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The understanding of the interactions between nanomaterials and proteins is of extreme importance in

medicine. In a biological fluid, proteins can adsorb and associate with nanoparticles, which can have

significant impact on the biological behavior of the proteins and the nanoparticles. We report here on

the interactions of iron saturated human transferrin protein with both bare and polyvinyl alcohol

coated superparamagnetic iron oxide nanoparticles (SPIONs). The exposure of human transferrin to

SPIONs results in the release of iron, which changes the main function of the protein, which is the

transport of iron among cells. After removal of the magnetic nanoparticles, the original protein

conformation is not recovered, indicating irreversible changes in transferrin conformation: from

a compact to an open structure.
1 Introduction

Interest in nanoparticles arises from the fact that the mechanical,

chemical, electrical, optical, magnetic, electro-optical and

magneto-optical properties of these particles are different from

their bulk properties and depend on particle size.1–6 There are

numerous areas where nanoparticulate systems are of scientific

and technological interest, specifically for biomedicine where the

synthesis and biology come together (i.e. the nano-biointerface)

and lead to an important concern for design of safe nano-

biomaterials. A significant challenge for the safety of nano-

particles for biomedical use, such as diagnosis and therapeutics,

is that human plasma proteins can be adsorbed on nanoparticles

which can cause the transmittance of biological effects due to

altered protein conformation.7–11 More specifically, identification

of the adsorbed proteins and evaluation of their lifetime on the

surface of nanoparticles are very important and can affect

protein–nanoparticle interactions.12–14 The conformational

changes of the proteins can modify their functions, which are

recognized as the molecular mechanisms of injury, and could

contribute to disease pathogenesis.13,15–18
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Lynch et al.19 hypothesized that the function and fate of

nanoparticles in biological environments are not only related to

the nanoparticle in itself, but also related to its surface protein

corona, with various binding affinities. It has been well-recog-

nized that the protein corona covers the surface of nanoparticles

upon their entrance into the bloodstream.7,11 The protein modi-

fied surface of the nanoparticles is recognised by living cells, and

is a key phenomenon that scientists need to understand.15,19

The biological responses to nanoparticles are highly affected

by the resultant of main forces at the nano-biointerface (e.g.,

hydrodynamic, electrodynamic, electrostatic, solvent, steric, and

polymer bridging) but also by the characteristics of the nano-

particles (size, shape, charge, crystallinity, electronic states,

surface wrapping in the biological medium, hydrophobicity and

wettability).15,20–22 Therefore, a better understanding of the

nanoparticle–protein complex is essential in order to develop

functional as well as safe nanoparticles.

Among various types of nanoparticles which are used for

biomedical applications, superparamagnetic iron oxide nano-

particles (SPIONs) have received increased attention due to their

biocompatibility, superparamagnetic properties, controllable

shape and size and scale-up capability.23–25 These attractive

features together with the nontoxic nature of SPIONs make

magnetic nanoparticles ideal platforms for nanomedical appli-

cations, for example, as FDA approved contrast agents for MRI.

Hence, SPIONs have widespread usage in various biomedical

applications such as transfection, drug delivery, magnetic reso-

nance imaging, cell/biomolecules separation and hyper-

thermia.9,25,26

In this work we focus on the interaction of SPIONs with

a common plasma protein: iron saturated human transferrin

protein. To the best of our knowledge, this is the first report
Nanoscale, 2011, 3, 1127–1138 | 1127
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Fig. 1 Experimental setup for purification. The MACS� columns are

composed of a spherical steel matrix; by inserting a column in a MACS

Separator, a high-gradient magnetic field is induced within the column

which retains the SPIONs.
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on conformational changes of a specific protein due to the inter-

action with SPIONs.

