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Introduction

Albumin-coated SPIONs: an experimental and
theoretical evaluation of protein conformation,
binding affinity and competition with serum
proteins+

Siming Yu,? Alex Peralvarez-Marin,® Caterina Minelli, Jordi Faraudo,® Anna Roig*?
and Anna Laromaine*®

The variety of nanoparticles (NPs) used in biological applications is increasing and the study of their inter-
action with biological media is becoming more important. Proteins are commonly the first biomolecules
that NPs encounter when they interact with biological systems either in vitro or in vivo. Among NPs,
super-paramagnetic iron oxide nanoparticles (SPIONs) show great promise for medicine. In this work, we
study in detail the formation, composition, and structure of a monolayer of bovine serum albumin (BSA)
on SPIONs. We determine, both by molecular simulations and experimentally, that ten molecules of BSA
form a monolayer around the outside of the SPIONs and their binding strength to the SPIONs is about
35 x 107" M, ten times higher than the adsorption of fetal bovine serum (FBS) on the same SPIONs. We
elucidate a strong electrostatic interaction between BSA and the SPIONs, although the secondary structure of
the protein is not affected. We present data that supports the strong binding of the BSA monolayer on SPIONs
and the properties of the BSA layer as a protein-resistant coating. We believe that a complete understanding
of the behavior and morphology of BSA-SPIONs and how the protein interacts with SPIONSs is crucial for
improving NP surface design and expanding the potential applications of SPIONs in nanomedicine.

activity of the proteins, and modifies the designed properties
of the NPs,”” which can subsequently affect in vitro or in vivo

The use of nanoparticles (NPs) for medicine is becoming a key
technology. The development of NPs for a broad range of
activities and with multifunctional properties is blooming.
The successful commercialization of these NPs is limited due
to a lack of control and prediction of the final NP properties,
which decide the way NPs interact with the environment and
their ultimate fate."”

Proteins are commonly the first biomolecules that NPs
encounter when they interact with biological systems either
in vitro or in vivo. The adsorption of proteins on the surface of
NPs leads to changes in the conformation and biological
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biological responses.®® The ability to develop NPs with
protein-resistant coatings can impact the development of
efficient drug-delivery systems with specific targeting strat-
egies. Different strategies have been developed; for
instance, using polyethylene glycol (PEG),'® which prevents
protein adsorption, confers stability to the NPs, decreases the
uptake of NPs by culture cells in vitro'"'® and by entire
organisms in vivo,"”> and increases their retention time in
blood flow. However, some studies found that PEG can be oxi-
dized by enzymes and some proteins still adsorb on to
it.10’14’15

Natural products as bovine serum albumin (BSA) are also
exploited to form a protective layer on the NPs to improve
biocompatibility and transport of the NPs;'® for instance,
novel commercial drugs, such as Abraxane, incorporate
albumin in the drug formulation to efficiently accumulate the
drug in the tumor due to an enhanced permeability and reten-
tion and to reduce the risk of hypersensitivity reactions. Drug
release in albumin carriers can be triggered naturally by pro-
tease digestion or pH-responsive systems; the payload can be
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tuned by the amount of albumin on the NPs, and the unfold-
ing of the protein on the NP can facilitate their clearance by
phagocytes.'” Additionally, BSA maintains the colloidal stabi-
lity of the NPs and it is a standard additive in the serum used
in cell-culture experiments. Because of these properties, BSA
seems a good coating candidate to obtain biocompatible and
protein-resistant NPs.

The US Food and Drug Administration approved the use of
super-paramagnetic iron oxide nanoparticles (SPIONs) in the
1990s as nuclear magnetic resonance imaging contrast agents,
and they hold great promise for applications in magnetic
separation, cell targeting, imaging, and in drug-delivery
systems.'®2°

The potential of SPIONs for biomedical applications, and
the benefits of albumin coatings, lead us to investigate how
BSA interacts with SPIONs (BSA-SPIONs; Scheme 1) and how it
can improve SPIONs’ performance. Different strategies have
been published using covalent or non-covalent immobilization
of BSA on SPIONS. Strategies to covalently anchor BSA require
the modification of the initial SPIONs with tedious reactions
with organic solvents (toxic for biological applications), the
exchange of solvents and they restrict and fix the conformation
of the anchored protein.'®*' Non-covalent strategies require
hydrophilic iron oxide surfaces, the common method of syn-
thesis cannot offer it; and it adds an extra step.'®'” In our
case, we synthesized SPIONs using microwave-assisted thermal
decomposition and capped them with citrate, rendering hydro-
philic SPIONSs in a single step. Both strategies, covalent and
non-covalent, afford more biocompatible and colloidally stable
SPIONs systems and confirm the formation of a hard corona
on the SPIONs surfaces. We chose non-covalent interaction for
its practicality and efficiency. Here we study bovine albumin
coated SPIONs (BSA-SPIONS) in detail by using a broad range
of techniques; we also evaluate the binding strength of BSA on
SPIONs and the potential of BSA coating to resist serum-
protein adsorption by using isothermal titration calorimetry
and gel electrophoresis. A complete understanding of the
behavior and morphology of BSA-SPIONs and how the protein
interacts with SPIONs are crucial for improving NPs surface
design and expanding the potential applications of SPIONs in
nanomedicine.
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Scheme 1 (a) Crystal structure of BSA where the position of the
tyrosine (gray spheres) and tryptophan (labeled) residues are highlighted.
(b) Scheme of the dimensions of the BSA as an equilateral triangular
prism. (C) Schematic of the BSA-SPION complex.
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Methods

Chemicals and materials

Iron(m) acetylacetonate (Fe(acac)s;, >97.0%), trisodium citrate
dihydrate (citrate), and bovine serum albumin (BSA, >98%,
Sigma, A7906-50G), phosphate-buffered saline (PBS, P5493-1L)
10x was diluted before use were purchased from Sigma-Aldrich
and used as received. Fetal bovine Serum (FBS, 10270106) was
bought from Life Technologies.

