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ABSTRACT: The conformational changes of plasma fibrinogen structures in response to titanium dioxide nanoparticles are
critical for determining their toxicity and their influence on blood coagulation. In this study, we combined micro differential
scanning calorimetry (DSC), flow cytometry (FACS) and circular dichroism (CD) measurements to monitor the secondary
structural changes of fibrinogen on thermally modified nanoparticles and subsequently the blood platelet activation
corresponding to the adsorbed fibrinogen. Upon the thermal modification, the crystalline phase of the titanium dioxide
particles was transferred from anatase to rutile, and more negative charges were generated on them. The modified titanium
dioxide particles then induced a loss in a-helical structure of fibrinogen with a decrease in transition enthalpy, which seems to
be the highly sensitive structure affected by adsorption. Electrostatic interactions between the heated particles and the aC
domains of fibrinogen led to a compact adsorption of proteins onto the particles and then a shielding of the platelet binding

sites, which is regarded as the important mechanism to affect the hemocompatibility of the titanium dioxide nanoparticles.

1. Introduction limited. The process and mechanism of these interactions are
worth further understanding '.

When the implanted nanomaterial contacts with the
biological environment, protein may interact with NPs to form
nanoparticle-protein complexes named the nanoparticle-protein
corona (NP-PC) 23. The composition and conformation of the
adsorbed proteins of NP-PC have significant impacts on the
overall biological responses induced by NPs. These biological
responses usually involve cell attachment, cellular signaling
and blood coagulation.

Nanoparticles (NPs) have specific physicochemical
properties that can be widely used in bio-medical fields, such as
nano vaccines, image contrast agents and nano drugs, and
consequently promote the development of life science and
material science. In spite of the remarkable speed of
development of nanoscience, our knowledge about the toxicity
and biocompatibility of nanomaterial, especially those resulting
from interaction between nanomaterials and living matters, is
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Human plasma contains lots of proteins which can be
adsorbed onto NPs such as human plasma fibrinogen (HPF),
human serum albumin (HSA) and globulins. Therefore, for NPs
like carbon nanotubes (CNTs) and titanium dioxide
nanoparticles, evaluation of plasma protein adsorption is a key
element to determine their potential applications in medicine
and diagnosis process .

HPF (340 kDa ) is a multidomain protein. It takes part in
inflammation reactions following implantation of prosthesis ’
and the coagulation process of NPs ®. The polypeptide chains of
fibrinogen comprise three spherical regions (aC, D and E
domain) connected by two narrow rods °. HPF has a net
negative charge in physiological condition. Negatively charged
residues always spread on the E and D domains. The aC
domain with many positive charges attaches to the D and E
domains by the Arg and Lys residues'®. It is generally accepted
that there are many specific epitopes on these domains to
balance the coagulation reaction. For examples, the peptide
sequence 400-411 of the gamma chain of fibrinogen binds to
the IIb/Il1a receptor in platelets and the Arg-16-Gly-17 of the
Aa-chain is sensitive to thrombin ',

When fibrinogen is adsorbed onto the NPs surface,
exposure of the specific epitopes induced by the surface-driven
conformational changes in fibrinogen can affect the
hemocompatibility of the NPs '*!*. The molecular mechanism
behind fibrinogen adsorption, however, is still unclear and a
subject of controversial discussion. Spectroscopic analysis
reveals that the secondary structure of fibrinogen (such as a
helices, B sheets and coils) changes along with the different
physicochemical properties of the NPs. For example, the
conformation of fibrinogen changes from side-on to end-on
with the increasing size of the gold nanoparticles, which can
result in protein unfolding and cell attachment'’.

Nanometric titanium dioxide is a promising material in
drug delivery '* The protein-nano interface plays a critical role
in determining its final fate and medical efficacy. So here, we
report the interaction of HPF with three different types of
titanium dioxide particles modified by thermal. The study aims
to elucidate how the physicochemical determinants of the
nanometric titanium dioxide particles influence the adsorption
of fibrinogen, and the relationship between the surface-driven
conformational changes of fibrinogen and the
hemocompatibility of nanometric titanium dioxide.

