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Abstract Oxidative stress and inflammatory damage play
an important role in cerebral ischemic pathogenesis and may
represent a target for treatment. The development of new
strategies for enhancing drug delivery to the brain is of great
importance in diagnostics and therapeutics of central ner-
vous diseases. The present study examined the hypothesis
that intranasal delivery of nanoformulation of curcuminoids
would reduce oxidative stress-associated brain injury after
middle cerebral artery occlusion (MCAO). The rats were
subjected to 2 h of MCAO followed by 22 h reperfusion, after
which the grip strength, locomotor activity was performed. The
effects of treatment in the rats were assessed by grip strength,
locomotor activity and biochemical studies (glutathione perox-
idase, glutathione reductase, lipid peroxidation, superoxide
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dismutase, and catalase) in the brain. Pretreatment with poly-
meric N-isopropyl acryl amide (PNIPAM) nanoparticles for-
mulation of all three curcuminoids (curcumin (Cur),
demethoxycurcumin (DMC), and bisdemethoxycurcumin
(BDMC)) at doses (100 ng/kg body weight) given intrana-
sally was effective in bringing significant changes on all the
parameters. While nanoformulation of curcumin at a dose of
100 pg/kg body weight was most active in the treatment of
cerebral ischemia as compared to others nanoformulation of
curcuminoids. The potency of antioxidant activity significant-
ly decreased in the order of PNIPAM nanoformulation of
Cur > DMC >> BDMC, thus suggesting the critical role of
methoxy groups on the phenyl ring.

Keywords Curcumin - Demethoxycurcumin -
Bisdemethoxycurcumin - MCA occlusion - Oxidative stress -
PNIPAM nanoparticles

Introduction

Stroke is a global public health concern and one of the
leading cause of mortality and morbidity, with astro-
nomical financial repercussions on health systems
worldwide (Allen and Bayraktutan 2009; Ashafaq
et al. 2012). Cerebral ischemic insult usually causes
irreversible deterioration of the central nervous system
(CNS) (Kim et al. 2007). After the onset of cerebral
ischemia, inflammatory process triggers the acceleration
of the early onset and functions as a determinant factor
in severity of cerebral damage, morbidity, and mortality
(Berner et al. 2005). Oxidative stress has always been
implicated in the machinery of ischemia—reperfusion
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injury consequently producing surplus amounts of reac-
tive oxygen species (ROS) (Raza et al. 2011). ROS
plays a role in normal physiology and is also caught
up in a number of disease processes in pathological condi-
tion. A substantial body of evidence has been produced that
links the production of ROS and subsequent oxidative damage
to the pathogenesis of ischemia—reperfusion (Sun et al. 2009).
Brain tissues are particularly susceptible to oxidative damage;
therefore, it is believed that pharmacologic modification of
oxidative damage is one of the most promising avenues for
stroke therapy.

A number of antioxidants drugs (thioperamide, ropinirole,
thymoquinone) are reported to reduce ROS-mediated reac-
tions and rescue the neurons from reperfusion-induced neu-
ronal loss in animal models of cerebral ischemia (Akhtar
et al. 2008; Badary and Taha 2003; Iida et al. 1999). Recent
in vitro and in vivo studies confirm the use of curcumin in
cerebral ischemia which is chiefly found in Curcuma longa
(Jayaprakasha et al. 2006; Thiyagarajan et al. 2004;
Thiyagarajan and Sharma 2004). Curcumin (Cur),
demethoxycurcumin (DMC), and bisdemethoxycurcumin
(BDMC) are also reported having a potential role in the

HO

antioxidant activity (Sandur et al. 2007; Somparn et al.
2007). Curcumin exhibits low serum and tissue levels due to
its poor solubility, absorption, extensive metabolism, and
rapid elimination (Anand et al. 2010; Yang et al. 2007).
Therefore, the therapeutic efficacy of curcumin is restricted
to its short systemic retention in circulation and in tissues. To
enhance the bioavailability of curcuminoids, various strategies
have been applied in terms of formulations and route of
administration. Blood-brain barrier (BBB) can be bypass to
preferentially target the brain and to treat neurological disor-
ders by intranasal administration of drugs (Mistry et al. 2009).
Intranasal administration of curcuminoids can be effective in
this regard through which blood-brain barrier can be bypassed
and much higher degree of drug concentration can be
achieved in the cortex, caudate-putamen, and hippocampus
than intravenous administration (Hanson and Frey 2008).
Therefore, we investigated formulated polymeric N-isopro-
pyl acryl amide (PNIPAM) nanoparticles loaded with
Cur, DMC, and BDMC through intranasal administra-
tion in middle cerebral artery occlusion-induced focal
cerebral ischemia in Wistar rats.

The structure of Cur, DMC, and BDMC are shown below.

