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ABSTRACT: Recently, UV irradiation has been reported as a new approach to
significantly improve the anticoagulant properties of titanium dioxide (TiO2) films
by suppressing fibrinogen adsorption and platelet adhesion. This study focuses on
how fibrinogen adsorption of and platelet adhesion to TiO2 films is affected by the
duration of UV irradiation. Furthermore, this study intends to describe the link
between the suppression effect and the changes in the TiO2 films nature caused by
photogenerated reactive oxygen species (ROS). First, we performed UV irradiation
in different atmospheres as model 1 to determine the effect of oxygen gas on the
anticoagulant properties of TiO2 films. The results showed that the suppression of
platelet adhesion induced by UV irradiation depended on the presence of oxygen
gas, indicating that ROS were photogenerated, and the ROS-induced surface change
was related to the improvement in the anticoagulant ability. Then, we fabricated
three other types of TiO2 samples in air by varying the UV irradiation time: (1)
model 2, comprising fully UV-irradiated TiO2 films, (2) model 3, comprising
partially UV-irradiated TiO2 films, and (3) model 4, comprising fully UV-irradiated TiO2−Si micropatterns. The results indicated
that UV irradiation affected the anticoagulant properties of TiO2 films in a time-dependent manner. UV irradiation on TiO2 films
for short duration (e.g., 1 min) evidenced a suppression effect on fibrinogen adsorption and platelet adhesion, an effect that could
not be the result of photoinduced superhydrophilicity, increased hydroxyl groups (−OH) number, or decomposition of the
adsorbed hydrocarbon. When the UV irradiation time was longer, this suppression effect extended from the surface of the UV-
irradiated TiO2 films to the surface of the adjacent masked TiO2 films and the nearby Si surface. This result supported that the
suppression effect could be related to the changes in the nature of the TiO2 films that were caused by the photogenerated and
diffused ROS. Further, this extension of the suppression effect to the Si surface indicated that the photogenerated ROS could be
used to improve the anticoagulant properties of other materials. A prolonged UV irradiation time (e.g., 240 min) may enhance
the fibrinogen adsorption of and platelet adhesion to TiO2 films, which could be related to the decomposition of the adsorbed
hydrocarbon and the increase in the positive charge. However, when comparing the enhancement effect and the suppression
effect, the results showed that the latter was the main one to influence fibrinogen adsorption of and platelet adhesion to TiO2
films. This study provides an important basis for understanding the behavior of UV-irradiated TiO2 films as anticoagulant
materials.
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1. INTRODUCTION

In the past few years, titanium dioxide (TiO2) films were widely
used as biomaterials in various research areas; for instance, they
were used in blood contact materials1 and bone-anchored
implants2 due to their resistance to corrosion and their blood
and bone compatibility. Recently, UV irradiation was reported
as a facile and efficient method for altering the biocompatibility
of TiO2 films. When TiO2 films were used as a blood contact
material, UV irradiation remarkably improved their anticoagu-
lant ability by suppressing fibrinogen adsorption and conforma-
tional change and subsequently inhibiting platelet adhesion and
activation.3 When TiO2 films were used as bone-anchored
implants, UV irradiation was reported to strongly enhance
protein adsorption and cell adhesion and thus improve their
osteoconductive capacity.4,5

From the above studies, UV irradiation seems to provide
TiO2 films with one of two conflicting effectsthe suppression
effect on fibrinogen (a serum protein) adsorption and platelet
(an anuclear cell) adhesion; and the enhancement effect on
protein adsorption and cell adhesion. It is interesting to study
whether the two effects could coexist and which of these effects
prevails on fibrinogen adsorption and platelet adhesion.
Further, while the enhancement effect was demonstrated to

be related to the increase in positive charge on the UV-
irradiated TiO2 surfaces,

6,7 the mechanism of the suppression
effect on fibrinogen adsorption and platelet adhesion has been
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rarely investigated. In our previous study, we showed that after
partial UV irradiation, the fibrinogen-dark regions (where
fibrinogen adsorption was suppressed) occupied a larger area
than the UV-irradiated regions. This extension of the
fibrinogen-dark regions was similar to the one evidenced by
the organic-oxidized region that was caused by the remote
photocatalysis of TiO2.

3 The extension effect indicated that the
suppression effect might be related to the changes in the nature
of the TiO2 surface that are caused by the photogenerated and
diffused reactive oxygen species (ROS). If this hypothesis is
true, the oxygen gas would contribute to the enhancement of
the anticoagulant ability of TiO2 films, and the size of the
extended area of the fibrinogen-dark regions would depend on
the duration of UV irradiation, as evidenced by the extension
effect of the remote photocatalysis on oxidation of organics.8

Therefore, it is necessary to determine whether the UV-induced
suppression effect depends on the presence of oxygen gas and
to study the influence of UV irradiation of varying durations on
the extension of the fibrinogen-dark regions. Furthermore, in
the study related to the remote photocatalysis, the photo-
generated ROS could diffuse from the TiO2 surface to the
nearby surface of the other materials and oxidize the adsorbed
organics molecules.9 However, it was rarely reported whether
the suppression effect on fibrinogen adsorption and platelet
adhesion could extend in a similar way to the other materials
adjacent to the TiO2 films.
On the other hand, little is known about the way the changes

in the nature of the TiO2 films, produced by the photo-
generated ROS, affect fibrinogen adsorption and platelet
adhesion. The changes caused by ROS in the nature of the
TiO2 films that might influence the fibrinogen adsorption and
platelet adhesion are described in the following sections.
1.1. Retained ROS on the TiO2 Surface.When TiO2 films

are treated with UV radiation, the separated electron−hole
pairs immediately generate ROS.10−12 Further, many of the
photogenerated ROS can influence thrombus formation.13−16

