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ABSTRACT: The soluble and antibacterial chitosan
derivative was prepared on the basis of the regioselective
chemical modification. The N-(2-phthaloylation) chitosan
was obtained via the reaction of chitosan with phthalic
anhydride in N,N-dimethylformamide (DMF) at 130°C,
and O-(3,6-hydroxyethyl) chitosan was produced using
chlorohydrins as grafting agent and hydrazine hydrate as
reductant. The structure of hydroxyethyl chitosan (HC)
was characterized by X-ray diffraction (XRD), Fourier
Transform infrared spectroscopy (FTIR), and gel permea-
tion chromatography (GPC) respectively. The solubility,
anticoagulation, and antibacterial property were assessed
separately. The result shows that amine I of chitosan is
replaced and the amide II disappears during chemical

modification, and the functional groups of C6-OH and -
NH2 are also reacted. The water-solubility of the novel
chitosan derivative was enhanced relatively; it could even
slightly soluble in methanol. The results of platelet adhe-
sion and the activated partial thromboplastin times
(APTTs) indicate that grafting hydroxyethyl could improve
anticoagulation of chitosan. The antibacterial activity of
HC against Enterococcus and E. coli had been much better
owing to enhancing the degree of protonation. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 124: 2641-2648, 2012
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INTRODUCTION

Antithrombogenic and antibacterial biomaterials
have been of great interest as one of the ultimate
objectives for developing artificial organs and medi-
cal devices."” Surface modification via increasing
hydrophilicity is believed to be a useful method for
improving blood compatibility,*® now many modi-
fied polymer biomaterials have been used to prevent
plasma protein adsorption, platelet adhesion, and
thrombus formation. On the other side, prevention
of biomaterials-related infections remains a major di-
lemma in clinic practice, and the problem causes
high rates of mortality and morbidity and significant
increases in health care costs.”” The surface adhe-
sion is mediated by physicochemical interactions
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between the bacteria and biomaterials. So the surface
modification of biomaterials or devices is a relatively
straightforward strategy for creating the desirable
surfaces which will decrease the susceptibility to
bacterial adhesion.'*!!

Chitosan is a polysaccharide composed of N-
glucosamine and N-acetyl- glucosamine units, in
which the number of N-glucosamine units exceeds
50%.'*"'* Chitosan has found several applications
due to its excellent chemical, physical, and biolog-
ical properties, such as biocompatibility, biode-
gradability, nontoxicity, adsorptive properties,
film-forming ability, and antimicrobial activ-
ity.'>!'® However, despite its desirable characteris-
tic, its actual use is limited because of its poor sol-
ubility in water. Clearly, one of the reasons for the
chitosan lies in the rigid crystalline structures,
and the acetamido or primary amino groups of
(N-acetyl-)b-glucosamine residues have an impor-
tant role in the formation of peculiar conforma-
tional features through intra- and/or intermolecu-
lar hydrogen bonding. Therefore, removal of the
two hydrogen atoms of amino groups of chitosan
and introduction of some hydrophobic nature
by chemical modifications will cause destruction
of its inherent crystalline structure, resulting in
the improvement of the water solubility, so its
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Figure 1 The schematic diagram of synthesis of N-chitosan and HC.

derivatives could widen their applications."”* Several
efforts have been reported to prepare solubility by
chemical modifications, even a few examples attained
solubility in general solvents.*** However, antibacte-
rial activity of most chitosan derivatives decreases or
disagpears owing to substitution of —NH, of chito-
san.”> Some studies have found several factors about
bactericidal activity of chitosan and its derivatives, and
the charge character of chitosan have been proposed:
the positive charge would be produced %gough proto-
nation of -NH, at acid condition (NH, — NH}), and
the cationic nature of chitosan and its derivatives
helps them to bind with sialic acid in phospholipids,
and then restrains the movement of microbiological
substances; another interaction between positively
charged chitosan derivative and negatively charged
microbial cell membranes leads to the leakage of pro-
teinaceous and other intracellular constituents. In the
case of blood contacting applications, chitosan has
been shown to be highly thrombogenic.*™° In fact,
the positively charged chitosan tends to attract plasma
proteins, which were adsorbed on the material sur-
face. This protein adsorption in turn results in platelet
adhesion and activation on the surface of the material,
thrombus formation, and ultimately device failure.

