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ARTICLE INFO ABSTRACT

Keywords: The study was designed to develop a nano-based delivery system for oral delivery of octreotide (OT), a peptide
Octreotide drug. The preactivated thiolated chitosan (PTCS) nanoparticles loaded with OT were successfully developed and
Preactivated

characterized in vitro and in vivo. Chitosan (CS) was modified to thiolated chitosan (TCS) and preactivated
thiolated chitosan (PTCS) by attaching thioglycolic acid and mercaptonicotinic acid to CS. The OT was en-
capsulated during NPs production, via ionic gelation technique. The PTCS-NPs had a mean size of 277 = 19 nm,
a zeta potential of +28.2 * 3 mV with 0.2 PDI and a high payload of OT (89 * 6%). The mucoadhesive
properties of PTCS-NPs were 3- and 16-fold increased as compared to corresponding TCS and CS-NPs respec-
tively. The sustained release of OT from PTCS-NPs over 24 h was observed with non-Fickian release kinetics. The
improvement in relative oral bioavailability showed more than 4-fold improvement in elimination half-life, a
~3.4-fold enhancement in Cpax and 7.2-fold enhanced AUCq.) as compared to OT solution. Thus the results
suggested the success of PTCS-NPs a potential oral delivery system for macromolecules due to the improved

Thiolated chitosan
Oral delivery
Improved bioavailability

mucosal residence time, sustained release and facilitated transport via intestinal tight junctions.

1. Introduction

Since the approval of insulin therapy in 1982, the pharmaceutical
research and development of peptide and protein drugs have con-
siderably increased, especially over the last two or three decades [1,2].
The availability of these drugs in the market has considerably increased
and mainly includes protein hormones and their synthetic derivatives
administered through invasive routes. The major disadvantages asso-
ciated with the i.v. route include patient non-compliance due to pain at
the injection site, high cost of sterile manufacturing and systemic side
effects [3]. The oral drug delivery is superior to other routes of ad-
ministration because of the ease of administration and patient com-
pliance. However, the oral route is not suitable for delivering hydro-
philic macromolecules such as proteins and peptides [4]. However, the
oral delivery of peptides faces many challenges like extremely low oral
bioavailability of 1-2%, enzymatic destruction in the gastrointestinal
tract such as by pepsin and peptidases, large molecular weight and
presence of both hydrophobic and hydrophilic groups which limit their
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cellular entry and exhibit poor permeability across the various mucosal
membranes [5].

A number of approaches have been reported for successful oral
delivery of peptide macromolecules in order to enhance their absorp-
tion from the small intestine and minimize their degradation by the
proteolytic enzymes [2]. The addition of permeation enhancers, en-
zyme inhibitors, mucoadhesion, chemical modification and attachment
of polyethylene glycol (PEG) enhances the protection against extreme
conditions thus, improving the bioavailability of a peptide as reported
with a 10% increased oral bioavailability of insulin through the pH-
responsive gel [6,7]. A variety of formulation approaches are adopted
in formulating oral peptide delivery systems as nano and microemul-
sions, liposomes, microspheres, and nanoparticles. The main ad-
vantages of nanoparticles (NPs) include versatility in materials, tunable
properties, controlled release, and targeted drug delivery to enhance
bioavailability, reducing the dosing frequency and associated side ef-
fects [8].

Octreotide (OT), the first somatostatin agonist introduced for
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clinical use, is an octapeptide synthetic analogue of somatostatin, the
growth hormone inhibiting factor (GHIH). It inhibits the release of
growth hormone, glucagon, thyroid-stimulating hormone, prolactin
and numerous secondary hormones including, secretin, gastrin, motilin,
cholecystokinin, gastric inhibitory polypeptide, vasoactive intestinal
peptide, glucagon, and insulin [9]. OT is rapidly absorbed after sub-
cutaneous application. Its half-life after subcutaneous administration is
2 h with Cp.x reaching in 30 min. Following IV injection, OT is elimi-
nated from the body in two phases with half-life of 1 h and 40 min. OT
is available as subcutaneous or i.v. injection under the brand name
SANDOSTATIN®. As they have to be frequently administered owing to
the short half-life (less than 2 h), they are not ideal for long-term ad-
ministration in chronic diseases [10]. A lot of efforts have been put into
reducing the frequency of dosing and the associated inconvenience by
developing SANDOSTATIN® LAR® (long-acting release) comprising of
polymeric microcapsules [11]. This formulation is only given once a
month through intramuscular route and it is more suitable for the ac-
romegalic patients that require daily dosing of OT. However, this for-
mulation undergoes a lag time period of 14 days before it reaches the
desired plasma levels and that requires daily administration of the
formulation to cover this time lag [12].

Thiolated polymers are well known for their excellent mucoadhe-
sion, permeation enhancing and P-gp inhibition properties that con-
stitute a vast platform for the drug delivery applications especially for
macromolecular drugs that encounter various biological barriers [13].
The thiol groups (-SH) present onto the backbone of thiolated polymers
are responsible to impart the discrete properties. However, the con-
ventional thiolated polymers exhibit premature oxidation of -SH groups
leading to the formation of -S-S bonds thus, resulting in the decreased
efficiency of these polymers. To overcome this drawback, pre-activated
thiomers were introduced that protect the -SH groups from the pre-
mature oxidation and to maximize the effect of discrete properties of
thiomers [14,15].

