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Abstract

Nanoparticles rapidly interact with the proteins present in biological fluids, such as blood. The
proteins that are adsorbed onto the surface potentially dictate the biokinetics of the
nanomaterials and their fate in vivo. Using nanoparticles with different sizes and surface
characteristics, studies have reported the effects of physicochemical properties on the
composition of adsorbed plasma proteins. However, to date, few studies have been conducted
focusing on the nanoparticles that are commonly exposed to the general public, such as the
metal oxides. Using previously established ultracentrifugation approaches, two-dimensional gel
electrophoresis and mass spectrometry, the current study investigated the binding of human
plasma proteins to commercially available titanium dioxide, silicon dioxide and zinc oxide
nanoparticles. We found that, despite these particles having similar surface charges in buffer,
they bound different plasma proteins. For TiO,, the shape of the nanoparticles was also an
important determinant of protein binding. Agglomeration in water was observed for all of the
nanoparticles and both TiO; and ZnO further agglomerated in biological media. This led to an
increase in the amount and number of different proteins bound to these nanoparticles. Proteins
with important biological functions were identified, including immunoglobulins, lipoproteins,
acute-phase proteins and proteins involved in complement pathways and coagulation. These
results provide important insights into which human plasma proteins bind to particular metal
oxide nanoparticles. Because protein absorption to nanoparticles may determine their
interaction with cells and tissues in vivo, understanding how and why plasma proteins are
adsorbed to these particles may be important for understanding their biological responses.

1. Introduction

Plasma proteins play an important role in recognizing foreign
bodies that enter the circulation.  Specific proteins are
involved in eliciting an immunological response to pathogens
or in assisting their clearance by the reticuloendothelial
system, particularly in the liver [46, 42, 17]. Recently,
the binding of plasma proteins to nanoparticles has been
identified as a critical step in determining their fate in
vivo [29, 37]. The interactive surface that is recognized by
cells and other biological structures is often determined by
the protein corona that forms rapidly in plasma, surrounding
the nanoparticle [5]. The nature of the proteins that interact
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with specific nanoparticles depends on the particle size as well
as their surface characteristics [28]. Surface curvature, for
example, can significantly affect the secondary structure of
proteins absorbed onto nanoparticles [27]. For some proteins,
this can Jead to a loss of function [20] or the unfolding of
epitopes not normally exposed to the surrounding biological
medium [31]. The binding of albumin to single-walled carbon
nanotubes appears to promote their uptake by the scavenger
receptor in RAW 264.7 cells [12], which is consistent with
the high localization of these particles in the liver following
intravenous administration [8]. Similarly, the binding
of apolipoproteins to poly(butylcyanoacrylate) nanoparticles
may assist in their transcytosis across the blood~brain
barrier [21].

@© 2009 1OP Publishing Ltd  Printed in the UK




Nanotechnology 20 (2009) 455101

ZJ Deng et al

Detailed analysis using precisely engineered nanoparticles
has shown that nanoparticles develop a ‘soft’ and ‘hard’
protein corona depending on the affinity of the protein for
the nanomaterial {28]. Low affinity proteins exchange rapidly
between the surface of the nanoparticle and the surrounding
solution while high affinity proteins remain bound for longer.
This can lead to time-dependent changes in the protein corona
as more abundant, low affinity proteins are replaced by
less abundant, high affinity proteins [30]. Hydrophobicity
is an important determinant of the amount of protein that
binds to latex nanoparticles [3, 14]. Predictably, surface
modification with hydrophilic molecules such as polyethylene
glycol can dramatically decrease protein binding [41].
However, other forces such as electrostatic interaction may
determine the nature and extent of binding, depending on
the surface characteristics of the nanoparticles [30]. Proteins
with isoelectric points (pl) less than 5.5 predominantly
bind to nanoparticles with a basic surface while proteins
with pl greater than 5.5 bind to particles with an acidic
surface {13]. Because of the complexities of protein—
nanoparticle interactions, it may be necessary and appropriate
to analyse individual particles on a case-by-case basis
to understand how proteins determine their fate in the
circulation [45, 35].

