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Titanium (Ti) has been extensively used in medical devices owing to their low density, high strength, excellent

corrosion resistance, and biocompatibility. However, thrombus formation and bacterial infections are still
challenges for their application in specific clinical cases. Hence, we have developed a simple, efficient, and
stable strategy that endow Ti with anticoagulant and antibacterial properties through chemical bonding and
electrostatic bonding. A large number of hydroxyl groups were produced on the surface of Ti by annealing at
500 °C. Then, heparin was immobilized on annealed surface with chemical bonding and chitosan was captured
in an electrostatically bound manner by simply soaking in solution. The results indicated that the surface-
functionalized Ti exhibited excellent anticoagulant properties by a reduction in platelet adhesion and prolonged
blood clotting time. Furthermore, the modified Ti also showed antibacterial properties against both Escherichia

coli (E. coli) and Staphylococcus aureus (S. aureus).

Thrombosis and bacterial infections are still the challenges
restricting the applications of some medical devices, such as
blood-contacting devices, biosensors, and drug delivery vehicle
[1, 2, 3]. To address these problems, the surface modification of
biomaterials by immobilization of biological molecules is
becoming a topic of great interest [4, 5, 6, 7].

Titanium (Ti) has been widely used in medical devices due
to its excellent performances. It was also known that the
spontaneously formed TiO, film on Ti surfaces plays a major
role in the corrosion resistance and biocompatibility [8, 9, 10,
11]. However, the thin spontaneously formed TiO, film can
hardly maintain the long-term performances. Annealing is an
effective and easy method to prepare relatively thick TiO, film
on Ti [12, 13]. Beyond that, a large amount of hydroxyl radical
(-OH) can be formed during the annealing treatment, which
can build a bridge between biological molecules and Ti to
immobilize them on the surface of Ti [14, 15, 16, 17].

As a common anticoagulant, heparin plays a key role in the
coagulation process and can prolong the clotting time and
prothrombin time. Lots of research has shown that heparin
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exhibited a rapid anticoagulant effect both in vivo and in vitro,
mainly acting on fibrin and reducing platelet aggregation [18,
19, 20]. More importantly, heparin can covalently immobilize
on the surface containing enormous amount of -OH of Ti. As
a natural biopolymer with unique structure, chitosan exhibits
a great potential for antibacterial properties [21, 22]. Many
studies have demonstrated that chitosan exhibited excellent
good antibacterial effect against a variety of bacteria [23, 24]
and also possessed good biocompatibility [25, 26]. Beyond that,
chitosan can be decomposed by the human body, avoiding the
toxicity of common heavy metal element (e.g., Ag, Cu) [27, 28,
29]. Equally importantly, chitosan can immobilize on the
heparinizing surfaces by electrostatic bonding.

In this work, we first propose a simple and stable tactics to
impart antibacterial and antithrombotic properties to annealed
Ti by synchronously immobilizing heparin and chitosan
(Fig. 1). In order to verify the successful coimmobilization of
heparin and chitosan, the modified surfaces were characterized
by water-contact angle measurements, X-ray photoelectron
spectroscopy (XPS), field-emission scanning electron micros-

copy (FE-SEM), and atomic force microscopy (AFM). The
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Figure 1: Schematic illustration of the synthetic route of the modified surfaces on Ti.

stability and the content of heparin in the surfaces were
examined. The antithrombogenic properties were analyzed by
platelet adhesion and blood clotting time. The antibacterial
properties were analyzed by Live/Dead staining assay, spread

plate analysis, and SEM observation.

