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Chitosan (C), alginate-crosslinked chitosan (CA), and pectin-crosslinked chitosan (CP) were covalently
bonded to Ti-6Al-4V surfaces and tested for their biocompatibility. Compared to the clinically treated
Ti-6Al-4V surface (Ti64), C, CA, and CP, had higher contact angles and promoted higher cell prolifera-
tion, type I collagen deposition, and mineralization after two weeks (all p<0.05). Cells on C, CA, and CP
expressed more alkaline phosphatase (ALP) activity compared to those on Ti64 (p <0.05). The swelling
ratios and drug release efficacies of CA and CP were significantly higher and lower, respectively, than
those of C (both p<0.05). Only cells on CA expressed ALP activity after three weeks of culture. Generally
speaking, crosslinking with alginate and pectin changed surface wettability as well as the swelling and
drug release properties of the chitosan coatings. Cells on the coatings had higher proliferation, type I
collagen deposition, and degree of mineralization compared to those on Ti64.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Osteointegration is essential for the successful implantation of
an orthopedic prosthesis in a human body. Ti-6Al-4V titanium alloy
is one of the most commonly used orthopedic materials because of
its high mechanical strength, durability, corrosion resistance, and
biocompatibility (Head, Bauk, & Emerson, 1995). Surface modifica-
tions have been investigated to improve the clinical performances
of titanium and its alloys. Researchers have attempted coating Ti
and its alloys with collagen (Becker et al., 2002; Bierbaum et al.,
2003; Geissler et al., 2000), chitosan (Bumgardner, Wiser, & Elder,
et al,, 2003; Bumgardner, Wiser, & Gerard, et al., 2003; Greene,
Bumgardner, Yang, Moseley, & Haggard, 2008), hydroxylapatite
(Aksakal & Hanyaloglu, 2008), and calcium phosphate (Cleries,
Fernandez-Pradas, & Morenza, 2000) to improve their cell adhe-
sion, proliferation, and differentiation performances and also to
carry desirable compounds on their surfaces.

Chitosan has been reported to enhance bone and cartilage tissue
formation because the molecular structure of chitosan is similar to
the components of the extracellular matrix of bone cells (Abarrategi
et al.,, 2010; Schwartz, Griffon, Fredericks, Lee, & Weng, 2011). Chi-
tosan, coated on pure titanium surfaces through silane bonding, has
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been reported to be stable for weeks and to promote serum pro-
tein adsorption and the growth of osteosarcoma cells (Bumgardner,
Wiser, & Elder, et al., 2003; Bumgardner, Wiser, & Gerard, et al.,
2003). Chitosan hydrogels have been crosslinked using natural
polymers such as alginate and pectin to further improve their bio-
compatibility and mechanical properties (Lin & Yeh, 2010a, 2010b).
Alginate is a brown seaweed extract that has been shown to elicit
little or no immune reaction in nearby tissues (Klock et al., 1997;
Tang, Chen, Weir, Thein-Han, & Xu, 2012). In vitro and in vivo results
have shown thatalginate is osteogenic (Lin & Yeh,2010a; Tangetal.,
2012; Xing et al.,2013; Yang, Frei, Rossi, & Burt, 2009). Pectin is con-
tained in the primary cell walls of terrestrial plants and is a natural
crosslinker of chitosan (Kim, Park, Kim, & Cho, 2003; Liet al., 2011).
In vitro results have shown that pectin has good biocompatibility
and is osteogenic (Kokkonen et al., 2008, 2010, 2012; Lin & Yeh,
2010Db). Pectin and alginate are both anionic polysaccharides, which
crosslink with chitosan, a cationic polysaccharide, through ionic
attraction between the NH3* of chitosan and the COO~ of alginate
and pectin.

