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Interactions of CoFe,O, Nanocrystals with Bovine Serum Albumin and Hemoglobin:
Adsorption, Aggregation and Protein Conformational Changes
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Abstract: Cobalt ferrite (CoFe,0,) nanocrystals (approximately 10 nm) were prepared by hydrothermal method
and their interactions with Bovine Serum Albumin (BSA) and bovine hemoglobin were investigated by Zeta
potential, Dynamic Light Scattering (DLS) and FTIR Spectroscopy techniques. Results show that nanocrystal-
hemoglobin adsorption correlates to electrostatic attractive/repulsive interaction, whereas BSA does not follow this
scheme. The corresponding adsorption capacity of BSA and hemoglobin reaches a maximum value of 237.9 mg g™
and 256.9 mg-g™ at pH value of 5.5 and 7.0, respectively. DLS measurements indicate that protein adsorption
have led to nanocrystal-protein aggregates formation. Comparing to the hydrodynamic size of bare nanocrystals
(51 nm), that for BSA and hemoglobin increases to 472 nm and 114 nm respectively upon protein adsorption. The
interaction with nanocrystal also induces protein conformation changes. The amide I band in IR spectrum shifts

4 em™ and 6 cm™, respectively, to lower wavenumbers in the case of BSA and hemoglobin.
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0 Introduction

With the development of nanotechnology and its

applications in biological fields, the search for
understanding protein-nanoparticle interactions has
drawn much attention because it has significant
impact on the biological responses to nanoparticles!™.
When nanomaterials are exposed to physiological
medium, interactions with proteins will lead to the
formation of a protein corona on the nano-surface,
which is responsible for the biological behaviors such
as cellular uptake, endocytosis, pinocytosis, cellular
recognization, cellular organelles distribution and in
vivo biocompatibility/toxicity!™® etc. In addition, this
interaction is also a key factor determining the
biological applications of nanomaterials including
biosensor™", protein carrier', nanomaterial prepara-

15161 and nanoproteomics!'”. Ther-

tion™, bio-conjugation
efore, understanding protein-nanoparticle interaction
phenomena and associated mechanism will be
essential to the development of nanotechnology in
biological fields. Many previous studies have revealed
that protein-nanoparticle interaction is controlled by
the forces existing at nano-bio interface, such as

hydrophilic/hydrophobic

interactions, van der Waals and solvation ¥ etc.

electrostatic  interaction,
Among them, electrostatic interaction is a major force
governing interactions between hydrophilic nanomater-
ials and protein molecules"™". If protein-nanoparticle
is governed by electrostatic interaction, protein adsor-
ption will be only observed between oppositely charged
nanoparticles and protein molecules because of the
attractive force of opposite charges, otherwise non-
electrostatic interaction will play a more important
role!™”. In the context of experimental approaches,
{ potential correlates to the electrostatic states of
nanoparticle and protein molecule and its value can
be easily varied by the pH condition and then
measured by instrument™®\. Therefore, electrostatic
interaction governed protein-nanoparticle adsorption
can be inferred from the correlations between protein
adsorption and ¢ potentials of protein-nanoparticle

system at different pH conditions™. In addition to the

above mentioned techniques, Dynamic Light Scattering
(DLS) is another approach for protein-nanoparticle
interaction research. When proteins are adsorbed to a
nanoparticle, the hydrodynamic diameter changes
arising from protein-nanoparticle interaction can be
easily measured by DLS technique®. Interactions with
nanoparticle also induce protein conformation changes,
which can be detected by FTIR Spectroscopy™.