As described earlier, one of the challenges faced by the macro-
moleuclar drugs is the lack of their oral bioavailability due to high
molecular weight, lack of intestinal permeability, enzymatic degrada-
tion and harsh pH variation within GIT. Therefore, macromolecular
drugs inevitably constitute the invasive drug delivery system that re-
quires high production cost and lack patient compliance. To maximize
the therapeutic outcome and to minimize the cost associated with
therapy, it is necessary to develop such a drug delivery system that can
effectively deliver this macromolecular drug into the systemic circula-
tion via the oral route. Therefore, the overall aim of this project is to
enhance the oral bioavailability of OT by using preactivated TCS based
NPs that can enhance the permeation of OT across the intestinal barrier.

2. Material and methods
2.1. Material

Chitosan (medium molecular weight with a degree of deacetylation
75-85%, viscosity 200-800 cps), sodium phosphate dibasic, thioglycolic
acid (TGA), hydroxylamine, 1-Ethyle-3-(3-dimethylaminopropyl)car-
bodiimide) (EDAC), 3,3’-Dithiodipropionic acid, N-hydroxysuccinimide
(NHS), sodium tripolyphosphate (TPP), sodium cyanoborohydride and
sodium borohydride were purchased from Sigma-Aldrich, USA. N-hy-
droxysuccimide (NHS) from Scharlau, Germany and Ellman's reagent
from Alfa Aesar, USA. OT acetate was obtained from Novartis
Pharmaceuticals. All other solvents and chemicals used were of analy-
tical-grade.

2.2. Methods
2.2.1. Synthesis of thiolated chitosan (TCS)

TCS was successfully synthesized following the already reported
method of our group [13]. Briefly, at first CS solution (1%, w/v) was
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prepared in a 1% acetic acid solution. To this, 50 mM EDAC was added
followed by the addition of 500 mg of TGA while the pH was main-
tained at 5.0 using 1 M NaOH under continuous stirring for 4 h at room
temperature. The reaction mixture was then dialyzed using cellulose
membrane (Molecular weight (MW) Cut-off 12000) to get rid of un-
bound TGA. The dialysis was carried out once against 5 mM HCI, then
two times using the exact same medium with added 1% NaCl and lastly
twice against 1 mM HCI to adjust the final pH to 5.0. Afterward, the
dialyzed solution was lyophilized and stored at 4 °C till further use.

2.2.2. Synthesis of preactivated thiolated chitosan

Preactivated TCS (PTCS) was prepared following the reported
method by our group [15]. 2 g of mercaptonicotinic acid (MNA) was
added in 50 mL of water followed by the addition of hydrogen peroxide
(26 mM). The solution was agitated continuously for 1 h at pH 9.0.
After the dimer was synthesized, it was dried by lyophilization and
stored until further use. Then, 1 g of TCS was added in 100 mL water
and a solution of a dimeric ligand in a concentration of 2.7 mM was
added dropwise. The reaction mixture was allowed to stir for 2 h fol-
lowed by the dialysis, as reported earlier.

2.2.3. Degree of conjugation

The degree of conjugation that refers to a number of thiol groups on
the polymer backbone was calculated spectrophotometrically by
Ellman reaction reported earlier by our group [14]. 0.5 mg of TCS was
dissolved in 250 pL of distilled water and 250 pL of 0.5 M phosphate
buffer (pH 8) and 500 pL of Ellman's reagent were added. The sample
was incubated for 2 h at 37 °C while protected from light. The sample
was analyzed spectrophotometrically using a microplate reader (Per-
kinElmer, USA) at 450 nm [16]. The number of thiol groups of PTCS
was also calculated following the same method. The amount of con-
jugated MNA ligand was calculated by adding 1 mg of reduced glu-
tathione (GSH) to the solution of 1 mg/mL of PTCS. And analyzed
spectrophotometrically.

2.2.4. Fabrication of nanoparticles

The nanoformulations based on CS, TCS, and PTCS were prepared
by ionic gelation method, as reported earlier with slight modifications
to produce CS-NPs, TCS-NPs and PTCS-NPs respectively [14]. The
polymeric solutions according to the concentrations as specified in
Table 1 were prepared in 1% acetic acid solution separately for CS TCS
and PTCS while TPP solution was prepared in the deionized water. To
the 5 ml of polymeric solutions specified amount of OT was added with
continuous stirring followed by dropwise addition of TPP solution until
a bluish opalescent solution was obtained. The nanoparticulate sus-
pension was then centrifuged at 13500 rpm for 20 min at 4 °C to obtain
pellet of NPs. The pellet was redistributed in 3% mannitol solution,
lyophilized and stored at 4 °C until further use.

10 different trials (Table 1) were prepared for each polymer (CS,
TCS, and PTCS) to produce CS-NPs, TCS-NPs and PTCS-NPs (10 for-
mulations each). One optimized formulation of each of the polymer was

Table 1
Concentrations of polymer solution, TPP solutions and drug for the develop-
ment of nanoformulations CS-NPs, TCS-NPs and PTCS-NPs.

Formulations polymer conc (%) TPP conc (%) Drug (ug)
1 0.1 0.1 100
2 0.15 0.1 100
3 0.2 0.2 200
4 0.25 0.2 200
5 0.3 0.3 300
6 0.35 0.3 300
7 0.4 0.4 400
8 0.5 0.5 500
9 0.2 0.1 200
10 0.3 0.1 300
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chosen based upon particle size, zeta potential, polydispersity index
(PDI) and entrapment efficacy for use in further experiments.

2.2.5. Particle size, polydispersity index, zeta potential, and morphology

The particle size, zeta potential and PDI (polydispersity index) of
NPs were determined using zeta nanosizer ZSP (Malvern, UK). The
lyophilized samples were re-distributed and diluted 10-fold with double
deionized water prior to analysis. The surface morphology was ana-
lyzed through scanning electron microscopy (SEM) MIRA3 (TESCAN,
Czech Republic) in order to confirm the size, shape, and morphology of
the NPs. The NPs were attached via carbon tape to the grid followed by
gold coating through gold sputter [17].

