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Abstract

Despite the preponderance of iron oxide nanoparticles (NPs) designed for theranostic applications,
widespread clinical translation of these NPs lags behind. A better understanding of how NP
pharmacokinetics vary between small and large animal models is needed to rapidly customize NPs
for optimal performance in humans. Here we use noninvasive magnetic resonance imaging (MRI)
to track iron oxide NPs through a large number of organ systems /7 vivo to investigate NP
biokinetics in both mice and nonhuman primates. We demonstrate that pharmacokinetics are
similar between mice and macaques in the blood, liver, spleen, and muscle, but differ in the
kidneys, brain, and bone marrow. Our study also demonstrates that full-body MRI is practical,
rapid and cost-effective for tracking NPs non-invasively with high spatiotemporal resolution. Our
techniques using a nonhuman primate model may provide a platform for testing a range of NP
formulations.
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Nanostructured materials have the potential to transform the diagnosis and treatment of
many diseases, including neoplasms.! Although the number of successful pre-clinical
nanoparticle (NP) studies is rapidly growing, NPs have been relatively slow to reach the
clinic,2 and only a very few low-toxicity NP formulations have entered clinical trials.3~* A
shared opinion in the field is the need to more fully understand how experimental NPs might
distribute throughout the human body.>~" Such knowledge would help predict treatment
effects, as well as toxicity in organs of excretion and the hematopoietic bone marrow
compartment.28

It has been well-established in rodent models that NP size, charge, and surface coatings
greatly influence biodistribution.>-1 Murine NP biokinetics has been investigated via
magnetic resonance imaging (MRI),12-13 radioactive labeling,14-1% inductively coupled
plasma (ICP) measurement,16-17 and visible light imaging.19 MRI, specifically, can be
repeated /n vivo without ionizing radiation, and murine studies have used MRI to non-
invasively monitor NPs as they traverse 3—-4 organs over time.%:13.18-20 A study seems
overdue that demonstrates the /n vivo MR tracking of particles through all major organ
systems, while translating this knowledge of NP biodistribution from the common lab mouse
to a species more physiologically comparable to humans. Without direct experiments, the
assumption of equivalent biokinetics between mice and primates is a risky one, and it can
lead to under-informed clinical trials requiring cessation from unexpected toxicity and off-
target delivery.

In this work, we report on the inter-species comparison of NP biokinetics between mice and
nonhuman primates (NHPs) and provide a systematic study that continuously tracks NPs in
macaques using MRI through the largest number of organ systems accomplished to date.
NHPs are preferred animals for pre-clinical identification of NP biokinetics and toxicity
profile as NHPs approximate humans in physiology and genetics more closely than any
other animal.21 MRl is a convenient tool to quickly and non-invasively test NP biokinetics in
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NHPs where the number of NHPs is limited and radiation quantification is not feasible or
accessible. We compare /n vivo organ uptake of an iron oxide NP coated with a siloxane
poly(ethylene glycol) (PEG) monolayer (IOSPM) between the two species. The IOSPM has
a number of favorable properties as a contrast agent for clinical use including
superparamagnetic property, small and uniform size, high stability in aqueous solutions, and
excellent biodegradability.22 We find that NP kinetics are nearly identical in blood, liver,
spleen, and muscle but differ in brain, bone marrow, and kidney between the two species.
Our approach allows us to resolve and quantify MRI signal with temporal and spatial
resolutions not obtainable by other existing non-invasive imaging modalities. The work here
describes IOSPM NP organ kinetics providing valuable physiological information and
presents a cost-effective, widely applicable strategy to assist in the clinical translation of
NPs.

RESULTS AND DISCUSSION

Characterization of the nanoparticle system

IOSPM NP (Figure 1a) were designed to maximize MRI contrast and provide comparable
chemical behavior to iron oxide NPs commonly used in the literature. Oleic acid coated iron
oxide NPs (IOOAs) were synthesized by thermal decomposition of iron organometallic
compounds, yielding monodisperse nanoparticles.?3 Silanization and subsequent grafting of
amine-functionalized PEG displaced oleic acid from the IOOA surface, thereby enhancing
water solubility.24

Superparamagnetic iron oxide nanoparticle (SPION) core size has a significant effect on MR
relaxivity, and impacts MRI contrast in vivo.2> I0SPM NPs had a core size of 12 nm,
determined by TEM (Figure 1b). R2 (1/T2) relaxivities of the NPs in phosphate buffered
saline (PBS) were evaluated to be 45.3 and 61.4 s mM™1, at 3 T and 14 T field strengths,
respectively (Figure 1c). A linear relationship was established between quantitative T2
measurements and relative changes in T2*- weighted signal, as particle concentration varied
(Figure 1d).

Hydrodynamic size and surface properties of NPs are primary factors that dictate /n vivo
uptake, retention, and clearance.1926 The IOSPM NP hydrodynamic diameter was 31.5

+ 2.0 nm in PBS (Figure 1e), well within the range to minimize renal and mononuclear
phagocyte system clearance26, IOSPM NPs remained stable in biologically relevant fluid,
Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS), over
10 days (Figure 1f). At pH 7.4, IOSPM NPs had a modestly negative zeta-potential of —14.4
+ 7.2 mV (Figure 1g).

