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Abstract of the Dissertation
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Magnetic resonance imaging (MRI) contrast agents (CA) are increasingly being used to enhance
the contrast between normal and diseased tissues, and to help detect various anatomical and
functional abnormalities in MRI scans. Today, 40-50% of the MRI procedures worldwide are
performed with CAs, majority of them being gadolinium chelate based agents (GBCA). Theory
suggests that the relaxivity (a quantitative measure of CA efficacy) of current clinical CAs is sub-
optimal, and predicts the possibility of developing new contrast agents with relaxivities up to one
to two orders of magnitude greater (depending on the magnetic field), that can allow the same
clinical MRI performance at substantially lower dosages (micro or nanomolar dose), enabling
advanced MRI applications such as cellular/molecular imaging and blood pool imaging. Also, the
recent discovery and association with nephrogenic systemic fibrosis in patients with renal
insufficiency has fostered concern and Food and Drug Administration restrictions on the clinical
use of GBCA. Therefore, there is a need for a next-generation T1 MRI CA that show lower toxicity
profile, and possess greater relaxivity than current clinical CAs.

Herein, towards the goal of developing a safe and more efficacious T1 MRI CA, | demonstrate a
novel nanoparticle MRI CA comprising of manganese (Mn?*) intercalated graphene nanoplatelets
functionalized with dextran (hereafter called, Mangradex) with focus on the study of formulation
development and in vivo safety and efficacy. The results suggest that Mangradex formulation is
hydrophilic, water dispersible (up to 100 mg/ml), and forms stable colloidal dispersions in
deionized water, that are iso-osmol and is-viscous to blood. The relaxometry and MRI phantom
study suggest that graphene sheets in Mangradex amplify its r1 relaxivity by up to ~ 20X greater
than current clinical CAs. Acute toxicity and respiratory/cardiovascular safety pharmacology
study performed for 1 day and 30 days in Wistar rats following single intravenous dose of
Mangradex between 1-500 mg/kg, suggested that the maximum tolerated dose was (MTD) 50
mg/kg < MTD < 125 mg/kg, and Mangradex nanoparticles eliminate mainly through feces within
24 hours. Sub-acute toxicological assessment performed on rats intravenously injected with
Mangradex formulations at 1, 50 or 100 mg/kg dosages 3 times per week for three weeks indicated
that doses < 50 mg/kg could serve as potential therapeutic doses. Whole body 7 Tesla MRI



performed on mice following intravenous injections of Mangradex at 25 mg/kg (455 nanomoles
Mn?*/kg; ~2 orders of magnitude lower than the paramagnetic ion concentration in a typical
clinical dose) showed persistent (up to at least 2 hours) contrast enhancement in the vascular
branches. Taken together, these results lay the foundations for its further development as a vascular
and cellular/ molecular imaging probe.
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LIST OF ABBREVIATIONS

MRI - Magnetic Resonance Imaging

CA - Contrast Agent

RF - Radio frequency

GCBCA - Gadolinium chelate-based
contrast agent

NSF -Nephrogenic systemic fibrosis

RES - Reticuloendothelial system

SP10O -Superparamagnetic iron oxide
USPIO — Ultrasmall superparamagnetic iron
oxide

MEMRI- Manganese enhanced MRI
SWNT - Single wall carbon nanotube
FIH - First in human

TEM - Transmission electron microscopy
AFM - Atomic force microscopy

TGA - Thermogravimetric analysis

ICP -Inductive coupled plasma mass
spectrometry

DDI- Distilled deionized

FDA- Food and Drug Administration

ICH - International conference on
harmonization

EMA — European medical agency

GLP - Good laboratory practices

IND - Investigational new drug applications
UV-Vis- Ultraviolet visible light

NIR —Near infrared

GO - Ggraphene oxide

PEG - Polyethylene glycol

GNP - Graphene nanoplatelets

CNT- Carbon nanotube

MWCNT- Multiwalled carbon nanotube
SiRNA - Small interfering RNA

NMRD - Nuclear magnetic relaxation
dispersion

V- Intravenous

Pow - Octanol-water partition coefficient
MWCO - Molecular weight cutoff
HSA - Human serum albumin

ELISA - Enzyme-linked immunosorbent
assay

LOD — Limit of detection

BCA - Bicinchoninic acid

MTD - Maximum tolerated dose
MPD - Maximum permissible doses

H&E - Hematoxylin and Eosin



CLIA - Clinical Laboratory Improvement
Amendments

RDW - Red cell distribution width
GLU -Glucose

BUN - Blood urea nitrogen

CRE - Creatinine

ALP - Alkaline phosphatase

TP - Total protein

ALB - Albumin

ALT - Alanine transaminase

AST - Aspartate transaminase

TG - Blood triglycerides

CHO - Cholesterol

TP - Total protein

TE- Echo time

TR- Repetition time

FA — Flip angle

MRA - Magnetic Resonance Angiography
GFR — Glomerulus filtration rate
NMR — Nuclear magnetic resonance
Amendments

RBC - Red blood cells

WBC - White blood cells

MCYV - Mean corpuscular volume

MPV - Mean platelet volume

MCHC - Mean corpuscular hemoglobin
concentration

ROI — Region of interest

SNR - Signal to noise ratio

CNR — Contrast to noise ratio

MIP — Maximum intensity projection

SNx - Subtotally nephroctomized
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corpuscular volume (MCV) and mean platelet volume (MPV). ¢) Mean corpuscular hemoglobin
concentration (MCHC) and total hemoglobin concentration. d) Hematocrit and red cells
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Figure 15. Representative high (400X) magnification photomicrographs illustrating pulmonary
and hepatic histology from chronic study animals at 1 mg/kg, 50 mg/kg, 100 mg/kg Mangradex
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Figure 18. Three-dimensional (3D) imaging of the whole mouse body in less than 12-minutes
using a 7-T mouse MRI scanner equipped with a homemade RF coil enabling serial imaging with
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CHAPTER 1

LITERATURE REVIEW AND
INTRODUCTION




Magnetic Resonance Imaging

MRI is one of the powerful imaging modalities to visualize anatomical structures in biomedical
research and clinical medicine.! MRI can non-invasively render information on anatomy of organs
(e.g. detection of lesion or tumor) and physiological parameters (e.g. assessing cardiac function)

for improved diagnosis of many pathologies and diseases without the use of ionizing radiation.?

The MRI signal is generated by the relaxation of in vivo water molecule protons. The contrast
generated in the MR images mainly depends on 1) in vivo proton spin density, 2) longitudinal (T1)
and transverse (T2) relaxation times of local tissue environment, and 3) applied magnetic field
strength. The images in MRI are generated by measuring radiofrequency (RF) signal arising from
magnetic moment of water protons in vivo. Water proton is used as a probe molecule in MRI since
it abundantly (~70%) of the body weight) available in in vivo. Hydrogen nucleus is a single proton,
and as proton is positively charged it spins and generated magnetic field, which is called ‘magnetic

moment’.

T1 and T2 Relaxation Time

When the patient is placed in MRI, the hydrogen nuclei in the patient’s body aligns to the applied
magnetic field and becomes temporarily magnetized. The hydrogen atom inside the body contains
spin and precesses at a frequency called ‘Larmor frequency’ around z axis as shown in Figure 1a.
The Larmor frequency (wo) depends on the strength of applied magnetic field and is given by
equation:

o =7v Bo

Where, y = gyrometric ratio, Bo = applied magnetic field



In the absence of magnetic field net magnetic moment is zero as the direction of these vectors is
random are always cancel each other. When the external magnetic field (Bo) is applied, slightly
greater number of hydrogen nuclei align parallel to the direction of field generating net magnetic
field parallel to the z-axis. When external RF pulse with Larmor frequency is applied in transverse
(XY) direction, the direction of the net magnetization flips to the XY plane as shown in Figure 1b.
As aresult, the net magnetization slowly decreases in Z-direction and increases in XY plane. When
the RF pulse is removed, the net magnetization recovers in its original Z-direction. This process is
called relaxation and has two components. 1) The recovery of magnetization (M;) in longitudinal
(2) plane, called spin lattice relaxation time Ti.

M, =M, (1 -e'T)
2) The decay of magnetization in transverse (XY) plane, called spin-spin relaxation time Ta.

Mxy =Mxvo e-t/T2
T1 is the time required for longitudinal magnetization to recover to 63% of the equilibrium value

(Figure. 1c), whereas T- is the time required for transverse magnetization to drop to 37% of its
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initial magnitude (Figure 1d).
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Figure 1. Principles of MRI.2 (a) In magnetic field, the hydrogen nuclear spins align with
(parallel) or against (antiparallel) the external magnetic field. (b) Irradiation of resonant RF
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results in decrease in longitudinal magnetization (M) and generation of transverse magnetization
(Myy). Subsequently, the nuclear spins return to their initial state, referred to as relaxation. (c and
d) Tz is the time required for longitudinal magnetization to recover to 63% of its equilibrium (c),
and T is the time required for transverse magnetization to drop to 37% of its initial magnitude

(d).

When the patient is placed in MRI, the hydrogen nuclei in the patient’s body aligns to the applied
magnetic field and becomes temporarily magnetized. When RF pulse at Larmor frequency is
applied, the in vivo water protons respond by a signal with multiple frequencies referring to their
positions along the magnetic field gradient. Using Fourier transform, this signal is broken down
into individual frequency component. The magnitude of the signal at each frequency is

proportional to the water proton density at that location, thus allowing an image to be constructed.

Contrast Agents

Differences in the environment of in vivo water molecules generates inherent contrast in MRI
images. In many pathological conditions, the intrinsic contrast generated by the tissues does not
provide sufficient changes in relaxation times (T1 and T>) to enable specific disease diagnosis. In
such cases, CAs are commonly used to increase the diagnostic confidence.* The MRI CA can
interact with surrounding water molecule and increase the relaxation rate of water protons. MRI
CAs can significantly increase the signal differences between tissues, tissues and blood vessels or

tissues and bones by shortening the characteristic T1 and T, relaxation times.?

Since the 1980s, a variety of clinical MR CAs were developed that are complexes of paramagnetic
metal ions such as gadolinium (Gd**) and manganese (Mn?*) as T1 agents, or super-paramagnetic
ion such as iron (Fe?*) as T, agents. These ions, because of their unpaired electron structure, act as

effective relaxation-enhancement agent and decrease T1 and T2 relaxation times of nearby protons.*



Gadolinium is naturally toxic to the body, and hence necessitates strongly coordinating ligands to
keep Gd** completely bound in vivo. The Gd** chelate-based T1 MRI CAs currently dominate the
market (>95% market share) and worldwide, approximately 43% of the 65 million clinical MRI

procedures worldwide use MRI CAs.®

Relaxivity

The quantitative measure of MRI CA efficacy is known as relaxivity. It is defined as the change
in the relaxation rate of the water protons per molar concentration of the paramagnetic ion, and is
expressed in units of mM™ sec™. It is denoted as r1 (for Ti-baseed CAs) or r2 (for T--baseed CAs)
and calculated by using the equation given below. Figure 2 shows the representative graph of

relaxivity, where the value of the slope of the line gives relaxivity value.

r,,=(1/T, )/[Concentration of ions in mM]
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Figure 2. A representative graph of relaxivity. The slope of the line gives relaxivity value.



The table below lists FDA approved CAs and their relaxivity values.

Trade names | Generic names | Abbreviated names | Relaxivity(rz,
unless
specified)
(mM1S?) at
15T®
Magnevist Gadopentetate Gd-DTPA 3.3
Dimeglumine
Prohance Gadoteridol Gd-HP-DO3A 2.9
Omniscan Gadodiamide Gd-DTPA-BMA 3.3
Optimark Gadoversetami | Gd-DTPA-BMEA 3.8
de
Multihance Gadobenate, Gd-BOPTA 4.0
Ablavar Gadofosveset | Diphenylcyclohexyl 5.2
(formerly trisodium Phosphodiester
a.k.a. Vasovist, Gd-DTPA
AngioMark)
Eovist, Gadoxetate Gd-EOB-DTPA 4.7
Primovist, disodium
EOB Primovist
Gadavist Gadobutrol Gd-DO3A-butrol 3.3
Feridex ferumoxide AMI-25 r.=4.7
Teslascan Mangafodipir Mn-DPDP 1.6
trisodium

Table 2: FDA Approved MRI CA and their relaxivity at 1.5 T.

CAs increase both T1 and T» relaxation rates. The ratio of r2/ry gives an idea whether a given CA
is suitable as T1 or T2 agent. If this ratio is about 1~2, the CA is suitable as Ty agent. Super-
paramagnetic materials mainly affect transverse T» relaxation and thus, higher ro/r1 ratio of 10 or

more.’
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Figure 3. Variables contributing to contrast agent relaxivity®

Relaxivity of a CA is affected by multiple parameters. A large body of experimental and theoretical
research done in the last three decades now offers good understanding of the relaxation
mechanism, and underlying structural, chemical and molecular dynamic properties that influence
the relaxivity. Figure 3 demonstrates major parameters contributing to relaxivity of paramagnetic-
ion chelate complexes, which include 1) inner sphere relaxivity, and 2) outer sphere relaxivity.
Inner sphere relaxivity is mainly governed by i) the number of inner-sphere water molecules (q),
i) the rotational tumbling time (zr), and iii) the residence lifetime of inner-sphere water molecules
(zm). The Solomon-Bloembergen-Morgan equations are used to describe the relationship between
variables contributing to inner-sphere relaxivity.>* In general, higher g values, longer tumbling
times (zr) and short zm yields high relaxivity values. The outer-sphere relaxation is described by
the Freed theory and is mainly dependent on 1) distance of closest approach of outer-

sphere water molecules (a) and 2) diffusional correlation time of outer-sphere water molecules
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(zp). The inner sphere relaxivity parameters mainly govern the relaxivity and most often are taken

into consideration in the design of CAs.?

Limitation in Relaxivity
MRI is widely used for imaging organs or tissues; however, its ability for advanced application
such as cellular and molecular imaging is still lacking because of inadequate sensitivity. To
understand the mechanism of disease at molecular level, it is important to be able to visually
distinguish between different disease targets such as proteins, enzymes, hormones or small
molecules at the very small concentration (nanomolar to picomolar) they are present in tissues.®
In order to achieve this goal, CAs with relaxivity values at least 50-fold higher than the current
clinical CAs are required. As shown in Table 1, the relaxivity values of clinical CAs are ~1.6-4.7
mM1S?, that can be improved by modulating the parameters described in previous section.
Theoretically it is possible to achieve relaxivity up to ~ 10X to 100X greater (depending on the
magnetic field strength) than current clinical CAs.t3!* The high relaxivity of CAs can help achieve
higher sensitivity in MRI necessary to visualize biomolecules. Hence, developing new CAs with

high relaxivity still remains an active area of research.

Nephrogenic Systemic Fibrosis

GCBCA:s are biologically inert in the patient with normal kidney function and are removed from
the urinary excretion within few hours following injection (half- life ~90 minutes). As kidney is
the exclusive route of excretion for Gd** chelate based contrast agents (GCBCAS), it can circulate
significantly longer in patients with either sub-acute kidney disease, acute kidney injury or renal

insufficiency (GFR < 30 mL/min/1.73m?).
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Figure 4.%5 Gadolinium introduced into the human body by instable linear chelates has a
prolonged half-life in the uraemic milieu due to reduced renal excretion, thus allowing free toxic
gadolinium released from its chelate (A) after changing place with other ions (transmetallation
reaction) to extravasate into the extravascular space where it may accelerate fibrillogenesis, as
all the lanthanide ions (including gadolinium) have collagen fibrillogenetic properties (B).
Histopathological photomicrographs show thickened dermis with spindle-shaped fibrocytes and
mucin with plumped collagen bundles that infiltrate the septa of the subcutaneous fat deeply (C),
eventually leading to the macroscopic appearance of the skin of patients (D).

During this longer bio-retention, Gd®*"can de-chelate and transmetallate with the ions in vivo
according to its affinity and quickly binds to ubiquitous phosphate, forming insoluble gadolinium
phosphate and leading to prolonged exposure to biologically active gadolinium.® Also, multiple
reports have revealed that the use of Gd®** in GCBCAs in these patients lead to rare but potentially
fatal disease Nephrogenic Systemic Fibrosis (NSF) in patients with kidney disease.’'° Gd®* de-
chelation is more common after exposure to linear ligands compared to macrocylic ones. Early
clinical features of NSF include onset of limb edema accompanied by red or violate cutaneous

papules and plagques overlying dermal and subcutaneous fat fibrosis and when fully developed,

results in limb pain, contractures, and loss of mobility.1® Furthermore, it can cause fibrotic damage



to internal viscera such as esophagus, heart, skeletal muscles, lungs and kidneys.!®?%?1 NSF is
clinically it is manifested 2 to 10 weeks (medial 5 weeks) after GCBCA exposure and results in
thickening of skin, joint contractures and decreased mobility of the organs that can lead to
mortality.!® The pathophysiology of NSF is not well understood and many theories exists to
explain mechanism of NSF. A large number of study indicates that Gd** can either dissociate by
transmetallation or stay intact in chelate complex stimulating skin macrophages or peripheral
blood monocytes (PBMC). Activated macrophage or PBMC can stimulate fibroblast resulting in

the fibrotic lesions and eventual skin thickening and joint contractures.??

Every year in the U.S., 0.6 million individuals are diagnosed with an acute kidney injury, and
over 20 million people are have sub-acute kidney disease,?* with over 0.7 million of these cases
classified as either stage IV or stage V.2* MRI is routinely used in the clinical diagnosis of renal
failure,”® has the potential to provide both functional®®?’ and anatomical information about
individual kidneys.?® For patients with kidney transplant or renal failure, the use of MRI is
becoming highly attractive over other methods such as CT and nuclear imaging as it does not
require use of ionizing radiation or nephrotoxic iodinated contrast media and non-invasively
renders anatomical details of soft and hard tissues for improved diagnosis of many pathologies and
diseases.?® Typically these patients either have to go for MRI without CA, or have to undergo
dialysis increasing the burden on the health care costs. As a result, the FDA has restricted use of
Gd**-based MRI CAs for renal imaging or for imaging of other pathologies/lesion in patients with
renal failure.3%3 Thus, there is a need for MRI CA that is safer and more efficacious than current
clinical CAs. The FDA requires manufacturers to include mandatory black box warnings about the

potential risks to patients with renal failure for all Gd**-based MRI CAs and also contraindication
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information for Gd**-based MRI CAs (Magnevist, Omniscan, Optimark) reported to induce
NSF.323% The FDA warning also requires patients to undergo renal function laboratory tests prior
to using GCBCAs and post imaging dialysis to remove CA in timely manner and to mitigate the
risk of NSF. These findings have forced clinicians to outweigh the risk to benefit ratio of GCBCA
in these patients or use them off label. Thus, there is a critical need for a next-generation T: MRI
CA with a negligible nephrotoxicity profile compared to that provided by currently used Gd**-

based CAs.

Manganese-based Contrast Agents

Due to the toxicity concerns on GCBCA, Manganese, the first element used as an MRI CA has
again received attention and has been proposed as an alternative for GCBCA.3*% Manganese, a
paramagnetic agent with five unpaired electrons and long electron relaxation time has great
potential as an MRI CA. It was the first paramagnetic element suggested for enhancing imaging
contrast in a phantom by Lauterbur in his landmark paper in 1973% and subsequently tested
successfully on differentiating tissue contrast from various organs by the same group.®’ Yet, only
one chelated form, manganese dipyridoxyl diphosphate (Mn-DPDP (brand name: Teslascan);
Mangafodipir Trisodium) is FDA approved for clinical use.®® Manganese, a natural cellular
constituent resembling Ca?*, often functions as a regulatory cofactor for receptors and enzymes
including manganese superoxide dismutase which is an important defense against oxidative stress,
and arginase involved in neurotransmission.®3 The daily dietary requirement of manganese is
1.8-2.3 mg per day (33-42 micromoles).*® Manganese toxicity is rare, and has only been reported
following long-term exposure at high concentrations (LDso = 0.22mmol/kg of rat) resulting in

Parkinson-like symptoms called Manganism.3* Manganese based CAs, Teslascan®, clinically
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utilized for liver, kidney, and cardiac imaging has been removed from the market recently.*
Manganese enhanced MRI (MEMRI) that uses injection of MnCl, has been used for detailed
visualization of brain structure, local brain or cardiac function, and tracing of neuronal tracts.
However, the free [Mn(H20)]?* associated with MnCl; is toxic at the concentration providing
sufficient contrast, and hence its use is limited to rodents. MnCl, containing agent LumenHance®,
that once was approved for gastrointestinal imaging has been removed from the market.®
Therefore, manganese based high relaxivity CA that can allow MRI at significantly low

concentration would constitute significant advancement.

Advantages of Nanoparticle-based Contrast Agents

Majority of the T1chelate based complexes excrete from the body within few minutes leaving very
short life span in the body and making them unsuitable for several applications such as blood pool
imaging, long term tracking or for some molecular imaging applications. On the other hand, by
controlling size, shape, structure and other physicochemical attributes of nanoparticles, blood
retention, tissue perfusion, excretion rate and excretion pathways can be controlled.*® For example,
superparamagnetic iron oxide (SP10s) nanoparticles with diameter of >50 nm have been clinically
used for the diagnosis of liver diseases because they are selectively taken up by the Kupffer cells.*°
While, USP10s with diameter of < 20 nm, that can pass reticuloendothelial system (RES) and can
be taken up in normal lymph nodes, have been used for lymph node imaging.*>#! Furthermore, the
large surface area of nanostructured materials can allow effective conjugation of a wide spectrum
of compounds to be attached to it including paramagnetic or superparamagnetic ions, disease-
specific biomarkers and targeting moieties to develop target specific contrast agents. In addition,

multiple studies have demonstrated that paramagnetic or super paramagnetic ions when
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encapsulated in nanoparticles exhibit greater thermal stability compared to their chelate
counterpart.*? Some carbon nanostructures have also been shown to affect the interaction of water
with encapsulated paramagnetic ions increasing the relaxivity by 2 to 4 orders of magnitude higher
than existing clinical CAs.**3% Hence, in the pursuit to avail all the unique features of
nanostructures, research is growing in nanoparticle based CA to develop next generation high

performance CAs.

