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Magnetic resonance imaging (MRI) is a routinely used imaging technique in medical diagnostics. To
enhance the quality of MR images, contrast agents (CAs) are used, which account for nearly 40% of MRI
exams in the clinic globally. The most used CAs are gadolinium-based CAs (GBCAs) but the use of
GBCAs has been linked with metal-deposition in vital organs. Gadolinium deposition has been shown to
be correlated with nephrogenic systemic fibrosis, a fibrosis of the skin and internal organs. Therefore,
there is an unmet need for a new CA alternative to GBCAs for T;-weighted Ce-MRI. Herein, we designed
paramagnetic ferric iron(n) ion-chelated poly(lactic-co-glycolic)acid nanoparticle formulation and
routinely examined their application in Ce-MRI using clinical and ultra-high-field MRI scanners.
Nanoparticles were monodispersed and highly stable at physiological pH over time with the
hydrodynamic size of 130 + 12 nm and polydispersity index of 0.231 &+ 0.026. The T;-contrast efficacy of
the nanoparticles was compared with commercial agent gadopentetate dimeglumine, called
Magnevist®, in aqueous phantoms in vitro and then validated in vivo by visualizing an angiographic map
in a clinical MRI scanner. Relaxivities of the nanoparticles in an aqueous environment were r; = 10.59 +
032 mmol ™t s tand r, = 3.02 + 0.14 mmol™t s7* at 3.0 T and 14.1 T measured at room temperature
and pH 7.4, respectively. The clinically relevant magnetic field relaxivity is three times higher compared

to the Magnevist®, a clinical GBCA, signifying its potential applicability in clinical settings. Moreover, iron
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(GBCAs), which account for about 40% of nearly 1 billion global
MRI exams benefiting millions of patients globally.** CAs help
physicians diagnose and treat a variety of pathophysiological
procedures by improving the visualization of specific organs,
tissues, and blood vessels. CAs improve the effectiveness of MRI
by altering the molecular motions and tissue water composi-
tions concerning the characteristics of the surrounding tissues
in question in a living subject thereby altering the surrounding
contrast. Based on the underlying physical relaxation mecha-
nisms, two types of MRI contrast agents, positive (T;-weighted)
and negative (7,-weighted), are used.*” In general, para-
magnetic Gd(ur) complexes are most predominant among T;
agents while superparamagnetic iron oxide nanoparticles