A subset of IOSPM NPs was labeled with Cy5.5, a near-infrared fluorophore, to facilitate
whole-organ fluorescence imaging. UV-vis spectroscopy was utilized to quantitate Cy5.5
labeling (Figure 1h). Based on the absorbance maximum (673 nm) of IOSPM-Cy5.5 and the
extinction coefficient of Cy5.5 (2.09 x 10° M~1cm™1), the molar ratio of fluorophore:l0SPM
was calculated to be 50:1.
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In vivo NP tracking in macaque organs

IOSPM NPs were delivered to three macaques by saphenous vein injection. As our pilot
experiments show full clearance of clinically-relevant low-dose IOSPM NPs (2.4 mg Fe/kg)
from the blood within 4 hours, we scanned animals during this timeframe using interleaved
quantitative T2 (QT2), quantitative T2* (QT2*), and T2*-weighted (T2*-W) imaging. MR
monitoring of the head and full torso was performed using T2 mapping up to 4 h after
injection (Figure 2). Figure 2a displays a T2 map of the liver before and after NP injection,
with relatively consistent NP uptake (red) across the organ. A rapid change in liver T2 from
45 to 24 ms occurred after injection, indicative of expected first-pass metabolism. Sagittal
(Figure 2b) and coronal (Figure 2c) views are provided of the upper torso, with colored
regions of interest (ROIs) marked. Raw data from a multi-spin echo QT2 sequence (Figure
2d) demonstrates good signal in liver (red dashed line), spleen (green dashed line), and
kidney (purple dashed line). An inset shows a separate slice of the kidney, with renal pelvis
highlighted (orange).

Color-coded ROIs were used to interrogate QT2 images, with temporal T2 plots obtained
from 8 compartments: blood (yellow), muscle (grey), renal cortex (purple), renal pelvis
(orange), spleen (green), marrow (light blue), deep grey matter (dark blue), and liver (red)
(Figure 2e). T2 values at = 0 were acquired immediately before NP injection. Inspection of
the carotid artery lumen demonstrates an immediate post-injection change in T2, followed
by elimination with a linear decay profile (R? = 0.97). From a pharmacological perspective,
linear (zero-order) kinetics suggests that the elimination biomachinery of NP is saturated.
The half-life of the IOSPM NP is ~2 h.

Time courses from the three macaques demonstrate considerable similarity between animals.
In muscle, there is little T2 change after NP injection, suggesting a negligible amount of NPs
present in muscle. In liver and spleen, T2 changes rapidly and saturates for the duration of
imaging, suggesting that NPs remain in the liver and spleen at 4 h. The renal cortex of three
animals shows comparable profiles of NP uptake followed by elimination. MRI behavior in
renal cortex is accompanied by information from the renal pelvis, the space where new urine
is first expelled as it travels to the bladder. Prior to NP injection, the T2 of urine in the renal
pelvis closely matches the T2 of water at 3 T (~250 ms). The T2 in the renal pelvis falls after
injection, and plateaus around the same time (~2 h) when the renal cortex time course
reaches its minimum. In the marrow and brain, T2 slowly decreases and reaches a minimum
value between 1-3 h after injection. The temporal window of 4 h captures the beginning of
NP elimination from marrow and brain, although a full return to baseline is incompletely
visualized.

Within each organ, changes in T2 arise from a combination of intravascular and
extravascular NPs. Relative blood volume can therefore be expected to influence measured
T2 behavior. Although large vessels were avoided when placing the ROIs, there is no way to
eliminate vascular partial volume effects. We are reassured by the disparate trends between
carotid blood T2 and the T2 of other organs, suggesting that the vascular influence on organ
T2 is minimal. Muscle is a compartment with high vascularity, yet demonstrates negligible
change. Splenic and hepatic T2 remain at a plateau even as blood T2 returns to baseline.
Brain and marrow display significantly delayed NP uptake compared to the blood time
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course, and renal kinetics are entirely different from the signal profile in blood. Another
biophysical influence that may alter T2 and T2* is the bulk magnetic susceptibility change
that occurs when NPs form intracellular clusters, leading to a breakdown of quantum
mechanical static dephasing assumptions.2’-22 This effect is explored in Supporting
Information (Supporting Information Figure 1).

In vivo NP biokinetics in mice

Mice were injected using the same dose (2.4 mg Fe/kg), MR scanning duration (4 h), and
same IOSPM NP synthetic batch as the macaques. We selected the nude athymic mouse, a
common choice practiced in most laboratories, to provide the greatest relevance to studies of
contrast agents. Transverse cross-sections of mouse anatomy from pelvis to head acquired
by high-resolution 14 T MRI are shown in Figure 3a. 14 T MRI delivered greater MR
sensitivity to the NP than 3 T, while maintaining necessary linearity between NP
concentration and T2 or T2* (Figures 1c, d). Representative raw images are provided in
Supporting Information (Supporting Information Figure 2). IOSPM NP uptake and
elimination are shown in Figure 3, based on T2*-W signal change (Figure 3b) and QT2
(Figure 3c), indicating that the half-life of the IOSPM NP is ~2 h. Multi-animal averages are
shown as colored lines, while data from individual animals are shown in grey. Excellent
overall correspondence is seen between animals.