Nanosized metal-oxide-related products are used in many
commercial applications such as photocatalysis, solar cells,
cosmetic products including sunscreens, automotive parts,
surface coatings and medical products.  Therefore, these
nanomaterials have already been extensively exposed to the
public to varying extents. Toxicological studies suggest some
metal oxide nanomaterials could have detrimental biological
effects [36, 16, 6, 23]. Once entered into the circulation, these
nanoparticles should adsorb plasma proteins that may dictate
their biological fate. A better understanding of the nature of
this protein absorption is necessary. Therefore, in the present
study, we have compared the binding of human plasma proteins
to three of the most commonly used and widely available metal
oxide nanoparticles: titanium dioxide (Ti04), silicon dioxide
(8i0;) and zinc oxide (ZnO).

2. Experimental details
2.1. Metal oxide nanoparticles

Commercial TiO, nanoparticles (Degussa P25) were pur-
chased from Evonik Degussa, SiO, nanoparticles (S5130)
were purchased from Sigma-Aldrich and ZnO nanoparticles
(Nanosun™ 99/30) were kindly supplied by Microniser, Aus-
tralia. ZnO particles coated with polymethylsilsesquiox-
ane (ZinClear 40CCT) were obtained from Advanced Powder
Technologies, Australia.

22 Synthem of TiO, manoma’s and nanotubes

TiO» nanotubes were synthesized using a method adapted
from {33].. Briefly, -the

with MilliQ H>O. TiO, nanorods were synthesized through
a similar procedure to that outlined by Rabatic et al [38]. In
short, the hydrothermal treatment of TiO» nanorods ([TiO;] =
0.081-0.0081 M) in a high temperature hydrothermal pressure
vessel at 250 °C for 2 h.

2.3. Nanoparticle characterization

Metal oxide nanoparticles were dispersed in MilliQ water. To
facilitate the dispersion of the nanoparticles, bath sonication
was applied for 30 min. The hydrodynamic sizes and zeta
potentials of the nanoparticle in water and buffer (150 mM
NaCl, 10 mM phosphate, pH 7.4) were analysed by DLS
using a Zetasizer Nano ZS (Malvern Instruments, Malvern,
UK). Transmission electron microscopy (TEM) images were
taken using a JEOL 1010 fitted with a SIS megaview slow-
scan camera to assess nanoparticle size, shape and purity.
Images were acquired at an accelerating voltage of 80 keV on
either 200 mesh holey carbon grids or formvar carbon-coated
copper grids. All particle size estimations were made from
several TEM images with an average of at least 100 different
nanoparticles (+standard deviation).

2.4. Human plasma samples

Human plasma samples were obtained from eight healthy
individuals according to institutional bioethics approval.
Blood from each donor was collected in sodium citrate and
centrifuged for 5 min at 800g to pellet the blood cells. The
supernatants (plasma) were combined and stored in aliquots at
—80°C. On thawing, the plasma was centrifuged for 2 min at
18 000g before use.

2.5. Incubation of nanoparticle with plasma

Nanoparticles in water were transferred into buffer (150 mM
sodium chloride and 10 mM phosphate, pH 7) and incubated
with 1% plasma at 37°C for 5 min to 4 h. After incubation,
unbound proteins were separated from the nanoparticles by
centrifuging at 50000g for 40 min at 4°C. Plasma without
nanoparticles was used as a control to ensure there was no
protein precipitation. Particle pellets were carefully washed
with the buffer four times, and resuspended in SDS sample
buffer to final concentrations of 2 mg ml~! of nanoparticles,
with 2% SDS, 5% p-mercaptoethanol, 10% glycerol and
62.5 mM Tris-HCL. Samples were then heated at 95°C for
5 min to desorb particle-bound proteins [3, 25, 28]. The
prepared samples were separated by gel electrophoreses. All
experiments were conducted at least in triplicate. Due to the
agglomeration in aqueous medium, the calculation of total
surface area for the nanoparticles was not practical. Thus,
nanoparticle masses were used to normalize the final loading
volumes.