2.2.6. Entrapment efficiency

The entrapment efficiency (EE) of OT was determined by first se-
parating the nanoparticles from the aqueous medium by centrifugation
at 13500 rpm for 20 min at 4 °C using Eppendorf 5424R (Eppendorf,
Germany) [18]. The amount of unbound OT in the supernatant was
measured through RP-HPLC by following the method reported by wang
et al.,. A gradient elution method was utilized with mobile phase A
(0.1% v/v, TFA in water) and mobile phase B (0.1% v/v, TFA in acet-
onitrile). The gradient was 80:20 (A:B) to 65:35 (A:B) over 20 min with
a flow rate of 1.0 mL/min. UV absorbance was measured at 220 nm.
Octreotide solutions of known concentrations (0.01-0.15 mg/mL) in
the same solvent system were used to generate calibration curve. The %
entrapment efficiency was determined by the following equation.

Amount of drug added — Amount of drug in supernatant

EE(%) = X 100
Amount of drug added

2.2.7. Evaluation of swelling behavior

The swelling behavior of CS-NPs, TCS-NPs and PTCS-NPs was in-
vestigated by using the gravimetric method [19]. For this purpose, the
prepared nanoformulations (lyophilized) were compressed into a small
tablet of 5 mm. The tablets were weighed and attached to the needle of
a syringe and placed in a beaker containing phosphate buffer (pH 6.8)
at 37 °C. At regular time intervals, the tablets were removed from the
buffer medium and accurately weighed.

The amount of buffer absorbed was calculated as a function of time
by using the equation:
Swelling index (%) = M X 100

Wo

Here Wo is the initial weight of the disc in dry state and Wy presents
the wet weight of the swollen disc at time t.

2.2.8. In vitro drug release

In vitro release from all NPs and OT suspension was determined by
the dialysis tube method at pH 2.0 for 2 h and at pH 6.8 for 48 h [20].
The known quantity of OT loaded nanoparticles was re-dispersed in
5 mL of buffer (pH 2 and pH 6.8 separately) and the dialysis membrane
(Molecular weight (MW) Cut-off 12000) was immersed in a beaker
containing dissolution medium maintained at 37 = 0.5 °C. At specified
time points, small volume media was withdrawn and replaced with an
equal volume of freshly prepared media to maintain the sink conditions.
The samples were analyzed spectrophotometrically at 280 nm for the
amount of drug. The different kinetic models were applied to determine
the mechanism of release from prepared nanoparticles [21].

2.2.9. Ex vivo permeation study

Ex vivo permeation study was carried out by using the everted sac
method [13]. This study was performed on the intestine of rabbit ob-
tained from local slaughter house, after carefully washing the intestine
with Kreb's ringer solution. The intestine was then cut into small seg-
ments of 4-5 cm. One end of each sac was tied and filled with OT so-
lution, and different NPs with a syringe needle and the other end was
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tied using suture. The filled intestinal segments were then immersed in
the beakers containing 10 mL of the Kreb's ringer solution at 37 °C. At
definite time intervals, samples were withdrawn and replaced with an
equal volume of Kreb's solution. The collected samples were then col-
lected and analyzed for quantification using HPLC method as described
earlier. Apparent permeability (Papp) was calculated using the fol-
lowing formula:

Concentration of OT X Volume

Apparent Permeabili /cm?) =
PP W (kg ) Mucosal Surface Area

The mucosal surface area was calculated by assuming intestine a
cylinder and using the formula:

Mucosal Surface Area (cm?) = circumference (mir?) X length

2.2.10. Ex vivo mucoadhesion study

Ex vivo mucoadhesion study was performed following the already
reported method using a modified rotating cylinder [22]. The intestinal
mucosa of rabbit was cut into small segments of 4-5 cm, washed
thoroughly with saline and were mounted on glass slides using a cya-
noacrylate adhesive. The tablets compressed of CS-NPs, TCS-NPs, PTCS-
NPs were attached to these mucosal segments and the slides were
carefully placed vertically in the beakers (250 mL capacity) containing
phosphate buffer (pH 6.8). The beakers were placed in the water bath
shaker and run for 3 h. The time of adhesion of the tablets was noted for
3h

2.2.11. Relative oral bioavailability studies

The animal investigations were conducted following the protocol
approved by the Bioethical Committee of Quaid-i-Azam University
Islamabad, Pakistan (Protocol No. DFBS/216-266/BEC-FBS-QAU-21).
Healthy rabbits weighing 1500 + 200 g were selected and kept in an
animal house with free access to food and water a day prior to the
experiment. The rabbits were divided into two groups (n = 5) and
treated with PTCS-NPs and OT solution at the dose of 1 mg/kg in 100 uL
of phosphate buffer. pH 7.4, using oral gavage needle. The blood
samples were withdrawn from ear marginal vein of each rabbit at a
predefined time interval (0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 10, 12 and 24 h)
using sterile syringe each time. The samples were transferred to 1.5 mL
Eppendorf tube containing 100 pL anticoagulant (11% sodium citrate).
The samples were centrifuged at 4000 rpm for 15 min to separate
plasma. The plasma was stored at —20 °C until further used for ana-
lysis. The drug was extracted from plasma samples and was analyzed
using the HPLC method developed and used for the measurement of
encapsulation efficiency [23].

2.2.12. Stability studies

The stability of the formulations was analyzed for change in particle
size and encapsulation efficiency over a period of 3 months while
keeping them at varying stress conditions of —20, 4 and 37 °C [13]. The
NPs were stored in lyophilized form and re-distributed into deionized
water prior to evaluation.

