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ABSTRACT

Purpose To develop, characterize and exploring the sulfasalazine
loaded fucoyslated multi walled carbon nanotubes for Kupffer cell
targeting for effective management of cytokine-induce liver
damage.

Methods Sulfasalazine was loaded into the fucosylated MWCNTs
after subsequential functionalization (carboxylation, acylation and
amidation) using dialysis membrane technique. The in vitro, in vivo
studies were performed on macrophages | 774 cell line for
Kupffer cells targeting for the treatment of cytokine-induced liver
damage.

Results The loading of SSZ into SSZ-FUCO-MWCNTs was
87.77=0.11% (n=3). Sustained release was obtained from
SSZ-FUCO-MWCNTs, with 89.12+0.71% of SSZ released
into medium at 48th hr. SSZ-FUCO-MWCNTs showed the
9.01 £0.23% hemolysis was drastically reduced from
21.62+0.24% SSZMWCNTs 21.62+=0.24%. In SRB assay,
SSZ-FUCO-MWCNTs showed more cytotoxicity than raw and
SSZ-MWCNTs. In cytokine assay, SSZ- FUCO-MWCNTs
exhibited significantly higher inhibition of IL-12 p40 secretion. In
Western blot assay, SSZ-FUCO-MWCNTs significantly inhibit
NF-KB activation.

Conclusion The results suggested that the SSZ-FUCO-MWCNTs
may be useful nano-carriers for targeted delivery to Kupffer cells in
the treatment of cytokine-induced liver damage.
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INTRODUCTION

Nuclear factor-kB (NF-kB) resides in the cytoplasm of virtually
all cell types in an inactive form, where it is associated with
regulatory protein, called inhibitory proteins (IkBa and IkBf),
and this association prevents the entry of NF-kB into the nuclei.
The term NF-xB is a collective name for inducible dimeric
transcription factor that consists of five Rel subunits, namely
P30, p52, RelA (also known as p65), RelB and c-Rel, expressed
in the cytoplasm of Kupffer cells (macrophages of liver). It plays
crucial role in inflammatory liver signaling because NI-xB is
one of the most important regulators of pro-inflammatory gene
expression. Kupffer cells get stimulated upon exposure of
pathogens like bacteria and viruses, and as a result, transcrip-
tion factor, nuclear factor kB (NF-xB) is activated. Upon
stimulation, Kupfler cells release the specific kinase that phos-
phorylates IkB and causes its rapid degradation by
proteasomes (1-3). The release of NF-kB from IkB results in
the passage of NF-kB into the nucleus, where it binds to specific
sequences in the promoter regions of target genes. As a conse-
quence, inflammatory proteins such as chemokines and cyto-
kines like interleukins (IL-6 and II-12) and tumor necrosis
factor a (TINF-a)) are released (4,5) (Scheme 1). Since activated
NF-kB mediates the production of inflammatory cytokines, it
brings the need for selective targeting of NI-xB in Kupffer cells
for treatment of cytokine-induced liver damage (6). Hence the
delivery of an NF-kB inhibitor drug to Kupffer cells seems to
be an attractive option for the treatment of the disease.

We have chosen a sulfasalazine (SSZ) anti-inflammatory, a
potent NF-kB inhibitor (7). It inhibits NI-xB dependent tran-
scription in micro- to milli- molar concentrations, conversely
5-ASA or sulfapyridine SP does not block NF-xB activation at
all doses (8). SSZ inhibits phosphorylation of IkB thus the
nuclear localization of NF-xB is subdued and as a result no
cytokine production takes place (9). However SSZ depicted
the dose dependent side effects (10). Hence decrease in dose of
drug and prevention or minimizing its action on non-target
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cells should also reduce the harmful side effects. Kupffer cells
possess various receptors on their outer membrane that rec-
ognize carbohydrate derivatives. The surface modified car-
riers with mannose and fucose residues are taken up by
macrophages at higher rates (11). Therefore, targeting of
NF-kB inhibitor drug to activated macrophages could be an
attractive approach in improving the therapeutic efficacy and
reducing the toxicity of NF-kB inhibitor bioactive.

In the current scenario, carbon nanotubes have emerged as
most advanced nano-carrier in targeted drug delivery, attribut-
ed to their nano-size and tiny needle tubular structure, high
surface area to volume ratio and ability to entrap higher amount
of bioactives in them (12—18). Depending upon their atomic
layer arrangements carbon nanotubes are: single-, double- and
multi-walled; SWCNTs, DWCNTs, and MWCNTs, respec-
tively. Particularly, MWCNTs have become the most attractive
carbon nanostructure in targeted delivery due to its extremely
large surface areas, low cost, good biocompatibility, excellent
loading efficiency and deliver drug into the specific cells.

The synthesized, first generation or pristine carbon
nanotubes are hydrophobic in nature and not suitable for drug
delivery, thus surface modifications render them hydrophilic
and make them suitable for targeted delivery. For targeted
delivery the targeting ligand including dexamethasone, carbo-
hydrates, vitamins efc. are attached on to the terminal portion
of the surface engineered nanotubes (19-24). Higuchi et al.
investigated potential role of fucose anchored cationic
liposome/NF-kB decoy complexes in the treatment of
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cytokine-related liver disease (25). Fucose had been shown to
be a most promising ligand among various ligands investigated
so far, for macrophage targeting because the macrophages
possess a large number of receptors that can be easily recog-
nized by carbohydrate units. Therefore, we hypothesized that
MWCNTS can be a better alternative and promising carrier
for targeting the macrophages of liver. Thus the purpose of the
present investigation is to explore the targeting potential and
NF-xB inhibition activity of sulfasalzine loaded fucosylated
multi-walled carbon nanotubes (SSZ-FUCO-MWCNTS) as
compared to free SSZ and unconjugated MWCNTSs. To best
of our knowledge this is the debut report that explores carbon
nanotubes for Kupffer cells targeting. The various MWCNT's
formulations were prepared and characterized for entrapment
efficiency, m-vitro release, stability and hemolytic toxicity. Fx-
vwo cytotoxicity, cellular uptake and NF-xB inhibition were
studied against macrophage cell line J774. Finally, in-vivo phar-
macokinetic, biodistribution and hematological parameters
were also evaluated for free SSZ and MWCNTs formulations.

