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Impact of Serum Proteins on MRI Contrast Agents:
Cellular Binding and T, relaxation

Alexandra Hill* and Christine K. Payne®”

Superparamagnetic iron oxide nanoparticles (SPIONs) used as MRI contrast agents or for
theranostic applications encounter a complex mixture of extracellular proteins that adsorb on
the SPION surface forming a protein corona. Our goal was to understand how cellular binding
and T, relaxation times are affected by this protein corona. Our studies focused on
carboxymethyl dextran-modified SPIONs, chosen for their similarity to Resovist SPIONs used
to detect liver lesions. Using a combination of fluorescence microscopy and flow cytometry,
we find that the cellular binding of SPIONs to both macrophages and epithelial cells is
significantly inhibited by serum proteins. To determine if this decreased binding is due to the
iron oxide core or the carboxymethyl dextran surface coating, we functionalized polystyrene
nanoparticles with a similar carboxymethyl dextran coating. We find a comparable decrease in
cellular binding for the carboxymethyl dextran-polystyrene nanoparticles indicating that the
carbohydrate surface modification is the key factor in SPION-cell interactions. NMR
measurements showed that T, relaxation times are not affected by corona formation. These
results indicate that SPIONs have a decreased binding to cells under physiological conditions,
possibly limiting their use in theranostic applications. We expect these results will be useful in

the design of SPIONs for future diagnostic and therapeutic applications.

1 Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) are composed
of an iron oxide core of magnetite or maghemite typically
surrounded by a stabilizing shell of a dextran derivative, polyvinyl
alcohol, or poly(ethyleneglycol) (PEG).""" Since the introduction of
SPIONs as magnetic resonance imaging (MRI) contrast agents for in
vivo application ~30 years ago,'> ! a variety of these nanoparticles
have been approved for human use for liver imaging (Feridex,
Resovist), gastrointestinal bowel imaging (GastroMARK), and the
treatment of iron deficiency anemia (Feraheme).'* '> The increased
T, relaxivity that results from the interaction of water molecules with
the magnetic field of the SPIONs leads to a dark contrast in T,-
weighted MRI images." '® ' !¢ Additionally, the ability to
functionalize SPIONs with drugs has generated a great deal of
interest in their use as theranostic agents.”’22 For example,
doxorubicin-loaded SPIONs were found to serve simultaneously as
MRI contrast agents and drug delivery vehicles in vitro® ** and in

ivo,” * providing antitumor efficacy and diagnostic capability. For
both diagnostic and therapeutic applications, it is important to
understand the molecular mechanism by which these nanoparticles
interact with cells.

With the exception of gastrointestinal imaging, SPIONs are
delivered via injection into the bloodstream, exposing them to the
complex mixture of serum proteins. It is now well-established that
extracellular serum proteins will adsorb on the surface of
nanoparticles forming a protein layer, or corona.”’*° This protein
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corona dictates nanoparticle stability,'* cellular binding,***® and

cellular internalization.””** The use of a neutral polymer such as
PEG can reduce, but not prevent corona formation.*** Corona
formation applies to nanoparticles of all compositions.*> ***” In the
case of SPIONs, corona formation has been observed for a range of
different surface modifications including carboxy- and amino-
dextran,*® polyvinyl alcohol derivatives,* citrate,” and poly(acrylic
acid).*’>*® Amiri and coworkers found that the formation of a protein
corona was most pronounced on negatively charged carboxy-
dextran-functionalized SPIONSs, followed by neutral dextran-coated
SPIONs and positively charged amino-dextran-functionalized
SPIONs.® In studies using polyvinyl alcohol-functionalized
SPIONS, the greatest amount of protein was found on SPIONs
functionalized with neutral and positively charged polyvinyl alcohol
groups after 1 h incubation in fetal bovine serum.® A 16 h
incubation revealed increased protein adsorption for the negatively
charged polyvinyl alcohol-functionalized SPIONs. Safi and
coworkers reported the formation of a protein corona on citrate-
modified SPIONS, but not on poly(acrylic acid)-modified SPIONs.*
However, a protein corona has been observed for poly(acrylic acid)-
modified SPIONs under different laboratory conditions.*’
Irrespective of the charge of the SPIONs, serum albumin, o2-
macroglobulin, and transferrin were found to be the major
components of the corona.** A corona formed from bovine serum
albumin (BSA) has even been used to stabilize bare Fe;0, SPIONs
for intracellular delivery.®' It is known that SPIONs are internalized
into cells by ATP-dependent endocytosis in a diameter-dependent
manner.’*> Corona formation, or the presence of serum proteins,
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can alter this cellular uptake. For example, incubation of vinyl
alcohol/vinyl amine copolymer-modified SPIONs with fetal calf
serum decreased internalization into human cervical cancer cells
(HeLa).>® Similarly, a reduced uptake of BSA-coated SPIONs into
various cell types in the presence of fetal bovine serum has also been
observed.”! Additionally, corona formation can affect T, relaxation
times by altering the ability of water molecules to diffuse to the iron
oxide core.*® Lacking from previous research is a combined study of
corona formation, cellular outcomes, and T, relaxation for a single
type of SPION with controlled corona formation.