Transferrin, with a molecular weight of 75–80 kDa depending

on the species, is a protein which is found in the blood of all

vertebrate species.27 Transferrin contains two iron binding sites

which appear to be equal and independent in their iron binding

mode. As iron is bound to these sites, bicarbonate is bound to an

anion binding site in close proximity to each of the iron binding

sites, causing a red complex with an absorption at 465 nm.28

Centrifugation has been used as the favoured method in order to

separate the nanoparticles from the protein suspensions which

can affect the outcome by the duration of washing and the

amount of solution volumes used in these steps.7 However, the

main problem of the centrifugation technique is the loss of

the proteins which are adsorbed to the nanoparticle surface with

weak binding.7,29 The distinguished feature of SPIONs is their

superparamagnetic properties which enable us to separate them

without centrifugation, using external magnetic field gradients;

hence, more reliable results may be obtained.

The curvature of the nanoparticles surface can have a signifi-

cant influence on the adsorption of biomolecules which can cause

various conformational changes in protein structure adsorbed to

flat surfaces of the same material.14,29,30 To track the effect of

various sizes on the transferrin conformational changes, both

bare and polyvinyl alcohol (PVA) coated SPIONs, with 2

different particle sizes, were synthesized via an optimized

co-precipitation method and characterized with TEM, XRD and

VSM methods. In order to characterize the protein–SPIONs

interactions, different techniques including circular dichroism

(CD) spectro-polarimeter, fluorescence and UV/vis spectros-

copy, and gel electrophoresis are employed.

2 Materials and methods

2.1 Materials

Analytical grade of iron salts (i.e. iron chloride) and sodium

hydroxide (NaOH) were purchased from Merck Inc. (Darm-

stadt, Germany) and were employed without further purifica-

tion. Polyvinyl alcohol (PVA) of 30 000–40 000 g mole�1 nominal

molecular weight and 86–89% degree of hydrolysis was supplied

by Fluka (Ronkonkoma, USA), respectively. Iron saturated

human transferrin (purity of greater than 99%) with molecular

weight of 77 kDa and a size of about 6 nm was prepared from

Scipac (Kent, UK). The human transferrin was prepared from

the human serum (fully tested and certified negative for HIV I

and II antibodies, Hepatitis B surface antigen, and Hepatitis C

antibodies). Other solvents were reagent grades and used without

any further purification.

2.2 Synthesis of bare and coated SPIONs

After 20 minutes bubbling with neutral gas (i.e. argon), de-

oxygenated solutions were achieved using the de-ionized (DI)

water. The iron salts (i.e. FeCl3 and FeCl2) were dissolved in de-

oxygenated DI water (1 M HCl), respectively. The iron solutions

were mixed by adjusting to a molar fraction of 2 (Fe3+/Fe2+) for all

samples. The nanoparticles were formed by drop wise addition of

a predetermined mixture of iron salts to the base medium (NaOH)

under an argon atmosphere. In order to achieve high
1128 | Nanoscale, 2011, 3, 1127–1138
monodisperse nanoparticles (decrease the mass transfer

phenomena, which may allow nanoparticles to combine and build

larger polycrystalline nanoparticles), the reactor was transferred

to an ultrasonic bath (100 Watt) for creating a turbulent flow.31

From data obtained by optimal uniform design,31 two sets of

samples with narrow size distributions were synthesized by vari-

ation of the base molarities and the homogenization rates. For

both sets, the base molarities were adjusted to 1.2 whereas the

homogenization rates were fixed at 10 800 rpm (batch 1) and 3600

rpm (batch 2) to achieve magnetic nanoparticles with two

different sizes. After 30 min, the solutions were placed in a strong

magnetic field gradient produced by a permanent Nd–Fe–B

magnet (with cylindrical shape, diameter of 4 cm and height of 3

cm) and the SPIONs were collected. The supernatant was

completely removed and the nanoparticles were re-dispersed in

DI water several times. The permanent magnet was made of

neodymium–iron–boron which exhibits superior magnetic prop-

erties.32,33 The PVA solutions, with a polymer/iron mass ratio of 3,

were added slowly to the colloidal dispersion of SPIONs (for both

batches) by syringe (about 100 ml per drop) and kept stirred for

another 1 h in order to coat the surface of the SPIONs. Single

coated nanoparticles (no aggregation) can be achieved by

adjusting the polymer/iron mass ratio.34,35 The coated nano-

particles were collected by the magnet and re-dispersed in DI

water. The washing procedure was repeated several times. Finally,

the obtained ferrofluid was kept at 4 �C for protein-interaction

experiments.
2.3 Interaction of SPIONs with protein

SPIONs were incubated with the iron saturated human trans-

ferrin protein for a period of 2 h at a temperature of 5 �C. The
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c0nr00733a