The use of interleaved T2*-W and QT2 acquisition provided high-quality data in a large
number of organ compartments. With shorter overall T2 values at 14 T compared to 3 T,
automated QT2 calculation was potentially prone to occasional inaccurate fitting of decay
curves, especially in areas such as the liver and blood with T2 < 20 ms. We therefore
performed manual non-linear curve fitting for calculation of all T2 values, and have
displayed representative fits in Supporting Information (Supporting Information Figure 3).
The spleen posed a different challenge for QT2 imaging, as the bright and dark speckled
architecture generated artifact from slight respiratory motion between spin-echoes. We relied
solely on T2*-W data in the spleen because of these artifacts (described in Supporting
Information, Supporting Information Figure 4). QT2 data was exclusively used in the liver,
as high baseline iron content made the quickly decaying T2*-W signal nearly black, even
prior to NP injection. The subtle T2*-W signal change in the brain was detectable with the
high contrast-to-noise properties of T2*-W imaging, but not with QT2 brain imaging
(Supporting Information, Supporting Information Figure 5). MRI was not used to interrogate
the lung or heart, due to lung air spaces and cardiac motion. All T2*-W trends include linear
correction of baseline signal by the intensity of an adjacent water phantom, to account for
fluctuations in hardware sensitivity (Supporting Information, Supporting Information Figure
6).

To support MRI-derived trends, we performed near-infrared fluorescence (NIRF) imaging of
extracted organs, after injection of fluorescently-labeled IOSPM NPs (Figure. 4). Prior
validation of this ex vivo method showed comparable results from whole organs and
histological sections.39-31 4 groups of nude mice were used, with one group receiving no
injection, and mice of the other groups sacrificed at sequential times after injection. While
the addition of a fluorescent label may somewhat alter the surface properties of the NPs, key
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characteristics including hydrophilic coating (PEG), core size (12 nm), hydrodynamic size
(27.7 nm), and zeta-potential (-12.1 mV) were similar to the non-labeled NPs.

Figure 4a displays NIRF organ images, along with 200 ul of whole blood from each mouse.
NP accumulation was greatest in liver, with substantial relative quantities found in blood,
bone, kidney, and spleen. NIRF timecourses are displayed in Figure 4b and agree
qualitatively with MRI trends. Plotting matched MRI and NIRF data, we observed a linear
correlation (R? = 0.93-0.96) (Figure 4c). Representative QT2 comparisons with NIRF are
shown for renal cortex and liver, and T2*-W comparison data with NIRF is shown for
marrow and brain.

Inter-species biokinetics are organ-dependent

T2*-W changes are displayed within the mouse and macaque brain, 30 min after NP
injection (Figure 5a). These scans show predominant intravascular NP effects (color
threshold = 10 % signal change). From an examination of Figures 2 and 3, we know that
signal changes occur in areas of the deep grey matter chosen to avoid large vessels. These
signal changes are smaller (~6 %), delayed in peak uptake and elimination compared to
blood signal, and highly reproducible between animals. The signal profile in large vessels
(e.g., sagittal sinus, white dashed line) achieves an immediate peak and displays zero-order
elimination kinetics, similar to behavior of the carotid.

Figure 5b shows a direct comparison of macaque and mouse biokinetics, with mouse data
sub-sampled at equivalent timepoints to macaque data and trends scaled so that minimum
and maximum values in either species were re-calibrated to values of 0 and 100,
respectively. Using these amplitude-matched curves, the relative difference between
macaque and mouse was calculated. In the renal pelvis at 1 h, the mouse displayed ~2x
greater signal change compared to the macaque, and —50 % is displayed on the comparison
plot; at 3 h, the mouse trend shows nearly complete washout, while the macaque trend was
at its peak, and therefore, a large positive difference (+80%) is displayed. Despite dissimilar
kinetics in the kidney and prolonged elimination from macaque brain and marrow, IOSPM
NP Kinetics are similar in blood, liver, spleen, and muscle. MR profiles in the blood are
further supported by highly linear correlation with macaque plasma iron measurement
(Figure 5c) and mouse blood fluorescence measurement (Figure 5d). Plasma iron data show
a 9 ug/ml variation over the 3.5 h period of MR data collection. Zero-order iron elimination
from the macaque occurs at a rate of 2.6 ug/ml/hr, corresponding to a T2 reduction of 7.3
ms/hr.

Nanoparticle acute toxicity evaluation in Macaque

Macaque clinical laboratory data is shown in Figure 6. Prior work demonstrated lack of
murine toxicity for a similar NP base formulation.30. Inspection of macaque cell count
(Figure 6a) reveals no elevation outside of reference ranges in white blood cells (WBC;
reference range in macaque= 8.1-15.4), which would otherwise indicate an immune
response. However, the percentage of neutrophils showed a minimal, transient increase at 4 h
post injection but returned to baseline by 2 weeks indicating possible mild, acute stress.
Considering the prolonged retention of IOSPM NPs in the macaque bone marrow, it is
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important to see no evidence of bone marrow toxicity, which could be marked by dropping
hematocrit (Hct), WBC, or platelets levels. However, no significant drop in Hct, WBC, or
platelets was observed indicating a lack of acute bone marrow toxicity.

Liver enzymes (Figure 6b) showed no significant elevation of aspartate transaminase (AST),
alanine aminotransferase (ALT), alkaline phosphatase (ALP), or gamma-glutamyl
transpeptidase (GGT). In addition, there was no elevation of albumin or total bilirubin levels,
indicating normal liver function and absence of acute hepatoxicity. Review of blood
chemistries reveals maintenance of electrolyte balance throughout IOSPM NP injection
(Supporting Information, Supporting Information Figure 7). MR biodistribution data show
that renal NP clearance is delayed in the macaque, and there is no elevated creatinine (Cr) or
abnormal blood urea nitrogen (BUN)/Cr ratio that would suggest kidney dysfunction. These
results confirm that IOSPM NPs have no acute toxicity to bone marrow or liver and display
no apparent immunogenicity, which overcomes a major barrier for its clinical translation as a
contrast agent.