MATERIALS AND METHODS
Materials
L-fucose and Dialysis membrane MWCO, 12—-14 KDa) were

purchased from HiMedia Laboratories Pvt. Ltd. Mumbai,
India. Ethylenediamine (EDA) and acrylonitrile were
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purchased from Central Drug House (CDH), New Delhi,
India. Polytetra fluoro ethylenes (PTTE) filters of 0.45 um
pore size was purchased from Rankem (India). Multi Walled
Carbon Nanotubes (MWCNTs) produced by chemical vapor
deposition (CVD) with purity 99.3% and diameter X length
110-170 nm X% 5-9 pm were purchased from Sigma Aldrich
Pvt. Ltd. (USA). All other chemicals were of analytical grade
and purchased from CDH, (India).

Purification and Functionalization of MWCNTs

Purification of MWCNTSs was performed using previously re-
ported method with slight modification (23,24,26). As-received
500 mg of MWCNTS was kept in hot air oven (Hot Air
Sterilizer, Yorco, India) at 250+2°C for 1 h, filtered through
PTTE filter (0.45 pm, Rankem, India), dried in a vacuum oven
(Jyoti Scientific Industries, Gwalior, India) and collected.

OH /l ]
Carboxylation, 60+5°C , 4 hr o
HNOxH:S0s(1:3) =
YH
Purified MWCNTs (':lrtmx}'l:ucd MWCNTso™ ¢ H
SOCL: DMF | Acylation, 70£2°C,24 hr
ljrlx (20:1)
NH 1P
> 1005 °C, 72 hr
- + Cl 0
Ny Y EDA .0
;
Amine Terminated M{WCNTs 07 Vi Acylated MWCNTs 7 C
HC=0 NH;
H——OH
Fucosylation ,pH4,72hr| oy | y _ Fucose Isomerization
Ambient temperature OH——H
H——OH pH 4 Sod. Acetate Buffer
CH;
Chain Form

Fucosylated M{WCNTs

Scheme 2 Functionalization and fucosylation of MWCNTs (19,23).
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Carboxylation of the purified MWCNTs was done
according to the previously reported method (19,22—24,27)
with slight modifications. For this, 300 mg of purified
MWCNT:s was refluxed in a mixture of concentrated nitric
acid and sulphuric acid (HNO3:HySO4::1:3) at 60+ 5°C for
4 h. After refluxing, MWCNTs was washed with deionized
water several times until neutral pH was attained. Carboxyl-
ated MWCNTs was filtered using PTFE filter (0.45 um,
Rankem, India), washed and finally dried in a vacuum oven
(Jyoti Scientific Industries, Gwalior, India).

The carboxylated MWCNTs was acylated and amidated
according to the previously reported methods from our labora-
tory (19,23,24). Carboxylated MWCNTs (100 mg) was stirred
magnetically in a mixture of thionyl chloride (SOCly) and N, N-
dimethyl formamide (DMF) in 20:1 volume ratio at 70+ 2°C for
24 h. After acylation MWCNTs was filtered, washed with
anhydrous tetrahydrofuran (THF) several times, and dried.
Acylated MWCNTSs (50 mg) was reacted with excess ethylene
diamine (EDA) solution using DMF as a solvent at 100+ 5°C for
72 h. The excess amount of ethylene diamine was washed with
DMEF followed by anhydrous THF, filtered and dried in a
vacuum oven (Jyott Scientific Industries, Gwalior, India).

Fucosylation of Functionalized MWCNTs

Fucosylation of the amine terminated MWCNTs was carried
out in sequential steps as shown in Scheme 2 in accordance
with the previously reported method (19,23,28), with slight
modification. Briefly, L-fucose (8 uM) was dissolved in sodium
acetate buffer (pH 4.0; 0.1 M), added to lyophilized amine
modified MWCNTs, followed by heating at 60+ 0.5°C for an
hr. The mixture was agitated on a magnetic stirrer at room
temperature (25+2°C) for 72 h to ensure the completion of
reaction. Fucosylated MWCNTs (FUCO-MWCNTs) was
purified by dialyzing in a dialysis tubing (MWCO 12—
14 KDa) against deionized water for 24 h to eliminate the
unconjugated fucose along with other impurities, which dif-
fuse out into water and finally, FUCO-MWCNTs was
retained inside. The dialyzed nanoconjugate was then lyoph-
ilized (Sanyo ultra freeze, Japan). The developed
nanoconjugate was characterized by Fourier-Transform
infra-red (FT-IR) spectroscopy (Perkin Elmer 783, Pyrogen
1000 Spectrophotometer, USA) using KBR pellet method
(Fig. 1) and scanned in the range from 4,000 to 500 cm™ ',
and transmission electron microscopy (IT'EM; Morgani 268 D,
Holland) after drying on carbon-coated copper grid and stain-
ing negatively by 1% PTA by metal shadowing technique
(Fig. 2) (19,23,24).

Drug Loading in Functionalized MWCNTs

The loading of SSZ in to the functionalized MWCNT's was
performed using the equilibrium dialysis membrane method

1900,
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Fig. I FTIR spectrum of FUCO-MWCNTs.