Protocol for the preparation of bovine serum albumin coated
SPIONs (BSA-SPIONSs) are described previously in detail.** In
brief, SPIONs were synthesized by microwave-assisted thermal
decomposition of the iron precursor and then coated with
citrate in a single step, to obtain citrate-coated SPIONs
(C-SPIONS). This approach produced monodisperse C-SPIONSs
in just 15 min. Transmission electron microscopy (TEM)
revealed that C-SPIONs are spherical with a diameter of 6 + 1
nm. Dynamic light scattering (DLS) indicated a hydrodynamic
diameter (Dy,) of 15 + 1 nm in water, while the {-potential was
—-36 mV and a saturated magnetization of 62 emu g~ ' was
measured at room temperature by magnetometry.”> BSA was
adsorbed on the C-SPIONs’ surface by using a pH-adjusted pro-
tocol, which significantly improved the stability of C-SPIONs
in a wide range of biological media."®** C-SPIONs in water
were adjusted to pH 11 with 0.1 mM NaOH and then BSA was
incubated with them at this pH for 1 h. Subsequently, the
system was neutralized to pH 7.4 with 0.6 mM HNO; and the
excess BSA was removed by centrifugation for all the experi-
ments, (Fig. S1f). Hereafter, we will refer to this system as
BSA-SPIONS.

BSA-SPIONSs used in this work were all purified if not stated
otherwise; purification followed the protocol: the obtained
BSA-SPIONSs dispersions were transferred to a centrifugal filter
unit (Amicon, 100 000 MW, Millipore), centrifuged at 2548g for
25 min to remove the unbound BSA. The removed supernatant
was collected and UV-vis spectra were recorded. The concen-
trated BSA-SPIONs were then redispersed in MilliQ water and
filtered again under the same conditions. The filtration and
centrifugation steps were repeated several times until the
supernatant showed no UV-vis absorption at 280 nm. In our
case, after three washing steps, UV-vis spectra of the isolated
solution did not show any absorption at 280 nm (Fig. S2af),
which indicates the complete removal of free BSA from the
BSA-SPIONSs dispersion. The purified BSA-SPIONs were charac-
terized further.

Characterization

C-SPIONs and BSA-SPIONs solutions. Stock solutions of
100 pM C-SPIONs and 100 pM BSA-SPIONs purified in PBS
were used as starting solutions to perform the following
analysis.

X-ray photoelectron spectroscopy (XPS). Samples for XPS
investigation were prepared by depositing drops of 11.6
mg mL~' concentrated solution of NPs onto a 1 x 1 cm?
polytetrafluoroethylene-wrapped silicon wafer. Aliquots of 5 pL

This journal is © The Royal Society of Chemistry 2016
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were applied and allowed to dry under vacuum in a desiccator
before the addition of the next aliquot on top of each spot.
This process was repeated until uniform coverage of the
surface was achieved, typically for a total of 50-100 pL.
Samples were prepared in triplicate.

XPS spectra were acquired using an Axis-Ultra XPS instru-
ment (Kratos Analytical, Manchester, UK) with monochro-
matic Al K, X-rays (15 kV, 5 mA) in hybrid lens mode. Survey
scans (single sweep) were acquired with a pass energy of 160
eV, step size 1000 meV, and a dwell time of 300 ms. Narrow
scans were performed for the Fe 2p, C 1s, N 1s, O 1s, S 2p,
and F 1s regions with a pass energy of 40 eV, step size
100 meV and a dwell time of 500 ms. Two sweeps were
acquired for each of the narrow scan regions except for iron,
carbon, and nitrogen, for which four sweeps were obtained.
Charge neutralization was employed to reduce charging of
the samples, and balance settings were determined on an
individual basis. XPS spectra were analyzed by using CasaXPS
software (Version 2.3.16) and intensities were calibrated with
the NPL’s (National Physical Laboratory) own transmission
function and average matrix relative sensitivity factors.
Tougaard backgrounds were used for peak quantification,
except for a minority of cases where linear background was
used instead.

Dynamic light scattering (DLS). Hydrodynamic diameter
(D) and Polydispersity index (PDI) of samples were deter-
mined by using a Zetasizer Nano ZS (Malvern) equipment with
a He/Ne 633 nm laser at 25 °C. For each sample, three inde-
pendent measurements were performed with 15 scans for each
measurement. All samples had a concentration of SPIONs of
50 ug mL~". Results are plotted as size average from the inten-
sity measurements on the DLS plot. Table S1} summarizes Dy,
and PDI of the samples.

Zeta potential ((-potential) was carried out on a
Zetasizer Nano ZS (Malvern) apparatus with a zeta potential
analyzer software. C-SPIONs (50 pg mL™') solutions were
placed in a disposable plastic cuvette, followed by collect-
ing experimental data automatically using the built-in soft-
ware. For each measurement, 20 cycles were collected, and at
least 3 independent measurements were performed for each
sample.

Transmission electron microscopy (TEM). A drop of sample
solutions was added to the TEM copper grid, the excess
blotted with a filter paper and then evaporated completely at
room temperature. SPIONs were imaged in a JEOL TEM-1210
electron microscope at an operating voltage of 120 kV. A size-
distribution histogram of SPION samples was computed
from over 200 NPs and fitted to a Gaussian function to obtain
NP mean size using Image] software. Selected-area electron
diffraction (SAED) was used to identify the crystallographic
phase of the NPs.

Negative-staining TEM. Adsorption of BSA on C-SPIONs
were visualized by performing negative-staining TEM. Briefly,
one drop of the purified BSA-SPIONs was placed on a carbon-
coated grid and blotted with filter paper. Subsequently, 5 pL of
2% uranyl acetate was placed on the grid for 1 min before

This journal is © The Royal Society of Chemistry 2016
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draining off. The grid was then placed in a 2011 JEOL electron
microscope under the working voltage of 100 kV.