2.6. One-dimensional (1D) and two-dimensional (2D) gel
electrophoresis

All prepared samples contained nanoparticles at a final
concentration of 2 mg ml~!. For 1D gel electrophoresis, 20 ul
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of sample (equivalent to 40 pg nanoparticles) was separated
on a 12% SDS—polyacrylamide (SDS-PAGE) gel. The gels
were run at a constant voltage of 200 V for 35 min, and
stained with Sypro Ruby protein stains (Bio-Rad). For 2D gel
electrophoresis, 40 p1 of the prepared samples (equivalent to
80 wg nanoparticles) was mixed with 7 M urea, 2 M thiourea,
49% CHAPS, 0.4% DTT and 1% Bio-Lyte 3/10 ampholyte
(Bio-Rad) in a final volume of 300 wl. The sample was
then applied to a 17 cm pH 3-10 Readystrip™ IPG strip
(Bio-Rad) and actively rehydrated at 50 V overnight using a
Protean® IEF cell. Isoelectric focusing was performed for
a total of 45 kVh at 20°C. The IPG strips were reduced
with 1% DDT in equilibration buffer (100 mM Tris-HCI, 6 M
urea, 30% glycerol, 2% SDS) for 15 min and then alkylated
with 4% iodoacetamide in equilibration buffer for a further
15 min. Equilibrated IPG strips were transferred onto 17 cm
8-15% SDS—polyacrylamide gradient gels and sealed with 1%
agarose. The gels were run using a Protean® II xi cell apparatus
at 15 W/gel until the dye front migrated to the bottom of
the gel. 2D gels were silver-stained according to published
methods [18]. All gels were imaged with a ChemiDoc XRS
system using Quantity One 4.5.0 software (Bio-Rad). Proteins
were identified by their isoelectric points and mass using the
ExPASy database (http://au.expasy.org/swiss-2dpage/viewer).

2.7. Protein identification by mass spectrometry

Protein bands from 1D SDS-PAGE gels were excised
and in-gel digested with trypsin according to established
procedures [24]. The peptide extracts were analysed by LC-
MS/MS on an Agilent 1100 Nano HPLC (San Jose, CA,
USA) coupled to a QStar Elite mass spectrometer (Applied
Biosystems) equipped with a nanoelectrospray ion source. The
spectra were acquired and processed using Analyst QS 2.0
software (Applied Biosystems). The database searching for
protein identification was carried out using Protein Pilot 2.0.1
(Applied Biosystem).

3. Results and discussion

3.1. Characterization of metal oxide nanoparticles

The commercial TiO,, SiO, and ZnO nanoparticles have
average primary particle sizes of 21 nm, 7 nm and 30 nm,
respectively, as reported by the manufacturers.  These
sizes were verified by TEM (figure 1(A)). All nanoparticles
became agglomerated in buffer with an average hydrodynamic
diameter ranging from 300 to 450 nm determined by DLS.
Sonication for as long as 2 h did not change the extent
of agglomeration (data not shown). When the metal oxide
nanoparticles were diluted in buffer, increased agglomeration
was observed (figure 1(B)). This may be due to the
increase in ionic strength resulting in decreased electrical-
double-layer repulsive energy between the nanoparticles [47].
Buffer-dispersed nanoparticles were prepared at two different
concentrations: 10 and 500 ug mi~'. For TiO, and ZnO,
increased concentrations resulted in increased agglomeration,
which was not seen for SiO, (figure 1(B)). In buffer,
the average zeta potentials for TiO,, SiO, and ZnO were

Table 1. Identification of proteins bound to nanoparticles by 1D gel
electrophoresis and mass spectrometry.

Band®  Nanoparticle  Proteins
1 TiO, Albumin, fibrinogen (alpha chain),
kininogen-1, histidine-rich glycoprotein,
complement C9
2 TiO; Kininogen-1
3 TiO; Fibrinogen (beta chain), Ig heavy chain
(gamma), fetuin A, vitronectin
4 TiO, Apolipoprotein Al, complement Clq
5 SiO; Albumin, fibrinogen (alpha chain),
complement C8, Ig heavy chain (kappa)
6 SiO; Fibrinogen (alpha, beta, gamma chains)
7 SiO; Fibrinogen (beta, gamma chain), Ig
heavy chain (gamma)
8 SiO, Apolipoprotein A
9 Zn0 Alpha-2-macroglobulin, pregnancy zone
protein
10 Zn0 Ig heavy chain (mu), transferrin
I Zn0O Albumin, Ig heavy chain (gamma)
12 Zn0O Ig heavy chain (alpha), Ig heavy chain
(mu)
13 Zn0O Alpha-1 antichymotrypsin, Ig heavy
chain (gamma)
14 Zn0O Apolipoprotein Al, immunoglobulin J

chain

" The bands refer to the numbers shown in figure 2(B).

-26 + 6 mV, =26 £ 6 mV and —24 * 2 mV,
respectively (figure 1(C)). This was unaffected by nanoparticle
concentration.