Sample characterization

Surface immobilization and characterization

The water contact angle was measured to characterize the
wettability of the different samples [Fig. 2(a)]. The surface of Ti
with a contact angle of 64.3°. The contact angle decreased
dramatically to 25.7° for Ti/O on account of a good deal of
hydroxyl groups on the sample surface formed during anneal-
ing treatment. After the sample was soaked in heparin solution,
the contact angle increased to 43° for Ti/O/Hep. However, the
contact angles of Ti/O/Hep/Chl, Ti/O/Hep/Ch3, and Ti/O/
Hep/Ch5 were 36.7°, 33.1°, and 31.5° respectively, decreased
again after repeated soaking in heparin and chitosan solutions
at different times. Since the contact angle is related to the
surface morphology and surface free energy, the result testified
to the prosperous immobilization of heparin and chitosan
molecules onto the Ti surface. From the quantitative results, the
water contact angle of Ti/O/Hep/Ch3 and Ti/O/Hep/Ch5 was
mildly lower than that of Ti/O/Hep/Chl immobilized surfaces
and may be due to the fixed molecules that were reduced.
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To further evaluate the changes in the surface of different
samples, the amount of protein adsorbed on the surface of the
samples after 4 h of culture in calf serum was measured. As
shown in Fig. 2(b), all the treated specimens showed great
resistance to protein adsorption compared to the Ti matrix.
This result proved that surfaces with highly hydrophilic and
different charged molecules such as heparin and chitosan
decreased protein adsorption by reducing the hydrophobic
and electrostatic interactions between the surface and protein,
respectively [30]. This result also confirmed that heparin and
chitosan were successfully fixed to the surface of the samples.

The surface chemical composition of Ti/O, Ti/O/Hep, and
Ti/O/Hep/Chl was detected by XPS [Fig. 2(c)]. Compared with
Ti/O, Ti/O/Hep and Ti/O/Hep/Ch1 showed a peak of sulfur (S
2p, 168 eV), which was derived from the heparin molecular
sulfate group, confirming the successful immobilization of
heparin on the Ti surface.

The surface morphology of each sample was characterized
and analyzed by SEM and AFM. As shown in Fig. 2(d), the
surface of Ti was generally smooth, while the modified surfaces
were relatively coarse due to the annealing treatment. Never-
theless, no clear distinction could be searched out among Ti/O,
Ti/O/Hep, Ti/O/Hep/Ch1 Ti/O/Hep/Ch3, and Ti/O/Hep/Ch5,
confirming that the immobilization of heparin and chitosan
had no effect on the surface morphology. The morphological
difference was also confirmed by AFM and Fig. 2(e) shows that
the root mean square (RMS) roughness increased drastically

from 6.62 nm of Ti to 22 nm after annealing treatment. The
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Figure 2: Characterization of Ti, Ti/O, Ti/O/Hep, Ti/O/Hep/Ch1, Ti/O/Hep/Ch3, and Ti/O/Hep/Ch5: (a) Water contact angle; (b) fibrinogen absorption; (c) XPS
analysis; (d) SEM images; and (e) AFM images. (***P < 0.001, **P < 0.01)
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results shown on the AFM images were basically the same as
the SEM. The roughness did not significantly change after

heparin and chitosan immobilizations.

Heparin sodium content and surface stability

The amount of heparin immobilized on surface was measured
by the toluidine blue (TB) method (Fig. 3). The amount of
heparin immobilized on Ti/O/Hep, Ti/O/Hep/Chl, Ti/O/Hep/
Ch3, and Ti/O/Hep/Ch5 was 0.092 uL/cm [2], 0.089 pL/cm [2],
0.08 pL/cm, and 0.075 pL/cm, respectively [2]. Further in-
creased, the reaction time and polymer concentration did not
significantly increase the amount of immobilized heparin. At
the same time, the more times of repeated soaking, the heparin
content decreased slightly. This is because the heparin content
immobilized on Ti/O was not saturated in a short time and the
surface was covered by chitosan in subsequent steps.

To evaluate the stability of heparin immobilization on the
surface of the sample under physiological conditions, the
samples were immersed in phosphate-buffered saline (PBS)
for 10 and 20 days. As shown in Fig. 3, there was no significant
change in the heparin amount detected for each sample. It may
turn out that heparin was immobilized on the sample surface
with high stability.

From the above results, we showed that the annealing is
a brief and effective method to immobilize heparin onto Ti.
Then the anticoagulant and antibacterial surfaces can be
prepared by immobilizing chitosan through electrostatic bind-

ing onto the heparinization surfaces.