Carbon Nanostructure Based Contrast Agents

Over the last decade, carbon nanostructures such as fullerene®® (buckyball shaped structure), single
and multiwalled* carbon nanotubes (cylindrical carbon nanostructure) and nanodiamonds®’
(diamond shaped), wherein paramagnetic Gd** ions covalently or non-covalently functionalized
to the external carbon sheet or encapsulated within the carbon nanostructure have been reported as
efficient MRI CAs with relaxivity values 2 fold to 2 orders higher than the clinically used

GCBCAs. %4

side-wall defects

20 —-100 nm

0.7 nm
Figure 5: Depiction of a) gadofullerene (Gd@C60), b) a single US-tube loaded with hydrated
Gd** ions.*

Figure 5 shows the depiction of these structures. SWCNT (20-100 nm long) when treated with

aqueous GdCls, Gd*" enters the tubes via side wall defect or through the end tube opening. This
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structure, called gadonanotubes have relaxivities 170 mM™S? at 30- 60 MHz magnetic field, 40-
90 times higher than current clinical CAs due to the outer sphere contribution from water.**
Metallofulleres with Gd®* encapsulated within the fullerene cage possess water proton relaxivities
80 mM1S?, 20 times higher than the current clinical CAs. Gadofullerenes such as Gd @C60(OH)x
and Gd@C60[C(COOH)2 have exhibited relaxivity 20 to 100 mM1S2.42 While confinement of
the Gd®* ions into nanoporous structures of silicon*® or zeolites* increases the relaxivity by two
or four times compared to Gd** chelate compounds, only when the Gd** ion are confined within
single-walled carbon nanotubes*®* has there been an order of magnitude or more increase in
relaxivity profiles significantly different that those reported for other Gd** ion-based complexes.>
These studies have laid the foundation for providing a general strategy of amplifying relaxivity by
encapsulating or covalently/non-covalently functionalizing paramagnetic ions within the carbon
nanostructure. Even though these Gd**-carbon nanostructures based MRI CAs show higher
relaxivity compared to clinical MRI CAs, none have translated into clinical use or reached first in
human (FIH) trial.> The potential of Mn?*-carbon nanostructure as an MRI CA is yet to be

investigated.

Graphene

Graphene is a single sheet thick sp? -bonded allotrope of carbon with 2-dimensional properties. It
possess unique electronic, optical, mechanical properties that has revolutionize many industries.
Graphene can have many different shapes, such as platelet like graphene nanoplatelets, graphene
nanoribbons or nano-onions. It can be synthesized from bottom up approach, like chemical vapor
deposition or top-down approaches such as mechanically peeling single layer using scotch tape or

chemical exfoliation of graphite. Hummer’s method of oxidizing graphite in the presence of
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potassium permanganate is one of the widely method to make graphene oxide and has been used
in the large scale production of graphite oxide, graphene nanoplatelets, and graphene nanoribbons
using starting materials such as graphite and MWCNTSs.%*°3 Several studies have demonstrated
that graphite oxide synthesized using Hummer’s method leads to intercalation (insertion of species
within the voids of graphene sheets) of trace amounts of paramagnetic impurities such as
manganese ions in the graphene sheet that plays an important role in altering their electrical,
chemical and magnetic properties.>** The graphene sheets hold them in place by charge transfer
complex.> Theoretical studies predict a variety of magnetic phenomena in graphene,® and to date,

few of these effects have been explored experimentally.®®

Relaxometric Properties of Graphene

As mentioned in previous section, Gd**-carbon nanostructures have shown two-fold to two-order
increase in relaxivity (depending on the magnetic field) compared to Gd®*-chelate complexes.
Therefore, the next question was whether the high increase in relaxivity is unique to paramagnetic
ions confined in single-walled carbon nanotubes, which are seamless cylinders formed from a
graphene sheet, or fullerenes which are rolled up graphene sheet, or in general observed for
paramagnetic ions confined in other graphene or graphitic structures. To systematically investigate
whether the shape, structure or size of the carbon nanostructure has an effect on the observed
increase in relaxivity, our lab has performed exhaustive study on the relaxometric properties of
graphite and different shapes of graphene.>® This includes 1) oxidized graphene nanoplatelets
(GNP), 2 reduced graphene nanoplatelets - both disc shaped graphene nanoparticles synthesized

from graphite, 3) graphene nanoribbons - graphene sheets synthesized by unzipping carbon
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nanotubes and 4) oxidized micrographite. Figure 6 demonstrates morphology of these graphene

nanostructure.

Figure 6. Representative SEM image of (a) oxidized micro-graphite and TEM images of (b,c)
reduced graphene nanoplatelets and (d) graphene nanoribbons.>

Sample r. (mM-is?) r; (mM-is?) ra/ri
Oxidized graphite 63 (61-78) 171 (169-184) 2.7
Oxidized Graphene nanoplatelets | 52 (50-54) 114 (114-131) 2.2

Reduced graphene nanoplatelets | 47 (34-49) 415 (389-430) 8.9
Graphene nanoribbons 62 (53-71) 303 (275-310) 4.9

Clinical Mn?*Chelate 1.8-2.0 20-22 -
Complexes [
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Clinical Gd**Chelate 3.4-5.8 36%7.0 -

Complexes4
Table 2. Relaxivity of oxidized graphite, oxidized graphene nanoplatelets, reduced graphene
nanoplatelets and graphene nanoribbons dispersed in 1%Pluronic F127 solutions compared with
clinically used MRI contrast agents.>

Table 2 shows the relaxivity values at 0.47T for oxidized micro-graphite, oxidized graphene
nanoplatelets, reduced graphene nanoplatelets and graphene nanoribbons at 40°C. Also included

for comparative purposes are range of relaxivity values of clinically approved Gd**-based and
Mn?* based chelate complexes.® The table clearly shows that all four compounds show
significantly higher ry and r2 relaxivities compared to paramagnetic chelate complexes. At 0.47 T,
the ry and r2 values for the graphite and graphene samples are ~8-10 times, and 19-60 times greater
than paramagnetic chelate complexes. This study has shown that the trace amounts of Mn?* ions
get intercalated within the graphene sheets during the potassium permanganate based oxidation s
process and these manganese intercalated graphitic and graphene nanostructure show disparate
structural, chemical and magnetic properties, and high relaxivity (up to 2 order) compared to
paramagnetic chelate compounds.®® These results confirmed that it is not the shape or structure,
but in general, confinement of paramagnetic ions in carbon nanostructure exhibit greater
relaxivity®* and also identifies nano-confinement of paramagnetic ions as a general strategy to

develop paramagnetic metal-ion graphitic-carbon complexes as high relaxivity MR1 CA.

The ra/ry ratio is lower than iron-based T contrast agents that have ratios of 10 or more. Ty contrast

agents have ro/r1 ratios about 1~2.%° Thus, the manganese-intercalated graphitic, and graphene

particles may be better suited as T contrast agents.
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Graphene in Biomedical Applications

Graphene has shown excellent potential for in vitro and in vivo for drug/gene delivery and
biological sensing/ imaging applications due to their nanoscopic size, large specific surface area,
and physiochemical properties.®*2 GNPs could be loaded with aromatic drugs (e.g., SN38 and
doxorubicin) via Vander Wall (n-mstacking) interactions yielding very high drug loading
efficiency, or forming non-covalent bond with cationic polymers such polyethyleneimine by
electrostatic interactions to form positively charged complexes that facilitate plasmid DNA
(pDNA) and small interfering RNA (siRNA) delivery.®® Several studies have reported on light
absorption properties of graphene from UV to near-infrared (NIR) region® and size dependent
visible and NIR fluorescence by graphene oxide (GO).%>%® Largely dislocated n-electrons in
graphene allows energy transfer from neighbor molecules resulting in efficient fluorescent
quenching.®” Due to these optical properties, graphene has been used in optical based detection of
biomolecules such as oligonucleotides,®® proteins,®® pathogens’® and heavy metal’* sensing. The
strong optical absorbance properties of nanographene oxide functionalized with PEG in NIR
region was used for successful photothermal ablation of tumor in the presence of low-power NIR
laser irradiation.”? The intrinsic electromagnetic properties of GNPs could also be harnessed
towards the development of probes for fluorescence, photoacoustic and thermocoustic imaging.”
Despite promising applications of graphene, compared to CNTs and fullerenes, fewer studies have
assessed the in vitro, and in vivo biological effects of graphene nanoparticles. Moreover, no study

till date has reported systematic formulation development of graphene for biomedical application.
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Research Question

Current clinical CAs are suboptimal, especially at higher magnetic fields (>1.5 Tesla) for advanced
MRI applications such as blood pool, cellular and molecular imaging. Theoretically, it is to
develop new CAs with relaxivities up to 100X greater (depending on the magnetic field) than
current clinical CAs. Additionally, the recent discovery of GCBCAs being associated to NSF has
led to FDA restriction on their use in patients with renal insufficiency. Thus, there is a need for a
T1 MRI CA that is safer and more efficacious than clinical Gd®" chelate-based agents. In this
regard, the CAs employing Mn?* ions have again received attention and have been proposed as a
possible alternative of Gd®* chelate-based agents. Over the past decade, synthesis strategies of
covalently or non-covalently functionalizing Gd** chelate into various carbon nanostructures such
as carbon nanotubes, fullerenes and nanodiamonds have shown between two-fold to two-order
increase in relaxivity compared to GCBCAs. These studies have laid the foundation for providing
nano-confinement of paramagnetic ion in carbon nanostructure as a general strategy to amplify the
relaxivity of CA. However, the potential of Mn?*-ion carbon nanostructure complexes as an MRI
CA is yet to be investigated. The overall objective of this research is to develop Mn?*- ijon-
graphene based nanoparticles as a next generation safer and high efficiency MRI CA. The high
relaxivity may allow the development of MRI CAs that show the same clinical MRI performance
at substantially lower dosages, and could also allow advanced applications such as MRI CAs for

blood pool imaging, cellular, and molecular imaging.

Specific Aims

To achieve the research goal, the specific aims proposed are:
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Specific Aim 1: To develop dextran functionalized graphene nanoplatelets (Mangradex)

formulation for in vivo application.

Mangradex nanoparticles were synthesized and their physicochemical characteristics size,
morphology and composition were studied. The Mangradex dispersion was prepared in distilled
deionized water and essential formulation characteristics for intravenous injection - stability,
osmolality, viscosity, partition co-efficient, protein binding and allergic response (by measuring
histamine release) were tested.

Specific _Aim_2: To investigate acute and sub-acute toxicity, toxicokinetics and

pharmacokinetics of Mangradex in vivo following intravenous injection.

Mangradex acute toxicity was investigated following intravenous injection at graded dosages 1-
500 mg/kg in Wistar rats. Sub-acute toxic effects were studied following intravenous injection at
dosages 1, 50 and 100 mg/kg 3 times per week for three weeks. The toxic effects were evaluated
by histology, cardiac safety pharmacology, blood chemistry, bio-distribution and

pharmacokinetics.

Specific Aim 3: To investigate the in vitro and in vivo efficacy of Mangradex as MRI Contrast

agent.

The in vitro efficacy of Mangradex was investigated by relaxometry and MRI phantom. The in
vivo efficacy was evaluated at 7 Tesla magnetic field strength in healthy mice and in 5/6 Nephrex
rat model of renal failure.

Each aim will correspond to the consecutive chapters.
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Innovation and Impact

There are several innovative aspects involved in all the three aims of this research work, which are

listed below.

1)

2)

3)

4)

Successful completion of this project will provide key insights and the scientific foundation
to develop graphene based formulations suitable as the next generation MRI CA.

This study will provide better understanding of the biocompatibility of graphene for
biomedical application that requires their IV injection. This is the first systematic and
comprehensive study on graphene to find the maximum tolerable dose, acute and sub-acute
toxicity with safety pharmacology.

The results of specific aim 1 and 2 on physicochemical characterization and toxicity can
provide understanding for the preclinical development of nanotechnology based products.
The chemical composition, structure, size and the in vivo pharmacokinetic properties greatly
affect the bioavailability of any drug. The results of specific aim 2 and 3 will provide
substantial information on the degree and location of the contrast and will largely determine

the use of dextran functionalized graphene as an MRI CA in specific diagnostic tests.
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CHAPTER 2

SYNTHESIS, CHARACTERIZATION AND
FORMULATION DEVELOPMENT
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Abstract

The aim of this chapter is to perform important physicochemical characterization to design an
intravenous administration regimen for Mangradex. Graphene nanoplatelets were synthesized by
oxidizing graphite using modified Hummer’s method in the presence of KMnOs and
functionalized with FDA approved polymer dextran to impart water solubility. Further, Mangradex
was characterized for size and morphology by TEM, atomic force microscope (AFM) and
Nanoparticle tracker and for component analysis using thermogravimetric analysis (TGA) and
Inductive coupled plasma mass spectrometry (ICP-MS). We then assessed six key in vitro
physicochemical properties required for the regulatory approval of MRI CAs: osmolality,
viscosity, partition coefficient, protein binding, thermo-stability and allergy response. Our results
indicate that Mangradex are disk shaped nanoparticle with average size ~100 nm and a stack of 3-
4 layers of graphene sheets. Manganese is intercalated by 0.1 % w/w and graphene:dextran weight
ratio is 3:2. Further, at concentrations between 0.1-100 mg/ml, the Mangradex formulations are
hydrophilic, highly water dispersible, and stable in deionized water, as well as iso-osmolar (upon
addition of mannitol) and iso-viscous to blood. At potential steady state equilibrium concentrations
in blood (0.1-10 mg/ml), the thermo-stability, protein binding, and histamine release studies
indicate that the Mangradex formulations are thermally stable with no Mn?* ions dissociation, do

not allow non-specific protein adsorption, and elicit negligible allergic response.

Introduction

The two dimensional carbon nanostructure, graphene has attracted a great deal of attention for
biomedical applications owing to its unique physicochemical properties.”* Chapter 1 highlights

several areas for biomedical application of graphene. Graphene is hydrophobic and hence, for
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biomedical application the major challenge is to develop a suitable intravenous formulation for
delivering high doses while minimizing the risk of precipitation upon injection into the blood.
Hence, to translate into the clinic, the hydrophobic graphene nanoplatelets need to be water-
solubilized at much higher concentrations (in the range of tens of mg/ml) with suitable
biocompatible moieties, and their stability needs to be ensured at these high concentrations in

biological media or blood.

FDA guidelines on pharmaceutical development suggest that the formulation should be optimized
such that it does not cause any adverse effects when administered intravenously and throughout
the period of its bio-retention.” Therefore, in vitro and in vivo preclinical assessment of the water-
soluble graphene oxide nanoplatelet formulation’s physicochemical characteristics, toxicity and

efficacy is necessary according to the FDA guidelines.”®"®

As a first step towards formulation development, we have synthesized and characterized Mn?*
intercalated graphene nanoplatelets non-covalently functionalized with the natural polymer
dextran (hereafter, called Mangradex), and have assessed eight key in vitro physicochemical
properties (osmolality, viscosity, partition coefficient, protein binding, thermo-stability, histamine
release) required by the FDA during an investigational new drug (IND) application of MRI CAs

for approval to perform first-in-human trials.”®-"®
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Materials and methods

Synthesis of Mangradex
The Mn?* intercalated graphene oxide nanoplatelets (GNPs) were prepared according to the
previously described method.®® The GNPs were non-covalently functionalized with dextran
(technical grade, MW 10000 Da) to synthesize Mangradex as follows. GNPs and dextran were
mixed in distilled deionized (DDI) water at a 1:10 weight ratio, and bath sonicated for 30 minutes
followed by the addition of ammonium hydroxide (NH4OH). The mixture was then stirred at 95°C
for 3 hours. Next, the particles were centrifuged at 1000 rpm for 15 minutes, and the supernatant
was carefully transferred into falcon tubes to obtain water soluble Mangradex. The supernatant
was lyophilized and the solid powder was resuspended in DDI water at desired concentrations.
The Mn?* ions concentration in Mangradex was measured by inductively coupled plasma mass
spectrometry (ICP-MS) and Mn?* weight percent in the Mangradex was measured to be 0.064%.
Mannitol (Sigma Aldrich, M8129, St. Louis, MO) was added to the Mangradex solutions to

regulate the osmolality within the range of blood (290 — 320 mOsm/kg).

Characterization of Mangradex
Transmission Electron Microscopy (TEM)
TEM was performed using JOEL 2100F high-resolution and JOEL 1400 transmission electron
microscope (HR-TEM) at the Center for Functional Nanomaterials, Brookhaven National
Laboratory. The Mangradex solutions (1 mg/ml) were sonicated for 1 minute, and centrifuged at
5000 rpm for 5 minutes. A drop (10 ul) of the resulting supernatant was dropped on TEM grids

(300 mesh size, holey lacey carbon, Ted Pella), dried, and imaged at 200 kV accelerating voltage.
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Atomic Force Microscopy (AFM)
Mangradex solutions after sonication and centrifugation (5000 rpm, 5 minutes) were spin coated
at 3000 rpm for 5 minutes on freshly cleaved silicon wafers (Ted Pella). V-shaped cantilever of
frequency fc = 145-230 kHz, L = 225 pm, W = 40 pm, tip radius < 10 nm and spring constant k =
20-95 N/m (APP Nano ACL - 10) was used. Samples were imaged using a NanoSurf EasyScan 2
Flex AFM (NanoScience Instruments Inc., Phoenix), operating in tapping mode under ambient

conditions (50% relative humidity, 25°C).

Thermogravimetric Analysis (TGA)
TGA was performed on GNPs, dextran (MW 10000 Da) and Mangradex using Perkin Elmer
Diamond 500 instrument at Brookhaven National Laboratory, NY. The samples were heated from

50°C to 700°C with the heating rate of 10°C /min under the air flow of 100 ml/min.

Elemental Analysis
The Mangradex samples were analyzed by ICP-MS (Finnigan ELEMENT 2, Thermo Scientific)
to determine the concentration of Mn?* ions. For the ICP analysis, liquid Mangradex samples
(known concentration) were treated with concentrated nitric acid HNOs and carefully heated to
obtain a solid residue. This residue was next treated with 30% H20. and heated again to remove
any carbonaceous material. The remaining non-carbonaceous solid residue was dissolved in 2%

HNO3, and analyzed by ICP-MS.
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Stability
The stability of the Mangradex solution was assessed at concentrations 100, 50, 20, 10 and 0.4
mg/ml (as indicated by settling of the nanoparticle) with respect to time. A freshly prepared
solution of Mangradex of 1 ml in scintillation vial and digital photographs were taken at 10 min,

1, 2, 4 and 24 hours after preparation of solution.

Osmolality
The osmolality of 300 pl Mangradex solutions at concentrations 100, 50, 20, 10 and 0.4 mg/mi
were measured using a freezing point depression osmometer (Advanced Instruments, model #
3D3, Norwood, MA). Mannitol, an osmotic diuretic agent was added to adjust their osmolality to

obtain values similar to that of blood.

Viscosity
The viscosity of the Mangradex formulations at concentrations 100, 50, 20, 10 and 0.4 mg/ml and
sample volume of 700 pl was measured using a Brookfield rotating spindle viscometer (Brookfield

DV-I1 Prime Digital Viscometer, Middleboro, MA) at 37°C.

Partition co-efficient
The partition coefficient was measured using the well-established flask-shaking method.” Briefly,
100 pl of 20 mg/ml Mangradex solution was added to a falcon tube that contained 1-octanol/
distilled deionized water (DDI) mixture (1 ml each phase, n = 3). The two phases were thoroughly
mixed by vigorously shaking the falcon tube for ~ 30 seconds. The falcon tube was then kept still

for 120 minutes at room temperature to allow the two phases to separate. Aliquots of the aqueous
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phase were removed after 145, 205, and 255 minutes. The concentration of the nanoparticles in
aqueous phase was determined using UV-Vis spectrophotometry (Thermo Scientific,
EVOLUTION 300, Madison, WI) at 254 nm wavelength. The partition coefficient (Pow) was
calculated as logarithm of the ratio of the Mangradex concentrations in octanol to water phase as
follows.

log Pow = log ([nanoparticles] octanol /[nanoparticles] DDI water)

Protein binding
Protein binding was studied using micro equilibrium dialyzer chamber (MB 74-1610, Harvard
Apparatus, MA). The protein human serum albumin (HSA) and Mangradex (500 ul each) at the
concentrations of 0.1, 1, 10 mg/ml, (n = 3 per concentration) were pipetted into two separate
chambers of the dialyzer. The two chambers were partitioned by a cellulose acetate membrane
(100kDa, MWCO). The dialysis chamber was allowed to equilibrate at 37°C in an incubator for
24 hours. The samples from each chamber were removed after 24 hours. The equilibrated
concentration of HSA in both the compartments was quantified by colorimetry using bicinchoninic
acid assay (BCA Pierce® BCA Protein Assay Kit, Thermo Scientific, Rockford, IL) at 562 nm,

using a plate reader (Tecan, Infinite M200, Morrisville, NC).

Thermostability
The thermal stability of the intercalated Mn?* ions in the Mangradex formulations was
characterized at physiological temperature (37°C), and compared with the concentration of free
Mn?* jons in the formulation at room temperature (25°C). 1 ml Mangradex solutions at 20, 50 and

100 mg/ml concentrations were incubated at 25°C and 37°C for 24 hours, followed by

28



centrifugation at 7000 rpm for 10 minutes. The supernatants were analyzed for the presence of free
Mn?* ijons using sodium bismuthate (NaBiOs) assay.® A standard optical absorbance vs.
concentration curve was prepared with known concentrations of potassium permanganate
(KMnOg), which has distinctive pink color, using UV-Vis spectrophotometry at 578 nm. This
standard curve was used to obtain the unknown concentration of permanganate (MnO*) ions
produced by the sodium bismuthate reaction by measuring the absorbance values at 578 nm. This
value allowed the determination of the concentration of free Mn?* ions in the supernatant of

Mangradex formulations.

