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ABSTRACT: It is critical for the clinical success to take the
biological function into consideration when integrating the
antibacterial function into the implanted biomaterials. To this
aim, we prepared gentamycin sulfate (GS)-loaded carbox-
ymethyl-chitosan (CM-chitosan) hydrogel cross-linked by
genipin. The prepared hydrogels not only achieved superb
inhibition on bacteria growth and biofilm formation of
Staphylococcus aureus but also significantly enhanced the
adhesion, proliferation, and differentiation of MC3T3-El
cells. The observed dual functions were likely based on the
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intrinsic property of the positive charged chitosan-based hydrogel, which could be modified to selectively disrupt the bacteria
wall/membrane and promote cell adhesion and proliferation, as suggested by the membrane permeability study. The genipin
concentration played an important role in controlling the degradation time of the chitosan hydrogel and the MC3T3-E1 cell
responses. The loading of GS not only significantly increased the antibacterial efficiency but also was beneficial for the
osteoblastic cell responses. Overall, the biocompatibility of the prepared chitosan-GS hydrogel could be tuned with both the
genipin and GS concentrations, which control the available positive charged sites of chitosan. The results demonstrated that
chitosan-GS hydrogel is an effective and simple approach to achieving combined antibacterial efficacy and excellent osteoblastic
cell responses, which has great potential in orthopedic applications.
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1. INTRODUCTION

Biomaterial-related infection has remained a serious problem
for clinical applications, especially due to the formation of
biofilms on the implanted biomaterials.' ™ Accordingly, there
has been increasing attention on developing antibacterial
materials to defend against infections. However, another
important issue needs to be considered in biomaterial design
is the osseointegration of the medical implants. Unfortunately,
the introduction of the antibacterial ingredients into the
medical device is often associated with the adverse effect on
host cells and the compromise of its biological functions.
Designing materials to fulfill the requirement for antibacterial
and biocompatibility thus has been a challenging task.

For instance, Ag" has received widespread recognition due to
its broad spectrum antimicrobial property and the best
antibacterial efficacy among various metal ions,” but it
would likely have a detrimental effect on the cell response
and even could be potentially toxicological at high concen-
trations.”® Another approach is to use antibacterial polymer
coatings that are highly compatible. Although toxicity has
remained a critical issue for most polymer-based coatings,7_9
impressive selectivity against bacteria has been reported with
some cationic polymers and peptides."®™'® Nevertheless, the
best achieved so far is just to minimize the cytotoxicity, let
alone to improve the biocompatibility of the biomaterials
despite all the scrupulous efforts made on the polymer design.
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The alternate approach to increasing the osteogenic functions is
to incorporate Arg-Gly-Asp peptide (RGD) or growth factors
into the antibacterial materials that would enhance cell
response.*'¢ However, these methods tend to be complicated
and costly.

Among all the antibacterial materials, chitosan and its
derivative have demonstrated both antibacterial properties
and biocompatibility and have been widely used in orthopedic
applications and drug delivery carriers.”’™>' As a natural
polysaccharide, chitosan possesses intrinsic antibacterial prop-
erty because of its cationic amino group that interrupts the
bacterial membrane and disrupts the mass transport across the
bacterial wall.'”** On the other hand, chitosan-based materials
have also been reported to improve the cell adhesion and
proliferation.”»** Although the antibacterial efficacy of
chitosan-based biomaterials depends on the parameter of
chitosan, including molecular weight, degree of deacetylation,
and the concentration of chitosan solution®**~*’ these
material parameters also affect the cell compatibility.*!

We previously hypothesized that the chitosan-based material
might be tuned to achieve dual functions of antibacterial
efficiency and osteogenic activity through selectively interrupt-
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ing the bacteria membrane. This phenomenon was sub-
stantiated by selecting a water-soluble chitosan derivative
within a specific concentration window, which promoted the
osteoblast-like cell proliferation and invaded the bacteria
membrane simultaneously.”> However, the antibacterial
efficiency was significantly compromised to entertain the
requirement for cell biocompatibility. In addition, such chitosan
material was in film form which was subjected to quick
degradation.?‘5 To overcome the above shortcomings, we have
adopted a simple scheme in this study by preparing chitosan
hydrogels with antibiotic loading, to achieve controlled and
sustained release of the antibacterial ingredients and anti-
bacterial efficiency at longer terms. Antibiotics are routinely
administered at the first couple of days in implant surgery
operations generally through the vascular injection. The local
release of the antibacterial ingredient at the surgical sites is
highly desirable in implant applications.”®>° Among various
antibiotics, gentamycin sulfate (GS) has been used to treat deep
bone infections by virtue of its excellent performance against
microorganism combined with advantages of low cost, broad
antibacterial spectrum of action, low allergy rate, good stability,
and good water solubility.**~>* It targets against the synthesis
of bacterial protein with little detrimental effect on cell
responses.