There are two properties of SPIONs that could be affected by the
formation of a protein corona; cellular binding and MRI contrast
efficacy. Our goal was to determine how carboxymethyl dextran-
modified SPIONs interact with cells in the presence of serum
proteins isolated from whole blood and how these serum proteins
affect T, relaxation times. SPIONs with a carboxymethyl dextran
shell (Fig. 1) were chosen due to their similarity in surface chemistry
to the EU-approved MRI contrast agent Resovist (Bayer Schering).””’
The SPIONs used in our studies are ~100 nm, similar to the 60 nm
Resovist SPIONs. We first confirmed corona formation using a
combination of SDS-PAGE, an o-phthalaldeyhde (OPA) assay, and
dynamic light scattering measurements. Cellular binding was
investigated for both macrophage and epithelial cells using
fluorescence microscopy and flow cytometry. The results revealed a
decreased binding affinity to both cell types in the presence of serum
proteins. To determine if this decreased binding was due to the
carboxymethyl dextran shell or the iron oxide core, we repeated the
experiments using polystyrene nanoparticles functionalized with a
carboxymethyl dextran shell (CMD-PS NPs). Similar binding trends
were obtained demonstrating that the carboxymethyl dextran shell
mediates the cellular interaction. We measured T, relaxation times to
determine the effect of the protein corona on the use of SPIONs as
MRI contrast agents. These experiments showed that the relaxivity
of SPIONs was not significantly influenced by the protein corona.
Taken together, the experiments show that SPIONS still function as
MRI contrast agents following exposure to serum proteins in a
physiological ~environment. However, cellular binding is
significantly inhibited, which may limit their use for cellular imaging
applications.

2 Experimental
2.1. Nanoparticles

Fluorescent (Excite: 476 nm, Emit: 490 nm) SPIONs functionalized
with carboxymethyl dextran (nano-screenMAG-CMX, # 4406) were
obtained from chemicell GmbH (Berlin, Germany). The
hydrodynamic diameter and particle concentration provided by the
supplier were 100 nm and 1.8 x 10'° nanoparticles/g solid mass,
respectively.

To produce carboxymethyl dextran-functionalized polystyrene
(CMD-PS) nanoparticles, 100 nm orange fluorescent (Excite:
480 nm, Emit: 533 nm) amine-modified latex nanoparticles
(#L9904, H,N-PS NPs) from Sigma-Aldrich (Milwaukee, WI,
USA) were functionalized with carboxymethyl dextran. The
unmodified polystyrene nanoparticles were diluted to
800 pg/mL with MilliQ water and purified by dialysis overnight
against 400 mL water. After adjustment to pH 5, nanoparticles
were added 1:1 to a 16 mg/mL solution of carboxymethyl
dextran (10-15 kDa, Sigma-Aldrich) and stirred overnight. The
CMD-PS NPs were purified from excess carboxymethyl
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Figure 1. Schematic of carboxymethyl dextran-modified SPIONS.
The inset shows the chemical structure of carboxymethyl dextran.

dextran by 4 cycles of 6 h dialysis against 4 L of MilliQ water
and characterized with FTIR (Bruker ALPHA FT-IR
spectrometer, Bruker, MA, USA).