(22—24,29). For this, functionalized MWCNTs (1 min soni-
cated) and SSZ in equal ratio of 1:1 were taken in PBS
(pH 7.4) and incubated for 24 h with continuous magnetic
stirring at 50 rpm . The content was then dialyzed using
dialysis tubing (MWCO 12-14 KDa) against PBS (pH 7.4)
under strict sink condition for 30 min to remove unentrapped
SSZ. Amount of entrapped drug was determined by estimat-
ing the amount of free SSZ spectrophometrically at absor-
bance Apay 359 nm (UV-1601, Shimadzu, Kyoto, Japan). The
dialyzed formulation was filtered and used for further charac-
terization. Similar procedure was adopted for the loading of
SSZ in FUCO-MWCNTs and coded as SSZ loaded amine
terminated (SSZ-MWCNTSs) and SSZ loaded fucosylated
MWCNTs (SSZ-FUCO-MWCNTs). The percent entrap-
ment efficiency of MWCNTs formulations was calculated
using the following equation (Fig. 3):

% Entrapment Efficiency(EE %)

Weight of entrapped drug < 100

- Weight of entrapped drug + free drug
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Fig. 3 The % entrapment efficiency of MWCNTs formulations (Mean =
SD.;n=3).

In Vitro Studies
In Vitro Drug Release

The known amounts of SSZ loaded amine terminated
MWCNTs (SSZ-MWCNTs) and SSZ loaded fucosylated
MWCNTs (SSZ-FUCO-MWCNTSs) were taken in dialysis tub-
ing (MWCO 6 kDa) and placed in 100 mL of PBS (pH 7.4) and
acetate buffer (pH 4.0) separately at 37+0.5°C with slow mag-
netic stirring under strict sink conditions. Samples (1 mL) were
withdrawn at predetermined time intervals and the volume of
recipient compartment was replenished with equal volume of
fresh medium, after each withdrawal. The drug concentration
was determined in triplicate after appropriate dilution of aliquots,
spectrophotometrically at A, 236 nm (for recipient medium-
PBS pH 4.0) and at A, 359 nm (for recipient medium PBS
pH 7.4) against the similar blank medium (23,24) (Fig. 4).

Stability Studies

SSZ loaded MWCNTs formulations SSZ-MWCNTs and
SSZ-FUCO-MWCNTs were stored under dark (amber colour
vials) and light (colourless vials) at 4+0.5°C, 25£0.5°C and
50%0.5°C in a stability chamber (REMI CHM-6S, Mumbati,
India) for a period of 5 weeks. The samples were monitored
initially and weekly up-to 5 weeks for any sign of precipitation,
turbidity, crystallization, change in color, consistency and drug

—4—SSZ-MWCNTs, pH 4 ——88Z-MWCNTs, pH 74
—&—8SZ-FUCO-MWCNTs, pH 4 —e—S8SZ-FUCO-MWCNTs, pH 7.4
100 M

Cumulative % drug released
E
[=]

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Time (hr)

Fig. 4 Cumulative % drug release from MWCNTs formulations (Mean =
SD,;n=3).
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leakage. The data obtained was used for the analysis of any
physical or chemical degradation at storage conditions and for
determining the precaution(s) required for storage. Drug leak-
age was determined by monitoring the release of drug from the
formulations after storage at different conditions (4£0.5°C,
25%0.5°C and 50%0.5°C). The formulation samples (2 mL)
were dialyzed through a dialysis tubing (MWCO 6 KDa, Sig-
ma) against external medium (100 mL of PBS pH 7.4) and
analyzed for content of drug (SSZ) spectrophotometrically at
Amax 959 nm. The procedure was repeated weekly up-to
5 weeks. The percentage increase in drug release from the
formulations was used to analyze the effect of accelerated
condition of storage on the formulations (24,30).

Ex Vivo Studies
Hemolytic Toxicity

The hemolytic toxicity was performed following the reported
procedure from our laboratory, with minor modifications
(23,24,31-34). Human venous blood was collected in Hi-
Anticlot blood collection vials (HiMedia Lab. Mumbati, India).
The RBCs were separated from the whole blood by centrifu-
gation (Remi, Mumbai, India) at 3,000 rpm for 5 min. Su-
pernatant was collected and suspended in normal saline solu-
tion to get 10% hematocrit value. Then, 0.5 mL of suitably
diluted free SSZ, raw MWCNTs, SSZ-MWCNTSs and SSZ-
FUCO-MWCNTs were added to 4.5 mL of normal saline
and incubated for 1 h with RBCs suspension. After centrifu-
gation, supernatants were diluted with an equal volume of
normal saline and absorbance was measured at 540 nm in a
spectrophotometer (UV/Vis, Shimadzu, 1601, Kyoto, Japan).
RBCs suspension was added to 5 mL of 0.9%w/v NaCl
solution (normal saline) and 5 mL distilled water, respectively
to obtain 0% and 100% hemolysis. The degree of hemolysis
was determined (Fig. 5) using the following equation:

Abs—Absg
Hemolysis(%) = ————— x 100
emolysis( %) Absio—Abs,
25
§20 1 :

i

s & F &

& S S
) W o
& & &
%%"
MWCNTSs Formulations
Fig. 5 9% Hemolysis by free SSZ and MWCNTs formulations (Mean *= S.D;

n=3).
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where, Abs, Abs;op and Absg are the absorbance of sample, a
solution of 100% and 0% hemolysis, respectively.

Cell Culture

The J 774 macrophages cell line was maintained in fresh
RPMI 1640 culture medium (HiMedia, Mumbai, India)
supplemented with penicillin 10 U/mlL; 10% fetal bovine
serum (FBS); streptomycin 100 pg/mL; 1 mM sodium
pyruvated and 10 mM HEPES medium; and transferred into
a tissue culture plate with 96 wells and incubated for 48 h at
3720.5°C in a humidified incubator (Digi Therm 2-CO,,
USA) with 5% COg and 95% humidified atmosphere to
acquire more than 75% confluency (23,28,35).