UV-visible spectroscopy (UV-vis). UV-vis extinction spectra of
the samples were collected on a Cary-5000 UV-Vis spectro-
photometer at room temperature. Each sample was prepared
starting from the stock solutions to 4 uM BSA and a concen-
tration of SPIONs ranging from 0-72 pM in 10 mM PBS (pH
7.4). Each UV-vis spectrum was the average of three scans;
three independent measurements were performed. The UV-vis
spectrum of BSA displays two characteristic adsorption peaks,
at 220 and at 280 nm. The strong adsorption peak at 220 nm is
assigned to the transition of n-n* of the polypeptide backbone
structure C=0 of BSA, while the one at 280 nm is due to aro-
matic amino acid residues such as tryptophan (Trp), tyrosine
(Tyr), and phenylalanine (Phe).*

Determination of the saturated BSA adsorption number.
The 280 nm peak shows a linear correlation between its
intensity and BSA concentration (Fig. S2bt). Thus, UV-vis
spectroscopy was used to quantify the amount of BSA
adsorbed on the C-SPIONs surface by measuring UV absorp-
tion at 280 nm and subtracting the unbound BSA present in
the supernatant from the adsorption of the initial known
amount of BSA. This calculation resulted in a value of 1.8 +
0.2 mg BSA per mg SPIONs, which corresponds to approxi-
mately 10 + 1 BSA molecules per iron oxide NP. The ten BSA
molecules can be considered to form a hard corona since
loosely bound BSA was removed during filtration and centri-
fugation steps.

Fluorescence quenching measurements. Fluorescence
measurements were performed on a fluorescence spectro-
photometer (HITACHI F-7000, Japan) at 25 °C, in a 1 cm-
path length rectangular quartz cell. All the emission spectra
were collected at the excitation wavelength of 295 nm using
10 nm per 10 nm (excitation/emission) slit widths. Each spec-
trum is the average of at least three scans. Each sample was
prepared starting from the stock solutions to the final 4 pM
BSA and the concentration of SPIONs ranging from 0-72 pM
in 10 mM PBS (pH 7.4). Duplicate measurements were per-
formed for each SPION concentration. Fluorescence back-
grounds were corrected for blank buffer solutions in each
measurement.

Equation F,/F vs. [SPIONs] were represented in logarithmic
form, and a sigmoidal curve was fitted to the data, to give the
equation:

(A1 — 4Ar)
1 (;)p

Ch?/D,F = 0.0056; * = 0.99745; A, = 1.04 + 0.045; A, = 172 +
188.2; X, = 8.6 X 107" £ 6.52 X 107>; p = 1.55 + 0.24.

Circular dichroism spectroscopy (CD). CD measurements
were recorded on a Jasco ]-810 spectro-polarimeter (Easton,
MD) with a 0.1 cm-path length of cylindrical quartz cell at
room temperature, with a fixed BSA concentration of 4 uM.
The CD spectra were recorded from 200-260 nm, and each

y= 4+
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spectrum was an average of three scans. Each sample was pre-
pared starting from the stock solutions to the final 4 pM BSA
and the concentration of SPIONs ranging from 0-72 pM in
10 mM PBS (pH 7.4).

Data was fitted by using the software described in http:/
cbdm-01.zdv.uni-mainz.de/~andrade/k2d3/.>®

Isothermal titration calorimetry (ITC). Isothermal titration
calorimetry measurement was performed on a VP-ITC calori-
meter (Microcal Inc., Northampton, MA) at room temperature
(25 °C). For titration of BSA to C-SPIONs, BSA was dialyzed
extensively against 10 mM sodium phosphate buffer and the
C-SPIONs were dispersed in the last dialysate. Both solutions
were at pH 7.4. A typical titration experiment involved 26 injec-
tions of the titrant BSA solution (10 pL aliquot per injection
from a 0.5 mM stock BSA solution) at 210 seconds intervals
into the sample cell (volume of 1.44 mL) containing 8 uM
C-SPIONSs. During the experiment, the sample cell was stirred
continuously at 1000 rpm. The heat released on BSA dilution
in the buffer was subtracted from the titration data for each
experiment. Titration of fetal bovine serum (FBS) to C-SPIONs
and BSA-SPIONs followed the same protocols as described
above. The data collected were fitted and analyzed by using the
one set binding model coupled in Origin software with the ITC
system, to provide thermodynamic parameters of enthalpy
(AH), binding stoichiometry (n), and affinity constant (K,).
Other thermodynamic parameters were calculated accordingly.
The obtained thermodynamic parameters were an average of
duplicate experiments.

Superconducting quantum interference device (SQUID). The
magnetic characterization was performed with a Quantum
Design MPMS5XL Magnetometer. 150 uL of C-SPIONs of
11.6 mg mL™" were first dried in a polycarbonate capsule at
60 °C overnight and then transferred to the SQUID sample
holder. Magnetization curves of SPIONs at 5 K were recorded
as a function of applied magnetic field up to 6 T.

Flame absorption spectroscopy. To determine the iron con-
centration of C-SPIONs, samples were sonicated for 10 min in
an ultrasound bath. An aliquot of the sample was diluted with
HCI (1%) and the iron content of the resulting solution was
determined by flame absorption spectroscopy (air-acetylene)
with a Perkin-Elmer 2100 spectrometer in a triplicate essay.

Gel electrophoresis experiments. Samples were diluted in
Laemli buffer and heated at 95 °C for 5 min prior to loading in
a 10% sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis (SDS-PAGE) gel. Electrophoresis was performed at 160 V
for 90 min and gel was stained by using Commassie blue.
Bands were quantified in Image] by integration of the area
under the curve (AUC) corresponding to the BSA band (indi-
cated). The relative fold for BSA binding corresponds to ratio
between the protein-incubated SPIONs versus the SPION-alone
conditions.

