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Introduction: The inherent fluorescence properties of iron oxide nanoparticles (IONPs)
were characterized, and their applicability for multiphoton imaging in cells was tested in
combination with their magnetic resonance imaging (MRI) capabilities.

Methods: Superparamagnetic iron oxide nanoparticles were synthesized and subsequently
coated with polyethylene glycol to make them water-dispersible. Further characterization of
the particles was performed using Fourier transform infrared spectroscopy (FT-IR), X-ray
diffraction (XRD), dynamic light scattering (DLS), superconducting quantum interference
device (SQUID) and magnetic resonance relaxivity measurements. MRI and fluorescence
properties of bare IONPs were first studied in solution and subsequently in A549-labeled cells.
Results: The particles, with a core size of 11.3 + 4.5 nm, showed a good negative MRI
contrast in tissue-mimicking phantoms. In vitro studies in mammalian A549 cells demon-
strate that these IONPs are biocompatible and can also produce significant T2/T2* contrast
enhancement in IONPs-labeled cells. Furthermore, excitation-wavelength dependent photo-
luminescence was observed under one- and two-photon excitation.

Discussion: The obtained results indicated that IONPs could be used for fluorescence label-
free bioimaging at multiple wavelengths, which was proven by multiphoton imaging of
IONPs internalization in A549 cancer cells.

Keywords: iron oxide nanoparticles, photoluminescence, biomedical imaging, MRI, cancer

cells, multimodal imaging

Introduction

Multimodal imaging combines the advantages of two or more imaging modalities with
the aim of overcoming limitations of individual methods in terms of specificity,
resolution and sensitivity to enable early and accurate diagnosis of diseases, like cancer.
Nanoparticles have shown a remarkable potential to enhance diagnosis thanks to their
high surface-area-to-volume ratios and finely tunable size and shape.'*’” Recent exam-
ples of nano-based multimodal imaging include surface-enhanced Raman scattering
(SERS) based imaging using branched gold nanoparticles (NPs),> combined photo-
acoustic and CT imaging using gold nanostars,*® simultaneous computed tomography
(CT) and magnetic resonance imaging (MRI) using gold and iron oxide nanocages® and
triple mode optical, MRI and photoacoustic imaging (PAI) using [GdO] [ICG]” NPs.*
Furthermore, quantum dots,” up-converting nanoparticles,® gold” and carbon-based®
materials have intrinsic near-infrared (NIR) optical absorbance, which is an advantage
for deep tissue imaging. However, a major concern regarding the use of nanomaterials
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in patients is the potential toxic effects associated with their
long-term biodistribution and clearance from the body.”***°

Iron oxide nanoparticles, in contrast, are highly bio-
compatible. IONPs are generally metabolized in the liver
body’s

reservoir.'*! This has made them very attractive for bio-

and eventually integrated into the iron
medical applications ranging from imaging to therapeutics
and drug delivery.'"*** Some examples are the use of
iron oxide or iron oxide-gold core-shell nanoparticles for
photothermal or magnetothermal therapy and targeted
thermo-chemotherapy.'>'***** Moreover, the versatility
of IONPs has already been demonstrated in clinically
approved formulations used as T2/T2* contrast agents
for MRI (Feridex®, Resovist®, Feraheme®)14 or as thera-
peutic agents for magnetic hyperthermia treatment of brain
tumors (NanoTherm®™).'> The MR imaging properties of
IONPs arise from their magnetic properties. IONPs com-
posed of magnetite (Fe;04) with diameters of <20 nm
exhibit a superparamagnetic behavior, ie each nanocrystal
acts as a single magnetic domain, which influences the T2/
T2* MRI relaxation time of the surrounding tissue, pro-
viding a negative contrast enhancement by decreasing or
completely quenching the MR signal in the respective
pixels.'®

MRI is a useful imaging technique that provides both
anatomical and functional information with high spatial
resolution and excellent soft tissue contrast. However, its
relatively low sensitivity is promoting the combination of
MRI and more sensitive probes like positron emission
tomography (PET) tracers or optical probes. In this way,
static and quantitative MRI data are simultaneously com-
bined with real-time dynamic information from optical
fluorescence imaging or PET.'"#*° Flyorescently labeled
IONPs have been used for the in vivo detection and treat-
ment of target-specific tumors.'® However, only two near-
infrared fluorophores, indocyanine-green and methylene
blue, have been approved for in vivo optical imaging by
the US Food and Drug Administration (FDA)."
Moreover, nanoparticle-dye conjugates are not always
easy to synthesize as some dyes can greatly compromise
the stability of the nanoparticles in solution and their
interaction with the biological environment is hard to
predict.**>'? Another well-recognized disadvantage of
conventional fluorescent proteins or organic dyes is photo-
bleaching, which results from their structural instability
and subsequent degradation.”’ Due to these drawbacks,
alternatives avoiding additional fluorescent labeling are
usually preferred.

Even though the photoluminescence of colloidal Fe;0,4
has recently been linked to their photothermal properties
over a wide range of particle sizes (10 nm-5 pum), the
literature in this respect is still scarce.”***3* Moreover,
the two-photon emission properties of IONPs, which
would allow deeper imaging of the material without harm-
ing the biological samples, remain unexplored. In addition,
thanks to their compact crystal structure and strong Fe-O
bonds, IONPs are very robust compounds, making them
much less susceptible to irreversible decomposition, and
hence, to photobleaching.

