J Nanopart Res (2014) 16:2312
DOI 10.1007/s11051-014-2312-7

RESEARCH PAPER

Preparation and characterization of PEGylated chitosan
nanocapsules as a carrier for pharmaceutical application

Alireza Hassani Najafabadi - Majid Abdouss *
Shahab Faghihi

Received: 3 November 2013/ Accepted: 31 January 2014 /Published online: 18 February 2014

© Springer Science+Business Media Dordrecht 2014

Abstract A new method to conjugate methoxy
polyethylene glycol (mPEG) to C6 position of chito-
san under the mild condition is introduced that
improves the biocompatibility and water solubility
of chitosan. Harsh deprotecting step and several
purification cycles are two major disadvantages of
the current methods for preparing PEGylated chitosan.
In this study, the amine groups at C2 position of
chitosan are protected using SDS followed by grafting
the PEG. The protecting group of chitosan is simply
removed by dialyzing against Tris solution. The
chemical structure of the prepared polymer is charac-
terized by FTIR and "H NMR spectroscopy. Fourier
transformed-infrared (FT-IR) and '"H NMR spectra
confirmed that the mPEG is successfully grafted to C6
position of chitosan. Prepared methoxy polyethylene
glycol (mPEG) is then employed to prepare the
nanocapsules for the encapsulation of poor water-
soluble drug, propofol. The TEM, AFM, and DLS
techniques are used to characterize the prepared
nanocapsules size and morphology. The results show
a size of about 80 nm with spherical shape for
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nanocapsules. In vitro drug release is carried out to
evaluate the potential of nanocarriers for the intrave-
nous delivery of drugs. The profile of release from
formulated nanocapsules is similar to those of com-
mercial lipid emulsion (CLE). In vivo animal sleep-
recovery test on rats shows a close similarity between
the time of unconsciousness and recovery of righting
reflex between nanoparticles and CLE. This study
provides an efficient, novel, and easy method for
preparing a carrier system that requires less intensive
reaction conditions, fewer reaction steps, and less
purification steps. In addition, the nanocapsules intro-
duced here could be a promising nano carrier for the
delivery of poor water-soluble drugs.
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Introduction

Chitosan is a glycopolymer that has many applications
in biotechnology, pharmaceutical, textile, food, cos-
metics, and agriculture due to its polycationic struc-
ture as well as the nontoxicity, biodegradability, and
biocompatibility (Ravi Kumar 2000; Ilium 1998).
Unfortunately, chitosan is only soluble in an acidic
aqueous solution because of the presence of amine
groups. The low-water solubility of chitosan is
counted as the major limitation for its application
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(Jia and Xu 2001). In order to overcome this problem,
researchers have attempted to chemically modify
chitosan by grafting other polymers such as different
molecular weights of mPEG ((Ouchi et al. 1998; Prego
et al. 2006; Ganji and Abdekhodaie 2008; Krishna Rao
et al. 2012). Due to its hydrophilicity flexibility, non-
ionic property, biodegradability, biocompatibility,
low toxicity, and immunogenicity (Germershaus
et al. 2008), PEG conjugated chitosan has been widely
applied in the pharmaceutical fields in the forms of
microspheres, nanoparticles, or polymers. This will
enhance the stability, prolong half life of active agents,
and alter pharmacokinetics, tissue distribution, and
pharmacological properties (Greenwald et al. 2003;
Chiu et al. 1998; Hu et al. 2008; Du and Hsiech 2007).
Even though the modification of chitosan via the
amino groups is the most commonly used method in
the texts (Sugimoto et al. 1998), some researchers
have investigated the PEGylation of chitosan via the
hydroxyl groups. The presence of amine groups in the
chitosan skeleton makes it an excellent cell transfer
agent and provides the possibility of interaction with
mucus and mucosal surface (Fiebrig et al. 1995, 1997;
Deacon et al. 1999). Modification of hydroxyl group
of chitosan with polyethylene glycol) (PEG) was first
proposed by Gorochovceva and Makuska (2004).
They used Ag,O as catalyst that produced a high
degree of PEG substitution on chitosan. They found
that, the residual silver salts that remain in the reaction
cause the degradation of chitosan during the process of
deprotection of phthalic group with hydrazine
(Makuska and Gorochovceva 2006). Moreover, after
several purification cycles, the silver nanoparticles
were not completely removed from the PEGylated
chitosan, and the overall yield of reaction was low
even after 26-30 h. Malhorta group used NaH as a
catalyst which was more promising compared to
Ag,0, and the yield of PEGylation reaction could be
increased by using low-molecular weight PEG (not
less than 1,000). However, NaH used as catalyst
makes the reaction conditions alkaline which poten-
tially have a negative effect on phthalic protecting
group (Malhotra et al. 2011; Makuska and Goroc-
hovceva 2006). Makuska et al. (2009) (Gruskiené et al.
2009) described three different methods for grafting
mPEG onto the hydroxyl group of chitosan in C6
position using three different phthaloyl chitosans such
as  6-o0xo-2-N-phthaloylchitosan, 6-O-dichlorotri-
azine-2-N-phthaloyl chitosan, and 3-O-acetyl-2-N-
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phthaloylchitosan. However, N-Phthaloyl chitosan as
a precursor, for the synthesis of PEGylated chitosan,
has a drawback associated with the partial destruction
of products under protection—deprotection procedure
(Makuska and Gorochovceva 2006; Holappa et al.
2004). In addition, because of the reaction conditions,
the chitosan backbone is subjected to a significant
breakdown during these processes. It has also been
described that the deprotection of phthaloyl groups
with hydrazine has been found to be incomplete,
including up to 20 % phthaloyl groups found in the
final product (Lebouc et al. 2005).