Introduction

Magnetic resonance imaging (MRI) is one of the prominent
noninvasive imaging modalities to provide images with
unprecedented anatomical details based on soft-tissue contrast
and functional information in real-time.® The quality of the
MR image is enriched using contrast agents (CAs), by the
perturbation of nearby water protons' longitudinal (7;) or
transverse (T,) relaxation time in the body. Most clinically used
MRI CAs include gadolinium(Gd)-based contrast agents
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(SPIONS), for example Feridex® and Revosit®, are typical T,-
agents, used in Ce-MRL*"* However, recent reports have shown
that the widespread application of GBCAs led to Gd deposition
in the organs including the brain, bones, and skin raising
serious safety concerns.”> The long-term health consequences
of Gd retention in tissue are, however, unknown, but it raises
additional concerns about the long-term safety profile of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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GBCAs, particularly patients that require frequent Ce-MRI
exams for disease surveillance.* According to the National
Institute of Diabetes and Digestive and Kidney Diseases
(NIDDKD) more than 661 000 Americans have kidney failure. Of
these, 468 000 individuals are on dialysis, and about 193 000
live with a functioning kidney transplant.”” Moreover, the
overall prevalence of chronic kidney disease in the general
population is approximately 14 percent.”” The use of GBCA in
these populations is fatal. These results prompted the European
Medical Agency to suspend some of the clinically approved
GBCAs and the Food and Drug Administration (FDA) of the
United States has added warning labels on these agents."®*°
Increasing awareness of the potential risks associated with
Gd metal ions has revealed an unmet need for the development
of alternative, Gd-free, CAs for T;-weighted MR imaging. In
pursuit of safer alternatives to Gd, the bulk of research has
focused on the SPIONs based CAs which can also be categorized
as the first generation of iron-based CAs.*'>**** However,
several clinical SPIONs have already been discontinued due to
toxicity and a lack of clinical benefit in imaging.*® On the other
hand, less attention has been given to the potential application
of ferric iron (Fe®") as the next generation of T;-based CAs. The
paramagnetic metal ion, Fe*" with five unpaired electrons has
high longitudinal relaxivity and unlike Gd, iron is an essential
element that is naturally found in the body and has clear
metabolic pathways, for example, endosomal degradation and
hepatobiliary excretion.'***” However, one remaining concern
is the possible toxicity associated with the aqua ions of para-
magnetic metals, therefore, a variety of ligands have been
employed to chelate free metals ions. For example, catechol
ligands have a high affinity and binding capacity to coordinate
Fe**cations, which have been widely applied in biomaterials.?**°
Although the standard tris-catecholate-Fe’"complexation is
simple for Fe** encapsulation, only a handful of reports have
been published as T;-weighted MRI CAs.***** In the past, small
molecular Fe®" chelates of ethylenediaminetetraacetic acid,
pentetic acid, and ¢rans-cyclohexane diamine tetraacetic acid as
low-molecular-weight 7; CAs have been reported.***® These
small molecular Fe-chelates did not show any better contrast
efficacy compared to GBCAs limiting further translation to the
clinic. Alternatively, there are some Fe-based nanoparticulate
systems designed and tested in the preclinical model to
improve the relaxivities. For example, Fan et al designed
multifunctional Fe**-chelated melanin-like nanoparticles (NPs)
with 7, = 1.2 mM ' s! and found an increase in signal inten-
sity in the tumor region when used with RGD-peptide linked
NPs at 4 h post-injection (1.0 T, 25 °C).*” Similarly, Miao et al.
reported the r; = 5.6 mM ' s~ from Fe**-chelated poly-3,4-
dihydroxy-L-phenylalanine-b-polysarcosine nanoparticles using
3.0 T magnetic field at 20 °C.** However, these approaches were
mainly limited due to the restricted control over the synthetic
colloidal chemistry hindering size and shape control and
inherently lower relaxivity value.* In contrast, poly-lactic gly-
colic acid (PLGA) is widely applied in biomedical fields, such as
controlled drug release, gene delivery, stimuli-responsive
biomaterials, and nanoscale self-assembly systems due to its
excellent biocompatibility and biodegradability.**** Carboxylate
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terminated PLGA NPs could offer complexation with Fe*" ions
and help make overall NPs charge distribution effective for
cellular uptake. Herein, we test our hypothesis that Fe*"
encapsulated PLGA nanoparticles will give comparable relax-
ivity with equivalent to the GBCAs. We studied the relaxivity of
Fe-PLGA NPs at low field (3.0 T) and ultra-high-field (14.1 T) in
aqueous solutions and compared it with Magnevist®, a clinical
GBCA. We demonstrate a three-fold enhancement of the relax-
ivity of Fe**-PLGA NPs at the clinically relevant field and offer
a Gd free alternative platform for next-generation of iron-based
T,-weighted nanoscale CA for Ce-MRI.

Materials and methods
Material and chemical

Carboxylic end group terminated PLGA (lactide : glycolide =
50 : 50 dL g~ ') was purchased from DURECT Corporation (USA)
and used after purification by repeated precipitation in diethyl
ether. 1,2-Distearoylphosphatidylethanolamine polyethylene
glycol succinyl (DSPE-PEG-COOH) and phospholipid conju-
gated r-a-phosphatidylethanolamine-N-lissamine rhodamine-B
sulfonyl (ammonium salt) (RhB) was purchased from Avanti
Polar Lipid Inc (Alabaster, AL, USA). DAPI (4',6-diamidino-2-
phenylindole) dihydrochloride, acetonitrile, and dimethyl sulf-
oxide (DMSO) were purchased from Sigma-Aldrich (Saint Louis,
MO, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) was purchased from Thermo Fisher Scientific,
USA. All other analytical grade reagents and solvents were used
without further purification.

Cell line and animal model

Breast cancer (MCF-7) cells from American Type Culture
Collection (ATCC) were maintained in Dulbecco’'s Modified
Eagle's Medium (DMEM) with 10% (v/v) fetal bovine serum
(FBS) and penicillin/streptomycin (100 pg mL ') and main-
tained at 37 °C in 5% CO, environment.

Six week-old female NU/NU nude mice were procured from
Charles River Laboratories International, Inc. and used for the
study after ten days of acclimatization. All animal experiments
and protocols were approved by the Institutional Animal Care
and Use Committee (IACUC, IACUC #4264) and Institutional
Biosafety Committee (IBC), Kansas State University, Manhattan,
Kansas.

Preparation of paramagnetic polymeric nanoparticles

Paramagnetic polymeric NPs were prepared by the nano-
precipitation technique following established protocol from the
literature.*****¢*” In brief, the paramagnetic PLGA cores were
prepared by adding dropwise 100 pL of PLGA (10 mg mL ™,
acetonitrile) containing various amounts of iron(m) chloride
hexahydrate (10, 20, 50, 100, 150, 200, and 400 uL of 0.1 M FeCl;
in acetonitrile) was added dropwise into 3 mL Milli-Q water
containing 200 pg mL ™" lipid suspension under magnetic stir-
ring at 60 °C. Control PLGA NPs were fabricated similarly
without encapsulating Fe**. The mixture was stirred continu-
ously overnight at room temperature to evaporate off the
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organic solvent. The sample was further purified using Amicon
Ultra-4 centrifugal filter (Millipore, MA) with a molecular weight
cut-off of 10 kDa and stored at 4 °C for further use. Rhodamine
lipid dye-labeled Fe-PLGA or PLGA NPs were prepared by mix-
ing 20 pg of ri-a-phosphatidylethanolamine-N-(lissamine
rhodamine B sulfonyl) (ammonium salt) with lipid suspension
before the fabrication of paramagnetic polymeric core.