3.2. Plasma protein binding by metal oxide nanoparticles

The binding of proteins to each nanoparticle is shown in
figure 2. There were no detectable proteins in plasma samples
centrifuged in the absence of nanoparticles (data not shown).
General binding reached equilibrium within the first 5 min
of incubation, as the protein patterns did not change for up
to 4 h (figure 2(A)). Overall, the results support previous
observations that nanoparticles can bind many different plasma
proteins to varying extents [5]. Protein binding to TiOz and
SiO, was very similar but notably different to that observed for
ZnO despite comparable surface charges. The type and extent
of protein bound to TiO; and ZnO varied with nanoparticle
concentrations (figure 2(B)). Since the zeta potentials for these
nanoparticles did not change (figure 1(C)), the difference in
protein binding is most likely due to the greater agglomeration
sizes at the higher nanoparticle concentrations.  This is
supported by the observed protein binding characteristics of
Si0,, which did not agglomerate and showed very little
difference in protein binding at the different concentrations
(figure 2(B), centre panel).

Siliconate-treated ZnO nanoparticles were also obtained
from a commercial source. These nanoparticles showed no
detectable binding of plasma proteins compared to normal ZnO
nanoparticles (figure 2(C)) indicating that surface modification
of the nanoparticles can markedly influence protein binding.
Moreover, it also shows that the proteins detected in
figures 2(A) and (B) did not simply co-sediment with the
nanoparticles.
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Figure 1. Characterization of commercial metal oxide nanoparticles. (A) TEM images of TiO, (Degussa P25), SiO; (S5130) and ZnO
(Nanosun™ 99/30) nanoparticles. Bar = 100 nm. (B) Hydrodynamic particle diameters of the different nanoparticles in buffer determined by
dynamic light scattering. Solid lines = 10 ug ml~! and dashed lines = 500 pg ml™!. (C) Zeta potential of the different nanoparticles in

buffer: solid lines = 10 wg ml~! and dashed lines = 500 ugml!,

To identify major proteins bound to the different
metal oxides, slices were excised from gels prepared at
a nanoparticle concentration of 10 ugml™! and analysed
by mass spectrometry. The different slices are shown in
figure 2(B) and the associated proteins are listed in table 1.
Apolipoprotein Al bound to all three metal oxides, as did
albumin, immunoglobulins and fibrinogen. Transferrin (band
10), alpha-2 macroglobulin and pregnancy zone protein (band
9) were detected only with ZnO. The immunoglobulin IgM
also bound to ZnO nanoparticles, possibly in the pentameric
form since the immunoglobulin J chain was also present
(band 14). Various components of the complement system
were identified bound to TiO, (bands 1 and 4).  Taken
together, these results show that the metal oxides interact with
numerous plasma proteins. Moreover, these proteins can vary
upon changes in agglomeration state. Although qualitatively
different, the complexity of the protein corona around the metal
oxide nanoparticles agrees with that reported for polymeric

nanoparticles of different sizes and surface characteristics [28].
The nanoparticle—protein corona potentially dictates the fate of
the nanoparticles once in the systemic circulation. Therefore,
the degree of nanoparticle agglomeration may, to some extent,
dictate the resultant biodistribution by affecting cell surface
protein binding.

3.3. Identification of proteins by 2D gel electrophoresis

Because the migration of most plasma proteins on 2D gels
has been well characterized and their specific characteristics
are available in various databases (http://au.expasy.org/
swiss-2dpage/viewer), we analysed protein binding to each
metal oxide by 2D gel electrophoresis using a nanoparticle
concentration of 10 ug ml~! (figure 3). Individual proteins or
protein classes were identified by their respective molecular
weights and pl and a list of proteins bound to each metal oxide
is shown in table 2. Most of the proteins identified by mass
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Figure 2. Gel electrophoresis of nanoparticle-bound human plasma
proteins. (A) Effect of time of incubation on protein binding.

(B) Effect of concentration of protein binding. The numbers on the
gels represent regions of each gel that were excised and analysed by
mass spectrometry. (C) Effect of silicone treatment on the binding of
plasma proteins to ZnO nanoparticles.