In the method that is presented here, the protection
of amine groups at C2 position of chitosan was carried
out by SDS rather than phthaloyl group which can be
simply removed by dialyzing the precipitation against
Tris solution. This deprotecting method did not affect
the back bone structure of chitosan. In addition,
conjugating methoxy polyethylene glycol (mPEG)
onto C6 position of chitosan was occurred under a
mild condition, required less intensive reaction con-
ditions, fewer reaction steps, and needs less purifica-
tion steps in short period of time compared to the other
previously reported methods (Gruskiené et al. 2009;
Liu et al. 2006).

Propofol, chemically named 2,6-diisopropylphe-
nol, is a short-acting intravenously administered
hypnotic agent which is used for the induction and
maintenance of general anesthesia, sedation for
mechanically ventilated adults, and procedural seda-
tion (Miner and Burton 2007). Although propofol has
attractive properties as an anesthetic agent, it has low
solubility in water that imposes limitation in its
injectable formulation (Brambrink et al. 2012).
Despite the success of the current formulation of
propofol (CLE), numerous disadvantages have been
reported for this lipid-based formulation, including
instability of lipid-based emulsion (Sundarathiti et al.
2007), hyperlipidemia (Wolf et al. 2001), and pain
during injection (Lee et al. 1994), and rapid growth of
microorganisms (Wachowski et al. 1999).

In this study, a facile novel method for conjugating
methoxy polyethylene glycol (mPEG) onto C6 posi-
tion of chitosan is introduced. The synthesized poly-
mer is then employed to prepare the nanoparticles for
the encapsulation of propofol as poor water-soluble
drug model. The transmission electron microscopy
(TEM), atomic force microscopy (AFM), and dynamic
light scattering (DLS) techniques were used for the
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characterization of nanocapsules. In addition, in vitro
and in vivo propofol release tests were carried out in
order to compare the release profile between PEGy-
lated chitosan and CLE.

Materials and methods
Materials

Low-molecular-weight chitosan was obtained from
Sigma-Aldrich (USA), having a degree of deacetyla-
tion of 80.0 %. Poly(ethylene glycol) monomethyl
ether (mPEG) (MW 1000), sodium dodecylsulfate
(SDS), sodium hydride (NaH), pyridine, cellulose
membrane, acetonitrile, methanol, and glacial acetic
acid of analytical grade were obtained from Sigma-
Aldrich (Switzerland). Anhydrous tetrahydrofuran
(THF), Thiamine pyrophosphate (TPP), anhydrous
N,N-dimethylformamide (DMF), sodium hydroxide
(NaOH), and oxalyl chloride were obtained from
Merck Chemical Co. (Germany). Propofol was pur-
chased from Zhongke Taidou Chemical Co., Ltd.
(Shandong, China). Propofol commercial lipid emul-
sion (CLE) injection was provided from Guorui
Pharmaceutical Co. (Sichuan, China).

PEGylation of chitosan

We employed a novel scheme to PEGylate chitosan
chemoselectively. The synthesis was consisted of 3
steps: (1) protection of the chitosan amine group with
SDS followed by chlorination of protected chitosan,
(2) activation of OH- PEG-OCH; (mPEG) with NaH,
and (3) grafting the activated mPEG onto the chlori-
nated chitosan followed by removing the protecting
group (Scheme 2).

Protection and chlorination of chitosan

Deacetylation degree of chitosan was increased accord-
ing to the method previously described (Torii et al.
2009) (a and b) in Scheme 2. The SDS/chitosan
complex is prepared based on the procedure introduced
by Cai et al. (2009). Briefly, Sodium dodecylsulfate
(SDS)/chitosan complex (SCC) was prepared by mix-
ing acidic solutions of chitosan (2 % w/v) and SDS. The
resulting precipitates (C) in Scheme 2 were filtered off,
washed three times with distilled water, and freeze-

Table 1 Preparation of PEGylated Chitosan with different
degrees of PEGylation (Mean £+ SD, n = 5)

Molar ratio of DS* Yield® Drug Encapsulation

Mpeg added (%) loading (% efficiency (%)
w/W)
0.13 0.12 52 02 +0.01 41.7+0.38
0.28 0.19 56 02 4+0.01 582+09
0.30 0.27 50 02+001 721+£1.6
0.40 0.34 72 0.2+ 001 825+04
0.50 042 48 02+£001 873+£12
0.60 049 51 02+£001 921 +£138
0.70 0.57 40 02 +£001 956+09
0.80 0.65 35 0.2+ 001 99.8+0.6

? DS means the degree of substitution of PEG branches to
monosaccharide residue of chitosan determined by "H NMR

® Yield is indicated with the amount of PEGylated chitosan to
chitosan (w/w)

dried to yield a white product. To prepare chlorinated
chitosan, 1 g of oxalyl chloride was added to 0.1 g of
SCC in 50 mL of pyridine. The reaction was stirred at
room temperature for 90 min under nitrogen atmo-
sphere. After 30 min, the reaction was precipitated in
ice cold water, filtered, and vacuum dried to yield a
chlorinated-SCC, product (D) in Scheme 2.