As a proof-of-concept, we explore the potential of label-
free IONPs as MRI and optical dual-modality contrast
agents. Biocompatible polyethylene glycol-coated iron
oxide nanoparticles (PEG-coated IONPs) of ~11 nm have
been synthesized, fully characterized and proved to exhibit
good T2/T2* shortening effects in tissue-mimicking phan-
toms. The emission properties of PEG-coated IONPs have
been studied under one- and two-photon imaging conditions.
Furthermore, label-free PEG-coated IONPs were success-
fully imaged by multiphoton microscopy in human alveolar
adenocarcinoma A549 cells.

Materials and Methods

Materials and Instrumentation

Sodium oleate, iron(IIl) chloride hexahydrate (97%),
(DMPAP, 99%),
and mercaptopropyl trimethoxysilane (95%), paraformal-
dehyde (PFA), eosin Y solution, agar, nitric acid (HNOj3)
potassium ferrocyanide, Triton X-100 and Hoechst 33342

2.2-dimethoxy-2-phenylacetophenone

were obtained from Sigma Aldrich; ethanol and oleic acid
from VWR; heptane and toluene from Fisher Scientific;
acetone from Chem Lab; 1-octadecene (90%) hydrochloric
acid (HCI) 37% from Acros; triethylamine (TEA) from
Janssen Chimica; and hydroxypolyethoxy (10) allyl ether
from Polysciences, Inc; phalloidin-CruzFluor' 647 from
SantaCruz Biotechnology, Dulbecco’s Modified Eagle
Medium (DMEM) + Glutamax, McCoy’s Medium,
Phosphate-Buffered Saline (PBS), Fetal Bovine Serum
(FBS) and Penicillin/Streptomycin (Pen-Strep) from
Gibco Invitrogen; Trypan Blue solution 0.4% from Roth
and cell proliferation kit (XTT) from Sigma Aldrich.
Transmission electron microscope (TEM) images were
acquired on a Zeiss EM-900 with an acceleration voltage
of 80 kV. Samples were prepared by drying the IONPs on
300 mesh Formvar coated copper grids from Ted Pella.
The TEM images were analyzed and size distributions
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calculated using ImageJ software.”® Fourier transform
infrared (FT-IR) spectra were measured using a Bruker
Alpha FT-IR spectrometer (Bruker, Ettlingen, Germany)
equipped with a Platinum ATR module. The characteriza-
tion of the crystalline phases of the materials was per-
formed by X-ray diffraction (XRD) on powder samples
with a Huber G670 imaging-plate Guinier powder diffrac-
tion camera. Mo-Kal radiation was used to analyze the
nanoparticles within the 5°-~70° 20 range. Dynamic light
scattering (DLS) and zeta potential measurements were
performed on a Malvern Nano ZS in a 175° backscatter
geometry. Magnetic measurements were performed on
a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design SQUID-VSM MPMS?3).
Hysteresis loops were measured on dried samples at sev-
eral temperatures with a maximum magnetic field of +70
kOe. A calibration measurement with a Pd reference sam-
ple was performed to quantify the trapped flux from the
This
allowed correcting the field values in the hysteresis loops

superconducting magnet of the magnetometer.

for the trapped flux. Magnetic resonance imaging (MRI)
measurements were performed with a 9.4 T MR scanner
(Bruker Biospec 94/20), equipped with actively shielded
gradients (600 mT m') and using a 7 cm quadrature
transmit-receive radio-frequency (rf) volume coil. For the
characterization of MR relaxivities, a similar approach was
followed as described in.”* UV/Vis absorption spectra
V-730

Fluorescence emission spectra were recorded with an

were recorded on a Jasco spectrometer.
Edinburgh Instruments FS920 steady-state spectrofluorom-
eter. Multi-photon emission spectra were recorded on
a home-made nonlinear optical scattering setup®> consist-

ing of a SpectraPhysics Insight DeepSee femtosecond

A  Thermal Decomposition B

Fe(lll)Cl; + Sodium Oleate

Fe(lll)-Oleate (Precursor)
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pulsed laser, a Bruker SureSpectrum 500is spectrometer
and an Andor iXon 897 EMCCD camera. The IONPs,
dispersed in water, were measured in a 10 mm pathlength
cuvette. The cells were imaged with a Leica SP§ DIVE
multiphoton microscope, equipped with a 25x air objec-
tive, using excitation wavelengths of 770 nm for Hoechst
33342 (Aex/one-photon = 350 nm) and 1294 nm for phalloi-
din-CruzFluor™647 (Aewonephoton = 647 nm). Cells-
labeled with bare PEG-coated IONPs were imaged using
multiple excitation wavelengths (Aex/one-photon = 325-500
NM OF Aex/two-photon = /90-1000 nm). ICP-MS measure-
ments were performed on a Nexion 5000 system.