Methodology for computer simulations

Modeling and force fields. BSA proteins were modeled with
atomistic resolution, by employing the CHARMM?27 force
field.>* The BSA structure was obtained from the most recent

14396 | Nanoscale, 2016, 8, 14393-14405

View Article Online

Nanoscale

X-ray crystallographic structure with 2.58 A resolution (PDB
code: 40R0).>® The X-ray structure was completed by adding
the missing hydrogen atoms (H) with the VMD program?®
and minimizing the energy of the obtained structure by
using the NAMD program.?” The employed protonation states
correspond to a neutral pH state. The obtained structure for a
BSA protein has 9207 atoms. The effect of solvent was modeled
by employing a generalized Born Implicit Solvent model
(GBIS).”® Detailed modeling of the complex C-SPIONs in detail
was not attempted. Instead, we considered a simplified, generic
model of a NP. In this model, the NP was a cluster of Lennard-
Jones spheres, with parameters ¢ = 5.29 kcal mol™ and Ry, =
3.62 A as employed previously for generic models of hydrophilic
adsorbing surfaces.” An approximately spherical cluster of
6 nm was obtained with 4104 atoms.

Molecular dynamics (MD) simulations. All MD simulations
were performed by using the NAMD 2.9 software. In these
simulations the Newton equations of motion were solved
numerically with a time-step of 2 fs. The temperature was
kept constant at 298 K using the Langevin thermostat with a
relaxation constant of 1 ps™'. The parameters for the GBIS cal-
culations in NAMD were the same employed in ref 28. We
first performed MD simulations of a single BSA protein in
implicit water. After that, we performed MD simulations of
the adsorption of different numbers of BSA proteins onto a
single NP. We first considered the adsorption of a single BSA
and subsequently added more BSA proteins, to obtaining
simulations with a single NP and 1, 2, 4, 8, 10, and 12 BSA
proteins. The total simulation time was about 130 ns,
although the kinetics observed for the proteins are not
expected to correspond exactly to these time scales due to the
use of implicit solvent. In GBIS implicit solvent, protein
atomic motion and rearrangement is substantially acceler-
ated.”® The results were analyzed with the VMD program to
obtain the solvent accessible surface area (SASA), the root-
mean-square deviation of atomic positions (RMSD), and the
a-helix content of BSA proteins during the simulations.
Density profiles in the radial direction were obtained by using
our own python code.

Results & discussion

Super-paramagnetic iron oxide NPs (SPIONs) were synthesized
by microwaveassisted thermal decomposition of the iron pre-
cursor and then coated with citrate in a single step, to obtain
citrate-coated SPIONs (C-SPIONs). BSA was adsorbed on the
C-SPIONs’ surface by using a pH-adjusted protocol (Fig. S17),
detailed synthesis and characterization were provided pre-
viously.”> The excess BSA was removed by centrifugation for all
the experiments. Hereafter, we will refer to this system as
BSA-SPIONSs.

BSA shell formation

By using DLS, we monitored the increase of D}, of C-SPIONs
upon BSA incubation at room temperature for 1 h for concen-

This journal is © The Royal Society of Chemistry 2016
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trations ranging from 0.1-100 uM BSA. DLS exhibits a slight
increase in Dy, at low BSA concentrations, and a sharp increase
of Dy, in the range of 1-20 uM BSA, which reaches a plateau at
Dy, = 23 nm for 20-50 pM BSA (Fig. 1a). Mean values and poly-
dispersity are gathered in Table S1. We infer that a concen-
tration of 20 pM is sufficient to saturate the surface of the
C-SPIONs with BSA. Additionally, the appearance of a peak in
the DLS size distribution at 8 nm suggests the presence of free
BSA in solution at 30 pM BSA, which supports the hypothesis
of a saturated BSA coating on the NPs (Fig. 1b). Fig. S31 pre-
sents the DLS size distribution of only BSA. The difference of
the hydrodynamic diameter value at the plateau (Dp_piateau) Of
BSA-SPIONs and the Dy value of C-SPIONs is 7 nm, which
corresponds to a radius of 3.5 nm, and therefore a hydro-
dynamic-shell thickness of about 3.5 nm; indicative of a mono-
layer of BSA.'7*?

Negative-staining TEM of BSA-SPIONs was previously
reported by us and it showed that the BSA shell on the SPIONs
measured 3 + 1 nm thick (Fig. 1c).*®

BSA shell composition

To estimate the composition of the shell, we performed XPS of
C-SPIONs and BSA-SPIONs and we identified all the expected
elements in the system, Fig. 2 and S4.f The BSA-SPIONs C 1s
spectrum exhibits a peak shoulder at 286 eV, which is charac-
teristic of the N-C bond arising from BSA,*® and it is therefore
present in the BSA-SPIONs and not in the C-SPIONs. Consist-
ently, nitrogen was only detected in the BSA-SPIONS, as shown
by the N 1s high resolution spectra in Fig. S4c.f Once we sub-
tracted the contribution of the NP iron oxide core to the XPS
signal, we computed the average relative elemental compo-
sition of the NP shell and compare it to that of pure BSA
(Fig. 2c). Assuming that BSA is the only N-containing molecule
in the shell, we estimated that 74% of the shell is covered by
BSA. The higher level of C and lower level of N measured in
the BSA-SPIONSs’ coating compared to pure BSA suggest the
presence of additional carbonaceous species such as citrate.

View Article Online

Paper

By FT-IR we detected in BSA-SPIONs the typical bands of
citrate (red color in Fig. 2d) and BSA (gray color in Fig. 2d);
their slight red-shift indicates an interaction with the SPIONs.
The detection of the citrate bands in the final BSA-SPIONs
suggests the presence of sodium citrate as part of the shell,
which indicates that BSA adsorbs on SPIONs’ surface through
the interaction with citrate rather than replacing it.

Number of bovine serum albumin molecules in the coating shell

Considering the BSA dimensions,> ~8 x ~8 x ~3.5 nm’,
(Scheme 1) the measured thickness of the observed BSA layer
by TEM we estimated the number of molecules present in the
shell of the C-SPIONs by using eqn (1).

én (rd — I'pion)
3% spron+msa shell ~ "spion
N=

VBSA (1)
where N is the number of BSA molecules per SPIONS; Vg, is
the BSA’s volume (83 nm?®);*> rpionnsa snen i the radius of the
BSA-SPIONSs core shell NPs; rgpion i the measured radius of
the SPIONSs.