2. Material and Methods

2.1 Materials

Nanometric titanium (IV) dioxide (99.99% pure, p25)
powder was purchased from Sigma-Aldrich (Germany Lot No.
MKBG9739V) with a crystal structure of approximately 80%
anatase and 20% rutile. Particle diameters were between 20 and
40nm.

Human plasma fibrinogen (HPF) was obtained from
Sigma Chemical Co (Lot No. F3879). The protein was
dissolved in phosphate buffered saline (PBS, pH 7.4, Gibco)
and stored at 4°C. Other chemicals used were ACS grade.

Human citrate anticoagulated whole blood was taken from
healthy donors after informed consent. The fresh blood was
centrifuged at 1,500 rpm for 15min and the supernatant was
harvested as rich platelet plasma (PRP) '’

2.2. Methods

2.2.1. Controls
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Titanium dioxide particles were washed in PBS as
previously described '8. The washed titanium dioxide particles
without further treatment were served as the control surfaces
(control).

2.2.2. Heated samples

The washed titanium dioxide particles were vacuumed and
annealed at temperatures of 600° (TiO-600) and 800°C (TiO-
800) for 1 h in a lab heat box furnace. The annealed titanium
dioxide particles were employed as the experimental surfaces.

2.3. Surface analysis

To better recognize the surface changes occurring after
the thermal treatment, all samples were analyzed by X-ray
diffraction (XRD ,X’Pert Pro MPD) to identify the phase and
crystal structure of titanium dioxide particles before and after
annealing. The scanning range of 20 was 20°-60°. X-ray
photoelectric spectroscopy (XPS) was applied to characterize
the composition and bonding structure of the particles.
Transmission electron microscope (TEM) and dynamic light
scattering (DLS) were applied to observe the size and
morphology of particles. The electrophoretic mobility of the
particles was measured to determine their zeta potential.

2.4. Titanium dioxide-protein interaction

All samples were exposed to HPF at conditions indicated
below. The control group is 4 mg/ml HPF in solution. The
conformation change of HPF in solution (control group) and
adsorbed on particles was identified by Circular dichroism
(CD) and  Differential scanning calorimetry (DSC)
measurements.

2.4.1 Circular dichroism measurement

(CD, applied photophysics, UK) spectroscopy was applied
to characterize the secondary structure of fibrinogen in solution
and adsorbed on samples. The small size of the titanium
dioxide nanoparticles makes it feasible to use the CD technique
to analyze the secondary structure of proteins on nanoparticles
because their light scattering intensity is very low '* The
detection was performed over the wavelength recorded in the
range of 190-260 nm and at a scan rate of 30nm/min. 5 ml of
pH 7.4 buffers was mixed with the 4 mg/ml fibrinogen and the
4 mg/ml nanoparticle. Each suspension was allowed to
equilibrate for 2 h at 37°C, and subjected to CD spectra
measurement in lcm cell at 37°C. The next step is to use CD
analysis software, CDNN (Gerald Béhm, Bioinformatics,
University of Halle, Germany. CD Spectra Deconvolution Ver.
2.1) to further analyze the change of secondary structures in the
fibrinogen samples.

2.4.2 Differential scanning calorimetry.

Differential scanning calorimetry (micro DSC III,Saint-
Cloud, France) was used to quantify the enthalpy of the
transition (AH) and the denaturation temperature (Td) of the
fibrinogen adsorbed and in solutions. The AH was calculated
based on the area of the peak. The area is associated with the
amount of intramolecular interactions in a protein 20. Td is
defined as the temperature at which the local maximum occurs
in the excess heat capacity?’. The sample solution volumes
were 0.8 ml and it was composed of 4 mg/ml fibrinogen and 4
mg/ml nanoparticle. Each suspension was allowed to
equilibrate for 2 h at 37°C and then was transferred to the
ampoules for measurement. The micro DSC III conducts the
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scanning over the temperature range from 20 to 110°C for two
cycles .The second run of the same sample was used as the
background. All measurements were replicated at least once 2'.

