 2.26 H102 N/A Alzheimer's  N/A Adult ICR mice (18-22 g) Intravenous [32]
Disease
PEG-PLGA Solanum tuberosum 118.7 bFGF N-acetylglucosamine Alzheimer's  N/A Adult male Sprague-Dawley rats Intranasal [33]
lectin Disease (200-230 g)
PLGA Polysorbate80 1388 + 4.3 Estradiol (LDL receptors) Alzheimer's  N/A Adult Sprague-Dawley rats Oral [34]
Disease (230-250¢)
PEG-PLA PVP 512422 Curcumin N/A Alzheimer's  MDCK cell line  Tg2576 transgenic mice Oral [35]
Disease
PLGA - 200 + 20 Curcumin N/A Alzheimer's ~ NSCs from Adult Wistar rats Intraperitoneal [36]
Disease hippocampus
PBCA Polysorbate80 40.5 4+ 6.9 Rivastigmine (LDL receptors) Alzheimer's  N/A Adult male Wistar rats (180-220g)  Intravenous [37]
Disease
PBCA Polysorbate80 35.58 + 4.64 Tacrine (LDL receptors) Alzheimer's  N/A Adult Wistar rats (180-220 g) Intravenous [38]
Disease
Chitosan 41 Tacrine N/A Alzheimer's  N/A Adult Wistar rats (180-220 g) Intravenous [39]
Disease
PLGA-b-PEG Ascorbic acid 90.1 & 5.2-133.1 Galantamine SVCT2 Alzheimer's ~ NIH/3T3 cell Adult Sprague-Sawley rats Intravenous [40]
+75 Disease line (7-8 weeks old, 180-220 g)
PLGA Pluronic 68 139.52 £ 5.35 Tarenflurbil N/A Alzheimer's  N/A Sprague-Dawley rats Intranasal [41]
Disease
PEG-PLGA - - NGF N/A Alzheimer's  N/A Adult Sprague-Dawley rats Intracranial [42]
Disease (200-250 g)

L
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Chitosan

Chitosan

Poly
(D,L-lactide-co--
glycolide)lactide:
glycolide

Alginate

PLGA

PLGA-PFCE

PLA

PEG-PLGA

PEG-PLGA

Chitosan
PBCA

PEG-PLGA

SBE-B-CD

PLA

culture
PLGA
PLGA

PCL
Chitosan

PCL
PNIPAM

Methylcellulose -
Docusate sodium salt

PVP

Polysorbate80

Lactoferin

Odorranalectin

Polysorbate80

Lactoferin

TAT

Adult male Wistar rats
(250-350 g)
Poloxamer 407

Poloxamer 407

Polysorbate80
Polysorbate80

Polysorbate80

161.3 + 4.7

119.7 + 2.69

113
250 +50

210

200 + 30

120

1148 + 5.6

98-148
250 + 30

42.50-141.70

214 (+7)-1000

175

Intraperitonal
167-318

84.1 £2.2-219.1
+47

261.40 + 3.52
198-257

230 + 25-261 +
03

615 + 45-7989 +
115

81 +59

Piperine
Bromocriptine

Dopamine

Curcumin
L-DOPA

microRNA-124

Resveratrol

Coumarin-6 (dye)

Urocortin peptide

Dopamine
Nerve Growth Factor

Rotigotine

Dopamine

Ritonavir

N,N-dimethylacrylamide-PEG

(571
Lorazepam
Risperidone

Haloperidol
Doxycycline hydrochloride

Haloperidol
Curcumin

Cilostazol®

N/A
N/A

N/A

N/A
N/A

N/A

(LDL receptors)

Lf receptor

L-fucose

N/A
(LDL receptors)

Lf receptor

N/A

N/A

N/A
N/A

(LDL receptors)
(LDL receptors)

(LDL receptors)
N/A

N/A

Alzheimer's
Disease
Parkinson's
Disease
Parkinson's
Disease

Parkinson's
Disease
Parkinson's
Disease
Parkinson's
Disease

Parkinson's
Disease
Parkinson's
Disease

Parkinson's
Disease

Parkinson's
Disease
Parkinson's
Disease
Parkinson's
Disease

Parkinson's

Disease
HIV

1244 +
0.823

Epilepsy
Psychosis

Psychosis
Psychosis

Oral
dyskinesia

Stroke

Stroke

N/A

N/A

SH-SY5Y cell
line

N/A

N/A
Subventricular
zone primary
cell cultures

N/A

bEnd.3 cell line

N/A

MDCKII-MDR1
cell line
N/A

16HBE and
SH-SY5Y cell
lines

Olfactory
Ensheating cells
MDCK-wt and
MDCK-MDR1
cell lines

GABA

Vero cell line
N/A

N/A
N/A

N/A
N/A

Red Blood cells

Male Wistar rats (8 weeks old,
180-220g)
Adult Swiss albino mice (20-40 g)

Adult Wistar rats (215-235 g)

Transgenic fly lines
Adult male Wistar rats (307-363 g)

Adult male C57BL/6 mice (10-12
weeks old)

Adult C57BL/6 mice

Adult male Kunming mice (18-20 g),
Adult male Sprague-Dawley rats
(200-250 g), Adult male Balb/c mice
(18-20g)

Adult Female ICR mice (25-30 g),
Adult female Sprague-Dawley rats
(200-220 g)

Male Wistar rats (225-250 g)

Male C57BL/6 mice (7-8 weeks old,
20-25g)

Male Kunming mice (4-5 weeks old,
18-22g)

Male Wistar rats (225-250 g)

Male male FVB/Ntac mice

N/A

Adult male Sprague-Dawley rats
(2-3 months old, 180-200 g)
Adult Swiss albino mice (21-25 g)

Adult male Wistar rats (150-250 g)
Swiss albino mice (3-4 months old,
25-30g)

Adult male Wistar rats (325-395 g)

Adult Wistar rats (16 weeks old,
300-400 g)

Adult Male Wistar rats (7 weeks old),
ICR mice (5 weeks old), rabbits

Intranasal [43]
Intravenous, [44]
intranasal

Intravenous [45]
Oral [46]
Intranasal [47]
Intracranial [48]

Intraperitoneal [49]

Intravenous [50]

Intranasal [51]

Intraperatoneal  [52]

Intravenous [53]
Intranasal [54]
Intranasal [55]
Intravenous [56]
Epilepsy Cere-
bell-
ar
gran-
ular
pri-
mary
cell
Intranasal [58]
Subcutaneous [59]

Intraperitoneal [60]
Oral [61]

Intraperitoneal [62]
Intranasal [63]

Intravenous [64]

(continued on next page)
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Table 1 (continued)

Polymeric-based nano-systems

Nanosystem tested Size (nm) Therapeutic molecule/Drug Targeting moiety Disease In vitro model In vivo model Route of Ref.
addressed administration
Core Polymer Surface Modification
(2.5-3.0kg)
PBCA Polysorbate80 148.9-151.5 Horseradish peroxidase (LDL receptors) Traumatic N/A Adult male Sprague-Dawley rats Intravenous [65]
Brain Injury (220-325¢g)
PLGA Poloxamer188 - BDNF (LDL receptors) Traumatic N/A Male C57 BL/6 N mice (11-13 weeks  Intravenous [66]
Brain Injury old, 25-28 g)
Chitosan - 86.89+ Rutin N/A Cerebral N/A Wistar rats (8-10 weeks old, Intranasal [67]
3.09-328.734+3.04 ischemia 300-400 g)
Chitosan-PEG PEG+-anti transferin 650 Caspase-3 inhibitor Transferin receptor ~ Cerebral N/A Swiss albino mice (18-22 g) Intravenous [68]
antibody ischemia
PLGA Polysorbate80 14504+ 1.3 Acetylpuerarin (LDL receptors) Cerebral N/A Male wistar rats (200-250 g), Intravenous [69]
ischemia Kunming mice (18-22 g)
PLGA - 291 Superoxide dismutase N/A Cerebral N/A Male Sprague-Dawley rats Intravenous [70]
ischemia (250-300 g)
PLGA Embedded in fibrin Not specified Nimopidine N/A Intracerebral N/A Wistar rats Intracisternal [71]
sealant gel Haemorrhage
PCBA - 1253 4+ 25 NT-3 (plasmid containing N/A Intracerebral RBMEC and Male Sprague-Dawley rats Intravenous [72]
hormone response element (HRE) Haemorrhage iPSCs (350-400 g)
with a cytomegalovirus
promoter)
PLGA 220 + 25 Curcumin N/A Intracerebral N/A Male Sprague-Dawley rats (12 weeks, Intraperitoneal [73]
Haemorrhage 260-300 g)
RADA16-1 - Not specified N/A N/A Intracerebral N/A Male Sprague-Dawley (11-13 weeks, Intrastriatal [74]
self-assembling Haemorrhage 420-480 g)
peptide nanofiber
scaffolds (SAPNS)
PLGA-PEG Phage-display pepetide ~ 104.17-121.46 - N/A - bEnd.3 cells Adult male nude mice (16-20 g) and  Intravenous [75]
(Pep TGN) ICR mice (18-22 g)
PBCA Polysorbate80 230 Dalargin (LDL receptors) - N/A Male ICR mice Intravenous [76]
PLGA Alginate hydrogel 400-600 Dexamethasone N/A - N/A Guinea pigs (300-500 g) Intracranial [77]
PBCA Polysorbate80 27+9 Endomorpin-1 (LDL receptors) - N/A Mice Intravenous [78]
PBCA Polysorbate80 290 Loperamide (LDL receptors) - N/A Male ICR mice (20-22 g) Intravenous [79]
PLGA Poloxamer188 166.9-168.5 Loperamide N/A - N/A Female ICR mice (23-28 g), Female Intravenous [20]
Balb/c mice (20-25 g)
PLGA PEG 1523 + 1.0 Loperamide N/A - RBE4 and C6 cell Male ICR mice (25-30 g) Intravenous [80]
lines
PBCA-Chitosan Polysorbate80 70-345 Methotrexate (LDL receptors) - N/A Male Sprague-Dawley rats Intravenous [81]
(200-230 g)
PLA Maleimide PEG 329 + 44 Sulpiride N/A - N/A Male Sprague-Dawley rats Intravenous [82]
PBCA Polysorbate80 230 Tubocurarine (LDL receptors) - N/A Adult male ACI Wistar rats Intracranial [83]
(180-250 g)
PLGA Polysorbate80 259 4+ 62 B-Carotene (LDL receptors) - N/A Male Sprague-Dawley rats (12 weeks Intravenous [84]
old, 410-580 g)
PBCA Polysorbate80 166.6 4+ 0.33 Quercetin (LDL receptors) - N/A Male Wistar albino rats (180-220 g)  Oral [85]
Dendrimers
DGL-PEG Angiopep 119+ 12 DNA (hGDNF) LRP1 Parkinson's BCEC, SH-SY5Y  Adult Male Sprague-Dawley Rats Intravenous [86]
Disease cell lines (250-300 g)
PAMAM-PEG Lactoferrin 196 + 10.1 pDNA(hGDNF) Lf receptor Parkinson's BCEC cell line Adult male Sprague-Dawley rats Intravenous [87]
Disease (250-300 g)
PAMAM NAC - N-acetyl-L-cysteine (NAC) Activated mictoglia  Cerebral N/A Newborn New Zealand white rabits  Intravenous [88]
and astrocytes Palsy
PAMAM - 1510 + 54 Haloperidol Dopamine D2 Psychosis N/A Adult Sprague-Dawley rats Intranasal, [89]
receptor (250-350 g) Intraperitoneal
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PAMAM

DGL-PEG

PAMAM-PEG
PAMAM

DAB
PAMAM-PEG

PAMAM

PAMAM-PEG

Micelles
MPEG-PCL

RGD-PF-DP
DSPE-PEG2k-Ome,
3helix bundle
vitamin E-TPGS
SN-38 loaded micelles
RGD-PLA-PEG
Deoxycholic
acid-conjugated
PEtOz-SS-PCL
RI-VAP, d-VAP

Pluronic407

PLGA-T7 peptide
Pluronic P85/F68

TPGS

Chitosan-PEI-magnetic
micelles

PE-PEG

PEG-PPG-PEG

methoxyPEG-PLA/TPGS
Curcumin-Tween80

PCL-PEEP
Angiopep-2-PEG-PLA
Pluronic F127-TPGS

Dexamethasone

Leptin30

Angiopep

Transferin
Lactoferrin

(OH neutral groups)

Serine-Arginine-Leucine

(SRL)

TAT-modified

Transferrin

Angiopep-2 modified

2084 + 12.1

141 + 33 nm

1.0-4.0

150 + 62

73 +17
28.5 £ 0.12
196 + 7.4

20.36 £+ 3.19

1184+ 16
132
88.4-162.4
25

26

83.31
40.61 + 1.17

26.5 + 4.8
35-50

13.78 + 1.48

83.77-132.7
122.9-183.5
20

384 +21
19.19-20.85

Heme oxygenase-1 gene

DNA

DNA (pEGFP-N2)

DNA
DNA

DNA

Coumarin (dye)

Doxorubicin, Paclitaxel

Docetaxel
NKO012

Docetaxel
Curcumin/miR21 ASO
Doxorubicin, Paclitaxel
Paclitaxel

Panobinostat

Carmustine (BiCNU®)
Baicalein

Paliperidone palmitate
DNA

Amphotericin B

Clonazepan

Lamotrigine
Curcumin

Coumarin (dye)

Glucocorticoid
receptors

Leptin receptor
LRP1

N/A

Transferin receptor
Lf receptor

N/A

LRP ligand

(clathrin/caveolin
endocytosis)

N/A
N/A
N/A

Transferrin receptor
N/A

alpha v beta3
receptors
N/A

N/A

GRP78

N/A

Transferrin receptor
N/A

N/A
N/A

LRP1

P-glycoprotein efflux

(inihibition of P-gp)
N/A

N/A
LRP1
N/A

Ischemic
stroke

Glioma
Glioma
Glioma

Glioma
Glioma

Glioma
Glioma
Glioma
Glioma

Glioma

Glioma

Parkinson's
Disease
Psychosis
Traumatic
Brain Injury
Fungal
infections of
CNS
Epilepsy

Epislepsy
(suitable for
Alzheimer's)

Neuro2A cell
line

BCEC, BV-2
microglia cell
lines

BCEC cell line

Primary mouse
cortical cell
culture

bEnd.3 cell line
BCEC cell line

Primary mouse
cortical cell
culture

BCEC cell line

C6 glioma cell
line

U87MG, BCEC
cell lines

N/A

N/A

U87MG, 9L, F98,
GL261 cell lines
U87MG, 9L, F98,
GL261 cell lines
C6 glioma cell
line

C6 glioma cell
line

U87MG, HUVEC
cell lines

F98, US7MG,
MO59K glioma
cell lines

BCEC, US7MG
cell lines
MDCK-MRP2
cell line

N/A

HT22 cell line

BCEC cell line

N/A

N/A
PC-12 cell line

BMEC cell line
N/A
BCEC cell line

MCAO Adult male Sprague-Dawley
rats (280-300 g)

Male ICR mice (4-5 weeks old,
20-25 g), Nude mice

Male Balb/c mice (4-5 weeks,
20-25¢g)
C57/BL6-j mice (3-4 weeks old)

Female BALB/c mice

Male Balb/c mice (4-5 weeks,
20-25¢g)

C57 BL/6 ] mice (6-15 weeks old)

Male Balb/c mice (4-5 weeks,
20-25g)

Adult male Sprague-Dawley rats
(7 weeks old)
Male BALB/c nude mice (18-22 g)

Male athymic nu/nu rats (250 g)

Charles Foster rats (180-220 g)
Normal Fischer 344 rats (250 g,
12 weeks old)

Nude mice (20 g, 7 weeks old)

Male Sprague-Dawley rats (7 weeks
old)
Male ICR mice (18-20 g)

Male BALB/c nude mice (4-6 weeks
old)
Wistar rats (225-275 g)

Male BALB/c nude mice (18-22 g)
Zebrafish

Adult Swiss albino mice (21-25 g)
Male Sprague-Dawley rats

(250-300 g)

Male ICR mice (4-5 weeks, 20-25 g),
Male Sprague-Dawley rats (7-8
weeks old, 220-250 g)

Male Swiss albino mice (20-25 g)

Sprague-Dawley rats (180-220 g)
Female NMRI mice (8-24 months
old)

Male ICR mice (18-22 g)

Male ICR mice (18-22 g)

Male Sprague-Dawley rats

Intracranial

Intravenous

Intravenous

Intracranial,
Intraparenchyma

Intravenous
Intravenous

Intracranial,
Intracarotid

Intravenous

Intravenous,
Intranasal
Intravenous
Intravenous
Intravenous
Intracranial
(CED)
Subcutaneous
Intracranial
Intravenous

Intravenous

Intracranial
(CED)

Intravenous
Oral

Intramuscular
Intranasal

Intravenous

Intranasal,
Intravenous
Intranasal
Oral

Intravenous
Intravenous
Intravenous

[90]

[91]

[92]
[93]
[94]
[95]

[96]

[97]

[98]
[99]
[100]

[101]
[102]

[103]
[104]
[105]
[106]

[107]

[108]
[109]

[110]
[111]

[112]

[113]

[114]
[115]

[116]
[117]
[118]

(continued on next page)
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Table 1 (continued)

Polymeric-based nano-systems

Nanosystem tested Size (nm) Therapeutic molecule/Drug Targeting moiety Disease In vitro model In vivo model Route of Ref.
addressed administration
Core Polymer Surface Modification
(200-250 g)
Nano-tubular Polysorbate 80 571.5 + 11.87 Nimodipine Intracerebral N/A Wistar Rats Oral [119]
Pluronic/- Haemorrhage
phosphatidylcholine/-
polysorbate 80 mixed
micelles (PPPMM)
Lipid-based nano-systems
p-aminophenyl-alpha-mannopyranoside (MAN) - Transferin 122.80 + 5.39 Daunorubicin Transferin receptor, Glioma BMVEC, C6 glioma cell lines Male Sprague-Dawley rats Intravenous [120]
GLUT1 (9 weeks old)
Liposomes nanoparticles
Pegylated liposomes 100 Doxorubicin (FuUs) Glioma N/A Male Sprague-Dawley rats Intravenous [121]
(200g)
Procationic liposomes - Lactoferin 208.97 £ 0.81 Doxorubicin Lactoferrin receptor Glioma BCEC, C6 glioma cell lines Male Wistar rats Intravenous [122]
(150-180 g)
Cholesterol-TAT 105.1 £2.22  Doxorubicin N/A Glioma BCEC, C6 glioma cell lines Kunming mice, Wistar rats Intravenous [123]
(8 weeks old, 220-250 g)
L-a-PC, SA and CH - Transferin - 5-fluorouracil Transferin receptor Glioma N/A Albino rats (150-200 g) Intravenous [124]
TPGS-Transferin 182.541.80  Docetaxel; Transferin receptor Glioma N/A Charles Foster rats Intravenous [101]
Quantum dots (180-220g)
HSPC/DOPE/Chol/CTAB/Didodecyldimethylammonium 187.02 Doxorubicin N/A Glioma C6 glioma cell lines Adult Sprague-Dawley rats Intravenous [125]
bromide (200-220 g)
SPC:Cholesterol:Sorbitol 156.70 + Temozolomide N/A Glioma N/A Adult white New Zealand Intravenous [126]
11.40 rabbits (2.0-2.5 kg)
DSPE- PEG2000-maleimid, DDAB 163+ 15 VEGF N/A Glioma UB7MG, C6 glioma cell lines Adult female Wistar rats Intravenous [127]
(3 months old, 230-280 g)
NH2-PEG2000-DSPE-p-aminophenyl-a-D-mannopyranoside 119.7 £ 0.17  Curcumin, GLUT1 Glioma bEnd3, C6 glioma cell lines ICR male mice (18-20 g) Intravenous [128]
Quinacrine
DPPC:PTX:DSPE-PEG2000:cholesterol 920 Paclitaxel N/A Glioma U87MG cell line Male BALB/c mice (6-7 Intravenous [129]
weeks old, 18-22 g)
DSCP:Cholesterol:PEG 106.8 + 5.5 Donepezil N/A Alzheimer's N/A Adult male Wistar rats Intranasal [130]
Disease (180-220 g)
PC:DCP:Cholesterol 67.51 £ Rivastigmine N/A Alzheimer's N/A Aldult male Wistar albino Oral [131]
14.2-528.7 + Disease rats (240-280 g)
15.5
0X-26 - NGF Transferin receptor Alzheimer's N/A Female Sprgue-Dawley rats  Intravenous [132]
Disease (150 g)
PEG-DSPE-Lecithin:DDAB - Polysorbate80 478 +4.94 Rivastigmine (LDR receptor) Alzheimer's N/A Male albino rabbits (1.5 kg)  Intranasal [133]
hydrogen Disease
tartarate
Cardiolipin-conjugated liposomes - WGA 1352 + Curcumin, NGF N/A Alzheimer's HBMEC, Has, SK-N-MC cell Male Wistar rats (8 weeks Intravenous [134]
6.8-142.9 + Disease lines old, 250-280 g)
54
Pegylated immunoliposome (0X-26) 85 DNA (TH plasmid) Transferin receptor Parkinson's U87MG, RG-2 cell line Male Sprague-Dawley rats Intravenous [135]
Disease (200-250 g)
DSPE:CHOL:PEG2000 - OX-26 46 + 4 Dopamine Transferin receptor Parkinson's N/A Adult male Wistar rats Intravenous [136]
Disease (250-300 g); Adult male
Srapgue-Dawley rats
SPC:CHOL:MPEG-DSPE 98.51 + Risperidone N/A Schizophrenia ~ N/A Male Wistar albino rats Intranasal [137]
6.82-115.54
+9.23
Heparin-Poloxamer188 128 + 7.65 bFGF N/A Cerebral N/A Adult female Intranasal [138]

9L
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0X-26

DSPE-PEG-RMP-7

SPC:Cholesterol:Rho-PE, NH2- PEG2000-Mal and

mPEG2000-NH2
Procationic liposome - Lactoferin
Cholesterol:PEG2000-TAT

POPC, DDAB, DSPE-PEG 2000, DSPE-PEG 2000 - OX-26

POPC, DDAB, DSPE-PEG 2000, DSPE-PEG 2000 - OX-26

SLNs/NLCs
PNP
SLN
NLC
SLN
SLN

SLN

SLN

LNC
SLN
NLC

HA-LNP
NLC

NLC
SLN
NLC
NLC

LPNP

SLN

SLN

81.50 £ 0.66

123.6 + 22.1
147.6 + 0.6

73

109.1 + 4.3
94.6 £+ 3.1
1214+ 56
1112+ 3.1
117.4 + 11.7

1312 £
7.3-159.7 +
8.0

9133 +
41.03-272.33
+ 113.57
196 + 1.40

248.30 +

3.80
146.8

100.7 + 3
1789 + 2.7

1183 + 26
1791+ 5.2,
1813 + 4.1

1174+ 28,
1198 + 2.6

40-135

1346 +£ 154

27.20-47.68

Methotrexate

GDNF

DNA (luciferase or
B-galactosidase
plasmid)

DNS
(B-galactosidase
plasmid)

Temozolomide
Edelfosine
siRNA
Camptothecin™
Camptothecin™,
Rhodamine123
(dye)

Curcumin
Resveratrol
Curcumin

siRNA
Temozolomide,
DNA
Temozolomide
Vincristine,
Temozolomide

Curcumin

RNAi

Curcumin

Baicalin

Transferin receptor
N/A
N/A

Lf receptor
N/A

Transferin receptor

Transferin receptor

N/A
N/A
c-MET

N/A

N/A

N/A
N/A
N/A

N/A
RGD

RGD

N/A

N/A

N/A

N/A

Transferin Receptor

ischemia
reperfusion
injury
(Glioma)

Glioma
Glioma
Glioma

Glioma

Glioma

Glioma
Glioma
Glioma

Glioma
Glioma

Glioma

Glioma

Glioma

Glioma

Ischemic
Stroke
Ischemic
Stroke

N/A
BCEC, Acs cell lines
BCEC, C6 glioma cell lines

BCEC cell line
BCEC cell line

N/A

N/A

U87MG cell line
C6 glioma cell line
U87MG cell line

A172,U251, U373, U87, THP1
cell lines

Porcine BCEC, RAW 264.7 cell
lines

U251MG, C6 glioma cell line
C6 glioma cell line
U373MG cell line

T98G, U251, US7MG cell lines
U87MG cell line

U87MG cell line

U87MG cell line

A172 cell line

GBMS6, GBM12, GBM26,
GBM43, MGG8, MES83, bEnd3,
C8D1A cell lines

N/A

N/A

Sprague-Dawley rats
(230-270g)

Female Sprague-Dawley rats
(100-125g)

Adult Sprague-Dawley rats
(240-260 g)

Kunming mice

Kunming mice

Kunming mice, Male Wistar
rats (160-200 g)

Male Sprague-Dawley rats
(200-250 g)

Male Sprague-Dawley rats
(250 g)

Adult BALB/c nude mice
(5-6 weeks old, 18-22 g)

BALB/c mice

Adult Male BALB/c nude mice
(6 weeks old)

Adult Male Wistar rats
(250-300 g)

Adult Wistar rats
(230-250 g)

Adult Male Wistar rats

(8 weeks old, 220-260 g)
Adult Female adult Wistar
rats (150-200 g)

Adult Male Wistar Rats
(250-270 g)

Athymic BALB/c nude mice
Adult BALB/c nude mice
(5-6 weeks old, 18-22 g)
Adult BALB/c nude mice
(5-6 weeks old, 18-22 g)
Adult BALB/c nude mice
(5-6 weeks old, 18-22 g)

Adult Female nude mice
(5-6 weeks old)

Athymic nude male/female
mice (6-8 week old)

Adult Male Wistar rats
(250-300 g)

Adult Male Sprague-Dawley
rats (260 + 10 g)

Intravenous [139]
Intravenous [140]
Intravenous [141]
Intravenous [142]
Intravenous [143]
Intravenous [144]
Intravenous [145]
Intravenous [141]
Oral [146]
Intravenous [147]
Intravenous [148]
Intravenous [149]
Intravenous [150]

Intraperitoneal [151]

Intranasal [152]
Intracranial [153]
Intravenous [154]
Intravenous [155]
Intravenous [156]

Intraperitoneal [157]

Intracranial [158,159]
Oral [160]
Intravenous [161]

(continued on next page)
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Table 1 (continued)

Lipid-based nano-systems

NLC
SLN
LE
PLN
A-NLC, C-NLC
GNL
NLC
MEM
SLN
NLC
SLN
SLN

NLC

SLN

SLN
SLN
SLN
SLN
NLC

SLN

NLC
SLN
NLC

NLC

NLC

NLC

373-430
333.1+£138
4359 + 35.2
98.43 +
3.38-287.26
+5.72

82 +
1.7-314 £ 19
143 + 1.14

163-222
1483 + 5.1
119.1 £ 69
137.1 £ 104
152-4620
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Inorganic nano-systems
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Parkinson’s Disease

Zebrafish
7%
Drosophila
7%
Flies Zebrafish
6-OHDA
C578L/6
7% ; Rats  Sprague-Dawley

53%

Haloperidol

7%

Rotenone
6%

Alzheimer’s Disease

IgG-Saporin,

9%

Scopolamine,
9%

4152576‘9%

\
Mice
18%
Sprague Dawley,
18%
Wistar,
64%

OVX-D-Gal,
9%

Okadaic acid,

AB25-35,
9%

9%

Glioma

DBTRG-05MG
Glioma
2%
Glioma stem cells
3%

s
! icr || Xunming
] 3%
5% .
Sprague-Dawley
2%

U87MG Glioma
5%
liosarcoma
7%

Ischaemia

Hypoxia,
BCCAO, 7% -

C578L6
7%

Wistar
| aox

Swiss albino
13%

Sprague-Dawley
27%

MCAO, 46%

34%

Tg2576,
1%
Wistar,
45%

Sprague-Dawley, 4
22%

PTZ-induced,
33%

Fig. 3. Pre-clinical models for brain disorders: Categorical representation of pre-clinical models used for (a) PD, (b) Glioma, (c) AD, (d) Epilepsy, (e) Psychosis and (f) Ischemic stroke
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highlighting the predominant use of rodents because of their genetic and behavioural similarities to humans.
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Table 2

Routes of administration used for BNDS and their advantages and disadvantages [207-210].

Route of administration Advantages Disadvantages
Local Intracranial » Overcomes the BBB « Invasive
* Delivers directly to the site of action « Deep anaesthesia required
« Well-trained technical assistance required
« Risk of infection
« Very low volumes
Systemic Enteral Oral  Easy/convenient « Acidic nature of the GI tract might affect their absorption
« Safe « First-pass effect by the liver reduces their efficacy
« Ideal for ‘slow -release’ nanoparticles « Slow onset of action
* Non-invasive  Not suitable for formulations unstable in water
* Pain-free « Difficult to determine the exact intake
* Absorption occurs along the GI tract « Depends on the animals rate of intake/food preferences
« Gavage is needed to ensure precise and accurate dosing of animals
« Cannot be used in unconscious animals
Parenteral Intrathecal * Overcomes the BBB « Invasive
» Rapid effects on the brain since the nanoparticles can reach it quicker « Deep anaesthesia required
« Well-trained technical assistance required
« Intervertebral spaces and meningovertebral ligaments will determine the spread of the formulations being
injected
« Risk of infection
Intranasal » Non-invasive  Local irritation, which can increase respiratory secretions
* Easy « Suitable for administration of small volumes
* Very rapid absorption « Rate of injection should be slow
» Dose required is reduced, which decreases the systemic toxicity < Not suitable for animal with rhinitis
* Avoids first-pass effect
Intravenous » Dose and rate of administration are reproducible < Semi-invasive
« Suitable for highly concentrated solutions with low or high pH « Risk of infection
* Administered dose reaches the systemic circulation immediately « Less convenient and painful
(bioavailability of 100%)
* First —pass effect and GI avoided « Requires technical assistance
< Unsuitable for oily formulations
« Rate of injection should be slow
« Possible systemic toxicity
Intraperitoneal < Useful to use in smaller animals where IV is challenging « Semi-invasive
« Can be used to administered large volumes « Risk of infection
 Absorption is slower than in IV « Risk of performing subcutaneous injection instead of intraperitoneal
» Pharmacokinetics of formulations administered through IP are similar « Formulation administered IP might undergo hepatic metabolism
to the orally administered « Might be painful if substances injected are irritant
Subcutaneous * Minimally painful + Only suitable for non-irritant formulations and in small volumes

Quicker onset than oral administration but slower than the other parental

routes
Suitable for slow-release drugs: provides sustained effect
Can be used to deliver aqueous or oily fluids in large volumes

Requires well-trained personnel to avoid inadvertent intravenous injection
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pathology analogous to that of human brain and have been used in the
pre-clinical studies (9%) to evaluate the efficacy of BNDS in mitigating
the disease pathology. Recently, models of Tau-pathology have
also been used in order to test BNDS that focus on targeting the tau ag-
gregation. These models were mainly induced using aluminium chlo-
ride [198] or okadaic acid ammonium salt [199] in rodents. In case of
epilepsy (Fig. 3d), pentylenetetrazol (PTZ)-induced rodent models
(rats:33%, mice:34%) were the predominant choice for pre-clinical anal-
ysis as this creates a chemically kindled chronic animal model of
epilepsy that can be harnessed to evaluate the therapeutic efficacy of
anti-epileptic BNDS.

Non-human primates (NHP) bridge the gap between rodents and
humans due to the presence of the pre-frontal cortex regulating such
complex brain functions as reasoning and judgement [200]. Also, the
close resemblance of human and NHP brains in gene expression, func-
tional and cognitive modalities make NHPs extremely valuable and reli-
able models for modelling brain disorders. NHPs like rhesus monkeys
[201] and tamarins [202] have been used to model both Ap plaques
and Tau pathology in AD. Similarly, MPTP NHP models have been used
to model the pathophysiology of PD and screen neuroprotective com-
pounds for diseases associated with motor deficits, such as PD or ALS
[203,204]. The rodent models fall short of developing a full spectrum
of Parkinson's symptoms using MPTP and hence can not be used to elu-
cidate the neural circuitry implicated in development of the disease in
humans. To date, a limited number of studies have catered to the inves-
tigation of nano-particles for brain delivery in the NHP models. A study
by Saito et al. (2005) investigates the direct visualization of the tissue
distribution of drugs infused by convection enhanced delivery (CED) to-
wards successful delivery of therapeutic agents to the brain tumor
[205]. This study used gadolinium-loaded liposomes for real time imag-
ing in primate brains. Krauze et al. (2008) also investigated the use of
CED of the liposomes into the primate brain [206]. They investigated
the parameters associated with CED and whether it has long term path-
ological consequences in primate brains. These studies draw their moti-
vation from the fact that liposomes are nano-scale particles that allow
for a wide range of therapeutic encapsulation and are well distributed
in the brain.

Rodents represented the animal model of choice for studies in psy-
chosis as presented in Fig. 3e. For psychosis, all the pre-clinical investi-
gations in rats and mice were performed in the pharmacological
models using amphetamine (40%) and ketamine (60%) induction re-
spectively. Ketamine acts through the disruption of glutamate signaling
to model psychosis-like effects. Amphetamine can induce a psychotic
state in humans and therefore is applied to animals to mimic the biolog-
ical environment present in a psychotic state.

In regards to ischemic stroke (Fig. 3f), middle cerebral artery occlu-
sion (MCAO) is the most frequently used model for both rats and mice
as it offers the benefit of inducing reproducible transient or permanent
ischaemia in a relatively non-invasive manner.

All of these models were used to test different BNDS, which were ad-
ministered through various routes. The main advantages and disadvan-
tages of these routes are summarized in Table 2.

Before presenting the tools to assess the efficacy of these nano-sys-
tems for brain delivery, it is crucial to have an overview of the BNDS
that were used so far and how their therapeutic effect was evaluated.

2.1. Polymeric-based systems

Majority of the nano-based delivery systems designed for brain
targeting use synthetic polymers, which are promising vehicles for
local and systemic delivery [211]. The use of polymers provides favor-
able characteristics such as high loading capacity and stability, control
over drug release kinetics and ease of modification and functiona-
lization. Besides, they have been used clinically in a variety of applica-
tions [212-214] for the delivery of nucleic acids, drugs, proteins and
diagnostic agents [211,215-218]. The polymers used are in general

biodegradable, biocompatible, display reduced toxicity, appropriate
pharmacokinetics and can be either natural or synthetic [211].

2.1.1. Polymeric nanoparticles

The choice of polymer is decided by the therapeutic aim of the nano-
system. Overall, the most frequently employed polymers in the CNS are
polysaccharides, proteins, poly(amino acids), poly(ethylenimines), poly
(alkyl cyanoacrylates), poly(methylidene malonates) and polyesters
(e.g. polyglycolic acid (PGA), polylactic acid (PLA), polycaprolactone
(PCL)) [211]. Furthermore, their delivery can be either systemic or
local, with the former being highly dependent on their potential for re-
ceptor and adsorptive-mediated transcytosis through the BBB in order
to be reach the site of action. This can be enhanced by adding cell pen-
etrating peptides or targeting ligands to the surface or by manipulating
the charge density [219].

The first polymer to be used for drug delivery in the CNS was poly
(butylcyanoacrylate) (PBCA) [220]. It was introduced over 20 years
ago and up to date continues to be used for BNDS. It has been employed
to carry different drugs such as dalargin [220], doxorubicin [17-19],
endomorphin-1 [78], gemcitabine [21], lorepamide [79], tacrine [38]
and temozolomide [26], amongst others in pre-clinical studies
(Table 1). Even though PBCA presents an interesting choice due to its
high biodegradability (reduces its size up to 80% in 24 h post-injection
[217]), minimal toxicity and high bio absorbability, it lacks the ability
to cross BBB. Therefore, in all the above-mentioned studies the surface
of the PBCA nanoparticles was modified with polysorbate 80 (PS 80).
PS 80 (also known as Tween80®) acts as an emulsifier that enhances
the CNS diffusion of intravenously administered polymeric nanoparti-
cles. It interacts with the endothelial receptors on the BBB surface in a
way similar to that of low density lipoproteins and might modulate ef-
flux transporters and tight junctions, facilitating penetration of poly-
meric nanoparticles in the CNS [221,222]. It has been shown that
without PS80 the amount of PBCA that crosses the BBB decreases
[223], demonstrating its crucial role in the penetration of BBB by the
PBCA nanoparticles.

Other polymers such as PGA, PLA and their copolymer poly(lactic-
co-glycolic acid) (PLGA) have been used previously in other biomedical
applications, which makes them promising for use in the CNS [224,225].
This is well represented by several studies where these were employed
for brain drug delivery in pre-clinical models. For instance, PLA has been
extensively utilized with different surface modifications, such as trans-
ferrin, polysorbate80 and maleimide PEG. The conjugation with these
molecules allowed the delivery of carmustine (BiCNU®) [15], resvera-
trol [49] and sulpiride [82] respectively into the brain of Sprague-
Dawley rats and C57BL/6 mice. PLA nanoparticles have also been
functionalized with trans-activating transcriptor peptide (TAT) peptide
on their surface, and this increased their uptake into the brain through
the BBB via the bypass of efflux transporters [226].