OH

\\ R

OH

Curcuminoids (curcumin (R;, R, = OCH;),
demethoxycurcumin (R; = H, R, = OCH;), and
bisdemethoxycurcumin (R;, R, = H))

Materials and methods

Chemicals Cur, DMC, and BDMC (assigned purity >96 %;
molecular weight 368.38, 338.36, and 308.33; melting point
183,168, and 224 °C, respectively) were purchased from
LGC Promo Chem India Pvt. Ltd. Bangalore, India. A copol-
ymer of N-isopropyl acrylamide (NIPAM), acrylic acid (AA),
and vinylpyrrolidone (VP) was synthesized through a free
radical polymerization mechanism. NIPAM was purchased
from ACROS chemicals, NJ, USA; VP and AA were pur-
chased from Sigma-Aldrich Chemicals, USA. 2,3,5-
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Triphenyltetrazolium chloride (TTC) and EDTA were pur-
chased from Sigma-Aldrich Chemicals Pvt. Ltd., India.

Preparation of polymeric NIPAM NPs

Recrystallization of NIPAM was done by using hexane at
room temperature. VP was freshly distilled before use and
vacuum-distilled AA was used. NIPAM (85 mg), VP
(10 uL), and AA (5 pL) were dissolved in water (10 mL)
and polymerization was triggered by adding 20 pL of ferrous
ammonium sulfate and 30 pL. of ammonium persulfate so-
lution. Twenty microliters of N,N'-methylene-bis-acrylamide
(MBA) (20 mg/mL) was added for cross-linking during the
polymerization reaction. The reaction was carried out at
32 °Cin a N, atmosphere, for 28 h. After the polymerization,
aqueous dispersion was dialyzed for 24 h using a spectropore
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membrane dialysis bag (12 kDa cutoff; Sigma-Aldrich) and
lyophilized to obtain a dry powder. Curcuminoids (Cur,
DMC, and BDMC) were physically entrapped into the hy-
drophobic core of PNIPAM micelles by vortexing and son-
ication. Briefly, 10 mg PNIPAM lyophilized powder was
dispersed in 2 mL of double distilled water and measured
volume of ethanolic solution (1 mg/mL) of Cur, DMC, and
BDMC solution was separately and gradually added. The
mixture was stirred vigorously with mild sonication to give a
clear aqueous solution. The different drug-loaded polymeric
nanoparticles (named CUR-PNIPAM, DMC-PNIPAM, and
BDMC-PNIPAM) were lyophilized to obtain a dried nano-
particle powder for therapeutic use.

Physiochemical characterization of polymeric NIPAM NPs

To determine the morphology of the prepared nanoparticles
(NPs), transmission electron microscopy (TEM) was performed
in which aliquots of the nanoparticle suspensions were
placed on carbon-coated copper grid (Polysciences,
Warrington, PA), 2 % uranyl acetate was added, and
allowed to dry. TEM images were obtained by using
digital imaging software—AMT Image Capture Engine
(version 5.42.391). Surface morphology of the prepared
NPs was studied using scanning electron microscopy
(SEM) (SEM, Zeiss EVO40; Carl Zeiss, Cambridge, UK) in
which the lyophilized samples were first placed in gold coating
vacuum chamber and gold coating was done at 2.5 kV,
25-30 mA. Particles were observed at 25.0 kV, nominal
magnification of 13,000-40,000 with scan speed = 8.
The particle size, polydispersity index, and zeta poten-
tial were determined by Zetasizer Nano ZS, (Malvern
Instruments Ltd, Worcestershire, UK). The lyophilized pow-
der was dispersed in aqueous solution. Measurements were
performed using standard laser 4 mW He—Ne, 633 nm, at
25 °C with a fixed angle of 90°.

Determination of loading capacity, encapsulation efficiency,
and process yield of NPs

In order to quantify entrapment efficiency (EE) and
loading capacity (LC) of PNIPAM NPs, the lyophilized
particles were redispersed in water and were separated
from unentrapped free drug using a Millipore
UFP2THK24 (100 kDa cutoff) membrane filter and the
amount of free drug in the filtrate was measured on a
UVIKON 930 Kontron spectrophotometer (Kontron
Instruments, Munich, Germany) at 450 nm. The differ-
ence between the amount of drug initially used for
loading and the drug content in the filtrate was taken
as an indication of the amount of drug entrapment. The

entrapment efficiency and loading capacity were calcu-
lated by the following formula:

Encapsulation efficiency(%)
= (Totaldrug—Freedrug)/Totaldrug x 100
Loading capacity (%)
= (Totaldrug—Freedrug)/Weight of nanoparticles
x 100

The process yield was calculated from the weight of dried
NPs recovered (W1) and the sum of the initial dry weight of
starting materials (W2) using the following formula:

Process Yield(%) = W1/W2 x 100

Experimental animal

For neurobehavioral activity, histopathological, and biochem-
ical estimations studies, proper approval (protocol approval
no. 847) was taken from Animal Ethical Committee, Jamia
Hamdard (New Delhi, India), conforming to National
Guidelines on the care and use of Laboratory Animals.
Wistar rats (300400 g, 16 weeks approx. old) were kept in
an environmentally controlled room (temperature 25+2 °C,
humidity 45-55 %, 12 h dark-light cycle) for at least 1 week
before the experiments. Animals were fed on a standard
pelleted diet and water (ad libitum). The food was withdrawn
12 h before the surgical procedure. Experiments were
conducted in accordance with the Animal Ethics Committee
(proposal no. 847) of the Hamdard University, approved by
the Government of India, New Delhi, India.