Moreover, some ROS (e.g., O2
•−, HO2, and H2O2) have a

relatively long lifetime (ranging from minutes to hours) in
air.17−19 Hence, the retained ROS may influence the blood
compatibility of the UV-irradiated TiO2 films.
1.2. Oxidation of Adsorbed Hydrocarbon. When the

TiO2 films are stored in air, they will inevitably get
contaminated by hydrocarbon adsorption.20 In the course of
several minutes of UV irradiation, the photogenerated ROS can
induce oxidation of the adsorbed hydrocarbon,21 which perhaps
influences fibrinogen adsorption of and platelet adhesion to
these films.
1.3. Photoinduced Superhydrophilicity. It is known that

as little as several minutes of UV irradiation can strongly
improve the hydrophilicity of TiO2 films.22−24 Because the
superhydrophilic surface is considered to be beneficial for
maintaining protein conformation,25 the UV-induced super-
hydrophilic TiO2 surface may have an effect on the suppression
of the conformational change of fibrinogen and subsequently
on the inhibition of the adhesion and activation of platelet.
1.4. Increase in Hydroxyl Groups (−OH). The UV

irradiation of TiO2 films lasting for a few minutes to several
hours can increase the amount of −OH through the reaction of
photogenerated ROS and the adsorbed water molecules.23,26,27

The surface modified by the increased amount of −OH is
usually considered to benefit blood compatibility due to its low
affinity for fibrinogen.28

1.5. Decomposition of Adsorbed Hydrocarbon. The
automatically absorbed hydrocarbon may influence the
anticoagulant properties of the TiO2 films. Upon UV
irradiation, some of the photogenerated ROS, such as ·OH,
can decompose the adsorbed hydrocarbon into CO2 and
H2O.

29 Adequate decomposition of hydrocarbon may require
several hours.5 Moreover, the decomposition of the adsorbed
hydrocarbon may influence the anticoagulant properties of
TiO2 films.

1.6. Increase in Positive Charge. It was reported that
several hours of UV irradiation can turn the TiO2 surface from
negatively to positively charged by the adequate decomposition
of the adsorbed hydrocarbon and thus improve the attachment
of proteins and cells by means of electrostatic attraction.6,7 The
positively charged surface could be detrimental for the
anticoagulant ability, for it may enhance the attachment of
fibrinogen and platelets.
As mentioned above, changes in the nature of TiO2 surface

caused by the photogenerated ROS were dependent on the
duration of the UV irradiation. This suggested that the
anticoagulant properties of TiO2 films might be dependent
on the duration of UV irradiation to which they are subjected,
and that the variation of the duration of UV irradiation could be
used to investigate the relationship between the changes the
nature of the TiO2 films and the fibrinogen adsorption and
platelet adhesion.
It was demonstrated that fibrinogen absorption and platelet

adhesion are sensitive to the changes in the TiO2 surface caused
by UV irradiation.3 Thereby, they could be used as biological
probes to detect the change in the anticoagulant property of
TiO2 under different duration of UV irradiation. Micro-
patterning is a powerful tool to study the remote photocatalysis
because it can provide a direct insight on the diffusion of
ROS.8,9,30 Micropatterning is also a popular technology to
study the selective attachment of proteins and cells,31−33 which
can be used to investigate both the suppression and
enhancement effects on fibrinogen adsorption and platelet
adhesion of the UV-irradiated TiO2 films.
In this study, fibrinogen and platelets were used either

together or one at a time as biological probes on the four
fabricated models. To produce model 1 samples, we fully UV-
irradiated TiO2 films in different atmospheres for 1 h to study
the relationship between the presence of oxygen gas and the
UV-induced suppression effect.
To produce model 2 samples, we fully UV-irradiated TiO2

films in air for various time intervals to determine the
relationship between the changes in the nature of TiO2 films
induced by the photogenerated ROS, and the response of
fibrinogen adsorption and platelet adhesion were determined.
To produce model 3 samples, we partially UV-irradiated TiO2
films in air for various time intervals in the presence of a
photomask to determine the response of the suppression effect
and the extension effect. To produce model 4 samples, we fully
UV-irradiated TiO2−Si micropatterns in air for various time
intervals to study the suppression, extension, and enhancement
effect on the same model. Furthermore, we used model 4 to
investigate whether the extension effect applies to the other
materials nearby TiO2.

2. MATERIALS AND METHODS
2.1. Materials and UV Irradiation Treatment. Anatase TiO2

films were fabricated on the Si substrate by using a magnetron
sputtering deposition system. The parameters of deposition is given in
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Table S1 (Supporting Information). TiO2−Si micropatterns were
fabricated on the Si substrate by using a magnetron sputtering
deposition system and a lithography machine (Chinese Academy of
Sciences, China). The fabrication process of TiO2−Si micropattern is
given in Figure S1 (Supporting Information).
The TiO2−Si micropatterns consisting of alternating stripes of TiO2

and Si were represented as mla−b (“a” and “b” represent the width
(μm) of TiO2 stripe and Si stripe, respectively). Six types of TiO2−Si
micropattern were fabricated, including ml10−5, ml10−10, ml10−20,
ml20−10, ml40−20, and ml60−30.
All the fabricated samples were stored in air for 8 weeks before UV

irradiation and subsequent tests.
The UV irradiation treatments to obtain the four models are