Histamine release
Histamine release was measured using Histamine ELISA kit (Immunobiological Laboratories #
IB89128, Minneapolis, MN) on heparinized whole human blood (BioChemed, 10761WB-SH-FI,
Winchester, VA). The assay was performed according to the protocol provided by the supplier.
Mangradex solutions at concentrations of 0.1, 1 and 10 mg/ml (200ul) and control (200pl)
(provided with the kit) were first incubated with blood (200 pl) at 37°C for 60 min. The samples
were centrifuged at 700 x g for 10 min and 50 pl of supernatant from each sample was transferred
into a reaction plate (provided with kit) for acylation. In the reaction plate, the samples were
incubated with 25 pul of acylation reagent (converts any released histamine into N-acylhistamine)
for 45 min at room temperature. Acylated controls and test solutions (Mangradex) (25 ul each)
were incubated with histamine antiserum (100pl) in histamine microtiter strips (provided with the
kit, with solid phase histamine bound to the wells) overnight at 4°C. The following day, after
discarding the content of the well, and rinsing the well with wash buffer (provided with the kit),

the wells treated with 100 ul of enzyme conjugate at room temperature for 30 min. Next, the
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content of the wells were again discarded, and each well was rinsed with wash buffer. 100ul of
stop solution (provided with the kit) was added in the wells, and the absorbance readings were
taken at 450 nm with reference wavelength of 630 nm, using an ELISA reader (Tecan, Infinite

M200, Morrisville, NC).

Results

Size and morphology

Topography - Section

4.470m

data

-3 81nm

Figure 7. Representative a) low magnification and b) higher magnification TEM images, ¢) AFM
image of Mangradex, d) AFM thickness profile of Mangradex.
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Figure 7 shows the TEM and AFM images of Mangradex, and provides its structural and
morphological information. The low and high resolution TEM images (Figures 7a and b) show
that Mangradex are disc shaped nanoparticles and a coil-like structure surrounding the GNPs
indicate that the dextran uniformly coats the GNPs. The size of the GNPs in Mangradex as seen in
Figure 7a are in the size range 20-40 nm, while the size of GNPs with dextran coating is ~100-
120 nm (Figure 7b). Further, the thickness of the Mangradex complex determined by AFM

(Figures 7c and d) was ~ 3-4 nm.

Size Distribution of Mangradex
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Figure 8. Nanoparticle tracking analysis of Mangradex.

The size distribution of the Mangradex was independently verified by nanoparticle tracking
analyzer. Figure 8 demonstrates histogram profile of size (hnm) vs. particle concentration. As
seen from the figure, the maxima of the graph is at 115 nm, suggesting maximum number of

nanoparticles have size ~115 nm.
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Thermogravimetric analysis
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Figure 9. Representative TGA curve of GNP, dextran and Mangradex.

Figure 9 shows TGA spectrum of the Mangradex formulation. Also included for comparison are
TGA spectra of GNPs, and dextran. The TGA spectra of the GNPs show weight loss of 10%
between 10-150°C due to the loss of adsorbed moisture. The weight loss of 20% between 150-
200°C can be attributed to the pyrolysis of carboxyl or hydroxyl groups.? The dextran curve
exhibits 80-90% weight loss between 300-350°C, which is the characteristic decomposition
temperature of the polysaccharides.®® Comparing the thermogram of Mangradex with that of
GNPs, and dextran gives information about its composition and chemical modifications.
Mangradex thermogram shows 10% weight loss at 100°C due to loss of moisture. The 10% weight

loss of Mangradex in the region between 150-200°C is due to loss of the labile oxygen containing
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groups.® This value is lower than % weight loss observed for the GNPs in this region, which
suggests partial reduction of the GNPs during the functionalization with dextran. The 40% weight
loss between 250-350°C indicates the presence of the dextran, and implies that Mangradex

contains dextran at 40% by weight.

Solubility and stability of formulation
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Figure 10. Digital images of vials containing Mangradex in water (with mannitol) at 100, 50, 20,
10, 0.4 mg/ml concentrations at a) 0 hour b) 2 hours ¢) 4 hours d) 24 hours after preparing the
solutions.

Figure 10 shows digital photographs of Mangradex solutions at 0.4, 10, 20, 50 and 100 mg/ml
concentrations (containing mannitol) at 0, 2, 4 and 24 hours after preparation of the solutions. As

evident from the images, the solutions at all concentrations are stable up to 4 hours. At 24 hour
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Osmolality and Viscosity

time point, the Mangradex solution at 100 mg/ml concentration separated out. However, it could

be easily and uniformly redispersed by gentle shaking of the solution.

Concentration (mg/ml) Osmolality (mOsm/kg) Osmolality (mOsm/kg)
(before addition of (after addition of mannitol)
mannitol)
100 33+0.5 306.7+1.5
50 17+ 0.3 296x0.0
20 50.2 297.7+0.6
10 5+0.1 289.7+1.5
0.4 3+0.0 303+0.0

Table 3. Osmolality of Mangradex in DDI water before and after the addition of mannitol

Concentration 100 rpm 50 rpm 20 rpm
(mg/ml) (cP) (cP) (cP)
100 ND 2.45 4.46
50 2.37 3.68 2.82
20 1.35 1.39 1.69
10 1.6 2.1 ND
0.4 2.30 3.8 ND

Table 4. Viscosity of Mangradex at different concentrations at 37°C, ND- not determined

Tables 3-8 show the results of key physicochemical properties such as osmolality, viscosity,
partition coefficient, protein binding, histamine release, and relaxivity. Osmolality of an MRI CA
is an important property that depends on the solute concentration. Table 3 displays the osmolality
values of Mangradex solutions at concentrations between 0.4-100 mg/ml in the absence and
presence of mannitol. The results show that the osmolality of the Mangradex increases with
increase in concentration. However, the Mangradex formulations are hypo-osmolar at all

concentrations (normal blood osmolality = 285 - 295 mOsm/kg of H20).8! Addition of mannitol
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increases the osmolality values for all Mangradex concentrations, and these formulations are

within the osmolality range observed for normal blood.

Table 4 shows the viscosity of the Mangradex solutions at concentrations between 0.4-100 mg/ml
at 37°C. The viscosity values at all concentrations were less than or within the range of blood
viscosity (between 3-4 cP at 37°C). The viscosity of the Mangradex solutions were also dependent
on shear rate at all concentrations, which suggests that Mangradex solutions at these concentrations

behave as a non-newtonian fluid, similar to whole blood.??

Partition co-efficient

Parameter Results Condition
Partition Coefficient (log Pow) -0.18 20 mg/ml, at 25°C
Protein Binding < LOD (0.001 mg/ml) 0.1, 1, 10mg/ml at 37°C
Released free Mn?* ions < LOD (0.01 uMm) 20,50,100mg/ml at 37°C
Histamine Release < Negative control 0.1, 1,10 mg/ml at 25°C

Table 5. Physicochemical properties of Mangradex

The partition coefficient of the Mangradex at concentrations 0.1, 1 and 10 mg/ml was calculated
to be -0.18 (Table 5). This value is comparable to the values reported for clinical MRI CAs
developed as extra-vascular agents (Table 9). Visual analysis also showed that majority of the
Mangradex nanoparticles separated into the aqueous phase, or stayed at the aqueous-octanol
interface, and could not be detected in octanol phase. No UV-Vis spectra of the Mangradex
nanoparticles in octanol phase could be obtained indicating that the nanoparticles if present were

below the detection limit of the instrument.
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Protein binding

Concentration of Mangradex

Concentration of unbound

Concentration of unbound

(mg/ml) protein in protein protein in Mangradex
compartment (mg/ml) compartment (mg/ml)

0.1 0.03 0.03

1 0.55 0.07

10 5.44 0.53

Table 6: Concentration of unbound protein measured by UV-Vis spectrophotometer at
equilibrium.

Equilibrium dialysis of MRI CA with the protein human serum albumin (HSA) followed by BCA
protein assay is one of the most widely-accepted methods to study protein-drug interaction.8384
The results (Table 6) of the protein binding summarized in Table 5, show that HSA protein was

not bound to the Mangradex formulations.

In equilibrium dialysis method, at equilibrium, if no protein is bound to the material of interest,
the distribution of unbound (free) protein has to be equal (i.e. 0.025 mg/ml, 0.25 mg/ml and 2.5
mg/ml of HSA in each compartment for 0.1, 1 and 10 mg/ml initial concentration of HSA
respectively) at the end of equilibrium in both HSA and Mangradex solution compartments. If the
protein is binding to the Mangradex, the remaining unbound protein will be distributed equally in
both compartments. At equilibrium, 400 pl solutions were retrieved (initial volume 500 pl) from
both compartments and were used to measure unbound protein concentration (Table 6). The
concentration of unbound HSA at the end of 24 hours incubation with nanoparticles, as measured
by UV-Vis spectrophotometer at 562 nm did not decrease, which implies that no protein was bound

to Mangradex.
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Stability with time and temperature

Sample Concentration Mn?* (UM)
Mangradex (20 mg/ml) < LOD (0.01uM)
Mangradex (50 mg/ml) < LOD (0.01uM)
Mangradex (100 mg/ml) < LOD (0.01puM)

Table 7: Concentration of released Mn?* ions in Mangradex solutions at 37°C measured by UV-
Vis spectrophotometer to determine thermal stability. There was no color change observed by
sodium bismuthate (NaBiOs) test in Mangradex solutions at 3 and 24 hours. The Mn?*
concentration measured by UV-Vis spectrophotometer was less than limit of detection (LOD).

The thermal stability experiments (Table 7 and summarized in Table 5) with Mangradex
solutions, for 3 or 24 hours, at 20, 50 and 100 mg/ml concentrations, show no presence of free
Mn?* ions (limit of detection (LOD) = 0.01uM) at 37°C. The results indicate that Mn?* ions present

in the Mangradex formulation are stable at least short-term (24 hours) at simulated physiological

temperature.

Histamine Release

Concentration | Released histamine (ng/ml)
of Mangradex
(mg/ml)
Control 19.8
10 8.80
1 5.59
0.1 5.59

Table 8: Concentration of released histamine in whole human blood in vitro measured after
overnight incubation with Mangradex. The histamine concentration in Mangradex was found to
be lower than the control (not treated with Mangradex), which suggests that Mangradex does
not trigger histamine release.

Our results show no significant release of histamine at Mangradex concentrations of 0.1, 1 and 10
mg/ml compared to the control (Table 8).
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FDA Osmolality | Viscosity | Partition | Protein binding
approved | (mOsm/kg of (cP) Coefficient
MRI CA water) at 37°C (log Pow)
Prohance*! 630 1.3 -3.6800 None
Multihance*? 1970 53 0.0016 <5%
Magnevist* 1960 2.9 -5.4000 None
Omniscan*® 789 1.4 -2.1000 None
Teslascan** 290 0.7 -5.6200 Fodipir chelate
(negligible), free
Mn?" ions (27%)
Optimark® 1110 2.0 -8.2200 None
Mangradex 290 2.4 -0.1800 None

Table 9. Comparison of Mangradex solution physicochemical properties with clinical MRI CA

Table 9 compares the values of various physiochemical properties of the Mangradex formulation
with other FDA-approved MRI CAs.641858 Most Gd**-chelate based clinical MRI CAs are
hyperosmolar, ranging in values from 630-1970 mOsm/kg,5%415-88 while Mn?*-chelate-based MRI
CA Teslascan and iron oxide nanoparticle-based MRI CA Feridex are iso-osmolar.®® The
Mangradex formulations in the presence of mannitol are iso-osmolar over wide range of
concentrations (0.1-100 mg/ml). The viscosity values of 1.3-4.4 cP for Mangradex formulations
are within the range measured for blood, and are similar to other MRI CAs. Comparison of the
partition coefficient value of -0.18 for the Mangradex formulation to clinically approved MRI CAs
indicates that, it could be less hydrophilic than Magnevist, Prohance, Omniscan, Teslascan and
Optimark, and more hydrophilic than Multihance. Most of the clinical MRI CAs show insignificant
protein binding except Multihance and Teslascan. Multihance shows less than 5% of plasma

protein binding.®® In case of Teslascan, the chelate fodipir does not bind to the protein, however,
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the Mn?* ions, after dissociating from the chelate show 27% protein binding in whole human blood

in vitro.®” The Mangradex did not show significant protein binding.

Discussion

The overall objectives of the studies reported were to: (1) synthesize and characterize water-
soluble graphene nanoplatelet formulations that are stable at high concentrations in biological
media and blood, (2) Characterize key in vitro physicochemical properties of the water-soluble
GNPs based on FDA guidelines and investigations performed on other MRI CAs during their
translation into clinic.”®"®° Concentrations up to 100 mg/ml were used in the studies since, future
in vivo pre-clinical safety and efficacy studies would require their administration at high dosages
(up to possibly 500 mg/kg body weight of the animal) to determine the lethal and therapeutic
dosages. Our estimates (see appendix) indicate that to achieve these in vivo dosages, stock
nanoparticle solutions with concentration as high as 100 mg/ml will be needed. For some
physicochemical characterization studies, concentrations between 0.1-10 mg/ml were used, which
correspond to their steady state equilibrium concentration in the blood (volume = 12-13 ml) of a
rodent (weight ~ 200 g) after the first pass, if the Mangradex formulations are injected

intravenously at dosages between 1-500 mg/kg.

The hydrophobic GNPs were non-covalently functionalized with dextran, since previous reports
show that it imparts good water solubility to graphene nanoparticles.®? Additionally, dextran has
been used for a number of biomedical applications, including the development of the experimental

Gd**-based,” and clinical iron oxide-based MRI CAs.% Furthermore, dextran is non-fouling,®
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could prevent non-specific interactions, as well as, prolong blood circulation half-life in vivo;*

these are essential features for potential advanced MRI applications such as blood pool imaging.

Water being the solvent for the formulation of Mangradex, all physicochemical characterization
was carried out in water. An important consideration during in vivo administration of Mangradex
formulations is that they remain stable long enough for the dose to be poured out and injected.%*
In general, settling is considered a significant issue if the solute cannot be easily and uniformly
redispersed.®* The results indicate that, provided the Mangradex formulations at various
concentrations are prepared fresh, and administered immediately, or solutions (especially at very
high concentrations) kept for extended period of time are gently shaken, the Mangradex
formulations are suitable as stock solutions for in vivo administration. The higher stability of the
formulations in water can be attributed to the uniform coating of dextran on GNPs, which

counteracts the hydrophobic forces exerted by the GNPs that can lead to aggregation.

To the best of our knowledge, this is the highest level of solubility achieved for any water-
solubilized graphene nanoparticle. An MRI CA needs to exhibit excellent solubility even at high
concentrations to achieve the dose required for bolus injection (the clinical dose of a Gd®* chelate-
based MRI CAs can be between 1-100 mg/kg).%® Additionally, an important consideration is that
the water-solubilizing moieties also need to be biocompatible. Different covalent, and non-
covalent functionalization approaches have been employed to water-solubilize graphene
nanoparticles.’* Graphene nanoparticles have been covalently functionalized with carboxylic acid,
hydroxyl,%® poly-L-lysine,®” and non-covalently functionalized with synthetic polymer

polyethylene glycol (PEG),”* or pluronic F127.°! The maximum solubility reported for these
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functionalization approaches has been between 1-2 mg/ml. Recently, graphene nanoparticles have
been covalently conjugated with the natural polymer dextran with maximum water solubility of 1
mg/ml.596298 At the concentration of 1 mg/ml, the volume needed to be injected for in vivo small
animal safety studies to achieve the above dosages (1-100 mg/kg), would be up to 1.56 to 156.25%
of the total blood volume (estimated based on a 200 g rat with total blood volume of ~ 12.8 ml,
see appendix), or 1.4 - 140% of the total blood volume (5 liter, of an adult human weighing 70 kg,
see appendix for calculation), which is not feasible at higher doses. The Mangradex formulations
not only show substantially greater solubility than the other approaches, but are also stable in
physiologically-relevant fluids. Additionally, at high concentrations (e.g. 50-100 mg/ml), the
Mangradex can be injected at ~4-8% of the rat blood volume to achieve bolus dosages between

50-500 mg/kg, which is practical.

Mannitol is an additive routinely used in osmotherapy as a diuretic agent, and has been employed
for the clinical iron oxide based MRI CA Ferridex to maintain its osmolality at 340 mOsm/kg.8%2
Adverse effects of low or high osmolality (compared to blood osmolality) contrast media include
changes in circulatory system such as vasodilation, vasoconstriction, crenation of RBCs, and
release of vasopressin.”®% Clinically, these changes manifest as sensations of warmth, heat and

pain at the site of injection.

Viscosity of the MRI CAs depend on its chemical structure, concentration and temperature.?® The
viscosities of the MRI CA solutions affect its rate of injection and in vivo flow characteristics.
MRI CAs with viscosity values higher than that of blood typically cannot be injected intravenously

as a bolus. They need to be injected at a slower rate. Higher viscosity MRI CAs have been shown
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to cause deleterious effects on renal perfusion and renal output.’®* However, these effects can be
mitigated by warming up MRI CA prior to its in vivo administration to lower its viscosity.'%!
Studies show that MRI CAs with high viscosities (greater than that of blood), to a certain extent,
affect the intrinsic and extrinsic coagulation cascade pathways, platelet function and vascular
endothelial function®, while low viscosity MRI CAs (lower than that of blood) do not substantially

affect these hemodynamic parameters.®?

The partition coefficient (Pow) of an MRI CA provides a measure of its hydrophilicity and
hydrophobicity.’® These properties in turn, affect their in vivo biodistribution profile.1%? The results
indicate that most of the Mangradex nanoparticles are hydrophilic, and preferentially accumulate
in the aqueous phase, and a small fraction are amphiphilic accumulating at the water-octanol

interface.

The propensity of MRI CAs to bind to the protein could affect its targeting capability,
pharmacokinetics, and relaxivity.”®1% The lack of protein binding onto Mangradex can be
attributed to the non-fouling property of dextran,® and suggests that it could prevent non-specific

interactions.

Thermal stability of the intercalated Mn?* ions is a key physiochemical property. It is important to
determine if the intercalated Mn?* ions dissociate from the Mangradex nanoparticles and are
present as free Mn?* ions under physiological temperatures. Mn?* ion, a natural cellular
constituent, functions as a regulatory cofactor for enzymes and receptors.®* Normal daily dietary

requirement for manganese is 2.7-7 mg,'% and normal serum levels are 0.1 uM.X%* However,
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prolonged exposure of high concentrations of Mn?* ions have been reported to be toxic, and result
in Parkinson-like neurological disorder ‘manganism’ and cardiac dysfunction.3*!% Therefore, it is
critical to investigate whether the intercalated Mn?* ions, at the physiological temperature of 37°C,
dissociate from Mangradex nanoparticles. Typically, clinical first pass or blood pool CAs have
been reported to have average blood half-lives of 1.5 hours, and >95% of the CA is excreted out
in 24 hours.1% Thus, the above results taken together with this information, suggest that provided
the in vivo blood half-life and the elimination rate of the Mangradex formulations are similar, the
intercalated Mn?* ions should be stable within the graphene nanoplatelets in vivo. However, the
long-term (> 24 hours) in vitro and in vivo thermal stability of these formulations still needs to be

determined before a firm conclusion can be drawn.