CONCLUSIONS

Recognizing and understanding inter-species differences is critical for future translational
studies to assess organ targeting and toxicity. One of the hurdles that usually delays
translation from benchtop to clinical practice of nanomedicine is that we are not sure
whether a given nanoparticle that works well in small animal models will still work the same
in humans. This is mainly because the animal experiments were usually focused on one
species and lack systematic comparisons between cross-species. Here we used noninvasive
MRI to track IOSPM NPs through several important organs /7 vivo to investigate the
biokinetics of nanoparticles in both mice and macaques. We used IOSPM NPs due to its
great potential as a next generation clinical contrast agent that provides functionality to
facilitate cancer therapeutic applications. Several iron oxide NPs (IOP) including Feridex,
Combidex, and Ferumoxytol have been approved by the FDA as contrast agents and iron
replacement therapy for clinical uses a decade ago.32-33 However, their widespread use is
limited due to issues with their stability and lot-to-lot variability as a result of the sensitivity
of their physicochemical characteristics to manufacturing conditions.33-34 These first
generation 10Ps had simple, physically absorbed coatings that lacked functionality. By
contrast, IOSPM NPs developed in our lab have long-term colloidal stability and consistent
physicochemical properties due to the presence of a highly dense and stable PEG coating.22
Furthermore, IOSPM NPs have simple and well-defined composition, and both PEG and
iron oxide are commonly used in humans as a component of drug formulations and contrast
agents, respectively. The dense PEG coating and functional amine groups allow for further
modifications of the base IOSPM NPs for specific targeting of cancer and delivery of
therapeutics.3®

We used 14 T MRI to acquire MR images of mice and 3T MRI to obtain MR images of
macaques. Different field strengths were used because mouse anatomical structures are an
order of magnitude smaller than those of the macaque (Figure 2b and Figure 3a) and
imaging at a high spatial resolution of MRI allowed us to average over a similar number of
voxels in the mouse and macaque (Supporting Information, Supporting Information Table
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1), resulting in a good comparison of cross-species NP biokinetics. We took several
approaches to improve MRI quantitation including special animal setting, control of
respiratory gating, rational MRI sequences, applying T2*-W or QT2 imaging to different
tissues based on their physiology, placement of ROIs to avoid large vessels, and choosing
external jugular vein for vascular ROI to avoid aortic pulsatility of larger vascular structures.
We were able to detect the subtle signal change (6%) in the brain with high contrast-to-noise
using interleaved T2*-W imaging (Figures 2 and 3, Supporting Information Figure 5), a
much more sensitive technique than conventional MRI QT2 imaging which typically has a
lower limit of detectable signal change around 10-20%.

The biokinetics of IOSPM NPs in mice and macaques is similar in the blood, liver, spleen,
and muscle. QT2 and T2*-W data from blood demonstrated zero-order elimination kinetics,
with near-complete return to baseline within 4 h. The IOSPM NP profile in blood by MRI
are consistent with macaque plasma iron measurement (Figure 5¢) and mouse blood
fluorescence measurement (Figure 5d). Our data suggest that /7 vivo T2 measurement of
blood can function as a surrogate for relative plasma NP content in cases where invasive
blood sampling is undesirable. In liver and spleen, T2 changes rapidly and saturates for the
duration of imaging, suggesting increased NP uptake by the liver and spleen and NPs remain
in the liver and spleen at 4 h. NPs entered liver and spleen primarily by sinusoidal
vasculatures lined by macrophages.36-37 The similar uptake by liver and spleen cross species
might be due to the similar density of vasculatures across the species and low uptake of
IOSPM NPs by macrophages. Our previous study showed that the highly dense and strongly
bounded PEG coating resulted in low non-specific protein adsorption on NPs and a low
uptake of NPs by macrophages.22 Macrophages in liver in mice and NHPs are reported to be
different.38 Other studies show that iron oxide NPs degrades over time and disappears in
approximately three weeks in liver.17:39 Within the liver, opsonization by macrophages
followed by degradation within acidic endosomes is the primary mechanism for NP
degradation.*? Studies show that no apparent difference in main enzymes in liver that play a
critical role in the metabolism and pharmacokinetics of xenobiotics among species including
man.#! Both mice and monkeys showed little T2 change in muscle after NP injection,
suggesting a negligible amount of NPs present in muscle.

The biokinetics of IOSPM NPs in mice and macaques is different in kidneys, brain, and
bone marrow. The kidney was revealed to be the compartment with the greatest inter-species
difference in biokinetics (Figure 5b). Compared to the other plots of Figure 5b, the
nanoparticle kinetics of the kidney is much more divergent between the species than the
other organs of interest. It is necessary to emphasize that our method does not specify
relative amounts of renal excretion in either species. Obtaining such information would be
possible through bladder catheterization and/or radiotracer monitoring. However, our data
provides relative temporal trends in renal uptake and washout, during the time that NPs
persist in blood. Prior work has suggested that careful attention to renal clearance is
necessary, to avoid unexpected renal toxicity in human NP applications.#2 MR signal change
within the renal pelvis indicates that renal clearance of IOPSM NPs occurs with a greater
time delay in the primate compared to the mouse. The observed differences in renal
clearance may be explained by species-dependent variations in glomerular filtration rates
(GFR).*3 GFR in general, is inversely correlated with body mass or body surface area,**
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suggesting that the IOSPM NP renal clearance delay observed in the macaque may be
amplified in humans. These results confirm that utmost caution must be taken when making
predictions regarding elimination of NPs by the human kidney.