displayed in Figure 1. In model 1, the anatase TiO2 films were fully
UV-irradiated for 1 h in different atmospheres in glass boxes, including
vacuum (vacuum pressure: 5000 Pa), air, and oxygen gas (gas
pressure: 0.11 MPa). In model 2, the TiO2 films were fully UV-
irradiated in air for various times, including 0, 1, 10, 30, 60, 120, and
240 min. In model 3, the TiO2 films were partially UV-irradiated in air
in the presence of a photomask (with transparent squares 25 μm on a
side separated by 25 μm intervals) for various times, including 0, 1, 10,
30, and 120 min. In model 4, the TiO2−Si micropatterns were fully
UV-irradiated in air for various times, including 0, 15, 30, 60, 120, and
240 min. All UV irradiation treatments were performed by a
lithography machine (Chinese Academy of Sciences, China) with
UV light intensity of 16 mW/cm2 (λ = 365 nm).
After UV irradiation, the samples were stored in air for 15 min

before biological testing and hydrophilic testing, in air for 15 min and
in vacuum (2 × 10−7 mB) for 12 h before the X-ray photoelectron
spectroscopy (XPS) testing, and in air for 12 h before the surface
charge testing.
2.2. Characterization of TiO2 Films. The structures of TiO2 films

were determined by X-ray diffraction (XRD; X’Pert Pro MPD, Philips,
Holland) by using a copper target at a glancing angle of 0.5°. The
hydrophilicity of TiO2 films was examined using a drop shape analysis
system (DSA 100, Krüss, Germany) by the sessile drop method (5 μL
droplet). The surface compositions of the films were detected by the
X-ray photoelectron spectroscopy (XPS; XSAM800, Kratos, Ltd.,
United Kingdom), and the instrument was equipped with a
monochromatic Al Kα (1486.6 eV) X-ray source operated at 12 kV
× 15 mA at a pressure of 2 × 10−10 mB. The C 1s peak at 284.8 eV
was used as a reference for charge correction. The surface charge of
TiO2 films (18 × 18 mm) were examined by EST111 Static Charge
Meter (EST Electro-Static Test Co., Ltd., China) in air.
2.3. Characterization of TiO2−Si Micropatterns. The TiO2−Si

micropatterns surface topography were detected by scanning electron
microscope (SEM; Quanta 200, FEI, Holland) and surface profiler
(Ambios XP-2, Ambios, Santa Cruz, CA). The element distribution on
the surface was analyzed by energy dispersive spectroscopy (EDS;
Quanta 200, FEI, Holland). The structures of TiO2 were determined
by XRD in the same way described in chapter 2.2.
2.4. Platelet Adhesion. Fresh venous blood obtained from a

healthy adult volunteer was centrifuged at 1500 rpm for 15 min to
obtain platelet-rich plasma (PRP). Then, the samples (7 × 7 mm2)
were immersed in 350 μL of PRP and incubated at 37 °C for 1 h.
Subsequently, the samples were rinsed thoroughly with phosphate-
buffered saline (PBS) three times to remove nonadhering platelets and
were then fixed with 2.5% glutaraldehyde in saline solution for 4 h.
Finally, the samples were dried in a CO2 critical point dryer (CPD030,

Bal-Tec AG, Germany) after dehydration and dealcoholization. The
samples were observed under an optical microscope (OM; DM4000M,
Leica, Germany) and a scanning electron microscope (Quanta 200,
FEI, Holland). Twelve OM images with the size of 640 × 480 μm
were collected per sample for the analysis of platelets surface coverage
(Sp) and platelets density by using ImageJ software (National
Institutes of Health, New York.).

2.5. Fibrinogen (Fgn) Adsorption. To examine the occurrence
of Fgn adsorption, we covered the TiO2 samples (7 × 7 mm) with 40
μL of fresh human platelet-poor plasma (PPP) extracted from fresh
venous blood obtained from a healthy adult volunteer, which was
centrifuged at 3000 rpm for 15 min and incubated at 37 °C for 1 h.
After incubation with PPP, the samples were rinsed thoroughly with
PBS and blocked with 1 wt % bovine serum albumin (BSA) in PBS at
37 °C for 30 min. Subsequently, the samples were thoroughly washed
again and covered with 20 μL of Horseradish Peroxidase (HRP)-
labeled mouse antihuman fibrinogen monoclonal antibody (primary
antibody, diluted 1:200 in PBS; Sigma, St. Louis, MO) and incubated
at 37 °C for 1 h. The samples were thoroughly washed with PBS,
following which, 70 μL of chromogenic substrate 3,3′,5,5′-
tetramethylbenzidine (TMB) solution (diluted 1:4 in PBS) was
added to react with the sample surface. After 10 min, 50 μL of 1 M
H2SO4 was used to stop the reaction, and the optical density at 450
nm was determined by a microplate reader. The relative amount of
adsorbed Fgn was quantified according to the calibration curve.

2.6. Distribution of Adsorbed Fibrinogen. After incubation
with PPP at 37 °C for 1 h, the samples (7 × 7 mm) were rinsed three
times with PBS to remove nonadhering Fgn. Subsequently, the
samples were blocked with 1 wt % BSA in PBS at 37 °C for 30 min
and then rinsed with PBS. Finally, FITC-labeled antihuman fibrinogen
(Bioss, China) was added and incubated at 37 °C for 1 h. After rinsing
with PBS again, the stained samples were observed under an inverted
fluorescence microscope (IX51, Olympus, Japan). The green
fluorescent intensity of samples were analyzed by the Image Pro
Plus software (Media Cybernetics, Rockville, MD). To obtain the
relative fluorescent intensity of a fibrinogen-dark square, we divided
the fluorescent intensity of one circular area (d = 3 μm) that was
identified in the center of the fibrinogen-dark square by the average
fluorescent intensity of four circular areas (d = 3 μm) identified in the
adjacent fibrinogen-bright regions. The average value of the four
fibrinogen-dark squares was considered as the relative fluorescent
intensity of the fibrinogen-dark region of the sample.