It is well documented that MRI CAs can evoke adverse allergic reactions with symptoms that could
include urticaria or hives-like inflammation, as well as, swelling and reddening of the tissues,
watery eyes, runny nose, migraine headaches, nausea, vomiting, laryngospasm, and
bronchospasm.97-1% Histamine, a naturally occurring biomolecule found in vivo, is released as a
response to allergic reactions,' and is considered to be a good marker to evaluate the propensity
of MRI CA:s to elicit an allergic response. These results are encouraging since, histamine can also
stimulate fibroblast proliferation and collagen production, and can play an important role in skin
fibrosis; a major symptom associated with NSF.1%° Studies on Gd** and Mn?* chelate MRI CAs
indicate that, at physiologically relevant plasma concentrations (0.1-10 mM), they do not exhibit
propensity to release histamine.%® At higher dosages (50-150 mM), Gd**-chelates complexes have

been shown to release histamine in vitro.1%
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Conclusion

In conclusion, Mangradex formulations show very high solubility (up to 100 mg/ml) and stability
in deionized water, and biological buffers. The osmolality of Mangradex is lower than that of
blood, and can be adjusted to be similar to blood by the addition of the diuretic mannitol. The
viscosities of the Mangradex formulations were within the range of blood viscosity. At
physiological temperatures (37°C), Mangradex was structurally stable and the intercalated Mn?*
ions did not dissociate for up to 24 hours. Most of the Mangradex nanoparticles were hydrophilic,
and a small fraction was amphiphilic. At potential therapeutic dosages, Mangradex showed very
little or no interaction with blood protein HSA, suggesting that they prevent non-specific
adsorption of proteins. The formulations also did not trigger histamine release in whole human
blood, suggesting that they are unlikely to evoke allergic responses. The in vitro results show that
the physicochemical properties of Mangradex were comparable or better than clinically approved

MRI CAs.
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CHAPTER 3

ACUTE AND SUB-ACUTE TOXICITY,
SAFETY PHARMACOLOGY AND
PHARMACOKIENTICS
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Abstract

The aims of this study were to examine toxic effects of Mangradex following acute and sub-acute
IV injections and to find the dose that can be injected without any potential adverse effect and to
evaluate bio-distribution and pharmacokinetics. For acute toxicity study Wistar rats were injected
at 1, 25, 50, 100, 250 or 500 mg/kg dose and monitored short term t = 1 day (n=6 /dose), or long
term i.e. t =30 days (n=8 animals) for morbidity, mortality, basic vital and cardiovascular
parameters. At the end of the study period, histology and clinical blood chemistry were performed.
For the sub-acute toxicity, rats were injected with Mangradex at 1, 50 or 100 mg/kg for 3
days/week for three weeks. The results indicate that for acute toxicity study, the maximum
tolerated dose (MTD) for Mangradex formulation was 50 < MTD < 125 mg/kg. Animals did not
show any toxic effects in terms of behavior and basic vital parameters such as heart rate, blood
pressure, respiration and other important cardiac parameters up to 50 mg/kg. Histology changes
were noted at > 250 mg/kg in the heart, liver, lung, spleen, and kidney; we found no changes in
the brain and no Mangradex related effects in the cardiovascular parameters or hematological
factors (blood, lipid, and metabolic panels) at doses < 125 mg/kg. For sub-acute study, our results
indicate that MTD for Mangradex following repeated injection is 50 mg/kg. At 100 mg/kg dose,
Mangradex caused mortality in 2/8 animals following 4 or 5 injections. Necropsy performed on
these animals showed dark pigment in lungs suggestive of the presence of Mangradex
nanoparticles. In the surviving animals at all dosages, Mangradex formulation did not induce any
observable toxicity in histology, cardiovascular (blood pressure and heart rate) and clinical blood

chemistry parameters (lipid panel, metabolic panel and serum chemistry).
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Introduction

Graphene nanoparticles dispersions show immense potential as multifunctional agents for in vivo
biomedical applications. Carbon nanostructures such as fullerenes, metallofullerenes and carbon
nanotubes have been widely investigated as multifunctional materials for applications in tissue
engineering, molecular imaging, therapeutics, drug delivery, and biosensing.!1'? Recently,
graphene nanoparticles, (also known as graphene nanoplatelets (GNPs) or simply graphene oxide
(GO), (herein referred as GNPs)) show promise in vitro and in vivo for drug/gene delivery and
biological sensing/ imaging applications.t%63%6113 There is now a wide body of research
documenting the toxicology and pharmacology of fullerenes, metallofullerenes and carbon
nanotubes (single-walled and multi-walled carbon nanotubes).!10-112114 Relatively fewer studies
have assessed the in vitro, ™7 and in vivo %118 biological effects of graphene nanoparticles.
These studies on the various carbon nanostructures evaluate their safety for the above healthcare
applications, or environmental/ occupational health issues.*411%120 Reports to date show that the
structure/shape (e.g. spherical, tubular, sheet-like), chemical composition (e.g. pristine,
functionalized), synthesis method (e.g. chemical vapor deposition, oxidative exfoliation), and
route of administration (e.g. intravenous, nasal) are key factors that influence toxicity and tissue

response for carbon nanostructures,’4111:112.114.121

Intravenous (IV) administration is a widely employed and preferred mode of systemically
introducing pharmaceutical formulations for imaging, drug delivery or therapy. IV injections were
employed in a subset of toxicological investigations of carbon nanostructures for such biomedical
applications.62110-112122.123 1n general, the maximum dosages of a test formulation in toxicity and

biodistribution studies depend on concentration of the stock solution of the test formulation, and

47



the maximum solution volume (typically 2 ml/kg for bolus and 4 mi/kg for slow IV injections) that
can be injected without causing adverse side effects to the animals.'?* Hydrophobic carbon
nanostructures have typically been covalently or non-covalently functionalized with
biocompatible moieties (functional groups, macromolecules) to improve water dispersibility and
thus, allow higher doses. For small animal (rodents) toxicology studies that employed IV
administration, the reported stock solution concentrations of water-dispersible carbon
nanostructures are < 10 mg/ml and maximum permissible doses (MPD) are in the units to low tens
mg/kg range.62111112125.126 - Aqditionally, for a given water-dispersed carbon nanostructure
formulation, most investigations have focused on histology, and biodistribution, presenting little
information on maximum tolerable doses (MTD), or assessment of other important issues such as
respiratory and cardiovascular pharmacology safety. Consequently, the therapeutic indices of these
formulations remain unknown. Furthermore, we found no published studies that explicitly
followed the preclinical safety pharmacology guidelines of regulatory agencies such as the FDA
in USA and the International Conference on Harmonization (ICH) in Europe which suggest
assessing toxicity at least 10 to 100 times higher than the projected therapeutic dose.?2-13° Such
studies are necessary to receive regulatory approval for first-in-human trials for any carbon

nanostructure-based 1V formulations for imaging, or therapeutic application.

According to FDA and ICH guidance documents, prerequisites for first-in-human trials of the
Mangradex for IV biomedical applications (e.g. drug delivery or imaging contrast agent) include
in vivo pre-clinical safety pharmacology studies in a rodent and non-rodent model. Thus, as a part

of the preclinical in vivo safety pharmacology evaluation, here, we report dose response, expanded
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acute and sub-acute toxicology, toxicokinetics, biodistribution and respiratory/cardiovascular

safety pharmacology assessment of Mangradex in rats.

Materials and method

Animal care, dose ranges for acute and sub-acute toxicity studies
All the experiments were performed according to the guidelines of Institutional Animal Care and
Use Committee at Stony Brook University, NY. Acute toxicity (1-day, n=6) and expanded acute
toxicity (30-days, n=8) studies were performed at the doses of 1, 25, 50, 125, 250, 500 mg/kg on
Wistar male rats weighing 200-250 g. Mannitol (at the concentration of 55 mg/ml added to the
Mangradex formulation to control the osmolality) was used as a control. The animals were
anesthetized using isoflurane (1-2.5% mixture of Oy/air, via inhalation). Single doses of
Mangradex were administered intravenously via the tail vein and the animals were monitored for
any adverse effects for 1-day or 30-days. After injection, animals were transferred into metabolic

cages to collect urine and feces samples.

Transthoracic echocardiography and blood pressure measurement
Transthoracic echocardiography with Doppler was performed with a high-resolution imaging
System (Visual Sonics, Vevo 770, Toronto, Canada) using a 30-MHz linear array transducer
(RMV 707B). Mangradex doses of 1, 25, 50, 125, 250 and 500 mg/kg and mannitol were injected
into Wistar rats (n=4 at each dose for 30-day expanded acute toxicity group) under anesthesia (1-
2.5% mixture of Oz/air with isoflurane, via inhalation). Animals were placed on warming pads to
maintain normothermia and their limbs were secured to electrocardiography sensors. Two-

dimensional images were captured and recorded before injection as well as at 10 min and 2 hours
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post injection in parasternal long- and short-axis projections with 2D guided M-mode recordings
at the mid-ventricular level in both views. Left ventricular (LV) dimensions (mass, volume, wall
thickness) were measured in the M-mode view and % fractional shortening was calculated.
Additionally heart rate, respiration rate, blood velocity, ejection fraction were recorded for both
systolic and diastolic phase. An aortic arch or parasternal view (that is as parallel as possible with
the sound beam) was used to obtain the pulsed-wave Doppler image to measure the blood flow
velocity through the aorta. Visual Sonics software was used to calculate and analyze the data.
Blood pressure was measured using a non-invasive occlusion type tail cuff system (Coda 6, Kent
Scientific System, PA) 10 min and 2 hour after administration of Mangradex in 1- day group during
acute toxicity studies. For sub-acute study, blood pressure and heart rate were measured on days

1, 8 and 15 after administration of Mangradex.

Necropsy
Necropsies were performed on five rats deceased after Mangradex dose of 125, 250 and 500
mg/kg. The procedure was performed by Antech Diagnostics (New Hyde Park, NY). The
outcomes and diagnosis from all the necropsies were similar. The pdf copy of one necropsy report

titled “necropsy” is uploaded in appendix.

Histology
Tissue samples were initially fixed in 4% paraformaldehyde for 48 hours and were dissected into
3 mm segments. All organs were dissected symmetrically in the same manner to help ensure
consistency. The tissues were then dehydrated in graded ethanol and paraffin-embedded. 5 um

sections were cut using a microtome and were stained with Hematoxylin and Eosin (H&E) for
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histologic evaluation. Digital photomicroscopy was performed using a bright field microscope at
100X and 400X magnification. Histologic assessment of the tissue sections were performed by an

experienced diagnostic and research anatomic pathologist (KRS).

Blood analysis
For acute toxicity, the animals were injected with Mangradex at doses of 25, 50 and 100 mg/kg
(n=3 at each dose); dextran at doses 20 and 40 mg/kg (n=3 at each dose) and 55 mg/ml mannitol
solution in water were used as controls. Animals were euthanized 1-day after injection and ~8 ml
blood was collected from each animal by cardiac puncture for blood analysis. For sub-acute
toxicity, animals at 1, 50, or 100 mg/kg dose (n=6, 3 male, 3 female) were sacrificed using 100%
CO; inhalation on 22" day (after 3 weeks) and blood was obtained by cardiac puncture technique.
Serum chemistry test and complete blood panel analyses were performed in a Clinical Laboratory

Improvement Amendments (CLIA) certified facility at Stony Brook University Hospital.

Biodistribution and elimination
One day and 30-day animals for the biodistribution studies received IV injections at 1, 25, 50, 125,
250, 500 mg/kg doses. Urine and feces samples were collected at 8 and 24 hours for the 1-day
group, and daily up to a week for the 30-day group. Blood samples (~100 ul from tail vein) were
collected at 0.5, 2, 4, 8 and 24 hours after injection for the 1-day group, and every 48 hours after
injection up to one week post-injection for the 30-day group. At the end of the respective durations,
animals were euthanized using 100% CO> and brain, heart, liver, lungs, spleen and kidneys were

harvested. Mn?* concentrations in the blood, urine, feces and various tissues were determined using
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inductively coupled plasma mass spectrometry (ICP-MS) as described below. The % injected dose
values in the blood, urine, feces or various tissues were calculated using the formula

[[Mn2* (experimental group)] - [(Mn?* (sham control group)]]/ [Mn?* (injected doses)].

ICP-MS
Blood, urine, feces and organs from different animals at the same dose from the same group (day
1 or day 30) were pooled together, and chemically digested using trace metal grade 70% nitric acid
(HNOg) (catalog # 02650, Sigma Aldrich, St Louis, MO), followed by trace metal grade 30%
hydrogen peroxide (H20,) (catalog # 95321, Sigma Aldrich, St Louis, MO) until only inorganic
content was left. The digested samples were resuspended in trace metal grade 2% HNO3 and
filtered through a 0.2 p pore size filter. Samples were analyzed for Mn?* concentration by setting
the mass window in the range of 54.8-55.4 atomic mass units using ICP-MS (Thermo, Finnigan

ELEMENT 2) with 100 pl sample volume.

Sub-acute toxicity
The 21-day sub-acute toxicity study was conducted at three doses in a total of 44 Wistar rats (male
and female) weighing 200-250g. Three groups of 8 rats (4 male and 4 female) had received
Mangradex injections intravenously via the tail vein three times per week for three weeks at the
doses of 1, 50 and 100 mg/kg of body weight. During injections the animals were anesthetized
using isoflurane (1-2.5% mixture of O/air, via inhalation). Control groups were given IV injection
of mannitol (55 mg/ml), and dextran (at the dose of 40 mg/kg, used for surface functionalization
of GNP) according to the same dosing regimen as experimental group. The parameters evaluated

included survival, clinical observations, body weight and diet observation. At the end of 3 weeks,
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the animals were euthanized with 100% CO- and blood was collected using cardiac puncture for
blood chemistry analysis. All the major organs (heart, lungs, liver, brain, spleen, and kidneys) from
each animal were harvested and prepared for histology analysis. Blood chemistry and histology

were performed with the same method mentioned above.

Statistical analysis
Data are expressed as mean = SD. All data were analyzed for statistical significance by one-way
analysis of variance (ANOVA) followed by a Tukey post-hoc test using statistical analysis
software GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). The criterion for statistical

significance was p<0.05.

Results

Acute toxicity

Dose responses
The acute toxicity study for Mangradex was performed in Wistar male rats in two studies. We
injected Mangradex via the tail vein at doses between 1-500 mg/kg. One cohort (n=6/dose) was

investigated for 1-day, and another one (n=8/dose) for 30-days.
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Mortality in animals (dead/total)
Dose 500 pl/15 sec (dead/total) 500 pl/ 5 min (dead/total)
(mg/kg)
1- 30- | Total dead | % of | 1-day 30- Total dead | % of
day | days | (day 1and | death days | (dayland | death
day 30 day 30
groups) groups)
Sham - 0/4 0/4 0 0/6 - 0/6 0
1 - 0/8 0/8 0 0/6 - 0/6 0
25 - 0/4 0/4 0 0/6 0/4 0/10 0
50 - - - - 0/6 0/8 0/14 0
125 3/6 0/4 3/10 30 - 0/4 0/4 0
250 1/1 1/4 2/5 40 0/5 3/4 3/9 33
500 4/6 0/4 4/10 40 - 1/4 1/4 25
Mannitol | 1/6 - 1/6 16.67 - 0/4 0/4 0

Table 10. Mortality observed in animals at injection rates 500 pl/ 15 sec and 500 ul/ 5 min at
varying doses of Mangradex.

As shown in Table 1, for the 1-day group, mortality occurred at > 125 mg/kg rapid bolus doses,

within ~2 min after Mangradex administration. In the 30-day groups, mortality occurred at > 250

mg/kg rapid bolus doses, again within ~2 min after Mangradex administration. Necropsies

suggested that the cause of the death was pulmonary congestion (See necropsy report in appendix).

For both the day 1 and day 30 groups, the dosing rate of the Mangradex affected mortality observed

at the higher doses (> 125 mg/kg). For instance, a rapid bolus (500 pl /15 sec) rate showed higher
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mortality than a slower (500 pl/5 min) injection rate. There were no changes in the body weight,
breathing, hunching or unusual interactions with cage mates following injection of Mangradex at

any dosages in either cohort.

Histology
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Figure 11. Representative high (400X) magnification photomicrographs illustrating histology of
major organs from A) a day 1 animal at 500 mg/kg of Mangradex dose at 400x magnification a)
Cerebellum: without any diagnostic abnormality. b) Heart: without diagnostic abnormalities. c)
Liver: hepatic parenchyma with amorphous debris within sinusoids and central vein (circle). A
solitary aggregate of neutrophils was noted (arrow), however, there was no evidence of acute or
chronic inflammation. d) Lung: pulmonary parenchyma with vascular congestion and
intracapillary aggregates of brown pigment (circle). e) Kidney: focal aggregates of brown/black
pigment in veins (circle) and glomeruli with mild congestion (arrow). B) a day 1 animal at 250
mg/kg Mangradex dose. a) Cerebral cortex without diagnostic abnormalities. b) Myocardium with
vascular congestion. A dilated vein containing red blood cells and amorphous debris (arrows)
suggestive of the presence of Mangradex. ¢) Liver without diagnostic abnormalities. d) Pulmonary
parenchyma with mild focal congestion in alveolar capillaries (arrows). ) Renal medulla with
vascular congestion and proteinaceous casts in renal tubules (arrows).

Organs | Mangradex related effects at > 250 mg/kg

Brain | No Mangradex related effects

Heart | Focal congestion with patchy hyper-eosinophilia of cardiomyocytes

Liver | Centrilobular congestion

Lung Mild focal congestion, focal granular brown pigment, consistent with aggregates of
graphene nanoparticles, within capillaries and alveolar spaces

Kidney | Congestion, proteinaceous casts, rare foci of granular brown pigment within vascular spaces

Table 11. Summary of tissue histology

Tissue histology of major organs (brain, heart, liver, lung, kidney, spleen) was examined on all
experimental and control animals. Histologic sections of experimental animals were compared
with controls to identify Mangradex related effects. Figure 11 shows representative histologic
section of a tissue from a rat injected with 250 mg/kg Mangradex and monitored for 1-day. Table
11 summarizes the general observations in the histologic sections of major organs of 1-day and

30-day rats injected with > 250 mg/kg Mangradex.
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Cardiovascular safety
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Figure 12. Hematological results from blood pressure and echocardiography measurements 10
min and 2 hours post injection of Mangradex (doses: 1-500 mg/kg). a) Blood pressure. b) Heart
rate. c) Respiration rate. d) Atrioventricular mean blood velocity. e) % Ejection fraction.
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For respiratory and cardiovascular safety pharmacology studies, we monitored the blood pressure,
respiration rate, heart rate and other important echocardiography parameters - blood velocity and
% ejection fraction of the experimental and control rats (Figures 12 a-e). Other related parameters
such as fractional shortening, systolic and diastolic left ventricular volume, intravascular septum
thickness, left ventricular internal septum thickness and left ventricular posterior wall thickness
were also in the normal range. There were no statistically significant differences in blood pressure
measurements (Figure 12a) (n=6, p<0.05) between the experimental (up to Mangradex doses of
250 mg/kg) and sham (no injection) group. For the rodents receiving 250 mg/kg and 500 mg/kg
Mangradex injections, no blood pressure readings could be obtained up to 2 hours after the
injection because the tails of all animals in these two high doses groups were taut, which impeded
the tail cuff system’s ability to give reliable readings. At these high dosages, the animals also
exhibited an impaired ability to walk (limping lower limbs) for the first few minutes after injection,
a condition similar to intermittent claudication, where the legs are deprived of an oxygenated rich

blood supply.t3!

In all surviving rats, there were no statistically significant differences in heart rate (Figure 12b),
respiration rate (Figure 12c), atrioventricular mean blood velocity (Figure 12d) and % ejection
fraction (Figure 12e) at IV doses up to 500 mg/kg following administration of Mangradex
compared to controls. Additionally, there were no significant differences between experimental
and control animals from 10 min post-dose through 2 hours post-dose at IV Mangradex doses up
to 500 mg/kg for the other electrocardiographic parameters, fractional shortening, systolic or
diastolic left ventricular volume, intravascular septum thickness, left ventricular internal septum

thickness and left ventricular posterior wall thickness.
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Blood analysis

Blood cell count
a oRBC b Mean blood cell volume aMoy
awsC aMPV
8 A - 16 80 1 - 12
L 14 70 1
E" 6 L 12 g 60 9
= 10 = = 50 -’»E‘
b= - £ E
3 44 s § 3 40 6 =
8 o = =
o te © > 30 z
Q 2 Q =
x© 2 L4 g = 20 4 L 3
F2 10
0 A ) 0 0
S > 5& > . 4
6‘\0& *}@ ¢&<‘ (@\o o~ ,<>° N é@é‘ &é‘ ‘:soO éA\\\o N3 90 90
2 S ¢ 52 s 5 ® & S T
o ~ S S o o A S S S
5 o ) v » A
o S K L% < >
Dose (mg/kg) Dose (mg/kg)
(o4 Hemoglobin concentration aMCHC d Hematocrit and red cell distribution width
@Hemoglobin 50 - OHematocrit
35 - - 16 45 aROW
30 _ 40 4
=] 4
— 25 > - 35
T 14 = 8 30
5 27 3 5 25
g 15 g’ \?’ 20
= 40 12 E S 45
x 10 4
5 4
- 10 0 4
S S S & S+ &+
@ & & S @ @' & < XS] S o s+ S+ s+
& b°¢ bdp é\(‘\ eq,o eq,o ‘g,o &° Q_‘_\@ I & QQQ on Q0°
o © A S S S S & E & & &5
P ® S ¥ ¥ » < &
Dose (mg/kg) Dose (mg/kg)
e Blood markers for kidney function CBUN f 300 Blood markers for liver function
@Creatinine
25 4 r 04 _ 250
=
- 0.35 =)
_ 20 4 s %’ 200
3 L 0.3 E" z
g 15 = 150
S L 025 2 g
21 Loz £ § 100
@ i °
°
51 L 0.15 © S 50
o
0 A - 0.1 0
+ + +
& & & & & & &
o5 ‘s& K bc,e S &
v S R\
Dose (mg/kg) Dose (mg/kg)

Figure 13. Blood Chemistry results following injection with Mangradex, dextran or mannitol 1
day after injection (n=3). a) Red blood cell (RBC) and White blood cell (WBC) count. b) Mean
corpuscular volume (MCV) and mean platelet volume (MPV). c) Mean corpuscular hemoglobin
concentration (MCHC) and total hemoglobin concentration. d) Hematocrit and red cells
distribution width (RDW). e) Markers for kidney function - blood urea nitrogen (BUN) level and
creatinine level. f) Markers for liver function - alkaline phosphatase (ALP), alanine transaminase
(ALT) and aspartate transaminase (AST).
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Hematological factors (blood cell count, lipid panel and metabolic panel) were analyzed at 25, 50
and 100 mg/kg doses. The maximum dose selected for this study was <125 mg/kg in order to
assess if the Mangradex, at doses that show no test article related effects in terms of mortality,
histopathological findings, or cardiovascular safety pharmacology studies would adversely affect
the immune system or induce an inflammatory response. As the ratio of GNP:Dextran in
Mangradex is 3:2 by weight, 20 mg/kg and 40 mg/kg doses of dextran that represent the equivalent
amount of dextran in 50 and 100 mg/kg of Mangradex were selected as controls. Figure 13 a-i
displays various hematological parameters for the experimental and control (rats injected with
dextran or mannitol (the diuretic solution used to adjust the osmolality of Mangradex
formulations)) animal groups, 1-day after administration of Mangradex. The results were also
compared to the normal range of blood parameters of Wistar male rats (information provided by
the vendor, Charles River Laboratories, Wilmington, MA, USA).13 Figure 13 a-d shows various
parameters from the complete blood count analysis. Red blood cells (RBC), white blood cells
(WBC) and blood cell volumes (i.e. mean corpuscular volume (MCV), mean platelet volume
(MPV), mean corpuscular hemoglobin concentration (MCHC), hemoglobin, hematocrit and red
cell distribution width (RDW) level) were within normal limits. Indicators of kidney function such
as blood urea nitrogen (BUN) and creatinine (CRE) were also normal (Figure 13 e). Similarly, as
shown in figure 13 f and g, the established serum biochemistry assays for hepatic indicators
(alkaline phosphatase (ALP), total protein (TP), albumin (ALB), alanine transaminase (ALT) and
aspartate transaminase (AST)) measured 1-days after Mangradex injection showed no sign(s) of
liver injury. Blood triglycerides (TG), cholesterol (CHO) and glucose (GLU) levels, blood ion
concentrations of Na, K, Cl and CO, and blood protein (total protein (TP) and albumin) levels

(data not shown) were also in the healthy ranges.
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Biodistribution
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Figure 14. Biodistribution and elimination of Mangradex in major organs. a) Biodistribution in
organs at 1 day. b) Biodistribution in organs at 30 days. c) Blood retention of Mangradex. d)
Elimination of Mangradex via feces. €) Elimination of Mangradex via urine.
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Tissue bio-distribution, blood half-life, and elimination at representative low (25 or 50 mg/kg),
medium (125 or 250 mg/kg) and high (500 mg/kg) doses of Mangradex are presented in Figure
14. Mn?* concentrations in blood, and tissues, urine and feces samples of a number of animals
were close to the limits of detection (LOD) of ICP-MS (1 PPB). Thus, data in Figure 14 are
presented as pooled averages as proposed in previous studies;**® variability and statistically
significant differences between the groups could not be determined. Nevertheless, the results still
allowed analysis of the trends. Figure 14 a and b show bio-distribution of the nanoparticles in
major vital organs at day 1 and day 30 respectively. The percent of Mangradex remaining in organs
at day 1 was ~0.5-4%, and reduced to close to or the below limits of detection by day 30. In general,
a higher percentage of Mangradex was detected in various organ at the low (25 mg/kg) dose,
compared to the medium (125 mg/kg) and high (250 mg/kg) dose. Day 1 animals showed more
Mangradex in heart and liver than in the kidney, lungs and brain. Day 30 animals showed more
Mangradex in heart compared to other organs. The blood concentrations (Figure 14 c) of
Mangradex at dosages of 50, 250 and 500 at 30 min were 6%, 1.5%, and less than 0.5%
respectively. Figure 14 d and e show the elimination profile of Mangradex. No urine sample could
be obtained at the 8 hour time point for day 1 group in the rats injected with 500 mg/kg. The
average amount of Mangradex getting excreted through feces for the various doses was calculated
to be ~60-90% over the period of 1-day post injection. A small fraction of Mangradex (0.5 to 2%
of injected dose) was excreted by urine. No Mangradex could be detected in urine and feces

samples analyzed at day 2 and beyond, in the 30-day group.
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Sub-acute toxicity

Group Dose Total No. of Dead
Animals animals
M F M F
Mangradex | 1 mg/kg 4 4 0

50 mg/kg 4 4 0 1

100 4 4 1* 1v

mg/kg

Control Mannitol 3 3 0 0
Sham 3 3 0 0

* Mortality on 7™" day after 4 injections of 100 mg/kg
¥ Mortality on10" day after 5 injections of 100 mg/kg
Table 12. Mortality observed in animals at varying doses of Mangradex during the chronic toxicity
study. Each animal received IV injections three times per week (Monday, Wednesday and Friday)
for three weeks.

