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High MW chitosan (CS) solutions have already been proposed as vehicles for protein delivery. The aim
of the present work is to investigate the potential utility of water-soluble chitosan (WSC) as vehicles to
load and deliver proteins. WSC nanoparticles (WSC NP) with various formations were prepared based
on ionic gelation of WSC with pentasodium tripolyphosphate (TPP) anions. Bovine serum albumin
(BSA) was used as a model protein drug incorporated into the WSC nanoparticles. Blank and
BSA-loaded WSC nanoparticles were examined and determined to have a spherical shape with diame-
ters between 35—190 nm, and zeta potential between 35—42 mV. FTIR confirmed that the tripolyphos-
phoric groups of TPP linked to the ammonium groups of WSC in the nanoparticles. Some factors af-
fecting delivery properties of BSA have been investigated. Altering the concentration of BSA from 0.05
to 1 mg/mL enhanced the loading capacity of BSA but decreased loading efficiency simultaneously.
Also, with the introduction of poly ethylene glycol (PEG), BSA release accelerated. Nanoparticle
preparation from WSC with various deacetylation degrees (DDs) from 72.6% to 90% and MWs ranging
from 3.5 to 15.8 kDa promoted loading efficiency and decreased the release rate. These results indicate
that WSC nanoparticles are promising carriers for protein delivery.
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crystalline structure”. Being insoluble in aqueous solu-
tions, it is difficult to chemically modify in a neutral pH

1 Introduction

Chitosan [o. (1—>4) 2-amino 2-deoxy P-D-glucan], a
cationic polysaccharide obtained from the deacetylation
of chitin, has received wide attention as a pharmaceuti-
cal excipient because of its unique properties such as
biocompatibility, biodegradability, low-immunogenicity
and non-toxicity!' . Besides other applications"’, chito-
san has been extensively examined for its potential in
the development of the controlled release drug delivery
systems'*” L. Also, nanoparticle chitosan is shown to be
an attractive alternative to liposomes for the delivery of
peptides, proteins, antigen, oligonucleotides and genes,
since it has the advantages of longer shelf life and gen-
erally a higher drug carrying capacity™. However, in
some fields especially in medicine and food industry, the
application of chitosan is limited by its high MW result-
ing in low solubility in physiological solutions due to its
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condition since chitosan is only dissolved in water con-

97121 Also, there is a possibility of

taining acetic acid'
inducing cytotoxicity to sensitive bioactive macromole-
cules because of the use of acetic acid.

Water-soluble chitosan (WSC), including chitosan
oligosaccharides (COS) and some low molecular chito-
san (LMC), has been attracting increasing attention as a
substitute for high MW chitosan due to its higher water
solubility. Chae!"! reported the utilization of 2 different
chitosan oligosaccharides (with the average molecular
weight of 3 and 6 kDa) as a non-viral gene carrier for
gene delivery, which showed great potential to be a gene
carrier with a high level of gene transfection efficiencies
even in the presence of serum. To increase the solubility
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of chitosan in water and decrease the cytotoxicity in-
duced by acetic acid, water-soluble chitosan (WSC, with
the average molecular weight of 13 to 18 kDa) nanopar-
ticles were prepared, which showed no cytotoxic effects
on cells and a high transfection into HepG2". However,
water-soluble chitosan as a carrier for protein delivery
has seldom been reported, and furthermore, some im-
portant factors affecting drug properties have not been
investigated, for instance basic molecular parameters of
water-soluble chitosan, molecular weight (MW) and
deacetylation degree (DD) were not evaluated in drug
delivery system of nanoparticles.

Chitosan nanoparticles are obtained by the process of
ionotropic gelation based on the interaction between the
negatively charged groups of the pentasodium tripoly-
phosphate (TPP) and the positively charged amino
groups of CS. This process has been used to prepare CS
nanoparticles for the delivery of peptides and proteins''¥
including insulin'"*! and cyclosporine!'®.

