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Maghemite nanoparticles stabilize the protein
corona formed with transferrin presenting
different iron-saturation levels¥

Ulrike Martens,®® Dominique Bottcher,” Delphine Talbot,“ Uwe Bornscheuer,”
Ali Abou-Hassan € and Mihaela Delcea {2 *°

Magnetic nanoparticles are ideal candidates for biomedical applications given their potential use in mag-
netic resonance imaging, magnetic hyperthermia and targeted drug delivery. Understanding protein—
nanoparticle interactions in the blood stream is of major importance due to their potential risks, especially
immunogenicity (i.e. the ability to induce an immune response). Here, we report on the interaction of
superparamagnetic maghemite (y-Fe,Oz) nanoparticles with human blood plasma protein transferrin pre-
senting different iron-saturation levels: partially iron-saturated (i.e. transferrin) and iron-free transferrin (i.e.
apotransferrin). The nanoparticle—protein interaction and the protein corona formation were studied
using biophysical and chemical approaches based on dynamic light scattering, gel electrophoresis, circu-
lar dichroism spectroscopy and differential scanning fluorimetry. We found that iron content governs the
protein corona formation and induces a strong effect on the thermal stability of the bound protein. Our
results demonstrate a stabilizing effect of the nanoparticles with a change of the unfolding position of
approximately 10 °C towards higher temperatures for transferrin. Our study may be relevant for the
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Introduction

Magnetic nanoparticles (NPs) are highly in focus in biomedical
research due to their unique properties which allow magnetic
separation and target-oriented positioning. These features
result in a large scale of applications which are summarized
with three generic terms: separation, diagnosis and therapy.
For example, magnetic NPs are well established as drug car-
riers and magnetic resonance imaging contrast agents as well
as for hyperthermia therapy.'™®

Several studies deal with the question of the processes that
evolve after the injection of nanoparticles (e.g. magnetic NPs)
into the blood stream.’”"” Upon entering the human body,
NPs may interact with plasma proteins forming a protein shell
called a “protein corona”. The NP-protein interaction may result
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further development of magnetic nanoparticles as diagnostic and therapeutic tools.

in an alteration of the protein conformation which could lead
to loss of protein function, aggregation, bio-incompatibility
and thus, potential immunogenicity (i.e. the ability to induce
an immune response).'®?® Therefore, to characterize and
understand the NP-protein interactions in blood, knowledge
needs to be gained about the identity and retention time of
the protein corona. In addition, proteins are in a continuous
dynamical cycle between adsorption on the surface of
the NPs and desorption due to competing exchange
processes.'”?*?* Understanding of such processes is a
requirement for the design of functional and safe nano-
materials e.g. for drug delivery as changes in the protein
structure and related reactions (e.g. immunogenicity of nano-
particles) can cause diseases.

Transferrin (M,, = 78 kDa) is a blood protein containing two
distinct homologous domains (C- and N-lobe) each presenting
an iron-binding site coupled by a short peptide linker. Its
main function is to deliver iron to all biological tissues.?® The
binding of iron includes bicarbonate binding acting as a syner-
gistic anion.>” As a result, a red complex is formed which can
be observed by the absorbance at 470 nm.””*° Iron-uptake
and release is a complex process which is also mediated by
domain-domain communication.’® In healthy humans, the
transferrin serum concentration is about 25-50 pM with a sat-
uration rate of approximately 30%, composed of approximately
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39% iron-free, 23% monoferric N-lobe, 11% monoferric C-lobe
and 27% diferric.*?

Furthermore, the combination of NPs and transferrin was
studied in terms of tumor targeting in cancer research.**** Li
et al** demonstrated a six-fold increase in cancerous cell-
uptake due to the modification of gold NPs with transferrin
compared to a four times increase in uptake in non-cancerous
cells. It is well known that cancer cells have a higher demand
for iron and thus, overexpress the transferrin receptor.’®~®
Protein corona formation through the interaction of superpara-
magnetic iron oxide NPs and serum proteins was studied e.g.
by Sakulkhu et al.™®> who found that transferrin is present in
the protein hard corona of positively, negatively and neutral
charged polyvinyl alcohol (PVA)- and dextran-coated NPs.
Besides these studies, little is known about the influence of
the NP corona formation on the protein itself. Here we direct
our focus to possible structural changes of the protein,
especially the thermal stability of the protein in the bioconju-
gates with NPs.

