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absorption of insulin into the rat epithelium comparing to nanoparticles from simple chitosan.

In-vivo results in diabetic rat proved that this nanoparticulate system can significantly lower the
blood glucose levels in diabetic rats and remain effective for a duration of 9-11 hours.
Conclusion: The results indicate that nanoparticles developed from this new peptide conju-
gated derivative of chitosan are very promising for oral delivery of proteins and peptides.
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Introduction

Chitosan (Cs) and its growing new derivatives have been under investigation for their
application in drug delivery systems. Cs is a cationic polysaccharide and a copolymer of
B(1—4)-linked glucosamine and N-acetyl glucosamine.' Cs has numerous reactive amine
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Email rafitehr@ams.ac.ir thiolated, acylated, and PEGylated are reported and investigated.>* Cs has some unique

characteristics. A large number of different derivatives including hydrophilic, hydrophobic,
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biological properties such as biocompatibility, biodegradability,
nontoxicity, and antibacterial and antiviral activities.>¢

Cs is degraded by lysozyme enzyme available in various
mammalian tissues leading to the production of N-acetyl-
D-glucosamine and D-glucosamine, which in turn play
important physiological roles in biological processes.” Due
to the favorable biological properties of Cs, it is gaining
more attention in pharmaceutical and biomedical studies.®’
In addition to other useful characteristics of Cs such as
biocompatibility and biodegradability, one of the unique
characteristics of Cs is its potential to open intercellular
tight junctions;'®!! this property is making Cs a promising
excipient in formulations targeted for the oral delivery of
proteins, peptides, and other macromolecules. Among all
the peptide and protein medications, insulin has been most
frequently investigated for oral delivery due to its significant
effects on the health and well-being of millions of diabetic
patients around the world, on the one hand, and its currently
painful method of administration (injection), on the other
hand.'>!* The oral delivery of insulin is a preferred method
of administration because of the following reasons: First,
patient compliance is absolutely higher; second, it is more
convenient to administer, and patients adhere to the therap

nephropathy and neuropathy.'®
of insulin is preferred from diff

leads to inactivation
barrier that limitseims

enzyme b
results.'®20U

ful development

them achieving promising
date, there has been no success-
esolving the mucosal barrier, which is
the main reason for {R failure of oral insulin formulations.
To circumvent the mucosal barrier, several approaches have
been undertaken, including the application of mucoadhesive
nanoparticulate systems, mucoadhesive composites,'*?!??
nanoemulsions, double emulsions, chemical modifications
of insulin molecule such as acylation and PEGylation to alter
hydrophobic/hydrophilic balance of insulin,'" and the appli-
cation of cell-penetrating peptides (CPPs) in both chemical?
and physical conjugations (coadministration).?*

CPPs, also known as protein transduction domains,*
are small peptides (usually containing <30 amino acids),
attracting most attention in the recent three decades, and their
application is increasingly growing for noninvasive delivery
of peptides or other macromolecules.?® CPPs are believed to
be new and powerful tools for drug delivery into the cells
of all organs in a tissue-independent manner as well as traf-
ficking inside the cells and finally resolving the cell barrier.
Investigations at the levels of cell culture and animal studies
have shown that covalently? and even physically linking a

CPP (eg, TAT) to almost any type o

ine, including

atin (containing 16 amino acids).?® The CPP
awvas chemically conjugated to some of the numerous
ine groups of Cs, leading to a very novel CPP-g-Cs.

aterials and methods

Materials

Medium MW Cs (75 kD) and 90% deacetylated were supplied
from Primex (Siglufjordur, Iceland). N-hydroxysuccinimide
and N-ethyl-N'-(3-dimethylaminopropyl) carbodiimide were
purchased from Merck KGaA (Darmstadt, Germany). Dialy-
sis bag (MW =12,000 Da) was purchased from Sigma-Aldrich
Co. (St Louis, MO, USA). Regular human insulin United
States Pharmacopeia (recombinant; rh-Insulin =28.9 IU/mg)
was a gift from Ronak Ltd. (Tehran, Iran). Gelatin capsules
number 9 (Braintree Inc., MA, USA). Eudragit® L100-55 was
obtained from Evonik Inc. (Darmstadt, Germany). Human
Insulin enzyme-linked immunosorbent assay (ELISA) Kit was
procured from Alpha Diagnostic (San Antonio, TX, USA).