Polyethylene glycol (PEG) has been widely used in
biomaterial application. It is hydrophilic, flexible, non-
ionic and biodegradable. PEG-coated nanoparticles have
been found to have substantial potential in therapeutic
applications as an injectable colloidal system for con-
trolled, and site-specific drug delivery“rw].

Taking this into account, the purpose of the current
study was to investigate water-soluble chitosan as a car-
rier system for protein delivery and some factors affect-
ing drug delivery. Therefore, we investigated in detail
the physicochemical properties of protein association to
WSC and WSC/PEG nanoparticles that were made of
different molecular weights and deacetylation degrees
(DD) by using a very mild and friendly ionic gelation
technique'”’. Finally, we analyzed the release behavior
in vitro of these novel particles in order to establish their
utility for the delivery of a model protein bovine serum
albumin (BSA).

2 Materials and methods
2.1 Materials

Chitosan (hydrochloride salt) with a deacetylation de-
gree (DD) of 90% and an MW of 200 kDa was supplied
by Golden-Shell Biochemical Co. (Zhejiang, China).
Water-soluble chitosan (WSC) with a DD of 90% and
different MWs (3.5, 6.3, 10.1, 13.5, 15.8 kDa) and wa-
ter-soluble chitosan with an MW of 6.3 KDa and differ-
ent DDs (72.6, 84.2, 90.7%) were prepared according to

refs. [21, 22]. The MWs were measured through gel
permeation chromatography (GPC) while the DDs were
determined by elemental analysis. Bovine serum albu-
min (BSA) with an MW of 68 kDa and pentasodium
tripolyphosphate (TPP) were purchased from Sigma
Chemical Co. (USA). Polyethylene glycol (PEG) with
an MW of 20 kDa was bought from Tiantai Chemical
Company (Tianjin, China). All other chemicals were of
reagent grade.

2.2 Preparation of water-soluble chitosan (WSC)
nanoparticles and BSA loaded nanoparticles

Water-soluble chitosan (WSC) nanoparticles were pre-
pared according to the procedure first reported by Calvo
et al.”% based on the ionic gelation of WSC with pen-
tasodium tripolyphosphate (TPP) anions. Water-soluble
chitosan with various MWs and DDs was dissolved in
deionized water (pH 7.4) at different concentrations.
Under magnetic stirring at room temperature'®), a 1-mL
aqueous solution of pentasodium tripolyphosphate (TPP)
of various concentrations was added to a 5-mL water-
soluble chitosan (WSC) solution, e.g. WSC 2 mg/mL
and TPP 1 mg/mL, to get a WSC/TPP weight ratio of
10:1. PEG-modified nanoparticles were formed sponta-
neously upon incorporation of the 1 mL TPP solution
with the 5 mL chitosan solution containing PEG (0.25
mg/mL).

BSA-loaded nanoparticles were formed upon incor-
poration of a TPP solution with a chitosan solution con-
taining various concentrations of BSA.

The detailed formation conditions are shown in the
corresponding legends and figures.

2.3 Determination of nanoparticles process yield

The WSC nanoparticles production yield was calculated
by gravimetry as described elsewhere®". Fixed volumes
of nanoparticle suspensions were centrifuged (20000
rpm, 30 min, 15°C) and sediments were freeze-dried
over 24 h (24 h at —30°C and gradually warmed until
25°C), using a Labconco Freeze Dryer (Labconco,
USA).

The process yield (PY) was calculated as follows:

PY (%) = Total nanoparticle weight/Total solids
weight X 100. (1)

2.4  Physicochemical characterizations of WSC
nanoparticles

2.4.1 Measurement of particle sizes and zeta-potential.
The average particles size and zeta potential of the
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nanoparticles were determined by dynamic light scatter-
ing (DLS) with Autosizer 3000 (Malvern Instruments
Limited, UK)"® and a zeta potential analyzer (Brook-
haven, USA), in triplicate respectively.

2.4.2 Transmission electron microscopy (TEM) studies.
Nanoparticle morphology was observed using TEM
(2010HR, JEOL, Japan). The samples were stained with
2% (w/v) phosphotungstic acid and placed on copper
grids. And then they were dried at room temperature for
15 min, and then examined using a TEM.