Bone marrow displayed dissimilar washout kinetics with macaque exhibiting delayed
washout of IOSPM NPs as compared to mice (Figure 5b). Marrow is a region of great
clinical interest, as prolonged retention can have both positive implications for treatment
studies of hematological malignancy, and negative implications for off-target bone marrow
toxicity during the treatment of other organ systems. NHPs are relatively rich in
lymphocytes while nude athymic mice lack mature T cells, however, it is unlikely the
washout difference is due to an immune response since it would be expected that the
reaction would take place faster in the monkeys containing intact T cells.> Researchers have
previously showed that macrophages play a key role in observed species-dependent
differences in bone marrow uptake of liposomal NPs*6 and may explain similar differences
observed with IOSPM NP washout; however, further studies are needed to elucidate the role
of macrophages in NP bone marrow uptake and washout.

It is known that iron oxide NPs are capable of passively crossing the intact blood-brain
barrier (BBB) in small quantities, with the extent of crossing often augmented intentionally
through active mechanisms such as the use of homing ligands.#” Here, we observed brain
uptake of IOSPM NPs for both mice and NHP, with washout delayed in the NHP. Complete
return of blood T2 signal to baseline within 4 h eliminates blood partial volume effects as a
possible explanation for these findings, confirming actual retention of NP within the brain of
the macaque. The delayed washout from the macaque brain is likely due to nanoparticle-
induced endothelial leakiness*® and effects from species-dependent differences in cerebral
spinal fluid (CSF) turnover rate.*® Normalized expression of many membrane proteins that
are determinant of endothelial permeability at the BBB are greater in mice than monkeys
and could be partially responsible for the observed washout differences.>® In addition,
species differ not only at the expression level of transporter proteins but also in functional
activity and more research is needed to understand the implications of these differences on
NP uptake and washout in the brain. Turnover rates of CSF is species-dependent with mice
and rats exhibiting far greater turnover rates than larger animals such as dogs, NHPs and,
humans.! This species difference could play a major role in uptake and washout of
hydrophilic compounds such as IOSPM NPs as high CSF flow rates may minimize diffusion
of these hydrophilic particles into target tissue.*?

In summary, we have systematically investigated PEGylated iron oxide NP biokinetics in
macaques for the largest number of organ systems accomplished to date and have compared
the biokinetics between macaques and mice. We found that blood T2 measurement can serve
as a reliable surrogate for blood sampling. We conclude that NP biokinetics in primates and
mice are similar in the majority of compartments including blood, liver, spleen, and muscle
but differ in kidneys, marrow, and brain for our NP formulation. Our findings will provide
researchers important information on whether NP biokinetics in NHPs is necessary in
preclinical tests of similar NPs based on the targeted application of specific organs, which
can significantly reduce costs for preclinical testing. Further, our study demonstrated that
full-body MRI is practical, rapid, and cost-effective for tracking NPs non-invasively in
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macaques with high temporal and spatial resolutions. The approach we developed here may
be further used as a platform for testing other nanomaterial formulations and provide
interesting springboards to understand important interspecies distinctions.

MATERIALS AND METHODS

Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
specified. 3-(triethoxysilyl)propyl succinic anhydride (SATES) was purchased from Gelest
(Arlington, VA, USA). 2000 MW mono-amine functionalized poly(ethylene) glycol
(mPEG2K-NH,) was purchased from Laysan Bio (Arab, AL, USA).

NP synthesis and coating

NP size and

50 mg of IOOA was suspended in 43 ml of anhydrous toluene followed by addition of 50 pl
of triethylamine in a 3-neck round-bottom flask fitted with a Graham condenser. The flask
was sealed with rubber septa and purged with nitrogen. The solution was heated to 100°C
and 0.10 ml of SATES was added to the flask. 187.5 mg of MPEG2K-NH, was dissolved in
7 ml of anhydrous toluene and the resultant solution was added to the flask 15 min after the
addition of SATES. An additional 50 pl of SATES was injected 1h after the mPEG2K-NH,
injection, and the solution was reacted for a further 6 h and 45 minutes. The solution was
transferred to a single-neck round-bottom flask and NPs were precipitated with hexane. The
NP precipitate was dispersed in tetrahydrofuran (THF), sonicated for 10 min, and
precipitated with hexane. The resulting NP pellet was suspended in 10 ml anhydrous THF
and sonicated for 10 min. 62.5 mg of MPEG2K-NH, and 187.5 mg of 2000 MW bis(amine)
functionalized PEG (PEG2K-bis(amine)) was dissolved in 12 ml of anhydrous THF and
added to the NP solution. The flask was then sealed with a septum and purged with nitrogen.
12.5 mg of N,N1-dicyclohexylcarbodiimide (DCC) was dissolved in 2 ml of anhydrous THF
and added to the flask, and the reaction solution was placed in a sonication bath at 25°C and
allowed to react for 16 h. Fully PEGylated NPs were precipitated with hexane, redispersed
in 20 ml ethanol, sonicated for 10 min, and precipitated again with hexane. The pellet was
fully dried and dispersed in PBS with sonication for 10 min.

zeta potential characterization

The initial hydrodynamic size of NPs was analyzed at 100 pug/ml in PBS (pH 7.4). NP
stability in biological fluid was analyzed at 100 pg/ml in DMEM supplemented with 10%
FBS and 1% antibiotic-antimycotic. The zeta potential of NPs was analyzed at 100 pg/ml in
20 mM HEPES buffer (pH 7.4).