Activation of mPEG and grafting to chitosan

Methoxy polyethylene glycol (mPEG) was added to a
suspension of NaH (10 mg) in 50 mL of anhydrous
THF (Table 1). The reaction was stirred at 60 °C for
2 h under nitrogen atmosphere. After 6 h, chlorinated
chitosan (60 mg) was added to the reaction mixture
and stirred for another 24 h under similar conditions.
Finally, the reaction was allowed to cool at room
temperature and precipitated in methanol, filtered,
washed, and vacuum dried to yield product (E).

Synthesis of PEGylated chitosan

PEGylated-SDS chitosan which was prepared in
previous part was added directly to Tris solution.
The PEGylated chitosan was precipitated in 15 %
Tris(hydroxyl methyl) amino methane aqueous solu-
tion (Tris; the pH was adjusted to 8 with 5 M HCI) at
room temperature, while protecting group (SDS) was
dissolved in Tris solution. The precipitates were
collected via centrifugation, washed with 15 % Tris
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Scheme 1 Chemical structure of A Chitosan B PEGylated chitosan

solution and distilled water, and freeze-dried to yield
chitosan-grafted-PEG (Scheme 1b). The water-solu-
ble PEGylated chitosan was purified by dialysis
against Tris aqueous solution (pH 8) with cellulose
membrane (M cut off 10,000) over one week in order
to completely remove any toxic residue from the
reaction (Cai et al. 2009).

Characterization of PEGylated chitosan

Proton 'H and '*C nuclear magnetic resonance (NMR)
were carried out on a 400 MHz Bruker NMR spectrom-
eter using D,0 and DMSO as a solvent. Fourier transform
infrared spectroscopy (FT-IR) was recorded on a
Shimadzu 8400S Spectrometer (Shimadzu 8400S FTIR,
Osaka, Japan). A total of 2 % (w/w) of samples was
mixed with dry potassium bromide (KBr); the mixture
was grounded into a fine powder before being com-
pressed to form KBr disk. Each KBr disk was scanned at
resolution of 4 mm/s between 400 and 4,000 cem L
Thermogravimetric analysis (TGA) was performed on
Mettler-Toledo TGA/DSC-(Mettler-Toledo, Leicester,
UK) at temperature ranging between 25 and 700 °C at
10 °C/min heating rate under nitrogen atmosphere.

Preparation of chitosan nanocapsules

After deprotection of PEGylated chitosan, the polymer
was dissolved in 1 % (v/v) acetic acid solution to yield
a concentration of 5 mg/mL, and pH was adjusted to 5.
TPP was dissolved in dd H,O to obtain a concentration
of 1 mg/mL, and the pH was adjusted to 3 (Malhotra
et al. 2009). Nanocapsules were formed after the
addition of TPP (drop wise) to PEGylated chitosan
solution under constant magnetic stirring for 1 h at
room temperature. For preparation of drug encapsu-
lated nanocapsules, predetermined amount of drug
(Tables 1, 2) was added to previously prepared
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Table 2 Effect of propofol addition on encapsulation
efficiency

Amount (%) Concentration of Encapsulation Zeta
PEG-chitosan efficiency (%) potential

(% wWiv) (mV)
0.5 1 99.3 £ 1.1 593+ 1.5
1 1 99.8 + 0.6 68.7 £ 2.1
1.5 1 782 £ 1.7 63.1 £0.2
2 1 59.7 £ 2.7 614 +19
3 1 443 +£ 04 60.5 £ 1.7

Degree of substitution of PEG branches to monosaccharide
residue of chitosan (DS) is 0.65

PEGylated chitosan solution which was then pro-
cessed as the above mentioned procedure. For prepar-
ing chitosan nanocapsules, predetermined amounts of
chitosan were dissolved in 1 % (v/v) acetic acid
solution and predetermined amount of drug was added
to the solution which was then processed as above.

Brunauer—Emmett-Teller measurement (BET)

Pore size distribution and specific surface area anal-
yses of chitosan and PEGylated chitosan nanocapsules
were measured by nitrogen adsorption—desorption
using a BELSORPMini II (Japan) at 140 °C. Before
the measurement, 150 mg of the nanocapsules were
heated at 100 °C for 2 h under vacuum. The specific
surface area, pore volume, and average pore diameter
of chitosan and PEGylated chitosan nanocapsules
were obtained by Brunauer—-Emmett-Teller (BET)
method using BELSORP analysis software.

