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ABSTRACT: Iron oxide nanoparticles are an FDA-approved and
gadolinium-free alternative to conventional magnetic resonance
imaging (MRI) contrast agents. While their magnetic cores are
responsible for T, contrast, the nonmagnetic polymers at the
particle interfaces can affect the diffusion of bulk water near the
particles. We show here how this interaction can alter the
relaxation dynamics of water protons and, consequently, the
nanoparticle’s contrast performance. Libraries of iron oxide
nanocrystals of different core diameters and surface coatings can
form biocompatible, non-cytotoxic, and colloidally stable suspen-
sions with excellent MRI properties. Both the grafting density and
thickness of polymer coatings influence the amount of time water
protons spend around a nanoparticle and thus their contrast agent
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grafting density

P}

TD coating

performance. Characterization of the diameter-dependent contrast performance of these materials revealed that nanoparticles with
dense, hydrophilic polymer coatings reached the static dephasing regime, and optimal T, relaxivity, at smaller dimensions than other
systems. We rationalized that such coatings offered a slow compartment for water diffusion near the magnetic particle, resulting in an
effective diffusion constant lower than bulk water. By manipulating the surface coating and core diameter together, we could generate
a material with one of the largest T, relaxivities ever reported (510 mM™" s™') for an isolated nanocrystal. This conceptual
framework can explain the complex structure—performance trends of this class of T, contrast agents and those already reported in
the existing literature. Water diffusion at iron oxide nanocrystals (IONCs) interfaces is an essential consideration in designing

sensitive and possibly responsive T, MRI contrast agents.

1. INTRODUCTION

Iron oxide nanocrystals (IONCs) have attracted considerable
interest as gadolinium-free MRI contrast agents.' > These
materials generate localized inhomogeneous magnetic fields
during MRI leading to an acceleration in the transverse water
'H relaxation time (T,) near their surface, resulting in a
negative, or dark, contrast. Their favorable biocompatibility,
hepatobiliary biodistribution, and clearance mechanisms have
made them the only gadolinium-free MRI contrast agent
approved by the U.S. Food and Drug Administration (FDA)
for clinical use." Commercial IONCs such as ferumoxytol
(Feraheme) have been used for diverse applications, including
tumor imaging (e.g, liver, spleen, lymph nodes, brain), stem
cell tracking, angiography, and perfusion imaging.4 With their
increased relevance has come an interest in using MRI contrast
agents as a signal for the presence or absence of key
biomarkers. Molecular MRI using nanoparticles has generally
relied on stimuli-responsive clustering phenomena; while
successful at creating MRI contrast, the research is not easily
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translated given the persistence and toxicity of larger
aggregates.”'* Alternative strategies that modulate contrast
agent signal based on changes to their surface coatings could
provide another route for molecular imaging. Such an advance
requires a detailed elaboration of the role of the nonmagnetic
surface coating in IONC design.”~**%*!

Models describing these materials detail how the varying
magnetic fields present near a nanocrystal surface perturb the
water proton relaxation processes. This results in a spread of
proton Larmor frequencies, Aw, and how much this affects
MRI contrast will depend on the amount of time water spends
in the spin-perturbed region, 7p.”>~>* When water spends the
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entirety of the MRI measurement time diffusing through the
inhomogeneous magnetic fields near nanocrystals, a condition
broadly referred to as the static dephasing regime (SDR), then
the contrast agent will have its largest signal.”**** This optimal
time scale is typically reached through careful manipulation of
the iron oxide dimension.””***°~*® Weller et al. showed how
as aggregated IONCs increased in diameter their performance
first increased and then decreased, and identified a SDR for
aggregates with hydrodynamic diameters of about 60—120
nm.”” The ultimate performance of iron oxide nanoparticles
optimized for SDR will depend on the core crystallinity,
composition, and shape as these factors affect the inhomoge-
neous magnetic field experienced by freely diffusing water.**~*’

Relatively less attention has centered on how the non-
magnetic elements of T, contrast agents affect their imaging
performance. IONC coatings are primarily selected for their
ability to prevent aggregation of magnetic particles in relevant
biological media and secondarily for appropriate pharmacoki-
netics, biodistribution, and biocompatibility.”* However, these
coatings could be expected to alter the time water protons
spend in the inhomogeneous magnetic field near particles and
thus should play some role in defining T, contrast. Studies of
T, nanocrystal contrast agents have found that contrast
performance can be affected by surface coatings.*®* ™%
Water impermeable coatings, for example, are detrimental to
contrast as they exclude water from the near-particle region,
causing as much as a 70—90% decrease in performance with
increasing thickness.””>" Trends for water-permeable coatings
are more difficult to discern. A “slow compartment” model has
been suggested to account for water permeation into surface
coatings which leads to an effective water diffusion constant
less than bulk water.>* However, whether slowing water down
around an IONC is beneficial for T, contrast is not
immediately apparent as apparently contradictory trends have
been regor_ted with respect to coating thickness and molecular
weight.>* >

Here iron oxide nanocrystals with different polymeric
surface coatings are used to clarify how the surface coating
of an IONC may change its relaxivity. These diameter-
controlled, hydrophobic nanocrystals (4—33 nm) are mono-
disperse and amenable to several distinct surface coating
strategies. The resulting materials have good biocompatibility
with excellent colloidal and relaxometric stability over a range
of physiologically relevant conditions. The systems have size-
and surface-dependent T, relaxivity trends that together can be
rationalized by a slow compartment model that also considers
the core diameter dependence. For T, contrast agents small
enough to be in the motional averaging regime (MAR),
coatings that slow water protons lead to an increase in
relaxivity. For larger core materials already optimized for SDR,
water permeable polymers have the opposite effect and slow
water down so much that the contrast is suppressed, a limit
referred to as the echo limited regime (ELR). Materials
optimized with both their surface and diameter exhibit
performance greater than commercial IONCs (>200 mM™!
s7!) and similar IONCs reported in the literature (>385 mM™*
§71).B27283073857759 Water permeable coatings also affect the
size-dependent trends in these systems by shifting SDR, where
optimal performance is observed, to smaller core diameters.
The accompanying description of these trends showcases the
essential role that surface coatings play in CA performance and
helps rationalize the existing reports of surface-dependent
effects seen in this work as well as the broader literature.
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2. METHODS

2.1. Materials. Iron(IlI) oxide (FeO(OH), hydrated,
catalyst grade, 30—50 mesh), 1-octadecene (1-ODE, technical
grade 90%), oleic acid (OA, technical grade 90%), octylamine
(99%), 2-acrylamido-2-methylpropanesulfonic acid copolymer
(PAMPS), poly(acrylic acid) (PAA, M,, = 1800 Da), lauryl
acrylate (LA, technical grade 90%), poly(maleic anhydride-alt-
l-octadecene) (PMAO, M,, = 30,000—50,000), calcium sulfate
(297.0%), 1% penicillin-streptomycin (PS), Dulbecco’s
modified Eagle’s medium (DMEM, ATTC, Mannassa, VS),
fetal bovine serum (FBS), and trypsin-EDTA were obtained
from Sigma-Aldrich. Acetone (99.5%), nitric acid (HNO,,
70%), diethyl ether (DEE, certified ACS), ethanol (99.8%),
methanol (certified ACS), dimethylformamide (DMF, 99.8%),
hexanes (98.5%), 1-ethyl-3-[3-(dimethylamino)propyl] carbo-
diimide hydrochloride (EDC), sodium bicarbonate (99.7%),
and hydrogen peroxide (H,0,, 30%) were obtained from
Fisher Scientific. Methyl ether poly(ethylene glycol) amine
(mPEG-NH,) (M,, = 2000 Da) was obtained from Laysan Bio.
Human dermal fibroblasts (HDF) were obtained from
Cambrex. CellTiter 96 Aqueous One solution Cell Prolifer-
ation Assay (MTS assay) was obtained from Promega.