In vitro evaluation of antithrombogenicity

The formation of thrombus on the implant is a very compli-
cated process. When the blood comes into contact with the
implant, it activates the clotting factor and forms fibrin on the
surface of the implant. At the same time, platelets adhere and
aggregate on the implant surface, forming thrombus. There-
fore, the anticoagulant properties of the samples are evaluated

by the following experiments.

Whole blood clotting

The antithrombogenic activities of various samples were
evaluated by blood clotting potential. When fresh blood was
dropped onto the surfaces of the samples, they would form
blood clot after a period of time, and the red blood cells will be
trapped. Free red blood cells that were not trapped in the blood
clot were dissolved by adding deionized water (DIW) and the
hemoglobin was released. Therefore, the lost weight of whole
blood after dissolved in DIW inversely relates to the blood clot
size, and more weight lost values indicate greater thrombore-

sistance. By the same token, the absorbance of hemoglobin
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Figure 3: Heparin amounts on the Ti/O/Hep, Ti/O/Hep/Ch1, Ti/O/Hep/Ch3,
and Ti/O/Hep/Ch5 after incubation in PBS for 0, 10, and 20 days.

released from free red blood cells was also inversely pro-
portional to the size of blood clot. The higher the absorbance,
the better the anticoagulant effect. Figures 4(a) and 4(b) show
that the heparinized surfaces exhibited good anticoagulant
efficacy compared with the substrate. This is because heparin
can enhance the inhibitory effect of coagulation factors of (e.g.,
II, IX, X, XI, and XII) in the coagulation cascade [31, 32].

Platelet adhesion

Platelet adhesion is also a widely used method to test the
antithrombotic properties of biomaterials. From the results of
SEM images [Fig. 4(c)], the number of platelets adhered to the
annealed specimens decreased slightly, and the amounts of
adherent platelets on specimens can be further significantly
reduced after surface heparinization. There was little difference
in the number of platelet adhesions between Ti/O/Hep and Ti/
O/Hep/Ch1, indicating that the antithrombogenic function of
heparin was retained after linking with chitosan. For Ti/O/
Hep/Ch3 and Ti/O/Hep/ChS5, the effect of antiplatelet adhesion
gradually decreased due to the diminishing amount of heparin
on the surfaces. It is believed that the immobilized heparin
plays a major role in the antithrombogenic function. In
addition, the hydrophilic surfaces also can suppress the platelet
adhesion [33, 34].

Antibacterial properties

To evaluate the antibacterial activity of the specimens against E.
coli and S. aureus, Live/Dead staining assay, spread plate
analysis, and SEM observation were performed.

The results of Live/Dead two-color fluorescence were
shown in Fig. 5. There were a large number of green spots
on Ti, Ti/O, and Ti/O/Hep for both E. coli and S. aureus. On
the contrary, the spots on the surfaces of Ti/O/Hep/Chl, Ti/O/
Hep/Ch3, and Ti/O/Hep/Ch5 were nearly all red. In order to
further examine the bactericidal ability of the modified layer
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Figure 4: Antithrombotic effects: (a) Blood loss weight on samples after incubating with whole blood for 30 min; (b) the absorbance of hemolyzed hemoglobin

solution; and (c) SEM images of platelet adhesion. (***P < 0.001, **P < 0.01)

against adherent bacteria, SEM analysis was performed again.
The results shows that a large number of bacteria adhering on
Ti, Ti/O, and Ti/O/Hep aggregate into clusters and reveal as
smooth cell membrane surface, whereas those on the carbox-
ymethyl chitosan (CMCS) immobilized Ti/O/Hep/Chl, Ti/O/
Hep/Ch3, and Ti/O/Hep/Ch5 exhibited withered, wrinkled,
and even broken surfaces. The experimental characterizations
have demonstrated that chitosan was successfully immobilized
on the surface of the sample and showed excellent bactericidal
effect on adherent bacteria.

