Research Article

www.acsami.org

APPL'ED&MATERIALS

INTERFACES

Casein-Coated Iron Oxide Nanoparticles for High MRI Contrast
Enhancement and Efficient Cell Targeting

Jing Huang,Jr Li}ya Wang,T Run Lin,?-’;t Andrew Y. Wang,§ Lily Yang,L’" Min Kuang,§ Weiping (lian,l
and Hui Mao*™!

"Department of Radiology and Imaging Sciences and *Department of Surgery, Emory University School of Medicine, Atlanta,
Georgia 30322, United States

J:Department of Interventional Radiology, Sun Ye-Tzen University School of Medicine, Guangzhou, Guangdong 510080, China
$Ocean NanoTech, LLC, Springdale, Arkansas 72764, United States

IIWinship Cancer Institute, Emory University, Atlanta, Georgia 30322, United States

© Supporting Information

ABSTRACT: Surface properties, as well as inherent phys-
icochemical properties, of the engineered nanomaterials play
important roles in their interactions with the biological
systems, which eventually affect their efficiency in diagnostic
and therapeutic applications. Here we report a new class of
MRI contrast agent based on milk casein protein-coated iron
oxide nanoparticles (CNIOs) with a core size of 15 nm and
hydrodynamic diameter ~30 nm. These CNIOs exhibited z 2.9% b
excellent water-solubility, colloidal stability, and biocompati- ¢ {:2-1"‘{}/'}

bility. Importantly, CNIOs exhibited prominent T, enhancing &8 ?&di .

capability with a transverse relaxivity r, of 273 mM ™' s™" at 3 Sa® e

tesla. The transverse relaxivity is ~2.5-fold higher than that of 1 "

iron oxide nanoparticles with the same core but an amphiphilic

polymer coating. CNIOs showed pH-responsive properties, formed loose and soluble aggregates near the pl (pH ~4.0). The
aggregates could be dissociated reversibly when the solution pH was adjusted away from the pl. The transverse relaxation
property and MRI contrast enhancing effect of CNIOs remained unchanged in the pH range of 2.0—8.0. Further
functionalization of CNIOs can be achieved via surface modification of the protein coating. Bioaflinitive ligands, such as a single
chain fragment from the antibody of epidermal growth factor receptor (ScFVEGFR), could be readily conjugated onto the
protein coating, enabling specific targeting to MDA-MB-231 breast cancer cells overexpressing EGFR. T,-weighted MRI of mice
intravenously administered with CNIOs demonstrated strong contrast enhancement in the liver and spleen. These favorable
properties suggest CNIOs as a class of biomarker targeted magnetic nanoparticles for MRI contrast enhancement and related
biomedical applications.
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B INTRODUCTION

Magnetic iron oxide (10, ie., Fe;O,, y-Fe,0;) nanoparticles
have attracted extensive attention because of their biomedical
applications in cell labeling, magnetic resonance imaging
(MRI), and imaging-guided drug delivery.'~> IO nanoparticles
synthesized via pyrolysis of organometallic iron precursors
possess high uniformity and excellent magnetic properties.
However, because of the inevitable hydrophobic residues (i.e.,
oleic acid) on the surface, they have poor water solubility for
biomedical applications. Increasing efforts are devoted to
fabricate biocompatible IO nanoparticles with functional
coatings, including synthetic polymers and natural products
(e.g., proteins). Conventionally, the phase transfer process of

lipid, dextran, poly(acrylic acid) (PAA), polyethylenimine
(PEI), or glutathione (GSH), etc.°”"! However, this exchange
method usually requires reactions (heating or sonicating)
between IO nanoparticles and coating materials in a dipolar
solvent (e.g., dimethyl sulfoxide, DMSO), and is not applicable
for protein coating. Although IO-protein complex could be
fabricated through directly mixing the aqueous protein solution
and hydrophobic IO nanoparticles, large clusters may form
because of the incompatibility of those two components.' In
addition, biomimetic magnetic nanoparticles can be formed by
coprecipitating ferric and ferrous salt inside protein cages, or
postsynthesis encapsulating.'>~'® However, the biomineraliza-

high-quality hydrophobic IO nanoparticles to aqueous phase is
based on exchanging surface surfactants with amphiphilic
molecules, such as polyethylene glycol (PEG), PEG phospho-
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tion or coprecipitation under mild conditions typically yields
magnetic nanoparticles with limited magnetic properties.
Therefore, a simple and reliable strategy for fabricating
protein-coated IO nanoparticles needs to be developed.