Fig. 2 (a and b) TEM images of batch 1 (homogenization rate of 10 800 rpm) for bare and coated SPIONs, respectively and (c) their corresponding

VSM curves; (d and e) TEM images of batch 2 (homogenization rate of 3600 rpm) for bare and coated SPIONs, respectively and (f) their corresponding

VSM curves; (g and h) XRD patterns of both batches for bare and coated SPIONs.
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medium (30 times diluted with phosphate buffered saline (PBS);

PBS was prepared according to the common preparation

method36 with a pH of 7.4) containing transferrin was incubated

with the nanoparticles, with the protein solution to nanoparticle

surface ratio fixed at 2.8 ml m�2 of SPIONs surface, in order to

achieve a similar protein to nanoparticle surface ratio.30 After the

interaction time, the proteins with SPIONs were run through

a strong magnetic field using a magnetic-activated cell sorting

(MACS�), in order to trap the SPIONs in the magnetic column.

Consequently, the flow-through fraction was collected and the

trapped nanoparticles were washed with the 1 M KCl solution.
Table 1 Size for uncoated and coated SPIONs with the calculated thickness

Batch Bare/coated Sample name Average TEM siz

1 (homogenization
rate: 10 800 rpm)

Bare 1B 5
Coated 1C 8

2 (homogenization
rate: 3600 rpm)

Bare 2B 8
Coated 2C 10

a Obtained from an average of twenty separate TEM measurements of sin
deviation.

This journal is ª The Royal Society of Chemistry 2011
The experimental setup is summarized in Fig. 1. The collected

solutions, containing the interacted proteins, were analyzed by

circular dichroism spectroscopy and SDS-PAGE (sodium

dodecyl sulfate-polyacrylamide gel electrophoresis). Finally, the

same procedure was employed for high concentrations (10 and

100 times) of SPIONs relative to the protein (i.e. by reducing the

protein to nanoparticle surface ratio).

Nanoparticles were characterized as follows. After placing and

drying a drop of the colloidal suspension of SPIONs on a copper

grid, the size and shape of the magnetic nanoparticles were

evaluated with a Phillips CM200 transmission electron
of transferrin on SPIONs surfaces

e/nm Average XRD size/nm
Average thickness of adsorbed
protein measured by TEM size/nm

3.6 1.6 � 0.2a

3.5 3.8 � 0.7a

5.3 4 � 1a

5.3 4.4 � 0.6a

gle transferrin coated nanoparticles; numbers given with the standard

Nanoscale, 2011, 3, 1127–1138 | 1129
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Table 2 Description of sample abbreviations (e.g., batch 1)

Sample Description

B Bare nanoparticles
C PVA-Coated nanoparticles
BP Protein interacted with bare

nanoparticles
CP Protein interacted with PVA-

coated nanoparticles
BP-Mag Extract of the interacted proteins

with bare nanoparticles using
MACS

CP-Mag Extract of the interacted proteins
with PVA-coated nanoparticles
using MACS

BP-KCl Washing of the trapped bare
nanoparticles in MACS with 1
M KCl solution

CP-KCl Washing of the trapped PVA-
coated nanoparticles in MACS
with 1 M KCl solution

N-BP Extract of the bare nanoparticles
from the MACS after washing

N-CP Extract of the PVA-coated
nanoparticles from the MACS
after washing

BP-10 Using bare nanoparticles with 10
times concentration (protein
amount is constant)

CP-10 Using PVA-coated nanoparticles
with 10 times concentration
(protein amount is constant)

BP-100 Using bare nanoparticles with 100
times concentration (protein
amount is constant)

CP-100 Using PVA-coated nanoparticles
with 100 times concentration
(protein amount is constant)

Fig. 3 (a and b) TEM images of transferrin corona coated SPIONs (batch 1)

the TEM image of a single protein-coated SPIONs showing lower density o

SPIONs (batch 2) for bare and PVA-coated samples, respectively. The white

nanoparticles before protein adsorption; (e and f) TEM images of protein-coat

of these particles.

