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ABSTRACT

Trimetallic nitride endohedral fullerenes (TNT-EMF) have been recognized for their
multifunctional capabilities in biomedical applications. Functionalized gadolinium-loaded
fullerenes attracted much attention as a potential new nanoplatform for next-generation magnetic
resonance imaging (MRI) contrast agents, given their inherent higher *H relaxivity than most
commercial contrast agents. The fullerene cage is an extraordinarily stable species which makes it
extremely unlikely to break and release the toxic Gd metal ions into the bioenvironment. In
addition, radiolabeled metals could be encapsulated in this robust carbon cage to deliver
therapeutic irradiation. In this dissertation, we aim to develop a series of functionalized TNT-
EMFs for MRI detection of various pathological conditions, such as brain cancer, chronic

osteomyelitis, and gastrointestinal (GI) tract.

As a general introduction, Chapter 1 briefly introduces recent progress in developing
metallofullerenes for next-generation biomedical applications. Of special interest are MRI contrast
agents. Other potential biomedical applications, toxicity, stability and biodistribution of
metallofullerenes are also discussed. Finally, the challenges and future outlook of using fullerene
in biomedical and diagnosis applications are summarized at the end of this chapter.

The large carbon surface area is ideally suited for multiple exo-functionalization approaches to
modify the hydrophobic fullerene cage for a more hydrophilic bio-environment. Additionally,
peptides and other agents are readily covalently attached to this nanoprobe for targeting

applications. Chapter 2 presents the functionalized metallofullerenes conjugated with interleukin-



13 peptide exhibits enhanced targeting of U-251 glioblastoma multiforme (GBM) cell lines and
can be effectively delivered intravenously in an orthotopic GBM mouse model. Chapter 3 shows,
with the specific targeting moiety, the functionalized metallofullerenes can be applied as a non-
invasive imaging approach to detect and differentiate chronic post-traumatic osteomyelitis from
aseptic inflammation.

Fullerene is a powerful antioxidant due to delocalization of the m-electrons over the carbon cage,
which can readily react with free radicals and subsequently delivers a cascade of downstream
possessions in numerous biomedical applications. Chapter 4 investigates the antioxidative and
anti-inflammatory properties of functionalized GdsN@Csgo. This nanoplatform would hold great
promise as a novel class of theranostic agent in combating oxidative stress and resolving
inflammation, given their inherent MRI applications.

In chapter 5, GdsN@Csgo is modified with polyethylene glycol (PEG) for working as MRI contrast
agents for Gl tract. The high molecular weight can prevent any appreciable absorption through the
skin or mucosal tissue, and offer considerable advantages for localized agents in the GI tract.
Besides the excellent contrast capability, the PEGylated-GdsN@Cso exhibits outstanding radical
scavenging ability, which can potentially eliminate the reactive oxygen species in Gl tract. The
biodistribution result suggests this nanoplatform can be worked as the potential contrast agent for

Gl tract at least for 6 hours.

A novel amphiphilic GdsN@Cgo derivative is discussed in Chapter 6. It has been noticed for a long
time the functionalization GdsN@Csgo contrast agents have higher relaxivity at lower
concentrations. The explanation for the concentration dependency is not fully understood. In this
work, the amphiphilic GdsN@Csgo derivative is used as the model to investigate the relationship

between the relaxivity and concentration of the Gd-based fullerenes.



Click chemistry has been extensively used in functionalization due to the high efficiency and
technical simplicity of the reaction. Appendix A describes a new type of ScaN@Cso derivative
conducted by employing the click reaction. The structure of ScaN@Cso-alkynyl and ScaN@ Cso-
alkynyl-benzyl azide are characterized by NMR, MALDI-TOF, UV-Vis, and HPLC. The high
yield of the click reaction can provide access to various derivatives which have great potential for
application in medical and materials science.

The functionalization and characterizations of HosN@Cso derivatives are reported in Appendix B.
The contrast ability of HosN@Cso is directly compared with GdsN@Cso. The Ho-based fullerenes
can be performed as the radiotherapeutic agents; the leaching study is performed to test the stability
of carbon cage after irradiation.

Appendix C briefly shows a new method to develop GdsN@Cso based targeting platform, which

can be used as the probe for chronic post-traumatic osteomyelitis.
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General Audience Abstract

Since the discovery of fullerene in 1985, fullerenes and metallofullerene in medical and
diagnostics applications is rapidly increasing. Functionalized gadolinium-loaded fullerenes
attracted much attention as a potential new nanoplatform for magnetic resonance imaging (MRI)
contrast agents, given their inherent better contrast ability than most commercial contrast agents.
The fullerene cage is an extraordinarily stable species which makes it extremely unlikely to break
and release the toxic metal ions into the bioenvironment. In this dissertation, we report the
development of a series of functionalized fullerenes for MRI detection of various pathological
conditions, such as brain cancer and chronic osteomyelitis, and working as the agent for
gastrointestinal (GI) tract.

As a general introduction, Chapter 1 briefly introduces recent progress in developing fullerenes
for next-generation biomedical applications. Of special interest are MRI contrast agents. Other
potential biomedical applications, toxicity, stability and biodistribution of fullerenes are also
discussed. Finally, the challenges and future outlook of using fullerene in biomedical and diagnosis

applications are summarized at the end of this chapter.

The large carbon surface area is ideally suited for multiple chemical reactions approaches to make
the fullerene soluble in bio-environment. Additionally, peptides and other agents are readily
attached to this nanoprobe for targeting applications. Chapter 2 presents the functionalized
fullerenes conjugated with interleukin-13 peptide exhibits enhanced targeting of glioblastoma

multiforme (GBM) cell lines and can be delivered efficiently intravenously in a GBM mouse



model. Chapter 3 shows, with the specific targeting moiety, the functionalized fullerenes can be
applied as a non-invasive imaging approach to detect and differentiate chronic post-traumatic
osteomyelitis from aseptic inflammation.

The nature of fullerene aromaticity makes it a powerful antioxidant. Fullerene can readily react
with free radicals and subsequently delivers a cascade of downstream possessions in numerous
biomedical applications. Chapter 4 investigates the antioxidative and anti-inflammatory properties
of functionalized GdsN@Cgo. This nanoplatform would hold great promise as a novel class of
theranostic agent in combating oxidative stress and resolving inflammation, given their inherent
MRI applications.

In chapter 5, GdsN@Csgo is modified with polymer polyethylene glycol (PEG) for working as MRI
contrast agents for Gl tract. The high molecular weight can prevent any appreciable absorption
through the skin or mucosal tissue, and offer considerable advantages for localized agents in the
Gl tract. Besides the excellent contrast capability, the PEGylated-GdsN@ Cgo exhibits outstanding
radical scavenging ability, which can potentially eliminate the reactive oxygen species in Gl tract.
The biodistribution result suggests this nanoplatform can be worked as the potential contrast agent

for Gl tract at least for 6 hours.

A novel amphiphilic GdsN@Cgo derivative is discussed in Chapter 6. It has been noticed for a long
time the functionalization GdsN@Csgo contrast agents have better contrast ability at lower
concentrations. The explanation for the concentration dependency is not fully understood. In this
work, the amphiphilic GdsN@Csgo derivative is used as the model to investigate the relationship
between the contrast ability and concentration of the Gd-based fullerenes.

Click chemistry has been extensively used in functionalization due to the high efficiency and

technical simplicity of the reaction. Appendix A describes a new type of ScaN@Cso derivative



conducted by employing the click reaction. The high yield of the click reaction can provide access
to various derivatives. It makes this kind of fullerene has excellent potential for application in
medical and materials science.

The functionalization and characterizations of HosN@Cso derivatives are reported in Appendix B.
The contrast ability of HosN@Cso is directly compared with GdsN@Cso. The Ho-based fullerenes
can be performed as the radiotherapeutic agents; the leaching study is conducted to test the stability
of carbon cage after irradiation.

Appendix C briefly shows a new method to develop GdsN@Cso based targeting platform, which

can be used as the probe for chronic post-traumatic osteomyelitis.
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Chapter 1

Figure 1. Gd Metallofullerene Nanoparticle Structures.

Figure 2. Left: After first and fifth gadodiamide treatment, unenhanced Ti-weighted MR
diagnostic images of a Parkinson’s disease patient. (Image of the basal ganglia and the dentate
nuclei of the cerebellum.) Hyperintensity in the DN and GP regions are observed (fifth treatment,
white arrows, B and D), undetectable on the first images (A and C). Right: liner and macrocyclic
clinical MRI contrast agents. Reprinted with permission from ref 49. Copyright 2015 American
Society of Neuroradiology.

Figure 3. Compilation of MRI relaxivities (r1) for Gd@Cg2, GdsN@Css and GdsN@Cso, MM s
! per mM of gadolinium ions in pure water. Blue: 0.35-0.5 T, red: 1.0-3.0 T, green: 4.7-9.4 T.
Figure 4. A: Ti-weighted MR images of bilateral infusion into agarose gel of f-GdsN@Cgo-1X
(right) and gadodiamide (left). B: Ti-weighted MR images of bilateral infusion into a normal rat
brain of f-GdsN@Cso-1X (left) and gadodiamide (right). Reprinted with permission from ref 60.
Copyright 2006 Radiological Society of North America.

Figure 5. Top: the structure of GO-Gd@Cs; platform. Bottom: In vivo MR imaging demonstrated
the great contrast ability of GO-Gd@Cs.. A “secondary spin-electron transfer” relaxation
mechanism was proposed to explain the high relaxivity for the GO-Gd@Cs, platform.
Reproduced with permission from ref 74. Copyright 2015 Tsinghua University Press and
Springer-Verlag Berlin Heidelberg.

Figure 6. A: The IL-13-f-GdsN@Cso-XIV nanoparticle with positive charges illustrating facile
binding to a negatively charged phospholipid bi-layer cellular surfaces. B. Translocation of IL-
13-f-GdsN@C80-XIV (XIV) and IL-13-f-GdsN@C80-VIII (VIII) in U-251 cells. C: Clinical
MRI 3T coronal slice and body images of orthotopic GBM murine models with intravenous

delivery of 1L-13-f-GdsN@C80-V1II and with no targeting contrast agent administered. D and E:
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In vivo imaging following intravenous delivery of 1L-13-f-GdsN@C80-XI1V left: MRI of a mouse
brain without tumor as control; middle: MRI of 15 minutes after intravenous injection of IL-13-
f-GdsN@C80-XIV; right: MRI of 15 minutes after intravenous injection of gadopentetate
dimeglumine (GD) commercial contrast agent. Arrows indicate the location of tumor. Reproduced
with permission from ref 58. Copyright 2015 American Chemical Society.

Figure 7. A: Optimization of contrast agent labeling dilution and incubation time for MRI. B: The
signal intensity showed strongest signal with the higher concentration and incubation times. C:
Raw MRI data 12 h after partial lung irradiation and prior to cell delivery. (C) AFS cells were
administered post-irradiation. D: After 24 h after tracheal delivery, AFS cells accumulate in the
irradiated mouse right lung. Reproduced with permission from ref 84. Copyright 2015 Elsevier
Inc.

Figure 8. A: Schematic of the preparation process of GANPs. B: Illustration of neutron irradiation
of culture cells with (right) and without (left) GANPs. C: Cell viability determined by the WST-
assay. GANPs showed extremely low toxicity in vitro without neutron irradiation, and remarkable
difference in cell viability with after irradiation. Reproduced with permission from ref 88.
Copyright 2011 10P Publishing.

Figure 9. Left: Exohedral radiolabeling of TNT-EMF derivatives. Middle: Survival studies verify
efficacy of the Y’Lu-DOTA-f-GdsN@Cs in US7TMG and GBM12. Right: Weights of the mice
during the survival studies normalized to the day of treatment or control infusion. Reproduced
with permission from ref 90. Copyright 2012 American Chemical Society.

Figure 10. Top: The observation of tumor blood vessels. The endothelial cells were chipped off
from the basilemma at 24 h after the treatment (c). Bottom: The MRA images of tumor vascular
(yellow arrows) exhibited identifiable reduction of the arterial vessels flowing to the tumor.
Reprinted with permission from ref 105. Copyright 2015 Science China Press and Springer-

Verlag Berlin Heidelberg.
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Figure 11. Fullerene derivatives had limited cytotoxic effects. Reprinted with permission from ref
6 and 84. Copyright 2010 Elsevier Ltd, and 2015 Elsevier Inc.

Chapter 2

Figure 1. The IL-13-GdsN@Cso(OH)x(NH2)y nanoparticle with positive charges illustrating facile
binding to a negatively charged phospholipid bi-layer cellular surfaces.

Figure 2. Functionalization and conjugation process of GdsN@ Csgo.

Figure 3. Characterization of the functionalized GdsN@Csgo. A) Electronic absorption spectra of
GdsN@Csgo before and after functionalization. B) RAIRS spectrum of (amino)-I. C)-D) XPS
multiplex spectra of the (amino)-I. E) The XPS survey spectrum of (amino)-l. Au was used for
calibration. F) Hydrodynamic size distribution of (amino)-1, (IL-13-amino)-la and (IL-13-
carboxyl)-lla in water.

Figure 4. A) The images are projections of confocal z stacks generated from sections of 5 to 6 um
thickness comparing internalization of TAMRA in HeLa cells. Top row is HelLa treated with (IL-
13-amino)-la, bottom row is HelLa treated with (IL-13-carboxyl)-lla. B) The images are
projections of confocal z-stacks, generated from sections of 5 to 6 um thickness, comparing
internalization of TAMRA in U-251 cells. 63x images z5, 10 images were taken 5 u apart SCALE
BAR =19.1 pm. Top row is U-251 treated with (IL-13-amino)-la, bottom row is U-251 treated
with (IL-13-carboxyl)-lla.

Figure 5. Translocation of (IL-13-amino)-la (A) and (IL-13-carboxyl)-lla (C) in U-251 cells,
quantitation of TAMRA fluorescence by 2-way ANOVA (Graphpad).

Figure 6. A) Inversion-recovery MR images (T:=1000 ms, Tr=5000 ms, Te=30 ms) with (amino)-
I and Magnevist® as contrast agent. Left column from top to bottom: 1.67, 3.33 and 6.67 pM
(amino)-1 in water. Right column from top to bottom: 10, 20, 50 pM commercial agent
Magnevist® in water. The 1.67 UM (amino)-1 and 50 UM Magnevist® in water exhibit comparable

contrast. B) Inversion-recovery MR images (T:=1000 ms, Tr=5000 ms, Te=30 ms) with (IL-13-
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amino)-la and (IL-13-carboxyl)-Ila and Magnevist® as contrast agent. The conjugated
nanoparticles exhibit similar contrast with the commercial contrast agent.

Figure 7. In vivo imaging following intravenous delivery of (IL-13-amino)-la; left: MRI of a
mouse brain without tumor as control; middle: MRI of 15 minutes after intravenous injection of
300 pl (~0.9 nmol) of (IL-13-amino)-la. The bright contrast is due to the presence of (IL-13-
amino)-la; right: MRI of 15 minutes after intravenous injection of 100 ul (50 nmol) of
Magnevist® commercial contrast agent. Arrows indicate the location of tumor. A) T:=50 ms,
Tr=5000 ms, Te=32 ms. B) T1=1000 ms Tg=5000 ms, Te=32 ms.

Figure S1. The structure of TAMRA-
VDKLLLHLKKLFREGQFNREGQFNRNFESIIICRDRT-OH peptide.

Figure S2. IL-13 peptide specifically delivered nanoparticles to IL-13Ra2 in U-251 but not IL-
13Ral in LN18 and HelLa cells.

Figure S3. The images are projections of confocal z-stacks generated from sections of 5 to 6 um
thickness comparing internalization of TAMRA in U-251 cells. 63x images z5, 10 images were
taken 5 u apart SCALE BAR = 19.1 pum. Top row is U-251 treated with (ILs-13-amino)-Is, bottom
row is U-251 treated with (ILs-13-carboxyl)-Ils.

Figure S4. Fluorescent imaging of glioblastoma tumor after intracranial convection enhanced
delivery of (IL-13-carboxyl)-1la. Left - Bright Field, Center - Blue Fluorescence / Hoechst Stain,
Right - Red Fluorescence / TAMRA.

Figure S5. Fluorescent imaging of glioblastoma tumor after intravenous delivery of the (IL-13-
carboxyl)-Ila nanoparticle. A) Bright field of contralateral brain without tumor tissue; B) Bright
field of tumor tissue; C) No red signal at the contralateral brain; D) Red fluorescent imaging of
tumor tissue (note signal from TAMRA around edges of tumor), the arrow points out the location

of the necrotic center of the tumor; E) Areas of increased red signal on fluorescent microscopy at
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a distance from main tumor, possibly displaying areas of micrometastasis. (T=Tumor, N=Normal
tissue).

Figure S6. A) Clinical MRI 3T coronal slice and body images of orthotopic GBM murine models
with intravenous delivery of 250 pl (~0.25 nmol) of (IL-13-carboxyl)-lla (right) and with no
targeting contrast agent administered (left). T:=100 ms, Tr=5000 ms, Te=30 ms. B) In vivo
imaging following intravenous delivery of (IL-13-amino)-la; left: MRI of a mouse brain without
tumor as control; middle: MRI of 15 minutes after intravenous injection of 300 pl (~0.9 nmol) of
(IL-13-amino)-la. The bright contrast is due to the presence of (IL-13-amino)-la; right: MRI of
15 minutes after intravenous injection of 100 pl (50 nmol) of Magnevist® commercial contrast
agent. Arrows indicate the location of tumor. T:=100 ms, Tr=5000 ms, Te=30 ms.

Chapter 3

Figure 1. XPS survey (left) and multiplex (right) spectral regions of
GdsN@Cgo(OH)30(CH2CH2COOH)20.

Figure 2. Inversion-recovery MR images (T:=1000 ms, Tz=5000 ms, Te=30 ms) with f-GdsN@Cso
and Omniscan® as contrast agent. Top row from right to left: 0.33, 1.67, 3.33 and 6.25 UM f-
GdsN@Csgo in water. Bottom row from right to left: 10, 20, 50 uM commercial agentin water. The
0.33 uM f-GdsN@Cgo and 20 uM Omniscan® in water exhibit comparable contrast.

Figure 3. A) Immunofluorescence staining of IL-13Ra2 in Raw 264.7 cells with or without LPS
(100 ng/mL) treatment for 1 day. Increased expression of IL-13Ra2 (red fluorescence) was
observed in the cytosol upon LPS stimulation (middle row) compared to non-treated (upper row)
and IgG controls (lower row). Scale bar represented 100 uM. B) In vitro probe binding with Raw
264.7 cells with or without LPS (100 ng/mL) treatment for 1 day. TAMRA-tagged MRI probe (1
M) was incubated with cells for 30 min at room temperature. Much higher cell-bound TAMRA

(red) fluorescence signal was observed in LPS-treated cells (lower row) compared to non-treated
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cells (upper row), suggesting more probe binding with Raw 264.7 cells upon LPS stimulation.
Scale bar represented 100 pM.

Figure 4. Infection parameters during the course of chronic post-traumatic tibia osteomyelitis. (A)
Luminol-bioluminescence imaging showed higher myeloperoxidase activity in infect compared
to sham; (B) X-ray radiograph demonstrated severe bone deformation and inflammatory lesion in
infected tibia compared to sham; (C) Local infection was confirmed via continuous monitoring
of body weight up to 4 weeks post infection.

Figure 5. Hematoxylin and eosin staining of infected (left column) and sham tibia (right column)
after 4 weeks post infection. Low magnification images (upper row) depicted overall structural
change in the infected tibia was much more severe than the sham. High magnification images in
mid- (x100) and lower-rows (x200) showed massive infiltration of inflammatory cells and
formation of dead bones inside the medullary cavity of infected tibia while almost few infiltrated

cells and much milder bone deformation was observed in the sham tibia.

75

77

Figure 6. Immunohistochemical staining of IL-13Ra2 expression in mouse tibia after 4 weeks of 78

S.aureus induced infection. In the infected tibia, significant amount of IL-13Ra2 immuno-positive
signal (brown cells) was primarily detected in the medullary cavity where massive infiltrating
cells (A) and infected bone marrow (B) located. Some immuno-positive signal was also observed
in activated osteoclasts in the cortical bone of infected tibia (C). In comparison, few positively
stained cells could be detected in either bone marrow (D) or cortical bone (E) of sham tibia. 1gG
control staining of infected sample (F) resulted in no positive signal suggesting the specificity of
the procedure. All images were taken at x200 magnification. Scale bar represented 100 pm.

Figure 7. Representative Ti-weighted (Spin-Echo, Tr 600 ms, Te 11ms) MRI images of infected
and sham tibia after intravenous injection of probe 1L-13-GdsN@ Cgo(OH)30(CH2CH2COOH)2
(4 nmol per 20 g mice) at 1.5 (A) and 4 weeks (B) post infection. Yellow arrows indicated

hyperintensity of MRI signal in infected foci while white arrowheads suggested the contra-lateral
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sham tibia subjected to traumatic procedure. Interestingly, longitudinal MRI scan of the same
animal revealed a significant change of size and location of the inflammatory foci in the infected
tibia, suggesting the progression of osteomyelitis (yellow arrows).

Figure 9. Conjugated Cy5-FLFLF-GdsN@Cs (A) with observed molecular weight 4654,
exhibited similar preferential binding and possibly uptake towards LPS-stimulated macrophage
Raw 264.7 cells after 30 min incubation (B).

Chapter 4

Figure 1. Radical scavenging properties of three trimetallic nitride endohedral fullerenes.
Structures of (a) carboxyl-GdsN@Cso, (b) HyC-1-GdsN@Cg and HyC-3-GdsN@Cso. (C)
Mechanism of the hydroxyl radical production by Fenton reaction and capture by DEPMPO. EPR
spectra of the hydroxyl radicals captured by DEPMPO with and without GdsN@Cs, derivatives.
Ultrapure water was used as a control. (d) Mechanism of superoxide radical production by
xanthine/ xanthine oxidase (XOD) system and capture by BMPO. EPR spectra of superoxide
radicals captured by BMPO with and without GdsN@Cgo derivatives. PBS was used as a control.
(e) Table summary of scavenging capabilities of hydroxyl radical and superoxide radical anion
by three GdsN@Cs, derivatives, carboxyl-GdsN@Cg, HyC-1-GdsN@Cg, and HyC-3-
GdsN@Cso.

Figure 2. Biological screening of trimetallic nitride endohedral fullerenes for quenching LPS-
induced reactive oxygen species (ROS). Raw 264.7 cells were treated with nanoparticles at
various concentration (0, 0.1, 1, and 10 uM) in serum-free medium for 20 h, stimulated with or
without LPS (100 ng/mL) for another 4 h, followed by intracellular ROS staining with 5 pM 2, 7'
dichlorodihydrofluorescein diacetate (H.DCFDA) and fluorescence plate reading at Ex/En of
495/525 nm. (a) Carboxyl-GdsN@Cso exhibited dose-dependent efficacy in attenuating LPS-
induced excessive ROS, in a similar fashion as (d) the positive control protoporphyrin IX cobalt

chloride (CoPP) a well-known hemooxygenase-1 inducer. In contrast, (b) HyC-1 and (c) HyC-3

XVI1I

81

98

100



showed no or little reduction in LPS-elicited ROS generation. (e) Representative fluorescence
images of intracellular ROS illustrated robust ROS-scavenging activity of carboxyl-GdsNC80.
Image taken at x200 magnification. Scale bar represented 100 um. *p<0.05 vs non-LPS control,
#p<0.05 vs LPS-treated groups.

Figure 3. Carboxyl-GdsN@Cso protected Raw 264.7 cells from LPS-induced oxidative stress and
upregulated pro-inflammatory cytokine via elevating Nrf2 expression. Cells were pretreated with
carboxyl-GdsN@Cgo (3.5 pM) for 20 h before treatment of LPS (100 ng/mL) for 4 h. (a) Real-
time reverse transcription polymerase chain reaction (RT-PCR) suggested LPS stimulation
significantly increased mRNA expression of inducible nitric oxide synthase (iNOS) (**p<0.01 vs
control), whereas carboxyl-GdsN@CB80 dramatically reversed such induction (*#p<0.001 vs.
LPS). (b) Similarly, the upregulation of pro-inflammatory cytokine tumor necrosis factor-alpha
(TNF-0) (***p<0.001 vs. control) upon LPS treatment was significantly alleviated by carboxyl-
GdsN@Cso (*p<0.01 vs. LPS). (c) The antioxidative enzyme hemooxygenase-1 (HO-1) was
significantly enhanced by carboxyl-GdsN@Csgo (***p<0.001 vs. control, *##p<0.001 vs. LPS) but
it was not altered by LPS stimulation. (d), Immunofluorescence staining of Nrf2, a key
antioxidative enzyme regulator, was dramatically increased upon nanoparticle treatment in the
present and absence of LPS, whereas no significant intensity difference was observed in LPS
treated cells. (e) Mean fluorescence intensity analysis of d suggested carboxyl-GdsN@Cso
effectively upregulated the protective Nrf2 protein expression (***p<0.001 vs. control, *#p<0.001
vs. LPS). Experiments were repeated three times (n=3). Scale bar in d represented 100 pum.
Figure 4. Carboxyl-GdsN@Cs rescued Raw 264.7 cells from LPS-induced oxidative stress via
ERK and Akt pathways. (a) Representative immunoblotting analysis of phosphor-ERK, total
ERK, phosphor-Akt, and total Akt of cell lysates subjected to different treatments. Cells were
preincubated with carboxyl-GdsN@Cso (3.5 uM) for 20 h and treated with or without LPS (100

ng/mL) for another 4 h. (b) Quantification of pERK/tERK (n=4) intensity showed carboxyl-
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GdsN@Csgo significantly reversed LPS-induced ERK phosphorylation. (¢) Quantitation analysis
of pAkt/tAkt (n=4) exhibited some increase in p-Akt upon LPS stimulation, which was not
significantly reduced by carboxyl-GdsN@Cso pretreatment. Note, *p<0.05, ***p<0.001 vs.
control; ##<0.001 vs. LPS group.

Figure S1. Representative phase contrast images of Raw 264.7 cells subjected to various pre-
treatment with no nanoparticle, carboxyl-GdsN@Cso, HyC-1-GdsN@Csgo, HyC-3-GdsN@Cso and
CoPP, and with or without LPS (100 ng/mL) stimulation for another 4 h. Scale bar represented
50 um. Images were captured at x200 magnification with a Zeiss bright-field microscope, an
Axiocam camera and Zen software. Note, nanoparticles and CoPP were added at 10 uM as final
concentration. No significant cytotoxicity was visualized in all groups.

Figure S2. MTS assay of Raw 264.7 cells suggested Carboxyl-GdsN@Csgo (3.5 uM) did not
significantly impact the viability and metabolic status of cells in vitro.

Figure S3. Griess assay showed carboxyl-GdsN@Cs effectively decreased LPS induced nitric
oxide release in Raw 264.7 cells media. ***p<0.001 vs. control, #p<0.05 vs. LPS.

Chapter 5

Figure 1. Model of inversion recovery function. As T, increases, the magnetization along z returns
to its maximum value. Labeled in red is the null point.

Figure 2. A) Plots of mean intensity values of GdsN@Cso-DiPEG2000(OH)x for the inversion
recovery sequence. B) Example of testing multiple T fits for GdsN@ Cgo-DiPEG2000(OH)x at 10

uM. The change in sign was applied to data between 50 ms and 600 ms (top) and then between

2

adj Metric.