2.5 Titanium dioxide-blood interaction

All titanium dioxide samples were reacted with PRP. The blank
control is pure PRP without contacting with any particles. The
activation of platelets was determined by Flow Cytometry (FACS,
BECKMAN COULTER).

2.5.1 Flow Cytometry (FACS)

FACS was used to assess the surface expression of CD62
(P-selectin). CD62 is a kind of a-granule protein expressed at
the platelet surface in the result of platelet activation®. 100pl
PRP was mixed with 20ul nanoparticle suspension (1mg/ml).
Each suspension was allowed to equilibrate for 2h in a shaker
bath at 37°C; fluorescently labeling antibody CD62-FITC (BD)
was mixed with PRP and then incubated in the darkness at
room temperature (20°C). Subsequently samples were fixed by
one volume 1% formaldehyde and diluted to a final volume of
1 ml with buffer for measurement. The samples were detected
by flow cytometry and nanoparticle induced platelet activation
was measured as mean particle fluorescence intensity due to the
specific binding of FITC-labeling antibodies with the
stimulated platelets.

3. Results

We firstly studied the influence of heating on the
physicochemical properties of titanium dioxide particles. As
shown in Fig.1, XRD spectra displayed that the crystalline
phase of control particles was composed of rutile and anatase.
Heating reduced the percentage of anatase and at 800°C all the
crystalline phase was transferred to rutile. We then observed the
morphology and size of particles. As shown in Fig.2, though
the size of particles remained around 20nm-40nm without
obvious change, their morphology was changed from the
typically spherical shape in the control particles to more rod-
shape in the heated ones. Finally, we found that the zeta
potential of samples was altered by heating treatment. More
negative charge (-24 and -40mV, respectively) was appeared
following the heat treatment (shown in Table 1).

Fig.1. XRD patterns of titanium dioxide powder and thermally
modified titanium dioxide powder

Fig.2. TEM images of titanium dioxide powder and thermally
modified titanium dioxide powder

Tablel. Zeta potential and size of the titanium dioxide powder
and heating modified titanium dioxide powder In PBS, pH 7.4*

Titanium dioxide Potential Size Hydrodynamic

treatment (mV) (nm)# Diameter
(nm)*

Control ( TiO) -15+£25 20+1.2 434=%14

TiO-600 2443.0 2240.8 42248

TiO-800 40430 21410 476+10

**Samples performed in triplicate (means *-standard deviation)
“comes from DLS # comes from TEM

The average surface composition of the titanium dioxide
particles was checked with XPS. Figure3 shows the typical
spectrum for titanium dioxide in all cases with Ti 2p and Ols

This journal is © The Royal Society of Chemistry 2012

core spectra of the particles presented Fig. 3. Two main peaks
located at 459.1 and 464.8 eV in all the Ti 2p spectra (Fig 3a),
are associated with Ti4+ 2p 3/2 and Ti4+2p 1/2 23 respectively.
The minor peak at lower binding energy 457.3 eV is assigned to
Ti3+ 2p 3/2b *** and likely due to oxygen vacancy induced by
heating®’. Fig. 3b shows higher resolving O 1s spectra for two
heated titanium dioxide particles. The main peak centered at
530.3 eV in the O 1s spectra is related with the bulk oxygen in
titanium dioxide which appeared in all the samples. Two peaks
located 531.4 and 532.5 eV were also observed in the annealed
films. The former can be corresponded to the acidic hydroxyl
groups (Ti—OH(a))and physically adsorbed H,O in the Ti-O
structure. The latter has commonly suggested surface basic
hydroxyl groups, Ti-OH(b) ***’. A comparison of the intensity
of the Ti—~OH(b) peak for the control and heat-treated samples
shows that heat treatment renders titanium dioxide
nanoparticles a higher concentration of basic hydroxyl groups.
With the increased heating temperature of the particles, higher
Ti-OH(b) peak intensities were observed.