Characterization of nanocapsules
Particle size and morphology of nanocapsules were

determined by atomic force microscopy (AFM) in the
tapping mode transmission electron microscopy (TEM)
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and dynamic light scattering (DLS). For AFM (JPK,
Nanowizard 2, JPK Instruments, Germany), silicon
tapping tip (TESP, VEECO) was used with a nominal tip
radius less than 10 nm as provided by the manufacturer.
Nanocapsules were dispersed in deionized water at
1 mg/mL concentration. A droplet was put on the
polyethylene imine coated glass cover slip and air dried.
Samples were then imaged using Nano-scope III
(Digital Instrument/VEECO) with an E scanner (max-
imum scan area = 14.2 x 14.2 umz). The TEM inves-
tigation of nanocapsules was carried out the following
negative staining with uranyl acetate. Briefly, a drop of
the nanocapsules suspension (same concentration as
AFM test) was placed on formvar-coated copper grids
(Ted Pella, Inc., Redding, Ca) and allowed to equili-
brate. The excess amount of liquid was detached with
filter paper, and a drop of 2 % W/V uranyl acetate was
mixed to the grid and air dried after 3 min followed by
TEM examination (TEM, Philips/FEI Inc., NY). The
diameters of at least fifty individual nanocapsules in the
TEM images were determined manually using a digital
caliper which was used to calculate the average particle
size. For DLS measurement, a Malvern Zetasizer Nano
ZS (Malvern instruments, UK) was used. The polymer
particles were suspended in dd H,O and measured at a
fixed scattering angle of 90°.

Determination of drug loading and encapsulation
efficiency

In order to determine the drug loading, LC (w/w %) of
PEGylated chitosan polymer, nanocapsules were
freeze-dried and dissolved in methanol, and the drug
content of the nanocapsules was determined on a
Agilent Technologies HPLC system (Agilent Tech-
nologies Inc, 1200, California, USA) equipped with a
UV detector (Agilent Technologies Inc, 1200) and
reversed phase column (ODS C18, 5 pm,
4.6 x 250 mm?, Dikma, China). The mobile phase
consisted of 80-20 Acetonitrile-water (v/v %),
respectively. The mobile phase was pumped at a flow
rate of 1.0 mL/min, and propofol concentration was
measured at 270 nm. The LC of the nanocapsules was
then calculated according to the following formula:

LC (%) = (mass of drug extractedfrom freeze
— dried nanocapsules)/(total mass of freeze

—dried nanocapsules) x 100.

In order to determine the concentration of drug in
the aqueous phase of nanocapsules and commercial
propofol emulsion, two phases were separated using
ultracentrifuge at 10,000 rpm (16000 g) for at least
30 min. Amicon ultra centrifugal filter units (Amicon
ultra 4 k, Milipore, Usa) were filled with 350 pl of
propofol sample, and after centrifugation, the sepa-
rated aqueous phase was analyzed by HPLC. Encap-
sulation efficiency (EE) of nanocapsules was
calculated according to the following formula:

EE % = (Total amount of drug inside nanocapsules)
/(Total amount of drug in freeze

—dried nanocapsules) x 100.
In vitro drug release

In vitro release of encapsulated propofol from the
nanocapsules was determined under sinks conditions
(volume of release medium used was enough to dissolve
at least five times the quantity of drug loaded in
nanocapsules). 5 mg of nanocapsules was dispersed in
5 mL of phosphate-buffer saline (PBS, pH 7.4) and
placed into a dialysis bag with molecular weight cut off
of 3,000 D (Sigma, Germany). The dialysis bag was
placed in a flask containing 30 mL of release medium
(PBS, pH 7.4) containing 30 % (v/v) alcohol (sink
condition). The whole assembly was shaken at 100 rpm
and 37 °C. At predetermined time intervals, 5 mL of the
release medium was removed and replaced with the
fresh medium. The content of propofol in the medium
was measured by HPLC as described previously. The
cumulative release percentage of propofol was calcu-
lated and compared with the CLE used as control.

In vivo drug release

Male SD rats at the beginning of the experiments were
provided with standard food and tap water, and
exposed to alternating 12 h periods of light and
darkness. Temperature and relative humidity were
maintained at 25 °C and 50 %, respectively. After
7 days of adaptation period, the rats were fasted for
12 h, but allowed freely to access water before the
experiments. Eighteen animals were randomly divided
into two groups (n =9) using a random number
generator. The prepared nanocapsules and CLE were
injected intravenously (nanocapsules sterilized by

@ Springer
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Table 3 'H and 'C nuclear magnetic resonance (NMR) of native chitosan, deacetylated chitosan, mPEG, SDS-chitosan, and
PEGylated chitosan

Sample (3C ppm) 'H NMR 13C NMR IR (cm™ ")
Native 1.85(s, 3H, -C(O)OCH3),2.57(s, 3H-  23.15(s, —-CH3), 58.20(s, 3,200-3,600(vOH), 1,640(vC=0,
chitosan CH,), 3.59(s, 1H, H2) 3.97-4.12(m,  C-2),61.76(m, C-6), 75.64(m, SN-H), 1,550 (SN=H)
4H,H5), 4.14-4.51(m, C-3,5), 105.68 (m, C-1), 175.04(s,
5H,H6,H3,H4), 5.30 (s, 1H, H1) C(0)CH;
Deacetylated ~ 2.57(s, 3H-CH3), 3.59(s, 1H, H2) 23.15(s, —CH3), 60.76 (m, C-2,6), 3,200-3,600(vOH), 1,640(vC = O,
chitosan 3.97-4.12(m, 4H,H5), 75.84(m, C-3,4,5), 102.80(m, C-1),  8N-H),1,550 (3N-H)
4.14-4.51(m, 5H,H6,H3,H4), 5.30 175.04(s, C(O)CH;
(s, 1H, H1)
mPEG 3.24(s, 3H, ~OCHj3), 3.50-3.7(m, 2H, 59.1(s, OCH3), 61.5(s, CH,—OH), 3,370(vOH), 2,890(vCH),