Methods

Synthesizing the CPP with special amino acid
sequence

The CPP that we were interested to attach with Cs polymer and
make a new CPP-g-Cs and to study its effect on physicochemi-
cal properties of Cs as well as its cell permeation properties is a
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newly developed and different analog of the famous and well-
established CPP, penetratin, which was produced and purified in
our previous study.? Cell permeation and cargo delivery capabil-
ities of penetratin are reported by many scientists (although with
different extents) involved in the fields of cell permeation and
peptide delivery.?* Following some interesting results reported
for a special analog of penetratin in an intranasal insulin delivery
application (a physical mixture formulation),? the 16-amino acid
peptide with the same amino acid sequence was synthesized
in our peptide laboratory in Khajeh Nasir Toosi University
and purified to >95% purity.* Table 1 shows the amino acid
sequence of penetratin and the newly developed analog of pene-
tratin studied in this research. In order to attach the CPP sequence
to free amine groups of Cs as well as to preserve the CPP
configuration after grafting to Cs, a very short-chain (9 carbon
atoms) polyethylene glycol (PEG) with a free carboxylic acid
at one side is attached to the N-terminus of the CPP sequence
at the time of CPP synthesis.

Synthesis of the CPP-g-Cs
The polypeptide sequence, CPP, is attached to Cs polymer
through the formation of the amide bond between the carboxyl
group at the end of the PEG linked to CPP and some amine
groups of Cs. To avoid the possible amide reactions (r
mation) between the carboxyl group at the C-terminus oX
and the amine groups of lysine amino acids 4

ollows: Fmoc-CPP sequence was
solubilize
with N-hydro
dimethylamino)p)

Mistilled water (60 mg/mL), completely mixed
ccinimide (40%, w/w) and N-ethyl-N'-(3-
opyl carbodiimide (60%, w/w), and kept

Table | Amino acid sequence of penetratin and its newly
developed analog (PenetraMax)

Name Sequence
Penetratin RQIKWFQNRRMKWKK
PenetraMax KWFKIQMQIRRWKNKR

Note: The newly developed analog (PenetraMax) consists of the same 16 amino
acids as the native penetratin, but the sequence of the amino acids is manipulated to
give new characteristics to PenetraMax.

stirred for 2 hours at room temperature (RT). The aqueous
solution of Cs (15 mg/mL) was added to the reaction mixture
and stirred at RT for 20 hour. This overnight conjugation
scheme provides the required time for chemical attachment
between carboxyl groups of CPP and amine groups of Cs
and the formation of a novel Cpp-g-Cs. The developed
Cpp-g-Cs was dialyzed extensively against distilled water
for 3 days in dialysis bags with MW cutoff point of 12,000
Da and lyophilized. Figure 1 shows the structure of Cs, the
novel derivative of Cs, and the chemical conjugation process.
for the estimation

The collected dialyzed sample wga

oc-protected

EDC

CPP

Figure | Chemical structure of chitosan (A), the novel peptide-grafted derivative
of chitosan (B) and the schematic representation for the chemical attachment of
CPP sequence to the amine groups of chitosan resulting in a novel peptide-grafted
derivative of chitosan.

Abbreviations: CPP, cell-penetrating peptide; EDC, N-ethyl-N"-(3-dimethylam-
inopropyl) carbodiimide.
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in a mild and environmental friendly method according to a
published protocol.*

Characterization of the CPP-g-Cs

Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were collected from Spectrum Two spectrometer
(PerkinElmer Inc., Waltham, MA USA) equipped with an
accessory of a single-diamond attenuated total reflectance with
the range of 550-4,500 cm™ and interferometer with variable
speeds 0of 0.1, 0.2, 0.5, 1, 2, and 4 cm/s. Infrared (IR) beam
diameter is from 2 to 11 mm. IR spectra collection was per-
formed 16 times (resolution was 4 cm™) and analyzed using
Spectrum software. Cs was analyzed both before and after
derivatization with the polypeptide, and the signal assignation
was analyzed to investigate the successful derivatization.