In the present work, the carboxymethyl-chitosan (CM-
chitosan) hydrogel was prepared by using genipin as the cross-
linking agent, with the additional incorporation of gentamycin
sulfates (GS) to enhance its antimicrobial activity. Staph-
ylococcus aureus (S. aureus), a common pathogen in the
osteomyelitis and cardiovascular implant infections, was
selected to systematically test the antibacterial efficacy of the
prepared materials, in terms of bacteria growth and biofilm
formation. MC3T3-E1 cells were used to test the osteogenic
activity of the prepared chitosan-GS hydrogels in terms of cell
adhesion, proliferation and differentiation. In particular, an
attempt has been made to investigate if there was a selective
disruption effect of the prepared materials on cell/bacterial
membranes, and thus provide insight into understanding the
dual functions of the prepared chitosan-GS hydrogels.

2. EXPERIMENTAL SECTION

2.1. Materials. Carboxymethyl-chitosan (Carboxylation degree
>80.0% and MW = 1 X 10°) was purchased from Aoxing Biotech
(Zhejiang, China). Genipin was obtained from Linchuan Zhixin
Biotech (Fuzhou, China), which has been derived from Gardenia
jasminoides Ellis geniposide. Gentamycin sulfate (GS) was purchased
from Ameresco (Solon, Ohio, USA). Phosphate buffered saline (PBS),
methyl thiazolyl tetrazolium (MTT), dexamethasone, S-glycerophos-
phate ascorbic acid, triphosphopyridine nucleotide (TPN), and
glucose-6-phosphate were obtained from Sigma-Aldrich.

2.2. Hydrogel Preparation. Before preparation, the CM-chitosan
powder was sterilized by treating with y-radiation from cobalt-60
sources (Sichuan Atomic Physical Research Institute, Sichuan, China).
The aqueous genipin solution was sterilized by filtering with 0.22 ym
syringe filters. CM-chitosan-GS hydrogel were prepared by adding 1
mL of freshly prepared GS aqueous solution (20 mg/mL) and then 1
mL of genipin solution (with various concentrations) to 20 mL of
CM-chitosan aqueous solution (50 mg/mL) aseptically, unless
specified otherwise. The genipin concentrations were chosen
according to the weight ratio of genipin to CM-chitosan at 0.5%,
1%, 2%, respectively. The GS to hydrogel ratio was kept constant at 1
mg/mL as indicated above for all bacterium and cell experiments,
except for the experiments in section 2.7 where various GS
concentrations were used. These homogeneous solutions were kept
under sterilized condition at 37 °C for 24 h. Finally, three kinds of

hydrogel complexes were formed and would be referred as chitosan-
0.5% genipin, chitosan-1% genipin, and chitosan-2% geinipin. All
solutions are aqueous solutions unless specified otherwise.

2.2.1. Characterization Studies. Digital photos of the three
hydrogel complexes before and after gelation were taken by Nikon
camera (COOLPIX S70, Japan). The relevant reaction was analyzed
by UV-—vis spectrophotometer (UV-2100, Shimadzu, Japan) (see
Figure S1 in the Supporting Information).

2.2.2. In Vitro Release of the GS. Chitosan-0.5% genipin, chitosan-
1% genipin and chitosan-2% genipin were used to examine the in vitro
release behavior of the antibiotics from the prepared hydrogel. The
hydrogel samples (0.5 mL for each sample, with a GS to hydrogel ratio
of 1 mg/mL) were placed into the centrifugal tubes containing 16 mL
Phosphate buffered saline (PBS) solution (pH 7.4) and then incubated
at 37 °C under shaking at a rate of 100 rpm. One mL of the solution
was withdrawn at various time points of 1, 2, 4, 8, 12, 24, 48, 96, 144,
240, 336, and 504 h, and stored at 4 °C before analysis by UV—vis
spectrophotometer (UV-2100, Shimadzu, Japan) using the o-
phthaldialdehyde method at 332 nm.*

2.3. Bacterial Inhibition. Before gelation, GS-loaded CM-chitosan
hydrogel samples (0.5 mL for each sample, with a GS to hydrogel ratio
of 1 mg/mL) at different genipin concentrations (0.5, 1, and 2%) were
introduced into 24-well plates and then allowed gelation for 24 h. The
tissue culture plates were served as control. After that, 1 mL
suspension of the Staphylococcus aureus (ATCC 25923) were spread
onto the hydrogel materials with an initial bacterial density of 1—2 X
10° CFUs/mL. The final GS concentration was about 300 yg/mL in
terms of total volume (about 0.45 mg of GS in 0.5 mL of hydrogel and
1 mL of culture medium). The medium was changed every 2 days in
the experiment. The MTT assay was selected for evaluating bacterial
inhibition at 1, 3, 5, 7, and 14 days, respectively. After incubation for 1,
3, S, 7, and 14 days, 200 uL MTT solution (S pg/uL in PBS) was
added to each well and incubated for another 4 h. Removing the
supernatant carefully, 1 mL of dimethyl sulfoxide (DMSO) was then
added into each well to dissolve the purple formazan. After gentle
mixing for $ min with an oscillator, the optical density (OD) values
obtained at 490 nm were related with the living bacterial.