2.4.3 Fourier transform infrared (FT-IR) spectral stud-
ies.  WSC nanoparticles separated from suspension
were dried by a freeze dryer, and their FT-IR was taken
with KBr pellets on a Bruker VECTOR33 spectrometer
(Germany).

2.5 Determination of BSA loading efficiency of
nanoparticles

BSA loading efficiency of nanoparticles was determined
according to the procedure by Xu et al.?"!. The loading
efficiency and loading capacity of nanoparticles were
determined by the separation of nanoparticles from the
aqueous medium containing non-associated BSA by ul-
tra-centrifugation at 20000 r/min, at 15°C for 30 min.
The amount of free BSA in the supernatant was meas-
ured by UV spectrophotometry at 280 nm using the su-
pernatant of the non-loaded BSA nanoparticles as basic
correction. A calibration curve was made with measur-
ing the absorbances of the known BSA solution by spec-
trophotometry. The loading efficiency (LE) and the BSA
loading capacity (LC) of the nanoparticles were calcu-
lated as follows:
LE (%) = (total BSA—free BSA)/total BSA
X100, 2)

St

Figure 1

LC (%) = (total BSA —free BSA)/nanoparticles
weight X 100. 3)

2.6 Invitro release studies

The BSA release profiles of nanoparticles were deter-
mined as follows”**”). The BSA-loaded WSC nanopar-
ticles (2 mg) separated from suspension were incubated
in 4 mL of phosphate buffered saline (PBS) (0.2 mol/L,
pH 7.4) at 37°C under stirring. At predetermined time
intervals, the samples were ultra-centrifuged, and 3 mL
of supernatant was removed. The samples were supple-
mented with 3 mL of fresh release medium and resus-
pended. The study was conducted until significant ag-
gregation of the particles occurred (10 d)'*!. The amount
of BSA released was determined by modified Coomassie
Brilliant Blue protein assay (Pierce, Inc, New York, NY,
USA). The calibration curve was made as before and
non-loaded nanoparticles were used to correct the intrin-
sic absorbance of WSC.

3 Results and discussion

3.1 Physicochemical characterizations of WSC
nanoparticles

TEM of the nanoparticles and their surface morphology
are shown in Figure 1. WSC-TPP nanoparticles (Figure
1(a)) and PEG-modified nanoparticles (Figure 1(b)) are
spherical in shape. A similar morphology was also ob-
served for BSA-loaded WSC-TPP nanoparticles (Figure
1(c)). The sizes of these nanoparticles are consistent
with those determined by DLS.

Figure 2 shows FTIR spectra of WSC, WSC-TPP
nanoparticles, BSA-loaded nanoparticles and BSA.
There are three characterization peaks of WSC (Figure
2-b) at 3430 cm™' from v(OH), 1073 cm™' from

: ; ¥
TEM of WSC (a), WSC/PEG (b) and BSA-loaded WSC-TPP nanoparticles (c) (WSC MW = 6.3 kDa, WSC 2 mg/mL, TPP 1mg/mL).
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Figure 2 FTIR of (a) BSA, (b) WSC, (c) WSC nanoparticles, and (d)
BSA-loaded nanoparticles (MW 6.3 kDa, DD 90%, WSC 5 mL 2 mg/mL,
TPP 1 mL 1 mg/mL, BSA 0.1 mg/mL).

8(C-0-C) and 1563 cm™' from v(NH,). The spectrum of
WSC-TPP nanoparticles (Figure 2-c) is different from
that of a WSC matrix (Figure 2-b). In WSC-TPP
nanoparticles, the peak of 3430 cm™' becomes wider,
indicating that hydrogen bonding is enhanced. In
WSC-TPP nanoparticles, the 1563 cm™', peak of —NH,
bending vibration shifts to 1542 cm™' and a new sharp
peak at 1643 cm™' appears. The FTIR spectrum is con-
sistent with the result of chitosan film modified by
phosphate, and it could be attributed to the linkage be-
tween phosphoric and ammonium ions®*). We presume
that the tripolyphosphoric groups of TPP were linked
with ammonium groups of the chitosan in the nanoparti-
cles. Characteristic peaks of BSA have acetylamino I
1657 cm ™', 11 1541 cm™' and III 1244 cm™’, and 3313
cm ' from V(NH,;). Acetylamino I 1657 cm ' and 11 1541
cm ' in BSA overlap 1643 em' from O(NH) and 1542
cm ' in non-loaded WSC nanoparticles, so more inten
sive peaks of both are shown in BSA-loaded nanoparti-
cles (Figure 2-d).