spectroscopy (table 1) were also identified on the 2D gels. With
the exception of an unknown protein (ID 17), proteins bound
to TiO, were also bound to SiO, (figure 3, upper and middle
panels). Albumin, the most abundant protein in plasma, was
associated with each metal oxide, but at a relatively low level.
The immunoglobulins IgM (table 2, ID 2) and IgG (table 2,
ID 4) bound to all three particles. IgG and IgM to a lesser
extent, can act as an opsonin and promote phagocytosis of
nanoparticles by macrophages or other phagocytic cells such
as hepatic Kupffer cells [34]. This is consistent with published
observations that TiO, nanoparticles primarily accumulate
in the liver following intravenous administration [7]. In
addition, both IgG and IgM can activate the complement
system, leading to an inflammatory response. In contrast,
IgA bound only to ZnO. IgA is secreted into the intestine
lumen along with the Ig J chain, which was also bound to
ZnO nanoparticles (table 2, ID 18). In the plasma, IgA can
interact with the Fca receptor and promote the release of
pro-inflammatory cytokines [11]. In a recent comprehensive
review, Dobrovolskaia and McNeil outlined the susceptibility
of the immune system to various engineered nanoparticles [10].
They summarized current knowledge on how size and charge
can determine the interaction of nanomaterials with blood

TiO,

445 5

Mol Wt (kD)

Figure 3. 2D gel electrophoresis of proteins bound to metal oxide
nanoparticles. Proteins were identified from the plasma protein
database of Expasy and are described in table 2.

components. They also observed that, in general, positively
charged particles are more likely to elicit an immune reaction
compared to negatively charged particles in vitro. However, in
vivo this may not be the case for the nanoparticles that bind
immunoglobulins to a high degree. Negatively charged ZnO
nanoparticles can elicit a pronounced inflammatory response
in an endothelial cell model in the presence of serum [15].
While some evidence that metal oxide nanoparticles can induce
immune responses has been published [11, their effects in vivo
need further study.

All three nanoparticles appeared to bind fibrinogen
(table 2, IDs 3, 7 and 8), a plasma protein commonly
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Table 2. Identification of proteins bound to metal oxide .
nanoparticles by 2D gel electrophoresis. Presence of the protein in
the 2D gels for each nanoparticle is indicated by an ‘X’.

Mol. wt.?

ID* Protein (kD) pl° TiO; Si0; ZnO
1 Albumin 67 56-59X X X
2 Igheavy chain (mu) 81 59-61X X X
3 Fibrinogen 55 6166 X X X

(beta chain)
4 Igheavy chain 51 62-85X X X
(gamma)
5 Ig light chains 25 57-85X X X
6 Apolipoprotein Al 23 50-55X X X
7 Fibrinogen 54 5256 X X X
(gamma chain)

8 Fibrinogen 66 67-70 X X X
(alpha chain)

9 Transferrin 80 6.2-6.5 X

10 Haptoglobin 17 54-6.0 X
(alpha chain)

11 Igheavy chain 63 5.0-5.6 X
(alpha)

12 Complement C3 7 65-68X X X

13 Alpha-1 antitrypsin 55 49-51X X

14 Fetuin A 55 4647 X

15 Alpha-2 acid-glycoprotein 48 4547X X

16 Apolipoprotein D 28 4749 X X

17 Unknown 41 4.7-4.9 X X

18 IgJ chain 24 4.5-4.6 X

19 Haptoglobin 44 4.7-5.4 X

(beta chain)
20 Clusterin 37 47-52 X X

* ID refers to numbers shown in figure 3.
® Mol. wt. and pl values from http://au.expasy.org/swiss-2dpage/
viewer.

found associated with various nanoparticles [5]. Fibrinogen
is a glycoprotein involved in coagulation. It also binds to
foreign surfaces and promotes attachment of immune cells
such as monocytes, macrophages and neutrophils. Fibrinogen

binds to CDII/CDI8 on phagocytes, delays apoptosis
and enhances antibody-dependent cellular cytotoxicity and
phagocytosis [44, 39]. Complement C3 (table 2, ID 12)
also promotes neutrophil attachment to different surfaces [32].
Taken together, these proteins may direct the metal oxide
nanoparticles to specific blood cell types depending on their
degree of binding. It has been reported that complement
present in either plasma or serum can be activated through
classical pathways by polystyrene latex particles modified with
hydroxyethyl acrylate [26] and non-functionalized double-
walled carbon nanotubes [40].

Apolipoprotein Al is the major component of high-
density lipoproteins (HDLs) and is found on chylomicrons,
large lipoprotein particles created by the absorptive cells of the
small intestine [2]. The protein was found to be associated with
all three metal oxides. Apolipoproteins have been reported as
one of the major plasma proteins adsorbed by particles with
hydrophobic surfaces [22, 4]. The flexible hinge region of
apolipoprotein Al can bind to particles of different sizes [9].
In addition to these proteins, a number of minor proteins
were observed bound to the different nanoparticles. Proteins
that adsorbed at low levels are not necessarily biologically
insignificant [28]. For example, apolipoprotein E could
mediate the transcytosis of nanoparticles across the blood—
brain barrjer despite being a minor protein bound to the
surface [21]. Both the structures and functions of proteins may
change upon adsorption to nanoparticles, and this may result in
biological responses that are unexpected [31, 19, 43, 30].