After S days of culture, the samples were treated with 2.5%
glutaraldehyde, dehydrated by a graded series of ethanol, dealcoholized
by a graded series of isoamyl acetate and subjected to critical point
drying. Afterward, the morphologies of S. aureus were examined by the
scanning electron microscope (SEM, S$4800, Hitachi Ltd., Tokyo,
Japan).

2.4. Biofilm Inhibition. Nikon digital camera had been used to
observe the bacterial colony macroscopically. The S. aureus were
seeded onto 35 mm glass-bottom culture dishes (NEST Biotech,
China) containing the three different hydrogel complexes (with a final
GS concentration of 300 pg/mL), with the blank culture dishes as
control. All samples were subjected to incubation at 37 °C, and digital
photos were taken at the prescribed 1, 3, S, 7, and 14 day incubation
times, respectively.

2.5. Osteoblastic Cell Responses. Prior to gelation, the GS-
loaded CM-chitosan hydrogel samples (0.1 mL for each sample, with a
GS to hydrogel ratio of 1 mg/ mL) were transferred to new wells in 24-
well plates that were either empty or with hydroxyapatite (HA)
coating, respectively. After gelation, 1 mL suspension of MC3T3-El
cells with number 20000 per well was seeded onto the hydrogel
surfaces under a humidified atmosphere with 5% CO, at 37 °C for 3,
S, and 7 days, with the tissue culture plates as control. The MC3T3-E1
cells were maintained in the culture medium which contained 1 mL of
a-MEM (HaLi Corporation, Chengdu, China) supplemented with
10% fetal bovine serum (FBS, HyClone, Thermo Fisher Scientific Inc.,
USA). For osteogenic induction, the MC3T3-E1 cells were cultured at
1, 3, 5, and 7 days in the osteogenic induction medium (the induction
medium consisted of @-MEM, 10% FBS, 0.1 ymol/L of dexametha-
sone, 10 mmol/L of f-glycerophosphate, and 50 ymol/L of ascorbic
acid)** (see Figure S3 in the Supporting Information). SEM was used
to examine the cell morphology at S d culture. The cell proliferations
on the three hydrogel samples were determined by the MTT assay.
The N-Cadherin, runt-related transcription factor-2 (Runx2), alkaline
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Figure 1. Preparation and characterization of the chitosan-GS hydrogel. (a) Schematic drawing of the preparation of the chitosan hydrogel. (b)
Photographs of chitosan-0.5% genipin (1), chitosan-1% genipin (2), and chitosan-2% genipin (3), left: before the formation of hydrogel, and right:
after the formation of hydrogel. (c) Release of GS from chitosan-0.5% genipin, chitosan-1% genipin, and chitosan-2% genipin (with a GS to hydrogel

ratio of 1 mg/mL) as a function of time.

phosphatase (ALP) activity were determined using the quantitative
enzyme-linked immunosorbent assay (ELISA) after 1, 3, S, 7 days. The
protein expressions were measured according to the instructions of the
ELISA kits (ColorfulGene, Colorfulgene Biological Ltd., Wuhan,
China) by the absorbance at 450 nm with a spectrophotometer (MK3,
Thermo Electron Ltd,, USA), compared against a calibration curve
produced using a set of standard samples.

2.6. Effect of the Prepared Hydrogels on Membrane
Permeability. 2.6.1. Permeability of the S. aureus Wall/Membrane.
Membrane permeability was determined by the leakage level of
cytoplasmic materials in the culture as a result of disruption of the
bacterial wall/membrane. Similar to the bacteria inhibition studies in
section 2.3, 1 mL of suspension of the S. aureus (with an initial
bacterial density of 1—2 X 10° CFUs/mL) were spread onto 0.5 mL
GS loaded CM-chitosan hydrogels (at different 0.5%, 1% and 2%
genipin concentrations) with a final GS concentration of 300 pug/mL,
using tissue culture plates as control. At the end of 6 h, 12 h, 1 day, and
3 days of culturing, a 0.2 mL aliquot of the S. aureus suspension was
taken out for leakage analysis.

Alkaline phosphates (ALP) were measured according to the method
described in the previous literature.”” The reaction mixture was 0.1 mg
of p-nitrophenylphosphate in 0.5 M Tris—HCI buffer (pH 8) and the
total volume was 1 mL. The reaction was analyzed by the UV—vis
spectrophotometer, and the optical density of the suspension at 420
nm was measured. The amount of enzyme that produced 1 uM of p-
nitrophenylphosphate in 1 min at 28 °C was deemed as a unit of
released ALP activity.

Glucose-6-phosphate dehydrogenase (G6PDH) activity was also
measured through the method described by the literature.”> There was
0.05 M Tris-HCl (pH 8), 0.01 M CaCl,, 1.0 uM glucose-6-phosphate
and 0.4 uM triphosphopyridine nucleotide (TPN) in the reaction
solution (total volume: 1 mL). The product was detected by the UV—
vis spectrophotometer at 340 nm. The amount of enzyme that reduced
1 uM of TPN-equivalent in 1 min at 28 °C was deemed as a unit of
released G6PDH activity.