To the authors’ best knowledge, the biocompatibility of Ti-6Al-
4V surface modified with alginate- and pectin-crosslinked chitosan
has not been investigated. In this study, chitosan was covalently
coated on Ti-6Al-4V through silanization and further crosslinked
with alginate and pectin. The changes in physical and biologi-
cal properties after crosslinking were measured and compared
to those of the chitosan coating and the Ti-6Al-4V surface used
for implants. The physical properties of the coatings that were
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measured included their thickness, wettability, swelling ratio, and
drug release efficacy. Mature osteoblasts were cultured on the Ti-
6Al-4V surface and the coatings for three weeks. The biological
responses of osteoblast cells - including cell proliferation, viabil-
ity, morphology, type I collagen expression, alkaline phosphatase
activity, and mineralization — were assayed.

2. Materials and methods

All chemicals were purchased from ACROS (NJ, USA) unless oth-
erwise specified.

2.1. Coating the polymer on the titanium alloy surface

Medical grade Ti-6Al-4V ELI (ASTM F136) was purchased
from Titanium Industries Asia Inc. - Taiwan Branch (Taipei,
Taiwan). The alloy was cut into two sizes (1 cm x 1 cm x 1 mm and
5cm x 5cm x 1mm) to be used in different tests. The surfaces of
the Ti-6Al-4V plates were treated as described by (Bumgardner,
Wiser, & Gerard, et al., 2003) before being coated with chitosan.
Briefly, the plates were submerged in a 95% (v/v) ethanol solu-
tion (pH 4.5) and 2% (v/v) of 3-isocyanatopropyltriethoxysilane
was added to the solution. The pH was maintained at 4.5-5.5 with
1M NaOH or 10M acetic acid. Ten minutes later the plates were
rinsed with ethanol and heated at 110 °C for 10 min. The plates then
were submerged in a 2% (v/v) glutaraldehyde solution at pH 4.3
overnight. The plates were rinsed with de-ionized water. Chitosan
(96% deacetylation, M.W.=300kDa, Charming & Beauty, Taiwan)
was dissolved in 1% acetic acid to make a 2% (w/v) chitosan solu-
tion. For the 1 cm? and 25 cm? plates, 200 p.L and 4 mL, respectively,
of the chitosan solution was homogeneously spread on the treated
Ti-6Al-4V surface and dried at 40°C in an oven for 8 hr. The dry
coatings were neutralized in 10 N NaOH for 5 min and washed in
deionized water. Sodium alginate and pectin (~70% methoxyla-
tion) were dissolved in deionized water to make 2% (w/v) solutions.
These two solutions were used to crosslink the coated chitosan
with 200 pL and 4 mL crosslinkers for the 1 cm? and 25 cm? chi-
tosan coatings respectively. The crosslinker was homogeneously
spread across the top of the chitosan coating. One hour later, the
coatings were washed three times in deionized water to remove the
unbound crosslinker. The alginate solution on the chitosan coating
was hard to be completely removed by simple rinsing due to its high
viscosity. Hence the alginate-crosslinked chitosan was submerged
in 10% (w/v) CaCl, solution overnight, while the other coatings
were Kkept in deionized water. The alginate-coated chitosan was
rinsed several times with water to remove CaCl, and the debris
of the residual alginate from the coating. The chitosan coated Ti-
6AI-4V plates will be referred to as C, alginate-crosslinked chitosan
coating as CA, and pectin-crosslinked chitosan coating as CP. The
Ti-6Al-4V surfaces that were prepared following the guidelines in
ASTM F86-12: Standard Procedure for Surface Preparation and Mark-
ing of Metallic Surgical Implants were used as positive control and
referred to as Ti64. The control plates were wet ground with 80 grit
SiC paper and ultrasonically cleaned for 10 min each in de-ionized
water, ethanol, acetone, and ethanol again. They were passivated
in 30% nitric acid for 30 min and rinsed in de-ionized water.