2.7. Statistics. All the experiments were done in triplicate (n = 3).
The statistical significance between the sample groups was assessed by
SPSS11.5 software using one-way ANOVA and LSD posthoc test. A
value of p < 0.05 was considered statistically significant.

3. RESULTS AND DISCUSSION

3.1. Effect of Different Atmospheres on the UV-
Induced Anticoagulant Properties (Model 1). 3.1.1. Hy-
drophilicity and Platelet Adhesion on TiO2 Films Treated
with UV Irradiation in Different Atmospheres. All the peaks in
the XRD spectrum could be attributed to anatase TiO2,
indicating the formation of anatase TiO2 films on the Si wafer
(Figure 2D).
The water contact angle (θw) of the untreated TiO2 film was

about 83.6°. After 1 h of UV irradiation in vacuum (vacuum

Figure 1. Strategies for the fabrication of the four models.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am509006y
ACS Appl. Mater. Interfaces 2015, 7, 4423−4432

4425

http://dx.doi.org/10.1021/am509006y


pressure: 5000 Pa), the θw value of the TiO2 film was about
82.3°, whereas after 1 h of UV irradiation in air and in oxygen,
the θw value of the films decreased to less than 5° (Figure 2A).
On the untreated TiO2 films, most of the adhered platelets

were spread out and fully activated, leading to aggregation. The
adhesion behavior of platelets was not changed significantly by
UV irradiation in vacuum for 1 h. However, 1 h of UV
irradiation in air and in oxygen gas (gas pressure: 0.11 MPa)
both strongly suppressed the adhesion and spreading of
platelets on the TiO2 films (Figure 2B).
The platelet surface coverage (Sp) was analyzed using ImageJ

software. On the untreated TiO2 films, Sp was about 46%, and
UV irradiation in vacuum for 1 h did not change this value
significantly. However, after 1 h of UV irradiation in air and in
oxygen, Sp decreased to about 2.3 and 3.0%, respectively,
demonstrating strong suppression of platelet adhesion and
spreading (Figure 2C).
3.1.2. Discussion. In model 1, we demonstrated that the

suppression of platelet adhesion on the UV-irradiated TiO2 film
depended on the presence of oxygen gas. As is well-known,
under an oxygen atmosphere, UV-excited electrons can reacted
with O2 to form O2

•−, which can change to other types of ROS
such as HO2 and H2O2

34 and change the nature of the TiO2
surface. In this context, the results in Figure 2 indicate that the
photogenerated ROS and ROS-induced surface changes could
be related to the enhancement of the anticoagulant ability of
the TiO2 film.
Therefore, in the next model (model 2), we further detected

the relationship between the ROS-induced changes in the
properties of the TiO2 surface (including the hydrophilicity,
presence of −OH groups, presence of adsorbed hydrocarbons,
and surface charge) and the platelet adhesion and fibrinogen
adsorption behavior.
3.2. Difference in Fibrinogen Adsorption and Platelet

Adhesion on TiO2 Films Treated with UV Irradiation for
Different Durations in Air (Model 2). 3.2.1. Character-
ization of the TiO2 Films Subjected to UV Irradiation for
Different Durations. The water contact angle (θw) of the
untreated TiO2 films was about 54.5°. After 1, 10, 30, 60, 120,
and 240 min of UV irradiation, the θw of TiO2 film decreased to
about 29.3°, 5.6°, 3.2°, 2.2°, 1.5°, and 1.5°, respectively (Figure

3A). It is worth noting that after 1 min of UV irradiation, the
TiO2 film became more hydrophilic even if it did not reach the
superhydrophilic state.

The changes in the surface composition were analyzed by
XPS. Close examination of the O 1s spectrum (Figure 3B)
clearly showed two kinds of oxygen with binding energies of
about 530 and 531.4 eV, which could be assigned to the Ti−O
bonds and −OH groups, respectively.23,35,36 The atomic
percentage of −OH groups in the TiO2 film without UV
irradiation was 22.6%, which decreased to 20.8% after UV
irradiation for 1 min, and 19.1% after UV irradiation for 30 min.
However, it increased to 26.4% when the irradiation time was
240 min. The atomic percentages of carbon in the TiO2 films
tend to decrease with increasing durations of UV irradiation
(Figure 3C). When TiO2 films were UV irradiated for 0, 1, 30,
and 240 min, the atomic percentage of carbon was about 33.31,
33.63, 29.24, and 22.28%, respectively. Close examination of
the C 1s peaks (Figure 3D) revealed that the shoulder peaks
appeared at about 288 eV and decreased with increasing UV
irradiation time, which were attributed to the presence of
oxygen-containing hydrocarbons,20,37. Additionally, the shoul-
der peaks shifted to a higher bonding energy when the UV
irradiation time was increased (Figure 3D, embedded box).
When TiO2 films were UV-irradiated for 0, 1, 30, and 240 min,
the shoulder peaks were at about 288.04, 288.17, 288.45, and
288.65 eV respectively.
The surface charge of the untreated TiO2 was about 0.16 nC

(Figure 3E). When TiO2 films were UV-irradiated for 30, 60,
and 120 min, their surface charge seemed to increase slightly,
even if not significantly. However, after 240 min of UV

Figure 2. (A) Hydrophilicity, (B) platelet adhesion, and (C) platelet
surface coverage on TiO2 films treated with 1 h of UV irradiation in
different atmospheres. (D) Structure of TiO2 films characterized by
XRD.