Casein (CN) is a main ingredient (~80%) of bovine milk
that contains several related phosphoproteins. Specifically,
bovine casein is consisted of four types of phosphoproteins
(ie, aS;-, aSy-, f-, and k-CN) with molecular weight of 19—25
kDa, and an isoelectric point (pI) of 4.2—5.8."”%° Casein has a
high affinity for binding ions or small molecules. Naturally,
casein self-assembles into micelles with diameters ranging from
50 to 500 nm, acting as natural nanovehicles for delivery of
calcium, phosphate and other biomolecules.*' ¢ Generally, the
casein micelle is believed to be formed based on the open
structure and distinct hydrophobic/hydrophilic domains of
these proline-rich phosphoproteins, which allow casein to
change its conformation easily in solution. Casein micelle is
stabilized by an out layer of hair-like kx-casein molecules, which
protrude their hydrophilic C-terminal domains into the
aqueous environment. In addition to its excellent biocompat-
ibility and biodegradability, casein has pH-responsive structural,
conformational, and functional changes, and is heat-stable up to
60—70 °C.>’~* These unique structural and physicochemical
properties have led to the earlier studies of casein-based drug
delivery systems.>* >

In this work, we report the development of casein-coated
iron oxide nanoparticles (CNIOs) for biomarker targeted MRL
Because conventional exchange methods require harsh reaction
conditions which can easily denature proteins and deform the
nanoparticle surface structure, we use a recently developed
exchange-encapsulation method to transfer high quality hydro-
phobic IO nanoparticles to the aqueous phase.*” This process,
as illustrated in Scheme 1, is mediated by a widely available

Scheme 1. Illustration of the Exchange-Encapsulation
Process for Coating Iron Oxide (I0) Nanoparticles with
Casein to Obtain Casein Coated Iron Oxide Nanoparticles
(CNIO)
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natural nutrient molecule, glucose, which can be oxidized and
polymerized into oligosaccharides under high temperature
conditions.*®* For the current study these oligosaccharide
molecules partially replace oleic acid and protect hydrophobic
IO nanoparticles from oxidation during the exchange
procedure. The ionic oligosaccharide renders hydrophilic
moieties of protein molecules onto the surface of IO
nanoparticle cores. This new approach allows the robust
preparation of nanomaterials with a desired protein coating,
resulted in water-soluble and stable nanocolloids for biomedical
applications. Such milk protein-coated iron oxide nanoparticles
exhibit a significantly higher transverse relaxivity than that of
the same nanoparticulate core coated with synthetic polymer,
providing a highly efficient MRI contrast agent. More
importantly, bioaflinitive ligands, such as single chain fragment
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from the antibody of epidermal growth factor receptor
(ScFVEGFR), can be readily conjugated onto the protein
coating, enabling specific targeting to tumor cells for targeted
molecular imaging and drug delivery applications.

B MATERIALS AND METHODS

Materials. All materials were used as received. Bovine casein,
glucose, glutaradehyde, N,N-dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-
lium bromide (MTT) were purchased from Sigma-Aldrich (St. Louis,
MO). 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride
(EDC), N-hydroxysulfosuccinimide (Sulfo-NHS) were obtained from
Thermo Scientific (Rockford, IL). All cell culture materials (media and
supplements) were purchased from Invitrogen (Burlington, ON). 100
kDa MWCO Ultra-4 centrifuge tubes were purchased from Millipore
(Billerica, MA).