'"H nuclear magnetic resonance ("H NMR)
High-resolution '"H NMR spectra were recorded from Bruker
(400 MHz, AVANCE™, Billerica, MA, USA) ultra-shielded
standard-bore magnet equipped with a 5 mm Broad Band Fluo-
rine Observation probe and a Bruker Sample Case autosampler
with 24 positions. Both native Cs and CPP-g-Cs were investi-
gated to confirm structural modification in Cs. Samples were
prepared dissolving 4 mg of native Cs and the new poly
in 2% deuterium chloride/D,0 mixture. The solution w
heated to 60°C to ensure that the solubility is comp]g

Preparation of insulin-loaded
polymer

NPs from the CPP-g-Cs as
according to a publishe
ionic gelation using th
agent to cross-lig

ytaining acetic acid (2%, w/w) and stirred
e pH of the solution was about 4.2. The
pH value was adjustc® to 5.5 with the addition of a minimal
amount of NaOH solution (2 M). The new CPP-g-Cs was
easily and completely dissolved in acidic condition, leading
to a clear solution with a slight yellow color. The polymer
solution was kept stirring at RT. In another beaker, regular
human insulin was dissolved in distilled water with a concen-
tration of 2 mg/mL, and the pH of the insulin solution was
adjusted to 5.5 with the addition of a minimal amount of 1 M

HCL solution. After that, 2 mL of insulin solution was added
dropwise to the equivalent volume of CPP-g-Cs solution and
kept stirring at RT. In a separate beaker, sodium tripolyphos-
phate was dissolved in distilled water with a concentration of
1 mg/mL. Finally, 1 mL of three polyphosphates solution was
added dropwise to 4 mL of a mixture of insulin and polymer,
and the opalescent suspension was kept stirring (800 rpm)
for 4 hours at RT. The insulin-loaded developed NPs were
centrifuged at 15,000 rpm for 20 minutes. The obtained NPs
were washed with deionized water and resuspended in dis-

tilled water to be used for size and zeta jal assessment

ioate the particle size and the surface morphology of
e insulin-loaded NPs, SEM was carried out for both the NPs
om native Cs and the CPP-g-Cs. To prepare the sample for
M studies, 68 UL of extra diluted sample was dropped on a
piece of a completely clean glass slide and dried at RT. Then, the
samples were attached to the stub and sputter-coated with a very
thin layer of gold (under vacuum condition) to neutralize the
charging effects prior to the start of the SEM experiment (Hitachi
Ltd., Tokyo, Japan) with an acceleration voltage of 5 kV.

Encapsulation efficiency (EE) and loading efficiency
(LE) studies

To determine the EE% and LE%, the exact amount (20 mg)
of drug-loaded NPs from both the native and the CPP-g-Cs
was dispersed in distilled water, the opalescent suspen-
sion was centrifuged at 15,000 rpm for 10 minutes at 4°C,
and the supernatant was analyzed for the determination of
nonencapsulated insulin using HPLC method. The samples
were injected to Agilent® 1260 infinity equipped with 1260
QuatPump Vertical In-line, 1260 ALS auto sampler, and
1260 DAD VL detector. The detector was set at 214 nm.
C18 column was used for HPLC analysis of insulin using
linearly regressed calibration curve. The mobile phase was
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a mixture of buffered aqueous phase and acetonitrile in a
ratio of buffer/acetonitrile (70:30). Buffer was prepared from
KH,PO, (0.1 M) and triethylamine (1%), and the pH was
adjusted to 2.8 using phosphoric acid. Flow rate was adjusted
to 0.5 mL/min, and the data were captured using Agilent
ChemStation® software (Santa Clara, CA, USA).