2.2. Peeling strength, thickness of the coating and contact angle
measurements

The peeling test was performed on all three coatings to verify
whether the bonding strength between the coatings and the metal
surface changed after crosslinking. ASTM D903-98(2010) Standard
Test Method for Peel or Stripping Strength of Adhesive Bonds was used
for this test. The coating was partially peeled, and then its free end
was folded back to a 180° angle. There was approximately 2 cm of

separation between the free end of the coating and the metal. The
metal surface was secured with a Vice-Grip on the crosshead of
a tensile tester (Kotsao, Taiwan) while the free end of the coating
was secured with using another Vice-Grip. The crosshead moved
upward at a rate of 6 mm/min until the coating had almost peeled
off the metal. Data from the coatings torn during the test were not
used to calculate the results. Load (N) vs. peeling distance (mm) was
then plotted, and the data points after the load reached a plateau
were averaged and used as the peeling strength of the particu-
lar sample. The peeling strengths from six successful tests were
averaged for each coating (n=6).

The thickness of the coating was measured using a Surface
Roughness Tester (Mahr S2, Mahr GmbH, Gottingen, Germany)
(n=6). Only half of the metal sample was coated with poly-
mer while the other half was left uncoated. The probe of the
Tester moved against the surface from the uncoated side to the
polymer-coated side. The change in the probe’s altitude was used to
determine the thickness of the coating. The contact angle was then
measured (n=4) to assess the wettability of the surfaces. Deion-
ized water (5 wL) was placed on the coating, and the contact angle
was recorded using a FACE Contact Angle Meter (Kyowa Interface
Science, Japan).

2.3. Swelling ratio

Dry 1 cm x 1 cm coated sample plates were weighed, and their
weights were recorded (Wy) (n=5). They were placed in a beaker
filled with 100 mL of phosphate buffered saline (PBS, pH=7.4).
At different sampling times for up to 60 min, the plates were
taken out of the beaker. The excess water on the plates was
removed by gently tapping the plates on low-lint tissue (Kimwipes,
Kimberly-Clark, WI) before their final weights were recorded (Wy).
The polymer coating on each plate was carefully removed by a
pair of tweezers, and the weight of the bare metal was mea-
sured (Wr;). The swelling ratios of the coatings were calculated as
[(Wp— Wr;) — (Wo — Wr;)[(Wo — Wry)].

2.4. Drug release efficacy

The model drug used to test the release efficacies of the coatings
was pentoxifylline (PTX, C13H1gN403, Sigma, MO). PTX has been
used clinically to reduce inflammation and fibroblast proliferation
and subsequent fibrosis (Berman B, 1989).

Each coated sample (5cm x5cm) (n=6) was submerged in
7 mL of 2mg/mL PTX solution and placed on a shaker (50 rpm).
After 48h, the absorbance of the solution was read at 274nm
(Quant microplate reader, Biotech, USA), and the concentration
of PTX, C; (mg/mL), was determined using a standard curve. The
amount of PTX loaded in each coating was W; (mg)=2 (mg/mL) x 7
(mL) — GfV}. The final volume of the PTX solution was V; (mL). Each
PTX-loaded sample was then placed in 10 mL PBS. At different
sampling times, 100 p.L of the PBS was removed, and the absorbance
was read to calculate the amount of PTX in the solution at that time
(W: (mg)). The amount of PTX released was divided by the total
amount of PTX loaded into the coating to obtain the release efficacy
(We[Wp).

2.5. Cell culture

Osteoblast cells (7F2, CRL-12557, ATCC, VA) were cultured
in a-MEM (Invitrogen, Carlsbad, CA), supplemented with 10%
(v/v) fetal bovine serum+100IU/ml penicillin+ 100 p.g/ml strep-
tomycin+1mM sodium pyruvate (all cell culture reagents were
purchased from Invitrogen), and maintained in a CO, incubator (5%
CO,, 95% humidity, 37 °C; Astec, Fukuoka, Japan).
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Samples (Ti64, C, CA, and CP; 1cm x 1cm) were submerged in
70% ethanol and rinsed with sterile PBS before being placed in
24-well tissue culture plates. Osteoblasts in osteogenic medium (a-
MEM +10% fetal bovine serum+100I1U/ml penicillin+ 100 pg/ml
streptomycin+1mM  sodium pyruvate+50ug/ml  ascorbic
acid+10mM [-glycerophosphate) were seeded on each sam-
ple at 10% cells/cm?. The osteogenic culture medium was changed
every other day. The following assessments on the cells were
performed at 1, 2, and 3 weeks after cell seeding.