Synthesis of Oleic Acid Coated Iron

Oxide Nanoparticles
Superparamagnetic iron oxide nanoparticles were synthe-

sized following the procedure of Chen et al,*®

with some
adjustments. The procedure consisted in preparing an iron-
oleate precursor, followed by its thermal decomposition as
shown in Scheme 1A. For the precursor, sodium oleate
(27.375 g, 90 mmol, 3 eq.) and iron (III) chloride hexahy-
drate (8.1 g, 30 mmol, 1 eq.) were added to a round-
bottom flask containing a mixture of 60 mL ethanol,
45 mL MilliQ water, and 105 mL heptane. The resulting
solution was heated to reflux at 74°C for 4 h and then
extracted three times with MilliQ water. The heptane layer
was collected and evaporated under reduced pressure. For
the thermal decomposition step, the iron-oleate precursor
(5.4 g) was added to a three-neck flask and mixed with
oleic acid (5.681 mL) and octadecene (18 mL). The solu-
tion was heated to 320°C using a heating mantle and
thermoregulator, at a rate of 600°C/h. The solution was
kept at this temperature for 2.5 h. Nanocrystals of different

Cell Incubation

Incubation of cells with
PEG-coated IONPs

PEG-coated IONPs Wash free IONPs away

+ Fixation

Scheme | A schematic diagram of the experimental process with (A) the nanoparticle synthesis using a thermal decomposition method, (B) the nanoparticle coating with
PEG polymers to make them biocompatible and (C) the uptake of the nanoparticles in the cells after incubation and washing. The diagram was made using Chemdraw

software.
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diameters were prepared similarly. Smaller IONPs of 7 nm
required a slower heating rate of 200°C/h and 30 min of
thermal decomposition at 320°C, while 1200°C/h and
a heating time of 5 h at 320°C were used to prepare
nanoparticles of 15 nm. After cooling down, the solution
was extracted multiple times with ethanol and dried in
a vacuum oven. The oleic acid-coated nanoparticles (OA-
IONPs) were dispersed in heptane to a final concentration
of 100 mg/mL.

Functionalization of Iron Oxide
Nanoparticles with PEG Chains

The procedure for nanoparticles coating with polyethylene
glycol was based on a method by Bloemen et al.>’ In
tube,
(498 mg, 1 mmol, 1 eq.) was added together with (3-mer-

a glass hydroxypolyethoxy (10) allyl ether
captopropyl) trimethoxysilane (1 eq, 1 mmol, 186 pL),
2,2-dimethoxy-2-phenyl-acetophenone (0.05 eq, 0.05
mmol, 12.8 mg) and chloroform (500 pL). This mixture
was stirred inside a UV-reactor equipped with three LEDs
(365 nm, output power 200 mA) for 1 h. After the thiol-
ene click reaction, the crude product was added to the OA-
IONPs in heptane (1 mL, 100 mg) together with toluene
(50 mL), triethylamine (2.5 mL), and MilliQ water
(0.05 mL). The mixture was then sonicated for 4
h. Next, heptane (50 mL) was added to precipitate the
nanoparticles, which were collected magnetically and
washed three times with acetone. The obtained aggregates
were then redispersed in MilliQ water. The Fe concentra-
tion was measured spectrophotometrically at 480 nm.?®
For all in vitro tests, PEG-coated IONPs were diluted in
cell medium at different concentrations. The functionaliza-

tion reaction is visualized in Scheme 1B.

PEG-Coated IONPs Relaxivity in Solution

To analyze relaxivity, nanoparticles were dispersed at dif-
ferent concentrations in 2% agarose gel in 300 pL tubes as
previously described.'® Nine 1-mL Eppendorf tubes con-
taining the diluted solutions were arranged in a circular
pattern around a blank vial containing distilled water for
the IONP formulation. The tubes were scanned in a 9.4
T Bruker Biospec small animal MRI system at room
temperature. For T1 measurements and calculations of
rl, an inversion recovery sequence (FAIR) was used.
Acquisition parameters were echo time (TE) 7.5 ms, repe-
tition time (TR) 10 s, first inversion time (TI) 50 ms with
12 increments of 500 ms. For T2 measurements and r2

calculations, a multi-slice multi-echo (MSME) spin-echo
sequence was used. Acquisition parameters were TE 10.5
ms with 16 increments of 10.5 ms and TR 5 s. For the
measurement of T2* values, a gradient echo sequence was
used. Acquisition parameters were TE 2.5 ms with 16
increments of 4 ms, TR 7 s and a flip angle of 30°. The
geometry was identical for all acquisitions: 1 mm slice
thickness, 50 x 50 mm? field of view, 256 x 256 matrix,
resulting in an in-plane resolution of 0.195 mm. The
ParaVison 6 software (Bruker Biospin) was used to calcu-
late parametric relaxation time maps of regions of interest
(ROIs) corresponding to the respective sample tubes.
Decay curves were fit with a mono-exponential decay

—TE
Tz

equation to calculate T2 (or T2*), y =4 + Ce and

a mono-exponential growth saturation recovery equation
Tk .
to calculate T1, y =4 + C(l —eh ), where A is the

absolute bias and C is the signal intensity T2 of the
samples.

Cell Lines and Culture Conditions

Human alveolar adenocarcinoma A549 cells, human non-
tumorigenic lung epithelial BEAS-2B cells and murine
hepatic stellate GRX cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with
10% fetal bovine serum, 1 mM sodium pyruvate, 2 mM
glutamine and 1% pen-strep. Cells were maintained at
37°C in a humidified atmosphere containing 5% CO,.
Cells were split upon reaching 80-100% confluency. The
GRX cell line was kindly provided by Prof. Leo van
Grunsven, LiVR, ULB, Brussels, Belgium (originally
acquired from Cell Biologics, Catalog No. C57-6242)
and A549 cell line by Prof. Stefaan Soenen, KU Leuven,
Leuven, Belgium (originally acquired from ATCC, refer-
ence code ATCC® CCL-185). Human epithelial cell-line
BEAS2B was also acquired from ATCC (reference code
ATCC®™ CRL-9609™). The nanoparticle uptake in the
cells is depicted in Scheme 1C.