As an important ferrite nanomaterial, cobalt ferrite
(CoFe,0,) nanostructures have potential applications

in biological fields such as antibacteria®*, hyper-

[23-24] )[25-25]
o 2

magnetic resonance imaging (MRI
[27]

thermia
drug delivery® and anticancer™ etc. However, very
little is known about the interaction details between
CoFe,0, nanoparticles and proteins. In this work, the
interactions of hydrothermally prepared CoFe,O,
nanocrystals with protein are investigated using BSA

and hemoglobin as model proteins.
1 Experimental

1.1 Preparation and characterization of ultrafine

CoFe,0, nanocrystals

Ulirafine CoFe,O, nanocrystals were synthesized
by hydrothermal method. In a typical synthesis, 10
mmol FeCl; -6H,0 and 5 mmol CoCl, -6H,0 were
dissolved in 50 mL deionized water, and then
adjusted the pH value to 8.0 using ammonia solution.
After magnetic stirring for several minutes, the
colloidal solution was sealed in an 80 mL Teflon-lined
autoclave and maintained at 190 °C for 10 h. The
product was collected and thoroughly washed with
deionized water, then dried at 60 °C.

The morphologies of CoFe,O, nanocrystals were
observed by high-resolution transmission electron
microscopy (HRTEM, JEOL JEM-2010FEF, 200 kV).
Crystalline phase was identified by X-ray diffraction
(XRD) method on a PANalytical X' Pert Pro
diffractometer equipped with PIXcel®
Cu Ka radiation (A=0.154 18 nm, Ni filter). Applied

voltage and current was 40 kV and 40 mA respectively.

detector and

The incident light divergent slit size, diffracted beam
anti-scatter slit size and receiving slit size was 0.5°,

2° and 0.1 mm respectively. The scan step size was
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0.026°-s7". The patterns were recorded in the 26 range
of 10°~80°. The elements composition was determined
by Energy Dispersive X-ray spectroscopy (AMETEK).
1.2 Protein adsorption to CoFe,OQ, nanocrystals

and the correlations to Zeta potentials

CoFe 04 nanocrystals amounts corresponding to a
concentration of 1, 2, 3, 4 and 5 mg ‘mL ™" were
respectively dissolved in 5 mL sodium acetate buffered
(sodium acetate, 10 mmol -I. ) protein solution
(containing 0.5 mg -mL ™" BSA or hemoglobin). After
shaking for five minutes, the nanocrystals were
removed by centrifugation (10 000 r+-min™ for 3 min).
Unbounded protein in supernatant was determined by
Bradford method™. Experiments were respectively
carried out under a pH value of 4.8, 5.5, 7.0 and 8.0
for understanding the pH effects. Adsorption percen-
tages at different nanocrystal concentrations were
calculated by equation (Cy—C.)/Cox100%, where C, is
the initial protein concentration (0.5 mg-mL™), C, is
the unbounded protein concentration in supernatant.
Adsorption capacities (mg of protein per gram of
nanoparticles) corresponding to different C,,,, were
calculated by equation 1 000[(C,—C.)/C,.,] (C.7#0),
where C,,,, is the nanocrystal concentration. After that,
all the adsorption capacities corresponding to one pH
point was averaged. In order to elucidating adsorption
mechanism, ¢ potentials of nanocrystals, BSA and
hemoglobin were measured by Marlven ZEN3690 at
the pH value of 4.8, 5.5, 7.0 and 8.0.
1.3 DLS analysis of nanocrystals-protein

interaction
of bare or protein

detected by Marlven

Hydrodynamic diameters
loaded nanocrystals were
ZEN3690. In
morphologies of protein loaded nanocrystals, SEM

order to directly observe the
images of nanocrystals were obtained after protein
adsorption by SEM JOEL JSM-6700F (10.0 kV).
1.4 FTIR spectroscopy of nanocrystals-protein
interaction
After thoroughly washed with deionized water,
protein loaded nanocrystals were freeze-dried at —60