2.6. Proliferation

The cell proliferation was measured using a commercial
cell counting kit (CCK-8, Sigma, MO, USA) following the man-
ufacturer’s directions. Briefly, 500 uL of fresh medium and
50 wL of 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl) - 2H-tetrazolium monosodium salt (WST-8) were
added to each sample. The samples were placed in a CO; incubator
for 4 h. The culture medium absorbance was read at 450 nm.

2.7. Cell viability

Cell viability at the end of each test was qualitatively assessed
using the Live/Dead® viability stain (Molecular Probe, OR) follow-
ing the manufacturer’s directions. Cells on the samples (n =3) were
washed with PBS and incubated with 100 wL LIVE/DEAD® reagent
(2mM Calcein AM +4 mM ethidium homodimer-1) for 30 min at
37°C. The cells were observed using a fluorescent microscope (CK
X41, Olympus, Japan). Viable cells appeared green while dead cells
appeared red.

2.8. Cell morphology

Cells on the 1cm x 1cm samples (n=4) were crosslinked by
2.5% (v|v) glutaldehyde/PBS for 30 min. The samples were rinsed
in deionized water, dehydrated in ethanol solutions (20%, 50%,
70% and 100%) and hexamethyldisilazane (Alfa Aesar, UK), and air
dried. The cells were sputter-coated with Au-Pd using an lon Sput-
ter (E1010, Hitachi, Tokyo, Japan) and examined using a scanning
electron microscope (SEM, S-3000H, Hitachi, Japan).

2.9. Alkaline phosphatase (ALP) activity

Each sample (n=4) was placed in 500 pL of 0.1% Triton x-
100 in 0.1 M of Tris buffer (pH="7.2) and sonicated for 5 min. The
cell lysate (50 wL) was incubated with a 200 pl substrate buffer
(5 mM disodium p-nitrophenyl phosphate hexahydrate in 0.05 M 2-
amino-2-methyl-1-propanol with 2 mM MgCl, ) at 30 °C for 60 min.
ALP converted the substrate to p-nitrophenyl phosphate (p-NP).
The absorbance of p-NP was read at 405 nm, and the enzyme activ-
ity was shown as the amount of p-NP (mM).

2.10. Type I collagen expression in the extracellular matrix

The amount of type I collagen secreted in the extracellular
matrix was measured using a Sircol™ Collagen Assay (Biocolor,
UK) in accordance with the manufacturer’s instructions (n=4). One
milliliter of 0.5M acetic acid with 0.1 mg/mL pepsin (Sigma, MO)
was added to each sample and kept at 4°C overnight. The acidic
extract was moved to a microcentrifuge tube, and 100 w.L Acid Neu-
tralizing Reagent and 200 L Isolation & Concentration Reagent
were then added to it. The mixture was incubated overnight at
4°C, and the tube was centrifuged at 12,000 rpm for 10 min. The
supernatant was discarded, and 1 mL of Sircol Dye Reagent was
added to the precipitation for 30 min before centrifugation. The
supernatant was removed, and the pellet was rinsed with 750 .l

Table 1
Peeling strength (N), coating thickness (um), and contact angle (degree) of the three
polymer coatings and the clinically prepared Ti64 surface.

Coating Peeling strength (N) Coating Contact angle
thickness (m) (degree)
Ti642 na. na. 63.5 + 0.8°
C 0.715+0.068" 344+0.8 79.7 £ 1.5¢
CA 0.852+£0.052¢ 33.0+13 74.2 +2.14
CP 1.060 +0.0824 329+29 84.0 + 2.4°

2 Titanium surface prepared according to ASTM F86-12.

b Different letters indicate statistical significance (p <0.05).
¢ Different letters indicate statistical significance (p <0.05).
d Different letters indicate statistical significance (p <0.05).
¢ Different letters indicate statistical significance (p <0.05).