2.2. Synthesis of Size-Controlled Iron Oxide Nano-
crystals. Hydrophobic iron oxide nanocrystals (IONCs) were
synthesized by a modified procedure reported previously by
our group.éo Iron(III) oxide (FeO(OH), 0.178 g), oleic acid
(OA, 2.26 g), and 1-octadecene (1-ODE, S g) are mixed in a
100 mL three neck flask and heated to 120 °C for 2 h to
remove residual water. The solution is then heated to 240 °C
for 30 min to generate iron oleate, which is a precursor to
nanocrystal formation. After further heating to 320 °C for 2 h
under inert conditions (N,), the precursor decomposes
yielding IONCs. To purify the resulting black colloidal
nanocrystal sample, 20 mL of methanol and 20 mL of acetone
are added to 5 mL of sample and centrifuged at 4150 rpm for
30 min. Treatment with hexanes allows this precipitate to be
dissolved, and the process of centrifugation and resuspension is
repeated six times. The final solution containing 10 nm IONCs
is stored in hexanes. For 16 nm IONCs, the molar ratio
between FeO(OH) and oleic acid is changed from 1:4 to 1:5
with all other conditions remaining the same. For 4 nm
IONCs, the above prepared iron oleate (0.15 mmol, 0.09 g)
and oleic acid (0.3 mmol, 0.08 g) are mixed with S g of 1-ODE
at 320 °C for 0.5 h under inert conditions (N,). For 33 nm
IONCs, a mixture of FeO(OH) (50 mmol, 4.5 g), oleic acid
(200 mmol, 56 g), and 1-ODE (40 mmol, 10 g) are heated to
240 °C for 2 h and then 320 °C for 12 h.

2.3. Oleic Acid Bilayer Coating. An oleic acid bilayer
serves as a suitable coating for these materials and is generated
following a previously published procedure.”’ Briefly, oleic acid
(0.95—9.5 uM) is mixed with 1 mL of nanocrystal solution
dispersed in ethyl ether (1,500—4,000 mg Fe L7'). After
stirring of the mixture for 24 h, ultrapure water (Millipore, 18.2
MQ) or 0.1 M sodium bicarbonate (pH 9) solution is added
and stirred for an additional 2 h. To facilitate dispersion in
water, the sample is probe sonicated (UP SOH, Hielscher
Ultrasonics) at a 60% amplitude for 10 min. While stirring, the
sample is uncovered for 24 h resulting in the complete
evaporation of residual organic solvent. Sample purification is
carried out using ultracentrifugation (Optima L-90K ultra-
centrifuge, Beckman coulter) at 35,000 rpm for 3 h twice,
followed by syringe filtration (pore size of 0.45 ym, Whatman
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nylon). Inductively coupled plasma—optical emission spec-
troscopy (Agilent, ICP-OES) is used to determine the phase
transfer yield by the iron concentration of samples before and
after phase transfer.

2.4. Octylamine (OA)-Modified Poly(acrylic acid)
(PAA-OA) Coating. Octylamine-modified poly(acrylic acid)
(PAA-OA) polymer and PAA-OA coated nanocrystals were
prepared by a previously published procedure.”” To generate
PAA-OA, PAA (0.6 g, 0.33 mmol) is dissolved in DMF (10 g)
and stirred for 10 min. Then, EDC (0.58 g, 3 mmol) is added
to PAA/DMF solution, followed by octylamine (0.5 mL, 3
mmol). After stirring overnight, a rotary evaporator (Buchi
Rotavapor R-200) is used to remove DMF as the PAA-OA
solution is subjected to a vacuum. Finally, a 15 mg mL™
solution of PAA-OA in 40 mL of chloroform is made.

PAA-OA polymer solutions (1—7 mL) are mixed with 1 mL
of nanocrystal solution (typically 1,500—4,000 mg Fe L™" in
chloroform) and stirred for 24 h. Chloroform is allowed to
evaporate using air or a vacuum. Sodium bicarbonate (0.1 M,
10 mL) is added, and the resulting suspension is probe
sonicated at 60% amplitude for 10 min. Purification relies on
ultracentrifugation (40,000 rpm for 3 h, twice) and syringe
filtration (0.45 ym, Whatman nylon) providing a black product
that is easily dispersed in ultrapure water (Millipore, 18.2
MQ). Inductively coupled plasma—optical emission spectros-
copy (ICP-OES) is used to determine the phase transfer yield
through the measurement of the iron concentration of samples
before and after phase transfer.

2.5. Poly(2-acrylamido-2-methylpropanesulfonic
acid) (PAMPS)-lauryl Acrylate (LA) (PAMPS-LA) Coating.
Poly(2-acrylamido-2-methylpropanesulfonic acid)-lauryl acryl-
ate (PAMPS-LA) is synthesized via copolymerization of 30 g
of AMPS (207.23 Da, 0.1447 mol) and 22.5 mL of LA (240.38
Da, 0.0827 mol) in 300 mL of DMF solution. This
photoinitiated reaction occurs when exposed to ultraviolet
light of 352 nm wavelength. As synthesized PAMPS-LA was
used without further purification. The varied ratios of PAMPS-
LA polymer per nanocrystal are prepared by adding 1—7 mL
(15 mg mL™" in DMF) to 1 mL of nanocrystal solution
(typically 1,500—4,000 mg Fe L™" in diethyl ether (DEE)). If
the mixture is cloudy, more DMF may be added to further
solubilize the polymer. After stirring for 24 h, ultrapure Milli-Q
water is added (10 mL), the solution is stirred uncovered for
24 h, and the diethyl ether is evaporated. Samples are purified
of excess free polymer in solution using ultracentrifugation
(40,000 rpm for 3 h, twice) and syringe filtration (0.45 um,
Whatman, nylon) and redispersed in ultrapure water.
Inductively coupled plasma—optical emission spectroscopy
(Agilent, ICP-OES) is used to determine the phase transfer
yield from the iron concentration of samples before and after
phase transfer.

2.6. Poly(maleic anhydride-alt-1-octadecene)
(PMAO)-Poly(ethylene glycol) (PEG) Methyl Ethers
(mPEG-NH2) (PMAO-PEG) Coating. The method for
coating poly(maleic anhydride-alt-1-octadecene-poly(ethylene
glycol) (PMAO-PEG) onto nanocrystals is adapted from a
previously reported protocol.”’ PMAO (M,, = 30—50 kDa) is
mixed with mPEG-NH, (M,, = 2 kDa) in chloroform and
stirred overnight to make the PMAO-PEG amphiphilic
copolymer (molar ratio of PMAO/PEG, 1:5 to 1:30). The
varied ratios of PMAO-PEG to nanocrystal are prepared by
adding 1-7 mL (20 mg L") of polymer solutions to 1 mL
nanocrystal solutions (typically 1,500—4,000 mg Fe L™ in
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chloroform) followed by 24 h of stirring. During this time
chloroform is allowed to evaporate using air or a vacuum. After
0.1 M sodium bicarbonate (10 mL) is added, the mixture is
probe sonicated at 60% amplitude for 10 min. Purification
proceeds using ultracentrifugation (40,000 rpm for 3 h, twice)
and syringe filtration (0.45S yM, Whatman NYL), followed by
redispersion of purified product into ultrapure water.
Inductively coupled plasma—optical emission spectroscopy
(ICP-OES) is used to determine the phase transfer yield by the
iron concentration of samples before and after phase transfer.