2.2. SDS-PAGE

SPIONSs (93 pM) were added to PBS supplemented with 10% fetal
bovine serum (FBS) (Sigma-Aldrich). This mixture was incubated at
4°C for 10 min and then washed by repeated centrifugation (10,000
rcf, 10 min) and re-suspension in water (MilliQ). At each washing
step, the supernatant was collected for SDS-PAGE (130 V, 1 hr,
12% Mini-Protean TGX Stain-Free gels, BioRad Laboratories Inc.,
Hercules, CA, USA) analysis. This washing procedure was repeated
to obtain supernatants from wash 1 to 3 (W1-W3). The protein
corona that remains after the first wash (W1) is referred to as the soft
corona. Proteins remaining after the third wash (W3) comprise the
hard corona. To detach the proteins that were tightly bound to the
SPION surface, 20 puL of Laemmli’s SDS sample buffer (Boston
Bioproducts, Ashland, MA, USA) was added to the remaining pellet
and sonicated for 10 min. As a control, 20 pL of water was added to
an identical SPION pellet. The supernatants were diluted 2:1 with
Laemmli’s buffer and boiled for 10 min before transferring 30 pL
onto the gel. FBS and the supernatant from wash 1 were diluted an
additional 1:100 before adding Laemmli’s buffer to avoid
overloading the gel. Gels were stained with Simply Blue SafeStain
(Life Technologies) and the Lonza ProSieve Unstained Protein
Marker (5-225kDa, VWR, Rockland, ME, USA) was used to
estimate molecular weight. A Li-Cor Odyssey scanner was used to
image the gels and Image Studio Software (700 nm channel, 169 pm
pixel scan resolution, and 0.5 mm focus offset) was used for
analysis.

2.3. OPA assay for protein detection

To confirm the presence of a hard corona of proteins adsorbed on the
SPIONs, o-phthalaldeyhde (OPA, Thermo Scientific Pierce
Fluoraldeyhde, Fisher Scientific) was used. The fluorescent signal
was calibrated using a serial dilution of a BSA standard from
0.25 pg/mL to 50 pg/mL. Samples were excited at 355 nm and
emission was recorded at 460 nm with a SpectraMax M2 plate
reader (Molecular Devices, Sunnyvale, CA, USA) after a 1:1
dilution of SPIONs with the OPA reagent. Possible fluorescence
signal quenching by the SPIONs was tested by adding the same
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concentrations of SPIONs to the serial dilutions of the BSA
standard. Measurements were done in triplicate.

2.4. Dynamic light scattering and zeta potential measurements

Nanoparticle diameter and effective surface charge in MilliQ water
were measured using a Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK). For particle size determination, ten
measurements of 10 s were carried out at a temperature of 25°C. A
refractive index of 2.4 for magnetite was used.”® For zeta potential
measurements a minimum of 13 runs were carried out.
Measurements were done in triplicate. The Smoluchowski
approximation was used to convert the electrophoretic mobility to a
zeta potential.

2.5. Cell culture

RAW 264.7 macrophage cells (ATCC TIB-71, Manassas, VA,
USA) were cultured in Dulbecco’s modified Eagle’s medium
with high glucose (DMEM, Sigma-Aldrich), supplemented with
10% FBS. Chinese hamster ovary cells (CHO-K1, ATCC
CCL61) were cultured in Ham’s F12 medium with 10% FBS
(Life Technologies). All cells were grown at 37°C under a 5%
CO, atmosphere and passaged every two to three days.

2.6. Confocal fluorescence microscopy imaging of SPION-
cell interactions

Cells were cultured in 4-well chambers (Nunc Lab-Tek II,
Fisher Scientific, Pittsburgh, PA, USA). Prior to imaging, the
medium was removed and the cells were washed with PBS. For
experiments, the cells were incubated either in PBS or in PBS
supplemented with 10% FBS for 10 min at 4°C. SPIONs were
added to the cells in concentrations ranging from 186 pM to
197 nM, as denoted in the figure legends, and incubated for
10 min at 4°C. Afterwards, cells were washed three times with
ice-cold PBS to remove unbound nanoparticles. Prior to
imaging, nuclei were stained for 30 min with 27 uM 4’,6-
diamidino-2-phenylindole dilactate (DAPI, Life Technologies).
A Fluoview FV1000 confocal microscope with a 1.42 N.A,,
60x, oil immersion objective (Olympus, Center Valley, PA,
USA) was used for fluorescence imaging. DAPI and
nanoparticle fluorescence was excited with the 405 nm and the
488 nm laser lines, respectively. Bandpass filters (BA 340-470
and BA 505-605) were used for emission. Voltages of PMTs
were kept the same for all images. Image analysis was done
with Imagel (http://rsb.info.nih.gov/ij/), brightness and contrast
were set equally for all images.