By taking the values obtained from the TEM, rspion =
3.0 nm; rgsa shen = 3.0 nm; we conclude that approximately
10 + 2 molecules form the saturated BSA layer on our SPIONSs.
We confirmed this number by using UV-vis spectroscopy,
where we computed the number of proteins constructing the
BSA monolayer from the optical absorption measured on the
particle supernatant after incubation. We obtained a value of
ten molecules of BSA per SPION at saturation, which is in
good agreement with our previous estimate.

To confirm these results; we ran molecular dynamics (MD)
simulations with atomistic resolution. We simulated the
protein shell on a NP of 6 nm diameter to compute the
maximum theoretical number of albumin molecules that can
be adsorbed onto the NPs. The simulations were done by
systematically adding two BSA proteins in solution, from 2 up
to 12 BSA molecules, and allowing the proteins to structurally

a
2% b
21| [ERAURSRRSRRAESRMRRRRERRSIRRR—— . T 12{ ——o0uMBSA .
---1uMBSA N
221 104 ---8umBSA i\
2 - -10 yMBSA LAY
] ~ g ——30uMBSA 1
~ 204 BSA S —— 50 uMBSA 'l,’» \.
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Fig. 1

(a) Hydrodynamic diameter (D,,) change upon absorption of BSA, error bars are the standard deviation determined from 3 independent

measurements of 15 scans each. (b) Intensity-weighted D}, distribution curves of BSA-SPIONs prepared at different BSA concentrations. The blue
square indicates the presence of excess BSA in solution, (c) negative-staining TEM image of BSA-SPIONs.
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Fig. 2 XPS (a) survey and (b) C 1s spectra of C-SPIONs and BSA-SPIONSs. (c) Relative elemental composition of the coating on the BSA-SPIONs
(gray) and, for comparison, the expected composition for pure BSA (black). XPS measurements were performed in triplicate and the declared
uncertainty is the resulting standard deviation. (d) FTIR spectra of BSA-SPIONs, C-SPIONs, BSA, and citrate.

relax and adsorb to the surface (see Methods section for
details). In Fig. 3, we show snapshots of configurations of
adsorbed proteins obtained in these simulations, which indi-
cate that the maximum value of BSA proteins that can be
accommodated onto the 6 nm NP is ten. For the simulation
with 12 BSA molecules, two of the proteins remained in solu-
tion. This result also indicates that, even in excess in solution;

BSA Atom density (atoms/nma)

BSA does not form a multilayer over the NP, in accordance
with the results from DLS.

The structure of the protein adsorbed layer, containing ten
BSA molecules, can be seen in Fig. 3a and b. The layer is rela-
tively compact, with some of the adsorbed BSA proteins in
close contact, but it has also small gaps between the proteins
that fluctuate over time, and protrusions of protein groups at

NP radius

0o 1 2 38 4 5 6 7 8 9 {0 11 12
Radial distance from NP center, r (nm)

Fig. 3 Results from MD simulations with ten BSA proteins adsorbed onto a NP. (a, b) Snapshots of the same configuration with different orientation.
The NP is shown in yellow, although only small patches of it can be seen due to the adsorbed protein corona. Proteins are shown in surface repre-
sentation. Each protein is shown in a different color. (c) Radial density profile of C, N, and O atoms of BSA proteins. The shaded region corresponds

to the more compact layer.
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longer distances from the NP surface. This result can also be
seen in the atomic density profile shown in Fig. 3¢, which
shows the time-averaged distribution of the C, N, and O atoms
of the proteins in the adsorbed layer, measured from the
center of the NP. There is a clear adsorption peak at r =
3.5 nm, which corresponds to atoms in close contact with the
surface of the NP (radius is ~#3 nm). After this peak, there is a
region with an accumulation of BSA (with an approximately
constant density of O and N atoms) which extends up to r ~
6.5 nm. After this region, the density profile decays. This be-
havior corresponds to a layer with only a partial and fluctuat-
ing presence of fragments of BSA proteins, which extends up
to long distances, of about r ~ 10 nm. Therefore, the thickness
of the compact layer of adsorbed BSA can be estimated to be
about 3 nm (from r = 3-3.5 to r = 6.5 nm), in agreement with
the experimental estimate shown in Table 1.

These experimental and theoretical results strongly support
the formation of a BSA monolayer of about ten molecules. BSA
molecules seems to adhere to the surface of C-SPIONs with a
triangular base (“side on” adsorption) since adsorption on the
“side up” of BSA would give us a protein thickness on the
C-SPIONs of 8 nm rather than the detected value of 3 nm
(Table 1).°?* The “side on” adsorption of BSA expose positives
patches of BSA, such as lysine and arginine amino acids and it
could facilitate its tight binding.**** The adsorption of BSA in
the “side on” fashion was previously reported for other NPs.*®

Conformational change of BSA upon adsorption on C-SPIONSs’
surface

By taking advantage of the optical properties of the aromatic
residues (Phe, Tyr, Trp) of the BSA we evaluated any possible
structural change that BSA underwent upon interaction with
SPIONS, using UV-vis, fluorescence, synchronous fluorescence,
and circular dichroism spectroscopy. Those results were also
complemented with MD simulations at atomistic resolution.
The UV-vis spectrum of BSA displays two characteristic
adsorption peaks: at 210 nm (related to the polypeptide back-
bone of the BSA) and at 280 nm (due to the aromatic amino
acid residues such as Trp, Tyr, and Phe). Changes in the
UV-vis spectra are indicative of the interaction of BSA with the

Table 1 Comparison of the thickness of the saturated BSA monolayer
and the saturated number of BSA molecules per SPION, as determined
by different analytical methods

Thickness N (saturation
of the BSA  number of
Tspions+Bsa  Tspions ~ onolayer  BSA molecule
Method (nm) (nm) (nm) per SPION)
TEM® 6 3 3+1° 10 +2°
UV-vis 10
MD simulation  =~6.5 3 ca. 3-3.5 10

“BSA-SPIONs were negatively stained by using uranyl acetate before
TEM measurement, for a better visual image of the BSA shell.
b Thickness determined in a dry state.  Number determined according
to the model described.