TEM analysis of NPs

Samples were prepared by diluting NPs to 100 pg/ml in deionized H,O and 5 pl of the dilute
solution was placed on a formvar/carbon coated 300 mesh copper grid (Ted Pella, INC.,
Redding, CA). After 5 minutes, the NP solution was removed and the grid was allowed to
dry overnight before imaging.
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Cy5.5 labeling

IOSPM NPs (2 mg) were reacted with 0.5 mg of Cy5.5 (GE Healthcare, Piscataway, NJ,
USA) in 100 mM sodium bicarbonate buffer, pH 8.5 for 1 h at room temperature, protected
from light and with gentle rocking. The resultant IOSPM-Cy5.5 NPs were purified using
size exclusion chromatography in S-200 resin equilibrated with PBS, and stored at 40C. UV-
vis spectrophotometric analysis was performed for Cy5.5-labeled samples. Data used for
display (Figure 1h) were blanked against PBS. The system was then blanked with NPs in
PBS and absorbance (673 nm) was determined for IOSPM-Cy5.5 NPs at an equivalent Fe
concentration. Using an extinction coefficient of 2.09 x 10> M~1cm~1 and an NP molecular
weight of 2 x 10° g/mol, the number of fluorophore/NP was determined to be 50. PBS
solvent from Cy5.5-labeled samples was extracted by centrifugation in a 30 K MW cutoff
spin column, with UV-vis testing performed on this sample to confirm lack of a Cy5.5 peak.

Nanoparticle administration

Sterile prepared IOSPM NPs were transferred into medical-grade saline (pH = 7.5), and
injected at a dose of 2.4 mg Fe/kg for both mouse (nude athymic) and macaque (/macaca
nemestring). NPs were administered in mice by tail vein injection over 5 s, and in macaques
by saphenous vein injection over 5 min. All procedures were performed in accordance with
University of Washington Institutional Animal Care and Use Committee regulations.
Injected IOSPM NP volume was ~18 ml in macaque experiments, and ~120 pl in mouse
experiments, with individual injection volumes adjusted for exact animal weight. Three
macaques were approved for MRI scanning on the current protocol. Four macaques were
approved for clinical laboratory evaluation of blood counts, blood chemistry, and liver
enzymes. Six mice were utilized for MRI experiments, and 12 mice were used for a
confirmatory fluorescence-based study of IOSPM-Cy5.5 NP biodistribution over the 4 h
after injection. In this confirmatory mouse experiment, 200 ul of blood and whole extracted
organs were harvested pre- and post-injection, and examined using NIRF imaging (IVIS
Lumina Il system, PerkinElmer).

In vivo mouse MRI

Mice were scanned with a Bruker 14 T vertical-bore imaging system (Ultrashield 600 WB
Plus). 3 mice were positioned in a 25-mm single-channel 1H radiofrequency (RF) receiving
coil (PB Micro 2.5) centered on the abdominal region, and 3 separate mice were positioned
with the head and neck at isocenter. Use of these two scanning groups was necessary for
imaging of the head and full torso, given the limitations in coil length (longitudinal FOV ~6
cm). Head/neck imaging included a structural rapid acquisition with refocused echoes
(RARE) sequence (TR/TE = 4000/27 ms, in-plane resolution 52 x 78 um?, matrix 384 x
256), T2*-weighted (T2*-W) 2-D fast low-angled shot (FLASH) (TR/TE = 1000/6 ms, in-
plane resolution 98 um?, matrix 256 x 256), and quantitative T2 (QT2) multi-spin multi echo
(MSME) (TR = 4000 ms, TE= 6.7 + 6n ms, [n = 0—16], in-plane resolution 52 x 78 um?,
matrix 384 x 256). Abdominal scans maintained the same slice thickness, but were
prescribed with larger FOV, used respiratory gating, and the following different parameters:
structural RARE sequence (TR/TE = 691/5.5 ms, in-plane resolution 65 x 97 pm?2, matrix
384 x 256), T2*-W sequence (in-plane resolution 98 um?, matrix 256 x 256), QT2 sequence
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(in-plane resolution 97 x 195 um?2, matrix 256 x 128). Total image time for each sequence
was approximately 4 min. Slices for sequential scans on a single mouse were prescribed
identically, with 0.5 mm slice thickness. For head/neck scans, 14 coronal slices were
positioned from the olfactory bulb extending to the cerebellum. For abdominal scans, 20
slices were positioned in the transverse plane with 0.75 mm interslice gap allowing coverage
from the liver to the pelvic floor.

In vivo macaque MRI

Macaques were scanned with a Phillips 3 T Achieva MRI. All scans were obtained with
respiratory gating. Baseline structural T2-W 3-D turbo spin echo images (TR/TE = 2500/250
ms, resolution 1 mm3, matrix 452 x 226), QT2 2-D turbo spin echo images (TR/TE =
5000/12 + 12n [n = 0-8], in-plane resolution 0.94 mm2, matrix 228 x 113, slice thickness 4
mm), and 3-D quantitative T2* (3-D fast field echo sequence, TR/TE = 75/6.9 + 6.9n [n = 0—
8], resolution 0.94 x 0.94 x 4 mm3, matrix 228 x 228 x 113) were obtained in coronal
orientation over a body region spanning from the top of the head to the pelvis. 3-D T2*-W
images were obtained of the head only, in an oblique plane (TR/TE = 45/25 ms, resolution
0.89 x 0.89 x 4 mm3, matrix 100 x 100). Interleaved scanning of brain (T2*-W) and head/
torso (QT2) was performed after nanoparticle administration. Scan times were 6.2 min
(T2W structural image) 20.3 min (QT2 image) 1.9 min (T2*-W image).

