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Many synthetic hydrogels for drug delivery have been based on polyethylene glycol which is non-natural,
non-biodegradable and only terminal-functionalizable. The polysaccharides dextran and chitosan not
only are highly hydrophilic, biodegradable and pendant-functionalizable, but also more closely mimic
the nature extracellular matrix glycosaminoglycans. Here, a biomimetic hydrogel based on chitosan and
dextran was synthesized by the Michael addition reaction. The hydrogels have good swelling and cyto-

compatibility against NIH3T3. Moreover, vancomycin-loaded hydrogels were formed in situ, and could
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kill both Gram-positive bacteria and Gram-negative bacteria, indicating that the hydrogel as a wound
dressing could provide protection against bacterial infection. Notably, the drug release was controlled via
modifying the compositions. Therefore, the biomimetic polysaccharide hydrogels as a promising carrier
have potential application for wound healing.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The skin plays an important role in human body and prevents
from being infected by microbes. Skin generally needs to be cov-
ered with a dressing immediately after it is damaged (Jayakumar,
Prabaharan, Kumar, Nair, & Tamura, 2011). Wound healing typ-
ically occurs through the process of hemostasis, inflammation,
tissue repair and remodeling. Conventional wound dressings such
as bandages, gauze and foam dressing just cover the surface of the
wound and absorb tissue exudates. However they cannot provide
an appropriate environment for tissue repair and regeneration, eas-
ily adhere to wound and damage the new epithelial tissue leading
to bleeding. Advanced dressings, including biological and synthetic
scaffolds, can provide a physical barrier against secondary infec-
tion, as well as a compatible physiological environment (Song,
Rane, & Christman, 2012). Wound infection is the major difficulty
in the field of wound care management, because such infection can
cause to form exudate, delay the wound healing, facilitate improper
collagen deposition, etc. (Kumar et al., 2012; Madhumathi et al.,
2010; Paul & Sharma, 2004). Hydrogels are soft and wet materials
that contain a large amount of water for their three dimensional
polymer network structure. Besides the applications such as drug
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delivery system, contact lenses, corneal implants, and as scaffolds
for tissue engineering (Haque, Kurokawa, & Gong, 2012), they have
been utilized as promising materials for wound healing, surgical
tissue adhesives, and hemostasis during surgery as well as for local
drug delivery depots (Ryu et al., 2011; Zhang, Qadeer, & Chen,
2011). Moreover, interpenetrated polymer networks have shown
the promise as a way of incorporating antimicrobial agent into poly-
mer such as the antibiotic streptomycin sulfate (Song et al., 2012)
or tetracycline (Paul & Sharma, 2004) where the polymer networks
act as a carrier for the antibiotics delivery system.

Chitosan is a modified natural polysaccharide derived from
chitin and one of the rare natural-based cationic polymers (Schutz,
Juillerat-Jeanneret, Kauper, & Wandrey, 2011). It has been widely
used in biomedical field due to their bioactivity, biodegradability,
biocompatibility, low toxicity and bacteriostatic effect (Bhattarai,
Gunn, & Zhang, 2010; Brunel et al., 2009, 2010; Mao, Sun, &
Kissel, 2010; Wu, Shen, Banerjee, & Zhou, 2010). The antibacte-
rial activity of its derivatives against E. coli and S. aureus was
affected by the degree of N-substitution and molecular weight,
especially in the range between 5 and 10kDa (Sajomsang, Gonil,
& Tantayanon, 2009; Sajomsang, Tantayanon, Tangpasuthadol, &
Daly, 2009; Tsao et al., 2010). Dextran is highly hydrophilic and
has high molecular weight resulting in relatively good mechan-
ical property (Rokhade, Patil, & Aminabhavi, 2007). Moreover,
dextran is a natural biodegradable polysaccharide with abundant
pendant hydroxyl groups amenable to chemical modification. More
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importantly, the polysaccharide dextran is chemically similar to
glycosaminoglycan which is an important constituent of extracel-
lular matrix (ECM). We postulate that combination of chitosan and
dextran in a composite hydrogel could more closely mimic the nat-
ural structure and function of ECM. In our previous study (Teng
etal., 2010), the hydrogel based on thiolated chitosan and polyeth-
ylene glycol (PEG) was synthesized by the Michael type addition
reaction, and the hydrogels have been used for drug delivery and
cell tissue engineering.