Visualization of Cellular Uptake of
PEG-Coated IONPs by Prussian Blue
Staining

A549, BEAS-2B and GRX cells were seeded on a 96-well-
plate at a density of 3500 cells/well for the 24 h treatment
and 1500 cells/well for the 72 h-treatment and left to
adhere overnight. Afterwards, the medium was replaced
by PEG-coated IONP containing cell culture medium at
concentrations of 0, 10, 20, 50, 100 and 250 pg Fe per mL,
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and cells were incubated for 24 h and 72 h, respectively.
After treatment, the cells were washed with HBSS to
remove any free IONPs, and subsequently fixed with 100
pL of 4% PFA for 15 min at room temperature.
Afterwards, the fixative was removed, and cells were
incubated at room temperature for 30 min with 100 pL
of a 1:1 mixture of 2% aqueous HCI solution and 2%
aqueous potassium ferrocyanide solution. The cells were
then rinsed with PBS and stained with 100 pL of a 0.25%
aqueous solution of Eosin. Finally, cells were washed to
remove the excess of reagents and left in 100 pL of PBS.
Images were obtained with a Xiaomi MI 9T cell phone
through the lens of an Olympus CKX41 microscope at 20x
and 40x magnification.

Assessment of Potential Toxic Effects
XTT Colorimetric Assay

In order to assess the effects of nanoparticle exposure on cell
metabolism, cells were seeded on 96-well plates at different
cell densities (5X103, 3.5x10,° and 2 x 10° cells/well)
depending on the exposure duration (24 h, 48 h and 72 h)
and left to adhere overnight. Afterwards, cells were washed
with HBSS and the nanoparticles, dispersed in the cell med-
um, were added at various concentrations ranging from 0 to
250 pg Fe per mL. Cells were then incubated with the NPs
for 24 h, 48 h and 72 h. At the different timepoints, cells were
washed 3x with HBSS, to remove cell debris and NP excess,
and further incubated with 100 pL of a 0.5 mg/mL solution of
XTT + 1% PMS in cell medium for 4 h. XTT absorbance was
measured at 450 and 690 nm after 4 h incubation using
a  Multiskan FC (Thermo  Fisher).
A background read-out was performed by measuring the

photometer

absorbance of XTT incubated for 4 h in eight empty wells
(containing no cells). Finally, the results were obtained by
calculating the difference between the absorbance at 450 nm
and 690 nm and subtracting the average background (also
difference at both

determined as the absorbance

wavelengths).

Trypan Blue Exclusion Assay

In order to assess the number of viable cells after nanopar-
ticle incubation, A549 cells were seeded on 24-well plates at
different cell densities (6x10*, 4 x 10* and 2.5 x 10* cells/
well) depending on the exposure duration (24 h, 48 h and
72 h) and left to adhere overnight. Similarly, BEAS-2B and
GRX cells were seeded at cell densities of 5x10%, 2.5x10,*
and 1.5x10%cells/well. Afterwards, cells were washed with
HBSS and the nanoparticles, dispersed in cell medium, were

added at various concentrations ranging from 0 to 250 ug Fe
per mL. Cells were then incubated with the NPs for 24 h, 48
h and 72 h. At the different time points, cells were detached
with Trypsin 1x for 10 min, which was further diluted in 2x
the volume of cell medium to stop the reaction. 80 puL of cell
suspension was mixed with 20 pL of Trypan Blue 0.4% for
the A549 cells. For the BEAS-2B and GRX cells, cell
suspensions were first transferred to an Eppendorf tube and
centrifuged for 5 min at 200 g to concentrate the cells, and
20 pL of the final suspension was mixed with 80 pL of
Trypan Blue. In all cases, 10 uL of the stained solution was
placed on the hemocytometer to count the cells manually
under the microscope.

MR Image Acquisition of A549 Cells
Labeled with PEG-Coated IONPs

Cells were seeded and treated with the NPs as described
by the Trypan Blue Exclusion Method. The NPs concen-
trations used were 0, 50, 100 and 250 pg Fe per mL. For
phantom experiments, 500 pL Eppendorf tubes were
filled with a bottom layer of 100 pL of 2% agar gel.
After solidifying, 150 pL of cell suspensions with dif-
ferent cell densities (50, 100, 250 and 400 cells/uL) was
mixed homogenously with 150 pL of 2% agar gel. This
mixture was added on top of the bottom layer of agar
and left still until solidifying. Finally, a top layer of 2%
agar gel was added to trap the cell layer. To prepare the
phantom background, 50 mL of 2% agar gel was poured
into a cylindrical in-house made Teflon holder. While the
agar was still liquid, the previously prepared Eppendorf
tubes were placed on it and left there until the solution
solidified. The phantom was placed in the quadrature rf
coil of the Bruker Biospec 9.4 T small animal MR
scanner. MR images for the calculation of T1, T2 and
T2* relaxation times were acquired according to.**

Assessment and Visualization of the
Cellular Uptake of PEG-Coated IONPs by

Multi-Photon Microscopy

A549 cells were seeded in 29 mm glass bottom dishes (#1
cover glass) and grown overnight in DMEM supplemented
with 10% FBS. The next day, 100 ug/mL PEG-coated
IONPs were administered to the cells. After 72 h of incu-
bation with PEG-coated IONPs, the dishes were washed
three times with 1x PBS and fixed with 4% formaldehyde.
Afterwards, cells were permeabilized using 0.1% Triton
X-100 for 10 min at room temperature. The cells were
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stained at room temperature for 1 h with 1:1000 phalloi-
din-CruzFluor™647 and for 1 h with 1:1000 Hoechst
33342 dye. Identical microscope settings (laser power,
detector gain, and pixel size) were used to image the
A549 samples with and without PEG-coated IONPs. The
images were analyzed using Imagel.