Characterization of Fe-PLGA NPs

The hydrodynamic size and zeta potential of the Fe-PLGA NPs
were characterized using dynamic light scattering analysis
(Malvern, Nano ZSP). The morphology of Fe-PLGA NPs was
further confirmed using a transmission electron microscope
(FEI Tecnai G2 Spirit BioTWIN). TEM samples were prepared by
incubating 20 pL of Fe-PLGA (1 mg mL™") with 20 pL of 0.1%
uranyl acetate for 5 min at room temperature. The sample was
then placed on a formvar coated copper grid (400 mesh) and let
stand for an additional 10 min. The excess amount of sample
was removed before TEM acquisition. TEM images were
acquired at 120 kV and analyzed by GATAN digital imaging
system (GATAN, Inc.). The amount of iron in NPs was deter-
mined using inductively coupled plasma mass spectrometry
(ICP-MS, PerkinElmer, NexION® 350X). For ICP-MS, the Fe-
PLGA NPs samples were digested with 2.0 mL of concentrated
HNO; for 3 h at 90 °C in a hot block digestor (Environmental
Express, USA). After digestion, 100 pL of the sample was diluted
with 10 mL of 2% HNO; and analyzed using ICP-MS. ICP-MS
standard of iron with 1, 2, 4, 8, 16, 32, 64, 128 ppb was used
for the standard calibration curve and rhodium was used as
internal standard.

The stability at physiological conditions was investigated by
dispersing nanoparticles in phosphate buffer saline (PBS, pH
7.4) at the particle concentration of 1 mg mL™'. The nano-
particles were incubated at 37 °C for 4 weeks. The changes in
hydrodynamic size and polydispersity index (PDI) were tracked
each week using dynamic light scattering analysis. The serum
stability of the prepared PLGA and Fe-PLGA NPs was carried out
as reported in the literature.**-* Briefly, 150 pL of 1 mg mL™"
nanoparticles were incubated with 50 uL of fetal bovine serum
(90%) at 37 °C. The change in absorbance at 560 nm was
measured kinetically every 6 s for 1 h with a double-orbital
shaking at slow speed before each measurement using
a microplate reader (BioTek, Synergy H1 hybrid reader).

Simulated body fluid (SBF) was prepared to mimic the bio-
logical environment by dissolving appropriate quantities of the
chemical reagent in ultra-pure MilliQ water following the
procedure reported by Ciineyt Tas and Aryal et al.>* The
chemical reagents were added one after another as shown in
Table 1 of ESIT where each reagent was completely dissolved in
700 mL MilliQ water. The pH of the resulting SBF was adjusted
by titrating with 1 M HCI to 7.4 at 37 °C, and the final volume
was adjusted to 1 liter by adding the required amount of MilliQ
water.

For the ascorbic acid oxidation assay, first, the UV-Vis spec-
trum of an ascorbic acid solution (67 uM and 12 pug mL™ ") in
PBS was recorded in SpectraMax i3X (Molecular Devices).> The
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absorbance intensity at A, = 265 nm was observed. An aliquot
(30 pL) of the iron chelate of ethylenediaminetetraacetic acid
(Fe-EDTA) in PBS (2 mM, 0.7 mg mL ') was added to afford
a catalytic quantity of Fe-EDTA (20 uM, 30 mol%) for ascorbic
acid. The absorbance intensity (Anax = 265 nm) was recorded at
intervals of 1 minute for 60 minutes and the data were
normalized with blank. The experiment was then repeated
identically using a solution of the Fe-PLGA NPs under investi-
gation (20 uM), and the results were plotted as a function of the
percent initial ascorbic acid signal versus elapsed time (min).