2.7. Flow cytometry analysis of SPION-cell interactions

Adherent CHO cells were removed from the cell culture flask
using StemPro Accutase Cell Dissociation Reagent (Life
Technologies). RAW 264.7 cells were detached from the flask
using a cell scraper (Life Technologies). Cell pellets were
prepared by centrifugation at 5,000 rcf for 6 min and re-
suspended in their respective media. Nanoparticles (SPIONs or
CMD-PS NPs) were added as described in Results and
Discussion. Cells were filtered through a 40 um nylon cell
strainer (Becton Dickinson, Franklin Lakes, NJ, USA). Flow
cytometry was carried out on a BD LSR II flow cytometer
(Becton Dickinson). SPIONs and CMD-PS NPs were excited
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with a 488 nm laser, and fluorescence emission recorded with a
530/30 bandpass filter. The fluorescence of > 15,000 cells was
recorded and the mean fluorescence intensities calculated
(n=4). Weasel 3.0.1 (Walter and Eliza Hall Institute of Medical
Research, Victoria, Australia) was used for analysis.

2.8. T, relaxation time measurements of SPIONs and
protein-SPION complexes

T, relaxation times were compared for bare SPIONs and
SPIONs with a soft corona. Transverse magnetization M,, was
recorded with a Maran Ultra 23 MHz, 0.5 T benchtop NMR
(Oxford Instruments, Abingdon, Oxfordshire, UK) at a
temperature of 37°C. A CPMG spin sequence with an
interpulse time of T = 25 ps was used (number of echoes: 3000,
number of scans: 16). Samples were measured in triplicate.
Calculated T, relaxation times were plotted inversely against
SPION concentration to determine the relaxivity from the slope
of the linear fit. To account for the loss of SPIONs during the
washing process, the exact SPIONs-protein complex
concentration was determined via UV-Vis spectroscopy (Fig.
S1).

3 Results and Discussion
3.1. Characterization of the protein corona formed on SPIONs

SPIONs (93 pM) were incubated in PBS supplemented with 10%
FBS for 10 min at 4 °C to allow the formation of a protein corona.
Protein coronas have previously been characterized as “soft” or
“hard,” corresponding to the adsorption of low affinity and high
affinity proteins, respectively.”® **% A washing process consisting
of repeated centrifugation (10,000 rcf, 10 min, 4 °C) and
resuspension in water was used to isolate SPIONs with a soft and
hard corona (Fig. 2A). We refer to the weakly adsorbed proteins
present following the first wash step as the soft corona. SDS-PAGE
analysis of the supernatants, which contain both the soft corona and
unbound proteins, showed a protein band with a molecular weight of
~67 kDa, corresponding to bovine serum albumin (BSA),*' the most
abundant protein in FBS.®? BSA has been detected previously in the
corona of SPIONs,*” * as well as other nanoparticles.** *> 3% 3 63
High contrast imaging revealed faint protein bands at ~75 kD and
~170 kD corresponding to transferrin and o2-macroglobulin
subunits, respectively.®* ® These assignments were confirmed by
proteomics analysis of the corresponding bands in FBS (data not
shown). After three wash steps, no proteins were visible in the
supernatant indicating the removal of low affinity proteins from the
SPION surface. Adding SDS to these washed SPIONs removed the
hard corona proteins from the SPION surface (SPIONs + SDS).** A
control using water in place of SDS (SPIONs + H,0) showed that
the detergent is necessary to solubilize the tightly adsorbed hard
corona proteins. Increasing the brightness and contrast of the gel
image reveals bands at ~67 kDa, ~100 kDa, and ~150 kDa (Fig. 2A,
inset). The protein at 67 kDa is BSA, based on molecular weight and
previous nanoparticle corona studies.** 3 47 4% 38 5% 61. 6 The other
two bands were not identified. Despite efforts to increase SPION and
protein concentrations for proteomics analysis, we were unable to
obtain a sufficient concentration of hard corona proteins. A band at
150 kDa has also been observed in SDS-PAGE analysis of pure BSA
(data not shown), suggesting that it may be a BSA product.
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Figure 2. Serum proteins adsorb on the surface of SPIONs. (A) SPIONSs (93 pM) were incubated in PBS supplemented with 10% FBS for 10
min at 4°C. A washing process consisting of repeated centrifugation and resuspension in water was used to remove excess FBS. SDS-PAGE
of proteins obtained from supernatants after washes 1-3 (W1 to W3, W1 was diluted 1:100). After two wash steps, no protein was detected
in the supernatant. The addition of SDS (SPIONs + SDS) removes the adsorbed protein from the SPIONs. The addition of water in place of
SDS does not remove protein from the SPION surface (SPIONs + H,0). FBS was run for comparison. The adsorbed proteins remaining
after one wash step are referred to as the soft corona. After three wash steps the hard corona remains. Molecular weight marker (MW) shows
5,10, 15, 25, 35, 50, 75, 100, 150 and 225 kDa. Bands at 5, 10 and 15 kDa are merged at the bottom. Inset shows a higher contrast view of
the SPIONs + SDS. (B) An OPA assay to detect primary amines confirms the presence of a hard corona. (C) Hydrodynamic diameter (bars)
and polydispersity index (squares) of the SPIONs (186 pM) measured with dynamic light scattering. (D) The effective surface charge of the