3.4. Effect of shape on plasma protein binding to TiO

TiO; nanorods and nanotubes were synthesized and examined
by TEM (figure 4(A)). The nanorods were ellipsoid in shape
with average lengths of 75 & 23 nm and widths of 27 & 7 nm
(i.e. aspect ratio = 2.8 = 0.7). The nanotubes had an average
tube diameter of 9 == | nm. 2D gel electrophoresis showed that
these differently shaped materials had different protein binding

Table 3. Comparison of proteins bound to TiO, nanoparticles of different shapes by 2D gel electrophoresis. Presence of the protein in the 2D

gels for each nanoparticle is indicated by an ‘X’

Mol. wt.?

ID*  Protein (kD) pl° Nanospheres® Nanorods Nanotubes
1 Albumin 67 5659 X X X
2 Igheavy chain (mu) 81 59-6.1 X X X
3 Fibrinogen (beta chain) 55 6.1-6.6 X X
4 Igheavy chain (gamma) 51 62-85 X X
5  Iglight chains 25 5785 X X X
6  Apolipoprotein Al 23 50-55 X X X
7  Fibrinogen (gamma chain) 54 52-56 X X X
8  Fibrinogen (alpha chain) 66 6.7-70 X X

12 Complement C3 71 6.5-68 X X X

13 Alpha-1 antitrypsin 55 49-5.1 X

14 Fetuin A 55 4647 X

15 Alpha-2 acid-glycoprotein 48 4547 X

16  Apolipoprotein D 28 4749 X

20 Clusterin 37 47-52 X

* ID refers to numbers shown in figures 3'and 4.

® Mol. wt. and pl from http://au.expasy. org/sw1ss -2dpage/viewer.

¢ Degussa P25 (table' 1, figure 2).



Nanotechnology 20 (2009) 455101

Z ] Deng et al

TiOz Nanorods

B

Ti0; Nanorods

4455 5.5 6

Mol Wt (kD)

Ti0O; Nanotubes

TiO, Nanotubes

Mal'wt (kD)

Figure 4. Plasma protein binding to TiO, nanorods and nanotubes. (A) TEM images of TiO, particles showing rod shape (left panel) and tube
shape (right panel). Bar = 100 nm. (B) 2D gel electrophoresis of plasma proteins bound to the different TiQ, particles. For protein ID, refer

to figure 3.

pattern (figure 4(B)). For the nanorods, both IgM and IgG
were evident as major bound proteins. By contrast, fibrinogen
was the major protein bound to the nanotubes. Albumin and
apolipoprotein Al were seen with both nanoparticles.

Finally, a high molecular weight protein (figure 4(B) 1D
x), possibly ceruloplasmin, bound to the nanotubes but not
to the nanorods. Proteins bound to TiO; nanoparticles of
different shapes were compared and are summarized in table 3.
Clearly, nanospheres (TiO,, Degussa P25—figure 3) bound
qualitatively more proteins compared to the other elongated
shapes (figure 4). However, the potential biological implication
of this observation is to be elucidated.

4. Conclusions

The current work is the first study to identify and compare
the proteins that bind to metal oxide nanoparticles that are
commonly found in many commercial products. These
included TiO,, SiO; and ZnO and synthetic TiO; nanorods
and nanotubes. The current work provides much needed
information for understanding the initial biological interaction
of these metal oxide nanoparticles when entering the

circulation of the body, that is, the interaction with proteins
in the blood. The protein binding behaviour was distinct for
each type of different nanoparticle, which is in agreement with
others who have suggested that the complexity of nanoparticle—
protein interactions requires each to be examined on a case-
by-case basis [45, 35]. Surprisingly, it was found that the
adsorption of proteins onto the metal oxide nanoparticles
reached equilibrium within the first few minutes of incubation.
Moreover, when dispersed in buffer, the surface charge was not
the sole determinant of binding because it was similar between
the different metal oxides. This work has also shown that
the agglomeration state largely affected the protein binding
pattern. Because protein binding to nanoparticles can be
critical in determining the extent of interaction with cells and
tissues in vivo, understanding how and why plasma proteins are
adsorbed to these particle may be important for understanding
their biological responses.
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