Synthesis of Casein-Coated Iron Oxide Nanoparticles
(CNIOs). Hydrophobic IO nanoparticles were prepared by heating
iron oxide powder and oleic acid in octadecene at 315 °C.*° To
transfer IO nanoparticles into aqueous phase, a chloroform solution of
IO nanoparticles was added to a preheated glucose/DMEF solution
with a molar ratio of IO nanoparticle:glucose at 1:1 X 10°. The mixture
was refluxed for 1 h, and then cooled to room temperature. 10
nanoparticles were precipitated with ethanol and then separated by
SuperMag Separator (Ocean Nanotech, Springdale, AR), washed three
times with ethanol. The resulted IO nanoparticles were redispersed in
water, which turned into a brownish solution. Casein was pretreated
with 0.01 M NaOH solution to form soluble base. The treated casein
powder was added into the IO nanoparticle solution with a molar ratio
of IO nanoparticle: casein at 1:200. The mixture was shaken gently at
room temperature for about 4 h. Freshly prepared glutaradehyde
solution (0.4%, with the molar ratio of glutaradehyde:casein at 1:2)
was then added dropwise into the above mixture solution under
magnetic stirring. This cross-link reaction was allowed to proceed for 1
h. The resulting CNIO product was washed with water several times
through Ultra-4 centrifuge tubes with a cut off size of 100 kDa, then
collected by magnetic separation and redispersed in water. The stock
solution of CNIOs was stored at 4 °C for further use. The pH-
dependent tests were conducted by adjusting the CNIO dispersion
with diluted HCI or NaOH. The pH adjusted CNIO dispersions were
then gently shaken at room temperature for 1 h to allow the sufficient
reformation. The hydrodynamic size, surface charge, and MRI
relaxation properties of the particles were studied to investigate the
pH dependent stability of CNIOs.

Characterization of CNIOs. The morphology and size of CNIOs
were studied using transmission electron microscope (TEM, Hitachi
H-7500 accelerating voltage 75 kV). Typically, TEM samples were
prepared by dropping diluted nanoparticle solutions on a carbon
coated copper grid and air-dried. For the negative staining, 1%
phosphotungstic acid (PTA) aqueous solution was used to stain the
background to visualize the protein coating, after a drop of CNIO
solution was deposited on the copper grid and the solvent was wicked
away. The hydrodynamic size (in diameter) and surface charge of
nanoparticles in the aqueous solution were evaluated using a dynamic
light scattering (DLS) instrument (Malvern Zeta Sizer Nano S-90)
equipped with a 22 mW He—Ne laser operating at 632.8 nm. The
averaged sizes were obtained from three measurements (10 runs per
measurement) for each sample using number-weighted statistics. The
Fourier transform infrared spectroscopy (FTIR) spectra were collected
on a PerkinElmer Spectrum 100 FT-IR spectrometer (Bucks, UK).
UV—vis absorption spectra were obtained with a scanning
spectrophotometer (Shimadzu UV-2401PC) with a slit width of 1.0
nm.
Measurements of Transverse Relaxation Time and Relax-
ivity. The transverse relaxation, or T,, properties of CNIOs at
different pH conditions were determined using a 3T MRI scanner
(Magnetom Tim Trio, Siemens Medical Solutions, Erlangen,
Germany). Solutions of CNIOs and amphiphlic polymer-coated iron
oxide nanoparticles (SHP15),° which have the same iron oxide core as
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CNIO, were prepared with Fe concentrations varying from 0.006 to
0.089 mM. The phantom tubes containing those solution samples
were placed in the MRI scanner. A T,-weighted fast spin echo imaging
sequence with a repetition time (TR) of 3200 ms and echo time (TE)
of 60 ms was used to evaluate the contrast effect of different
nanoparticle solutions. To measure the transverse relaxation time T}, a
multiecho spin echo sequence was used with a TR of 2000 ms and 20
different TEs, starting at 10 ms with increments of 10 ms. Signal
intensity (SI) of each region of interest (ROI) was measured for each
concentration at different TEs. The values of T, relaxation times at
different concentrations were derived from the fitting of the average SI
data using a nonlinear exponential equation.""

Cytotoxicity Evaluation. Cytotoxicity of CNIOs was assessed in
vitro by the 3-(4,5-dimethylthiazol-2-yl)-2,5-iphenyltetrazolium bro-
mide (MTT) assay. Mouse macrophage RAW264.7 cells were
detached and seeded in 96-well flat-bottom microplates at 5,000
cells per well. After 24 h recovery at 37 °C, the medium was replaced
with 200 uL medium containing CNIOs at various concentrations (s,
10, 20, SO, 100, and 200 ug Fe/mL). For the control sample, fresh
medium without CNIOs was added. After 24 h of incubation at 37 °C,
20 uL of MTT solution (S mg/mL) was added into each well
following a 3 h of incubation. After removing the culture media, the
precipitated formazan was then dissolved in DMSO. Finally, a
microplate reader (Biotech Synergy2) was used to measure the
absorbance of all samples (n = S per group) at 540 nm. Cell viability
was determined by comparing the absorbance of cells incubated with
CNIOs to that of the control cells incubated without CNIOs.