SDS-chitosan

PEGylated
chitosan

—CH,,m, xHn, -OCH,, and m, 2H,
—-OCH,)

0.85 (s,CHj in SDS), 1.85(s, 3H, —
CHj3 in acetamide of chitosan),
1.24(m, xHn, -(CH,),— in SDS),
2.85 (s, 1H, H2 in chitosan),
3.3-3.7 ppm (m, nH, H3 and H6 in
chitosan (Pyranose ring) and m,
xHn, -CH,CH,-O in SDS)

1.85(s, 3H, —CHj; in acetamide of
chitosan), 2.85 (s, 1H, H2 in
chitosan), 3.3 (s, 3H, —-OCH3),
3.2-3.8 ppm (m, nH, PEG-
OCH,CH,O and, H3 and H6 in
chitosan (Pyranose ring))

70.3(m, ~OCH3), 71.9(m, -CH),),
72.5(s, —CH,)

14.51 (s, C-12 in SDS), 23.15(s, —
CHs), 23.3(s, C-11 in SDS),
26.12(s, C-3in SDS), 29.6(s, C-2 in
SDS), 30.6(m, C-4,C-9 in SDS),
32.55(m, C-10 in SDS), 58.19(s,
C-2),61.76(m, C-6), 69.9(t,C-1 in
SDS), 72.44(m, C-3), 75.40(m,
C-3), 83.91(m, C-4) 101.28 (m,
C-1), 175.04(s, C(O)CH;

23.15(s, ~CHj), 58.19(s,
C-2),61.76(m, C-6), 72.44(m, C-3),
75.40(m, C-3), 83.91(m, C-4)
101.28 (m, C-1), 175.04(s,
C(0)CH;

1,100(vCO)

3,200-3,600(vOH, vN-H),
2,906(vCH in SDS), 1,640(vCO,
ON-H imide I),1,550 (N-H imide
II) 1,150-950(C-0, pyranose),
807(vC-0-S)- 1,280(3S0O)

3,200-3,600(vOH, LN-H),
2,906(uCH), 1,640(vCO, SN-H),
1,550 (3N-H), 1,381(vCN)

Fig. 1 Fourier transform
infrared spectra of the
chitosan, SDS/chitosan,

mPEG, PEGylated SDS/

chitosan, and PEGylated

chitosan

filtration through a 200-nm pore filter) via the caudal
vein of rats in each group at a single dose of 10 mg/kg.
The end of injection was consummated as time zero
(t = 0). After each injection, the time to loss of
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righting reflex was recorded for each animal. Rats
were maintained in dorsal or lateral recumbency
during evaluation, and the time to regain locomotor
activity and righting reflex return were recorded.
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OH
Step 1: -0, 1) NaOH/ 110C
HO r 2)SDS
NH
Z ol
HGC/ \\o
OH
= 1) Oxalyl chloride
Step 2: g N
HO 2) mPEG/ NaH
Tris
Step 3: —_—_——

Scheme 2 The process of chitosan PEGylation A Native chitosan B Deacetylated chitosan C SDS/chitosan complex D Chlorinated
SDS/chitosan complex E PEGylated SDS/chitosan F PEGylated chitosan

Result and discussion

Synthesis and characterization of mPEG-grafted
chitosan

The deacetylated chitosan was characterized by '°C
nuclear magnetic resonance (NMR). The NMR spec-
tra of the native chitosan and deacetylated chitosan are
reported in Table 3. In the NMR spectra of the native
chitosan, the presence of two bands of 23.88 and
175.04 ppm are ascribed to the CH; and C=0
component, respectively. The FTIR spectra of the
native and the SDS/chitosan samples are shown in
Fig. 1a, b. In the FTIR spectra of the native chitosan,
the presence of broad band at 3,200-3,600 cm ! is
ascribed to the OH and NH component in chitosan
(Kulkarni et al. 2005). This peak is also present in the
SDS/chitosan spectra; however, the reduction in the
peak size accompanied by appearance of new bands at
1,180 (S-0) and 810 (C-O-S) cm ™! suggests that the
attachment of the sulfate group of SDS took place on
glucosamine groups. Moreover, the magnitude of the
peak at 3,200-3,600 cm_l, which can be attributed to
the hydrogen-bonds of the hydroxyl and NH groups,
has been decreased in the modified sample compared
to the native chitosan. This observation can be

attributed to the addition of SDS to chitosan with
interaction between the sulfate group of SDS and
amine group of glucosamine in chitosan.