C to remove water. About 1% sample was homogen-

eously mixed with KBr, then pressed to a pellet. The

FTIR spectrum was recorded at a FTIR spectrometer
Avatar 360. For comparing FTIR changes induced by
nanocrystals, the FTIR spectra of bare nanocrystals,
BSA and hemoglobin were also recorded by the same

method.
2 Results and discussion

2.1 Characterizations of CoFe,0, nanocrystals

HRTEM, XRD and EDX characterizations are
shown in Fig.1. All the peaks in XRD pattern are
indexed well to the spinel phase of CoFe,O, (PDF No.
79-1744). Nanocrystal morphology is uniform sphere
with an approximate size of 10 nm. The lattice inter-
planar spacing (0.30 nm) in HRTEM is corresponding
to the diffraction peak of lattice plane (220) in the
XRD pattern  (Fig.1b). EDX spectrum indicates that
the atomic ratio of Co/Fe is well consistent with the
molar ratio of Co/Fe in formula CoFe,O, (Fig.1d).
Above results indicate that as-prepared products are
spinel phase CoFe,0, nanocrystals with nanoscale of
~10 nm.
2.2 Protein adsorption and correlations to Zeta

potentials

Protein adsorption amount as a function of pH
value is shown in Fig.2. It can be found that pH value
has very little impact on BSA adsorbing to
nanocrystals. Although the pH value is varied from
4.8 to 8.0, BSA still can be quickly and completely
removed as nanocrystal concentration is increased
from 1 mg-mL™" to 5 mg-mL™" (Fig.2a). The calculated
adsorption capacity in Fig.2b also indicates that the
effect of pH value on BSA adsorption is very limited
because the capacity is not remarkably varied with the
pH value. On the contrary, pH condition has
significant impact on nanocrystal-hemoglobin adsorption
process. Adsorption percentages at pH value of 4.8
and 5.5 are close to zero indicating that hemoglobin is
not removed at these conditions. Very low adsorption
capacities (8.9 mg-¢™ and 10.0 mg-g™) also indicate
that hemoglobin is not adsorbed by nanocrystals.
However, hemoglobin can be efficiently adsorbed
when pH value is changed to 7.0 or 8.0. Adsorption

percentage quickly increases from about 60% to 100%
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Fig.1 Characterizations of CoFe,04 nanocrystals: (a) TEM image; (b) HRTEM image; (c) XRD pattern; (d) EDX spectrum

with nanocrystal concentration increasing from 1 mg-
mL ™" to 3 mg -mL . The corresponding adsorption
capacity at these conditions is 256.9 mg-¢™ and 249.3
mg -g”" respectively, which is much higher than that
for pH value of 4.8 and 5.5.

In order to wunderstand protein adsorption
mechanism, { potentials of BSA, hemoglobin and
nanocrystals are measured and presented in Fig.3.
CoFe,0, nanocrystals have a positive ¢ potential
approximate 20 mV with a little fluctuation at pH
value of 4.8, 5.5, 7.0 and 8.0, respectively, which
reveals that pH condition has no significant impact on
the electrostatic state of nanocrystals. On the contrary,
pH condition has remarkable effect on the
electrostatic state of BSA and hemoglobin. BSA is
positively charged at pH value of 4.8 but negatively

charged at the pH value exceeding 5.5. Hemoglobin is

positively charged with nearly the same ¢ potentials
(19.1 mV and 19.0 mV) at pH value of 4.8 and 5.5,
but negatively charged when pH value is changed to
7.0 or 8.0.

Comparing protein adsorption and Zeta potential
in Fig.2 and 3, a correlation of the electrostatic states
and the adsorbed protein amount can be found.
Negatively charged hemoglobin adsorbs to positively
charged nanocrystals at pH value of 7.0 and 8.0,
whereas no adsorption is observed for likely charged
hemoglobin and nanocrystals at pH value of 4.8 and
5.5. It can be concluded that such adsorption process
is highly correlated to electrostatic attractive/repulsive
interaction. In contrast to hemoglobin, BSA does not
follow this scheme. ¢ potential differences between
nanocrystals and BSA are significantly varied with pH
values at the range of 4.8 ~8.0. But the adsorption
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Fig.2 Protein adsorption behaviors at different pH conditions: (a) BSA adsorption percentage; (b) BSA adsorption capacity;