Drugs and experimental design

PNIPAM nanoparticles of Cur, DMC, and BDMC were pur-
chased from LGC Promo Chem India Pvt. Ltd. Bangalore,
India. These were dissolved in double distilled water at a dose
of 100 ng/kg body wt for intranasal dosing. The dose of Cur,
DMC, and BDMC were administered once 1 h before the
MCAO. Rats were divided into nine groups consisting of six
rats in each group. Sham operated (control), Sham + PNIPAM
placebo operated (substantial control), MCAO, i.e., ischemia
was induced for 2 h followed by reperfusion for 22 h, MCAO +
Cur API solution, MCAO + NN¢,, 100 pug/kg body wt.,
MCAO + DMC API solution, MCAO + NNpyc 100 ng/kg
body wt., MCAO + BDMC API solution, and MCAO +
NNgpmc 100 pg/kg body wt. intranasal. After the completion
of the reperfusion period, the animals were assessed for
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neurobehavioral activity (locomotor and grip strength) and then
sacrificed to remove brains for histopathological and biochem-
ical estimations.

Middle cerebral artery occlusion to induce focal cerebral
ischemia

The right MCAO was performed using an intraluminal filament
model (Longa et al. 1989) as described by Khan et al. (2009). In
brief, the rats were anesthetized with chloral hydrate (400 mg/kg,
i.p.) and a silicone rubber (4 0-3033REPK 10, DOCCOL, USA)
coated monofilament was introduced into the external carotid
artery and advanced into the middle cerebral artery (MCA) via
the internal carotid artery (17-20 mm) until a slight resistance
was felt. Such resistance indicated that the filament had passed
beyond the proximal segment of the anterior cerebral artery. At
this point, the intraluminal suture blocks the origin of MCA and
occludes all sources of blood flow from the internal carotid artery,
anterior cerebral artery, and the posterior cerebral artery. Two
hours after the induction of ischemia, the filament was slowly
withdrawn and the animals were returned to their cages. Sham
group rats underwent to all surgical procedures except the
MCAO. Thereafter, the animals were returned to their cages
and given free access to food and water.

Postoperative care

Recovery of anesthesia took approximately 4—5 h after sur-
gery. The rats were kept in a well-ventilated room at 25+3 °C
in individual cages till they gained full consciousness and then
housed one animal per cage. Food and water were kept inside
the cages for the rest of 22 h so that animals could easily
access it without any physical trauma due to overhead surgery.

Locomotor activity (closed field activity monitoring)

Spontaneous locomotor activity as described by Lannert and
Hoyer (1998) was assessed using a digital photoactometer.
Each animal was observed for a period of 10 min in a square
closed arena equipped with infrared light-sensitive photo-
cells. The apparatus was housed in a darkened, light- and
sound-attenuated ventilated testing room. During activity
testing, only one animal was tested at a time.

Grip strength

Grip strength meter was used as described by Ali et al.
(2004) for recording the grip strength of the animal. The
animal’s front paws were placed on the grid of grip strength
meter and were moved down until its front paws grasp-
ing the grid were released. The force achieved by the
animal was then displayed on the screen and was
recorded as kilogram unit.
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Biochemical studies

Tissue preparation for antioxidant enzymes and glutathione
assays

After behavioral study, the animals were sacrificed and their
brains were taken out to give 5 % (w/v) homogenate (10 mM
phosphate buffer (PB), pH 7.0 having 10 puL/mL prote-
ase inhibitors, 5 mM leupeptin, 1.5 mM aprotinin,
2 mM phenylethylsulfonyl fluoride, 3 mM peptastatin
A, 0.1 mM EGTA, 1 mM benzamidine, and 0.04 %
butylated hydroxytoluene) and centrifuged at 800xg for
5 min at 4 °C. This supernatant (S1) was used for the
assay of thiobarbituric acid reactive substance (TBARS)
and remaining S1 was recentrifuged at 10,500xg for
15 min at 4 °C (S2) to separate post-mitochondrial
supernatant (PMS) which was used for the estimation
of antioxidant enzymes.

Thiobarbituric acid reactive substances

TBARS, a parameter of lipid peroxidation, was measured as
described by Ohkawa et al. (1979). Briefly, 0.1 mL of ho-
mogenate, 1| mL of trichloroacetic acid (10 %), and 1 mL of
thiobarbituric acid (0.67 %) were added to all test tubes,
covered with aluminum foil, and placed in boiling water bath
for 20 min. Then, test tubes were shifted to crushed ice bath
and then centrifuged at 6,000 rpm for 10 min. The absor-
bance of the supernatant was measured at 540 nm.