Cytotoxicity Studies (SRB Assay)

Cytotoxicity of developed nanotubes formulations was
assessed via sulphorhodamine B (SRB) assay. This assay relies
on the uptake of the anionic pink amino-xanthine dye, ‘SRB’
by basic amino acids where it forms an electrostatic complex
with the basic amino acid residues of proteins under moder-
ately acidic conditions. The greater the number of cells, the
greater amount of dye is taken up and, after fixing, when the
cells are lysed, the released dye will give a more intense color
and greater absorbance. The 100 pL of each formulation (raw
MWCNTs, SSZ-MWCNTSs and SSZ-FUCO-MWCNTs) to
be tested was taken in culture medium by adding into the 96-
well plates containing the J774 macrophage cells (1 X 10%cells
in each well) in 1-1,000 uM concentration for 24 h. The cells
were fixed with ice-cold trichloro acetic acid (TCA) for 1 h at
4°C. Culture plates were washed with distilled water five times
and allowed to dry in the air. Fifty pL. sulphorhodamine B
(SRB) solution was added in to each well and allowed staining
at room temperature for 30 min. SRB solution was removed
by washing the plates quickly with 1%uv/v acetic acid, five
times, to remove unbound dye. Washed plates were dried in
the air. The bound SRB was solubilized by adding 100 pL of
10 mM unbuffered Tris Base (pH 10.5) to each well and
shaking for 5 min on a shaker platform. Plates were read in
a 96-well plate reader at 492 nm (36,37). Cells devoid of any
sample were used as control. The experiment was repeated
three times for each sample. Cell viability of each group was
compared with control and was expressed as % cell viability
(Fig. 6) using following formula:

[A]

tested x 100
control

Cell viability(%) =

where Agcaeq 18 the absorbance of treated cells with various
samples, and Agoniol 18 the absorbance of control at 492 nm.

100
o 75
Z 50
-
=
v 25
B

0

1 0 100 1000
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A~ MWCNT  ~@-55Z =@=55Z-MWCNT ==0=SSZ-FUCO-MWCNT

Fig. 6 % Cell viability of MWCNTs formulations. (Values represented as
Mean = S.D.; n=3).

Macrophage Uptake Assay

The cellular uptake efficiency as a function of conjugation of
macromolecules was determined by incubation of macro-
phage cells with FITC loaded fucosylated as well as
uncojugated MWCNTs using J774 macrophage cell lines.
Uptake was performed at 1 and 6 h time interval. The dye
fluorescein isothiocyanate (FITC) was loaded in MWCNT's
formulations according to a reported method. SSZ-
MWCNTs and SSZ-FUCO-MWCNTs were loaded with
FITC by incubating MWCNTs (5 mg) formulations with
5 mL of 0.05w/v% FITC solution for 24 h, with intermittent
shaking (23).

Ten pL of various FITC loaded formulations SSZ-
MWCNTs and SSZ-FUCO-MWCNTs were suspended in
the wells containing J774 macrophage cells. After incubation
for 1 and 6 h cell lines were detached by pipetting and
collected by centrifugation at 5,000 rpm for 2 min to remove
nanocarriers adhering to cell surface. Cells were washed 5
times with PBS. Cell associated fluorescence was measured by
fluorescence activated cell sorter (FACS) instrument (“BD”
Bioscience, FACS Aria, Germany) using ~480 nm excitation,
~520 nm emission and the appropriate sensitivity settings (38)
and macrophage uptake efficiency is shown in terms of inten-
sity of fluorescence (Fig. 7).

H SSZ-MWCNTs ® SSZ-FUCO-MWCNTs

1000 -
900 1
800 1
700 4
600 1
500 4
400 4
300 4
200 4
100 4

Observed Intensity

1 Time (hr) 6

Fig. 7 Macrophage uptake of FITC loaded MWCNTs formulations. (Values
represented as Mean = S.D.; n=3).
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NF-kB Inhibition Study

Cytokine Assay (Measurement of Inhibition in Interleukine-12
Level)

Ten pg/mL of lipopolysaccharides (LPs) was introduced in 96
wells plate containing J 774 macrophage cells in the absence
(control) and presence of samples to be tested (free SSZ, SSZ-
MWCNTs and SSZ-FUCO-MWCNTs). Cells were incubat-
ed for 48 h to ensure stimulation of the cells in case of control
(stimulated cells produce higher amount of IL-12, which is the
indication of NF-kB activation) and vice versa in case of sam-
ples. Culture supernatant was harvested and cytokine (IL-
12p40) concentrations in the supernatants were determined
by Enzyme Linked Immunosorbent Assay (ELISA) (39). Re-
sults obtained represent %o inhibition in IL-12 (IL-12 p40) at
different concentrations (Fig. 8).

Western Blot Analysis

Ten pg/mL of LPs was introduced in 96 wells plates containing
macrophage cells in the absence (control) and presence of sam-
ples to be tested (free SSZ, SSZ-MWCNTs and SSZ-FUCO-
MWCNTs). Cells were incubated for 48 h (40). Cells were
washed with PBS and subsequently lysed in 25 mM Tris HCI,
pH 7.5, 1 mM EDTA, 0.25 mM dithioerythritol, 0.1 M KCI,
1% Nonidet P40 (NP40), “complete” protease inhibitor cocktail
(Boehringer Mannheim) and phosphatase inhibitor. The cell
lysate was transferred to Eppendorf tubes, ultracentrifuged at
15,000 g (Z36HK, HERMLE LaborTchnik GmbH, Germany)
and the supernatant was recovered. Cell extracts were analyzed
according to standard protocols. Blots were pretreated in
blocking buffer (5% of BSA) and subsequently incubated with
anti p-IkB antibody. Bands were detected using the Western
blotting detection reagent (41) (Fig. 9).