2.2.13. Statistical analysis

For the measurement of significance of differences in the analysis of
the results of variance (ANOVA) was performed followed by Tukey's
post-hoc test and students' t-test were carried out where applicable. The
results are expressed as mean = SD of three independent experiments.

3. Results
3.1. Synthesis of TCS and preactivated TCS
Synthesis of TCS as described earlier was achieved by covalent at-

tachment of the -NH, group of chitosan with the sulfhydryl group of
TGA via amide bond formation as shown in Fig. 1. The covalent



S. Maria, et al.

Journal of Drug Delivery Science and Technology 58 (2020) 101807

SH o
H NH
» 2 HaC AN NCEN—CHs
H H,C H NH
o - EDAC = as
Stepl  CH,OH : '\ro ol o
Chitosan CH,OH
OH
Thioglycolic acid Chitosan-thioglycolic acid
EE—
1 ]
o
I Xy "NH,
s N7
SH =N s '\ omh S/ o
N B
H NH H NH
= T—— .=
StepZ OH OH
o Ee (o] onw
CH,OH CH,OH

Chitosan-thioglycolic acid

Preactivated CH-TGA-MNA

Fig. 1. Step 1: Synthetic pathway of the preparation of thiolated chitosan (TCS) and step 2 the modification of TCS to preactivated thiolated chitosan (PTCS).
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Fig. 2. FTIR spectra of (A) CS, (B) TCS, (C) PTCS, (D) OT, (E) CS-NP, (F) TCS-
NPs and (G) PTCS-NPs.

conjugation of TGA via amide bond formation was confirmed by the
FTIR analysis and is presented in Fig. 2. The peak at 1645 cm ™! (C=0,
stretching amide) and deformation of the signal at 3225 cm ™! (-NH
stretching amide) confirm the amide bond formation. The peak at
2496 cm ! due to -SH stretching indicates the presence of thiol groups.
The peaks at 808 cm ™' and 1245 cm ™! (S-S disulfide bond) in mod-
ified chitosan confirm the existence of mercaptans. The aromatic ring
-C=C- is found at 1550 cm ™! and the thiol functional group of 6-MNA
is found at 2515 cm ~ !, The number of thiol groups immobilized on the
polymer backbone was 334 = 24 umol per gram of TCS while the
number of disulfide bonds formed was calculated to be 152 *= 15 pmol

per gram of the TCS. These results confirmed the successful thiolation of
CS. After freeze-drying, a white, cotton candy-like odorless TCS was
obtained with improved water solubility. A similar synthesis shown in
the second step of Fig. 1 was carried out for the preparation of PTCS by
disulfide bond formation between the thiol groups of TCS and the
aromatic ligand of the dimer (6,6’ DTNA). Hydrogen peroxide was
added to 6-MNA resulting in the formation of the dimer, 6,6-dithio-
nicotinamide. The dimer was an off-white, gritty, odorless and water-
soluble powder. Ellman's test revealed 40.05 + 6 pumol per gram of the
polymer which suggests successful conjugation.

3.2. Fabrication and characterization of nanoparticles

The nanoparticles were fabricated successfully via the ionic gelation
method. Out of 10 nanoformulations of each of CS-NPs, TCS-NPs and
PTCS-NPs, the formulations with suitable particle size, zeta potential,
PDI and entrapment efficacy were selected for further studies. The re-
sults of various features of selected nanoformulations are shown in
Table 2. The size of the CS-NPs, TCS-NPs and PTCS-NPs was found to be
180 nm, 431 nm and 277 nm with PDI of 0.2, 0.196 and 0.2 respec-
tively. The PDI of all formulations was found to be less than 0.5 which
indicates a homogenous dispersion. All formulations showed a positive
zeta potential that can be attributed to the unreacted -NH, groups of
chitosan. The % entrapment efficiency (EE) was in the range of
85%-91%. The SEM analysis was performed to confirm the shape and
size of the nanoformulations as shown in Fig. 3. The particle size of CS-
NPs, TCS-NPs and PTCS-NPs were found to be 180 + 11, 431 = 17
and 277 = 19 nm respectively. The particle size increased due to at-
tachment of thiol groups to the polymeric backbone.

Table 2

Physicochemical characterization including particle size, % entrapment effi-
ciency, polydispersity index and zeta potential of optimized octreotide loaded
unmodified, thiolated and preactivated thiolated nanoparticles.

Formulations Particle size Encapsulation PDI Zeta Potential
(nm) Efficiency % (mv)

CS-NPs 180 + 11 85 + 5.2 0.200 = 0.03 +25.0 = 3.6

TCS-NPs 431 = 17 91 * 6.4 0.196 = 0.01 +33.3 * 4.2

PTCS-NPs 277 + 19 89 + 6.0 0.200 = 0.02 +28.2 *+ 3.5
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3.3. Ex vivo mucoadhesion study

Ex vivo mucoadhesion study was performed for 3 h to evaluate the
increase in the mucoadhesiveness of PTCS-NPs, TCS-NPs as compared
to that of CS-NPs. The compressed tablets of the respective formulations
were allowed to be attached with the intestinal mucosa and the time
during which they remained attached was calculated and is presented
in Fig. 4 a. PTCS-NPs based tablets were able to remain attached to the
intestinal mucosae for 148 = 9.53 min as compared to 56 * 5.3 min
for TCS-NPs and 9.5 = 2.1 for CS-NPs. These results indicated that pre-
activation resulted in significantly (p < 0.05) improved mucoadhesion
accounting up to 15.5-fold for PTCS-NPs and 5.8-fold for TC-NPs
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compared to CS-NPs. Even the mucoadhesion was significantly
(p < 0.005) improved for PTCS-NPs when compared to TCS-NPs in-
dicating a 2.6-fold higher mucoadhesion. These results support the
concept pre-activation to protect the -SH groups ultimately leading to
the improved mucoadhesion.