PLGA, as previously described, is a copolymer of PLA and PGA which
has been approved for clinical use in humans by the United States Food
and Drug Administration (FDA). Since it has been extensively studied
for the fabrication of devices for delivery of drugs, proteins and other
molecules with low molecular weight and size [227], this makes it
a very attractive option to explore in the case of CNS. It has been
tested in vivo in guinea pigs, rats and mice for the delivery of lopera-
mide [20,22,228], doxorubicin [20] and dexamethasone [229]. It was
surface-modified with different molecules (e.g. polysorbate80,
poloxamer188) to overcome the BBB. Poly(ethylenimines) (PEIs), on
the other hand, because of their cationic properties and proton sponge
ability of promoting quick osmotic swelling/lysis of the endosomes
[230], are ideal for nucleic acid delivery and have been use in different
disease models [231-233].

One noteworthy surface modification used in conjugation with di-
verse polymers is polyethylene glycol (PEG). This has been used in com-
bination with PCL [16,24,234], chitosan [235], PLGA [236,237] and PLA
[238]. PEGylated nanoparticles have improved circulation time, which
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increases their bioavailability and accumulation in the brain, making
their use an advantageous strategy. In addition to PEG, they also need
further functionalisation to facilitate their diffusion through the BBB. It
was shown in studies by Hu K. (2011) et al. and Bi C.(2016) et al,, that
Poly-ethylene glycol - poly (D,L-lactic-co-glycolic acid) (PEG-PLGA)
nanoparticles functionalised with lactoferrin are able to improve the
brain targeting in a PD model [50,54]. Also, Wen Z et al. (2011) showed
that conjugation with odorranalectin is of interest in the delivery of
urocortin peptide in another PD model [51].

Even though PEG had been considered inert in the initial studies
[239], recent reports have highlighted the physiological presence of
anti-PEG antibodies in the host (both pre-existing and therapy-in-
duced), which impacts the use of PEGylated biomaterials [240]. For ex-
ample, PEG-modified nanocarriers have been reported to induce the
generation of anti-PEG antibodies in different animal models [241-
244]. This comes associated with the decrease in their therapeutic effi-
cacy and the increase in adverse effects such as the allergic reactions
(reviewed in [245]). These hypersensitivity reactions in patients are
mainly related to the activation of the complement by the PEG negative
charge, which can be tailored by changing the chain length and concen-
tration [246]. However, the understanding of the mechanisms related to
the anti-PEG immune response is still at its infancy and, therefore, the
systems developed are still in use, mainly due to their distinct advan-
tages. However, this has brought complications to the use of materials
functionalised with PEG and led to the design of alternative polymers
and to the increased use of natural-based ones.

Natural polymers like chitosan and albumin were also tested in an-
imal models over the past decade for drug delivery [247,248]. Chito-
san was successfully used in the delivery of dopamine (DA) [52],
rivastigmine [37], piperine [249] and tacrine [38,39] in Wistar rats,
as well as being used for the delivery of doxycycline hydrochloride
[61] and caspase-3 [235] inhibitor in Swiss albino mice. Albumin, on
the other hand, was employed as the carrier of such glioma-targeting
drugs as paclitaxel [250] and doxorubicin [251] in U87MG glioma car-
rying mice models. However, these cases also require functionalisation
of the nanoparticles. Without this surface modification (either by the
presence of surfactants or ligands to target specific receptors or by
the surface display of positive charge), the polymeric nanoparticles
have a reduced ability to overcome the BBB once they are systemically
injected [252].

Alternatively, if the nanoparticles are delivered locally, the surface
modification is less significant. The first intracranial administration of
polymeric nano-systems in humans was over 20 years ago, in the case
of brain tumors [253], in which 86% of the patients lived more than
one year after their diagnosis. Furthermore, 38% of the total number of
patients lived more than one year after the intracerebral injection of
the nanoparticles loaded with BiCNU®. Even though this route of ad-
ministration overcomes the hurdle of crossing the BBB, the efficacy of
the drug-loaded nanoparticles is limited by the poor diffusion beyond
the tumor borders, as was seen in previous studies [254].

Nonetheless, by using convection-enhanced delivery (CED) of these
nanoparticles, the influence of an external pressure gradient that is in-
fused uninterruptedly into the brain allows for an enhanced distribution
of therapeutics over large volumes, which is of clinical interest when
they are delivered intracranially [255-257]. CED has already been
used in clinical trials using free drugs for the treatment of glioblastoma
[258]. The main advantages of this strategy are its low systemic toxicity
and reduced side effects off target. Also, it allows the delivery of higher
quantities of therapeutic agents than that of systemic administration.
However, its major drawbacks are the limitations in catheter technology
and imaging [259], and the need for an intracranial surgery, which is not
feasible in the case of some patients.

Even though polymeric nanoparticles have shown promising results
in pre-clinical models of PD, AD, brain tumors and cerebral ischemia,
there is only one polymer being used in clinical trials on the CNS (poly
(isohexyl cyanoacrylate)) due to its reduced degradation rate, which

also decreases its toxicity (Trials, 2012) [217,260]. All the others have
disadvantages such as inherent toxicity, low encapsulation efficiency
of hydrophilic therapeutics, difficulties in scaling up and the use of or-
ganic solvents during fabrication, rendering them unsuitable for clinical
translation [211].

2.1.2. Dendrimers

Besides nanoparticles, there are other categories of polymeric sys-
tems (Fig. 2). Dendrimers are a very-well known class of these systems
which have been increasingly used in the CNS over the last ten years
[261]. Dendrimers are tree-like polymers which branch out from a
core molecule and subdivide into hierarchical branching units com-
posed of alternating layers of two monomers. The main advantages of
this system are related to its high density, well defined surface function-
alities, monodispersity (which provides reproducible pharmacokinetics,
as opposed to the polydispersity of traditional polymers) and its con-
trollable size, [262]. The most commonly used dendrimers are made of
polyamidoamine (PAMAM) since it has a low cost of synthesis and is
highly compatible with biological tissues due to the combination of
the amide bonds in the interior and amines on the surface [262]. Re-
garding their use in the brain, PAMAM dendrimers have been mainly
used to deliver DNA in pre-clinical models. For example, after being
functionalised on the surface with angiopep [92], TAT peptide [263] or
lactoferrin [95] (all moieties facilitating the targeting of the BBB),
PAMAM dendrimers showed an improved transfection efficacy. Also
dendrigraft poly-L-lisine (DGL) was used as a delivery system, mainly
conjugated with either leptin30 [91] or angiopep [86] and tested in pre-
clinical models of PD [86].

2.1.3. Micelles

Another class of polymeric systems is micelles. These are supramo-
lecular assemblies of surfactant molecules dispersed in a colloidal liquid.
Over the last decade, many different polymers have been used to
fabricate micelles mainly to apply in situ and treatment of gliomas
[98,101,103,104,106,264-267]. The main cargo tested were anti-
tumor drugs, such as paclitaxel [105,106,265], myrcetin [266] and doce-
taxel [103,268]. The synthetic polymers used to fabricate the micelles
are largely the same as those that are present in nanoparticles (e.g.
Polypropylen glycol (PPG), PCL, PEG, PLA), but in this case they are usu-
ally presented as co-polymers, which allows for an easier formation and
dispersion into the colloidal solution. The amphiphilic copolymers are
frequently known by their trade name: Pluronic®. For example,
Pluronic L121 or Pluronic P123 correspond to PEG-PPG-PEG copoly-
mers, whereas Pluronic F127 or F68 are the equivalent to poloxamer
407 and 188, respectively, both composed of Polyethylene oxide
(PEO)-PPG-PEO. Micelle size varies widely from around 13 nm [112]
to 162 nm [105], making them suitable for different routes of adminis-
tration such as intravenous [98,101,105,118,265,267], intranasal
[114,269,270], oral [266,271] and intracranial delivery [102,104,264].
In addition to rodents, micelles have also been tested in zebrafish, in a
MPTP model of PD where the therapeutic molecule was baicalein
[109]. The neuroprotective effect of baicalein was shown by decreasing
mitochondrial dysfunction, translating into a good performance of
pluronic micelles as drug nanocarriers.

Overall the polymeric systems present numerous advantages as
drug carriers into the CNS, including high versatility in synthesis, high
loading and encapsulation capacity and long term stability [272]. How-
ever, due to their inherent toxicity and the use of organic solvents dur-
ing their fabrication, further research is needed to improve them and
the controlled and targeted delivery into the brain.

2.2. Lipid-based systems
Lipidic nano-systems are composed of molecules of biological origin

that are hydrophobic and amphiphilic, which allows them to form dif-
ferent structures (e.g. vesicles, membranes) in an aqueous condition.
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These systems can be categorized according to their physicochemical
properties and method of fabrication into different groups [273]. How-
ever in this section we will only focus on liposomes, lipoplexes, solid
lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs) and
exosomes (Fig. 2).

2.2.1. Liposomes

Liposomes are spherical structures made of one or more vesicular bi-
layers (composed commonly of sphingomyelin, phosphatidylcholine
and phospholipids) and encompass the first generation of lipid nano-
carriers for drug delivery [274]. They have many advantages such as
low toxicity, high loading efficiency, controlled and sustained release
and their properties (size, charge and composition) can be easily tai-
lored depending on the cargo. However, they have lower stability than
other lipid-based systems, which makes their scale-up and industrial
production more arduous [272]. Based on the number of layers (lamel-
lae) and size, they can be classified as small unilamellar vesicles (SUV)
with one bilayer and are smaller than 100 nm, large unilamellar vesicles
(LUV) with a size above 100 nm and one bilayer, and multilamellar ves-
icles (MUV), which have multiple lamellae [12]. The use of cholesterol
in liposome formulations is of interest since it increases the stability of
the liposome and decreases the permeability of the membrane. In lipo-
somes used for brain drug-delivery, cholesterol has been used in combi-
nation with TAT peptide to target and overcome the BBB in mice
[123,141], to address glioma by carrying doxorubicin [123]. Another ex-
ample are the pegylated liposomes, where a chain of PEG is added to the
surface of the vesicles. These were shown to be effective in the treat-
ment of brain tumor [121] and PD [135]. In some cases, there is the cou-
pling of anti-transferrin receptor antibody (0X-26) with the PEG chains,
which targets the transferrin receptor, facilitating their entrance into
the brain. These were used to carry different cargo such as methotrexate
(MTX) [275], nerve growth factor (NGF) [276,277] or tyrosine hydroxy-
lase (TH) plasmid [135]. The coupling of antibodies to the surface of li-
posomes (i.e. immunoliposomes) is crucial for a specific targeting
since they are highly selective to their antigens [278].

2.2.2. Lipoplexes

Lipoplexes are the designation given to the cationic lipids bound to
nucleic acids, which are naturally formed by the simple mixing of both
due to their electrostatic interactions. The positive charge of the lipo-
somes in this case facilitates the adsorptive-mediated endocytosis and
internalization in endosomes. When the pH decreases inside the
endosomes, the 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) fuses and disrupts the endosomal membrane, leading to the
release of its contents to the cytoplasm [12,279]. Within the CNS,
these have been mainly used in gene silencing [280-283]. Since they
are produced from liposomes, they borrow the same advantages as
the above-mentioned. Their main disadvantage is that they have
high affinity towards the bound nucleic acid, this reduces the transfec-
tion efficacy once they are internalized by the cells.

2.2.3. SLNs/NLCs

Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers
(NLCs) blend all the features already mentioned for liposomes; how-
ever, they do not share the disadvantages, since they present high sta-
bility, are able to be produced on a large scale at low cost and can be
very small [272] (similar to polymeric nanoparticles, with a diameter
as low as 27 nm [161] and up to 277 nm [284]). This facilitates their
flow in the blood stream without being uptaken by immune cells, en-
hancing their stealth profile. Their natural composition allows the re-
lease of the cargo through their degradation without raising any
toxicity concerns. The combination of the main advantages of polymeric
nano-systems and liposomes makes them the best candidates for
targeting the CNS. Their main limitation is the low encapsulation effi-
ciency (mainly in the SLNs) and release of drugs during storage, which

is likely to be the reason they are not widely exploited within the bio-
medical industry [12,272].

SLNs were introduced over 25 years ago as an attempt to overcome
the limitation of all other nano-systems developed so far [285]. These
are fabricated using lipids which share similar features such as low
melting point and solid state at body temperature (e.g. stearic acid,
stearyl alcohol, glycerol monostearate, Compritol® 888 ATO, cetyl pal-
mitate), and distinct surfactants (such as poloxamer 188, PS 80 and di-
methyl dioctadecyl ammonium bromide (DDAB)) [272]. One of their
main advantages is the possibility to deliver both hydrophilic and lipo-
philic drugs and therapeutic molecules. Within the CNS, SLNs have been
used in pre-clinical models of glioma to deliver edelfosine [146],
camptothecin [148,149], resveratrol [151] and vincristine [156], of is-
chemic stroke to deliver curcumin [286], simvastatin [175] and baicalin
[161] and of AD to deliver quercetin [168], piperine [284], sesamol
[171], galantamine [172] and chrysin [173], mainly through intrave-
nous, oral and intraperitoneal routes of administration.

NLCs are essentially the next generation of SLN, modified by the in-
corporation of a liquid lipid into the solid structure and seen as an at-
tempt to reduce and overcome the limitations of the SLNs, allowing
for a higher payload and reduction in the release of cargo during storage
[287]. This liquid lipid can be, for instance, oleic acid, olive oil, sesame
oil, peanut oil, soybean oil, soy lectin or corn oil [272], and the ratio be-
tween the liquid lipid and the solid lipid can go from 1:4 to 4:1. NLCs are
divided into three types depending on their structure: imperfect type
(imperfectly structured solid matrix with various lipid structures),
amorphous type (structure less solid and formation of amorphous ma-
trix with the mixture of certain lipids to prevent the crystal formation)
and multiple type [287]. Regarding their use as BNDS, they have also
been employed for the release of curcumin [152,288] and temozolo-
mide [154,155] in glioma models, and topinirole hydrochloride and bro-
mocriptine in PD rat models [164,166]. Their bio-distribution was also
investigated in vivo in rats and rabbits for the delivery of vinpocetine
[180,181] and balcalin [182], both drugs suitable for the treatment of is-
chemic strokes. However, the therapeutic effect of these has not been
assessed in diseased models yet. The higher stability and drug loading
capacity of these allowed the administration through all the possible
routes (oral, intranasal, intravenous, subcutaneous, intraperitoneal)
without having to resort to intracranial surgery. This is a major im-
provement compared to the previous carriers.

2.24. Exosomes

Other types of natural lipid-based system are extracellular vesicles
(or exosomes) which can be secreted from different types of cells and
carry proteins, drugs or even nucleic acids (more specifically RNA)
[289]. They comprise the natural ability to cross the BBB, and can encap-
sulate both hydrophobic and hydrophilic cargo and they remain in the
host’s circulation for longer periods of time, which increases their inter-
est as drug-delivery vehicles. Addtionally, they have the ability to over-
come the cell membranes and deliver their payload into different
organelles inside the cell, increasing their attractiveness for this pur-
pose. Exosomes were first studied as delivery vehicles in 2007, when
they were shown to mediate the transfer of mRNA and microRNAs be-
tween cells [290]. Since then they have been used in different CNS dis-
ease models such as brain tumor [291-293], ischemia [294], TBI[295]
or PD [296]. Even though exosomes can potentially avoid the endosomal
pathway and, therefore, lysosomal degradation, their biological fate is
still under investigation. The main disadvantages would be the lack of
an optimal purification technique for their isolation, which makes it
more difficult to produce in larger scales [297]. Moreover, the heteroge-
neous components of the exosomes may also show immunogenicity ef-
fects based on their cells of origin, so this needs to be further studied.

To sum up the lipid-based nano systems are designated as the next
generation of drug delivery systems since they combine the advantages
of the polymeric systems without their drawbacks. SLNs and NLCs in
particular are of interest, since they are able to cross the BBB without
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Fig. 4. Categorical distribution of histological techniques for efficacy evaluation: Representation of different assessment staining visualized with fluorescent microscopy or bright-field
Mmicroscopy.

surface modification, making them excellent candidates for the treat- 2.3. Inorganic systems
ment of brain disorders.
Inorganic nano-systems usually comprise nanoparticles made of
gold, silica, titanium oxide, iron oxide and quantum dots (Fig. 2). They
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are small in size and usually multifunctional andtherefore, used in
theranostics, combining diagnostic (mainly imaging related, and are ex-
tensively used in Positron Emision Tomography (PET) scan, Magnetic
Resonance Imaging (MRI), X-ray imaging, Computed Tomography
(CT) imaging and fluorescence imaging)) and therapeutic tools in a sin-
gle system [298)]. This is highly desirable especially in the case of tumors,
where due to the enhanced permeability and retention (EPR) effect, the
nano-systems are easily able to reach the tumor site and can co-deliver
imaging and therapeutic agents, providing combined integration of di-
agnostics, treatment and follow-up [299]. The chief drawbacks of
these systems are the low biocompatibility and rapid clearance by the
reticuloendothelial system if their surface is not modified [272].

2.3.1. Gold nanoparticles

Gold nanoparticles are of significance for intracellular delivery since
they can vary in size from 0.8 to 200 nm and can be functionalised on
the surface. Besides these traditional features, they also present attrac-
tive intrinsic characteristics such as photothermal and light-scattering
properties, which allow their trajectories to be tracked in the cells
[300,301]. Their optical and thermal properties can be finely tuned de-
pending on their fabrication method. Also, due to their magnetic prop-
erties they can be driven through with external electromagnetic fields.
For example, Yoo J. et al. (2017) showed that gold nanoparticles can in-
duce a direct lineage reprogramming into dopaminergic neurons in
mice [185], which is a promising tool in the treatment of PD. In a
pre-clinical AD model gold nanoparticles were used to selectively
target toxic AP aggregates [302,303], by their surface modification
with a custom-made peptide. Regarding gliomas, gold nanoparticles
functionalised with PEG have been tested in combination with radiation
therapy in a mouse model. It was seen that the use of the nanoparticles
significantly increased the DNA and brain blood vessel damages pro-
duced by the radiation in tumor [304].

2.3.2. Magnetic nanoparticles

Nevertheless, the main type of inorganic nanoparticles used for
tumor treatment are the magnetic ones. These are usually comprise fer-
romagnetic iron oxide (Fes0,4) and can be administered systemically
and directed to the site of action through the application of an external
magnetic field [305]. In the case of brain tumors, however, this is hin-
dered by the presence of the BBB, which makes intracranial delivery
the most appropriate one to reduce the systemic toxicity and increase
the therapeutic concentration at the site of action. They can act as imag-
ing agents and upon application of an alternating magnetic field, work
as an hyperthermic treatment into the tumor, which is already clinical
use(NanoTherm®, Germany). Superparamagnetic iron oxide nanopar-
ticles (SPIONs) are a class of magnetic nanoparticles which have a
core of Fe;04 and possess properties such as high field irreversibility
and high saturation field, which makes them no longer magnetic-re-
sponsive after the external magnetic field is removed [306]. These
SPIONS were successfully tested in Sprague-Dawley rats [190] (intracra-
nial administration) and BALB/c mice [191] (intraperitoneal injection),
and showed reduced toxicity and high tolerance within the body. Tita-
nium oxide nanoparticles were also tested in the brain of a pre-clinical
model of PD, conjugated with DA, which led to a continuous release of
the neurotransmitter and reversed the overall motor deficits observed
in the lesioned rats [183].

2.3.3. Quantum dots

Quantum dots (QD) are fluorescent semiconductor crystals that
present distinct conductive properties, usually made of cadmium sul-
fide (CdS), cadmium selenide (CdSe), lead selenide (PbSe) and lead
sulfide (PbS2). Their physicochemical properties such as versatile
surface chemistry, narrow emission profile, high photo stability and
brightness, large strokes shift and electron-dense inorganic core
make them attractive for use as drug carriers in vivo [307]. In the
brain, these have been tested in a glioma-bearing mouse model,

where they were combined with aptamer32, targeting them to the
tumor. Also, there were no tissue lesioning in systemic organs, indi-
cating its reduced toxicity [188]. QD of CdSe have also been used
for imaging purposes in Sprague-Dawley rats to study the width of
brain extracellular space in vivo [308].

In conclusion, inorganic nano- systems offer promising therapies.
However, the investigation of these systems for drug delivery in the
CNS is still in its very early stages. Therefore, more research is encour-
aged in this field, given all the promising features it can provide. A
summarising representation of the diversity of nano-delivery systems
targeting brain is presented in Fig. 2.

3. Classification of evaluation modalities
3.1. Histological assessment

3.1.1. Bright-field microscopy

Histology (from the greek “histos-" (tissue) + “-logos” (study)) is a
tool in medicine and biology that allows the microscopic study of the
tissue structure from different organs, which is essential to examine
the extent and magnitude of a diseased organ and to evaluate the effec-
tiveness of a treatment [309]. Since biological tissues have very low in-
herent contrast, to better assess and analyse the specimens on the light
or electron microscope, histochemical analysis is performed (Fig. 4). The
use of histochemistry helps not only to increase the contrast of the sam-
ples, but also to highlight specific constituents of the tissue due to an in-
teraction between the dyes and the organelles/chemical environment
within the cells [310]

Hematoxylin/Eosin (HE): The gold-standard of histology and most
widely used staining. In HE firstly a basic dye (hematoxylin), stains
the cell nuclei in dark blue by binding the hemalum (aluminum ions
combined with hematein, which is an oxidation product of hematoxy-
lin) to the DNA.This is followed by the counterstaining with an acidic
dye (eosin) that stains the cytoplasm (pink). This allows for a first as-
sessment of the morphology of the cells and overall architecture of the
tissue, providing a valuable, low cost and easily used tool for the study
of the histopathological state of the organs. This is the reason that this
technique is almost always used to evaluate the effect of a treatment,
mainly one where a biomaterial is employed and mostly to investigate
its toxicity and repercussions in regards to tissues integrity and
cytoarchitecture.

Regarding the brain and the use of nano-systems targeting the CNS
in pre-clinical models, HE was mostly used to 1) confirm the successful
development of the disease model; 2) examine the therapeutic effect of
the nano-materials in the brain and 3) evaluate the toxicity of the nano-
systems in the brain and systemically.

This technique was particularly relevant in the case of glioma-bear-
ing animal models. In the majority of these studies, HE staining allowed
a visualization of the formation of tumor approximately two weeks
post-glioma cells inoculation (either with C6 cells [21,122,125,189] or
U87MG cells [108,147,153,189]), where the nuclear density was signif-
icantly higher and cells were less organized than those in the healthy
tissue. The onset of this disorder is easy to confirm by this staining
since it is characterized by the quick and uncontrolled proliferation of
cells.

Besides successfully visualizing the tumor, HE also enables exam-
ination of the effect of the nano-systems in the gliomas. The admin-
istration of doxorubicin in liposomes with different surface coatings
caused a decrease in tumor lesioned cells 48 h post-administration
using PEGlylated liposomes [121], higher cell viability and
hypocellular tumor tissues [125]. When this drug was encapsulated
in polymeric nanoparticles, 18 days post-injection the tumor size de-
creased significantly [17] and when it was encapsulated in gold
nanoparticles, the density of glioma cells in the brain was much
lower than in the controls [189]. Even when loaded with other
drugs (such as gemcitabine [21], paclitaxel [237,311], myrcetin
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[266], cucumin [128,150]) or silencing genes [147], the overall effect
after administration of the nano-systems was very similar, all show-
ing a reduction in the cellular density on the tumor site where the
nanoparticles were being applied and general disruption of glioma
cytoarchitecture [128,266,311].

HE was also used to assess the systemic toxicity of the nano- sys-
tems, for the systems administered orally or intravenously. In the case
of inorganic nano-systems, gold nanoparticles were functionalized
with angiopep-2 while carrying doxorubicin, which made them target
the brain. Therefore, no toxicity was seen in the heart [189]. When
quantum-dots conjugated with aptamer-32 were used, there were no
tissue lesions, necrosis or inflammation in any of the groups analysed
in any other organs [188]. When using PCL-based micelles,no lesions
were seen in the cardiac tissue [105]. However, while using Doxorubi-
cin-Paclitaxel-based micelles, only the ones functionalized with RGD
did not elicit any tissue degeneration and necrosis in the heart, or in
the other organs [265]. Chitosan-based micelles were also innocuous
to the systemic organs, while exerting their function over the brain
and enhancing the anti-tumor activity of myrcetin [266].

Damage at the site of injection can also be assessed by HE when the
particles are injected intracranially. For instance, the administration of
poly(aspartate) micelles and SN-38 loaded micelles did not exhibit
any tissue damage at the site of implantation [102,264].

HE was also used with the same purpose of evaluating the histopath-
ological effect of the nano systems in the brain of other pre-clinical dis-
ease models, namely in PD [45,165,186,312], cerebral ischemia
[63,69,138,313] and psychotic disorders [314]. In the case of PD, the
possible toxic effects were also studied in other organs, using different
types of nano- carriers such as iron oxide nanoparticles carrying
shRNA administered intraperitoneally [186], gelatin-based nanostruc-
tured particles administered intranasally carrying fibroblast growth fac-
tor (bFGF) [165] and polymeric nanoparticles for DA delivery [45],
showing no effect on the peripheral organs, on the nasal mucosa and
in the heart more specifically. In cerebral ischemia models (all induced
by MCAO in Wistar rats, Sprague-Dawley rats and Swiss mice), HE stain-
ing showed neuronal loss, pycnotic nuclei and numerous vacuolated
spaces in the injured groups within the infarcted area in the hippocam-
pus [63,69,138,235,313]. In all the cases referred to there is also a rever-
sal in action by the treatment with the polymeric nano-systems,
carrying curcumin [63], rutin [313], caspase-3 inhibitor [235], acety-
Ipuerarin [69] and bFGF [138], all systemically administered, and lead-
ing to a decrease in the number of necrotic and abnormal neurons and
in the infarcted area. In one model of psychosis (ketamine-induced psy-
chotic Swiss mice), self nanoemulsifying drug delivery systems were
employed to deliver olanzapine and no damage was observed in the
brain, liver or stomach of the treated groups. In this case, there were
no other histological studies to assess the effect of the lipid particles.

In the AD pre-clinical model used to test the effectiveness of poly-
meric and lipidic nanoparticles, in some cases HE was used in combina-
tion with other types of stainings such as Cresyl Violet staining [32,173]
or Congo Red [33]. The combination with other histochemical tech-
niques allows for the deeper study of the structures and types of cells
present in a certain sample, increasing their significance and providing
more information than from morphology and cytoarchitecture.

Cresyl violet: This is used to stain the Nissl substance (mainly com-
posed of RNA), which is found specifically in the neuronal cytoplasm
(rough endoplasmic reticulum) in fixed tissues, staining it in purple-
blue [315]. This was invented in 1894 by Nissl and is extensively used
by neuroanatomists. In AR-induced AD models, Nissl was helpful in
the evaluation of neurodegeneration triggered by the aggregation of
AP peptides and the effect of the nano systems in study. This is relevant
since AP plays a central role in the onset of this neuropathology. It
showed that polymeric PLGA functionalized nanoparticles carrying
H102 p-sheet breaker peptide had an enhanced action in effectively
protecting the neurons, with significantly reduced pathological changes
and less cell loss in the hippocampus [32]. The decrease in

neurodegeneration was also seen upon administration of liposomes car-
rying curcumin and NGF [134]. When chrysin was incorporated in SLNs
and orally administered it also provided neuroprotection in a dose-de-
pendent manner, reducing the loss of pyramidal cells in the hippocam-
pus [173]. In all the above-mentioned studies the Cresyl violet staining
also helped confirm the establishment of the models, highlighting the
neuronal loss, shrinkage and nuclear condensation in the lesioned
animals.

Congo red: Thisis a dye particularly used in AD studies since it inter-
calates in amyloid fibers, a hallmark of this pathogenesis, staining them
in red [316]. It has been used to assess the neuroprotective effect and
safety of PLGA-based nanoparticles loaded with bFGF in the treatment
of AD, where the treatment allowed the removal of all detectable Ap
plaques from the diseased animals, showing very little differences
from sham [33]. In another study, SLN loaded with piperine led to an ad-
vanced decrease in plaques and tangles in the hippocampus of ibotenic
acid-lesioned Albino Wistar rats [284]. The high specificity of Congo Red
to bind to the amyloid plaques makes it a very useful tool to exploit in
the context of AD.

Prussian blue (or Perls Prussian Blue): This is another histopatholog-
ical staining that has been used in the detection of iron in the tissues
since 1867 [317]. It has been used in the brain for the assessment of in-
tracranial hemorrhage, since the breakdown of red blood cells and the
onset of the hemorrhage are closely related to the catabolism of heme
and processing of iron [318,319]. Regarding its application in the assess-
ment of the efficacy of the BNDS brain disorders, this is an attractive
technique used to track and study the bio-distribution of iron oxide or
other magnetic nanoparticles. It has already been employed to detect
Fe304 nanoparticles conjugated with alpha-synuclein RNAi plasmid in
a model of PD, showing a minimal distribution in all organs except in
the spleen [186]. These particles were mainly located in the brain. It
was also adopted to assess the presence of magnetic micelles (ferric
iron) in the different brain regions. This study showed that more mi-
celles were concentrated in the cortex of the rats that were under a
magnetic field and they remained in the cortex and hippocampus
even 48 h post-traumatic brain injury followed by the administration
of the micelles [269].

Tetrazolium chloride (TTC) is another commonly used stain for the
detection of infarcted tissue in stroke. This is a redox indicator that is
employed to differentiate between metabolically inactive and active tis-
sues, since TTC is enzymatically reduced to red 1,3,5-triphenylformazan
when in contact with hydrogen in living tissues staining these with this
color [320]. For this reason it is widely used to identify post-mortem
myocardial infarctions [321]. With the same purpose, this became rele-
vant in the recognition and measurement of infarcted brain tissue and
was used in pre-clinical models of cerebral ischemia to confirm the es-
tablishment of the model and to assess the effect of the nano systems
[320]. In all of the MCAO rat models studied, the infarcted area was sig-
nificantly visible than that in the control and all showed reduction when
administered with the polymeric nanoparticles loaded with rutin [313],
superoxide dismutase [70] or heme oxygenase-1 gene [90]. In the case
of the administration with superoxide-dismutase-loaded PLGA nano-
carriers, these endorsed the survival of 75% of the animals 48 h-post in-
jection of the nano carriers, propitiating their continued recovering with
time. The main advantage of this method is that it is performed in fresh
tissue slices, and is therefore, both simple and fast.

Overall, all the histochemical techniques previously mentioned are
convenient for vosualizing the tissue with a bright field microscope,
providing a general overview of the tissue as well as their cytostructure
and onset/recovery of pathological conditions in the brain.

3.1.2. Fluorescence microscopy

In addition to the histological techniques already described, there is
also a panoply of approaches that can be exploited to overcome the lack
of information provided by the histochemical staining.
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Fluorescence microscopy: By the simple use of fluorescence micros-
copy it is possible to visualize the nano systems and detect their bio-dis-
tribution within the brain tissue. Through the conjugation or loading of
the nanoparticles with fluorescent dyes (such as fluorescein isothiocya-
nate(FITC)), rhodamine-123 or coumarin-6), the nanoparticles can be
observed on brain sections in post-mortem analysis. Mainly in glioma
models, this has been applied as standard to ensure that the nano-car-
riers are accumulating within the tumor site. This confirmed that accu-
mulation of PLGA particles coated with cyclic hexapeptide are
significantly found more in the brain than the non-coated ones, enhanc-
ing the action of the curcumin in that region [29]. Polysterene nanopar-
ticles coated with carboxyl coating remained localized in the site of
injection and did not penetrate the brain parenchyma or reach the
tumor edge, whereas the particles coated with PEG were able to distrib-
ute uniformly in the tumor parenchyma over time, efficaciously deliver-
ing paclitaxel [237]. The active metabolite of camptothecin (NK102)
was encapsulated in micelles which also enhanced their diffusion in
the brain. This additionally reduced their toxicity when compared to
the administration of the free NK102 [102]. Other type of micelles
were also employed (PCL-based) in glioma pre-clinical models, carrying
doxorubicin and paclitaxel, and they were shown to be distributed
mostly in the tumor region [105]. In the case of liposomes, when
DDAB particles were administered without vector-functionalisation
they did not accumulate at the tumor site, whereas when they were
coated with anti-VEGF they were mainly concentrated in the center
and periphery of the tumor, having an heterogeneous distribution in
the brain of C6-glioma bearing Wistar rats [127]. A similar coating influ-
ence was seen in the use of SLN coated with polysorbate60 and polysor-
bate80 to deliver camptothecin. In this case, the particles were not seen
in the brain until 120 min post-injection, when the former were ob-
served to be more diffused in the brain than the latter [149].

This technique was also used in the assessment of therapies for pre-
clinical models of neurodegenerative disorders such as PD [45,50] and
AD [170]. Pahuja R. et al. (2015) went further on to use fluorescence mi-
croscopy to visualize polymeric nanoparticles in the peripheral organs
besides the brain, observing that at 4 h post-injection, they were de-
tected in the spleen, liver and kidneys of the 6-OHDA lesioned Wistar
rats [45]. With the use of PLGA-based nanoparticles covered with
lactoferrin, these were detected in the cortex, striatum and substantia
nigra 4 h post-injection, which was not seen in the nanoparticles with-
out lactoferrin [50], proving that these particles can reach the site of ac-
tion in a short period of time. A similar trend was seen with NLC covered
with lactoferrin for the delivery of curcumin [170], but in this case the
particles reached the brain 1 h post-injection, and so are a more attrac-
tive device to use in this case.

All the aforementioned studies contributed to the validation of the
fact that surface modification enhanced the distribution of the particles
within the region of interest in the brain, becoming crucial to their ther-
apeutic effect. Furthermore, the use of fluorescent probes and a fluores-
cent microscope to visualize them are valuable tools that allow precise
localization of these carriers in the brain. Fluorescence microscopy
also allows the application of an array of other techniques, mainly the
ones where specific molecules or structures are labeled.

TUNEL assay: The Terminal deoxynucleotidyl transferase dUTP Nick-
End Labeling assay (commonly denominated TUNEL assay) has been
intended to detect apoptotic cells with high DNA degradation, since
the terminal deoxynucleotidyl transferase binds to the blunt ends of
the DNA breaks, thereby labeling them [322].

This technique was used to assess of the effect of polymeric micelles
on glioma [108,264,266], showing that Am80 encapsulated in PEG-Poly
(aspartate) exerted therapeutic effect in six days, increasing signifi-
cantly the number of TUNEL-positive cells within the tumor site over
that in the controls [264]. A rise in these cells was also seen four
weeks after the administration of micellar myrcetin [266]. The differ-
ence in the time of action can be related with the route of administration
(intracerebral for the former and oral for the latter), but also to the fact

that the apoptotic cells in the last study were only assessed on the last
time point, which does not allow a complete insight as to when the ef-
fective action of the loaded-micelles started. The same trend of abun-
dant TUNEL-positive tumortumor cells was seen when liposomes
carrying doxorubicin [125] and paclitaxel [323] were used and their ef-
fects were enhanced by the use of focused ultrasound. In the case of the
doxorubicin-carrying liposomes, the decrease in apoptotic cells was
seen as early as 48 h post-injection [323], while with the paclitaxel
ones the effect was not seen until 28 days post-injection [125]. In this
case, this analysis was the only one performed since this was the
sacrificing time point of the study. This highlights the importance of
having further methods to assess the effect of the nano-therapeutics
on a timeline basis.

TUNEL assay was also employed to evaluate the apoptosis rate in the
brain of MCAO lesioned rats and the effect of drug-loaded polymeric
nanoparticles [69,70]. In both cases, the assay confirmed the establish-
ment of the model, showing numerous TUNEL-positive cells 6 h [70]
and 24 h [69] post-reperfusion. Also, the treated groups displayed sig-
nificantly fewer apoptotic cells.

Fluoro-Jade C: This is a fluorescent probe which is an alternative to
traditional Cresyl violet to label degenerating neurons, and was used
to corroborate the presence of a brain injury, exhibiting the majority
of Fluoro-jade-positive cells in the cortex, hippocampus and thalamus
[111] of lateral fluid percussion injured rats. However, the exact mech-
anism by which it labels these neurons is still unknown, which is a
major drawback for this method.

2’ 7’-dichlorofluorescein diacetate (DCFDA): DCFDA is a dye which is
hydrolysed intracellularly and later oxidized by reactive oxygen species
(ROS) into 2',7’-dichlorofluorescein, allowing their detection [324]. This
dye was employed to evaluate the effect of superoxide-dismutase
loaded PLGA nanoparticles in a MCAO cerebral ischemia model [70].
This study showed that the group administered with the loaded nano-
particles demonstrated a significant decrease in the ROS activity when
compared to the control [70], highlighting the importance of this
method when an ROS scavenging agent is being tested.

All the aforementioned probes react with chemical moieties/mole-
cules within the cellular environment, providing information about
the conditions of that specific tissue, but being unable to allow a deeper
analysis of the cellular identity within that region.