Figure 5 also shows the representative photographs of the
bacterial colonies on Ti, Ti/O, Ti/O/Hep, Ti/O/Hep/Chl, Ti/O/
Hep/Ch3, and Ti/O/Hep/Ch5. The bacterial colonies covered
almost the entire agar plates corresponding to Ti, Ti/O, and Ti/
O/Hep, indicating that the samples without immobilizing

© Materials Research Society 2019

chitosan have no antibacterial function to planktonic bacteria.
Compared with Ti, Ti/O, and Ti/O/Hep, the bacteria viability
of Ti/O/Hep/Chl, Ti/O/Hep/Ch3, and Ti/O/Hep/Ch5 was
reduced by 56.5%, 57.8%, and 51.1% and 74.5%, 70.4%, and
68.9% for E. coli and S. aureus, respectively. The number of
bacterial colonies significantly decreased on Ti/O/Hep/Chl, Ti/
O/Hep/Ch3, and Ti/O/Hep/Ch5, suggesting that the specimens
with immobilizing chitosan also have bactericidal effect on
planktonic bacteria. The figure also shows that the sterilization
effect on S. aureus is better than the antibacterial function on E.
coli. Many studies have shown that CMCS has excellent
antibacterial properties, but the antibacterial mechanism is
not the same for different bacteria. For E. coli, chitosan enters
the cell, adsorbs negatively charged cytoplasm in the cell,

disrupts normal cellular activity, and kills bacteria. For S.
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Figure 5: Antibacterial experiments: Representative fluorescence images, SEM images, and representative colony forming of (a) E. coli and (b) S. aureus.

aureus, chitosan is adsorbed on the surface of bacteria to form
a layer of polymer membrane, which prevents the transport of
nutrients into cells and achieves sterilization effect [24].

Biocompatibility test

No cytotoxic to endothelial cells (ECs) is one of the most
important attributes of an antithrombotic implant material,
since the lining of blood vessels was composed of ECs [35].
Figure 6(a) shows the fluorescence of ECs adhered on the
surfaces of different samples. The results show that cells
proliferated over time and there was no significant difference
between the treated samples with pure Ti after 3 and 5 days.
After 5 days, there was a significant growth in the number of
cells, and the entire surface of all the test pieces was basically
full of green living cells. The 3-(4,5-dimethylthiazol-2-yl)-2,5-
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diphenyl tetrazolium bromide (MTT) results [Fig. 6(b)] show
that the number of cells on Ti/O/Hep/Ch1, Ti/O/Hep/Ch3, and
Ti/O/Hep/Ch5 was more than Ti, Ti/O, and Ti/O/Hep after 3
and 5 days of culturing. Especially for Ti/O/Hep/Chl, the cells
show higher fluorescent intensity than those on other samples,
demonstrating the better biocompatibility. The reason for this
is that chitosan possesses good hydrophilicity and a positive
charge, promoting cell adhesion and proliferation [36].

In this study, we found a simple, rapid, and efficient method to
immobilize sodium heparin and CMCS on the surface of pure
Ti via chemical bonding and electrostatic bonding. Initial

annealing treatment builds a bridge between the heparin and
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Figure 6: Biocompatibility test: (a) Fluorescence images of ECs on samples; (b) MTT results of ECs on samples. (*P < 0.1)

Ti, followed by immobilizing chitosan on the heparinized
surfaces. The surface-functionalized Ti achieved thrombore-
sistant properties, demonstrated by an inhibition of platelet
adhesion, and prolonged clotting time. In addition, the mod-
ified surfaces exhibited excellent antibacterial properties and
the antibacterial rates against E. coli and S. aureus were,
respectively, 56.5 and 74.5%. This approach is therefore
believed to have great potential for the surface modification
of various biomedical devices, to achieve antithrombogenic and

antibacterial properties.