50 ms and 1000 ms (bottom). The first case produces the better fit, as reflected in the R
Figure 3. Inversion-recovery MR images (T1=2000 ms, Tr=4000 ms, Te=32 ms) with f-GdsN@Cso
and Omniscan® as contrast agent. From right to left: 2, 5, 10, 20 and 100 uM f-GdsN@Cso. The

2 UM f-GdsN@Cgo and 20 uM Omniscan® in water exhibit comparable contrast.

XX

105

105

106

119

119

120



Figure 4. A) Mechanism of the production of hydroxyl radicals by Fenton reaction and the capture
of them by DEPMPO. EPR spectra of the hydroxyl radicals captured by DEPMPO with and
without GdsN@Cgo-DiPEG2000(OH)x. Ultrapure water was used as a control. B) Mechanism of
the production of superoxide radicals by xanthine/ xanthine oxidase system and the capture of
them by BMPO. EPR spectra of the hydroxyl radicals captured by BMPO with and without
GdsN@Cgo-DiPEG2000(OH)X. PBS water was used as a control.

Figure 5. Biodistribution of Gd** in mice at A) 15 minutes, B) 3hours, C) 6hours, and D) 7 days.
Chapter 6

Figure 1. GdsN@ Cao-DiPEG2000 (OH)x and GdsN@ Cso-DiPEGaoo,

Figure 2. Hydrodynamic size distribution and surface charge of GdsN @Cgo-DiPEG2g00 With
different concentrations.

Figure 3. Inversion-recovery MR images (T1=1500 ms and 2500 ms, Tr=4000 ms, Te=32 ms) with
f-GdsN@Cso, f-HosN@Cso, and Omniscan® as contrast agent.

Figure 4. Radical scavenging properties of three trimetallic nitride endohedral fullerenes. A)
Mechanism of the hydroxyl radical production by Fenton reaction and capture by DEPMPO. EPR
spectra of the hydroxyl radicals captured by DEPMPO with and without GdsN@Cs, derivatives.
Ultrapure water was used as a control. B) Mechanism of superoxide radical production by
xanthine/ xanthine oxidase (XOD) system and capture by BMPO. EPR spectra of superoxide
radicals captured by BMPO with and without GdsN@Cgo derivatives. PBS was used as a control.
C) Table summary of scavenging capabilities of hydroxyl radical and superoxide radical anion by
two GdsN@Cg derivatives.

Appendix A

Figure 1. A) Generation of Prato monoadducts Hla and H1b of ScsN@Cgo monitored by HPLC

(Buckyprep, 4.6 mm i.d x 250 mm, toluene, 2 mL/min, 390 nm). B) MALDI-TOF spectra (9-
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nitroanthracene as matrix and negative ionization) of pure monoadducts Hla. C) UV-vis spectra

of ScsN@Cso-Alkynyl (solvent: toluene).

Figure 2. 800MHz *H NMR, *3C NMR and HSQC spectra of compound 2.

150

Figure 3. A) Click reaction monitored by HPLC, C1: the reaction solvent, C2: the product of click 152

reaction after purifying by HPLC. (Buckyprep, 4.6 mm i.d x 250 mm, toluene, 2 mL/min, 390
nm). B) MALDI-TOF spectrum of pure ScsN@Cg-ALK-BA. C) H NMR spectrum of
ScsN@Cgo-ALK-BA (800 MHz, D-acetone/CS, =10/90 v/v, doped with chromuium

acetylacetonate). D) UV-vis spectra of ScsN@Cgo-Alkynyl (solvent: toluene).

Appendix B

Figure 1. Plots of mean intensity values of HosN@ Cso-DiPEG2000(OH)X and HosN@ Cgo-

DiPEG.000 for the inversion recovery sequence.

Figure 2. Inversion-recovery MR images (T1=1500 ms and 2500 ms, Tr=4000 ms, Te=32 ms) with
f-GdsN@Cso, f-HosN@Cso, and Omniscan® as contrast agent.
Figure 3. HosN@Cago-DIPEG2000 in PBS (left), and water (right) at time 0, 15 and 30 min.

Figure 4. Scanning Electron Microscope (SEM) images of HosN@ Cso-DiPEGaooo.

Appendix C

Figure 1. Characterization of the functionalized Ce. A) FTIR spectrum. B) XPS

multiplex spectrum of the functionalized Ceo.
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Chapter 1 Biomedical Applications of Metal-Encapsulated Fullerene Nanoparticles

Part of this chapter is adopted from a manuscript published on Small with appropriate
modifications under the permission of the Wiley. Full text of the published manuscript, entitled
“Biomedical Applications of Metal-Encapsulated Fullerene Nanoparticles” by Tinghui Li and
Harry C. Dorn, can be obtained at
http://onlinelibrary.wiley.com/doi/10.1002/smll.201603152/full.

1.1 Chapter overview

The carbonaceous nanomaterials known as metallofullerenes have attracted considerable attention
due to their attractive properties. The robust nature of the “Trojan Horse” fullerene cage provides
an important structural component which isolates the metal cluster from the bio-environment. The
large carbon surface area is ideally suited for multiple exo-functionalization approaches to modify
the hydrophobic cage for a more hydrophilic bio-environment. Additionally, peptides and other
agents are readily covalently attached to this nanoprobe for targeting applications. In this chapter,
| briefly introduce the discovery, and early biomedical application of metallofullerenes. Then |
review the recent progress in developing metallofullerenes for next-generation biomedical
applications. Of special interest are magnetic resonance imaging (MRI) contrast agents.
Gadolinium-based metallofullerenes provide 2-3 orders of magnitude improvement in MRI
relaxivity and potentially lower clinical levels of toxic Gd** ions deposited. Third, I describe by
modifying the carbon cage, metallofullerene can obtain specific ability to target to certain tumors,
or organs. Fourth, I discuss other potential biomedical applications of metallofullerenes, such as,
working as neutron capture therapy (NCT), and radical scavenger. Since the metallofullerenes are

proposed as potential applications in biomedical fields, the toxicity, stability and biodistribution is



discussed in next part. Finally, | summarize the challenges and future outlook of using fullerene in
biomedical and diagnosis applications.

1.2 Brief introduction the discovery and biomedical application of metallofullerene

It is well-recognized that nanoparticles offer promising solutions to numerous biomedical
applications. They present a new toolset with a size range closely matching that of cellular units
(1 to 1,000 nm), a substantial multi-functional capability, and an inherently large surface-to-
volume ratio. Endohedral metallofullerenes (EMFS) represent a unique nanoparticle platform and
are currently being evaluated for next-generation biomedical applications. Their potential was first
recognized shortly after the discovery of fullerenes, and there are now several reviews describing
their structures, functionalization reactions, and physical properties.[**®! Mono-metal EMF
(A@Csg2) radiopharmaceuticals were initially explored because the radioactive metal ion was
isolated from the extracellular space of the bio-system by the fullerene cage. In the 1990’s, Sueki
and coworkers prepared mono-metallic EMFs encaging radioisotopes of Gd, Sm, and Yb.!*"8l |n
other works, Braun, Rausch, and colleagues described the preparation of fullerenes encapsulating

radioisotopes of La, Ho, and Pr.[*°1 In 1999, Wilson and coworkers published an original study in

which they prepared a ***Ho@Cs,, derivative as a water-soluble radioactive metallofullerene and a
corresponding biodistribution study using BALB/c mice.’ During the same period, the
importance of gadolinium EMFs was also recognized as a potential new nanoplatform for next-
generation magnetic resonance imaging (MRI) contrast agents, once again exploiting the inherent
property that confines the toxic Gd®* ions inside the robust carbon cage of the EMF. Seminal early
works by Shinohara??2l and Wilson[?®2?4l focused on mono-metal EMFs, namely, Gd@Cs; and
Gd@Ceo, with the metallofullerene cage surfaces consisting of negatively-charged carboxyl or

hydroxyl groups. These nanoplatforms exhibit 10-40 times higher *H relaxivity (r1) than most



commercial contrast agents.?>! The discovery of the trimetallic nitride template metallofullerene
(TNT-EMF) family, AsxBxN@In-Csgo, (x = 0-3, A, B = metal), provides a nanoplatform where
more than one metal can be encapsulated in the fullerene cage.[?®! Another key structural feature
of this family is the icosahedral In cage which is stabilized by transfer of six electrons from the
trimetallic cluster (AsN)®* to the fullerene cage (Cso)®. The GdsN@In-Cso Cage is an
extraordinarily stable species in which the GdsN cluster is non-covalently bound to the 1n-Cgo cage
with a strong binding energy of 13.63 eV, making it extremely unlikely for the cluster to break and
release the Gd®* ions. [2"2°1 The higher stability of the icosahedral 1r-Cso cage enables efficient
chemical separation approaches based on the corresponding lower chemical reactivity of the
AsN@Csgo families.2%2 On the other hand, the TNT-EMFs still exhibit sufficient chemical
reactivity for a variety of different chemical reactions, including Diels-Alder,*2%®l Bingel-
Hirsch,+381 Prato,37-* and free radical reactions.[“*4 As illustrated in Figure 1, both the mono-
metallic Gd@Cs. and trimetallic GdsN@In-Cgo have hydrophobic cage surfaces (~0.8nm d) that
are subsequently functionalized with hydrophilic groups (-OH, -COOH) that readily aggregated in

aqueous solutions (~30-150 nm d).
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Figure 1. Gd Metallofullerene Nanoparticle Structures.
Since the early 1990’s, there has been a widespread clinical application of gadolinium-based MRI

contrast agents, employed in 25-50% of all MRI examinations. These clinical MRI contrast agents
all have linear or macrocyclic complexation ligands for trapping the Gd®* ions (Figure 2). Despite
the broad adoption of Gd-based clinical MRI agents, commonly used commercial agents have
some deficiencies such as low relaxivity, extracellular distribution, non-specificity, immediate
hypersensitivity reactions, and potential release of toxic Gd** ions. To overcome the problem of
low relaxivity, high clinical doses are generally required for efficient diagnosis, which results in
enhanced toxicity issues especially for individuals with multiple MR imaging procedures. In 2006,
the association between the use of gadolinium-containing contrast agents for MRI and the severe
dermal and systemic disease, nephrogenic fibrosing dermopathy/nephrogenic systemic fibrosis
(NFD/NSF) was reported for patients with impaired renal function.®*! After the guidelines to avoid
the use of Gd-based agents in patients with impaired renal function were adopted, no new NSF
cases have been reported.*?l More recently, McDonald and Kanda have reported intracranial

gadolinium deposition found on autopsy after contrast-enhanced MR imaging brain



specimens.[*3#1 In other work published by Radbruch and coworkers, signal intensity ratio
increases indicated a signal-to-noise increase in the dentate nucleu s (DN) and globus pallidus
(GP) on T1-weighted images caused by serial application of gadopentetate dimeglumine.[S1 All of
these studies found only DN and GP hyperintensity following linear agent administration, but not
caused by the macrocyclic agents.[**6l Very recent work confirmed that even the
macrocyclic agent gadoteridol was deposited in healthy brain and bone tissue in patients with

normal renal function.l*” These recent studies clearly describe a potential clinical problem of Gd®*
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ion retention in clinical MRI patients.[*4*?] In one example, a 51-year-old female patient with
Parkinsonism clearly shows hyperintensity in the DN and GP regions of the brain after multiple
MRI examinations utilizing the linear agent gadodiamide (Figure 2).1**1 Although the long-term
and cumulative clinical effects of retained gadolinium are unknown, there is clearly a need for
improved high-relaxivity MRI contrast agents that significantly suppress the release of the toxic

Gd* ions and allow for clinical efficacy at reduced dosage levels. The endohedral
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metallofullerenes would appear to be leading candidates because the encapsulated Gd** ions are
more efficiently isolated from the bio-environment by the robust fullerene cage. Also, the
enhanced MR relaxivity allows equivalent contrast for significantly lower levels of the
administered Gd contrast agent.

1.3 Endohedral Metallofullerene Magnetic Resonance Imaging Agents

Due to the advantages of Gd-based metallofullerenes acting as MRI contrast agents, several
surface modification methods have been reported, mainly focused on polyhydroxylated,
carboxylated, and PEGylated-hydroxylated methods. Some of the functionalized metallofullerenes
are summarized in Figure 3. It is important to note that the relaxivities in this figure are based on
the Gd concentrations typically obtained by ICP-MS measurements, and would be three times

higher for the trimetallic nitride endohedral metallofullerenes if based on a per molecule standard.



Functionalization

Functionalization

Metallofullerene Product MRI Relaxivities (r,) Metallofullerene Product Relaxivities (r;)
Mcethod Method
81 &
» & . . Mo, ses Ot 5758
N
NaOH - o X NaOH Ho \”é?’;?‘iﬁ
_ NaOH | . :
Bu,NOH £ 3 Bu,NOH L o ”
Ho oy
‘, & o
GANGCy, VI GAN@C4,0,(OH)l5
HO. /n{ <
NaOH o e~
NaOH = Bu,NOTT o o "
o,
Bu,NOH s 7

o
1L Gd@Cyy(OH),; 045
&
HO o
o

60% fuming sulfuric acid - 139

HO™ Oy l 8.4

o
IL GAd@Cgy(OH),,0,5)

e &
Gd@Cy,y o o
o 53.2
HO
10, Op 333
NaOH Ho™ oy
o N
IV. GAd@Cy5,0,y(OH), %) Gd;N@Csg
&
HO.
OH a7
HyN a1
NH,0H o O‘fuka 7.4
1,0,

HaN
V. GA@ Cyy O, (OH),(NH,) 58

Figure 3. Compilation of MRI relaxivities (r1) for GAd@Cs,
GdsN@Cgs and GdsN@Cgo, MM s per mM of gadolinium ions
in pure water. Blue: 0.35-0.5 T, red: 1.0-3.0 T, green: 4.7-9.4 T.

VIL GAN@Cy0,,(0T0),, 4

F
HO
o

B35
- on 51.3]
Succinic acid acyl peroxide (I ] o
. HO' 25.3
NaOH
o

o
Wo & o

VIIL Gd,N@Cy(OH),(CH,CH,COOM), /)
o

o

DiPEG
NaOH

IX. GdyN@Cyi-[ DIPEGS000(0H), | X. Gd,N@Cy,-[DIPEG2000(OH) Ji61

713 75772

XL Gd;N@ Cyy-[DIPEGTS0(OH), ]! XIL Gd,N@ Cyy- [DIPEG3S0(OH),Ji¢!1

e
o

) A Hﬂm
L o
ch*DN
. N cHy
2-Methoxylethylamine ;N b 175
Butanone peroxide e yOon, l
™, *in Saline

cHy
XIIL.Hydrochalarone-1%

B3
ey 33.8
W 293
NH,OH | oH
—_— o
HZOZ NH* 10.2
L NH;
N

XIV. GAN@CyyOy,(OH),((NH,),(NO,),

Hydroxylation procedures are the most common methods to convert both fullerene and EMF cage

surfaces to a more hydrophilic environment. These functionalization reactions include alkaline

reaction conditionst?°% and the hydrolysis of polycyclosulfated precursors.Y In an early study,

Shinohara and coworkers prepared one of the first polyhydroxylated metallofullerene contrast

agents by functionalizing a mono-metal Gd@Cs, (f-Gd@Cs-1) with NaOH via a phase-transfer

catalysis method.[?Yl In the case of hydroxylation on the EMF cage surface, differences in the

number of groups per cage can lead to different relaxivities of the corresponding EMF contrast



agent by controlling the degree of aggregation, the correlation time, and the number of
complexation sites.®? Zou and coworkers studied the effect of hemiketal formation on the
relaxivity of gadofullerenols.>®! Gd@Cs2(OH)xOy with more hemiketals (f-Gd@Cs2-11) exhibited
significantly higher relaxivities than those with fewer hemiketals (f-Gd@Csg.-111). Hemiketal
groups are readily converted to ketone analogs, with the higher relaxivities due to an increase in
electronegative carbonyl groups adjacent to the hydroxyl groups. These more easily form hydrogen
bonds among fullerenols. Therefore, the different number of hemiketal groups might affect the
aggregation behavior of functionalized gadofullerenes.

To examine how the shape of the EMF cage influences the MR relaxivity, hydroxylated “spherical”
GdsN@In-Cgo and “egg-shaped” GdsN@Cs-Css with a pentalene motif were investigated. 54 As
expected, the ellipsoidal shape and the pentalene motif of the GdsN@Css (f-GdsN@Css-VI)
system contribute to differences in functionalization, aggregation, and MR relaxivity in
comparison with the more spherical GdsN@Cago system (f-GdsN@Cso-VI1). Compared with the
clinical MRI contrast agents, the relaxivities of both VI and VII are significantly higher, and do
not significantly change in the low-to-mid-field magnetic field strength region, but do decrease at
high magnetic fields. It is interesting to note that derivative VI exhibits higher *H MR relaxivity
compared with V11 (Figure 3), due to a slightly higher magnetic moment of GdsN@Css (11.5 pg)
than GdsN@Cso (10.8 pg). Other contributing factors to the higher relaxivity of VI are higher
hydroxyl content, changes in molecular shape, and/or aggregation size. Recently,
Gd@Cs2010(0OH)16 (f-Gd@Cs2-1V) was prepared by nucleophilic addition of H2O2 under alkaline
conditions through a solid—liquid reaction.®! In comparison with the clinical gadopentetate
dimeglumine agent, the f-Gd@Cs-1V nanoparticles exhibited a much higher ry relaxivityat 0.5 T

and 7.0 T both in vitro and in vivo. This mono-metallic metallofullerene derivative was found to



possess a higher effective magnetic moment (8.98 pg) when compared with Gd@Cg, (6.4 ps). The
significant change in the magnetic moment was ascribed to the chemical derivatization on the
carbon cage with a major revision of the highest occupied carbon n-states. These results parallel
the results of GdsN@Cso versus GdsN@Css derivative, described above, vide supra.

A more facile method to functionalize EMFs in a shorter period has been reported in which
GdsN@Cgo reacts with succinyl peroxide to produce a highly water-soluble derivative,
GdsN@Cgo(OH)26(CH2CH2CO0OM)16 (M = H, Na) (f-GdsN@Cso-V111), in high yield.58 The
carboxyl groups on the fullerenes’ surface allow peptide conjugation.!*257-5%

The first polyethylene glycol (PEG) modified Gd-based trimetallic nitride endohedral
metallofullerenes with MRI contrast properties, GdsN@ Cgo[ DIPEG5000(OH)x] (f-GdsN@Cso-1X),
were reported in 2006.% In later studies, different PEG lengths (2000/750/350 Da) were used for
metallofullerene functionalization (f-GdsN@Cso-X, XI, XII). PEG 350 derivatives have the
highest relaxivities among them for both r1 and r» at a clinically relevant magnetic field: 2.4 T.

This is due to the larger average aggregation size and less anisotropic rotation (Figure 3) 61, As

illustrated in Figure 4, the f-GdsN@Cgo-1X contrast agent exhibits hyperintense T:-weighted MRI

Signal Intensity profiles
along line shown in
baseline image

""""""""

Figure 4. A: T;-weighted MR images of bilateral infusion into agarose gel of f-GdsN@Cgo-1X (right) and
gadodiamide (left). B: Ti-weighted MR images of bilateral infusion into a normal rat brain of f-

GdsN@Cso-1X (left) and gadodiamide (right). Reprinted with permission from ref 60. Copyright 2006
Radiological Society of North America.
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images in both agarose gel and rat brains at 20-40 times lower concentrations when compared with



gadodiamide. This data also shows the greater diffusion rate and corresponding signal attenuation
in both agarose gel and brain tissue of the conventional clinical gadodiamide when compared with
the f-GdsN@Cgo-1X. To demonstrate, the enhanced relaxivity is due nearly exclusively to the
paramagnetic (GdsN)®* cluster. A slight paramagnetic contribution from the carbon cage, a
diamagnetic functionalized lutetium agent, LusN@Cgo[DIPEG5000(OH)x], was also examined
and exhibited very low MR relaxivity, as expected.

A different GdsN@Cso derivative functionalized with monoethyleneglycol was named as
Hydrochalarone (water relaxer)-1, (f-GdsN@Cso-X111).2 Hydrochalarone-1 provided higher ry
relaxivities without significant toxicity, as evaluated through blood immunoassays and in vivo
acute studies, when compared with the commercial MRI contrast agent gadopentetate
dimeglumine. Additionally, Hydrochalarone-1 has a prolonged blood half-life (88 minutes vs. 15
minutes of gadopentetate dimeglumine), suggesting possible application as a blood pool MRI
contrast agent, as well as the potential for monitoring the vascular network of tumors.[3 This study
clearly shows that nanoparticles, particularly metallofullerenes, have unique properties for
biomedical applications. For example, the lack of sufficient lymphatic drainage allows
nanoparticles to easily undergo extravasation from the blood pool into tumor tissues.[®4®°! The
selective accumulation of nano-sized particles near tumor tissues is referred to as the enhanced
permeability and retention (EPR) effect.[54%] Nanoparticles in circulation, because of their surface
characteristics and size, are subjected to opsonization and clearance by the mononuclear
phagocytic system (MPS).[6466.67]

Dorn group reported a new functionalization procedure for the TNT-EMF platform by introducing
positively-charged ions (-NHs*) onto the fullerene cage surface, yielding

GdsN@Cs0012(OH)10(NH2)7(NO2)2 (f-GdsN@Cso-X1V).® It has been previously established that

10



positively-charged nanoparticles bind more efficiently to negatively-charged phospholipid bilayer

cellular surfaces, and will subsequently more readily undergo endocytosis.%72 In this paper, the

f-GdsN@Csgo- X1V with a fullerene cage surface consisting of positively-charged amino groups

was directly compared with a negatively-charged carboxyl and hydroxyl functionalized derivative.

After conjugation with an IL-13 peptide targeting agent, IL-13-f-GdsN@Cgo-XIV exhibits greater

affinity for the brain cancer phospholipid cell membranes.

Cui and coworkers reported a novel method to make gadofullerenes water soluble, by directly

noncovalently linking Gd@Cs. onto graphene oxide
(GO) without any covalent fullerene cage surface
modification (Figure 5).["*74 This novel structure
showed a high relaxation effect (368.7 mMt.s 115
T, 439.7 mMt.st 4.0 T). The Ti-weighted MR
images of this GO-Gd@Cs> platform showed
dramatic imaging contrast in mice. A new relaxation
mechanism was proposed to explain the high
relaxivity for the GO-Gd@Cs. platform. The non-
covalent n—m interactions between the GO and Gd
nanosheets help to transfer the electron spin density
from encaged Gd** ions to GO, and then to
hydrophilic groups on GO nanosheets, which

interact with surrounding water protons.

COOH OH COOH

@ LT
Herw

O0H
o >

& -

Gd O
After-injection H

. C of fullerene
Pre-injection ® C of graphene oxide

Figure 5. Top: the structure of GO-Gd@Cs; platform.
Bottom: In vivo MR imaging demonstrated the great
contrast ability of GO-Gd@Cs,. A “secondary spin-
electron transfer” relaxation mechanism was proposed to
explain the high relaxivity for the GO-Gd@Cs; platform.
Reproduced with permission from ref 74. Copyright 2015
Tsinghua University Press and Springer-Verlag Berlin
Heidelberg.

One inherent advantage of the metallofullerene platform is facile functionalization as a contrast

agent for dual modality diagnostic approaches. As one example, positron emission tomography
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(PET) and MRI have already been merged (PET/MRI) as a dual diagnostic clinical approach. The
anatomical and functional information is provided by MRI while the PET approach provides
higher sensitivity with spatial location of the radiolabel. As one example, a dual PET/MRI
metallofullerene agent based on 241 (PET) radiolabeled GdsN@Cso (MRI) nanoprobe platform has
been reported. " In this case, the outer fullerene surface was functionalized with carboxyl and
hydroxyl groups and subsequently iodinated with 1241 to produce a *2*I-f-GdsN@Cso nanoprobe.
Preliminary murine dual imaging results were reported for this agent. In another approach, Zheng
and coworkers reported the functionalization of Gd@Cs. utilizing an ammonium
hydroxide/hydrogen peroxide solution in a facile one-step reaction under mild conditions. The
functionalized gadofulleride Gd@Cg2014(OH)14(NH2)s (f-Gd@Cg2-V) also exhibits higher MR
relaxivity than commercial agents and has multi-wavelength emission features which could be
important for dual-modality clinical applications. ["® Specifically, the functionalized Gd@Csz
exhibits cyan fluorescence in solution under UV irradiation at 365 nm, and could be a candidate
for bimodal in vitro multi-wavelength imaging applications. It should be noted that the mechanism
for the generation of the fluorescence phenomena for these functionalized nanoparticles needs
further study.

1.4 Targeting Endohedral Metallofullerene Nanoparticles

Although most clinical MRI contrast agents employed to date are not designed for cellular
targeting applications, target-selective metallofullerene MRI contrast agents functionalized with
the appropriate peptides or other targeting ligands could have distinct advantages because of their
high MR relaxivity by functionalizing EMFs with the relevant peptides or other ligands. Specific
cancer cell peptide-targeting Gd@Cs> and GdsN@Cgo MRI contrast agents have been recently

reported. The receptor site of cytokine interleukin-13 (IL-13) has been shown to be over-expressed
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in human brain glioblastoma multiforme (GBM) cell lines, whereas it is not over-expressed in
normal brain tissue. The receptor for IL-13 in glioma cells has been identified as the IL-13Ra2
receptor./’-8% Since GBM has the worst prognosis of any central nervous system (CNS)
malignancy, with a median survival rate of slightly over one year, the development of better MRI
contrast agents for early GBM diagnosis is an important area of study. Fillmore and coworkers
have demonstrated successful conjugation of  the IL-13 peptide to
GdsN@Cso(OH)26(CH2CH2CO0OM)16 (IL-13-f-GdsN@Cso-VI11) by EDC/NHS amide formation
with the carboxyl groups on the EMF cage surface. This targeted EMF exhibits enhanced cellular
uptake in a U-87MG cell line when compared with the control EMF, f-GdsN@Cgo-V 111 without
the IL-13 targeting peptide. The increased uptake reflects an enhanced specificity of the targeted
EMF for the human glioma cells expressing IL-13Ra2. A drawback to this study is the invasive
intracranial delivery approach, which is not readily amenable to most clinical MR procedures.

More recently, Li et al.[% reported a murine study utilizing intravenous delivery of a targeting
EMF nanoparticle, GdsN@CgO12(OH)10(NH2)7(NO2)2 (IL-13-f-GdsN@Cso-X1V), with an
amino-coated metallofullerene cage surface bearing positively-charged amino groups (—NH3z").
This amino-coated nanoparticle was directly compared with a similar targeting nanoparticle with
cage surface negatively-coated carboxyl and hydroxyl groups (Figure 6A). As previously
described, it is well known that nanoparticles with a positive charge will bind more efficiently to
negatively-charged phospholipid bilayer cellular surfaces, thereby more readily enabling
endocytosis.[®®72 |n this study, a more invasive U-251 cell line was employed, as this cell line has
the highest expression of IL-13Ra2 receptor sites of all GBM cell lines and is histologically similar
to human GBM.[®281 Confocal microscopy results showed both nanoparticles were internalized

by the U-251 cell line with a clear preference for localization in the nucleus for both the IL-13-f-
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GdsN@Cgo-XIV and IL-13-f-GdsN@Cso-VIII, but with greater intensity in the former case,
illustrating the importance of the surface amino groups. In direct fluorescence quantitation
measurements, there was a slight preponderance of IL-13-f-GdsN@Csgo- X1V in the cytoplasm and
cell membrane, but a significant enhancement in the nucleus in comparison with cells treated with
IL-13-f-GdsN@Cso-VII1 (Figure 6B). Thus, the nanoparticles coated with amino groups have
high cell membrane binding affinity, and readily allow translocation across the plasma membrane
undergoing endocytosis. To demonstrate the potential clinical MRI feasibility of the surface-
coated amino nanoparticles, a 3T MRI Siemens scanner was employed in this study. The MR
images clearly showed it is possible to track the contrast agent with both Ti-weighted imaging
characteristics. It shows high signal intensity with 50 ms inversion recovery times (bright tumor
area), whereas T»-weighted imaging is illustrated for 1000 ms inversion recovery times where low
signal intensity is observed (dark tumor area). This is because the relaxivity ratio (ri:r2) is in a
range that allows for T1 enhancement while not over-shortening T2 and quenching the signal at low
inversion recovery times, but quenching the signal at high inversion recovery times.l%81 As a
control, a mouse without an implanted tumor was included for comparative purposes. The I1L-13-
f-GdsN@Cso-X1V nanoparticle showed the sharp definition of the tumor region in contrast with
the indistinct tumor delineation of the control gadopentetate dimeglumine even at 1-2 orders of
magnitude lower concentration. These results provide evidence that the nanoparticles 1L-13-f-
GdsN@Cgo-X1V can be delivered by a less-invasive intravenous injection approach with precise
targeting of GBM U-251 mice brain tumor models, and can be visualized at relatively low

concentrations in a clinical MRI scanner (Figure 6C-E).
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Figure 6. A: The IL-13-f-GdsN@Cso-XIV nanoparticle with positive charges illustrating facile binding to a negatively
charged phospholipid bi-layer cellular surfaces. B. Translocation of 1L-13-f-GdsN@C80-XI1V (XIV) and IL-13-f-
GdsN@C80-VIII (VII) in U-251 cells. C: Clinical MRI 3T coronal slice and body images of orthotopic GBM murine
models with intravenous delivery of 1L-13-f-GdsN@C80-VI11 and with no targeting contrast agent administered. D
and E: In vivo imaging following intravenous delivery of IL-13-f-GdsN@C80-XIV left: MRI of a mouse brain without
tumor as control; middle: MRI of 15 minutes after intravenous injection of IL-13-f-GdsN@C80-XI1V; right: MRI of 15
minutes after intravenous injection of gadopentetate dimeglumine (GD) commercial contrast agent. Arrows indicate
the location of tumor. Reproduced with permission from ref 58. Copyright 2015 American Chemical Society.