This work describes the preparation of chitosan
derivatives, in which the —NH, of chitosan was
protected by phthaloylation, and the —NH, would
be recovered using hydrazine hydrate. The results of
this work could improve some properties of chitosan
related medical devices.

EXPERIMENTAL
Material

Chitosan, its degree of deacetylation was determined
by potentiometric titration and its viscosity molecular
weight (M,) was 2.2 X 10°, was purchased from
Sigma, Chemical Reagent Co. Ltd. The chlorohydrin,
phthaloylation, DMF, and sodium hydroxide was pur-
chased from the chemical reagent of Changzheng in
Chengdu, excellent grade. The E. coli and Enterococcus
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were supplied from West China School of Preclinical
and Forensic Medicine in Chengdu.

Preparation of chitosan derivative

As shown in Figure 1, a mixture of chitosan (5 g,
30 mmol) and phthalic anhydride (13.5 g, 90 mmol)
in DMF (100 mL) was heated and stirred at 130°C
under a nitrogen atmosphere. After 12 h, the mixture
became a clear and viscous solution. The precipitates
were obtained by pouring the solution into ice-water
and collecting by filtration, those residues were suc-
cessively washed completely by Soxhlet’s extraction
with ethanol, and dried over P,Os to give N-chito-
san.’' N-chitosan (5 g) and sodium hydroxide aque-
ous solution 20 g (50.0%, wt) were added to a dou-
ble-neck bottle. The mixture was cooled to —20°C
and was frozen for 48 h. To extrude superfluous so-
dium hydroxide, then chlorohydrin was dropwised
to the mixture of N-chitosan and isopropanol (150
mL), and allowed to react for 48 h. The mixture was
separated through centrifugal settling, after that,
hydrazine hydrate (90 mmol) was added to resultant
dreg, and the pH of above blending was adjusted to
8.0 with hydrochloric acid solution, ensuring it to
react at 50°C for 5 h under stirring. The dreg was col-
lected by filtration, and washed by ethanol com-
pletely; the novel chitosan derivative was obtained.
The dialysis method was used to purify HC with bag
filter (M,, = 3000) in water.

Structure of chitosan derivative

X-ray diffraction patterns of chitosan and HC
were obtained using a X'Pert Pro MPD (Philips,
Netherlands) diffractometer with Cu Ko irradiation
(A = 0.154060 nm). The crystallization index (Crl)
of samples were evaluated according to the relevant
literature™:

Ino — I
Crl% = 12— » 100% 1)
1o



SYNTHESES OF NOVEL CHITOSAN DERIVATIVE

where I 1o is the maximum intensity (20 = 20°%) of
the (110) lattice diffraction, and I, is the intensity
of amorphous diffraction at 20 = 10°.

The FTIR spectrum of HC was obtained with a
Nicolet 5700 spectrometer. After being dried com-
pletely at 50°C, the powders could be used for FTIR
analysis with ordinary KBr pellet method. Degrees
of acetylation (DAs) of chitosan were determined
with the method as the literature.® The —OH band
at 3450 cm ' as a reference, the acetyl content (%)
was determined from the ratio of absorbances:

A1es5
3450

DAs = (1 —-1.15x ) x 10,065,285 )

In addition, Weight-average molecular weights (M,,)
of the samples were measured by GPC according to
literature.**

Characterization of chitosan derivative

Chitosan films were prepared by dissolving chitosan
in 1% acetic acid creating a 2% w/v chitosan solu-
tion. An amount of 65 mL of the solution was
poured into a 60 mm diameter polystyrene Petri
dish and dried at 50°C until a film was formed. The
film was removed from the Petri dish and punched
to obtain 15 mm diameter circles. The contact angles
of the test liquids on the sample surface were mea-
sured by the sessile drop technique using a contact
angle geniometer (JY-82, China). Double distilled
water and diiodomethane were used. The results
shown in this article represent the statistical aver-
ages of six measurements on different regions of the
sample surface.

The zeta potential was measured using a Zetasizer
(Malvern, UK). The chitosan was dispersed in100
mM /L sodium acetate buffer and the HC was sus-
pended in double distilled water, and measured
under the automatic mode.