Figure 3. Changes of TiO2 flms after various times of UV irradiation:
(A) the water contact angle (θw), (B) the close-up view of the XPS O
1s peak, (C) the atomic percentage of carbon, (D) the close-up view of
the C 1s peak, and (E) the surface charge.
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irradiation, the surface charge of the TiO2 films increased
significantly to about 0.3 nC. (The statistical significance of the
differences between the samples was analyzed using the one-
way ANOVA and LSD posthoc test.)
3.2.2. Platelet Adhesion and Fibrinogen Adsorption. The

shapes of the adhered platelets are presented in Figure 4A. The

adhered platelets on the TiO2 films subjected to 0 min of UV
irradiation were spreading out and were fully activated. On the
TiO2 film subjected to UV irradiation for 1 min, the platelet
activation was strongly inhibited, since most of the platelets
maintained a spherical shape and few cells extended
pseudopodia. The platelet activation was also inhibited on the
other films subjected to UV irradiation for longer time
durations, while the platelets seemed to be slightly aggregated
on the TiO2 films subjected to 240 min of UV irradiation. The
platelet adhesion on TiO2 films was analyzed by ImageJ
software (Figure 4B). On the untreated TiO2 films, the platelet
density was about 2360 cells/mm2, and it significantly
decreased to about 640 cells/mm2 on the 1 min UV-irradiated
TiO2 film. On the TiO2 films subjected to 10, 30, 60, and 120
min of UV irradiation, the platelet density was about 550, 700,
400, and 370 cells/mm2, respectively. However, when the UV
irradiation time was prolonged to 240 min, the platelet
adhesion significantly increased to about 1470 cells/mm2.
The results showed that the platelets density decreased sharply
when TiO2 films were UV-irradiated for a short time (e.g., 1
min), while it relatively increased when the UV irradiation time
was long enough (e.g., 240 min). The adsorption of fibrinogen
shared the similar “decreasing-increasing” trend when the UV
irradiation time was increased (Figure 4C). On the untreated
TiO2 films, the value of the relative quantification of fibrinogen
adsorption was about 26.3%. When TiO2 films were UV-
irradiated for 1, 10, 30, and 60 min, fibrinogen adsorption kept
decreasing to about 11.1, 11.0, 9.1, and 7.1%, respectively.
However, when the UV irradiation time was increased to 120
and 240 min, fibrinogen adsorption significantly increased to
12.9 and 18.6%, respectively. The statistical significance of the
differences between the samples was analyzed using the one-
way ANOVA and LSD posthoc test.
3.2.3. Discussion. Results showed that the changes in the

nature of TiO2 surface depending on the UV irradiation time.

On the other hand, after a short time of UV irradiation (e.g., 1
min) of TiO2 films, the fibrinogen adsorption and platelet
adhesion were suppressed, indicating the development of a
suppression effect. When the UV irradiation time was long
enough (e.g., 120 min for fibrinogen and 240 min for platelets),
fibrinogen adsorption and platelet adhesion relatively increased,
indicating the appearance of an enhancement effect.
The relationship between the suppression/enhancement

effect and the changes in the nature of TiO2 films caused by
the photogenerated ROS are discussed below.

Effect of Photoinduced Superhydrophilicity. It was
reported that platelet adsorption and fibrinogen adhesion
were suppressed on the superhydrophilic surface (θw < 5°).38 In
this study, the θw of the untreated TiO2 films was about 54.5°,
and decreased to about 29.3° after 1 min of UV irradiation
(Figure 3A). Meanwhile, both fibrinogen adsorption and
platelet adhesion were strongly suppressed (Figure 4). After
10 min of UV irradiation, the θw continued to decrease from
29.3 to 5.6° (Figure 3A). However, the behavior of fibrinogen
adsorption and platelet adhesion/spreading made no significant
difference when compared to that of the 1 min UV-irradiated
TiO2 films (Figure 4). These results indicated that the
suppression effect on fibrinogen adsorption and platelet
adhesion was not mainly caused by the superhydrophilic state
of the UV-irradiated TiO2 films. Further research is needed to
determine the underlying reasons for the appearance of the
suppression effect on a moderately hydrophilic TiO2 surface.
On the other hand, although θw for the 60 and 240 min UV-

irradiated TiO2 films were roughly identical (Figure 3A), both
fibrinogen adsorption and platelet adhesion increased on the
240 min UV-irradiated TiO2 film (Figure 4), which indicated
that this relative enhancement effect on fibrinogen adsorption
and platelet adhesion was unlikely caused by the super-
hydrophilic state of TiO2 surface.

Effect of −OH Groups. Some studies reported that the
surface modified with −OH groups may suppress fibrinogen
adsorption and platelet adhesion.28 However, Takemoto et al.
reported that the Ti surface was rich in −OH groups after
treating it with hydrogen peroxide, which did not suppress
platelet adhesion.39 Results showed that, compared to the
untreated TiO2 surface, the atomic percentage of −OH groups
on the TiO2 films that were UV-irradiated for 1 and 30 min
decreased (Figure 3B), while platelet adhesion and fibrinogen
adsorption were suppressed (Figure 4). These results indicated
that the suppression effect on fibrinogen and platelets could not
be induced by the increase of the −OH groups on the UV-
irradiated films. The results were consistent with those reported
by Takemoto et al.39

Effect of Hydrocarbon Decomposing. The atomic percent-
age of carbon and the height of the C 1s peak for the 1 min
UV-irradiated TiO2 films showed no downtrend compared with
the untreated TiO2 films (Figure 3C,D). These results indicate
that the decomposing of hydrocarbon could take place below
the detection limit of the XPS. Furthermore, fibrinogen
adsorption and platelet adhesion levels decreased significantly
(Figure 4). Compared with the 1 min UV-irradiated TiO2 films,
hydrocarbon decomposition was detected on the 30 min UV-
irradiated TiO2 films (Figure 3C,D) while the significant
changes in fibrinogen adsorption and platelet adhesion were
not observed (Figure 4). These results indicated that the
decomposition of hydrocarbon could not explain the
suppression effect.