In this study, we investigated the interactions of superpara-
magnetic maghemite (y-Fe,O3;) NPs with human transferrin
presenting different iron-saturation levels: the partially iron-
saturated (i.e. transferrin) and the iron-free transferrin (i.e.
apotransferrin). Superparamagnetic iron oxide nanoparticles
(SPIONS) obtained by the co-precipitation method were charac-
terized by transmission electron microscopy (TEM) and
dynamic light scattering (DLS). Furthermore, the NP-protein
interaction and the protein corona formation upon magnetic
separation by an external magnetic field were analysed by
various biophysical methods including DLS, gel electro-
phoresis, circular dichroism spectroscopy (CD) and differen-
tial scanning fluorimetry (DSF). Here, also the influence of
applied static magnetic fields (SMF) on the protein corona
formation was evaluated. In addition, the effect of NPs on
the structure and thermal stability of the protein in relation
to the applied temperature was studied. Research reported in
this work gives new insight into the influence of iron-
loading of transferrin on the interaction with NPs. It is
shown that the iron content not only plays a decisive role in
protein corona formation, furthermore bioconjugation also
has a strong effect on the thermal stability of the bound
protein which should be considered when using magnetic
NPs for e.g. drug delivery applications, especially in combi-
nation with hyperthermia.

Experimental

Two different types of transferrin, which differ in iron-loading
level, were used in this study. Partially iron-saturated as well as
iron-free transferrin (apotransferrin) were compared in the
experiments. Partially iron-saturated human transferrin (purity
>98%) was purchased from Sigma (Merck, Darmstadt,
Germany). Human apotransferrin was ordered from neoLab
(neoFroxx, Einhausen, Germany).
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The different iron-loading levels of the proteins used for
the interaction studies were verified by urea gel analysis which
is a common method to determine the iron distribution in
transferrin.>®*>?° Denaturing urea gel (6% TBE-Urea gel,
Invitrogen by Thermo Fisher) was used to monitor the iron-
binding status of the purchased proteins. Proteins were loaded
in different concentrations into the gel. The gel was electro-
phoresed for 135 min at 125 V.

Protein concentrations were determined based on the Beer-
Lambert equation using a spectrophotometer (NanoDrop
2000, Thermo Fischer Scientific, Darmstadt, Germany) to
monitor the absorbance at 280 nm.

Citrate-stabilized maghemite nanoparticles

Synthesis. Superparamagnetic y-Fe,O; nanocrystals were pre-
pared by alkaline coprecipitation of FeCl; (27%, VWR) and
FeCl,-4H,0 (VWR) salts by an alkaline solution of tetramethyl
ammonium hydroxide (CH;3),NOH (97%, Sigma Aldrich)
according to the Massart process described by our group.*
Polydisperse y-Fe,O; nanoparticles were synthesized by oxidiz-
ing magnetite (1.3 mol) in nitric acid (2 N, 1 L) containing iron
nitrate (1.3 mol) by boiling. After decantation/sieving, the
maghemite particles were heated at 80 °C for 30 min in water,
and then supplemented with sodium citrate (70 g) before pre-
cipitation in acetone at 25 °C. Colloidal stability was ensured
by electrostatic repulsions between the particles due to the
adsorption of citrate anions to the ferric oxide. A phase separ-
ation process to the electrostatically stabilized ionic ferrofluid
was performed in order to reduce the size dispersion of the
sample and to sort the initially synthesized ferrofluid accord-
ing to the particle size.*!