Here, the hydrogels based on thiolated chitosan and maleic
acid-grafted dextran were developed. The cell viability, swelling,
drug encapsulation and release behaviors were tracked. Finally,
the antibacterial property of drug-loaded hydrogels was further
explored. We expect that the polysaccharide hydrogel as a wound
dressing could promote wound healing.

2. Materials and methods
2.1. Materials

Chitosan (CS) was purchased from Golden-Shell Pharma-
ceutical Co. Ltd., Jiangsu, China. Dextran (Dex) was pur-
chased from Sinopharm Chemical Reagent Co. Ltd. Beijing,
China and dried under vacuum at 60°C before used. 1-
Hydroxybenzotriazole (HOBt) and 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDAC-HCl) were purchased from
Medpep Co. Ltd., Shanghai, China. N-Acetyl-L-cysteine (NAc) was
purchased from Alfa Aesar, USA. Maleic anhydride (Ma), tri-
ethylamine (TEA) and isopropyl alcohol (IPA) were purchased
from Chemical Reagent Co. Ltd., Tianjin, China. 5,5’-Dithiobis
(2-nitrobenzoic acid) (DTNB) and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich, USA. Dulbecco’s modified eagle’s medium (DMEM),
heat-inactivated fetal bovine serum (FBS) and trypsin were pur-
chased from Gibco, USA. Vancomycin was purchased from Aladdin,
Shanghai, China.

2.2. Preparation of thiolated chitosan (CS-NAc)

N-Acetyl-L-cysteine conjugated chitosan (CS-NAc) was obtained
according to the method reported by our group (Wang et al.,
2009). Briefly, 500 mg of CS and 377 mg of HOBt were dispersed
in water under stirring. Then 4286 mg of EDAC-HCI and 912 mg of
NAc were added to the above solution. PH of the reaction mix-
ture was adjusted to 5 using 1M HCI, then reacting in the dark
for 3 h. The resultant mixture was dialyzed (10kDa cutoff) first
against 5mM HCI containing 2 pwmol/L EDTA at 4°C for 72h in
the dark, then 5mM HCI containing 1% of NaCl, finally 1 mmol/L
HCl before the solution was freeze dried. Thiol content was deter-
mined using Ellman’s reagent as described by Krauland, Leitner, and
Urch (2003). The main chemical shift of CS-NAc: Fig. S1 showed
the TH NMR (400 MHz, D,0, TMS): 4.94 (s, H-6), 3.99 (s, H-1, H-
2), 3.83 (s, H-3, H-4), 3.24 (s, H-5), 2.97 (s, —S—CHy—), 2.07 (s,
—COCH3). According to Fourier transform infrared (FTIR) result of
CS-NAc, when compared with chitosan, a stronger absorption peak
at 1654cm~! (amide I band) which was assigned to carbonyl in
amide, indicating that NAc was introduced into chitosan success-
fully.

2.3. Preparation of maleic acid-grafted dextran (Dex-Ma)

Maleic acid-grafted dextran (Dex-Ma) was synthesized accord-
ing to the method described by Kim, Won, and Chu (1999). Briefly,
dextran was dissolved in 20 mL of DMF containing 2 g of LiCl at 90 °C
under nitrogen. TEA was added to the solution as a catalyst at 60 °C

and maleic anhydride was subsequently added. The reaction mix-
ture was generally conducted at 60 °C for 10 h. The reaction mixture
was precipitated in 50 mL of cold isopropyl alcohol, washed three
times with isopropyl alcohol, and dried at room temperature under
vacuum for a week and stored in cold dark before used. The degree
of substitution of Dex-Ma was 55%, determined by acid-base titra-
tion. FTIR result of Dex-Ma shows that the peak at 1722 cm~! was
ascribed to carboxyl, and the peak at 1661 cm~! was assigned to
carbon-carbon double bound comparing with dextran. The TH NMR
peaks at 6.3 and 6.6 ppm were protons of the double bond of maleic
acid.