(c) Hemoglobin adsorption percentage; (d) Hemoglobin adsorption capacity

capacities are not correlated to such changes. Even
though the BSA has the same sign of surface charge
to nanocrystals at pH value of 4.8, it can be adsorbed

to nanocrystals with high amount of 168.5 mg g™
When the pH values are changed to 7.0 and 8.0, BSA
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—— Hemoglobin
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Fig.3 Zeta potentials of CoFe,0, nanocrystals, BSA and
hemoglobin at pH value of 4.8, 5.5, 7.0 and 8.0

possesses high amount negative charges and the ¢
potential differences between BSA and nanocrystals
are as high as 37.2 mV and 33 mV respectively. In
the context of electrostatic interaction, protein
adsorption capacities should be much higher at these
pH conditions. However, the experiment results are
close to the adsorption capacity of pH 4.8. Therefore,
BSA adsorption process could not be only explained
This

attributed  to

by electrostatic interaction. non-electrostatic

interaction may be hydrophobic

interaction or uneven surface charge distribution of
protein molecules reported in literatures"*'".
2.3 DLS analysis of nanocrystal-protein
aggregation
Nanoparticles are undergoing Brownian motion
after being dispersed in solution. The hydrodynamic

diameter dj; correlates to Brownian motion via Stokes-

Einstein relationship. If the Brownian motion can be
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measured, the dj; will be obtained. DLS is just the
technique providing access to dy through Brownian
motion detection using laser technique™™. When protein
molecules bound to nanoparticles, the Brownian
motion will be slowed down and consequently leading
to a bigger DLS size than that of bare nanoparticles.
DLS also has the ability to distinguish dimers,
oligomers or aggregates of nanoparticles because of
their different hydrodynamic diameters™. The DLS size
of bare or protein loaded nanocrystals are presented in
Fig.4. Bare nanocrystal has a DLS size of 51 nm,
(TEM size). This

difference may be attributed to the hydration/solvation

which is bigger than its real size

shells on the surface of nanocrystals as reported in
literature®". After BSA adsorption, the size distribution
is divided into three peaks corresponding to the mean
size of 83 nm, 472 nm and 2 624 nm respectively.
The size 472 nm and 2 624 nm indicate that BSA
adsorption has led to aggregates of nanocrystal-BSA

complex because of the much larger size than bare

a: CoFe,0,

b: CoFe,O,@Hemoglobin
51 nm,

c: CoFe,0,@BSA
14 \ 114 {m

472 nm

2 624 nm
A‘/Zﬂwnm

Fig.4 DLS size distribution of bare and protein attached

Intensity / %

10 100 1000
DLS size / nm

CoFe,O, nanocrystals

nanocrystal. The particle size of 83 nm may be
attributed to single nanocrystal-BSA complex because
it is bigger than 51 nm (bare nanocrystal) and smaller
than the double nanocrystal -BSA complex of 51 nm.
The intensity of particle size 472 nm is much stronger
than others indicating that most of nanocrystal-BSA
complex exist as moderate aggregates while very little
complex exists as monomers or agglomeration.
Hemoglobin adsorption leads to two particle size of
114 nm and 2 780 nm. The intensity of size 114 nm
is much stronger than that of size 2 780 nm indicating
that nanocrystal-hemoglobin complex mainly forms
small aggregates but very little agglomeration.
Comparing nanocrystal size before and after protein
adsorption, there are differences in size distribution in
the case of BSA and hemoglobin, which may be
originated from different mechanisms of nanocrystal -
protein interactions.