Characterization. The morphology and size of the particles
were observed by transmission electron microscopy (TEM)
using a JEOL 100CX2 TEM. The iron concentration of the ferro-
fluid herein 1.17 mol L™' was determined by flame spec-
trometry. The magnetization curves of the nanoparticle sus-
pension were determined by using a homemade vibrating
magnetometer. The magnetization curve M(H) of a suspension
of monodisperse iron oxide nanoparticles can be described by
a Langevin formalism: M = mgp(cothé — 1/£), where & =
HomsVH/KT is the Langevin parameter with the vacuum mag-
netic permeability y, the saturation magnetization of the mag-
netic material mg, the magnetic field H, the Boltzmann con-
stant k, the temperature 7, the particle magnetic volume V, and
the volume fraction of particles in the suspension ¢. For a
polydisperse sample, M(H) was well adjusted by weighting the
Langevin expression by a log-normal distribution of the par-

ticle diameter d.
d
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The fit of the theoretical expression to the experimental mag-
netization curve allowed us to determine the characteristic
magnetic diameter dy mag and the polydispersity index opag.
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Protein corona formation

The synthesized y-Fe,O; nanoparticles were diluted 1:100 in
phosphate buffered saline (PBS, pH 7.4) and a volume of
100 uL was added to 500 pL of 2 mg mL™" protein stock solu-
tion of transferrin (Tf) or apotransferrin (ApoTf) and filled
with PBS to a total volume of 1 mL. Samples were incubated
overnight at 4 °C without shaking. Of note, the used high
protein concentration, as well as the long incubation time were
carefully selected to reach a high saturation level of the nano-
particles, which does not mimic physiological conditions. The
incubation temperature was chosen to protect the protein from
unfolding, based on the storage temperature emphasized in
the data sheet of the distributing company. DLS measure-
ments via multi-angle detection (Zetasizer Ultra, Malvern
Panalytical, Kassel, Germany) revealed a content of ~1.5 x 10"
maghemite NPs of the samples with an iron content of
1.17 mM. The bare NPs and their conjugates with proteins
before and after purification via magnetic separation were
characterized by dynamic light scattering (DLS). In addition,
the bioconjugates consisting of nanoparticles with attached
proteins were analysed after magnetic purification using gel
electrophoresis (SDS PAGE), western blot, bicinchoninic acid
assay (BCA), circular dichroism spectroscopy (CD) and differ-
ential scanning fluorimetry (nanoDSF).

Dynamic light scattering measurements

The hydrodynamic diameter (calculated from the intensity
weighted distribution) and the zeta potential of the samples
were determined using a Zetasizer Nano-ZS (Malvern
Instruments, Kassel, Germany). Samples were loaded into
10 mm pathlength cuvettes (BRAND, Wertheim, Germany) and
left to equilibrate at 25 °C for 2 min before starting measure-
ments. The instrument was used in automatic mode with
three measurements for each sample and depending on
quality criteria of the Zetasizer Nano, the number of runs was
adapted. The data were collected with the detector positioned
at an 173° angle to the sample cell. The recorded data were
analyzed using the Zetasizer software ZS. Zeta potential
measurements were carried out at an applied voltage of max.
10 V. Each measurement consisted of 20 runs with a run dur-
ation of 10 s. The presented data are averaged over six indepen-
dent samples. Comparison between different sample groups
was done by one-way-ANOVA in combination with the Tukey
test.

SDS-PAGE and western blot analysis

Protein binding to maghemite NPs was verified by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
For SDS-PAGE experiments, samples with a total volume of
1 mL were incubated in magnetic racks to isolate the protein
loaded NPs. After pelleting and discarding the supernatant,
the tube was refilled with PBS. The washing step was repeated
three times and the final pellet was resuspended in a 20 pL
mixture of PBS, reducing agent (NuPAGE, Invitrogen) and
sample buffer (Tris-Glycin SDS, Novex). After 5 min heat-treat-
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ment at 95 °C, a sample volume of 14 pL was loaded into
8-16% gradient Tris-Glycin gel (Novex, Wedge Well, Invitrogen
by Thermo Fisher Scientific, Darmstadt, Germany). The
protein bands were visualized by SimplyBlue Coomassie stain
(Thermo Fisher Scientific). All samples were run in triplicate.
For western blot preparation, the bands were blotted to a
nitrocellulose membrane (Amersham Protran 0.2 pm NC, GE
Healthcare) for 40 min at 20 V. Blocking was done at room
temperature with a 5% milk powder solution in Tris-buffered
saline (TBS) with 0.05% Tween20 (TBST) for 1 h. Afterwards,
the membrane was washed three times with TBST and incu-
bated with the monoclonal anti-Tf antibody HTF-14
(ABIN94486, antibodies-online, Aachen, Germany) at 4 °C over-
night in 3% bovine serum albumin and 10% NaN; TBST. Next,
three washing steps were applied followed by the incubation
with the secondary goat anti-mouse antibody coupled with
HRP in blocking buffer for 1 h at room temperature. After
washing three times, the membrane was stained using a chemi-
luminescent substrate (SuperSignalR West Pico, Thermo
Fischer Scientific) to visualize the specific antibody binding.

Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy was applied to monitor
changes in the secondary structure of the protein which may
occur after the interaction with the magnetic NPs. CD spectra
were recorded using a Chirascan CD spectrometer (Applied
Photophysics, Leatherhead, UK) together with a temperature
controller (Quantum Northwest, Liberty Lake, USA).
Measurements in the far-UV (198-270 nm) were carried out
using 5 mm path length cuvettes (Hellma Analytics, Miillheim,
Germany). CD spectra were recorded with a bandwidth
of 1.0 nm, a scanning time of 1.5 s per point and five repeti-
tions. For measurements in the absence of NPs, the protein
concentration was adapted to 50 pg mL™'. All samples were
diluted in PBS. In addition, all spectra were blank corrected.
After incubation overnight at 4 °C, magnetic NPs with a protein
corona were isolated from non-bound proteins using magnetic
columns (MS MACS, Miltenyi Biotec, Teterow, Germany) and
resuspended in 1 mL PBS. For CD measurements, samples
were diluted 1:2 (sample : PBS). The CD spectra as a function
of temperature were tracked at the maximum wavelengths of
210 nm and 218 nm. Samples were heated at a rate of 0.3 °C
min~", while the temperature in the sample cuvette was con-
tinuously probed. The data were traced in 0.5 °C steps in three
repeats while the applied temperature was set from 40 °C to
94 °C. In addition, the CD spectra were recorded before and
after each heating cycle at 25 °C. All measurements were
repeated at least three times. The protein concentration of the
protein-loaded NPs as well as the flow through the fraction
were determined using the bicinchoninic acid assay (BCA kit,
Sigma Aldrich).

Differential scanning fluorimetry

For differential scanning fluorimetry (DSF) measurements,
magnetic NPs with a protein corona were isolated from non-
binding proteins using magnetic columns (MACS, Miltenyi
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Biotec). DSF studies were carried out using a Prometheus
NT.48 equipment (NanoTemper technologies GmbH,
Miinchen, Germany) in combination with high sensitivity
capillaries which allow the detection of fluorescence based on
tryptophan and tyrosine at protein concentrations ranging
from 5 pg mL™". The instrument was set to record the fluo-
rescence signal at 330 nm and 350 nm within the temperature
range from 20 to 95 °C with a ramp of 1 °C min~'. The
thermal unfolding process of a protein can be described by a
sigmoidal function. Protein unfolding causes changes in the
emission intensity as well as in the wavelength maximum. To
track changes and thus, the unfolding positions, the first
derivative dy/dx of the fluorescence ratio (350 nm/330 nm)
data is evaluated. Data analysis was performed using NT
Melting Control software (NanoTemper Technologies GmbH).
In detail, the melting temperature T, was determined by ana-
lysing the first derivative of the tryptophan fluorescence emis-
sion ratio of 350 nm/330 nm. The maximum peak of the first
derivative curve indicates the unfolding position of the
protein. For plotting the data of the first derivative of the fluo-
rescence ratio, the high density of data points needs to be
reduced by removing equidistant x-data to apply the analysis
of the first derivative.

Results and discussion

Maghemite nanoparticles and bioconjugation with
apotransferrin and transferrin

The synthesized y-Fe,O;-NPs dispersed in water have a rock-
like shape with an average physical diameter of ~10.2 +
0.11 nm as deduced from TEM imaging (Fig. S1A and BfY).
Magnetization curve analysis (Fig. S1C and Df) provided a
magnetic diameter dymae = 9 Nm and a polydispersity index
Omag = 0.23. The zeta potential of the citrate-stabilized NPs in
ddH,O (1:1000) was ~—85 mV + 9 mV which indicates the
high electrostatic stability of the colloidal suspension.