Table 12 summarizes the various groups and any mortality observed for chronic toxicity study.
During the 3 weeks multiple-dose (3 times per week) toxicity study in rats, mortality was observed
in 2 out of 8 animals (1 M and 1 F) at 100 mg/kg dose during the 2"Yweek; a male rat deceased
after 5 injections and the female rat after 4 injections. Necropsy performed on these animals by in
house veterinary technician showed that the lungs were darker than usual suggesting presence of
nanoparticles. All other major organs heart, liver, kidneys and brain were normal without any
treatment related adverse effects. From the surviving animals, 1 male rat injected with 100 mg/kg
dose elicited response at the injection site in the form of local swelling during the 3" week after 6
injections, this persisted throughout the end of the study. In all other surviving animals, no other
treatment related adverse effects were observed. Additionally, in these animals, there were no
changes in the animal posture or behavior with cage mates at any of the injected doses of
Mangradex. Further, both male and female rats at all dose groups did not show any treatment

related changes in terms of body weights, breathing, blood pressure and heart rate.
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50 mg/kg

100 mg/kg

Figure 15. Representative high (400X) magnification photomicrographs illustrating pulmonary
and hepatic histology from chronic study animals at 1 mg/kg, 50 mg/kg, 100 mg/kg Mangradex
and sham. Lung A) at 1 mg/kg, B) at 50 mg/kg and C) at 100 mg/kg- with pigment (arrows) within
alveolar macrophages suggestive of the presence of graphene nanoparticles, D) sham - without
diagnostic abnormality. Liver - E) at 1 mg/kg - showing minimal steatosis, but without diagnostic
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abnormality, F) at 50 mg/kg- showing pigmented macrophage in Kupffer cells suggestive of
graphene particles. No sign of inflammation, G) at 100 mg/kg - more pigmented than at lower
dose, H) sham - without diagnostic abnormality.

Tissue histology of major organs (brain, heart, liver, lung, kidney, spleen) was performed on sham
and experimental animals that survived the entire 3 week duration of the study. Figure 15 shows
representative histologic section at 400 X magnification of tissues from sham and rats injected
with 1, 50 or 100 mg/kg Mangradex 9 times over 3 weeks. The most common microscopic findings
were the presence of pigment in hepatic Kuppfer cells and in pulmonary alveolar macrophages,
consistent with the presence of graphene nanoparticles. Overall, more pigment was observed at
higher dosages (50 and 100 mg/kg) in the lungs than at the lower dose. There were no treatment

related effects in brain, heart, spleen and kidney. In all dose groups, no histological evidence of

inflammation was observed in any tissue.

No. Test Sex Normal Sham Mannitol Dextran 1 mg/kg 50 mg/kg 100 mg/kg
A ALT (U/L) M 19-48 54.3+7.5* 54.542.1* 47.7+7.0 73.3+35.3* 43+6.0 60.3+13.5*
F 14-64 54.5+19.3 50.0+7.2 53+6.2 38.5+0.7 45.8+11.9 46.0+11.0
B ALP (U/L) M 36-131 147.3+45.5* 134+32.5* 114.33+8.4 161.3+44.2* 138.8+11.7* 119+13.9
F 18-62 75.3¥15.9* 89.3+21.3* 71.3+¥13.6* 93.5%2.1* 88.8+25.1* 97.0£12.2*
C Glucose M 116-184 220.6197.2* 207+98.9* 154.11.3 181+32.9 215.7430.7* 161.7+37.7
(mg/dl)
F 89-163 249.3+65.9* 211+81.4* 154+16.7 214+429.7* 183.3+29.6 143.7+7.4
D TRIG M 27-160 215.7+76.4* 137.5+0.7 225.3+65.7 186.8+55.2* 128.8+48.9 141.8+61.3
(mg/dL) *
F 16-175 93.34#53.1 65+18.9 69.7+17.5 104+16.9 68.8+17.9 70+40.6
E WBC M 1.9-11.1 5.5+0.2 6.6+2.5 6.9+1.8 4.9+0.8 7.1+1.9 9.7+1.7
(K/pL)
F 0.9-7.9 49418 7.4+1.7 5.2+4.5 4.4+0.6 44+1.1 3.0£0.7
F RBC M 7.6-9.9 7.6£0.2 7.9+0.1 7.7+04 6.7+1.9 7.5+0.2 6.7+0.5
(M/uL)
F 7.2-9.2 7.6£0.2 7.7+0.2 7.7£0.5 7.6£0.6 6.8+0.2 6.1+0.5
G Hemoglobi M 13.6-17.4 15.5+0.6 14.9+0.1 14.7+0.6 14.8+1.3 14.5+0.3 13.3+0.5
n (g/dL)
F 13.7-17.2 15.1+0.9 14.4+0.4 14.0+0.5 14.9+0.2 13.8+0.4 12.8+1.4
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Hematocrit 38.5-52.0 46.1+0.6 45.9+0.1 44.1+1.1 42.8+6.4 43.2+0.6 40.5+1.4
(%)
38.5-49.2 44.5+2.4 43.4+0.1 42.2+15 44.6+0.4 40.2+0.8 38.2+2.7
Platelet 574-1253 579+60.8 540+181.1 776+181.8 898+113.0 1153.6+389 1194+303.1
Count
(K/uL) 599-1144 | 422.6x127.7 612+87.1 674.7£51.8 930.5+53.0 972.3+197.8 894+213.7
MCV 46-56 60.4+0.8 58.5+0.9 57.4+1.1 58.8+2.7 57.7+0.6 60.6+4.1
(FL)
50-57 56.9+2.7 56.5+0.4 54.4+1.7 58.6+4.9 58.8+0.9 62.6+2.6
MCH 16.3-19.5 20.2+0.3 19.1+0.5 19.2+0.3 23.2455 19.4+0.2 19.9+1.1
(p9)
17.6-20.3 19.1+0.9 19.2+0.6 18.1+0.6 19.6+1.7 19.9+0.2 20.8+0.8
MCHC 31.9-385 33509 32.5+0.3 33.4+0.1 39.7£10.9 33.620.1 32,9104
(g/dL)
33.2-37.8 33.6+0.3 34+0.8 33.2+0.1 33.4+0.3 33.9+0.3 33.3+0.3
RDW 11.6-16.2 13.5+0.1 12.7+0.4 14.3+0.3 12.5+0.4 13.6+0.6 15.3+1.1
(%) 10.6-14.6 12.7+1.3 11.9+0.2 9.2+6.9 12.2+1.5 12.8+0.3 15.2+0.9
MPV 6.1-9.5 5.8+0.1 6.1+0.1 5.9+0.2 6.0+0.3 6.3+0.1 6+0.1
(FL)
6.4-9.5 6.8+0.1 5.6+0.6 5.6+0.1 5.9+0.2 6.2+0.3 6+0.2
BUN 10.7-20 22.7¢1.5 22+1.4 19.7£1.2 19.5+2.4 22.3+2.8 19.7+2.6
(mg/dl)
11.7-25 19.8+2.2 20.543.1 19+3.6 21#4.3 18.5+0.6 18+3
Creatinine 0.3-0.5 0.2+0.05 0.2+0.01 0.2+0.03 0.2+0.05 0.2+0.1 0.2+0.1
(mg/dl)
0.3-0.6 0.3+0.03 0.24#0.1 0.3+0.03 0.25+0.02 0.3+0.1 0.3+0.1
AST 63-175 130.3+33.5 83%16.9 104.3+21.7 103.3+45.7 136.5+95.0 80.75.0
(UL
64-222 142+54.9 117.3+35.9 121+23.1 9615.7 85+18.9 122.3+21.4
Albumin 3.6-4.7 4.5+0.1 4.5+0.1 4+0.2 4.3+0.2 4.2+0.3 3.910.4
(g/dL)
3.7-5.8 4.8+0.3 4.5+0.2 4.9+0.1 4.6+0.1 4.9+0.2 4.6+0.3
CHOL 37-95 89+11.5 82.5+7.8 74.7+10.7 82.8+8.1 97.5+21.3 93.5+14.4
(mg/dl)
23-97 78.3+11.5 81+11.6 79.3+19.4 78+1.4 98+9.9 81.7+5.0
TP 5.6-7.6 6.8+0.29 6.7+1.2 6.310.4 6.5+0.3 6.710.2 6.6+0.4
(g/dL)
5.7-8.3 6.9+0.4 6.910.4 7.0+0.1 6.8+0.0 7.1+0.6 6.7+0.1
Na 137-147 146.3+2.1 145+1.4 139.7+1.2 144+4.6 146+0.8 148.3+4.9
(mmol/L)
135-146 145.8+1.5 150.5+6.1 143.7+1.5 149.5+2.1 146.5+3.4 146.3+1.5
K 3.9-6.1 6.6+1.5 6.4+0.9 5.5+0.5 6.3+1.3 5.5+1.9 7.6+2.1
(mmol/L)
3.4-5.1 6.5+0.8 6.8+1.9 5+0.9 5.1+0.2 5.1+0.7 5.9+0.2
Cl 98-116 97+0.0 96.5+0.7 93.7+0.6 97.3+2.2 98.0+0.6 99.5+.1.9
(mmol/L)
97-106 99.5+2.9 99.5+4.2 97.7+£2.3 103.5+3.5 99.5+1.3 100£1.0
CO, - 34,7484 39+9.9 34.3+15 31.5+3.1 30.5¢5.5 24.3+9.9
(mmol/L)
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F - 29.5+4.8 30.5+6.81 37.7£1.53 24+14.14 32.84£3.77 33.7+4.9

Y Ca M 9.1-11.9 13.5+0.5 13.4+1.9 12.1+0.2 12.9+0.8 13.8+0.9 12.4+0.7
(g/dl)

F 9.5-12.1 13.2+0.9 12.3+0.8 11.8+0.5 12.1+0.4 12.6+0.6 12.7+0.4

Abbreviation; ALP: Alkaline Phosphatase; ALT: Alanine amino transferase; TRIG: Triglyceride (E-N)
Part of complete blood count tests, and (O-Y) part of comprehensive lipid and metabolic panel tests.
Abbreviation - WBC: White blood cell, RBC: Red blood cell, MCV: Mean corpuscular volume; MCH:
Mean corpuscular hemoglobin, MCHC: Mean corpuscular hemoglobin concentration, RDW: Red cell
distribution width, MPV: Mean platelet volume, BUN: Blood urea nitrogen AST: Aspartate amino
transferase, TP: Total protein, CHOL: Cholesterol.

Table 13: Blood chemistry results for rats injected with Mangradex, dextran, or mannitol. Also
included are sham controls. The data are shown as mean values + standard deviation, and
compared with the normal range published by Charles River Laboratories (n=3). All the values
that do not fall in normal range are marked with the symbol *.

A complete blood count (CBC) and established serum biochemistry assays (comprehensive lipid
and metabolic panel) were performed and analyzed for the 1, 50 and 100 mg/kg doses of
Mangradex, dextran, mannitol and sham. The results of the experimental groups were compared
with sham, mannitol and dextran group, and also with the normal range of blood parameters of
Wistar rats (information provided by the vendor, Charles River Laboratories, Wilmington, MA,
USA).1% Table 13 displays various hematological parameters with values outside the normal
range. All other parameters with values either within the normal range are displayed in rows E-N.
Indicators of kidney function- blood urea nitrogen (BUN) and creatinine (CRE) were normal. Out
of the five important hepatic indicators - alkaline phosphatase (ALP), total protein (TP), alboumin
(ALB), alanine transaminase (ALT), and aspartate transaminase (AST); ALT and ALP levels were
elevated in the experimental groups as well as in sham and control groups. Blood glucose (GLU)
levels were above the normal range in sham, mannitol, 1 mg/kg (F) and 50 mg/kg (M) treatment
group and Triglycerides (TRIG) levels were above the normal range in sham, dextran and 1 mg/kg

(M) treatment group (Table 13).
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Discussion

Acute toxicity
Six escalating doses (low - 1, 25, 50 mg/kg, medium - 125, 250 mg/kg, and high - 500 mg/kg)
were used. We assumed that, similar to other clinically approved pharmaceutical formulations for
imaging or therapy (see appendix for rationale); Mangradex could be intravenously administered
at units to tens of mg/kg potential therapeutic dosages. Thus, the upper limit of Mangradex dose
range in this study was 500 mg/kg, one to two orders of magnitude greater than the anticipated
therapeutic dose. This dose is also the maximum permissible dose (MPD) that can be achieved

using the highest Mangradex stock concentration of 100 mg/ml.>

Necropsies of animals that died (Table 10) within ~2 min after Mangradex rapid bolus
administration at > 125 mg/kg (1 day group) or at > 250 mg/kg (30 day group) suggested that the
cause of the death was pulmonary congestion (See appendix necropsy report). The dosing rates
also affected the mortality and the results suggest that slower dose rates are more preferable at
these high dosages. For the rodents receiving 250 mg/kg and 500 mg/kg Mangradex injections, the
absence of blood pressure readings up to 2 hours injections could be due to the injection of large
numbers of Mangradex nanoparticles in a small dispersion volume (~500 pl) into the small
diameter of the tail vein (~3.5 mm).2® The small size of the tail vein combined with the injection
of large number of nanoparticles in a short time period could create temporary obstruction at the
site of injection, due to accumulation of the nanoparticles; thus, restricting the blood supply.
Subsequently, as the Mangradex is absorbed into the circulation, the vasoconstriction is cleared,

allowing blood pressure measurement.
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Surviving animals showed no clinical signs of obvious toxicity (Figure 11 and Table 11).
Essentially, histology changes were noted at > 250 mg/kg in the heart, liver, lung, and kidney;
congestion and the presence of brown granular debris/pigment were the most consistent findings
across tissues. There were no apparent Mangradex-related effects on the brain. Mangradex dosages
<125 mg/kg neither showed any test article related effects in terms of mortality, histopathological
findings, respiratory, or cardiovascular safety parameters, nor adversely affect the immune system

or induce an inflammatory response.

Multiple reports now demonstrate GNPs synthesized using the Hummer’s method or variation
thereof leads to robust confinement (intercalation) of trace amounts (ppm levels) Mn?* ions
between the graphene sheets.>**>13¢ We had previously validated in vitro that the intercalated Mn?*
ions are thermally stable at physiological temperatures (37°C) in blood or biological buffers up to
30-days.® Thus, the intercalated Mn?* ions do not separate from the Mangradex during the timespan
of this study and served as stable endogenous elemental tags to perform ICP-MS elemental
analysis and quantify Mangradex concentrations in blood, urine, feces and bio-distribution studies
(calculation for extrapolation of the values are given in appendix). ICP-MS elemental analysis is
widely-used and an accepted technique for in vivo bio-distribution studies as an alternative to
relatively more expensive and hazardous radiolabelling methods.®*”13 Additionally, even though
radiolabeling is a widely used method for bio-distribution and pharmacokinetics (PK) studies, the
type and method of radiolabeling used can affect the PK profile.3® As molecular weight of the test
articles affects PK,* introducing a radiolabeling agent in the test article can change its molecular
weight and may alter PK profile. Due to these issues of the alternate method, we decided to exploit

the presence of the endogenous Mn?* tag in the test article for the bio-distribution and PK studies,
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and employed the ICP-MS method. The % weight of manganese in the Mangradex samples was
the average of 6 different samples of Mangradex was determined to be 0.064 %. The Mangradex
showed a dose-dependent accumulation (~0.5-4%) in the major organs at day 1, with maximum
organ accumulation at 50 mg/kg and the least accumulation with 500 mg/kg (Figure 14 a). Further,
majority of the Mangradex accumulation were noted in liver, followed by heart, lungs, kidney and
brain. However, they were present close to or below LOD levels by day 30, indicating removal
from these organs (Figure 14 and b). As the blood concentration (Figure 14 c) values of
Mangradex at the various dosages were between 0.5 - 6 %; significantly less than 50%, we inferred
the blood half-life of Mangradex to be within 30 min. However, we were unable to determine the
precise blood half-life since the first time point of blood sampling was 30 minutes after injection.
Further studies are currently underway to obtain the complete PK profile and determine the exact
blood half-life value. The elimination results (Figure 14 d and e) indicate that Mangradex
nanoparticles are eliminated through feces within 48 hours. The larger amounts of Mangradex in
the feces than in urine suggest that these nanoparticles are excreted more through the bile than

through the kidney.

Taken together, the results of this study indicate that the maximum tolerable dose (MTD) of
Mangradex is between 50 mg/kg <MTD < 125 mg/kg. The classic measure of toxicity, lethal dose
(LDso- the dose at which mortality occurs in 50% of the study population) was not achieved even
at the highest dose tested (500 mg/kg). However, it should be noted even though LDso considers
only mortality as an end point; valuable in forensic science, accidental exposure and environment
safety investigations.**1242 For biomedical/ healthcare applications, LDso results are marginally

informative and toxicologically inadequate as they do not take into account the factors affecting
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mortality, time frame of death from injection of test article, site and mode of action morbidity, and
liver or kidney damage. Hence, reports related to toxicity of test article for biomedical applications
have focused on assessment of factors affecting morbidity.*41142 Additionally, although there were
no mortalities at doses < 50 mg/kg even with bolus IV injections, slower injection is preferable.
Our previous in vivo small animal (hamster cheek pouch model) vasoactivity studies indicate that
at potentially high first pass concentrations (50 mg/ml) typically associated with bolus injections

show transient arteriolar dilation without any endothelial dysfunction.*

Other small animal (mouse) studies, have reported the toxicology of as-prepared GNP suspensions,
125 and GNPs covalently functionalized with PEG!® or dextran,®? intravenously injected at
relatively low concentrations. As-prepared GNP suspensions at single IV doses between 0.1-0.25
mg/kg showed no adverse effects in mice; while repeated dosing in mice (up to 0.4 mg/animal
(mouse) for 30-days) resulted in chronic toxicity with mortality in 4 out of 9 mice.® In another
study, the blood half-life of as-prepared graphene oxide 1V injected into mice at 10 mg/kg dosages
was 5.3 hours. That formulation excreted through urine and showed pathological changes
including pulmonary edema and granuloma formation over 14 days.'?> Mouse studies with GNPs
water-dispersed via covalent functionalization with PEG or dextran, at one or two low doses
(relative to the ones used in this study), neither showed any mortality nor significant adverse effects
to the animals.%21% The pharmacokinetics of PEG functionalized GNPs followed a two-
compartment model, and had first and second phase half-lives 0.39 and 6.97 hours, respectively.
Those nanoparticles excreted through both urine and feces over 7 days. Moreover, it did not show
toxicity in blood chemistry, hematology and histologic studies at 20 mg/kg single dose in mice

observed for 3 months.!?® Similarly, graphene covalently functionalized with dextran, also
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followed a two-compartment PK profile with first and second phase blood half-lives of 0.19 and
1.81 hours. The formulation excreted by both renal and fecal pathways, and did not elicit noticeable

toxicity at 20 mg/kg single dose in mice monitored for 7 days.°

The solubility and stability of the Mangradex formulation up to 100 mg/ml allowed us to perform
acute toxicity studies at significantly higher dosages (25X greater) than with any other reported
graphene IV toxicity studies (maximum 20 mg/kg). % The results suggest that the safety profile of
Mangradex is better (50 mg/kg < MTD < 125 mg/kg), and the blood half-life is shorter (< 30 min)
than the previous GNP formulations. The major route of elimination for Mangradex is fecal (90%
of injected dose), while the other GNP formulations eliminate through both urine and feces.
Similar to other GNP formulations,®>122126 Mangradex shows more accumulation in liver,

suggesting possible uptake by RES and eventual clearance by the bile system.