2.7. Transmission Electron Microscopy (TEM). The
nanocrystal sample diameter and size variation are determined
using a field emission JEOL 2100 transmission electron
microscope (TEM) operating at 200 kV with a single tilt
holder. Samples are prepared for TEM by evaporating one
drop of nanocrystal solution on an ultrathin 400 mesh copper
grid (Ted Pella Inc.). Average nanocrystal size and standard
deviation are determined using Image-Pro Plus 5.0 (Media
Cybernetics, Inc., Silver Spring, MD) image analysis software
to detect edges, smooth holes, and determine the diameter for
at least 500 nanocrystals per sample. Resultant size distribution
histograms are fit with a Gaussian curve to obtain average
diameters and distribution width.

2.8. X-ray Diffraction (XRD). The nanocrystal sample
crystallinity is determined using a Bruker D8 Discovery 2D X-
ray diffractometer operating at 40 mA and 40 kV with a Cu
tube (1.5413 A). A highly concentrated representative
nanocrystal sample is drop cast onto a glass slide and allowed
to dry. The diffraction pattern is smoothed using Microsoft
Excel.

2.9. Dynamic Light Scattering (DLS). The hydro-
dynamic diameter (nm) and zeta potential (mV) of all
synthesized and surface functionalized materials is measured
using a ZEN-3600 Zetasizer Nano (Malvern, UK) equipped
with a HeNe 633 nm laser. Prior to measurement, surface
coated nanocrystal samples in water were purified using a 0.45
um nylon syringe filter (Whatman). The recorded hydro-
dynamic diameters (nm) are the number-average of five
measurements for each sample. Size distribution curves were
monomodal, and the number-averaged values are an effective
representation of our distribution. We had no larger
dimensions or sizes present in the number-averaged data
from these exact samples; materials made using these synthetic
methods have intensity-averaged DLS size distributions
consistent with samples that are >99% nonaggregated iron
oxide nanocrystals.”"*>®

2.10. Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES). To measure the concentration of
iron, a PerkinElmer ICP-OES equipped with an auto sampler is
used. Samples are prepared for ICP-OES analysis by acid
digestion using nitric acid (HNO;, 70%) followed by hydrogen
peroxide (H,0,, 30%).

2.11. Matrix Assisted Laser Desorption lonization
Time-of-Flight Mass Spectroscopy (MALDI-TOF-MS). To
measure the molecular weight of polymers a matrix assisted
laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometer (Bruker Autoflex Il MALDI-ToF) equipped with
a nitrogen laser operated at 337 nm is used. To prepare
samples for analysis, 1 uL of polymer is dissolved in a 4:1
solution of acetonitrile and water with 0.1% (v/v) trifluoro-
acetic acid. Then, trace a-cyano-4-hydroxycinnamic acid
matrix is dissolved in a 4:1 solution of acetonitrile and water
with 0.1% (v/v) trifluoroacetic acid. After evaporation of 1 uL
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Figure 1. Transmission electron microscopy (TEM) images with inset size distribution histograms of as-synthesized, monodisperse iron oxide
nanocrystals of varying core diameter (a—d). Core diameters are (a) 4.0 + 0.6, (b) 10.2 + 0.7, (c) 16.0 + 1.4, and (d) 33.1 = 2.5 nm. Scale bars are
20 nm. (e) XRD pattern for a representative sample of iron oxide nanocrystals. The sample diffraction pattern (blue) is consistent with a standard

pattern for magnetite (Fe;O,; black).

of the sample solution on the plate, another 1 uL of matrix
solution is overlaid on sample spot and allowed to dry.

2.12. Vibrating Sample Magnetometry (VSM). Sample
saturation magnetization was measured using a Lake Shore
7400 Series vibrating sample magnometer at 300 K. Prior to
analysis, solid samples obtained from dried nanocrystal
solutions were mixed with a nonmagnetic matrix. Solid
samples were prepared by mixing 100 uL of nanocrystal
solution (1000 ppm Fe) with 10 mg of calcium sulfate and
drying at 60 °C. The hysteresis loop was measured at room
temperature between 10,000 and —10,000 Oe. Representative
S, 8,13, 19, and 31 nm IONCs were synthesized as previously
reported and used for these experiments. The mass saturation
magnetization (M, emu g~') of these samples at 10,000 Oe
were plotted against their diameters (nm). These data were fit
logarithmically and used as a standard curve to find the
saturation magnetization for the 4, 10, 16, and 33 nm IONCs
used in all previous experiments; this approach could introduce
some error into our measurements if there are variations which
may be amplified as we rely on scaling that is sensitive to the
square of M,. We also use the M, values at 1 T to normalize the
r, results at 1.5 T. The magnetization curves show that at 1 T
samples are nearly fully magnetized, but this could also
introduce some error. For all conversions between M, and
volumic saturation magnetization (M,, 10° A m™"), punetice =
5.18 X 10° g m™3 is used with the conversion factor from emu
to Am? (1 emu = 10> A m?).

2.13. Relaxivity Measurements. Various concentrations
of nanocrystals are prepared by dilution using a 0.22 pm
syringe filter from stock aqueous solutions of nanocrystals with
different coatings for MR relaxivity measurement. The
concentration of nanocrystals in the stock is determined as
described below. An MR relaxometer (NMR analyzer, mq60,
Bruker, 1.41 T) is used to determine the T, of each sample
over a range of concentrations. T, measurements are obtained
via monoexponential decay curves generated using a Carr—
Purcell-Meiboom—Gill (CPMG) echo train sequence with a
20 s recycle delay, 2 s echo time (7 = 1 s), and 500 data points
at 37 C.°>% The r, of each sample is determined from the
slope of 1/T, plotted as a function of Fe concentration. Using
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eq 3, C/D and therefore D g can be approximated from the
slope of the line generated from a plot of r,/M,* as a function
of d* for each coating using samples in MAR. v,,,, is the molar
volume of magnetic ions in the material defined as the ratio of
the volume fraction of nanocrystals in solution (f) to the
atomic concentration of magnetic ions [M] (v, = f/[M];
Vinagnetite = 02314 kg mol™'/3(5180 kg m™) = 1.49 X 10> m’
mol ™),

2.14. In Vitro MRI Phantoms. In vitro T, weighted MR
phantom studies were performed in a clinical 3 T scanner
(Philips Ingenia) using a turbo spin echo (TSE) sequence with
TR = 2500 ms, TE = 100 ms and a slice thickness of 400 mm.
Images are collected from IONC samples with different
concentrations, core sizes, and coating.

2.15. Cell Culture and MTS Assay. Human dermal
fibroblasts (HDF, Cambrex) are cultured in Dulbecco’s
modified Eagle’s medium (DMEM, ATCC, Manassas, VS)
with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (PS). HDF cells are floated by trypsin-EDTA
and resuspended in media (DMEM with 10% FBS and 1% PS)
solution for the passaging.