The iron-binding status of the two different forms of trans-
ferrin used for the bioconjugate formation was verified by urea
gel analysis. The Coomassie-stained gel (Fig. S2At) displays
one band for the iron-free apotransferrin (ApoTf), while for
the partly iron-saturated transferrin (Tf) three bands appear.
One band is attributed to the iron-free form, while the
additional bands display more stable forms of transferrin due
to the iron-binding which results in a more compact structure.
The SDS gel analysis (Fig. S2Bt) of the proteins in different
concentrations confirmed the purity of transferrin in both the
iron-free and the partly iron-saturated forms with one strong
band with a molecular weight of around 80 kDa.

The experiments were carried out as schematically shown
in Fig. 1 which indicates the protein corona formation, the
incubation parameters and the used purification methods.

The hydrodynamic diameter and the zeta potential of the
formed bioconjugates under physiological conditions (PBS, pH
7.4) after overnight incubation at 4 °C without further purifi-
cation were determined.
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Fig. 1 Schematic display of the experimental procedure including the
formation of the bioconjugates consisting of maghemite nanoparticles
with an attached protein corona, incubation parameters as well as the
used purification methods. SMF stands for static magnetic field.

Fig. 2 displays the data for the hydrodynamic size (A) and
the zeta potential (B) of the citrate-stabilized maghemite NPs
and their bioconjugates with Tf or ApoTf in PBS (pH 7.4). The
y-Fe,0;-NPs reveal a hydrodynamic diameter of approximately
48 nm with no aggregation as supported by the autocorrelation
function (data not shown). The difference between the nano-
particle’s size obtained from TEM and DLS measurements is
due to the fact that the hydrodynamic size (calculated from the
intensity weighted distribution) measured by DLS represents
the size of the nanoparticle plus the liquid layer around the
particle while the size measured by TEM gives the physical size
of the nanoparticle. Protein corona formation was confirmed
as the size increases upon bioconjugation with partially satu-
rated transferrin (to 61 nm) or with iron-free apotransferrin (to
99 nm). Furthermore, statistical analysis verified that the
hydrodynamic diameter for NPs-Tf (p = 0.002) and for NPs-
ApoTf (p < 107" in comparison with NPs significantly

A 120 B 40-
— -35 -
100
-30 4
80 R
-25

60 -20

40

Hydrodynamic diameter (nm
Zeta potential (mV)

NPs NPs-Tf NPs-ApoTf NPs NPs-Tf NPs-ApoTf

Fig. 2 Hydrodynamic diameter (A) and zeta potential (B) of citrated
maghemite nanoparticles in PBS, as well as the corresponding data for
their bioconjugates with transferrin (NPs-Tf) and apo-transferrin (NPs-
ApoTf) measured after overnight incubation at 4 °C without further
purification. Statistical analysis reveals that the data of the single groups
in graph A and B significantly differ which is indicated by asterisks
according to p-values of <0.001 (***).
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increased. The data for NPs-Tf and NPs-ApoTf (p < 10™*%) also
display a significant variation.

The electrophoretic mobility measurements (Fig. 2B)
showed negatively charged citrate-stabilized magnetic particles
and negatively charged bioconjugates of Tf or ApoTf. The zeta
potential of the maghemite NPs in PBS decreased from
—33 mV to —23 mV and —16 mV upon adsorption with Tf and
ApoOTf, respectively. Statistical tests showed that the zeta poten-
tial of the single groups (NPs to NPs-ApoTf, p < 10™'*; NPs to
NPs-Tf, p = 2.3 x 10> and NPs-Tf to NPs-ApoTf, p = 3.6 x 10™%)
significantly differs. The change in the hydrodynamic dia-
meter correlates directly with the zeta potential. The theo-
retical isoelectric point of transferrin is given as 6.8. Therefore,
the charge of transferrin at pH 7.4 in PBS can be assumed as
slightly negative or even neutral. As a result, the zeta potential
of the bioconjugate decreases with increasing amount of
attached protein. Furthermore, we can state that the nano-
particles are stabilized through steric instead of electrostatic
interactions with the attached proteins.