MRI phantom study

The T;-weighted MRI images of Fe-PLGA NPs were investigated
under low field (3.0 T, Canon, USA) and ultrahigh field (14.1 T,
Bruker, MA) MRI system at 20 °C. Samples of Fe-PLGA NPs were
diluted in Milli-Q water with a series of concentrations of 0.02,
0.03, 0.07, 0.13, 0.27, and 0.54 mM of Fe®*. The Fe-PLGA NPs
phantoms were obtained using a fast spin-echo (FSE) sequence
for 3 T and rapid acquisition with relaxation enhancement
(RARE) pulse for 14.1 T with variable repetition time. A knee coil
for 3 Twith a local tube rack and a QTR 30 mm coil with a home-
designed falcon tube for holding 6 samples at a time in NMR
tubes were used, respectively. Scans were performed with the
following imaging parameters (3 T): repetition time (TR) =
3000, 2500, 1500, 800, 500, and 200 ms, echo time (TE) = 7.5 ms,
slice thickness = 2 mm, flip angle (FA) = 90°, image size 256 x
256, FOV = 25.6 x 25.6, total acquisition time of nearly 15 min
and for 14 T: repetition time (TR) = 10 000, 8000, 6000, 4000,
2500, 1500, 1000, 600, 400, 200, 100, 50 ms, echo time (TE) = 7.5
ms, slice thickness = 1 mm, flip angle (FA) = 80°, image size 256
x 256, FOV = 30 x 30, total acquisition time of 55 min 43 s. The
representative 7; weighted magnetic resonance phantom
images of Fe-PLGA were taken at TR = 1500 ms, TE = 7.5 ms,
and slice thickness = 2 mm. Paravision 6.0 software was used to
obtain the signal intensity of each sample by drawing the same
region of interest (ROI) and thus obtained signal intensity is
plotted against the repetition time (TR) or echo time (TE). The
longitudinal coefficient relaxivity value r; or r, was determined
from the slope of the plot of 1/T; or 1/T, versus the sample
concentration, respectively. Magnevist® was used as a control
under the identical condition for comparison.

In vitro biocompatibility study

In this study, the standard MTT assay was used to evaluate the
cytotoxicity of Fe-PLGA NPs. For the MTT assay, MCF-7 cells
were seeded with cell density 10 000 cells per well in 96-well
plates and incubated overnight. After that, the cells were treated
with different concentrations of pure PLGA NPs and Fe-PLGA
NPs for 24 h. After washing, the cells were incubated with
a syringe filtered (0.22 pM) 100 pL of 5 mg mL~" MTT in a 1x
PBS solution. After 4 h of incubation, the supernatant was
carefully aspirated and the intracellular formazan crystals were
dissolved in DMSO. The absorbance of the formazan solution
was measured by spectroscopy at 570 nm using DMSO as the
blank. The cell viability (%) was expressed as the percentage
relative to the control cells (untreated cells).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In vitro cellular uptake study

Cells were plated 20 000 cells per well on an 8-well chamber
slide (BD Biosciences). After 24 h, cells were treated with RhB
labeled PLGA and Fe-PLGA NPs with a final NP concentration of
50 pg mL " and incubated over varying periods (0, 0.5, 1.5, and
3 h). After incubation, the treated cells were washed twice with
1x PBS (pH 7.4), fixed with 4% paraformaldehyde for 15 min at
room temperature, stained with DAPI for an additional 10 min,
mounted with Fluoromount aqueous medium (Sigma-Aldrich),
and imaged using CLSM (Carl Zeiss, LSM-700). The cellular
uptake was assessed by measuring RhB fluorescence intensity
using Image-J software (National Institute of Health). The data
were analyzed using one-way ANOVA with Turkey's multiple
comparison post-test.

In vivo MRI study

In vivo MRI study was performed using NU/NU mice on a 3 T
MRI clinical scanner. In brief, the mice have intravenously
injected 100 pL of Fe-PLGA NPs (equivalent Fe concentration of
0.02 mmol kg ) with formulation reconstituted in saline via
the lateral tail vein. During imaging, mice were continuously
anesthetized with 2 to 4% isoflurane in oxygen delivered using
a nose cone mounted on the mouse holder. Whole-body coronal
slices images were acquired immediately pre-injection, at
injection (bolus injection), and post-injections at 10 min, 1 h,
2 h, and 3 h. The T;-weighted MR images were recorded using
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FSE sequences discussed above. The recorded images with
different slices were processed for maximum intensity projec-
tion using Medical Image Processing, Analysis, and Visualiza-
tion (MIPAV) software. The animal experiment and protocols
were approved by the Institutional Animal Care and Use
Committee and Institutional Biosafety Committee, Kansas State
University, Manhattan.