SPIONSs (186 pM) was determined by zeta potential measurement. Error bars show standard deviation (n=3).

The low concentration of proteins on the gel following incubation of
SPIONs with SDS (SPIONs + SDS) could be attributed to either a
small number of proteins forming the hard corona or loss of SPIONs
from the sample after three wash steps. The loss of SPIONs between
wash 2 and wash 3 was quantified using UV-Vis spectroscopy
(Fig. S1, Supporting Information), which showed a 27% loss of
SPIONs. To confirm the presence of hard corona proteins after 3
wash steps, SPIONs were incubated with o-phthalaldehyde (OPA), a
fluorogenic reagent used to measure the presence of primary amines
(Fig. 2B).%* " In the absence of FBS, bare SPIONs showed a relative
protein concentration of 1.00 + 0.08. In comparison, SPIONs
incubated with FBS and washed three times had a signal of 28.37 +
9.97, 28-fold greater than the bare SPIONs, confirming the presence
of adsorbed hard corona proteins. UV-Vis was used to establish
equal concentrations of bare and hard corona-SPIONs for subsequent
analysis (Fig. S1).

Hydrodynamic diameter and zeta potential measurements were used
to further characterize the protein-SPIONs complexes (Fig. 2C and
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2D). Compared to bare SPIONs, SPIONs incubated with FBS
showed an increase in hydrodynamic diameter from 116 nm + 2 nm
to 158 nm + § nm after one wash, providing additional evidence of a
protein corona (Fig. 2C). Further washing of SPIONs to obtain hard
corona-SPION complexes resulted in protein-SPION complexes
with a diameter of 158 nm + 2 nm. The polydispersity indices of
bare SPIONs and protein-SPION complexes remained between
0.073 and 0.099, indicating that the SPIONs did not aggregate.
Hydrodynamic diameter measurements of SPIONs in various
biological media showed that SPIONs were stable in PBS lacking
Ca®" and Mg, but not in media containing bivalent cations such as
Ca®" and Mg®" (Fig. S2 and Table S1). In FBS-supplemented media,
SPIONs were stable in the presence of bivalent cations, likely due to
the stabilization provided by the adsorbed proteins (Table S1). To
allow for a comparison of SPIONSs in the presence and absence of
protein, PBS lacking Ca®" and Mg®" was used for all experiments.
Zeta potential measurements were used to determine the effective
surface charge of bare SPIONs compared to SPIONs with a soft and
hard corona (Fig. 2D). The effective surface charge of bare SPIONs

This journal is © The Royal Society of Chemistry 2012



Page 5 0of 9

decreased from -14.0 mV + 3.0 mV to -28.0 mV + 0.4 mV following
the formation of a soft corona, indicating the adsorption of
negatively charged proteins. The hard corona-SPIONs had an
effective surface charge of -11.5 mV + 2.3 mV, similar to that of the
bare SPIONSs, in agreement with the low concentration of proteins
that form the hard corona (Fig. 2A). Similar results for SPION
diameter and zeta potential were obtained when isolated BSA, rather
than FBS, was used to form a soft corona (Fig. S3).