Magnetic characterization of agueous nanoparticle samples

NP phantoms were constructed, via dilution of concentrated IOSPM NP stock to
concentrations of 0 pg/ml, 10 pg/ml, 50 pg/ml, 100 pg/ml, 150 pg/ml, and 200 pg/ml in PBS.
Tubes containing NPs were 2 mm in diameter for 14 T phantoms, and 1 cm in diameter for 3
T phantoms. Sample tubes containing NPs were fixated and surrounded by a homogeneous
external PBS medium to minimize magnetic susceptibility fluctuations around the samples.
Imaging of phantoms was performed using the same QT2 and T2*-W sequences used for /in
vivo imaging. T2 values, as well as T2*-W signal changes induced by NPs at each
concentration were determined within circular 50-voxel ROIs at either field strength.

MRI Data Analysis

Analysis of MRI data was performed using FMRIB software library (FSL),52 Bruker
Paravision 5.1 analytic package, Phillips integrated software, Osirix (Pixmeo), and Matlab
(Mathworks). Processing stages for QT2 and QT2* data included (i) ROI definition, (ii)
automated T2 value calculation within the ROI (Paravision 5.1 or Phillips software), (iii)
manual T2 calculation within the ROI by exponential least-squares fitting of the raw spin
echo data (Matlab), and (iv) translation of the ROI over all images in the 4-D time-series,
using anatomical landmarks to confirm appropriate ROI placement. Imaging of the head/
neck in both macaque and mouse permitted automated rigid body registration/motion
correction prior to the four analysis steps above (FSL, 3 degrees-of-freedom). Due to
peristaltic movement within the abdomen and the non-cylindrical image contour, image
registration could not be used reliably on body images.

Analysis of non-quantitative T2*-W data involved normalization of intensity within each
image by signal amplitude of the adjacent water phantom to correct for temporal fluctuations
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in hardware sensitivity and scan-to-scan differences in the pulse power/receiver gain
settings. ROIs were defined and interrogated in an equivalent manner to QT2 and QT2*
scans.

Further details regarding the NP PEGylation process, Cy5.5 conjugation, NIRF whole-organ
imaging, MRI sequence parameters, and specific MR analytic methods are included in
Supporting Information.

Whole-organ fluorescence measurement

NIRF imaging was performed on an IVIS Lumina Il system (PerkinElmer, Waltham,
Massachusetts). A total of 12 nude mice were used for the confirmatory biodistribution
experiment. Cy5.5-labeled NPs were administered by lateral tail vein injections into 9 mice,
with groups of 3 mice sacrificed at 1 h, 2 h, and 3.5 h. 3 additional mice were used as non-
injected baseline fluorescence controls. Immediately after sacrifice, 200 ul blood samples
were obtained from each mouse, and organs were harvested. NIRF images were acquired on
an VIS system, with excitation and emission filters for Cy5.5. Fluorescence data were
analyzed using oval ROIs placed around the external border of each organ. Whole organ
photon counts were averaged over the 3 animals in each of 4 groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of iron oxide nanoparticles
a, Schematic of nanoparticle with metallic 12 nm iron oxide core and amine-terminated PEG

shell. The core and shell are joined by a cross-linked siloxane intermediate layer. Cy5.5
fluorophore is conjugated on a subset of the nanoparticles. b, TEM of the nanoparticle at
low magnification (left) demonstrates monodispersity and spherical core shape. High
magnification (right) displays linear features of the iron oxide crystal lattice. c, Magnetic T2
relaxivity of IOSPM NPs in PBS at 25 °C is calculated to be 45.3 s™'mM™1 at 3 T (red), and
61.4 sImM1at 14 T (grey). d, Quantitative IOSPM NP data at 14 T. NP concentrations
and R2 values in (c) are plotted against respective T2*-W signal changes from baseline,
demonstrating a linear relationship between these two measurement techniques. e, Dynamic
light scattering (DLS) data demonstrates an average NP hydrodynamic size of 31.53 nm in
PBS, with good size uniformity. f, Monitoring of NP size in DMEM/FBS reveals <5 nm
change over 10 days, with a stable hydrodynamic size of ~29 nm reached between days 4—
10. g, Zeta-potential measurement shows a net-negative particle surface charge of —14.4 mV.
h, Confirmatory biodistribution experiments in mice required fluorophore labeling with
Cy5.5. UV-visible spectra for NP samples prior to Cy5.5 conjugation (brown) and after
conjugation and purification (purple) confirm presence of the fluorophore (UV-vis baseline
was PBS, and samples of equivalent Fe3O4 concentration are shown). The aqueous buffer
from the purified Cy5.5-labeled sample was extracted by centrifugation (30 K MW cutoff
spin column), to demonstrate good binding, from an absence of Cy5.5 in the supernatant
(red, inset).
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Figure 2. Non-invasive measurement of IOSPM NP biodistribution in macaques
a, Quantitative T2 maps of the macaque liver show homogeneous changes in T2 throughout