A standard colorimetric MTS assay (CellTiter 96, Promega)
is used to determine the nanocrystal cytotoxicity. HDF cells
are grown in 96 well culture plates with over 80% confluency.
Each set is prepared with different concentrations of
nanocrystal solutions. One set is treated as a blank (no
nanocrystals), and the last set is used for the untreated control
(ethanol). Cells are incubated with select aqueous nanocrystal
solution for 24 h. This solution is then suctioned out and
replaced with 100 yL of fresh media (DMEM with FBS 10%
and 1% PS) solution and 20 uL of MTS agent in each well.
After incubation for 1 h at 37 °C and 5% CO,, the solution
absorbance at 490 nm is measured via a plate reader (Spectra
Max, M2, Molecular devices). All experiments are done in
triplicate. The LD;, for each sample, which gives the dose
required for 50% cell death, is calculated by the percentage of
cell viability.

2.16. Total Organic Carbon (TOC) Analysis. A
Shimadzu TOC-L is used to measure the carbon concentration
for surface functionalized nanocrystals in water. Samples are

https://doi.org/10.1021/acs.jpcc.2c05390
J. Phys. Chem. C 2023, 127, 1057—1070


https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05390?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05390?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05390?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05390?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c05390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article
(@) Oleic acid PAA-OA PAMPS-LA PMAO-PEG (b) g9
Ligand exchange (bilayer) Amphiphilic polymer encapsulation  Amphiphilic polymer encapsulation ~ Amphiphilic polymer encapsulation B Oleic acid
(Mw = 283 g/mol) (Mw =2783 g/mol) (Mw = 4615 g/mol) (Mw = 30,000-50,000 g/mol) £ PAA-OA
° oP % B PAMPS-LA
g%l g W QM e % 60 BPMAO-PEG
fﬁ ) Co g 2
Q
X / To &
_‘.r"ﬁo § o_¥ / C 0
q"«nu_\q o0 "L,:ZEL J@ N m:ti § A‘S 5 "L:j?. 455% t:>,
Qwan g Vi, A o \\:\V‘M’ ° ﬁv\, N o
wJa“J\ oL van oL X o Y Vs T 30
kON o N o E3
f§ W S5 DAL DS
LAY b
944 50 0
e COOH e COOH ° SO3H * COOH 4nm 10nm 16 nm 33nm
Core Size (nm)

4000 4000 4000 ol ] 4000 = Ol d
- |@ Tt o @ PomEe | (e . Paxon (f) * panor
£ PAMPS-LA | E PAMPS-LA £ PAMPS-LA £ 3 PAMPS-LA
£ v pmao-pEc | v PmaoPEc | £ v PMAO-PEG| £ v PMAO-PEG)
g 2000 .g 2000 M _g 2000 E 2000 ] H
7 7] ) » R
L L 1 L Q
E E E E 300
4 g 200
g 20 g 20 =S £ 200
E) E<) 2] 3
S 100 ) 8 100 S 100 " £ o
}4 H ] ¥ ¥ H ° J . v ] ° ¥ ] =
£ o £ o | £ o T

Dl water PBS DMEM RPMI BB pH3  pHS5  pH7  pH10 NaCl0.05 NaCl0.1  NaCl0.5 CaCl20.05 CaCl20.1  CaCl20.5
pH NaCl [M]

Buffer Conditions

cacl, (M]

Figure 2. (a) Schematic depiction of iron oxide nanocrystals with various encapsulation phase transfer agents (oleic acid bilayer, PAA-OA, PAMPS-
LA, and PMAO-PEG). (b) The hydrodynamic diameter (HD) and of 4, 10, 16, and 33 nm iron oxide nanocrystals with different surface coatings
(oleic acid bilayer, PAA-OA, PAMPS-LA, and PMAO-PEG). Hydrodynamic sizes of iron oxide nanocrystals (10 nm) dispersed in different (c)
buffer solutions (distilled ionized water (DI water), phosphate buffer saline (PBS), Dulbecco’s Modified Eagle’s Medium (DMEM) and Roswell
Park Memorial Institute medium (RPMI), and borate buffer (B.B)), (d) pH 3—10, (e) NaCl 0.05—0.5 M, and (f) CaCl, 0.05-0.5 M.

Table 1. T, Relaxivity (r,) and Hydrodynamic Diameter (HD) of Iron Oxide Nanocrystals with Different Sizes and Phase

Transfer Coatings

core size/coating oleic acid bilayer PAA-
Iron Oxide Sample HD (nm) r, (mM~'s7!) HD (nm)
4 nm 16.0+3.1 11.1+3.1 18.9+6.4
10 nm 21.3+6.2 50.5+£2.8 39.1+4.9
16 nm 26.2+4.7 159.8+10.7 37.1£4.2
33 nm 41.3+4.8 510.3+18.8 68.8+6.8

OA PAMPS-LA PMAO-PEG

r, (mM~'s7!) HD (nm) r, (mM's7!) HD (nm) r, (mM~'s7!)
81.9+6.4 35.3+3.9 108.7+3.9 37.8+2.1 126.6+3.1
158.9+5.9 38.24+6.2 152.4+7.2 41.745.6 201.1+£5.7
327.7+12.5 40.8+5.7 385.2+10.1 60.2+4.7 260.4+12.9
301.2+10.4 57.8+8.8 355.1+6.7 62.9+4.8 339.948.3

prepared by diluting 1 mL of the stock nanocrystal solution to
8.5 mL with Milli-Q water. Each sample is run on a total
nonpurgeable organic carbon (NPOC) assay with triplicate 50
pL injections. A standard calibration curve is made based on a
range of carbon concentrations (0.5—60 ppm) prepared using
a TOC standard solution (Sigma-Adrich) (R* = 0.998).

2.17. Grafting Density Calculation. Grafting density (o)
is calculated from TOC data using the equation below:**

[CT"M,
o =
M,*C,*[NPJ* (477,

core

) (1)

The nonpurgeable organic carbon concentration ([C]) from
the TOC analysis is converted from mg L™ (ppm) to mol L™*
(M) by using molar mass of carbon (12,010 mg mol™"). To
determine the number of polymer molecules grafted on the
nanocrystal surface (o), the carbon concentration is multiplied
by the molecular weight of the monomer (M,) and divided by
the polymer molecular weight (M,), number of carbons per
monomer (C,), molar concentration of nanocrystals ([NP]),
and surface area of the nanocrystal (47r%,.).