Determination of GR activity

Glutathione reductase (GR) activity was assayed by the meth-
od of Ashafaq et al. (2012) as describe by Mohandas et al.
(1984). The assay system consisted of 0.1 M PB pH 7.6,
0.1 mM NADPH, 0.5 mM EDTA, 1.0 mM GSSG, and
0.1 ml PMS in a total volume of 2.0 mL. The enzyme activity
was quantitated at room temperature by measuring the disap-
pearance of NADPH at 340 nm.

Determination of glutathione peroxidase activity

Glutathione peroxidase (GPx) activity was measured
according to the procedure of Mohandas et al. (1984). The
reaction mixture consisted of 0.05 M PB pH 7.0, 1.0 mM
EDTA, and 1.0 mM sodium azide, 1.4 U of 0.1 mL GR,
1.0 mM glutathione, 0.2 mM NADPH, 0.25 mM hydro-
gen peroxide, and 0.1 mL of PMS in a final volume of
2.0 mL. The disappearance of NADPH at 340 nm was
recorded at room temperature. The enzyme activity was
calculated as nanomole NADPH oxidized per minute per
milligram protein using molar extinction coefficient of
6.22x10°M ' em ™.
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Determination of catalase activity

Catalase activity was assayed by the method of Ashafaq et al.
(2012). Briefly, the assay mixture consisted of 0.05 M PB
pH 7.0, 0.019 M hydrogen peroxide, and 0.05 mL PMS in a
total volume of 3.0 mL. Changes in absorbance were
recorded at 240 nm.

Super oxide dismutase

Superoxide dismutase activity was measured by the method
of Umar et al. (2012). The reaction mixture of total 1 mL
consisted of 0.6 mL of phosphate buffer (0.5 M, pH 7.4),
0.1 mL PMS (10 % w/v), 0.1 mL xanthine (1 mM), and
0.1 mL NBT (57 mM) was incubated for 15 min at room
temperature and reaction was initiated by the addition of
xanthine oxidase (50 mU). The rate of reaction was mea-
sured by recording change in the absorbance at 550 nm.

Determination of protein

Protein was determined by Bradford method (Bradford
1976) using bovine serum albumin as standard.

Histopathological studies

The brains of each group of animals were perfused as de-
scribed by Ashafaq et al. (2012). The brains were removed
quickly and kept in the same fresh buffer containing 30 %
sucrose. The brains were cut into 12-um-thick coronal sec-
tions on a cryostat (Leica, NuBloch, Heidelberg, Germany).
Every ten sections of the cortex region was mounted on glass
slides and processed for hematoxylin and eosin staining.

Statistical analysis

The results of all the experiments were calculated as mean+
standard error of mean (SEM). Statistical difference between the
two mean values were determined by Student’s # test for un-
paired observations and analyzed by ANOVA. p values <0.05
were measured statistically significant.

Results
Preparation and characterization of PNIPAM NPs

Addition of the initiator lead to the start of the polymeriza-
tion of NIPAM monomer until it reaches a certain critical
length and finally it collapses giving rise to precursor parti-
cles at the temperature higher than lower critical solution
temperature (LCST). The precursor particles then grow by
either aggregation with the other precursor particles or are
trapped by existing colloid stable particles. Moreover, the
average particle sizes of PNIPAM nanoparticles are mea-
sured as a function of increasing temperature, i.e., when the
temperature is raised above the LCST, the polymer un-
dergoes a phase transition and hydrophilic random coil state
collapses to form a globular hydrophobic state (Naha et al.
2009; Xu et al. 2006). We have prepared 45 placebo formu-
lations in combination of different ratios of NIPAM, VP, AA,
and MBA. We selected only four formulations in which we
studied particle size, polydispersity index (PDI), zeta poten-
tial, entrapment efficiency, loading capacity, and process
yield of different three curcuminoids separately. After that,
we selected finally one placebo formulation for therapeutic
study (formulation code D3) (Table 1).

Table 1 Optimization of placebo nanoparticles (PNIPAM NPs) on the basis of NIPAM, VP, AA, and MBA ratio

Formulation % of %of  %of  Concentration Volume of Mean particle Mean PDI£SD Process yield=SD
code NIPAM VP AA of MBA (mg/mL) MBA (pL) size (nm)+SD