To calculate the EE and LE, the amount of nonencap-
sulated insulin in the supernatant of the centrifuged drug-
loaded NPs suspension was determined. All experiments
were done in triplicate, and the mean values were used to
calculate the EE% and LE% according to Equations 1 and 2,

respectively.
Total amount of insulin —
EE% — Insulin in the supefnata?lt 100) (1)
Total amount of insulin
Total amount of insulin —
LE% — Insulin in the supernatant 100) (2)

Total weight of drug — Loaded NPs

In vitro drug release studies
To investigate the plausibility of the developed nanopar-
ticulate system for the oral delivery of insulin and p&
a vast range of peptides and proteins, more relevantl
and extent of the release of the model peptideda

)¢ behavior of
hilized NPs

large to ensure th
intervals, soji

Ed for insulin content, and the sediment was
dispersed in Y@L blank medium and returned to release
medium instead®of the addition of blank medium after
withdrawal of aliquots so that unreleased insulin in the
withdrawn NPs is also released, because insulin release
from the polymeric mesh of the NPs is not completed in
the first few hours. The amount of insulin in the supernatant
was determined using HPLC method as mentioned. After
2 hours, the pH of the medium is changed from 1.2 (SGF)
to 6.8 (SIF) by dropwise addition of 2 mM NaOH solution

and monitoring the pH. Release condition remained the
same for 3 hours in pH 6.8, and then, pH is again increased
to 7.4 (colon pH) with the addition of a minimal amount of
2 mM NaOH solution.

To determine the mechanism of peptide release from
the developed nanoparticulate delivery system, the in vitro

insulin release data were fitted to Ritger—Peppas model:

University of Medical Sciences (Tehran, Iran). The animals
were housed at RT of 24°C£2°C with 12 h light/dark cycle
and 40%—50% relative humidity. The animals had ad libitum
access to a standard chow diet and water except, otherwise
indicated. After randomization into various groups (n=6),
the animals were acclimatized for a period of 2 days in the
new environment, before the initiation of the experiment.
The protocol for animal studies was approved by Tehran
University of Medical Sciences Ethics Committee for the
Rights of Laboratory Animals; the study was carried out
in accordance with the principles of Laboratory Animals
Rights and Care.

Induction of diabetes

For induction of diabetes, streptozotocin was administered
intraperitoneally at a dose of 40 mg/kg in 0.1 M citrate buffer
(pH 4.0). Blood was withdrawn from tail veins into a centri-
fuge tube containing EDTA and centrifuged at 80,000 rpm
for 10 minutes. Plasma glucose levels were estimated using
Human Insulin ELISA Kit (Alpha Diagnostic). Animals
showing blood glucose levels >350 mg/dL were considered
diabetic.
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Oral administration of drug-loaded NPs to investigate
its efficacy on blood glucose level in diabetic animals

Diabetic animals were divided (randomly) into groups
of six animals each. In all the experiments including the
test and control groups, animals were fasted for 1 hour
before the administration of the drug delivery system
as well as 1 hour after administration. The lyophilized
insulin NPs from both the native Cs and the CPP-g-Cs
were filled (30 IU/kg) into very tiny gelatin capsules
designed for oral administration studies in laboratory
animals, especially rats and Guinea pigs (capsule number
9; Braintree Inc.), enteric-coated securely via dip coating
method using Eudragit L 100-55, according to a published
protocol,® and tested and proven for efficiency of suc-
cessful enteric coating (data not shown). Capsules were
administered orally through especial gavage instrument.
Simple solution of insulin given to one of the control
groups was administered using bulb-tipped gavage needle.
Control groups include insulin-loaded NPs from native
Cs. Another experimental group had subcutancous (SC)
administration of 5 IU/kg plain insulin solution. Blood
samples were collected at prescheduled time intervals, and
plasma glucose levels were determined using glucometer
(Accu-Chek, Roche, Germany). The percent change in
plasma glucose levels was calculated by designating th!
0 h plasma glucose level as control value. Eachg

Statistical
All the values
cance level was d

expressed as mean + SE, n=6. The signifi-
ined by one-way analysis of variance
following Tukey’s post hoc test. P<<0.05 was considered as
significant.