In a cardiovascular application of targeting EMFs, Dellinger and coworkers have synthesized an
atherosclerotic-targeting contrast agent (ATCA) in which GdsN@Cgo was functionalized and
formulated into liposomes with a CD36 peptide ligand intercalated into the lipid bilayer. ¥ The
ATCA exhibited time-dependent accumulation in atherosclerotic plaque lesions of mice, as
determined using cardiovascular magnetic resonance.

In a specific cell-targeting approach, Murphy and coworkers utilized hydroxylated GdsN@Csgo for

the non-invasive longitudinal tracking of stem cells in the lung. B4 In this study, the MRI contrast
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agents were passively uptaken by the amniotic fluid stem (AFS) cells (Figure 7A, B). The AFS
cells were infected with a lentivirus expressing luciferase genes, which co-labeled the cells with
the contrast agent and performed both MR and bioluminescence imaging methods on the same cell
populations. The cells were administrated into the lungs by intratracheal intubation. The in

vivo studies demonstrate that the GdsN@Cso(OH)n MRI contrast agent-labeled stem cells can be
A Oug/mL  10ug/mL 50ug/mL 100ug/mL  200ug/mL

12 hours

24 hours

48 hours

w

25- R 12hours ) o ] o
=1 24 hours Figure 7. A: Optimization of contrast agent labeling dilution and

B= 48 hours incubation time for MRI. B: The signal intensity showed
strongest signal with the higher concentration and incubation
times. C: Raw MRI data 12 h after partial lung irradiation and
prior to cell delivery. (C) AFS cells were administered post-
irradiation. D: After 24 h after tracheal delivery, AFS cells
accumulate in the irradiated mouse right lung. Reproduced with
permission from ref 84. Copyright 2015 Elsevier Inc.
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administered and tracked within lung tissue (Figure 7C, D). These findings can be performed as
future pre-clinical applications of this imaging methodology to answer various questions about the

optimum timing of administration, cell location, and cell viability over time.
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1.5 Therapeutic Approaches for Endohedral Metallofullerenes

Since the cage of the fullerene is highly stable, the radiolabeled metals can be encapsulated in the
carbon cage for therapeutic applications. Additionally, metallofullerenes can be used as anti-cancer
drugs, with low toxicity by different mechanisms. A promising approach for selective irradiation
of tumors is neutron capture therapy (NCT). The most common method uses boron compounds
due to the reasonably high neutron capture cross-section. Boron neutron capture therapy (BNCT)
is a new approach for the treatment of intractable tumors (i.e., brain tumors) and is currently in
clinical trials.[® Compared with BNCT with °B, GANCT has the inherent advantage, **°*Gd and
157Gd have much higher neutron capture cross-sections.[71 In a study by Horiguchi and
coworkers, poly(ethylene glycol)-block-poly(2-(N,N-diethylamino)ethyl methacrylate) (PEG-b-
PAMA) was utilized to solubilize Gd@Csg, .1 The presence of the PEG-b-PAMA avoids covalent
derivatization forming a transparent compound. Gd@Cg,-PEG-b-PAMA-complexed
nanoparticles showed sufficient cytotoxicity. Neutron irradiation of colon-26 cells dosed with

Gd@Cs2 induces cell death, indicating the emission of gamma rays and conversion electrons upon
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Figure 8. A: Schematic of the preparation process of GANPs. B: Illustration of neutron irradiation of culture cells with (right)
and without (left) GANPs. C: Cell viability determined by the WST-assay. GANPs showed extremely low toxicity in vitro
without neutron irradiation, and remarkable difference in cell viability with after irradiation. Reproduced with permission from
ref 88. Copyright 2011 IOP Publishing.
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the neutron capture reactions of *°Gd and *’Gd. The cytotoxicity data results suggest fullerene
cages remain intact after neutron irradiation (Figure 8). GANCT with bioimaging could evolve as
a high-performance frontier “theranostic” because MRI can monitor the spatial location and bio-
distribution of the GANCT agent.

In other studies, the ’’Lu radionuclide has emerged as a potential radioisotope for therapeutic
applications due to its ideal nuclear characteristics: half-life of 6.61 days, beta-emitter at 497 keV,
gamma-emitter at 208 keV (11%) and 113 keV (6.4%). 8% The gamma emission of this nuclide
allows diagnostic single-photon emission tomography (SPECT) imaging for evaluation of
localization, biokinetics, and targeting applications. The low-energy beta radiation allows soft
tissue penetration of only 2-3 mm. These low energies guarantee dose-localized delivery to the
immediate cellular environment, suggesting best use following molecular targeting. The Dorn
laboratory and collaborators have reported two radiolabeled functionalized metallofullerenes
T7LugLuagN@Cso and 7Lu-DOTA-f-GdsN@Cso.5%% 7 LuyLueN@Cso Was prepared by
using a modified Kratschmer-Huffman apparatus to encapsulate the 7Lu* in the fullerene cages.
In comparison to other exohedral radiolanthanide EMFs, this platform encapsulated the
radionuclide atoms or clusters inside fullerene cages, protecting the radioactive metal ion and
completely isolating it from the biosystem, with the encaged *"’Lu®" ions demonstrated lack of
release for at least one half-life. Subsequently, 1"LuxLui-xN@Cso was conjugated with 1L-13 to
target overexpressed receptor cells in GBM.1 A multi-modal nanoplatform (*7Lu-DOTA-f-
GdsN@Cgo) was developed in 2011 by functionalized GdsN@Cso with carboxyl groups, then
radiolabeled with Y"’Lu and tetraazacyclododecane tetraacetic acid (DOTA), to provide an anchor
to deliver effective brachytherapy and enable longitudinal tumor imaging.[®? This agent showed

increased murine GBM models’ median survival, even up to 100 days with long-term diagnostic
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MRI (Figure 9).[°°! These two nanoparticle platforms provided the potential ability to meet a broad
range of other radiotherapeutic and radiodiagnostic applications. Additionally, the co-treating
agents can be selected to increase the tumor specificity of the therapy and reduce the possibility of

normal tissue damage.
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Figure 9. Left: Exohedral radiolabeling of TNT-EMF derivatives. Middle: Survival studies verify efficacy of the
L u-DOTA-f-GdsN@Cg in US7MG and GBM12. Right: Weights of the mice during the survival studies normalized
to the day of treatment or control infusion. Reproduced with permission from ref 90. Copyright 2012 American
Chemical Society.

Compared with the previously reported method,® Zhang and coworkers reported a facile method
to prepare 77LuxLusxN@Cso by direct irradiation of LusN@Cso with a neutron flux.®l The
neutron-activated nanoparticle was modified with PGE-5000. The polyethylene was helpful in
assisting nanoparticles to escape the endothelial system and prolonging the materials’ blood
circulation time. Moreover, the particle size (~144nm) might give nanomaterials the property of
passive tumor targeting. Biodistribution results indicated that 7’Luxlu@xN@Cso—PCBPEG
(PCBM: 1-(3-methoxycarbonyl)propyl-1-phenyl-[6,6]-methanofullerene) has a long blood
circulation time (up to 48 h postinjection) and outstanding tumor-targeting properties, which would
have potential in tumor therapeutic applications.

Antineoplastic and radical scavenging properties for the metallofullerene platforms have been
reported. Numerous studies have demonstrated the free radical scavenging capabilities of
fullerenes, to such a degree that fullerenes have been described as “free radical sponges.” 2% In
work by Zheng and coworkers, Gd@Cs2014(OH)14(NH2)s can efficiently scavenge <OH
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radicals.l% The active hydroxyl radical can attack the electron-deficient areas on the carbon cage
surface or be stabilized by forming hydrogen bonds with the proximate hydroxyl protons of
functionalized Gd@Cs2. In other studies, researchers have shown that polyhydroxylated
fullerenols, specifically Gd@Cs2(OH)22, have low toxicities and directly suppress the growth of
several tumors. Gd@Cs2(OH)22 can work as non-toxic cancer stem cells (CSCs) specific inhibitors
with significant therapeutic potential. Gd@Cs2(OH)22, while mostly non-toxic to normal mammary
epithelial cells, has been shown to possess intrinsic inhibitory activity against triple-negative breast
cancer cells. (101 In other work, Gd@Cs2(OH)22 was applied to block epithelial-to-mesenchymal
transitions with the resultant efficient elimination of breast CSCs resulting in abrogation of tumor
initiation and metastasis.[** Moreover, Gd@Cs2(OH)22 can suppress pancreatic cancer metastasis
by inhibiting MMP-2/9 expression and activity.[®®1001021 Adoptive immunotherapy is a highly
effective approach for cancer treatment in which fullereneols can be used as drugs that regulate
the immune system and eliminate cancers [*1% Several studies suggest that Gd@Cs2(OH)22 can
control the production of reactive oxygen species to induce cancer cell death. The Gd@Cg2(OH)22
can activate the macrophages, enhance macrophage cell viability, increase phagocytosis, and
significantly enhance the secretion of multi-cytokines related to cancer. Gd@Cs2(OH)22 was
shown to have stronger ability than Ceso(OH)22 to improve the macrophage function due to the
difference in distinct geometrical and physical properties.[*°) Common activators of macrophages
include LPS or INF-y, but safety issues and durability limit their use. The fullerenols can be used
in place of LPS or INF-y to stimulate the macrophage-mediated immune response continuously.

The hydroxylated Gd@Csz can inhibit tumor cell growth effectively with low toxicity and high

antineoplastic activity; no important observable organs are known to be impaired by
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Gd@Cs2(OH)22. Compared with traditional anticancer drugs, the proper surface functionalization

could reduce or reverse the toxic response of nanoparticles.[*%l

In an wunusual therapeutic application,
certain crystalline gadofullerenes (Gd@Cs2
polycrystals) have size-expansible phase
transition under heating.[?*%81 Zheng and
coworkers observed that, after continuously
irradiating by a 200 MHz pulsed RF, the
size of the gadofullerenes was found to
expand from 1367 to 204+10 nm.[%]
Thus, water-soluble Gd@Cs. can be applied

as a new potent tumor vascular targeting

Figure 10. Top: The observation of tumor blood vessels. The
endothelial cells were chipped off from the basilemma at 24 h
after the treatment (c). Bottom: The MRA images of tumor
vascular (yellow arrows) exhibited identifiable reduction of the
arterial vessels flowing to the tumor. Reprinted with permission
from ref 105. Copyright 2015 Science China Press and Springer-
Verlag Berlin Heidelberg.

therapeutic technique for solid cancers by cutting off the nutrient supply of tumor cells to

physically destroy the abnormal tumor blood vessels (Figure 10).

1.6 Toxicity, Stability, and Biodistribution of Endohedral Metallofullerenes

To date, there is a paucity of studies regarding the toxicity and pharmacological properties of

EMFs. For the trimetallic nitride endohedral metallofullerene, Ehrich and coworkers have

demonstrated the low cytotoxicity of the hydroxylated TNT-EMFs in a cell viability study of hen

brain and human neuroblastoma SH-SY5Y cells (Figure 11A).1 In a study by Murphy and

coworkers, amniotic fluid stem cells were incubated with different concentrations of
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proliferation, or induction of cellular stress responses (Figure 11B).14 Fillmore and coworkers
performed cellular uptake studies of IL-13-GdsN@Csgo-VIII and GdsN@Cgo-VIII in human
glioma U-87MG cells. Compared with the control, the cell viability was not affected by either
agent at 3 hours and 6 hours post-incubation.[®! In Dellinger et al.’s study, the ATCA injection
was well tolerated, did not demonstrate toxicity in vitro or in vivo, and no accumulation was
observed in the major organs.[®!

Physicochemical properties, such as the surface functionalization, can strongly affect the
interaction of nanoparticles with biological systems, thus ultimately influencing their cell uptake,
translocation biodistribution, bioelimination, and biology effect. The positively-charged
metallofullerenes (-NHs") have a higher rate of cell uptake, higher nonspecific internalization rate,
and shorter blood circulation half-life compared to neutral or negatively-charged metallofullerenes
(-OH, -COOH). The carboxylated GdsN@Cao (f-GdsN@Cso-V111) and PEGylated-hydroxylated
GdsN@Cgo (f-GdsN@Cgo-1X and XI1) can be detected in the rat brain glioma tumor seven days
post-injection, indicating they can work as long-term diagnostic agents.®®¢% In earlier animal
studies, water-soluble metallofullerenes functionalized with hydroxyl or carboxyl groups without

specific targeting agents generally localize in the reticuloendothelial system (RES), such as liver
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and kidney, because of these nanoparticles are recognized by reticuloendothelial cells, with
continued slow but steady clearance over 5 to 7 days.[?%?12382 |n other studies, Ceo-COOH and
Ceo-OH showed a decrease in the accumulation level and distribution rate when compared with
pristine Ce0.1® However, surprisingly although the functionalized fullerene Ceo and the
monometallic metallofullerene Gd@Cs. have similar chemical structures, their biodistribution is
distinctly different in vivo. In a study, the biodistribution and metabolism of functionalized
fullerenes Ceo and the monometallic metallofullerene Gd@Cs> radiolabeled with a chelator for
®4Cu that was monitored by PET. The biodistribution and the excretion indicated that the Ceo
samples have higher blood retention and lower renal clearance than the Gd@Cs: radiolabeled
sample in vivo and suggested that the differences in metabolism and distribution were caused by
the structural differences of the groups on the fullerene cages though there is chemical
similarity.[*1 Thus, surface functionality and differences in the fullerene cage structure are critical
parameters in controlling the biodistribution, and can be used to improve the biocompatibility of
metallofullerenes.

Additionally, particle size and conjugation with targeting ligands are other key factors in the
biodistribution of long-circulating nanoparticles and the achievement of therapeutic efficacy, such
as the long blood circulation time and outstanding tumor-targeting properties of ""LuxLugs-
xwN@Cso—PCBPEG vide supra.l®!

An indirect method was reported to study the fullerene cage stability. The biodistributions of
Gd@Cs2(OH)22 nanoparticles and GdCls were investigated in mice. The polyhydroxylated
metallofullerenes, with high biostability, were mainly delivered to lung, liver, spleen, and kidney
via intravenous administration. The different organ accumulation levels suggest that the fullerene

cage was not destroyed during metabolism in mice, and free Gd** was not released into the tissues
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by Gd@Cs2(OH)22 nanoparticles. 1% However, to date, no comprehensive study has been reported
that directly determines if free Gd®* has escaped from the fullerene cage. Therefore, the stability
of the carbon cage of functionalized EMFs in vitro and in vivo needs more exhaustive study.

1.7 Metallofullerenes Challenges and Future Outlook

In spite of the optimistic view of metallofullerenes for-next generation biomedical applications,
some formidable obstacles must still be overcome. For example, the synthetic production yields
of metallofullerenes are very low and typically less than 1% in the usual electric-arc batch reactor.
This approach employs a Kratschmer-Huffman two-electrode in-line arc discharge reactor with
packed graphite electrodes.[** In one recent study with an improved yield, a 5% yield of Gd@Cs:
was obtained by optimizing the He gas pressure in the electric-arc reactor.l*”] Another significant
improvement, in this regard, for the preparation of the TNT-EMFs is a continuous-feed 3-phase
electric arc system by Bezmelnitsyn and coworkers that continuously cycles the reactants through
the 3-phase electric arc.*% This recent significant production improvement, coupled with the
development of efficient chemical separation procedures, improves the availability of TNT-EMFs
significantly, but the cost and yield still represent a major problem, limiting research exploration
and future clinical utilization, 38121111

As previously indicated, the major clinical problem with current linear and macrocyclic Gd-
containing MRI contrast agents is the low relaxivity and established loss of Gd®* ions (in certain
cases) to surrounding tissue (e.g., brain and bone). The EMF MRI contrast agents vide supra
clearly exhibit 2-3 orders of magnitude better relaxivity than the current clinical agents. This helps
alleviate, but does not eliminate, potential concerns of the adverse effects of Gd-based toxicity.
More importantly, although the pristine metallofullerene cage is very robust, functionalized

metallofullerenes with sp® hybridized carbons on the cage surface are undoubtedly less stable.
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Detailed in vitro and in vivo studies are needed to demonstrate that the encapsulated Gd3* or
trimetallic nitride cluster (GdsN)®* ions of Gd-EMFs stay completely encapsulated and isolated
from the bio-environment. As illustrated, the spherical EMF sp? hybridized carbon cage is very
amenable to functionalization to convert the hydrophobic cage surface to a more hydrophilic
surface as well as covalently attach different targeting peptides. The endohedral encapsulated
lanthanide metal can also be readily changed, for example,'”’Lu and **Ho for radionuclides, Gd
and Er for fluorescence, and Gd for MR imaging providing a multi-modal platform for both
diagnostic and therapeutic (“theranostic”) applications. As previously described, numerous studies
have demonstrated the free radical scavenging capabilities of not only fullerenes but also
metallofullerenes. The antineoplastic and radical scavenging properties for the metallofullerene
platforms are an additional biomedical application approach that needs further study before clinical
use. Moreover, due to the usual presence of a different number of functional groups on the carbon
cage for the metallofullerene MRI agents described in this review, a challenge is to develop “single
molecule” contrast agents because of potential toxicity issues. This challenge is compounded by
the clinical desire for total body clearance of Gd-based MRI contrast agents vide supra. Finally,
specific targeting, multi-modality, and therapeutic agents are also important goals for future
development of the metallofullerene platforms for clinical applications. In spite of these
challenges, the metallofullerene could evolve as an important molecular platform for future clinical

applications.
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Chapter 2 A New Interleukin-13 Amino-Coated Gadolinium Metallofullerene Nanoparticle
for Targeted MRI Detection of Glioblastoma Tumor Cells

This chapter is adopted from the manuscript published on Journal of the American Chemical
Society with appropriate modifications under the permission of the American Chemical Society.
Full text of the published manuscript entitled “A New Interleukin-13 Amino-Coated Gadolinium
Metallofullerene Nanoparticle for Targeted MRI Detection of Glioblastoma Tumor Cells” by
Tinghui Li, Susan Murphy, Boris Kiseley, Kanwarpal S. Bakshi, Jianyuan Zhang, Amnah Eltahir,
Yafen Zhang, Ying Chen, Jie Zhu, Richey M. Davis, Louis A. Madsen, John R. Morris, Daniel R.
Karolyi, Stephen M. LaConte, Zhi Sheng, and Harry C. Dorn, can be obtained at
http://pubs.acs.org/doi/abs/10.1021/jacs.5b03991

Abstract

The development of new nanoparticles as next-generation diagnostic and therapeutic
(“theranostic”) drug platforms is an active area of both chemistry and cancer research. Although
numerous gadolinium (Gd) containing metallofullerenes as diagnostic MRI contrast agents have
been reported, the metallofullerene cage surface, in most cases, consists of negatively charged
carboxyl or hydroxyl groups that limit attractive forces with the cellular surface. It has been
reported that nanoparticles with a positive charge will bind more efficiently to negatively charged
phospholipid bi-layer cellular surfaces, and will more readily undergo endocytosis. In this paper,
we report the preparation of a new functionalized trimetallic nitride template endohedral
metallofullerene (TNT EMF), GdiN@Cso(OH)x(NH2)y, with a cage surface consisting of
positively charged amino groups (-NHz*) and directly compare it with a similar carboxyl and
hydroxyl functionalized derivative. This new nanoparticle was characterized by X-ray

photoelectron spectroscopy (XPS), dynamic light scattering (DLS), and infrared spectroscopy. It
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exhibits excellent *H MR relaxivity. Previous studies have clearly demonstrated that the cytokine
interleukin-13 (1L-13) effectively targets glioblastoma multiforme (GBM) cells, which are known
to overexpress IL-13Ra2. We also report that this amino-coated Gd-nanoplatform, when
subsequently conjugated with interleukin-13 peptide IL-13-GdsN@Cso(OH)x(NH2)y, exhibits
enhanced targeting of U-251 GBM cell lines and can be effectively delivered intravenously in an

orthotopic GBM mouse model.
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2.1 Introduction

Cancer is one of the most destructive diseases known to mankind, and glioblastoma multiforme
(GBM) is no exception. GBM is a stage 4/4 astrocytoma, and it is the most common primary brain
tumor in adults. GBM has the worst prognosis of any central nervous system (CNS) malignancy;
the median survival rate is approximately one year, and less than 5% of patients diagnosed with
GBM live longer than 5 years. Throughout the past few years, efforts are being made in order to
develop methods that specifically target cancerous cells. Specifically, nanoparticle mediated
delivery of drug and diagnostic contrast material has shown tremendous potential for crossing
physiologic barriers,? enhancing bioavailability, and enabling precise targeting.>* Endohedral
metallofullerenes (EMFs) represent a unique class of nanoparticles that are highly stable and
resistant to opening by most biological processes.>*° EMFs are also advantageous as the spheroidal
carbon cage structure leads to a high surface-to-volume ratio. This allows for multiple functional
groups to be attached to the surface of the sphere, enhancing the potential for nanoparticles with
targeting, diagnostic, and therapeutic modalities.

It has been previously established that neutral and negatively charged nanoparticles are generally
less effective in crossing cell membranes than positively charged nanoparticles.>'*® Numerous
gadolinium-containing EMFs as diagnostic MRI contrast agents have been reported and are very
promising materials that confine the toxic Gd®* ions inside an inert, robust, carbon cage. These
nanoplatforms exhibit 10-40 times higher *H relaxivity than most commercial contrast agents.'*
Seminal studies by Shinohara'**> and Wilson®’ focused on mono-metal EMFs, namely, Gd@Cs:
and Gd@Ceo, with the metallofullerene cage surfaces consisting of negatively charged carboxyl or
hydroxyl groups. In the last few years, considerable attention has focused on the trimetallic nitride

template endohedral metallofullerenes (TNT EMFs)®820 and many water-soluble derivatives of
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GdsN@Ix-Cgo. Gd-containing mixed metal TNT EMFs have been synthesized and recently
reviewed as MRI contrast agents.>%2%-22 Earlier studies by Debinski and collaborators have shown
that the cytokine interleukin-13 (IL-13), together with its receptor, is over-expressed in human
GBM cell lines and GBM tissue but not in normal brain tissue.?3%* We have previously reported a
TNT EMF platform of GdsN@Cgo functionalized with carboxyl groups, and conjugated to
interleukin-13, IL-13-Gd3N@Cgo(OH)26(CH2CH2COOM)16 ((IL-13-carboxyl)-11a).
Unfortunately, this nanoparticle was intracranially delivered to GBM xenograft mice models (U-
87) via invasive convection enhanced delivery (CED).?® In most cases reported to date, the
metallofullerene nanoparticle cage surface consists of negatively charged carboxyl or hydroxyl
groups that limit attractive forces on the cellular surface (Figure 1). A notable exception is
demonstrated by Zheng and coworkers?® reporting the preparation of the MRI contrast agent
Gd@Cs2014(0OH)14(NH>)e, where, under physiological conditions, the cage surface is expected to
exhibit a positive charge due to the presence of (-NH3)* groups.

IL-13-GdsN@Ceo(OH)(NH,),  1L-13-GdsN@Cao(OH),(CH,CH,COOM),

e 5y %

vf‘:\ o+ .'@756“' 5. “je e
> A, 1 -

T f\;‘" Toy 8

Figure 1. The IL-13-GdsN@Cso(OH)x(NH.)y nanoparticle with positive charges illustrating facile
binding to a negatively charged phospholipid bi-layer cellular surfaces.
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In this chapter, | report a new functionalization procedure for the GdsN@Cgo platform providing
trimetallic nitride GdsN@Cgo(OH)x(NH2)y ((@mino)-1). This was characterized by X-ray
photoelectron spectroscopy (XPS), dynamic light scattering (DLS), and infrared spectroscopy, and
exhibits excellent *H MR relaxivity. This new Gd-nanoplatform, when conjugated with an
interleukin-13 peptide, exhibits enhanced targeting of U-251 GBM cell lines. In addition, we
demonstrate that the GdsN@Cso platform can be successfully conjugated to an IL-13-TAMRA
peptide that exhibits effective targeting of orthotopic GBM xenografts in mice by intravenous
delivery. Our hypothesis is that the (amino)-I positively charged nanoparticle and IL-13 targeting
peptide exhibit enhanced charge attraction for GBM cellular endocytosis, due to multi-receptor
site binding and the presence of positively charged amino groups (-NHz*) on the metallofullerene
cage surface (Figure 1). In addition, we show enhanced non-invasive intravenous delivery and
MRI targeting of GdsN@Cso(OH)x(NH2)y ((amino)-1) to U-251 tumors implanted in a mouse
model.

2. 2 Experimental procedures

2.2.1 Preparation of functionalized GdsN@Cso ((amino)-1). The functionalization of the amino
group onto GdsN@Cso, (amino)-I, was performed following a recently reported procedure.?
Briefly, GdsN@Csgo (ca. 5 mg) was added to 246 uL of 50 wt% H>0O> and 180 uL of 28 wt%
NH4OH. The mixtures were vigorously stirred at 50°C under ambient conditions for 1.5 hours. At
the end of the reaction, the black suspension turned to yellow solution. The yellow solution was
added to ethanol to remove the excess H>0. and NH4OH, the amount ratio between supernatant
and ethanol was 1:12. The suspension was centrifuged at 10,000 rpm for 10 min, and the yellowish
precipitate was collected and washed with an excess amount of ethanol, then dried under vacuum

at 50°C for 24 hours.
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2.2.2 Conjugation of IL-13-TAMRA-GdsN@Cso012(OH)10(NH2)7(NO2)2 ((IL-13-amino)-la).
The TAMRA-VDKLLLHLKKLFREGQFNREGQFNRNFESIIICRDRT-OH is a shorter active
peptide for IL-13Ra2 receptor sites, instead of the complete IL-13 sequence, was obtained from
New England Peptide LLC, MA, USA (Figure S1).2® This shorter peptide was dissolved in
dimethyl sulfoxide (DMSO) at a concentration of 2 mg/ml. Dissolving the peptide in DMSO
instead of water represented a significant change from previous work,?>? and led to greater
solubility of the peptide. For the conjugation reaction, (amino)-1 was diluted in 2-(N-
morpholino)ethanesulfonic acid (MES), and filtered through a 0.45 pm syringe filter. The carboxyl
groups of the IL-13-TAMRA were activated by 66 pl of 2 mM 1-Ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC), and the same amount of N-hydroxysulfosuccinimide (Sulfo-
NHS). After 10 minutes, 500 pl of functionalized GdsN@Cgo was added and incubated at room
temperature for 1.5 hours. Subsequently, 66 pl of 0.275 mM hydroxyl amine was added to quench
the reaction (Figure 2). The resulting solution was filtered through Zeba-brand spin columns at a
rate of 5000 rpm for 2 minutes. The receptacle portion of the spin column was thoroughly rinsed
with solution to ensure that all the (IL-13-amino)-la product was removed from the column. Based
on inductively coupled plasma mass spectroscopy (ICP-MS), the Gd®** concentration of (I1L-13-

amino)-la was 1.98 uM.