Quantification of the Iron Uptake in A549

Cells Using ICP-MS

The A549 cells were seeded in 24-well plates, and IONPs
were added at the respective concentrations and incubated for
24 h. The excess IONPs were removed and the samples
washed 3 times with Hanks’ Balanced Salt Solution
(HBSS). Next, the cells were detached using trypsin and
redispersed in cell medium. After transfer to Eppendorf
tubes and centrifugation for concentration, the cells were
counted. Samples with 20,000 and 50,000 cells were digested
using 65% HNOj; and diluted with water. The iron content of
the digested nanoparticles inside the cells was measured using
ICP-MS.

Statistical Analysis

Values are presented as mean + standard error of the mean
(SEM) of 3 independent experiments. Statistical analysis
was performed with the GraphPad Prism 8.0 Software
(www.graphpad.com). To test interactions between two

factors and their main effects, we used Two-Way
ANOVA with the Bonferroni post-hoc test for multiple
comparisons. To compare two or more groups with the
control we used a One Way ANOVA with Dunnet’s post-
hoc test. Statistical difference was considered for P<0.05.

Results and Discussion
Synthesis, Morphology and Size
Distribution of Oleate-Capped IONPs

Oleate-capped nanoparticles were synthesized by the ther-

mal decomposition of Fe*'-oleate precursors at
a temperature of 320°C, as previously reported.”® The
morphology of oleic acid-coated IONPs (OA-IONPs)
observed by transmission electron microscopy
(TEM), and the mean size of the NPs was extracted

using ImageJ. As shown in Figure 1, the prepared IONPs

was

exhibited a spherical morphology with an average dia-
meter of 11.3 + 4.5 nm. This nanoparticle size was chosen
as a compromise between good magnetic properties and
optimal cellular uptake. The polydispersity index (PDI) of
0.158, calculated as the square of the standard deviation

divided by the diameter, indicates

a polydisperse size distribution of the nanoparticles.

mean particle

Synthesis and Characterization of

PEG-Coated IONPs

IONPs capped with oleic acid ligands are hydrophobic and
therefore not suitable for biomedical applications. To make
them water-dispersible and biocompatible, the oleate
groups were replaced by hydrophilic polyethylene glycol
(PEG) chains following a protocol designed in our lab
(Scheme 1B).?” This approach relies on the formation of
Fe—O-Si covalent bonds between silanol groups and the
reactive hydroxyls present on the surface of the iron oxide
nanoparticles. The successful phase transfer of the nano-
particles from heptane to water and their good water dis-
persibility after the PEG exchange reaction demonstrated
a successful PEG capping. Fourier transform infrared
spectroscopy (FT-IR) was used to further confirm the pre-
sence of PEG chains on the iron oxide nanoparticles sur-
face. Figure 2A shows a comparison between the infrared
spectra of IONPs before and after PEGylation. Two new
peaks clearly appeared at 3500 and 1100 cm,”' while the
carbonyl (C=0O) peak from the oleate end group at
1700 cm ™' disappeared after PEGylation. The high-inten-
sity vibration band of Si—O group at 1100 cm ' confirmed
that the PEG molecules were anchored on the surface of
the magnetic nanoparticles through the silane end group.
Likewise, the characteristic broad band at 3500 cm ' is
attributed to the stretching of the terminal hydroxyl groups
of the PEG chains. Other absorption peaks assigned to the
scissoring, asymmetric and symmetric stretching of CH,
can be observed at 2900, 2850 and 1500-1250 em L.
Additionally, a Fe-O peak at around 550 cm ' further
verified that the core of the NPs was still FesO4. The
differences between the two FT-IR spectra therefore con-
firmed that Fes04 NPs were successfully functionalized
with PEG.