2.4. Preparation and characteristics of CNDM hydrogel

To determine the gelation time, the solution of CS-NAc and Dex-
Ma (the molar ratio of thiol group to maleic group, 1:3,1:2,1:1, 2:1
and 3:1) in phosphate buffer solution (PBS, pH 7.4, 0.02 M) were
incubated at 37 °C by vortexing. The gelation time was determined
by a flow test utilizing a glass test tube inverting method reported
by Jeong, Bae, and Kim (1999). As the solution lost fluidity in 1 min,
the sample was regarded as a gel.

FTIR spectroscopy of the sample was performed with FTS 6000
spectrometer (Bio-Rad, USA). The dried samples were mixed with
KBr and tableted. To examine thermal stability of hydrogels, the
samples were measured using thermogravimetric analysis (TGA,
Metzsh). Decomposition profiles of TGA were recorded with a heat-
ing rate of 10°C/min in nitrogen between 20 and 450°C.

2.5. Morphology of hydrogels

To observe the morphology of hydrogels, the synthetic hydro-
gels were quickly frozen in liquid nitrogen and further freeze-dried
in a Freeze Drier (FTS SYSTEMS, USA) in vacuum at —90°C for 36 h
until all the solvent was sublimed. The freeze-dried hydrogels were
then fractured carefully, and the interior morphology of the hydro-
gels were visualized by using a scanning electron microscope (SEM,
Shimadzu SS-550, Japan) (Teng et al., 2010). Before the SEM obser-
vation, the hydrogel samples were fixed on conductive tape and
coated with gold.

2.6. Swelling ratio of hydrogels

To understand the effect of the molecular transport of lig-
uids into hydrogels on the drug release, swelling measurement
was carried out by immersing the hydrogels in PBS (pH 7.4) at
37°C. At predetermined time intervals, the samples were taken
out and wiped carefully between tissue papers to remove the
surface-adhered liquid droplets, and then weighted on an elec-
tron microbalance (AE 240, Mettler, Switzerland) to an accuracy
of 0.1 mg. Each sample was performed in triplicate, and average
value was calculated for data analysis. The percentage of equilib-
rium water uptake was calculated as follows:

W — Wy
Wo

where W; is the weight of swollen hydrogels, and Wj is the initial
weight of hydrogels.

Swelling ratio =

2.7. The cell viability

Mouse fibroblast NIH3T3 cells were maintained in DMEM
medium supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 100 mg/L streptomycin, and 100 IU/mL penicillin. Cells
were grown in a 25 mL cell culture flask and incubated at 37°C in
a humidified atmosphere of 5% CO, to approximately 70-80% con-
fluence. After a subculture was performed every 2-3 days, medium
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was removed to eliminate the dead cells, and the adherent cells
were detached from the surface of the culture flask by trypsiniza-
tion.

Cytotoxicity of the hydrogels was assessed by the MTT method
(Dutta, Shome, Kar, & Das, 2011; Mitra, Shome, Paul, & Das, 2009;
Roy & Das, 2008). First, 8 mg hydrogels was incubated in 8 mL of
pH 7.4 PBS for 72 h, and then filtrated. Second, NIH3T3 cells in the
logarithmic growth phase (the number of viable cells >99%) were
digested with 0.25% trypsin. A concentration of 5 x 10 cells per
milliliter of cell suspension was prepared. 100 wL of cell suspen-
sion was added rapidly to a 96-well plate. Then, the 96-well plates
were put in 5% C0,/95% O, incubator to cultivate 24 h. After 24 h
of incubation, the medium was replaced with the different concen-
trations of leaching solution (4, 2, 1 and 0.5 mg/mL), the control
group only added an equal amount DMEM medium cultured in 5%
C0,/95% O, incubator for 24 and 48 h, respectively. Then, 10 pL
of MTT solution (5%) in PBS was added to the above mixture, and
the cells were further incubated for another 4 h. The precipitated
formazan was dissolved thoroughly in DMSO, and absorbance at
545 nm was measured using Microplate Reader (Molecular Devices,
USA). The number of surviving cells was expressed as percent via-
bility = (Ar — Ag)/(Ac — Ag) x 100%. Where A; is the absorbance of
treated cell, A¢ is the absorbance of controlled cell and Ag is the
absorbance of PBS.