Acid-Salt Wash Reagent followed by centrifugation. All the lig-
uid was then removed, and Alkali Reagent (250 1) was added to
the tube before the absorbance of the liquid was read at 555 nm.
The absorbance was converted to concentration (mg/mL) using a
standard curve.

2.11. Calcium deposition in the extracellular matrix

Each sample (n=4) was washed with PBS to remove the
culture media and was submerged in 0.5mL of 0.5N acetic
acid for 24h at 37°C. The acidic extract (10 wL) was mixed for
10 min with 300 pL of a working solution that contained 1.65 mM
o-Cresolphthalein, 14.8 M ethanolamine/boric acid buffer, and
0.34 mM 8-hydroxyquinoline. The absorbance was read at 575 nm
and converted into calcium concentration (jLg/mL).

2.12. Von Kossa calcium stain

Cells on the samples (n=4) were rinsed with PBS before being
submerged in 10% formalin/PBS for 30 min. Formalin was discarded
and 200 p.L of 5% (w/v) silver nitrate solution was added to each
sample. The samples were kept in complete darkness for 1 h before
being rinsed with deionized water and exposed to UV light for
15 min. Pictures of the Ti64 were taken using a digital camera (Can-
non A640 PowerShot, Japan). The polymer coatings were carefully
removed from the Ti64 surfaces and examined under a light micro-
scope (CKX41, Olympus, Japan).

2.13. Statistical analysis

Results are expressed as the mean 4 standard deviation (SD)
and compared by two-way analysis of variance (ANOVA) using the
SigmaStat software package (Systat Software, Chicago, IL). When
significant differences were found, pairwise comparisons were
performed using Tukey'’s test. P values <0.05 were considered sta-
tistically significant.

3. Results and discussion
3.1. Peeling strength, thickness and contact angle of the coatings

The average loads used to peel C, CP, and CA off of the metal
surface are listed in Table 1. Crosslinking with pectin and alginate
both significantly increased the peeling strength of the coatings
(p<0.05), which indicates a stronger bond between the crosslinked
coatings (CA, CP) and the metal surface than compared to C. Fur-
ther experimentation is needed to explain the chemistry behind
these changes in bonding strength. We speculate that the increase
in bonding strength could be a result of more time spent submerged
in an aqueous solution during the crosslinking process because
it allowed more time for the chitosan molecules to react with
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Fig. 1. Swelling ratio (a) and cumulative release of pentoxifylline (b) of C, CA, and
CP.

the glutaraldehyde residues on the metal surface (Bumgardner,
Wiser, & Gerard, et al., 2003). Regardless, all coatings tested were
well attached to the metal surface during the course of all experi-
ments.

The C, CA, and CP coatings had similar thicknesses of approx-
imately 33 wm. The thicknesses of the coatings did not show a
significant change after crosslinking (p>0.05) (Table 1). CA had
a smaller contact angle than C (p<0.05) while CP had a larger
one (p<0.05). The contact angle of Ti64 (63.5°) was similar to
what has been previously reported by Park et al. (2010) (58.1°),
and the contact angle of C (79.7°, 96% deacetylated) was simi-
lar to what has been previously reported by Bumgardner, Wiser,
and Elder, et al. (2003) (76.4°, 91.2 deacetylated). For CA, the OH
and COO~ groups on the alginate molecules formed hydrogen
bonds with water molecules, increasing its wettability compared
to that of C. Pectin, with its high degree of methoxylation on
the carboxyl groups, made CP less hydrophilic and wettable than
C.

3.2. Swelling ratio

All coatings were saturated with water after less than 5 min in
PBS (Fig. 1(a)). CA had the highest swelling of all (p <0.05) because
of it having the highest wettability. CP, being less wettable than C,
had a lower swelling ratio compared to C (p <0.05). Rapid satura-
tion with water is advantageous for implant application. Once the
water molecules and ions saturate the implant surfaces or coatings,
serum proteins begin to deposit on the surfaces sequentially facil-
itating cell attachment and proliferation (Bumgardner, Wiser, &
Elder, et al., 2003; Singhatanadgit, 2009).