3.4. Swelling behavior

The study was carried out for 2 h to demonstrate the influence of
thiolation and preactivation on the swelling properties of the polymer
(Fig. 4b). The buffer uptake behavior showed a rapid swelling and
disintegration of CS-NPs tablets and eroded within 180 min by
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Fig. 4. Characterization of polymeric nanoparticles: (A) mucoadhesion studies (B) swelling studies and (C) permeation enhancement and (D) drug release studies at
pH 20 of CS-NPs, TCS-NPs and PTCS-NPs. The results are shown as mean + S.D. of three experiments.
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absorbing the maximum amount of water as reflected by the swelling Table 4

index. Whereas the disc made of TCS-NPs and PTCS-NPs displayed a
controlled swelling over a period of 180 min and absorbed less water as
compared to the CS-NPs. with no sign of erosion. The decreased water
uptake by TCS-NPs and PTCS-NPs might be due to the presence of thiol
groups that developed into the disulfide bonds resulting in disulfide
crosslinked matrix, thus, providing the controlled swelling behavior as
compared to CS-NPs.led. The water-absorbing capacity of PTCS-NPs
was further decreased compared to TCS-NPs due to the addition of li-
pophilic aromatic ligand, displaying a constant and slow uptake of
water.

3.5. In vitro drug release studies

OT release from suspension and nanoparticle formulations was
evaluated for 2 h at gastric medium and results are shown in Fig. 4D.
The data indicated a fast release of octreotide in case of CS-NPs showing
up to 50% of OT release while the TCS-NPs and PTCS-NPs exhibited
much slower drug release, less than 20% of total OT. The drug release
studies for 48 h at pH 6.8 using dialysis method maintaining the sink
conditions are presented in Fig. 5a. The data indicated that PTCS-NPs
showed a significantly (p < 0.05) slower release in comparison to TCS-
NPs and CS-NPs. Within 6 h, more than 80% of the drug was released
out of CS-NPs in comparison to 70% for the TCS-NPs and 50% for the
PTCS-NPs. Various release kinetic models were applied to the OT re-
lease data from in vitro studies and are shown in Table 3. The data
indicated the OT release from CS-NPs followed the first-order release as
evident from the R? Values. Whereas, TCS-NPs and PTCS-NPs followed
the Higuchi model with Fickian drug release as the value of n < 0.45.
While CS-NPs followed non-Fickian drug release (n > 0.45).

3.6. Ex vivo permeation study

Ex vivo permeation study was conducted to evaluate the permeation
of the OT solution, CS-NPs, TCS and PTCS-NPs and improvement in the
permeation is presented in the form of Papp in Table 4. The amount of
drug permeated with respect to time is shown in Fig. 4. The results
indicated significant (p < 0.05) improvement in the permeation of OT
in the case of PTCS-NPs across the intestinal mucosa compared to the
OT solution. PTCS-NPs, TCS-NPs and CS-NPs indicated a 4.1-fold, 2.1-
fold and 1.9-folds enhanced permeation compared to the OT after 3 h.

Permeation studies of OT, OT loaded unmodified chitosan nanoparticles, thio-
lated chitosan and pre-activated thiolated chitosan nanoparticles.

Formulations Apparent Permeability Enhancement ratio
Coefficient
Papp x 10° (cm/s)

oT 10.25

CS-NPs 19.47 1.9

TCS-NPs 25.65 2.5

PTCS-NPs 42.05 4.1

3.7. Relative oral bioavailability studies

The relative oral bioavailability studies were carried out in rabbits
and the plasma OT level-time curve is shown Fig. 5b. The significant
(0.05) differences were observed in the pharmacokinetic parameters
presented in Table 5. PTCS-NPs exhibited Cy.x of 221.65 pg/mL with
Tmax Of 2 h as compared to native OT solution that exhibited a Cyax of
64.30 pg/mL with Ty of 1 h. The elimination half-life of PTCS-NPs
was found to be 14.91 h against 3.72 h for OT indicating 4-fold im-
provement. The AUCy., AUCq.inf, and AUMCy.in¢ in the case of PTCS-NPs
were found to be 1562.83, 2124.50 and 36794.5 pg/mL respectively,
While, for the OT the values for the respective parameters were found
to be 215.65, 218.77 and 847.31.

3.8. Stability studies

The TCS-NPs and PTCS-NPs formulations were found to be com-
paratively more stable than the CS-NPs formulation, however, they did
face aggregation of particles during long term storage. Table 6 re-
presents the 3 months’ stability data of OT loaded NPs, kept under
different storage temperatures i.e. —20, 4 and 25 °C. After 3 months,
the PTCS-NPs were found to be stable in terms of particle size, PDI and
encapsulation efficiency. There were no significant changes except for a
slight increase in particle size. However, after 2 months statistically
significant increase (p < 0.05) in the average size and PDI was observed
for CSNPs.

Table 3
Octreotide kinetic models to determine the mechanism of drug release from nanoparticles at pH 6.8.
Zero order First order Korsmeyer-Peppas Higuchi

Formulation R? Ko R? K Ro *N Ry KH
oT 0.678 30.90 0.953 0.877 0.936 0.502 0.936 53.701
CS-NPs 0.198 6.095 0.987 0.286 0.940 0.360 0.874 26.157
TCS-NPs 0.152 2.771 0.935 0.137 0.966 0.345 0.876 17.310
PTCS-NPs 0.651 2.292 0.946 0.060 0.993 0.437 0.992 13.453
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Table 5

Results of in vivo relative oral bioavailability and important pharmacokinetic
parameters obtained after oral administration of PTCS-NPs to rabbit through
oral gavage.