2.8. Fabrication of vancomycin-loaded hydrogels

Being different from the previous method to construct drug-
loaded hydrogel, we tried a new plan to encapsulate vancomycin
into hydrogels. First, 9 mg vancomycin was added to 10 mL of PBS,
then CS-NAc and Dex-Ma were dissolved in the solution and the
mixture was incubated at 37 °C by vortexing to obtain drug-loaded
hydrogels. In this case, the drug loading ability was considered to
be 100%.

2.9. Invitro drug release

Typically, vancomycin-loaded hydrogels (10 mg) was placed in
2mL of pH 7.4 PBS with shaking at 37°C. At appropriate time-
points, the aliquots of 100 pL supernatant were withdrawn and
replaced by fresh buffer solution. The amount of vancomycin was
measured using an UV spectrophotometer (Shimadzu UV2550,
Japan) at a wavelength of 280 nm (Zhang et al., 2008).

2.10. Antibacterial assay

LIVE/DEAD assay was used to evaluate the antibacterial prop-
erty of the hydrogels. 106 Colony Forming Units (CFU) mL~! of both
S. aureus and E. coli were co-cultured with hydrogels for 1 h, respec-
tively. A solution of LIVE/DEAD staining fluorescence dye, acridine
orange (0.1 mg) and ethidium bromide (0.1 mg), in 100 L of pH
7.4 PBS was added to the hydrogels. After 15 min, the hydrogels
were washed three times with PBS, and then 40% glycerol solution
was used to suspend the stained bacteria. The live/dead bacteria
were observed under a fluorescence microscope (Leica DMI4000B,
Germany).

The morphological changes of bacteria were observed by field
emission scanning electron microscope (FESEM) before and after
the treatment of hydrogels (Chen et al., 2010). E. coli and S. aureus
were cultured to an exponential phase and then harvested by cen-
trifugation, followed by washing twice with PBS and resuspended
in it. Bacteria were incubated at 37 °C for up to 60 min with 10 mg
hydrogels (unloading and loading vancomycin). Controls were per-
formed in the absence of hydrogels. Cells were fixed with 2.5%
(w/v) glutaraldehyde in PBS, washed extensively with PBS, and
then dehydrated with a graded ethanol series (30%, 50%, 70%, 95%
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Scheme 1. Scheme of CNDM hydrogel formation.

and 100%, 15 min each). After freeze-drying and gold coating, the
samples were observed with FESEM (JEOL-JSM7500, Japan).

3. Results and discussion
3.1. Insitu formation and characterization of hydrogels

CS-NAc was obtained by the covalent attachment of NAc to the
amine groups of CS. The coupling reaction was mediated by EDAC
and HOBt according to our method previously reported (Wang
et al., 2009). In the present work, we used the most appropriate
NAc/EDAC molar ratio, and the content of free thiol group was about
200 pmol/g determined by Ellman’s assay.

To obtain the in situ forming hydrogels, CNDM hydrogel was
prepared by the incubation of CS-NAc and Dex-Ma in pH 7.4 PBS at
37°C (Scheme 1). Moreover, Michael type addition between thiol
group and maleic group easily happened. To determine the gelation
time, the hydrogels with different concentrations and compositions
were synthesized. As shown in Table 1, at the same molar ratio
of thiol to maleic group, the gelation time of CN1DM1 decreased
from 12 to 0.2 h as the content of CS-NAc and Dex-Ma increased
from 40 to 150 mg/mL. However, we found that the gelation time

Table 1
Gelation time of the hydrogels with different compositions and concentrations.
Hydrogel Molar ratio of ~ Mass Material Gelation
thiol to percentage of concentration time (h)
maleic acid Dex-Ma (%) (mg/mL)
15.5 40 12
15.5 50 6
CN1DM1 1:1 15.5 75 3
15.5 100 1.1
15.5 150 0.2
CN1DM2 1:2 27.0 100 14
CN1DM3 1:3 36.0 100 1.2
CN1DM3 1:3 36.0 150 03
CN2DM1 2:1 8.5 100 1.2
CN3DM1 3:1 6.0 100 14
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was the shortest when the molar ratio of thiol to maleic is 1:1
at the same content of materials. At the same content of mate-
rial (100 mg/mL), the gelation time was hardly affected by the
molar ratio of thiol to maleic. FTIR result in Fig. S2 shows that
the peak at 1661 cm~! ascribed to carbon-carbon double bond in
CNDM hydrogels disappeared, suggesting that thiol group of CS-
NAc reacted with double bond of Dex-Ma through Michael type
addition.