Result and discussion
Morphology, size, and charge distribution of Fe-PLGA NPs

The chelation of Fe*" cations with PLGA NPs was performed by
nanoprecipitation as discussed in the Material and method
section. The physical morphology of the Fe-PLGA nanoparticles
was measured using TEM that showed highly monodispersed
and uniform spherical-shaped particles with an average diam-
eter of 93 + 7 nm (Fig. 1A). The presence of Fe*" ions localized
inside the spherical nanoparticles was confirmed with energy-
dispersive X-ray spectroscopy (EDS). Specifically, the EDS
profiles suggested that the content of iron in the testing areas of
Fe-PLGA was significantly higher than those on the grid surface
background, which are in good agreement with the elemental
mapping analysis results (Fig. 1B). Furthermore, the average
hydrodynamic size of the Fe-PLGA NP was 130 + 12 nm with
a PDI of 0.231 + 0.026 (Fig. 1C). The Fe-PLGA NPs when
dispersed into 1x PBS showed a zeta potential of —6 £+ 2 mV as
compared to the control PLGA NPs (before chelation) of —39 +
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Fig. 1 Physiochemical characterization of iron(in) chelated polymeric NPs. (A) Transmission Emission Micrograph (TEM) of NPs, (B) EDS spec-
troscopy showing the Fe content in the NPs, (C) hydrodynamic size of NPs as prepared and after 20 day incubation, and (D) zeta potential of PLGA

NPs and Fe—PLGA NPs dispersed in PBS.
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6 mV (Fig. 1D). The negative zeta potential is likely due to the
surface carboxylate groups at the end moiety of the PEG corona
and the presence of soluble anions in the PBS solution. The
large decrease of negative surface charge of Fe-PLGA NPs from
—39 + 6 mV to —6 £ 2 mV can also be corroborated with the
chelation with Fe®" cations thereby decreasing the overall
surface charge of the nanoparticles compared to the bare PLGA
NPs. The difference between TEM and hydrodynamic sizes
indicates that the DSPE-PEG provided a hydrating layer over the
surface of the nanoparticle. Thus, formed hydrating layers
could enhance nanoparticle stability helping to minimize
protein corona formation in the bloodstream, and prevent the
nanoconstruct from immune invasion. We did not observe
agglomeration with no significant changes in size and PDI of
nanoparticles (Fig. 2A) incubated over the four weeks in the
physiological condition of PBS at pH = 7.4. Furthermore, we
evaluated the serum stability of pure PLGA NPs and Fe-PLGA
NPs using 90% FBS where we observed immediate aggregation
of PLGA NPs as indicated by the increase in absorbance at
560 nm while Fe-PLGA NPs were stable under serum condition
(Fig. 2B). This in vitro study verified long-term stability in PBS
and serum showing the applicability of the nanoparticles for the
biological environment.

Ferric chloride loading and release study

The Fe*" encapsulation efficiency of the NPs was evaluated by
altering the initial iron input concentration from 5 to 198 pM
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per mg of the PLGA. The results showed that the initial Fe**
loading can be precisely tuned by varying the iron input (5, 10,
25, 50, 74, 99, and 198 uM mg ™' of PLGA weight) during the NP
preparation process (Fig. 2C). Among the different initial Fe**
feeding concentrations, the maximum encapsulation efficiency
was found to be about 14% (w/w) iron per 1 mg polymer in
which a plateau was observed with 50 uM. When the initial
input amount of iron increases up to 200 M per 1 mg PLGA, the
nanoparticle started to aggregate due to the destabilization
affecting the physiological stability of the particles as indicated
by rapid aggregation and precipitation due to the excess
amount of iron in the suspension. Therefore, after investigating
various loading of iron input, we found 200 puL (0.1 M FeCl;)
input formulation corresponding to 99 uM iron per 1 mg PLGA
is an ideal composition for further investigations. No significant
changes in the size and PDI of this formulation were observed
when stored at 4 °C in PBS (pH = 7.4) over 4 weeks, confirming
the excellent physicochemical properties (Fig. 2A). When Fe-
PLGA-200 is 1.0 mg mL ™", the concentration of iron is found to
be 214 pg mL ™" according to ICP-MS quantifications.

The retention of Fe** ions in the nanoparticle formulation is
paramount for the development of a safer contrast agent. To
evaluate the chelation stability of iron in the Fe-PLGA NPs
formulation, the competitive iron release assay was carried out
in simulated body fluid with different ion media prepared
according to the literature.>** Magnevist®, a widely used
commercial Gd-based contrast agent, was used as a control. As
we expected that the Fe-PLGA NPs could serve as a T;-weighted
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Fig.2 Stability and loading/release study of iron(i) chelated polymeric NPs. (A) Stability of NPs over 4 weeks period when stored at 4 °C showing
the change of size and polydispersity index, (B) serum stability test to measure dynamic aggregation of PLGA NPs and Fe—PLGA NPs using 90%
fetal bovine serum environment to find the rapid increase in optical density of 560 nm due to NPs aggregation by forming protein corona, (C) iron
loading efficiency with the different initial feeding concentration of Fe** per mg PLGA, and (D) a comparative Fe and Gd release study from Fe—