In Vivo Studies

The m-vwo studies were carried out on 8 weeks old male albino
rats (Sprague—Dawley, 150£20 g). The experimental protocol
was duly approved by the Committee for the Purpose of Control

IL-12p40 Inhibition

% Inhibition
g

SSZ SSZ-MWCNTs

SSZ-FUCO-MWCNTs

=M = 10pM = 100uM

Fig. 8 % Inhibition of IL- 12 (IL- 1 2p40) level in macrophage cell line J774 by
MWCNTs formulations and free SSZ.
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Fig. 9 Determination of phosphorylated-IkB (p-IkBa) protein in LPS acti-
vated macrophage cell by Western blot analysis.

and Supervision of Experiments on Animals (CPCSEA) of Dr.
H.S. Gour University, Sagar, M.P., India (CPCSEA letter
number: Animal Eths. Committe/12/439/2012). For m vivo
studies drug concentrations in blood samples and organ homog-
enates were determined by HPLC method (Shimadzu, C18,
Japan) using mobile phase (methanol: acetonitrile : water;
35:35:300/v) at 1 mL/min flow rate by C118-RP column (42).

Blood Level Studies

The blood level study was performed following the previously
reported method from our laboratory (32,33,43), with slight
modification. The animals were divided in to three groups
each comprising of 3 rats and marked adequately. Animals
were fasted overnight prior to administration of formulations.
Formulations (SSZ-MWCNTs and SSZ-FUCO-MWCNTs)
and the free SSZ solubilized in PBS (pH 7.4) (suspended in
case of free SSZ) in the dosage of 20 mg/kg body weight were
administered intravenously to each rat of the first, second, and
third group, respectively via caudal vein. One rat from each
group was sequentially taken and 0.2 mL of blood was with-
drawn from retro-orbital plexus in Hi-Anticlot vials (HiMedia,
Mumbai, India) after 0.5, 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, 12.0,
18.0, 24.0, 30.0 and 36.0 h time intervals from each group. In
cach case blood was centrifuged at 3,000 rpm (REMI, Mum-
bai, India) for 10 min. The upper supernatant (plasma) was
collected separately with the help of micropipette, 100 pL of
acetonitrile was added to the 100 pL of sample and the
contents were vortexed (Superfit vortexer, India) for 1 min
and 5 mL methanol was added to it. The mixture was
extracted for 10 min and centrifuged at 3,000 rpm for
10 min. The supernatant was decanted into another vial and
evaporated to dryness at 60°C. The dried residue was
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Fig. 10 Comparative plasma drug concentration profile of MWCNTSs for-
mulations and free SSZ. Values represented as Mean = SD (n=3).

reconstituted with 1 mL methanol and ultra-centrifuged at
15,000 rpm (Z36HK, HERMLE LaborTchnik GmbH, Ger-
many) for 10 min. Clear supernatant was collected and
amount of SSZ was determined (Fig. 10) by HPLC method
(42) and various pharmacokinetic parameters (Cipax, Ko /0,
AUC, AUMC and MRT) were calculated using Kinetica 5
PK/PD, Thermo Scientific, USA software (Table I).

Biodistribution Studies

Tissue distribution studies were carried out for quantitative
measurement of SSZ in different organs. Rats were divided
into three groups, each group comprising 9 animals (2=3).
Animals were fasted overnight before administration of dose.
To the first group plain drug solution (20 mg/kg) in PBS
(pH 7.4); to the second and third groups SSZ-MWOCNTs
and SSZ-FUCO-MWCNTs, respectively were administered
through the caudal vein. After 1, 6 and 24 h three animals
from each group were sacrificed. The organs (spleen, kidney,
liver, and lungs) were excised and homogenized. The homog-
enates were deproteinized with acetonitrile, centrifuged, fil-
tered and estimated for the drug contents by HPLC method
(42). The results are expressed as percentage dose recovered
from each organ (Fig. 11).

Hematological Studies

Hematological parameters were estimated following to the
carlier reported method (32,33,43,44). Animals were divided

%s Dose recovered

SSZ-FUCO-MWCNTs

SSZ-MWCNTs

=]1hr =6 hr w24 br

Fig. 11 SSZlevels attained in different organs after administration of free SSZ
and MWCNTs formulations. Values represented as Mean = SD (n=3).

into six groups comprised of three rats in each group. Animals
of group-1 were kept as control. All animals were fasted
overnight before administration of dose. Animals of group 2,
3 and 4 were administered with free drug (SSZ), SSZ-
MWCNTs and SSZ-FUCO-MWCNTs, respectively in a
dose of 20 mg/kg body weight intravenously everyday up to
7 days. Animals were maintained on same regular diet upto
7 days. After 7 days blood samples were collected from the
animals and analyzed for red blood corpuscles (RBCis), white
blood corpuscles (WBCs) and differential count of monocytes,
lymphocytes and neutrophils, % Hb, MCH and HCT
(Table II).

Statistical Analysis

The results are expressed as mean * standard deviation (mean
+ 5.D.) and statistical analysis was performed with Graph Pad
Instat Software (Version 3.00, Graph Pad Software, San
Diego, California, USA) by analysis of variance (ANOVA)
followed by Tukey—Kramer multiple comparison test. A prob-
ability of p<0.05 was considered statistically significant. Phar-
macokinetic parameters were calculated using the Kinetica 5
PK/PD software (Thermo Scientific, USA).

Table | Pharmacokinetic Parameters of Free SSZ, SSZ-MWCNTs, and SSZ-FUCO-MWCNTs

Parameters Crax (Ug/mL) AUC( o (Ug hr/mL) AUMC g ) (g.hr*/mL) ty (hr) Kel (hr™") MRT (hr)
Formulations

Free SSZ 168.01 +0.93 1004.55 7337.83 5.06 0.14 7.30
SSZ-MWCNTs 155.62+0.6] 1262.47 11529.38 6.33 0.1 9.13
SSZ-FUCO-MWCNTs 124.80+0.74 1646.99 23595.76 9.92 0.07 1433

Values Represented as Mean =+ SD (n=3)

MRT Mean Residence Time; C,0x Maximum Plasma Concentration; t,, Half life; K, Elimination constant; AUC Area Under Curve
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Table Il Hematological Parameters of Albino Rats Treated with SSZ and SSZ Loaded Formulations