3.2. Thermal stability of CNDM hydrogel

Thermal stabilities of CNDM hydrogels were evaluated, TG and
DTG curves for CS-NAc, Dex-Ma and CNDM are shown in Figure S3.
For CS-NAc, there were two stage weight loss in the range of 40
and 300°C. The first one with a weight loss of 6% was assigned
to free water and water linked through hydrogen bonds, which
were released in the 30-40°C region and reached a maximum
at 40°C; the second point of a weight loss of 28%, up to 236°C,
corresponded to the decomposition (thermal and oxidative) of CS
and vaporization and elimination of volatile products. Dex-Ma also
showed two stage weight loss in the range of 110 and 250°C.
The weight loss of 7% at 110°C was assigned to the release of
free water and water linked through hydrogen bonds; the sec-
ond weight loss of 42% was the breaking of dextran chains. It is
known that pyrolysis of polysaccharides starts by a random split
of the glycosidic bonds, followed by further decomposition form-
ing acetic bonds, followed by further decomposition forming acetic
and butyric acids and a series of lower fatty acids, where C2, C3,
and C6 predominate (Neto et al., 2005). Moreover, variations on
the peak area and position related to water loss were expected
to reflect physical and molecular changes caused by the modifi-
cation of cross-linking with dextran. For CNDM hydrogels, there
were differences in peak area and position, indicating that hydro-
gel differed in the water holding capacity and in the strength of
water-polymer interaction. Such changes might clearly indicate
the distinct formation of hydrogels. Fig. S3a showed the weight loss
with maxima at 23% for CNDM hydrogels, indicating an increase in
sample thermal stability compared with chitosan and dextran, this
behavior was probably due to the formation of the carbon-sulfur
bonds.

3.3. Morphology of hydrogels

The morphologies of the swollen CNDM hydrogelsin PBS at 37 °C
were observed by SEM. As shown in Fig. 1A and B, the SEM images
of hydrogels exhibited a highly macroporous spongelike structure
and the average mesh size was about 15 pm. With the increase of
cross-linking density, the decrease of the pore size was attributed
to the reducing distance between CS and Dex. After being dipped in
PBS for a week, the chains in the network degraded and pore size
of the hydrogel increased (the data were not shown). Importantly,
the hydrogels with porous structure had interior space to receive
the microbe and then react with drug loaded in the hydrogel pores
(Lietal,, 2011).

3.4. Swelling assay

Hydrophilicity is an important characteristic of the hydrogels.
Excellent water uptake ability of a material facilitates both cell
attachment and penetration during in vitro cell culturing. To deter-
mine their hydrophilicity, we explored the swelling of CNDM
hydrogels. Fig. 2 showed swelling kinetic curves of the hydrogel in
pH 7.4 PBS at 37 °C. All these hydrogels almost reached full swelling
ratio after 1 h incubation, and the average swelling ratio was about
250%. For the hydrogels with 100 mg/mL of material concentra-
tion, the swelling ratio increased from 200% to 270% when the

Fig.1. SEMimages of CNDM hydrogel: (a) CN1DM3 hydrogel, and (b) CN1DM3 (150)
hydrogel.

mole ratio of thiol group to maleic group increased from 1:1 to
1:3, indicating that Dex-Ma played an important role in the water
uptake of CNDM hydrogels. For CN1DM3 hydrogels, the equilib-
rium swelling ratio increased from 300% to 340% when enhanced
the concentration from 100 to 150 mg/mL. We generally believed
that the hydrogels prepared at a high concentration had a tighter
structure and a higher water-holding capacity. This also indicates
that dextran has an important influence on the hydrogels swelling.
However, at the same the material content, the hydrogels whose
ratios of thiol group and maleic group of 1:1, 2:1 and 3:1 had the
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Fig.2. Swelling kinetic curves of hydrogels at37°Cin PBS pH 7.4 (mean £ S.D.,n=3).
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same swelling ratio, suggesting that dextran played important role
in the swelling of CNDM hydrogels again, which maybe because CS
with the high molecular weight was difficult to dissolve in pH 7.4
PBS.