This journal is © The Royal Society of Chemistry 2016
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SPIONs.*” In our case the peak at 210 nm undergoes a red
shift with increasing concentration of C-SPIONs (Fig. 4a),
which reflects the modification of the polypeptide framework
of the protein,*® while the peak at 280 nm blue-shifts, indicat-
ing that the aromatic residues of the protein are exposed to a
more polar microenvironment.***°

Trp, Tyr, and Phe are intrinsic fluorophores whose fluo-
rescence is susceptible of quenching upon changes in the
microenvironment of the residues;*' this allows us to investi-
gate the interaction mechanism of BSA and SPIONs.*”*>** Trp
is the residue that contributes most to the intrinsic fluo-
rescence of the protein since Phe has a low quantum yield and
Tyr is quenched by neighboring chemical groups under an
excitation wavelength of 295 nm. BSA has two Trp residues;
Trp213 and Trp134, which are in the hydrophobic loop and
hydrophilic region, respectively (Scheme 1). If BSA adsorption
on the surface of C-SPIONs occurs in regions close to the Trp
residues, perturbations in the fluorescence spectra intensity
and maximum emission wavelength (..) appear (Fig. 4b).*>**

On selective excitation of the Trp residues at 295 nm, we
observed a decrease of the fluorescence emission intensity at
approximately 350 nm, which indicates quenching of
C-SPIONSs on BSA.?”?*° The small red shift of A, from 350.5
to 355.5 nm indicates some structural modification of BSA
(Fig. 4b). C-SPIONSs did not fluoresce when excited at 295 nm
(Fig. S51). By using the Stern-Volmer function (eqn (2)) we
analyzed the quenching mechanism that C-SPIONs exert on
the protein.

Fy
=1 +Ky w[CSPIONs] = 1+ Ky [CSPIONs]  (2)

Kq :st/’fo (3)

where F, and F are the fluorescence intensities of BSA excited
at 295 nm in the absence and presence of the quenching
C-SPIONS. A linear Stern-Volmer plot allows us to compute the
Stern-Volmer constant Kgy (M™') by determining the quench-
ing efficiency of the quencher, while K, (eqn (3)) is the quench-
ing constant (M~* s7') and 7, is the mean fluorescence
lifetime of the fluorophore in the absence of quencher (z, for
BSA =5 x 107 s);*° Fig. S6.}

Quenching mechanisms are classified in two types: static
and dynamic, depending on the K, value. The static mechan-
ism (K, > 2 x 10" M~ s7") indicates the formation of a
protein—quencher complex due to the strong interaction of pro-
teins with the quencher, whereas dynamic quenching (K, <2 x
10'° M s7') implies a weak interaction between proteins and
the quencher without stable complex formation.*” In our case,
the value of K, =7 x 10'> M~' s™" indicates a static quenching
mechanism, which confirms the formation of BSA-SPION com-
plexes and a strong interaction between BSA and C-SPIONSs.
Additionally, the binding constant K, and the number of
binding sites n of the BSA-SPIONs complex can be determined
by using eqn (4).**

Fp— F

log = log K, + n log[C-SPIONs] (4)
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Fig. 4 (a) UV-vis spectra of 4 x 10~ M BSA with increasing concentration of C-SPIONs at pH 7.4. C-SPIONs concentration ranges from 0—64 uM.
(b) Fluorescence spectra of 4 x 107® M BSA with increasing concentration of C-SPIONs at pH 7.4, upon excitation at 295 nm. (c) Linear Stern—
Volmer plot. (d) Determination of the binding constant, K,, from the fluorescence measurements.

where F,, F, and [C-SPIONs] are the same as described as in
eqn (2). Here, we computed K, = 4.3 x 10° M}, which confirms
the strong interaction between C-SPIONs and BSA.*’ The
number of binding sites (n) obtained is 1.23, which indicates
that there is only one type of binding site for BSA adsorption
on the C-SPIONSs, as mentioned above.

Synchronous
taneous scanning of the excitation and emission spectra of the
BSA, while keeping a constant interval (A1) between them.
This method provides detailed information on the microenvi-
ronment of specific aromatic amino acid residues such as Trp
or Tyr. Those residues can be used to analyze the structure of
the BSA due to its high content in the protein.”® When A1 is
set at 15 and 60 nm, the synchronous fluorescence spectra
obtained trace characteristic information of Tyr and Trp resi-
dues, respectively.>® Fig. 5 shows the exponential decrease in
the synchronous fluorescence spectra of Tyr (287-290 nm) and
Trp (279-282 nm) residues of BSA with increasing concen-
tration of C-SPIONs. Synchronous fluorescence intensity of Trp
is weaker than Tyr at A1 = 60 nm, probably due to the lower
content of Trp residues than Tyr within BSA (20 Tyr residues:2
Trp residues per BSA molecule).”® Red shifts in maximum
emission wavelength (A,.x) are related to the protein’s confor-
mational change® and indicate that the residues’ microenvi-
ronment becomes less hydrophobic and residues are exposed

fluorescence spectroscopy allows simul-

14400 | Nanoscale, 2016, 8, 14393-14405

to the polar solvent; it seems conformation’s BSA changes
expanding and decreasing its packed structure.

Finally, the secondary structure of the supported BSA was
evaluated by using circular dichroism spectroscopy (CD) and
indicated the presence of two main peaks at 208 and 222 nm
that are characteristic of its a-helical content. There are no
changes in the o-helical content of BSA and only a slight
decrease in the f-strand is detected, Fig. 5d and Table S2.}
This result indicates that BSA adheres to the SPIONs surface
and modifies its hydrophobic/hydrophilic regions without sig-
nificantly affecting the main secondary structure native fea-
tures of BSA.