< - ’f

Figure 2. Functionalization and conjugation process of GdsN@Csgo.
2.2.3 IL-13-TAMRA-Gd3sN@Cso(OH)26(CH2CH2COO0M)16 (1L-13-carboxyl)-11a). 500 pL of

(carboxyl)-11 was dissolved in MES solution and a concentration of approximately 50 uM was

filtered through a 0.45 pm syringe filter. The carboxyl groups were activated via addition of 70
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pL of 0.5 M EDC and 70 pL of 0.5M Sulfo-NHS to the f-GdsN@Csgo solution. After 10 minutes,
85 L of the IL-13-TAMRA peptide (dissolved in DMSQO) was added, and the reaction was
continued for 1.5 hours. After this time, 70 puL of hydroxyl-amine solution was added to quench
the reaction. The resulting solution was filtered through Zeba-brand spin columns at a rate of 5000
rpm for 2 minutes. The receptacle portion of the spin column was thoroughly rinsed to ensure that
all the product was removed from the column. Based on ICP-MS, the Gd** concentration of (IL-
13-carboxyl)-11a was 0.47 uM.

2.2.4 Preparation of Scrambled ILs-13-TAMRA-GdsN@Cs0O12(OH)10(NH2)7(NO2)2 (I1Ls-13-
amino)-Is) and ILs-13-TAMRA-Gd3sN@Cso(OH)2s(CH2CH2COOM)16 (ILs-13-carboxyl)-
I1s). Both the amino functionalized nanoparticle and the carboxyl functionalized nanoparticle
were conjugated with a scrambled IL-13 peptide, provided by American Peptide Company, Inc.,
Sunnyvale, CA, USA. The same conjugation procedure described above was used to prepare the
nanoparticles, (ILs-13-amino)-Is and (ILs-13-carboxyl)-11s, respectively.

The hydrophobic GdsN@Csgo reacts with H.O> and NH4OH providing aqueous colloidal stability
(amino)-1. The second step conjugates the functionalized gadofullerene molecule to the IL-13
peptide with fluorescent tagging through amide bond formation (IL-13-amino)-la (grey: carbon;
aqua: gadolinium ion; blue: nitrogen; red: oxygen; yellow: hydrogen).

2.2.5 Characterization of functionalized GdsN@Cso and IL-13-TAMRA-functionalized
GdsN@Cso. The (amino)-1 was further characterized by XPS, DLS, and infrared spectroscopy.
The (IL-13-amino)-la sample was characterized by DLS, and confocal microscopy.

2.2.6 Relaxivity Measurements for functionalized GdsN@Cso. The T1and T» relaxation times
were measured on a Bruker Minispec mqg 20 (0.47 T), mq 60 (1.41 T) analyzers, and Bruker

Avance 111 400 MHz (9.4 T) wide bore spectrometer equipped with an MIC 400 W1/S2 probe and
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5mm H coil. The inversion-recovery method was used to measure the spin-lattice relaxation time
T1, and the Carr-Pucell-Meiboom-Gill method was used for the spin-spin relaxation time T»
measurement. Errors in T1 and T, values were less than +2%. Solutions with different Gd®*
concentrations were prepared by diluting a stock solution with deionized water. The concentration
of the Gd®" ions was determined by ICP-MS.

2.2.7 Confocal Microscopy Comparison Study of Nanoparticles with U-251 cell lines
(increased IL-13Ra2 expression) and with HeLa Cell Lines (no overexpression of IL-13Ra2).
Cells (U-251 or HelLa 5x10* cells/well) were inoculated in 4 well chamber slides, and incubated
overnight. The (IL-13-amino)-la, (IL-13-carboxyl)-lla, scrambled (ILs-13-amino)-Is, and
scrambled (ILs-13-carboxyl)-11s nanoparticles (0.75 pM/well) were added to each well, incubated
20 min at 37 °C, washed, stained with Hoechst (1:15,000 , 37 °C, 10 minutes), washed again and
fixed with 4% buffered paraformaldehyde (37 °C, 30 min).

High-magnification optical sections were captured with a Leica spinning disk laser confocal
microscope (LCM) equipped with a 63x oil-immersion objective. The micro-scope model,
objective, pinhole, gain, and black level settings were held constant for each experiment.
Fluorescence from Hoechst and TAMRA was generated by exciting the samples with laser lines
from a blue diode (405 nm) and green HeNe (543 nm) lasers. The fluorescence emission was
collected simultaneously in two separate photomultipliers with the spectrophotometer scan head
detector windows set to ranges of 413-502 nm (for Hoechst) and 562—700 nm (for TAMRA). The
acousto-optic tunable filter was adjusted to ensure that there was no crosstalk of signal between
channels when fluorescence was collected from each channel simultaneously.

For quantitative analyses of TAMRA internalization and cellular distribution, confocal optical

sections (z-stacks) were taken in at least 4 fields per slide, 1-2 um thickness.
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2.2.8 Introduction of Glioblastoma Cells to Nude Athymic Mouse model. In vivo orthotopic
xenograft U-251 cell implantation experiments involving the use of mice were carried out in
accordance with protocols approved by the Virginia Tech Institutional Animal Care and Use
Committee. Female SCID/beige 7-8-week-old mice were anesthetized with isoflurane (2-4%) and
placed in a stereotactic frame (World Precision Instruments). The incision site at the top of the
head was disinfected with betadine and alcohol. After a midline incision, a burr hole was made in
the skull 0.5 mm anterior to the bregma and 2 mm laterally either to the left or right hemisphere.
A 25 pL Hamilton syringe was used to inject 2 x 10° GBM cells (U-251), suspended in 4 uL PBS,
4 mm deep from the surface of the skull. The injection was made over 5 minutes using a
microinfusion pump. The needle was left in place for another 3 minutes before withdrawing. The
burr hole was sealed with bone wax and the incision closed using size 4 sutures.

After the procedure animals were weighed daily and monitored carefully for signs of increased
intracranial pressure from the growing tumor mass. 30 days after the introduction of the tumor
cells, the IL-13-TAMRA-functionalized-GdsN@ Cgo nanoparticle was administered to the animals
using either a convection enhanced delivery (CED) approach or an intravenous approach.

2.2.9 Administration of IL-13-TAMRA-functionalized GdsN@Cso to Xenografted Mice. The
CED method of administration of (IL-13-carboxyl)-1la nanoparticles has been reported by
Fillmore and coworkers.?® To perform this procedure, one group of animals were anesthetized via
isoflurane and placed in the stereotactic frame. The burr hole from the injection of the tumors was
identified, and a Hamilton syringe was inserted through it to a depth of 4 mm from the surface of
the skull. 18 puL of (IL-13-carboxyl)-11a nanoparticle was injected at a rate of 0.2 pL/minute (total
injection time of 90 minutes). During administration of the agent, the animal was maintained under

anesthesia via isoflurane 1-3% and was carefully monitored. After the full dose of agent was
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administered the syringe was carefully removed and the incision closed. The animal was given
buprenorphine for pain control and monitored for recovery, then returned to the vivarium.

A second group of animals received either (IL-13-amino)-Ia or (IL-13-carboxyl)-IIa nanoparticles
via an intravenous tail vein delivery method. This method of administering the functionalized
EMFs for the purpose of brain tumor targeting has not been previously reported and represents a
major shift from the invasive intracranial CED delivery of the nanoparticles previously reported
(vide supra). 250 pL of (IL-13-carboxyl)-Ila was injected into the left tail vein of the mouse using
a tail vein illuminator (Braintree Scientific). One mouse was administered (IL-13-amino)-Ia (3
uM in 300ul) via the tail vein. 300 pl of 500 pM Magnevist® was intravenously delivered into
another mouse. Approximately, 15 minutes after the mice were sacrificed, MRI images were
obtained in a clinical 3 T MRI scanner.

2.2.10 In vitro and in vivo MRI study of the functionalized Gd3N@Cso, IL-13-amino-Ia, and
IL-13-carboxyl-lIa. The in vitro inversion-recovery MR images were obtained for the visual
confirmation of the efficiency of the (amino)-I working as a contrast agent. A 3 T (123 MHz)
clinical scanner was used. Various concentrations of the (IL-13-amino)-Ia, (IL-13-carboxyl)-11a,
(amino)-I, and the Magnevist® were used and compared. To demonstrate clinical MRI feasibility,
U-251 GBM cells orthotopically implanted in mice with (IL-13-amino)-Ia, (IL-13-carboxyl)-Ila
or Magnevist ® were also examined with a clinical 3 T MRI Siemens scanner, utilizing a wrist hand
receiver coil.

2. 3 Results and discussion

As previously indicated, transport, targeting, and cellular uptake are key considerations in the
design of new “theranostic” nanoparticles for clinical cancer applications. In the present study, we

have synthesized (as outlined in Figure 2) a new amino-functionalized nanoparticle, (amino)-I,
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which is significantly different from previously reported hydroxyl and carboxyl TNT EMF
derivatives, (carboxyl)-11.% The electronic absorption spectrum for (amino)-I clearly exhibits the
loss of m conjugation in comparison with the precursor EMF, GdsN@Cso, as illustrated in Figure
3A. In the Reflection Absorption InfraRed Spectroscopy (RAIRS) spectrum (Figure 3B) for
(amino)-I, the characteristic vibration bands of broad overlapping O-H and N-H centered at (3236
cm™), N-H (1613 cm™), C-N (1224 cm™), and C-O (1086 cm™) suggest the existence of both
hydroxyl and amino groups on the carbon cage. The strong peak centered at 1436 cm™ suggests
overlap of the C-C stretching vibration and N-O stretching vibration, which indicates the presence
of nitro groups introduced onto the carbon cage. The XPS multiplex spectra for (amino)-I are
presented in Figure 3C and 3D for the Cis and Nisregions, respectively. The Cis peaks, centered
at binding energies of 284.5, 286.4 and 290.6 eV, were assigned to the C-C, C-O (C-N), and n—=n*
satellite, respectively. Since there is an obvious absence of a carbonyl absorption band in the
RAIRS spectrum, the peak located at the binding energy of 288.1 eV is likely due to hemiketal or
hemiacetals (RO-C-OH), or cyclic ether (C-O-C) structures.?”? The Nis peaks centered at 399.3
and 402.2 eV correspond to the free amino group (-NH2) and partially protonated amino (-NHs"),
indicating that amino groups have been successfully introduced to the carbon cages. Finally, the
peak at the binding energy of 397.9 eV can be assigned to the metal nitride (Gd-N) group
encapsulated in the carbon cage. It is worth noting that a new peak appears at around 406.5 eV that
is assigned to the nitro group, which is significantly different from the previously reported Gd@Cs>
case.?®30 Based on the resulting atomic percentages of carbon and nitrogen (Table S1, and Table
S2), and the peak deconvolution of the XPS profile, the average formula for (amino)-I can be

described as GdsN@CgoO12(OH)10(NH2)7(NOz2)2. Figure 3E shows the survey XPS spectrum of
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(amino)-1. The peaks center at 285, 402, and 533 eV reveal the presence of C, N and O species in
the compound. The residue of Na KLL peak was from water.

It is well established that water-soluble metallofullerene derivatives form aggregates in water.3!
The DLS results for (amino)-1 (Figure 3F) indicate that the hydrodynamic size of an aggregate
nanoparticle is ~60 nm in pure water. This is similar to the results previously reported for
carboxylated and hydroxlated nanoparticles,® including polyethylene glycol-(PEG) functionalized
derivatives as well as hydroxylated, GdsN@Cgo®° As expected, after conjugation, the (IL-13-
amino)-la exhibits a significant increase to ~1880 nm in water, somewhat larger than the (IL-13-
carboxyl)-11a nanoparticle (~1400 nm). The Zeta potential provides a convenient approach to
assess the surface charge on nanoparticles. Kardys and coworkers recently reported an amino-
functionalized silica nanoparticle (SiNPs) that exhibited preferential uptake in pancreatic cancer
cells.*? In their study, the synthetic inclusion of positively charged —NH2 groups increased the zeta
potential from —45 mV to —31 mV. In similar fashion, our results also exhibit an increase in the
Zeta potential for the amino group nanoparticle (IL-13-amino)-la (6.46 mV) in comparison with
the (IL-13-carboxyl)-11a nanoparticle (—3.43 mV). It should also be noted that the unconjugated
nanoparticle, (amino)-la, exhibits a Zeta potential of -31.0 mV, which is close to the Kardys value
(vide supra) and also a similar amino GdsN@Cgo metallofullerene nanoparticle reported by Kepley

and coworkers.3?
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Figure 3. Characterization of the functionalized GdsN@Cgo. A) Electronic absorption spectra of GdsN@Cg before and after
functionalization. B) RAIRS spectrum of (amino)-1. C)-D) XPS multiplex spectra of the (amino)-I. E) The XPS survey spectrum
of (amino)-1. Au was used for calibration. F) Hydrodynamic size distribution of (amino)-I1, (IL-13-amino)-la and (IL-13-carboxyl)-
Ila in water.

In previous studies, we have reported that the (IL-13-carboxyl)-11a nanoparticle targets the GBM
U-87 cell line.??% In the current study, we employed the U-251 cell line which have the highest
expression of IL-13Ra2 receptor sites of all GBM cell lines and are histologically similar to human
GBM.23%* In order to ensure specific targeting of the U-251 cell line, we treated HeLa cells which
do not over-express the IL-13Ra.2 receptor sites. The HeLa and U-251 cells were incubated with
the same concentration of (IL-13-amino)-la and (IL-13-carboxyl)-11a, respectively. As illustrated

in Figure 4A, and Figure S2, no co-localization of TAMRA with the HeLa cells was observed.
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HeLa treated with (IL-13-amino)-la U251 treated with (IL-13-amino)-la

HeLa treated with (IL-13-carboxyl)-1la

U251 treated with (IL-13-carboxyl)-Ila
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Figure 4. A) The images are projections of confocal z stacks generated from sections of 5 to 6 pm thickness comparing
internalization of TAMRA in HeLa cells. Top row is HeLa treated with (IL-13-amino)-la, bottom row is HeL a treated
with (IL-13-carboxyl)-Ila. B) The images are projections of confocal z-stacks, generated from sections of 5 to 6 um
thickness, comparing internalization of TAMRA in U-251 cells. 63x images z5, 10 images were taken 5 u apart SCALE
BAR = 19.1 um. Top row is U-251 treated with (IL-13-amino)-la, bottom row is U-251 treated with (IL-13-carboxyl)-
la.

For the U-251 cells treatment, the nanoparticles are internalized by the U-251 cell line and a clear
preference for localization in the nucleus is illustrated for both the (IL-13-amino)-la and (IL-13-
carboxyl)-11a, with a greater intensity in the former case (Figure 4B). In a direct fluorescence
quantitation (2-way ANOVA, Graphpad), there is a slight preponderance of (IL-13-amino)-la in
the cytoplasm and cell membrane that is significantly enhanced in the nucleus in comparison with
cells treated with (IL-13-carboxyl)-Ila (Figure 5). Thus, the nanoparticles coated in amino groups
have high cell membrane binding affinity, and readily translocate across the plasma membrane,
and undergo endocytosis. This translocation process is illustrated in Figure 5 and explains why
after a significant time interval (20-30 min) the fluorescence of (IL-13-amino)-la and (IL-13-
carboxyl)-lla is significantly concentrated in the nucleus in comparison with the cytoplasm and

cell membrane.
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In order to demonstrate the cell targeting specificity is due to the IL-13 peptide and not the f-
GdsN@Cg platform, the U-251 cells were also treated with a scrambled peptide analog, (ILs-13-

amino)-Is and (ILs-13-carboxyl)-11s. Figure S3 shows that the scrambled peptide analog (ILs-13-
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Figure 5. Translocation of (IL-13-amino)-la (A) and (IL-13-carboxyl)-l1la (C) in U-251 cells, quantitation
of TAMRA fluorescence by 2-way ANOVA (Graphpad).

f-GdsN@Cso)-Is is not internalized by the U-251 cell line, therefore the specific IL-13 peptide is
necessary to specifically bind to cells that express the interleukin receptor site, IL-13R02. These
results support our hypothesis that although both nanoparticles (la and 11a) display targeting to
the U-251 cell line, the (IL-13-amino)-la positively charged nanoparticle exhibits enhanced
targeting for GBM cells in comparison with the (IL-13-carboxyl)-Ila (Figure 1 and Figure 5).

Although the confocal microscopic studies (vide supra) illustrate effective targeting of U-251
GBM cell lines by both the (IL-13-amino)-la and (IL-13-carboxyl)-l1la nanoparticles,
demonstration of effective transport of a targeting nanoparticle across the blood brain barrier
(BBB) by non-invasive intravenous delivery is critically important in the development of a new
clinical GBM MRI contrast agent. Thus, GBM U-251 cells were orthotopically implanted in mice
and, 30 days following the implantation of the xenograft tumor the (IL-13-carboxyl)-lla

nanoparticle was administered to the mice using two approaches. In one approach, the nanoparticle
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agent (11a) was administered intracranially to the implanted tumor site by CED, as described in
earlier studies.® In a second approach, the nanoparticle (ll1a) was delivered by systemic
intravenous delivery via the tail vein. In a very limited biodistribution study for only the (IL-13-
carboxyl)-11a nanoparticle, we have measured the gadolinium concentration (ICP-MS) found for
these nanoparticles after intravenous delivery in other organs beside the brain including the liver,
spleen, kidney, and other internal organs. However, an important feature of this limited data is the
significantly higher concentration of nanoparticles in the brain hemisphere containing the
implanted tumor in comparison with the contralateral brain hemisphere. This is confirmed by the
confocal microscopy and MRI as illustrated below. There is significant evidence of the (IL-13-
carboxyl)-11a nanoparticle at the implanted tumor site by confocal microscopy of tissue slices after
the animals were sacrificed. For the (IL-13-carboxyl)-11a nanoparticle (Figure S4), the TAMRA
label is specifically observed at the brain tumor (T) site. For the case of systemic delivery (Figure
S5), the nanoparticle can be observed at the edge of the tumor, but not in the necrotic center of the
tumor. There is also evidence of increased fluorescence at distances removed from the primary
tumor site and may suggest evidence for detection of micrometastatic tumors. A more
comprehensive study will be necessary to quantify the biodistribution of these targeting
nanoparticles. These results complement the compelling (IL-13-amino)-la MRI results (vide infra)
and provide evidence that both of these nanoparticles can be delivered by the less invasive
intravenous tail vein injection with specific targeting to GBM U-251 mice brain tumor models.

The *H MR r1 relaxivity results for (amino)-1 and (carboxyl)-I1 are summarized in Table 1 and
the r> relaxivity results are summarized in the Supporting Information (Table S3). The nuclear

magnetic resonance relaxivity (R;) of both compounds were evaluated by the general equation:

R ! ! + ! ! + 7 [M]
. = = = T
' Ti obs Tj H20 T para T H20 '
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where T1 and T» are longitudinal and transverse relaxation time, respectively. The relaxation rate
(reciprocal of relaxation time) is determined by both diamagnetic (pure water) and paramagnetic
(contrast agent) species, and the ratio of paramagnetic relaxation rate to the concentration is the
relaxivity of the paramagnetic compound, which can be experimentally obtained by the slope of
(1/T;) vs. concentration of the paramagnetic contrast agents.® These results can be compared with
the relaxivity of the commercial contrast agents Magnevist® and Omniscan®, which exhibit much
lower relaxivity at all magnetic field strengths (4-6 mMs™) (Table 1).3¢ The hydrodynamic size
distribution is a contributing factor for the relaxivities of the nanoparticle derivatives. The
aggregation of MRI contrast agents leads to bigger and slower tumbling complexes and increased
rotational correlation times (tc); this subsequently results in enhanced relaxivities relative to
smaller aggregation or nonaggregated agents. The number of hydroxyl groups is also a key factor
for the relaxivity, facilitating the gadofullerenes to trap water molecules in their aggregates. The
relaxivity values for the (amino)-I are significantly higher at all magnetic field strengths than the
commercial agents, but are lower than (carboxyl)-11, especially at the clinical magnetic field
strength. This could be due in part to the slightly larger aggregate size of the (carboxyl)-I1
nanoparticle; there is also a much larger number of hydroxyl groups (10 vs. 26) directly attached
to the fullerene cage surface, which could more efficiently undergo (OH-H20) hydrogen exchange
reactions for the (carboxyl)-11 nanoparticle. The nanoparticle GdsN@CgoO11(OH)21, recently
reported by Zhang and coworkers, also exhibits high relaxivity at all magnetic field strengths and
contains a large number of hydroxyl groups (21) on the fullerene cage surface.® As indicated in
Table 1, the amino functionalized nanoparticle reported by Zheng and coworkers

(Gd@Cs2014(0OH)14(NH2)6) ostensibly exhibits much lower relaxivity at all magnetic field
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strengths. This is misleading because the data in Table 1 is on a molar basis and not gadolinium
atoms per molecule (1 vs. 3).%

Table 1. Comparison of r; Relaxivities Gadolinium Metallofullerenes (units of mM-s?* per mM in pure

water at 298 K, 2300 K, ? 310 K).

r relaxivity mM-s?
Compound 0.35-05T 1.0-30T 7.194T Hydrodynamic size (nm)
GdsN@Cs0012(OH)10(NH2)7(NO2)2 88+1
(amino)-1 047T) 101405 (1.4T) | 30.5(9.4T) 60
GA@Cs014(OH)1a(NH2)e 20 470 (05T) 43%905(%55%) 27.4(717) 16
Gd3N@Cgo(OH)ze(CHzCHzCOOM)le 154 +7
(Carboxyl)-115 0357) 207+9(24T) | 76+3(9.4T) 78
GdsN@CgoO11(OH)2:’ 137 (0.47T) 140 (L4 T)Y 58 (9.4 T) 125
Magnevist® or Omniscan® 4-6 4-6 4-6 -

Although the (carboxyl)-11 exhibits somewhat higher relaxivity than the unconjugated (amino)-I
as illustrated in Table 1, it is important to demonstrate that both nanoparticles exhibit similar
relaxivities once they are conjugated to the IL-13 peptide. In Figure 6A, the inversion-recovery
images obtained using a clinical MR scanner (3 T, 123 MHz) of 5 mm tubes containing various
concentrations of the (amino)-1 and commercial MR contrast agent, Magnevist®. The 1.67 uM
(amino)-1 and 50 UM Magnevist® in water share similar contrast. (IL-13-amino)-la at different
concentrations (1.48 uM and 2.26 pM) are compared with the (IL-13-carboxyl)-1la (1.48 pM and
2.26 uM) in Figure 6B. Even though the *H MR relaxivity of (amino)-I are less than (carboxyl)-
Ila, after conjugated with IL-13, both of them appear to give similar contrast at equal
concentrations in the clinical 3 T MR image. Moreover, both the (IL-13-amino)-la and (IL-13-
carboxyl)-11a nanoparticles exhibit similar contrast at concentrations 20-50 times lower than

commercial Magnevist®.
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1.67 UM (amino)-I 10 uM Magnevist®
rightness (IL-13-amino)-la (IL-13-carboxyl)-l1la Magnevist

3.33 UM (amino)-1 20 pM Magnevist® ® 14m @ @ 20um

® 25 @ 8 soum

6.67 UM (amino)-I 50 uM Magnevist®

A B
Figure 6. A) Inversion-recovery MR images (T:=1000 ms, Tr=5000 ms, Te=30 ms) with (amino)-I and Magnevist® as
contrast agent. Left column from top to bottom: 1.67, 3.33 and 6.67 uM (amino)-I in water. Right column from top to
bottom: 10, 20, 50 UM commercial agent Magnevist® in water. The 1.67 UM (amino)-1 and 50 uM Magnevist® in water
exhibit comparable contrast. B) Inversion-recovery MR images (T1=1000 ms, Tz=5000 ms, Te=30 ms) with (IL-13-amino)-
la and (IL-13-carboxyl)-11a and Magnevist® as contrast agent. The conjugated nanoparticles exhibit similar contrast with
the commercial contrast agent.

The confocal microscopy studies (vide supra) of GBM U-251 cell tissue from orthotopically
implanted U-251 GBM cell lines of both the (IL-13-amino)-la and (IL-13-carboxyl)-l1la
nanoparticles demonstrate effective delivery of a targeting nanoparticle by non-invasive
intravenous delivery. A 3 T MRI Siemens scanner was employed to demonstrate the potential
clinical MRI feasibility of (IL-13-amino)-la and (IL-13-carboxyl)-11a nanoparticles. In previous
studies, we have shown that the (IL-13-carboxyl)-11a nanoparticle provides excellent MRI contrast
in animal GBM studies when administered by the invasive intracranial delivery approach CED.?®
In the current study, we find that both the (IL-13-amino)-la and (IL-13-carboxyl)-Ila provide
targeting of an orthotopically implanted U-251 tumor model via intravenous tail delivery. The
MRI results for the (IL-13-carboxyl)-11a nanoparticle clearly exhibit targeting to the mouse brain
tumor model as illustrated in Figure S6A. In an MR study with different inversion recovery times
(50, 100, and 1000 ms), we have obtained 3 T MRI coronal images for the intravenously delivered
(IL-13-amino)-la nanoparticle for a mouse model with U-251 tumor cells orthotopically

implanted. In Figure 7 (middle) are illustrated the coronal slices for the shortest and longest
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inversion recovery times 50 and 1000 ms, respectively (100 ms MR data in Figure S6B). These

inversion recovery times illustrate a characteristic unique to the MR contrast characteristics of the

control (IL-13-amino)-la Magnevist control (IL-13-amino)-la Magnevist

e

-4

) \gtf"
v O

Figure 7. In vivo imaging following intravenous delivery of (IL-13-amino)-la; left: MRI of a mouse brain without tumor
as control; middle: MRI of 15 minutes after intravenous injection of 300 pl (~0.9 nmol) of (IL-13-amino)-la. The bright
contrast is due to the presence of (IL-13-amino)-la; right: MRI of 15 minutes after intravenous injection of 100 pl (50
nmol) of Magnevist® commercial contrast agent. Arrows indicate the location of tumor. A) T:=50 ms, Tz=5000 ms, Tg=32
ms. B) T:=1000 ms Tg=5000 ms, Tg=32 ms.

f-GdsN@Cgo nanoparticle platform that is different from most other contrast agents. Specifically,
Figure 7 shows that it is possible to track the material contrast with both T1-weighted imaging
characteristics where it shows high signal intensity with 50 ms inversion recovery times, (bright
tumor area). Whereas, To-weighted imaging is illustrated for 1000 ms inversion recovery times
where low signal intensity is observed, (dark tumor area). This is because the relaxivity ratio (ry:r2)
is in a range that allows for T1 enhancement while not overshortening T» and quenching the signal
at low inversion recovery times, but quenching the signal at high inversion recovery times.?* As a
control, an animal without an implanted tumor is also shown (left, Figure 7). The (IL-13-amino)-
la nanoparticle shows sharp definition of the tumor region in contrast with the indistinct tumor

delineation of the control Magnevist® (right, Figure 7) even at 1-2 orders of magnitude lower
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concentration. These results provide evidence that the nanoparticles (IL-13-amino)-la can be
delivered by a less invasive intravenous injection approach with specific targeting of GBM U-251
mice brain tumor models and can be visualized at relatively low concentrations in a clinical MRI
scanner.