Our results open avenues for pivotal preclinical single and repeat dose safety studies following
good laboratory practices (GLP) as required by regulatory agencies;*° critical for the preclinical
development of graphene nanoparticles-based formulations as multifunctional agents for imaging
and4 therapy. Traditionally, pharmaceutical formulations possess single functionality (e.g. as
imaging or therapeutic agent). For multifunctional IV pharmaceutical products, such as
Mangradex, a significant portion of required safety studies are the same regardless of whether the
ultimate focus is on development for systemic imaging or as a therapeutic agent. Thus, with
burgeoning costs and developmental times for new healthcare technologies, the development of
highly efficacious multifunctional graphene nanoparticle biomedical technologies could control

costs and developmental times.
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Sub-acute toxicity
FDA and ICH guidelines on preclinical safety studies of MRI CAs have also emphasized that
repeat dose chronic toxicity studies be conducted to identify potential therapeutic dosages for first-
in-human trials.1®%44 These studies are considered important since they reliably provide
information not easily predictable by single dose acute toxicology studies; information such as
histopathological changes upon repeated or chronic exposure of MRI CA and other cumulative
effects. According to FDA guidelines, the recommended duration of chronic toxicity for new
pharmaceutical development depends on its duration, therapeutic indication (MRI CA in this case),
and scope of the clinical trial and could range from 2 weeks to 9 months.>4414° For FDA approved
MRI CAs Gadodiamide (Omniscan),}*¢ Mn-DPDP (Teslascan),’*” and Gadoversatamide
(Optimark)*® chronic toxicity studies were performed for 3 week duration with the CA
administration frequency 3 times/week. Hence, for Mangradex the time points selected were 3 per
week for three weeks at three escalating doses (low - 1 mg/kg, medium - 50 mg/kg, and high - 100
mg/kg). The maximum dose (100 mg/kg) selected was based on the outcomes of previous dose
ranging, and expanded acute toxicity studies for Mangradex formulation.?” In those studies, we
found the maximum tolerated dose (MTD) for Mangradex was 50 < MTD < 125 mg/kg. Further,
neither any test article related adverse effects on the immune system nor any inflammatory
response were noted after single IV injections at doses < 100 mg/kg.®” Hence, in this study, we
have assessed chronic toxicity effects at doses <100 mg/kg. As the ratio of GNP: dextran in
Mangradex is 3:2 by weight,® 40 mg/kg dose of dextran (equivalent of dextran by weight in 100
mg/kg of Mangradex) was selected as one of the controls. Mannitol (which was used to control

osmolality of the Mangradex formulation) was selected as the second control.

73



The necropsy findings were consistent with acute toxicity results where rats with mortality at
higher dosages (>125 mg/kg) showed presence of Mangradex in pulmonary capillaries with
symptoms similar to pulmonary congestion.®” Additionally, the absence of distinguishable toxicity
related changes in all major organs (heart, kidney, liver, spleen, and brain) suggest that there may
be no secondary cause of death. Our previous biodistribution study showed that ~ 1-2 % of the
injected dose of Mangradex remained in lungs one day after single injection.®” This result taken
together with necropsy results suggests that after multiple injections, the nanoparticles that cannot
be removed from the lungs may have accumulated in pulmonary capillaries impeding blood flow

in microcirculation.

In all surviving animals, at > 50 mg/kg, the absence of Mangradex related histological changes in
the brain, heart and spleen and minor histological changes (presence of brown granular pigment)
noted in the liver and lung indicate that the cumulative accumulation of Mangradex do not

adversely affect the major organs.

Mangradex related unfavorable reaction in the circulatory system can affect the immune system
and/or hematological factors. Accordingly, standard serum chemistry test and complete blood
panel analyses were performed. The results of blood chemistry parameters for Mangradex dosages
and controls were compared with sham and published data by Charles River Laboratories.'®*
Blood counts did not differ significantly in any dose groups. Elevated levels of hepatic function
markers ALT and ALP are typically attributed to liver injury; however, since above normal values
were observed in sham and controls as well, Mangradex treatment alone could not be the attributed

as the main reason for the measured elevated values. Similarly, increased levels of glucose and

74



TRIG found in sham, mannitol or dextran and were not dose dependent with elevation noted in
one of the experimental group, and thus, these increases cannot be extrapolated as solely
Mangradex associated effects, and could be animal specific outcomes. Other blood chemistry

parameters were within the normal healthy ranges and did not differ significantly between groups.

Conclusions

The maximum tolerable dose (MTD) of Mangradex is between 50 mg/kg < MTD < 125 mg/kg.
Slower injection is preferable than bolus IV injections. 1 day or 30 days post injection, Mangradex
does not significantly affect the respiratory, cardiovascular or hematological factors (blood, lipid,
and metabolic panels) at doses < 125 mg/kg. The formulations elicit minor changes in the heart,
liver, lung, spleen, or kidney, and no changes in the brain. Mangradex shows a dose-dependent
small accumulation (~0.5-4%) in the major organs at day 1 and negligible or no presence in these
organs by day 30. However, they were present close to or below LOD levels by day 30, indicating
removal from these organs by day 30. The nanoparticles have a blood half-life < 30 minutes, and
are mainly excreted within 24 hours through feces. In sub-acute toxicity studies, Mangradex
formulation up to 50 mg/kg dosage, did not cause any noticeable adverse effects in cardiovascular
(blood pressure and heart beats) and hematological (lipid panel, metabolic panel and serum
chemistry) parameters. The formulation elicited dose-dependent presence of pigment in lungs and

liver and no changes in heart, brain and kidney without any major adverse effect.
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CHAPTER 4
EFFICACY AS AN MRI CONTRAST AGENT
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Abstract

The goal of this study was to evaluate the efficacy of Mangradex as MRI CA. The relaxivity ry of
the Mangradex formulations was 92 mM-s™ (22 MHz magnetic field) which is ~32 and 21 times
greater than clinical Manganese-based (Mn?*-DPDP or Teslascan, ri =2.8 mM-is?) and
gadolinium-based ([Gd**-DTPA]* or Magnevist, ri = 4.2 mM™s? ) MRI CA, respectively. T,
weighted phantom MRI of Mangradex solutions at clinical 1.5 T magnetic field showed significant
contrast enhancement even at extremely low Mn?* concentrations (down to 220 nM). Whole body
7 Tesla MRI performed on mice following intravenous injections of Mangradex at a potential
therapeutic dose (25 mg/kg or 455 nanomoles Mn?*/kg; ~2 orders of magnitude lower than the
paramagnetic ion concentration in a typical clinical dose) showed persistent (up to at least 2 hours)
contrast enhancement in the vascular branches (Mn?* concentration in blood at steady state = 300
ppb, per voxel of blood = 45 femtomoles). MRI at 7 tesla magnetic field was performed in renal
compromised rat model 5/6 nephrex at the same therapeutic dose (25 mg/kg, [Mn?"] = 455
nmoles/kg) for 90 minutes. Qualitative and quantitative results indicated significant (>100%) and
sustained contrast enhancement in the kidney and renal artery at these low paramagnetic ion (Mn?*)
concentration; 2 orders of magnitude lower than the paramagnetic ion concentration in a typical

clinical dose of long circulating Gd**-based MRI CA Ablavar (Gadofosveset Trisodium).

Introduction
Gadolinium (Gd®*")-based small molecule complexes dominate the MRI-CA market (> 95% market
share, >$1 Billion market in 2012),24® and are considered the “gold standard.” The majority of
current clinical Gd®*-based MRI CAs are considered as “first pass” agents as they are detectable

by MRI the first few minutes within the circulatory system after injection and rapidly extravasate
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and are eliminated via the kidneys.%? However, these MRI CAs, due to their narrow imaging
window are not optimal for Magnetic Resonance Angiography (MRA);** widely employed to
detect vascular abnormalities associated with aneurysm, hemorrhage, embolism, and stroke. Due
to heart and respiratory movements, contrast enhanced MRA requires a significant decrease in
blood T1.2°! This decrease is typically achieved by rapid injection of a large dose of clinical first
pass agent MRI CAs such as Magnevist.1>! However, the higher dose injection protocols results in
a very sharp bolus with marked T variations in image acquisition of the k-space sampling, causing
image artifacts.®>1°3 Moreover, previous MRI studies indicate that contrast between the arteries
and surrounding tissue can significantly decrease due to extravasation of the CA.* To overcome
these challenges, Gd**-macromolecule complexes have been designed as advanced intravascular
or blood pool agents with longer blood half-life and slower extravasation into the interstitial space
compared to first-pass agents with one agent (Ablavar® (Gadofosveset Trisodium),*1%
previously marketed under the trade names of MS-325 and Vasovist) clinically approved to
evaluate aortoiliac occlusive disease in adults with known or suspected peripheral vascular
disease.>® However, studies indicate that ry relaxivities (an important measure of imaging efficacy
defined as change in the relaxation rate (ri=1/T1 s!) of the water protons per unit concentration of
CA (mM)) of current clinical MRI CAs, with minimum detectable concentration of tens of uM to
provide satisfactory contrast enhancement, are suboptimal for advanced MRI-based molecular and
cellular imaging applications,®"**® and postulate the possibility to design novel MRI CAs with
relaxivities (depending on the magnetic field) one to two orders of magnitude greater than current
clinical agents.'®®1% Additionally, more and more MRI operate at higher magnetic fields (> 1.5
Tesla) where Gd**-based small molecule first pass agent or large molecule blood pool MRI CAs

show significant drop in relaxivity.®® Thus, a safe and more efficacious T1 MRI CA that allows
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significant contrast enhancement at substantially lower dosages than (Gd**)-based clinical CAs for
advanced applications such as blood pool or cellular or molecular imaging would constitute a

significant advancement.

MR is routinely used in the clinical diagnosis of renal failure, % and has the potential to provide
both functional®®?” and anatomical information about individual kidneys.?® For patients with
kidney transplant or renal failure, the use of MRI is becoming highly attractive over other methods
such as CT and nuclear imaging as it does not require use of ionizing radiation or nephrotoxic
iodinated contrast media and non-invasively renders anatomical details of soft and hard tissues for
improved diagnosis of many pathologies and diseases.?® In order to improve diagnostic confidence
in clinical MRI, CAs are routinely employed for kidney imaging to delineate renal cysts from
background parenchyma and to detect vascular abnormalities.'®* However, when administered to
patients with severe acute or chronic renal insufficiency (GFR < 30 mL/min/1.73m?), they lead to
the rare but potentially fatal disease NSF.2>162164 Hence, a new safe CA could be used for non-
invasive imaging and monitoring of malignant or benign lesions in the renal system secondary to
carcinoma or nephron-sparing surgery, MR urography, and kidney transplant 26, Additionally, such
a MRI CA could also be used for non-invasively imaging and monitoring of other organs in

patients with renal failure.

In this chapter, we have investigated efficacy of Mangradex as MRI CA in vitro by relaxometry

and MRI phantom and in vivo in normal heathy mice and 5/6 Nephrex renal compromised rat

model at 7 T magnetic field strength.
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Materials and methods

Relaxivity
Longitudinal (T1) relaxation time of 250 ul Mangradex solutions at different concentrations (0.4,
10, 20, 50 and 100 mg/ml) was measured at room temperature using a relaxometer (SpinCore
Technologies, Gainesville, FL) at 0.47 T (21.42 MHz resonance frequency) magnetic field.
Samples were placed in a clean 8 mm diameter NMR tube (Norell, Landisville, NJ). The T
measurements were made using an inversion recovery sequence, where inversion time was varied
in 12 steps between 0.5 ms and 5000 ms. The plot of relaxation rate (1/Tin s-, y-axis) vs.
concentration (mM of Mn?*, x-axis), was fit to a linear least-square regression line. The slope of
this line provided the relaxivity r1 value of the Mangradex. As described above, the Mn?* ions

concentration was measured by ICP-MS.

MR Phantom Imaging
The MRI phantoms were prepared at 7.8, 3.9, 1.9, 0.78, 0.39, 0.015 mg/ml concentration of
Mangradex in DDI water. Dextran solution (4.68 mg/ml) and DDI water were used as controls. T1-
weighted MRI using spin-echo sequence was performed using a 1.5 T clinical GE scanner (Stony
Brook University Hospital, Stony Brook, NY). The echo time (TE) and repetition time (TR) were
set at 10 ms and 800 ms respectively. The field of view was set at 100 x100 mm and flip angle was

90°.

Elemental Analysis
The Mangradex samples were analyzed by ICP-MS (Finnigan ELEMENT 2, Thermo Scientific)

to determine the concentration of Mn?* ions. For the ICP analysis, liquid Mangradex samples
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(known concentration) were treated with concentrated nitric acid HNO3z and carefully heated to
obtain a solid residue. This residue was next treated with 30% H»O> and heated again to remove
any carbonaceous material. The remaining non-carbonaceous solid residue was dissolved in 2%

HNO3, and analyzed by ICP-MS.

In Vivo MRI
Contrast agent preparation
For contrast enhanced-MRI studies, 10 mg/ml solution of Mangradex was prepared by dissolving
10 mg of lyophilized Mangradex powder in distilled deionized water. D-Mannitol (Sigma Aldrich,
St Louis, MO) was added to make Mangradex solution iso-osmol to blood. The formulation was
UV sterilized for 30 min. The dose for Mangradex per kg of mouse weight was 25 mg/kg or 455
nanomoles/Kg Mn?* ion. The injection volume of Mangradex and clinically approved Ablavar
(Lantheus Medical Imaging, Inc., N. Billerica, MA) was similar (50 pl). Ablavar diluted in saline

dose per kg of mouse weight was 455 nanomoles Gd** ion.

In vivo imaging
For imaging, C57BL/6 wild type female mice (Taconic farms Inc., Hudson, NY) with weight
ranging from 25g to 30g were used. All mice were maintained in agreement with procedures
approved by the Institutional Animal Care and Use Committee at New York University School of
Medicine. Mice were anesthetized with isoflurane gas delivered via a vaporizer/anesthesia setup
(VetEquip, Inc., Pleasanton, CA, USA): 5% isoflurane in air for induction followed by 0.5-1.5%
isoflurane in air via nosecone for maintenance. Following anesthetic induction, each animal was

catheterized via femoral artery to infuse the contrast agent using a polyethylene tubing PE-10 line
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(Intramedic, Becton Dickinson, Parsippany, NJ). Each subject was then placed supine and
restrained on a custom made body holder bed with the cannula tubing extended long enough to
enable remote infusion using a PHD-2000 computer-controlled syringe pump (Harvard Apparatus,
Hollison, MA) while the animal is centered within the magnet bore. Body temperature was
maintained between 35-37°C with a warm air thermostat system while all basic physiologic signals
(temperature and breathing rate) of the freely-breathing animals were monitored continuously (SA
Instruments Inc., Stony Brook, NY). Respiratory motion was monitored using a pneumatic pillow
fixed to the abdomen and the body temperature was measured via a rectal probe. The whole mouse
bed was then subsequently inserted within a home-built RF coil. This circularly polarized MRI
probe was developed in-house to resonate at a proton frequency of 300-MHz in both transmit and
receive modes with dimensions (ID=38-mm, L=76-mm, AD=36-mm) insuring a homogenous RF

coverage of the adult whole mouse body.

MRI experiment were conducted using a 7-Tesla (7T) micro-MRI system consisting of a 7T 200-
mm horizontal bore magnet (Magnex Scientific Ltd., Yarnton, UK) interfaced to a Bruker Biospec
Avance-2 console (Bruker, Billerica, MA). The system is equipped with an actively shielded
gradient coil (Resonance Research, Billerica, MA: BGA-9S; ID 90-mm, 770-mT/m gradient
strength, 100-ms rise time). For in vivo micro-MRI (u-MRI), a modified three-dimensional (3D)
spoiled gradient echo (GE) sequence was used to acquire an additional self-gated signal on the
readout dephasing gradient within each TR.1® The gating signal was used retrospectively to
generate artifact free image reconstruction sets with the following parameters: 200-pum isotropic
spatial resolution; repetition time (TR) = 15ms; bandwidth (BW) = 50 kHz, matrix =

128x128x128; echo time (TE) = 6.2 ms, number of averages (Nav) =3 and imaging time ~ 12 min.

82



Flip angle (FA) = 34° was chosen to provide the greatest Ti-enhancement contrast!®. The
advantage of the 3D-imaging approach with isotropic resolution is that the image set can be
reprocessed in any desired slice orientation using NIH image J software (imagej.nih.gov/ij),
facilitating image comparison during co-registration between animals acquired in separate

sessions.

Ti-weighted 3D-GE MRI scans of 12 min. duration each were performed serially during every
imaging session in mice to compare qualitatively the bio-distribution and pharmacokinetics of
Mangradex (Dose = 25 mg/kg, equivalent to 60 nanomoles Mn?* ions/kg body weight) with FDA-
approved clinical intravascular agent Ablavar® (Gadofosveset trisodium). The protocol consisted
of acquiring an initial image set serving as the contrast-free baseline followed by the infusion of
the blood-pool contrast agent and serial scanning of nine image datasets at 12, 24, 36, 48, 60, 72,

84, 96, 108 and 120 minutes post-injection in all subjects.

In vivo imaging in 5/6 Nephrex rats
In vivo T1.weighted MRI was performed using a 7 T Bruker Biospec 7.0T/20-cm USR horizontal
magnet (Bruker, Billerica, Massachusetts). 5/6 Nephrex WKY rats (Charles River Laboratories,
MA) were positioned in a coil and maintained in anesthesia at 1.5-2.5% isoflurane. Mangradex
formulation at 25 mg/kg (455 nmoles/kg) was injected intravenously via tail vein infusion catheter.
Ablavar (Lantheus Medical Imaging, Inc., Billerica, MA) at the same molar concentration (455
nmoles/kg) was used as control. T1 relaxation time was measured using RAREvtr (variable TR)
pulse sequence with 5 TR values 293, 635, 1114, 1926, 6000 mSec. 5 axial slices of 1 mm

thickness with 256x256 in plane resolution were collected. T; measurements were computed using
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Paravision 5.1 software by fitting absolute signal at particular TR. The T1 value scans were then
segmented using ITK snap (www.itksnap.org). T1 value for each region was computed by

calculating average T1 value for all the voxels in that region of interest (ROI).

Using T1 weighted scan with TE =12.5 mSec TR = 635 mSec, and by taking the signal (S) to be
the mean pixel intensity value in a region of interest (kidney), and the noise to be the standard
deviation (o) in pixel intensity one or multiple ROIs in background air (free of ghosting artifacts).
Signal to noise ratio (SNR) was calculated using the following equation.

S
SNR= 0O

By taking outside tissue signal (St), contrast to noise ratio (CNR) was calculated as

S
CNR= >
Results
Concentration (mg/ml) T1 Time (ms) Mn?* Concentration

(mM)

100 10.51+0.27 1.038

50 24.28+1.34 0.273

20 67.64+0.42 0.271

10 108.27+1.94 0.138

0.4 1993.86+227.38 0.006

DI water 5672.92+282.45 0.000

Table 14. T1 values of Mangradex solutions and DI water at different concentration and
corresponding Mn?* ion concentration
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Figure 16. Plot of relaxation rate (1/T;) vs. Mn’" ions concentration fit to a linear regression
line.
Table 14 shows T relaxation time at 0.47 T (21.42 MHz proton Larmor frequency) at different
doses of Mangradex. Also included are the Mn?* ions concentrations (in uM) for each Mangradex
dose. The relaxivity value calculated from the plot (Figure 16) of 1/T1 vs. Mn?* ion concentration

is 92.2 mM™1St, MR phantom imaging further corroborates this evaluation.

022 UM 4.54 uM
DD Water Dextran 0.015 mg/ml 0.39 mg/ml

0.78 mg/ml 1.9 mg/mi 3.9 mg/ml 7.8 mg/ml
9.08 uM 22.14 uM 45.44 yM 90.88 uM

Figure 17. T; weighted MRI phantom images of Mangradex, DDI water and dextran solution
obtained using a 1.5 T clinical scanner. Row 1 (left to right): DDI water and dextran solution in
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water at 4.68 mg/ml, Mangradex at concentrations 0.015, 0.39 mg/ml. Row 2 (left to right):
Mangradex at 0.78, 1.9, 3.9 and 7.8 mg/ml. For each Mangradex concentration, the concentration
of Mn’* ions in uM is also shown.

Figure 17 displays representative Ti-weighted MR images of Mangradex solutions at different
concentrations (0.78-7.8 mg/ml), and the corresponding Mn** ion concentration (0.22-90.88 uM)
for each dose. These concentrations correspond to the equilibrium plasma concentration in rodents
(average weight = 200 @), if the Mangradex is injected at doses between 1-500 mg/kg. Also
included as baseline controls are Ti-weighted images of distilled deionized (DDI) water, and
dextran solution. The images clearly show a substantial dose-dependent contrast enhancement
compared to the baseline controls. The plasma concentration of the Gd®*- chelate based CA at a
clinical dose of 0.1 mmol/kg in a 200 g rat will be 1.5 mM, which is 17 times higher than the
highest concentrations of Mn?* (90.88 uM) in Mangradex solution (See appendix for calculation).

This suggests that Mangradex can provide the similar MR contrast at lower dosages.
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Injection
Pre 12min. 24min. 36min. 120min.

Figure 18. Three-dimensional (3D) imaging of the whole mouse body in less than 12-minutes
using a 7-T mouse MRI scanner equipped with a homemade RF coil enabling serial imaging with
200-um isotropic spatial resolution. The example of image dataset shown compares different
organ and body regions prior and following single injection of Mangradex at 25 mg/kg. A) coronal
view covering the upper body including the head, neck, heart and lungs; B) axial slice re-
orientation obtained from the same lung and heart area described in A); C) the section covering
the lung and liver region; D) a coronal view from the lower abdominal region that includes the
kidneys and the spleen.

Figure 20 show the whole body coverage achieved using 7 T mouse MRI after single injection of
Mangradex (Dose = 25 mg/kg Mangradex or 455 nanomoles Mn?* ions/kg). With the level of
anatomical details achievable by our MR imaging protocol (200-pum isotropic resolution) in

combination with our homemade MRI probe enabling full mouse body coverage, we were able to

examine most of the main organs and the major vascular branches. The results from the serial MR
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imaging performed in contrast agent-free subjects followed by serial acquisitions at 12, 24, 36, 48,
60, 72, 84, 96, 108 and 120 minutes post-injection in all mice clearly demonstrated the blood-pool
nature of our compound Mangradex. As illustrated by the example shown in Figure 18a, the
intravascular space is difficult to discern prior to the injection of the contrast agent (depicted by
the column “Pre”) throughout the different parts of the mouse body. Each row ranging from A to
D corresponds to either coronal (A&D) or axial (B&C) sections at various levels of the mouse
body as follow: A) covers the upper body including the head, neck, heart and lungs; B) is an axial
slice re-orientation obtained from the same lung and heart area described in A) while in C) the
section covers the lung and liver region; D) is a coronal view from the lower abdominal region
that includes the kidneys and the spleen. As evidenced by the example shown, there is an obvious
signal enhancement starting from the first image set acquired 12-min. post-injection. The greatest
tissue contrast emanated from the vascular space in the various regions of the body as well as from
the cardiac chambers seen in row A) with a long axis view of the heart & B) through its short axis
section. This tissue contrast was most notable within the large vascular branching: head & neck in
row A), liver in row C) as well as highlighting the abdominal aorta and inferior vena cava in row
D). This enhancement was maintained throughout the two-hour period in which all the subjects
were examined every 12-min. and where only a subset of the imaging time points corresponding
to 12-, 36- and 120-min. post-injection are shown in figure 19). Surprisingly, the kidneys
experienced a dark enhancement that was immediate following the injection and was maintained

throughout the imaging session as seen on row D).
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Pre  12min. 24min. 36min. 120min.
Injection

Figure 19. 3D visual rendering of the whole mouse body throughout the time course of this study
via maximum-intensity-projections to facilitate the qualitative comparison of the bio-distribution
and pharmacokinetics between CA injected in two groups. The effects of the contrast are illustrated
as follow: A) Pre- & post- injection of Ablavar® (455 nmoles/kg of Gd**) as well as B) pre- &
post Mangradex injection at 25 mg/kg (equivalent to 455 nmoles/kg of Mn?*).