1130 | Nanoscale, 2011, 3, 1127–1138
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microscope (TEM) equipped with an AMT 2� 2 CCD camera at

an accelerating voltage of 200 kV. Phase characterizations of the

SPIONs were accomplished using XRD (Siemens, D5000, Ger-

many) with Cu Ka radiation and the Scherrer method was

employed for defining the average crystallite size of SPIONs.

XRD samples were prepared by drying the nanoparticles in

a vacuum oven at 40 �C for 12 h after magnetic separation. The

magnetizations of the nanoparticles were measured in a vibrating

sample magnetometer (VSM) with a sensitivity of 10�6 J T�1

emu�1 and a magnetic field up to 800 kA m�1. The mean size of

nanoparticles was determined by dynamic light scattering (DLS;

Zetasizer model ZEN 1600, nano laser 633 nm). The removals of

SPIONs from the solution were done by using magnetic columns

(MACS; A Mini MACS� Separation Unit, Miltenyi Biotec Inc,

Germany).

The CD-spectra of the human transferrin with a concentration

of 0.5 mg ml�1 were obtained at room temperature using a Jasco

J-810 spectro-polarimeter (Tokyo, Japan). The far-UV spectra

were recorded using a step size of 2 nm and a bandwidth of 1.5
for bare and PVA-coated samples, respectively. Inset at the bottom left is

f the protein shell; (c and d) TEM images of transferrin corona coated

circles are drawn as a guide for the eyes as a representation of the size of

ed SPIONs (bare and PVA-coated of batch 1) showing the agglomeration

Fig. 4 SDS-PAGE for human transferrin and various separation solu-

tions.

This journal is ª The Royal Society of Chemistry 2011
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Table 3 Average size of the samples, with reduced protein to SPIONs surface ratio, were measured by DLS, 2 hours after interaction of SPIONs with
transferrin

Batches
Sample
name

Average
hydrodynamic size/nm

Sample
name

Average
hydrodynamic size/nm

Sample
name

Average
hydrodynamic size/nm

1B 1B 8.2 1B-10 8.2 1B-100 8.2
1BP 85.1 � 12.6a 1BP-10 53.1 � 10.3a 1BP-100 31.2 � 1.2a

N-1BP 25.3 � 4.2a N-1BP-10 42.3 � 7.1a N-1BP-100 27.5 � 3.6a

1C 1C 12.6 1C-10 12.6 1C-100 12.6
1CP 71.2 � 11a 1CP-10 58.2 � 10.1a 1CP-100 48.3 � 8.9a

N-1CP 16.3 � 3.1a N-1CP-
10

37.1 � 4.3a N-1CP-
100

41.3 � 6.5a

2B 2B 12.1 2B-10 12.1 2B-100 12.1
2BP 82.3 � 15.4a 2BP-10 57.5 � 13.1a 2BP-100 36.2 � 5.9a

N-2BP 18 � 2.2a N-2BP-10 39.4 � 4.7a N-2BP-100 31.6 � 3.9a

2C 2C 15.3 2C-10 15.3 2C-100 15.3
2CP 72 � 18.2a 2CP-10 63.6 � 11.1a 2CP-100 48.7 � 10.4a

N-2CP 21.7 � 3.2a N-2CP-
10

35.2 � 4.5a N-2CP-
100

39.4 � 8.3a

a Obtained from an average of five separate DLS measurements where the uncertainty represents standard deviation.
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nm. The spectra were recorded in a cell with a path length of 1

mm; the cell path length for far-UV spectra of 190–250 nm. The

spectra were corrected for buffer contributions. The fluorescence

spectra were recorded on a LS55 Fluorescence spectrometer

(PerkinElmer, Belgium).