MRI of CNIOs in Mice. All animal experiments were conducted
following a protocol approved by Institutional Animal Care and Use
Committee (IACUC). CNIOs were injected into Balb/c mice (n = 3)
through the tail vein at a dosage of 2.5 mg Fe/kg of mouse body
weight. Animals were anesthetized by ip. injection of a ketamine-
xylazine mixture (95:5 mg/kg) before being placed in a 3T MRI
scanner. T,-weighted fast spin echo images were acquired using a
volumetric wrist coil in the coronal sections covering the whole mouse
body before and 20, 40, 60, and 150 min and 24 and 48 h after
injection of nanoparticle contrast agents. The imaging parameters
included: TR of 3600 ms, TE of 32 ms, matrix of 320 X 128, field of
view (FOV) of 120 X 60 mm?, flip angle of 150°, and slice thickness of
1.00 mm. The signal-to-noise ratio (SNR) was calculated according to
the equation: SNR = SI.../SD, . The relative contrast enhance-
ment at each time point was defined as signal decrease ASNR =
(SNRpre - SNRpost)/SNRpre'

Conjugation of CNIOs with an EGFR Targeting Ligand. The
human EGFR specific single chain fragment of anti-EGFR antibody
(ScFVEGFR) expressing plasmid (ScFv B10) was kindly provided by
Dr. Gregory Adams at Fox Chase Cancer Center, Philadelphia, PA.
The ScFVEGFR of anti-EGFR antibody was produced using an
established procedure published previously*' and then conjugated to
CNIOs via a covalent link of the carboxyl group of SCFVEGFR and the
amine group of casein coating.d'z'43 Briefly, ScCFVvEGFR (1 mg) was
reacted with NHS (0.25 mg) and EDAC (0.5 mg) in MES buffer
solution (1 M, pH 5.5) for 15 min. Then CNIOs dispersed in borate
buffer solution (0.5 M, pH 8.5) was added. The mixture was allowed
to react for 2 h. The product was collected by SuperMag Separator and
washed with deionized water.

Specific Cell Binding of SCFVEGFR-CNIOs. Breast cancer MDA-
MB-231 (overexpressing EGFR) and MCF7 (expressing EGFR at a
very low level) cells were seeded in 8-well chamber slides at the
concentration of 50,000 cells per well. After recovering for 24 h, the
media was replaced with that contained ScFVEGFR-CNIOs at the
concentrations of 0, 0.10, and 0.25 mg Fe/mL. Cells were incubated at
37 °C for 4 h. The cell monolayer was then rinsed with PBS, and fixed
with 4% paraformaldehyde in PBS solution. Prussian blue staining for
iron was performed to investigate the specific binding of ScCFVEGFR-
CNIOs to cells with EGFR expression. Briefly, freshly prepared 10%
potassium ferrocyanide (II) trihydrate and 20% HCI solution were
mixed together and added to wells containing fixed cells. After
incubating for 1 h, the working solution was removed, and the cells
were washed with PBS. Counterstaining was performed by adding the
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nuclear fast red solution and incubating for S min. The cells were then
dehydrated with 70% and 100% ethanol and rinsed in xylene. The
slides were mounted and examined by a light microscope.