3.5. Cell viability

The potential for CNDM hydrogels as antibacterial wound dress-
ing was further assessed with the MTT assay. The cytocompatibility
of CNDM hydrogels was evaluated in vitro on NIH3T3 cells by
“indirect” method. In this method, the growth medium was first
“conditioned” for 5 days with the hydrogels and then used to incu-
bate the cells. After 24 and 48 h of incubation, cell viability was
determined by the MTT assay and expressed as a percentage ratio
between viable cell number incubated in the growth medium “con-
ditioned” and not “conditioned” by the hydrogel.

The result of MTT assay shows that the cytotoxicity of the hydro-
gels against NIH3T3 increased with hydrogels concentration rising
(above 2 mg/mL, Fig. 3A and B). However, the cell viability was
more than 80% at lower than 2 mg/mL, suggesting that the cell
proliferated even in the presence of hydrogels. Notably, the cell via-
bility increased with culture time, indicating that some substances
promoted the cell growth (Fig. 3B). The cytotoxicity, however,
increased by chitosan with positive charge at high concentration.
These results indicate that the hydrogels had low cytotoxicity and
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Fig.4. In vitro percentage cumulative release of vancomycin from CNDM hydrogels
at37°Cin pH 7.4 PBS. Each hydrogel was analyzed and each datum point represents
the mean value £S.D. (n=3).

contributed to cell proliferation, which could promote wound heal-
ing.

3.6. Drugrelease

Vancomycin release in vitro was determined using an UV spec-
trophotometer. As shown in Fig. 4, vancomycin released from the
hydrogels in a sustained manner. Moreover, the release behavior
of drug-loaded hydrogels showed a similar trend. However, the
amount of released drug increased as dextran content in hydro-
gels decreased, indicating drug release behavior depended on the
drug-hydrogel interaction. For CN1DM1 and CN1DM2 having the
obvious burst release, the release amount was up to 20% and 12%
during the initial 48 h, respectively. However, for CN2DM1 and
CN3DM1 hydrogels, the release amount was up to 30% and 48%
at the same time, respectively. The drug release amount from
hydrogels CN1DM3, however, was only 6% during the initial 48 h.
Combination of the hydrogel composition (weight percentage of
Dex-Ma to CNDM hydrogel) in Table 1, we found that the effect
of dextran on drug release was significant. This maybe because
hydroxyl groups of vancomycin could strongly interact with Dex-
Ma through hydrogen bond, so the more Dex-Ma in hydrogel, the
lower amount of vancomycin released.

Inspired by the works of Aminabhavi’'s group (Agnihotri
& Aminabhavi, 2007; Mundargi, Patil, & Aminabhavi, 2007;
Mundargi, Shelke, Rokhade, Patil, & Aminabhavi, 2008; Rokhade,
Patil, et al., 2007; Rokhade, Shelke, Patil, & Aminabhavi, 2007), we
further analyzed the in vitro release mechanism of vancomycin.
To determine the mechanism, the following Ritger-Peppas
(M¢/My <60%) equation was used to fit the data of cumulative
release (Zalfen et al., 2008).

M; n

M. = Kt

where M;/M is the fraction of drug released at time t, K is a
kinetic rate constant characteristic of the polymer-drug interac-
tion and n is the diffusional exponent characterizing the release
mechanism. If n <0.46, Fickian diffusion occurs; if 0.46 <n<0.89, it
suggests anomalous (non-Fickian) transport and for n=0.89 zero-
order release is possible and if n>0.89, super-Case-II transport is
operative (Mundargi et al., 2007, 2008).

The fitting data are shown in Table 2, the n values of CN1DM3,
CN1DM2, CN1DM1, CN2DM1 for the release of vancomycin were
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Table 2

Drug release kinetic data for CNDM hydrogel obtained from fitting drug release
experimental data to Ritger-Peppas equation (n: diffusion exponent; K: kinetic
constant; R?: correlation coefficient).