The denaturing polyacrylamide gel electrophoresis (SDS-

PAGE) was performed following the procedure reported previ-

ously.37

3 Results and discussion

3.1 Bare and coated SPIONs

Fig. 2a–h show the characteristics for the SPIONs using

TEM, XRD, and VSM techniques. TEM results (Fig. 2a and

b (for batch 1), Fig. 2d and e (for batch 2)) confirm the formation

of magnetite nanoparticles with spherical-shape and a narrow

size distribution. Agglomeration is detectable in the bare nano-

particles (Fig. 2a and d) whereas for coated particles single

coated nanoparticles are achieved. According to the TEM

results, the size of nanoparticles is increased in the lower stirring

rate. The colloidal stability of PVA coated SPIONs is higher than

the stability of the bare particles because the former show steric

stabilization. From the VSM curves (Fig. 2c and f), it can be

concluded that both bare and coated nanoparticles have super-

paramagnetic properties with different magnetic saturations. The

small difference is caused by the adsorbed layer of polymers

which reduces the magnetic active mass of the particle to the total

mass of the coated SPIONs. What is interesting is the difference

of the magnetic saturation with increasing particle size. It has

been recognized that the magnetic saturation of SPIONs

increases when the size of the magnetite crystallite increases,

which is attributed to the increase of the ratio of the magnetic

active mass to the total volume of SPIONs.38,39 The coating can

not only cause a decline in exchange penetration as well as dipolar

interactions but also cause the existence of a lower amount of iron

(because magnetite is replaced by the non-magnetic polymer)

together with creating magneto-crystalline anisotropy.40 Fig. 2g

and h illustrate the XRD spectra for all samples, which

are matched well with magnetite (Fe3O4, reference JCPDS no.
This journal is ª The Royal Society of Chemistry 2011
82-1533), The full width at half maximum (FWHM) of the main

reflection of magnetite (i.e. (311)) was employed, according to the

Scherrer method, to determine the average crystallite size of the

achieved nanoparticles (Table 1). In addition, the descriptions of

sample abbreviations are presented in Table 2.
3.2 TEM investigation and SDS-PAGE gel electrophoresis

The SDS-PAGE is employed, following the protocol,37 in order

to track significant chain breaking in human transferrin due to

the interaction with the nanoparticles. The role of SDS is the

disruption of hydrophobic areas of the protein structure and

coating the proteins with negative charges, causing the formation

of linearized protein. The variation of protein conformations

cannot interfere with the chain breaking. To give qualitative

support for the broader conclusions, the TEM data for all

particles before and after interaction with human transferrin are

compared (Fig. 2a, b, d, e and 3). Since particle agglomeration

occurs, after protein adsorption on the surface of nanoparticles,14

the polydispersity of SPIONs in size and the protein conforma-

tion need to be interpreted carefully. For this purpose, the TEM

investigations of single SPIONs–transferrin complexes are used

to compute the thickness of the protein which is adsorbed to

the surface of SPIONs according to a simple core–shell model

(see Fig. 3 and Table 1). The selected images (Fig. 3) illustrate

clear evidence of a thin transferrin-derived layer around the

SPIONs following incubation with human transferrin protein.

These adsorbed layers completely coat the particles and also coat

the particles involved in larger aggregates (see Fig. 3e and f).

In order to define the polydispersity of the thickness of protein

coating on the surface of SPIONs, statistics are applied.41

According to Fig. 3 and Table 1, the shape and thickness of

adsorbed transferrin to the surface of SPIONs are significantly

related to their surface curvature and modifications (i.e. bare or

PVA-coated). The obtained results are in good agreement with

the thickness of the human serum albumin on ultra-small (10–20

nm in diameter) polymer-coated FePt and CdSe/ZnS nano-

particles.18 Using fluorescence correlation spectroscopy together

with the assumption of Stokes–Einstein diffusion, it was found
Nanoscale, 2011, 3, 1127–1138 | 1131

http://dx.doi.org/10.1039/c0nr00733a


Fig. 5 CD spectra of (a) pure human transferrin (iron saturated) and buffer medium; (b) various magnetic nanoparticles CD spectra of pure human

transferrin, SPIONs, suspension of transferrin and SPIONs nanoparticles, and pure treated transferrin after MACS magnetic separation for (c) 1B, (d)

1C, (e) 2B, and (f) 2C samples; comparison of CD spectra of (g) suspensions containing transferrin and SPIONs nanoparticles, and (h) suspensions after

MACS magnetic separation.