One gram powder of chitosan and HC were dis-
persed in 9 g H,O respectively, then stirred at 25°C
for 12 h. Undissolved section was separated and
washed with acetone, then dried in an oven in a
vacuum. We defined solubility (S):

1-M

S = % 100% 3)

M, the weight of undissolved section (g)
The experiment was carried out three times and
we draw the average number.

Anticoagulation

The whole blood was centrifuged at 1000 rpm for 15
min to obtain platelet rich plasma (PRP). Chitosan
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and HC solution were deposited on 316 L stainless
steel plate and the surface was incubated with 500
puL of PRP in 24 well plates at 36°C * 1°C. At the
end of 2 h, the PRP was aspirated from the wells,
and surface was rinsed with phosphate buffered sa-
line (PBS) to remove nonadherent platelets. They
were then fixed for 1 h in 1% paraformaldehyde
(PFA). Blood platelet adhesion specimens were
observed by SEM (5450, Japan Hitachi). The size of
all of the samples applied to in vitro experiments
was 10 mm x 10 mm, and the amounts of the sam-
ples used for statistical count are not less than four.

For the APTTs measurement, the sample (diame-
ter: 1 cm) was attached to a silcaned tube (diameter:
3 cm; height: 2 mm). The fresh human platelet-poor
plasma (PPP) (100 pL) and actin-activated cephthalo-
plastin reagent (100 pL) were added, followed by
the addition of a 0.03M CaCl, solution (100 pL) after
a 3-min incubation at 37°C. The clotting time of the
plasma solution was measured by a coagulometer
(Clot 1A, Innova).

Antibacterial assess

Antibacterial activity of samples against E. coli and
Enterococcus was evaluated using method described
as follows: A representative bacteria colony was
picked off, placed in a nutrient broth (peptone 10 g,
beef extract 3 g, NaCl 5 g in distilled water 1000 mL;
pH 7.0-7.2), and incubated at 37°C for 24 h. The
obtained fresh culture where bacteria cells grew luxu-
riantly was ready for antibacterial test. 0.2 mL of the
fresh culture was inoculated to the plate covered chi-
tosan derivatives and incubated in a shaking bed (150
rpm) at 37°C for 24 h. After being rinsed, fixed and
critical point dried, the specimens were coated with
gold-palladium and observed by SEM (5450, Japan),
the quantitative assay of both bacteria was accounted
at the same surface area and magnification.

Statistical analysis

The results were expressed as mean standard error,
with n > 3 per group for all comparisons. Statistical
significance was determined by using Student’s
t-test for three groups of data. The level of signifi-
cance was selected as P < 0.05.

RESULTS AND DISCUSSION
Structure of HC

Figure 2 shows the X-ray diffraction patterns of chi-
tosan and HC. A sharp peak at 20 = 20° (amine II of
chitosan) and a broad peak with a maximum at 26 =
10° (amine I of chitosan) were observed separately.
To the HC, besides the amine II peak, a sharp peak
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Figure 2 The X-ray diffraction patterns of chitosan and HC.

at 20 = 10° disappeared. The Crl of chitosan was
28.2% as formula (1), showing a slightly higher of
20.1% of HC, which indicates that the crystallinity of
chitosan decrease relatively through chemical
modification.

The FTIR spectrum indicates some differences in
the absorption intensities from Figure 3. As expected,
N-deacetylation is associated with a progressive
weakening of the band occurring at 1665 cm ™' (amide
I) Furthermore, the vibrational mode of amide II at
1550 cm™ ! for chitosan was observed, but the amide
II disappeared owing to chemical modification. The
weak absorptions around 3500 cm ' in HC indicated
that there are minor free -OH groups. A marked
change of the shape and the intensity of CH, at 1455
cm ! stretching bands of HC were found, which sug-
gests a different arrangement of primary hydrox-
yethyl, but the bending mode of -CH, groups present
in the 1425 cm ™' region. Both shifts and intensity
changes of the bands have been related to -OH of
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Figure 3 The FTIR spectra of chitosan and HC.
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TABLE I
Contact Angles and Surface Energy Components

LW AB
Vs s

Vs
sample ewater 6cliiodomethane (n]/cmZ) (I’IJ/CI’IIZ) (n]/sz)

316L SS 829 41.4 39.14 35.86 3.28
Chitosan  79.0 46.0 37.69 32.1 5.59
HC 39.4 524 60.02 30.75 29.27

modifications at C3 and C6 position of chitosan, the
grafting hydroxyethyl(-CH,CH,OH) in this region
makes it easy to assess the kind of chain packing.
The Degree of acetylation (DAs) of chitosan was
76.65% as formula, (2) relatively a lower of 84.10% of
HC, which shows that the DAs of chitosan increase
relatively via chemical modification.