Sample M; /My, = Kt" Transport mechanism
K n R?
CN1DM3 (150) 0.54 0.67 0.97 Non-Fickian diffusion
CN1DM3 1.62 0.39 0.98 Fickian diffusion
CN1DM2 8.67 0.09 0.95 Fickian diffusion
CN1DM1 10.65 0.14 0.91 Fickian diffusion
CN2DM1 6.46 0.40 0.98 Fickian diffusion
CN3DM1 5.65 0.57 0.96 Non-Fickian diffusion

lower than 0.46, indicating that release mechanism of drug
was mainly Fickian diffusion. However, for CN1DM3 (150) and
CN3DM1, the n value was higher than 0.46, suggesting that release
mechanism of drug from CN1DM3 (150) and CN3DM1 was Fick-
ian diffusion and polymer chain relaxation. The difference of drug
release mechanism between CNDM hydrogels was probably influ-
enced by the degree of cross-linking (Agnihotri & Aminabhavi,
2007; Rokhade, Patil, et al., 2007; Rokhade, Shelke, et al., 2007)
and hydrogen bond between Dex and vancomycin.

A Control

S. aureus

E. coli

S. aureus

Blank hydrogel

3.7. Antibacterial activity

The LIVE/DEAD bacterial viability assay was further performed
with E. coli and S. aureus stained by AO&EB fluorescent dyes. In
this assay, bacterial cells that looked green/red were live/dead
with intact/damaged membranes when visualized by fluorescence
microscopy. Fig. 5A showed fluorescence micrographs of E. coli
and S. aureus treated with blank and drug-loaded CNDM hydro-
gels. For the control group, bacterial cells fluoresced green (Fig. 5Aa
and 5Ad), indicating that these cells were alive. After treated with
the drug-loaded hydrogels for 60 min, all bacterial cells presented
red. However, the blank hydrogels, some of E. coli presented red
while S. aureus still presented green, indicating that the hydrogel
has a antibacterial activity against Gram-negative bacteria, because
Gram-negative bacteria contained an outer membrane wherein
lipopolysaccharide and proteins were held together by electrostatic
interactions with bivalent metal ions, 1-2 layers of peptidogly-
cans (cell wall), and a cell membrane (containing lipid bilayer,
trans-membrane proteins, and inner/outer membrane proteins);
the negatively charged O-specific antigenic oligosaccharide repeat-
ing units of the E. coli lipopolysaccharide form an ionic-type of
binding with the positive charged amino groups of chitosan, thus
blocking the nutrient flow with bacterial death due to depletion

Drug-loaded hydrogel

Fig. 5. Fluorescence micrograph of E. coli and S. aureus after being treated with CNDM hydrogels for 1 h (A); SEM images of E. coli and S. aureus after the treatment and no
treatment of CNDM hydrogels, and arrow pointing micrographs indicate partially enlarged bacteria to observe surface information (B).
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of the nutrients. That is, chitosan with high amino groups could
not pass through the microbial membrane and hence stack to the
cell surface, which blocked nutrient transport or permeated the
microbial cell membrane, resulting in cell lysis.

For Gram-positive bacteria, the cell membrane was covered by
a cell wall made up of 30-40 layers of peptidoglycans, which con-
tained GlcNAc and N-acetylmuramic acid, to which the positively
charged amino groups of chitosan can bind, resulting in cell wall
disruption, and exudation of the cytoplasmic contents. In this situ-
ation, CS-NAc could not traverse the microbial membrane because
of its large size and insolubility in water.

It is true that chitosan has high concentration of positive charge,
and the deposition of cationic chitosan onto the cell surface, which
leads to cell leakage, is more prominent in the case of Gram-
negative bacteria, owing to a stronger association of O-chains
to the outer membrane structure (Sajomsang, Tantayanon, et al.,
2009).

To observe the bacterial morphology before and after treated
with drug-loaded hydrogels, SEM was performed (Fig. 5B). For
the bacteria without the treatment of the hydrogels, the cell
surface presented smooth. In contrast, the bacteria after treated
with hydrogels were shriveled, intracellular substances were even
spilled from bacteria when dead (Fig. 5Bc and 5Bf).

4. Conclusions

A new biomimic hydrogel was formed using thiolated chi-
tosan crosslinked with maleic acid-grafted dextran by Michael
addition reaction. The hydrogels with porous structure had good
swelling property. According to the contribution to cell prolif-
eration, the hydrogels might promote wound healing. Hydrogels
had antibacterial activity to Gram-negative bacteria and also had
wide antibacterial properties after loading vancomycin. Moreover,
vancomycin release presented a sustained pattern and was con-
trolled via modifying the hydrogels compositions. Therefore, the
polysaccharide hydrogels have promising and useful applications
in biomedical devices.
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