3. RESULTS AND DISCUSSION

3.1. Synthesis, Diameter Control, and Phase Transfer
of Monodisperse Iron Oxide Nanocrystals. Iron oxide
nanocrystals (IONCs) are prepared via thermal decomposition
of iron precursors in the presence of oleic acid at high
temperature (320 °C). Transmission electron microscopy
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(TEM) images indicate as synthesized IONCs are mono-
disperse and quasi-spherical with diameters of approximately 4,
10, 16, and 33 nm (Figure la—d). Diameter control is achieved
by either changing the reaction time or the molar ratio of iron
precursor to oleic acid. Because of Ostwald ripening, the latter
is generally a preferred approach as nanocrystal uniformity
diminishes after several hours. As has been reported before,
IONCs are crystalline and nonaggregated with a structure
consistent with the magnetite (Fe;O,) phase of iron oxide
(Figure le).és’66

The hydrophobic nanocrystals are formed with oleic acid
bound to their surfaces, and subsequently transferred into
aqueous solution via either encapsulation or ligand exchange
methods.®”*® Encapsulation results in bilayer stabilized IONCs
and utilizes a phase transfer process facilitated by the addition
of excess oleic acid or amphiphilic polymers like octylamine-
modified poly(acrylic acid) (PAA-OA), poly(2-acrylamido-2-
methylpropanesulfonic acid)-lauryl acrylate (PAMPS-LA), and
poly(maleic anhydride-alt-1-octadecene)-poly(ethylene glycol)
(PMAO-PEG) (Figures 2a and S1). Alternatively, as
synthesized IONCs can also have their original oleic acid
removed and replaced by poly(ethylene glycol) (PEG; 0.2, 1,
and 10 kDa), poly(vinylpyrrolidone) (PVP; 1 kDa), and
poly(acrylic acid) (PAA; 1S kDa). These phase transfer
processes are efficient with typical yields of 70%. Either
method provides IONCs in a colloidally stable, clear, and
brownish black colloidal suspension. Dynamic light scattering
(DLS) reveals that the hydrodynamic diameter (HD) of the
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Scheme 1. Schematic Representations of the Effect of (a) Magnetic Nanocrystal Core Size and (b) Water Diffusion Time
through Its Hydrophilic Surface Coating on T, Relaxivity (r,) *
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“Notice, because of the “slow compartment” effect on the diffusion of water, the core size needed to achieve SDR (dgpg) is smaller for magnetic

nanocrystals with a hydrophilic surface coating.

nanocrystals increases with core size and the molecular weight
of the coating; for these samples HD is always well under 100
nm (Figure 2b, Tables 1 and S1). A consideration of the core
dimensions, as well as estimates for the surface coating
thickness, yields dimensions in good agreement with DLS data
indicating the IONCs are well dispersed and nonaggregated
(Figure 2b, Tables 1 and S1). After transfer into water, or other
physiologically relevant media, there are no visible precipitates
over days.

3.2. Colloidal Stability of Iron Oxide Nanocrystals.
The average core size and morphology of the iron oxide
nanocrystals (IONCs) coated and in aqueous solutions are
identical to those observed for as synthesized IONCs (Figures
la—d and S1). Moreover, dynamic light scattering (DLS) and
TEM image analysis reveal that water-soluble IONCs are well
dispersed. They do not cluster or aggregate, and their
dimensions increase as the surface coating thickness increases
(Figures 2b and S1, Tables 1 and S1). As nanocrystal core size
increases from 4 to 33 nm, the hydrodynamic diameter of
phase transferred IONCs coated with oleic acid bilayer
increases from 16 to 41 nm with a uniform average coating
thickness of approximately 5.2 + 0.7 nm (Figure 2b and Table
1)—the approximate length of two oleic acid molecules (~4.8
nm). With larger molecular weight polymer surface coatings,
the IONCs have much larger HD sizes (~19—69 nm) with less
uniform coating thicknesses from approximately 7.5 to 22 nm
(Figure 2b and Table 1). The average zeta potentials for oleic
acid bilayer, PAA-LA, PAMPS-LA, and PMAO-PEG coated
IONCs are —48.3 + 8.7, —55.8 &+ 8.6, —51.7 + 8.5, and —45.0
+ 7.0 mV, respectively.

Encapsulated IONCs, coated with oleic acid, PAA-OA,
PMAO-PEG, and PAMPS-LA, are colloidally stable in a range
of physiologically relevant media like deionized water (DI
water), phosphate buffer saline (PBS), Dulbecco’s modified
Eagle medium (DMEM), Roswell Park Memorial Institute
medium (RPMI), and borate buffer (B.B) (Figure 2c).
Similarly, these materials maintain their colloidal stability
under a wide range of pH conditions (5—10) and at high
monovalent salt concentrations (0.05—0.5 M NaCl) (Figure
2d,e). When polymer surface coatings contained carboxylate
functionality, however, the materials lost colloidal stability
under highly acidic conditions (pH 3) and in the presence of
high divalent salt concentrations (0.05—0.5 M CaCl,) (Figure
2d,f). The relatively high pK, of most organic acids suggests
these functional groups may protonate at lower pH, removing
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any electrostatic stabilization of the IONCs; additionally,
divalent metal cations like Ca** can interact with these groups
and bridge between nanocrystals causing aggregation.’””’
PMAO—-PEG encapsulated nanocrystals behave similarly as
anhydride functional groups are hydrolyzed to carboxyl groups
especially at low pH and in the presence divalent metal cations.
Phase transferred nanocrystals with sulfonate-containing
polymer coatings (PAMPS-LA) provide for the most stable
suspensions under all conditions—even low pH and high
CaCl, (0.05—0.5 M) conditions. This is to be expected for
sulfonated polymers because of their low pK, (<2), hydrogen
bond donor and accegtor properties, and lack of interaction
with divalent cations.””~”* As such, relatively novel sulfonated
polymeric surface coatings like PAMPS-LA demonstrate
s1lgr;11ﬁ_c7a:n7t5 promise in biomedical applications of nanomateri-
als. !

3.3. T, Relaxation Dynamics of Iron Oxide Nano-
crystals Depend on the Core Dimension and Surface
Coating Structure. 3.3.1. Magnetic Nanocrystal T,
Relaxation Theory. In the presence of an external magnetic
field, iron oxide nanocrystals (IONCs) induce inhomogeneous
local magnetic fields that shorten the T, of water protons. The
concentration-dependent capacity of IONCs to accelerate the
transverse relaxation rate (1/T,) of water protons is called T,
relaxivity, or r, (mM™" s7'), and is a widely accepted metric of
IONC contrast agent performance. The interaction between
magnetic nanocrystals and local water protons is dominated by
outer sphere relaxation mechanisms, so r, can be approximated
by an outer sphere model termed the motional averaging
regime (MAR).” This results in the following relationship:

_ 4Vmat(yH|’l0Mvd)2

r, =

405Dy ()
where 7y is the water 'H nuclei gyromagnetic ratio (2.68 X 10°
rad T™' s7"), yg is the permeability of a vacuum (47 X 1077 T
m A™Y), D is the translational diffusion constant of water (D,
= 3.1 X 1072 m? s~ at 37 °C), v, is the molar volume of
magnetic ions, d is the nanocrystal diameter (m), and M, is the
volumic saturation magnetization (A m™').”*~**Equation 2 is a
valid approximation of r, only when a nanocrystal’s localized
magnetic field (Aw = yupeM,/3), and the time it takes water
to diffuse through the characteristic dimensions of that field
(7p = d*/4Dyy) is sufficiently small.>**~>>7° This criterion is
referred to as the Redfield condition (Awrp, < 1). This
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Figure 3. Plots of r, values of iron oxide nanocrystals. Plots of r, values of iron oxide nanocrystals depending on their core diameters (a) and
hydrodynamic size (c). The r, values of 10 nm core iron oxide nanocrystals with different molecular weight of polymers and hydrodynamic size.

condition is easily met for smaller nanocrystal contrast agents.
With increasing IONC dimension the strength and volume of
the perturbed magnetic field increase and result in a substantial
increase in the transverse proton relaxation rate (1/T,) of
freely diffusing water. When the Redfield condition is met,
increases in both the magnetic nanocrystal core size (d) and its
volumic saturation magnetization (M,) are the only relevant
material parameters for increasing contrast agent performance,
or r,.”*7**’° Nanocrystal clustering can also significantly
impact r, by altering the effective particle size (d).”"*””” We
note that iron oxide nanocrystals made through this route, and
modified with these types of surfaces, have been reported to be
highly uniform and nonaggregating.®”%%*