Contacting angle and interface free energy

A series of contact angle data on different surfaces
was shown in Table I. The surface free energy com-
ponents were presented by the Lifshitz-van der
Waals/acid-base approach (LW-AB).* It can be seen
that contact angle with water of HC is much less
than 316L SS and chitosan, and the interfacial inter-
action energy increased obviously. Therefore, the
wettability of chitosan was better than the HC.

Solubility and molecular weight

Table II shows the solubility and molecular weight of
chitosan and HC. The results show that chitosan deri-
vates with M,, = 1.96 x 10° can dissolve in H,O, it
was even slightly soluble in methanol. It suggests that
HC is a good water-soluble chitosan derivate due to
decreasing intermolecular interactions,® such as van
der Waals forces, and then increased water solubility.
The result also shows that the molecular weight of
chitosan relatively decrease owing to the breakdown
molecular chain during chemical modification.

The chitosan has poor water solubility and can
only swell in deionized water or under acidic condi-
tion, which perhaps should be attributed to its high
crystallization degree and high molecular weight of
chitosan.’”*® This has been preliminarily demon-
strated to improve solubility of chitosan by using
appropriate chemical modification such as introduc-
ing water-soluble entities, hydrophilic moieties, bulky

TABLE II
The Solubility and Molecular Weight of
Chitosan and HC

Water Methanol
Samples (S, %) (S, %) M, M,
Chitosan - - 221 x 10° 450 x 10*
HC 92% *+ 45% 16% + 52% 1.96 x 10° 4.30 x 10*
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Figure 4 The SEM photographs of in vitro platelet adhesion: (a) 316L SS, (b) chitosan, and (c) HC.

and hydrocarbon groups, etc.”’°° Comparing with
chitosan, the Crl of HC reduces to 20% and the mo-
lecular weight also deceases as shown in Figure 2
and Table II, respectively. The incorporation of
hydroxyethyl would decrease intermolecular hydro-
gen bond effectively. As expected, the chitosan copoly-
mer grafted hydroxyethyl has well water solubility.

Anticoagulation

Figure 4 shows the SEM morphology of adhered pla-
telets on various surfaces after incubation for 2 h.
The amount of adhered platelets is significantly
reduced on the surface of HC sample, and the
adherent platelets exhibit minimum aggregation, and
morphological changes of the platelets is also less
than chitosan. The platelets of 80% are in the aggrega-
tion and pseudopodium state on the surface of chito-
san sample. At the same magnification, there is an
average of 7000 to 7500 contact-adherent platelets per
1 mm? area on the 316L SS surface. In contrast, about

g .

| /
1

Figure 5 The activated partial thromboplastin times
(APTTs) of various samples.
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Figure 6 The SEM morphologies of the bacterial colonization: (a)316L SS, (b) chitosan, and (c) HC.

8500 platelets are present on the same area of the chi-
tosan sample, while platelets adhered on HC are only
as half as on chitosan. Our data suggest that adhesion

80 + B Cntemcoccus
B €. Codi

S0 4

Concentration of bacterial (10°.cm™)

R KOy 2
J16L SS

Chipsan

Hydratye Byl ¢l bsan
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Figure 7 The amount of both bacteria adhered to the
various surfaces.
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of platelets can be significantly suppressed by graft-
ing hydroxyethyl onto the -OH of chitosan and the
number of adhered platelets depends on the substitu-
tion degrees.'!

To examine bioactivity of the HC in vitro, the
APTTs which show the bioactivity of intrinsic blood
coagulation factors is examined, and the results are
depicted in Figure 5 The APTTs of HC are pro-
longed comparing 316L SS and chitosan samples. On
contrast, the APTTs of chitosan are decreased from
26.9 to 23.7 s, which indicates that activation of the
intrinsic blood coagulation system is increased
relatively.