PLGA NPs and Magnevist® in simulated body fluid (SBF), respectively.
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Data represents mean + S.D, n = 3.
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next-generation CA, phenomenon such as transmetalation with
endogenous scavenger cations while traveling in the blood-
stream could be minimized to achieve a better safety profile.
Therefore, the Fe-PLGA NPs were challenged with different ion
media in simulated body fluid, exactly mimicking the blood
serum condition. The iron release characteristics of Fe-PLGA
NPs were mapped in terms of cumulative iron release from
a 500 Da dialysis bag and compared with the Magnevist®. This
selected molecular weight cutoff gives free passage of all ion
presence in the media. As a result, in simulated body fluid (pH
7.4), Fe-PLGA NPs appeared to be highly stable with about 2%
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release up to 24 h, 2.4% at 48 h, and 3.1% of iron release over
72 h of incubation (Fig. 2D). This minimal release could be
attributed to the strong chelation of Fe** ions with the carbox-
ylate end of PLGA and lipid-PEG. On the other hand, the
amount of Gd ions released from Magnevist® (a clinical
contrast agent) under the identical condition increases signifi-
cantly as the incubation time increase leading to the cumulative
release of 12.3% at 72 h. Additionally, Gd*" is a toxic heavy metal
with safety concerns regarding the use of GBCAs for Ce-MRI.
When dechelated, the free Gd*" ions due to similar ionic sizes
can compete with Ca®" ions affecting voltage-gated calcium
channels and disrupting crucial calcium homeostasis causing
adverse biological effects.* With respect to these concerns, when
challenged with simulated body fluid, the designed iron-based
T;-weighted next-generation of nanoscale CAs provided more
than 96% retention of iron within the nanoconstruct as
compared to the 85% retention of Gd from Magnevist®. These
preliminary results demonstrate the potential alternative, Gd-
free, T;-weighted MR contrast agent.

While the Fe-PLGA NPs are well stable in aqueous media,
one concern related to iron-mediated oxidative Fenton chem-
istry to produce hydroxyl radicals, which are deleterious to
biomolecules. However, when the iron is strongly stabilized by
chelates, herein carboxylate in polymeric NPs and polymer
matrix created diffusion barrier, are known that do not appre-
ciably catalyze Fenton chemistry and, therefore, minimize an
important route by which iron can be toxic.***® Therefore, this
possibility was studied using ascorbic acid, as a model
biomolecule, oxidation catalyzed by Fe**. As shown in Fig. 3,
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B RhB

In vitro biocompatibility and cellular uptake study. (A) Concentration-dependent cytotoxicity of NPs in MCF-7 cells with 48 h incubation,

(B) representative confocal images showing comparative cellular uptake of NPs after 0.5, 1.5, and 3 h incubations, and (C) fluorescent quanti-
fication of cellular uptake by measuring corrected total cell fluorescent intensity of the cell population for each treatment and group. The data
were statistically analyzes using one-way ANOVA with the Mann—-Whitney test. (n = ~50 cells, mean =+ sd). ns = not significant, *p-value < 0.02,

**p-value < 0.0045, ***p-value < 0.0001.
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over the period of incubation, FeCl; catalyzed the reaction
(decrease in absorbance at 265 nm) but Fe-PLGA NPs did not
catalyze the oxidation of ascorbic acid supporting the stability
of Fe** ion, NPs colloidal stability, and biocompatibility with no
noticeable generation of radical ions.

In vitro cellular interaction study

Next, the biocompatibility of Fe-PLGA NPs was evaluated in
MCF-7 cells using the standard MTT assay. Similar to Fe*'-
chelated melanin colloidal nanoparticles and many other kinds
of polycatechol-based biomaterials,>*>%%7-*¢-5% Fe-PLGA NPs also
showed higher biocompatibility and promisingly low toxicity in
cells. Fig. 4A illustrates the biocompatibility in MCF-7 cells
cultivated for 24 h with various concentrations of Fe-PLGA NPs
from 5 to 200 pg mL~" with the data as an average of three
repeating tests. The higher cell viability over 85% against the
highest concentration of nanoparticles used (200 pg mL )
indicates excellent biocompatibility and low toxicity. After
confirming the biocompatibility of nanoparticles, we assessed
the time-dependent cellular uptake of rhodamine-lipid labeled
Fe-PLGA NPs (50 pg mL~") for 0.5, 1.5, and 3 h, respectively
in cells using confocal microscopy. Fig. 4B shows the repre-
sentative confocal images of the cells showing the internaliza-
tion of NPs and their corresponding quantification of
rhodamine intensity of internalized NPs using Image].
Untreated cells were used as control. Fig. 4C shows the fluo-
rescence intensity of the Fe-PLGA was significantly higher at 3 h
when compared with 0.5 h incubation (p-value < 0.0001, one-
way ANOVA with Mann-Whitney test). It is expected that with
the increase of treatment time, the NPs uptake also increased
for initial time points, as in the case of 0.5 h versus 1.5 h also
showed a significant increase (p-value < 0.02). This observation
clearly demonstrates that Fe-PLGA NPs were taken up by cells.
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These results corroborate the previous findings of metal
encapsulated polymeric nanoparticles.****-** The observed high
cellular viability and excellent retention of Fe** in Fe~PLGA NPs,
taken together, confirm the stability of Fe*" in the nano-
construct showing excellent compatibility of the formulated Fe-
PLGA NPs as a safe contrast agent.