We studied the possible conformational changes during
BSA adsorption in our MD simulations. The most significant
changes occur during the adsorption of a BSA protein onto an
initially empty NP. This process can be seen in movie S1.f
Three snapshots of the process are also shown in Fig. 6. These
snapshots represent three different stages in the BSA adsorp-
tion process. Initially, the BSA protein moves from bulk solu-
tion to touch the NP surface (Fig. 6a). Then, the protein
spreads out over the NP, increasing the contact region between
the protein and the NP (Fig. 6b). Finally, the protein relaxes its
conformation into a more compact configuration (Fig. 6c).
These changes were characterized by computing the solvent
accessible surface area (SASA), the root-mean-square deviation

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Synchronous fluorescence spectra of 4 x 10~° M BSA for (a) AL

= 15 nm (Tyr), (b) A2 = 60 nm (Trp) upon increasing concentration of

C-SPIONs. C-SPION concentration is from 0~72 uM (curves a—k). (c) Ratio of synchronous fluorescent intensity (F/Fo) of 4 x 107 M BSA in the
presence of increasing SPION concentrations for A1 = 15 nm. (d) CD spectra of PBS, C-SPIONs, BSA, and BSA-SPIONs with a BSA concentration of

4 x107° M.

(@) contact (t=0.07ns) (b) spreading (t=3ns) (C) relaxation (t=9ns)

Fig. 6 Snapshots from MD simulations obtained by using VMD software,?® corresponding to three different stages of protein adsorption.
(a) Contact between BSA and the NP (t = 0.07 ns), (b) spreading of the BSA over the NP (t = 3 ns), and (c) relaxation of the adsorbed BSA protein
(t = 9 ns). The NP is shown in yellow and the BSA is shown in cartoon representation, emphasizing the secondary structure. The surface of the
protein is also shown as a shadow. The Trp134 and Trp213 residues are shown in bond representations in red and orange, respectively.

of atomic positions (RMSD), and the a-helix content from the
simulation trajectory, by using the VMD software.”® As the
protein contacts the NP, the SASA increases from 325.1 nm? in
solution to 345 nm” at the NP surface. After adsorption, the
BSA relaxes to a more compact configuration with a SASA of

This journal is © The Royal Society of Chemistry 2016

334.5 nm” (a plot of SASA as a function of time is given in
Fig. S71). The RMSD between BSA adsorbed at the NP and BSA
in solution is 5.8 A% so globally we obtained a relatively small
change in atomic coordinates of the BSA. Conformational
changes of BSA tend to be rather small for adsorption onto

Nanoscale, 2016, 8, 14393-14405 | 14401
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small NPs, such as in our case, Fig 5d and Table S2,f and sub-
stantial for particles with radii larger than around 100 nm.?

We also monitored the residues Trp213 and Trp134, which
are responsible for the changes in the Fluorescence spectra
monitored in Fig. 4b. In Fig. 6, we also see that these changes
affect the local environment and orientation of the Trp213 and
Trp134 residues, which suggests a direct relation with the
results shown in Fig. 4. Simulations indicate a significant
change in the locations of the Trp213 and Trp134 residues. For
these residues, we obtain a RMSD of 4 A%, which mostly origi-
nates during the structural relaxation observed from Fig. 6b to
¢ and movie S1.1 This change is substantial, while the overall
RMSD change in the BSA protein is 5.8 A?, as mentioned
above.

Protein resistant activity of BSA-SPIONs

The work described so far indicates the presence of a protein
monolayer coating on the C-SPIONs, which in light of XPS ana-
lysis and MD simulations is quite compact. To further confirm
these findings we computed the binding affinity of BSA to
C-SPIONSs by isothermal titration calorimetry (ITC), measuring
the enthalpy, entropy, and Gibbs free energy of the adsorption
process which is exothermic, therefore enthalpically favored
(Fig. 7a). To quantify the thermodynamic parameters of the

View Article Online

Nanoscale

BSA-SPIONs interaction, the titration curve of BSA with
C-SPIONs at room temperature was fitted using a single-
binding model. The enthalpy (AH), binding stoichiometry (N)
and constant (K,), Gibbs energy changes (AG) and entropy
(AS) are summarized in Table 2.

The values of AH < 0 and AS > 0 indicate that electrostatic
interaction is the dominant force for the formation of the
BSA-SPIONs complex.®* Although BSA and C-SPIONs are both
negatively charged under the same conditions, BSA could bind
by electrostatic attraction through its positive patches,****
which gives K, = 3.22 x 10> M™" in the corresponding titration.
This value of K, is remarkably similar to that measured from
the fluorescence spectra, which supports the concept of a
strong electrostatic interaction between BSA and the C-SPIONS.

ITC values indicate a strong interaction of BSA with the
C-SPIONS, therefore we compared this interaction with that
between fetal bovine serum (FBS) and C-SPIONs, which could
mimic what our C-SPIONs would encounter in cell culture con-
ditions or in intravenous injection if they are not protected
with the BSA coating. We exposed C-SPIONs to FBS, and by
using ITC (Fig. 7b and Table 2), we obtained the thermo-
dynamic parameters AG < 0, AH < 0 and AS <0, K, = 0.36 X
10° M™! and n = 0.48 + 1.46. These results indicate that the
interaction of C-SPIONs and FBS is mainly due to van der
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Fig. 7

ITC data for the adsorption of BSA, (a) and FBS, (b) on C-SPIONs, and (c) adsorption of FBS on BSA-SPIONs. Upper graphs present the raw

data obtained from the titrations and lower graphs the integrated heats of each peak with a corresponding fitting curve.