3.2. Cellular binding of SPIONSs in the presence of a protein
corona

To determine if the protein corona that forms on SPIONs affects
their interaction with cells, fluorescence microscopy and flow
cytometry were used to measure the cellular binding of SPIONs in
the presence of FBS (Fig. 3). Experiments were carried out at 4°C to
allow binding to the cell surface, but block internalization.®*”°
Fluorescence microscopy shows SPIONs (186 pM) binding to RAW
264.7 macrophages incubated in PBS (Fig. 3A). The addition of 10%
FBS inhibits cellular binding (Fig. 3A). This decrease in SPION
binding in the presence of FBS was quantified using flow cytometry
(Fig. 3B). Three concentrations of SPIONs (93 pM - 372 pM) were
incubated with cells at 4°C in the absence or presence of 10% FBS.
While overall binding increases with higher concentrations of
SPIONS, binding is inhibited by the presence of FBS, and associated
soft corona formation, at all concentrations. Similar results were

A
PBS + FBS

PBS + FBS
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obtained for epithelial CHO cells (Fig. 3C and 3D) and at higher
SPION concentrations (971 pM and 194 pM, Fig. S4). The
decreased binding of SPIONSs in the presence of FBS is in agreement
with previous work from our lab showing decreased nanoparticle
binding in the presence of FBS for anionic polystyrene
nanoparticles, colloidal gold nanoparticles, and semiconductor
quantum dots.***

3.3. Analysis of cell surface receptors used by protein-SPION
complexes

To determine why corona formation inhibits the cellular binding of
SPIONs, we compared the cellular binding of bare SPIONSs, soft
corona-SPIONs, hard corona-SPIONs, and BSA-SPIONs (soft
corona) to CHO cells using flow cytometry. These experiments used
isolated SPIONs (186 pM) in PBS instead of SPIONS in the presence
of excess FBS. A soft corona formed from FBS, with minimal free
proteins present, led to a decrease to 70% =+ 4% binding to CHO
cells, compared to the bare SPIONs which were normalized to 100%
(Fig. 4A). This suggests that the corona proteins inhibit the cellular
binding of the protein-SPION complex. Hard corona-SPIONs also
showed a decrease in cellular binding to 60% = 2% compared to bare
SPIONs. As BSA was the main protein detected with SDS-PAGE
(Fig. 2) and the most abundant protein in FBS,*? we compared the
cellular binding of BSA-SPIONs with a corona consisting of only
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Figure 3. Cellular binding of SPIONSs is inhibited by serum proteins. (A) Confocal fluorescence microscopy images of SPIONs (green,
186 pM) bound to RAW 264.7 cells. The addition of 10% FBS inhibits binding. Nuclei are stained with DAPI (blue). (B) Flow cytometry
was used to quantify cellular binding of SPIONs to RAW 264.7 cells in the presence (gray) and absence (white) of FBS. The control shows
cells in the absence of SPIONSs. Error bars show standard deviation (n=4). (C) Confocal fluorescence microscopy image of SPIONs (green,
186 pM) bound to CHO cells. Nuclei are stained with DAPI (blue). (D) Flow cytometry of SPIONs bound to CHO cells. Error bars show
standard deviation (n=4).
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BSA. Interestingly, BSA-SPIONs had a slightly increased binding These results are in good agreement with previous studies showing

Figure 4. Competition of SPIONs with the mixture of FBS proteins and isolated BSA for binding to CHO cells was quantified with flow
cytometry. (A) The formation of a FBS corona on the SPION inhibits binding to CHO cells. In comparison, a corona formed using isolated
BSA (3.5 mg/mL) does not inhibit cellular binding. For all measurements, error bars show standard deviation (n=4). * indicates
p-values < 0.05, n.s. indicates not significant. (B) Cellular binding of bare SPIONs to CHO cells in the presence of increasing concentrations
of FBS. (C) Binding of SPIONs to CHO cells in the presence of increasing concentrations of BSA. No significant differences as a function
of BSA concentration were observed. A BSA range of 2-4 mg/mL is equivalent to the concentration of BSA found in 10% FBS,” in

agreement with values previously determined in our lab.*®

(119% + 2%) to the surface of CHO cells. This indicates that BSA is
not responsible for the decreased cellular binding of protein-SPION
complexes. Instead, it is likely that a lower abundance protein(s)
present in FBS is responsible for the observed trends in cellular
binding. It is possible that the increased binding of BSA-SPIONS is
due to the presence of only BSA, allowing the BSA-SPIONs to bind
to albumin receptors,® without inhibition from the lower abundance
protein(s).