2. 4 Conclusions

In this paper, we report preparation of a new amino-surface functionalized GdsN@Cso platform,
characterized as, GdsN@CgoO12(OH)10(NH2)7(NO2)> ((amino)-1), which was compared with a
previously described hydrophilic, carboxyl-surface functionalized
GdsN@Cso(OH)26(CH2CH2COOM)16 ((carboxyl)-11). We have found that this hydrophilic
nanoparticle, when conjugated with an interleukin-13 peptide, IL-13-
GdsN@Csgo012(0OH)10(NH2)7(NO2)2 ((IL-13-amino)-la), exhibits enhanced targeting of U-251
GBM cell lines. Our results support the notion that the (amino)-I positively charged nanoparticle
exhibits enhanced charge attraction for GBM cellular endocytosis on the metallofullerene cage
surface when directly compared with a carboxyl-surface functionalized nanoparticle, (IL-13-
carboxyl)-11a. Confocal microscopy results show that the (IL-13-amino)-la and (IL-13-carboxyl)-
I1a both exhibit effective targeting of orthotopic GBM brain xenografts in mice by intravenous
delivery. In similar fashion to the confocal microscopy results, we also demonstrate clinical MRI
detection at low concentrations of this nanoparticle in U-251 GBM cells orthotopically implanted
in mice. Although additional bio-distribution and cytotoxicity studies are needed, the feasibility
of these nanoparticles as potential new agents for diagnostic clinical MRI applications can be

clearly envisioned.
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2. 5 Supplementary Figures

}ﬁ A AT A AT I b

Flgure S1. The structure of TAMRA- VDKLLLHLKKLFREGQFNREGQFNRNFESIIICRDRT -OH

peptide.

Table S1. Curve fit results of Cys binding energy.

Bond (Cis) Binding Energy (eV) Area FWHM (eV)
C-C,c=C 284.70 6923 1.63
C-O,C-N 285.90 2714 2.15
C=0 288.27 1844 2.15
n — 7* satellite 290.46 598 1.98
Table S2. Curve fit results of Nys binding energy.

Bond (Nis) Binding Energy (eV) Area FWHM (eV)
Gd-N 397.86 135 2.02
-NH; 399.28 877 1.93
-NHs* 402.2 129 1.86
-NO; 406.50 261 2.02

Setting Gd-N as 1, since the total area of -NH2 and -NH3" is 7.45 times as Gd-N, there are total 7
-NHz and —NHs" groups on the carbon cage. Base on the same rule, 2 -NO2 groups have been
introduced to the carbon cage. The percentage of C-O and C-N groups is 22.5%, which means
there are total 19 (-OH, NH2 and NO3) functional groups on the cage. Therefore, the number of —
OH groups is 10. According to the same rule, 12 C=0 groups are on the carbon cage. Combined
with Cis/N1s integration area and their sensitive factor (Cis = 0.30, Nis = 0.48), the average

molecular formula can be designed as GdsN@ CgoO12(OH)10(NH2)7(NO2)2.
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TOP > Bottom
Figure S2. IL-13 peptide specifically delivered nanoparticles to IL-13Ro2 in U-251 but not IL-13Ral in
LN18 and Hela cells.

(IL-13-carboxyl)-ITa were added to U-251, LN18 and HeLa cells. We found that the TAMRA red
fluorescence was only present inside of U251 cells but not LN18 or HelLa cells using confocal
microscopy. Since LN18 and HelLa express IL-13Ral, the absence of TAMRA fluorescence in
these cells indicates that 1L-13 peptide only binds to IL-13Ra2 but not IL-13Ral. Therefore, this

approach allows us to target IL-13Ra2 positive GBM tumors.
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Hoechst TAMRA Merge

U-251 treated with

(ILs-13-amino)-Is

U251 treated with

(ILs-13-carboxyl)-11s

Figure S3. The images are projections of confocal z-stacks generated from sections of 5 to 6 um thickness
comparing internalization of TAMRA in U-251 cells. 63% images z5, 10 images were taken 5 u apart
SCALE BAR =19.1 um. Top row is U-251 treated with (ILs-13-amino)-Is, bottom row is U-251 treated

with (ILs-13-carboxyl)-l11s.

Intracranial injection

\

* Bright view Hoechst TAMRA

7"

Figure S4. Fluorescent imaging of glioblastoma tumor after intracranial convection enhanced delivery of
(IL-13-carboxyl)-11a. Left - Bright Field, Center - Blue Fluorescence / Hoechst Stain, Right - Red
Fluorescence / TAMRA.
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Intravenous injection

s

Figure S5. Fluorescent imaging of glioblastoma tumor after intravenous delivery of the (IL-13-carboxyl)-
Ila nanoparticle. A) Bright field of contralateral brain without tumor tissue; B) Bright field of tumor tissue;
C) No red signal at the contralateral brain; D) Red fluorescent imaging of tumor tissue (note signal from
TAMRA around edges of tumor), the arrow points out the location of the necrotic center of the tumor; E)
Areas of increased red signal on fluorescent microscopy at a distance from main tumor, possibly displaying

Contralateral brain GBM

areas of micrometastasis. (T=Tumor, N=Normal tissue).

Table S3. Comparison of relaxivities (in units of mM-s® per mM of Gadofullerene Molecules) in pure

water at 25°C.

xenograft

r; relaxivity mM-s?

Compound 0.35-05 T 1.0-30T 71947
GUsN@Ca012(OH)1o(NH2)7(NO,), | 102(0.47T) | 13L.1(L4T) | 96.1(94T)
GdsN@Ceo(OH)26(CH.CH,COOM)16* | 204 (0.35 T) 282 (2.4T) 231 (9.4T)
GdsN@CgO11(OH)21’ 146 (0.47 T) 180 (1.4 T) 215 (9.4 T)
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control (IL-13-carboxyl)-Ila
control  (IL-13-amino)-la  Magnevist
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Figure S6. A) Clinical MRI 3T coronal slice and body images of orthotopic GBM murine models with
intravenous delivery of 250 pl (~0.25 nmol) of (IL-13-carboxyl)-Ila (right) and with no targeting contrast
agent administered (left). T:=100 ms, Tr=5000 ms, Te=30 ms. B) In vivo imaging following intravenous
delivery of (IL-13-amino)-la; left: MRI of a mouse brain without tumor as control; middle: MRI of 15
minutes after intravenous injection of 300 pl (~0.9 nmol) of (IL-13-amino)-la. The bright contrast is due
to the presence of (IL-13-amino)-la; right: MRI of 15 minutes after intravenous injection of 100 ul (50
nmol) of Magnevist® commercial contrast agent. Arrows indicate the location of tumor. T:=100 ms,
Tr=5000 ms, Te=30 ms.
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Chapter 3 Detecting chronic post-traumatic osteomyelitis of mouse tibia via an IL-13Ra2
targeted metallofullerene magnetic resonance imaging probe

This chapter is adopted from the manuscript published on Bioconjugate Chemistry with
appropriate modifications under the permission of the American Chemical Society. Full text of the
published manuscript entitled “Detecting chronic post-traumatic osteomyelitis of mouse tibia via
an 1L-13Ra2 targeted metallofullerene magnetic resonance imaging probe” by Li Xiao®, Tinghui
Li®, Mengmeng Ding, Jiezuan Yang, José Rodriguez-Corrales, Nicholas Nacey, David B. Weiss,
Li Jin, Harry C. Dorn, and Xudong Li.® These authors contributed equally to the current work. This
work can be obtained at http://pubs.acs.org/doi/abs/10.1021/acs.bioconjchem.6b00

Abstract

Differential diagnosis of chronic post-traumatic osteomyelitis (CPO) from aseptic inflammation
remains challenging, since both pathological processes share similar clinical symptoms. Here we
utilized a novel targeted metallofullerene nanoparticle based magnetic resonance imaging (MRI)
probe IL-13-TAMRA-Gd3sN@Cgo(OH)30(CH2CH2COOH)20 to detect CPO in mouse tibia via
over-expressed IL-13Ra2 receptors. The functionalized metallofullerene was characterized by X-
ray photoelectron spectroscopy. Upon lipopolysaccharides (LPS) stimulation, macrophage Raw
264.7 cells showed elevated IL-13R0a2 expression via immunofluorescence staining and increased
MRI probe binding via built-in TAMRA fluorescence imaging. Trauma was induced in both tibia
of mice and bacteria soaked suture was inserted into the right tibia to initiate infection. During the
acute phase (1.5 weeks), luminol-bioluminescence imaging revealed much higher
myeloperoxidase activity in the infected tibia compared to the sham. In the chronic phase (4
weeks), X-ray radiography illustrated bone deformation in the infected tibia compared to the sham.

With Ty weighted sequences, the probe clearly exhibited hyperintensity in the infection foci at both
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acute and chronic phases, which was not observed in the sham tibia. Histological analysis revealed
severe bone structural destruction and massive inflammatory cell infiltration in the infected tibia.
Immunohistochemistry confirmed abundant expression of IL-13Ra2 in the infection site. In
summary, we developed a non-invasive imaging approach to detect and differentiate CPO from
aseptic inflammation using a new IL-13Ra2 targeted metallofullerene MRI probe. In addition, for
the first time, IL-13Ra2 was investigated as a unique biomarker in the context of osteomyelitis.
Our data established a foundation for the translational application of this MRI probe in the clinical

differentiation of CPO.
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3.1 Introduction

Osteomyelitis is an infection of the bone marrow and adjacent bone typically caused by
Staphylococcus aureus (S. aureus), which associates with high levels of inflammation and bone
tissue destruction®. Chronic post-traumatic osteomyelitis (CPO) can develop through contiguous
spread from a local or circulating infective pathogens after trauma, bone surgery, or joint
replacement?. The average rate of post traumatic infection in open tibia fractures is approximately
10%3. In addition, the dramatically risen number of joint replacement procedures has associated
with increased incidents of infection, and projected to increase over the next 15 years*. Chronic
osteomyelitis is painful and debilitating and is associated with considerable morbidity and may be
limb-threatening®. Consequently, the rate of clinical failures in osteomyelitis treatment is high,
and frequently results in loss of function and/or amputation®. Therefore, prompt and accurate
diagnosis are extremely critical to early intervention and positive clinical outcome.
Unfortunately, clinical differential diagnosis of CPO from aseptic inflammation remains
challenging, since many early signs of infection are similar to sterile (asepsis) inflammatory
reactions following trauma or surgery. Bone culture remains as the gold standard of diagnosis,
however, high false-negative rates of ~40% has been reported’°. Although computed tomography
(CT) can delineate lesions in the medullary canal and inflammation in the soft tissues, the presence
of other pathological processes, such as stress fractures, osteoid osteomas, and benign tumor, may
confound the diagnosis*®. Nuclear medicine such as 99mTc-methylene diphosphonate (*°™Tc-
MDP), 8F-fluorodeoxyglucose (FDG), or radiolabeled white blood cells (WBC) has showed high
sensitivity to track inflammatory activities associated with infection, nevertheless, these methods

are still suffered from aforementioned issues!®12,
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In recently years, research efforts have shifted to develop targeted imaging probes for various
modalities. Peptide, proteins or nanoparticles have been chemically synthesized to be optical,
nuclear and MRI imaging probes. In general, optical imaging is preferable in research setting with
limited clinical potential’®4. Nuclear imaging has high sensitivity and specificity'>'’, however,
their clinical application might be impeded by laborious synthetic procedures, limited shelf-life of
radio-isotopes, and narrow detection window following probe administration. Targeted MRI
appears as a favored choice as it not only provides an excellent imaging contrast and resolution,
but also allows detection of biological response at functional or even molecular level without
employing ionizing radiation'®. Recently, superparamagnetic iron oxide nanoparticles (SPIONs)
have been utilized as contrast agents for in vivo MRI detection of infiltrated macrophages to
identify infection in patients with septic arthritis and osteomyelitis, given to the phagocytosis by
macrophages after probe administration 2%, This is because the persistence of the pathogenic
agents during the chronic stage of osteomyelitis leads to constant recruitment of macrophages to
the site of infection, resulting in macrophages as the most abundant immune cells in the infection
foci, unlike aseptic inflammation?-22, Although macrophage phagocytosis contributes to the
detection of most nanoparticle based imaging probes, this mechanism still relies on a passive
uptake. And thus receptor-mediated targeted MRI imaging using functionalized nanoparticles
would be more appealing for enhanced imaging contrast and minimized dosage.

Interleukin-13 (IL-13), a type 2 cytokine, plays a key role in the host defense such as allergic
inflammation via binding to receptors on surfaces of immune and structural cells?>?4, 1L-13
mediates its effects via a complex receptor system that includes IL-4Ra, IL-13Ral, and IL-
13R02%%18, [L-13Ral and IL-4Ra form a heterodimeric complex that signals through the JAK-

STAT pathway. In contrast, IL-13Ra2 has been postulated to be a decoy receptor, not responsible
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for the signal transduction®?. Increased expression of IL-13Ra2 has been reported to promote
tumor progression in glioma and other tumor models?®*% and showed a protective role in a mouse
model of cutaneous inflammation?®. However, the expression of IL-13Ra2 has not been
investigated in the infection diseases. Considering its important role in several inflammatory
models and the immune system, we hypothesize that this receptor may also be involved in the
infection condition and thus can serve as an in vivo biomarker for diagnosis.

In the current study, we aim to utilize a novel class of gadolinium cluster encapsulated
metallofullerene (GdsN@Csgo) as a MRI contrast agent to detect CPO in mouse tibia via binding to
over-expressed IL-13Ra2 receptors in the infection foci. The metallofullerene was functionalized
and conjugated to a fragment of IL-13 with optimized coupling conditions to deliver a more
homogenous and bioavailable nanoparticle product, IL-13-TAMRA-
GdsN@Cgo(OH)30(CH2CH2COOH)20. This targeted metallofullerene MRI probe specifically
bound to lipopolysaccharides (LPS) stimulated macrophages and significantly delineate the hyper-
intense MRI signal in the infection foci of tibia CPO model. Correspondingly, over-expression of
IL-13Ra2 receptors were discovered in both LPS-elicited macrophages in vitro and infected tibia.
The success of mouse CPO model was also validated.

3.2 Experimental Section

3.2.1 Chemical materials
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GdsN@Cg was purchased from LUNA Innovations (Danville, VA). The TAMRA-
VDKLLLHLKKLFREGQFNREGQFNRNFESHICRDRT-OH (IL-13-TAMRA peptide), a
shorter active peptide for IL-13Ra2 receptor sites, was purchased from New England Peptide LLC
(Gardner, MA). Gibco Dulbecco's Modified Eagle Medium (high glucose 4.5 g/L) (DMEM), fetal
bovine serum (FBS), and Prolong Gold antifade mountant with DAPI were purchased from Life
Technologies (Grand Island, NY). Dulbecco’s phosphate-buffered saline (DPBS), and penicillin-
streptomycin were purchased from Gibco Invitrogen (Carlsbad, CA). Other chemicals, such as 2-
(N-morpholino)ethanesulfonic acid (MES), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC), and N-hydroxysulfosuccinimide (Sulfo-NHS) were obtained from Sigma-Aldrich (St.

Louis, MO) unless mentioned.

Scheme 1.  Functionalization and  conjugation  process of IL-13-TAMRA-
GdsN@Cgo(OH)30(CH2CH2COOH)20 (gray, carbon; aqua, gadolinium ion; blue, nitrogen).

3.2.2 Conjugation of I1L-13-TAMRA-GdsN@ Cso(OH)30(CH2CH2COOH)20

The elaboration of the carboxyl group onto the cage surface of GdsN@Csgo was performed using
an improved procedure from our earlier studies?®. Briefly, 10 mg of the metallofullerene,
GdsN@Cgo and 8 mg succinic acid acyl peroxide (5 Equiv) were dissolved in 10 mL of 1,2-
dichlorobenzene (Scheme 1). The resultant solution was deoxygenated with flowing argon and
heated at 84 °C for five days. Additional succinic acid acyl peroxide (5 equiv) was added every 12

hours. After the reaction, 8 mL of 0.2 M NaOH was added to extract the water-soluble product.
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The top layer was concentrated, and the residue was purified by a Sephadex G-25 size-exclusion
gel column?’.

A volume of 500 pL of fullerene surface carboxylated GdsN@Cgo was dissolved in MES (pH=5.3)
solution, then filtered through a 0.45 um syringe filter. The carboxyl groups were activated by 70
uL of 0.5 M EDC and the same amount of Sulfo-NHS. After 10 min, 85 pL of the IL-13-TAMRA
peptide (dissolved in DMSO, 2mg/ml) was added, vortexed and incubated at room temperature for
1.5 h. Then 70 uL of 0.5 M hydroxylamine solution was introduced to quench the reaction. The
resulting solution was filtered through Zeba-brand spin columns at a rate of 5000 rpm for 2 min.
The receptacle portion of the spin column was thoroughly rinsed to ensure that all the product was
removed from the column?-%°,

3.2.3 Characterization of functionalized GdsN@Cso with 1L-13 peptide loading per fullerene
The functionalized metallofullerene was characterized by XPS to measure the elemental
composition and empirical formula. To determine the loading of 1L-13 peptide per fullerene cage,
a calibration curve was constructed by diluting a stock solution of IL-13-TAMRA in DMSO/water.
Stock solutions of functionalized metallofullerene conjugated with 1L-13-TAMRA were prepared
in the same co-solvent. The concentration of functionalized GdzsN@Cgo was measured by ICP-MS.
IL-13-TAMRA standards and IL-13-TAMRA-functionalized GdsN@Cs samples were
transferred into a black Costar 96-well plate, after which fluorescence was measured in Cytation3
Cell Imaging Multi-Mode Reader (excitation 550 nm, emission 585 nm, gain 120, optics on the
bottom, xenon flash light source, 100 ms delay).

3.2.4 Relaxivity Measurements of the functionalized GdsN@ Cso

The T1 and T, relaxation times were measured on Bruker Minispec mqg 20 (0.47 T), mq 60 (1.41

T) analyzers. The inversion—recovery method was used to measure the spin—lattice relaxation time
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T, and the Carr—Pucell—Meiboom—Gill (CPMG) method was used for the spin—spin relaxation
time T2 measurement. Errors in T1 and T2 values were less than £2%.

3.2.5 In vitro MRI study of the functionalized GdsN@Cso

The invitro inversion-recovery MR images were obtained under a 3T clinical scanner for the visual
confirmation of the efficiency of the functionalized fullerene working as a contrast agent. Various
concentrations of the Gd based fullerenes, and the commercial contrast agent Omniscan® were
used and compared.

3.2.6 Raw 264.7 cell culture, immunofluorescence staining and probe binding

Raw 264.7 cells were cultured in complete growth medium (DMEM +10% FBS+1%
Penicillin/Streptomycin) at 37 °C with 5% CO.. One day before the experiment, cells were seeded
onto sterile coverslips in a 6-well plate at a density of 4x10° cells/mL and incubated overnight.
Then cells were treated with or without LPS (100 ng/mL) for 24 hrs in serum free media.

For immunofluorescence staining®®, cells on coverslips were fixed with 4% paraformaldehyde for
30 min. Goat anti-mouse IL-13Ra2 antibody (1:5000) was used to detect IL-13Ra2, and followed
by incubation with Alexa Fluo 594 chicken anti-goat secondary antibody, (1:5000, Invitrogen,
Waltham, MA) for 30 min. IgG control was performed excluding the primary antibody incubation.
Cell nuclei were countered stained with DAPI.

For probe binding experiments, cells treated with or without LPS were fixed with 4%
paraformaldehyde for 30 min and incubated with 1 uM IL-13-funcationalized GdsN@Cgo MRI
probe labeled with TAMRA, washed with PBS twice. Cell nuclei were countered stained with
DAPI. Fluorescence images were taken with a fluorescence microscope (LSM 510-UV, Carl Zeiss,

Germany) and processed by NIS Element Basic Research software (Nikon Instruments Melville,
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NY) with the exact same setting for infected and sham tibia samples following our published
protocols®.

3.2.7 CPO mouse model

Animal protocol was approved by the Institutional Animal Care and Use Committee at the
University of Virginia. S. aureus ATCC 25923 (ATCC, VA) cultivated overnight in terrific broth
medium at room temperature. Balb/C mice (8-10 weeks old, female, 20-25g, Envigo) were
maintained in a 12-hour light cycle vivarium facility. 5 mm long Vicryl suture (#2-0) were soaked
in 1107 CFU/mL (150 uL) or saline (150 pL) for 30 min. a hole was developed by a 27G needle
in the proximal end of tibia, followed by inserting bacteria (right) or PBS (left) soaked suture
intramedullary (n=5). Body weights were continuously during the experimental period.

3.2.8 Luminol-bioluminescence imaging of myeloperoxidase

At 1.5 weeks post infection, bioluminescence imaging was performed at 20 min after
intraperitoneal injection of luminol solution (200 pL, 5 mg/100 puL in DMSO) on Xenogen IVIS
Spectrum (Perkin Elmer, CA) and processed on Live Image software (Perkin Elmer) with open
filter and exposure time of 60 s26.

3.2.9 In vivo MRI study of IL-13-TAMRA-GdsN@Cso probe.

In vivo MRI was acquired ata 7 T ClinScan Bruker/Siemens MR scanner (Bruker, Billerica, MA)
at 1.5 and 4 weeks after bacterial inoculation. Immediately before the scan, probe IL-13-
funcationalized GdsN@Csgo (4.4 nmol per 20 g body weights) or commercial available contrast
agent Dotarem (50 nmol per 20 g body weights) (Guerbet, Bloomington, IN) was administered
intravenously into mice. Animals were anesthetized with 1.5% isoflurane during the procedure.
Tibiae were imaged by T: weighted images with following settings: T1 (Spin Echo)-Voxel size

0.102 x 0.102 x 0.7 mm, Tr 600 ms, Te 11 ms, Averages 3, Slice Thickness of 0.7mm, matrix-
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256x256; MR images were segmented using Siemens Syngo FastView (Siemens Medical
Solutions, Malvern, PA)®.

3.2.10 X-Ray radiography

Immediately after the last MRI scan at 4 weeks post infection, mice were euthanized by
CO- asphyxiation. X-ray radiograph was captured using a low energy X-ray (Faxitron, Model
43805N, OR) with an exposure time of 30 s (30 kV). X-ray films were then processed in Konica
Minolta SRX-101A Tabletop Processor (Konica Minolta Business Solutions, Ramsey, NJ)®.
3.2.11 Histological and immunohistochemical staining

Mouse tibiae were dissected and fixed in 10% formalin for 3 days, decalcified in 0.25 M EDTA
for 2 weeks, embedded in paraffin and sectioned into 5 pum thickness. Hematoxylin and eosin (H/E)
staining was performed following standard protocols®*-*°, To confirm expression of IL-13Ra?2 after
infection and traumatic surgery, immunohistochemical staining was performed following our
previously published protocols*. Briefly, tibia sections were deparaffinized, rehydrated and
treated with 3% hydrogen peroxide in methanol for 30 min for blockade of endogenous peroxidase
and followed by antigen retrieval in 10 mM citrate buffer (pH 6.0) for 30 min in 85 °C water bath.
Sections were then incubated with goat anti-mouse IL-13Ra2 antibody (1:5000, R&D Systems,
Minneapolis, MN) overnight at 4 °C, and followed by secondary biotinylated horse anti-goat IgG
antibody (1: 200, Vector Laboratories, Burlingame, CA).

3.2.12 Statistical analysis

All in vitro experiments were performed at least in triplicate and data were presented as mean +
STDEV. Data comparing two groups were analyzed with a Student’s t-Test. A p-value of less than
0.05 was considered statistically significant.

3.3 Results and Discussion
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3.3.1 Characterization of MRI probe

The XPS survey and multiplex spectra for functionalized fullerene are presented in Figure 1. In
the survey XPS spectrum, the peaks centered at 284, and 532 eV are characteristics of the presence
of carbon and oxygen species, respectively. In the multiplex spectrum, the Cis peaks, centered at
binding energy values of 284.3, 285.6, and 287.4 eV, were assigned to the C—C and C=C, C-0,
and C=0, respectively. Based on the peak deconvolution of the XPS profile, the average formula
for functionalized fullerene can be described as GdzN@Cgo(OH)30(CH2CH2COOH)20. In order to
enhance the bioavailability and hydrophilicity of the functionalized metallofullerene, we adopted
a much longer reaction time (5 days) here allowing a higher derivatization level of hydroxyl and

carboxylic groups onto the nanoparticle surface compared to our previous study (2 days) .

? (@) Experimental curve
2 Fitted curve
1C-Cand C=C, 64.6%
= 2C0,21.1% o
z —3(C=0,14.3% E
4_/\
600 500 400 300 200 100 0 195 290 285 280 275

Binding Energy (eV) Binding Energy (eV)

Figure 1. XPS survey (left) and multiplex (right) spectral regions of GdsN@ Csgo(OH)30(CH2CH2,COOH)z.

3.3.2 Determination of the Conjugation Level of IL-13 Peptide per GdsN@Cso.

The concentrations of the IL-13 peptide based on the amount of TAMRA dye were determined as
followed. Calibration curves of IL-13-TAMRA were constructed using five serial diluted standard
solutions and one co-solvent blank at maximum fluorescence emission at 585 nm. Three sample
solutions of IL-13-TAMRA-Gd3N@Cgo(OH)z0(CH2CH2COOH)20 were fitted in the calibration
curve to obtain IL13-TAMRA concentrations (Supplemental Figure 1). Based on triplicated

measurements, the average peptide loading (IL-13-TAMRA per GdsN@Cgo) was calculated based
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on molar amounts of IL-13-TAMRA and [GdsN@Cgo(OH)30(CH2CH2COOH)20]n. As shown in
Table 1, approximately 1~2 IL-13  peptide units were conjugated per
GdsN@Csgo(OH)30(CH2CH2COOH)2 cage. Comparing to the value estimated in our earlier
study?®, the number of 1L-13 peptide units per metallofullerene cage in the current study was
significantly lower, since we employed a shorter time period (1.5 hr versus 12 hr) in the
conjugation procedure. Our result suggested an improved homogeneity of these nanoparticle
samples, which would ultimately reduce the experimental variability in biological tests.

Table 1. Concentration of the IL-13-TAMRA, and functionalized GdsN@Cso (per cage).

Intensity of Conc of IL-13-TAMRA Conc of Peptide loading of per
IL-13-TAMRA-f-GdsN@Cso (UM) f-GdsN@Cgo (UM) f-GdsN@Csgo
Sample 1 10157 1.58 1.08 1.40
Sample 2 17145 2.66 1.62 1.64
Sample 3 24405 3.79 2.70 1.46

3.3.3 Relaxivity Measurements of the functionalized GdsN@Cso
The r1 and r; relaxivity results of [GdsN@Cso(OH)30(CH2CH2COOH)20]n are summarized in

Table 2. The nuclear magnetic resonance relaxivity were calculated by the general equation:
1 1 4 1 1 (M)
Ti obs Ti H20 T para T; H20 '
The relaxation rate is determined by both diamagnetic (pure water) and paramagnetic (contrast

agent) components. The ratio of paramagnetic relaxation rate to the concentration (M) is the
relaxivity (ri) of the paramagnetic compound, which can be experimentally obtained by the slope
of 1/Ti versus concentrations of the paramagnetic contrast agents?®. These results can be compared
with the relaxivity of the commercial contrast agents, Omniscan®, which exhibit much lower
relaxivity at all magnetic field strengths.