A3 50 25 25 20 20 5,815£212 0.906+0.048 21.78+1.75
A4 50 15 35 20 20 7,989+115 0.989+0.032 17.34+2.35
AS 50 35 15 20 20 3,127+106 0.856+0.028 23.73+£1021
B3 70 20 10 20 20 915+06 0.325+0.045 27.34+2.45
B4 70 10 20 20 20 1,119+13 0.336+0.033 350.54£1.76
B5 70 25 05 20 20 1,011+11 0.346+0.029 38.46+2.12
C3 80 10 10 20 20 468.3+7.7 0.291+0.022 42.56+2.33
C4 80 05 15 20 20 517.946.6 0.286+0.018 41.61+3.46
Cs 80 15 05 20 20 318.6+2.3 0.281+0.015 48.63+5.16
D3 85 10 05 20 20 82.46+2.38 0.272+0.028 82.90+3.78
D4 85 05 10 20 20 118.3£2.8 0.289+0.029 80.24+1.17
D5 90 05 05 20 20 615+45 0.346+0.039 72.24+2.13

Values were expressed as mean-+standard deviation

PDI polydispersity index, NIPAM N-isopropyl acryl amide, VP vinyl pyrrolidone, MBA, N,N'-methylene-bis-acrylamide
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Fig. 1 Dynamic light scattering techniques for determining the particle size of Cur, DMC, and BDMC of particle size

The size of the NPs depends upon the optimum concentra-
tion of NIPAM, VP, AA, and MBA and ratio of
PNIPAM/MBA. On the basis of particle size (<100 nm) and
process yield (<80 %), the formulation code D3 for the placebo
PNIPAM NPs having the ratio of PNIPAM/MBA (99.4/0.6) in
which the monomers molar ratio is NIPAM/VP/AA (85/10/05)
had optimum particle size of 82.46+2.38 nm, PDI of 0.272+
0.028, and process yield of 82.90+3.78 in Table 1. Therefore,
the nanoformulations containing PNIPAM/MBA ratio of
99.4/0.6 were selected for the preparation of Cur-, DMC-,
and BDMC-loaded PNIPAM NPs separately. Cur, DMC, and
BDMC dissolved in ethanol (1 mg/mL), gradually added to the
co-polymeric solution, and stirred vigorously at room temper-
ature with mild sonication and vortexing up to 1 % w/w
curcumin w.r.t (i.e., the amount of co-polymeric micelles to
give a clear aqueous solution). Cur-, DMC-, and BDMC-
loaded PNIPAM NPs were also observed for mean particles
size, PDI, zeta potential, and process yield. The mean particle
size of Cur-, DMC-, and BDMC-loaded PNIPAM NPs was
bigger (92.46+2.8 nm, 91.23+4.2, and 94.28+1.91, respec-
tively) as compared to placebo PNIPAM NPs separately as

0 e
HY=188kY
128 BRENE Direct Mag: 23000x
EMMIT-NTE Hicroscopist:

shown in Fig. 1. So, we observed that the curcuminoids-
loaded nanoparticles have less than 100 nm particle size
because the drug is entrapped inside the core of placebo
nanoparticles, while the placebo nanoparticles have less
than 100 nm size; thus, only slight increase in particle
size was observed.

The particle size of optimized PNIPAM NPs was
also characterized with TEM and the result was found
to be less than 100 nm as shown in Fig. 2. Hence, the
optimized PNIPAM NPs (D3) was selected for further
optimization studies after incorporating the drug. The
PNIPAM-Cur, PNIPAM-DMC, and PNIPAM-BDMC
NPs separately were prepared and evaluated for process
yield, mean particle size, PDI, LC, and EE. The results
are shown in Table 2. The process yield, mean particle
size, and PDI with different drug polymer ratio were
ranged between 81.83+4.69 and 87.23+4.78 %, 92.46+
2.8 and 328.24+8.9 nm, and 0.291+0.052 and 0.462+
0.064 for the PNIPAM-Cur NPs, 82.06+4.29 and 86.73
+4.62 %, 91.23+4.2 and 337.63+7.2 nm, and 0.283=+
0.063 and 0.469+0.061 for PNIPAM-DMC NPs, and

]
Wes108ky

E

H
<
=
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Fig. 2 Transmission electron microscopy (TEM) images of PNIPAM encapsulated with a curcumin; b demethoxycurcumin; ¢ bisdemethoxycurcumin

of optimized NPs
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Table 2 Optimization of drug polymer ratio of PNIPAM-Cur NPs, PNIPAM-DMC NPs, and PNIPAM-BDMC NPs on the basis of particle size, PDI,
zeta potential, process yield, LC, and EE%

Formulation Drug/polymer ~ Mean particle Mean Process Mean zeta potential LC (%) EE (%)
code ratio size (nm)+SD PDI+SD yield+=SD (mV)£SD