Parameter Unit oT PTCS
ti/o h 3.72 14.91
Trnax h 1 2

Crnax pg/mL 64.30 221.65
AUC o pg/mL*h 215.65 1562.83
AUC g.inf pg/mL*h 218.77 2124.50
AUMC g.inf pg/mL*h"2 847.31 36794.35
MRT o.inf h 3.87 17.32

4. Discussion

Upon oral administration, the gastrointestinal epithelial layer acts
as a physical barrier due to its lipophilic nature resulting in bioavail-
ability as low as 1-2%. The biochemical barrier comprises enzymatic
degradation by peptidases [24]. OT, a peptide drug that has multiple
clinical indications, is the synthetic analogue of the naturally occurring
growth hormone somatostatin. Somatostatin is rapidly degraded in
plasma, OT has a half-life of 2 h. The commercially available Sandos-
tatin ® is given via the IV or SC route and because of the short half-life, it
requires multiple administrations a day [25].

The use of NPs is becoming common to diminish all the mentioned
problems. The NPs based on thiomers is a new method that prolongs the
residence time at the gastro-intestinal (GI) mucosal layer and ensuring
optimal bioavailability [26]. These thiomer NPs provide strong mu-
coadhesion by forming S-S bonding to the cysteine parts in GI mucosal
layer. Mucus layer with a thickness of 15-600 pm, is a complex aqueous
gel composed of glycoproteins that provide barrier properties to the
underlying membranes [27,28]. However, the thiolated polymers have
free thiol groups that are comparatively unstable in solutions and gels
as they are subjected to thiol oxidation at pH > 5 unless sealed under
inert conditions. This premature oxidation of the thiol groups before
even reaching the mucosal layer can affect the interaction between
thiomer and mucus, thereby, reducing the efficacy of thiomers. In order
to resolve this issue, the concept of pre-activation was introduced. It
was shown that coupling of 2-mercaptonicotinic acid through disulfide
bond formation can prevent thiol oxidation, which leads to even further
improved mucoadhesion. Pre-activation improves the stability of thiol
groups towards oxidation as well as enhances the mucoadhesive and
cohesive properties of thiomers over a broader pH range [29]. A wide
range of polymers is available to synthesize mucoadhesive drug de-
livery systems. Among these, Chitosan has been studied extensively as a
drug delivery mucoadhesive polymer due to its properties such as high
biocompatibility, low toxicity, and biodegradability. Chitosan is,
therefore, an ideal drug delivery system for hydrophilic drugs. To im-
prove the mucoadhesive and permeation properties along with

Table 6

Journal of Drug Delivery Science and Technology 58 (2020) 101807

prevention from inter and intrachain disulfide linkage of the TCS, pre-
activated TCS was synthesized by coupling the 2-mercaptonicotinic
acid dimer that provides free thiol groups via disulfide exchange me-
chanism [30].

The results from FTIR analysis Fig. 2 confirmed the development of
amide bind formation that indicates the successful conjugation of the
carboxyl group of the MNA with amino group of CS. Furthermore, the
appearance of a peak at 2450 cm ™! indicated the thiol groups. The
presence of thiol groups was further quantified by the Ellman's reagent.
The number of thiol groups was less than disulfide bonds indicates the
successful pre-activation of thiol groups while in the case of conven-
tional TCS the free thiol groups are greater than the disulfide bonds.

OT loaded nanoformulations based on CS, TCS and PTCS were
produced by ionic gelation ‘method to produce CS-NPs, TCS-NPs and
PTCS-NPs respectively. lonic gelation method was selected due to mild
conditions of the process that is pre-requisite for the incorporation of
the macromolecular drugs like OT to avoid denaturation. Thus, harsh
parameters like organic solvents, high temperature, sonication, and
extreme pH were avoided. The nanoparticles were optimized for en-
trapment efficiency, particle size, and polydispersity index, Entrapment
efficiency varied from 50 to 90% with varying concentrations of
polymer, TPP, and drug. It increased with the increase in the con-
centration of TPP and polymer. The reason for this was due to the
formation of the intact matrix of nanospheres by higher concentrations
of polymer and cross-linker that entrap more drugs by dispersion in the
matrix. Also, OT is a hydrophilic drug that is entrapped in a matrix
formed by CS. Due to the hydrophilic nature of the polymer and cross-
linker, more drug diffuses and attaches to the polymeric network. Thus,
higher concentrations of polymer and cross-linker entrap more drugs
and hinder its backward diffusion from the matrix surface. The particle
size significantly increased with an increase in polymer concentration
because of the increase in consistency at higher concentrations [31].
The, concentration of TPP also had an impact, low concentrations of
0.1% and 0.2% yielded small-sized nanoparticles and vice versa. The
values of PDI were in the range of 0.1-0.4. All the formulations were
noted to have positive zeta potential due to free amino groups of
chitosan. The zeta potential is very critical in controlling the stability of
nanosuspensions that is why a zeta potential within a suitable range is
required. The zeta potential of all the nanoformulations was above
+20 mV indicating sufficient electro repulsive forces between similar
charges leading to the stable nanosuspension.