The '"H NMR and >C NMR spectroscopy were
used to gather more information about the SDS/
chitosan complex (Table 3). The sulfate/amino group
ratio in SDS/chitosan was measured according to the
integrated area ratio between peaks at 0.85 ppm (CHj;
in SDS) and 2.85 ppm (H2 of unsubstituted glucosa-
mine in chitosan) (Gruskiené et al. 2009). The sulfate/
amino group ratio in the SDS/chitosan complex was
calculated to be 1:1 which is close to the stoichiom-
etric ratio indicating the complete complexation of
SDS/chitosan. When the sulfate/amino group ratio in
the complex goes above 0.6, the complex was easily
dissolved in pyridine. The ionic strength of the
medium has a significant effect on the electrostatic
interaction between the surfactant and chitosan. We
found that SDS could be soluble in Tris aqueous
solution at any concentration. Thus, we used Tris
aqueous solution for deprotecting SDS from SDS/
chitosan. The SDS/chitosan complex could be decom-
posed to SDS and chitosan simply by precipitation in
Tris aqueous solution (pH 8.0). Viscometry investi-
gation showed that the deprotected chitosan has the
same molecular weight (M,) as the initial chitosan

@ Springer
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Fig. 2 TGA and DTG spectra of the chitosan and PEGylated chitosan

which confirmed that the addition and removal process
had no effect on the chitosan structure which indicated
that our procedure was not affect the back bone of
chitosan rather than using phthaloyl as protecting
group (Dembo and Starodoubtsev 2001).

The synthesis reaction and process of chitosan-PEG
is illustrated schematically in Scheme 2. In order to
increase the rate of reaction between PEG and
chitosan, chitosan was chlorinated before addition to
mPEG, and then activated PEG was added to chlori-
nated chitosan. The hydroxyl group of mPEG was

@ Springer

activated using NaH, and then coupled to the chlori-
nated group of chitosan, forming a graft copolymer of
mPEG-chitosan. The structures of chitosan-PEG
derivatives were confirmed by FTIR and 'H NMR
analyses. The FTIR spectrum of native chitosan,
chlorinated chitosan, and chitosan-PEG are shown in
Fig. 1a, b, d, respectively. In the FTIR spectrum of
native chitosan, the presence of broadened peak at
3,200-3,600 cm™! was attributed to ~OH and —NH
stretching vibration in which the —OH stretching
vibration was overlapped by the —NH stretching
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vibration (Fig. 1a). The peak at 1,640 cm™ ' referred to
the amide band of chitosan, the peak at 1,550 cm ™!
corresponded to the symmetrical stretch vibration
absorption of the amino group, and the band at
1,381 cm™! referred to stretching vibration of C-N
group. In the FTIR spectrum, the presence of a band at
1,024 cm™! is ascribed to the stretch vibrations of C—
O in chitosan (Peng et al. 2010). In the FTIR spectra of
the chitosan-PEG, the presence of the band corre-
sponding to the hydroxyl group of chitosan slightly
shifted which is attributed to PEGylation of the
hydroxyl group. However, the reduction in the peaks
size, accompanied by appearance of new bands at
1,024 (C-0), 1,280, 1,320, 1,480, 810, and
3,200-3,600 (-CH,—O-CH,) suggested that the reac-
tion took place on some of the hydroxyl groups of
chitosan when compared to Fig. 1c that represents the
FTIR spectrum of native mPEG with the characteristic
peaks at 2,890 cm ™! (C—H stretching), 1,100 (C-O
stretching), 1,474, and 1,278 cm™ L. Thus, it is sup-
posed that mPEG was successfully attached to chito-
san via the NaH activation system.

The 'H NMR spectrum of the chitosan-PEG
showed the sharp peak of PEG-OCH; at 3.31 ppm,
strong broad signal at 3.2-3.8 ppm (PEG-OCH,.
CH,0O-) which were not separated due to the overlap-
ping of a more intense PEG peak with the peak from
chitosan pyranose ring (Du and Hsieh 2007).The peak
at 2.85 ppm is always referred to as the H-2 of the
unsubstituted glucosamine residue in the chitosan
(Sashiwa et al. 2002). The remaining of the attached
SDS to chitosan was calculated according to the
integration area ratios of A 1.85/A 2.85 in all the
chitosan-SDS-PEG samples. We found that the A
1.85/A 2.85 ratio is almost the same as those in the
SDS/chitosan complex before reaction with PEG,
which suggests that the salt bridge between chitosan
and SDS was steady enough, and all amino groups of
chitosan were protected by complexation between
SDS and chitosan during the addition of PEG to
chitosan.

The SDS was removed from the chitosan-PEG
complex, easily by dialyzing the solution against tris
aqueous solution for one week. The chemical structure
of dialyzed polymer was confirmed by FTIR and 'H
NMR analyses. The FTIR spectrum of the precipitated
polymer verified the absence of peaks at 1,280 and
810 cm ™" assigned to the sulfate group of SDS. The
signals at 0.85, 1.22, 1.46, and 3.70 ppm which

correspond to the SDS were all moved out, indicating
that SDS was removed from chitosan-PEG. The
degree of PEGylation was determined from the 'H
NMR spectrum by integration of area ratio between
the peaks of NHAc at 1.85 ppm of chitosan and
-OCHj; of mPEG at 3.3.