Cur-PNIPAM-1 1:10 92.46+2.8 0.291+0.052  81.83+4.69  —16.2+1.42 39.31+£3.7  84.63+4.2
Cur-PNIPAM-2 2:10 198.74+6.6 0.423+0.042  83.29+5.24  —15.02+2.90. 51.73+2.4  81.24+49
Cur-PNIPAM-3 3:10 328.24+8.9 0.462+0.064  87.23+4.78  —12.1£3.16 59.29+2.8  74.13£39
DMC-PNIPAM-1 1:10 91.23+4.2 0.283+0.063 82.06+4.29  —15.6+1.33 3891+3.6  84.71+£3.99
DMC-PNIPAM-2 2:10 196.78+6.2 0.429+0.049  84.91+6.11 —14.9+£2.78 52.16+£2.9  80.33+4.2
DMC-PNIPAM-3 3:10 337.63+7.2 0.469+0.061 86.73+4.62  —13.6%3.76 62.39+3.4  71.23+£2.6
BDMC-PNIPAM-1 1:10 94.28+1.91 0.242+0.046  82.29+4.71 —16.6+1.21 40.61+£3.6  85.73+4.31
BDMC-PNIPAM-2  2:10 205.53+3.16 0.424+£0.046  86.74+2.12  —14.3£2.69 53.23+£29  82.16+4.62
BDMC-PNIPAM-3 3:10 346.23+6.9 0.472+0.068  88.24+4.18  —12.8+3.27 652642  72.93+39

All the above nine formulation PNIPAM NPs, PNIPAM/MBA ratio fixed at 99.4/0.6 in which NIPAM/VP/AA::85/10/05

PDI polydispersity index, SD standard deviation, EE entrapment efficiency, LC loading capacity, PNIPAM polymeric N-isopropyl acryl amide, Cur
curcumin, DMC demethoxycurcumin, BDMC bisdemethoxycurcumin, NPs nanoparticles

82.29+4.71 and 88.24+4.18 %, 94.28+1.91 and 346.23
+6.9 nm, and 0.242+0.046 and 0.472+0.068 for
PNIPAM-BDMC NPs, respectively. The LC and EE
varied for the PNIPAM-Cur-NPs from 39.31+3.7 to
59.29+2.8 % and 84.63+4.2 to 84.63+4.2 %; for the

PNIPAM NPs recorded from SEM was either spherical or
ellipsoidal (Fig. 3).

Effect on locomotor activity

PNIPAM-DMC-NPs from 38.91+£3.6 to 62.39+£3.4 %
and 84.71+3.99 to 71.23+2.6 %; for the PNIPAM-
BDMC NPs from 40.61+£3.6 to 65.26+4.2 % and
85.73+4.31 to 72.93+£3.9 %, which depend upon the
drug polymer. Cur-PNIPAM-1, DMC-PNIPAM-1, and
BDMC-PNIPAM-1 were selected best optimized formu-
lations due to its optimum particle size, PDI, and pro-
cess yield shown in Figs. 1 and 2. The surface morphology of

Fig. 3 Scanning electron
microscopy images (SEM) of
surface morphology of the
prepared PNIPAM-NPs

Spontaneous locomotor activity was observed over a period of
10 min for each rat in each group. In the MCA-occluded rats,
significant reduction in locomotor count was observed (p<
0.001) as compared to sham group (Fig. 4a). In all groups,
pretreated with Cur, DMC, and BDMC (100 pg/kg) intranasal
delivery showed improved spontanecous activity when com-
pared to MCAO group. However, PNIPAM nanoformulation
of curcumin at a dose of 100 pg/kg was most active.

10 pm EHT = 15.00 kV
WD =11.0mm

High Vacuum
Mag= 418K X REKHA NI

Date :22 Feb 2012
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Fig. 4 a, b Graph showing a Locomotor activity b Grip strength
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Effect on grip strength

In the MCAO group, a significant decrease (p<0.001) in grip
strength was observed as compared to the sham group. Rats
pretreated with PNIPAM nanoformulation of Cur, DMC, and
BDMC at a dose of 100 pg/kg (Fig. 4b) showed improvement in
grip strength when compared with MCAO group significantly.

Pretreatment with Cur, DMC, and BDMC decreased
the TBARS level

The effect of Cur, DMC, and BDMC on TBARS level was
measured to demonstrate the oxidative damage by lipid per-
oxidation (LPO) in MCAO group rats. A significant increased
(»<0.001) level of TBARS was observed in MCAO group
animals as compared to sham group. Rats pretreated with Cur,
DMC, and BDMC at a dose of 100 pg/kg exhibited significant
attenuation in TBARS level as compared to MCAO group rats
(Fig. 5). PNIPAM nanoformulation of curcumin at a dose of
100 pg/kg (p<0.001) showed the best results when compared
among the treated groups.

Effect of Cur, DMC, and BDMC on endogenous antioxidant
system

The activities of antioxidant enzymes (GPx, GR, superoxide
dismutase (SOD), and catalase) were decreased significantly
in MCAO group animals as compared to sham group (Fig. 6)
and their activities were protected significantly in groups
pretreated with Cur, DMC, and BDMC as compared to
MCAO group animals. PNIPAM nanoformulation of curcumin
at a dose of 100 pg/kg (p<0.001) showed the best results in all
the treatment groups.