The ultimate purpose of designing the drug delivery systems is to
tailor the drug release profile according to the designed objectives.
Therefore, it is of extreme importance to validate the release of drugs
form the developed systems to ensure that the loaded drug will be
available at the target site. The invitro release profile from OT suspen-
sion, CS-NPs, TCS-NPs, PTCS-NPs, and NPs was examined by the dia-
lysis membrane method for 2 h at gastric pH followed by 24 h at in-
testinal pH as shown in Figs. 4d and 5a respectively. The properties of
dialysis membrane effects the drug release kinetics especially the MW

3 months stability data of Octreotide loaded, unmodified chitosan nanoparticles, thiolated chitosan and preactivated thiolated chitosan nanoparticles based on
changes in particle size, PDI and encapsulation efficiency performed at different storage conditions i.e., —20, 4 and 37 °C.

Formulation Temp °C  Particle size (nm) Polydispersity Index (PDI) Encapsulation Efficiency (%)
1 month 2 month 3 month 1 month 2 month 3 month 1 month 2 month 3 month

CS-NPs —20°C 270.5 * 0.3* 288.8 = 0.6* 3454 = 0.6* 0.56 * 0.05* 0.57 * 0.07* 0.59 *= 0.08* 7449 + 3.8 69.87 = 6.5 60.43 = 5.8
TCS-NPs 281.5 * 0.3* 293.8 = 0.6* 300.4 * 0.9* 0.12 = 0.05* 0.25 * 0.07* 0.38 = 0.08* 71.49 = 3.8 69.87 = 6.5 66.43 * 4.6
PTCS-NPs 200.5 * 0.2* 250.6 = 0.4* 290.8 + 0.4* 0.28 *= 0.04* 0.31 +* 0.02* 0.32 = 0.08* 9547 *= 6.7 89.45 * 8.4 67.39 = 7.3
CS-NPs 4°C 317.5 * 0.3* 3458 * 0.6* 460.4 = 0.8* 0.51 * 0.05* 0.53 + 0.07* 0.55 * 0.08* 75.49 + 3.8 70.87 = 6.5 65.73 = 6.6
TCS-NPs 2845 * 0.3* 296.8 = 0.6* 320.4 * 0.4* 0.31 = 0.05* 0.34 * 0.07* 0.36 = 0.08* 8849 = 3.8 87.87 = 6.5 8273 * 6.6
PTCS-NPs 250.7 * 0.3* 266.2 = 0.4* 296.6 * 0.6* 0.33 = 0.04* 0.39 +* 0.07* 0.40 = 0.07* 9247 *= 6.7 90.76 = 59 89.94 + 8.2
CS-NPs 25 °C 297.5 * 0.3* 347.8 = 0.6* 469.4 = 0.3* 0.42 * 0.09* 0.46 = 0.04* 0.48 = 0.08* 79.93 = 3.8 75.74 + 8.4 69.67 = 6.7
TCS-NPs 350.7 * 0.6* 365.9 = 0.5* 4128 * 0.4 0.32 = 0.04* 0.35 * 0.03* 0.39 = 0.03* 86.47 = 6.7 8254 * 53 76.52 * 6.8
PTCS-NPs 253.7 * 0.6* 3129 = 0.5* 3968 * 0.4 0.29 = 0.04* 0.38 * 0.03* 0.39 = 0.03* 90.47 = 6.7 8554 * 53 80.52 * 5.2
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cut-off value cannot be overlooked. The basic premise of the utilizing
dialysis membrane is that the drug that is released from the nano-
formulations will diffuse rapidly from the one compartment, through
membrane, to the other where it is pooled and analyzed. Thus, the
membranes with sufficiently high molecular weight cut-off as compared
to the released drug is often selected to allow the free and rapid dif-
fusion of the drug. Furthermore, the solubility of the drug also effects
the transport across the membrane. Generally, the drug with high so-
lubility diffuse rapidly whereas poorly water-soluble drugs experience a
lag-time in drug release followed by exponential increase due to limited
dissolution inside the membrane. The drug, OT, being reported, possess
high solubility and MW of 1079 g/mol while the dialysis membrane
was having MW cut-off 14 KD, so that it should not be a limiting factor
in drug transport. At gastric pH the CS-NPs indicated a faster drug re-
lease as compared to TCS-NPs and PTCS-NPs. the CS-NPs indicated a
cumulative drug release of 50% compared to less than 20% of both TCS-
NPs and PTCS-NPs. In case of drug release behavior at intestinal pH the
nanoformulations exhibited prolonged release behavior. The drug re-
lease from NPs was in order of CS-NPs > TCS-NPs > PTCS-NPs. The
CSNPs displayed high cumulative drug release due to lack of mod-
ification with thiol moieties which attributed to the faster diffusion of
drug from the nanoparticles. Upon modification with thiol groups, the
release rate was slower and prolonged due to the formation of disulfide
linkages within the polymer matrix thus providing a more crosslinked
matrix with limited swelling and creation of pores for the release of
drug. Within 6 h, more than 80% of the drug was released out of CS-NPs
in comparison to 70% for the TCS-NPs and 50% for the PTCS-NPs. Thus,
the prepared NPs indicated suitable drug release properties that can be
utilized to deliver OT. The evaluation of drug release kinetic modeling
indicated that PTCS-NPs, TCS-NPs and CS-NPs followed Fickian drug
release while OT followed non-Fickian drug release as value of
n > 0.45.