The detection of absorbance at 260 nm (A260) was linearly
associated with the leakage of nucleic acid.** The suspension was
withdrawn and filtered with 0.22 pm syringe filters to remove the
bacteria. Then, the optical density at 260 nm was detected by UV—vis
spectroscopy.

2.6.2. Permeability of the MC3T3-E1 Cell Membrane. Cell
membrane permeability studies were carried out using the procedures
similar to the osteoblastic cell response studies in section 2.5. Lactate
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dehydrogenase (LDH) in culture medium was measured to indicate
the disruption of the cell membrane, using the quantitative enzyme-
linked immunosorbent assay (ELISA). All the procedures were strictly
conducted according to the protocols of the ELISA LDH test kit
(ColorfulGene, Colorfulgene Biological Ltd, Wuhan, China). The
leakage were determined by the absorbance at 450 nm with a
spectrophotometer (MK3, Thermo Electron Ltd, USA), compared
against a calibration curve produced using a set of standard samples.

At the end of 6 h and 3 days of inoculating, the MC3T3-E1 cells
were examined under a confocal laser scanning microscope (CLSM,
Olympus IX 95). Before observation, the supernatant was discarded
and washed twice by PBS, and then stained by fluorescein diacetate
(FDA) and propidium iodide (PI), for live and dead cells, respectively.

2.7. Effect of Antibiotic (GS) Concentration on Antibacterial
Efficiency and MC3T3-E1 Cell Proliferation. The CM-chitosan-2%
genipin hydrogel was selected to test the effect of GS concentration on
antibacterial efficacy and MC3T3-E1 cell proliferation. The chitosan-
GS hydrogels were prepared in the same method previous described in
section 2.2, but with different GS concentrations. The ratios of GS to
hydrogel were 3.3, 16.5, 33, 66, 165, 330, and 1000 ug/mL,
respectively and would be referred as chitosan-GS (1), chitosan-GS
(2), chitosan-GS (3), chitosan-GS (4), chitosan-GS (5), chitosan-GS
(6), and chitosan-GS (7), respectively. Both tissue culture plates and
CM-chitosan-2% genipin hydrogel without GS loading were selected
as control.

The bacteria inhibition and cell response studies were carried out
with procedures similar to those in sections 2.3 and 2.5, respectively.
In brief, for antibacterial efficiency, 1 mL of the bacterial suspension
containing 1-2 X 10° CFUs/mL were incubated on the prepared
hydrogels (0.5 mL for each sample) or blank culture plates for 1, 3, S,
and 7 days, respectively. The above hydrogel complexes had the
corresponding final GS concentrations in bacteria media of 1, 5, 10, 20,
50, 100, and 300 pg/mL, respectively. For cell response study, 1 mL of
MC3T3-E1 cells suspension (2 X 10* cells/mL) was inoculated on the
hydrogel materials (0.1 mL for each sample) for 1, 3, S, and 7 days,
respectively. MTT assay was selected for evaluating the bacterial
inhibition as well as MC3T3-El cell proliferations with the optical
density (OD) values at 490 nm.

2.8. Statistical Analysis. All experiments were carried out as
means =+ standard deviation for n = 3. The one-way ANOVA test was
utilized to examine the significant differences between the various
groups. All tests were carried out by SPSS and a p < 0.0S suggested the
presence of significant difference.
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3. RESULTS

3.1. Hydrogel Characterization. A schematic drawing of
the preparation of chitosan-GS hydrogel is given in Figure la.
The addition of the cross-linking agent genipin to CM-
chitosan/GS solutions resulted in color change, and the three
materials (chitosan-0.5% genipin, chitosan-1% genipin, and
chitosan-2% geinipin) showed slightly yellow color prior to
gelation (Figure 1b). The color became darker as the genipin’s
concentration increased, suggesting possible reactions between
the genipin and chitosan/GS as genipin would react with the
amino groups of both compounds. New absorption peaks have
observed in the spectra of chitosan-genipin, GS-genipin, and
chitosan-GS-genipin complexes, respectively (see Figure S1 in
the Supporting Information), indicating the genipin’s reactions
with both chitosan and GS and the formation of the
corresponsive new compounds. After gelation, all three samples
turned a bluish color.

As shown in Figure 1c, the bound antibiotics released fast
from the chitosan-0.5% genipin hydrogel at the first 2 days and
about 93.2% of the total incorporated antibiotic had been
released from the hydrogel in 21 days. However, about 65.2 and
36.7% of the antibiotic were respectively released from the
chitosan-1% genipin and chitosan-2% genipin within 21 days,
which are much lower than that from the chitosan-0.5%
genipin. The results overall were not surprising because the
degree of cross-linking would affect the release behaviors. All
these hydrogels had good fitting with Korsmeyer-Peppas
model, and the fitting results indicated a Super Case-II
transport mechanism for chitosan-0.5% hydrogel and non-
Fickian diffusion mechanism for chitosan-1% and chitosan-2%
hydrogels. More detailed analysis of the release kinetics of the
three hydrogels was given in the Supporting Information
(Table S1).