Results and discussions

MW of Cs polymer has fundamental effects on its solubil-
ity, drug loading, drug release, and size and zeta potential
of the NPs developed from the polymer. According to our
previous report,” medium- to low-MW Cs shows better
properties in respect to solubility, drug loading, and release

behaviors; low- or medium-MW Cs shows better properties
in derivatization and more yield in chemical modifications;**
therefore, we used medium-MW Cs (75 kDa) in this study.
On the other hand, size and physicochemical properties of
graft moiety have crucial effects on the final characteristics
of the derivatized polymer. We successfully grafted a poly-
peptide sequence with 16 amino acids (Table 1) with very
good water solubility and positive charge to some of the
numerous amine groups of Cs. The short-chain PEG linker
has some important roles, including increasing water solu-
bility of both the CPP tag and derivatj

FTIR

Comparative FTL

~!is related to pyranose
, 1,541 cm™ is related to amines
elated to amides remaining in
d units of Cs. Figure 2B shows the two

eak in 1,645 cm™' shows the formation of amide
e structure of Cs, suggesting successful attach-
ent of carboxyl-terminated CPP to the amine groups of
.V, Jem™ 2,916 is related to (C—H stretching) of PEG
in the structure of CPP used as short linker confirming
the attachment of PEG containing CPP to Cs polymer. In
Figure 2A and B, the area between 3,100 to 3,280 is related

A

X
1,630 1,541

3’2632,916
1,645 1‘5f42
1,062~
3,550 3,060 2,550 2,050 1,550 1,050 550
Wavenumber/cm

Figure 2 FTIR spectra of native chitosan (A) and the new peptide-grafted derivative
of chitosan (B).
Abbreviation: FTIR, Fourier transform infrared.
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to O—H groupsin the pyranose ring available in both Cs and
the newly developed CPP-g-Cs.

'H NMR
Figure 3 shows the comparative '"H NMR spectra of native Cs
and the new CPP-g-Cs. '"H NMR studies reveal the success-
ful attachment of the peptide sequence to the polysaccharide
structure of Cs polymer (Figure 3). The chemical shift at &
7.9 is related to the aromatic protons of the phenylalanine
moiety in the structure of CPP confirming the presence of
CPP in the structure of Cs-PEG-CPP. The multiple peaks
of oxymethyl groups in PEG at 6 3.3-3.7 cover the signals
from pyranose ring in the structure of Cs in Cs—N-CONH-
PEG—-CPP confirming the presence of PEG in the structure
of Cs, implying the successful covalent attachment of PEG-
terminated CPP to Cs. The peaks at 8 2.5-3.1 belong to the
protons of —CH,—~NH-NH-NH, of arginine groups in the
structure of CPP, and the multiple peaks at & 1.1-1.4 are
from the —CH,~CH,—CH,~NH-NH-NH, in arginine in the
structure of CPP conjugated to Cs. The amount of ligand
attached to the NPs is quantified by the determination of the
residual unreacted CPP in conjugation medium. With these
calculations, the amount of CPP conjugated to the Cs is found
to be 9.3% (w/w) the novel Cs derivative.

Particle size and zeta potential

respectively, with zeta potential
from Cs and CPP-g-Cs, respe

SEM

The insulin-loaded NPs from CS and CPP-g-Cs are morpho-
logically characterized using SEM. As shown in Figures 4
and 5, both the drug-loaded NPs developed from either Cs
or CPP-g-Cs have a smooth surface and spherical shape,
but their average particle sizes are different. The average
particle sizes for drug-loaded NP from Cs and CPP-g-Cs are
350 and 180 nm, respectively. NPs from Cs are more aggre-
gated and tend to bind to each other to form larger particles.
Aggregation of Cs NPs is commonly seen in most reports.>3¢

Interestingly, NPs developed frogg PP-g-Cs are less

ic diameter of freshly prepared NPs measured by
hereas SEM images can nullify the swelling effects.