The SEM morphologies of bare and protein
adsorbed nanocrystals are presented in Fig.5. Bare
nanocrystal is uniform sphere with nanoscale about 10
nm (Fig.5a). The particle boundary can be clearly
seen before protein binding. After protein adsorption
to nanocrystals, the particle size increases and the
boundary blurs due to high amount of protein
coverage on the surface of nanocrystals and then
aggregation of particles (Fig.5b and 5¢). In summary,
SEM morphologies further confirm the existence of
nanocrystal-protein ~ complex  aggregates.  Protein
induced particle aggregation has been reported in
some literatures, in which the mechanism is that
protein molecules bridge particles each other to form

larger nanoparticle-protein aggregatesm.

NONE SEI 10.0kV X200000 100nm WD 85mm NONE

200,000 100nm WD 85mm NONE SEI  100kV X200000 100nm WD 85mm

Fig.5 SEM images of bare and protein attached CoFe,0, nanocrystals: (a) Bare nanocrystals;

(b) BSA attached nanocrystals; (¢) Hemoglobin attached nanocrystals
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Fig.6 FTIR analysis of protein-nanocrystal interaction in the case of BSA (A) and hemoglobin (B)

2.4 FTIR analysis of protein conformation
changes induced by nanocrystal

Vibrations in adjacent chemical groups are often
coupled and this coupling correlates to the protein
conformation, which makes infrared spectrum a
sensitive and effective method for protein structure
investigation. Protein molecule has two characteristic
vibration bands amide I (~1 650 ¢cm™) and amide II
(~1 550 ecm™). The amide I band originates from C=
O stretching vibration and minor out-of-phase CN
stretching vibration. Amide I also provides protein
structure information, but the relation between protein
structure and vibration frequency is less straightfor-
ward than that of amide [ band™.

Fig.6 is the FTIR spectra of protein, nanocrystal
and nanocrystal-protein complex. CoFe,0, nanocrystals
have a characteristic and strong adsorption band at
594 e¢m™ which is assigned to the vibration between
metal and oxygen ion in the crystal lattice®. Amide
I and I vibration bands can be obviously seen in
the spectra of pure BSA and hemoglobin. After
protein being adsorbed to nanocrystals, the spectrum
clearly shows the characteristic bands both of protein
and cobalt ferrite, which indicates that protein has
been successfully attached to the nanocrystals. It can
be seen that nanocrystals have caused amide I band

"and 6 cm™ to lower wave-

respectively shifted 4 ¢cm~
numbers in the case of BSA and hemoglobin. Whereas
amide band II only suffers 1 em™ and 2 em™ shifting
for BSA and hemoglobin. These shifts in IR spectrum

imply that protein conformation has been changed by

the protein-nanocrystal interaction.
3 Conclusions

Spinel CoFe,O4 nanocrystals with nanoscale appr-
oximately 10 nm were synthesized by hydrothermal
method and the mechanism for protein-nanocrystal
interaction was investigated using BSA and hemoglo-
bin as model proteins. Nanocrystals efficiently adsorb
BSA and hemoglobin with a high capacity of 238 mg-
g™ and 257 mg-g™ at an appropriate pH value of 5.5
and 7.0. The relationship between protein adsorption
and { potential indicates that hemoglobin is adsorbed
to nanocrystals via electrostatic interaction whereas
BSA adsorption is not agreed with such mechanism.
The advantages of high adsorption capacity and diverse
adsorption mechanism for different proteins meet the
requirements of high efficiency and high selectivity in
the field of protein adsorption and separation, which
implies that CoFe,0, nanocyrstals may be a good
candidate of protein adsorbent. BSA and hemoglobin
adsorption results in nanocrystal-protein aggregation to
different DLS size distributions. This property may be
utilized for protein detection based on DLS technique.
Nanocrystals also make protein amide [ band shifted
in IR spectrum indicating that protein conformation is
changed due to the interactions with nanocrystals.
However, the biological consequences should be
further studied in order to make sure whether the
conformation changes are harmful to protein functions
or not. In summary, interactions of protein and

CoFe,0, nanocrystals lead to protein adsorption to
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nanocrystals, nanocrystal-protein complex aggregates

and protein conformation changes.
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