The effect of magnetic field on protein corona formation

Previous studies**** demonstrated that an applied static mag-
netic field (SMF) can affect the proteins and the protein
corona. In particular, it was shown that SMFs influence the
composition and the amount of proteins attached to the nano-
particles. For this reason, we evaluated the influence of an
applied magnetic field during the incubation in our self-made
magnetic racks as well as the separation method with mag-
netic columns to prove possible effects of different separation
methods on the protein corona.

The size of the maghemite NPs and their bioconjugates
(incubated overnight at 4 °C) before and after magnetic separ-
ation with MACS columns is displayed in the ESI (Fig. S3AfY).
No significant difference in size was found between samples
before and after purification with magnetic columns. The size
was also monitored after incubation with an applied static
magnetic field (SMF) to evaluate the influence on the protein
corona. Because no variations in the hydrodynamic diameter
of the samples with and without an applied static magnetic
field were measured, it can be concluded that the SMF did not
affect the protein corona. This was also supported by zeta
potential measurements (Fig. S3BT) which indicate as well no
significant differences between samples with and without puri-
fication with magnetic columns (around —33 mV for the NPs
in PBS, —23 mV for the conjugates with Tf and around —17 mV
for ApoTf).

In addition to size measurements which confirmed the
protein corona formation, SDS-PAGE analyses (Fig. S4AT) and
BCA assays were carried out to validate protein corona for-
mation. Gel electrophoresis exhibits a typical band at ~80 kDa
for transferrin in the bioconjugation samples. Furthermore,
several additional bands with a lower molecular weight
appeared which was already observed by Pitek et al.*> Western
blot analysis (Fig. S4Bf) confirmed for all bioconjugate
samples only one band corresponding to a molecular weight
of 80 kDa. The protein concentration of the isolated NPs-

This journal is © The Royal Society of Chemistry 2019
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protein corona complexes as analysed using a BCA kit revealed
an ApoTf concentration of ~120 ug mL™" and a Tf concen-
tration of ~100 pg mL™'. These data show good agreement
with the size measurements. The conjugates with ApoTf show
a larger increase in size as well as a higher determined protein
concentration than the conjugates with partially iron-saturated
Tf and thus, a higher affinity of the iron-free protein to the
maghemite NPs.

Protein corona thermal stability analysis

The thermal stability of the protein and NP-protein complexes
was monitored by CD spectroscopy and differential scanning
fluorimetry. Fig. 3 depicts the normalized CD spectra in the
range of 198 nm to 270 nm of ApoTf and Tf as well as their
bioconjugates formed after overnight incubation with NPs at
4 °C and purification with magnetic columns. The CD data
detected at 25 °C show no signal differences, which indicates
that the iron loading does not significantly alter the secondary
structure of transferrin. In general, the composition of Tf
slightly differs with iron-saturation. Iron-free Tf (ApoTf) is
known to consist of 17% o-helix and 68% -sheet, while fully
saturated Tf displays a content of 23% o-helix and 62%
B-sheet.*>*” The CD data in Fig. 3 display the spectra for iron-
free and partly saturated transferrin.

The saturation-level can be suggested to be insufficient to
display differences to the iron-free form. Furthermore, the
attachment of the protein to the NPs and their interactions did
not lead to changes in the detectable structure. In comparison,
a CD study of the run-through fraction of magnetic column
separation by Mahmoudi et al*® showed that irreversible
changes of the iron-saturated transferrin conformation
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Fig. 3 Normalized CD spectra of apotransferrin (blue solid line) and
transferrin (red solid line) and the bioconjugates of ApoTf (dashed blue
line) and Tf (dashed red line). The grey lines indicate the positions of the
maxima in the spectra at 210 nm and 218 nm which were used to
monitor the thermal stability. As a control the CD spectrum of NPs in
PBS is shown in black.
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appeared after the interaction with SPIONs. They interpreted
the structural change as a result of iron loss. Here, we analyzed
the isolated fraction of NPs with a protein corona where the
initial proteins present different iron-loading levels. The data
display two maximum positions, at 210 nm and 218 nm. At
these wavelengths, the CD signal was measured in dependence
to a heating cycle up to an applied temperature of 94 °C. Here
it has to be mentioned that the probed sample temperature
reached a maximum of around 86 °C. The corresponding data
are shown in Fig. 4.