Table 2 Thermodynamic values of BSA-SPIONs interaction derived from ITC measurements

Ky AG AH AS

Sample Protein (10°M™) (Kcal mol™) (Kcal mol™) (cal mol™* K™) N
C-SPIONs BSA 3.22 -3.27 -2.88 15.5 3.44 +0.08
C-SPIONSs FBS 0.36 -66.3 -71.8 =220 0.48 +1.46
BSA-SPIONs FBS 0.035 -1327.7 -1445.4 -4710 0.48 + 3.66
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Fig. 8 (a) DLS of BSA-SPIONs at time O (black line) and after 1 h (red line) exposure to FBS. (b) Representative SDS-PAGE gel of C-SPIONs and

BSA-SPIONSs isolated from PBS containing 10% FBS, after 1 h incubation. (c) BSA binding capacity of C-SPIONs and BSA-SPIONs mixed with pure BSA
or FBS determined in three SDS-PAGE gels with three independent preparations, by the ratio of the area under the curve BSA band (ca. 67 kDa in (b))
for lanes 3:1and 5:1 for C-SPIONs, and 4 :2 and 6: 2 for BSA-SPIONs, with BSA and FBS respectively.

Waals’ or hydrogen bonding,”® with a K, value ten times
smaller than that of the K, for BSA-SPIONs and AS > 0.

From these results, we wondered if BSA acts as a protein-
resistant coating. Therefore, we exposed BSA-SPIONs to FBS.
The hydrodynamic diameter measured by DLS after 1 h
exposure of BSA-SPIONs to FBS did not change, which indi-
cates non-specific adsorption (Fig. 8a). We titrated BSA-SPIONs
with FBS and we obtained AG < 0, AH <0 and AS <0 and K, =
0.035 x 10° M™%, 100 times smaller than K, for BSA-SPIONS,
corroborating the strong interaction of BSA with C-SPIONs and
the protein-resistant activity of preformed BSA layer against
FBS, Fig. 7c and Table 2.

The protein repellency was further evaluated by means of
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). We incubated C-SPIONs and BSA-SPIONs with
BSA and FBS (pH 7.4) for 1 h, followed by purification with gel
electrophoresis. C-SPIONs and BSA-SPIONs were used as the
control. In the gel (Fig. 8b), we identified and quantified the
amount of additional BSA bound to the samples. The amount
of BSA bound from FBS or pure BSA to the BSA-SPIONS is neg-
ligible (Fig. 8c) compared to C-SPIONs, which bind a large
amount of BSA from both pure BSA or FBS sources (Fig. 8c);
this indicates that BSA shows a strong affinity to C-SPIONs’
surface. When the C-SPIONs’ surface is precoated by a BSA
monolayer, it is unlikely that other proteins will adsorb on
their surface due to the weak interaction of the BSA coating
with FBS proteins. Molecular dynamics previously showed that
extra molecules of BSA did not attach to the preformed mono-
layer of BSA, which validates the protein-resistant properties
determined here.

Conclusions

Adsorption of proteins on the surface of NPs is a complex
process, which depends on the physicochemical properties of
the NPs, their native surface coating and the characteristics of
the adsorbed proteins, as well as the nature of the medium
exposed. These factors affect the amount and orientation of
protein bound on the NPs’ surface. Our experiments indicate

This journal is © The Royal Society of Chemistry 2016

that the BSA electrostatically adsorbs on citrate-coated SPIONs’
surface to form a monolayer of 3 nm, which suggests the
adsorption of BSA with a “side on” configuration on the
C-SPIONs’ surface. XPS and FTIR evidenced the presence of
citrate on the BSA-SPIONs complexes. By using TEM, UV-vis,
and molecular dynamics we determined that the monolayer of
BSA is composed of ten molecules of BSA.

By taking advantage of the intrinsic fluorescence of aro-
matic residues (Phe, Tyr, Trp) of the BSA we studied its confor-
mational changes. UV-vis, fluorescence and synchronous
fluorescence spectroscopies indicated that the regions close to
Tyr and Trp are perturbed upon interaction with SPIONs and
undergo a decrease in hydrophobicity that induces slight
changes in the BSA conformation. CD also indicated a slight
change in the BSA conformation which suggests that these
polar changes could be localized close to the regions of Tyr
and Trp and do not affect the overall secondary structure of
the BSA. By using Stern-Volmer law we determined a single-
binding-site binding mechanism, a static-quenching mechan-
ism (Kq =7 x 10> M~ s7') and a value of K, = 4.3 x 105 M"!
that confirms the formation of a strong BSA-SPIONs complex.
By using molecular dynamics we visualized how the BSA pro-
teins approximate the surface of the NPs and accommodate
ten molecules of BSA to form a robust monolayer without sig-
nificant modifications of the secondary structure of BSA.

Multiple forces such as van der Waals, hydrogen bonding,
electrostatic and hydrophobic interactions, the desolvation of
NPs and proteins, and solvation of newly formed complexes™?
can be involved in the interaction of BSA with SPIONs. From
ITC experiments, we observed that the interaction of BSA with
C-SPIONSs is enthalpically favored with a K, value determined
by ITC of 3.22 x 10° M™'; this is remarkably similar to the
value measured from the fluorescence spectra, which supports
the hypothesis of a strong electrostatic interaction between
BSA and C-SPIONS.

Additionally, ITC allowed us to evaluate the competition of
the BSA layer upon exposure to FBS; we observe that FBS
attaches to the SPIONs surfaces through van der Waals rather
than the electrostatic interactions observed for BSA, with a K,
value that is one order of magnitude smaller than for

Nanoscale, 2016, 8, 14393-14405 | 14403
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BSA-SPIONSs. SDS-PAGE results also indicate that the amount
of FBS or BSA adhered on BSA-SPIONs is negligible when the
SPIONs are already decorated with BSA. We conclude that the
protein shell of BSA is strongly adsorbed and does not change
upon exposure to FBS and therefore acts as protein-resistant
layer, similar to some PEGylated surfaces.

Our findings support the potential use of the BSA-SPIONs
in medical applications, for example as an efficient carrier for
targeted drug delivery in vivo. The preformed BSA monolayer
serves as a protective shell for the SPIONs’ surface and the
protein-resistant surface of BSA-SPIONs avoids the adsorption
of additional serum proteins, hence potentially protecting and
maintaining the targeting ability of the ligands adsorbed on
the NP’s surface.
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