Table 1 shows the influence of WSC molecular

weight on the process yield, the size and zeta potential
values of the nanoparticles. A gradual increase in the
particle size and process yield with an increase in mo-
lecular weight was noted, but no significant change was
observed in the zeta potential.

Table 1 Process yields and physicochemical properties of blank (without

BSA) nanoparticles prepared with different WSC molecular weight (mean

+ SD.,n=3)

MW of WSC  Process yield (%)  Size (nm)  Zeta potential (mV)

3500 28+3 712482 384+1.7
6300 35+4 83.11£9.8 382423
10,100 38+3 120.3+10.2 412122
13,500 415 157.5+£9.3 40.9+2.0
15,800 47+4 187.61+23 41.1£1.6

a) WSC to TPP mass ratio=11:1, T=25+1°C, pH =7.4.

Nanoparticles (prepared with molecular weight 6.3
kDa WSC) with WSC/TPP ratios of 10:1—21:1 were
obtained. When the WSC/TPP ratios were lower than
10:1 or higher than 21:1, a nanoparticle solution could
not be formed because there was solution (at high
WSC/TPP ratios) or aggregation formation (at low
WSC/TPP ratios) (data not shown). The ratios of
WSC/TPP to form nanoparticles are higher than the high
molecular weight chitosan/TPP**’], The results indicate
that WSC associates less TPP to form nanoparticles
compared with high molecular weight chitosan which
suggests that there are more active amine groups ex-
posed on the WSC molecular structure. Figure 1(a) dis-
plays the TEM microphotograph of representative fresh
WSC-TPP nanoparticles, which show evidence of a
compact structure. As shown in Table 2, the incorpora-
tion of increasing amounts of TPP with respect to WSC
led to a significant increase in the loading efficiency
(LE), and the maximum loading efficiency (approxi-
mately 68%) achieved for a 10:1 WSC/TPP ratio. It was
stated that the highly viscous nature of the gelation me-
dium hinders association of BSA in the study of chito-

Table 2 Physicochemical properties of blank (without BSA) and BSA-loaded nanoparticles prepared with different WSC/tripolyphosphate (WSC/TPP)

theoretical ratios (mean = S.D.,n=23)

WSCITPP (wiw) Blank” = (nl;nS)A—loadedb) Blank“)zeta pmemll;ﬂsle\;)adedb) Loading efficiency (%)
9:1 N.D.¢ N.D.¢ N.D.¢
10:1 113.5+9.2 135.5+10.2 352415 312429 68.1+2.3
14:1 82.5410.1 99.74+9.4 37.3%3.1 342446 252433
18:1 67.849.7 1102+11.3 39.342.7 38.1%3.1 129+1.8
20:1 35.64+10.2 55.1+8.7 41.8+3.6 392421 4.74+0.7
21:1 N.D.9 N.D.Y N.D.9

a) Blank nanoparticles; b) BSA-loaded nanoparticles; ¢) not determined, no nanoparticles formation because aggregation emerged; d) not determined,
no nanoparticles formation because reaction solution was still clear. MW 6.3 kDa, BSA initial concentration 0.2 mg/mL, 7=25+1C, pH=7.4.
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san-alginate microspheres”™”. Relatively low adhesivity
of WSC with lower WSC/TPP weight ratio promotes
association of BSA. Blank (without associated BSA)
WSC/TPP nanoparticles displayed particle sizes in the
range of approximately 35— 120 nm and a positive zeta
potential from 35 to 42 mV. Larger nanoparticles show a
tendency for decreased zeta potential for BSA-loaded
nanoparticles at a certain ratio of WSC/TPP!"!