The normalized signal change for ApoTf and the bioconju-
gates is displayed in Fig. 4A. The data for 210 nm are illus-
trated by a solid line, while 218 nm data are depicted by a
dotted line. All samples display a change in signal and a gradu-
ally changing protein structure starting at 60 °C. ApoTf under-
took more drastic changes in the CD signal in relation to the
applied temperature than the ApoTf attached to maghemite
NPs.

The corresponding recorded data are shown in Fig. 4B.
Here, also differences concerning the CD signal change are
observable. The conjugated Tf displays more rapid changes
than the protein alone. It has to be noted, that the structural
changes appeared steadily without defined turning points.
Those changes in the CD signal can be interpreted in different
ways e.g. concentration differences (protein and NP) and the
influence of the NP itself. However, CD results do not enable
one to make statements concerning the stability of the protein
or the conjugated protein. Moreover, the data do not show a
plateau displaying the denaturized state of the protein and
therefore the determination of the melting temperature Ty, of
the protein via a sigmoidal fit is not possible.

Because transferrin contains 26 tyrosine residues and 8
tryptophan residues, it allows the detection of its internal fluo-
rescence. We used nanoDSF to determine the thermal unfold-

A ApoTf
0471——210nm
0.3 218 nm
NPs-ApoTf
024——210nm "
o 218 nm

0.0+

-0.1 T T T T T 1

0.7 9f7f

0.6l ——210 nm
0.5|....co.... 218 nm
0.4 1INPs-Tf
0.34——210 nm

0.2 218 Nm
0.1+

00  suRte
-0.1 . . . . : . ; . . . .

w
A Circular Dichroism (mdeg) normalized

Temperature (°C)

Fig. 4 Changes in the CD signal over a temperature range from 40 to
86 °C for (A) ApoTf and the bioconjugates made of ApoTf and maghe-
mite nanoparticles. (B) Tf and the bioconjugates which consist of Tf and
maghemite nanoparticles. The data for the wavelength of 210 nm and
218 nm-wavelength are illustrated by solid lines and dotted lines,
respectively.
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ing characteristic of the protein by measuring the fluorescence
at 350 nm and 330 nm. The first derivative of the integrated
fluorescence ratio reveals the inflection points depicted in
Fig. 5. The determined inflection points for all samples are
listed in Table 1.

The data for the proteins alone with a concentration of
100 pg mL™" are illustrated by solid lines. All samples reveal
two unfolding positions attributed to the two domains. ApoTf
unfolding took place at ~60 °C and ~70 °C. For Tf, the second
inflection point is slightly shifted towards higher temperatures
(72 ©C). This slight change in the position is attributed to the
more compact form of the partly iron-saturated Tf resulting in
increased stability. The NP-protein conjugates exhibit changed
characteristics. First, the fluorescence signal is subdued even
though a similar protein concentration is present for the con-
jugates as shown by the BCA assay. In addition, the second
inflection point illustrates a significant shift towards higher
temperatures. Both, Tf and ApoTf conjugated with maghemite
NPs display the second inflection point at the position of
~83 °C which is a clear indicator of the stabilizing effect of the
NPs, while bare NPs (black solid line) showed only a noise
signal.

—— ApoTf 100 *

- - -+ NPs-ApoTf o

— — -NPs-ApoTf SMF
——Tf100 x

-+ NPs-Tf o

- — -NPs-Tf SMF

Fluorescence 350 nm/330 nm

First derivative

20 30 40 50 60 70 80 90
Temperature (°C)

Fig. 5 NanoDSF data: (A) Ratio of integrated fluorescence 350 nm/
330 nm of Tf and ApoTf together with their nanoparticle conjugates. As
a guide to the eye, fluorescence ratio data for the pure proteins are
additionally marked by crosses and the fluorescence ratio for the bio-
conjugates without a SMF during incubation is indicated by circles,
respectively. (B) First derivative of (A).