In vitro release profile of insulin from the

insulin-loaded NPs
Figure 6 shows the in vitro release profile of insulin from
the NPs developed from Cs and the CPP-g-Cs by the ionic

B ol

|

A |

U

! |
80 75 7.0 65 60 65 50 45 40 35 30 25 20 15 1.0 05
(ppm)

Figure 3 'H NMR spectra of both Cs and CPP-PEG-Cs confirming successful covalent conjugation with CPP; (A) native Cs, (B) peptide-grafted derivative of Cs (CPP-PEG-Cs).
Notes: The chemical shift at § 6.7-8.2 belongs to the aromatic protons of the phenyl alanine moiety, which is present in the structure of CPP conjugated to Cs (B); multiple
peaks of oxymethyl groups in PEG at § 3.3-3.7 cover the signals of protons related to pyranose ring of Cs in spectra (A). The characteristic peak at & 2.05 is related to
protons of methoxy groups of Cs as seen in both spectra. The multiple peaks at & I.1-1.4 in spectra (B) are from the —~CH,-CH,—CH,-NH-NH-NH, in arginine amino
acid in the CPP.

Abbreviations: CPP, cell-penetrating peptide; Cs, chitosan; 'H NMR, 'H nuclear magnetic resonance; PzEG, polyethylene glycol.
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SEM MAG: 30.0 kx
WD: 4.98 mm

SEM HV: 5.0 kV
Det: SE
View field: 4.82 um

MIRA3
RAZI FOUNDATION

Figure 4 SEM image of insulin-loaded nanoparticles from native chitosan; size
distribution is between 100 and 450 nm.
Abbreviation: SEM, scanning electron microscopy.

gelation method.’” Release profile was investigated at three
different pH values: SGF (pH 1.2), SIF (pH 6.8), and PBS
(pH 7.4, colon pH). As shown in Figure 6, for both kinds of
NPs, there is a burst release of insulin in the first 60 minutes in
pH 1.2 (about 63% and 47% for Cs or CPP-g-Cs NPs, resp
tively). Then, the release of insulin continues slowly till 12
minutes when the pH of the environment is incregg

SEM MAG: 30.0 kx

WD: 4.98 mm Det: SE
Bl: 7.00 View field: 4.82 ym

SEM HV: 5.0 kV MIRA3 TESCAN

RAZ| FOUNDATION

Figure 5 SEM image of insulin-loaded nanoparticles from peptide-grafted derivative
of chitosan; size distribution is between 120 and 250 nm.
Abbreviation: SEM, scanning electron microscopy.

remained at 7.4 (7 hours). NPs from CPP-g-Cs also show a
significant burst release of ~50% at pH 1.2 during the first
120 minutes. Insulin release from CPP-g-Cs NPs significantly
slows down but continues steadily in either pH 6.8 or pH 7.4
till 9 hours, and ~83% of the drug is released. The fast and
high amount of insulin release from the Cs and CPP-g-Cs
NPs in pH 1.2 is due to the pH-dependent solubility of Cs
that dissolves completely in acidic condition, and the NPs
disintegrate and release the embedded drug. Cs has numerous
amine groups that can be protonated and take positive elec-
ater-soluble,
 in the fast

tric charge in acidic medium making i

and NP swells and disintegrates rapd
release of embedded drug.
Grafting the positively ¢

than that of NPs from native Cs in spite
bility of the new CPP-g-Cs. The slower
the new derivative can be attributed to the

bsorbing and holding insulin more tightly through electro-
atic or van der Waals forces. As far as the water solubility
of the new derivative is pH-independent and NPs continue
to disintegrate in neutral pH, release of the embedded drug
from the NPs continues until most of the embedded insulin
is released from the NPs, leading to around 83% release in
9 hours.