B RESULTS AND DISCUSSION

Synthesis and Characterization of CNIOs. The hydro-
phobic I0s with a core size of 15.1 + 0.6 nm (diameter), as
shown in the TEM image in Figure la, were coated with oleic
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Figure 1. TEM images of (a) hydrophobic IO nanoparticles before
modification and (b) after being coated with casein (CNIOs). Inset of
a is a photograph of hydrophobic IO nanoparticles dispersed in
chloroform (left) and water-soluble CNIOs (right); inset of b is a
negative stained TEM image that shows a protein coating (bright layer
surrounding the particles); (c) dynamic light scattering (DLS) data
showing the changes of hydrodynamic size (in diameter) of IO
nanoparticles before modification, after ligand exchange, and after
being coated with casein; (d) pictures of gel electrophoresis analysis of
casein (CN), oligosaccharide coated iron oxide nanoparticles (SIO),
casein-coated iron oxide nanoparticles (CNIO) with a gel running
marker (frontier, DNA loading dye) (top panel), and corresponding
gel code blue staining (bottom panel).
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acid and only soluble in nonpolar solvent (e.g,, chloroform,
hexane). After oleic acid was exchanged with oligosaccharides,
IO nanoparticles were subsequently coated with casein to
obtain water-soluble CNIOs (inset in Figure la). TEM
measurement showed that the core size of CNIOs remained
unchanged (~15 nm) after the ligand exchange process (Figure
1b). However, the number-weighted hydrodynamic diameter of
nanoparticles changed from 17.6 to 18.5 nm after exchanging
with oligosaccharides, and further increased to 30.5 nm after
the formation of casein coating (Figure 1c). The changes in
hydrodynamic size suggested the expected transition of
different types of surface coating at different stages in the
preparation. Negative staining allowed for visualizing a layer of
4-nm thick protein coating around the IO nanoparticles (inset
in Figure 1b). Successful coating of casein molecules onto the
nanoparticle surface was further confirmed by the surface
charge changes. The surface zeta potential changed from —18.8
+ 49 mV to —38.0 + 3.9 mV after attachment of casein
proteins. The substantial increase in negative surface charge is
likely attributed to the presence of a large number of carboxyl
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groups in casein. Size exclusion gel electrophoresis was used to
determine the amount and purity of the obtained CNIOs.
CNIOs exhibited a slower moving band (Figure 1d), compared
to that of the IO nanoparticles without casein coating,
indicating the increased size of CNIOs after the protein
encapsulation. Gel code blue staining, which stains for the
presence of casein, further confirmed the casein coating on the
CNIO sample with a strong blue band in the location
corresponding to CNIOs. No such blue band was observed
for the IO nanoparticles without casein coating because of the
absence of protein.

Fourier transform infrared (FTIR) spectra were acquired for
further demonstration of the presence of casein coating on
CNIOs (Figure 2). A characteristic peak from the Fe—O
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Figure 2. FT-IR spectra of hydrophobic iron oxide (I0) nanoparticles,
oligosaccharide-coated iron oxide (SIO) nanoparticles, casein-coated
iron oxide (CNIO) nanoparticles and casein (CN).

stretching band of iron oxide was observed at 586 cm™". The
formation of casein coating on the nanoparticles was confirmed
by the characteristic peaks from amide bands of protein in the
IR spectra of CNIOs, compared with pure casein. Peaks at 1646
and 1521 cm™' referred to C=O and C—N stretching from
amide I and II, and the band at 1300—1200 cm ™" referred to
C—N stretching and N—H deformation. In comparison with
CNIOs, the IR spectra of oleic acid and oligosaccharides coated
IO nanoparticles only displayed peaks from C=C stretching
(1616 cm™" for 10, 1637 cm™" for SIO) and C—H bending
(1409 cm™ for 10, 1384 cm™ for SIO). Using the Bradford
assay which measures the protein content, we estimated that
approximately 50 casein molecules were assembled on each IO
nanoparticle.

Prepared CNIOs were easily dispersed in the aqueous
solution. Aqueous CNIOs suspension was stable for months in
storage at 4 °C without noticeable precipitation. Furthermore,
the hydrodynamic size of CNIOs remained unchanged after 48
h incubation in the physiological condition of either phosphate
buffer (PBS, pH 7.4) or serum-contained cell culture medium
at room temperature (Figure 3).

MRI Relaxation Properties of CNIOs. To evaluate the
MRI contrast enhancing capability of CNIOs, the transverse
relaxivity and MRI signal changes of aqueous CNIO solutions
with different Fe concentrations were investigated on a 3T MRI
scanner. For comparison, amphiphilic polymer coated iron
oxide nanoparticles (SHP1S, with carboxyl groups on the
surface, —30 to —50 mV) with the same core size (15 nm) were
selected.® As shown in Figure 4a, substantially stronger
hypointense contrast in T,-weighted spin echo images were
observed in CNIO samples compared to those of SHP1S at the
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Figure 3. Stability of CNIOs in water, PBS, and RPMI1640 culture
medium as assessed by DLS. The particle size did not show significant
change after 48 h incubation in those mediums at room temperature.