In order to compare qualitatively the image contrast efficacy and enhancement kinetics of
Mangradex with the clinical blood pool agent Ablavar® at potential diagnostic dosage (Gd** ion

concentration = 455 nanomoles /kg), 3D image datasets from both mouse groups were analyzed

by generating Maximum-Intensity-Projection (MIP) throughout the time course study. In this
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approach, the MIP algorithm enables pixels with the highest value crossed via a chosen angle
throughout the 3D image set to be projected for display on a 2D plane. This method permitted the
visual rendering of the tissues where the contrast agent was distributed due to the signal
enhancement it induced by its presence. Figure 19 illustrates an example from each mouse group
corresponding to the same imaging time window displayed in Figure 18 (12-, 36- and 120-min
post-injection). While subtle tissue contrast changes can be seen gradually enhancing in the major
vessel branches immediately following the injection of Ablavar (Figure 19, row A), these signal
enhancement gradually decayed (data not shown) and vanished by the last imaging time point
corresponding to 120-min. Expectedly, the kidneys demonstrated immediate and subtle bright
enhancement consistent with the renal excretion known to Ablavar following injection. The subtle
increase in signal from kidneys can be partially distinguished in Figure 19, row A which could be
likely overshadowed when using the MIP algorithm by superficial tissue and vessel enhancement.
On the other hand, the injection of Mangradex at equivalent concentrations demonstrated an
immediate and more pronounced contrast enhancement of the vasculature that persisted throughout
the 2-hour imaging examination (Figure 19, row B). Importantly, the injection of either
Mangradex or Ablavar resulted in gradual and consistent enhancement of the bladder as shown in

Figure 19.
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Figure 20. In vivo MRI (a-f) Representative T weighted MR images of pelvic region (coronal
view) that show the subtotally nephroctomized (SNx) rat kidney (red arrow) before (a) and 25
minutes after (b) injection of Ablavar (control); before (c) and 25 (d), 50 (e) and 85 (f) minutes
after injection of Mangradex. (g,h) Representative MR angiograms (head of the rat is on the right
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side) of pelvic region that show the renal artery (red arrows) before (g) and 25 minutes after (h)
injection of Mangradex.

Figure 20 (a-f)) shows Ti-weighted MRI scans of kidney and renal artery using a 7 Tesla in 5/6
Nephrex rats pre and 25 minutes post injection of Ablavar at 60 nmoles/kg of Gd** ions, and pre
and 25, 50 and 85 minutes post injection of Mangradex at 25 mg/kg (60 nmoles/kg Mn?*). The
images show significant and persistent contrast enhancement in kidney with Mangradex injection
up to 85 minutes compared to Ablavar (Figure 20 (a-d)). Figure 20 (d) shows signal intensity
increase 25 minutes post Mangradex injection, that falls gradually at 50 and 85 minutes (Figure
20 (e,f)). Figure 20 (h) shows clear demarcation of renal blood vessels from surrounding structure

25 minutes post Mangradex injection.

T, relaxation time in ROI
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m Ablavar
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® Mangradex
3500
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Pre 25 min 50 min 85 min

Time post contrast agent injection

Figure 21. Graph showing in vivo T; relaxation time in region of interest before and 25, 50 and
85 minutes after injection of Mangradex at 25 mg/kg (455 nmoles/kg of manganese) and Ablavar
(455 nmoles/kg of gadolinium.
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MR images parameters calculated from the Figure 3B images.
MRI Parameter | Pre | Post Ablavar increase | Pre Post Mangradex increase
SNR (kidney) | 8.0 | 10.9 (25 min.); 36% 7.8 | 86.1 (25 min.); 198.28%
8.0 (50 min.); 24% 57.8 (50 min.) , 127.55%
55.6 (85 min); 98.98%
CNR (kidney) | 0.9 | 1.1 (25 min.); 22% 1.3 | 15.1 (25 min.); 216%
0.9 (50 min.) 15% 9.7 (50 min.); 29%
11.1 (85 min.); 69%
SNR (Angio- 6.4 | 7.1 (25 min.); 6.2% 6.3 | 64.5(25min.); 49.87%
renal artery)

Table 15. A table showing % increase in T relaxation time post injection of Ablavar and
Mangradex.

Figure 21 shows graph of T relaxation time from the region of interest at 25, 50 ad 85 minutes
after injection of Mangradex and Ablavar. Ty relaxation time after Mangradex injection was less
or compared to Ty relaxation time after Ablavar injection. Table 15 lists the changes in MR images
parameters calculated from region of interest (ROI) pre - and post-injection of Mangradex or
Ablavar. The Mangradex showed significant increases (~up to 200 times greater) in single to noise
(SNR) and contrast to noise (CNR), compared to pre-injection or Ablavar in kidney and up to 42%

greater in angiography.

These concentrations correspond to the equilibrium plasma concentration in rodents (average
weight = 200 @), if the Mangradex is injected at doses between 1-500 mg/kg. The plasma
concentration of the Gd*- chelate based CA at a clinical dose of 0.1 mmol/kg in a 200 g rat will
be 1.5 mM, which is 17 times higher than the highest concentrations of Mn?* (90.88 uM) in
Mangradex solution (See appendix for calculation). This suggests that Mangradex can provide the

similar MR contrast at lower dosages.

93



Discussion

Relaxivity is an important measure of efficacy for T1 MRI CAs.* Our previous results show that
the r,/r1 ratio for water-solubilized GNP solutions is 2.2 which is in the range reported for Mn?*
or Gd**-chelate complexes (r2/r1 - 1-2.5) T1 MRI CAs.>1%7 The ratio is also lower than the iron-
oxide functionalized graphene nanoparticles (r2/r1 - 10) T2 MRI CAs.> Thus, the Mangradex

formulations are more suitable as a T1 MRI CA.

For the in vivo MRI studies, the choice of 25 mg/kg dose was based on the outcomes of all the in
vitro and in vivo (including the repeat dose) safety studies.878° Qur previous studies indicate that,
at concentrations equivalent to first pass of a bolus injection (1-50 mg/ml), the formulation neither
elicits any significant allergic response of the immune system, nor induces pro-inflammatory
endothelial dysfunction effects.®®®’ Similarly at potentially steady state equilibrium concentrations
in blood (0.1-10 mg/ml), we found no protein binding or complement activation.88 The
maximum tolerated dose found from acute in vivo toxicity studies were 50 mg/kg < MTD < 125
mg/kg®” and based on the results of this study, the no-observed adverse effect level (NOAEL) was
50 mg/kg. Hence, potential therapeutic dose selected for in vivo MRI was less than half of the
MTD. The clinical Gd**-based blood pool agent Ablavar was used as control. The longer blood
circulation of Ablavar compared to monomeric imaging agents such as Gd-DTPA or Gd-DOTA
is attributed to its strong and high degree of reversible binding to serum albumin, while the longer
blood circulation of Mangradex could be because of its hydrophilic properties, which is consistent
with our previous in vitro studies showing that the partition co-efficient of Mangradex is -0.18

suggesting that majority of the contrast agents remain in liquid phase than in lipid (tissue in vivo).%
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Numerous clinical studies have demonstrated the efficacy of Ablavar® in strongly enhancing
blood vessels for MRA examinations.’®® We observed a similar vascular enhancement when
injecting Ablavar® in mice and the sensitivity of our imaging setup enabled to trace the
recirculation of this blood pool agent for more than 1 hour (data not shown). For Mangradex, our
findings from the in vivo rodent studies indicated immediate and very strong vascular signal
contrast enhancement that was prolonged for more than 2-hours evidenced by the serial imaging
depicted by the example shown in Figure 19, row B. Other covalently or non-covalently
functionalized graphene formulations have shown analogous pharmacokinetics in mice following
intravenous administration where sustained recirculation and excretion via the biliary and renal
pathways were observed.®*"® This route of clearance was consistent with our previous study,?’
and corroborated further by the darkening effect seen in the kidney (Figure 18D). However, the
unexpected signal blackening effect proved particularly puzzling when juxtaposed with the hyper-
intense enhancement seen by the same particles in the recirculating blood prior to their renal
excretion and subsequent downstream brightening when reaching the bladder. This immediate
change in contrast effect when reaching the kidneys and later its positive contrast reversal may
likely reflect an important change in the ratio R2 (R2=1/T2) to R1 (R:1=1/T1) relaxivities of
Mangradex. This R2/R; alteration is commonly known in iron oxide-based agents 1", and varies
with the intrinsic particle size but also reflect the aggregation or dispersion of magnetic particles
when they react with surrounding tissue.l’> The degree of Mangradex aggregation and/or
compartmentalization combined with the 7-T magnetic field strength may be responsible for the
signal “quenching” effect observed in the kidneys. The positive contrast enhancement obtained
by Mangradex within the blood stream proved to be far superior to that provided with Ablavar®

at equal molar concentration of paramagnetic agent evidenced by the comparative serial imaging
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shown in Figure 19. From the sub-acute toxicity studies, the safe dose range for Mangradex is 100
mg/kg, which is significantly higher than other MRI CA reported in literature and hence provides
a greater margin of safety. Importantly, the enhancement was achieved at a low Mn?*/kg dose of
455 nanomoles/kg; 66X and 220X lower than clinical dose of Ablavar® (Gd*'/kg dose = 0.03
mmol/kg %8) and Magnevist (Gd**/kg dose = 0.1 mmol/kg 1°2), respectively. This dose is also in
the range of average daily dietary intake of manganese (1.8-2.3 mg per day = 33-42 micromoles)
39 At the Mn?*/kg dose used in this study, the estimated Mn?* steady state blood concentration in
mice (weight = 40 grams; total blood volume = 3.2 ml) after the first pass would be ~ 5.7

nmoles/ml or 45 femtomoles /voxel.

The paramagnetic ion (Gd** ions) concentration in a typical clinical dose of Ablavar is 0.03
mmoles/kg. Thus, paramagnetic ion concentration (Mn?* ions) of the injected Mangradex dose
was 60 times lower than the paramagnetic ion concentration in a typical clinical dose. Even at low
paramagnetic ion dosages ([Mn?*] = [Gd®*] = 455 nmoles/kg) Mangradex shows significant SNR
and CNR up to 85 minutes. Signal intensity drop and contrast to noise ratio drop could be because
of the peak blood concentration and half-life of Mangradex is less than 50 minutes. The prolonged
contrast in blood vessels suggests that Mangradex has potential to be used for renal artery imaging.
Our previous study suggest that blood half-life of Mangradex significantly longer and can provide

longer imaging window.

Innovatively, in this novel high-performance MRI CA, graphene acts as an active rather than
passive scaffold. Our experimental and theoretical studies show that the graphene sheet does not

passively intercalate, and coordinate the Mn?* ion, but actively modulates the interaction of water
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molecules with Mn?* ions, and amplifies relaxivity (r1 at clinical 1.5 Tesla magnetic field = 92
mM-1s1).51173 Conversely, the multidentate ligands (chelates) used in clinical Gd**- or Mn?*-based
clinical MRI CAs sequester the toxicity of the naked metal ion. They play a (“passive’) minor role
or no role in modulating relaxivity (relaxivity ry at 1.5 Tesla magnetic field for Gd**-chelated =
1.9-4.5mM 518 and Mn?*-chelated = 2.8 mM1s1).8 Additionally, intercalation and coordination
of the Mn?* ions within the graphene sheet improves sequestering of the Mn?* ions and prevents
dissociation from the graphene sheet. This intercalation prevents proteins or other
biomacromolecules from competitively interacting with and dissociating Mn?* ions. Conversely,
Gd*" and Mn?* ions are only coordinated to chelates and are prone to competitive dissociation in
vivo in the presence of biomacromolecules. Further, Mn?* ion interaction and coordination
“affinity” for graphene sheets is not altered by chemical derivatization to graphene’s exterior,
whereas metal ion coordination affinity of chelate molecules can be significantly decreased upon

derivatization of the chelates by other functional groups for targeting purposes.

Our previous relaxometric studies indicate that dynamics of water within nanostructures with
multiple layers of graphene, and the interaction between water and Mn?* ions in these confined
spaces affect the T1 relaxation mechanism, and could be responsible for the observed increased
contrast enhancement.'® The molecular dynamics parameters that are modulated include the
coordination number of inner-sphere water molecules (q) and water molecule residence lifetime
(tm) coordinated with the Mn?* ions, and the rotational correlation time (tr) of Mangradex. The
combination of significant contrast enhancement at low detectable concentrations achieved at a
high field strength combined with the longer residence times in the blood introduces Mangradex

not only as a great addition to the existing blood pool agent, but also suggests its suitability to be
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incorporated in the design of preclinical cellular/molecular imaging probes to monitor the

progression of vascular pathologies.

Conclusion

The high r1 relaxivity (92 mM-s) of Mangradex allowed significant contrast enhancement of T;-
weighted MRI phantoms even at modest (nM) concentrations of Mn?* ions. With one potential
diagnostic dose, preliminary whole body murine examination at 7-Tesla show significant contrast
enhancement in blood vessels for up to 2 hours compared to clinical dose of Ablavar and hence,
shows great potential as a blood pool MRI CA. At the same diagnostic dose, in vivo MRI on 5/6
Nephrex rats at 7 Tesla magnetic field show significant (>100%) and sustained (for 90 minutes)
contrast enhancement of the kidney and renal arteries at a low dosage (~66 to 200 times lower than
clinical dosages). These distinctive properties indicate the exciting possibility of the development
of Mangradex for diagnosis of renal failure. Taken together, these results should establish the basis
for further consideration in studying vascular disease models and subsequently into higher species

to make its clinical translation closer.
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CONCLUSION AND FUTURE STUDIES
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Summary

The aim of this research project was to develop graphene nanoparticle-manganese based safe and
a high-efficiency next generation MRI contrast agent that can overcome the limitations faced by
current clinical CAs, and has potential to be used for advanced MRI applications. To achieve this
goal, we first synthesized graphene nanoplatelets intercalated with paramagnetic Mn?* ions by
oxidizing graphite in the presence of potassium permanganate and then mechanically exfoliating
the resulting graphene oxide to get GNPs. To impart water solubility and prepare formulation for
in vivo application we functionalized GNPs using FDA approved polymer dextran. The Mangradex
formulations are dispersible in deionized water up to 100 mg/ml concentration and are stable up
to at least 4 hours and could be re-dispersed by gentle shaking of the solution. This is the highest
water dipersibility for any carbon nanostructure reported so far. The viscosity values of the
Mangradex formulations at all concentrations (0.4-100 mg/ml) were within the range of blood
viscosity (between 3-4 cP at 37°C). The Mangradex formulation is hypo-osmolar at these
concentrations. However, addition of mannitol increases the osmolality values to the range
observed for normal blood (285 - 295 mOsm/kg of H>O). The Mangradex formulation has a
partition coefficient of -0.18 which indicates that they are retained mainly in aqueous phase, and
thus, hydrophilic. The Mangradex at potential steady state equilibrium concentrations in blood
(0.1-10 mg/ml) does not release histamine, suggesting negligible allergic response of the immune
system to these nanoparticles. At these dosages, no human serum albumin (HSA) binding was
observed, indicating absence of non-specific protein adsorption. Additionally, the nanoparticles
were thermally stable, and Mn?* ions did not dissociate from the nanoparticle at 37°C up to 30

days.
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The dispersibility and stability of the Mangradex formulation up to 100 mg/ml allowed us to
perform acute toxicity studies at significantly higher dosages (25X greater) than with any other
reported graphene IV toxicity studies (maximum 20 mg/kg). Our toxicity results suggest that the
safety profile of Mangradex is better (50 mg/kg < MTD < 125 mg/kg) than the previous GNP
formulations reported in literature. In acute toxicity study, at the dosages < 125 mg/kg, no adverse
effects were observed in animals in histology, blood chemistry or cardiovascular parameters. The
major route of elimination for Mangradex is fecal (90% of injected dose). Similar to other GNP
formulations, Mangradex shows more accumulation in liver, suggesting possible uptake by RES
and eventual clearance by bile system. Our sub-acute toxicity study demonstrate that there were
no adverse effects in animals as seen by histology and blood chemistry analysis at dosages < 50
mg/kg. Taken together, these data suggest that Mangradex dose < 50 mg/kg can serve as potential

diagnostic dose.

The in vitro ry relaxivity of Mangradex is 92 mM-s (22 MHz proton Larmor frequency); ~20-30
fold greater than clinical gadolinium (Gd**)-and Mn?*-based MRI CAs. MR phantom images of
Mangradex solutions at the concentration range 0.78-7.8 mg/ml (corresponding to the equilibrium
plasma concentration in rodents if the Mangradex is injected at doses between 1-500 mg/kg),
provides significant contrast enhancement at the Mn>" ion concentrations down to 0.22-90.88 uM.
Whole body 7 Tesla MRI performed on mice following intravenous injections of Mangradex at a
potential diagnostic dose (25 mg/kg or 455 nanomoles Mn?*/kg) showed persistent contrast
enhancement up to at least 2 hours in the vascular branches. At this dose of Mangradex, Mn?*
concentration in blood at steady state is 300 ppb and per voxel of blood 45 femtomoles. Using the

same dose (25 mg/kg) of Mangradex, in vivo MRI performed on 5/6 Nephrex rats at 7 Tesla
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indicated significant (>100%) and sustained contrast enhancement in the kidney and renal artery
up to 90 minutes at these low paramagnetic ion (Mn2*) concentration. Importantly, the
enhancement was achieved at a low Mn?*/kg dose of 455 nanomoles/kg; 66X and 220X lower than
clinical dose of Ablavar® (Gd**/kg dose = 0.03 mmol/kg) and Magnevist (Gd**/kg dose = 0.1
mmol/kg) respectively. Also, the concentration of manganese 455 nanomoles/kg is within the
range of average daily dietary intake of manganese (1.8-2.3 mg per day = 33-42 micromoles).
These results confirm that graphene sheets in Mangradex are not just the *passive’ carrier for Mn?*
ions; rather actively modulate the interaction of water molecules with Mn?* ions, and amplifies
relaxivity. Our previous relaxometric studies indicate that dynamics of water within nanostructures
with multiple layers of graphene, and the interaction between water and Mn?* ions in these
confined spaces affect the T1 relaxation mechanism, and could be responsible for the observed
increased contrast enhancement. The molecular dynamics parameters that are modulated include
the coordination number of inner-sphere water molecules (q) and water molecule residence
lifetime (tm) coordinated with the Mn?* ions, and the rotational correlation time (tr) of Mangradex.
The combination of significant contrast enhancement at low detectable concentrations achieved at
a high field strength combined with the longer residence times in the blood introduces Mangradex
not only as a great addition to the existing blood pool agent, but also suggests exciting possibilities
of its suitability in the design of preclinical cellular/molecular imaging probes to identify disease
specific biomarkers and to monitor the progression of vascular pathologies. Taken together, the
results of this research project lay the foundation for pivotal preclinical single and repeat dose
safety studies following good laboratory practices (GLP) as required by the regulatory agencies;

critical for the investigational new drug (IND) applications for first-in-human trails.
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Future work

To realize successful application of Mangradex as an MR CA some of the hypotheses need to be

tested and several future studies should be performed.

Our in vivo toxicity study suggests pulmonary congestion as the possible cause of mortality in
animals at doses >125 mg/kg. Based on the necropsy results and other literature reports, 1’4177 we
hypothesize that as Mangradex gets into pulmonary micro-circulation during the first pass, a large
number of nanoparticles in the very small diameter of the micro vessels (<100 um)’® could
occlude blood vessel, hamper blood flow in the systemic circulation, and ultimately induce cardiac
arrest. Alternatively, the local interaction of Mangradex with endothelium and smooth muscle cells
could significantly increase the hydraulic conductivity of the blood vessels, lead to fluid
accumulation in alveoli and pulmonary congestion, and eventually death of animals. To test this
hypothesis, additional studies that thoroughly examine the biomarkers for lung inflammation and
pulmonary edema such as interleukin (IL)-1b, macrophage inflammatory protein (MIP)-1a,
macrophage chemoattractant protein (MCP)-1, MIP-2, and keratinocyte chemoattractant (KC)
following IV administration of Mangradex should be performed as mentioned ina previous study
with nanoparticles elsewhere.1™ Additionally, electron microscopy of the microvasculature of the
lungs excised immediately after the animal deceases can provide independent visual confirmation
of the accumulation status of Mangradex. The effect of Mangradex accumulation in pulmonary
microcirculation can also be studied further in detail with the ex vivo isolated lung model as
described in a study by Glenny et al " to determine changes in pulmonary vascular resistance due
to blockage by Mangradex nanoparticles. It should be noted that the pulmonary circulation of small

animals and higher species can be different and the results obtained in small animals may not
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remain valid in larger species. Subsequently, this kind of study should be followed in both small

and large animals to determine the safety margin of Mangradex.