The addition of excess proteins makes this difference in binding
more pronounced. Increasing concentrations of FBS (0% - 10%) lead
to decreased binding of the soft corona-SPION complexes (Fig. 4B).
The amount of binding plateaus at 5% FBS with 37% = 1% binding
normalized against 100% + 6% binding for the bare SPIONs. This
decrease observed with free FBS is greater than that observed with
isolated soft corona- or hard corona-SPIONs, 70% = 4% and 60% =+
2%, respectively, suggesting that competition with free proteins
present in FBS leads to the greater decrease in cellular binding.

6 | J. Name., 2012, 00, 1-3

that free serum proteins led to decreased cellular uptake of BSA-
SPIONs across multiple cells lines (fibroblast, placenta, cervix,
breast, and liver cells).”' In comparison, increasing concentrations of
excess BSA (0 mg/mL — 4 mg/mL) do not affect the cellular binding
of BSA-SPIONs (186 pM) (Fig. 4C). BSA concentrations of 2
mg/mL — 4 mg/mL are similar to the levels found in 10% FBS.> 7!
Taken together, these results show that a low abundance protein(s)
present in FBS adsorbs on SPIONs leading to decreased cellular
binding. The unidentified protein is not visible with SDS-PAGE,
despite a 200-fold scale up of SPIONSs for analysis (data not shown).
Although we were unable to detect a competitor protein with gel
electrophoresis, we tested a broad set of competitor proteins and
cellular receptors that had been identified in previous protein corona
and nanoparticle studies;** ** 7>7* scavenger receptors, transferrin
receptors, and IgG receptors. In each case, negative results were
obtained (Fig. S5).

3.4. Binding of CMD-PS NPs to cells

This journal is © The Royal Society of Chemistry 2012
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The cellular binding results show that a low abundance protein,
rather than BSA, dominates the cellular binding of protein-SPION
complexes. This observation is in contrast to our previous
experiments with anionic polystyrene nanoparticles, colloidal gold
nanoparticles, and quantum dots, all of which competed with free
BSA for cellular binding.*® To determine if this difference is due to
the SPION composition, iron oxide, or surface modification,
carboxymethyl dextran, we modified the surface of polystyrene
nanoparticles with carboxymethyl dextran (CMD-PS NPs, Fig. S6).
These nanoparticles were similar in diameter and surface charge to
the SPIONs (Table 1). We then repeated the cellular binding
experiments using CMD-PS NPs (60 pM) in place of the SPIONs
(Fig. 5). As with the SPIONs, FBS, but not BSA, inhibited binding
to CHO cells. Flow cytometry showed a 72% + 3% decrease of
CMD-PS NPs binding to cells in the presence of 10% of FBS,
comparable to the 63% decrease obtained with the SPIONs. Similar
to SPIONs, BSA did not inhibit cellular binding. These results
indicate that cellular binding of SPIONs is dominated by the
carboxymethyl dextran coating rather than the iron oxide core.

Table 1. Hydrodynamic diameter, polydispersity index, and zeta
potential of SPIONs and carboxymethyl-dextran modified
polystyrene nanoparticles (CMD-PS NPs). Mean values are shown
with standard deviation (n=3).

) Hydrodynamic Zeta potential
Particle type : PDI
diameter (nm) (mV)

SPIONs 116 £2 0.099 +0.008 -14.0+3.0
CMD-PS NPs 123 +7 0.101 +£0.025 -23.7+04

1201

100+

80

60

40+

20+

Mean fluorescence intensity (%)

Control CMD-PSNPs CMD-PSNPs  CMD-PS NPs
+ FBS + BSA

Figure 5. Flow cytometry was used to measure the cellular
binding of CMD-PS NPs (60 pM) to CHO cells in the absence
or presence of FBS (10%) and BSA (3.5 mg/mL). The mean
fluorescence intensity is normalized against the cellular binding
of CMD-PS NPs in the absence of serum proteins. The control
shows cellular autofluorescence in the absence of NPs. Error
bars show standard deviation (n=4).