Assessment of magnetic properties in vitro

With the assurance of stability and safety of Fe-PLGA NPs, the
MRI contrast efficiency of the nanoconstruct was evaluated by
looking into the effect of paramagnetic Fe’ ions on the
magnetic relaxivity for possible applications in MRI. Fe-PLGA
NPs were characterized for magnetic properties by measuring 7
and T, as a function of Fe’" concentrations in aqueous
suspension. The T;-weighted image of Fe-PLGA NPs at different
millimolar concentrations was obtained using clinical (3 T) and
ultra-high-field (14.1 T) MRI, as shown in Fig. 5, while the T)-
weighted images at high field are shown in Fig. S1 (ESI).T Both
T;- and T,-weighted images showed a concentration-dependent
higher signal intensity at higher concentrations supported by
the T, and T, recovery curves at a particular concentration of
iron as a function of recovery time (Fig. 5A, B, ESI S1A and Bf).
With the increase of iron concentration, the MR signal was
significantly enhanced as shown in the aqueous phantom
images (Fig. 5C and ESI S1At), suggesting Fe-PLGA NPs
generate a high magnetic field gradient on their surface. These
nanoparticles showed a higher % signal intensity for T;-
weighted images at 3 T compared to 14.1 T at all recovery time
points signifying enhanced contrast properties in a lower
magnetic field. A possible explanation could be the benefit of
the higher field for T, relaxivity where the ion confinement
effect might influence a higher field strength that decreases the
T, relaxivity and, however, further detailed studies are required
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Fig.5 Relaxivity study of iron(i) chelated polymeric NPs in the low and ultra-high magnetic fields. (A and B) T; recovery curve of NPs at low field
(3T) and ultra-high-field (14.1 T) as a function of iron concentration, (C) T;-weighted MR phantom images of iron(in) chelated PLGA NPs aqueous
suspensions with different concentrations corresponding to recovery curves (A) and (B), and (D) T; longitudinal relaxation rate against Fe**
concentration measured at 3 T and 14.1 T MRI system at room temperature. Data represents mean + S.D, n = 3.
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In vivo time-dependent T;-weighted magnetic resonance image of mice at 3 T. (A) A representative 3D reconstruction of images acquired

at injection using maximum intensity projection with pre-injection, at-injection, and post-injection after 10 min. (B) Representative 3D recon-
structionimages at 1, 2, and 3 h post-injection, respectively. (C) Representative 3D reconstruction of images acquired at injection, 15 min,and 1 h
post injected images of Magnevist® (equivalent Gd concentration of 0.03 mmol kg~?) from literature (ref. 49). The mice were intravenously
injected with Fe—PLGA NPs (equivalent Fe concentration of 0.02 mmol kg™?).

to assure this effect by changing various field strength, applied
frequency, NPs size, and NPs concentration. A decrease in r;
relaxivity was also observed by Caravan et al.,, where authors
found per ion relaxivities of Gd*" and Mn** decreases respec-
tively at 1.5, 3, and 9.4 T field strength.®” The longitudinal
relaxivity (r;) or transverse relaxivity (r,) as calculated from the
slope of the linear fit of the inverse of recovery time (s~*) with
respect to different iron concentrations (mM) show a significant
higher ry, the slope of the fitted curve in Fig. 5D, is measured to
be 10.59 + 0.32 mM ' s ' and 3.02 £ 0.14 mM 's ' in 3.0 T
and 14.1 T magnetic fields, respectively while the r, relaxivity at
14.1 T is found to be 62.6 + 3.2 mM ' s~ ' (ESI, Fig. S1Ct). It is
also worth noting here that the relaxometer used herein is
a clinical (3 T) and a micro-imaging probe with 33 mm size (14
T) respectively at 25 °C and pH 7.4. It is worth mentioning that
such a r; value reaches obvious higher enhancement than the
commercial agents Dotarem® (3.8 mM ™' s~ ') and Magnevist®