Fig.3. XPS spectrum of surfaces of titanium dioxide powder
and heating modified titanium dioxide powder: a) Ti 2p XPS
spectrum and b) O 1 s XPS spectrum

Next, we analyzed the secondary structure changes of
fibrinogen on titanium dioxide nanoparticles with different
heating manufacture and CD spectrometry was applied since it
is known to be a most sensitive spectroscopic technique to
monitoring protein structure in solution or adsorbed to other
molecules/particles”*(Fig.4).The secondary structure
components were calculated using the CDNN software *° (Fig.
5). As shown in Figure 4, native fibrinogen produced two
negative bands at 209 and 220 nm in the CD spectra
representing its typical characterization of the a-helix structur®®.
There was increased intensity of ellipticity at 209 and 220nm,
normally indicating the reduced a-helix content. Upon adsorbed
onto the NPs, fibrinogen obviously decreased its content of a-
helix and mainly transformed helix into random coils and B-
pleated sheets, while the B-turn contents showed little variation,
indicating that the fibrinogen conformation changed
dramatically. These conformational changes of the secondary
structure of fibrinogen was still dramatic when it adsorbed onto
the titanium dioxide powder heated at 600°C with a significant
decrease in the a-helix content (from 39.6% to 27.1%).
Noticeably, the CD spectra of the protein adsorbed onto the
800°C heated titanium dioxide powder was almost identical
with its physiological state. Since a higher percentage of
random coil structure of a protein often indicates a lower
intermolecular interactions and a looser conformation®'. We
concluded that fibrinogen had more random coil structure and
lost its compact structure when adsorbed on the native titanium
dioxide and the 600°C heated titanium dioxide powder.

Fig.4. The CD spectra changes of fibrinogen in solution
(control group) and adsorbed on titanium dioxide particles

Fig.5. The estimated secondary structure components of
fibrinogen in solution (control group) and adsorbed fibrinogen
on titanium dioxide particles(means 1= standard deviation).
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To further assess the conformational changes of fibrinogen,
we used differential scanning calorimetry to analyze how the
thermal stability of fibrinogen was altered by biomaterial (Fig.
6 & Table 2).As shown in Fig. 6, two transition peaks (Tm) at
53°C and 94°C with enthalpies (AH) of 2562 and 1056 kJ/mol
are observed for the fibrinogen in native state which were in
good consistent with the data reported by Medved **. According
to Medved, at 53°C the end domain D of fibrinogen unfolds and
loses its second structure, while the peak at 94°C is attributed to
the denaturation of middle domain E. A decrease in enthalpy
along with lower transition temperature indicates some kind of
denaturation happened on proteins. When adsorbed onto the
particles, fibrinogen showed a strong exothermic aggregation
peak at high temperature and the transition corresponding to
domains E did not exist. Despite this aggregation, the transition
peak of the lower temperature domain corresponding to domain
D was still observed. The T,, of the adsorbed fibrinogen was
shifted to a lower temperature and the low-temperature
transition enthalpy of adsorbed protein on particles was
decreased compared with the native one (2562kcal/mol).
Titanium dioxide either in the native state or annealed at 600°C
significantly perturbed the low-temperature transition enthalpy
of adsorbed fibrinogen (1478kcal/mol and1527kcal/mol,
respectively), indicating an unfolding stated of D domain exists
in the adsorbed fibrinogen. However, after annealed at 800°C,
the particles showed a little effect on the conformation of D
domain, and the transition enthalpy of the adsorbed protein
(2500 kcal/mol) was similar with the native one.

Fig. 6. Thermal stability of Fibrinogen dissolved in PBS (pH
7.4, ¢ =4mg/mL; m = 3.2 mg) and adsorbed onto titanium
dioxide particles( 1mg protein/mg particles)

Table 2. Calorimetric characteristics of fibrinogen in native and
adsorbed states*

Tm AHS! Tm AHS!