3.5. Efficacy of protein-SPION complexes as MRI contrast
agents

T, relaxation time measurements were carried out on bare SPIONs
and soft corona-SPIONs (Fig. 6). Bare SPIONs (93 pM — 619 pM)
were incubated in PBS and the transverse magnetization M,, was

This journal is © The Royal Society of Chemistry 2012
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Figure 6. T, relaxation times of SPIONs in the presence and
absence of a protein corona at 37°C. (A) The transverse
magnetization of bare SPIONs was measured for various
concentrations of SPIONs (93 pM-619 pM). (B) Transverse
magnetization of SPIONs coated with a soft FBS corona (67 pM-
527 pM). SPION concentrations were determined with UV-Vis
spectroscopy. The concentrations in (B) were slightly lower due to
particle loss during preparation of coated SPIONs. (A) and (B)
show representative data from measurements carried out in
triplicate. (C) Transverse magnetization relaxation times of the
bare (white circles) and protein-coated SPIONs (black squares) as
a function of SPION concentration. Error bars show standard
deviation (n=3). Lines are linear fits to the data.
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recorded (Fig. 6A). With increasing concentration of SPIONs, the T,
times of the protons were shorter, indicated by the steeper
exponential decay of the signal. The decay rate is not only dependent
on iron oxide concentration, but also on temperature, particle size,
and coating of the iron oxide cores.® > 7 To determine if the protein
corona affected the T, relaxation time, we carried out the same
measurement using isolated soft corona-SPIONs (Fig. 6B).

By plotting the inverse transverse relaxation times, T,, against
SPION concentration, the transverse relaxivity (r2) can be calculated
from the slope of the linear graph (Fig. 6C). The r2 value is a
measurement of the efficacy of SPIONs to act as negative contrast
agents. We found only a slight (12%) increase of 12 following
corona formation with 12=9.24-10 ° 5™ pM™ and 12 = 8.23-10 5!
pM™! for soft corona-SPION complexes and bare SPIONS,
respectively. Although SPION coatings can have a significant effect
on T, times,” ** " 7" it appears that the protein corona that forms on
these SPIONSs does not affect the interaction of water molecules with
the SPION core. This suggest that the carboxymethyl dextran surface
modification dominates the T, time. The addition of a corona is a
relatively small perturbation in terms of the interaction of water
molecules with the SPION core. Interestingly, while this lack of
change in relaxivity has been observed previously for other anionic
carboxyl-dextran modified SPIONS, it appears to be modification-
specific as the relaxivity of cationic amine-dextran modified SPIONs
was significantly decreased following corona formation.*®

Conclusions

The formation of a protein corona can affect the diagnostic and
therapeutic efficacy of SPIONs on two levels. The first is cellular
binding, which would affect diagnostic and therapeutic applications
that require SPIONSs to bind or to enter cells. The second is the T,
relaxation time, which would affect the use of SPIONs as MRI
contrast agents. Using fluorescence microscopy and flow cytometry,
we find that the cellular binding of SPIONs to macrophages and
epithelial cells is inhibited by a corona formed from serum proteins
(Fig. 3-4). By functionalizing polystyrene nanoparticles with a
similar carboxymethyl dextran coating and repeating experiments,
we have determined that nanoparticle surface modification, rather
than core composition, determines the nanoparticle-cell interaction
in the presence of serum proteins (Fig. 5). Unexpectedly, we found
that albumin, the highest abundance serum protein,** did not
compete with protein-SPION complexes for cellular binding sites
(Fig. 4). This is in contrast to previous studies with other anionic
nanoparticles, including polystyrene, colloidal gold, semiconductor
quantum dots, and poly(methacrylic acid) nanoparticles.*> ** The
cellular binding of CMD-modified polystyrene nanoparticles was
also not inhibited by albumin (Fig. 5), suggesting that a unique
cellular receptor is utilized by the CMD ligand. T, relaxation times
of SPIONs were not affected by the formation of a protein corona
(Fig. 6). It is expected that these studies, probing the cellular binding
and T, relaxation times of SPIONs in the presences of serum
proteins, will advance the design of SPIONs with improved
diagnostic and therapeutic efficacy.
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