Immunohistochemistry (IHC): This is the current gold-standard for
the histological recognition of different cell types. It is based on using
antibodies that bind specifically to antigens, which in their turn are dis-
tinctive identifiers for a certain cell type or a particular signaling path-
way. IHC was first implemented in 1941 [325] and it is helpful for
several reasons. Firstly, it allows the diagnosis of abnormal cells in a dis-
ease condition; secondly, it favors the labeling of specific molecular
markers that are characteristic of exclusive cellular events. Thirdly, it fa-
cilitates the study of the spatial and temporal distribution of certain pro-
teins within a tissue, thereby providing a more accurate and detailed
cellular map of the tissue. Frequently, the antibodies used are tagged
with fluorophores which enables easier imaging using the fluorescent
microscope and propitiating the labeling of multiple molecules at the
same time with different colors (e.g. double and triple stainings). How-
ever, secondary antibodies can also be biotinylated instead of conjugat-
ing to fluorescent probes. In this case, the biotin will form a complex
with a streptavidin-conjugated enzyme (e.g. horseradish peroxidase
or alkaline phosphatase), which acts on a substrate that changes its
color upon enzymatic reaction. This type of staining (chromogenic
staining) can be visualized using the bright-field microscope. Nonethe-
less, since majority of the studies regarding the usage of BNDS in vivo
were done using IHC through immunofluorescent detection, this form
of detection will be discussed within this section.

Depending on the disease model, different markers where analyzed
through IHC. Regarding PD, the major players which are lost during the
course of the disease and the ones targeted by most therapies are the
dopaminergic neurons [326]. These neurons express idiosyncratically
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tyrosine hydroxylase, an enzyme which converts tyrosine to DOPA, the
precursor of DA. TH staining has been performed in almost all studies
with PD models as an evaluation of the successful establishment of the
PD model and as an assessment of the efficacy of the nano systems
used [45,50,51,86,87,109,135,165,186,312,327,328]. In every PD model
(6-OHDA [109], MPTP [109,186] and retenone [86,328] lesioned),
there was a significant decrease in the number of TH+ neurons,
confirming the onset of one of the pathological signatures of the disease.
Also, all the systems tested showed that the administration of proteins
[45,51,109,165,312,327,328] or genes [86,87,135,186] promoted the re-
covery of dopaminergic neurons in a significant manner when com-
pared to the controls. Regarding polymeric nanoparticles as the
carriers, commonly between three to four weeks post-administration
of the nano systems, the increase in TH+ neurons was seen in the 6-
OHDA lesioned Sprague-Dawley rats [50,51,87]. However, in zebrafish,
the therapeutic effect of the drug used (baicalein) was seen two days
after administration which can be related to the very small size of the
organism and transdermal/oral intake of the micelles, which reduces
the time they take to start their action [109]. A short-term effect of
two days was also seen in mice, but when ferric iron oxide nanoparticles
were used to deliver alpha-synuclein RNAi plamids, a reverse correla-
tion between the TH and alpha-synuclein expression in the substantia
nigra was displayed [186]. Lipidic systems were seen to act faster, show-
ing normalized levels of TH in the whole body three days post-injection
when TH plasmid was encapsulated in immunolipossomes [135]. In
other studies, at from two to four weeks all the systems shared a signif-
icant increase in the number of TH+ cells [165,312,327,328]. This sug-
gests that lipid-based systems are a more attractive option to produce
an earlier therapeutic effect.

In addition to TH, other markers such as BrdU (proliferating
neuroblasts) [48] and DCX (mature neuroblasts) [48] were stained in
one study to see the effect of the microRNA-124 on these cells. It had
no effect, however, on the number of neuroblasts or proliferating
neuroblasts in the subventricular zone, except on the olfactory bulb,
where the percentage of these cells increased significantly [48]. This
group also chose to assess if there were any inflammatory reactions elic-
ited by the PLGA nanoparticles by staining against CD68 (a marker for
immune cells like macrophages and monocytes) in the brain and pe-
ripheral organs [48]. It was seen that after administering the particles
for one week, there was inflammation in the kidneys, spleen and liver.
However, 48 h after stopping the treatment, there were no signs of in-
flammation. Additonally, there were no CD68+ cells in the brain [48].
Zhao Z-Y et al. (2016) also evaluated the expression of Caspase-3 and
c-Jun since they are markers for apoptosis that belong to the same path-
way, which means that if they are both expressed, there is an increase in
cell death [312]. This was seen in the group administered with blank
gelatin nanoparticles. However, the reverse was verified for the group
administered with substance P-loaded gelatin particles [312].

Concerning AD, different markers were chosen to assess the effects
of the drug delivery systems, both specific to the disease (thioflavin T
[35] and AP [134] for the detection of amyloid plaques) and broad/indi-
rectly related to the disease (GFAP to detect reactive astrocytes (com-
mon in a neurodegenerative environment) [173], P75 to mark
Schwann cells (indicative of neuroregeneration) [42], acetylcholinester-
ase (AchE) (to assess the neurotransmission functionality [42]). As for
the density of amyloid plaques, this was significantly reduced when
the animals were treated with curcumin (encapsulated either in PEG-
PLA particles [35] or in Wheat Germ Agglutinin (WGA) conjugated-lipo-
somes [134]). Reactive astrocytes were shown to be significantly re-
duced in the groups treated with the encapsulated chrysin, which did
not happen when the free drug was administered [173]. Since the neu-
ronal regeneration is greatly dependent on its environment, the exis-
tence of myelinating Schwann cells is crucial to regain the neuronal
function. Chen Y et al. (2015) studied the expression of P75 in the me-
dial septal nucleus and it was reported that the number of P75+ cells
was increased in the group that was administered with NGF-loaded

polymeric particles in combination with neural stem cells (NSC) [42].
They also assessed the expression of AchE, an enzyme that is essential
to catalyze the breakdown of acetylcholine, which function as neuro-
transmitters. The expression of this was significantly higher in the
treated groups, corroborating the regaining of functional and neuronal
regeneration [42].

In the case of cerebral ischemia, the expression of indirect markers
was analysed. Kannan S et al. (2012)were interested in the expression
of CD11b and myelin basic protein to assess the microglia response
and myelination of neurons, upon treatment with N-acetyl-L-cystein
loaded PAMAM dendrimers [88]. It was seen that the greater the ex-
pression of activated microglia (present in neurodegeneration environ-
ments), the less the myelination (MBP+cells), whereas in the treated
group the inverse was verified [88]. In another study, the expression
the Akt and phosphorylated Akt was assessed, showing that the treated
group with bFGF encapsulated in heparin nanoparticles had a signifi-
cantly increased expression of p-Akt, which is a promoter of neuronal
survival [138].

Regarding traumatic brain injury, only the inflammation of the tissue
was assessed through the staining of IL-13, IL-6 and TNFq, all pro-in-
flammatory markers, in a Lateral Fluid Percussion Injury (LFPI)
Sprague-Dawley model [111]. In this case, the magnetic micelles did
not elicit any inflammatory response and there were no changes in
the expression between the sham and the healthy rats. Even though
their expression increased in the traumatic brain injury (TBI) group,
this remained at the same levels whether they were treated with mi-
celles or not, confirming that there was not any deleterious effect
caused by the nanoparticles [111]. However, in this case the therapeutic
efficacy of the system was not assessed through IHC.

In brain tumors, several different markers were studied, mainly di-
vided into apoptotic markers (B-cell lymphoma 2(Bcl-2), Bcl-2-associ-
ated death promoter (BAD), Bcl-2-associated X protein (BAX) [266],
programmed cell death protein 4 (PDCD4) [104], caspase 3 [108]), can-
cer markers (vascular endothelial growth factor (VEGF) [17], phospha-
tase and tensin homolog (PTEN), prominin-1 (CD133), binding
immunoglobulin protein (GRP78) [311], tyrosine-protein kinase Met
(c-Met) [147], Ki67 [17,311,323], proliferating cell nuclear antigen
(PCNA) [323]) and indirect markers (GFAP(reactive astrocytes)
[17,188,311], isolectin B4 [17], CD31 [311] (angiogenesis), Nestin
[158] (neural stem cells)). In all the above-mentioned studies, at least
two or more markers were analyzed at the same time to draw more
concise, consistent and accurate conclusions. This allowed a deeper in-
vestigation of the efficacy of the nano systems in the tumorand the sur-
rounding environment. All apoptotic markers showed a significantly
increased expression in the treated groups: BAD and BAX expression
was significantly up-regulated upon the administration of myrcetin-
loaded pluronic micelles in glioblastoma bearing mice [266], as well as
the expression of PDCD4 in rats administered with curcumin/miRNA
in deoxycholic acid-conjugated micelles [104]. Caspase 3 expression
was also shown to be localized to the tumortumor core in carmustine
treated glioma bearing mice [108]. The significant increase in the ex-
pression of apoptotic markers was accompanied by a significant de-
crease in the expression of cancer markers. VEGF was significantly
down-regulated 10 days post-injection of doxorubicin-loaded PBCA
particles, while the expression of Ki67 in the same study took another
week to decrease significantly [17]. In other reports the same trend
was seen in the expression of Ki67, corroborating the reduction in the
proliferation of tumor cells after treatment [108,323]. Also, PCNA+
cells and c-Met expression decreased in the groups treated with pacli-
taxel-loaded liposomes [323] and siRNA-loaded SLN [147], respectively,
demonstrating that the tumor growth can be modulated by either a
drug or RNA-mediated downregulation of a gene involved in the
tumor augmentation. CD133 and GRP78 expression was shown to be
co-localized with the micelles signal, which indicates that they were
targeting these cancer cells in an effective manner [311]. In this same
study, GFAP and Nestin expression were analysed to evaluate the



Table 3
Histological strategies used to evaluate BNDS categorized by disease targets in pre-clinical models.
Nano-delivery systems Animal model Route of Therapeutic cargo Histological assessment Outcome of histological assessment Ref
- - administration
Core polymer Surface modification
GLIOMA
PBCA Polysorbate 80 101/8 glioblastoma rat Intravenous Doxorubicin « IHC for GFAP (astrocytes), <« Proliferation stable in all groups and decreased signif- [17]
model, Adult male VEGF (tumor marker), icantly on day 18.
Wistar rats isolectin B4 (vessel * Vessel density at day 10 significantly lower on treated
(200-250g) density), Ki67 animals
(proliferation); » Necrosis almost non-existent in the treated group and
* HE microvascular proliferation completely absent.
» Expression of GFAP not affected
» Decreased tumour size following treatment with
Dox-np after 18 days. On day 14, the mean tumour
size in the control group reached 24.9 + 7.6 mm?.
Dox-np considerably inhibited the tumour growth.
PBCA Polysorbate 80 C6 glioma bearing rat, Intravenous Gemcitabine * HE  Formation of the tumour 14 days post-C6 glioma cell  [21]
Adult male inoculation into the rat brain.
Sprague-Dawley rats » Tumour cells in the treated groups were sparse when
(220-250g) compared to the control.
PBCA Polysorbate 80 F98 glioma bearing Intravenous TGF-B antisense * HE * Increased expression of B-galactosidase in brain [329]
Fisher rats oligonucleotide endothelial cells and liver tissue 24 h post-injection.
 High expression seen after 40 h, spreading to spleen,
kidneys and stomach.
» Tumour cells showed precipitates from the reporter
gene.
PEG-PLGA c(RGDf(N-me) VK)-C C6 glioma bearing Intravenous Curcumin * Fluorescence imaging « Signal of the cHP-NPs in the brain was stronger than  [29]
(cHP) Adult male the one coming from NP wihtout cHP.
Sprague-Dawley rats
(180-220 g)
PEG-PLGA - 9L gliosarcoma Intracranial Paclitaxel * HE » Region where the NP diffused remained intact and [237]
bearing Adult female  Fluorescence imaging with dense cellularity.
Fischer F344 rats » PS-COOH NPs remained localised to the site of injec-
tion and did not penetrate the brain parenchyma or
reached the tumour edge.
» PS-PEG were able to distribute uniformly in the
tumour parenchyma over time.
MPEG-PCL TAT-modified C6 glioma bearing Intravenous, Coumarin (dye) * Fluorescence imaging * Fluorescence of coumarin in the brain after intranasal [98]
Adult male Intranasal administration was significantly greater than after
Sprague-Dawley rats intravenous administration.
(Seven weeks old) * At 4 h post intranasal administration, coumarin fluo-
rescence in brain homogenates was significantly
higher in the treated group.
PEG-PAsp - U87MG glioma Intracranial Synthetic retinoid (Am80) « HE + All animals administered with the highest dose of [264]
bearing Male (CED) * TUNEL assay Am80 micelles showed minor damage at the site of
Sprague-Dawley rats injection and no sign of toxicity.
(200 g) « Six days after the infusion of the micelles, the group
treated with micellar Am80 displayed decreased
tumour density and increased number of TUNEL--
positive cells.
RGD-PF-DP - U87MG glioma Intravenous Doxorubicin, Paclitaxel * HE » No obvious histopathological abnormalities in the [265]
bearing Male BALB/c peripheral organs.
nude mice (18-22 g) « Tissue degeneration and necrosis were seen in the
heart of the group treated with micelles without RGD
Chitosan-PEG-PPG-PEG-Poloxamer188 - DBTRG-05MG Intragastric Myricetin * HE  Treated group showed significantly more apoptosis [266]
blioblastoma bearing « TUNEL assay and necrosis than the controls.

athymic Nu/nu mice
(18-22 g, 6-8 weeks
old)

IHC for apoptotic proteins
(Bcl-2, BAD, BAX)

The treated group displayed disrupted tumour
cytoarchitecture.
No other significant histological lesions in any of the
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DSPE-PEG2k-Ome, 3 helix bundle - U87MG glioma Intravenous
bearing Male athymic
nu/nu rats (250 g)

SN-38 loaded micelles - 9L glioma/U87MG Intracranial
glioma bearing (CED)

Normal Fischer 344
rats (250 g, 12 weeks
old)

Deoxycholic acid-conjugated - C6 glioma bearing Intracranial

Male Sprague-Dawley

rats (7 weeks old)

PEtOz-SS-PCL - C6 glioma bearing Intravenous
Male ICR mice (18-20

g)

RI-VAP, d-VAP - U87MG glioma
bearing Male BALB/c
nude mice (4-6 weeks

old)

Intravenous

F98 glioma bearing
Fischer-344 rats

PLGA-T7 peptide - U87-Luci glioma Intravenous
bearing Male BALB/c

nude mice (18-22 g)

Pegylated liposomes 9L gliosarcoma Intravenous
bearing Male
Sprague-Dawley rats

(200 g)

Procationic liposomes - Lactoferin C6 glioma bearing Intravenous
Male Wistar rats

(150-180 g)

NKO012

Curcumin/microRNA-21
antisense-oligonucleotide
(miR21ASO)

Doxorubicin, Paclitaxel

Paclitaxel

Carmustine (BiCNU®)

Doxorubicin

Doxorubicin

HE
[HC against PECAM-1

Fluorescence imaging
HE

Cresyl Violet
[HC against PDCD4 and
PTEN

HE
Fluorescence imaging

[HC against CD31 (blood
vessels), CD133 (cancer
stem cells) and GRP78.
[HC against NeuN and
GFAP

HE

TUNEL assay

HE

IHC against caspase-3 and
Ki67

HE

HE

analysed organs.

TUNEL-positive tumour cells were increased in the
treated groups, mainly in the one administered with
micelles.

BAD and BAX expression was significantly up--
regulated in the treated group.

Sparse and more numerous large blood vessels within
the tumour.

[267]

The micelles distribution was diffuse and extensive in
the brain.

More brain damage was seen in the group treated
with free SN-38.

Slight tissue damage in the site of implantation (nee-
dle tract)

Tumour growth repressed by the injection of the
micelles with the miR21ASO and curcumin, and this
had higher anti-tumour effects compared to the
groups treated with free curcumin or free miR21ASO.
Treated groups showed that the delivery of the
microRNA increased the expression of both PDCD4
and PTEN, which suggests that the action of
miR21ASO over the miR-21 leads to its
downregulation

Histological examinations showed no lesions in the
cardiac tissue in any of the groups.

The micelles distribution was mostly present in the
tumour region, where areas of hypercellularity were
identified.

VAP micelles signal co-localized with CRP78 positive
cells. On the other organs the expression of GRP78
was barely detected.

Most of the VAP micelles co-localized with CD31, sug-
gesting that they can bind to the tumour
neovasculature and also penetrate in the tumour
parenchyma.

VAP peptides showed a high ability to target the can-
cer stem cells, seen by the co-localization of GRP78
and CD133 expression.

The expression of both markers was similar in treated
and untreated animals, both three days and three
weeks post-infusion.

Control groups showed large necrotic tumours on the
stained sections.

Treated group did not show any evidence of the
tumour.

High apoptosis rate within the tumour region on the
group treated with the T7-micelles.

Clearly defined tumour region detected

Accumulated caspase-3 on tumour cells

Lower expression of Ki67 in treated group

48 h post-treatment the borders of the tumour
treated with doxorubicin and focused ultrasound
were characterised by parenchymal vacuolation and
lesioned tumor cells.

In the group treated with doxorubicin only the edges
remained intact and there were no damaged cells.
Histopathological stainings showed the differences
between the normal and tumour tissue in the brain.

[102]

[104]

[105]

[106]

[108]

[121]

[122]
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Table 3 (continued)

Nano-delivery systems Animal model Route of Therapeutic cargo Histological assessment Outcome of histological assessment Ref
- . administration
Core polymer Surface modification
TPGS-Transferin Charles Foster rats Intravenous Docetaxel; Quantum dots « Fluorescent imaging « Fluorescent signal was stronger in the Tf-liposomes,  [101]
(180-220 g) when compared to the control and non-targeted
liposomes.
HSPC/DOPE/Chol/CTAB/Didodecyldimethylammonium C6 glioma bearing Intravenous Doxorubicin * HE » No pathological morphology present in the [125]
bromide Adult Sprague-Dawley « TUNEL assay peripherical organs one month post-administration of
rats (200-220 g) the liposomes.
« In the brain, the cell density within the tumour region
was much greater than the one in the normal brain
tissue.
« The rapid tumour growth led to ischemia and dam-
aged cells in the adjacent brain regions.
« In the treated group the tumour tissues were
hypocellular and with higher cell viability.
< Within all the treated groups, the one with focused
ultrasound was the one with highest tumour apopto-
sis and necrosis.
DSPE- PEG2000-maleimid, DDAB C6 glioma bearing Intravenous VEGF « Fluorescence imaging « Liposomes without vector did not accumulate in the  [127]
Adult female Wistar tumour tissue.
rats (Three months * Anti-VEGF-liposomes were accumulated in all
old, 230-280 g) tumours (in the centre and periphery of the tumour
tissue, with heterogeneous distribution)
NH2-PEG-DSPE-p-aminophenyl-a-D-mannopyranoside ICR male mice Intravenous Curcumin, Quinacrine « HE « The tumours within the treated groups were signifi-  [128]
(18-20 g) bearing cantly smaller and with more vacuoles.
glioma stem cells « The shape of the tumours was irregular and without
obvious boundaries.
« large portions of necrosis and haemorrhage.
DPPC:PTX:DSPE-PEG:cholesterol U87MG glioma Intravenous Paclitaxel « [HC against Ki-67 and « Expression of Ki-67 and PCNA was very high in non-- [323]
bearing Male BALB/c PCNA (proliferating cell treated glioma regions. Between the treated groups
mice (6-7 weeks old, nuclear antigen) there were no significant differences.
18-22 g) « TUNEL assay « The number of Ki-67 and PCNA positive cells
decreased in the group treated with paclitaxel loaded
liposomes, enhanced by focused ultrasound
« Control group showed a small percentage of apoptotic
cells, whereas the treated group enhanced by focused
ultrasound, showed abundant TUNEL-positive cells
within the glioma region.
SLN U87MG glioma Intravenous SiRNA * HE « The nanoparticles decreased the tumour size in a [147]
bearing Adult Male « [HC against c-Met dose-dependent manner. The highest dose showed a
BALB/c nude mice 91% tumour volume reduction.
(Six weeks old) « Downregulation in the expression of c-Met after the
nanoparticles administration
SLN Adult Wistar rats Intravenous Camptothecin™, « Fluorescence imaging < The nanoparticles coated with polysorbate 80 were [149]
(230-250g) Rhodamine123 (dye) not detected 120 min post-injection.
< After this time, both the SLN coated with polysorbate
80 and polysorbate 60 were detected in the brain,
being the latter more diffused into the brain.
LNC C6 glioma bearing Intravenous Curcumin « HE « 14 days post-injection, the lowest dose of C-LNC [150]
Adult Male Wistar rats helped to decrease the tumour size when compared
(Eight weeks old, to the other treatments.
220-260 g) « Curcumin free only exerted significant effects on
tumour size at a high dose.
* Necrosis and haemorrhages decreased in C-LNC and
C50 treatments, while the micro vessel proliferation
was similar on the different groups.
HA-LNP U87MG glioma Intracranial siRNA * HE « Tumour was clearly visible through a high cellular [153]

bearing Athymic
Female BALB/c nude

density, with significant differences from the normal
tissue.
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LPNP

QD-aptamer32

Angiopep2-PEG-DOX-Au

PARKINSON'S DISEASE

Poly(D,L-lactide-co-glycolide)lactide:

glycolide

Alginate

PLGA-PFCE

PEG-PLGA

PVP

Lactoferin

mice (4-6 weeks old,
20g)

GBM43/MGG8 glioma
bearing Athymic nude
male/female mice
(6-8 week old)

U87 glioma and
U87-EGFRVIII glioma
bearing Male C57BL/6
athymic nude mice
(6-8 weeks old)

C6 glioma bearing
Male Kunming mice
(20-24 ¢)

6-OHDA lesioned
Adult Wistar rats
(215-235g)

Transgenic fly lines

6-OHDA lesioned
Adult male C57BL/6
mice (10-12 weeks
old)

Adult male Kunming
mice (18-20 g)

6-OHDA lesioned
Adult male

Intracranial

Intravenous

Intravenous

Intravenous

Oral

Intracranial

Intravenous

RNAi

Doxorubicin

Dopamine

Curcumin

microRNA-124 (miR-124)

Coumarin-6 (dye)

[HC against human Nestin

IHC against GFAP
HE

IHC against LRP1
TEM
HE

IHC against TH (dopami-
nergic neurons), GFAP
(glial cells) and endoglin
(capillaries).
Fluorescence imaging
TEM

HE

Fluorescence imaging

IHC against BrdU, DCX and
NeuN

Fluorescence imaging

IHC against TH

The in vivo distribution of the LPNP is restricted to the
tumour site four days post-injection.

Strong of expression of EGFRVIII in the mice with the
U87-EGFRVIII tumours and no expression of this in the
mice with U87 tumours.

QD-Apt were only detected in the U87-EGFRVIII
tumours. Less astrocytes in this group.

There were no tissue lesions, necrosis or inflammation
in any of the groups analysed

Tumour cells highly expressed LRP1.

Biodistribution of the nanoparticles was significantly
greater than the one of free doxorubicin
Nanoparticles with the angiopep on the surface highly
co-localised with LRP1. Distribution in the spleen,
liver and kidney of angiopep-NPs was lower than the
uncoated NPs 2 h post injection. This result switched
4 h post-injection

Distribution of angiopep-NP in the tumour site was
higher than that of NPs without angiopep

In the controls, the glioma was clearly observed.

In the treated groups the density of glioma cells was
lower than in the controls

No obvious toxicity was seen in the heart.

The nanoparticles were not confined within blood
capillaries and were detected in the brain paren-
chyma. The nanoparticles were detected near and
inside the neurons and astrocytes, 4 h post-injection.
FITC-labelled nanoparticles were detected also in the
spleen, liver and kidneys of the animals, 4 h post--
injection.

Polymeric nanoparticles aggregates were detected in
the striatal region of the brain.

The administration of the nanoparticles did not cause
any lesion or histopathological change in the heart,
suggesting that it did not cause any abnormal cardio-
vascular change.

The fluorescent intensity decreased in a dose--
dependent manner with the administration of ACNC
The nanoparticles delivered into the ventricular
lumen were detected one day post-administration.
The loaded nanoparticles with miR-124 were not able
to change the total number of neuroblasts (DCX+) or
proliferating neuroblasts (DCX+/BrdU+) in the
subventricular zone of all treated groups, nonetheless
in the 6-OHDA group the proliferating neuroblasts
were 50% lower than the healthy animals.

Significant increase of DCX+ and DCX+/BrdU+ cells
in the Granule cell layer of the olfactory bulb of
6-OHDA treated animals

Lactoferrin-nanoparticles were detected in the cortex,
substantia nigra and striatum 1 h post-injection,
which was not seen in the nanoparticles without
lactoferrin.

After 21 days of treatment, the lesioned-control
showed significant loss of TH+ neurons.

[158,159]

[188]

[189]

[45]

[46]

[48]

[50]
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Table 3 (continued)

Nano-delivery systems Animal model Route of Therapeutic cargo Histological assessment Outcome of histological assessment Ref
- . administration
Core polymer Surface modification
Sprague-Dawley rats « After treatment in the 6-OHDA lesioned group, there
(200-250 g) was a significant increase in the number of TH+
neurons.
Adult Balb/c mice « IHC against CD688 « After administering the nanoparticles for one week,
(18-20¢g) there were dose-related inflammatory reactions in
the kidneys, spleen and liver 24 h after that week,
which disappeared at 48 h.
« No signs of inflammation were seen in other tissues
PEG-PLGA Odorranalectin 6-OHDA lesioned Intranasal Urocortin peptide « [HC against TH * TH+ neurons decreased in the substantia nigra of the [51]
Adult female control (6-OHDA lesioned), while there they
Sprague-Dawley rats increased significantly in the nanoparticles-treated
(200-220 g) groups.
« Higher number of TH+ neurons in the groups treated
with odorranalectin-nanoparticles.
DGL-PEG Angiopep Rotenone induced Intravenous DNA (hGDNF) « [HC against TH « The groups administered with the nanoparticles with  [86]
Adult Male the angiopep and GDNF showed recovery of dopami-
Sprague-Dawley Rats nergic neurons, both in striatum and substantia nigra,
(250-300 g) namely after 5 injections of these nanoparticles, 35
days post rotenone-injection.
PAMAM-PEG Lactoferrin 6-OHDA lesioned Intravenous pDNA (hGDNF) « IHC against TH and CD68  « All the groups administered with the nanoparticles [87]
Adult male with GDNF showed recovery of dopaminergic neurons
Sprague-Dawley rats in substantia nigra.
(250-300 g) « In the striatum, substantia nigra and hippocampus
almost no cells were CD68+. However, these were
detected in the spleen and liver of normal rats
Pluronic P85/F68 - MPTP treated Oral Baicalein (B-MCs) * IHC against TH  Micelles prevented significantly the loss of dopami-  [109]
Zebrafish nergic neurons by exposure to MPTP
Pegylated immunoliposome (0X-26) 6-OHDA lesioned Male Intravenous DNA (TH plasmid) « IHC against TH « Total loss of TH+ cells in the striatum where the [135]
Sprague-Dawley rats 6-OHDA was injected.
(200-250 g)  After administration of the loaded liposomes the
levels of TH increased in the striatum, and at three
days post-injection they were normalised in the
whole body.
GNL 6-OHDA lesioned Intranasal bFGF, Apomorphine * HE  No local epithelial damage of nasal mucosa. [165]
Sprague-Dawley rats « [HC against TH = Severe loss of dopaminergic neurons in the substantia
nigra of the group administered with unloaded parti-
cles.
« Treated groups showed an increase in the number of
TH+ cells
Poloxamer 188-grafted heparin; gelatin, D,L glyceraldehyde 6-OHDA lesioned Intranasal, Substance P « HE « The lesioned group showed reduced dopaminergic [312]
Adult male intravenous « [HC against TH, c-Jun and neurons and proliferation of glial cells.
Sprague-Dawley rats caspase 3 « Treated group showed a significant increase in the
(300-320 g) number of dopaminergic neurons and reduction in
inflammatory cells infiltration. The group where the
nanoparticles were administered intranasally had a
higher number of neurons with regular arrangement.
« Significant loss of TH+ cells in the injured group,
which was reverted by the treatment, mainly in the
intranasal-administered one.
* c-Jun was downregulated in the group treated with
saline, while in the lesioned group and in the blank
nanoparticles one it was highly expressed. Less stain-
ing was seen in the treated group than in the lesioned
one.
< Caspase-3 signal pattern was similar to the c-Jun.
Phosphatidylglycerol 6-OHDA lesioned Intranasal VP025 [327]
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GMO-Pluronic F68, vitamine E-TPGS

Fe304 - Oleic acid-NIPAm-AA-NGF

ALZHEIMER'S DISEASE
PEG-PLGA

PEG-PLGA

PEG-PLA

PEG-PLGA

TGN
(TGNYKALHPHNGC),
QSH
(QSHYRHISPAQVC),
APp42

Solanum tuberosum
lectin

PVP

Adult male
Sprague-Dawley rats
(225-250 g)

Adult male Balb/c
mice (4-6 weeks old,
12-32¢g)

Rotenone induced
male C57BL/6 mice
(8-10 weeks old,
25-30g)

MPTP treated Adult
male C57BL/6 mice
(7-8 weeks old)

AP 42 induced Adult
ICR mice (18-22 g)

AP 15-35&IBO
induced Adult male
Sprague-Dawley rats
(200-230 g)

Tg2576 transgenic
mice

Adult Sprague-Dawley
rats (200-250 g)

Oral

Intraperitoneal

Intravenous

Intranasal

Oral

Intracranial

Curcumin, Piperine

shRNA

H102

bFGF

Curcumin

NGF

 [HC against TH, MHC Class
Il and p-p38.

IHC against TH

IHC against TH

IHC against TH and
alpha-synuclein
Prussian blue

* HE

* HE
Cresyl Violet

* HE
Congo red

» [HC against thioflavin T

» IHC against P75,
synaptophysin and AchE

The administration of VP025 reduces the loss of TH+
neurons at 10 days post administration. However, this
trends persists up to 28 days only in the group that
received the highest dose of VP025.

Significant increase in microglia expression on the
6-OHDA lesioned rats, which was reduced by the
pre-treatment with VP025. The positive expression of
activated p38 was seen in surviving dopaminergic
neurons on the 6-OHDA lesioned group (28 days).
There is no activated p38 in dopaminergic neurons in
the groups pre-treated with VP025.

There was accumulation of the nanoparticles within
the dopaminergic neurons 2 h post-administration.

Low density of TH+ neurons in rotenone treated
mice, however this is reverted with the treatment,
resulting in higher density of dopaminergic neurons
in the dual drug loaded nanoparticles group.

Reverse correlation was seen between the TH and
alpha-synuclein expression in the substantia nigra
post-MPTP administration. In the treated groups the
number of TH+ neurons increased and there was a
down-regulation of alpha-synuclein.

There is a minimal distribution of nanoparticles in all
organs except the spleen.

The nanoparticles did not cause any significant lesion
or organ damage.

Damage of nerve cells in the hippocampus region,
mainly neuronal loss, shrinkage and nuclear
condensation, all in the lesioned rats.

The treatment with TNP/H102 and TQNP/H102 elic-
ited protective effects on neurons, with significant
reduced pathological changes and less cell loss

AD control group showed clear neuronal loss in the
hippocampus and dentate gyrus and aggregation of
AB plaques.

This was reverted in the group treated with bFGF
loaded nanoparticles with STL, showing very few dif-
ferences from the sham groups.

Cholinergic nerve fibres were intact in the treated
groups as well as the architectural organisation of
nasal septal mucosas (clear structure and normal cell
density).

The peripheral organs showed no obvious lesions or
tissue damage, except the kidneys where vacuole-like
denaturation and thin tube walls were observed.

The treated group with curcumin showed a signifi-
cantly lower amyloid plaque density than the
controls.

There were significantly more P75+ neurons in
medial septal nucleus and vertical branches of diago-
nal bands in the control and treated groups, when
compared to the AD rats.

The number of these neurons was higher in the com-
bined treatment group when compared to the NSC
transplantation animal.

[328]

[186]

[32]

[33]

[35]

[330]

(continued on next page)
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Table 3 (continued)

Nano-delivery systems Animal model Route of Therapeutic cargo Histological assessment Outcome of histological assessment Ref
- . administration
Core polymer Surface modification
« Synaptophysin expression was much weaker in all the
groups in comparison to AD rats.
« AchE fibres were significantly higher in the treated
groups in relation to the AD group
PC:DCP:Cholesterol Aluminium Oral Rivastigmine * HE « The AD group showed focal area of deep eosinophilic [131]
chloride-induced amyloid plaques.
Adult male Wistar  The formation of plaques and the number of necrotic
albino rats neurons were decreased in the treated group.
(240-280 g)
Cardiolipin-conjugated liposomes - WGA AP 1-42 treated Male  Intravenous Curcumin, NGF + [HC against AR « AP plaque deposition in the hippocampus of the AD  [134]
Wistar rats (8 weeks » Cresyl Violet rats.
old, 250-280 g) « Free curcumin reduced the plaques, but the liposomes
were more effective
« The AD group displayed more degenerated neurons,
which were reduced by the liposomes.
SLN Ibotenic acid-lesioned Intraperitoneal Piperine » Congo red « Amyloid plaques present in nucleus basalis [331]
Albino Wistar rats magnocellularis of AD group.
« The treated group showed a decrease in plaques and
tangles.
NLC ICR mice (18-22 g) Intravenous Curcumin * Fluorescence imaging « Stronger and more distributed fluorescence intensity  [170]
in the treated group.
AP 1-42 & D-gal * HE « In the AD group there was a significant neuronal loss,
induced karyopyknosis and perikaryon shrinkage in the hip-
Sprague-Dawley rats pocampus.
(180-220 g) « treatment with curcumin loaded formulations
reverted the neuronal loss and the pathological dam-
ages were ameliorated.
« These effects were more significant in the
lactoferrin-coated NLCs.
SLN AR 25-35 induced Oral Chrysin * HE « Treated group displayed as improved neuronal cell [173]
Adult Male * Crystal Violet configuration in a dose dependent manner if the
Sprague-Dawley rats  IHC against GFAP chrysin is encapsulated.
(250-300 g) < SLNs per se had no effect on the cell morphology and
architecture.
« The loss of pyramidal cells in the hippocampus was
reduced in the groups treated with SLNs formulations.
« Significantly decrease in the expression of GFAP+
cells in the treated groups with SLNs formulations
when compared to the AD group and to the free
chrysin treated groups.
STROKE (CEREBRAL ISCHEMIA/ICH)
PNIPAM - Middle cerebral artery Intranasal Curcumin * HE « MCAO group showed neuronal loss and numerous [63]
occlusion induced vacuolated spaces.
Adult Wistar rats (16 < Treated group with PNIPAM formulations only
weeks old, 300-400 g) displayed partial loss of neurons and intact neurons in
between the vacuolated spaces.
Chitosan - Middle cerebral artery Intranasal Rutin * HE * MCAO group exhibited neuronal loss and brain dam-  [332]
occlusion induced * TTC assay age with numerous vacuolated spaces. The treated
Wistar rats (8-10 group displayed decreased neuronal abnormalities.
weeks old, 300-400 g) * MCAO showed a large lesion area when compared to
the control.
« The infarct volume decreased significantly in the
nanoparticle-treated group.
Chitosan-PEG PEG+ anti Middle cerebral artery Intravenous Caspase-3 inhibitor * HE « The group pre-treated with the loaded nanoparticles  [235]

transferrin antibody

occlusion induced
Swiss albino mice

showed significantly reduced infarct volume
The group that was post-treated with the loaded
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PLGA

PLGA

PAMAM

PAMAM

Heparin-Poloxamer188

RADA16-I self-assembling peptide
nanofiber scaffolds (SAPNS)

Graphene oxide nanosheet

PLGA in fibrin sealant gel

Ceria nanoparticles loaded with
Iron-Mesoporous silica

Polysorbate80

NAC

Dexamethasone

Tat peptide and
mPEG

Lipid coating

(18-22 ¢g)

Middle cerebral artery Intravenous
occlusion induced

Male wistar rats

(200-250 g),

Acetylpuerarin

Middle cerebral artery Intravenous
occlusion induced
Male Sprague-Dawley

rats (250-300 g)

Superoxide dismutase

E. coli endotoxin Intravenous
injected Newborn
New Zealand white
rabits

MCAO Male
Sprague-Dawley rats
(280-300 g)
MCAO/reperfusion
Adult female
Sprague-Dawley rats
(230-270 g)

Intracranial Heme oxygenase-1 gene

Intranasal bFGF

Injection of Intracranial -
collagenase IV in Male

Sprague-Dawley rats

(11-13 weeks;

420-480 g)

Middle cerebral artery Intravenous Pirfenidone
occlusion induced
mice
Subarachnoid Intracisternal
haemorrhage in

Wistar rats

Nimodipine

Injection of Intracranial

collagenase VII in Male

(Ceria)

N-acetyl-L-cysteine (NAC)

HE
TUNEL assay

TTC assay
TUNEL assay
DCDHF-DA staining

[HC against CD11b and
MBP

TTC assay

HE
[HC against Akt and p-Akt

[HC against MPO
(neutrophils), ED-1
(microglia), NeuN, GFAP,
Iba-1

TUNEL assay

EM

HE

HE
[HC against Ibal and
MAP2

[HC against CD68

.

nanoparticles showed neuroprotection 2 h post

ischemia.

In the injured group the hippocampus was severely [69]
damaged in the infarct area and the neurons disor-

dered and with pycnotic nuclei.