The exact mechanism of drug release from erodible,
hydrophilic polymer matrices is not fully elucidated yet, and
it seems to be a very complex process,*® because different
factors are playing role in this process; these include 1) per-
meation of water into the polymeric structure; 2) solubili-
zation and/or erosion of the polymeric formulation; and 3)
swelling of the polymer and distribution of the drug from the
swollen matrix. In most cases, drug release from polymeric
formulations with swelling properties usually follows a non-
Fickian (anomalous) pattern, but for macromolecules such as
peptides and proteins, especially in the cases when there are
significant interactions of ionic charges between the carrier
polymer and the embedded moiety, the mechanism may be
different. To elucidate the release mechanism of insulin (a
peptide with considerable ionic charges) from the developed
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Figure 6 Insulin release profile of nanoparticles fabricated from native chitosan (Cs) and the new peptide-grafted derivativy
Note: ®: Nanoparticles from Cs, A: nanoparticles from CPP-g-Cs.
Abbreviations: CPP, cell-penetrating peptide; Cs, chitosan.

erent pH values.

NPs, the parameter “n” for Ritger—Peppas equation was in enteric p,
investigated. The value for the correlation coefficient for the  seen in dg
optimized formulation was found to be 0.8324 (R=0.99);
this obviously indicates that the release pattern is well fitted
to the empirical equation. The “n” release exponent came
out to be between 0.86 and 0.89, indicating a non-Fickian
(anomalous) transport (0.45<n<<0.89).

) and produced a nadir of around 18% after
poglycemic effect is sustained for 6 hours
stration and then returned to base level. While
pp-loaded NPs from CPP-g-Cs filled in enteric-coated
capsules presented a significant hypoglycemic effect and

Hypoglycemic potential of the
insulin-loaded NPs

Blood glucose level-time profiles fol produced a reduction of around 30% in 4 hours postad-
istration of different insulin formula' ministration and sustained this hypoglycemic effects up to
are depicted in Figure 7. As i 12 hours postadministration. As it is depicted in Figure 7,

after the oral administration hypoglycemic effects from CPP-g-Cs NPs initiated around

0 2 4 6 8 10 12 14
Time (hours)

Figure 7 Glucose level changes (% base level) vs time profiles in diabetic rats following the administration of different formulations.

Note: B: Insulin-loaded NPs from native Cs in enteric capsules (oral, 30 IU/kg); A: insulin-loaded NPs from CPP-g-Cs in enteric capsules (oral, 30 1U/kg); ®: simple insulin
powder in enteric capsules (oral, 30 IU/kg); x: simple insulin solution (SC, 5 IU/kg).

Abbreviations: CPP, cell-penetrating peptide; Cs, chitosan; CPP-g-Cs, peptide-grafted derivative of chitosan; NPs, nanoparticles; SC, subcutaneous.
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capsules (oral, 30 [U/kg); ®: simple insulin powder in enteric capsules (oral, 30 1U/kg).
Abbreviations: CPP, cell-penetrating peptide; Cs, chitosan; CPP-g-Cs, peptide-grafted deriv.

2 hours later than that of Cs NPs but are more pronouncgs
and sustained much longer than hypoglycemic effects §
Cs NPs. This phenomenon is consistent with the in vitrd
release behaviors of these two NPs in whd

showed a much higher burst release in
(63% and 47% for Cs and Cs-g-CPP

of CPP-g-Cs NPs (67% and
NPs, respectively). As exp,

solution (5 IU/kg) pro oglycemic
effect in 2 hours after

postadministratig ctive for 5 hours
postadminist sharply to baseline

on—time profiles and the cor-
responding pha okinetic (PK) parameters are shown
in Figure 8 and T 2, respectively. As depicted, the
animals given SC injection (5 IU/kg) from simple solu-
tion of insulin showed a maximum plasma concentration
(C,=110.4£8 ulU/mL) at 1 hour after injection with sharp
decrease afterward, whereas the animals treated with the oral
administration of insulin-loaded NPs from Cs or CPP-g-Cs
filled in enteric capsules showed different patterns; insulin-
loaded NPs from Cs filled in enteric capsules showed a

maximum plasma concentration (C__ ) of 21.31£2.2 plU/mL

tan AUC

insulin-loaded NPs from CPP-g-Cs in enteric

en steadily decreased with mild slope resulting in
o1y 0f 103.614.1 pIU/mL.
For insulin-loaded NP fabricated from the CPP-g-Cs and
lled in enteric capsules, maximum plasma concentration
and the resulting AUC, ,  are much higher than that of NPs
fabricated from simple Cs. C_(37.613.2 plU/mL) was
achieved at 6 hours postadministration, and plasma insulin
level remained considerably high for 10 hours and then