Figure 4. (A) Platelets adhesion, (B) platelets density, and (C)
fibrinogen adsorption on the anatase TiO2 films with various times of
UV irradiation.
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On the other hand, after 240 min of UV irradiation, the
hydrocarbon decomposed significantly (Figure 3C,D), which
could be related to the increase in the surface charge. Moreover,
this decomposition could have an enhancement effect on
fibrinogen adsorption and platelet adhesion (Figure 4).6,20

Effect of Hydrocarbon Oxidation. It was reported that
several minutes of UV irradiation could oxidize adsorbed
hydrocarbons such as acetone and acetic acid on anatase TiO2
to form an asymmetric coordinated end-on Ti−O−CO
structure, which was a stable intermediate with large residues
after 60 min of UV illumination.21 In this manuscript, the C 1s
shoulder peak of the untreated TiO2 film at 288.04 eV could be
assigned to the Ti−O−C structure.40,41 After UV irradiation,
the shoulder peak continued to shift to higher binding energies,
indicating the oxidation of adsorbed hydrocarbons, which may
be induced by the oxidation of some of the Ti−O−C structure
to form the Ti−O−CO structure (with a bonding energy of
about 289.3 eV42). It is worth noting that both the oxidation of
the adsorbed hydrocarbons and the suppression effect appeared
to be sensitive to UV irradiation. After 1 min of UV irradiation,
the shoulder peak shifted from 288.04 to 288.17 eV, and the
fibrinogen adsorption and platelet adhesion were suppressed.
Therefore, it is interesting to further study the connection
between the oxidization of hydrocarbon adsorbates and the
suppression effect.
Effect of Surface Charge. After 240 min of UV irradiation,

the surface charge of the TiO2 films increased significantly
(Figure 3E), which could be influenced by the hydrocarbon
decomposition.6,7 This surface charge increase might be
responsible for the enhancement effect on platelet adhesion
and fibrinogen adsorption (Figure 4), for cells and proteins in
the blood are usually negatively charged.6,7 Additionally, after
240 min of UV irradiation, fibrinogen adsorption and platelet
adhesion of TiO2 films was relatively higher compared with the
60 min UV-irradiated TiO2 films; however, the values were still
lower than those for the untreated TiO2 films. Furthermore, the
platelet spreading on the 240 min UV-irradiated TiO2 films was
still inhibited (Figure 4). These additional results indicated that
the suppression effect may have a regulatory role in
determining the response of platelet adhesion and fibrinogen
adsorption, superseding the enhancement effect.
The present results indicate that a short UV irradiation time

(e.g., 1 min) suppressed the fibrinogen adsorption and platelet
adhesion, which could not be the result of photoinduced
superhydrophilicity, increased hydroxyl groups (−OH) num-
ber, or decomposition of the adsorbed hydrocarbon. More
efforts should be made to study the other changed natures of
the UV-irradiated TiO2 films (e.g., the retained ROS and the
oxidized hydrocarbon) to further explore the underlying
mechanisms of the suppression effect. On the other hand,
prolonged UV irradiation (e.g., for 240 min) may enhance the
fibrinogen adsorption of and platelet adhesion to TiO2 films,
which could be related to the decomposition of the adsorbed
hydrocarbons and the increase in the positive charge.
3.3. Change in Fibrinogen Adsorption on TiO2 Films

Depending on Duration of Partial UV Irradiation (Model
3). 3.3.1. Changes in Fibrinogen Adsorption. The results
obtained for model 1 supported the hypothesis that the
suppression effect was related to the photogenerated ROS. If
this hypothesis is true, the size of the fibrinogen-dark region
under partial UV irradiation would increase when the duration
of the UV irradiation increased. The results obtained for model
2 demonstrated that fibrinogen adsorption on the TiO2 films

showed a decreasing-increasing trend when the UV irradiation
time was increased. Partial UV irradiation may provide direct
insight on the decreasing-increasing trend. Therefore, it would
be useful to study the change in fibrinogen adsorption on TiO2
films under partial UV irradiation for different durations.
The fibrinogen-dark squares (where fibrinogen adsorption

was suppressed) were observed on the partially UV-irradiated
TiO2 surface (Figure 5A). When the films were subjected to

partial UV irradiation for 1 min, the squares were dim, and their
side-length was approximately 25 μm, corresponding with the
UV-irradiated region. When the duration of UV irradiation was
increased, the squares became clearer and wider. However,
when the duration of UV irradiation was 240 min, the squares
were largest in size and appeared to be dimmer again. After 10,
30, 120, and 240 min of UV irradiation, the value of Δ was
about 6.5, 9.4, 18.5, and 21.9 μm respectively (Figure 5B). The
relative fluorescent intensity of fibrinogen-dark regions
constantly decreased from about 98.5 to about 94.0% with
increasing durations of UV irradiation (from 1 to 30 min).
Further, when the duration of UV irradiation increased from 30
to 240 min the relative fluorescent intensity increased from
about 94.0 to about 99.0%. These results evidenced a
decreasing-increasing trend with increasing UV irradiation
time (Figure 5C).