Treated group showed significantly less necrotic neu-

rons.

MCAO group displayed numerous TUNEL+ cells 24 h
post-injury. The treatment with the loaded nanopar-

ticles reduced the number of apoptotic cells in a pre-
ventive manner.

Treated group showed a reduction in infarct volume  [70]
and lesions with time.

The animals from the treated group which survived

48 h post-injury continued to recover with time.

Treated group showed significantly less apoptotic

cells.

Treated group demonstrated a significant decreased

in the ROS activity.

CP group showed increased activated microglia [88]
(CD11b+ cells) and decreased myelination (MBP+

cells). The reverse was seen for the treated groups.

The group treated with the loaded and modified [90]
dendrimers had the smallest infarct volume.

Injured group showed lesions in the hippocampus
and intercellular space enlargement, which was sig-
nificantly reverted upon the administration of the
bFGF loaded liposomes.

Expression of p-Akt was significantly increased in
bFGF-loaded lipossomes in comparison, while the Akt
was lower.

The hematoma-bearing group should high density of
MPO+ cells, whereas this was significantly reduced
both in the aspiration group and in the saline/SAP
administered group. The number of ED-1+cells was
the same in the hematoma and aspiration groups, but
was decreased in the treated group. Microglia cells
were dispersed equally within the scaffold.

High density of apoptotic cells in all groups except the
treated one, where these were significantly reduced.
Interaction between the SAPNS and the brain tissue
was tight, with cells migrating to the scaffolds.
Untreated group reveals islands of eosinophilic neu-
rons without coagulation necrosis and damage in grey
matter, which is reverted upon use of pirfenidone--
FGO nanosystems.

No subcarachnoidal blood was detected in the ani- [71]
mals administered with 40% nanoparticles, whereas
in the lowest concentrations and untreated animals
there was SAH around the hippocampus.
Accumulation of Ibal+ positive cells (microglia)
around the SAH, but these were evenly distributed
with no further lesions. There were no significant dif-
ferences in the expression of MAP2 between injured,
treated and sham animals.

The nanoparticles were mainly located in the
microglia/macrophages cytoplasm.

[138]

[333]

[334]

[196]

(continued on next page)
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Table 3 (continued)

Nano-delivery systems

Core polymer Surface modification

Animal model

Therapeutic cargo

Histological assessment

Outcome of histological assessment Ref

nanoparticles

PCBA -

PLGA -

Ceria PEG

PSYCHOTIC DISORDERS
SLN

SNEDDS

TRAUMATIC BRAIN INJURY
PBCA Polysorbate80

Chitosan-PEI-magnetic micells -

Sprague-Dawley rats
(8-weeks)

Injection of
collagenase IV in Male
Sprague-Dawley rats
(350-400 g)

MCAO induced Male
Sprague-Dawley rats
(12 weeks, 260-300
g)

Injection of
collagenase VII in male
Sprague-Dawley rats
(200-250 g)

Ketamine induced
Adult Male albino rats
(160-180 g)

Ketamine-induced
Swiss albino mice
(6-7 weeks old,
30-40 g)

Lateral fluid
percussion brain
injury Adult male
Sprague-Dawley rats
(220-325¢g)

Lateral fluid
percurssion injured
(LFPI) Male
Sprague-Dawley rats
(250-300 g)

NT-3 (plasmid containing
hormone response
element (HRE) with a
cytomegalovirus
promoter)

Curcumin

(Ceria)

Quetiapine fumarate

Olanzepine

Horseradish peroxidase

DNA

[HC against NT-3, AIF and
caspase-3

Nissl staining

TUNEL assay

[HC against ED-1

Fluorescence imaging
IHC against CD68

IHC against Bcl2

HE

IHC against EGFP

Fluoro-jade
Prussian blue

IHC against IL-1p, IL-6 and

TNFa

NT-3 expression was reduced in injured animals up to [72]
2 weeks without treatment and in the ones treated

with the free plasmid. The opposite was seen in the

group treated with the loaded nanoparticles. The

reversed trend was seen in the expression of the apo-
ptotic markers (AIF and caspase-3), with upregulation

of these in the untreated group. The TUNEL assay

showed a similar distribution pattern to the AIF and
caspase-3.

The Nissl staining showed neuronal density in all

groups, regardless their treatment. Increased neuro-

nal survival was seen in the group treated with nano-
particles and extensive neuronal loss in the ICH group.
Expression of activated microglia (ED-1+) was [73]
increased in the injured hemisphere. This was signifi-
cantly decreased in the curcumin-NPs treated group.

CeNPs were mainly distributed in the perihematomal [197]
area, where their intensity was higher. They diffused
throughout the interstitial space, but did not cross the
ventricle or gray matter

The number of CD68+ cells was decreased in the

CeNP treated group.

Ketamine group had no expression of Bcl2 in the [178]
hippocampus, which was reverted in the treated

groups, where there was a moderate positive expres-

sion of Bcl2.

There was no damage or abnormality observed in the [314]
organs of the treated groups.

The EGFP-loaded nanoparticles were detected 48 h [65]
post administration in the brain parenchyma of the

control.

On the TBI group, the nanoparticles were seen 45 min
post-administration near the injured site.

TBI group presented neurodegeneration and the [269]
majority of FJ+ cells were in the cortex, hippocampus

and thalamus.

More micelles were concentrated in the cortex of the

rats that were under a magnetic field when compared

to the group that was not.

They were present on the cortex and hippocampus

even 48 h post-TBI

The micelles did not elicit an inflammatory response

in the rats. There was no change in the expression of

IL-1B, IL-6 or TNFalfa between the healthy and sham
groups.
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toxicity of the micelles. The expression of both markers was similar in all
groups, at both three days and three weeks post-injection, highlighting
the non-toxic effect of the micelles [311]. A similar unaffected GFAP ex-
pression was seen after injection of doxorubicin-loaded PBCA nanopar-
ticles, proving that these did not have a toxic effect over the brain [17].

3.1.3. Electron microscopy

In a minority of the studies, transmission electron microscopy (TEM)
was also used to demonstrate the distribution of the nanoparticles in
the brain and the ultrastructural changes caused by them [45,189].
This is of interest when metallic particles are used, such as gold nano-
particles. In this study it was shown that the nanoparticles covered
with the angiopep-2 in a glioma model had a much higher and wider
distribution in the tumor site than uncoated nanoparticles [189]. In an-
other report, TEM allowed the analysis of the effect of nanoparticles on
the tissue and showed polymeric nanoparticles aggregated in the
striatal region of the brain, corroborating their targeting of the effected
tissue in the PD model [45].

Even though there is a much wider range of histological techniques
which can be applied to study the efficacy of nano systems, these were
the ones used so far in pre-clinical models of brain disorders. Detailed
description of their usage can be found in Table 3.

The symbiotic use of these approaches brings a meaningful innova-
tion into the ways to assess the efficacy of the nano systems, allowing
a better understanding of how, where and when they act.

It is important nonetheless to the state a proviso by mentioning that
these are all qualitative methods, not allowing a precise quantitative
analysis of the extent in the expression of each of these markers. Further
techniques must be employed as will be discussed in the following sec-
tions of this review.

3.2. Bio-imaging assessment

The most recent category of methods to evaluate the efficacy of the
nano-systems within the body is bio-imaging. Bio-imaging depends
on advanced technologies and equipment that were only developed
around 60 years ago [335,336]. These comprise non-invasive methods
to visualise biological tissues in real time and are very significant since
they can provide an overview of the organ of interest or even the
whole body, and are not restricted to a 2D section. This has become a
vital part in the field of oncology, particularly for tumor detection, char-
acterisation and the assessment of therapeutic efficacy [337].

Positron-Emission Tomography (PET): This is based on the use of ra-
diotracers which emit positrons that undergo radioactive decay
andproduce photons by colliding with electrons, which are detected
by the PET scanners. These will then reconstruct the tissue of interest
with the corresponding spatial density and the identification of, for ex-
ample, metabolic and blood flow changes [335]. PET can be used to eval-
uate the bio-distribution of nano-systems in the brain, such as
dendrimers, which were shown to be increased after one day in the
brains of animals with cerebral palsy [88]. Currently PET is combined
with other modalities, such as computed tomography (CT) or magnetic
resonance (MR), to allow the three-dimensional representation of the
scanned tissues [335,338]. In another study, PET/MR was used to evalu-
ate how the different sizes of micelles would affect their pharmacoki-
netics and bio-distribution. This method was useful to see that at 21 h
post-injection they ahad ccumulated within the tumor, first in the cen-
tre and later on the periphery [267], suggesting a temporal and spatial
path of action of this system.

Single-Photon Emission Computed Tomography (SPECT): This method
also depends on the use of a radioactive tracer and gamma radiation.
However, in this case the radiotracers emit gamma radiation which
can be measured directly, contributing to the reduced cost of the
SPECT scanners when compared to the PET [339]. In preclinical models
of CNS disorders, SPECT has been used in PD, to determine the distribu-
tion of the bromocriptine-loaded chitosan nanoparticles in the brain

between two different routes of administration [44]. SPECT allowed an
easy and quick analysis showing a significantly higher radioactivity in
the brain after intranasal administration when than that of the intrave-
nous one.

Magnetic Resonance Imaging (MRI): This has been used in the clinic
for over three decades and serves as the primary diagnostic technique
[336]. MRI is based on the imaging of paramagnetic chelates and mag-
netic particles and has no limit of depth for its analysis with a resolution
of 10-100um [338]. This is of interest since it does not involve the expo-
sure to harmful radiation, can be used to visualise blood vessels and for
soft tissue imaging, making it especially useful in brain imaging.
Furthermore, it can show swelling and inflammation, in a three dimen-
sional way [336]. For these reasons, it is already widely used in patients
and is also employed in studies to assess the efficacy of treatments in
pre-clinical disease models. In the case of brain disorders, MRI is mainly
applied (like the majority of bio-imaging modalities) in the follow up of
glioma sizes and glioma treatments [102,121,125,188,267,323]. In the
majority of the reports where MRI is applied to assess the tumor size
after therapeutics, the imaging is preformed between one and five
weeks post-administration of treatment [121,125,188,323]. C6 glioma-
bearing rats injected with doxorubicin-loaded liposomes showed high
tumor inhibition up to 22 days [125], as well as the U87MG glioma bear-
ing mice administered with paclitaxel in liposomes, where the suppres-
sion was seen until 38 days post-injection [323]. This was also observed
in 9L gliosarcoma bearing rats, where the administration of PEGylated
liposomes with doxorubicin combined with focused ultrasound led to
a decrease in the r tumor size three weeks post-injection [121]. This
emphasises the usefulness of this technique in accompanying the
tumortumor progression/regression over a timeline. In this regard, it
can also be employed to follow the recovery of infarcted areas in
MCAO models after administration of therapeutic molecules, such as
that of encapsulated bFGF [138]. Moreover, it can also be used to visual-
ise the nanoparticles administered. For example, Zhang R. et al. (2016)
labelled polymeric micelles with gandolinium to make them trackable.
This tracking showed that after 1 h, they were evenly distributed in
the cancer tissue [102]. However, even though it has many advantages,
MRI scanners are expensive, and so this is not the first approach chosen
when it comes to in vivo imaging of pre-clinical models.

Real-time near-infrared (NIR) fluorescence imaging: This technique
has high spatial resolution, thorough molecular tracking of fluorescent
probes and portability, as well as offering significant real-time display
[337]. The use of the near-infrared spectral region is of interest since it
has better penetration into the tissue and reduced auto-fluorescence
[337]. The principle of this modality is based on the fluorescent property
of certain molecules characterised by the absorbance of light in one
wavelength and emission at a higher wavelength [338]. There are two
types of NIR fluorescence: tomography fluorescence imaging and fluo-
rescence reflectance imaging (FRI), the latter being the most commonly
used in the case of brain studies [337]. This has an imaging depth of less
than 1cm, a resolution of 2-3mm and a cost that is less than a third of
the MRI equipment [338]. Usually this real time imaging is done on
early time points after the administration of the nanoparticles, such as
2, 6,12 and 24 h post administration [25,29,123,311,340], all in glioma
bearing models. All of these nano-carriers were labelled with DiR to
allow them to be detected in the different regions of the body. In
some studies, the polymeric nanoparticles are detected 1 h post-admin-
istration and reach the maximum fluorescence signal at 12 h post-injec-
tion, declining thereafter [25,29], only in the drug-loaded carriers. On
the other hand, in micelles coated with RGD peptide, the signal was
the strongest at 48 h post-injection [265]. NIR fluorescence has also
allowed the analysis of particle distribution in peripheral organs, show-
ing that most particles also reach the heart, spleen, lungs, liver and kid-
neys when they are intravenously administered [29,265,340], but they
accumulate less in these tissues when they are coated with brain-
targeting moieties. Additionally, the use of liposomes enhanced the ac-
cumulation of the drug in the brain even after 24 h [123]. This is,



Sprague-Dawley rats (200 g)

tially even after treatment, which was not seen in the group treated
with doxorubicin and focused ultrasound.

Table 4
Bio-imaging tools used to study the efficacy of BNDS in different brain disease targets.
Nanosystem tested In vivo model Route of Therapeutic cargo Bio-imaging Outcome of bio-imaging assessment Ref
administration assessment
Core polymer Surface
modification
GLIOMA
PCL-PEG Angiopep-s U87MG glioma tumor Intravenous Paclitaxel * Real-time fluo- « Dir-labelled nanoparticles were visualized in excised peripheral tis- [340]
bearing-male BALB/c nude mice rescence imaging  sues and were shown to cross the BBB through LRP receptor binding,
(4-5weeks old, 18-22 g) and to accumulate in the brain via the EPR effect.
+ Accumulation of the nanoparticles in the reticuloendothelial system
was detected in all groups.
PCL-PEG PEG C6 glioblastoma bearing Male Intravenous Paclitaxel * Real-time fluo- * NP were detected in the brain 1 h after injection and showed maxi- [25]
BALB/c nude mice(18-22 g) rescence imaging mum fluorescence signal at 12 h post-injection, decreasing thereafter.
* The signal of MPEG-NP was always stronger than the one of NP alone.
PEG-PLGA c(RGDf(N-me) C6 glioma bearing Adult male Intravenous Curcumin * Real-time fluo- * Treated group showed a weak signal in the brain 1 h post-injection, [29]
VK)-C (cHP) Sprague-Dawley rats (180-220 rescence imaging but it increased up to 12 h, when it reached the maximum of fluores-
g) analysis cence.
« In the group without cHP, the signal appeared only 4 h after injection.
« NPS were also present in the peripheral organs.
* The signal in the brain administered with cHP-NP were significantly
stronger than the ones without the cyclic peptide.
PLGA-PEG - Adult female Fischer F344 rats Intracranial Paclitaxel » Bioluminescence < Bioluminescence signal of the tumor for the group treated with with  [237]
in vivo imaging Paclitaxel-NPs was 45% of the control group 2 weeks post--
intratumoral administration
RGD-PF-DP - U87MG glioma bearing Male Intravenous Doxorubicin, * Invivo Near-- * The signal in the group treated with the RGD-micelles was stronger at [265]
BALB/c nude mice (18-22 g) Paclitaxel infrared optical 48 h post-injection compared to the group without RGD. However, the
imaging micelles accumulated in the brains of both groups.
* Accumulation of RGD-micelles in the heart, liver and spleen was lower
than that of micelles without the peptide.
DSPE-PEG2k-Ome, 3helix bundle - U87MG glioma bearing Male Intravenous - * PET/MR imaging < Large blood vessels in the tumour centre and highly localised glio- [267]
athymic nu/nu rats (250 g) * Autoradiography blastoma.
« 21 h post-injection of the micelles, they were accumulated within the
tumour, first in the centre and later on the periphery of the tumour.
 Autoradiography confirmed the enhanced tumour radioactivity
shown in the PET/MR images.
SN-38 loaded micelles - 9L glioma/U87MG glioma Intracranial NKO012 * MRI « Clearly defined distributions of the micelles were observed immedi-  [102]
bearing Normal Fischer 344 rats  (CED) ately after infusion.
(250 g, 12 weeks old)
PEtOz-SS-PCL - C6 glioma bearing Male ICR mice Intravenous Doxorubicin,  Real-time fluo-  Fluorescence intensity of free doxycycline was almost inexistent [105]
(18-20¢g) Paclitaxel rescence imaging where as the intensity for the micelles loaded with doxycycline was
* Bioluminescence significantly higher, mainly in the tumour region.
 Fluorescence in peripheral organs was similar in the all the groups
administered with micelles.
» The tumour size by day 24 was approximately 12 fold bigger than at
day 10 post-implantation.
RI-VAP, d-VAP, I-VAP - U87MG glioma bearing Male Intravenous Paclitaxel » Real-time imag- <+ RI-VAP and d-VAP led to the highest intratumoural fluorescence [106]
BALB/c nude mice (4-6 weeks ing in vivo intensity, reaching its peak at 1 h post-injection.
old) « Semi-quantitative analysis of ex vivo organ images displayed strong
fluorescence accumulation in tumours.
PLGA-T7 peptide - U87-Luci glioma bearing Male Intravenous Carmustine * Bioluminescence < Signal accumulation at the mice's tumour region on the group treated [108]
BALB/c nude mice (18-22 g) (BiCNU®) * Real-time imag- with the T7-micelles.
ing in vivo » These were less present in the liver when compared to the group
treated with micelles without T7.
» The concentrations of both type of micelles were similar in the
peripheral organs.
Pegylated liposomes 9L gliosarcoma bearing Male Intravenous Doxorubicin * MRI « Tumour in the group treated with doxorubicin only grew exponen- [121]

(0[0]
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Cholesterol-TAT Kunming mice, Wistar rats (8 Intravenous Doxorubicin * Near-infrared in  * Four hours post-injection there was a defined fluorescent signal on [143]
weeks old, 220-250 g) vivo fluorescence the brains from the treated group, which became stronger after 12 h

imaging and 24 h. The control groups displayed weak signals.

HSPC/DOPE/Chol/CTAB/Didodecyldimethylammonium  C6 glioma bearing Adult Intravenous Doxorubicin * Real-time in vivo < In the treated group with only liposomes the tumour growth was still [125]

bromide Sprague-Dawley rats (200-220 fluorescence almost not detected 7 days post-transplantation and it occupied half
g) * MRI of the semicerebrum by day 25, but it had a weak fluorescent signal.
* In the group treated with liposomes and focused ultrasound, the fluo-
rescent signal was very strong.
* The groups treated with liposomes and focused ultrasound was the
one with higher tumour growth inhibition.

DPPC:PTX:DSPE-PEG2000:cholesterol U87MG glioma bearing Male Intravenous Paclitaxel * MRI » The tumours in the untreated group showed exponential growth pat- [323]

BALB/c mice (6-7 weeks old, tern up to 38 days post-tumour implantation.
18-22 ¢g) * The group treated without liposomes but with focused ultrasound
showed similar tumour growth.
» The group treated with liposomes only showed a delay in the tumour
growth up to 2 weeks, but afterwards the tumour continued to grow.
* On the combined treatment group the tumour growth was suppressed
during the 4 weeks of treatment.

LPNP GBM43/MGGS8 glioma bearing Intracranial RNAi * Bioluminescence < The fluorescent signals suggest that the administration of the RNAi--  [158]
Athymic nude male/female mice LPNP significantly reduced the tumour growth when compared to the
(6-8 week old) LPNP alone.

QD-aptamer32 U87 glioma and U87-EGFRVIII Intravenous - * MRI » Tumour was visible days post-infusion. [188]
glioma bearing Male C57BL/6 « Real-time fluo- * In the U87-EGFRVIII group, animals administered with the QD-Apt had
athymic nude mice (68 weeks rescence in vivo strong fluorescence signals in the tumour region whereas the group
old) imaging treated with QD alone had negligible fluorescence signals.

* The groups with U87 tumours showed no significant fluorescence in
any of the treated groups.

PARKINSON'S DISEASE

Chitosan - Haloperidol induced Intravenous, Bromocriptine « SPECT (Gamma -+ Significant higher radioactivity observed in the brain after intranasal  [44]
Parkinsonism Adult Swiss albino intranasal scintigraphy administration when compared to intravenous administration
mice (20-40 g) imaging) « Signal was weaker in the intranasally administered group in the gas-

trointestinal tract.
* The intravenously administered group had a strong signal in the tract

PEG-PLGA Odorranalectin  Adult Female ICR mice (25-30 Intranasal Urocortin peptide « Real-time in vivo < Eight hours post-administration the fluorescent intensity in the brain  [51]
g), imaging of the treated group increased.

* Fluorescence and < The increased fluorescence intensity in the odorranalectin was also
light imaging seen in the peripheral organs.

ALZHEIMER'S DISEASE

NLC Sprague-Dawley rats (180-220  Intravenous Curcumin « Invivo and ex * Fluorescent signal was significantly stronger in the brain in the group [170]
g) vivo imaging administered with the lactoferrin-coated NLCs when compared to the

NLC alone.
Ceria nanoparticles (CeNP) combined with iron oxide =~ Male Sprague-Dawley rats Intracranial (Methylene blue), * MRI « Stronger MRI signal in the group treated with the CeNC/IONC/MSN--  [199]
nanocrystals (IONC) (300-320 g) T807 ligand « PET T807, showing enhanced retention. These results were further con-
firmed by PET.

CEREBRAL PALSY

PAMAM NAC E. coli endotoxin injected Intravenous N-acetyl-L-cysteine < PET » There was an increased brain uptake of the dendrimer in the CP [88]
Newborn New Zealand white (NAC) groups when compared to the controls, where there was no CP but the
rabits dendrimers were also administered.

STROKE (CEREBRAL ISCHEMIA/ICH)

Heparin-Poloxamer188 MCAO/reperfusion Adult female Intranasal bFGF * MRI  The different treatments lead to the significant reduction in the [138]

Sprague-Dawley rats (230-270

g)

infarcted area to distinct extents at 24 h post-injection.

The highest recovery was seen in the group of bFGF-loaded lipossome.
Even 21 days after treatment the long term therapeutic effect was
seen.

(continued on next page)
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Table 4 (continued)

Ref

Outcome of bio-imaging assessment

Bio-imaging
assessment

Therapeutic cargo

Route of

In vivo model

Nanosystem tested

administration

Surface

Core polymer

modification

[334]

« GO alone cannot penetrate the BBB, whereas the ones carrying

= Photoacustic

Pirfenidone

Intravenous

Middle cerebral artery occlusion

induced nude mice

Tat peptide
and mPEG

Graphene oxide nanosheet

pirfenidone can. This combination provides both effective treatment

and monitoring of the brain.
< Three and five days post-injection, there was a decrease in the signal

imaging

[196]

* MRI

(Ceria)

Intracranial

Injection of collagenase VII in
Male Sprague-Dawley rats

(8-weeks)

Lipid coating

Ceria nanoparticles loaded with

intensity on the group administered with the nanoparticles since they

were likely being uptaken by macrophages.

Iron-Mesoporous silica

nanoparticles

MULTIPLE SCLEROSIS

SLN

[174]

« Very strong signal coming from the brain in the SLN-injected animals,

« In vivo real time

Methylprednisolone,
Coumarin 6 (dye)

Intravenous

Cuprizone-induced Adult C57BL

mice (8 weeks old, 30-50 g)

showing that the accumulation of these was much higher than the

free coumarin-6.
« There is no significant difference between the two antibodies used to

imaging

coat the SLNs.
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therefore, a convenient technique to use for the tracking of the nano
systems and to confirm their bio-distribution.

In vivo bioluminescence imaging: This tool is based on the detection of
the natural light emission from tissues or organs, through the oxidation
of luciferin, which produces photons [341]. Since it is versatile, fast to
obtain (in minutes) and allows an analysis upto a depth of centimetres,
it is mostly used to track tumor progression (gliomas in the case of the
CNS), bacterial infections and therapeutic efficacy [338,341]. This was
generally applied to follow the tumor growth/regression upon days or
weeks [105,108,158,237]. Nance E et al. (2014) showed for instance
that paclitaxel-loaded PLGA particles led to the decrease of 45% of
tumor volume two weeks post administration [237]. A similar trend
was seen upon the intracerebral injection of large porous nanoparticles
(LPNP) with RNAI, where the size of the tumor decreased significantly
two weeks later [158]. Besides the assessment of the efficacy of these
systems, bioluminescence also allowed the confirmation of the estab-
lishment of the glioma model in the mice [105,108].

Mass Spectrometry Imaging (MSI): This technique can be considered
as a blend of bio-imaging, histology and molecular assessments since by
definition it falls short to be labelled as only one of these approaches.
MSI is used to identify and visualize the spatial distribution of numerous
different molecules such as proteins, lipids, metabolites or biomarkers
through their molecular masses (mass spectrometry-based assess-
ment), allowing the correlation of the chemical organisation of the sam-
ple with its physical features in a label-free manner [342]. Briefly, the
mass spectrum of each spot of a tissue section is collected during the
scanning of the tissue with an ionisation beam and the relative abun-
dance of each analyte will generate a proportional signal, which will
translate into a distribution map of intensities [342]. This results in
molecular images of the samples which will be created from the
information coming from the microprobe (laser ion beam) and the “mi-
croscope” (2D position-sensitive detector).

There are several different types of MSI based on the ionization
method, but the ones most often used to analyse the brain in animal
models are Matrix-Assisted Laser Desorption Ionization (MALDI) imag-
ing and Laser-Ablation Inductively Coupled Plasma MS (LA-ICP MS).

MALDI imaging involves the deposition of matrix on the tissue,
which aids in the analyte desorption and ionisation [342]. It has the ad-
vantage of being able to detect multiple large molecules simultaneously
and, therefore, has been used in pharmacodynamics and toxicodynamic
studies [343]. In the case of brain disorders, it was used in combination
with silver nanoparticles to visualize lipids and to analyse their changes
in rat models of TBI [344-346]. The use of silver nanoparticles is of inter-
est since they tend to bind to lipids, which allows them to segregate
from the surrounding salts, facilitating their imaging [347]. Gold nano-
particles have also been used with this aim [348]. So far MALDI in the
brain has been mostly used to investigate the changes seen in analytes
upon disease. However, there is an emerging field exploring its poten-
tial for the study of BDNS, both in terms of distribution as well as in
terms of efficacy [349].

In the case of LA-ICP MS the laser beam is used to ablate particles
from the sample, which will be transported to a new detector for diges-
tion and ionization of the sampled mass, comprising a very quick and
accurate technique for elemental analysis [350]. It is broadly used in di-
verse fields, but in the case of the life sciences, particularly on the brain,
it is mainly focused on metal-protein interactions [351-353]. For this
reason it is becoming attractive to use in combination with MRI and
the detection of its contrast agents [354,355]. Regarding its use for the
assessment of the efficacy of treatments in the brain, Koppen et al
(2015) have used LA-ICP MS to assess and quantify the presence of plat-
inum to evaluate the toxic effects of cisplatin (chemotherapeutic drug
platinum-based) [356]. However, in this case the drug was not adminis-
tered in combination with any nanoparticle system. On the other hand,
LA-ICP MS in association with MRI has been used separately to assess
the efficacy of DNA-loaded liposomes in a rodent brain [357]. Even
though this was not tested yet to assess the functional action of the
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nanoparticles in any disease model, it shows the promising use of this
method with that aim.

To sum up, the higher cost of these macroscopic imaging modalities
makes them less widely used within the pre-clinical studies. However,
since they offer numerous advantages, mainly the possibility of accom-
panying in real time the distribution of a pharmaceutical nano-system
or the progression of a disease without the need to sacrifice the animal,
their use always enables a valuable assessment of the site of action and
therapeutic effect of the agents, and are thus widely used within the
clinic.

Table 4 is an extensive review of the different bio-imaging tech-
niques used in the context of distinct brain disease animal models
where nano-delivery systems were employed.

3.3. Molecular assessment

3.3.1. Chromatographic techniques and Mass spectrometry

Bio-distribution/Organ bio-distribution: Temporal analysis of bio-dis-
tribution of therapeutic cargo delivered by nanoparticles (NPs) has been
performed in various studies. For the analysis of bio-distribution, tissue
and blood samples are collected, including the glioma, heart, liver,
spleen, lungs, kidneys and brain. The organ samples are weighed and
snap frozen at —80°C for analysis whereas the blood samples are further
processed into plasma. This is usually followed by the solvent extraction
of the required metabolite followed by its detection using either the
chromatographic techniques (High Performance Liquid Chromatogra-
phy (HPLC), Ultra Performance Liquid Chromatography (UPLC), Gas
Chromatography (GC)) [146,358,359] or mass spectrometry [24]. This
analysis is imperative to determine if there is any significant potential
toxic impact of the NPs. NPs showing higher accumulation in the heart
could be at the risk of potential toxicity. Several studies affirm the obser-
vation that non-targeted NPs show a marked accumulation in liver and
kidneys. However, addition of surfactant (PS-80 or Tween-80) [26] or
targeting moieties (lactoferrin [50,170] or transferrin [101,268]) on
the surface of NPs facilitate higher permeability of these NPs across
BBB and boosts their accumulation in brain.

Brain distribution: The aforementioned techniques are also used for
evaluation of regiospecific distribution of therapeutics in the brain
using nano-delivery systems [98,238]. Use of targeting strategies such
as conjugation to TAT peptide [143] or Angiopep-2 [28] enriches the
tumor accumulation of therapeutic NPs, thereby minimising the poten-
tial toxicity caused by non-specific tissue accumulation of the anti-
tumor drugs. In some cases, the presence of the targeting moiety
enhanced the plasma clearance of the targeted NPs [28]. The majority
of the studies have validated the increase in brain to plasma concentra-
tion of therapeutics at different time points of investigation when the
NPs are functionalized by targeting moieties [89,360].

Striatal levels of analytes: This is particularly relevant to nano-deliv-
ery systems with PD as the disease target. DA can act as a source of a
6-OHDA which potentiates the progression of the disease [361]. This
analysis involves the estimation of DA and its metabolites, dihydrox-
yphenylacetic acid (DOPAC) and homovanillic acid (HVA) in the stria-
tum of NP-treated vs control animals. There is a significant reduction
in the levels of DA and its metabolites (DOPAC and HVA) as compared
to the age-matched controls [362]. Augmented levels of DA and/its me-
tabolites is symbolic of successful therapeutic regimen for PD as it re-
stores the depleted DA levels and its metabolism in the lesioned
animals [363].

Pharmacokinetics: Pharmacokinetics is the time course study of drug
metabolism in vivo. This encompasses several kinetic parameters such
aS Craxo Tmax, AUCq_o,elimination rate constant (K.) and mean residence
time (MRT) which outline the drug bioavailability, distribution and
clearance. C,y is the maximum (or peak) serum concentration that a
drug achieves in a specified area of the body after it has been adminis-
trated and before the administration of a second dose and t,,,x denotes
the time at which the C,,. is observed. K. is the measure of the rate at

which the drug or therapeutic is eliminated from a system and
AUCy_., is the area under the plot for the therapeutic concentration in
blood or tissue of interest vs time. AUC represents the parametric valu-
ation of bioavailability and higher values of AUCy_.. in the brain implies
higher drug uptake. MRT is indicative of the average time spent by the
drug in body. UPLC, HPLC and Mass Spectrometry (MS) [28,313,363]
have been used in different studies for determination of the pharmaco-
kinetic traits of different BNDS. It is one of the customarily used assess-
ment schemes which summarises the performance of brain-delivery
nano-systems in various animal models and establishes the efficacy of
the system for therapeutic delivery in vivo.

For nasal administration, two new parameters evaluating the effi-
cacy of drug targeting using nano-systems through the intranasal(i.n.)
pathway are: percent brain targeting efficiency (DTE%) and direct trans-
port percent (DTP%) which are calculated using the formulae as re-
ported by Md et al. [44].

DTE(%) = [(AUCbrain/AUCblood)0724,i.n./(AUCbrain/AUCblood)o—M.i.v.]
x 100

DTP(%) = [(AUC0—24‘brain‘i.n._F) /AUCO—24.brain.i.n.} x 100

Where F = (AUCo-24,brain,iv./AUCo-24,pl00d,iv.) X AUCo_24blood,in.
AUCo_24, brain, i.n. iS the area under the curve of brain following i.n. ad-
ministration, AUCy_24, brain, iv. 1S the area under the curve of brain follow-
ing i.v. administration, AUCo_24 piood, iv. iS the area under the curve of
blood following i.v. administration, and AUCy_24 biood, i.n. i the area
under the curve of blood following i.n. administration.

It has been reconfirmed through studies across multiple disease
models (glioma, PD, AD, stroke) that surface modifications of NPs
using targeting moieties or surfactants improve their pharmacokinetic
properties as well as brain targeting. This also minimises the concerns
associated with the uptake or redirection of NPs into reticuloendothelial
system (RES) of other organs. Soni et al. (2008) [364] demonstrated a
five-fold reduced accumulation of liposomes in liver when they were
conjugated to transferrin in a glioma animal model. Wilson et al.
(2008) also demonstrated reduction in the uptake of PBCA NPs by RES
by coating the NPs with PS-80 for drug delivery application in AD [38].

3.3.2. Spectrophotometry

Oxidative and nitrosative stress: The brain is known to be abnormally
susceptible to oxidative damage due to the presence of high level of
fatty acids which are more prone to peroxidation and to consume a gi-
gantic proportion of total oxygen uptake. Additionally, the scarcity of
antioxidant defences which constitute only about 10% of other organs
like the liver as well as a higher level of iron and ascorbate, renders
the neural cells more liable to oxidative damage [365,366]. Neurode-
generative disorders are characterized by the progressive loss of neu-
rons translating to loss of motor functions and/or cognition which can
be attributed to a complex interplay of factors including oxidative stress
and free radical generation [367]. ROS and reactive nitrite species (RNS)
include hydrogen peroxide (H,0,), nitric oxide (NO), superoxide anions
and the highly reactive hydroxyl and monoxide radicals (OH-,NO- ). En-
dogenous antioxidant architecture keeps the ROS generated from
mitochondria, NADPH oxidase (Nox), and xanthine oxidase (XO) at rel-
atively low levels [368].

Accumulation of misfolded proteins constitutes the pathogenesis of
several neurodegenerative disorders such as AD and PD and is responsi-
ble for activation of microglia and astrocytes. PD is signalized by large
cytoplasmic inclusions of a-synuclein in the neurons of substantia
nigra called Lewy bodies [369]. Impaired mitochondrial activity
reflected in the inhibition of complex I and complex II/III of the mito-
chondrial electron transport by MPTP causes PD in human beings
[370]. Heightened levels of proteins and DNA [371], lipid oxidation
[372] and decreased levels of reduced glutathione (GSH) [373] are an



104 J. Samal et al. / Advanced Drug Delivery Reviews 148 (2019) 68-145

integral part of the pathophysiology of PD. Aggregated human a-synu-
clein causes activation of microglia and DAergic neurodegeneration
[374] and stimulates astrocytes to produce inflammatory modulators
[375]. Elevated RNS levels leading to nitration of a-synuclein facilitates
the neuroinflammatory responses [376]. Involvement of ROS in apopto-
sis and caspases chain activation leads to the neuronal loss observed in
PD [377].

Oxidative stress induced in AD plays a crucial role in the pathogene-
sis of AD which is established by the presence of markers of oxidative
stress in autopsied brains from AD patients [378]. In AD pathology, Ap
peptide produced in the AD brain activates microglia and astrocytes.
AP accumulation also distorts the mitochondrial respiratory function,
increase ROS production, and changes mitochondrial membrane poten-
tial in various brain regions [379,380]. Abatement in the activities of ox-
idative metabolism enzymes including a-ketoglutarate dehydrogenase
complex, pyruvate dehydrogenase complex and cytochrome oxidase
was observed in patients with AD [381].

Brain ischemia has been identified as the most common ground for
strokes as it results in decreased blood flow to brain, thereby preventing
the adequate delivery of oxygen and others nutrients leading to meta-
bolic distortions and probable cell death [382]. Oxidative stress plays a
significant role in neuronal death paving the way to acute brain ische-
mia (ABI) in a series of pathophysiological events. Reperfusion, while
it partially replenishes oxygen regionally, and thereby restores neuronal
viability, also facilitates the activation of oxidant enzymes and mito-
chondria resulting in the release of free radicals. This, coupled with
arrested detoxification systems and expenditure of antioxidants, causes
the breach of the normal antioxidative defence of brain [383]. Signifi-
cant damage is caused by the free radicals via the impairment of lipids,
proteins, and nucleic acids [367].

ROS induce genotoxicity and interrupt vital cellular processes through
their interactions with nucleic acids and regulatory proteins, inducing
chromosome aberrations and modifying the gene expression patterns.
Alterations in regulatory proteins such as oncogenic variant epidermal
growth factor receptor variant Ill (EGFRVIII) causes further accumulation
of ROS in the cells and promotes further alterations in the genome of GBM
cells [384]. ROS can also mediate varied biological effects which can be
successfully harnessed for therapeutic development to target cancer
cells in the brain given their high basal metabolic rate [385,386]. Oxida-
tive therapy in GBM exploits the increase in ROS levels to trigger apopto-
sis or necrosis resulting in cell death [384]. In this case, the therapeutic
cargo employs the molecules capable of acting as direct inhibitors of
tumor and/or in sensitizing tumor cells to initial treatment.