Morphological changes
Histopathological changes in neuron after ischemia—reperfu-

sion injury were investigated by hematoxylin—eosin staining.
The sections of the sham group showed normal cell with no

@ Springer

pathologic change, whereas the sections of the MCAO group
showed a focus of brain damage with neuronal loss and
presence of numerous vacuolated spaces. Intact neurons
were absent in that area. The corresponding area in the
sections from the PNIPAM nanoformulation of curcumin +
MCAO group showed partial neuronal loss with presence of
intact neurons in between the vacuolated spaces. PNIPAM
nanoformulation of curcumin treatment ameliorated neuro-
nal abnormalities in the PNIPAM nanoformulation of
curcumin + MCAO group as compared with the MCAO
group animals (Fig. 7).

Lipid peroxidation

-
o
]

XXX

n mol of TBARS formed/hr/img protein

v S
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Y& FAE
& &

Fig. 5 Effect of PNIPAM nanoformulation of Cur, DMC, and BDMC
pretreatment on TBARS content. TBARS content was significantly in-
creased in MCAO group as compared to sham group. Significance was
determined as ***p<0.001 when compared with sham group; #p<0.05,
##p<0.01, ###p<0.001 when compared with MCAO group
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Discussion

To increase their bioavailability, we incorporate curcuminoids
inside the core of PNIPAM polymer. Curcuminoids are en-
capsulated inside the hydrophobic core to make it safe from
degradation from the matrix environment which leads to
enhance uptake of curcumin by targeting to the brain.
PNIPAM polymeric micelles show high of drug loading with
gradient release of curcumin with time. Polymer formed from
the vinyl group-containing monomers (e.g., NIPAM, VP, and
AA) has amphiphilic character. Isopropyl groups of NIPAM
and —CH2-CH2- backbone of the polymer make the hydro-
phobic segments in the polymer whereas the amide bond of
NIPAM, pyrolidone groups of VP, and carboxylic group of
AA makes the hydrophilic part within the polymer. So when
such a copolymer is dissolved in water, the water-soluble
segments get dissolved in water, whereas water-insoluble iso-
propyl comes together by hydrophobic interactions resulting in
the micelles-like structure. In an aqueous environment, the core

of the micelles consists of hydrophobic blocks and the shell
region consists of hydrophilic blocks. The core of co-
poly-(NIPAM—VP-AA) micelles serves as a nonaqueous res-
ervoir for drugs where the drugs are stabilized against chemical
modifications.

NIPAM and AA come under the definition of stimuli-
responsive polymers and, hence, are termed as intelligent ma-
terials. NIPAM exhibits a very sensitive phase transition at
approximately 31-38 °C, that is, at their LCST. Below LCST,
the polymer is soluble in aqueous media, while it becomes
opaque and forms precipitate above LCST (Gang et al. 2009;
Ramirez-Fuentes et al. 2008). However, the addition of AA
also results in an increase in LCST (Loo-Teck et al.
2005) and the VP rendered a hydrogel and mucoadhesive
properties of the polymer (Gang et al. 2009; Robinson et al.
1990; Alsarra et al. 2011).

In the present study, we have critically compared the
efficacy of PNIPAM-loaded nanoparticles formulation of
Cur, DMC, and BDMC. The most abundant naturally
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Fig. 7 Effect of PNIPAM
nanoformulation of curcumin
(NNcur at 100 pg/kg)
administration on hematoxylin
and eosin staining in the brain
sections of the sham, MCAO, and
NNcur + MCAO groups.

a Cortical area of sham group
animal showed uniform
distribution of neurons. Normal
neurons with the characteristic
conical outlines with no abnormal
features are seen. b Tissues
around infarcted area in the
MCAO group show a focal area
of vacuolation and neuronal loss.
¢ The NNcur + MCAO group rats
show partial neuronal loss.

d Quantification of neuronal
damage of sham, MCAO, and
NNcur + MCAO groups.
Original magnification 20 and
scale bar =20 pum

o
g

% of intact neurons

occurring phenolic compound isolated from C. longa as a
potential of a new prophylactic anti-oxidative and anti-
apoptotic target in cerebral stroke. Characteristically, ische-
mic—reperfusion-induced brain injury is associated with ox-
idative stress and behavioral alterations which is seen to be
well ameliorated with the pretreatment of PNIPAM
nanoparticles formulation of curcuminoids (Cur, DMC, and
BDMC). Herein, we observed that curcumin (at a dose of
100 pg/kg)-loaded PNIPAM nanoparticles prevents cerebral
ischemia—reperfusion injury by ameliorating oxidative dam-
age significantly as compared to other curcuminoids (DMC
and BDMC)-loaded PNIPAM nanoparticles. This may be
due to presence of phenolic group, as curcumin contains
two phenyl methoxy groups; DMC contains one and no
phenolic group in BDMC (Sandur et al. 2007). The better

Fig. 8 PNIPAM-Cur, DMC,
and BDMC NPs pretreatment for
21 days improves performances
in the neurological deficits after
stroke: Representative
photographs of brain sections
stained with 0.1 % TTC stain of
Sham, MCAO, PNIPAMc,,
PNIPAMDMc, and
PNIPAMgpnc brain sections
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MCAO

antioxidant activity of PNIPAM nanoformulation of
curcuminoids may also depend on ortho- and meta-position
of functional group.