same iron concentrations. The decrease of MRI signal in T),-
weighted images was iron concentration dependent. Transverse
relaxation time T), at each iron concentration were determined
by fitting the MRI signal intensities at different echo times (n =
20) with an exponential function. Transverse relaxivity r, was
calculated from slopes of the linear correlation between the
relaxation rates (ie, 1/T,) and iron concentrations (Figure
4b). The calculated r, was 273 mM ™' s™* for CNIOs, compared
to 109 mM ™! s™! for SHP15. Thus, with casein coating, CNIOs
exhibited an r, almost 2.5-fold higher than that of SHP1S
coated with amphiphilic polymer. The increase in r, for CNIOs
was further confirmed by the magnetic susceptibility measure-
ment (see Figure S4 in the Supporting Information). The
complex susceptibility for CNIOs is 0.043 at the frequency
1000 Hz, which is 1.4 times higher than that of SHP15
(~0.030). The increased relaxivity may lead to higher
sensitivity for detecting abnormalities, allowing for the same
imaging quality at a reduced dosage with less toxicity concern.
Importantly, the increase in r, of CNIOs suggests that the
coating material and surface properties play important roles in
modulating MRI contrast enhancing effect. The unique
structure and properties of casein changed the interface
between the nanoparticle and bulk water medium. As it is
known, the dipolar interactions between the particle magnetic
moments and the surrounding water protons contribute to the
shortening of the T, relaxation time and proton dephasing. The
higher and more efficient MRI contrast from CNIOs is possibly
caused by the high water permeability of the coating, allowing
water molecules to access and diffuse in and out of the inner/
outer layers. Meanwhile, the high affinity of casein coating to
water molecules may promote the interactions and diffusion of
surrounding water molecules around the particles.***> More-
over, casein molecules have abundant hydrate function groups
that can increase the exchange between the hydrated water
molecules and ones in bulky surrounding. Another possible
interpretation for the substantially increased r, is that some
casein molecules may be covalently conjugated to the particle
surface through the phosphate groups,46 reducing the exclusion
of water molecules from the particle surface and facilitating the
exchange between bulk water and those residing on the casein
surface. Similar phenomena were observed from human serum
albumin and other protein coated IO nanoparticles.*”** In
addition to the hydrophilicity and water diffusion effect of the
coating materials, less surface defects or deformation in the
reductive environment during the modification may also
contribute to the higher MRI contrast enhancement.
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Figure 4. (a) T,-weighted spin echo MR images of CNIOs and SHP15 at different concentrations; (b) transverse relaxation rates (1/T,, s™') of

CNIOs and SHP1S as a function of the iron concentration (mM).

pH-Responsive Properties of CNIOs. Similar to pure CN
(pI ~4.2-5.8),”° CNIOs were found to be highly pH-
responsive and exhibit U-shaped dispersibility as a function of
pH. Zeta potential measurements showed that the surface
charge of CNIOs shifted from negative to positive as the pH
value decreased from 8.0 to 2.0 (Figure Sa). This shift was
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Figure S. (a) Plots of changes in hydrodynamic size (red solid cycle)
and surface charge (blue triangle) of CNIOs as a function of pH; (b)
transverse relaxivity r, of CNIOs as a function of pH.

caused by the neutralization of negative surface charge due to
the pH decrease. The isoelectric point (pI) for CNIOs was
determined to be ~pH 4.0, when the surface charge was
neutralized to zero. The electrostatic repulsion between the
particles decreased, thus leading to the aggregation of CNIOs.
As shown in DLS data, particle sizes increased from 30.5 nm
(pH 7.0) to 132 nm (pH 4.0) by forming loose aggregates.
When the pH was decreased further, from 4.0 to 2.0, the
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surface charge became positive (~25.4 mV), providing
sufficient electrostatic repulsion between particles, and thus
promoted the dissociation of aggregates and the recovery of
single dispersion with a size ~30 nm. Similarly, after the pH
was adjusted back to 7.0 by acid titration, aggregates of CNIOs
formed at pH 4.0 were dissociated to single dispersed
constituent particles (see Figure S1 in the Supporting
Information). Though the aggregates formed faster and larger
after the first cycle of pH modulation, this aggregation—
dissociation process was reversible up to 5 cycles. TEM images
indicated that no obvious aggregates of CNIOs existed at pH
7.0 after S cycles (see Figure S2 in the Supporting
Information). UV—vis absorption spectra of CNIO suspensions
at different pH conditions revealed higher absorption at pH 4.0
than that at pH 7.0 (see Figure S3 in the Supporting
Information), which also confirmed the aggregation of
CNIOs at pH 4.0. Both single dispersed CNIOs and aggregated
CNIOs showed the characteristic absorption peak at 280 nm,
which is attributed to the tryptophan, tyrosine, and cysteine
residues in casein.