the organ after IOSPM NP injection. b, Sagittal and c, coronal T2-weighted structural
images of the head and upper torso are used to display ROIs for quantitative analysis of
blood (yellow), muscle (grey), bone marrow (light blue), and deep grey matter of the brain
(dark blue). d, Example raw images from the multi-spin-echo sequence demonstrate ROIs of
the liver (red), spleen (green), and renal cortex (purple). A separate slice is used to display
the renal pelvis (orange, inset). ROIs were chosen to avoid obvious large vessels within each
compartment. e, Average T2 was calculated within ROIs for each time point collected over a
4-h period. Colored circles represent T2 values from the first macaque (matched to color of
respective ROIs), adjacent open squares show data from the second macaque, and X symbols
designate the third macaque. Dashed grey lines are a guide to the eye. Red dashed lines
added to the blood compartment highlight the equivalent bloodstream kinetics in the three
macaques. Each compartment displays a signature time course. Due to positioning of slices
and anatomical differences between animals, a reliable ROI within the renal pelvis could
only be obtained for the second macaque scanned.
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Figure 3. Non-invasive measurement of IOSPM NP biodistribution in mice
a, Transverse cross-sections display mouse anatomy from pelvis to head (slice position

relative to the mouse shown in adjacent graphic). External jugular vein was used as the
blood ROI (yellow) due to low vessel pulsatility and minimal respiratory artifact in the
surrounding tissues. Hamstrings provided the largest area for muscle ROIs (black). Femur
provided a consistent, cylindrical compartment for bone marrow (light blue). ROIs are also
shown in the renal cortex (purple), renal pelvis (orange, inset), spleen (green), liver (red),
and brain (dark blue). Dashed outlines indicate borders of the liver (red) and spleen (green).
Water phantom can be seen below the abdomen and above the head, with differences in
phantom brightness indicative of the shorter TE used in structural imaging of the abdomen.
b, T2*-weighted signal change from pre-injection baseline (expressed as percent), after
normalization of each value with corresponding signal produced by the water phantom.
Excellent correspondence is seen over time in signal behavior between individual animals
(grey). Average normalized signal change between animals is displayed as the colored line.
T2*-W signal change after NP injection could not be reliably determined in the liver due to
low T2*-W signal at baseline. ¢, Quantitative T2 imaging provides trends for the blood,
muscle, renal cortex, and renal pelvis consistent with T2*-W data. Spin-echo refocusing
allows visualization of signal change in the liver.
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Figure 4. NIRF imaging of whole-organ NP uptake
a, 12 mice were used to confirm /in vivo MRI patterns of IOSPM NP biodistribution with ex

vivo organ fluorescence intensity measurement. Consecutive panels show blood (200 pl) and
whole organs (brain, bone, muscle, heart, lung, liver, kidney, and spleen) from mice
sacrificed at 1 h, 2 h, and 3.5 h. Organs at each experimental timepoint were imaged
alongside organs from separate non-injected control mice. Images display highest IOSPM-
Cy5.5 NP uptake in the liver, with visible fluorescence change in the blood, bone, lung,
kidney, and spleen. b, Fluorescence intensity in all organs was calculated, and is displayed
graphically for each time point. Error bars represent + standard deviation of the mean from
the three independent measurements. c, A direct comparison between MR and fluorescence
results suggests a linear relationship between the two measurement techniques. Such
linearity is demonstrated both for examples using QT2 imaging (displayed for the kidney
and liver), and with T2*-W imaging (shown in the marrow and brain). R2 values ranging
from 0.93 to 0.96 are shown, adjacent to the respective linear fits.
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Figure5. Inter-species comparison of IOSPM biodistribution
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a, For both species, the largest intracranial NP signal change occurs in the vasculature. T2*-
W signal is shown across 6 brain slices, 30 min after NP injection, for macaque (top row)
and mouse (bottom row). A minimum threshold of 10% eliminates visible signal change
from most regions other than the large vessels, which display localized signal changes up to
60%. NP highlights the deep cerebral draining veins in both species, and in the case of the
mouse, generates small signal markings from radially oriented vessels in the cerebellum
(dashed green arrow). Solid green arrow depicts middle cerebral artery, dashed white arrow
points to superior sagittal sinus and solid white arrow points to transverse sinus. b, The
relative kinetics of NP uptake and elimination are compared between mouse (colored line)
and macaque (black line), by modifying the observed minimum and maximum signal
changes to exist on a range from O to 100 %. Data from the mouse, which were obtained at
higher temporal frequency, were sub-sampled using only points acquired at equivalent times
to the macaque. The equivalently scaled data was then subtracted, with negative values
signifying greater relative uptake in the mouse, and positive values signifying greater relative
uptake in the macaque (bottom plots in b). Shadowed regions indicate data that were used in
the comparison. Renal uptake and washout differ for the two species. Data from the brain
and marrow are consistent with prolonged NP retention in the macaque compared to the
mouse. Blood, liver, spleen, and muscle display similar biokinetics throughout the timeframe
investigated. ¢, A linear relationship is seen (R2 = 0.996) between macaque blood T2 values
and directly measured ICP iron content of blood plasma samples. d, A linear relationship is
observed between mouse bloodstream T2 value and blood NIRF intensity (RZ = 0.975, left
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plot). Change in T2*-W signal displays a similarly linear relationship with NIRF blood
fluorescence intensity (R? = 0.989, right plot).
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Figure 6. Macaque labor atory values before and after IOSPM injection
a, Complete blood cell count, and b, liver enzymes are displayed for three macaques. A

minimal increase in the percent of white blood account (WBC) corresponding to neutrophils
(**p < 0.05) were observed 4 h post-injection; however, these values returned to normal by 2
weeks. WBC remained below laboratory criteria for abnormal elevation in the macaque
(<14) (a). Liver enzymes showed no significant change over the course of the study (b).
Averages and standard deviations were determined from blood samples of 4 macaques.
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