3.2. Antibacterial Activity. The bacterial inhibition was
examined through the MTT assay after a suspension of S.
aureus bacteria being cultured on three hydrogel materials for 1,
3, 5,7, and 14 days. As shown in Figure 2a, the OD values of all
three samples were at least 1 order of magnitude lower than
those of control at any given time, suggesting that all prepared
materials exhibited good antibacterial activities. There were no
obvious differences in OD values of the three chitosan-GS
complexes (Figure 2a), whereas the antibacterial activity
increased weakly with the decrease of genipin concentration

a = Control b
4.04 exn Chitosan-0.5% genipin
" = Chitosan-1% genipin
3.54| on Chitosan-2% genipin
3.04
2.54
o 2.04
O 4]
1.04
B0 s ] T T O T S

Time(d)

Figure 2. Bacterial inhibition of three different chitosan-GS hydrogel
materials (with a final GS concentration of 300 yg/mL in total media),
with the tissue culture dishes as control. (a) MTT result of S. aureus
cultured on three different materials at 1d,3d,5d, 7 d, 14 d. (b) SEM
micrographs of S. aureus culture on different material surfaces at S
days. I, Control; II, chitosan-0.5% genipin; III, chitosan-1% genipin;
IV, chitosan-2% genipin. Error bars represent standard deviation of the
mean for n = 3.

and the chitosan-0.5% genipin sample exhibited the best
bacteria inhibition. The small difference in antibacterial
activities was likely due to the different release behaviors
previously observed for the three hydrogel samples. SEM
micrographs showed the morphology of S. aureus after S days of
culture on the surfaces of the control, chitosan-0.5% genipin,
chitosan-1% genipin, and chitosan-2% genipin, respectively
(Figure 2b). No bacteria were observed on the prepared
samples, which was in good agreement with the MTT
observations.

3.3. Biofilm Inhibition. Prevention of bacteria adhesion
and biofilm formation is critical to defending biomaterials-
related infections. The antibiofilm efficiency was analyzed by
examining the formation of the bacterial colony on culture
dishes with different prepared materials (Figure 3). Masses of

II

1

=7

3d

5

="

Figure 3. Optical photographs of S. aureus on the sample (with a final
GS concentration of 300 yg/mL in total media) for 1, 3, S, 7, and 14
days (from top to bottom), with the blank culture dishes as control: I,
control; II, chitosan-0.5% genipin; III, chitosan-1% genipin; and IV,
chitosan-2% genipin (from the left to the right).

white sediments, ie., the formation of biofilm, had been
observed on the control surfaces throughout the culture
periods. For all chitosan-GS samples, there was no such
deposit observed at any given time points, indicating significant
inhibition on biofilm formation. Meanwhile, physical degrada-
tion of the hydrogel structure had been observed to take place
at 1, 5, and 14 days in the chitosan-0.5% genipin, chitosan-1%
genipin, and chitosan-2% genipin samples, respectively.

3.4. Osteoblastic Cell Responses. MC3T3-El1 cells
adhered and spread on all surfaces, but difference in cell
morphology, cell numbers and cell adhesion were observed
between chitosan hydrogels and the blank control. The SEM
observations showed enhanced cell adhesion and proliferation
on the hydrogel samples (Figure 4a and Figure S2 in the
Supporting Information). Overall, all chitosan hydrogel samples
show enhanced N-cadherin expressions compared with the
control. In particular, significant higher expressions of N-
Cadherin were observed on the chitosan-2% genipin samples
(Figure 4b) than those on the control at all times (1, 3, S, 7
days), indicating robust cell-matrix interactions. The MTT
results further confirmed the SEM observations. As shown in
Figure 4c, when placed on empty culture wells, all chitosan
hydrogels showed higher OD values than that of the control
and the chitosan-2% genipin sample had the highest OD values.
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Figure 4. Effect of the chitosan hydrogels on the osteoblastic cell response, with the tissue culture dishes as control. (a) SEM micrographs of
MC3T3-El cultured on different sample surfaces after S days. I, control; II, chitosan-0.5% genipin; III, chitosan-1% genipin; IV, chitosan-2% genipin.
(b) adhesion-related protein (N-cadherin) expressions of MC3T3-E1 cells on control, chitosan-0.5% genipin, chitosan-1% genipin, and chitosan-2%
genipin for 1, 3, 5, and 7 days. Proliferations of MC3T3-E1 cells cultured on control, chitosan-0.5% genipin, chitosan-1% genipin and chitosan-2%
genipin for 3, 5, and 7 days. (c) in the absence of HA coating. (d) on HA coating surfaces. Differentiation-related expressions of MC3T3-E1 cells on
control, chitosan-0.5% genipin, chitosan-1% genipin, and chitosan-2% genipin for 1, 3, S, and 7 days. (e) RunX2; (f) ALP. Error bars represented
standard deviation of the mean for n = 3 (*p < 0.05 vs control as statistically significant).