() (kJ/mol) “ O (kJ/mol)
Native 53.1£0.6 2562+10.5 94.4£0.2 1056 12
Adsorbed on TiO 52.81+0.3 14781+8.3 95.1+0.4 -
Adsorbedon TiO600 52.81+0.4 1527+7.2 94.910.5 -
Adsorbedon TiO800 53.0£0.6 2500+8.2 97.5%0.6 -

*Samples performed in triplicate (means & standard deviation).

Finally, we innovatively and successfully applied FACS to
check the direct and multiple interactions between nanometric
titanium dioxide particles and blood plasma in situ. FACS is a
well-establish technique for simultaneous identification and
separation of up to thousands of microscopic particles, such as
chromosomes and cells per second. It has broad applications in
cell sorting, cell cycle, surface antigen identification and
subcellular  structure analysis®***. As shown in Fig.7,
nanometric titanium dioxide induced the platelet activation
marking with the exposure of the integrin CD62 on the platelets.
Compared with the control blank plasma, both the titanium
dioxide and the 600°C annealed titanium dioxide significantly
increased the CDG62 expression on the platelets. While the
800°C annealing can improve the blood compatibility of the
titanium dioxide particles and induce less platelet activation.

4| J. Name., 2012, 00, 1-3
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Fig.7. Platelet surface average fluorescence intensity after
interacted with particles (# p>0.05, * p<0.05)

4. Discussion

The thermal treatment of titanium dioxide results in an
alteration of interfacial potential at pH 7.4, as well as a marked
change of the crystalline phase. Heating treatment in various
environments can affect the stoichiometry and structure of the
particle surfaces. Annealing under vacuum induces phase
transformation from anatase to rutile. These treatments may
cause lattice imperfections and the missing rows of bridging
oxygen ions are the most common ***%, Thermal removal of
surface hydroxyls affects the particle zeta potential and
isoelectric point *> Annealing will removal of physically
adsorbed H20 and induce a large fraction of oxygen defects
within the TiO2-x structure causing those particles to become
substoichiometric particles which will adsorb and dissociate
water molecule to form basic hydroxyl groups, Ti-OH(b).It can
explain our finding that the zeta potential of the heated samples
was more negative than the control powders in an aqueous
solution at physiologic pH (7.4).

The general and main driving forces for protein adsorption
are hydrophobic interaction and electrostatic attraction,
depending on the physical and chemical properties of the
material surface *’. Our results are consistent with this
mechanism and suggest that electrostatic interaction may be the
dominative interaction between fibrinogen and the hydrophilic
TiO2 surfaces. Titanium dioxide has amphoteric properties,
which allow it to react as acid towards strong bases or as base
towards strong acids*'* %%,

In the aqueous solutions, two kinds of surface hydroxyl
groups may contribute to the amphoterism of titanium dioxide.
One is acidic hydroxyl groups (Ti—~OH(a)) and the other is basic
hydroxyl groups (Ti—~OH(b))*** The fibrinogen is also an
amphoteric molecular whose individual domains and
subdomains have different net charges, even though the global
fibrinogen molecule has a negative net charge at pH7. The aC
domain of fibrinogen is positive because it is composed of rich
arginine and lysine while the E and D domains are negative 10.
Therefore, the surfaces of titanium dioxide retains electrostatic
interactions between Ti—~OH(b) and aC domain as well as E and
D domains with Ti-OH(a).