+*

OWeek 1
mWeek 2
151 WWeek3

Ads0nm

Ti64 C CA cP

Fig. 2. Cell proliferation on Ti64, C, CA, and CP over three weeks. * and # indicate
significant difference compared to Ti64 and C, respectively, measured at the same
time (p <0.05). A and O indicate significant difference compared to week 1 and week
2, respectively, measured within the same material (p <0.05).

3.3. Release efficacy of the anti-inflammatory drug PTX

The pattern of the PTX release efficacies of the coatings was sim-
ilar to that of their swelling ratios. CA, the coating that had the
highest swelling ratio, released close to 90% of its PTX content in
5 hr, followed by the less wettable C and CP (p <0.05) (Fig. 1(b)).
The high swelling of CA allowed the PTX molecules in CA to diffuse
more freely out of the polymer network following the concentra-
tion gradient.

In this test, 65-85% of PTX in the coatings was released within 5
hr of the test. In vivo, we expect PTX to be present in the local tissue
hours after it is released, which could help reduce acute inflamma-
tion caused by neutrophils. When materials are implanted into the
human body, inflammation takes place immediately. Neutrophils
appear within minutes after an injury takes place and peakat24 h to
decontaminate the wound and prevent infection (Dovi, Szpaderska,
& DiPietro, 2004). However, neutrophils have been shown to impair
bone fracture healing (Chung, Cool, Scherer, Foster, & Xian, 2006;
Grogaard, Gerdin, & Reikeras, 1990). Neutrophils are also believed
to produce MCP-1 and IL-6 to attract macrophages. Macrophages
recruit fibroblasts and cause fibrosis around implants (Hurst et al.,
2001; Kasama, Strieter, Standiford, Burdick, & Kunkel, 1993). PTX
have been shown to possibly prevent tissue damage by inhibiting
neutrophil activities (Costantini et al., 2010; de Campos et al., 2008;
Dovi et al., 2004; Weiss, Geor, Burris, & Smith, 1992). This reduced
neutrophil activity can subsequently lead to a lesser degree of fibro-
sis which allows for better osseointegration at the implant/host
tissue interface (Berman, 1989; Lin & Ciou, 2010).

3.4. Proliferation

All of the polymer coatings tested had significantly higher cell
proliferation than Ti64 a week after seeding (p<0.01) (Fig. 2).
Higher osteoblast proliferation on chitosan and chitosan-based sur-
faces than on Ti and Ti64 surfaces has been previously reported
(Bumgardner, Wiser, & Elder, et al., 2003; Lim, Wang, Shi, Poh, &
Neoh, 2009; Shu, Ou, Wang, Zou, & Li, 2011). Higher cell prolifera-
tion on a chitosan coating than on a Ti surface has been attributed
to the high density of positive charges on chitosan surfaces at
physiological pH that attracted negatively-charged proteins and
cells, despite that the fact that the Ti surface was more wettable
(Bumgardner, Wiser, & Elder, et al.,, 2003). Alginate and pectin
crosslinked chitosan materials have been reported to better pro-
mote bone cell growth because of their higher stiffness (Young’s
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None (Ti64) C CA CcP

Week

Week
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Fig. 3. Representative Live/Dead fluorescent stain images of cells on Ti64, C, CA, and CP over three weeks. Viable cells were stained green and dead cell stained red. Most of
the cells observed on the different materials were viable.

Surface coatings
None (Ti64) C CA CcP

Wk

Wk

wk

Fig. 4. Representative SEM micrographs of cells on Ti64, C, CA, and CP over three weeks. All micrographs are taken at same magnification (scale bar=50 pm).
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modulus), which was preferred by bone cells (Lin & Ciou, 2010; Lin
& Yeh, 2010a).

By the end of the second and third weeks, all surfaces had similar
levels of cell proliferation. The proliferation of cells from week 2
to week 3 was insignificant (p>0.05). It is believed that the cells
had reached confluency and stopped proliferating. It will later be
shown in the results that these cells also started to express alkaline
phosphatase and produce minerals.