This suggested that the prepared hydrogels had excellent
biocompatibility. Same experiments were carried out by placing
the chitosan samples on the HA coating surfaces due to their
intended usages in load-bearing applications. Similar trend was
observed for the cell proliferation when the prepared hydrogel
were placed on the HA coating surface (Figure 4d). The
expressions of Runx2 and ALP (Figure 4e, f) were measured to
analyze the osteoblastic cell differentiation. The CM-chitosan
hydrogel samples showed higher Runx2 and ALP expression,
demonstrating enhanced osteogenic differentiation (Figure 4e,
f). Overall, the results clearly demonstrated that the prepared
materials not only showed little cytotoxicity, but also enhanced
the osteogenic activity. In particular, the MC3T3-E1 cells had
the best spreading (Figure 4a and Figure S2 in the Supporting
Information), proliferation (Figure 4c, d and Figure S2 in the
Supporting Information) and differentiation (Figure 4e, f) on
the chitosan-2% genipin samples.

The osteoblastic differentiation course was also carried out
by culturing the MC3T3-E1 cells with the osteogenic induction
medium (see Figure S3 in the Supporting Information).
Overall, similar trend has been observed for the cell adhesion,

proliferation and differentiation of MC3T3-El, but with a
clearer upward trend of the OD values and protein expressions
with the increase of the genipin concentration (degree of cross-
linking) and significantly enhanced osteoblastic cell response
over the control for all three genipin concentrations. The
results also demonstrated a significantly stronger dependence of
N-cad expressions on genipin concentration under osteogenic
induction media, compared with the normal culture media used
above.

3.5. Effect of the Prepared Hydrogels on Membrane
Permeability. 3.5.1. Permeability of the S. aureus Wall/
Membrane. The leakages of enzyme and nucleotides from S.
aureus were analyzed to indicate the damage of the bacterial
wall or membrane (Figure 5). The enzyme levels of ALP and
G6PDH (in association with the leakages of outer wall and
membrane respectively®”) in all chitosan hydrogels were higher
than those of the control (Figure Sa, b), indicating appreciable
damages of bacterium wall and membrane at the presence of
the chitosan-GS hydrogels. Similar trend has been found for
nucleotide leakage, a direct indication of the disruption of
bacteria membrane. A significant amount of 260 nm absorbing
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Figure S. Effect of prepared hydrogels on the leakage of enzyme and nucleic acid from S. aureus for 6 h, 12 h, 1 day, and 3 days, with the tissue
culture dishes as control. (a) ALP, (b) G6PDH, (c) nucleic acid. Error bars represent standard deviation of the mean for n = 3.

material has been observed in the presence of chitosan
materials (Figure Sc), indicating a high-level leakage of
nucleotides from S.aureus. Overall, the release of the
cytoplasmic materials decreased as the genipin’s concentration
increased and the chitosan-2% genipin sample had the lowest
enzyme and nucleotide leakages among all the chitosan
materials.

3.5.2. Permeability of the MC3T3-E1 Cell Membrane. The
LDH release in the media was used as an indication of the
disruption of the osteoblastic cell membrane. The LDH
concentrations in the medium for all chitosan hydrogel samples
were significant lower than those of the control at 3 days,
whereas a mixed trend were observed at 6 h. This might suggest
a protective effect of CM-chitosan against the loss of membrane
integrity (Figure 6a). It was also clear that the amounts of LDH
released from the cells to the culture medium decreased with
the increase of the genipin content. Figure 6b showed the
fluorescence staining photos of the MC3T3-El cells cultured
for 6 h and 3 d on the hydrogel surface. Most of the cells on the
materials were round at 6 h, indicating that cells were not yet
well adhered to the sample surface. However, abundant spindle-
shaped cells can be observed at the end of the third day. No
significant difference was observed between the cells on the
chitosan materials and the blank control at 3 days, indicating
that all chitosan hydrogel materials had excellent biocompat-
ibility.

3.6. Effect of Antibiotic (GS) Concentration on
Antibacterial Efficiency and MC3T3-E1 Cell Proliferation
of Chitosan-GS Hydrogels. As shown in Figure 7a, the
bacterial inhibition was significantly enhanced with the
increasing GS concentration from 1 to 100 yg/mL and almost
remained unchanged above 100 ug/mL. Overall, the chitosan-
GS hydrogel materials exhibited excellent antibacterial property
throughout the culture time at high GS concentrations. More
surprisingly, the cell proliferation also increased as GS
concentration increased (Figure 7b).
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Figure 6. Effect of prepared hydrogels on the leakage of cell inclusions
from MC3T3-El cells for 6 h and 3 days, with the tissue culture dishes
as control. (a) LDH activities in the medium after the contact between
the chitosan-based and MC3T3-El cells. (b) CLSM photos of
MC3T3-El cells cultured on different sample surfaces. I, control; II,
chitosan-0.5% genipin; III, chitosan-1% genipin; IV, chitosan-2%
genipin. Error bars represent standard deviation of the mean for n = 3
(*p < 0.05 vs control as statistically significant).