Augmentation of ROS and RNS is extremely difficult to measure
quantitatively in either in vitro or in vivo systems under pathophysiolog-
ical conditions as they have extremely short half-lives. However, DNA,
lipids, proteins and carbohydrates are altered by ROS in vivo and can
serve as markers of oxidative stress that are modified by interactions
with ROS. These alterations are, therefore, detected using several bio-
chemical assays evaluated through spectrophotometry which cover all
the facets of ROS defence mechanisms in vivo.

(1) Lipid peroxidation (TBARs)/Malondialdehyde (MDA) assay: This
assay is used for determining the level of MDA, which is a marker
for lipid peroxidation. Thiobarbitoric acid (TBA) assay is the most
commonly used method for determination of the MDA in animal
tissues [387] which involves spectrophotometric detection of re-
action products at 532 nm. However, due to the non-specificity of
TBA reactivity with MDA and cross-reactivity with other alde-
hydes produced as a result of lipid peroxidation, TBA reactive
substances (TBARs) are more frequently used as a marker of ox-
idative stress [388].

Reduced GSH estimation: Reduced GSH is a component of the en-
dogenous antioxidant system which facilitates ROS scavenging
and H,0, clearance by reducing it to water. The oxidative stress
phenomenon in several brain diseases involve reduction in the
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levels of GSH which promotes neuronal death by impairing per-
oxide clearance and elevation of ROS levels [389]. Reduced GSH is
estimated using the protocol from Jollow et al. (1974) involving
spectrophotometric detection at 412 nm [390].

Glutathione peroxidase (GSHPx) assay: The first step of superox-
ide neutralization involves SOD catalysing the conversion of su-
peroxide anion into H,0,, which is still a potentially harmful
ROS. Catalase and GSHPx catalyze conversion of H,O, generated
to water and oxygen. However, the expression of catalase in neu-
rons is lower than it is in other organs [391], GSHPx takes the
lead in detoxifying H,0, after cerebral ischemia and reperfusion.
The enzyme activity is determined by the amount of NADPH ox-
idized at 340 nm [392]

Glutathione reductase (GR) assay: Glutathione reductase cata-
lyzes the reduction of oxidized glutathione (GSSG) to the re-
duced form (GSH) in the presence of NADPH as a cofactor. GR
is a very important part of antioxidant repertoire against free
radicals and ROS as well as protein and DNA biosynthesis,
which maintains a high ratio of GSH/GSSG [393]. It involves the
spectroscopic determination of NADPH disappearance at 340
nm [392]. It seems to have a significant impact in cerebral ische-
mia as observed through various genetic models [394] however,
the neuronal cell loss in neurodegenerative processes are un-
likely to result from reduced activity of brain glutathione perox-
idase [395].

Superoxide dismutase (SOD) assay: Manganese superoxide dis-
mutase (SOD2) converts superoxide ion to hydrogen peroxide
and serves as the primary defence against mitochondrial oxida-
tive stress. SOD plays a vital role in protection against free radical
damage in reperfusion injury and aids the reduction of infarct
size during ischemia and reperfusion [396]. It is also a cause of
degeneration of neurons in the basal ganglia and brainstem and
progressive motor disturbances in the neurodegenerative dis-
ease pathophysiology [397]. Its activity is determined by spectro-
photometric measurements at 560 nm according to the method
described by Kono et al. (1978) [398]

Catalase assay: Catalase is responsible for neutralizing H,0,. It
has been found to be more impactful than glutathione peroxi-
dase in neurons [399] and may be an alternative source for oxy-
gen, thereby aiding neuroprotection under hypoxic conditions
[400]. Catalase activity is determined spectrophotometrically
using the protocol Claiborn et al. (1985) at 240 nm [401].
NADH dehydrogenase (NDH)/Complex I assay: Mitochondria are
known to be the production factories of ROS in the cells [402].
One of the major causes of neuronal death after cerebral ischemia
and reperfusion injury is the reduction in mitochondrial enzyme
complex. There is a significant impairment in mitochondrial en-
zyme complex I (NADH dehydrogenase), that is observed in is-
chemia reperfusion injured animals. Inhibition of mitochondrial
complex I has been one of the proposed mechanisms for DAergic
neuron loss in MPTP induced Parkinsonism [403]. Levels of
NADH dehydrogenase is estimated spectrophotometrically
using the protocol described by King et al. (1967) at 550 nm
[404]

Succinate dehydrogenase (SDH) activity/Complex II assay: Inhi-
bition of Complex II has been shown to be involved in neurode-
generation and in eliciting motor impairments in rodent
models [405]. Complex II is estimated using MTT assay which is
spectrophotometrically determined at 420 nm [406].

Nitrite estimation: NO is a very important signalling molecule in
CNS under physiological conditions, which when present in ex-
cess displays neurotoxicity and an ability to induce neuronal ap-
optosis. This was demonstrated by the attenuation of NO-
induced apoptosis using antioxidants and reduction in the anti-
oxidant treatments facilitated the NO-mediated neuronal apo-
ptosis [407]. In the case of tumors in the brain, subsequential
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impact of NO includes amongst others exggarated proliferation,
evasion of apoptosis and acquiring chemotherapeutic resistance
[384].NO estimation is done spectrophotometrically using Greiss
reagent [408].

This set of biochemical assays has been used in several studies in-
volving the brain-targeted nano-delivery systems addressing the ques-
tion of their impact on the oxidative stress in various disease models like
PD [272], AD [359] and cerebral ischaemia [63].

Acetylcholinesterase (AChE) activity: AChE is a crucial enzyme in the
cholinergic nervous system which is responsible for scavenging acetyl-
choline, a neurotransmitter associated with memory and learning and
quelling its physiological action. AChE interacts with AR peptides and
promotes the formation of amyloid fibrils [409]. In PD patients with de-
mentia, AChE inhibitors like rivastigmine shows long term therapeutic
action through improvement of cognition [410]. Therapeutic ap-
proaches in AD focus on the inhibition of AChE and post-mortem anal-
ysis after the delivery through nano-systems involve estimation of the
AChE activity [359] using the protocol elucidated by Ellman et al.
[411] involving spectrophotometric detection at 412 nm.

3.3.3. Scintigraphy

Radiolabelled NPs serve diverse functions that include region-spe-
cific irradiation for tumor therapy, imaging and determination of in
vivo pharmacokinetics of the NPs. In regards to their application for
brain delivery, they have been widely used to determine the tissue-spe-
cific distribution of these radio-labelled NPs and their efficacy in deliver-
ing the encapsulated or conjugated cargo into the brain [176,364,412].
Three cardinal approaches to radiolabel the NPs involve direct labelling,
chelator-facilitated labelling and radiolabelling the cargo. The most fre-
quently used radionuclide used for BNDS is a short-lived metastable iso-
tope of technetium (°*™Tc). The extensive application of ®™Tc in these
studies is attributed to its short half-life (approximately 6 h), a suitable y
photon emission energy that is suitable for imaging while catering effec-
tively ti patient safety, ready commercial availability and ease of label-
ling a broad range of targets [413]. However, certain studies have
employed '>°I and >H for labelling the therapeutic cargo [33,136].
Serum stability analysis, which investigates the stability of the
radiolabelled complexes in serum reveal the in vivo stability upon ad-
ministration into the animals [414,415]

Most studies employing NPs for brain delivery have used direct con-
jugation protocols, chiefly using the labelled NPs for estimation of brain
uptake of the therapeutic cargo and its accumulation in other organs in-
cluding liver, lungs and heart etc. Also, scintigraphy studies have been
performed across a spectrum of brain disorders from glioma to neuro-
degenerative and psychotic disorders.

These studies involve the administration of these radiolabelled NPs
through various routes followed by isolation and weighing of different
organs and screening them under a gamma scintillator for evaluation
of NP uptake. The radiolabelled NP uptake is mostly expressed/unit
weight of the organ and as a fraction of administered dose [414]. The ob-
served radioactivity in brain and plasma over time is converted into a
compatible format for the analysis for different pharmacokinetic param-
eters using appropriate software. Detailed pharmacokinetic analysis
that includes investigation of brain targeting using scintigraphy was
demonstrated by Shadab et al. (2013) [44] and Kang et al. (2016)
[136]. This analysis uses radioactivity for estimation of pharmacokinetic
parameters like Tyax, Cmax, AUC and systemic clearance of NPs. Shadab
etal. (2013) also probed into the brain targeting efficiency of the NP for-
mulation for intranasal transport. Besides the use of radiolabelled NPs
for bio-distribution and pharmacokinetic analysis, these NPs can also
be employed for the live imaging of drug distribution following different
routes of injection. This could be used to determine the preferred ad-
ministration route.

3.3.4. Proteomic analysis using ELISA/WB/FC

A protein analysis toolset for investigating BNDS mainly comprises
ELISA (Enzyme-linked immunosorbent assay), western blot (WB) and
flow cytometry (FC). These techniques are applicable chiefly to address
three end points: valuation of the therapeutic delivery, inflammatory
response and toxicity elicited by the administration of the NPs.

Under the physiological conditions, cytokines show a low constitu-
tive expression in the brain [416]. On being subjected to inimical
changes in the microenvironment in CNS through trauma, infection or
ischemic attack, the cytokines are activated by glial cells [417]. These
pro-inflammatory cytokines have been shown to interact with the ad-
hesion molecules, where they promote the disease pathophysiology,
through induction of cell adhesion molecules (CAM) leading to alter-
ation of the blood-brain barrier integrity. The expression of CAM mole-
cules at BBB like intracellular adhesion molecules (ICAM-1) and
vascular cell adhesion protein-1 (VCAM-1) expression at the BBB aug-
ments leukocyte entry during autoimmune and neuro- inflammatory
diseases [418]. Persistent and unconstrained inflammatory modulations
disrupt the fine balance between pro and anti-inflammatory cytokines,
further aggravating the neuronal injury.

The panel of cytokines tested as a measure of inflammation in the
studies dealing with BNDS includes tumor necrosis alpha (TNF-a), IL-
1B, IL-6, IL-10, ICAM-1 & VCAM-1 [359]. Of these, TNF-c, IL-1B, IL-6 con-
stitute the pro-inflammatory cytokine panel and IL-10 represents
the anti-inflammatory repertoire. TNF- o is most frequently used
marker for outlines inflammation in the majority of these studies
[43,359,419]. Another category of molecules detected using ELISA is
the adhesion molecules ICAM-1 & VCAM-1. In the traumatic brain injury
model, ELISA was used to determine the levels of BDNF in brains iso-
lated from injured site and unlesioned sham animals following the ad-
ministration of PLGA NPs. This revealed that poloxamer 188 coated
NPs had a better targeting profile and a higher concentration of BDNF
was detected in brain tissues [418].

Western blot, on the other hand, has been used predominantly to
detect the cellular and signalling proteins from the total brain extracts.
Few examples include TH and a-synuclein pre- and post- therapeutic
NP treatment [ 186], bFGF levels in brain following its delivery using gel-
atin NPs [165] and estimation of signalling molecules [36]. Fewer stud-
ies used flow cytometry to study the cellular markers after NP treatment
to show the enhanced proliferation of specific cell types [329].

3.3.5. Gene analysis

Brain-specific gene expression analysis is another strategy employed
for assessing the efficacy of therapeutic nano-delivery systems using
qPCR for probing into inflammation, gene knockdown and signalling.
RNA used for this analysis is either extracted from the whole brain ex-
tracts or specific regions in the brain to demonstrate the region-specific
modulation of genes in response to therapeutic delivery. Ismail et al.
(2013) [131] investigated the impact of nano-formulation of rivastig-
mine on the expression of BACE-1. IL- 1> and AChE, in the cerebral cor-
tex, all of which are instrumental in progression of AD and reduction in
levels of which are indications of success of therapeutic delivery. It has
also been used to explore the impact of gene knockdown in a human
GBM model that utilizes Polo-Like Kinase 1 (PLK1) siRNAs (siPLK1)
which reduced the expression by 80% [153].

A summary of molecular assessment of different nano-delivery sys-
tems addressing different disease targets in brain has been presented in
Table 5.

3.4. Behavioural assessment modality for nano-delivery systems

3.4.1. Parkinson’s disease

Drug-induced rotations: There is an established relationship between
the degeneration of the dopaminergic system and the disruption of
motor function. Here an unilateral loss of DA system in hemipark-
insonian models can recreate an experimental scenario where



Table 5

Overview of molecular strategies used for evaluating the therapeutic efficacy of BNDS used in pre-clinical settings.

Nano-delivery systems

Animal model

Route of
administration

Therapeutic cargo

Parameters assessed

Tools for molecular
assessment

Outcome of molecular evaluation

Ref.

GLIOMA
PS-80 coated PBCA NPs

PS-80 coated PBCA NPs

Transferrin-conjugated D-alphatocopheryl
polyethylene glycol 1000 succinate
(vitamin E TPGS or TPGS) micelles

Tat modified MPEG/PCL micelles
(MPEG-PCLTat)

Aptamer functionalized PEG-PLGA NPs

Focussed ultrasound and microbubble
enabled liposomes

PS-80 coated PBCA NPs

Transferrin coupled liposomes

PS-80 coated PBCA NPs

Wistar rats

Wistar rats

Charles Foster rats

Sprague-Dawley C6
tumor model

Nude mice bearing
glioma xenografts,
Sprague-Dawley rats

U87MG tumor bearing
Nude mice

Wistar rats with

syngenic cerebral tumor

Albino Wistar rats

Fischer rats

Intavenous Doxorubicin

Intravenous Doxorubicin

Intravenous Doxorubicin

Intravenous, Coumarin-6

intranasal

Intravenous Paclitaxel (PTX)

Intravenous Paclitaxel (PTX)

Intravenous Temozolomide (TMZ)

Intravenous 5-fluorouracil

Intravenous TGF R2-antisense

oligonucleotides (AON)

Organ bio-distribution

Distribution in brain fractions

Brain distribution

Organ bio-distribution

« Pharmacokinetic analysis
< Organ bio-distribution

« Pharmacokinetic analysis
« Organ bio-distribution

Organ bio-distribution

Organ bio-distribution

TGF-32 concentration in plasma
& lymphocyte subsets

HPLC

HPLC

HPLC

Spectrofluorometry

LC-MS/MS

HPLC

HPLC

Scintigraphy

« Flow cytometry
« ELISA

Higher retention of PS-80 coated NPs in
circulation.

Reduced accumulation in reticuloendothe-
lial system (RES) ofPS-80 coated NPs.
High brain accumulation doxorubicin
through PS-80 coated NPs.

High doxorubicin detection in brain
homogenates of PS-80 coated PBCA NP
treatment at all time points.

Two-fold increase in supernatant concen-
tration of doxorubicin indicative of higher
transport across BBB.

Higher drug accumulation in brain in
targeted micelle treatment compared to
the non-targeted micelles.

Less coumarin detected in non-target tis-
sues through i.n. MPEG-PCLTat treatment
than free drug administration.

Stronger fluorescence detection for i.n.
than i.v. administration of nanomicelles in
brain.

Equal fluorescence detection for both
inoculated and non-inoculated sides in i.n.
administration contrary to i.v. showing no
enhanced permeation and retention with i.
n. administration.

Significantly longer PTXNP and Ap-PTX-NP
elimination half-life, slower clearance rate
(CL), smaller elimination rate constant and
higher AUC than free PTX

Tumor PTX concentration: Ap-PTX-NP >
PTX-NP > Taxol™

Greater accumulation (3 fold) of PTX in
tumor for FUS+MB+PTX-LIPO treatment
compared to PTX-LIPO.

Accumulation in liver(12.81%) and kidney
(27.89%) reduced for FUS+MB+PTX-LIPO
treatment.

Decrease in TMZ accumulation in heart
and kidneys following encapsulation in
NPs.

Higher accumulation of TMZ in brain espe-
cially in PS-80 coated PBCA NPs treatment.
Low accumulation (fivefold) in liver for
coupled liposomes.

High brain targeting of coupled liposomes
compared to uncoupled (10 fold) and free
drug solution (17 fold).

Significant reduction in TGF 32 in active
specific immunization and AON combined
treatment compared to other groups.
Combined therapy resulted in significant

[19]

[420]

[98]

[98]

[24]

[323]

[26]

[364]

[329]
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TAT-modified cholesterol liposomes
(TAT-LIP)

Angiopep-2-conjugated poly(ethylene
glycol)-copoly(e-caprolactone)
Polymersomes (Ang-PS-DOX)

Hyaluronan-grafted lipid-based NPs

Nanostructured lipid carrier (NLC)

Nanostructured lipid carrier (NLC)

Compritol® based SLNs

Precirol® and Compritol® based SLNs

PS-60/80 stabilized Cetyl palmitate (CP)
based SLNS

PLGA NPs

PS-80 coated PBCA NPs

RI-VAP/D-VAP conjugated PEG-PLA micelles

¢(RGDyK)PLA-PEG micelle (PP)

Poloxamer-407 (P407) nano-micelles

Kunming mice, C6
glioma implanted
Wistar rats

C6 glioma implanted
Wistar rats

U87MG tumor bearing
Nude mice

Nude mice bearing A172
xenografts

Wistar rats

Wistar rats

BaLB/c mice, C6 glioma

implanted NMRI mice

Wistar rats

Wistar rats

Sprague-Dawley rats

U87MG Tumor bearing
Nude mice
U87MG tumor bearing
Nude mice

Bioluminescent

Intravenous

Intravenous

Intratumor

Intraperitoneal

Intranasal

Intraperitoneal

Oral

Intravenous

Intrastriatal

Intravenous

Intravenous

Intravenous

Intravenous

Doxorubicin (Dox)

Doxorubicin (Dox)

Pololike kinase 1 (PLK1)
siRNA

Curcumin (Cur)

Curcumin (CRM)

Resveratol

Edelfosine

Camptothecin (CPT)

Carboplatin

Methotrexate (MTX)

Paclitaxel (PTX)

Docetaxel (DTX)

Panobinostat(LBH589)

Brain bio-distribution

« Pharmacokinetic study
* Brain bio-distribution

Pololike kinase 1 (PLK1) in vivo
silencing

Organ bio-distribution

Organ bio-distribution

Organ bio-distribution

Pharmacokinetic study

Organ bio-distribution

Tissue retention

Brain and CSF distribution

Pharmacokinetic analysis

« Pharmacokinetic study
* Brain distribution

Synaptophysin asaay

HPLC

HPLC

qPCR

HPLC

HPLC

HPLC

UHPLC-MS/MS

HPLC

ICP-MS detection

HPLC

HPLC

HPLC

ELISA

elevation of the rate of activated CD25+ T
cells which correlated with survival.
Higher concentration of Dox detected in
brain for all time points for Dox-TAT-LIP
treatment compared to free Dox and other
liposomal fomulations.

DOX encapsulation in PS decreased plasma
clearance.

Angiopep-2 modification increased PS
blood clearance.

-DOX-PS and Ang-PS-DOX showed signifi-
cantly lower DOX accumulation in the
heart and Ang-PS-DOX showed higher
accumulation in tumour compared to
other regions in brain and other
treatments.

80% knockdown in US7MG CD44v6 ™" cells
treated with siPLK1 that was delivered via
HA-LNPs.

AUC values: Cur-NLC increased the blood
levels of Cur by 6.4-fold.

NLC-Cur generated higher levels than Cur
in the xenografts.

Higher concentration of curcumin in brain
was observed for CRM-NLC treatment than
free drug solution.

6 fold higher uptake of resveratol when
administered as SLNs as compared to free
solution with reduced uptake by RES.
Higher brain accumulation of drug when
administered in SLNs rather than free
solution.

High tissue/plasma ratios of 4.5 and 12.4
for Precirol® and Compritol® LN com-
pared to free drug solution.

For heart, kidneys, and spleen, CPT con-
centrations were similar for the drug
incorporated into SLN and in suspension
which decreased in liver and lungs.
Higher accumulation in brain of SLNs
treatment compared to free suspension.
Carboplatin NPs showed higher in vivo
retention in brain.

PS-80 coated NPs double Cmax and AUC in
CSF compared to MTX solution.

PS-80 coated NPs triple Cmax and AUC in
cerebellum and cerebrum.

NP size<100 nm: more drug transport to
brain and CSF.

No impact of peptide modifications on cir-
culation time of micelles.

Higher AUC for micellar formulations (3-4
fold) compared to free drug indicating
longer circulation time.

Brain targeting and accumulation:
RDPP>DPP>DTX solution (1 h post
administration)

[143]

[28]

[153]

[288]

[152]

[151]

[146]

[148]

[421]

(81]

[311]

[103]

[422]
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Table 5 (continued)

Nano-delivery systems

Route of
administration

Animal model

Therapeutic cargo

Parameters assessed

Tools for molecular
assessment

Outcome of molecular evaluation

Ref.

Transferrin-coated PLA (Tf-PLA) NPs

ALZHEIMER'’S DISEASE
Solanum tuberosum lectin (STL) conjugated
PEG-PLGA NPs

THR peptide conjugated gold nanoparticles
(AuNP-THR)

Liposomes(PEG-DSPE, DDAB)

Liposomes

Solid lipid nanoparticles (SLNs)

syngenic F98/Fischer344
rat glioblastoma model

Intra-arterial
(carotid)

C6 glioma-bearing
Sprague-Dawley rats

APys_35 induced Intranasal

Sprague-Dawley rats

Sprague-Dawley rats Intraperitoneal

Albino rabbits Intranasal

AlCl; induced Wistar rat  Subcutaneous

model

Isoproterenol induced Intravenous

Wistar rats

3-bis(2-
chloroethyl)-1-nitrosourea
(BCNU)

Basic fibroblast growth
factor (bFGF)

Cys (C) modified B-sheet
breaker peptide LPFFD,
(CLPFFD)

Rivastigmine

Rivastigmine

Galantamine
hydrobromide (GH)

Organ bio-distribution

« Pharmacokinetic study

* Brain bio-distribution

« Choline acetyltransferase
(ChaT) activity in
hippocampus

Brain targeting

Pharmacokinetic study

Biochemical analysis

« Plasma- CRP Hcy

* ADMA

 Brain-AChE

* ATPase

Gene expression in cortex

< IL-1B
« BACE-1
« AChE

Inflammatory changes in brain

« TNF-a
< IL-1B

Single-photon
emission computed
tomography (SPECT)

« Scintigraphy
« ChAT activity assay

Instrumental neutron
activation analysis
(INAA)

LC-MS/MS

< Spectrophotometry
* RT-PCR

ELISA,
Spectrophotometry

No difference between animals treated
with P407/aCSF compared to aCSF-treated
and untreated controls indicative of no
potential neuronal toxicity of
nano-micelles.

2.5 fold increase in brain/plasma radioac-
tivity ratios for Tf-PLA compared BSA-PLA
indicative of higher brain targeting

STL modification promotes absorption in
nasal cavity and brain transport.

Higher concentration in olfactory bulb
than cerebellum and cerebrum.

High AUC values for STL-bFGF-NPs indicate
enhanced brain delivery.

High DTI% and DTP% for i.n. STL-bFGF-NPs
shows its best brain targeting efficiency
compared to other formulations and i.v.
administration.

-2.04 folds increase in ChaT activity in i.n.
STL-bFGF-NPs treatment group compared
to AD controls indicative of significant dis-
ease amelioration.

Increased accumulation of AuNP-THR--
CLPFFD and AuNP-CLPFFD compared to
AuNP-THR : possible relation to the struc-
ture of peptides after conjugation.
Increased brain accumulation by conjuga-
tion to THR peptide.

High uptake by RES due to negatively
charged surface.

Liposomes permeated through the nasal
mucosa, long circulation time with MRT of
3.5 £ 0.3 h in comparison to 1.1 & 0.1 hiin
case of solution.

Liposomes maintained a sustained
increase in brain levels upto 4 h.
Liposomal formulation restored the activ-
ity of AChE and ATPase to normal levels
whereas drug solution significantly
reduced the AChE and enhanced ATPase
activity.

Reduction in plasma levels of CRP, Hcy and
ADMA was attained by both liposomal and
solution formulations compared to AlCl3
controls.

Gene expression of all the tested genes
was significantly reduced by solution and
restored to normal levels by liposomal
formulation.

Chronic administration of GH-SLNs
improves efficacy of BM-MSCs in inhibition
of pro-inflammatory cytokines and restor-
ing the anti-inflammatory cytokines defi-
cits.

[15]

[33]

[302]

[363]

[131]

[172]
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Solid lipid nanoparticles (SLNs)

Solid lipid nanoparticles (SLNs)

Chitosan NPs (CS-NPs)

PS-80 coated solid lipid nanoparticles (SLNs)

Solid lipid nanoparticles (SLNs)

AlCl; induced Wistar
rats

APBas_35 induced
Sprague-Dawley rats

Colchicine induced
Wistar rats-

Ibotenic acid induced
albino rats

Streptozotocin (STZ)
induced- Wistar rats

Intravenous

Oral

Intranasal

Intraperitoneal

Oral

Quercetin

Chrysin (CN)

Piperine (PIP)

Piperine (PIP)

Sesamol

« IL-6

IL-10

ICAM-1

VCAM-1

Brain BDNF

Tau protein
Biochemical analysis
Oxidative stress

MDA activity

GSH activity

SOD activity

Cat activity

Nitrite activity

AChE activity

BuChE activity

Biochemical analysis: oxidative
stress

Lipid peroxidation
Glutathione levels
Nitrite levels
Biochemical analysis: Oxida-
tive stress

TBARS activity

GSH activity

GPx activity

SOD activity

Cat activity

GR activity

AChE activity
Ascorbic acid levels
Biochemical analysis

« Oxidative stress : MDA activity

« Total Antioxidant Capacity
(TAC)

= SOD activity ACHe activity

Brain toxicity analysis

« Casapase-3 activity

* TNF-a levels

Biochemical analysis: oxidative
stress

* SOD activity
* AChE activity

Biochemical analysis:
oxidative-nitrosative stress

+ SOD activity
« AChE activity
» MDA activity

Spectrophotometry

Spectrophotometry

« ELISA
< Spectrophotometry

< Spectrophotometry
« HPLC

« Spectrophotometry
« ELISA

Higher attenuation of oxidative stress pro-
file by chronic administration of GH-SLNs
with BM-MSCs compared to BM-MSCs
alone.

Restoration of BDNF and Tau protein con-
tent by GH-SLNs administered with BM--
MSCs compared to BM-MSCs alone.

Quercetin-loaded SLN significantly amelio- [168]
rated oxidative stress.

Significant restoration of TBARS and GSH
levels by low doses of CN-SLNs compared
to CN.

Restoration of catalytic activities of anti--
oxidant enzymes by low doses of CN-SLNs
compared to CN.

Ascorbic acid levels were significantly
increased by low doses of CN-SLNs com-
pared to CN.

[173]

PIP-NPs decreased MDA, increased SOD [43]
and TAC; restoring it to the level of nega-

tive controls.

PIP-NPs restored AChE activity indicating
retrieval and retention of memory pro-

cesses.

PIP-NPs restored Casapase-3 activity and

TNF-« levels comparable to donepezil but

failed to fully reverse the colchicine--

induced damage.

P-80-PIP-SLN treatment showed a signifi- [331]
cant and prolonged reduction in oxidative

stress compared to other groups and at

levels comparable to Donepezil.

Slow and sustained release profile in brain

for P-80-PIP-SLN treatment compared to

free drug which rapidly declined after

treatment.

Antioxidant profile (SOD, Cat, GSH, MDA)  [171]
improved by administration of both

sesamol and sesamol-SLNs, significant dif-
ference 16 mg/kg dose.

Nitrite levels reduced by both sesamol and
sesamol-SLNs significant difference at 16

mg/kg dose.

(continued on next page)
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Table 5 (continued)

Nano-delivery systems

Animal model

Route of
administration

Therapeutic cargo

Parameters assessed

Tools for molecular
assessment

Outcome of molecular evaluation

Ref.

Lactoferrin-modified LDL-mimic nanocarrier
(Lf-mNLC)

Liposomes

(PEG-PLA) di-block polymer micelles

PLGA NPs

PS-80 coated PBCA NPs

PS- 80 coated PBCA NPs

PLGA NPs (TFB-NPs) and solid lipid
nanoparticles (TFB-SLNs)

PARKINSON'S DISEASE
Chitosan NPs (CS NPs)

AB1_4, and d-gal
induced
Sprague-Dawley rats
AP1_42 induced Wistar
rats

AD model Tg2576 mice

AP-Induced Wistar rats

Wistar rats

Wistar rats

Sprague-Dawley rats

Haloperidol induced
Swiss albino mice

Intravenous

Intravenous

Oral

Intraperitoneal

Intravenous

Intravenous

Intranasal

Intravenous,
intranasal

Curcumin (Cur)

Cardiolipin (CL)

Curcumin

Curcumin

(Cur)

Rivastigmine

Tacrine

Tarenflurbil (TFB)

Bromocriptine (BRC)

« GSH activity

< Cat activity

« Nitrite assay

* TNF-a levels

Biochemical analysis: oxidative
stress (MDA)

* AChE
« Lipid peroxidase activity

Pharmacokinetic study

Hippocampal curcumin accu-
mulation

Gene expression and protein
analysis

TCF/LEF and Cyclin-D1 levels

Organ bio-distribution

Organ bio-distribution

Pharmacokinetic study

« Pharmacokinetic study
« Organ bio-distribution

Spectrophotometry

Spectrofluorometry

LC-MS/MS

« HPLC

« Western blot
* qRT-PCR

* Luciferase

* reporter assay

HPLC

HPLC

HPLC

Scintigraphy

TNF-a levels reduced by both sesamol and
sesamol-SLNs, significant difference at 8
and 16 mg/kg doses.

MDA levels reduced for Lfy;-mNLC group
was 1.50 and 2.68 folds of that in NLC and
Cur solution group.

AChE activity reduction: Curcumin <
WGA-Curcumin-LIP <WGA-Curcumin-CL/-
LIP.

-Malondialdehyde (MDA) levels:
Curcumin < WGA-Curcumin-LIP
<WGA-Curcumin-CL/LIP.

Six fold higher MRT and AUC for encapsu-
lated curcumin in brain compared to free
curcumin.

No difference in tetrahydrocurcumin levels
between the two formulations.

Increased relative mRNA expression of
neurogenic genes like 3-tubulin, neuroD1,
DCX, neurogenin, neuroligin, neuregulin
Down-regulation of transcription factor
Stat3 in the hippocampus of Cur-PLGA--
NP-treated rats.

NP encapsulation enhances drug accumu-
lation in RES.

PS-80 coating reduces accumulation in
liver and spleen.

PS-80 enhances brain drug targeting com-
pared to free drug.

NP encapsulation enhances drug accumu-
lation in RES.

PS-80 coating reduces accumulation in
liver and spleen.

PS-80 enhances brain drug targeting 4.07
times compared to free drug.
Biovailability: TFB-NPs (i.n.) > TFB-SLNs (i.
n.) > TFB solution (i.n.) > TFB suspension
(oral).

TFB-NPs showed better pharmacokinetic
profile with 1.2 times higher AUC, 2.5
times higher t; 5, and 2.6 times lower ke
than TFB-SLNs.

Highest brain delivery by TFB-NPs com-
pared to TFB-SLNs and other groups.

Brain accumulation i.n. > i.v in BRC-CS NPs
treatment.

i.n. administration showed higher accu-
mulation in stomach and intestine con-
trary to liver, lungs and spleen in i.v.
administration.

Brain/blood ratio: BRC CS NPs (i.n.)> BRC
CS NPs(i.v.)> BRC solution.

ngh DTI, DTP% and AUC(i_n_)/AUC(i_V_)
revealed the mucoadhesive impact of NPs

[170]

[134]

[35]

[36]

[37]

[38]

[41]

[44]
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Gelatin nanostructured lipid carriers (NLCs)

PLGA NPs

Sterically stabilized targeted Liposomes
(SSL-T)

Cerium oxide NPs (CeO,NPs)

NGF-coated NIPAM derivative based
magnetic NPs (NP-NIPAm-AA)

0X26 Mab conjugated PEGylated liposomes
(PLs) (PILs)

PS-80 coated PLA NPs

Lactoferrin conjugated PAMAM NPs

Lactoferrin conjugated PEG-PLGA NPs
(Lf-NPs)

Odorranalectin PEG-PLGA NPs (OL-NPs)

6-OHDA induced rat
model

6-OHDA induced Wistar
rat model

Sprague-Dawley rats

6-OHDA induced Wistar
rat model

MPTP induced C57BL/6
mice

Medial forebrain bundle
transection induced
Sprague-Dawley rats

MPTP induced C57BL/6
mice

6-OHDA induced
Sprague-Dawley rat
model

6-OHDA induced
Sprague-Dawley rat
model

6-OHDA induced
Sprague-Dawley rat
model

Intranasal

Intravenous

Intravenous

Intraperitoneal

Intraperitoneal

Intravenous

Intraperitoneal

Intravenous

Intravenous

Intranasal

Basic fibroblast growth
factor (bFGF)

Dopamine

GDNF

a-synuclein RNAi plasmid

Dopamine (DA)

Resveratol (RVT)

Human GDNF gene
(hGDNF)

Urocortin (UCN)

Urocortin (UCN)

« Striatal levels of dopamine and

« Dopamine-D2 receptor assay

Brain distribution, Striatal
levels of Dopamine and
Metabolites

metabolites

Brain uptake

Biochemical analysis in brain

Striatal dopamine levels
TBARS & MDA levels
Caspase-3 activity

Nitrite levels Reduced to oxi-
dized glutathione (GSH: GSSG)

ratio

Brain levels of a-synuclein
Tyrosine hydroxylase (TH)

Pharmacokinetic study
Brain uptake

Biochemical analysis:

Striatal levels of Dopamine (DA)

TBARS levels

Striatal levels of Dopamine and

Metabolites

Organ bio-distribution
Striatal levels of Dopamine

(DA)and Metabolites (DOPAC

and HVA)

and Metabolites (DOPAC and
HVA)

* Western blot
* HPLC

» HPLC
« Scintigraphy
« Scatchard analysis

ELISA

« HPLC
» Spectrophotometry

Western blot

Scintigraphy

Spectrophotometry

HPLC

HPLC-ECD

HPLC-ECD

Gamma scintigraphy revealed higher
uptake of BRC through i.n. pathway than i.
V.

DA, DOPAV and HVA levels enhanced by
bFGF-GNLs/IN significantly.

Elevated DA levels by bFGF-GNLs/IN treat-
ment ~ 37% of sham.

bFGF significantly increased in olfactory
bulb and striatum, not in prefrontal cortex
or hippocampus with bFGF-GNLs/IN
treatment.

Dopamine & metabolites: Double infusion
of DA-NPs >Single infusion>PD model
Decrease in striatal *H-spiperone binding:
Double infusion of DA-NPs >Single
infusion> PD model.

High AUC and GDNF uptake by GDNF--
SSL-T compared to conventional liposomes
and free GDNF.

Normalization of striatal dopamine levels,
TBARS, MDA and caspase activity levels by
0.5 mg/kg dose of CeO,NPs, while signifi-
cantly ameliorated by 1mg/kg and unaf-
fected by 0.1mg/kg.

1mg/kg dose administration increased oxi-
dative stress cortical, striatal and hippo-
campal tissues whereas 0.1 and 0.5 mg/kg
doses had no adverse impact after three
weeks.

Up-regulation of TH and a down--
regulation of ai-synuclein in brain tissue
after treatment with magnetic NPs with
plasmid.

Moderate increase in retention in plasma
through encapsulation in PD rats.

14 (PLs) and 16 fold (PILs) increase in AUC.
8 fold increase in brain uptake though PILs
compared to free dopamine in PD rats.

No significant difference was found
between animals from control and MPTP
plus PLA-PS80 loaded RVT groups.

Multiple dosing increased DA, HVA and
DOPAC content more than single dose.

5 dose regimen increased monoamine
neurotransmitter levels by 70% (DA), 90%
(DOPAC) and 90% (HVA)
AUC(1£.np)=2.49(AUC(np), Crnax(Lenp)=2.36
Cmax(npy (Lf facilitates brain uptake)

Lf-NP concentrated in heart and spleen--
potential toxicity issues.

DA, DOPAC and HVA levels significantly
higher in Lf-NP treatment compared to PBS
controls- Lf-NPS increase DA content.

DA levels: OL-NP/UCN(=9.1 OL-NP) >NP/-
UCN

DOPAC levels: OL-NP/UCN~ NP/UCN>
OL-NP

HVA levels: OL-NP/UCN~ NP/UCN> OL-NP

[165]

[45]

[140]

[184]

[186]

[136]

[49]

(87]

(50]

[51]
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Table 5 (continued)

Nano-delivery systems

Animal model

Route of
administration

Therapeutic cargo

Tools for molecular
assessment

Parameters assessed

Outcome of molecular evaluation Ref.