Table 2. Relaxivities of functionalized Gadolinium Metallofullerenes (Units of mM™ s™* per mM in pure

water at 25 °C).
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ri relaxivity (mM-1s?) r2relaxivity (mM2s?)
Contrastagents |4 475 1417 0.47T 141T
f-GdsN@Csgo
(2-100 uM) 91 118 110 145
Omniscan® ~4 ~4 ~4 ~4

3.3.4 In vitro MR contrast ability of the functionalized GdsN@Cso and IL-13-TAMRA-
Gd3sN@Cso(OH)30(CH2CH2COO0H)20

In Figure 2, the inversion-recovery images obtained using a clinical 3T MR scanner with 5 mm
NMR tubes containing various concentrations of the [GdsN@ Cgo(OH)z0(CH2CH2COOH)20]n and
commercial MR contrast agent, Omniscan®. The 0.33 uM functionalized metallofullerene and 20
M Omniscan® in water share similar contrast. The contrast ability of IL-13 conjugated MRI probe
was demonstrated in earlier publication?. These results show that the functionalized GdsN@Cso

has outstanding contrast relatively to commercial agents.

-Gd;N@Cg

6.25 pM 3.33uM 1.67uM 033 uM

Omniscan

50uM 20uM 10 uM

Figure 2. Inversion-recovery MR images (T1=1000 ms, Tg=5000 ms, Tg=30 ms) with f-GdsN@Cs, and
Omniscan® as contrast agent. Top row from right to left: 0.33, 1.67, 3.33 and 6.25 uM f-GdsN@Csgo in water.
Bottom row from right to left: 10, 20, 50 uM commercial agent in water. The 0.33 uM f-GdsN@Cgo and 20
UM Omniscan® in water exhibit comparable contrast.

3.3.5 Increased expression of IL-13Ra2 receptors in macrophages upon LPS stimulation
IL-13Ra2 has been discovered as a decoy (no signaling) receptor in pathological context involving
in type 2 helper T (Th2) cell-driven inflammation, such as asthma®-2, It is also the most

extensively studied targets in combating glioblastoma multiforme due to its selective expression®2,
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However, there has been no report on the expression of IL-13Ra2 in the infectious condition.
Monocytes and macrophages are key players in the innate immune system, representing the first
line of defense against microorganism?3. In this study we employed Raw 264.7 macrophage cell
line to detect the expression of IL-13Ra2 upon stimulation with LPS to mimic the inflammatory
response during bacterial infection in vitro. Contrary to the low expression in unstimulated
macrophages, our immunofluorescence staining results in Figure 3A showed abundant IL-13Ra2
expression after LPS treatment (red fluorescence signal). 1gG was used as a negative control. This
result indicated a potential role of IL-13Ra2 receptor in the macrophage-associated inflammatory
response induced by the infection.

3.3.6 Preferential probe binding with Raw 264.7 cells upon LPS stimulation

With the built-in feature of TAMRA fluorescence dye on the MRI probe, we further assessed

whether escalation of receptor expression on LPS stimulated Raw 264.7 cells could result in higher

IL-13Ra2 DAPI Overlap

TAMRA DAPI Overlap

w/o LPS

w/o LPS

w/ LPS

A B

Figure 3. A) Immunofluorescence staining of IL-13Ra2 in Raw 264.7 cells with or without LPS (100 ng/mL)
treatment for 1 day. Increased expression of IL-13Ra2 (red fluorescence) was observed in the cytosol upon LPS
stimulation (middle row) compared to non-treated (upper row) and IgG controls (lower row). Scale bar represented
100 uM. B) In vitro probe binding with Raw 264.7 cells with or without LPS (100 ng/mL) treatment for 1 day.
TAMRA-tagged MRI probe (1 uM) was incubated with cells for 30 min at room temperature. Much higher cell-bound
TAMRA (red) fluorescence signal was observed in LPS-treated cells (lower row) compared to non-treated cells (upper
row), suggesting more probe binding with Raw 264.7 cells upon LPS stimulation. Scale bar represented 100 pM.

w/ LPS

IgG Control
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probe binding. As expected, much stronger TAMRA signal (red fluorescence) was observed in
LPS (100 ng/mL, 24 hr) stimulated cells compared to unstimulated control cells (Figure 3B),
predominantly contributed by increased receptor-mediated probe binding after LPS activation. In
addition, cell binding studies with a scrambled peptide conjugated Gd;N@Csgo suggested Raw
264.7 cells showed little binding in presence or absence of LPS stimulation (Supplemental Figure
2). The fluorescence signal intensity was quantified and shown in Supplemental Figure 3. Such
distinct probe binding data provided us a foundation to proceed into in vivo MRI imaging for
differentiation of CPO.

3.3.7 Chronic post-traumatic tibia osteomyelitis mouse model

Given the difficulty in studying S. aureus infections in human subjects, animal models serve an
integral role in exploring the pathogenesis of osteomyelitis. Mouse has served as the animal of
choice to establish disease models, given the superior knowledge into the function and regulation
of their immune system, and their small size, ease of handling, and overall lower cost. However,
it is noteworthy that the smaller size makes two-stage revisions and multiple procedures in a single
mouse more challenging *°. To validate our tibia CPO mouse model, longitudinal luminol-
bioluminescence imaging and X-ray radiography were employed. Luminol is a redox-sensitive

compound that emits blue luminescence when exposed to myeloperoxidase (MPO) generated by
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Figure 4. Infection parameters during the course of chronic post-traumatic tibia osteomyelitis. (A) Luminol-
bioluminescence imaging showed higher myeloperoxidase activity in infect compared to sham; (B) X-ray
radiograph demonstrated severe bone deformation and inflammatory lesion in infected tibia compared to sham;
(C) Local infection was confirmed via continuous monitoring of body weight up to 4 weeks post infection.
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recruited neutrophils due to infection. Luminol-bioluminescence imaging at 1.5 weeks showed a
higher MPO activity in infected tibia compared to the sham (Figure 4A) suggesting a more
numerous neutrophil infiltration and activation in the acute phase of infection compared to the
sham tibia (also see Supplemental Figure 4). Representative X-ray radiographs in Figure 4B
showed that all animals experienced evident bone destruction (osteolysis, deformation) and severe
inflammatory lesions in those infected tibia after 4 weeks (chronic stage). In addition, clinical signs
of illness were apparent during the acute phase of the infection (the 1% week), such as weight loss
(Figure 4C) and decreased mobility of animals due to the initial injury. The gradual recovering
in body weight and activity after the 1% week suggested improving physiological condition of
animals during the chronic stage of infection and the infection was only restricted locally in the
bacteria inoculated tibia. These data suggested that our surgery was successful and confirmed the
progression of CPO and aseptic inflammation developed in separate tibia of the same mouse after
trauma.

3.3.8 Histology confirmed bone deformation and cell infiltration of infected tibia
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Histological examination was conducted to visualize the inflammatory response and structural
destruction in affected tibiae. After 4 weeks of bacteria inoculation, the infected bones underwent
tremendous structural changes during the destruction and remodeling processes. The infected tibia
demonstrated massive influx of inflammatory cells accompanied with severe bone tissue
destruction such as woven bone, dead bone, destroyed bone marrow structures (Figure 5, left
column). While much less cell infiltration and structural change was detected in the sham tibia
(Figure 5, right column). Consistent with the imaging data, bone structural changes in histology
confirmed the success of CPO model in mouse tibia and abundant macrophages/monocytes

infiltration the chronic osteomyelitis.

Infect

Figure 5. Hematoxylin and eosin staining of infected (left column) and sham tibia (right column) after 4 weeks
post infection. Low magnification images (upper row) depicted overall structural change in the infected tibia was
much more severe than the sham. High magnification images in mid- (x100) and lower-rows (x200) showed
massive infiltration of inflammatory cells and formation of dead bones inside the medullary cavity of infected
tibia while almost few infiltrated cells and much milder bone deformation was observed in the sham tibia.

3.3.9 Immunohistochemistry confirmed over-expression of 1L-13Ra2 in infected tibia
To corroborate the in vitro findings and MRI results, we employed immunohistochemistry to

evaluate IL-13Ra2 expression in both infection and aseptic inflammatory tibia sections. As shown
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in Figure 6A-C, massive immuno-positive cells (brown signal) were detected in chronic stage of
tibia infection. In infected sections, these IL-13Ra2 positive cells were primarily observed in
regions of infiltrating inflammatory cells in the medullary cavity (Figure 6A, 6B) and activated
osteoblast (Figure 6C). However, only a few immuno-positive cells could be located in the
medullary cavity of sham tibia (Figure 6D, 6E), suggesting a low level of IL-13Ra2 expression
under aseptic post-traumatic injury. Together with the in vitro cell study and in vivo MRI imaging,
these results indicated that IL-13Ra2 would serve as a novel and unique biomarker for detection
of differentiation of CPO. In addition, our data would open up a new era of future therapeutic
strategy of osteomyelitis, such as IL-13Ra2 targeted therapy and IL-13Ro2-mediated drug

retention.

NENIE .. T g e

Figure 6. Immunohistochemical staining of IL-13Ra2 expression in mouse tibia after 4 weeks of S.aureus induced
infection. In the infected tibia, significant amount of IL-13R02 immuno-positive signal (brown cells) was primarily detected
in the medullary cavity where massive infiltrating cells (A) and infected bone marrow (B) located. Some immuno-positive
signal was also observed in activated osteoclasts in the cortical bone of infected tibia (C). In comparison, few positively
stained cells could be detected in either bone marrow (D) or cortical bone (E) of sham tibia. IgG control staining of infected
sample (F) resulted in no positive signal suggesting the specificity of the procedure. All images were taken at x200
magnification. Scale bar represented 100 pm.

3.3.10 IL-13R02 targeted hyperintense MRI in the infection foci
During both acute and chronic phases of infection, MRI imaging showed hyperintensity on T:
weighted sequences with the novel IL-13Ra2 targeted probe. As shown in Figure 7A, a single foci

was detected in infected tibia during acute phase (1.5 weeks). Repeated MRI during chronic phase
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(4 weeks post infection) showed a bright signal depicting continuous spreading and expansion of
multiple foci of inflammation in the infected tibia (Figure 7B). Interestingly, the longitudinal MRI
scan of the same animal revealed a significant change of size and location of the inflammatory
foci, suggesting the progression of infectious process in the infected tibia. While no such enhanced
signal was observed in sham tibia at both time points. Unlike our targeted probe, a commercial
available Gd-based contrast agent Dotarem did not show any hyperintense signal enhancement
between pre- and post-contrast images in our model (Supplemental Figure 5). Quantitative analysis
of MRI intensity (signal-to-noise ratio, SNR) of this targeted probe was consistent with the visual
observation (Supplemental Figure 6). Although future work may be needed to correlate the
severity of infection with MRI signal intensity, this proof-of-concept work suggested this novel
targeted MRI probe was capable to detect and differentiate CPO from aseptic inflammation in the
current mouse tibia model. In addition, presumably, GdsN cluster is stably and securely
encapsulated inside the endohedral metallofullerene cage. This unique feature of our probe greatly
minimized toxicity concern associated from free unchelated Gd(l11) ions in commonly used MRI
contrast agents. Contradictions have been largely reported in patients with impaired renal function
because of the risk of nephrogenic systemic fibrosis, as free Gd(I11) ions tend to accumulate in the
liver, spleen, kidney and bones and block calcium channels® 3°. Moreover, our unigque
metallofullerene nanoparticle structure has been empowered with 25-50 folds more detection
sensitivity compared to conventional Gd based contrast agents®. Therefore, combined assets of
target specificity, minimized toxicity and improved sensitivity warrants the translational potential

of our MRI probe in the clinical differentiation of CPO.
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A 1.5 weeks B 4 weeks
Infect Sham Infect Sham

Figure 7. Representative Ti-weighted (Spin-Echo, Tr 600 ms, Te 11ms) MRI images of infected and sham
tibia after intravenous injection of probe 1L-13-GdsN@Cgo(OH)30(CH2CH2COOH)2 (4 nmol per 20 g
mice) at 1.5 (A) and 4 weeks (B) post infection. Yellow arrows indicated hyperintensity of MRI signal in
infected foci while white arrowheads suggested the contra-lateral sham tibia subjected to traumatic
procedure. Interestingly, longitudinal MRI scan of the same animal revealed a significant change of size
and location of the inflammatory foci in the infected tibia, suggesting the progression of osteomyelitis
(yellow arrows).

3.4 On-going research

To address this clinical challenge, we developed another novel macrophage mediated, formyl
peptide receptor-1 (FPR-1) specific MRI nano-platform to differentiate CPO from aseptic
inflammation. The cFLFLF peptide, a FPR-1 targeting peptide moiety specifically recognizing
abundantly activated macrophages in the infection foci, was used as targeting moiety. Compared
with conventional Gd contrast agents, this proposed approach will shift the diagnostic paradigm

of chronic osteomyelitis, via delivering macrophages and FPR-1 double selective hyper-intense T1

weighted MRI readouts, to a confusion-free manner.

80



A volume of 500 pL of 0.37 umol carboxylated GdsN@Csgo was dissolved in DMSO, then the
carboxyl groups were activated by 7.5 pmol of diisopropylcarbodiimide (DIC) and 1-
hydroxybenzotriazole (HOBt) in DMF. After 4 hours, 150 uL of 0.2 umol cy5-FLFLFK peptides
(MW 1451.7) was added, vortexed and incubated at room temperature for 12 hours (Figure 8A).
The resulting solution was filtered through polyacrylamide desalting columns. The final product
was further purified via LC-MS, using a gradient of H20 0.1% TFA: MeCN 0.1% TFA on a Cys

reverse phase column. The formation has been confirmed by both MALDI-TOF mass spectrometry
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Figure 9. Conjugated Cy5-FLFLF-GdsN@Cso (A) with observed molecular weight 4654, exhibited similar
preferential binding and possibly uptake towards LPS-stimulated macrophage Raw 264.7 cells after 30 min
incubation (B).

(Figure 8A) and LC-MS. The molecular weight of cy5-FLFLFK-

GdsN@Cgo(OH)30(CH2CH2COOH)20 is 4654, which suggests each fullerene cage only attached

81


http://www.aapptec.com/dic-p-4102.html?osCsid=36kckho2ectb3mnt3jkbqvs3q5
http://www.aapptec.com/hobt-h2o-p-3141.html?osCsid=36kckho2ectb3mnt3jkbqvs3q5
http://www.aapptec.com/hobt-h2o-p-3141.html?osCsid=36kckho2ectb3mnt3jkbqvs3q5

with one peptide. The novle nanoplatform exhibited much stronger binding and preferential uptake
in LPS-activated macrophages, compared to Cy3-FLFLF-PEG3 4 peptide only (Figure 8B). This
probe, however, exhibited rapid blood clearance and predominant liver accumulation shortly after
intravenous injection in mice. In future, incorporation of low molecular weight (<5kDa) PEG can
extend blood half-life of nanoparticles, decrease structural rigidity, and therefore improve the
biocompatibility and bioavailability for desired in vivo performance.

3.5 Conclusion

In summary, we developed a novel non-invasive imaging approach to detect and differentiate CPO
from post-traumatic aseptic inflammation using a novel IL-13Ra2 targeted metallofullerene MRI
probe in a mouse tibia model. To the best of our knowledge, we are the first to identify IL-13Ra2
as a unique biomarker for diagnostic imaging of CPO, given to its dramatically increased and
distinct expression during bacterial infection. Such a translational imaging approach would
eventually aid clinical differentiation of CPO from aseptic post-traumatic or surgical
inflammation, hence providing critical and timely information for decision making of therapeutic

strategy.
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Chapter 4 Trimetallic Nitride Endohedral Fullerenes Carboxyl-GdsN@Cso: A New
Theranostic Agent for Combating Oxidative Stress and Resolving Inflammation

This chapter is adopted from the manuscript published on ACS Applied Materials & Interfaces
with appropriate modifications under the permission of the American Chemical Society. Full text
of the published manuscript entitled “Trimetallic Nitride Endohedral Fullerenes Carboxyl-
GdsN@Cgo: A New Theranostic Agent for Combating Oxidative Stress and Resolving
Inflammation” by Tinghui Li$, Li Xiao%, Jiezuan Yang, Mengmeng Ding, Zhiguo Zhou, Leslie
LaConte, Li Jin, Harry C. Dorn, Xudong Li. SThese authors contributed equally to the current
work. This work can be obtained at http://pubs.acs.org/doi/abs/10.1021/acsami.7b04718
Abstract

Anti-oxidative and anti-inflammatory effects of trimetallic nitride endohedral fullerenes Carboxyl-
GdsN@Cg, a newly developed magnetic resonance imaging (MRI) contrast agent, was
investigated. All hydrochalarone and carboxyl- functionalized fullerenes showed effective radical
(hydroxyl and superoxide anion) scavenging, while the Carboxyl-GdsN@Csgo more efficiently
attenuated lipopolysaccharide (LPS) induced oxidative stress in macrophages. Carboxyl-
GdsN@Cgo also suppressed LPS-elicited mRNA expression of pro-inflammatory inducible nitric
oxide synthase and tumor necrosis factor-alpha, and upregulated anti-oxidative enzyme axis Nrf2
and hemooxygenase-1, possibly via ERK but not AKT signaling pathways. Therefore, Carboxyl-
GdsN@Cgo held a great promise in becoming a novel theranostic nano-platform for simultaneously

deliver MRI contrast and therapeutic functions to inflammation-related diseases.
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4.1 Introduction

Oxidative stress is characterized by increased level of reactive oxygen species (ROS) and/or
reactive nitrogen species (RNS). This may be caused by impaired antioxidant enzyme activity, low
concentrations of antioxidant, and excessive ROS production. Under the normal physiological
condition, ROS play essential roles in maintaining redox signaling balance and controlling cell
survival. However, high levels of ROS may induce alteration or damage to DNA, proteins, and
lipids, which has been implied in the pathogenesis of a number of diseases,!? including cancer,
diabetic mellitus, cardiovascular, neurodegeneration, skeletal muscle degeneration, osteoarthritis,
and intervertebral disc degeneration. Antioxidative supplements, enzymes, nanoparticles, and
inhibitors for ROS-generating nicotinamide adenine dinucleotide phosphate-oxidase (NADPH)
oxidases have become potential therapeutic interventions to combat oxidative stress via
scavenging/neutralizing ROS directly and/or inhibiting downstream deleterious effects of ROS.
Among them, nanoparticles with intrinsic ROS scavenging and antioxidant properties exhibit
superior pharmacological profiles to other antioxidants via enhanced absorption, bioavailability,
and readily functionalization for targeted delivery. These nanoparticles include mesoporous silica,
cerium oxide, and fullerene.

Fullerene is a molecule of carbon in the form of a hollow sphere with diversified applications, such
as photovoltaic and electronic devices, surface coating material, and antioxidant.* Shortly after the
discovery of fullerenes in the 1990s, endohedral metallofullerenes (EMF) and trimetallic nitride
endohedral fullerenes (TNT-EMF) were recognized for their multifunctional capabilities in
biomedical applications. Functionalized gadolinium-loaded fullerenes, GA@Cs2 and GdsN@Cso,
attracted much attention as a potential new nanoplatform for next-generation magnetic resonance

imaging (MRI) contrast agents, given their inherent higher *H relaxivity than most commercial
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contrast agents.>*3 The fullerene cage is an extraordinarily stable species which makes it extremely
unlikely to break and release the toxic Gd metal ions into the bioenvironment. In addition,
radiolabeled metals could be encapsulated in this robust carbon cage to deliver therapeutic
irradiation.’*® In the past decade, we has endeavored to discover a series of functionalized
GdsN@Cgo for MRI detection of various pathological conditions, such as chronic osteomyelitis
and brain cancer.!3 17-18

Fullerene is a powerful antioxidant due to delocalization of the n-electrons over the carbon cage,
which can readily react with free radicals and subsequently delivers a cascade of downstream
possessions in numerous biomedical applications.*® Numerous studies have demonstrated the free
radical scavenging capabilities, to such a degree that fullerenes have been described as “free radical
sponges”.?% Functionalized Ceo and Gd@Cs. have been reported to quench radicals efficiently.® 12
21 However, the therapeutic potential of functionalized GdsN@Csgo has not been investigated. If
these TNT-EMF exhibit antioxidative and anti-inflammatory properties, similar as their nonmetal
or monometal counterparts, they would hold great promise as a novel class of theranostic agent in
combating oxidative stress and resolving inflammation, given their inherent MRI applications.

In the current study, we performed chemical and biological screening on three GdsN@ Cso-based
derivatives, including GdsN@Cso(OH)s0(CH2CH2COOH)20 (carboxyl-GdsN@Cso)*’ (Figure 1a)
and Hydrochalarone-1  (HyC-1-GdsN@Csg), Hydrochalarone-3  (HyC-3-GdsN@Cso),
(GdsN@Cso-Rx, where R=[N(OH)(CH2CH:0),CHs]x, n=1,3,6 and x=10-22)!° (Figure 1b) to
assess their radical scavenging, antioxidative and anti-inflammatory properties. The related
characterization of these three compounds were reported in the earlier papers.’®’ We

demonstrated intriguing results on structure-activity relationship, and investigated molecular and
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cellular mechanisms regarding the biological/therapeutic performance of the most promising
fullerene carboxyl-GdsN@Csgo using an in vitro macrophage model.

4.2 Experimental procedures

4.2.1 Material

GdsN@Cso were purchased from LUNA Innovations (Danville, VA). HyC-1-GdsN@Cgo and
HyC-3-GdsN@Cgo were generous gifts from Luna Innovations. Carboxyl-GdsN@Cgo was
prepared according to the work from Xiao et al.! Hydrogen peroxide (H20.), ferrous sulfate
heptahydrate  (FeSOs), xanthine, xanthine oxidase from bovine milk (XOD),
diethylenetriaminepentaacetic acid (DTPA), and lipopolysaccharide (LPS) were purchased from
Sigma Aldrich. Spin traps, 5-diethoxyphosphoryl-5-methyl-I-pyrroline N-oxide (DEPMPO) was
purchased from Focus Biomolecules, 5-tert-Butoxycarbonyl-5-methyl-1-pyrroline-N-oxide
(BMPO) was supplied by Cayman Chemical. The clear EPR quartz capillary tubes (ID 1.0mm,
OD 1.2mm) were obtained from Wilmad-LabGlass.

4.2.2 Electron paramagnetic resonance (EPR) spectroscopic measurements

All EPR measurements were carried out at 20 °C using a Bruker ELEXSYS-II EPR spectrometer.
To analyze the free radical-scavenging capability of GdsN@Cso derivatives, cell-free radical
producing systems were used for measurement of hydroxyl radical and superoxide radical anion.
The concentration of GdsN@Cso derivatives were determined by ICP-MS. Each experiment was
repeated at least three times.

4.2.3 Hydroxyl radical (HO) scavenging activity

Interception of hydroxyl radicals by each metallofullerene derivative was determined by the EPR
spin-trapping technique. The EPR assay was based on the competition between the trapping agent,

DEPMPO, and the fullerene derivative nanoparticles for HO. Hydroxyl radicals were generated
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by the classical Fenton reaction with the reaction mixture containing freshly prepared 500 uM
DEPMPO, 20 uM FeSO4 and 200 uM H20. with or without 56 uM of GdsN@Csgo derivatives. The
clear quartz capillary tubes (ID 1.0mm, OD 1.2mm) were used as the sample container. The EPR
data were collected at ambient temperature, 2 min after initiating the formation of HO by the
addition of FeSQO4. The following instrument settings were used for collecting EPR spectra:
microwave power of 10 mW, field modulation frequency of 100 kHz, and modulation amplitude
of 1 G.

4.2.4 Superoxide radical anion (O2") scavenging activity

BMPO was used to trap and detect O>" by EPR spectroscopy. Superoxide radical anion was
generated using the xanthine/ xanthine oxidase system. The radical scavenger reaction was
initiated by the addition of xanthine oxidase solution (XOD). The reaction contained 100 puM
xanthine (1M NaOH in PBS), 20 mM BMPO, 50 uM DTPA, 0.1 U/ml XOD, in the presence or
absence of 42 uM of GdsN@Cgo derivatives. The EPR spectra were recorded at 1.5 min after
initiating the generation of O2™ by the addition of XOD. The instrument settings were used as the
same as hydroxyl radicals.

4.2.5 In vitro culture of Raw 264.7 macrophages

Raw 264.7 cells were purchased from American Type Culture Collection (ATCC) (Manassas,
VA). Cells were cultured with Dulbecco’s modified Eagle’s medium (DMEM, high glucose,
Gibco, Grand Island, NY) supplied with 10% fetal bovine serum (Gibco, Grand Island, NY), 1%
penicillin (100 pg/mL), and 1% streptomycin (100 pg/mL) (Gibco, Grand Island, NY) and
maintained in 5% CO- at 37 °C.

4.2.6 Nanoparticle screening assay against LPS-induced intracellular reactive oxygen species

(ROS)
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To evaluate the protective effect of three metallofullerene nanoparticles against oxidative stress,
Raw 264.7 cells were seeded onto 96-well plate (Black/Clear, tissue culture treated, BD Falcon,
Bedford, MA) at a density of 5x10° cells/mL, and incubated overnight until 90-95% confluency.
On the day of experiment, cells were incubated with aqueous nanoparticle samples (Carboxyl-
GdsN@Cgo, HyC-1- GdsN@Cso, HyC-3- GdsN@Cso, CoPP) at different concentrations (0, 0.1, 1,
and 10 uM) in serum free media (DMEM with 1% penicillin and streptomycin) for 20 h. After
incubation with lipopolysaccharide (LPS) (100 ng/mL) for 4 h at 37 °C, culture media was replaced
with serum free DMEM containing 5 uM 2',7' dichlorodihydrofluorescein diacetate (H.DCFDA)
(Life Technologies, Carlsbhad, CA) and incubated for 30 min at 37 °C in dark. Cells were washed
twice with 150 puL of warm phosphate buffered saline (PBS, Invitrogen, Carlsbad, CA), and left
50 pL of PBS/well with the last wash. Fluorescence intensity was measured using a fluorescence
plate reader (Molecular Devices SPECTRAmax Gemini EM, Sunnyvale, CA) with Ex/En=495/525
nm. The hemooxygenase-1 inducer protoporphyrin IX cobalt chloride (CoPP) (Sigma Aldrich)
here was used as a positive control. For each treatment group, triplicated wells were analyzed.
Background reading from blank wells were subtracted. Mean fluorescence intensities were
normalized to that of non-LPS control groups (without nanoparticle).

4.2.7 Cell viability assay

To further assess the effect of selected Carboxyl-GdsN@Cgo nanoparticle on cell viability, an MTS
assay was performed following our published protocols.? In brief, Raw 264.7 cells were cultured
in 96-well plates (tissue culture treated, Corning Incorporated) at 37 °C for 24 h. The cells were
incubated with or without the Carboxyl-GdsN@Cgo nanoparticle at a final concentration of 3.5 uM
for 24 h and 48 h. Then cell viability assay was carried out using CellTiter Aqueous Non-

Radioactive Cell Proliferation Assay Kit (Promega, Madison, WI) following manufacture’s
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instruction. ODago was measured using VERSA max microplate reader (Molecular Devices,
Sunnyvale, CA) and normalized to the value of control group at both time points.

4.2.8 Fluorescence imaging of intracellular ROS

To visualize the intracellular fluorescence change of ROS, one day before the experiment, cells
were cultured onto sterilized glass coverslips in a 6-well plate at a density of 4x10° cells/mL
overnight. Cells were treated with or without nanoparticle (3.5 uM) for 20 h, and further stimulated
with LPS (100 ng/mL) for 4 h in serum free media. Cells were then incubated with 5 uM 2',7'
dichlorodihydrofluorescein diacetate (H:DCFDA) as above, washed twice, and mounted with
Prolong Gold antifade reagent with DAPI (Life Technologies) on slides. Fluorescence images were
captured with a fluorescence microscope (LSM 510-UV, Carl Zeiss, Germany) and processed
using NIS Element. Basic Research software (Nikon Instruments Melville, NY) with the exact
same setting (green and blue channel) throughout the experiment.®

4.2.9 Griess assay

Nitric oxide (NO) is a molecular mediation of many physiological processes. Under oxidative
stress, the formation of NO in Raw 264.7 cells is usually up-regulated due to activation of inducible
nitric oxide synthase (iNOS), contributing to the accumulation of reactive nitrogen species (RNS).
Raw 264.7 cells were treated with carboxyl-GdsN@Cgo (3.5 uM) for 6 h and stimulated with LPS
(100 ng/mL) for another 20 h. Culture media were collected and subjected to Griess Assay
(Promega, Madison, WI) following the manufacture instruction. Since NO is induced after the
activation of iINOS during LPS-induced inflammatory response in macrophages, time points for
nanoparticle incubation and LPS stimulation were designed differently for Griess assay and iNOS
MRNA measurements.