The dynamics described by eq 2 are no longer applicable
once the time water spends near a magnetized core equals or
exceeds the relaxation time (At > 1). When these times are
approximately equal, the static dephasing regime (SDR) can be
easily identified in size-dependent studies of T, relaxivity as a
peak or plateau.”””***”® In other words, SDR describes
conditions in which freely diffusing water molecules experience
the nanocrystal’s field for the entire duration of the T,
measurement (Scheme la). At even larger dimensions of
contrast agent, (Aw7p > 20), the time water spends dephasing
within the field around IONCs becomes so long that it exceeds
the interval between echoes in a T,-weighted spin echo MRI
sequence, reducing signal production. In this echo limited
regime (ELR) r, decreases with increasing IONC dimension
and is a condition best avoided in the design of contrast
agents, ¥25232576

Contrast agents that are just large enough to be described
well by the static dephasing regime (SDR) have the largest
relaxivity. For a magnetite (Fe;0,) contrast agent (M, 1) =
4.76 X 10° A m™"), the SDR model would predict a theoretical
maximum r, of approximately 960 mM ™" s717%77 As the per-
weight saturation magnetization of a nanocrystal is reduced by
at least 10% from the bulk value due to surface disorder, a
more reasonable estimate for optimum IONC contrast agents
performance would be an r, of 860 mM ™! s™1.* The smallest
core diameters for which the SDR plateau is reached (Scheme
1a) can be estimated from the Redfield condition. Assuming a
fixed Awrp = 5—20 and a magnetite IONC with 10% less
saturation magnetization than bulk magnetite, this dimension,
defined here as dgpg, is between 36 and 72 nm. This is in
reasonable agreement with experimental studies showing
nonaggregated iron oxide nanocrystals reach SDR at core
diameters of roughly 50 nm.**”*

Several recent efforts have extended the models described
above to include the impact of nonmagnetic surfaces on water
proton spin dynamics. Impermeable surface coatings, such as
dense silica and natural latex rubber, limit access of water to
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the nanocrystal’s inhomogeneous field and therefore decrease
r, with increasing thickness.”””" Bao et al. modified eq 2 to
account for this “exclusion radius” and explicitly introduced a
coating thickness into the calculation of r,.”*>° However, many
IONC surface coatings are hydrophilic polymers that would
interact with, rather than exclude, bulk water.*"** Bao et al.
recognized that these coatings would offer “slow compart-
ments” for water diffusion whose impact would depend on the
hydrophilicity, thickness, as well as density of the permeable
coating,”® We explicitly modify eq 2 to account for an effective
water diffusion constant as a way to capture the overall impact
on relaxivity:

M 2
O1d)
D

effective

r, =

3)

where D.g.qve is the average reduced diffusion constant
reflecting the time bulk water slows down as it interacts with
the coating, and C is a coeflicient that captures relevant
constants in eq 2 for magnetite (C = 0.0166 m® mol™' s7> A™2).
This modified MAR model suggests another approach to the
optimization of the relaxivity of a T, contrast agent. If water
slows down and spends more time in the inhomogeneous
magnetic field around the particle, then the contrast agent
relaxivity can be increased—something Gossuin et al.
successfully demonstrated using different solvents and solution
temperatures.83

An important consequence of introducing a slower diffusion
time for water is that the transition from the MAR to the SDR
regime will occur at a smaller core dimension. With effective
diffusion constants smaller than bulk water, then the time
spent around the particle increases accordingly as 7p = d*/
4D ive Where d is nanocrystal core diameter. Slowing water
down with a strong surface coating interaction makes it
possible to achieve the static dephasing regime (S5 < Awrp <
20) at slightly smaller core diameters (Scheme 1b). For
example, assuming the diffusion constant of water is reduced
by 10% because of a water-permeable surface coating, then the
critical IONC diameter to reach the static dephasing plateau
goes from 36 to about 34 nm.

3.3.2. Surface-Coating Dependence of Nanocrystal T,
Relaxation Dynamics. The libraries of surface coated
IONCs synthesized (sections 3.1 and 3.2) allow us to test
the impact of water permeable coatings over the different spin
dynamics regimes relevant for creating T, contrast. We first
confirmed the diameter dependent trends expected for the
motional averaging regime (MAR) are observed over a range
of iron oxide nanocrystal dimensions (Figure S2). The
relaxivity (r,) of different diameter IONCs (4—33 nm) with
four types of surface coatings (oleic acid, PAA-OA, PAMPS-
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Figure 4. Relaxivity of iron oxide nanocrystals with different cores (4, 10, 16, and 33 nm) (a—d). The points indicate the surface coatings oleic acid
bilayer, PAA-OA, PAMPS-LA, and PMAO-PEG, respectively (left to right). The samples have an increase in hydrodynamic diameter, as measured
by dynamic light scattering, because the different polymer coatings vary in their molecular weight. Above the graphs the relevant dynamical regime
is noted; MAR (motional averaging regime), SDR (static dephasing regime), ELR (echo limited regime).

Table 2. Summary of Relevant Physiochemical, Magnetic, and Relaxometric Parameters for IONCs Reported Here and the
Highest Performing, Single Core, Spherical Iron Oxide Nanocrystal T, MRI Contrast Agents Found in the Literature

Core Size (IOSA
Reference Surface Coating (nm) HD (nm) m™)" ry(mM's7") Awty,  dgpr(nm)?

Lee et al. DMSA 12 - 3.79" 218%" 0.68' 46.0
Jang et al. DMSA 15 ~17.5 427" 2764 L14™ 44.5
Vuong et al. PAA (k) 17.8 - 327 292,657 0.97 50.8
Mohapatra et al. BPEI 16 48 4.30%/ 297 1.30™ 49.9
Lartigue et al. ~ Rhamnose 18.5 236 337" ~300" 131" 50.1
Nandwana et al. NDOPA-PEG 8.1 34 2.64%¢ 355° 0.20™ 56.6
LaConte et al.  DSPE-PEG750 13.6 1035 - 3607 - -
Tong et al. DSPE-mPEGIO00 14 28.6 - 385 - -
This work Oleic acid, PAA-OA, PAMPS-LA,PMAO—PEG 4.0 16.0-37.8 2.26% 11.1-126.67¢  0.04™ 61.3

102 21.3-417 2,945 50.5-201.178 0.36™ 53.7

16.0 26.2—60.2 3275 159.8—385.27¢ 099" 50.9

33.1 41.3-68.8 3.80%/ 301.2-510.37¢  4.92™ 472

“Room temperature (15—25 C). 27 C. “40 C. 90.47 T. °0.5 T.”1 T.£1.41 T. "1.5 T. '3 T.’4 T. ¥4.7 T, 'D25C = 2.25 x 10~ m®> s}, ""D27C =

237 X 1077 m? s},

’ P magnetite

= 5.18 X 106 ¢ m™ assumed for conversions from M, (emu g™') to M, (A m™"), >Awtp = 10 assumed for dgpy

calculations, and ¥37 C. 2,3-dimercaptosuccinic acid (DMSA), polyvinylpyrrolidone (PVP), branched polyethyleneimine (BPEI), poly(acrylic acid)
(PAA), glycol (PEG), methoxy-PEG (mPEG), nitrodopamine (NDOPA), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE), octylamine
(0A), poly(2-acrylamido-2-methylpropane sulfonic acid) (PAMPS), lauryl acrylate (LA), poly(maleic anhydride-alt-1-octadecene) (PMAO), T,

relaxivity (r,), mass saturation magnetization (M,), and volumic saturation magnetization (M,).