3.5. Live/dead fluorescent stain

The photos from fluorescent staining showed that most of the
cells were alive (green) after three weeks in the culture (Fig. 3).
None of the surface materials appeared cytotoxic. Qualitatively
speaking, cells displayed excellent viability on both the Ti64 and
the polymer coatings. It's worth noting that the cells on CP grew
in an uneven pattern. Before the cells on CP reached confluence,
high densities of cells formed small lumps, and a few cells were
observed around the peripheries of these lumps. As the culture
time increased, the cells spread, and the lumps overlapped, forming
cell layers. The reasons for this phenomenon were unclear to the
authors. When chitosan was mixed with a pectin solution, cloudy
lumps formed in the mixture. Therefore, it is speculated that when
the pectin solution was placed on a chitosan coating, crosslink-
ing did not take place homogeneously, and some spots were more
favorable for cell attachment than others.

3.6. Cell morphology by scanning electron microscopy

The SEM micrographs of the cells growing on different surfaces
for over three weeks are shown in Fig. 4. By the end of the first week,
cells had attached to the surfaces and begun to proliferate. Filopodia
of the cells could clearly be seen. Cells on C and CA had formed lay-
ers by the end of the first week while cells on CP formed aggregates.
By the end of the second week, multiple layers of cells and extra-
cellular matrix were observed on all surfaces. By week 3, most of
the cells on C, CA, and CP were embedded in the abundant extracel-
lular matrices they had secreted. In contrast, individual cells could
be seen on Ti64. It appeared that cells on Ti64 had secreted less
extracellular matrix, which was primarily made of type I collagen.
This observation is supported by results shown in Fig. 5(b) that cells
on Ti64 produced less type I collagen. Also, by week 3, mineralized
nodules (circled in Fig. 4) were frequently observed on C, CA, CP,
but not on Ti64. The extracellular matrix of the nodules predom-
inantly consisted of type I collagen because calcium deposition is
guided by collagen fibrils (Satomura, Hiraiwa, & Nagayama, 1991;
Tong & Eppell, 2002). Naturally, because less collagen formed on
Ti64, mineralized nodule formation was reduced.

3.7. Alkaline phosphatase (ALP) activity

The main functions of mature osteoblasts are to produce extra-
cellular proteins (mainly type I collagen,) and to express ALP, which
facilitates calcium phosphate formation. The ALP activity of cells on
Ti64 remained at the same level over the 3-week period (p > 0.05).
Considering the increase in the number of cells in weeks 2 and 3,
the ALP activity per cell decreased during weeks 2 and 3 on Ti64.
On the other hand, the ALP activity on the coatings increased sig-
nificantly from week 1 to 2 as cells proliferated (p < 0.05) (Fig. 5(a)).
While the number of cells on C, CA, and CP remained constant from
week 2 to 3, the ALP activity on C decreased from week 2 to 3 while
that of CAand CP remained unchanged. This indicated that cells on C
stopped making ALP earlier than those on CA and CP. The difference
in surface characteristics such as wettability and stiffness (which
increases after crosslinking), alters cellular behavior (Subramanian
& Lin, 2005).
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Fig.5. (a) The alkaline phosphatase activity of cells measured by the amount of p-NP
over three weeks and (b) the amount of type I collagen in the extracellular matrix of
cells on Ti64, C, CA, and CP over three weeks. * and # indicate significant difference
compared to Ti64 and C, respectively, measured at the same time (p <0.05). A and
O indicate significant difference compared to week 1 and week 2, respectively,
measured within the same material (p <0.05).

Cells on CP showed lower ALP expression than those on C in
weeks 1 and 2 (p<0.05). We did not know the specific mecha-
nisms but speculated that the uneven cell growth on CP had created
different cell to cell interactions and thus different cellular activity.

Others have reported higher ALP activity in osteoblast cells on
chitosan-based surfaces than on Ti and Ti alloy surfaces seven days
after cell seeding (Lim et al., 2009; Shu et al., 2011). Cells associated
with mineralized nodules exhibit high alkaline phosphatase activ-
ity (Satomura et al,, 1991). As seen in Fig. 4, more nodules were
present on the coatings where cells exhibited higher ALP activity
than the Ti64 samples by week 3.