Figure 2 represented the TGA and DTA curves of
chitosan and PEGylated chitosan. The major weight
loss of chitosan was occurred between 187 and
476 °C; however, the main weight loss of chitosan-
PEG was occurred between 179 and 500 °C which is
close to the decomposition temperature of mPEG
(177 °C). The slight shift to lower temperature could
be attributed to grafting of mPEG to chitosan. In
addition, DTG data point out that mPEG was
completely decomposed at 400 °C. Thus, it could be
concluded that the mPEG was conjugated to the
hydroxyl group of chitosan via “grafting to” method
(Fig. 2).

Nanocapsules characterization

The particle size measurement is commonly used to
characterize nanocapsules in order to study their
dispersion and aggregation process. In addition,
particle size affects biological handling of nanocap-
sules (Desai et al. 1997), and the sub-hundred
nanometer particle size is helpful in the drug delivery
system, since they have shown a higher cellular and
tissue uptake in this size range (Hillyer and Albrecht
2001; Brooking et al. 2001; Florence et al. 1995).
Table 4 shows the zeta potential of chitosan-PEG
nanocapsules, chitosan, and commercial emulsion of
propofol (CLE). In addition, the particles size distri-
bution spectrum for the chitosan-PEG nanocapsules is
represented in Fig. 3 that shows the average particle
size of 80.6 £ 1.2 nm. Propofol emulsion and other
lipid emulsions for intravenous injection are usually
prepared with oil droplets raging from 150—300 nm in
size (Han et al. 2001). We found that the average
particle size of CLE was 230.7 £ 3.5 nm, and no
droplet more than 1 | was detected. The transparency
of the microemulsion or emulsion solutions is directly
correlated to the size distribution of the particles. This
means that particles with less than one-quarter of the
average wavelength of visible light (0.560 m) allow
light to pass through the solution which results in a
clear appearance (Baker and Naguib 2005). The
propofol-loaded chitosan-PEG nanocapsules prepared

@ Springer
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Table 4 Physicochemical properties of PEG-chitosan nanocapsules (Mean £ SD, n = 5)

Concentration of Drug loading Encapsulation Average particle Zeta potential Polydispersity
PEG-chitosan (% wiw) efficiency (%) size (nm) (mV) index

(% wiv)

0.1 1% £ 0.01 48.7 £ 0.8 79.4 £ 0.8 60.8 £ 0.8 0.19 £ 0.1
0.3 1 % + 0.01 582 +£09 80.8 £ 0.2 63.5 £ 0.7 0.21 £ 0.1
0.5 1 % + 0.01 784 £ 0.2 813+ 0.9 66.0 £ 1.1 0.22 £ 0.1
0.7 1 % £ 0.01 833+ 1.2 81.6 £ 1.2 67.1 £2.5 0.23 £0.1

1 1 % £ 0.01 99.8 £ 0.6 81.8 £ 1.2 68.7 £ 2.1 0.25 £ 0.1
Diprivan® 1 % £ 0.01 - 230.7 £ 3.5 —385+13 0.109 £ 0.2
Chitosan (1 %) 1% £ 0.01 7% + 04 885+ 1.5 585+ 1.3 0.19 £ 0.2

Degree of substitution of PEG branches to monosaccharide residue of chitosan (DS) is 0.65

in this study present a clear appearance with an
average particle size of around 80 £ 1.2 nm, whereas
the propofol commercial emulsion is a white milky
solution due to the presence of much larger droplets
(Fig. 3). The milky, opaque appearance of propofol
emulsion would prevent detection of macro particles
which is considered as a major disadvantage for a
solution that is intended for intravenous injection.
Finkelstein et al. (1990) have found particles with the
approximate dimension of 2.5-17 mm in CLE. These
types of visible matter should be checked after
manufacturing the injectables and before the injection.
However, the opaque appearance of the emulsion
makes it impossible to monitor such macrocapsules
which could impose a potential danger to patients. The
propofol nanocapsules fabricated in the present study
is completely transparent which allows the inspection
of such visible macroparticles and provide a much
safer injection for the patients.

Nanocapsules in the lateral and vertical dimension
were analyzed by a sectional analysis tool of Nano-
scope 5.12b.48 software. Figure 4 shows the AFM
images of nanocapsules that revealed an average
diameter in the lateral dimension of 40 nm £ 10 nm
and vertical diameter of 23.7 nm £ 10 nm. Figure 4
also shows nanocapsule shapes which is in agreement
with the TEM images (Fig. 5) presenting a spherical
morphology. The difference in average particle size
measured by DLS might be due to the swelling of
nanocapsules in solution during the measurement.