1132 | Nanoscale, 2011, 3, 1127–1138 This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 Comparison of fluorescence spectra of pure human transferrin solution (25 mg ml�1, blue curve) and of pure treated transferrin after MACS

magnetic separation (red curve).
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that the increase in the nanoparticle size after the binding of

albumin is consistent with the saturation binding of a monolayer

with a thickness of 3.3 nm.18

The protein-interacted SPIONs were fixed in MACS beads;

consequently, the flow-through solution obtained from the fixed

SPIONs, and the washing of the fixed SPIONs with 1M KCl

solution, are collected and analysed by SDS-PAGE. Human

transferrin shows a tight cluster of bands corresponding to the

transferrin molecular weight of 77 kDa (Fig. 4). According to

Fig. 4, there is no detectable protein breaking due to the inter-

action with the magnetic nanoparticles. Probing the bands in 1 M

KCl solutions reveals the attachment tendency of human trans-

ferrin to both bare and coated SPIONs in the two batches. After

washing with KCl solution, the fixed SPIONs are collected by

removing the column from the high magnetic field and then are

analysed with gel electrophoresis. A trace of protein attachment

to N-1BP sample is detected even after washing with KCl solu-

tion, whereas there is no detectable band in other nanoparticles,

confirming the strong interaction between human transferrin and

smaller bare SPIONs (diameter of 5 nm). The attachment of

human transferrin to the SPIONs is highly dependent on both

the size and the surface coating of the magnetic nanoparticles

which is confirmed by the DLS results (Table 3). The change of

the size of the SPIONs is not only related to the adsorption of the

transferrin but also can be explained by the agglomeration of the

protein coated SPIONs. More specifically, from the DLS data, it

is observed that the effective ‘‘size’’ of the nanoparticles increases
This journal is ª The Royal Society of Chemistry 2011
dramatically as they become coated with the protein and then

begin to aggregate due to the presence of this coating. The

nanoparticle clustering is directly apparent in TEM images of

SPIONs after exposure to the human transferrin (Fig. 3e and f).

Similar results have been obtained for gold nanoparticles after

absorbance of common human blood proteins such as albumin,

fibrinogen, g-globulin, histone, and insulin.42
3.3 CD spectra and UV/vis spectroscopy

3.3.1 Protein to nanoparticle surface ratio. All samples were

analysed by CD spectra in order to track the changes in protein

conformation due to the interaction with magnetic nano-

particles. The CD spectrum and UV/vis results of the pure

human transferrin (iron saturated) and the buffer medium (30

times diluted phosphate buffer saline) are shown in Fig. 5a. The

CD spectra of the human transferrin confirm the existence of its

closed compact conformation. Human serum transferrin is

composed of two similar, but non-identical globular lobes,

and each lobe (which houses an Fe(III)-binding site in a cleft

between its domains)43,44 is divided into two domains consisting

of b-sheets overlaid with a-helices.45–47 By releasing the iron from

the transferrin structure (apotransferrin), the compact confor-

mation is relaxed, more specifically the two domains of each lobe

are going to achieve an open jaw conformation.48 CD spectra of

the diluted PBS and all SPIONs (Fig. 5b) show curves near zero

base line confirming their negligible effect on the CD spectra.
Nanoscale, 2011, 3, 1127–1138 | 1133
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Fig. 7 (a) UV/vis spectroscopy showing the absorbance changes asso-

ciated with iron release for the SPIONs-treated transferrin due to their

conformation changes and (b) showing the peaks of (a) in the 400–600 nm

range.
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The CD spectra show that by introducing SPIONs to trans-

ferrin solution (Fig. 5c–h), the conformation of the iron satu-

rated protein is changed. The significant decline in peak intensity

at the wavelength of around 210 nm for the interacted proteins

confirms the opening of the compact transferrin conformation.