Chitosan NPs

Lactoferrin conjugated PEG-PLGA NPs
(Lf-NPs)

Glycol
chitosan/sulfobutylether-f3-cyclodextrin
(GCS, CS) NPs

EPILEPSY
N,N-dimethylacrylamide-based PEGylated
polymeric NPs (PNPs)

PLGA NPs

Nano-lipid carriers (NLC)

Pluronics® (L121 and P123) based
polymeric micelles (PM7)

PSYCHOSIS
Tween 80 coated chitosan NPs

Cationic liposomes

Wistar rats

KM mice

Wistar rats

PTZ-induced acute

seizure Wistar rat model

Sprague-Dawley rats

MES-induced acute

seizure Wistar rat model

Swiss Albino mice

Intraperitoneal

Intranasal

Intranasal

Intraperitoneal

Intravenous,
Intranasal

Intranasal,
intraperitoneal

Intravenous,
Intranasal

Ketamine-induced Swiss Oral

albino mice model

Wistar rats

Intranasal

Dopamine (DA)

Rotigotine

Dopamine (DA)

Gamma aminobutyric acid

(GABA)

Lorazepam

Valproic acid (VPA)

Clonazepam (CZ)

Doxycycline hydrochloride

(DC)

Risperidone (RSP)

Striatal levels of Dopamine (DA) HPLC

Brain distribution LC-MS/MS

Striatal levels of Dopamine (DA) HPLC
and Metabolites (DOPAC and

NA)

» GABA ELISA Kit
« EIA analyser

GABA concentration in Stratum
corsatum

* Bio-distribution
« Pharmacoscintigraphy analysis

Scintigraphy

Bio-distribution Gas chromatography

* Bio-distribution
« Pharmacoskinetics analysis

Radiochemical yield
assessment

Biochemical estimation in brain:
TNF-a estimation, AChE activity
estimation
Neurochemical estimation: DA &
GABA level

Spectrofluorometry,
Spectrophotometry

Pharmacokinetic study HPLC

Pulsate release of DA was observed for dif- [52]
ferent doses of NPs thus avoiding the

potential neurotoxicity associated with
prolonged release of DA.

Sustained brain delivery [54]
Targeted delivery to brain : AUC¢nps
(Brain/Plasma)=1.89

High delivery to all regions of brain com-

pared to uncoated NPs.

Single administration: no impact on DA, [55]
NA and DOPAC levels.

Repeated administration: Significantly

higher DA levels in ipsilateral striatum of

DA GCS/DA-CD NPs.

No impact on DOPAC and NA levels across

both striatum after DA GCS/DA-CD NPs
administration.

No significant differences in GABA levels
between NP formulations and GABA
solution.

Brain accumulation: -%*™TcLzp-PLGA-NPs
(i.n.)> 2°™Tc-LS (i.n.)> 2°™Tc-LS(iv.)
Sustained release from PLGA NPs and
higher brain uptake due to transport from
nose-brain pathway.

Brain-plasma ratio of VPA was higher for i.
n. administration of NLCs than i.p. admin-
istration at much lower dose at all time
points.

Brain accumulation: CZ-PM7 (i.n.)>
CZ-PM7(i.v.)=~CZ(i.n)

Blood levels : CZ-PM7(i.v.)> CZ(i.n) >
CZ-PM7 (i.n.)

Higher Chax and AUC indicate high brain
targeting for CZ-PM7 (i.n.).

Relative bioavailability 812.96% and
11.83% for brain and blood for CZ-PM7 (i.
n).

[423]

[412]

[172]

[270]

TNF-a levels, GSH levels: DCNP= [61]
Olanzapine>DC solution>Ketamine treated
animals (lower doses in NP effective as

higher dose in free drug formulation)

AChE levels: Olanzapine>DC solution=
DCNP =Ketamine treated animals
Decrease in DA levels and increase in GABA
levels: DCNP=0lanzapine>DC
solution>Ketamine treated animals
(greater drug bio-availability for NPs due
to tween 80 coat).

Drug concentration in brain higher at all
time points for all liposomal than i.v.
administration of free drug.

[424]

(481
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Solid-lipid nanoparticles (SLNs)

Nano-lipid carriers (NLCs)

Nano-lipid carriers (NLCs)

Solid-lipid nanoparticles (SLNs)

PAMAM NPs

STROKE (CEREBRAL ISCHEMIA/ICH)
Polymeric NIPAM NPs

Solid-lipid nanoparticles (SLN)

Cilostazol (CLZ)NPs

0X26 antibody conjugated PEGylated
cationic solid lipid NPs (0X26-PEG-CSLN)

BalB/C mice

Swiss albino Wistar rats

Charles-Foster rats

Ketamine-induced
Albino rats

Sprague-Dawley rats

MCAO Wistar rat model

BCCAO induced Wistar
rat

MCAO ICR mice model

MCAO induced
Sprague-Dawley rats

Intranasal,
Intravenous

Intranasal

Intranasal,
intravenous

Oral

Intranasal,
intraperitoneal,
oral

Intranasal

Oral

Intravenous

Intravenous

Risperidone (RSP)

Duloxetine (DLX)

Asenapine (ASN)

Quercetin fumarate (QF)

Haloperidol

Curcumin (Cur),
demethoxycurcumin
(DMC), and
bisdemethoxycurcumin
(BDMC)

Curcumin (Cur)

Baicalin

Pharmacokinetic study,
bio-distribution

Brain bio-distribution

Pharmacokinetic study

Biochemical analysis

Analysis of excitatory (gluta-
mate) and inhibitory (GABA)
amino acids

Catecholamines: norepineph-
rine (NE), serotonin (5-HT)
and DA

Brain and plasma distribution

Biochemical estimation in brain:

* GPx

* GR

« Lipid peroxidation

= SOD activity

» CAT activity
Oxidative-nitrosative stress
parameters:

+ MDA

GSH Cytosolic SOD

CAT activity Nitrite estimation
NADH dehydrogenase activity
SDH activity

Pharmacokinetic study

Brain distribution

Pharmacokinetic study
Excitotoxic index (EI)

Pharmacoscintigraphy

HPLC

LC-MS/MS

HPLC

LC-ESI-TOF-MS

Spectrophotometry

Spectrophotometry

HPLC

* LC-MS/MS
* HPLC

LP-16 shows high MRT indicating higher
half-life and longer circulation time with
better brain uptake.

RSP concentration in brain following i.n.
administration of RSLNs higher than both
RSLNs (i.v.) and RS (i.v.).

Higher Cmax and t 1/2 for RSLNs (i.v. and i.
n.) compared with RS (i.v.) indicates
higher brain uptake, sustained release, and
reduction in P-gp efflux from the SLNs.
Brain concentration higher with i.n. DLX--
NLC than free DLX solution.

1.34 and 2.68 times higher bioavailability
of drug in plasma and brain, respectively
after i.n. administration of ASN-NLCs com-
pared to ASN.

2.07 folds increase in brain targeting
through i.n. administration of ASM-NLCs
compared to i.v.

QF administration ameliorated the distur-
bance of the neurotransmitters with more
pronounced effect in rats treated with
QFSLN, in a dose-dependent manner.
Amelioration of disturbances in GABA and
glutamate in the cortex and hippocampus
of brain tissues by QF and QF-SLNs; with
more pronounced effect in rats treated
with QFSLN, in a dose-dependent manner.
Highest concentration detected for i.p
administration and No detection in oral
administration at the same dose as i.n.

« Antioxidant system (GPx, GR, SOD, CAT):
Protected using Cur, DMC, BDMC
nanoformulations: Cur-NPS (100 pg/kg:
best)

-Lipid peroxidation: attenuation in TBARS

level in all nanoformulations: Cur-NPS (100

ug/kg: best)

« Free curcumin didn't affect the Oxidative--
nitrosative stress parameters which were
restored to sham levels using SLNs.

CLZ concentration on non-infarct side was
equal for CLZ NP treatment, lower concen-
tration was found on the infarct side for
0.1mg/kg dose.

Pharmacokinetic parameters similar for
CLZ solution and NPs i.v.

« Two peak values of baicalin after injection
and reperfusion observed in CSF, high
levels for 0X26-PEG-CSLN group.

AUC and Cpax for 0X26-PEG-CSLN 5.69

[425]

[179]

[177]

[178]

[89]

[63]

[426]

[64]

[161]

(continued on next page)
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Table 5 (continued)

mice model

treatment only ipsilaterally.

Nano-delivery systems Animal model Route of Therapeutic cargo Parameters assessed Tools for molecular Outcome of molecular evaluation Ref.
administration assessment
and 6.84 fold higher than free drug.
« Significant reduction in EI by 0X26-PEG--
CSLN compared to curcumin solution
restoring the imbalance between excitory
and inhibitory amino acids.
Chitosan NPs (CS-NPs) MCAO induced Wistar Intravenous, Rutin « Pharmacokinetic study UPLC « High AUC in brain, lungs, plasma for [332]
rat model intranasal * Brain targeting CS-NPs compared to free rutin.
 High DTE% and DTP% for i.n. CS-NPs treat-
ment show higher brain bioavailability.

PS-80 coated PLGA NPs MCAO induced Wistar Intravenous Acetylpuerarin (AP) « Pharmacokinetic study HPLC « Increased AUC, Cmax and prolonged MRT  [69]

rat model « Brain targeting and t; , for AP-CS NPs than AP solution in
brain.
« Increased AUC and prolonged MRT in all
tissues and higher Cy,,x in brain and spleen
following encapsulation.

PLGA NPs MCAO induced Intravenous, Superoxide dismutase Brain targeting HPLC < NP uptake in brain: Carotid artery~ 13 [70]

Sprague-Dawley rat intrajugular, (SOD) folds (Tail vein/jugular vein)
model and internal administration.

carotid arterial

route

RADA16-I self-assembling peptide nanofiber Type VII collagenase Intrastriatal - Hematoma volume Spectrophotometry  No significant differences between aspira- [333]
scaffolds (SAPNS) induced ICH tion only, saline and SAP group.

Sprague-Dawley rat « Significant reduction of hematoma volume
model by aspiration.

Nano-tubular SAH induced albino Oral Nimodipine (NM) Brain and plasma UPLC-MS/MS « Improved bioavailability (232%) and lon-  [427]
Pluronic/phosphatidylcholine/polysorbate  wistar rat model pharmacokinetic ger circulation time of PPPMMs compared
80 mixed micelles (PPPMM) to NM solution.

« Improved bioavailability but no impact on
circulation time in brain for PPPMMs com-
pared to NM solution.

Quercetin nanoemulsion Type VII collagenase Intraperitoneal  Quercetin * GSH levels in brain « Spectrofluorometry < Significant increase in striatal GSH levels in [428]

induced ICH Wistar rat * TAC « Spectrophotometry quercetin nanoemulsion treatment.
model « GST activity in brain « Preservation of GST and TBARS levels and
« TBARS assay for lipid oxidation decresed oxidant capacity by quercetin
nanoemulsion treatment after ICH com-
pared to other treatments.

Redox polymer self-assembled nanoparticles 1-MHz focused Intravenous - « 8-hydroxy-2"-deoxyguanosine e« ELISA « Significant suppression of 8-ODdG by RNP  [429]
(nitroxide radical-containing ultrasound sonication (8-OHdG) levels in DNA administration after ICH induction as com-
nanoparticles [RNPs] coupled with pared to control animals.

microbubble treatment
induced ICH
Sprague-Dawley rat
model

PLGA nanoparticles Intracranial Intraperitoneal ~ Curcumin + Glutamate Concentration in * Glutamate assay ¢ Curcumin NP treatment (20mg/kg) signifi- [73]

endovascular CSF * RT-PCR cantly attenuated Glutamate increase in
perforation induced ¢ COX-2, CINC-1, IL-1p, IL-6, < ELISA CSF after SAH.
Sprague-Dawley SAH iNOS, ICAM-1, MCP-1, MIP-2, * Curcumin-NPs reduced SAH-induced neu-
model and TNF-a expression roinflammation in brain as indicated by
e IL-1p, IL-6, TNF-&t, MDA, 3-NT, the mRNA expression of chemokines and
and 8-OHDG levels cytokines.
¢ Curcumin-NPs hindered oxidative stress
after SAH as indicated by ROS production
and anti-oxidant markers.
TRAUMATIC BRAIN INJURY
Poloxamer 188 coated PLGA NPs Weight-drop C57BL/6N  Intravenous BDNF Brain BDNF levels ELISA « BDNEF levels increased in uncoated NP [419]

1498
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« Poloxamer 188 coated NPs increased BDNF

levels both ipsi-and contra-laterally.

PAIN MODEL

[430]

« Higher brain accumulation of surfactant

HPLC

Brain distribution

Loperamide

Intravenous

ICR mice model

Poloxamer 188 or PS 80 coated

coated NPs than controls.
= Poloxamer188 more effective than PS-80

PLGA-PEG-PLGA NPs

for brain targeting (AUC for Poloxamer 188

NPs= 1.68 (PS-80 NPs).

FUNGAL INFECTIONS

[112]

« Brain uptake: PE-PEG-Angiopep AmB>

HPLC

 Organ bio-distribution

« Pharmacokinetics

Intravenous Amphotericin-B (AmB)

Sprague-Dawley rats,

ICR mice

Angiopep-2 modified PE-PEG polymeric

PE-PEG AmB> AmB.
« Biodistribution comparable for micellar

micelles (PE-PEG-Angiopep)

formulations- decreased accumulation in

spleen compared to AmB.
« Higher AUC (83% and 63% for PE-PEG AmB

and PE-PEG-Angiopep AmB)and lower

total clearance (46%) values for micellar

formulations than free drug.

J. Samal et al. / Advanced Drug Delivery Reviews 148 (2019) 68-145 115

pharmacologically induced DA release occurs only on one side. In vari-
ous rodent models, this imbalance is manifested as a vigorous rotational
behaviour after treatment with amphetamine or apomorphine. Spiking
of unilateral DA transmission triggered by the administration of these
drugs induces a rotational behaviour towards the side ipsilateral (am-
phetamine) or contralateral (apomorphine) to the DA abundance.
These two drugs are most commonly used to relate the behavioural im-
pact to the extent of lesioning and consequently to test the efficacy of
various neuro-reparative and neuro-restorative therapeutics. It was ob-
served that ipsilateral amphetamine-induced rotation could stem from
50% depletion of striatal DA, whereas more than 90% depletion was nec-
essary to effect the contralateral apomorphine-induced rotations [431].
DA receptor agonists like apomorphine cause the direct stimulation of
supersensitive postsynaptic receptors on the lesioned side, which re-
sults in contralateral rotations [432]. This effect is, however, observed
only in highly lesioned models (>90%) because of the compensatory
mechanisms in the surviving neurons, which bar the accretion of super-
sensitive postsynaptic receptors. In contrast to this, amphetamine re-
leases DA from nigrostriatal terminals through presynaptic action,
which are more abundant on the unlesioned side and cause ipsilateral
circling, [433]. The elicited rotational behaviour is quantified as turns
per minute versus time in a specially designed ‘rotometer’ where the
animal moves on a spherically shaped surface while connected to the
registering device by a thin wire [51,434,435]. A major proportion of
the studies investigating the functional recovery post-treatment using
BNDS as summarised in Table 6 have used apomorphine induced rota-
tions for behavioural assessment [48,50,51,312]. A significant reduction
in apomorphine-induced contralateral rotations was observed in 6-
OHDA lesioned animals after the treatment with lactoferrin (If) conju-
gated PEG-PLGA nanoparticles (If-NP) [50]. These nanoparticles were
loaded with urocortin peptide which has been reported to arrest the de-
velopment of 6-OHDA induced PD pathophysiology as reported by
Abuirmelleh et al. [436]. In this study and several others, the authors
have demonstrated superior brain targeting and minimal side-effects
associated with BNDS by coupling them to the vectors with specific re-
ceptors on the BBB [48,51,87]. Higher brain targeting and sustained re-
lease of the therapeutic cargo also translates to better functional
recovery in rotational analysis than that of the controls. Drug induced
rotations have been widely used in both mice and rat models.

A major drawback of the rotational analysis is the ambiguity
resulting from sensitization, conditioning or priming effects and com-
pensation in the rotational behaviour by grafts or therapeutics while
the other deficits remain unaddressed [437,438]. Simplicity, reproduc-
ibility and ease of automation are the most important advantages of ro-
tation tests which makes them the most frequently used means of
behavioural assessment for Parkinson’s and its therapy.

Rotarod test: This test was first described by Rozas et al. (1997) [439]
with consistent performance of lesioned rats with the progression of
disease over time. The instrumental setup comprises an automated n-
lane rotarod unit consisting of a rotating spindle and individual lanes
for each rat. This is connected to a data and protocol (rotational speeds)
management system. Infrared beams are used to detect when a rat has
fallen onto the grids beneath the rotarod. Recorded parameters include
the time of fall and time spent on the rotating rod with the experimental
set-up parameters. Rozas et al. (1997) revealed that learning did not sig-
nificantly affect test performance, with minimal differences between
trained and naive rats. The inability of the lesioned animals to multi-
task and detrimental impact on equilibrium is well reflected using the
rotarod test. Falling in the rotarod analysis also takes into account the
loss of ability to apply force with the effected limbs and fatigue of the af-
fected limbs caused by repeated motion [440,441]. In this test, a miscel-
lany of the lesion-induced deficits manifests itself which becomes more
evident as rotation speed is increased and this correlates very well to
the inaccuracy of movement in PD patients [442]. This test was used
to investigate the therapeutic efficacy of curcumin and piperine loaded
NPs in a rotenone-induced PD model [328]. Rotarod analysis was used



Table 6
Behavioural assessment tools used to study the functional recovery through the application of BNDS in different brain disease targets.

Nano-delivery systems Animal model Route of Therapeutic cargo Behavioural assessment ~ Outcome of behavioural evaluation Ref.

administration

PARKINSON'S DISEASE (PD)

Odorranalectin (OL) conjugated Hemiparkinsonian (6-OHDA induced Intranasal Urocortin peptide (UCN) « Apomorphine-induced < Rotational number in OL-NP/UCN group decreased signifi-  [51]
PEG-PLGA nanoparticles Sprague-Dawley rats) rotations (30 min) cantly compared to other treatment groups.

(OL-NP)

Lactoferrin (If) conjugated KM Mice and Hemiparkinsonian Intravenous Coumarin-6 (fluorescent probe), « Apomorphine-induced -« Tight contralateral rotation significantly attenuated in Lf--  [50]
PEG-PLGA nanoparticles (If-NP)  (6-OHDA induced Sprague-Dawley rats) Urocortin peptide (UCN) rotations (15 min) NP-UCNS5 treatment.

Angiopep-PEG Rotenone-induced Sprague-Dawley rats  Intravenous Therapeutic gene (hGDNF) Open field tests < Reinforced injections of DPA/hGDNF NPs markedly improve [451]
conjugated-Dendrigraft the locomotor activity and decrease the inactive time.
poly-L-lysine (DPA) . .

« Line crossing
* Rearing

« Head dips
 Defecating

« Inactive sitting

Rabies virus glycoprotein (RVG) Rotenone-induced Sprague-Dawley rats  Intravenous Caspase-3 short hairpin RNA Open field tests « High line crossing and low retention time in DPR/pshC-3 [450]
peptide PEG-linked Dendrigraft coding plasmid DNA (pshC-3) NPs injected group.
poly-L-lysines (DGLs) X X

 Line crossing
« Inactive sitting
Polysorbate 80 (PS80)-coated Poly MPTP induced C57BL/6 mice Intraperitoneal  Resveratol (RVT) « Olfactory discrimina- * RVT-loaded PLA-PS80 nanoparticles treated animals spent  [49]
(lactide) nanoparticles tion task significant higher time in the familiar compartment in
« Social recognition task olfactory discrimination task
« Prevention of deficits in social recognition ability in RVT--
loaded PLA-PS80 NP treatment.

Protamine-coated PLGA 6-OHDA induced C57BL/6 mice Intraventricular microRNA-124 (miR-124) « Apomorphine-induced < Boost of neurogenesis caused in miR-124 treated mice [48]
nanoparticles rotations (45 min) * Rescue of motor impairments of 6-OHDA-lesioned mice.

TiO,-Dopamine Nanocomplex Hemiparkinsonian (6-OHDA induced) Stereotactic - « Open field tests « The number of crossing squares and rearing per 5 min in [183]

Wistar rats implantation « Apomorphine-induced open field tests increased significantly in nanocomplexes
into caudate rotations (30 min) treatment.
nucleus « Significant reduction in turning behaviour was observed for
animals treated with nanocomplexes.
Polymer-lipid hybrid NPs (PLN) Chlorpromazine (CPZ) induced albino Intranasal Ropinirole  Anti-tremor activity « Significant reduction in CPZ induced tremors. [163]
mice « Riserpine antagonism < Reduction in riserpine induced rigidity and immobility with
PLN treatment at lower doses.

Solid-lipid nanoparticles (SLN) Hemiparkinsonian (6-OHDA induced) Oral Apomorphine « Apomorphine-induced < Enhanced rotations following administration of SLNs with [591]
incorporating glyceryl Wistar albino rats rotations (45 min) GMS and PMS representing enhanced bioavailability.
monostearate (GMS) and
polyethylene glycol
monostearate (PMS)

Gelatin nanoparticles (GNP) Hemiparkinsonian (6-OHDA induced) Intranasal, Neuropeptide Substance P « Apomorphine-induced < Motor recovery in terms of rotational behaviour in the [312]

Sprague-Dawley rats Intravenous rotations (30 min) order: intranasal SP-GNP > intravenous SP-GNP > intranasal
SP solution > intranasal Blank GNP > intranasal PBS ~ sham
group.

PLGA nanoparticles Hemiparkinsonian (6-OHDA induced) Intranasal L-3,4-Dihydroxyphenylalanine « Placing task « Coordination performance was significantly higher in ani- [47]

Wistar rats (L-DOPA) « Open field test mals treated with nano-DOPA in placing task.
« Vertical grid holding  No differences in animals’ endurance, cognition and loco-
test motor activity in response to any treatments.
< Footfault asymmetry « Comparable scores for nano-DOPA group was similar to
test control animals in footfault asymmetry tests.
Magnetic Fe;0,4 nanoparticles MPTP induced C57BL/6 mice Intraperitoneal ~ shRNA (short hairpin RNA) with  Gait analysis « NP treated mice more active than saline treated group in the [186]
coated with oleic acid photoactive NGF (AzPhNGF) « Open field test (15 open field test.
min) » NPs improve the motor dysfunctions reflective in ambula-
tion time and speed.
Surfactant-coated glyceryl Rotenone induced C57BL/6 mice Oral Curcumin and piperine « Rotarod task « Dual drug loaded NPs improve motor dysfunction by [328]

monooleate (GMO)
nanoparticles

increasing the bioavailability and superior brain targeting.
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Superparamagnetic iron oxide
nanoparticles (IONPs)

Thiol-capped and RGD peptide
functionalized
electromagnetized gold
nanoparticles

Exosomes

Solid lipid nanoparticles

0X26 murine monoclonal antibody
(Mab) conjugated PEGylated
immunoliposome (PIL)

Polysorbate 80 —coated cerasomes
(CPC)

Cerium oxide nanoparticles (CeO,
NPs)

Alginate-curcumin nanocomposite
(ACNC)
PLGA nanoparticles

VP025 phospholipid nanoparticles

Poly(butylcyanoacrylate) (PBCA)
nanoparticles coated with
polysorbate 80

Chitosan nanoparticles (CS-NPs)

Polyamidoamine PEGylated
dendrimers targeted with
lactoferin

PLGA nanoparticles

ALZHEIMER'S DISEASE (AD)

RVG conjugated PEGylated
dendrigraft poly-L-lysines
(DGLs)

PLGA nanoparticles

Polyethylene glycol-polylactic acid
co-block polymer and
polyvinylpyrrolidone
nanoparticles

Bilateral 6-OHDA induced Wistar rats

MPTP induced C57BI/6 mice

6-OHDA induced C57BL/6 mice

Hemiparkinsonian (6-OHDA induced)
Sprague-Dawley rats
Hemiparkinsonian (6-OHDA induced)
Sprague-Dawley rats

MPTP induced C57BI/6 mice

MPTP induced Wistar rats

h-aS expressing PD flies

Hemiparkinsonian (6-OHDA induced)
Wistar rats

Hemiparkinsonian (6-OHDA induced)
Sprague-Dawley rats
MPTP induced C57BI/6 mice

Haloperidol induced Swiss albino mice

Hemiparkinsonian (6-OHDA induced
Sprague-Dawley rats)

Apomorphine-treated Swiss albino mice

Transgenic C57BL/6 mice expressing a
chimeric mouse/human amyloid
precursor protein

Ap-Induced Wistar rats

Tg2576 transgenic mice

Intrastriatal

Intrastriatal

Intranasal

Intravenous

Intravenous

Intraperitoneal

Culture media

Intravenous

Intramuscular

Intravenous

Intranasal

Intravenous

Subcutaneous

Intravenous

Intraperitoneal

Oral

-(stimulated with electromagnetic
fields (EMF))

-(stimulated with electromagnetic

fields (EMF))

Catalase (exoCAT)

Bromocriptine (BK)

TH expression plasmid

Curcumin

Curcumin

Dopamine(DA)

Nerve growth factor(NGF)

Bromocriptine

Therapeutic gene hGDNF

Risperidone

BACE1-AS shRNA encoding plasmid
(pshBACE1-AS)

Curcumin

Curcumin

Open field test
Accelerated rotarod
task

Gait analysis

Rearing behaviour
analysis

Open field test (10
min)
Apomorphine-induced
rotations

(90 min)

Bar test

Apomorphine-induced
rotations

Rotarod task
Climbing pole task
Open field test (3
mintues)

Rotarod task
Stepping test

Drosophila climbing
assay

Amphetamine induced
rotations

Spontaneous Locomo-
tor Activity (SLA)
through open field test
Amphetamine induced
rotations

Open field test (2 min)
Actometer (10 min)

Bar test

Akinesia test

Elevated body swing
test
Apomorphine-induced
rotations (30 min)

Bar test for catalepsy
Antipsychotic activity
test

Morris water maze
test

Two-way conditioned
avoidance response
Radial Arm Maze
(RAM)

Contextual Fear Condi-
tioning (CFC)

NP-+MEF rats showed significant recovery in locomotor
activity.

A significant increase in post-surgery score in rotarod task
suggesting the attenuation of postural stability deficit.
Significant impact on width of gait and overlap of limbs for
NP and EMF post-surgery.

EMF-exposed MPTP mice demonstrated striking restoration
of movement in open-field tests.

Significant increase in rearing behaviour compared with
controls.

exoCAT treated mice exhibited significantly less rotations
than PBS controls.

Action of encapsulated BK was more rapid in onset and
prolonged in attenuating motor asymmetry.
Immunoliposomes (PIL) treatment showed reduction in
apomorphine-induced rotations.

CPC with focused ultrasound treatment recovered more
effectively than other groups in both the motor tasks.

In open field tests, Rats treated with 0.5 mg/kg of CeO, NPs
optimal for reverting locomotor deficits.

Treated rats showed longer latency to fall on rota rod.
Reduction and delayed performance of right paw was
normalized.

Significant delay in the loss of climbing ability.

A significant decrease in amphetamine-induced in DA- NP
treatment, more pronounced in double dosed rats.
Locomotor activity was restored to Sham levels by DA-NP
treatments.

Injection of VP025 before lesion induction significantly
reduced rotation rates at both doses tested.

Improvement in locomotor activity in the “open field”
reflected by increased horizontal movements and stride
length.

Significant improvement over the MPTP treated animals in
actometer measurements.

Encapsulated Bromocriptine in CS-NPs intranasal treatment
reversed catalepsy and akinesia.

Multiple injections of hGDNF loaded Lf-modified NPs dem-
onstrate greater symmetrical swings and lower
apomorphine-induced rotation.

PLGA-risperidone NPS significantly reduced catalepsy
Prolonged inhibition (from 12 h to 72 h) of apomorphine--
induced climbing and sniffing.

Mice treated with DGLs-PEG-RVG29/pshSc NPs spent least
time to reach the platform.

Cur-PLGA-NPs reversed the AR-induced deficits in learning
and memory.

Nanocurcumin (NC) treated mice exhibited fewer reentry
€erTors.

Cue memory showed significant improvement in NC vs.
control without any alteration on context memory.

[443]

[185]

[296]

[166]

[135]

[444]

[184]

[46]

[45]

(327]

(53]

(44]

(87]

[592]

[480]

(36]

[35]
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Table 6 (continued)

Nano-delivery systems Animal model Route of Therapeutic cargo Behavioural assessment ~ Outcome of behavioural evaluation Ref.
administration
Tween 80 (T-80) coated D-galactose (d-gal) treated Oral, Estradiol  Open field tests » Impairment in anxiety-related behaviour (central platform  [34]
polylactide-co-glycolide (PLGA)  ovariectomized (OVX) Sprague-Dawley  Intravenous « Elevated plus maze behaviour) was attenuated with NP treatment.
nanoparticles rat model of AD
Solid lipid nanoparticles (SLNs) AlCl; induced Wistar rats Intravenous Quercetin « Spatial navigation task < Decrease in escape latency for SLN treatment. [168]
« Elevated plus maze » Mean transfer latency was reduced for quercetin-SLN was
significantly reduced.
Microemulsion (ME), solid lipid Scopolamine induced Albino mice model Transdermal Huperzine A (HupA) « Elevated plus-maze » Mice treated with ME, SLNs and NLCs based gel showed [167]
nanoparticles (SLNs), and significant difference in transfer latency.
nanostructured lipid carriers « Comparable transfer latency of normal control and formula-
(NLCs) tion treatment groups.
Solid lipid nanoparticles (SLNs) Streptozotocin (STZ) induced- Wistar Oral Sesamol * Closed field tests » Decrease in escape latency significantly different for encap- [171]
rats « Elevated plus maze sulated and free formulations.
» Morris water maze test + Sesamol-SLNs (16 mg/kg) significant decreased retention
» Memory consolidation transfer latency. No difference in spontaneous locomotor
test activity observed.
Solanum tuberosum lectin (STL) AP2s-35 and ibotenic acid (IBO) induced  Intranasal Basic fibroblast growth factor « Morris water maze test <+ Rats given STL-bFGF-NP showed shorter escape latency and [33]
conjugated PEG-PLGA Sprague-Dawley rats (bFGF) improved learning ability.
nanoparticles
Solid lipid nanoparticles (SLNs) AP2s_35 induced Sprague-Dawley rats Oral Chrysin (CN) « Morris water maze test * Mean escape latency and time spent in target quadrant [173]
» Novel object recogni- reduced and enhanced respectively by both CN-SLNs and CN
tion test but at a much lower concentration in CN-SLNs in MWM test.
* Y-maze test  Similar results were obtained for novel object recognition
« Radial arm maze test and the impact on spatial learning and memory and
training spatial working assessed through RAM and Y-maze test.
Apolipoprotein E3-reconstituted ~ Senescence-accelerated prone mouse Intravenous - * Morris water maze test < ApoE3-rHDL-treated SAMP8 mice exhibited significantly [481]
high density lipoprotein (SAMP8) mice model improved spatial learning and memory.
(ApoE3-rHDL) nanoparticles
TGN (TNP/H102) AP42 induced ICR mice Intravenous B-sheet breaker peptide H102 » Morris water maze test « Mice performance improved in a dose dependant manner to [32]
(TGNYKALHPHNGC) and/QSH different dosages of TNP/H102 or TQNP/H102.
(QSHYRHISPAQVC) peptides * Best directional performance in the high-dose TNP/H102
coated PLGA-PEG nanoparticles and TQNP/H102 groups.
(TQNP/H102)
Polysorbate-80 (PS-80) coated Ibotenic acid induced albino Wistar rats  Intraperitoneal  Piperine « Forced swim test « Decreased immobility in P-80-PIP-SLN treatment, better [331]
solid lipid nanoparticles than Donepezil (positive control).
Chitosan nanoparticles Colchecine induced Wistar rats Intranasal Piperine » Morris water maze test < PIP-loaded NPs treatment significantly improve escape [43]
latency.
» PIP-NP and donepezil treatments significantly increased the
retention time.
Lipid-core nanocapsules (LNCs) AP1_42 induced Wistar rats Intraperitoneal  Indomethacin (IndOH) « Spontaneous alteration <+ IndOH-LNCs at the same dosage as free IndOH was able to  [593]
« Novel object recogni- attenuate the decrease in spontaneous alteration in the
tion test Y-Maze.
« Short-term and long term recognition memory restored by
IndOH-LNCs not free IndOH.
Solid- lipid (glyceryl behnate) Isoproterenol-induced Wistar rats Oral Galantamine hydrobromide (GH) < Elevated plus maze test < Decline in cognitive function significantly attenuated by [172]
nanoparticles (SLNs) (EPM) co-administration of MSCs along with GH-SLNs.
» Morris water maze test « MSCs alone as well as in combination with GH-SLNs
(MWM) improved memory acquisition and retention as tested by
EPM test.
Tween-modified monoolein Colchicine- induced Wistar rats - Piperine « Behavioral passive « T-cubs treatment restored cognition to the level of negative [249]
cubosomes (T-cubs) avoidance test controls.
Liposomes Aluminium chloride (AICl3)-induced Subcutaneous Rivastigmine » Morris water maze test < Restoration of spatial memory with RL treatment concomi-  [131]
Wistar rats tantly with AlCls.
PSYCHOTIC DISORDERS
Poly €-Caprolactone (PCL) Swiss albino mice Parenteral Risperidone » Apomorphine- induced < Prolonged apomorphine-induced sniffing and climbing with [59]
nanoparticles (Intravenous) climbing risperidone loaded PCL NPs.
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D-alpha-tocopheryl polyethylene
glycol 1000 succinate micelles
(TPGS micelles)

Tween 80 coated chitosan
nanoparticles

Polysorbate-coated nanocapsules
(NCs)

PAMAM NPs

Solid Lipid Nanoparticles (SLNs)

Lecithin-based nanoemulsion
(Polysorbate-80 with/without)

Compritol 888 ATO based
solid-lipid nanoparticles

Nano-lipid carriers (NLCs)

Polysorbate 80 coated Fish oil (FO)
or Grape seed oil (GSO)
containing Poly(e-caprolactone)
nanocapsules

Polysorbate-80 coated Poly
(e-caprolactone) nanocapsules
containing fish oil (FO)

Swiss albino mice

Ketamine-induced Swiss albino mice
model

d,l-amphetamine-(AMPH) induced
Wistar rats

Sprague-Dawley rats

Ketamine-induced Swiss albino mice
model

Wistar rats

Balb/C mice

Charles-Foster rats

Wistar rats

Wistar rats

Intramuscular

Oral

Intraperitoneal

Intranasal,
intraperitoneal,
oral

Oral

Intraperitoneal

Intravenous

Intranasal,
intravenous

Intraperitoneal

Intraperitoneal

Paliperidone palmitate (PPT)

Doxycycline hydrochloride

Haloperidol

Haloperidol (H)

Quetiapine Fumarate (QF)

Risperidone (RSP)

Risperidone

Asenapine (ASN)

Haloperidol

Haloperidol

Sniffing test

Catalepsy test
Apomorphine- induced
climbing and sniffing
test

Catalepsy test

Forced swimming test
(FST)

Passive avoidance test
Locomotor activity test
(actophotometer)

Oral dyskinesia (OD)
Catalepsy test
Stereotyped head
behaviour

Catalepsy test,
Motor suppression

Open field test (OFT)
Passive avoidance test
(PAT)
Amphetamine-induced
locomotor activity
(AILA)

Basal locomotor activ-
ity (BLA)

Paw test using Perspex
platform

Paw test

Induced locomotor
activity test
Catalepsy test

Oral dyskinesia (OD)

< Oral dyskinesia
« Catalepsy time
« Locomotor activity

.

.

Reduction in extrapyramidal side effects (EPS) liability of
risperidone-PCL NPs.

PPT loaded TPGS micelles significantly counteracted the
apomorphine induced climbing and sniffing behavior.
Significant reduction in the catalepsy using PPT-loaded
TPGS micelles compared to paliperidone palmitate control.
Reduction in ketamine-induced hyperlocomotor activity by [61]
DCNP,, statistically equivalent levels as olanzapine (posi-
tive control).

Similar results were observed for stereotyped behaviour
induced by ketamine.

Immobility duration in FST was decreased by DCNP, at
statistically equivalent levels to olanzapine.

No significant difference in step down latency in compari-
son to ketamine in passive avoidance test.

Both groups treated with haloperidol (H-NC and FH)
decreased the AMPH-induced stereotyped behaviour.
Prolonged antipsychotic action in H-NC group at the equiv-
alent dose.

FH treatment caused extrapyramidal effects, such as OD and
catalepsy. H-NC group showed significantly less motor side
effects as compared to FH.

L.n. administration of H-NPs evokes catalepsy at lower doses [89]
than in i.p. or oral administration.

L.n. administration of H-NPs induces motor suppression at

lower doses than i.p. and at much higher levels than the

same dose given via oral administration.

[110]

[539]

Number of squares in OFT and latency time in PAT signifi- [178]
cantly increased by treatments with QF and QF-SLNs, with
dose-dependent increase in efficiency in QFSLNs.

RSP-P80-treated rats travelled significantly longer distance  [525]
than rats treated with RSP-Sol.

RSP-Sol induced a strong sedative effect which is minimised

by nanoemulsions.

For AILA, significant difference was found between SAL/-

AMPH and RSP-LS75/AMPH group for both distance trav-

elled and time active indicating more sustained

antipsychotic effect of RSP-LS75 nanoemulsion.

A significant rise in HRT (hindlimb retraction time-- [176]
antipsychotic impact) for the RSLNs formulations.

No significant impact on FRT (forelimb retraction time--

induction of EPS)

Catalepsis significantly increased in ASN and decreased in [177]

ASN-NLC in higher time points.

Significant count reduction in induced locomotor activity

test by ASN-NLC. High HRT observed for ASN-NLC treated

animals in paw test.