Swelling, mucoadhesion and permeation enhancement are the dis-
crete properties of thiomers with high pharmaceutical value especially
in case of delivering the macromolecular drugs. Swelling and mu-
coadhesion are well correlated with each other. Swelling of the polymer
chains in necessary for the mucoadhesion as the thiol groups will be
able to adhere to the mucus in the aqueous medium and ionization of
the cationic polymer that shows interaction with the negatively charged
mucus. However, the swelling must be within a specific range as too
much swelling will result in the bursting of the proper shape of the
nanocarriers and loss of integrity. In this regard the TCS-NPs and PTCS-
NPs showed controlled swelling due to development of disulfide bonds
between the polymeric matrix. Mucoadhesion is one of the approaches
adopted to overcome the physiological barriers of oral drug delivery
that is the presence of mucus provides an additional protective layer
against the enterocyte and hinders the absorption of macromolecular
drugs. The mucoadhesive nanocarriers remain adhere to the mucus for
a longer period of time thus easily penetrate the mucus to be taken up
by the enterocytes or to be permeated. The thiol moieties attached to
the polymer are critical for the improvement of the permeation and
mucoadhesion effect (Vetter A et al., 2010). Mucoadhesion has three
stages: wetting, swelling and entanglement of polymer with mucus
layer. When attached to the mucus layer the polymer takes water from
the surrounding layer, swell, gets adsorbed and strengthens the mu-
coadhesion [13]. Excess of water absorption also causes over the
swelling and as a result detaches the polymer from the mucus layer.
Thus, for strong mucoadhesion, moderate water absorption property is
necessary [32]. The mucoadhesive property of PTCS-NPs was 3-and 16-
fold increased as compared to corresponding TCS-NPs and CS-NPs. The
presence of thiol groups on TCS-NPs results in the formation of disulfide
bond with the cysteine groups of the mucin. These disulfide bonds help
in strengthening the mucoadhesive force between nanoparticles and
mucous surface. There was, a gradual decrease in mucoadhesive
property over 3 h. The, decrease was however, significant for the CS-
NPs as compared to TCS-NPs and PTCS-NPs.
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The presence of tight junction in the intestinal cells limits the oral
absorption of high molecular weight drugs including the macro-
molecular drug OT. Therefore, development of specific functional group
modified polymer-based nanocarriers that can interact with the tight
junction is a suitable strategy to enhance the permeation across the
intestine. One of the remarkable properties of the thiomers is to en-
hance the permeation across the intestinal cells that make them ideal
candidates for the oral delivery of macromolecules. The results of the
permeation enhancing study indicated that PTCS-NPs exhibited an in-
creased permeation by 1.9-, 2.5- and 4.1-folds compared to TCS-NPs,
CS-NPs and OT solutions respectively. The significantly enhanced per-
meation across the intestinal mucosa in case of thiolated NPs is due to
the ability of thiomers to interact with protein tyrosin phosphatase
(PTP). It was reported that inhibition of PTP is due to the ability of
thiomers to develop disulfide bonds (S-S) between the surface thiol
groups of thiolated polymer and cysteine-rich subunits of PTP [15].
Consequently, a higher degree of tyrosine phosphorylation of mem-
brane proteins leads to the opening of tight junctions resulting in in-
creased permeation of NPs across the intestinal cells. The results of the
permeation study showed enhanced permeation for the PTCS-NPs na-
noparticles that might be due to the paracellular transport across the
intestinal cells. Over 50% of the drug permeated the intestinal mucosa.
The results confirmed enhanced permeation and mucoadhesion for
PTCS-NPs.

The purpose of utilizing the TCS, especially of PTCS is to achieve the
mucoadhesion, enhanced permeation and controlled release of OT as it
has a very short elimination half-life and eliminated very quickly. The
incorporation of the OT into the NPs enables them to achieve a longer
half-life due to enhanced permeation and retention effect. The oral
bioavailability studies were carried out to validate the concept of en-
hanced oral bioavailability of OT in case of PTCS-NPs compared to that
free OT solution. The results indicated a significantly enhanced bioa-
vailability of OT with favorable pharmacokinetic parameters. PTCS-NPs
had more than 4-fold improvement in elimination half-life, and a ~3.4-
fold enhancement in maximum plasma concentration compared to OT
solution. The relative oral bioavailability of OT loaded PTCS-NPs cal-
culated on the basis of AUC.y) and found to be 7.2-fold enhanced as
compared to OT solution. The enhanced bioavailability of OT in case of
PTCS-NPs is likely due to improved residence time, controlled swelling,
sustained release and paracellular transport across the intestinal cells as
thiolated polymer are well known for opening the tight junctions of the
intestinal cells thus contributing to the enhanced permeation via
paracellular transport. All these properties are being mediated by the
-SH groups of thiolated polymers with the added advantage of pre-ac-
tivation that protected the -SH groups from premature oxidation.

The results of stability showed better stability of PTCS-NPs as
compared to other NPs except slight changes in size due to aggregates
formation in suspension form. The temperature did not significantly
affect the stability of the NPs. Thus, based on the above results and
above discussion it is obvious that PTCS-NPs based nanocarriers are
suitable drug delivery approaches to achieve the oral delivery of mac-
romolecular drugs including OT.

5. Conclusion

The results of the study support the utilization of preactivated
thiolated chitosan for the improvement in the oral bioavailability of OT,
where preactivation of -SH groups of the thiolated polymers provides
increased mucoadhesion and permeation enhancement compared to the
thiolated chitosan. The thiolated nanoformulations exhibited high drug
loading efficiency than that of non-thiolated nanoformulation (CS)
while mucoadhesion and permeation enhancement of PTCS-NPs was
even higher as compared to that of TCS due to the preactivation of -SH
groups. PTCS-NPs provided 7.2-fold increased oral bioavailability as
compared to the OT thus, validated the concept of the increased bioa-
vailability of OT by utilizing preactivated thiolated chitosan. Based on
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the findings, OT loaded PTCS-NPs seems to be a promising platform for
the oral delivery of macromolecular drugs.
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