After removing the magnetic nanoparticles using the MACS

system, the original conformation of the proteins is not recov-

ered, showing the irreversible changes in transferrin conforma-

tion after interaction with the SPIONs (Fig. 5h).

These results are also confirmed by the fluorescence studies.

The fluorescence spectra of the protein alone and of the protein

after interactions with SPIONs were compared (Fig. 6). A shift

for the lmax of the emission (340 nm for the ZZ protein alone and

310 nm for the protein after interaction with the SPIONs) was

observed. This difference clearly indicates a conformational

change of the protein.

The UV/vis spectroscopy of the pure transferrin and SPIONs-

treated pure transferrin after removing SPIONs are illustrated in

Fig. 7a and b. The characteristic peak at the wavelength of 465

nm is due to the iron-bearing lobes of iron saturated transferrin.

Therefore, the release of iron from the two tyrosine ligands

causes a decline in the peak.49,50 According to the CD curves, the

exposure of iron saturated human transferrin to SPIONs results

in the release of iron, and more specifically, it changes the

compact conformation to the open conformation of the iron-free
1134 | Nanoscale, 2011, 3, 1127–1138
lobe. Furthermore, the decline in the characteristic peak of the

transferrin (at 465 nm) is dependent on the size and surface

properties of SPIONs. For instance, the most significant protein

conformational changes are obtained by its interaction with the

bare nanoparticles (i.e. 1B). The PVA-coated nanoparticles cause

less conformation changes in transferrin, probably due to its

lower surface energy in comparison to the bare magnetic nano-

particles; the same effects of the size of SPIONs are detected in

coated nanoparticles.

3.3.2 Reduction of the protein to nanoparticle surface ratio. By

increasing the SPIONs’ concentrations (by a factor of 10 and 100

times) for all samples, more change in the conformation of

transferrin can be observed (Fig. 8a–d). A significant decline in

peaks at 210 nm occurs by increasing the SPIONs’ concentration.

The conformation changes are irreversible, since the original

conformations of pure nanoparticle-treated proteins are not

recovered after removal of the SPIONs using the MACS system

(Fig. 8e–h). The reason may be attributed to the release of Fe(III)