S.No. Formulations Hematological parameters

RBCs count (x WBC COUNT (x  Differential counts (X 10°/ul) Hb (g/dL) MCH (pg) HCT %
10%/uL) 10°/ul)
Monocytes  Lymphocytes Neutrophils
\ Control 9.1=0.10 10.30+0.44 1.69+0.12 7.71£0.55 1.47x0.15 13.09+0.69 1841042 43.59+0.66
2 Drug (S52) 7.70x0.19 [1.66+0.42 1.57x£0.06 873x=0.15 1.77x0.05 1128039 16.23+0.29 36.03+.80
5 SSZ-MWCNTs  533x0.15 14.66+0.76 [.60£0.10 9.66=0.70 2.47x0.50 1053045 1523=0.58 2833%=1.5
6 SSZ-FUCO- 8.88=0.31 10.6£0.62 126030 886034 3.06x0.31 1203025 1743040 42.17+0.80
MWCNTs

#Values represented as mean £ S. D. (n=3)

RESULTS AND DISCUSSION

Initially, purification of the pristine MWCNT's was done using
hot air oven and chemical treatment. After purification,
functionalization was carried out on to disperse MWCNT's
(as MWCNTs are insoluble in water and other aqueous
media/solvents) and to conjugate ligand with them. There-
fore, before Fucosylation, the first generation (pristine)
MWCNTSs was initially purified, carboxylated, acylated and
amidated, and characterized. Till date there is no report on
the fucose conjugation, characterization, and w vitro- i vivo
evaluation of SSZ loaded fucosylated functionalized
MWOCNT:s and in that sense this is a debut report using SSZ
loaded fucose tethered surface modified MWCNTs.

Fucosylation of amine terminated MWCNT's was done by
ring opening reaction followed by reaction of aldehyde groups
of fucose with the amino groups of MWCNTs in 0.1 M
sodium acetate buffer (pH 4.0) (19,23). This leads to the
formation of Schiff’s base (—-N = CH—), which may possibly
get reduced to secondary amine (—-NH—CHy—) but stay in
equilibrium with Schiff’s base (Scheme 2). FTIR analysis
proved the formation of Schiff’s base and secondary amine
(—NH—-CHy—) linkage between aldehyde groups of fucose
and end terminal amine functional groups of functionalized
MWCNTs (Fig. 1).

The electron microscopy of the FUCO-MWCNTs was
carried out to determine the surface topography and Fig. 2
clearly depict in nanometric size range with tubular structure.
The surface charge and average particle size were determined
by photon correlation spectroscopy in a Malvern Zetasizer
nano ZS90 (Malvern Instrument Ltd, Malvern, UK) at room
temperature (RT). The fucosylated MWCNTSs showed the
zeta potential and average particle size +4.5 mV at neutral
pH and 150£ 1.6 nm.

The physical binding of drug molecules inside as well as on
the nanotubes surface is ascribed to the non-covalent interac-
tions such as hydrophobic interaction (45) and hydrogen
bonding (40) among SSZ and FUCO-MWCNTs. The per-
centage drug loading was determined indirectly by estimating
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the un-entrapped drug spectrophotometrically. The
MWCNTs and FUCO-MWCNTs showed 72.15£0.14%
and 87.7710.11% SSZ loading, respectively (Fig. 3). The
percentage SSZ loading of FUCO-MWCNTs was significant-
ly increased compared to MWCNTs. The increased loading
was possibly due to the - stacking, electrostatic, and adsorp-
tion interactions between SSZ and FUCO-MWCNTs.
Higher entrapment efficiency of SSZ in FUCO-MWCNTs
was due to the availability of greater surface area for m-m
stacking, adsorption and electrostatic interaction as compared
to bundled amine terminated MWCNTs (46). Our results are
in agreement with the previous reports (21-24,29).

Cumulative release of SSZ from SSZ-MWCNTs and SSZ-
FUCO-MWCNTs formulations was dependent on the pH of
the micro-environment. The rate of drug release from the
formulations at pH 4.0 and 7.4 suggested the sustained release
pattern (Fig. 4). The release studies suggested that both SSZ-
MWCNTs and SSZ-FUCO-MWCNTs showed initial burst
release of SSZ at pH 4.0. The drug release was found to be
94.10£0.15% for SSZ-MWCNTSs at 24th hr and
89.121+0.71% for SSZ-FUCO-MWCNTs at 48th hr. On
the contrary SSZ release was significantly (P<0.05) retarded
from SSZ-FUCO-MWCNTs at pH 7.4 (64.8910.87% at
24th hr) as compared to SSZ-MWCNTs (79.47+0.25% at
24th hr). SSZ-FUCO-MWCNTs nano-carrier released
77.4510.21 of SSZ up to 72th hr. The n-w stacking interac-
tions at pH 7.4 are easily broken down at acidic microenvi-
ronment and release the drug molecules. The results of our
i vitro release studies are in line with the previous reports
(22-24,29,47).

The stability study is an important parameter prior to the
development of safer nanomedicines as per the Food and
Drug Administration (FDA) guidelines (48). The stability data
of SSZ-MWCNTs and SSZ-FUCO-MWCNTs was evaluat-
ed at various conditions of temperature (4+0.5, 25£0.5 and
50£0.5°C) after keeping in dark (amber color glass vials) as
well as in light (colorless vials) for a period of 5 weeks. The
formulation was found to be the most stable in dark at
410.5°C storage condition. In terms of stability profile of
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various nano-range delivery modules, MWCNTs could pos-
sibly present themselves as a most stable system in all temper-
ature ranges and environment required for biological appli-
cations (49). The drug leakage was found to be minimum at
room temperature as compared to that at 4+0.5°C, which
may be due to the shrinking of the MWCNTs architecture
leading to decrease in cavity enclosing drug molecules. Leak-
age of drug from the SSZ-FUCO-MWCNTs was found to be
greater at higher temperature (50+0.5°C). However, the
possible reason behind such variable release could not be
explored. At higher temperature fucose molecules gain higher
kinetic energy and as a result ring is wide open and the fucose
molecules that shield the cavities spread in the medium. The
drug leakage was found to be more in formulations stored in
light than those kept in dark. This may be attributed to
structure cleavage at higher temperature and light leading to
bond breakage due to higher reaction kinetics. From above, it
can be concluded that the SSZ-FUCO-MWCNTs are more
stable in dark and at 4 than at 25, 50+0.5°C (24).