4.2. 10 Real-time reverse transcription polymerase chain reaction
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Raw 264.7 cells were seeded onto 24-well plates at a density of 5x10° cells/mL and cultured for
1-2 days until confluency of 90%. Cells were treated with carboxyl-GdsN@Czgo (3.5 uM) in serum-
free DMEM for 20 h and then stimulated with LPS (100 ng/mL) for 4 h. Total RNA was isolated
with Trizol Reagent (Invitrogen) and quantified with NanoDrop™ 1000 Spectrophotometer
(ThermoFisher Scientific, Waltham, MA). cDNA was subsequently synthesized with iScript
cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA) following the manufacture’s
instruction. Real-time reverse transcription polymerase chain reaction (RT-PCR) was performed
with RT2 SYBR Green Fluo FAST Mastermix (Qiagen Sciences, Germantown, MA) and an iQ5
multicolor real-time PCR Detection System (Bio-Rad Laboratories, Hercules, California). Each
gPCR reaction solutions were prepared by 10ng of cDNA, 5uM of desired primer,
SYBR®Premix Ex Taq™ (1x) in a total volume of 12.5 pL with 35 cycles of 10 s at 95 °C, 10 s
at 55 °C, and 30 s at 72 °C. The mRNA expression of target genes (iNOS, HO-1, TNF-a) were
analyzed and normalized to the reference gene p-tubulin I1I.

4.2.11 Immunofluorescence staining of nuclear factor erythroid 2-related factor 2 (Nrf2) and
fluorescence image analysis

For immunofluorescence staining, Raw 264.7 cells were seeded onto Nunc Lab-Tek 8-well
chamber slide (Sigma Aldrich) at a 5x10° cells/mL (0.2 mL per well) and incubated the plate at
37°C for additional 1-2 days until 80-90% confluency. Cells were fixed with 4% PFA for 30 min,
permeablized with 0.3% Triton X-100 for 5 min, and blocked with 3% BSA for 1 h at room
temperature. Cells were incubated with mouse anti-Nrf2 monoclonal IgG; (1:300, Santa Crutz
Biotechnology) at 4°C overnight, visualized with Alexa Fluo488 goat-anti-mouse 1gG; (1:1000)
(Molecular Probes, Eugene, OR). Following incubation, cells were mounted with glass coverslips

with Prolong Gold antifade reagent with DAPI (Life Technologies). IgG was used as a negative

94



control. Fluorescence images were taken with Olympus FV300 confocal laser scanning
microscope (Olympus Corporation, Center Valley, NJ), and processed using NIS Element at a
magnification of 200. Basic Research software (Nikon Instruments Melville, NY) with the exact
same setting (green and blue channel) was used.?® Using the software’s built-in function, mean
green fluorescence intensity were measured within fixed area of region-of-interest (ROI) in a
square of 100 x 100 um. The mean value of mean fluorescence intensity in each treatment group
were obtained via averaging values from three randomly chosen ROI per image (x200) and
analyzing three fluorescence images per condition.

4.2.12 Western blotting

Western blot assay was employed for the investigation of related protein levels as the method
described in our previous publication.? After pre-incubation with carboxyl-GdsN@Csgo (3.5 UM)
for 20 h and LPS (100 ng/mL) stimulation for 4 h in serum-free DMEM, cells were washed with
1xPBS and lysed with RIPA buffer containing 1 x protease inhibitor cocktail and PMSF (Sigmal-
Aldrich). Equal amounts of protein (~20 ug per sample) were subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane.
After incubation with Odyssey Blocking Buffer (LI-COR, Lincoln, NE) for 1 h at room
temperature, the membranes were incubated with mouse phospho-ERK1/2 (1:1000) (cell
signaling, Danvers, Massachusetts), rabbit total ERK 1/2 (1:1000) (cell signaling), rabbit
phosphor-Akt1/2/3 (1:1000) (Santa Cruz Biotechnology, Dallas, TX), rabbit total Aktl1/2/3
(1:1000) (Santa Crutz Biotechnology), or mouse phosphor-p65 monoclonal 1gG (1:1000) (Santa
Crutz Biotechnology) antibodies overnight at 4 °C, followed by incubation with a goat-anti-mouse
Alexa Fluo 680 (1:5000) or goat-anti-rabbit Alexa Fluo 800 (1:5000) (ThermoFisher Scientific)

for 1 h at room temperature. Membranes were washed, scanned and analyzed with Odyssey
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Infrared Imaging System (LI-COR Biosciences). Experiment were performed in duplicated
samples each time. Results from three independent experiments were analyzed.

4.2.13 Statistical analysis

All in vitro cellular experiments were replicated for at least three times with duplicated or
triplicated biological samples each time. Quantitative data were presented as mean + SEM. Data
comparing two groups were analyzed with a Student’s t-Test. A p-value of less than 0.05 was
considered statistically significant.

4.3 Results and discussion

Electron paramagnetic resonance (EPR) techniques were utilized to evaluate the capability of
carboxyl-GdsN@Cso (Figure 1A), HyC-1-GdsN@Csg and HyC-3-GdsN@Csgo (Figure 1B) to
eliminate ROS in a cell free system, which provided direct evidence in their radical scavenging
capabilities. As hydroxyl radical (*OH) and superoxide radical anion (O2"™), are the most common
ROS in the body, they were chosen as model in this experiment. Due to the relatively low
sensitivity of EPR detection and short-lived biological free radicals, exogenous spin traps were
used. The EPR assay was based on the competition between the trapping agents, and functionalized
fullerenes for radicals. Hydroxyl radicals were generated by the classical Fenton reaction, which
involves the reaction of FeSO4 and H202. The concentration of H202 was 200 uM, DEPMPO was
500 uM, which was 9 times higher than the metallofullerene derivatives (56 pM). The superoxide
radical anion was generated by using the xanthine/ xanthine oxidase system. The concentration of
trapping agent, BMPO, was about 500 times concentrated than metallofullerenes. As shown in
Figure 1C, D, a portion of radicals were quenched by the functionalized metallofullerenes, and
the residues were captured by the trapping agents to yield adducts of DEPMPO-OH and BMPO-

OOH, respectively. After treatment with GdsN@Csgo-based nanoparticles, EPR profiles of both
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DEPMPO-OH and BMPO-OOH were significantly declined compared with the control. The
inhibitory effects of three GdsN@Cgo derivatives were further summarized in Figure 1E. Although
carboxyl-GdsN@Cso exhibited the highest scavenging capability toward hydroxyl radicals among
all three fullerenes, there was no difference between HyC-1-GdsN@Csgoand HyC-3-GdsN@Cso in
hydroxyl radical elimination. These three GdsN@Cso-based derivatives exhibited similar
quenching ability for superoxide radical anions. Such desired but slightly varied radical scavenging
properties of these functionalized GdsN@Csgo could be attributed to their different surface
functionalization. After chemical modification, some of the m-system of fullerene framework is
altered by replacing a cage carbon with another unit. The active hydroxyl radical could attack the
electron-deficient areas on the carbon cage surface or be stabilized by forming hydrogen bonds
with the proximate hydroxyl protons of functionalized GdsN@Cso. There were more hydroxyl
groups on the cage of carboxyl-GdsN@Cgo as compared to HyC-1-GdsN@Csgo and HyC-3-
GdsN@Cgo (30 vs. 10-22), making the carboxyl-GdsN@Cgo a more efficient nanoparticle on
quenching hydroxyl radicals. Our observation is also consistent with previous reports that
modification the fullerene cage with tris-malonic acid leads to electron deficient areas on the
surface which facilitate binding of superoxide radical anions.?? In addition, binding of a second
superoxide radical anions to an adjacent electron deficient area might result in the destruction of
this type of radicals to produce H>O>, and regeneration of the functionalized metallofullerene in a
reaction similar to that catalyzed by superoxide dismutase. The number of -C-O- groups on this
three GdsN@Csgo based derivatives were similar (20 vs. 10-22), hence leading to a similar

scavenging effect of superoxide radical anions for all three fullerenes.

97



%\/0}
CH,
3
x=1022

Xanthine/XOD Control

Carboxyl-Gd;N@Cg,

HyC-1-Gd;N@Cio

HyC-3-Gd;N@Cy,

(a) Carboxyl-Gd;N@Cg, (b) HyC-Gd;N@Cy,,
T z
HO o, 0 o
ob_\—&/c OH
S o
HO WY
OH
o o
HO £ OH
(C) o (d) o3
CHaCH0_||
CHyCH,0—F N}!' 0 CHaCH
HaC - o}
’ u CHaCH20 i )&H I,\)gko Crs CH
SHiCHAO._l HN XOD CHs oo A '
o P
2+ . CHaCHa0— \ 0
Fe?'+H,0, —=HO _\‘ '3C>g}<}-?H . N/> 2
. H
Quenched by © Quenched by
-GdN@Cagy f-Gd3sN@Cgp
40k 30k
Fenton Control
40k . '32:
23K Carboxyl-Gd;N@Cy,
-2.5k Bk
15k 6k
HyC-1-Gd;N@C;,
-15k -6k
15k Bk
HyC-3-Gd;N@Cs;,
-15k Bk
(e)
Percentage of signal reduction (%) *OH 0,
Carboxyl-Gd;N@Cg, 944 83.8
HyC-1-Gd;N@Cy, 70.0 83.9
HyC-3-Gd;N@Cyg, 724 81.8

Figure 1. Radical scavenging properties of three trimetallic nitride endohedral fullerenes. Structures of (a) carboxyl-
GdsN@Csgo, (b) HyC-1-GdsN@Cg and HyC-3-GdsN@Csg. (c) Mechanism of the hydroxyl radical production by
Fenton reaction and capture by DEPMPO. EPR spectra of the hydroxyl radicals captured by DEPMPO with and
without GdsN@Csgo derivatives. Ultrapure water was used as a control. (d) Mechanism of superoxide radical
production by xanthine/ xanthine oxidase (XOD) system and capture by BMPO. EPR spectra of superoxide radicals
captured by BMPO with and without GdsN@Csgo derivatives. PBS was used as a control. (e) Table summary of
scavenging capabilities of hydroxyl radical and superoxide radical anion by three GdsN@Cso derivatives, carboxyl-

GdgN@CSO, HyC-l-GdsN@ng and HyC-3-Gd3N@Cgo_
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Although ROS signaling is a complicated, cell- and tissue-specific, physiological and
pathophysiological context, restoring ROS hemostasis has been a well-respected therapeutic
strategy to combat oxidative stress and a cascade of pro-inflammatory events.?® To confirm our
cell free EPR assays on radical scavenging, an in vitro macrophage cell model (Raw 264.7 cells
with or without LPS stimulation) was adopted for biological characterization. First of all, we
observed little cytotoxicity of all three nanoparticles at 0.1, 1 and 10 uM concentration for up to
24 h with or without LPS treatment (Figure S1, S2). Subsequently, a fluorescence assay was
developed by incorporating an intracellular ROS sensitive dye 2',7' dichlorodihydrofluorescein
diacetate (H.DCFDA) in a 96-well plate. A well-known antioxidative enzyme hemooxygenase-1
(HO-1) inducer protoporphyrin IX cobalt chloride (CoPP) was used as a positive control. Briefly,
cells were preincubated with various concentration of nanoparticles (0.1, 1 and 10 pM) for 20 h
and treated with or without LPS (100 ng/mL) for additional 4 h. The green fluorescence emitted
from intracellular space indicated the abundance of ROS. As shown in Figure 2, LPS dramatically
stimulated intracellular ROS production by ~4-fold compared to non-LPS control (*p<0.05 vs.
control). The positive control CoPP pretreated cells showed a significant inhibitory effect on ROS
production in Raw 264.7 cells (Figure 2D) via its known effect in promoting antioxidative enzyme
HO-1 activity.?* Carboxyl-GdsN@Csgo demonstrated a similar inhibitory trend in alleviating LPS-
induced ROS (Figure 2A) in a dose-dependent manner. In contrast, the ROS inhibitory effect of
hydrochalarone functionalized HyC-1 (Figure 2B) and HyC-3 (Figure 2C) was not as efficient as
carboxyl-GdsN@Csgo even at 10 uM. This data corroborated with EPR hydroxyl radical scavenging
data, which suggested that carboxyl-GdsN@Csgo would be an optimal candidate warranting further

investigation. Therefore, we chose carboxyl-GdsN@Cso for further biological evaluation.
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Figure 2. Biological screening of trimetallic nitride endohedral fullerenes for quenching LPS-induced reactive
oxygen species (ROS). Raw 264.7 cells were treated with nanoparticles at various concentration (0, 0.1, 1, and
10 uM) in serum-free medium for 20 h, stimulated with or without LPS (100 ng/mL) for another 4 h, followed
by intracellular ROS staining with 5 pM 27" dichlorodihydrofluorescein diacetate (H.DCFDA) and
fluorescence plate reading at E./En of 495/525 nm. (a) Carboxyl-GdsN@Cso exhibited dose-dependent efficacy
in attenuating LPS-induced excessive ROS, in a similar fashion as (d) the positive control protoporphyrin X
cobalt chloride (CoPP) a well-known hemooxygenase-1 inducer. In contrast, (b) HyC-1 and (c) HyC-3 showed
no or little reduction in LPS-elicited ROS generation. (e) Representative fluorescence images of intracellular
ROS illustrated robust ROS-scavenging activity of carboxyl-GdsNC80. Image taken at x200 magnification.
Scale bar represented 100 um. *p<0.05 vs non-LPS control, #p<0.05 vs LPS-treated groups.
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Both inducible nitrite oxide synthase (iNOS) and tumor necrotic factor-alpha (TNF-a) are pro-
inflammatory mediators, which are dramatically up-regulated during LPS-induced inflammatory
responses in macrophages, therefore down-regulation of INOS and TNF-a have been considered
as a therapeutic maker for anti-inflammatory agents. HO-1 is an endogenous anti-oxidative
microsomal enzyme whose upregulation showed a protective role (such as immune-modulation)
in combating oxidative stress and resolving inflammation.?® Nrf2 is a basic leucine zipper (bZIP)
protein that regulates the expression of antioxidative proteins, such as HO-1.2% To examine the
antioxidative and anti-inflammatory effect of carboxyl-GdsN@Csgo, we pretreated Raw 264.7 cells
with nanoparticle at 3.5 uM for 20 h and LPS for another 4 h. Total RNA were isolated, reverse-
transcribed to cDNA, and analyzed with real-time PCR. As shown in Figure 3, LPS significantly
promoted the mRNA expression of iINOS (**p<0.01) and TNF-a compared to the control
(***p<0.001). Carboxyl-GdsN@Cso treatment markedly suppressed the upregulated iNOS and
TNF-a mRNA. In contrast to LPS that possesses no impact on the gene expression of HO-1
(p>0.05. vs. control), carboxyl-GdsN@Cgo significantly elevated mRNA level of HO-1
(***p<0.0001 vs. control; ##p<0.0001 vs LPS). In addition, Griess assay to assess nitrite (stable
end-product of released NO) in cell media at a later time point illustrated carboxyl-GdsN@Cgo
inhibited LPS-elicited nitric oxide release significantly (Figure S3), consistent with iNOS mRNA
expression and prior intracellular ROS screening (Figure 2A). Our immunofluorescence staining
data of Nrf2 expression in various treatment groups suggested carboxyl-GdsN@Cso effectively
elevated the global Nrf2 expression in presence or absence of LPS (***p<0.001 vs. Control,
##1<0.001 vs LPS) linking its protective function for antioxidative and anti-inflammatory uses

(Figure 3D, E). Primer sequences are listed in Table S1.
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Figure 3. Carboxyl-GdsN@Cso protected Raw 264.7 cells from LPS-induced oxidative stress and upregulated
pro-inflammatory cytokine via elevating Nrf2 expression. Cells were pretreated with carboxyl-GdsN@Csgo (3.5
M) for 20 h before treatment of LPS (100 ng/mL) for 4 h. (a) Real-time reverse transcription polymerase chain
reaction (RT-PCR) suggested LPS stimulation significantly increased mRNA expression of inducible nitric
oxide synthase (iNOS) (**p<0.01 vs control), whereas carboxyl-GdsN@C80 dramatically reversed such
induction (*#p<0.001 vs. LPS). (b) Similarly, the upregulation of pro-inflammatory cytokine tumor necrosis
factor-alpha (TNF-a) (***p<0.001 vs. control) upon LPS treatment was significantly alleviated by carboxyl-
GdsN@Cso (*p<0.01 vs. LPS). (c) The antioxidative enzyme hemooxygenase-1 (HO-1) was significantly
enhanced by carboxyl-GdsN@Cgo (***p<0.001 vs. control, #p<0.001 vs. LPS) but it was not altered by LPS
stimulation. (d), Immunofluorescence staining of Nrf2, a key antioxidative enzyme regulator, was dramatically
increased upon nanoparticle treatment in the present and absence of LPS, whereas no significant intensity
difference was observed in LPS treated cells. (€) Mean fluorescence intensity analysis of d suggested carboxyl-
GdsN@Cs effectively upregulated the protective Nrf2 protein expression (***p<0.001 vs. control, ##p<0.001
vs. LPS). Experiments were repeated three times (n=3). Scale bar in d represented 100 pm.

Mitogen-activated protein kinase MAPK (p38, ERK1/2, JNK) signaling play crucial roles in
regulating pro-inflammatory cytokines and mediators such as TNF-a and iNOS during the course
of inflammatory response. In particular, activation of ERK1/2 has been reported to stimulate TNF-
o transcription and control the transport of TNF-o mRNA from the nucleus to the cytoplasm.?” To
further elucidate the molecular and cellular pathways regarding how carboxyl-GdsN@Cso

regulated oxidative stress and inflammation in macrophages, phosphorylation of ERK, and Akt
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proteins were studied using Western blotting. As shown in Figure 4, LPS significantly elevated
the phosphorylation of both ERK (***p<0.001) and Akt (*p<0.05) compared to control groups,
whereas carboxyl-GdsN@Csgo (3.5 uM) markedly reduced phospho-ERK (*¥p<0.001) with no
significant effect on the change of phospho-Akt (p>0.05) compared to LPS groups. These results
suggested that carboxyl-GdsN@Cgo protected macrophages from oxidative stress and
inflammatory response primarily via downregulating LPS-induced phosphorylation of ERK but
not AKT. Since activation of ERK is an early event in ROS signaling of macrophages activation,
predominant regulation of this pathway by carboxyl-GdsN@Csgo would benefit substantial

downstream intracellular targets to lessen oxidative stress and resolve inflammation.
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Figure 4. Carboxyl-GdsN@Csgo rescued Raw 264.7 cells from LPS-induced oxidative stress via ERK
and Akt pathways. (a) Representative immunoblotting analysis of phosphor-ERK, total ERK, phosphor-
Akt, and total Akt of cell lysates subjected to different treatments. Cells were preincubated with
carboxyl-GdsN@Csgo (3.5 uM) for 20 h and treated with or without LPS (100 ng/mL) for another 4 h.
(b) Quantification of pERK/IERK (n=4) intensity showed carboxyl-GdsN@Cso significantly reversed
LPS-induced ERK phosphorylation. (¢) Quantitation analysis of pAkt/tAkt (n=4) exhibited some
increase in p-Akt upon LPS stimulation, which was not significantly reduced by carboxyl-GdsN@Cso
pretreatment. Note, *p<0.05, ***p<0.001 vs. control; **p<0.001 vs. LPS group.

4.4 Conclusion

In this paper, we report the first discovery here that functionalized GdsN@Csgo possessed robust
radical scavenging properties in solution and suppressed LPS-induced ROS in macrophage cell
model, which was predominantly correlated to varied surface functionalization of
metallofullerene. Carboxyl-GdsN@Cso significantly attenuated LPS-induced iNOS and TNF-a
MRNA expression, and correspondingly increased expression antioxidative enzyme HO-1 mRNA
and its regulatory protein Nrf2. Such antioxidative and anti-inflammatory effects might be
regulated via ERK but not Akt signaling pathways. In summary, we prove the concept that
trimetallic nitride endohedral fullerenes, especially carboxyl-GdsN@Cso hold great promise in
becoming a novel class of theranostic agent against the oxidative stress and inflammation, in

combination with their inherited MRI applications.
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4.5 Supplementary Figures

HyC-1-Gd;N@C,

Control Carboxyl-Gd;N@C;4 HyC-3-Gd;N@Cq, CoPP

w/o LPS

w/ LPS

Figure S1. Representative phase contrast images of Raw 264.7 cells subjected to various pre-treatment with no
nanoparticle, carboxyl-GdsN@Cgo, HyC-1-GdsN@Cgo, HyC-3-GdsN@Cso and CoPP, and with or without LPS (100
ng/mL) stimulation for another 4 h. Scale bar represented 50 um. Images were captured at x200 magnification with a
Zeiss bright-field microscope, an Axiocam camera and Zen software. Note, nanoparticles and CoPP were added at 10
KM as final concentration. No significant cytotoxicity was visualized in all groups.
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Figure S2. MTS assay of Raw 264.7 cells suggested Carboxyl-GdsN@Cso (3.5 uM) did not significantly impact
the viability and metabolic status of cells in vitro.
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Figure S3. Griess assay showed carboxyl-GdsN@Cgo effectively decreased LPS induced nitric oxide release
in Raw 264.7 cells media. ***p<0.001 vs. control, #p<0.05 vs. LPS.

Table S1. Primer sequences for real-time RT-PCR.

Gene Names Forward (5°-3’) Reverse (5°-3°)

Mouse B-tubulin Il | AGGTGCGTGAGGAGTACCC AGGGCTTCATTGTCGATGCAG
Mouse iNOS GTTCTCAGCCCAACAATACAAGA | GTGGACGGGTCGATGTCAC
Mouse TNF-a CGGGGTGATCGGTCCCCAAAG GGAGGGCGTTGGCGCGCTGG
Mouse HO-1 CAGGTGTCCAGAGAAGGCTTT TCTTCCAGGGCCGTGTAGAT
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Chapter 5 Designed the peglayted-GdsN@Cso as magnetic resonance imaging contrast agent
of the gastrointestinal tract

Tinghui Li®, Yonjae J. Kim* I, Stephen LaConte!, Dixon Smiley!, Harry C. Dorn" I

* Department of Chemistry, Virginia Polytechnic Institute and State University, Blacksburg, VA

Y Virginia Tech Carilion School of Medicine, Roanoke, VA

I'Virginia Tech Carilion Research Institute, Roanoke, VA

5.1 Introduction

Since the early 1990’s, there has been a widespread clinical application of gadolinium-based
magnetic resonance imaging (MRI) contrast agents, employed in 25-50% of all MRI examinations.
Despite the broad adoption of Gd-based clinical MRI agents, commonly used commercial agents
have some deficiencies such as low relaxivity, extracellular distribution, non-specificity,
immediate hypersensitivity reactions, and potential release of toxic Gd** ions.! In 2006, the
association between the use of gadolinium-containing contrast agents for MRI and the severe
dermal and systemic disease, nephrogenic fibrosing dermopathy/nephrogenic systemic fibrosis
(NFD/NSF) was reported for patients with impaired renal function. More recently, several works
confirmed that the Gd®* ions were deposited in the healthy brain and bone tissue in patients with
normal renal function after serial application of commercial contrast agents.? Although the long-
term and cumulative clinical effects of retained gadolinium are unknown, there is a need for
improved high-relaxivity MRI contrast agents that significantly suppress the release of the toxic
Gd*" ions and allow for clinical efficacy at reduced dosage levels. The endohedral
metallofullerenes would appear to be leading candidates because the encapsulated Gd®* ions are
more effectively isolated from the bio-environment by the robust fullerene cage. Also, the
enhanced MR relaxivity allows equivalent contrast for significantly lower levels of the

administered Gd contrast agent.

111


http://pubs.acs.org/doi/full/10.1021/bc100063a#afn1
http://pubs.acs.org/doi/full/10.1021/bc100063a#afn1
http://pubs.acs.org/doi/full/10.1021/bc100063a#afn1

Functionalized Gd-loaded fullerenes, Gd@Cs2 and GdsN@Csgo, have attracted much attention as a
potential new nanoplatform for next-generation MRI contrast agents, given to their inherent higher
H relaxivity than most commercial contrast agents.®® The fullerene cage is an extraordinarily
stable species which makes it extremely unlikely to break and release the toxic Gd metal ions into
the bio-environment. In the last decade, our group has endeavored to discover a series of
functionalized GdsN@Cgo for MRI detection of various pathological conditions, such as chronic
osteomyelitis and brain cancer.®!! These studies reported the Gd-based metallofullerene could be
administered intravenously then excreted from the body within 7 days. However, the possibility
of Gd-based metallofullerene working as MRI contrast agents for gastrointestinal (Gl) tract has
never been investigated.

In addition, oxidative stress is characterized by increased level of reactive oxygen species (ROS)
and/or reactive nitrogen species (RNS). High level of ROS may induce alternation or damage to
DNA, proteins, and lipids, which has been implied in the pathogenesis of a number of diseases.
The pathogenesis of various GI diseases including peptic ulcers, gastrointestinal cancers, and
inflammatory bowel disease is in part due to oxidative stress.*®'®* Our group demonstrated
functionalized Gd:N@Csgo possessed robust radical scavenging properties in solution and
suppressed LPS-induced ROS in macrophage cell model. With excellent antioxidative and anti-
inflammatory properties, functionalized GdsN@Csgo hold great promise in becoming a novel class
of theranostic agent against the oxidative stress and inflammation, in combination with their
inherited MRI applications.+

In this work, GdsN@Cso was modified with polyethylene glycol (GdzN@ Csgo-DiPEG2000(OH)xX)
for working as MRI contrast agents for Gl tract. The high molecular weight can prevent any

appreciable absorption through the skin or mucosal tissue, and offer considerable advantages for
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localized agents in the Gl tract.}”'® Besides the excellent contrast capability, the PEGylated-
GdsN@Cgo exhibited outstanding radical scavenging ability, which can potentially eliminate the
ROS in Gl tract. The biodistribution result suggests this nanoplatform can be worked as the
potential contrast agent for GI tract at least for 6 hours.

5.2 Experimental

5.2.1 Materials

Gd:N@Cgo was purchased from LUNA Innovations (Danville, VA). 98% 1,8-
Diazabicyclo(5.4.0)undec-7-ene (DBU), 99% trimethylamine (TEA), polyethylene glycol 2000
(PEG2000), 99% CBrs, 99% 18crown-6, 50% sodium hydroxide solution, and 50 % hydrogen
peroxide were used as obtained from Sigma-Aldrich. Hydrogen peroxide (H20>), ferrous sulfate
heptahydrate  (FeSOs), xanthine, xanthine oxidase from bovine milk (XOD),
diethylenetriaminepentaacetic acid (DTPA), and lipopolysaccharide (LPS) were purchased from
Sigma Aldrich. Spin traps, 5-diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide (DEPMPQO) was
purchased from Focus Biomolecules, 5-tert-Butoxycarbonyl-5-methyl-1-pyrroline-N-oxide
(BMPO) was supplied by Cayman Chemical. The clear EPR quartz capillary tubes (ID 1.0mm,
OD 1.2mm) were obtained from Wilmad-LabGlass.