PEG-coated IONPs were fully characterized using
a variety of techniques, such as dynamic light scattering
(DLS), zeta potential, X-ray diffraction (XRD) and SQUID
measurements (Figure 2). DLS studies showed that the
hydrodynamic diameter of the IONPs from cumulants ana-
lysis was 42.1 £ 7.9 nm, ensuring a long circulation time and
an easy clearance from the body.?” Their zeta potential in
deionized water was found to be slightly negative, { =—5.21
+ 0.73 mV. PEG-coated IONPs of 9.3 nm with a negative
surface charge have previously shown remarkable stability in
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serum and plasma, which is of major importance for their use
in biomedical applications.”” Powder XRD patterns in
a wider-angle range of the PEG-coated IONPs are presented
in Figure 2B. The position and relative intensities of the main
peaks closely match those of magnetite (JCPDS card No. 19-
0629) and maghemite (JCPDS card No. 39-1346) with an
inverse spinel structure, indicating that the iron oxide phase
present in the core of the particles may contain either one or
both of these iron oxide phases. The average lattice distance
of the nanoparticles, calculated from the XRD data, was
found to be 8.39 A. This value is in agreement with the
theoretical value of 8.4 A for Fe;0,. Finally, the magnetic
properties of the PEG-coated IONPs were evaluated by mea-
suring the magnetization of a dried sample at different tem-
peratures in a SQUID-based magnetometer. The hysteresis
loops were recorded at 300, 200, 100, 10 and 1.8 K with
a field varying from —70 to +70 kOe. Magnetization data
were normalized to the sample mass assuming that all iron
present exists as Fe;Oy4. It can be observed that the PEG-
coated IONPs show a superparamagnetic behavior at room
temperature with negligible room temperature coercive fields
(He =- 0.4 Oe) and remanence (MR = 0.05 emu/g Fe;0,).
The mass magnetization (Ms) of 74.9 emu/g obtained for the
sample at 70 kOe and 300 K is below that reported for bulk
magnetite (Ms = 92 emu/g) and comparable to previously
reported values for iron oxide nanoparticles, which can be
understood because of contributions from the surface layer
with reduced magnetization, other possible background sig-
nal, as well as the contribution of the organic capping layer to
the total mass.>*>> In contrast, after a broad transition region
around 100-200 K a dominant ferrimagnetic hysteretic beha-
vior is observed at lower temperatures, eg 10 and 1.8
K. However, the magnetization value acquired at 70 kOe,
showed a progressive decrease with increasing temperature,
indicating that the moment is not fully saturated at
a maximum field of 70 kOe. The discrepancy between the
acquired and theoretical saturation values can be attributed to
the distribution of particle size and surface effects. Local
characterization techniques, such as Mdssbauer spectro-
scopy, would be required for a better understanding.

MRI Contrast of PEG-Coated IONPs

To determine the relaxivity values of the PEG-coated
IONP dispersion under biologically relevant conditions,
longitudinal (T1) and transverse proton relaxation times
(T2 and T2%*) of tissue-mimicking phantoms were mea-
sured as a function of iron concentration at 9.4 T, room

temperature. The thin PEG coating of the IONPs is
their
relaxivity.’’ Agar phantoms are well known to display

expected to have a minimal influence on
proton density and diffusion properties similar to those
observed in biological tissues so that the obtained relaxa-
tion times are comparable to those of human tissue. Thus,
PEG-coated IONPs were diluted with deionized water at
different Fe concentrations and later embedded in 2% agar.
As shown in Figure 3, the observed relaxation rates (R) are
linearly dependent on the concentration of Fe. The slope of
the dependence is the relaxivity (r), and the y-intercept is
the native relaxation rate of the solution prior to nanopar-
ticles addition. The PEG-coated IONPs exhibit ry, r, and
1,* values of 1.84, 82.5 and 132.7 mM ' s™', respectively.
Thus, the ry/r; and ry*/r; ratios, which are 44.9 and 72.2,
confirm that the PEG-coated nanoparticles have potential
as T2 MRI contrast agent. The increased contrast is man-
ifested by a “darkening effect” in T2-weighted MR images
(top row of Figure 3B) and can be quantified by the
respective T1, T2 and T2* maps (Figure 3B, row 2 to 4)
with a dose-dependent decrease in the mean values of T1,
T2 and T2* as a function of the iron concentration. The
linearity range goes up to 20 ug/mL in the case of R2 and
in all cases, the maximum detection limit of the device

was reached for concentrations higher than 80 pg/mL.

Emission Properties of PEG-Coated

IONPs

The UV-visible spectrum of PEG-coated IONPs (0.01 mg/
mL) dispersed in deionized water shows an absorption band
in the region of 330—450 nm, which originates primarily from
the absorption and scattering of UV radiation (Figure S1). The
emission spectrum of PEG-coated IONPs (0.01 mg/mL) dis-
persed in deionized water was measured at different excitation
wavelengths, ranging from 350 nm to 500 nm. Figure 4A
shows that the photoluminescence of PEG-coated IONPs var-
ies from blue to orange (450-575 nm), meaning that the
nanoparticles exhibit an excitation wavelength-dependent
emission. The initial OA-IONPs present very similar spectra
(Figures S2 and S3) to that of the PEG-coated IONPs.

Despite various in-depth
33,34

studies on multicolor

photoluminescence, the origin of this phenomenon is
still debatable. Up to now, no individual model can explain
all aspects related to excitation-dependent emission. In
order to gain more insight on the excitation-dependent
emission of IONPs, the emission maps of OA-coated

IONPs of different sizes (7, 11.3 and 15 nm) and at
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Figure 3 (A) Relaxation rate R; (R; = I/T;) over Fe concentration of the PEG-coated IONPs in solution. The slope indicates the specific relaxivity (r;), which values have

been converted to mM ' s

! using the molar mass of iron (M = 55.845 g/mol). (B) Top row: T2-weighted MR images of increasing PEG-coated IONP concentrations, and

row 2 to 4: color-coded T1, T2 and T2* relaxation times with increasing PEG-coated IONP concentrations.

different concentrations (data not shown for 7 and 15 nm
IONPs) were measured. Figure S2 shows the emission of
IONPs of different sizes at a fixed concentration of 0.1 mg
Fe/mL. In all cases, the wavelength-dependent emission
remains the same, which proves that the multicolor photo-
luminescence of IONPs is not size-related. Interestingly,
a red shift of the excitation maximum is observed when
increasing IONPs concentration (Figure S3). This is in
agreement with the work of Lai et al,*> who investigated
the mechanism behind graphene quantum dots and attrib-
uted the concentration effects to aggregation. More
recently, Zanin et al described the intrinsic photolumines-
cence of bare superparamagnetic IONPs upon 495 nm

light excitation.*® Here, we further validate the intrinsic

photoluminescence property of bare IONPs, and demon-
strate that multiple excitation wavelengths can be used for
multicolor emission.