Because the influence of aggregation on the relaxation rate of
single dispersed magnetic nanoparticles provides the potential
to optimize the parameter for improved sensitivity and
quantification, it has attracted much attention recently.”>*~>
Early studies showed the relationship between transverse
relaxivity, r,, and the size of aggregates, D, could be divided
into three regimes: (1) motional averaging regime (MAR),
where r, is proportional to D% (2) static dephasing regime
(SDR), where r, reaches to a maximum plateau, and is
independent of D; and (3) echo limited regime (ELR), where
r, is proportional to 1/D?°%% The initial increase of r, can be
attributed to the interactions between the small magnetic cores
inside the aggregates, which enhance the magnetic moment of
the nanocrystals, thus increasing the induced magnetic field
inhomogenity.*>” However, a further increase in the cluster
size of aggregates causes exclusion of the water molecules from
the inner surface of the particle within polymer coating, altering
the relaxation regime.*****® In most reported cases, signifi-
cantly increased r, relaxivity in aggregates or clusters of IO
nanoparicles were based on nanoparticles either coated with
polymers or encapsulated in micelles or liposomes, where the
hydrophobic inner layer of the coating polymers or liposomes
may strongly exclude the water molecules from the particle
surface.***~5*%% Eor the CNIOs reported in this study, the
MRI contrast enhancing effect was fairly constant and stable
over the pH range of 4.0—8.0 (Figure Sb). This unique MRI
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property of CNIOs is likely due to the high affinity for water as
well as the highly porous and water-permeable structure of the
protein coating, which allows for the nearby water molecules to
maintain their molecular motion in the similar microenviron-
ment even after they form the loose aggregates at pI 4.0. The
loose structure of the CNIO aggregates differs from those
compact polymer coated or liposome or micelle-encapsulated
multicore nanoparticle clusters previously reported in the
literatures. Moreover, the distance between the nanoparticles in
the CNIO aggregates is likely long, so that the interaction
between each magnetic particle core is weak. Thus we did not
observe a change of overall r, relaxivity of CNIO aggregates
comparing to that of CNIO single cores. In fact, the observed
constant transverse relaxivity and MRI contrast enhancing
effect over the pH range of 4.0—8.0 provided indirect evidence
that the high hydrophilicity and low diffusion restraints for
water molecules moving in the protein layer contribute to the
much higher r, values of CNIOs. This unique phenomenon in
CNIOs may lead to a new approach for developing high
transverse relaxivity MRI contrast agents through promoting
surface hydrophilicity, not just increasing the nanocrystal size.
Nonetheless, further investigation is needed for a better
understanding of such properties that contribute to relaxivities
and MRI contrast enhancement as new classes of magnetic
nanoparticles and surface coating materials are developed for
MRI applications.

Cytotoxicity of CNIOs. To investigate the biocompatibility,
cytotoxicity of CNIOs was evaluated using MTT assay by
incubating macrophage RAW264.7 cells with medium contain-
ing CNIOs at different concentrations (5—200 ug Fe/mL) for
24 h. The cell viability was tested by MTT assay and
normalized to the control samples. The cells incubated with
CNIOs survived even at the highest iron concentration at 200
ug Fe/mL, showing viability ~90% compared to the control
(Figure 6). These results suggested that these newly developed
CNIOs are biocompatible and suitable for biomedical
applications.
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Figure 6. Cell viability of RAW264.7 macrophage cells treated with
various concentrations of CNIOs for 24 h measured by MTT assay.