LA, and PMAO—PEG) was found from the slope of iron
concentration versus 1/T, plots measured at 1.41 T (Figure
S3, Table 1). Consistent with the motional averaging regime
we find that for all surface coatings, r, increases with core
diameter (d), volumic saturation magnetization (M,), and
hydrodynamic size at smaller sizes (Figures 3a—c and $4).%**
This trend is most evident for the oleic acid bilayer coated
nanocrystals whose r, values increase from 11 to S10 mM ™' s™!
as their core size increases from 4 to 33 nm (Table 1). The
exceptional performance of the 33 nm oleic acid IONCs results
from their large core size and thin, bilayer coating (5.2 + 0.7
nm), approximating well our calculation of dgpg for a bare
magnetite nanocrystal (36 nm). This thin coating leads to a
very small “slow compartment” for water diffusion and 7p is
therefore minimized, allowing r, to continue increasing with
core diameter consistent with MAR.

Polyacrylate (PAA-OA) and polysulfonate (PAMPS-LA)
coated IONC:s of smaller dimensions also show an increase in
relaxivity, r,, with core dimension, indicative of a motional
averaging regime; however, the largest 33 nm diameter IONC
for these surface coatings is in the static dephasing regime,
SDR (Figure 3a,c). The experimental data brackets the dgpr
between 16 and 33 nm diameter for these systems. These thick
water-permeable polymeric coatings will interact with water,
increasing the time water spends in the nanocrystal’s localized
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field (zp), thus shifting dspy to smaller core sizes. As a result,
the peak r, for PAA-OA and PAMPS-LA coated IONCs (327.7
and 3852 mM™' s7', respectively) occurs at a smaller core
dimension (16—33 nm) than observed for the thinner oleic
bilayer coatings (33 nm) (Table 1).

Additional evidence for the importance of water interactions
with the IONC surface coatings can be found from the impact
of surface thickness on contrast performance. Figure 4 shows
the relaxivity for the different core dimensions as a function of
the hydrodynamic diameter of the different coatings, with oleic
acid being the thinnest at 5.2 #+ 0.7 nm and PMAO-PEG being
the thickest at 17.5 + 2.8 nm. For smaller core sizes (4 and 10
nm), the motional averaging regime dominates as water is not
spending a significant amount of time diffusing through the
nanocrystal’s localized field (MAR; Awt, < 1); in this limit,
increasing coating thickness will increase the dimensions of the
slow compartment, thereby increasing r,. Similar behavior is
seen for 10 nm IONCs coated with coating of increasing
molecular weight (PEG 200—10k, and PVP 10k) (Figure 3d,
Table S1). For larger core diameters (16 nm) the static
dephasing regime can dominate, and coating thickness no
longer plays a role in optimizing relaxivity. For the largest core
diameters (33 nm), water is already spending its entire
relaxation time in the nanocrystal’s field (SDR; S < Awrp <
20), and thicker coatings will push the system into the
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unfavorable echo limited regime (ELR). These data illustrate
that if the core diameters are small enough that the IONC is
well described by MAR then increasing a permeable coating
thickness can be an effective strategy for increasing contrast
agent performance (Figure 4a—c). For larger core diameters,
however, already in SDR such surface coating changes can
reduce the relaxivity of contrast agents (Figure 4c,d).

Coating density can also play a role in defining water’s
interaction with IONCs as illustrated by comparing the
diameter-dependent relaxivity of IONC cores covered with a
very low-density coating, PMAO-PEG, to the higher density
PAA-OA and PAMPS-LA. Density here refers to grafting
density which is the number of polymer chains bound to a
nanocrystal. For linear polymer coatings grafted to particles, an
increase in molecular weight will lead to a decrease in the
number of chains bound to a nanocrystal surface.””®* The
molecular weight of oleic acid, PAA-OA, PAMPS-LA, and
PMAO-PEG phase transfer agents are 283, 2783, 4615, and
30,000—50,000 Da, respectively (Figure SS, Table S2) and
because of its large molecular weight PMAO-PEG has very few
polymer chains (~12 molecules/IONC) bound to the
nanocrystals (Figure S6 and Table S2). IONC cores treated
with this sparse coating do not reach the static dephasing
regime even at the largest core diameters (Figure 3c). We
speculate that with such little polymer coating present, there is
less interaction with water and as a result water diffusion is not
impacted in the near-particle region. A consideration of the
grafting density of surface coatings could help rationalize
similarly complex surface-dependent trends in r, found
elsewhere.”* ™

Table 2 summarizes the performance (r,) of the IONC
contrast agents examined here compared to previously
published reports of single core, spherical IONC of similar
structure.””*>*0 737757 A5 a group, these IONCs have T,
relaxivities much greater than commercial agents (<200 mM ™!
s7).* In addition, the samples studied here compare well to
those reported by others and one, the largest oleic acid bilayer
coated sample, has to our knowledge the largest reported r,
(510.3 mM "' s7") for spherical iron oxide monocrystals (Table
2).27293073857759 pccounting for both core size and saturation
magnetization by using the Redfield parameter (Awtp), we
can estimate the relevant relaxation regimes for these materials.
All these high-performing materials fall just short of the static
dephasing regime (Awry, & 1). If effective diffusion constants
(D) are used instead of bulk diffusion constants (Dy,), and
we assume perhaps a 20% reduction in water diffusion due to
surface coating effects, the Redfield parameter (Awzp) would
be larger and more accurately place these materials closer to
SDR. This could help explain why the NDOPA-PEG IONCs
reported by Nandwana et al. have one of the largest relaxivities
despite having the lowest Redfield parameter (Awry).”* For
our surface-coated IONCs most obviously in MAR, D is
approximately 20% lower than Dy, which increases 7 and
Awrtp, by roughly 25% (Figure S). Given our surface-coated
IONCs are well-dispersed, the effects of clustering on 7y, are
not likely significant here (Figure 2b and S1, Tables 1 and S1).
Depending on the physiochemical parameters of the surface
coating, the deceleration of water diffusion in the coating could
be even more significant.”""** This analysis also helps explain
why every IONC in Table 2 exhibits the optimal r, at a core
size much smaller than their predicted dgpg (for Awzy = 10) —
the diffusion of water through hydrophilic surface coatings
allows for longer interactions with the inhomogeneous
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Figure 5. Using eq 3, C/D.gcive and therefore D ... can be
approximated from the slope of the line generated from a plot of r,/
M,” as a function of d* for each coating using samples in MAR
(according to Figure 4). The D,gqye for the oleic acid bilayer (R* =
0.9959) and the polymer PAA-OA (R* = 0.9589) are linear enough to
allow for an estimation of the diffusion constant in the polymer
coatings. These are roughly (3.1 + 0.45) X 107 and (2.6 + 0.26) X
107, Since the oleic acid bilayer coating is thin and likely
impermeable to water, its D, g can be used as an approximation
of Dy for the conditions of our nanocrystal solutions. Therefore, the
D frective for larger polymer coatings like PAA-OA is approximately
79—85% of Dy

magnetic field near the IONCs. This analysis suggests that if
core diameter and material saturation magnetization are held
constant, and the material is small enough to be in the
motional averaging regime, then contrast performance can be
optimized with surface coating thickness and/or grafting
density.