At the same doses of the free drug, haloperidol encapsulat-  [62]
ing nanocapsules (H-NcCCO) reduced OD, with the dose of

0.5 mg kg—1 of haloperidol-loaded nanocapsules suspen-

sion (H-NcCCO) being the most effective.

Acute treatment: Stark increase in the frequency of VCM [60]
was observed for free haloperidol as opposed to

nanocapsules.

Nanocapsules with FO showed no epilepsy and haloperidol
containing nanocapsules reduced catalepsy compared to

free treatment.

Subchronic treatment: Nanocapsules-treated rats showed

lower immobility time than free haloperidol treated rats.

(continued on next page)
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Table 6 (continued)

Nano-delivery systems Animal model Route of Therapeutic cargo Behavioural assessment ~ Outcome of behavioural evaluation Ref.

administration

Lipid core nanocapsules (LNCs) D,l Amphetamine-induced Wistar rats Intraperitoneal  Olanzapine (OLA) « Stereotyped behaviour < Rats treated with OLA-LNC showed lower stereotyped [519]

« Prepulse Inhibition of behavior.
Startle Reflex (PPI) « Significant decrease in crossing and rearing behaviour was
» Locomotor and Explor- observed for OLA-LNC and OLA-FREE groups.
atory Activity * OLA-LNC prevented the deficit induced by apomorphine in
the prepulses.
Lipid based self nanoemulsifying Ketamine-induced Swiss albino mice Olanzapine (OLZ)  Open field test * Decrease in the mobility observed in the animals pretreated [314]
drug delivery system (SNEDDS) * Rotarod test with OLZ-SNEDDS.
« Tail suspension test * Increased permanence time on the rod by OLZ-SNEDDS
treatment.
» Immobility time significantly enhanced by OLZ-SNEDDS in
tail suspension test.
STROKE (CEREBRAL ISCHEMIA/ICH)
Polyanion-complexed PEG diblock C57BI/6 mice focal transient cerebral Intravenous Brain derived neurotrophic factor ~ « Neurological deficit » Nano-BDNF treatment showed higher discrimination index [546]
nanoparticles ischemia model (BDNF) score (NDS) (DI)
« Novel object recogni- » Improved learning and memory in treatment groups
tion task (NORT) » Reduction in immobility in the tail suspension test com-
« Tail suspension test pared to controls.
(TST)

PLGA nanoparticles Sprague-Dawley rat focal cerebral Intracarotid Superoxide dismutase (SOD) Neurological severity * Lower neurological severity scores when compared to free  [70]
(medial cerebral artery occlusion) score SOD or NP-treated or saline controls in treatment group.
ischemia-reperfusion injury model
(MCAO/reperfusion) .

* Motor activity

* Sensory responses

» Behavioural
abnormality

Cilostazol nanoparticles ICR mice Focal cerebral Intravenous - Neurological deficit score = Neurological deficits in MCAO/reperfusion mice attenuated [64]
ischemia/reperfusion model by the CLZ nanoparticles.

(MCAO/reperfusion)
Polymeric NIPAM nanoparticles Wistar rat MCAO/reperfusion model Intranasal Curcumin (Cur), * Close field activity * PNIPAM-curcumin, optimal dose: 100 pg/kg in attenuation ~ [63]
Demethoxycurcumin (DMC), monitoring of spontaneous activity deficits
Bisdemethoxycurcumin (BDMC) « Grip strength * PNIPAM-curcumin, DMC and BDMC at same dose showed
improvement in grip strength.

Nanoliposomes Sprague-Dawley rat MCAO/reperfusion  Intranasal Basic fibroblast growth factor * Neurological deficit » The neurological deficit score was improved post treatment [138]
model (bFGF) score with bFGF-NL.

« Locomotor activity » bFGF- NL significantly increased the total distances
travelled.

Squalenoyl Adenosine Swiss albino mice MCAO/reperfusion Intravenous - Neurological deficit score * Neurological deficit score improved in a dose-dependent [552]

nanoparticles (SqAd NPs) model manner by SqAd NPs
» Neuroprotective effect of SQAd NPs preserved in the absence
of reperfusion.
Citrate-Capped Gold nanoparticles Sprague-Dawley rat MCAO/reperfusion  Intraperitoneal - Neurological deficit score « Significant improvements observed in neurological deficit ~ [594]
(Au-NPs) model scores after reperfusion with 20 nm Au-NPs treatment.
Silica-coated superparamagnetic ICR mice Focal cerebral Intravenous - * Modified neurologic * Residence time on rotary rod prolonged for magnetic field  [554]
iron oxide nanoparticles ischemia/reperfusion model severity score (mNSS) induced SiO4@SPIONs-EPCs treated mice compared to con-
(Si04@SPIONSs) (MCAO/reperfusion) * Rotarod task trols.
» Neurobehavioral deficiency reduced in M-SiO,@SPIONs--
EPCs treated mice compared to controls.
PLGA nanoparticles Sprague-Dawley perinatal Intraperitoneal  Erythropoietin (EPO) Rotarod task » For roatarod test starting at 10 rpm, PLGA-EPO-NP (300 [595]
Hypoxia-Ischemia Exposure Model U/kg) outperformed the same dose of free rEPO and showed
results comparable to therapeutic dose of free rEPO (5000
U/kg) and sham.
Exosomes Controlled cortical impact (CCI) Wistar ~ Intravenous » Modified neurological ~ « Functional recovery assessed by mNSS test and footfault test [295]

rat model

severity score (mNSS)
test
* Footfault test

significantly improved in the exosome-treated groups.
Exosomes from 2D and 3D cultured cells had no significant
difference in their impacts on functional recovery.
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Anti-mouse TfR antibody coated
chitosan-PEG nanospheres

Chitosan nanoparticles (CS-NPs)

PS-80 coated Poly
(butylcyanoacrylate)
Nanoparticles (PBCN)

Solid lipid nanoparticles (SLNs)

PS-80 coated PLGA NPs

RADA16-I self-assembling peptide
nanofiber scaffolds (SAPNS)

Lipid-coated magnetic

mesoporous silica Nanoparticles

(LMCs)
Quercetin nanoemulsion

Redox polymer self-assembled
nanoparticles (nitroxide
radical-containing nanoparticles

[RNPs]
EPILEPSY

N,N-dimethylacrylamide-based
PEGylated nanoparticles (PNP)

Silica core iron oxide nanoparticles

Solid lipid nanoparticles (SLN)

Angiopep-2 (ANG) modified
electroresponsive hydrogel
nanoparticles (ERHNPs)

Swiss albino mice temporary
intraluminal filament occlusion (MCAOQ)
model

Wistar rat intraluminal filament MCAO
model

Wistar rat MCAO/reperfusion model

Wistar rat bilateral common carotid
arteries occlusion (BCCAO)/reperfusion
model

MCAO induced Wistar rat model

Type IV collagenase induced ICH
Sprague-Dawley rat model

Collagenase VII induced ICH
Sprague-Dawley rat model

Type VII collagenase induced ICH Wistar
rat model

1-MHz focused ultrasound sonication
coupled with microbubble treatment
induced ICH Sprague-Dawley rat model

PTZ-induced acute seizure (Wistar rats)
model

3-mercaptopropionic acid (3MPA)
induced seizure (Wistar rat) model

PTZ-Induced Seizures in Swiss Webster
Mice

Maximal Electroshock-induced Seizures
(MES), Pentylenetetrazole-induced
Seizures, Pilocarpine-induced Seizures
(Sprague-Dawley rat) model

Intravenous

Intranasal

Intravenous

Oral

Intravenous

Intrastriatal

Intracerebral

Intraperitoneal

Intravenous

Intraperitoneal

Intraperitoneal

Intraperitoneal,
oral

Intraperitoneal

N-benzyloxycarbonyl-Asp
(OMe)-Glu(OMe)-Val-Asp
(OMe)-fluoromethyl
ketonePeptide Caspase-3 inhibitor
(Z-DEVD-FMK)

Rutin (RUT)

Peurarin (PEU)

Curcumin

Acetylpuerarin (AP)

Ceria nanoparticles (CeNPs)

Quercetin

Gamma-aminobutyric acid (GABA)

Phenytoin

Clonazepam (CLZ)

Phenytoin sodium (PHT)

Morris water maze
(MWM) test
Neurological severity
score test

Closed field activity
monitoring
Grip strength

Neurological symptom
score test

Morris water maze
(MWM) test

Elevated plus maze
(EPM) test
Actophotometer
assessment
Neurological deficit
score

Modified limb placing
test

Corner turn test
Forelimb asymmetry
test

Open field test
Beam walking test
Foot fault test

Neurological deficit
score

Forelimb placing test
Postural reflex test

Latency to Myoclonus,
tonic clonic and tonic
seizures

Latency to Myoclonus,
tonic clonic and tonic
seizures

Latency to Myoclonus,
tonic clonic and tonic
seizures

Behavioral seizure

severity (BSS): Racine’s

scale

Behavioral seizure
severity (BSS): Racine’s
scale

Significant functional recovery was observed in the high--
dose nanospheres treatment compared to low-dose and
blank controls.

Low dose groups showed reduction in neurological severity
scores compared to controls.

RUT-CS-NPs improved locomotor activity compared to RUT
solution at the same dose and MCAO groups.

Grip strength significantly enhanced in RT treated groups
compared to MCAO group.

Rats treated with PUE-PBCN displayed lower scores than
PEU treated and saline treated controls.

C-SLNs treatment significantly attenuated the increase in
initial transfer latency (ITL) and retention transfer latency
(RTL) in the EPM.

Significant improvement in memory consolidation in MWM
in treatment as opposed to controls.

Decrease in score following treatment with AP solution and
AP-CS NPs.

Significant improvement in functional recovery in SAP
group at week 10 as compared to week one and two.

No significant difference in serial changes amongst the other
three groups.

Reduced preferential turning and improved forelimb use
asymmetry on day 3 compared to vehicle-treatment

Free and QU-loaded nanoemulsions increased the number
of crossings and rearings compared to control groups in
open field analysis.

Significant decrease in beam walking test score in quercetin
nanoemulsion treatment compared to other groups.

No impact of quercentin on foot fault test.

All the neurobehavioural analysis confirmed the establish-
ment of ICH in the sonication and microbubble treated
animals.

A significant retardation in latency time observed for both
formulations (PEG and non-PEGylated) when compared
with controls.

No death and a decrease in the duration of convulsions was
observed for both formulation.

PHT-NPs treatment showed significant lower prevalence of
the clonic and tonic-clonic seizures.

Delay in onset of myoclonus and tonic clonic seizures for IP
and oral formulations.

No tonic seizures and mortality in p.o. administration
whereas they were still detected for lower doses in IP for-
mulations.

Latency to the onset of paroxystic activity significantly
delayed in rats receiving CLZ-SLN.

ANG-PHT-ERHNP most effective: effective at lower thera-
peutic doses.

In the PTZ model, ANG-PHT-ERHNP showed significant
antiepileptic ability compared to other treatments.

[596]

[332]

[597]

[286]

(69]

[333]

[196]

[428]

[429]

[423]

[598]

[587]

[599]

(continued on next page)
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Table 6 (continued)
Nano-delivery systems Animal model Route of Therapeutic cargo Behavioural assessment ~ Outcome of behavioural evaluation Ref.
administration
Chitosan solid lipid nanoparticles =~ Maximal Electroshock-induced Seizures  Oral Carbamazepine (CBZ) Latency in onset of « Delayed onset of convulsions in CBZ SLN s treatment. [600]
(MES) Wistar rat model, Isoniazid (INH) convulsion phases
induced convulsions
Polysorbate 80 coated albumin maximal electroshock (MES) and Intraperitoneal ~ Gabapentin Latency in onset of « Significant reduction in convulsion phases in both MES and  [601]
nanoparticles pentylenetetrazole (PTZ) induced convulsion phases PTZ induced convulsion models using Polysorbate 80 coated
convulsion Wistar rat model nanoparticles in comparison with drug solution and nano-
particle formulations.
Chitosan-alginate-STPP Pentylenetetrazol (PTZ)-induced Intraperitoneal ~ Curcumin Morris water maze test « Short latency for animals under treatment of high dose [602]
nanoparticles kindling epilepsy mice model curcumin-loaded NPs.
« Significant preference toward the former platform site
representing improved memory consolidation.
Polymeric micelles (PM) PTZ-Induced Seizures in Swiss Albino Intranasal, Clonazepam (CZ) Latency in onset of  Strong significant delay in the onset of seizures by intranasal [270]
Mice intravenous convulsion phases delivered PM-CZs as compared to CZ solution.
TRAUMATIC BRAIN INJURY
Poloxamer 188 coated PLGA NPs Weight-drop C57BL/6N mice model Intravenous Brain derived neurotrophic factor ¢ Neurological severity « Significant improvement in neurological severity score in [419]
(BDNF) score Poloxamer 188 coated BDNF loaded PLGA NP treatment.
« Passive avoidance task  « Reversal of cognitive deficits in TBI model.
PAIN MODELS
PS-80 coated PBCA NPs Mice model Intravenous Endomorphin-1 Tail flick test + PS-80 coated NPs have continuous analgesic effect com- [570]
(response to water at pared to other groups.
55 +1°C)
PS-80 coated PBCA NPs ICR mice model Intravenous Loperamide Tail flick test (response to < Dose-dependent analgesia observed for NPs. [79]
quartz projection bulb)  Prolonged and sustained analgesia in PS-80 coated NPs
treatments compared to free solution at the same dose.
Poloxamer 188 or PS 80 coated ICR mice model Intravenous Loperamide « Formalin test < Hot plate: Significant anti-nociceptive response for surfac-  [430]
PLGA-PEG-PLGA NPs « Hot plate test tant coated NPs compared to uncoated NPs and drug solu-
tion.
« Poloxamer188 coating more effective than PS-80 for
displaying anti-nociception at same doses.
 Formalin test: Significant reduction in licking duration for
coated NPs at the same dose as free drugs.
« Poloxamer 188 coated NPs more potent for anti-nociception
than PS-80 coated NPs.
PS-80 coated PBCA NPs ICR mice model Intravenous Dalargin Tail flick test (response to * PS 80-coated nanoparticles with a dose of 5 mg/kg and [220]

quartz projection bulb)

above showed significant sustained analgesic effect than
controls.
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to assess impaired motor balance and coordination in which mice
treated with rotenone spent less time on the rod compared to untreated
control. There was a significant extension of time spent on the rod, with
dual drug loaded NPs exhibiting more significant amelioration of motor
dysfunction than the native drugs combined. Other studies with 6-
OHDA PD model [184,443,444] have also shown motor recovery in
rotarod analysis through the therapeutic delivery using BNDS.

The most pressing issue addressed by rotarod analysis is the lack of
complete dependence on asymmetric motor movements as in the case
of drug-induced rotations which makes it an extremely valuable tool
in analysing bilateral lesion models. This drug-free analysis of behav-
ioural response in lesioned models could be used for assessment of
both maximal as well as partial lesions. This test is also well adapted
to be used in both mice and rat models.

Elevated body swing test (EBST): EBST provides an estimate of asym-
metrical motor behaviour in hemiparkinsonian animals tested in a
drug-free state through the measurement of frequency and direction
of the swings of the animal when it is held by the tail. Unilaterally le-
sioned animals exhibit biased contralateral swings. EBST has an advan-
tage of being a rapid, easy, inexpensive and accurate measure of a DA-
mediated motor function; well reflecting the true effects of unilateral le-
sions on the nigrostriatal pathway. For this test, the animal is placed into
a Plexiglas box and allowed to attain a neutral position. It is then ele-
vated to an inch above the resting surface and a swing is recorded
using hand counters for a certain period of time whenever the animal
moved its head out of the vertical axis to either side with 70% or higher
being set as the deciding criterion. Huang et al. (2009) [87] showed that
this behavioural test provided significant improvement in locomotor
activity in rats treated with NPs loading hGDNF compared to controls.
Multiple dosing regimen of therapeutic gene showed improved behav-
iour of 6-OHDA-lesioned rats compared to a single injection. This test is
predominantly used for 6-OHDA-lesioned animals which displayed a
decreasing trend of biased swing activity over a period of two months
representing habituation due to recurrent handling [445]. lancu et al.
(2005) have shown a poor correlation between cell loss and perfor-
mance in EBST in the mice models of PD [446].

Stepping test: Unilateral 6-OHDA-lesioned rats display chronic
akinesia in a contralateral forelimb. The parameters evaluated in this as-
sessment include initiation time, stepping time, step length and step ad-
justment as described by Olsson et al. (1995) [447]. Here, the rat is held
by the experimenter with one hand fixing the hindlimbs and hind part
is raised above the surface. Initiation time was recorded as the time
elapsed before the movement initiation by forelimbs, stepping time
was recorded as the time required to cover a designated distance by
the rats and step length was calculated by dividing the distance covered
by the number of steps required. The adjustment of steps was evaluated
with the rat being moved slowly sideways in the forehand and back-
hand directions and counting the number of adjusting steps for both
paws in the backhand and forehand direction of movement [184].
These two parameters namely initiation time and adjusting steps are
most significantly affected by unilateral lesioning. This test was used
by Hegazy et al. (2017) to study forelimb brady/akinesia in the 6-
OHDA rat model and the impact of cerium oxide NPs on its amelioration
[184] and has been used previously in mice models of PD as well. An in-
herent demerit of this method is the variability introduced by direct in-
teraction between the experimenter and the animal as well as strain
and test condition variations.

Open field tests: This test measures behaviour elicited by placing the
animal in a novel confined open space and it remains the mostly widely
used behavioural assessment for MPTP induced lesion models [448].
The setup for this test consists of a square or rectangular open space di-
vided into a certain number of equidimensional squares and bound with
a wall. Behavioural activity is registered using sets of infrared beams
which, when broken are, registered by a software system. After placing
the animal in the centre, the following ambulatory and autonomic re-
sponse parameters are recorded: locomotor activity, speed,

thigmotaxis, distance travelled in the centre, time spent in periphery,
inactive sitting time, defecation, rearing time and number [449]. Open
field tests have been used widely in both rodent models to investigate
the reversion of bradykinesia in Parkinson’s [47,183,443,450,451].In a
study by Hegazy et al. (2017), treatment using cerium oxide NPs
showed a significant amelioration of motor deficits in some locomotor
behaviours induced by 6-OHDA treatment assessed by certain compo-
nents of open field test. However, other dimensions of the test like de-
crease in latency to move and to rear were unaffected by suboptimal
doses of NPs [184]. However, another study by Gambaryan et al.
(2014), there were no significant differences detected between the ex-
perimental groups suggesting neither the 6-OHDA induction nor the
drug treatment affected the animals' cognition and locomotor activity
[47].

It provides an exhaustive drug-free assessment of both locomotor
and behavioural activity and is an easy to perform, non-invasive proto-
col not requiring any prior training. Open field activity data suffers from
significant variation in behavioural and locomotive activity due to fac-
tors like experimenter handling, environmental conditions, cognition,
genetics, sex and age [452,453].

Bar test: This is the most routinely used protocol for measuring cat-
alepsy. It involves placing the forepaws of the test animal on a bar,
where the height of the bar is adjusted in accordance with the animal's
size, so that the hind limbs rest on the floor. The time elapsed before the
animal returns to its normal posture is recorded as a measure of cata-
lepsy [454]. The drawback of this assessment is the inconsistency that
could be introduced with the selection of bars (shape, diameter and
height), weight and strain of the animals, repeated testing and environ-
mental stimuli. However, the inclusion of multiple bars of different di-
ameters should overcome any apparatus limitations as the impact of
bar diameter is observable at the extremes of bar height [455]. Its easier
to manipulate the bar height than to vary the size of the squares on a
grid, the gauge of wire, the distance between four pegs or corks, or the
size of platforms or blocks needed for more complicated catalepsy-
assessing strategies. This test has been used uniformly for both rat and
mice models. Bar test was used as a measure of akinesia in hemiparki-
sonian rats by Esposito et al. (2008) where they showed a sustained
and more rapid onset of attenuation of akinesia for encapsulated bro-
mocriptine compared to the free drug in 6-OHDA treated animals
[166]. Another study by Md et al. (2013 ) using bar test showed that cat-
alepsy in animals receiving bromocriptine either in solution or within
chitosan NPs showed a reversal in catalepsy when compared to haloper-
idol treated mice [44].

Footfault asymmetry test: The foot fault test or grid-walking test is an
evaluation of the animal's ability to place its paws while probing an el-
evated grid, thus addressing the deficits in voluntary motor control and
limb movement involved in co-ordination and accurate paw placement
[456]. If the paw fell within the cells of the grid or slipped due to an in-
ability to support the weight for both forelimbs and hind limbs, a foot
fault was considered. This test for motor dysfunctions has not been
used very routinely for evaluating the efficacy of BNDS. However,
Gambaryan et al. (2014) used footfault asymmetry test to demonstrate
that all PD-positive groups, except for the nano-DOPA treated group dif-
fered significantly from the control animals. [47]. Till date, this analysis
has been used more frequently with rat models of PD as compared to
mice models.

However, Silvestrin et al. (2009) [457] ascertained that context-in-
duced ipsilateral rotational activity (CIIRA) in the foot fault test could
be used as a very sensitive and specific screening tool for unilateral 6-
OHDA-lesioned animals. Additionally, the test requires only one short
session, does not need the administration of a drug to show motor
asymmetry and is much more sensitive than open field tests, which re-
quire a longer session. Another significant revelation from this study
was the comparability of this screening to apomorphine challenge,
which is customarily used for behaviour analysis in Parkinson’s. On



124 J. Samal et al. / Advanced Drug Delivery Reviews 148 (2019) 68-145

the debit-side of foot fault test is a sharp fall of CIIRA in the second trial
cannot be used twice when both sessions are very close.

Manual gait analysis: PD is characterized by the presence of gait ab-
normalities reflected in shortened stride length [458] and loss of control
in stride frequency [459] leading to postural instability. Prior studies
|446,460,461] have established a relatively simple protocol for manual
gait analysis using a limb painting procedure. Animals are trained to tra-
verse a horizontal corridor with walls to confine their movement tracks
leading directly into their goal box. Stride length was measured as the
distance between successive paw prints when the animal was walking
continuously at a constant pace. Width of gait and overlap between
hind limb and fore limb are other parameters that are recorded from
the prints. Gait analysis has been used in both mice and rat models of
PD to determine the bradykinesia and postural instability. Umararo et
al. (2016) used gait analysis to evaluate the reversion of bradykinesia
in 6-OHDA treated rats after subjecting them to superoxide iron oxide
NPs in the presence of magnetic field [443]. The authors hypothesized
this recovery could be attributed either to reduction in oxidative stress
and mitochondrial dysfunction or enhanced release of dopamine from
the spared tissue. However, variation in schedules of neurotoxin admin-
istration translating in differences in the mechanisms of neuronal death,
habituation [462] and strain differences [463] alter gait dynamics and
must as a matter of urgency, be assessed while evaluating behavioural
responses.

Climbing pole: Originally described by Ogawa et al. (1985) [464], the
pole test is used to evaluate the agility and degree of bradykinesia in an-
imals. The animal is placed head-upward on the top of a rough-surfaced
vertical pole and two parameters are recorded as a measure for brady-
kinesia: the time taken for the animals to turn by 180° and the time
taken to reach the floor. There is a time lag between the control and le-
sioned animals to turn and get down the pole; with the control animals
being much faster. This procedure is an useful tool for screening the le-
sioned animals as well for detecting the impact of therapies in them.
This is because it can be very well correlated with striatal DA content
[465] and can be performed easily and quickly. The limitations of the
pole test include the variability introduced with gender and strain of an-
imals as the BALB/c strain showed a stunted tendency to climb down
the pole [465]. Furthermore, the impact of environmental conditions
like brightness on the performance of animals in pole test must be
accounted for.

Placing task: This test is designed to estimate the animals' motor re-
sponses and coordination performance after unilateral lesion by evalu-
ating a directed forelimb movement in response to sensory stimuli.
The sensory stimulus is provided by brushing the vibrissae of one
cheek (either the same side or the contralateral side) across the side
of table [466]. Animals are immobilized by holding the torso with free
hanging forelimbs, and are moved up and down in space before testing.
The animals respond to the sensory stimulus by reaching the forelimbs
out to the table-top. Unilaterally lesioned animals do not place the paw
on the side of lesion whereas there is a reliable paw placement on the
unlesioned side and percentage of flawed placements are recorded as
a measure of co-ordination. Adaptation of this protocol for MPTP mice
includes immobilization of mice and sensory stimulation to induce the
forelimb movement. The parameter recorded here is the paw reach in
millimetres. This test is sensitive for detection of DA loss (70%) for
weeks after MPTP treatment [384].

Another adaptation to this test is the cross-midline forelimb placing
test, where the same side forelimb is immobilized followed by vibrissae
stimulation and the successful placement of the opposite forelimb on
the table top is recorded. This is instrumental in the analysis of motor
and sensory integration across cerebral hemispheres and the extent of
damage in different types of lesions [467]. The placing task was used
by Gamabaryan et al. (2014) to estimate the animals’ coordination per-
formance after unilateral substantia nigra lesion [443]. During the treat-
ment, animals performed the placing task twice a day: 30 min and 24 h
after drug administration. In animals treated with nano-DOPA,

improved coordination performance was observed compared to all the
PD positive animal groups.

There is an inevitable irreversible alteration of sensory signals on
being transmitted through DA depleted striatum which is translated
into altered limb trajectory. Forelimb placing accurately detects these
motor deficits independently of the impact of habituation, making the
tests sufficiently sensitive for detection of a dopaminergic lesion and
evaluation of circuit recovery and plasticity through various neuro-
reparative strategies.

Olfactory discrimination test (ODT): This test originally described by
Prediger et al. (2005) [468] measures olfactory deficits in odour detec-
tion, apperception and discrimination, which are commonplace in the
diagnosis of Parkinson’s disease. The apparatus consists of a box equally
compartmentalized into two and connected by an open door allowing
free access to the animal. One compartment contains clean sawdust
(non-familiar odour) and the other contains sawdust obtained from
cages of animals isolated for 48 h before testing (familiar odour). The
ODT consists of placing the animal in the middle of box and recording
the time of investigation of each compartment. Equal tendency to
spend time in both compartments is indicative of olfactory impairment
and absence of discrimination. The discrimination index (DI) is the ratio
of difference in investigation time between the two compartments by
the total amount of exploration for both compartments. Hyposmia is
prognostic to nigrostriatal denervation in the early stages of PD [382],
whereas the motor deficits could be manifested much later in disease
progression. Therefore, this test could be used in the pre-symptomatic
evaluation of PD. Practical advantages of this test include inexpensive
apparatus, ease of implementation and rapid acquisition although the
sensitivity to potential stress induced by handling is a major downside.
This test was used by Lindner et al. (2015) in the MPTP mice model for
the behavioural assessment as MPTP-induced PD models do not show
motor dysfunctions [469]. The results showed MPTP-infused animals
treated with reservatol-loaded PLA-PS80 NPs spent significantly greater
time in the familiar compartment than the control animals.

Social recognition task: Social interactions among animals investigate
the memory processes which impact the behavioural patterns and
could be instrumental in examining the impact of lesions on learning
and memory. The social recognition test is based on the domain that
adult rodent engages more in the investigation of an unfamiliar juvenile
and spends more time in nosing, sniffing, grooming or pawing the new
juvenile. Re-introduction of the same juvenile significantly reduces the
engagement of the adult with the juvenile [470]. The engagement pa-
rameters are recorded as a measure of social recognition that stems
from social generated from olfactory innuendo [471]. The ratio of inves-
tigation duration (RID) of second and first exposure is indicative of so-
cial recognition [472]. It is a very simple and ethologically relevant
test, that is not conditioned by additional positive or negative reinforce-
ments, for MPTP models which simulate early phase of PD, where sen-
sory and memory deficits appears with no major motor alterations
[473]. However, some of the disadvantages of this assay are: the compli-
cations involved in automation, requirement of an acclimatisation pe-
riod before test and sensitivity to environmental stimuli causing stress
in animals [474]. Lindner et al. (2015) found a significant reduction in
RID induced by reservatol-loaded NP treatment. There was no signifi-
cant difference found between animals from control and MPTP plus
PLA-PS80 loaded RVT groups which was indicative of prevention of
the deficit in social recognition ability induced by MPTP treatment [49].

3.4.2. Alzheimer’s disease

Morris water maze (MWM) test: Originally described by Richard G.
Morris in 1981 for rats [475], MWM is a behavioural assessment of the
long-term spatial memory in rodents. It represents the yardstick of be-
havioural testing of spatial memory impairment and for assessing the
impact of several therapeutic strategies on cognition in the animal
models of AD [476,477]. The setup for this test requires the presence
of an opaque temperature (25°C) regulated pool with a hidden
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submerged platform. A very apparent stationary cue for the animals is
provided either at the periphery of the maze or on the walls of the test-
ing room which is fitted with camera connected to a video tracking sys-
tem and software for motion detection. Multiple training trials per day
are conducted for 2-10 days before the experimental MWM test is per-
formed for experimental groups. Animals are released in the water fac-
ing the wall of the water maze and the time to reach the platform is
recorded, with a maximal time limit of 60 s. The tracking is stopped if
the animals are delayed more than 60 seconds which is recorded as it
is. The time taken to reach the hidden submerged platform (escape la-
tency) is recorded. The animals, however, might be able to reach the
platform due to prior learning of sequence of movements, recognizing
proximal cues or a spatial navigation strategy. Therefore, Dalm et al.
(2000) [478] suggested using a video tracking system to calculate the
non-prompt oriented parameters like length of the swimming path,
path directionality or cumulative distance to platform to identify the
concentric search strategy. Sachdeva et al. (2015) reported a significant
improvement in the latency to reach the submerged platform in the an-
imals treated with sesamol-loaded SLN compared to control

streptozotocin treated animals. This was indicative of intact learning
and memory function in SLN-sesamol treated group which was found
to be dose-dependent.

Another arm of this investigation uses a visible test to assess the mo-
tivational, visual and motor abilities where the animals undergo trials
for two days and the time taken to reach a randomly positioned visible
platform in a different place each time is measured [479]. The swim-
ming speed and distance travelled to reach the platform is used to ana-
lyse the motor performance of the animals. A detectable deficit in the
hidden acquisition test with normal performance in the visible test is in-
dicative of spatial memory impairment independent of motivational, vi-
sual and motor skills. MWM is the most widely used behavioural
assessment in rat models of AD [33,171,173,480,481]. All these studies
have suggested an overall improvement in the memory and learning
in the therapeutic carrying nano-system treated AD models. Ismail
et al. (2013) studied the effect of free and liposome-encapsulated
rivastigmine on spatial memory deficits in AlCl;-treated rats. Restora-
tion of spatial memory was achieved upon treating rats with lipo-
some-encapsulated rivastigmine concomitantly with AlCl; The most
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important limitation of this method comes from the fact that mice per-
form more poorly than rats [482,483] due to thigmotaxis and passivity
which could partially be circumvented by nudging by the experimenter
and careful selection of the strain. Lighting is another crucial aspect as
MWM does not account for the olfactory capabilities of the rodents
[484]. This test could also be significantly impacted by age of the ani-
mals and viral, bacterial and nematode infections [485,486]. MWM
still is the gold-standard behavioural test because of its simple and
fast execution and the ability to resolve the spatial learning and long-
term spatial memory, testing of non-spatial abilities such as visual and
motor performance alongside the low costs involved.

Radial Arm Maze (RAM): Dry RAM involves the use of a maze
consisting of variable number of equally spaced arms radiating from a
central platform. The rodents enter one of these arms in the maze to ob-
tain food or water while guiding themselves using spatial cues around
the room, with the motivation of acquiring the maximum reward in
shortest time and with minimal efforts. This kind of task requires both
working memory (WM) when retaining information within the trials
and reference memory when retaining memory to avoid the non-baited
arms across the maze for a longer time. Impact of spatial learning and
memory was evaluated in the Tg2576 mice model for AD by Cheng et
al. (2013) using the radial arm maze [35]. Nano-curcumin treated
mice exhibited fewer re-entry errors than either the control or free
curcumin treatment group. This suggested that curcumin is involved
in prevention of AR induced damage to the hippocampus. Major limita-
tions are the use of food or water deprivation, the presence of olfactory
confounds that are not accounted for and less sensitivity in detection of
search strategies when compared to MWM. [487,488]. RAM is more
useful for investigating changes of error patterns than for searching pat-
terns. The advantages of this method includes the simultaneous detec-
tion of working and reference memory and low costs involved.

Contextual Fear Conditioning (CFC): Fear conditioning provides an es-
timate of hippocampal-dependent associative learning wherein the de-
pendant parameter is the freezing response that happens by coupling of
an unconditioned stimulus (US) such as a foot shock with a conditioned
stimulus (CS) such as a particular cage or tone. It has been previously
demonstrated that several transgenic mouse models of AD display im-
pairments in fear and anxiety and it is hypothesized that the hippocam-
pal function used in fear conditioning is different from that of learning in
a spatial task [489]. During this test, the animal is placed in a cage/box
and is presented with a tone (usually 80 dB) (conditioned stimulus)
that is paired with a mild shock (unconditioned stimulus) at the end
of the trial. This results in the tone eliciting a freezing response in the an-
imals. Increasing the time lag between CS and US provides a good esti-
mate of prefrontal cortical activity. Cue-dependent fear conditioning is
measured by placing the animal in a new box that is different in color,
shape, etc., and presenting it with the tone as it explores the new envi-
ronment. Freezing response associated with the tone is measured. Study
by Cheng et al. (2013) uses CFC to evaluate the improvement in associa-
tive memory after treatment with nano-curcumin in transgenic AD
mice model [35]. The study indicated that treatment with nano-
curcumin had no effect on the contextual memory of the mice but en-
hanced the cue memory of the treatment group compared to that of
the controls.

Shortcomings in this investigation include the non-associative freez-
ing to US caused by the exposure of rodents to foot shock in a new en-
vironment [490]. There is an augmentation observed in the freezing
response to the tone stimulus in the novel environment for the animals
that have received contextual conditioning [491]. The strains and age of
animals used for the investigation can have a major impact on the out-
comes as in some strains of mice, retinal degeneration is a background
genetic defect that may affect contextual freezing. However, it is a useful
long-lasting and quickly acquired strategy for investigating both

emotional and contextual memory which can be used both in animal
models and humans [492].

Two-way conditioned avoidance response (CAR): The CAR protocol is
related to the classicconditioning concept first presented by Pavlov in
1927 [493] and further elucidated by B.F. Skinner [494]. Antipsychotic
efficacy for a compound is defined by the ability of a compound to in-
hibit the conditioned avoidance response (CAR) to an adverse stimulus.
Avoidance is represented by the tendency of the animals to move,
within a certain time frame, from one compartment to another upon
presentation of auditory or visual stimulus (CS) after training. A delay
in avoidance is coupled to an unconditioned stimulus (UCS; usually a
weak electric shock) until the animal responds by moving into the
other compartment. This behaviour is regarded as escape from the
negative reinforcer. Once the animals have been trained, both typical
and atypical antipsychotics are effective in decreasing the CAR to the
conditioned stimulus without altering the escape response elicited by
the unconditioned stimulus. Tiwari et al. (2013) investigated whether
curcumin loaded PLGA NPs can reverse AR-mediated inhibitory ef-
fects on hippocampal neurogenesis and learning and memory defects
in a rat model. Using CAR, they demonstrated that both free and
encapsulated curcumin can mediate a significant reversal of the
learning and memory deficits in AD rat model. However, curcumin
loaded NPs are effective at much lower doses in vivo than curcumin
solution [36]. Specific downsides to the CAR test is that it is primarily
efficacious in predicting the general antipsychotic activity of a drug,
rather than its comparative therapeutic efficiency or prediction of
therapeutic activity against specific symptoms. This necessitates the
use of additional animal models/screening tests to assess EPS liability
profile [493]. Doses of antipsychotics effective in inhibiting CAR while
preventing the induction of catalepsy provides a convenient measure
for therapeutic index for EPS.

Elevated plus maze (EPM): EPM represents a simple behavioural task
for the assessment of anxiety responses of rodents as described origi-
nally by File et al. (1938) [494] and modified by Montgomery [495]
and Handley and Mithani [496]. They introduced the elevated maze
with four arms (two open and two enclosed) that are arranged to
form a plus shape and provides for the evaluation of anxiety behaviour
of rodents by using the ratio of time spent on the open (unsafe) arms to
the time spent on the closed (safe) arms. The elevated plus maze utilizes
rodents’ inclination toward dark, enclosed spaces (approach) and an
unconditioned fear of heights/open spaces (avoidance). Each animal is
placed in the centre of the maze and the amount of time spent in each
arm was recorded automatically by video tracking software. EPM is
adapted and used for a range of applications including the anxiolytic
and anxiogenic impact of therapeutics and behavioural assay for mech-
anisms underlying the action of neuromodulators [496,497]. Mittal et al.
(2011) used EPM as a behavioural assessment of the anxiety in
ovarectomized and D-gal treated animals which exhibited a higher de-
gree of anxiety. Treatment with estradiol loaded PLGA NPs was found to
be effective in attenuating the impairment, indicating its neuroprotec-
tive action on brain [34]. There are several other studies that have
used EPM as an assessment for the therapeutic efficacy of BNDS in AD
[167,171,498]. The general considerations while using EPM as a tool of
behavioural analysis includes its susceptibility to test timing [499],
prior handling [500], strain [501], age [502], sex and estrous cycle
[503] of the animals used.