MRI Contrast Enhancement of CNIOs in Mice. To
further test the MRI contrast enhancing capability in vivo,
CNIOs were intravenously (i.v.) administered into Balb/c mice
at the dosage of 2.5 mg Fe/kg of mouse body weight. T)-
weighted MRI was performed before and after injection. As
shown in Figure 7a, hypointensities induced by CNIOs can be
readily observed in liver and spleen at 20 min after injection.
The signal-to-noise ratio (SNR) increased ~76% and ~52% in
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Figure 7. (a) T,-weighted MR images of a mouse before and after
injection of CNIOs at a dosage of 2.5 mg Fe/kg per mouse body
weight; (b) relative MR signal-to-noise ratio (SNR) in liver, spleen and
muscle.

liver and spleen, respectively. The contrast in liver began to
decrease after 24 h of injection (Figure 7b) because of the liver
clearance. The contrast enhancement indicated the accumu-
lation of CNIOs in these organs, demonstrating that CNIOs
can be potentially used as effective T,-weighted MRI contrast
agents. Biodistribution studies revealed the increase of iron
concentration in liver and spleen after i.v. injection (see Figure
SS in the Supporting Information). Additionally, Prussian blue
staining identified the presence of CNIOs in these organs.
However, lower uptake of CNIOs by liver and spleen was
observed in comparison with the polymer coated particles
(SHP1S) with the same size and surface charge (see Figure S6
in the Supporting Information).

Specific Targeting to Cancer Cells with EGFR
Targeted CNIOs. Specific targeting of ScFvEGFR-CNIOs
(with hydrodynamic size ~35.0 nm, see Figure S6 in the
Supporting Information) to cancer cells was determined by
coincubating cells with ScFYEGFR-CNIOs, followed by
Prussian blue staining for iron. Human breast cancer MDA-
MB-231 and MCF7 cells were selected as target and nontarget
control cell lines. As shown in Figure 8, the cellular uptake of
ScFVEGFR-CNIOs by MDA-MB-231 cells (overexpressing
EGFR) was significant and in a dose-dependent manner. In
comparison, little cellular uptake was observed in MCF7 cells
(low level of expressing EGFR) treated with ScFVEGEFR-
CNIOs.

B CONCLUSIONS

We have produced a new class of protein coated iron oxide
nanoparticles using milk protein casein. Through ligand
exchange and subsequent encapsulation of magnetic IO
nanoparticles with casein, the prepared CNIOs showed
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Figure 8. (a) Representative microscope images for Prussian blue staining of MDA-MB-231 (overexpressing EGFR) and MCF7 (low level of

expressing EGFR) cells after incubated with ScCFvEGFR-CNIOs at 37 °C for

4 h, stained IO nanoparticles present as blue dots; (b) Percentages of

Prussian blue positive cells analyzed by Image] revealed pronounced cellular uptake of SCFEVEGFR-CNIOs by MDA-MB-231 cells.

excellent water solubility and stability in the pH range of 5.0—
8.0 with a pI of 4.0. Compared with the IO nanoparticles with
same hydrophobic IO core but coated with conventional
synthetic polymer, these CNIOs exhibited substantially higher
relaxivity and improved MRI contrast. Therefore, CNIOs
potentially may provide high MRI sensitivity at a reduced
dosage. The prepared CNIOs also show pH-responsive
properties. Loose and soluble aggregates of CNIOs were
formed near the pI ~4.0. However, this was reversible as the
aggregates dissociated to monodispersed single core form when
the solution pH was adjusted back to 7.0. It is noticed that no
significant change was found for the transverse relaxation
properties and MRI contrast enhancing effect at a pH range of
4.0 and 7.0. Furthermore, the carboxylic functional groups on
the protein coating allow for the conjugation of bioactive
moieties, such as biomarker specific targeting ligands. These
results have demonstrated that CNIOs may provide a
promising new class of MRI contrast agents, and could be
extended to other protein-coated nanoconstructs in biomedical
applications.
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(1) Reversible size change, TEM images, and UV—vis
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B ABBREVIATIONS

CN, casein

10, iron oxide

MRI, magnetic resonance imaging

PAA, poly(acrylic acid)

PEI, polyethylenimine

GSH, glutathione

DMSO, dimethyl sulfoxide

CNIOs, casein-coated iron oxide nanoparticles

DMF, N-dimethylformamide

MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide

EDC, 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hy-
drochloride

Sulfo-NHS, N-hydroxysulfosuccinimide
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TEM, transmission electron microscope

PTA, phosphotungstic acid

DLS, dynamic light scattering

FTIR, Fourier transform infrared spectroscopy

SI, signal intensity

SNR, signal-to-noise ratio

ScFVEGFR, human EGFR specific single-chain fragment of
anti-EGFR antibody

SIO, oligosaccharide-coated iron oxide nanoparticle
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