3.3.2. Discussion. The fibrinogen-dark squares were formed
after a short time of UV irradiation (1 min), indicating the
appearance of the suppression effect on fibrinogen adsorption.
With increasing duration of UV irradiation, the dark squares of
fibrinogen extended, indicating that the suppression effect was
spreading to the adjacent areas. The characteristics of the
suppression effect (to extend and be “fast”) were reminiscent of
the photogenerated ROS characterized by a diffusion ability.
This results supported the hypothesis that the suppression
effect of fibrinogen adsorption could be related to the change of
the TiO2 surface nature caused by the photogenerated and

Figure 5. (A) Extension of the fibrinogen-dark square versus the
duration of UV irradiation. (B) The extend size of squares versus the
duration of UV irradiation. (C) The relative fluorescent intensity of
fibrinogen-dark squares.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am509006y
ACS Appl. Mater. Interfaces 2015, 7, 4423−4432

4428

http://dx.doi.org/10.1021/am509006y


diffused ROS (Figure 5C). On the other hand, the relative
fluorescent intensity of the fibrinogen-dark regions, showed a
decreasing-increasing trend when the UV irradiation time
increased (Figure 5E). This result indicated that the adsorption
of fibrinogen decreased first, followed by an increase that was
dependent on the duration of the UV irradiation. Additionally,
this upward trend may indicate the appearance of an
enhancement effect on fibrinogen adsorption.
On the other hand, protein patterning is useful for many

applications, such as patterning cells. We reported previously
that fibrinogen and platelets can be patterned easily on TiO2
films using partial UV irradiation.3 However, for protein
micropattern fabrication, the fibrinogen-dark region should
correspond to the UV-irradiated region (namely, the trans-
parent region on the photomask), and have a strong
suppression effect on fibrinogen adsorption. The results
obtained for model 3 showed that a short period (e.g., 1
min) of partial UV irradiation can be used to fabricate a
fibrinogen-dark region with relatively high precision, whereas
the suppression effect was relatively weak. A relatively long
period (e.g., 30 min) of partial UV irradiation can strongly
suppress the adsorption of fibrinogen, and the fibrinogen-dark
region was obviously extended (Figure 5B,C). Therefore, an
adequate irradiation time intermediate between the short
period and the relatively long period is suggested for fabricating
fibrinogen micropatterns on TiO2 films using partial UV
irradiation.
3.4. Adhesion Behavior of Platelets on TiO2−Si

Micropatterns Subjected to UV Irradiation for Different
Times (Model 4). From the two models above, UV irradiation
seems likely to provide TiO2 films with the effects such as
suppression, extension, and enhancement. Using model 4, we
studied these effects together, which may prove valuable for a
better understanding of TiO2 films as an anticoagulant material.
3.4.1. Characterization of TiO2−Si Micropatterns. We

fabricated various TiO2−Si micropatterns (ml10−5, ml10−10,
ml10−20, ml20−10, ml40−20, and ml60−30). The ml20−10
was representative for SEM, EDS, surface profiler, and XRD
analyses. The SEM, EDS, and surface profiler results for the
ml20−10 (Figure 6A) showed that the intensity peaks of Ti

and O were observed on the line with 20 μm in width and 250
nm in height, indicating that TiO2 stripes with 20 μm in width
and 250 nm in height were fabricated. The intensity peak of Si
was found on the stripes 10 μm in width, indicating the
exposure of Si. The XRD result indicated that the crystal
structure of the TiO2 stripes was anatase (Figure 6B), and that
the Si substratum was exposed.

3.4.2. Adhesion Behavior of Platelets on Fully UV-
Irradiated TiO2−Si Micropatterns. Figure 7A shows evidence

that the platelet adhesion behavior on ml20−10 after the
micropatterns were UV-irradiated for various time intervals.
When ml20−10 was UV-irradiated for 0 min, the platelets
adhered and spread randomly on the TiO2−Si micropattern. In
particular, the platelets membranes could spread across the
boundary between the Si regions and TiO2 regions. The height
of 250 nm between the regions of Si and TiO2 appeared not to
restrict the shape of the platelets. When ml20−10 was UV-
irradiated for 15 min, the adhesion and spreading of platelets
on the TiO2 regions were strongly inhibited. Platelets
selectively adhered and spread on the Si regions, and the
membranes of the spread platelets maintained distance from
the TiO2 regions. These results indicated that the suppressed
effect of platelets spreading extended from the TiO2 regions to
the nearby Si regions, for UV irradiation is generally considered
to not change the nature of Si. We defined the distance
between the spread platelets and the TiO2 regions as 0.5Δ.
When the UV-irradiated time prolonged to 30 min, platelets
still tended to adhere to the Si regions, while their spreading
was suppressed, suggesting that the suppression effect was
extended from the TiO2 regions to the entire Si regions. The
platelet adhesion on the Si regions kept decreasing with the
increase in the duration of UV irradiation. When the duration
of UV irradiation was 60 min, few platelets adhered on both Si
and TiO2 regions. However, the UV irradiation for 120 min
appeared to slightly increase the platelet adhesion on the TiO2
regions, while the adhesion of platelets on the Si regions was
still prevented. As for the results from the 240 min UV-
irradiated TiO2−Si micropattern, the platelets were found to be
selective when adhering to the TiO2 regions for the adhesion of
platelets increased significantly on the TiO2 region while it was
inhibited on the Si region.
Past results showed that the two-dimensional size of

micropatterns may affect the adhesion behavior of the cells,

Figure 6. (A) Morphology, element distribution, and height of ml20−
10. (B) The structure of TiO2 in ml20−10 characterized by XRD.