3.3.3. Dependence of Iron Oxide Nanocrystal T,
Relaxation Dynamics on the Solution Chemistry. While the
relaxivity characterization presented thus far was completed in
pure water (Table 1, Figure 3, and Figure 4), the solution
environment for IONCs can be very different in vivo. The
presence of salts and proteins can lead to aggregation of
IONCs, for example (Figure 2c—f), with consequences for
their contrast agent performance. We find that the iron oxide
nanocrystal (IONCs) T, relaxivity changes in different media
tracks well with their colloidal stability (Figure 2c—f and Figure
6a—d). Uncontrolled IONC aggregation drastically increases
physical dimensions leading to a decrease in r, as the T,
dynamics, with properties better described by the ELR regime.
Across various buffer solutions and under a range of pH (5—
10) and monovalent salt concentrations (0.05—0.5 M NaCl),
colloidally stable IONCs mostly maintain their high T,
relaxivity (r, > ~200 mM™"' s7') (Figure 2c—e and Figure
6a—c). Notably, IONCs with carboxylate-containing encapsu-
lation agents (oleic acid bilayer, PAA-LA, and PMAO—PEG)
have a significantly reduced r, under highly acidic conditions
(pH 3) and in the presence of high divalent salt concentrations
(0.05-0.5 M CaCl,) (Figure 2d,f and Figure 6b,d). As
discussed above, carboxylate-containing surface coating agents
become less stable at low pH and in the presence of divalent
metal cations like Ca**, leading to aggregation and a reduction
in 7,.°””° The sulfonated polymer coatings in contrast maintain
good colloidal stability and high T, performance under all
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Figure 6. r, of iron oxide nanocrystals (10 nm) dispersed in different (a) buffer solutions (distilled ionized water (DI water), phosphate buffer
saline (PBS), Dulbecco’s modified Eagle’s medium (DMEM) and Roswell Park Memorial Institute medium (RPMI), and borate buffer (B.B)), (b)
pH 3-10, (c) NaCl 0.05—0.5 M, and (d) CaCl, 0.05—0.5 M. In vitro cell viability assays (MTS) of oleic acid coated iron oxide nanocrystals with
(e) different core sizes (10, 16, 33 nm) and (f) 10 nm iron oxide nanocrystals with various surface coatings (oleic acid bilayer, PAA-OA, PAMPS-

LA, PMAO—-PEG, and 10k PEG).

conditions—even at low pH and high CaCl, (0.05-0.5
M),

3.4. Size- and Surface Coating-Dependent Cytotox-
icity of Iron Oxide Nanocrystals. Iron oxide particles are
FDA-approved as MRI contrast agents reflecting their good
biocompatibility.*> While these materials are similar to those
commercially used, there is always a concern that new
formulations of relatively benign nanomaterials could present
some toxicity. If novel surface coatings promoted particle
dissolution, then released free iron could disrupt iron
homeostasis; alternatively, under some circumstances nano-
crystals can promote proinflammatory responses leading to
oxidative stress and acute cytotoxicity.”**™*" We conducted a
preliminary in vitro experiment to identify any core diameter or
surface coating cytotoxicity trends using our expansive library
of IONC:s. A simple and standard assay was used to assess the
viability of human dermal fibroblast cells after 24 h in the
presence of increasing concentrations IONCs with varied
dimensions (10—33 nm) and surface coatings (oleic acid
bilayer, PAA-OA, PAMPS-LA, PMAO-PEG, and 10k PEG)
(Figure 6e,f).

Except for the oleic acid bilayer coated IONCs, there was no
significant cytotoxic effects up to concentrations of 6.00 mM
(335 ppm atomic Fe). This null cytotoxicity result necessarily
limits our analysis of diameter and surface coating trends for
most of these materials. The one exception is the bilayer-
coated IONCs which at very highest concentrations did have a
significant effect on cell viability. We speculate that this
amphiphilic coating is more prone to biological trans-
formations and may also have increased interactions with cell
membranes.”**™"" For IONC coated with these bilayers the
material cytotoxicity increased with decreasing core dimension,
a trend observed in many in vitro cytotoxicity studies of metal
oxide nanocrystals (Figure 6e).”” The greater toxicity of
smaller particles has been attributed to factors related to
cellular uptake as well as more pronounced dissolution of
smaller cores.”**™"!
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4. CONCLUSIONS

This study probes the size and surface coating-dependent
relaxation dynamics of iron oxide nanocrystals (IONCs) to
optimize their performance as T, MRI contrast agents.
Synthesized IONCs are monodispersed, size tunable (4—33
nm), and are easily transferred into aqueous solution using a
variety of hydrophilic surface coating agents (oleic acid bilayer,
PAA-OA, PAMPS-LA, PMAO-PEG, PEG 200—10 k, PVP 10k,
and PAA 15k). Phase transferred nanocrystals display good
colloidal stability under a range of physiologically relevant
conditions. Relaxation dynamics data indicate that maximal r,
can be achieved by tuning surface coating-dependent water
diffusion constants (D, gecgve) With coating thickness and
grafting density. Future work will use NMR dispersion
(NMRD) experiments and relaxation simulations to further
elaborate and quantify the observed effects. IONCs with a
large core size (33 nm) and thin surface coating (oleic acid
bilayer) have the highest reported T, relaxivity for this class of
materials (r, = 510 mM™" s™'). Their r, values are stable under
a variety of solution conditions and demonstrate no significant
cytotoxicity in human dermal fibroblasts at iron concentrations
as high as 1200 pM. Thicker, lower grafting density surface
coatings (PAA-OA, PAMPS-LA, and PMAO-PEG) exhibit no
significant cytotoxicity at iron concentrations as high as 6,000
UM and retain high and stable r, (>300 mM™" s™') over a
range of similar solution conditions. Poly sulfonated coatings,
PAMPS-LA, yielded IONCs with good colloidal stability and
high r, even under the harshest conditions tested (pH 3 and
0.05—-0.1 M CaCl,).

These data offer some insight into the rational design of T,
contrast agents for advanced MRI applications. For molecular
imaging, the ideal nanocrystal hydrodynamic diameter is
between S and 50 nm to allow for optimal blood circulation
times.”” Fortunately this size range coincides roughly with the
static dephasing regime for these IONCs, leading to an
optimized T, performance. Commercial IONCs used as MRI
contrast agents are generally within this size range but exhibit
much lower r, values (<200 mM™' s™')—likely because of
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smaller core sizes, poor sample uniformity, and unoptimized
surface coatings.””* For the highest performance IONCs, the
largest core size and smallest coating thickness possible—while
still maintaining the static dephasing regime (SDR), colloidal
stability, and low toxicity—are ideal. However, if a larger
hydrodynamic diameter is needed for other reasons, then the
coating grafting density can help to maintain a high r,. Finally,
“smart” T, contrast agents could result if stimuli-responsive
changes in surface coating—an intraparticle effect—rather than
clustering—an inter;particle effect—could be engineered to take
IONCs into SDR.”~"? IONCs could be designed to “turn on”
(ELR to SDR; increasing r,) or “turn off” (SDR to MAR;
decreasing r,) by reducing their coating thickness or grafting
density (ie, via degradation or shedding) in response to
relevant biological conditions. Though not the focus of the
present study, the design and application of this type of “smart”
T, contrast agent will be explored in future studies.
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