3.8. Expression of type I collagen and calcium deposition in the
extracellular matrix

Compared to Ti64, C, CA, and CP had significantly more type
I collagen in their extracellular matrices during the test (p<0.01)
(Fig. 5(b)). The amount of type I collagen on Ti64 stayed at base
levels over the course of the three week testing period. Gener-
ally, less protein on a surface resulted in lower cell attachment and
proliferation. However, the results in Fig. 2 did not show vast dif-
ference in cell proliferation between Ti64 and the coatings. The low
quantity of extracellular collagen found on the Ti64 surface did not
mean that the cells on the Ti64 surface did not actively produce
type I collagen. The process of protein adsorption is a dynamic
adsorption/desorption process which depends on factors such as
hydrophobicity, surface charge, and pH (Andrade, Hlady, & Wei,
1992). As discussed in Section 3.4, there was higher density of
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magnification was 40x.

positive charge on chitosan than on Ti64 at physiological pH to
attract negatively-charged proteins. Also, the surfaces of chitosan-
based polymers were more hydrophobic (higher contact angle)
than that of Ti64 and a general trend is that protein adsorption
increases with increasing hydrophobicity of the surface (Nath,
Hyun, Ma, & Chilkoti, 2004). It was expected that the combina-
tion of the above factors contributed to the higher type I collagen
retention on the coatings than on bare Ti64 surface.

The amount of extracellular matrix collagen on C, CA, and CP
decreased significantly from week 1 to week 2 (p<0.01), and the
decrease continued to week 3. Instead of making collagen, some
osteoblast cells began to express ALP (Fig. 5(a)) and secrete cal-
cium phosphate in weeks 2 and 3. The amount of type I collagen
in the extracellular matrix then gradually decreased due to dena-
turation and desorption (Andrade, Hlady, & Wei, 1992; Leikina,
Mertts, Kuznetsova, & Leikin, 2002). The extracellular matrices

observed at week 3 (Fig. 4) should be mostly minerals and not
collagen.

The secretion of calcium phosphate began at week 2 (Fig. 6(a)),
corresponding to a significant increase in ALP activity by week 2
(Fig. 5(a)). This result meant that while the osteoblasts actively
expressed ALP, the process of mineralization was greatly enhanced.
The amount of calcium deposits continued to increase on all the
surfaces from week 2 to 3 (p <0.05) but the production of calcium
seemed to slow down similar to that of cell proliferation (Fig. 2),
possibly due to the limited space and possible cell apoptosis (Lian
& Stein, 1995).

3.9. Von Kossa stain

For all samples, the color darkened each week (Fig. 6(b)), indi-
cating the accumulation of calcium phosphate over time (Aubin,
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Liu, Malaval, & Gupta, 1995; Clarke, 2008; Lian & Stein, 1995).
Because there was an insignificant amount of matrix calcium mea-
sured (Fig. 6(a)), and, physiologically, osteoblasts were not likely to
secrete calcium phosphate in the first week, the stains appearing
in the first week were most likely from silver ions binding with
free phosphate ions in the culture. A spotted staining pattern was
observed on CP, corresponding to its uneven cell growth pattern
(see Sections 3.5 and 3.6).

4. Conclusion

This was the first time that chitosan-based polymers were used
to coat Ti-6Al-4V surfaces to study osteoblast cell behavior on the
coatings. In addition to serving as a drug carrier, the coatings pro-
moted faster cell proliferation, higher ALP expression, and greater
collagen retention and calcium deposition. The crosslinking of algi-
nate and pectin not only modified the drug release efficacy of
chitosan, but also further enhanced its initial cell proliferation. CA
even enhanced ALP expression for a longer period of time compared
to C.

The in vivo bone healing process takes months. This research
was limited in space and time for cell growth. Nonetheless, we
believe that faster cell proliferation and the enhanced/prolonged
ALP expression on CA coatings could reduce the degree of fibrosis
and allow for the bone cells to have a longer window in which to
produce calcium in vivo.
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