Acute and sub-acute toxicity studies did not suggest any histological sign of inflammation. It
should be further verified with the serum concentration of inflammation specific markers pro-
inflammatory cytokine Human TNF-Alpha (Tumor necrosis factor—Alpha) and anti-inflammatory
cytokine 1L-10 (Interleukin 10). In the acute and sub-acute toxicity studies reported in chapter 3,
the follow up time was up to 4 weeks. It is necessary to study the long term (> 6 months) toxic
effects Mangradex and also required by regulatory agencies to design FIH clinical trials. Future
small and large animal acute and chronic toxicity studies should be performed following longer
recovery period. Multiple studies have demonstrated that size of the nanoparticle is a critical
attribute affecting its cellular interaction, in vivo toxicity and bio-distribution. Hence, it is critical
to precisely control the size of the Mangradex. This may be achieved by filtration, size exclusion
chromatography and /or density gradient ultracentrifugation. Future toxicity studies should be

performed with precisely controlled size of Mangradex.

The biodistribution study reported in chapter 3 is performed using Mn?" as elemental tag to
qualitative distribution trend in vivo. Mn?* ions generated during the synthesis of GNPs from the
oxidizing agent KMnO4 get intercalated between graphene sheets. Hence, manganese served as a
stable endogenous elemental tag to quantify Mangradex concentrations in blood, urine, feces and
bio-distribution studies. Since the values reported in this study, are based on the pooled samples,
it is not possible to estimate the uncertainties introduced by extrapolation calculation. In order to

obtain that information, follow up pharmacokinetics studies with the larger animal number should

104



be performed. The results obtained from ICP should also be corroborated independently with other
methods to quantify Mn?* such as X-ray fluorescence as reported in several previous studies.8-
182 Also, method validation using a standard reference material of tissues, urine, feces and blood
from National Institute of Standard and Technology (NIST) and recovery after sample spiking

with Mn2* would be helpful to determine effects of biological matrix in manganese quantification.

As lower thermal stability of the linear Gd®*- chelate (e.g. Omniscan, Optimark) and dissociation
following longer retention in vivo is one of the major cause to trigger NSF; we focused on assessing
manganese stability with respect to temperature at 37°C. Further stability studies should be
performed as a function of pH. Additionally, we studied the stability of the Mangradex formulation
in DDI water as a function time and concentration by observing settling of the nanoparticles.
Nanoparticle aggregation behavior is affected by pH, temperature and presence of protein in
physiologic conditions. This aggregation not only affects the biological interaction of
nanoparticles, but in case of MRI CA, can affect its relaxivity.*>8® Future stability studies for
Mangradex should be performed at biologically relevant pH, temperature and physiological
buffers (serum, plasma or blood) to address the aggregation behavior and its effects on formulation

stability and relaxivity.

In vivo imaging studies should be carried out at widely used 1.5 and 3T scanners to evaluate the
performance of Mangradex at those magnetic field strengths. Graphene possesses larger surface
area and the sp? bonded carbon sheets of graphene can be directly functionalized with targeting
moieties for targeted imaging. In addition to that, graphene can also be loaded with aromatic drugs

(e.g., SN38 and doxorubicin) via Vander Wall (n-nstacking) interactions yielding very high drug
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loading efficiency. By taking advantage of these properties of graphene, the potential of

Mangradex for image guided therapy should be explored experimentally.

To understand the mechanism of disease at molecular level, it is important to be able to visually
distinguish between biomarkers such as enzymes, proteins, hormones, small molecules at the
concentration they are present biologically (nano to picomolar range). For cellular (imaging of
targeted cells and cellular processes in living organisms) or molecular imaging (imaging of
targeted macromolecules and biological processes in living organisms), delivery of sufficient
quantity of CA to obtain enough sensitivity at the target area is essential. Theory predicts that
contrast enhancement of 10 to 100-fold beyond current agents are required to achieve this
goal 41314157 The high relaxivity of Mangradex (20-40X greater than current clinical agents) and
the ability of graphene and dextran to provide functional groups for chemical linkage with
antibody, proteins and ligands, can offer exciting opportunities to introduce Mangradex as
cellular/molecular imaging agent. These type of applications would require labeling cells with
Mangradex. In a recent study, Talukdar et al. has shown that GNPs are uptaken by mesenchymal
stem cells (MSCs).** In a clinical setting, for the future success of cell transplantation therapy,
MR tracking can play significant role by providing the capability to monitor cell migration from
the transplantation site to relevant disease site, speed of cell migration and cell survival in the
target organ necessary for exhibiting their regenerative properties. The ability to label stem cells
by Mangradex in culture condition, may allow in vivo tracking of stem cells (including cell
migration and cell trafficking) after transplantation and transfusion. Further exploitation of this
possibility would require some proof of principle studies followed by deeper insight into the in

vivo dynamics of cell biology.
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Finally, the field of carbon nanostructure based MRI CAs will continue to improve and realize
clinical translation when the challenges in scale-up production such as high level purity and
uniformity will be addressed. The use of graphene nanoplaletelets as MRI CA (or for any
intravenous biomedical application) requires unambiguous characterization of its physicochemical
properties such as chemical, geometric, and magnetic characteristics attributing to their properties
as MRI contrast agents. Further, the in vivo safety studies performed with graphene nanoplatelets
(or referred as graphene oxide in some studies) so far across different groups, have used different
size, concentration and surface coating and hence, do not provide platform for direct comparison.
In this scenario, future development of a standard graphene reference material from NIST for

biomedical application will be significant advancement towards its clinical translation.
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1. Calculation of the dose:

If the concentration of the MRI CA solution is 1 mg/ml, and one requires to intravenously
administer it at a dose of 100 mg/kg in a 200 g rat. The CA injection volume (V) is calculated as
follows.

v (ml) x 1 mg/ml = 100 mg/kg x 200g

v (ml) x 1 mg/ml = (100 mg/1000 g) x 200 g

v (ml) x 1 mg/ml = 20 mg

v (ml) =20 mg/ 1 mg/ml

v (ml) =20 ml

The total circulating blood volume in a 200 g rat has been assumed to be ~12.8 ml.
Therefore, the injected volume percent (% (P) is calculated as follows

P % = (20 ml/12.8 ml) x 100%

P (%) = 156.25 %

Similarly, if the concentration of the MRI CA solution is 1 mg/ml, and one requires to
intravenously administer it at a dose of 1 mg/kg in a 200 g rat, the CA injection volume (V) is
calculated as follows.

v (ml) x 1 mg/ml = 1 mg/kg x 200g

v (ml) x 1 mg/ml = (1 mg/1000 g) x 200 g

v (ml) x 1 mg/ml =2 mg

v (ml) =2 mg/ 1 mg/mi

v(ml)=2ml

The injected volume percent (% (P) can be calculated as follows
12.8 ml x P (%) =2 ml x 100 %

P (%) = (2 mi/12.8 ml) x 100%

P (%) = 1.56 %

In humans, the total circulating blood volume in a 70 kg adult human is 5 liter.
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Therefore, if the concentration of the MRI CA solution is 1 mg/ml, and one has to administer a
100 mg/kg dose in a 70 kg human, the injection volume (v) of CA can be calculated as below.

v (ml) x 1 mg/ml = 100 mg/kg x 70000 g

v (ml) x 1 mg/ml = (100 mg/1000 g) x 70000 g

v (ml) x 1 mg/ml = 7000 mg

v (ml) = 7000 mg/ 1 mg/ml

v (ml) = 7000 ml

The injected volume percent (% (P) can be calculated as follows:
5000 ml x P (%) = 7000 ml x 100 %

P (%) = (7000 m1/5000 ml) x 100%

P (%) = 140 %

Similarly, if the concentration of the MRI CA solution is 1 mg/ml, and one requires to
intravenously administer it at a dose of 1 mg/kg in a70 kg human, the CA injection volume (V) is
calculated as follows.

v (ml) x 1 mg/ml = 1 mg/kg x 70000 g

v (ml) x 1 mg/ml = (1 mg/1000 g) x 70000 g

v (ml) x 1 mg/ml =7 mg

v (ml) =7 mg/ 1 mg/mi

v(ml)=7ml

The injected volume percent (% (P) can be calculated as follows
5000 ml x P (%) = 7 ml x 100 %

P (%) = (7 m1/5000 ml) x 100%

P (%) =1.4%

If the concentration of the MRI CA solution is 100 mg/ml and one requires to intravenously
administer it at a dose of 500 mg/kg in a 200 g rat, the CA injection volume (V) is calculated as
follows.

v (ml) x 100 mg/ml = 500 mg/kg x 200 g
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v (ml) x 200 mg/ml = (500 mg/1000 g) x 200 g

v (ml) x 100 mg/ml = 100 mg

v (ml) = 100 mg/ 100 mg/ml

v(ml)=1ml

The total circulating blood volume in a 200 g rat has been assumed to be ~12.8 ml.
There, the injected volume percent (% (P) can be calculated as follows:

12.8 mI x P (%) = 1 ml x 100 %

P (%) = (1 mi/12.8 ml) x 100%

P(%)=78

2. Calculation of the plasma concentration for relaxivity

At 0.1 mmol/kg clinical dose, the total amount of the MRI CA that will be injected in a 200 g rat
will be 0.1 mmol/kg x 0.2 kg = 0.02 mmol.

With a total circulating blood volume of ~12.8 ml, the plasma concentration of Gd*>* CA can be
calculated as follows.

0.02 mmole/12.8 ml = 0.001562mmol/ml = 1562 uM.

From the inductive coupled plasma mass spectrometry (ICP-MS), the Mn?* in Mangradex by
weight is 0.064%. Therefore, the weight z (mg) of Mn?*ions in 1 ml of 7.8 mg/ml solution of
Mangradex can be calculated as follows.

100 mg x z (mg) = 7.8 mg x 0.064 mg

z (mg) = (7.8 mg/100 mg) x 0.064 mg

z (mg) = 0. 005 mg

Converting mass of Mn?* into moles (MW of Mn?* 54.93)
0.5 mg = (0.005 x1073 g/54.93 g/mole) = 9.08 x 10 moles

Thus, 7.8 mg/ml Mangradex solution has 9.08 x 10 moles/ml or 90.80 uM of Mn?* ions.

123



This value is 17 times lower than plasma concentration of Gd**-chelate based CA (1562 pM) at
clinical dose.

3. Rationale for choosing the medium and high Mangradex doses. The potential clinical therapeutic
doses of graphene-based formulations for potential imaging or therapeutic applications still need
to be determined. Therefore, published values of other clinical imaging and therapeutic agents;
shown in the table below, were used as representative examples. We assumed that Mangradex
could also be eventually administered, as a therapeutic or imaging agent, at similar doses. Based
on this assumption and published regulatory guidelines, we chose medium to high doses 10-100
times the doses of these other clinical approved pharmaceuticals. The upper limit (500 mg/kg) was
limited by the maximum permissible dose (MPD) that could be achieved using the highest

Mangradex stock concentration of 100 mg/ml.

Clinically approve therapeutic and Recommended clinical | Equivalent mg/kg
diagnostic agents dose dose
Myocet - Liposomal doxorubicin 60 -75 mg/m? 544 1.632-2.04 mg/kg*
Abraxane — Albumin bound Paclitaxel 100-250 mg/m? 5% 2.72 -6.8 mg/kg*
nanoparticles
Doxorubicin - chemotherapeutic 60 mg/m? 138138 1.632 mg/kg*
Ablavar — Blood pool magnetic resonance 0.03 mmol/kg 37 29 mg/kg
imaging contrast agent

*Note: The conversion to mg/kg doses were performed based on the body weight and body
surface area information provided at following webpage.

http://www.vspn.org/Library/Misc/VSPN_M02372.htm
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4. Extrapolation of % of Mangradex
The % of manganese calculated in the Mangradex samples was average of 6 different samples of
Mangradex. The ICP MS system used in this study allows detection even at concentrations up

tol ppb.

For the biodistribution studies, with the tested three doses 50, 250 and 500 mg/kg, a total of 12.5,
62.5 and 125 mg of Mangradex injected in a 250 g rat. Considering 0.064 wt% of manganese in

the sample, the amount of manganese injected in rats will be 8, 40 and 80 ug for 50, 250 and 500
mg/kg respectively. Hence, 8, 40 and 80 pg of manganese was considered as 100% injected dose

in each animal injected with 50, 250 and 500 mg/kg respectively.

If tissue sample is pooled from 6 animals for chemical digestion, then the measured manganese

i.e. [Mn?* (experimental group)] = [concentration obtained from ICP]/6.

Similarly, tissue sample pooled from 6 sham animals [(Mn?* (sham control group)] =

[concentration obtained from ICP]/6.

The % injected dose values in various tissues were calculated using the formula

[Mn?* (experimental group)] - [(Mn?* (sham control group)]/ [Mn?* (injected doses)]]*100.
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Owner Pet Name Species Breed Sex Pet Age Chart#
SITHARAMAN RAT 250-7 Rodent F 16W N

-0700 i PAGE 1 OF |

Test Requested Results Reference Range Units

HisTOPATHOLOGY, FULL WRITTEN REPORT
Biopsy
NYBB 02121604 Sitharaman Dr. Zimmerman Rat 250-7

CLINICAL HISTORY: The thoracic pluck (heart and lung) is submitted
from a 16 week old female rat, one of five animals which died after
the injection of nanoparticles. The only gross lesion was red
discolored lung.

MICROSCOPIC DESCRIPTION: A longitudinal biventricular section of heart
characterizes an histologically unremarkable epicardium, myocardium,
and endocardium with normal valvular structure and major vessels of
the aorticopulmonary outflow tract. A small hilar lymph node is
non-hyperplastic. Lung is markedly and diffusely atelectatic with
moderate to marked, diffuse microvascular congestion (arterioles,
venules, and the entire interalveolar septal capillary network).

Focally disseminated throughout the lung is gold/brown—staining
amorphous material of extremely fine granularity, accompanied by a few
narrow rectangular to spike-like particles of the same tinctorial

qualities. This material appears to exist within the interalveolar

capillary septal microvasculature and interstitium as well as within a

few alveolar lumina but is devoid of a secondary cellular infiltrate

{i.e. neutrophils or macrophages). There is no necrosis/infarction.

The same gold/brown amorphous granular or finely particulate matter is
identified within blood of the cardiac chambers but is not encountered
within the fibromuscular interstitium of the atrioventricular walls or

within the myocardial microvasculature,

MICROSCOPIC FINDINGS:
— Heart—
1. Normal epicardium, myocardium, endocardium, and valves
2. Atrioventricular intraluminal amorphous to particulate
gold/brown pigment
— Lung-
1. Moderate to marked, diffuse atelectasis
2. Marked, diffuse microvascular congestion .
3. Intravascular, interstitial, and alveolar intraluminal amorphous
to particulate gold/brown pigment

COMMENTS: The histologic lesion which correlates with the gross
necropsy observation of red discolored lungs is marked, diffuse
pulmonary vascular congestion. In combination with atelectasis, this
is a frequent cbservation in postmortem lung, often a feature of
terminal, agonal cardiopulmonary collapse. The pulmonary congestion
may be either physiologic or pathologic, depending upon whether or not
there is coexisting heart disease i.e.: (pulmonary passive

congestion). However, there are no cardiac lesions to suggest the
latter, which is also unlikely in an animal of this young age. The

finely to coarsely granular, particulate, and amorphous gold/brown
material identified within blood of the cardiac chambers and within

the lung is somewhat reminiscent of hemosiderin, but this is unlikely
since there is no evidence of hemorrhage. 1t is more likely directly
related to the experimental injection (7). There is no evidence of
infectious/inflammatory disease.

The lesions described above for this mouse of are virtually identical

Page 1 FINAL For online lab results visit www. ANTECHONLine.net
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to those in the remaining 4 mice. In this mouse the stainable
pulmenary amorphous to particulate material is present in moderate to
large quantity, and similar pigmented material is identified within |

the blood of the cardiac chambers.

ADDITIONAL COMMENTS (Summary): as indicated by these 5 independent
reports, a feature in common shared by the lung of all rats is
gold/brown stainable pulmonary intravascular particulate material and
moderate to severe diffuse congestion. It is the latter which is
responsible for the gross necropsy identification of red discolored

lungs. There is no pulmonary hemorrhage. The variably amorphous to
granular to particulate material within the pulmonary vasculature of

all rats and in a few instances also within the blood of the cardiac
chambers (rat 500-16 and rat 250-7) is a noteworthy observation but is
of questionable significance with regard to be immediate cause of

death of these experiment the rats, This pigmented material does not
affect the airways. It is likely that for source of this material was

the experimental injection, particularly if the latter was

intravascular. The more immediate cause of death may be related to
intravascular accumulation of this pigmented material within the
microvasculature other organs such as the kidney or brain (7). The
thoracic organs of these five rats contain no evidence of
infectious/contagious, necrotizing or inflammatory disease.

Ken Mero, DVM, PhD
Pathologist
tag

REPORT NOTES:

Page 2

RAT LUNG
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NYBB 02121533  Sitharaman Dr. Zimmerman Rat500-16&

CLINICAL HISTORY: The thoracic pluck (heart and lung) is submitted
from a 16 week old female rat, one of five animals which died after
the injection of nanoparticles. The only gross lesion was red
discolored lung.

MICROSCOPIC DESCRIPTION: A longitudinal biventricular section of heart
characterizes an histologically unremarkable epicardium, myocardium,
and endocardium with normal valvular structure and major vessels of
the aorticopulmonary outflow tract. A small hilar lymph node is
nen-hyperplastic. Lung is markedly and diffusely atelectatic with
moderate to marked, ditfuse microvascular congestion (arterioles,
venules, and the entire interalveolar septal capillary network).

Focally disseminated throughout the lung is gold/brown-staining
amorphous material of extremely fine granularity, accompanied by a few
narrow rectangular to spike-like particles of the same tinctorial

qualities. This material appears to exist within the interalveolar

capillary septal microvasculature and interstitium as well as within a

few alveolar lumina but is devoid of a secondary cellular infiltrate

(i.e. neutrophils or macrophages). There is no necrosis/infarction.

The same gold/brown amorphous granular or finely particulate matter is
identified within blood of the cardiac chambers but is not encountered
within the fibromuscular interstitium of the atrioventricular walls or

within the myocardial microvasculature.

MICROSCOPIC FINDINGS:
- Heart-
1, Normal epicardium, myocardium, endocardium, and valves
2. Atrioventricular intraluminal amorphous to particulate
gold/brown pigment
- Lung-
1. Moderate to marked, diffuse atelectasis
2. Marked, diffuse microvascular congestion .
3. Intravascular, interstitial, and alveolar intraluminal amorphous
fo particulate gold/brown pigment

COMMENTS: The histologic lesion which correlates with the gross
necropsy observation of red discolored lungs is marked, diffuse
pulmonary vascular congestion. In combination with atelectasis, this

is a frequent observation in postmortem lung, often a feature of
terminal, agonal cardiopulmonary collapse. The pulmonary congestion
may be either physiologic or pathologic, depending upon whether or not
there is coexisting heart disease i.e.. (pulmonary passive

congestion). However, there are no cardiac lesions to suggest the
latter, which is also unlikely in an animal of this young age. The

finely to coarsely granular, particulate, and amorphous gold/brown
material identified within blood of the cardiac chambers and within

the lung is somewhat reminiscent of hemasiderin, but this is unlikely
since there is no evidence of hemorrhage. Itis more likely directly
related to the experimental injection (7). There is no evidence of
infectious/inflammatory disease.

The lesions described above for this mouse are virtually identical to

Units
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those in the remaining 4 mice. In this mouse the stainable pulmonary
—amorphous to particulate material is present in moderate to large
quantity and is also encountered in the blood of the cardiac chambers.

Ken Mero, DVM, PhD
Pathologist
tag

REPORT NOTES:
RAT LUNG
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SITHARAMAN RAT 125-19 Rodent U 16V N
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HisTopaTHOLOGY, FULL WRITTEN REPORT

Biopsy

NYBB 02121561 Sitharaman Dr. Zimmerman Rat 125-19

CLINICAL HISTORY: The thoracic pluck (heart and lung) is submitted
from a 16 week old female rat, one of five animals which died after
the injection of nancparticles. The only gross lesion was red
discclored lung.

MICROSCOPIC DESCRIPTION: A longitudinal biventricular section of heart
characterizes an histologically unremarkable epicardium, myocardium,
and endocardium with normal valvular structure and major vessels of
the aorticopulmonary outflow tract. A small hilar lymph node is
non-hyperplastic. Lung is markedly and diffusely atelectatic with
moderate to marked, diffuse microvascular congestion (arterioles,
venules, and the entire interalveolar septal capillary network).

Focally disseminated throughout the lung is gold/brown—staining
amorphous material of extremely fine granularity, accompanied by a few
narrow rectangular to spike-like particles of the same tinctorial

qualities. This material appears to exist within the interalveclar

capillary septal microvasculature and interstitium as well as within a

few alveolar lumina but is devoid of a secondary cellular infiltrate

(i.e. neutrophils or macrophages). There is no necrosis/infarction

MICROSCOPIC FINDINGS:
- Heart-
1. Normal epicardium, myocardium, endocardium, and valves
- Lung-
1. Moderate to marked, diffuse atelectasis
2. Marked, diffuse microvascular congestion
3. Intravascular, interstitial, and alveolar intraluminal amerphous
to particulate gold/brown pigment

COMMENTS: The histologic lesion which correlates with the gross
necropsy observation of red discolored lungs is marked, diffuse
pulmonary vascular congestion, In combination with atelectasis, this
is a frequent observation in postmortem lung, often a feature of
terminal, agonal cardiopulmonary collapse. The pulmonary congestion
may be either physiologic or pathologic, depending upon whether or not
there is coexisting heart disease i.e.: (pulmonary passive

congestion). However, there are no cardiac lesions to suggest the
latter, which is also unlikely in an animal of this young age. The

finely to coarsely granular, particulate, and amorphous gold/brown
material identified within lung is somewhat reminiscent of

hemosiderin, but this is unlikely since there is no evidence of
hemorrhage. Itis more likely directly related.to the experimental
injection (7). There is no evidence of infectious/inflammatory

disease.

The lesions described above for this mouse of are virtually identical
to those in the remaining 4 mice. In this mouse the stainable
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pulmonary amorphous to particulate material is present in moderate
- quantity, but similar pigmented material is not identified within the
blood of the cardiac chambers.

Ken Mero, DVM, PhD

Pathologist
‘tag

REPORT NOTES:
RAT LUNG
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