Experimental models of stroke have been developed in
animals in an attempt to mimic the events of human cerebral
ischemia and to investigate the pathology of cerebral ischemia.
Free radicals are known to play key role in neurobehavioral
deficit in experimental models through oxidative stress (Fukui
et al. 2002). The poor neurobehavioral outcome in ischemic
group may be due to free radical generation, which alters
locomotion and motor coordination due to the necrosis induced
in sensorimotor cortices and caudate-putamen (Hunter et al.
1998) which has a command on motor and sensorimotor
activities. The locomotor and grip strength have indicat-
ed that vehicle injection did not cause deterioration of

MCAO+PNIPAM;,,  MCAO+PNIPAMpy e MCAO+PNIPAM 00
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motor performance in the rats, while the MCAQO group
showed depletion in locomotion and poor coordination.

Functional deficits are common neurologic sequel in pa-
tients with brain injuries and animal models of cerebral ische-
mia. Earlier studies have shown an improvement in various
behavioral outputs as a result of antioxidant treatment.
Neuroprotective effects of curcumin suggest that it is a pow-
erful antioxidant, corroborating previous studies (Sandur et al.
2007). PNIPAM nanoparticles formulation of curcumin seems
to protect against oxidative stress by decreasing lipid peroxi-
dation, a sensitive marker of oxidative damage. The mecha-
nisms manifested to overcome the stress induced by pro-
oxidants includes the following: enhanced protein synthesis,
scavenging free radicals (Locher et al. 1998), increase in
glutathione (GSH) content (Avci et al. 2012), and preservation
of cell membrane integrity (Dehmlow et al. 1996). Oxidative
stress-induced biochemical alterations are well known in is-
chemia-reperfusion brain injury. Cells have evolved elaborat-
ed systems, including enzymatic and non-enzymatic systems
to cope with various forms of oxidative stress. ROS are
threatened to neuronal survival by their ability to propagate
the initial attack on lipid-rich membranes of the brain to cause
LPO (Kale et al. 1999). However, the cell damage can be
prevented by detoxification of free radicals, which eventually
prevent the progress of LPO. We have observed an elevated
level of LPO in the form of TBARS accompanied by depleted
content of GSH which are in agreement with the previous
study (Zafar et al. 2003). As all antioxidant defenses are
interconnected (Sun et al. 2009); hence, disruption of one
would disrupt the whole microenvironment. The ischemia—
reperfusion causes an overproduction of free radicals which,
in turn, causes oxidative damages to membrane’s lipid and
protein levels and ultimately leads to a decrease in the content
of GSH and activity of its dependent enzyme (GPx and GR)
activity along with SOD. This oxidative neuronal damage in
ischemic brain insult is consistent with previous reports
(Khuwaja et al. 2011). Superoxide or its derivatives have been
shown to damage or destroy cells in a variety of ways in
ischemic—reperfusion insult. It is well appreciated that, under
ischemia, free radical burden is primarily contained by SOD.
Prophylactic administration of PNIPAM nanoparticles formu-
lation of curcumin prior to ischemia—reperfusion injury sig-
nificantly increased SOD activity, probably by utilizing the
production of superoxide radicals (O*") which was produced
during ischemia—reperfusion. This decrement and the other
biochemical parameters were reflected in histological analy-
sis, confirming the protective effects of the nanoformulation
of curcumin. However, no significant alteration was observed
in the curcuminoids API solution group as compared with the
MCAO group. No significant change was observed between
the PNIPAM placebo nanoparticles + pretreated sham group
and the sham group. TTC stain of sham, MCAO, PNIPAM-
Cur, PNIPAM-DMC, and PNIPAM-BDMC brain sections

showed reproducible and readily detectable lesions in the
areas that are supplied by the MCA after 22 h of reperfusion

(Fig. 8).

Conclusion

Our result showed that curcumin (100 pg/kg body weight)-
loaded PNIPAM nanoparticles are more potent as compared
to other curcuminoids (DMC and BDMC) in the treatment of
MCAO-induced focal cerebral ischemia in rats. We also
concluded that intranasal administration of curcumin-
loaded PNIPAM nanoparticles, which could bypass the
BBB and enter the brain preferentially, reducing unwanted
systemic effects, appears to be a promising strategy for
treating cerebral ischemia. Intranasal drug delivery system
offered an improvement in nose-to-brain drug delivery since
they are able to protect the encapsulated drug from biological
and/or chemical degradation, and extracellular transport by
P-glycoprotein efflux proteins. This would increase CNS
availability of the drug. These observations suggest that
PNIPAM-loaded curcumin nanoparticles may also be a po-
tential neuroprotective agent against a variety of conditions
where cellular damage is a consequence of oxidative stress.
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