The free SSZ showed 13.01+0.13% hemolysis, whereas
raw MWCNTs produced 18.6410.51% hemolysis (Fig. 5).
Although the hemolytic toxicity of SSZ-MWCNTSs was found
to be 21.62£0.24% yet, the hemolytic toxicity of SSZ-
FUCO-MWCNTs was drastically reduced to 9.01£0.23%
(p=<0.05) (Fig. 5). Fucose attachment considerably reduced the
hemolysis of RBCs possibly due to shielding of the terminal -
NHy groups responsible for hemolysis. However the probable
reason could be that the surface functionalization dramatically
reduce the erythrocytes toxicity and renders it suitable for
drug delivery without any toxic effects. In this way interaction
of cell membranes of RBCs with cationic terminals of amine
terminated MWCNTs is prevented and hence less hemolysis
occurs. The obtained results are in accordance with the pre-
vious reports (23,24).

In vitro cytotoxicity assay was carried out on f774 cells va
SRB assay by incubating different formulations for 24 h.
Unloaded raw MWCNTs did not shown any significant cyto-
toxicity effect after 24 h incubation even at higher concentra-
tion (100 uM). SSZ exerted dose dependent cytotoxicity
(Fig. 6). Free SSZ showed negligible cytotoxicity upto
100 uM, however above 100 uM it showed significant cyto-
toxicity (%o cell viability <40). The higher cytotoxicity of SSZ-
MWOCNT:s than free SSZ might be due to higher interaction
of positively charged amino terminated MWCNT's with neg-
atively charged cell membranes. SSZ-FUCO-MWCNTs
showed more cytotoxicity than raw MWCNTs, SSZ-
MWCNTs and free SSZ. The fucosylation of MWCNTs
might have contributed to higher cytotoxicity of SSZ-
FUCO-MWCNTs due to more accumulation of SSZ inside
the cell via receptor mediated endocytosis (RME). However,
our aim was not to kill macrophages but to detect that the dose
selected for the treatment of disease, is not cytotoxic to the
cells and the data revealed that the dose selected was non-

cytotoxic to macrophages. Results of macrophage uptake
assay revealed that with the increase of time, mean FITC
measured intensity was found to be increased in macrophage
cell line (J774), which may be due to more cellular uptake of
FITC loaded fucosylated MWCNTSs than unconjugated
MWCNT:s formulations (Fig. 7). This may be due to lack of
receptor-ligand interaction in case of unconjugated
MWCNTs.

Results of cytokine assay show that the incubation of 774
cells with LPS (10 pg/mL) for 48 h caused the appearance of
IL-12 p40 in the culture supernatants. However, treatment of
the cells with sulfasalazine (SSZ) and various nanotubes for-
mulations suppressed /L-12 p40 production in a dose-
dependent manner (39). On comparing MWCNTSs formula-
tions; more significant % inhibition was observed with SSZ-
FUCO-MWCNTs as compared to SSZ-MWCNTs and free
SSZ (Fig. 8) that could be ascribed to the higher cellular
uptake due to the receptor-mediated internalization of SSZ-
FUCO-MWCNTs.

Upon NF-kB activation, IkB protein phosphorylates, thus
the presence of phosphorylated-IkB (p-IxB) in cell lysates of
J774 cells 1s the indication of NF-kB activation (Fig. 9). West-
ern blot analysis showed a clear band (between 50 and
37 KDa) of p-IkB with control (J774 cells incubated with
LPS only). Chen ¢t al. also reported the band of p-IkB between
46 and 30 KDa in western blot analysis (50). However band
intensities were found to be decreased when cells were treated
with SSZ and SSZ loaded MWCNTSs. Reason of decreased
band intensities is possibly the inhibition of NF-kB activation.
Hence there was less or no production of p-IxB, thus no band
was observed when cells were treated with SSZ-FUCO-
MWCNTs. Disappearance of band suggested the complete
inhibition of NF-kB activation.

The blood level study was carried out following z.2. admin-
istration of developed formulations to study the effect of
presence of macromolecules on the release profile and reten-
tion of MWCNTSs formulations in systemic circulation. The
drug concentration in blood plasma samples was determined
at various time intervals. The release of formulations was
found to be sustained m-vwo also (Fig. 10). The pharmacoki-
netic data shows that the formulation had a slightly lower
Cax (124.80£0.74 pg/mL in case of SSZ-FUCO-
MWCNTs formulations) as compared to free SSZ
(168.01£0.93 ng/mL) (Table I). However, the duration of
drug concentration in blood vz formulations was prolonged
te. from 12 h to 36 h in case of SSZ-FUCO-MWCNTs. The
plasma drug concentration with the free drug was detected till
12th hr and that too in trace quantities, and thereafter no drug
was detected suggesting its metabolism v liver and subse-
quent excretion. The mean residence time (MRT) of the
formulation 14.33 h in case of SSZ-FUCO-MWCNTs for-
mulations was found to be increased significantly in compar-