4. DISCUSSION

To develop antibacterial materials without the compromise of
the biological functions is critical for the clinical success of the
implant device, especially in the orthopedic applications.
However, it has been a challenging task so far, with very rare
success reported.36 To this aim, genipin cross-linked CM-
chitosan hydrogel has been prepared with the further
incorporation of antibiotics (GS), to achieve combined superior
antibacterial efficacy and osteogenic activity.
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Figure 7. Effect of antibiotic (GS) concentration on antibacterial
efficiency and MC3T3-El cell proliferation of chitosan-2% genipin-GS
hydrogels, with the tissue culture dishes as control (a) S. aureus
cultured on the control, chitosan control, chitosan-GS (1), chitosan-
GS (2), chitosan-GS (3), chitosan-GS (4), chitosan-GS (5), chitosan-
GS (6), and chitosan-GS (7) for 1, 3, S, and 7 days. (b) MC3T3-El
cells cultured on the control, chitosan control, chitosan-GS (1),
chitosan-GS (2), chitosan-GS (3), chitosan-GS (4), chitosan-GS (5),
chitosan-GS (6), and chitosan-GS (7) for 1, 3, S, and 7 days. The
medium was half-changed every 2 days. Error bars represent standard
deviation of the mean for n = 3.

The prepared chitosan-GS hydrogels demonstrated excellent
antibacterial ability with significantly reduced bacteria growth
(Figure 2a, b) and strong inhibition against biofilm formation
of S. aureus (Figure 3). Both CM-chitosan and antibiotics
would contribute to the observed superb antibacterial efficacy
but with a more predominant contribution from the antibiotics
(GS). Variation of the genipin content (0.5, 1.0, and 2.0%) had
less impact on the antibacterial efficacy compared to the total
reduction of bacteria count of more than 1 order of magnitude
rendered by the chitosan/antibiotic system (Figure 2a).

It was encouraging to notice that the prepared chitosan-GS
hydrogel promoted the adhesion, proliferation and differ-
entiation of the MC3T3-El osteoblast cells (Figure 4a—f, and
Figure S3 in the Supporting Information). Better cell adhesion
has been observed on chitosan-GS hydrogels (Figure 4a). The
N-cadherin measurement also suggested increased cell-matrix
interactions on chitosan-GS surfaces (Figure 4b and Figure S3
in the Supporting Information). The OD values increased with
time for all chitosan-GS hydrogel samples (Figure 4c, d and
Figure S3 in the Supporting Information), indicating that the
cells proliferated well on these chitosan-based materials.
Furthermore, all hydrogel samples demonstrated improved
proliferation over the control. Different from the antibacterial
behavior, the genipin concentration played an important role in
affecting the osteoblastic cell adhesion and proliferation. The
OD values increased as the genipin concentration increased,
and the chitosan-2% genipin sample exhibited the best
osteogenic activity (Figure 4 and Figures S3 in the Supporting
Information). This was most likely owing to the increased
cross-linking of CM-chitosan at higher genipin concentration,
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which lead to decreased cationicity. Actually, the cell
proliferation can be further increased by the further increasing
genipin concentration (data not shown here). Proliferation
study was also carried out with the HA coating substrates
instead of the empty culture dish, in order to test the intended
usage of the prepared materials in clinical applications such as
artificial joint (Figure 4d). Similar results were obtained and the
chitosan samples demonstrated improved cell proliferation
regardless of the substrate used. Overall, it was clear that the
prepared hydrogels were even beneficial for the proliferation
and adhesion of the osteoblastic cells. Although it is generally
believed that the biocompatibility of chitosan lies on its
interaction with anionic glycosaminoglycans (GAG) and other
negatively charged molecules,> our results suggest that the
positively charged chitosan might be in favor of attracting cell
through electrostatic interaction, resulting in enhanced cell
adhesion and proliferation.

More interestingly, the CM-chitosan materials also signifi-
cantly enhanced the osteogenic differentiation of MC3T3-El
cells, as indicated by the Runx2 and ALP measurements (Figure
4e, f and Figure S3 in the Supporting Information). As to the
influence of genipin concentration, similar trend has been
observed in cell differentiation as that in cell adhesion and
proliferation. The expression levels of ALP and Runx2 (Figure
4e, f and Figuer S3 in the Supporting Information) increased as
the genipin concentration increased. Taken together, the results
suggested that the higher degree of chitosan cross-linking was
beneficial for the osteoblastic cell responses.

In conclusion, chitosan-GS hydrogel materials could achieve
superb antibacterial efficiency and enhanced osteoblastic cell
response simultaneously. We have previously reported that
CM-chitosan may achieve combined antibacterial and osteo-
genic activities, by selectively killing the bacterial at a given
concentration window.”® To overcome the drawback of the
suppressed antibacterial efficiency, we have adopted CM-
chitosan in the hydrogel form in this study to further
incorporate antibiotics, which has been routinely administered
during implant surgeries. Genipin, a natural derivative of garden
products with significantly less cytotoxicity compared to
glutaraldehyde,®® was chosen as the cross-linking agent to
achieve the sustained release of the antibiotics. Our results
indicated that the prepared CM-chitosan hydrogel likely
selectively damaged the bacteria while attracted the osteoblastic
cells. To further investigate the disrupting effect of prepared
hydrogels on bacteria and cell membranes (walls), we measured
the leakage of the cytoplasmic materials from S. aureus and
MC3T3-El cells.