3.2 BSAloading of nanoparticles

BSA loading efficiency and loading capacity were sig-
nificantly affected by the initial BSA concentration
(Figure 3), and the lower the concentration, the higher
the loading efficiency which increased from 5% to 79%.
However, by increasing the initial BSA concentration
from 0.05 to 1 mg/mL, the protein loading capacity was
enhanced from 3.5% to 14%. On the other hand, both
BSA loading efficiency and loading capacity were de-
creased with the addition of PEG in WSC solution. As
reported in ref. [31], the acid group of BSA and the
oxygen atom of PEG may compete in their interaction
with WSC amino groups, so the entanglement of PEG
chains with the WSC molecules hinders the encapsula-
tion of BSA into the nanoparticles.

80
70 —n— LE of WSC NP
] —e— LE of WSC-PEG NP
604 —a— LC of WSC NP
1 —v— LC of WSC-PEG NP
8 504
S 404
‘g 4
[~ 30_
m 4
—
20
104 / §
0_- ¢/*

0.0 02 04 0.6 0.8 1.0
Concentration (mg/mL)

Figure 3 Effect of BSA initial concentration on BSA loading efficiency
(LE) and loading capacity (LC) (MW 6.3 kDa, WSC 2 mg/mL, TPP 1
mg/mL, n=3).

Figure 4 shows the influence of DD and MW of WSC
on the BSA loading efficiency. As the DD of WSC (MW
6.3 kDa) increased, the loading efficiency increased
similar to high molecular weight chitosan®®. It can be
deduced that WSC with higher DD contains more func-
tional groups, which can complex with the acid groups
of BSA and gelate with the tripolyphosphoric groups, so
the loading efficiency of BSA increases correspondingly.
On the other hand, the loading efficiency increased also

as the MW of WSC (DD 90.7%) increased. Sabnis et
al.’¥ concluded that chitosan effectiveness in coagu-
lated solids and proteins was inversely proportional to
its MW. They observed that depolymerization of chito-
san yielded a polymer with greater complexation capa-
bility due to an increase in the number of amino groups.
But Flory"?! stated that in general, the intrinsic reactivity
of all functional groups on a polymer remains the same.
WSC with low molecular weights can easily dissolve in
water and its molecular chains can unfold enough to
avoid crystalline structure formation, so WSC with
various MWs but the same DD has the same functional
groups similar to Flory’s statement. The loading effi-
ciency of WSC with MW from 3.5 to 6.3 kDa increases
dramatically from 8% to 48% but up to 15.8 kDa the
increased tendency is slight. Xu et al.”® stated that
compared with the chitosan with smaller MW smaller
than 68 kDa (the MW of BSA), encapsulation efficiency
(equal to loading efficiency) of chitosan with greater
MW than 68 kDa is much greater, and they supposed
that this is attributed to their longer chains of the mole-
cule which can entrap greater amount of BSA when they
gelate with TPP. We disagree with their supposition be-
cause the loading efficiency of a WSC with much
smaller MW than BSA’s can show interesting loading
efficiencies even when the MW of the WSC is down to
mere 6.3 kDa.

92 1 PR 16
293(;_ —o— DD effect -_14
] —e— MW effect r
86 1 / 12
S 841 Fo®
2] s F10 2
28 (0=
80 Lg §
78 1 6
76 |
74 L4
72 1 I
T T T T T T T T 2

LE (%)

Figure 4 Effect of DD and MW of WSC on BSA loading efficiency
(WSC 2 mg/mL, TPP 1 mg/mL BSA 0.1 mg/mL, WSC MW 6.3 kDa with
different DD and WSC 90% DD with different MW were utilized, n=3).