Table 2 PK parameters of insulin following the administration
(oral or subcutaneous) of different formulations to diabetic rats

PK parameters  Simple Insulin-loaded  Insulin-loaded
insulin NPs from NPs from
solution Cs in enteric CPP-g-Cs in
(SO) capsules enteric capsules

Dose (IU/kg) 5 30 30

C... (WU/mL) 110.418 21.3+2.2 37.6£3.2

T .. (hours) | 4 6

AUC (WUh/mL) 220.8+5.3  103.6+4.1 259.3+6

BA, (%) 100 7.8+0.7 19.6£1.3

Notes: PK parameters following the administration of three different formulations
to diabetic rats: subcutaneous (SC) administration of simple insulin solution, oral
administration of insulin-loaded NPs from chitosan filled in enteric protective capsules,
and oral administration of insulin-loaded NPs from peptide-grafted derivative of
chitosan (CPP-g-Cs) NPs filled in enteric protective capsules.

Abbreviations: AUC, area under the curve; BAR. relative bioavailability; CPP, cell-
penetrating peptide; Cs, chitosan; NPs, nanoparticles; PK, pharmacokinetic.
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steadily began to decrease reaching around 9.3+1.2 ulU/mL
at the end of 12 h experiment, leading to AUC_ ,, of
259.316. As shown in Table 2, relative bioavailability of
insulin resulting from the oral administration of insulin-
loaded NP fabricated from native Cs is 7.8%*0.7%. This
level of oral bioavailability for insulin resulting from the
oral administration of insulin-loaded NPs from native Cs
is consistent with the levels reported in other studies.**!
Cs is a mucoadhesive polymer and rich in positively
charged amine groups that their electrostatic interactions
with negatively charged sialic acid groups at the surface
of intestinal cells offer effective adhesion and penetration
of drug-loaded NPs or the released insulin into the luminal
cells of intestine. Another special characteristic of Cs that
is believed to be the reason for cell internalization is its
potential to open the tight junctions between the intestinal
cells offering a paracellular pathway for the penetration of
large molecules and NPs.

For NPs developed from the CPP-g-Cs, in addition to
mucoadhesion and tight-junction-opening characteristics
of Cs, a new characteristic is added, and it is the direct cell
penetration potential of the CPPs. This phenomenon gives
the CPP or the cargo attached to it (chemically or physically)
the potential to penetrate directly into the cells of all
in a transcytosis model. In this study, the higher C _?
AUC for NPs from CPP-g-Cs in comparisonggmi NPs

penetration potential for Cs
reported in our previous st

embedding n&@erous insulin molecules before disintegra-
tion of NP (due

following the penetration of every single NP, is internalized

b cargo delivery potential of CPP##), ie,

into the cells, and release of insulin from the NPs contin-
ues inside the epithelial cells or inside general circulation,
increasing cumulative release of insulin and reaching to
C, ., once enough insulin-loaded NPs are internalized and
release their embedded insulin inside general circulation.
This phenomenon was investigated in a Caco-2 cell study
in our previous report.?

Conclusion

In this study, a novel CPP-g-Cs was synthesized, and the
successful attachment of the special peptide (CPP) was
investigated through FTIR and 'H NMR studies. The new
derivative is freely water-soluble even in neutral and alkaline
pH. Insulin-loaded NPs from this polymer exhibit desired
particle size, drug loading, and drug release behavior for
insulin and possibly other peptide and protein drugs. Fol-
lowing the oral administration of insulin-loaded NPs to
diabetic rats, the relative bioavailability was 19.6%, and the

hypoglycemic effect sustained for g 0 hours. This novel

gral delivery of
hized through
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