The electrostatic interaction can induce the secondary
structure changes of fibrinogen. Chengyongli ?' studied the
adsorption of fibrinogen onto hydroxyapatite and titanium
oxide nanoparticles. Their CD measurements revealed that the
helical content in the adsorbed fibrinogen decreased along with
an entropy gain as a result of adsorption-induced
rearrangements. Natascha Brandes ** reported that the a-helical
appeared to be the most sensitive structure to affect the thermal
stability of fibrinogen. Fragment D and E contain 50% o-helical
and 35% a-helix, respectively *°. Our results are in good
agreement with others; the percentages of a-helix of fibrinogens
adsorbed onto titanium dioxide and titanium dioxide heated at
600 °C /800°C were 23.9%, 27.1% and 37.6%, respectively.
The above data show that the CD spectra of adsorbed
fibrinogen on 800°C heated titanium dioxide were quite similar
to those of native fibrinogen. Therefore, the structural changes
of fibrinogen upon adsorption on the 800°C heated titanium
dioxide are small. The DSC measurements of fibrinogen
adsorbed on titanium also indicated the o-helix decrease

This journal is © The Royal Society of Chemistry 2012
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obtained for the HPF/heated titanium dioxide system was
accompanied by a decrease in denaturation enthalpy for the D-
domain due to adsorption. These results are similar to those of
Natascha Brandes ** who studied FBG adsorption onto ceramic
particles. Compared to the native titanium, a smaller structural
loss was obtained for the 800°C heated titanium dioxide/protein
systems. This may be explained by more negative charges of
the heated sample, which interact with the aC domain but not D
and E domain and therefore induce only little conformational
structure change.

Fibrinogen is a key protein responsible for thrombosis
formation, inflammatory response and other foreign body
reaction involved in interaction between biomaterial and blood.
There are two active sites, the dodecapeptide (c400—411) and
the RGDS sequence (A a 572-575) which has been implicated
to play a critical role in the mediating platelets binding with
fibrinogen®. In the native state, these active sites are located in
the D-domain of the gamma chain and shielded by the aC
domain to hinder platelet binding.

It is also known that adsorption of fibrinogen on various
surfaces may change the conformation of fibrinogen. Sibel
Tunc used specific enzyme-linked immunosorption
experiments, AFM and FTIR to observe fibrinogen
conformational change when adsorbed on Si surface and found
that fibrinogen adsorbed on hydrophobic surface with
trinodular shape and on hydrophilic surface with globular shape
46 When fibrinogen interacts with hydrophilic surface, the “oC-
connector” flexible segment (Aa221-391) is thought to be the
most surface active domain due to its hydrophicity*’. Seung,
Y.J¥ reported that in neutral environment the fibrinogen
showed side-on adsorption on silica by means of the
electrostatic bonding between aC domains with surface. In our
case of titanium dioxide 800°C heated powder with more
negative charge, the fibrinogen had the similar tendency to
contact with material via the positively charged aC domains.

Thus, the rest of the molecule resides (domains E and D)
with negative charge were screened and were not in direct
contact with surface. The exposure chance of the platelet
binding site on D-domain is less than in the control group with
less negative charges. This speculation was also confirmed by
introduction platelet rich plasma to the adsorbed protein layers.
The results of flow cytometry showed that platelets on the
800°C heated titanium dioxide exhibited less aggregation and
activation, compared to the native titanium dioxide surface.

Conclusions

The molecular stability and functional changes of
fibrinogen play a critical role in determining the application
safety and therapeutic efficacy of nanoparticles. The properties
of nanoparticles such as particle size, chemical composition and
crystal structure can affect their interactions with fibrinogen
and induced structural arrangement of fibrinogen. In the present
study, various interface tools CD, DSC and FACS were
combined to monitor the adsorption-induced conformational
changes of fibrinogen and blood platelets activation on the
thermal modified titanium dioxide particles in situ. High
sensitive CD and calorimetric measurements clearly indicated
severe structural changes of fibrinogen in adsorbed state. The a-
helix content of fibrinogen molecules was decreased
significantly when contacting with nanoparticles with a high
decrease in transition enthalpy. The properties of the sorbent
surface can affect the extent of the fibrinogen conformation

This journal is © The Royal Society of Chemistry 2012

rearrangements. For the hydrophilic titanium dioxide surface,
electrostatic interactions can attract the fibrinogen to form a
compact conformation and prevent the exposure of platelet
binding sites to some degree which constitutes the main
mechanism to affect the hemocompatibility of titanium dioxide
particles.
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