ison to free SSZ (7.30 h). The MRT of SSZ-FUCO-
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MWCNTs (14.33 h) was approximately two folds higher in
comparison to free SSZ (7.30 h). The area under the mean
curve (AUMC, ) of the SSZ-FUCO-MWCNTs formulation
was found about three folds (23595.76 ug.hr?/mL) higher to
the free SSZ (7337.83 ug.hr’/mL) owing to the surface mod-
ification of nanotubes as revealed from the Table I. This
indicates that the metabolism (and hence excretion) has been
escaped in significant manner by entrapping SSZ in the SSZ-
FUCO-MWCNTs systems as compared to the free SSZ. The
plasma concentration vs. time curve also reveals an increased
residence time of SSZ-MWCNTs formulations (9.13 h) and
the reason for this may be the same as for the SSZ-FUCO-
MWCNTs. The pharmacokinetic data of surface modified
fucosylated MWCNTS clearly indicated that the degree of
functionalization increased the kinetic parameters beneficially
in development of safe and effective nanomedicines.
Biodistribution study was performed to evaluate targeting
efficiency of SSZ from different formulation. The concentra-
tion of SSZ in different organs was estimated via HPLC (42) at
Ist, 6th and 24th hr. The results indicated that the free SSZ
accumulated progressively in liver, where up to 30.25+0.56%
of dose is localized after 1 h of administration but after 24 h
only 4.54£0.12% and 2.70£0.19% of SSZ was found in liver
and spleen respectively (Fig. 11). The amount of SZZ in body
depends upon its distribution, metabolism and excretion.
Initially, the free SSZ content in liver was highest but declined
consequently in case of free SSZ formulation. This might be
due to rapid elimination of SSZ from liver, the prime site of its
action. In case of SSZ-MWCNTs, drug was found to be
primarily accumulated in liver and spleen but the drug release
was not sustained as the amount of drug in liver was reduced
from 27.36+0.71% (at 1 h) to 24.04£0.67% (at 24 h). The
drug was found to be rapidly excreted through the kidney.
Thus high uptake of formulations in macrophage rich organs
was due to the RES uptake. But in case of SSZ-FUCO-
MWCNTs, the drug was primarily found to be accumulated
in liver and spleen that may be due to the receptor-mediated
endocytotic uptake of fucosylated MWCNT's formulations by
macrophages (Fig. 11). In this case, the drug in liver at first hr
was found to be 49.194+0.88% of initial dose, which was
increased upto 60.12£0.96% for SSZ-FUCO-MWCNTs.
At 24 h the drug in liver was found to be 40.31+0.79% of
initial dose. In spleen, the drug at first hr was found to be
16.89+0.51% of initial dose At 24 h the drug in spleen was
found to be 4.9410.23% of initial dose. Comparing this data
with that from free drug solution and SSZ-MWCNTs it is
inferred that fucosylated MWCNT's was highly accumulated
in macrophage rich organs and provided a sustained release of
drug. Yeeprae et al. reported similar results of accumulation of
mannosylated system in macrophage rich organs (51). Meng
et al. investigated the immunological properties of modified
(oxidised) water dispersible MWCNTs injected subcutaneous-
ly into healthy BALB/c mice. The authors indicated that the
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MWOCNTS induces obvious short-term immunological reac-
tions, which can be easily eliminated over-time (52). Jain ¢ al.
reported that the well-individualized MWCNT's with shorter
lengths (less than 500 nm) and higher degree of oxidation
(surface carboxyl density >3 pmol/mg) are not retained in
any RES rich organs and rapidly cleared out from the sys-
temic circulation (53).

The biodistribution studies clearly indicate the superiority of
the SSZ-FUCO-MWCNTSs, when compared against the plain
drug towards increasing the accumulation of SSZ in the liver.
The data can be well correlated for MWCNTs with the study,
where, amphotericin B entrapped mannosylated-MWCNT's
were used by Pruthi e al. for disposition of drug to liver only
(23). Thus our results on biodistribution are in accordance with
the previously published reports (23,52,53). Schipper et al. also
previously reported that SWCNTs do not induce any obvious
toxicity upon intravenous administration (54).

The hematological parameters RBCs, WBCs and differen-
tial lymphocytes count were evaluated to assess the relative
effect of different drug loaded formulations as compared to
the free SSZ. The RBCs count was found to be decreased
below normal values more in case of SSZ-MWCNTS
(5.33£0.15) than that of SSZ-FUCO-MWCNTs (8.88£0.31).
This result is correlated to more hemolytic toxicity of SSZ-
MWCNTSs as compared to SSZ-FUCO-MWCNTs. The
WBCs count of SSZ-MWCNTs (14.66+0.76) was found to
increase significantly as compared to normal values however,
for SSZ-FUCO-MWCNTs (10.6£0.62), the increase was less
than that of un-conjugated formulation and even less than the
normal count in controlled group (Table II). Similarly, a relative
increase in lymphocyte and neutrophils count was observed
with SSZ-MWCNTs but in case of SSZ-FUCO-MWCNTs,
the increase was less. This could be attributed to the fact that
due to the presence of polycationic charge, the cell cytotoxicity
of SSZ-MWCNTs was increased and that could lead to in-
creased level of lymphocytes as well as neutrophils. Levels of
hemoglobin, MCH and %HCT were found to decrease more
in case of unconjugated formulation than that of conjugated
(fucosylated) formulations. Data obtained from this study can be
well correlated with earlier reports (43,44,55).

CONCLUSION

It is concluded that surface modified MWCNTSs having bio-
compatible framework exhibit reduced toxicity and at the
same time exhibit a sustained drug release behavior i vitro as
well as m viwo (18,20,22-24,29,56,57). SRB assay, macrophage
uptake assay, fluorescence microscopy and biodistribution
data demonstrated that fucosylated nanoconjugate has poten-
tial to deliver significantly higher amount of drug to liver for
higher therapeutic outcome. The result of hemolytic toxicity
and hematological studies revealed that fucose conjugation
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can be utilized to reduce the toxicity associated with
unconjugated MWCNTs. Cytokine assay also suggested that
SSZ-FUCO-MWCNTs exhibits significantly higher inhibi-
tion of IL-12 p40 secretion. Western blot assay suggested that
SSZ-FUCO-MWCNTs significantly inhibit NF-kB activa-
tion. Overall we can conclude that SSZ-FUCO-MWCNTSs
hold great potential as site-specific, targeted, safe, therapeuti-
cally more effective drug delivery for z.0. administration.
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