Note that for excitation wavelengths of 400, 425 and 450
nm, a secondary emission peak is observed at 595, 630 and
670 nm, respectively. This secondary emission can be attrib-
uted to the nature of the iron oxide crystal. The Jablonski
diagram (Figure 4C), constructed based on a previous
study, 225354
The spinel structure in bulk magnetite (Fe;O4) has a face-

illustrates the photoluminescence of IONPs.

centered-cubic lattice of oxygen ions, with iron atoms in the
octahedral (Fe*" and Fe’") and tetrahedral sites (Fe*"). Both
experiments and theoretical calculations have previously
demonstrated a difference in the energy gap between the
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Figure 4 (A) One-photon and (B) two-photon emission spectra of PEG-coated IONPs (0.0 mg/mL) dispersed in water at different excitation wavelengths. (C) Proposed

Jablonski diagram for the PEG-coated IONP emission properties.

octahedral and tetrahedral sites.”*>*>* IONPs can be irradiated
at different wavelengths to reach different excited states. The
photoluminescence peaks with the highest intensities come
from the radiative recombination of mobile electrons from
excited to ground state at the octahedral sites. The much
weaker, secondary photoluminescence peaks originate from
the emission produced by the tetrahedral sites after non-radia-
tive intersystem crossing from the octahedral sites.

Interestingly, the photoluminescence of the PEG-
coated IONPs was also observed under two-photon excita-
tion (Figure 4B). The excitation wavelength-dependent
emission remained the same, but the tetrahedral sites emis-
sion was not visible probably due to high intensity origi-
nating from the octahedral sites after laser irradiation. The
quadratic dependence of the intensity confirms that the
emission is a two-photon process (Figure S4).

Uptake and Cytotoxicity of PEG-Coated

IONPs

Uptake of IONPs was studied by Prussian Blue staining and
by ICP-MS measurements. First, it was optically confirmed
that the PEG-coated IONPs were taken up by the A549 cells
without causing any remarkable morphological change

(Figure 5). The images clearly show a higher accumulation
of PEG-coated IONPs after 72 h of incubation compared to
24 h, indicating a continuous cellular uptake over time.
Besides, PEG-coated IONPs could be observed embedded
in small vesicles (endosomes/lysosomes) either near the cell
membrane or around the nucleus, suggesting that the uptake
occurs through an endocytic pathway.'® Additionally, the
uptake of PEG-coated IONPs in A549 cells was quantified
with ICP-MS (Figure S5).

In order for the PEG-coated IONPs to be considered as
suitable MRI/optical contrast agents in vitro and in vivo, their
cytotoxicity was tested using two conventional colorimetric
assays, the trypan blue exclusion test and XTT assay. The two
independent cytotoxicity assays, which are based on the cell
membrane integrity and the metabolic activity of cells, respec-
tively, were conducted to avoid false positive or false-negative
results as the PEG-coated IONPs could interfere with their
detection mechanism. The assays were conducted for three
different exposure times: 24 h, 48 h and 72 h, with PEG-coated
IONP concentrations ranging between 0 and 250 pg Fe/mL.
To fully validate the biocompatibility, three different cell lines
were tested: A549, BEAS-2B and GRX. In terms of cytotoxi-
city, the results obtained from both tests show that the
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Figure 5 Prussian Blue staining of labeled A549 cells with 50 and 100 pg/mL at 24 and 72 h of incubation. The black arrows point to NPs inside the cells. The black arrows
point to PEG-IONPs embedded in vesicles inside the cells. Images at 72 h of incubation with PEG-IONP showed a clear increase of the nanoparticles cellular uptake.

nanoparticles do not seem to affect the cells. However, the
decreased cell number ratio over the control combined with
the decreasing metabolic rates would indicate that they do
have a cytostatic effect at increasing Fe concentrations
(Figures 6 and S6). In general, a gradual decrease in cell
proliferation (cell numbers relative to unlabeled controls)
was observed with increasing nanoparticle concentration for
as long as the cells were exposed to them (Figure S7).
However, all viability data remained within non-toxic range,
with low standard deviation values, indicating that the PEG-
coated IONPs display a low cytotoxicity and are, therefore,
biocompatible.