Figure 7. (A) Platelet adhesion on ml20−10 with the various times of
UV irradiation, (B) platelets selectively adhered to TiO2 region on the
TiO2−Si micropatterns which were UV-irradiated for 240 min.
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for example, there may exist a threshold ligand adsorption size
necessary to facilitate platelet adhesion and spreading.43

However, in this study, the platelets evidenced selective
adhesion to the TiO2 region on all the 240 min UV-irradiated
micropatterns despite the size differences (Figure 7B). This
result indicated that the selective adhesion of platelets was not
mainly affected by the two-dimensional size of the UV-
irradiated TiO2−Si micropatterns.
The extension effect of the suppressed region of the platelets

spreading was examined by measuring the value of 0.5Δ on the
edge of the ml20−10 (Figure 8A). The value of the 0.5Δ

increased with increasing durations of UV irradiation. When the
ml20−10 was UV-irradiated for 0, 15, 30, 60, 120, and 240 min,
the value of 0.5Δ was about 0, 1.4, 3.0, 9.5, 22.4, and 27.5 μm,
respectively (Figure 8B). Additionally, when platelets had
higher activity, the extension effect could be observed more
clearly, e.g. on the ml10−5 with 0 and 120 min of UV
irradiation (Figure 8C,D).

3.4.3. Discussion. It is interesting to observe that the
suppression effect on the platelet adhesion extended from the
TiO2 region to the Si region. The extension distance increased
with increasing UV irradiation time, behavior that was
reminiscent of the remote photocatalysis. The results supported
the hypothesis that the suppression effect of the UV-irradiated
TiO2 on fibrinogen adsorption and platelet adhesion could be
related to the changes in the TiO2 surface nature caused by the
photogenerated and diffused ROS. Additionally, the results are
important for potential applications because they indicated that
the photogenerated ROS of the TiO2 films can change the
nature of other materials (e.g., Si) and thus suppress the
platelet adhesion, which may provide a new approach to
improve other materials anticoagulant properties. Finally, the
UV irradiation time dependent effects of TiO2 films on the
behavior of fibrinogen adsorption and platelet adhesion,
including the suppression effect, extension effect and enhance-
ment effect, were shown in model 3. In this part of the study,
we classified the behaviors of the platelet adhesion into four
representative types. Further, the proposed mechanism of the
four types of platelet adhesion behavior is schematically
presented in Figure 9.
(1) The TiO2−Si micropattern was UV-irradiated for 0 min.

When the TiO2−Si micropattern made contact with the blood,
the fibrinogen was randomly adsorbed on the TiO2−Si

Figure 8. (A) Extension of the platelets spreading suppressed region
versus the UV irradiation time. (B) The extend size at the pattern edge
(0.5Δ) versus the UV irradiation time. Platelets adhesion and
spreading on the (C) 0 min and (D) 120 min UV-irradiated ml10−5.

Figure 9. Proposed mechanism underlying the four representative types of platelets adhesion behavior on TiO2−Si micropattern with various times
of UV irradiation.
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micropattern, resulting in subsequent random adhesion and
spreading of the platelets.
(2) The UV irradiation time was short (e.g., 15 min). The

photogenerated ROS changed the nature of the TiO2 region
and diffused to the nearby Si region to change its nature. When
in contact with the blood, the fibrinogen was selectively
adsorbed to the inner of the Si region, which, in the absence of
the treatment of ROS, subsequently resulted in the selective
adhesion and spreading of platelets.
(3) The duration of UV irradiation was relatively long (e.g.,

60 min). The photogenerated ROS changed the nature of the
entire surface of the TiO2−Si micropattern, which suppressed
the fibrinogen adsorption and subsequent platelet adhesion.
(4) The UV irradiation time was long enough (e.g., 240

min). The photogenerated ROS changed the nature of the
entire TiO2−Si surface to suppress the fibrinogen adsorption
and platelet adhesion. The photogenerated ROS can also clean
the surface, which may cause an increase of the positive charge,
and thus may relatively improve by electrostatic attraction the
attachment of the negatively charged fibrinogen and platelets.6,7

It should be noted that platelet spreading was inhibited. This
result indicates that after 240 min of UV irradiation, the
suppression effect was the main effect of the TiO2 films on
platelet adhesion, and not the enhancement one.

4. CONCLUSION

Model 1 and three other models indicated that photogenerated
ROS and ROS-induced surface changes were related to the
improvement in the anticoagulant properties of anatase TiO2

films. Moreover, from model 2−4, it can be concluded that the
TiO2 films behave like an anticoagulant material whose
properties change depending on the duration of UV irradiation.
This is a schematic of the presented results:
(1) A short time (e.g., 1 min) of UV irradiation provides the

TiO2 surface with the suppression effect. It seems like the
suppression effect is not mainly caused by the photoinduced
superhydrophilicity, increased −OH groups, nor the decom-
position of the adsorbed hydrocarbon. However, the underlying
mechanism of the suppression effect needs further investigation
(model 2 and model 3).
(2) The suppression effect of UV-irradiated TiO2 films on

fibrinogen adsorption and platelet adhesion extended from the
UV-irradiated TiO2 surface to the nearby masked TiO2 or Si
surfaces with increasing UV irradiation time. The results
support that the suppression effect could be related to the
change of TiO2 that is further caused by the photogenerated
and diffused ROS. Moreover, it indicates that the photo-
generated ROS of the TiO2 films could be used to improve the
anticoagulant properties of the nearby materials (e.g., Si;
models 3 and 4).
(3) A long time (e.g., 240 min) of UV irradiation seems

likely to provided TiO2 surface with the enhancement effect on
fibrinogen adsorption and platelet adhesion. This could be
related to the decomposition of adsorbed hydrocarbon and the
positive change increase. However, in comparison with the
enhancement effect, the suppression effect was the main effect
of the TiO2 films on the fibrinogen adsorption and platelet
adhesion (models 2−4).
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