Novel object recognition (NOR) test: Described originally by Ennaceur
and Delacour (2003) [504], the object recognition test is the evaluation
of recognition memory which harnesses the natural propensity of ro-
dents to investigate a novel object and the innate instinct to explore
when they are presented with a novel environment. The choice to ex-
plore the novel object, as well as the reactivation of exploration after
displacement of the object, reflects the use of learning and recognition
memory processes. The available object-recognition tasks to test
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cognition in rodents use different numbers of available objects and
environments in which the animals are tested, as well as types of config-
uration aimed to test spatial recognition and novelty, among other
things. The adapted version of valuation of age-related deficit detection
using the object recognition test is widely used for AD models, wherein
arodent is placed in an open field filled with different objects for a finite
time. After a series of training trials to habituate the animals to the
properties and configurations of the objects, some objects are either
switched from one location to another to test the spatial recognition
or are replaced with new ones to evaluate novel object recognition.
The discrimination (D?) index is described as magnitude of discrimina-
tion between novel and familiar objects which corrects for total explor-
atory activity of each animal [504] and is calculated using the difference
in time spent exploring the novel and familiar objects divided by the
total exploration time for both objects:

D? = (novel—familiar)/(novel + familiar)

Interspecies comparison of exploratory behaviour using the NOR
test is not viable because different species may use different investiga-
tory strategies. The mechanisms underlying the failure of the animal
to recognize a familiar object along with other novel object recognition
are not well elucidated [505]. Vedagiri et al. (2016) have demonstrated
the use of NOR test to evaluate the recovery of visual recognition mem-
ory by treatment of the rats with chrysin loaded SLNs. They showed a
significant loss of exploratory behaviour in AP;s5_35 injected group com-
pared to the control group. This was duly restored by the treatment
with chrysin loaded SLNs which were very effective in vivo at signifi-
cantly lower doses than free chrysin [173]. Major advantages of this
test include no requirement for external motivation, minimal training
and habituation and short duration of analysis [506].

Y-maze test: Y-Maze Spontaneous Alternation is a behavioural test
for investigating the predisposition of rodents to explore a new environ-
ment, where they typically delve into the new arm of the maze rather
than return to a previously visited one. General testing setting involves
aY-shaped maze with three opaque plastic arms angled at 120°. The an-
imal is left at the centre of maze and over the course of multiple arm en-
tries, there should be a reduction in the tendency to visit the more
explored arm. The number of arm entries and the number of triads are
recorded to calculate the percentage of alternation and evaluate cogni-
tive deficits in AD and to evaluate therapeutics for the amelioration of
these deficits. The more frequently used version of the Y-maze for AD
is the spontaneous alternation version of the Y-maze. In this instance,
the alteration rate is determined for test animals as the degree of arm
entries without repetitions when these are placed in a Y-shaped maze
for a finite time. Sustained cognition is deciphered by a high alternation
rate as the animals must remember which arm was entered last so as
not to enter it [507]. Y-maze test was used by Mittal et al. (2016) to
study the effect of chrysin-loaded SLNs and free chrysin on spatial work-
ing in APys_35 injected rats. They demonstrated a significant reduction
in the % alternation in the Y-maze in the AP;,s_3s5 treated rats compared
to the control group. This was effectively attenuated by SLNs at a low
dose when compared to that of free CN at a higher dose in vivo [173].

A limitation of the Y-Maze is the inherent bias introduced by the fact
that the animal is faced with a single point choice that enhances the
probability of success to 50%. The other concern is that the animal
may use a strategy other than spatial learning to solve the maze. A
major strength of the Y-Maze is the simple approach unlike that of
other spatial tasks which require minimal time and training and pro-
duce reproducible results. The Y-Maze also places minimal stress on
the animals.

Forced swim test (FST): Originally described by Porsolt et al. (1977,
1978) [508,509] in rats and modified for mice [510], FST is one of the
most widely used tests to test depression. The test is based on the ten-
dency of animals to give up when forced to swim in a no-escape sce-
nario, after an initial high-activity phase. This behavioural immobility

mimics the state of depression. The conventional set-up consists of a
plexi-glass cylinder containing water maintained at 25°C into which
the animals are plunged for a finite period and show immobility for
75% of this period. Yusuf et al. (2013) demonstrated a decrease in the
immobility time following the treatment of the AD induced rats with
piperine loaded SLNs. This attenuation of immobilization was found to
be better than donepezil [169]. A major drawback of the test is the in-
ability to determine the cause of immobility of the animals. The protocol
is not very well adapted for mice, which show a sufficiently stable level
of immobility during the last fourmin of a six min swim test [511]. The
immobility may be influenced by a plethora of factors including
the water temperature [512], emotional state [513], strain of mice
[514], among the others. Benefits of FST include the ease of use,
standardisation and efficacy in screening of several anti-depressants
[510].

3.4.3. Psychotic disorders

Catalepsy test: Catalepsy is defined as an inability to correct an exter-
nally imposed incorrect posture and is measured by the latency of the
animals to get back to the normal posture. It is a paradigm of interest be-
cause of its close resemblance to symptoms of neural disorders such as
Parkinsonism, schizophrenia and basal ganglia damage as well as to
study the behavioural mechanisms of neurochemical therapeutics.
Most commonly used analysis for catalepsy is the ‘bar test’ originally de-
scribed by Kuschinsky and Hornykiewicz (1972) [515]. Another variant
of this behavioural test, was adapted from Rocha et al. (1991) [516], is
the grid test. The set-up for this variant uses a grid inclined at 45° rela-
tive to the bench top. Each animal is placed with its forepaws near the
edge of the grid and the amount of time spent in this atypical position
is recorded.Muthu et al. (2014) used the bar test for catalepsy to inves-
tigate the therapeutic efficacy of paliperidone micelles in terms of their
antipsychotic behaviour in swiss albino mice. The paliperidone palmi-
tate control formulation failed to show any antipsychosis which could
be attributed to the poor absorption/release of formulation from the in-
tramuscular administration. The nano-micelles, however, showed a sig-
nificant reduction in catalepsy owing to modified release patterns [110].
This assessment has also been used in rat models by Katare et al. (2015).
They found that the IN administration of dendrimer bound haloperidol
exhibited a cataleptic response which was similar to that achieved by IP
administration at a much higher dose [89]. Major limitations in using
catalepsy as a behavioural assessment paradigm are the influence of re-
peated testing or learning on catalepsy and standardization of catalepsy
scores [517,518]. However, it is cheap, simple, reproducible and easy to
perform.

Locomotor activity test (actophotometer): This test is used to deter-
mine the alertness of mental activity and its modulation using various
therapeutics. An actophotometer operates on photoelectric cells which
are connected in circuit with a counter and as the circuit is disrupted
by motion of the animal, a count is recorded. Yadav et al. (2017) used
an actophotometer to investigate the amelioration of psychosis using
doxycycline hydrochloride encapsulated chitosan NPs in a ketamine-in-
duced mice model. Encapsulated doxycycline showed a significant re-
duction in hyperlocomotor activity induced by ketamine compared to
the free formulation at a very high dose and was comparable to the ef-
fect of olanzapine treated controls [61]. An actophotometer could have
either a circular or square chamber and can be used for both mice and
rats. It represents a cheaper system with minimal calibration time but
it lacks the versatility of other motor assessment protocols.

Basal locomotor activity (BLA): General hypo-or hyperactivity of ani-
mals maybe instrumental in modulating the behavioural response to
pharmacotherapies or genetic alterations. Basal locomotor activity of
control and experimental animals is determined using the open field
task in which the animal is allowed to freely run and explore an open
area. The number of line crossing and the number of rearings is re-
corded. The crossing and rearing numbers are indicators of locomotor
and exploratory activity, respectively. Dimer et al. (2015) showed the
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significant decrease in stereotypic movements using the nanoenc-
apsulated olanzapine for longer time periods as compared to the free
formulation of the drug [519].

Amphetamine-induced locomotor activity (AILA): Antagonism of DA
receptors by various anti-psychotics gave way to the hypothesis that
psychosis is mediated by DA deregulation. This could be the result of
over-release or limited re-uptake of DA or over-expression of specific
DA receptors which causes the positive symptoms of psychosis, partic-
ularly those associated with schizophrenia. Featherstone et al. (2007)
[520] demonstrated the effectiveness of amphetamine-induced models
of schizophrenia through various sensorimotor outcomes and amphet-
amine is also known to induce a psychotic state in healthy individuals
and augments psychosis in patients [521,522]. Dopaminergic neuro-
transmission plays a crucial role in the filtering (or gating) of repetitive
auditory stimuli and amphetamine-induced alterations of the deficits in
the filtering of auditory stimulus common to psychotic conditions is
well characterized in rodents [523,524]. AILA is usually recorded after
the measurement of basal locomotor activity. Dordevic et al. (2017) re-
ported sa significant reduction in amphetamine induced hyperloco-
motion after treatment with risperidone nanoemulsions as compared
to free risperidone [525].

Apomorphine- induced climbing and sniffing test: Apomorphine is
known to induce psychosis as a side effect, reinforcing the link between
increased DA activity and psychosis [526]. Several pharmacological in-
vestigations use apomorphine to evaluate the performance of antipsy-
chotics [527,528]. Apomorphine-induced stereotypy arises from the
stimulation of post-synaptic striatal and mesolimbic DA receptors
[529] and has been applied as an appropriate method for in vivo screen-
ing of anti-psychotic drugs by the evaluation of climbing and sniffing re-
sponse of the animals. The set up involves animals being placed into
cylindrical cage and scoring the climbing behaviour. Animals were
also rated for repetitive sniffing as a measure of stereotypy. Scores for
both behaviours are added and used as a measure of the capability of
the drug to inhibit apomorphine-induced psychosis. Muthu et al.
(2008) studied the efficacy of PCL NP encapsulated risperidone in
inhibiting apomorphine-induced climbing and sniffing in a mice
model of psychosis. They reported prolonged inhibition of climbing
and sniffing in risperidone-PCL NP treatment group as compared to
free risperidone treatment. They also found that increase in PCL content
promoted a sustained inhibition [59].

Prepulse Inhibition of Startle Reflex (PPI): PPI is used to evaluate the
sensorimotor responses and attention-indulging processes in schizo-
phrenia models and is also useful for measurements in animal models
of psychosis. This test involves exposing the subjects to an unexpected
weak acoustic or tactile pre-stimulus (pre-pulse) followed by a stronger
startling stimulus (pulse) [530]. The weak stimulus exposure should
avoid the occurrence of startling response which does not occur in the
subjects with schizophrenia or psychotic disorders [531,532]. Physical
response to the startle stimulus is measured with and without pre-stim-
ulus. This difference quantitatively relates to the motor inhibition which
is associated to neuronal inhibitory mechanisms. This link is further
consolidated by the treatment with direct or indirect DA agonists im-
pairs PPI which is effectively reversed by the use of several anti-psy-
chotics [533,534]. This test measures pre-attentive processes in animal
models of diseases marked by an inability to sieve irrelevant sensorimo-
tor and cognitive information. Dimer et al. (2015) studied the impact of
free and lipid-core nanocapsule encapsulated formulations of olanz-
apine in prepulse inhibition disruption induced by apomorphine
model of schizophrenia. They reported significant inhibition of deficit
induced by apomorphine in the prepulses at doses lower than the free
formulation [519]. Limitations of this procedure include the require-
ment of a habituation phase and susceptibility to non-specific parame-
ters of the ‘gating’ response. PPI levels vary based on sex and estrous
cycles, both in humans and in rodents [535]. A great advantage of this
test is comparability and objectivity of the analysis in mice, rats, and
humans, as it applies across all vertebrate species [532]

Stereotypy: Stereotypy is an identifying feature of schizophrenia and
other psychotic disorders characterized by repetitive and functionless
behaviour [536]. It is categorised as repetitive motor actions distinct
from cognition and has been identified in patients as well as in pharma-
cological human and animal models of psychosis [537,538]. Assessment
of this repetitive behaviour involves a battery of tests inclusive of but
not limited to repetitive licking, chewing, grooming, head movements,
sniffing, circling, or climbing. Behavioural stereotypy can be determined
by manual observation or the use of a digital system coupled with a soft-
ware program based on predetermined criteria. Stereotypy is both a
qualitative and quantitative indicator in models of psychosis and effi-
cacy of anti-psychotics can be screened by measuring their ability to
counter this behaviour. A deficiency in usng stereotypy as a measure
of psychotic disorders is that it manifests itself in the later stages
of schizophrenia and could be potentiated by cognitive inhibition.
Benvegnu et al. (2011) reported that haloperidol loaded polymeric
nanocapsules showed significant inhibition of amphetamine induced
stereotypic behaviour in rat model. The encapsulated formulation of
haloperidol also showed a prolonged anti-psychotic effect as compared
to free haloperidol at the equivalent dose [539].

Paw test: Catatonia, i.e. the inability of animals to regain a normal
posture after being forced into an incorrect one can be estimated
using the paw test. Here, the animal is placed on a Perspex platform con-
taining two holes for the forelimbs (40 mm), two for the hindlimbs (50
mm), and a slit for the tail [540]. The rat is held by the forelimbs by the
experimenter and the hindlimbs are inserted into the holes followed by
placement of forelimbs in the holes. The forelimb retraction time (FRT)
and the hindlimb retraction time (HRT) were specified as the time re-
quired by the animal to withdraw a forelimb and a hindlimb from the
hole, respectively [384]. FRT is associated with the ability to induce
extra pyramidal side effects and HRT gives an estimate of antipsychotic
activity. Patel et al. (2010) observed a significant rise in HRT for mice
treated with risperidone loaded SLNs (RSLNs) when compared with
free risperidone. Intravenously administered RSLNs showed higher
HRT values than those of free risperidone implying that significantly
higher targeting to brain by the SLNs [425]. Another study by Singh et
al. (2016) showed the use of the paw test in a rat model of psychosis
to show the behavioural recovery following the treatment with
asenapine loaded nanostructured lipid carriers [177].

Other behavioural analysis paradigms used for the investigation of
psychosis and screening the impact of therapeutics include FST, passive
avoidance test, rota rod test, tail suspension test and open field test, all
of which have been described previously.

3.4.4. Ischemic/haemorrhagic stroke

Grip strength: Amongst the non-invasive methods for evaluation of
muscular strength in neuromuscular disorders, grip strength tests
have been widely used to evaluate the effects of various chemicals on
motor performance as a screen for neurobehavioural toxicity. Described
by Meyer et al. (1979) [541], the grip strength test mimics the hand grip
test for humans in the assessment of muscular strength and ability to
grip an object. The most commonly used variant of the grip test is the
forelimb grip strength test in which an experimenter horizontally
pulls the tail of a rodent that grips a bar connected to a monitoring de-
vice, and the maximal value is recorded as the forelimb grip strength
[542]. Ahmed et al. (2013) observed a significant decrease in grip
strength in the MCAO treated rats compared to the sham group. Pre-
treatment with PNIPAM nanoformulation of curcumin, demethoxycur-
cumin, and bisdemethoxycurcumin showed improvement in grip
strength when compared with MCAO group [63]. The rodent grip test
is however susceptible to a multitude of factors like operational param-
eters, disruption of peripheral sensory function and changes in body
weight [543]. Other factors that can introduce imprecision in measure-
ment include the motivation of the rodent to keep gripping the bar,
inconsistent procedures by inspectors and erratic handling by experi-
menters. Advantages of using this method are its non-invasiveness,
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less stress to the animals, ease of performance, reproducibility and the
test has been previously shown to be an indicator of frailty in ageing
mice [544]

Tail suspension test (TST): Originally described by Steru et al. (1985)
[545] as a screening test for antidepressants, it is used as a behavioural
index in cerebral ischaemia. Each animal was tested only once and out
of view from the other animals. The mice were suspended from a flat
metal bar for a predetermined time. Escape behaviour includes strong
shake of the body and run-like movements of the limbs. Pendulum-
like movements and subtle movements of forelimbs without hindlimbs
are excluded from the analysis. After the test, the time of mice which did
not show typical escape-related behaviours during the last 4 min was
measured. The test is followed by cage cleaning to remove any signs
of distress. Harris et al. (2016) used the tail suspension test in the
focal ischemic mice model where they observed that nano-BDNF
treated mice showed significant reduction in their immobility. This
was indicative of reduction in depressive behaviour as compared to sa-
line controls [546]. The chief limitation of the protocol is that it is exclu-
sively for mice [547] and cannot be used on rats or heavier mice due to
the pain induced by suspending them through their tails. Also, tail
climbing behaviour of certain mice could lead to the aberrations in the
test [548]. Weight of the animal is a major concern and calls for alterna-
tive testing options. Any genetic or pharmacological alteration that
might affect mobility will have an impact on TST and hence the conclu-
sions should always be backed up by another behavioural assay. Be-
cause of this, it is important to verify the results of TST with separate
behavioural tests that measure overall activity levels in mice such as
the open-field test [549]. The main advantages of this procedure are
the use of a simple test paradigm and the agreement of the results
with the validated “behavioural despair” test [545]

Neurological Scoring Scales: Bederson et al. [550] defined a neurolog-
ical assessment scale for quantitative assessment of neurological deficits
following stroke. The Bederson scale is a global scale which is based on
three parametric assays of: forelimb flexion, resistance to lateral push
and circling behaviour. Behavioural deficits are scored on a scale of 0-
3, with ischaemic animals having higher score than controls [551]. Fore-
limb flexion was tested by suspending the rat one meter above the floor
using its tail as a response to which both rats reach out to the floor using
both forelimbs. Animals with any consistent contralateral forelimb flex-
ion and no other abnormality were graded 1. Animals’ resistance to lat-
eral movement induced by holding the tail by hand was equal in both
directions in normal or mildly dysfunctional animals but reproducibly
reduced to lateral push toward the injured side and these animals
were graded 2. Rats circling towards the paretic side consistently were
graded 3. Limitations of this method include the subjectivity of neuro-
logical ratings on this scale and quick recovery of the deficits scored in
common stroke models, rendering it inefficient for long-term assess-
ment. This scoring scale is, however, a simple way to reveal basic neuro-
logical deficits and is very quick. This scale has been used by several
studies to investigate the impact of nano-delivery systems on the neu-
rological deficits in ischemic models [138,546,552].

Modified Neurological Severity Scores (mNSS): A more updated scale
of neurological deficits in animal models of stroke is represented by
the modified neurological severity scores (mNSS). The mNSS involves
a conglomerate of motor (muscle status and abnormal movement), sen-
sory (visual, tactile and proprioceptive), reflex and balance tests to
cover the sensorimotor evaluation post-ischaemia and therapeutic effi-
cacy of treatment paradigms [553]. The mNSS scores the deficits in neu-
rological functioning on a scale of 14 or 18 in mice or rats respectively.
Individual deficits in certain functional modality could be masked by
the overall score and the reflexes accounted for in mNSS are the pinna
and startle reflexes. Li et al. (2013) used mNSS to grade neurological
functions including motor (flexion of limb and walk on the floor), sen-
sory (limb placing test and proprioceptive test) and reflex ( pinna reflex,
corneal reflex and startle reflex) in the mice MCAO model. They ob-
served a tremendous improvement in neurobehavioral deficiency in

magnetic field induced-SiO4 coated iron oxide NP -EPCs treated mice
compared to that of controls [554].A major benefit of mNSS is that this
ambidextrous assay includes a battery of simply-administered tests
which can be used for long-term assessment and this makes it unlike
the neurological scoring scales. Other facets of behavioural analysis in
models of cerebral ischemia or stroke include Novel object recognition
task (NORT), Contextual Fear test, Morris water maze (MWM) test, ele-
vated plus maze (EPM) test and Neurological severity score which have
been described earlier.

Behavioural paradigm for assessment of functional recovery fol-
lowing the treatment with BNDS in haemorrhagic stroke comprises
chiefly of tests similar to ischemic stroke including neurological sever-
ity score, open field tests, footfault asymmetry test and placing task. In
addition to this battery of tests, studies investigating the impact of
BNDS in haemorrhagic stroke have also used corner tests and the
beam walking test.

Corner test: Originally described for mice models by Zhang et al.
(2002), this test aims to detect a range of mild to moderate ischemia in-
duced sensory and postural asymmetries [555]. Here, the mouse is
placed between the two angled boards and both sides of the vibrissae
are stimulated together when entering deep into the corner. The non-is-
chemic mouse turns either side, but the ischemic mouse preferentially
turns toward the non-impaired side. The number of turns in either
side are recorded in multiple trials while ignoring the turns which
were not a part of rearing. This test was used by Cha et al. (2018) to as-
sess the improvement in neurological outcomes in the ICH model as a
result of the treatment with lipid-coated magnetic mesoporous silica
NPs [196]. The chief advantages of this test are that it is easy to perform,
sensitive and correlates well to striatal infarct volumes after stroke in
the mice models. It is also very useful in evaluating long term functional
deficits after stroke giving it an edge over neurological scoring system
and foot fault tests.

Beam walking test: Originally described by Schallert et al. (2005), the
beam-walking test detects placement dysfunction of the hindlimbs after
unilateral brain damage [556]. Here, the animals are made to walk
across an elevated beam and hind limb foot faults are recorded as defi-
cits in hind limb function. Following stroke, there is an increase in the
animal’s footfaults on the contralateral side. This task requires pre-train-
ing of the animals and breaks between trials to prevent habituation. This
task is instrumental in determining the extent of brain repair achieved
by experimental therapies and the extent of motor learning [557] This
task is more sensitivein the detection of hindlimb placing deficits
while the grid walking test is more sensitive to forelimb impairments
[558]. This test was used by Galho et al. (2016) in the rat ICH model to
test the locomotor activity, balance and motor function recovery follow-
ing quercetin-loaded nanoemulsion treatment. There was a significant
decrease in the score for ICH positive animals treated with quercetin
nanoemulsions. This was indicative of reversion in the motor deficit
and balance caused by ICH [559]. This test has also been used previously
in mice models of stroke for behavioural assessment [560].

3.4.5. Pain models

Hot plate test: The hot plate test first described by Eddy and
Leimbach (1953) [561], represents a simple behavioural screening in
pain models. It is considered to be a supraspinally organized response
involving higher brain function. The setup involves a plate heated to a
constant temperature by a thermode or a boiling liquid. Heat as a nox-
ious stimulus produces two behavioural responses estimated in terms
of reaction times: paw licking and jumping. To screen the analgesic
properties of a therapeutic, latency in the responses of treated and con-
trol animals is compared, and an increase in the latency to respond is
conceived as an analgesic response. The conventional assay involves
placing the animal on the hot plate and measuring latency in its re-
sponse by either jumping or paw licking. Further variations in the pro-
tocol involve introduction of paw thermal stimulator and focusses the
heat source to a particular area and recording the paw withdrawal
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time [562]. The latency in response is inversely proportional to the in-
tensity of the stimulus. Hot plate test was used by Chen et al. (2011)
to o assess the impact of the surfactant coatings on the stability of NPs
and consequently on their analgesic effect. They observed that the
poloxamer 188 coating was better than PS 80 to deliver the loperamide
loaded NPs across BBB to the central nervous system. They also found an
enhancement in the anti-noceceptive effect after surface modification
with poloxamer 188 of the NPs [80]. The weakness in this method for
assessing nociception is the reduction in hot plate latency resulting
from repeated testing [563,564]. Hot plate assay produces a more com-
plicated response in rats than it does in mice [565]. Other factors that af-
fect the outcomes of this test involve oestrus cycle [566], circadian
rhythm of animals [567], strain, experimenter, season, humidity, and
cage density [568]. The advantages of this test are that it is short in du-
ration, easy to standardize, objective, quantifiable and does not require
long training sessions.

Tail flick test: Initially described by D’Amour and Smith (1941) [569],
this is one of the most common tests in pain models to evaluate the anti-
nociceptive or analgesic impact of therapeutics and is based on an inter-
mittent high intensity stimulus. Two variants of this test have been re-
ported in literature. The first of these uses water heated at 55°C and
the second uses the quartz projection bulb to apply radiant heat to a
small area of the tail. This elicits a flick of the tail away from the heat
source. Alyautdin et al. (1997) used the quartz projection bulb to test
anti-nociceptive effect of surface coated loperamide loaded PBCA NPs
in the mice pain model. They observed a significant and prolonged anal-
gesic effect in the mice treated with PS-80 coated NPs as compared to
the PS-80 loperamide solution. However, the uncoated particles failed
to produce any analgesic effect at all [79]. Lu et al. (2006) investigated
the analgesic impact of PS-80 coated endomorphine-1 loaded NPs
using the hot water variant of tail flick test [570]. Using the reflex re-
sponse is an advantage as it allows the test to be performed in lightly
anesthetized animals and is almost independent of animals’ motor coor-
dination. A disadvantage is that tail temperature can be a confounder in
this test as shown by the Berge et al. (1988) [571], who observed an in-
crease in tail flicking with a decrease in tail temperatures. Tjglsen et al.
(1989) [572] described a better method for monitoring the analgesic ef-
fects by coupling the tail flick with simultaneous recording of tail skin
temperature. Additionally, restraint and handling in the course of test-
ing could impact the latency in response.

Formalin test: The formalin test for nociception involves the use of a
chemical as a noxious stimulus to generate a moderate, persistent re-
sponse, closely mimicking the clinical pain rather than the transient re-
sponse facilitated by a brief stimuli of threshold intensity. It also
requires minimal restraining of experimental animals during the testing
protocol [573]. Formalin induces a two-phase pharmacologically dis-
tinct nociceptive response. Phase 1, predicted to be caused by a burst
of activity from pain fibres, begins immediately after the formalin injec-
tion and lasts ~10 min. Phase 2, typically mediated by peripheral inflam-
mation begins 15 to 20 min after the formalin injection and continues
for 260 min. Dubuisson and Dennis [573] devised a nociception scale
of 0 to 3 to score the animal’s response, where: 0 = the formalin-
injected paw remains pressed to the floor and bears the animal’s
weight; 1 = the animal puts less weight on the injected paw, resting
it lightly on the floor; 2 = the animal elevates the injected paw (no sur-
face contact maintained); 3 = the animal licks, bites, or shakes the for-
malin-injected paw. Another way to quantify nociceptive behaviour
involves counting the number of flinches in rats and licking in the for-
malin-injected paw for mice [574,575]. Chen et al. (2011) used this
test to assess the systemic and nociceptive effects of loperamide encap-
sulated NPs on the modulation of acute pain. They observed that licking
duration for loperamide encapsulated NPs with poloxamer 188 coating
is significantly shorter than that of PS80 coated NPs [80]. The formalin
test is found to be less sensitive than other pain behavioural
analysis strategies and requires a higher number of animals to arrive
at a conclusion about nociceptive behaviour. However, it is also the

model that very closely re-creates the clinical pain scenario in humans
[576].

3.4.6. TBI

Neurological severity score (NSS): NSS established by Chen et al.
[577], portrays the Glasgow Outcome Scale, which is the clinical stan-
dard used to evaluate the functional neurological and cognitive impair-
ments in TBI patients [578]. It provides a quantitative standardized
evaluation of neurological motor function deficit in rodents after TBI.
NSS has been shown to correlate well with histological examinations
and MRI abnormalities in TBI and thus reflects injury of brain tissue
[579]. The original protocol set out to have 25 tests to assess the
motor and cognitive deficits has now been modified to have 10 tests
[580] which are outlined below. The scoring system awards one point
for the lack of a tested reflex or for the inability to perform the tasks
and no point for succeeding. Higher scores are reflective of the severity
of neurological dysfunction, with failure in the majority of the tasks.

Task 1: Exit circle: A healthy animal that is placed in the centre a the
circle shows an intrinsic tendency to leave the circle within 3 min.
The time needed for the animal to exit the apparatus is recorded.
Task 2: Seeking behaviour: The animal is placed in the circle with a
closed exit and its innate tendency to explore the surroundings
and sniffing is scored.

Task 3: Monoparesis/hemiparesis: This represents a quantification
of gait. Monoparesis or hemiparesis is represented by the inability
to use either one or two paws while walking. Paw grip and grip
strength is assessed using anatomic forceps. Inability of the animal
to grip the forceps on being touched by them is scored.

Task 4: Straight walk: This investigates the motor ability and
alertness of the animal wherein, when it is placed onto empty
surface, the animal investigates its surroundings and displays a
straight walking pattern. If the mouse demonstrates impaired
gait pattern and fails to actively explore environs, the behaviour
is scored.

Task 5: Startle reflex: Inability to respond to a loud clap by startling
reflex was scored.

Task 6: Beam balance: Inability of the animal to perch on a beam (0.5
x 0.5 mm?) for a designated time is scored.

Tasks 7, 8,9: Beam walk: The animal is placed at the end of 3-, 2-, 1-
cm-wide beam of predetermined length. Inability of the mouse to
reach the other side of the beam is reflective of impairment in seek-
ing behaviour and is scored. If it fails to cross 3-cm- (or 2-cm) wide
beam, further tasks with 2-cm (or 1-cm) wide beam would not be
carried out and 3 or 2 points are given, respectively.

Task 10: Round stick balance: Inability of the animal to balance itself
on a round stick for a designated time is scored.

Khalin et al. (2016) used the NSS to evaluate the efficacy of BDNF-
loaded PLGA NPs in the closed head injury mice model. This test was
used to assess motor, reflex and balance ability of the mouse post-in-
jury. The authors reported a significant improvement in the neurologi-
cal deficit in the group treated with BDNF-loaded PLGA NPs as
compared to the other treatment groups [66].

Passive avoidance task: Passive avoidance includes a battery of fear-
actuated tests to assess the cognitive deficits in TBI. It utilizes the sub-
ject’s learning capability to display a paradoxical response to their
innate tendencies to prefer of dark areas and avoid bright ones. The
setup for this task consists of dark poorly illuminated compartment
chamber and a bright illuminated chamber separated by a door. The
test comprises two phases of learning [581]. In the acquisition/condi-
tioning phase, the animal is placed in the bright compartment and
allowed to investigate it before being given access to the dark one. On
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being exposed to the dark chamber, the animal, driven by its innate ten-
dencies, almost immediately crosses to the investigate it. As it does so, it
receives a mild foot shock. The shock conditions the animal by
acquainting it with the negative consequences of moving to a ‘safer’
place. The test phase, then recreates this scenario and the passive avoid-
ance response is evaluated as the latency of the animal to reach out to
the dark chamber with a certain cut-off time. Cognitive performance is
directly proportional to latency in movement towards the preferred re-
gions. Some avoidance tests require the animals to acquire motion to es-
cape the adverse stimuli whereas this task requires them to remain in
the illuminated chamber to do so. Passive avoidance was used by Khalin
et al (2016) to assess the cognitive deficits in the mice model of TBI
where they observed that cognitive deficits could be detected seven
days post injury. They reported the effective reversal of cognitive defi-
cits through treatment with BDNF-loaded PLGA particles coated with
poloxamer 188 in the mice model [66].

Prior learning in pain could be a confounder in this analysis. Other
drawbacks of passive avoidance task, including large inter-subject and
different sensitivity to the shock exposures, make it necessary to use a
large sample size. The memory retention is influenced by many factors
including the mental state, emotional reactivity and responses to stress
hormones [582]. Passive avoidance learning could be prevented by at-
tenuated pain perception by pharmacological or genetic induction of
analgesia [583]. The benefits of this procedure is that it is a single-trial
task which provides consistency in results for both mice and rats. It
has a simple setup and an easy protocol for testing. Since the task can
be performed at variable time intervals after initial training, short-
term (STM) and long-term memory (LTM) can be assessed separately.

3.4.7. Epilepsy

Behavioural seizure severity (BSS) or Racine’s scale: Seizure severity is
estimated by specific scoring systems catering to different types of sei-
zures. For the focal seizures which are the most widely used model sys-
tems for evaluation of therapeutic nano-systems, Racine’s scale is used.
This provides a close simulation of seizure behaviour as it progresses
from the focal point to other structures. It is, however, not a suitable
scale for PTZ- induced seizures [584]. Racine et al. (1972) specifically
targeted the hippocampus and the amygdala of the test animals and
the reaction was categorized into five stages, which are of increasing se-
verity [585]. The five stages include mouth and facial movement, head
nodding, forelimb clonus rearing with forelimb clonus, rearing and fall-
ing with forelimb clonus (generalized motor convulsions). A limitation
of the use of this scale is the impact of repetitive testing on the score. Re-
peated exposure to stimulus is known to reduce the threshold of seizure
[586]. Levya Gomez et al. (2016) used the Racine’s scale to demonstrate
that the latency to the onset of paroxystic activity was significantly
delayed in rats Clonazepam- loaded SLNs. The authors observed a
reduction in the severity of behavioral scores in rats treated with Clo-
nazepam alone, but the most significant inhibition of convulsive behav-
ior was observed when the rats were treated with Clonazepam- loaded
SLNs [587].0ther paradigms use MWM test and test the latency in onset
of convulsion phases as well as latency to myoclonus, tonic clonic and
tonic seizures for behavioural estimation in epileptic models.

3.4.8. Glioma/glioblastoma

A substantial portion of the nano-delivery systems targeting the
brain is aimed at the treatment of glioma/gliobastoma. The efficacy of
these systems is predominantly assessed by their tumor-targeting prop-
erties and reduction in tumor size. There are no behavioural analysis per
se available thus far for glioma models. Survival is a related paradigm of
investigation which measures the life of treated animals’ vs the control
glioma implanted animals [386,588-590]. Increase in the mean survival
of the animals is a measure of the in vivo efficacy of the therapeutic de-
livery system. It is critical to keep in mind that the review focusses only
on the strategies used to date in the studies using brain-targeting nano-
delivery systems. The application of these behavioural assays for testing

the efficacy of BNDS in different pre-clinical disease targets has been
summarised in Table 6. A summary of different evaluation strategies
used for behavioural analysis of BNDS efficacy for various brain disor-
ders is presented in Fig. 5.

4. Critique

BNDS are still in their infancy and most proof-of-concept studies
were performed using unloaded, oversimplified nano-systems to
study their bio-distribution and safety in healthy animal models. How-
ever, the key challenge is to couple them with a cargo of interest and as-
sess their therapeutic effect in pre-clinical models of brain disorders.
From all the modalities addressed, it is obvious clear that a synergistic
investigation is required, blending the multiple techniques so as to val-
idate the nano-systems used.

Histological assessment is necessity to evaluate the therapeutic effi-
cacy of nano-systems. It is implemented not only to confirm the estab-
lishment of the disease model but also to evaluate the effect of the
therapies employed. Even though it allows a specific marker study, tai-
lored to the individual cases, it is nevertheless semi-quantitative analy-
sis requiring animal sacrifice to harvest tissue, and it therefore raises
ethical and financial concerns. The greater part of this analysis is done
only at the end of the study, instead of conducting a possibly more accu-
rate timeline-based assessment through the course of the disease and
treatment.

On the other hand, real-time analysis can be done through bio-imag-
ing, allowing a follow up of the pathological condition, trajectory and
distribution of the BDNS on a timeline. However, even though these
are already a paradigm in the clinic and allow the functional assessment
of the effect of the nano systems with the exception of brain tumors,
they are very expensive for use in pre-clinical models.

The behavioural paradigm represents the archetype of an assess-
ment category for different brain disorders. There are a disease-specific
battery of behavioural tests that tend to cover the sensorimotor and
cognitive responses of the subjects. However, most of these tasks fail
to model the clinical pathophysiology of the diseases. A greater part of
behavioural analysis is prone to errors resulting from experimenter
handling and scaling of the behavioural scoring systems to a standard-
ized set-up that could be used across different species yet to be actual-
ized. Despite these downsides, it still represents the functional
recovery in disease targets and hence is instrumental in determining
the success of the BNDS in the pre-clinical disease models.

Molecular evaluation modality is a quantitative course of analyzing
the BNDS efficacy in vivo. The greater part of this analysis caters to the
investigation of bio-distribution of nanoparticles and their efficacy in
targeting the brain adjudged by their accumulation in the brain. Phar-
macokinetic analysis determining the bio-availability of the nanoparti-
cles is also recurrently investigated. Another facet of this modality
deals with the investigation of inflammatory responses elicited in the
brain owing to the administration of the nanoparticles as neuro-inflam-
mation remains the root cause or aftermath of several brain diseases.
Target-specific molecular alterations are investigated using gene and
proteomic analysis. However, thus far there are very few studies that in-
vestigate the regio-specific alterations in tissue molecular signature in
response to the nanoparticles which would help to elucidate the mech-
anistic aspects of their interaction and therapeutic activity. Besides,
there is a dearth of studies redressing the modulation of tissue glycome
and the role of these glycans in mediating the nanoparticle interaction
with tissues/organ target.

Despite the plethora of literature on the nano-delivery systems for
several brain disorders, there are still some unfathomed disease targets
which are in urgent need of the potential of nano-systems for therapeu-
tic delivery like Huntington’s disease, Multiple Sclerosis, ALS, amongst
others. An ideal evaluation assortment would test the applicability of
nano-delivery systems in the clinical settings. It should, therefore, be a
meticulously designed combination of the aforementioned modalities
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which can be standardized for cross-species investigation and should be
closely related to the temporal changes in disease pathophysiology.
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