Table 1 Inflection points derived from fluorescence data for Tf, ApoTf
and their conjugates built with maghemite nanoparticles

Sample ID Inflection point #1 (°C) Inflection point #2 (°C)
NPs — —

ApoTf 61.3+0 69.8+0

NPs-ApoTf 59.8+0.4 83.1+0.4

NPs-ApoTf SMF 60.3 + 0.3 83.2+0.3

Tf 60.6 + 0.3 72.2+0.1

NPs-Tf 61.3 + 0.5 82.6 +0.3

NPs-Tf SMF 61.1+0.6 82.4+0.2

This journal is © The Royal Society of Chemistry 2019
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The highly sensitive nanoDSF reveals the unfolding posi-
tions at approximately 60 °C and the resolution of a second
inflection point. While the CD results do not provide interpret-
able data concerning the effect of the NPs on the protein stabi-
lity, nanoDSF displays a stabilizing effect for both proteins due
to the shift of the second inflection position to higher
temperatures.

NanoDSF reveals a high sensitivity to track unfolding posi-
tions of the protein and the protein—nanoparticle-conjugates.

However, the data for the pure protein are in good agree-
ment with the literature. Lin et al.** demonstrated by differen-
tial scanning calorimetry (DSC) the changing transition posi-
tions in dependence to the iron-loading of the protein and
thus, the increasing thermal stability with increasing iron-sat-
uration. This was also verified by Hadden et al.*® in other DSC
studies which showed two transition states (at 61 °C and
73 °C) for ApoTf and one transition point at 93 °C for the fully
saturated Tf.

The reasons for the stabilizing effect of the nanoparticles in
our experiments cannot be fully explained by our data. We can
hypothesise an increase in the iron-saturation level of the
protein due to bioconjugate formation. Iron-uptake would
then lead to changes in the secondary structure of the protein
which was not observed in our CD spectra (Fig. 3). Most prob-
ably, those changes are insignificant.

In addition, transferrin needs a synergistic anion, usually
bicarbonate, for iron-binding which is not present in the used
buffer.

Another possible explanation involves the adsorption of
amino acids onto the maghemite nanoparticle surface without
affecting the protein structure. The adsorption characteristics
for aspartic acid and lysine onto iron oxide nanoparticles are
for example demonstrated by Pusnik et al.>' Consequently, a
higher energy and thus a higher temperature are required to
break the bonds which may explain the shift of +10 °C in the
unfolding temperature deduced from DSF experiments.

Conclusions

In this study we have investigated the interaction of superpara-
magnetic maghemite (y-Fe,O3) NPs with two different forms of
iron-binding proteins (transferrin and apotransferrin). We
used the unique advantage of magnetic nanoparticles which is
they can be purified by magnetic separation. The purification
method enabled to isolate the formed bioconjugates from free
unbound proteins in the solution. The thermal stability of pro-
teins attached to NPs in comparison with pure proteins was
compared and studied for the first time over a broad tempera-
ture range. We found that iron content governs the protein
corona formation. Iron-free transferrin forms a larger protein
corona than the partially iron-saturated transferrin. In
addition, we have demonstrated that the protein secondary
structure is not significantly altered by the iron-saturation of
the protein as shown by CD spectroscopy data. NanoDSF
results verified a stabilizing effect of NPs for both proteins.

This journal is © The Royal Society of Chemistry 2019
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Our study may be relevant for nanomedicine and biomedical
field communities where surface engineered magnetic nano-
particles including a transferrin protein corona are used for
targeting and drug delivery coupled or not to thermal thera-
pies where temperatures up to 50 °C are generated in human
tissues. Here, we present the stabilisation from thermal
unfolding. However, the stabilizing effect is not assumed to be
solely restricted to magnetic nanoparticles. Our investigations
present the first study in this research direction. Future experi-
ments should also address the stabilizing effect of e.g. gold
and silver nanoparticles. It should also be considered that the
stabilizing effect is not limited to thermal processes and can
also be present for other stress parameters. Furthermore, the
ability to stabilize proteins while conserving their structure is
of main interest in studying protein misfolding diseases, e.g.
Alzheimer’s, Wilson and Fabry disease. Future experiments
should also address the stabilizing effect of other types of
nanoparticles and other proteins. In addition, it should be
verified whether the function of the protein is preserved.
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