When blood contacts a foreign material, plasma
proteins are adsorbed onto the material surfaces im-
mediately, and provoke the adhesion of platelets,

TABLE III
The Zeta Potential of Different Samples
Samples Chitosan HC
Zeta potential (mV) 21.7 36.5
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white blood cells and some red blood cells onto the
plasma protein layer. Adherent, aggregated platelets
release materials such as ADP, ATP, thereby induc-
ing more platelet aggregation on the surface. In the
final phase, thrombus, a nonsoluble fibrin network
is formed.***? In this work, the chitosan derivative
of containing hydroxyethyl displayed the fewest
number of adherent platelets, the least amount of
platelet aggregation (Fig. 4), and the longest APTT
of any of the surfaces examined (Fig. 5). Platelet
adhesion and activation of polymers is a complex
process that is dependant on a variety of properties
including surface chain mobility, hydrophilicity,
hydrogen bonding properties, charge density, and
steric barrier among chains.”® In this work, the
hydroxyethyl was inducted result in breakdown mo-
lecular chain and rearrangement of chitosan chains,
which could produce a steric barrier among different
chains. The anticoagulation of polymer is affected
with the steric barrier and the surface charge den-
sity, but the former is more than latter.*” So the
effect of steric barrier produces undesirable protein
adsorption, the blood compatibility is also improved
simultaneously. The platelet adhesion behavior is
only one better indication of anticoagulation, the
other aspects of anticoagulation, such as coagulation
factors, should be done later on.

Antibacterial property

The SEM morphologies of the bacterial colonization
of various sample is shown in Figure 6 The surface
of 316L SS is completely covered with bacteria, the
amount of bacteria on the surface of chitosan sample
reduces evidently, and the surface of HC is mini-
mum bacteria adhesion. The result shows that chito-
san has the lower antimicrobial activity against the
tested bacteria primarily due to its poor solubility in
the neutral condition, but the HC presents excellent
antibacterial activity in vitro.

As shown in Figure 7, the highest number of
Enterococcus and E. coli adhesion was observed on
316L SS surface. In contrast, two kinds of bacteria
have only minor adherence on the surface modified
by chitosan. In particular, the least amount of bacte-
ria can be observed on HC sample surface. This
demonstrates that the chitosan can slightly inhibit
the adhesion of two types of bacteria. The amounts
of E. coli on HC surface were slightly greater than
that of chitosan sample, and Enterococcus was one-
third of chitosan. It was demonstrated that the chito-
san derivative against E. coli was much better than
Enterococcus, owing to differences in charge of cell
walls between Enterococcus and E. coli.*®

The cationic nature of chitosan has been suggested
the main factor contributing to its interaction with
the negatively charged microbial cell surface and
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producing an impairment of bacterial activity.**
In fact, the antibacterial mechanism of chitosan is gen-
erally considered due to the amino group at the C-2
position of the glucosamine residue,® that is, the cati-
onic nature of chitosan at acidic condition, so the anti-
microbial activity of chitosan was shown in Figure 6.
The OH at C-3 and C-6 position were replaced by
hydroxyethyl, which results in deviation of electron
cloud in polymer chain, and the degree of protonation
of NH; is enhanced relatively. The surface charge
amounts can be assessed on the basis of their zeta
potential. As shown in Table III, HC exhibits a cati-
onic nature, which allows for electrostatic interactions
with the aforementioned negatively charged E. coli, so
the adsorption and binding of cationic group are
effective to explain its antibacterial mechanism against
E. coli, the antibacterial activity of HC against E. coli
was more effective than chitosan sample [Fig. 6(b,c)].

CONCLUSIONS

Hydroxyethyl chitosan with good water solubility
was prepared via chemical modification. The The
chitosan derivative shows a good anticoagulation
owing to provide a steric barrier to inhibit protein
adsorption. Comparing to the chitosan, HC shows
much better antibacterial activity against Enterococcus
than chitosan, it indicates some synergistic effects of
the antibacterial activity between hydroxyethyl
group and the degree of protonation of NH..
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