3.3 Invitro release

The BSA in vitro release test for WSC or PEG-modified
WSC nanoparticles proves that they have a sustained
release form as shown in Figures 5—7. Similar to in
vitro results reported previously about high MW chito-

san nanoparticles”®, all release profiles of the nanopar-
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ticles exhibited a small burst release of about 20% of
total BSA amount in the first 12 h, and then a slow re-
lease at a constant rate. This suggests that WSC
nanoparticles can adsorb BSA not only on their huge
specific surface area but also in their pores, where the
initial burst release of protein is associated with those
protein molecules dispersing close to the microspheres
surface, which easily diffuse out during the initial incu-
bation time[34], and the slow release is attributed to those
protein molecules cross-linked in the pores.

3.3.1 Effect of BSA loading and PEG presence. As
shown in Figure 5, BSA release rate was influenced by
the amount of protein loaded; a higher loading capacity
provided a faster release rate. The different release rates
between nanoparticles with 6.7% and 10.2% loading
capacities are attributed to the BSA concentration gra-
dient, where the release rate is usually drug concentra-
tion gradient driven, i.e. higher levels of loaded drug
lead to a wider concentration gap between the polymeric
nanoparticles and the release medium, which causes a
higher diffusion rate. PEG presence accelerates BSA
release as shown in Figure 5, and WSC/PEG nanoparti-
cles with a loading capacity of 9.5% provide faster re-
lease rates than WSC nanoparticles with a loading ca-
pacity of 10.2%. This suggests that the entanglement of
PEG chains with the chitosan molecules hinders the
packed and rigid bonding between chitosan and BSA, so
relatively loose structure of nanoparticles containing
PEG results in a higher rate of BSA release.

601 —=—WSCNP (LC 67%)
—e— WSC NP (LC 10.2%)
504 —A—WSC/PEG NP (LC 9.5%)

BSA release (%)
Cl—

T T T T T T T T T T T T T
0.0 0.5 1.0 L5 20 2.5 3.0
Time (d)

Figure 5 Effect of loading capacity and PEG presence on BSA release
behavior (MW 6.3 kDa, DD 90.7%, n=3).

3.3.2 Effect of DD and MW. As shown in Figure 6,
WSC with higher DD provided lower BSA release rates.

Strong gelation and hydrogen bonding is formed in
nanoparticles with high DD as revealed by the FTIR

70
60

50

] /

& 404

% -

3 304

N

S 20 —=— DD =72.6%, LC=27%

[ —e— DD =842%, LC=5.5%
10 —A— DD =90%, LC=6.7%
0 - 't

=10 T T T T T T T T T T T T T

0.0 0.5 1.0 1.5 2.0 25 30
Time (d)

Figure 6 Effect of DD of WSC on BSA release behavior (MW = 6.3
kDa, n=3).

analysis of WSC matrix and nanoparticles. Higher DD
of WSC with the same MW provides more compact
nanoparticles due to the greater number of ammonium
groups of WSC gelated with tripolyphosphoric groups,
so the lower permeability of the nanoparticles surface
results in a slow release rate.

As shown in Figure 7, WSC with higher MW has a
lower release rate even if its loading capacity was rela-
tively high. In three days, BSA release percents of
nanoparticles with MWs of 3.5, 6.3, 10.1, 13.5 kDa were
89.8%, 43.8%, 40.2% and 37.5%, respectively. Among
the four categories of MWs of WSC, the smallest MW
of 3.5 kDa showed the fastest release rate which was
overwhelmingly higher than all the others. As the MW
of WSC increased from 6.3 to 13.5 kDa, the release rates
decreased slightly and were closer to each other. The
influence of MW of the polymer on nanoparticles sur-
face permeability has not been reported, and the mecha-
nism is not clear. However, the results in Figure 7 sug-

90 ¥

2 4
80 T/}/
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70 —®" =MW =135 kDa, LC = 13.5%
—®—MW = 10.1 kDa, LC = 10.3%
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Figure 7 Effect of MW of WSC on BSA release behavior (WSC DD
90%, n=3).
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gest that WSC with MW of 3.5 kDa was too small to
load BSA molecules whereas MWs higher than 6.3 kDa
load much more easily. Therefore, it could be hypothe-
sized that the permeability of coacervated nanoparticle is
lower with increasing MW due to denser chain packing
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