© 2021 The Author(s). Published by the Royal Society of Chemistry

(3.1 mM ™" s7"), macrocyclic and linear clinical GBCAs, respec-
tively in 3 T.%

The observed significant contrast enhancement in the case
of Fe-PLGA NPs formulation can be attributed to the reduction
of the tumbling rate of paramagnetic metal complexes due to
incorporation in a stable nanoparticulate formulation, thereby
promoting effective interaction between a water molecule and
paramagnetic metal complex. The field-dependent relaxivity of
CAs, especially GBCAs, has been widely recognized. However, to
the best of our knowledge, no such studies are being carried out
for iron-based T; CAs. As such, the low r; relaxivity of Fe-PLGA
NPs at the ultra-high-field is suggestive of the magnetic field
effect affecting the rotational correlation time.*>* This effect is
well illustrated in the case of MS-325 (Gadofosveset®) where the
rn=830mM 'standr, =514 mM s 'at1.4and 9.4 T,
respectively.®® A similar increment in longitudinal relaxivity was
reported by Liang et al., where Dotarem® showed r; relaxivity of
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42 mM ' 5" compared to 10.61 mM ' s ' at 3 T when incor-
porated into a polymeric nanoparticle system.* Likewise, Aryal
et al. also reported an increment of r; relaxivity of Dotarem® to
19 mM " s~ at 3 T after insertion in the lipid bilayer of the red
blood cell membrane fused liposomal system.*

In vivo vascular imaging

With the validation of contrast enhancement and safety in vitro,
the potential of Fe-PLGA NPs as Gd-free T;-weighted CAs for in
vivo Ce-MRI was evaluated in the murine model. A dose of
0.02 mmol kg~ ' equivalent Fe concentration of Fe-PLGA NPs in
100 pL with formulation reconstituted in saline was intrave-
nously injected via the lateral tail vein. Dynamic MR images
were acquired pre-contrast and at-injection, 10 min, 1 h, 2 h,
and 3 h post-injection under a 3 T clinical scanner. Fig. 6 shows
the 3D reconstruction of images acquired at injection showing
maximum intensity projection with the clear enhancement of
contrast at vascular lumen, especially in the abdominal aorta,
when compared with the pre-contrast reconstructed image as
presented in Fig. 6 and S2.7 After post-injection, the MR signal
at the blood vessel and surrounding tissue with the longer
contrast enhancement was observed at the abdominal region
but we did not observe any noticeable changes in the bladder
even after 3 h post-injection. In our recent study using Gd
chelated exosome (biological lipid bilayered nanoparticles)
fused liposome nanoparticles, we found that Magnevist®
quickly extravasate into the surrounding tissue and showed
enhanced MR signal at the kidney but the exosome camou-
flaged nanoparticles exhibited the significantly higher contrast
in heart and blood vessels with half the dose of Gd used than
that of Magnevist®.*> The shorter plasma retention time of
Magnevist® is well described and documented in the
literature.5’20’38’40'56’60'66

Similar to our observation of Fe-PLGA NPs, a study con-
ducted by Young et al. has demonstrated in a smaller number of
human clinical patients by using the oral dose (0.06%) of ferric
chloride has significantly reduced the T, relaxation time from
730 ms to 285 ms in the fundus of the stomach showing the
promise as the bowl-labeling contrast agent for Ce-MRI.”

Considering the abundant amount of Fe*" ions in the living
body and its well-known metabolic pathways, Fe-PLGA nano-
particulate system is expected to be metabolized in living
subjects. With the significantly higher T, effect of our designed
formulation compared to small molecular GBCAs and potential
toxicity of Gd, our delivery system could offer an alternative
platform for next-generation of iron-based nanoscale T;-
weighted contrast agents for Ce-MRI. On the other hand, the
traditional nanoparticulate system, for example, mesoporous
silica, SPIONPs, gold nanoparticles, needs complicated multi-
step functionalization of ligand to chelate Gd** for MRI exams.
Additionally, the new Fe-PLGA NPs formulation can serve the
one-pot fabrication method that significantly simplifies the
preparation process and reduces the heterogeneity of the
resulting NPs, and can be easily scaled up for large quantities.
In addition, the PLGA is an organic and biodegradable FDA-
approved material for biomedical application and our delivery
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system showed relatively good in vivo imaging properties. All of
these properties make Fe-PLGA NPs highly promising for
potential clinical translation.

Conclusion

In conclusion, a biocompatible one-pot Fe*"-based CA nano-
platform was designed to provide safety with an excellent T
contrast enhancement at the clinically relevant magnetic field.
The nanoformulation facilitated the relaxivity enhancement in
vivo and provided stability in a biologically identical condition.
Considering the outstanding MRI performance, ease of
synthesis, long-term stability, and biocompatibility, the use of
Fe-PLGA NPs technology allows in vivo imaging thereby
providing a safer and alternative, a Gd free, platform for Ce-
MRI. Also, the facile chemistry of PLGA polymer could offer
new opportunities for additional targeting ligand functionali-
zation and drug loading; Fe-PLGA NPs has potential applica-
tions as multifunctional agents for both disease diagnosis and
treatment in a single session. All of these properties make Fe—
PLGA NPs highly promising for potential clinical translation.
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