Relaxivity of PEG-Coated IONPs in

Mammalian Cells

To determine the suitability of the PEG-coated IONPs as
MRI contrast agents for cell imaging, the relaxation times
in mammalian cells were evaluated. T2 weighting para-
metric maps were used to determine the contrast generated

for A549 cells labeled with the PEG-coated IONPs. An
overall dose-dependent decrease in the relative T2
weighted intensity was observed with the increase of
both the NPs concentration and the cell number
(Figures 7 and S8). The higher contrast observed for the
different NP concentrations at a fixed cell number as well
as for the same NP concentration at higher cell number
might just be a result of a higher cellular uptake. This
effect has been observed in several types of nanoparticles
and has been attributed to their endosomal internalization
in cells, which causes a clustering and hence an increase in
relaxivity.'® However, a significant difference in the signal
intensity was only achieved at 400 cells/uL and
a concentration as low as 50 pg/mL of nanoparticle treat-
ment. Thus, the contrast properties of the labeled cells
could be improved by modifying the incubation conditions
(ie using either a higher NP concentration or longer period
of NP treatment), or alternatively by modifying the surface
ligands on the IONPs to increase the uptake.
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Figure 7 T2 relaxation time of A549 cells labeled with PEG-coated IONPs as
a function of the Fe concentration. Error bars indicate standard deviations of
experiments repeated in triplicates.

Fluorescence Imaging of PEG-Coated
IONPs in Mammalian Cells

In order to prove the in vitro applicability of label-free PEG-
coated IONPs for multimodal MRI and optical imaging,
internalization of the nanoparticles into A549 cancer cells
was imaged using multi-photon microscopy. Taking advan-
tage of the multiple excitation wavelengths that can be used

to excite the PEG-coated IONPs, we opted for a two-photon
excitation wavelength of 920 nm (Aex/one-photon™ 460 nm).
Using this excitation wavelength, the maximum emission
wavelength is around 560 nm (Figure 4B). In this way, two
additional dyes: Hoechst 33342 (Acx/one-photon = 350 nm, Ay
two-photon = /70 nm) and phalloidin-CruzFluorTM647, (Aex/one-
photon = 047 nm, two-photon excitation, 1294 nm) could be
simultaneously used for the specific staining of the nucleus
and the cytoskeleton, respectively. A549 cells were incubated
with the PEG-coated IONPs (100 pg/mL) for 72 h, followed
by fixation and staining. This prolonged incubation time was
chosen based on the Prussian Blue staining results in A549
cells, in which an increased internalization of the PEG-coated
IONPs was observed at this time point (Figure 5). Z-stacks of
cells incubated for 72 h with or without IONPs (Figure 8A
and E) show the cellular uptake of PEG-coated IONPs. The
additional phalloidin-CruzFluor™647 staining proves that
the PEG-coated IONPs are located inside the cells (orthogo-
nal views in Figure 8A and E). Figure 8F—H depict the PEG-
coated IONP detection channels only, showing the photolu-
minescence signal of our PEG-coated IONPs (not detected in
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Figure 8 Two-photon fluorescence images of A549 cells incubated for 72 h without IONPs as a control (A-D). (A) Channel overlay, (B) IONP channel and (C) intensity
range map of the IONP channel, with magnified area (D). A549 cells after 72 h incubation with PEG-coated IONPs (E-H). (E) Overlay of the 3 channels with the IONPs in
green, the nucleus in cyan and the cytoskeleton in red. (F) IONP detection channel only and (G) Intensity range map from the IONP channel together with (H) a magnified

area, indicating the presence of IONPs (calibration bar in the top right).

the absence of particles, Figure 8B-D). Although there is
a bleed-through of the fluorescence signal of the Hoechst dye
in the IONP detection channel due to Hoechst’ broad emis-
sion band, this bleed through is also present in the control (no
PEG-coated IONPs added). Taken together, these results
indicate that these label-free PEG-coated IONPs generate
sufficient photoluminescence signal to be used for fluores-
cence imaging purposes in mammalian cells. This has the
advantage of avoiding possible cytotoxicity of fluorescence
dyes that otherwise need to be added to the nanoparticles.
Additionally, since IONPs can be visualized directly, they
avoid misleading interpretations due to possible detachment
of the fluorescence probes.

Conclusions

We have investigated the suitability of label-free IONPs as
potential multimodal MRI and optical contrast agents.
Fe;04 nanoparticles were coated with PEG to make them
water-dispersible and biocompatible. Multiple techniques
(TEM, XRD, SQUID) proved the composition of the
coating of the

magnetic core and the successful

nanoparticles’ surface was proven by FT-IR measure-
ments. In tissue-mimicking phantoms at 9.4 T, the PEG-
coated IONPs presented rp/r; and r,*/r; ratios of 44.9 and
72.2, confirming their potential as T2-weighted MRI con-
trast agents. Furthermore, excitation-wavelength depen-
dent the
nanoparticles under one- and two-photon irradiation. The

photoluminescence ~ was  observed for
PEG-coated IONPs showed a continuous accumulation in
A549 cells by Prussian blue staining while presenting low
cytotoxicity (cell viability remained above 80%) as evi-
denced by two independent colorimetric assays. Finally,
we demonstrate that the nanoparticles provide sufficient
T2 contrast and photoluminescence under the microscope
in mammalian cells. Thus, this study provides new insights
into the use of PEG-coated IONPs without any additional
fluorophore as dual MRI and optical contrast agents. The
optical properties of the nanoparticles, which could be
optimized by fine-tuning their size and surface coating,
could also be combined with other properties of IONPs
to study transport and drug release. To the best of our
knowledge, this is the first report stating that photolumi-

nescence of IONPs can be used for in vitro fluorescence
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imaging. Up to now, only a limited number of studies have
discussed the emission properties of IONPs, and our
results suggest that these are not trivial and bear appealing
potential for in vitro and possibly in vivo applications.
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