ion from the transferrin structure which is consistent with the

UV/vis results. The DLS analyses (Table 3) are employed in

order to investigate the effect of the protein to nanoparticle

surface ratio on the interaction nature of transferrin and

magnetic nanoparticles. A significant reduction in the particle

size of the protein to nanoparticle surface ratio is observed not

only in protein–nanoparticle solution, but also in pure treated

protein after removal of SPIONs using MACS. It appears that

weaker binding exists for the higher ratio of protein to nano-

particles surface, compared to the lower ratios (for 10 and 100

fold particle increase), due to the ratio of the surface energy of

nanoparticles to the number of proteins. By decreasing the ratio

of the protein to nanoparticle surface, the numbers of proteins

per nanoparticles are significantly decreased; therefore, more

energy is transferred from the nanoparticles to each protein

molecule causing stronger binding, leading to more conforma-

tional changes between proteins and nanoparticles. Hence, the

observed significant decrease in the hydrodynamic size of the

higher ratio of protein to nanoparticle surface is due to the weak

binding that causes the release of interacted protein after MACS

separation. On the other hand, for the lower ratios, the stronger

binding between protein and nanoparticles does not allow

proteins to be released during the magnetic separation method. A

possible mechanism is illustrated in Fig. 9. In order to support

the hypothesis, SDS-PAGE gel electrophoresis was employed

(Fig. 10). The results suggest that by decreasing the protein to

SPIONs surface ratio, the remaining proteins on the surface of

SPIONs (after separation of magnetic nanoparticles with

MACS) are increased significantly, due to the enhancement of

the binding energy between protein and SPIONs. Interestingly,

the band widths of the proteins are decreased for the PVA-coated

nanoparticles. In addition, DLS results confirm the hypothesis

(Table 3). From the results, it is found for the first time that

beside the physiochemical properties of nanoparticles, their

concentration can have an important impact on the ‘‘protein

corona’’, i.e., changing the soft corona to a hard corona. By

increasing the concentration of the SPIONs, a harder corona is

created on the surface of nanoparticles (see bands in Fig. 10). The

reduction of the hydrodynamic size of protein coated nano-

particles, as seen in the DLS data, confirms that by increasing the
This journal is ª The Royal Society of Chemistry 2011
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Fig. 8 CD spectra of protein–nanoparticle solution with various SPIONs concentrations for (a) 1B, (b) 2B, (c) 1C and, (d) 2C samples; CD spectra of

pure treated protein after removal of SPIONs (with various concentrations) by MACS for (e) 1B, (f) 2B, (g) 1C and (h) 2C samples.

This journal is ª The Royal Society of Chemistry 2011 Nanoscale, 2011, 3, 1127–1138 | 1135
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Fig. 9 Schematic representation of the decreasing protein effect to

SPIONs surface ratio on the conformation changes in human transferrin.

Fig. 10 SDS-PAGE for human transferrin and remained proteins on the

surface of trapped bare- and coated-SPIONs (with various concentra-

tions).
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SPIONs concentration, not only are the attachment of proteins

stronger (increasing of conformational changes from compact to

open structure), but also the thickness of the protein corona is

decreased (due to the reduction of protein to SPIONs surface
Fig. 11 UV/vis results of pure treated protein after removal of SPIONs (with

samples.

1136 | Nanoscale, 2011, 3, 1127–1138
ratio). Furthermore, by removing the protein from the SPION

surface by using various washing solutions, it is seen that the

hydrodynamic size of SPIONs with high concentrations are

bigger than the lower ones, indicating a stronger attachment of

protein to SPIONs (Table 3 and Fig. 9). The agglomeration of

protein coated SPIONs has a reverse proportion to the concen-

tration of SPIONs (less agglomeration at higher concentration).

We hypothesize that the extensive conformational changes of

transferrin on the SPION surface with high concentrations could

reduce the affinity of surface proteins to bind each other, causing

less agglomeration.

UV/vis results (Fig. 11a–d) confirm the enhancement of the

iron release from the transferrin molecules due to its conforma-

tion changes by increasing the SPIONs concentration

(decreasing the protein to SPIONs surface ratio), which fully

agrees with our schematic hypothesis (Fig. 9). In addition, there

is no peak for the lowest applied ratio, for all samples, showing

the almost complete transition of iron saturated human trans-

ferrin from the closed conformation to the open jaw conforma-

tion. The iron release from the coated SPIONs is lower than the

bare SPIONs for the higher protein to SPIONs surface ratio;

however there are no differences for the lowest ratio.
4 Conclusion

Both bare and PVA coated SPIONs, with 2 different particle

sizes, were synthesized via optimized co-precipitation method

and characterized with TEM, XRD and VSM methods. The

SPIONs were incubated with iron saturated human transferrin

protein. After incubation, the mixture was run through a column

placed in a strong magnetic field and was washed with KCl

solution to elute the protein. The solutions containing the
various concentrations) by MACS for (a) 1B, (b) 2B, (c) 1C and (d) 2C

This journal is ª The Royal Society of Chemistry 2011
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proteins which interacted with the SPIONs were analyzed by

fluorescence and UV/vis spectroscopy, SDS-PAGE gel electro-

phoresis and circular dichroism. Our results show that the

conformation of the iron saturated transferrin is changed due to

the interaction with SPIONs. The conformation of the pure

protein is not recovered, indicating irreversible changes in

transferrin conformation after this interaction. The human

transferrin conformational change from a compact structure to

a more open jaw structure is due to the loss of iron. This is the

first published report on the irreversible conformational changes

of a specific protein due to the interaction with SPIONs.
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