Material and methods
Materials

Heparin sodium injection (2 mL:12,500 unit) was produced by
Tianjin Bio-Chemical Pharmaceutical Co. Ltd., China. CMCS
was produced by Pure Chemistry Scientific Inc., USA. TB,
paraformaldehyde (PFA), sodium dodecyl sulfate (SDS), bovine
serum albumin (BSA), and FITC-labeled phalloidin were pro-
duced by Sigma-Aldrich, USA. Fetal bovine serum (FBS),
Dulbecco’s modified Eagle medium (DMEM), penicillin-

© Materials Research Society 2019

streptomycin (P/S), and PBS were produced by Gibco BRL,
USA. n-Hexane was produced by AccuStandard Inc., USA.
Beef extract and peptone were produced by Sangon Biotech,
China.

Annealing treatment

Samples of Pure Ti having a diameter of 14 mm and a thickness
of 2 mm were cut from a Ti rod. The surface of samples was
polished with 180 ## to 2000 ## SiC sandpaper successively,
then ultrasonically washed with acetone, absolute ethanol, and
deionized water for 5 minutes. The Ti plates were put in the
muffle furnace and were kept warm for 2 hours at 500 °C, then
the Ti plates were removed after cooling in the muffle furnace,
rinsed with deionized water, and blown dry in air. The samples
were designated as Ti/O.

The Ti/O samples were immersed in the 40-times diluted
heparin sodium solution at 37 °C in a water-bath pot for 1 h.
Then, the samples were removed and rinsed with deionized
water. The samples were designated as Ti/O/Hep. Afterward,
the Ti/O/Hep was immersed in CMCS solution (5 g/L) for 1 h
at 37 °C. Then, remove the samples and rinse with deionized
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water. The samples were designated as Ti/O/Hep/Chl. Other
conditions remain unchanged, and the soaking time was
adjusted to 20 and 12 min in the two solutions. Afterward, it
was repeated for three and five times, respectively. The samples
were designated as Ti/O/Hep/Ch3 and Ti/O/Hep/ChS5.

Sample characterization

A scanning electron microscope (FE-SEM; JSM-7001F, JEOL,
Japan) was used to observe the morphology of the samples
surface. The surface roughness was examined by atomic force
microscopy (AFM; XE-100, Park Systems). The surface hydro-
philicity was analyzed by the sessile drop method on the
Rame’-Hart instrument (USA). The surface composition was
measured with X-ray photoelectron spectroscopy (XPS;
Thermo).

Heparin test

The amount of heparin immobilized was determined by the TB
method. In short, the samples were immersed in 3 mL PBS, and
afterward, 2 mL TB solution (0.005%, 0.01 mol/L HCI, 0.2%
NacCl) was added. Then, the samples were shaken for 2 hours at
37 °C and 3 mL n-hexane was added. After that, the mixed
solution was shaken violently for 1 min. The samples were
taken out of the solution and the absorbance was measured at
630 nm. The amount of adsorbed heparin was counted in the
light of the standard curve of heparin solution with different
concentrations. We followed the same procedure as a blank
control group and did not detect heparin levels.

To determine the shelf life, the samples were immersed in
PBS at 37 °C for 10 and 20 days, and the amount of residual

heparin was measured.

Protein adsorption

The samples were put into 24-well plates, 1 mL of DMEM
containing 10% FBS was dropped onto samples and then
incubated at 37 °C for 4 h. Then, the samples were rinsed
with PBS and removed to new 24-well plates. Afterward, 500
KL SDS (1%) solution was pipetted onto each sample and then
shaken for 1 h at 37 °C to collect the protein. The content of
adsorbed protein in the samples was detected by an assay kit
(cat# P0009; Beyotime).

In vitro antithrombogenic evaluation
Platelet adhesion

The platelet adhesion properties of the samples were assessed
using fresh human whole blood. All the human whole blood
was drawn from healthy adult volunteers according to ethics
rules. The experiment was carried out within 12 h after the
blood donation. The collected blood and 0.109 M sodium

© Materials Research Society 2019

citrate were placed in a centrifuge tube at a ratio of 4:1. In order
to obtain the platelet-rich plasma (PRP), whole blood was
centrifuged at 1500 rpm for 15 min. Afterward, the supernatant
plasma-containing platelets were collected into another centri-
fuge tube, and then, further centrifuged at 1500 for 15 min to
get PRP. After that, 50 pL PRP was dropped onto samples and
incubated for 1 h at 37 °C. Then, the samples were washed
three times with PBS and fixed platelet with 3% glutaraldehyde
solution for 1.5 h. To dehydrate, the samples were immersed in
ethanol of different concentration gradients (20, 40, 60, 80, 90,
and 100%) for 15 min. Then, the samples were dried in air for
45 min and gold-sputtered to observe the platelet morphology
under a FE-SEM.