In vitro drug release

Drug loading and encapsulation efficiency of the
chitosan-PEG is represented in Table 4 that shows a
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dependency to the -chitosan-PEG concentration.
Increasing the concentration of chitosan-PEG from
0.1 to 1 % w/v in the formulation of nanocapsules
caused an increase in propofol encapsulation from 48
to 99 % (Table 4). However, because of low drug
loading of chitosan nanocapsules, the investigations
were carried out on CLE as control rather than
chitosan nanocapsules. In addition, drug encapsulation
and encapsulation efficiency in nanocapsules were
dependent on the amount of drug added to the
formulation as represented in (Table 2). Furthermore,
the effect of PEGylation degree on the encapsulation
efficiency was investigated in Table 1. The encapsu-
lation efficiency of PEGylated chitosan improved with
increasing the degree of PEGylation from 0.12 to 0.64
in the formulation of nanocapsules which caused an
increase in drug encapsulation from41to0 99 % (Table 1).
We found a non-linear relation between the amount of
drug added to the formulation and encapsulation
efficiency. The encapsulation efficiency was 99 % by
addition of 1 % v/v of propofol, whereas the encap-
sulation efficiency decreased to 43 % when 3 % of
propofol was used. This could be explained according
to the contribution of hydrophobic—hydrophobic inter-
action between propofol and the hydrophobic group
(CH; in mPEG) of chitosan-PEG. Increasing the
concentration of chitosan-PEG is expected to increase
the number of hydrophobic groups available for
interaction with the hydrophobic drug (propofol),
resulting in a better drug entrapment in the nanocap-
sules. Due to the limited number of hydrophobic
groups in chitosan-PEG nanocapsules which are
available for interaction with the drug, an increase in
the drug concentration has resulted in a decrease in
drug encapsulation efficiency. Drug loading and
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Fig. 5 TEM image of PEG-chitosan nanocapsules that nega-
tive stained with 2 % w/v uranyl acetate

encapsulation efficiency of the chitosan-PEG are
represented in Table 4 that shows dependency to the
chitosan-PEG concentration.

The specific surface area, pore volume, and average
pore diameter of nanocapsules were measured by BET
method using BELSORP analysis software. The
adsorption isotherm obtained has been analyzed using
BET equation and BJH algorithm. The specific surface
area (m?/g), average pore diameter (nm), and specific
pore volume (cm3/g) of chitosan were 30.79 (m2/g),
0.65 (nm), 0.38 (cm3/g), respectively, whereas those
for PEGylated chitosan were 30.19 (mz/g),O.SS (nm),

25um
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Fig. 6 In vitro release of propofol from encapsulated nano-
capsules and commercial lipid emulsions (CLE) as control
(Mean = SD, n = 5)

and 0.35 (cm>/g), respectively. As a result, the specific
surface areas, the specific pore volumes, and average
pore diameters have shown that chitosan nanocapsules
consist of smaller pore size and more specific surface
area rather than PEGylated chitosan. This correlated to
the addition of PEG branches to the chitosan backbone
which limited the interactions between the polymeric
chains of chitosan.

The ability of chitosan-PEG nanocapsules to
deliver propofol was measured by drug release rate

@ Springer
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analysis. Commercial propofol emulsion (CLE) was
used as control (Fig. 6). Figure 6 shows that 20 % of
propofol was released from nanocapsules during first
2 h, and about 72 % of propofol was released after
48 h. In addition, no burst release was observed for
samples and controls during the initial period of
investigation. The drug release profile of chitosan-
PEG nanocapsules was generally similar to the com-
mercial propofol emulsion (CLE) (Chung et al. 2001;
Hung et al. 2007; Kandadi et al. 2011; Li et al. 2011).

In vivo drug release

The average time to loss and recovery of righting
reflex was investigated for encapsulated nanocapsules
and CLE. The animals righting reflex is quickly
vanished (during 35 s of dose administration) after
administration of both propofol formulations. Figure 7
presents the results of recovery of the righting reflex
indicating the recovery time of 7.21 + 3.7 and
7.25 £ 2.5 min for encapsulated nanocapsules and
CLE, respectively. It was found that both groups of
animals which were administrated by propofol loss
and recover their righting reflex after about 7.2 min for
both formulations. Furthermore, no sign of toxic
effects of usage was observed either from nanocap-
sules formulation or CLE which indicates that nano-
capsules formulation has similar pharmacological
effects as CLE. It is believed that small difference in
propofol release profile observed between nanocap-
sules formulation and CLE could be related to the
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variation in their influence on the central nervous
system of rats leading to similar pharmacological
effects.

Conclusion

In this study, we developed a facile method for
preparation of methoxy poly (ethylene glycol)
(mPEG)-grafted chitosan to improve the biocompat-
ibility and water solubility of chitosan. The drug
encapsulated nanocapsules showed a particle size of
80 nm which is smaller and more uniform than
commercial lipid emulsion (CLE). The profile of
release from formulated nanocapsules was similar to
those of commercial lipid emulsion (CLE). In vivo
animal sleep-recovery test on rates showed a close
similarity in time of unconsciousness and recovery of
righting reflex between nanoparticles and CLE. The
results showed that prepared nanocapsules could be a
promising system for delivery of poor water-soluble
drugs such as propofol. We expect that the antibac-
terial property of chitosan could prevent microbial
growth in formulated solution which would be a vital
advantage over commercial lipid emulsion (CLE).
This study provided a new and simple method for
fabrication of a nanocarrier system for delivery of
hydrophobic drugs at the same time as overcoming
some of the drawbacks of CLE. Future studies should
be directed toward safety evaluation of PEGylated
nanocapsules for clinical application.
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