We have tested the leakage of the ALP, G6PDH, and
nucleotides from S.aureus, to examine the disruption of the
bacterium wall and membrane, respectively. The leakages of the
analyzed enzymes and nucleotides gradually increased with the
increase of culture time (Figure Sa—c), suggesting ongoing
antibacterial activities. Overall, all synthetic materials showed
higher leakages of enzymes and nucleotides than those of the
blank control, indicating clear damaging effect of the synthetic
hydrogel on bacterium wall/membrane. Moreover, the results
suggested a weak dependence of antibacterial efficacy on
genipin concentration. The leakages of the nuclear and
cytoplasmic materials increased as the genipin concentration
decreased, and overall the chitosan-0.5% genipin hydrogel
exhibited the largest leakages of enzymes and nucleotides.

For the disruption of the cell membrane, we have examined
the LDH activity in the supernatant from the MC3T3-E1 cells
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(Figure 6a). The observed reduced LDH levels of the chitosan-
GS hydrogels over the control suggested that the synthetic
materials were even beneficial for the preservation of the cell
membrane integrity. This was consistent with the proliferation
study of the MC3T3-El osteoblasts (Figure 4c). The
fluorescence staining for MC3T3-El (Figure 6b) further
demonstrated excellent cell compatibility of the chitosan-
based samples, with very little dead cells observed. Genipin’s
concentration also demonstrated a profound effect on the
leakage of LDH and the chitosan-2% genipin sample exhibited
the least leakage. Overall, the results clearly indicated the
excellent selectivity of the prepared chitosan-GS hydrogels on
disruption of bacteria wall/membrane over the osteoblastic cell
membrane.

To investigate the influence of antibiotics (GS) on
antibacterial efficacy and osteoblast response, we have
performed additional experiments using chitosan-2% genipin
sample with various GS loadings (Figure 7). The results
suggested that the increase of the GS concentration was
beneficial for both bacteria inhibition from 1 pg/mL to 100 pug/
mL (Figure 7a) and MC3T3-El proliferation throughout the
concentration range (Figure 7b). It was surprising to observe
that the GS promoted the MC3T3-El cell proliferation (Figure
7b). This was likely partly due to the interaction of the hydroxyl
group in GS with the amino group in chitosan, leading to the
decreased availability of positive charged amino groups. The
addition of the GS into CM-chitosan hydrogel was proved to be
highly cytocompatible and could dramatically improve the
antibacterial efficacy, which was critical for the observed
excellent dual-functions of the prepared materials.

The balance of antibacterial efficacy and avoiding side effect
on cell toxicity has been a challenging task for bone implant
applications. Although the excellent antibacterial efficacy of the
CM-chitosan hydrogel is not surprising due to the incorpo-
ration of the gentamycin sulfate, the sample also demonstrates
superior osteoblastic cell response. The osteoblastic response of
the chitosan hydrogel would depend on many variables,
including chitosan concentration,” as well as chitosan
parameters including molecular weight and degree of
deacetylation, thus demonstrating potential for further
optimization. More interestingly, our results suggest that both
the genipin concentration and GS concentration exert a strong
modulation effect on the cytocompatibility and can be used to
tune and further enhance the osteoblastic cell responses. This is
likely due to the cationicity of the chitosan can be modified as a
result of degree of cross-linking and the interactions with its
positively charged amino groups, as cationicity is critical for
both antibacterial efficacy and biocompatibility.*® Overall, the
dual-functioned chitosan-GS hydrogel is an excellent candidate
for implant materials, demonstrating great potential for
integrating the antibacterial function and the osteogenic activity
simultaneously.

5. CONCLUSION

In this study, we have successfully developed the dual-
functioned CM-chitosan-GS hydrogels with the combined
antibacterial and osteogenic activities. The chitosan-GS hydro-
gel had demonstrated both superb antibacterial efficacy against
bacteria growth and biofilm formation of S. aureus and
enhanced osteoblastic cell adhesion, proliferation and differ-
entiation. The leakage of the cellular substances from various
cell locations indicated the selective damage of the bacteria
wall/membrane over the osteoblast membrane. The genipin
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concentration not only had a profound effect on controlling the
degradation time and drug release behavior of the CM-chitosan
hydrogel, but also significantly affected the MC3T3-E1 cell
response. The GS concentration also demonstrated a surprising
modulation effect on the osteoblastic cell responses. As a result,
the cell compatibility of the prepared chitosan-GS hydrogel
could be tuned with both the genipin and GS concentrations.
Overall, our results suggest that chitosan-based hydrogels have
great potential in orthopedic applications, with combined
superb antibacterial efficacy and enhanced osteogenic activity.
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