Whole blood clotting

After 50 pL of whole blood introduced onto samples, the
specimens were weighed. Then, the samples were incubated for
10 min at 37 °C and moved to a beaker containing 10 mL
distilled water for 10 min at 37 °C. After that, the samples
covered with coagulated blood were taken out, dried, and
weighed again, and the remaining solution is tested for

absorbance at 540 nm.

Antibacterial activities tests

The antibacterial activity of samples against Gram-negative E.
coli and Gram-positive S. aureus bacteria was assessed.

In order to stay sterile, the samples were immersed in
medical alcohol for 1 h. Then, the alcohol on the samples was
washed with PBS and transferred the samples to 24-well plates,
and 60 pL of diluted bacterial suspension (10* CFU/mL) was
added to the surface of each sample. Afterward, the bacteria on

the samples were cultured at 37 °C for 24 h.

Fluorescence microscopy

After the bacteria were cultured for 24 h, 50 uL of stains
(acridine orange/propidium iodide) were added to the surface
of the samples to stain the attached bacteria. After stained for
15 min in the dark, photographs of the survival of adherent
bacteria on the surface of samples were collected by fluores-

cence microscopy.

SEM observation

In order to fix the bacteria on the sample surface, the samples
cultured with bacteria were washed with PBS and fixed with 3%
glutaraldehyde solution for 1.5 h. To dehydrate, the samples
were immersed in 20, 40, 60, 80, 90, and 100% sequential

ethanol for 15 min. Afterward, the samples were dried in air for
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45 min and gold-sputtered to observe the bacteria morphology
under a FE-SEM.

Plate-counting method

Bacteria adhered to samples in 24-well plates were uniformly
sprayed with 950 pL of PBS. Then, 80 pL diluted bacterial
suspension was added to a standard agar culture medium and
kept at 37 °C for 24 h. Finally, the pictures of bacterial colonies
were collected. The antibacterial ratio was calculated according
to the following formula: antibacterial rate (%) = [(Bo — B1)/
Bo] x 100%, in which B is the bacterial colonies on Ti and [,
is the bacterial colonies on Ti/O/Hep/Ch1, Ti/O/Hep/Ch3, and
Ti/O/Hep/Ch5.

In vitro biocompatibility

The ECs were cultured in DMEM supplemented with 10% FBS,
1% penicillin, and streptomycin at 37 °C in an atmosphere of
5% CO, and 95% air.

In order to test the toxicity of the samples, a Live/Dead
staining kit was used to observe the survival of the cells on the
surface of the samples. After the cells were incubated on the
surface of the samples for 3 and 5 days, the samples were rinsed
with PBS, and 50 mL of staining solution was added to the
surface of each sample and incubated for 1 h in the dark.
Afterward, the green living cells and red dead cells were
investigated by confocal laser scanning microscopy (CLSM).

Cell proliferation was evaluated quantitatively with the
MTT assay. After the cells were cultured for 3 and 5 days on
the surface of the samples, the samples were rinsed with PBS.
1 mL of mixed solution (900 pL culture medium, 100 pL of
5 mg/mL MTT) were added to samples and cultured for 4 h.
Then, the mixed solution was removed and the crystals were
dissolved in 1 mL of dimethylsulfoxide (DMSO). The optical
density (OD) of the solution was measured at 490 nm on

a microplate reader.

Statistical analysis

Experimental data were analyzed using the one-way ANOVA.
Statistical significance was considered as having *P < 0.05. All
experiments data were presented as the mean * SD and were

performed in triplicate.
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