5.2.2 Synthesis of Di{m-methyl-poly(ethylene glycol)} malonate (DiPEGz2000)
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To asolution with 5g PEG2000, 0.7 ml triethylamine in 7 ml CH2Cl., was added dropwise a solution
of 0.25 ml malonyl dichloride. The solution was stirred at room temperature under N2 protection
for 4 hours. The final mixture was concentrated and the residue was dissolves in chloroform and
then poured into a large amount of toluene, filtrated and the filtrate was concentrated under vacuum

to give a yellow viscous liquid (Scheme 1A)*,

r 0 0O o0
2CH3(OCH,CH,),OH + 2\_ N+ CH,Cl, _ M
) cl cl

R.T./N,, 3h CH3(OCH,CH,),O O(CH,CH,0),CH3

n=61, poly(ethylene glycol) (PEG) 2000

o o

o o

; 1‘/{7——-?%\ CH:O(CHzCHzO)n/MXP—\\J\\(OCHZCHz),,OCHa
(a0 orcen AN waon
2 \

Scheme 1. A) Synthesis of Di{w-methyl-poly(ethylene glycol)} malonate and B) Functionalization and Conjugation
Process of GdsN@Cso-DiPEG2000(OH)X (Gray, Carbon; Aqua, Gadolinium lon; Blue, Nitrogen).

5.2.3 Synthesis of GdsN@ Cso-DiPEG2000(OH)x

The mixture of GdsN@Csgo, DIPEG2000, DBU and CBrs (molar ratio 1:20:20:67) was dissolved in
10 mL chlorobenzene with degassed by argon for 30 min. The solution was stirred at room
temperature for 12 hours. The resultant mixture was evaporated to remove solvent and then
redissolved in toluene. 5 ml of NaOH and 2mg 18-crown-6 were added and the resultant solution
was stirred for another 3 hours. Then 3ml water and 15 drops of H2O2 were added and the mixture
was stirred at ambient temperature overnight (Scheme 1B). The resultant solution was
concentrated and separated by Sephadex G25.

5.2.4 Relaxivity Measurements for Gd3N@Cso-DiPEG2000(OH)x

Solutions with different Gd** concentrations were prepared by diluting a stock solution with

deionized water. The concentration of the Gd** ions was determined by Varian 820-MS ICP Mass
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Spectrometer. The 77 and 7> relaxation times were measured at three different magnetic field
strength, Bruker Minispec mq 20 (0.47 T), mq 60 (1.41 T) analyzers, and Bruker Avance III 400
MHz (9.4 T) wide bore spectrometer equipped with an MIC 400 W1/S2 probe and Smm 'H coil.
The inversion-recovery method was used to measure the spin-lattice relaxation time 77, and the
Carr-Pucell-Meiboom-Gill method was used for the spin-spin relaxation time 7> measurement.
Errors in 77 and 7> values were less than £2%.

5.2.5 MRI Acquisition

The relaxivity data of the samples were obtained at 3T on a Siemens MAGNETOM Prisma scanner
using a four element surface coil. An inversion recovery spin echo sequence was implemented,
acquiring images at different inversion times (T1=24, 50, 100, 200, 500, 1000, 2000 and 2500 ms)
while keeping all other parameters fixed (20 slices, Te=36 ms, Tr=4000 ms, flip angle=150°).
Gd3sN@Cgo-DiPEG2000(OH)x were placed in Smm NMR tubes with various concentrations of 2
uM, 5 uM, 10 uM, 20 uM and 100 uM.

5.2.6 In vitro MRI study of the functionalized GdsN@Cso

The in vitro inversion-recovery MR images were obtained under the same 3T clinical scanner for
the visual confirmation of the efficiency of the functionalized fullerene working as a contrast agent.
Various concentrations of the Gd based fullerenes, and the commercial contrast agent Omniscan®
were used and compared.

5.2.7 Hydroxyl radical (HO) scavenging activity

Interception of hydroxyl radicals by each fullerene derivative was determined by the EPR spin-
trapping technique. The EPR assay was based on the competition between the trapping agent,
DEPMPO, and the fullerene derivative nanoparticles for HO. Hydroxyl radicals were generated

by the classical Fenton reaction with the reaction mixture containing freshly prepared 500 uM
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DEPMPO, 20 puM FeSO4 and 200 pM H2O2 with or without 14 pM of a GdsN@Csgo-
DIPEG2000(OH)x. The clear quartz capillary tubes (ID 1.0mm, OD 1.2mm) were used as the
sample container. The EPR data were collected at ambient temperature, 2 min after initiating the
formation of HO by addition of FeSO4. The following instrument settings were used for collecting
EPR spectra: microwave power of 10 mW, field modulation frequency of 100 kHz, and modulation
amplitude of 1 G.

5.2.8 Superoxide radical anion (O2™) scavenging activity

BMPO was used to trap and detect O>" by EPR spectroscopy. Superoxide radical anion was
generated using the xanthine/ xanthine oxidase system. The scavenger radical reaction was
initiated by addition of xanthine oxidase solution (XOD). The reaction contained 100 uM xanthine
(IM NaOH in PBS), 20 mM BMPO, 50 uM DTPA, 0.1 U/ml XOD, in the presence or absence
of 11 uM of a GdsN@Cso-DiPEG2000(OH)X. The EPR spectra were recorded at 1.5 min after
initiating the generation of O>™ by addition of XOD. The instrument settings were used as the same
as hydroxyl radicals.

5.2.9 Mice breed and housing

For the biodistribution studies, 8-10 week old ICR CD-1 outbred mice (Envigo Inc., Indianapolis,
IN) weighing 25-30 g were used. The CD-1 mice are an albino strain bred without any specific
disease models that are often used to study physiology and general safety, making them ideal for
this study. In order to minimize conflicts between mice within the same cage, only female mice
were used and they were housed with maximum of four animals per cage. They were fed standard
rodent chow and water via ad libitum feeding, and they were exposed to standard 12 h on, 12 h off
lighting conditions. The mice were housed in facility for 3 to 5 days before administration of

GdsN@Cgo-DIPEG2000(OH)x.
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5.2.10 Oral biodistribution groups

The mice were divided into 4 groups of 5 animals (total 20 animals), and each group was
euthanized at a different time after oral administration: 15 minutes, 3 hours, 6 hours, and 7 days.
The group size was based on those utilized by previous literature that performed similar
biodistribution studies involving metallofullerenes, which ranged from 3-4 mice per group.
5.2.11 Feeding and Euthanization

Each animal was fed a single 200 pL bolus of 43.7 uM solution of GdsN@ Cgo-DiPEG2000(OH)x
using a 1 mL insulin syringe through a curved, 20 gauge, 3.8 cm long stainless steel gavage needle
with a 2.4mm tip (GloMed Inc., Sherman Oaks, CA). Food was removed from cages 3 hours before
administartion of the bolus and was returned a hour after administration if the mouse was still
alive. The mice in the 7 days group were placed into metabolism cages for 24 hours after
administration, and the fecal samples were collected at 6 hours and 24 hours after administration.
After 24 hours, the mice were returned to their standard housing cages for the rest of the 7 days.
The mice were euthanized using 5L/min of CO> for 10 minutes, followed by mechanical separation
of the spine. After euthanization, the mice’s liver, kidneys, spleen, and the GI tract from mid-
esophagus to rectum were dissected and placed into 50 mL centrifuge tubes. The lungs were also
collected in order to check for experimental errors in cases where the bolus may have been
administered into the lungs rather than the stomach.

5.2.12 Organ processing and measurement

The spleens and kidneys were digested in 70% HNO3 solution for 2 hours at ~100°C. Livers and
Gl tracts required more prolonged digestive periods, requiring 4 h and 8 h, respectively. The
digested samples were then cooled to room temperature before being filtered using a hydrophilic

PTFE 0.45 um pore syringe filter (Millex KGaA, Darmstadt, Germay). The empty digestion tubes
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were washed three times with 1 mL of 70% HNOs3 solution, and the wash fluid was added to the
samples after being filtered through the same syringe filters. The filtered samples were diluted to
1:10 ratio with deionized water in order to reduce its acidity to be compatible with the mass
spectrometer. The gadolinium concentration in the samples was measured by ICP-MS.
5.3Results and Discussion

5.3.1 Relaxivity Measurements of the functionalized GdsN@Cso

The r1 and r2 relaxivity results of GdsN@ Csgo-DiPEG2000(OH)x are summarized in Table 1. The
nuclear magnetic resonance relaxivity were calculated by the general equation (Eq 1.)°

R S — M Eq.1
= = r. q.
iobs TiHp0 Tipara TiHy0 '

T

The relaxation rate is determined by both diamagnetic (pure water) and paramagnetic (contrast
agent) components. The ratio of paramagnetic relaxation rate to the concentration (M) is the
relaxivity (ri) of the paramagnetic compound, which can be experimentally obtained by the slope
of 1/T; versus concentrations of the paramagnetic contrast agents. These results can be compared
with the relaxivity of the commercial contrast agents, Omniscan®, which exhibit much lower
relaxivity at all magnetic field strengths.

Table 1. Relaxivities of functionalized Gadolinium Metallofullerenes (Units of mM™ s~ per mM in pure

water at 25 °C).

Contrast 047T 1417 94T
agents N r ral 11 §! r ra/ r ) r/ ry
f-GdsN@Cgo
(2-100 uM ) 100.6 | 115.7 | 1.2 |128.8|167.7| 1.3 | 423 | 1865 | 4.4
Omniscan® | ~4 ~4 ~1 ~4 ~4 | ~1 | 4 ~4 ~1

5.3.2 MRI Acquisition and Processing
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The inversion recovery (IR) sequence is an NMR method of estimating the T1 relaxation time. The
method uses a 180° pulse, followed by the variable inversion time T), and then a 90° pulse to
produce the free induction decay (FID) signal in the x-y plane. Equation 2 describes the relaxation
of magnetization toward maximumM,. This function, modeled in Figure 1, was used to fit the

signal of each sample over the range of inversion times to estimate their T, relaxation times.

TI
M, = My(1 — 2¢7 ) Eq. 2

Null Point

1
M, = My(1 — 2¢ 7 TT)

Figure 1. Model of inversion recovery function. As T, increases, the magnetization along z returns to its
maximum value. Labeled in red is the null point.

The IR curve used for estimating T1 ranges from negative to positive values. However, images
acquired by the MR scanner only provide the magnitude intensities, which are all positive (Figure
2A). The sign of intensities at inversion time (Tis) on the left of “null point” (the signal intensity
is approximately zero) need to be flipped over as shown in Figurel. After fit an exponential to
extract the T time of each sample by using the inversion recovery equation. Multiple fits based
on the location of the minimum signal relative to the null point were tested, best T1 time were
selected based on the R

ﬁdj value (Figure 2B). According to the fitting, the r1 of GdsN@Cso-

DiPEG2000(OH)x under 3T is 61.08 mM 1 s2,
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Figure 2. A) Plots of mean intensity values of GdsN@ Cgo-DiPEG2000(OH)x for the inversion recovery sequence. B) Example
of testing multiple T fits for GdsN@Cgo-DiPEG2000(OH)x at 10 uM. The change in sign was applied to data between 50 ms

and 600 ms (top) and then between 50 ms and 1000 ms (bottom). The first case produces the better fit, as reflected in the R

metric.

5.3.3 In vitro MR contrast ability of the functionalized GdsN@Cso

In Figure 3, the inversion-recovery images obtained using a clinical 3T MR scanner with 5 mm
NMR tubes containing various concentrations of GdsN@ Cgo-DiPEG2000(OH)x and commercial
MR contrast agent, Omniscan®. The 2 uM functionalized metallofullerene and 20 uM Omniscan®
in water share similar contrast. These results show that the functionalized GdsN@Cso has
outstanding contrast relatively to commercial agents.

GdsN @Cso-DiPEGzooo(O H)X

® ® & ¢
100uM 20pM 10uM 5uM 2 pM
Omiscan®

® @

100 uM 20pM 10pM 5uM 2 pM

Figure 3. Inversion-recovery MR images (T1=2000 ms, Tg=4000 ms, Te=32 ms) with f-GdsN@Csg and
Omniscan® as contrast agent. From right to left: 2, 5, 10, 20 and 100 uM f-GdsN@Csgo. The 2 uM f-GdsN@Cso
and 20 uM Omniscan® in water exhibit comparable contrast.

5.3.4 Scavenging of ROS
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In this work, hydroxyl radical (¢\OH) and superoxide radical anion (O2"), the most common ROS
in the body, were chosen as the models to evaluate the capability of GdsN@ Cgo-DiPEG2000(OH)x
to eliminate ROS by using EPR methods. Due to the relatively low sensitivity of EPR detection
and the biological free radicals are short-lived, the exogenous spin traps were used. The EPR assay
was based on the competition between the trapping agents, and pegylated-hydroxylated fullerenes
for radicals.

Hydroxyl radicals were generated by the classical Fenton reaction, which involves the reaction of
FeSO4 and H20>. The concentration of H20O2 was 200 uM, DEPMPO was 500 uM, which was 36
times higher than the fullerene derivatives (14 uM). The superoxide radical anion was generated
by using the xanthine/ xanthine oxidase system. The concentration of trapping agent, BMPO, was
1200 times concentrated than the fullerene. A portion of radicals were quenched by the
functionalized fullerenes, and the residues were captured by the trapping agents to give the adduct
of DEPMPO-OH and BMPO-OOQH, respectively.

After treatment with GdsN@Cgo-DiPEG2000(OH)X, EPR profiles of both DEPMPO-OH and
BMPO-OOH were significantly declined compared with the control. The reductions in signal

intensities were approximate 100% and 83% (Figure 4).
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Figure 4. A) Mechanism of the production of hydroxyl radicals by Fenton reaction and the capture of them by DEPMPO.
EPR spectra of the hydroxyl radicals captured by DEPMPO with and without GdsN@Cso-DiPEG2000(OH)X. Ultrapure water
was used as a control. B) Mechanism of the production of superoxide radicals by xanthine/ xanthine oxidase system and the
capture of them by BMPO. EPR spectra of the hydroxyl radicals captured by BMPO with and without GdsN@Csgo-
DiPEG2000(OH)x. PBS water was used as a control.

Numerous studies have demonstrated the free radical scavenging capabilities of fullerenes, to such
a degree that fullerenes have been described as “free radical sponges.” GdsN@Csgo-
DiPEG2000(OH)x obtains greater scavenging ability than hollow cage fullerene or mono-
metal endohedral fullerene. The excellent ROS quenching capability of GdsN@Cso-
DiPEG2000(OH)x is attributed to its molecular properties, such as the functional groups on the
fullerene surface.? After chemical modification, some of the -system of fullerene framework by
replacing a cage carbon with another unit. The active hydroxyl radical can attack the electron-
deficient areas on the carbon cage surface or be stabilized by forming hydrogen bonds with the
proximate hydroxyl protons of functionalized GdsN@Cso.

Additionally, PEG has been reported to increase the residence time of nanoparticles and proteins

inside cells and provide biocompatibility. PEGylated counterparts of the Superoxide Dismutase
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(SOD) enzymes have shown improved performance over non-PEGylated enzymes.?! With the

PEG modification, this type of GdsN@Cgo can work as promising ROS scavenging particles in Gl

tract.

5.3.5 Biodistribution result

The percentage biodistribution of gadolinium ions of each mouse in the certain time points (15

min, 3 hours, 6hours and 7 days) are shown in Figure 5. The average biodistribution of gadolinium

content in each organ at each time point is summarized in Table S1.

% of Gd Administered

Figure 5. Biodistribution of Gd®*" in mice at A) 15 minutes, B) 3hours, C) 6hours, and D) 7 days.
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The group A (1~5) mice had larger amount of the nanoparticles in Gl tracts compared with other
three organs. However, the total averaging less than 5%, the loss of samples might be caused by
the mis-adminstrated either into the lungs or esophagus. The group B (6~10) mice had most of Gd-
based nanoparticles within the GI tract, after three hours’ administration. The 9" mouse in the 3
hours group had 6.70% of particles in Gl tract, which was much lower than the other group B mice
but significantly greater than the group C mice. This drastic difference from other mice of both
groups makes it more likely that number 9 mouse simply had quicker peristalsis compared to the
other mice and was actively excreting the nanoparticles when it was euthanized, rather than that it
managed to absorb approximately 93% of the nanoparticles when the other mice in its group
absorbed between 3 to 11%.

According to group C and D data, low percentage of the Gd ions measured within the organs. The
result suggests large amount of the particles started to be excreted after 6 hours (except in mouse
number 16), and the most of them were fecally excreted by 24 hours. In group C, the remained
particles inside the mice bodies were mainly accumulated in the livers (2.74%) and Gl tracts
(2.87%). The kidneys and spleens also had measurable Gd**, but the levels were not as significant
or as consistent between the mice as the liver Gd®* levels were. This demonstrates that a small but
certainly percentage of GdsN@ Cgo-DiPEG2000(OH)x was absorbed from the Gl tract and deposits
in the liver. Since the long flexible PEG chains conjugated to the surface can help the nanoparticles
penetrate through the mucus barrier and entanglement in the mucus network. "8

Multiple studies have evaluated the effect of pegylation on the oral bioavailability of various
agents, with mixed results. The study by Zabaleta et al.?? showed that loading paclitaxel onto
pegylated poly(anhydride) nanoparticles enhanced its oral bioavailability compared to loading it

onto non-pegylated nanoparticles. However, as the size of the pegylation was increased from
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PEG2000 to PEG10000, the bioavailability gains significantly decreased. Li et al. found that while the
oral bioavailability of all trans-retinoic acid (ATRA) was enhanced by functionalization with
PEG1000, the membrane permeability, and oral bioavailability was significantly decreased for
longer polymer chains such as PEG2o00 or PEGsooo.2® These contrasting findings seem to suggest
that pegylation can significantly increase the oral bioavailability of molecules that would otherwise
be degraded in the GI lumen, but at sufficient molecular size can begin to hinder its absorption. In
the case of PEGylated-GdsN@Cgo, our data suggests that the molecule has a very low
bioavailability, but a measurable quantity is absorbed nonetheless.

The major amount of the nanoparticles can be excreted out of the body after 7 days administration.
It is possible that PEGylated-GdsN@Cgo will be excreted through the biliary system, as it may be
too large molecularly to be renally cleared. Alternatively, Li et al.?® suggest that the nanoparticles
lose its pegylation on its first pass through the liver. The histopathological effect of these
nanoparticles on the liver and kidneys may be worth studying. As there are still gadolinium-based
particles measured in the organs at 7 days, it may be beneficial to perform a longer trial to test if
PEGylated-GdsN@Csgyo is cleared if given more time or if the deposition is more permanent.

5.4 Conclusion and Future work

In this paper, the PEGylated-GdsN@Csgo exhibited both outstanding MRI contrast and radical
scavenging ability, which can be worked as both contrast agent and antioxidative agent in Gl tract
at least for 6 hours, then will be cleared from body within 7 days. It is our very first time to extract
the relaxivity values under 3T scanner from images, which provides a new method to obtain the
relaxivity. For the future work, the in vivo MRI and biodistribution studies need to be performed

for fully understand the mechanism of this agent as working for the Gl tract. The pH in the Gl tract
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can vary from 1 in the stomach to 9 in parts of the intestine, it is critical to evaluate the stability of

the carbon cage under this bio-environment.

5.5 Supplementary Materials

Table S1:

(u £ SD, % of administered Gd) *Mouse number 9 and 16 were not included in the calculations due to

Biodistribution

of

Orally Administered GdsN@Cgo-DiPEG2000(OH)x in

outlier data.
n=>5 15 Minutes 3 Hours* 6 Hours 7 Days*

Liver 0.90+0.13 1.55+1.62 2.74 £0.89 0.58 £ 0.60

Gl 3.12+2.28 92.57+£3.30 2.87 +0.88 1.62+0.34

Kidney 0.77 £0.94 1.06+1.84 1.03+0.63 0.13+£0.06

Spleen 0.15+£0.08 141+191 1.10+1.95 0.27 £0.22

Brain - - - 0.23+0.12
6h Stool - - - 61.74 £ 33.61
24h Stool - - - 34.78 £ 42.02
Total 494 +£3.12 96.60 = 4.47 7.74 £3.21 100.30 + 14.31
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Chapter 6 MRI Relaxivity Studies of the Amphiphilic Nanoparticle GdsN@ Cso-DiPEGz2000

Tinghui Lif, Stephen LaContel, Harry C. Dorn® /"

" Department of Chemistry, Virginia Polytechnic Institute and State University, Blacksburg, VA
* Virginia Tech Carilion School of Medicine, Roanoke, VA

I'Virginia Tech Carilion Research Institute, Roanoke, VA

6.1 Introduction

The fullerene molecular allotrope of carbon is a hollow sphere which potentially has numerous
diversified applications, such as, photovoltaic and electronic devices, surface coating material, and
antioxidants.* Shortly after the discovery of fullerenes in the 1990s, endohedral metallofullerenes
(EMF) and trimetallic nitride endohedral fullerenes (TNT-EMF) were recognized for their multi-
functional capabilities in biomedical applications. Functionalized gadolinium-loaded fullerenes,
Gd@Cs2 and GdsN@Cgo have attracted much attention as a potential new nanoplatform for next-
generation magnetic resonance imaging (MRI) contrast agents, given to their inherent higher *H
relaxivity than most commercial contrast agents.>? In the last decade, we have explored a series

of functionalized GdsN@Csgo TNT-EMFs for MRI detection of various pathological conditions,
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Figure 1. GdsN@Cgo-DIPEG2000 (OH)x and GdsN@ Cgo-DiPEG2000.
such as chronic osteomyelitis and brain cancer.1%2 So far, most metallofullerene contrast agents

studied to date have focused on the hydroxylated fullerenes, which have good solubility in water.

The hydroxylated and polyethylene glycol (PEGylated) GdsN@Cso has been designed and
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developed with excellent MRI contrast ability (Figure 1A).13 However, its counterpart PEGylated
GdsN@Cgo (Figure 1B), is an amphiphilic compound and can also be dissolved into water due to
the hydrophilic high molecular weight of PEG on to the cage, but doesn’t have exceptional MRI
contrast ability compared with the hydroxylated metallofullerene (Figure 1A). The absence of
hydroxyl functional groups on the carbon cage results in lower MR relaxivity. It has been known
for a long time that this type of contrast agent has higher relaxivity at lower concentrations. The
explanation for the concentration dependency is not fully understood. In this work, GdsN@ Cso-
DIiPEG2000 Was used as the model to investigate the relationship between the relaxivity and
concentration of the Gd-based metallofullerenes.

6.2 Experimental

6.2.1 Materials

GdsN@Cgy was purchased from LUNA Innovations (Danville, VA). 98% 1, 8-
Diazabicyclo(5.4.0)undec-7-ene (DBU), 99% trimethylamine (TEA), polyethylene glycol 2000
(PEG2000), 99% CBr4, 99% 18 crown-6, 50% sodium hydroxide solution, and 50 % hydrogen
peroxide were used as obtained from Sigma-Aldrich. Hydrogen peroxide (H20>), ferrous sulfate
heptahydrate  (FeSOs), xanthine, xanthine oxidase from bovine milk (XOD),
diethylenetriaminepentaacetic acid (DTPA), and lipopolysaccharide (LPS) were purchased from
Sigma Aldrich. Spin traps, 5-diethoxyphosphoryl-5-methyl-I-pyrroline N-oxide (DEPMPO) was
purchased from Focus Biomolecules, 5-tert-Butoxycarbonyl-5-methyl-1-pyrroline-N-oxide
(BMPO) was supplied by Cayman Chemical. The clear EPR quartz capillary tubes (ID 1.0 mm,
OD 1.2 mm) were obtained from Wilmad-LabGlass.

6.2.2 Synthesis of Di{®m-methyl-poly(ethylene glycol)} malonate (DiPEGz2000)
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To asolution with 5g PEG2000, 0.7 ml triethylamine in 7 ml CH2Cl,, was added dropwise a solution
of 0.25 ml malonyl dichloride. The solution was stirred at room temperature under N2 protection
for 4 hours. The final mixture was concentrated and the residue was dissolved in chloroform and
then poured into a large amount of toluene, filtered and the filtrate was concentrated under vacuum

to give a yellow viscous liquid (Scheme 1A).13
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Scheme 1. A) Synthesis of Di{w-methyl-poly(ethylene glycol)} malonate and B) Functionalization and
Conjugation Process of GdsN@Csgo-DiPEG2000 (Gray, Carbon; Aqua, Gadolinium lon; Blue, Nitrogen).

Synthesis of GdsN@ Cso-DiPEG2000

The mixture of GdsN@Csgo, DIPEG2000, DBU and CBrs (molar ratio 1:20:20:67) was dissolved in
10 mL chlorobenzene and degassed with argon for 30 min. The solution was stirred at room
temperature for 12 hours. The resultant mixture was evaporated to remove solvent, redissolved in
water and then separated by Sephadex G25. (Scheme 1B).

6.2.3 Relaxivity Measurements for Gd3N@Cso-DiPEG2000

Solutions with different Gd** concentrations were prepared by diluting a stock solution with
deionized water. The concentration of the Gd** ions was determined by Varian 820-MS ICP Mass
Spectrometer. The 77 and 7> relaxation times were measured at three different magnetic field
strength, Bruker Minispec mq 20 (0.47 T), mq 60 (1.41 T) analyzers, and Bruker Avance I1I 400

MHz (9.4 T) wide bore spectrometer equipped with an MIC 400 W1/S2 probe and Smm 'H coil.

131



The inversion-recovery method was used to measure the spin-lattice relaxation time 77, and the
Carr-Pucell-Meiboom-Gill method was used for the spin-spin relaxation time 7> measurement.
Errors in 77 and 7> values were less than +2%.

6.2.4 Dynamic light scattering (DLS) and Zeta potential measurement

The hydrodynamic size distribution and surface charge of GdsN@Csgo-DiPEG2000 in water was
measured by DLS at the concentrations 2, 5, 10, 20, 50, 100 pM.

6.2.5 In vitro MRI study of the functionalized GdsN@Cso

The in vitro inversion-recovery MR images were obtained under the same 3T clinical scanner for
the visual confirmation of the efficiency of the functionalized fullerene working as a contrast agent.
Various concentrations of the Gd based fullerenes, and the commercial contrast agent Omniscan®
were used and compared.

6.2.6 Hydroxyl radical (HO) scavenging activity

The trapping of hydroxyl radicals by each metallofullerene derivative was determined by the EPR
spin-trapping technique. The EPR assay was based on the competition between the trapping agent,
DEPMPO, and the fullerene derivative nanoparticles for HO. Hydroxyl radicals were generated
by the classical Fenton reaction with the reaction mixture containing freshly prepared 500 uM
DEPMPO, 20 uM FeS0O4 and 200 uM H»0> with or without 14 uM of a GdsN@ Csgo-DiPEG2000.
The clear quartz capillary tubes (ID 1.0mm, OD 1.2mm) were used as the sample container. The
EPR data were collected at ambient temperature, 2 min after initiating the formation of HO by
addition of FeSOs. The following instrument settings were used for collecting EPR spectra:
microwave power of 10 mW, field modulation frequency of 100 kHz, and modulation amplitude

of 1 G.

6.2.7 Superoxide radical anion (O2™) scavenging activity
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BMPO was used to trap and detect O2™ by EPR spectroscopy. Superoxide radical anion was
generated using the xanthine/ xanthine oxidase system. The scavenger radical reaction was
initiated by addition of xanthine oxidase solution (XOD). The reaction contained 100 uM xanthine
(IM NaOH in PBS), 20 mM BMPO, 50 uM DTPA, 0.1 U/ml XOD, in the presence or absence
of 11 uM of a GdsN@Csgo-DIPEG2000. The EPR spectra were recorded at 1.5 min after initiating
the generation of O2" by addition of XOD. The instrument settings were used as the same as
hydroxyl radicals.

6.3 Results and Discussion

6.3.1 DLS and Zeta potential measurements of GdsN@ Cso-DiPEG2000

The hydrodynamic size distributions of GdsN@Cgo-DIPEG2000 Were measured with six different
concentrations. As shown (Figure 2) the hydrodynamic size of the compound is concentration
dependent. At low concentration 2uM, the nanoparticles are dispersed in water as small aggregates
“monomers”with hydrodynamic size of ~10 nm. The nanoparticles initiate aggregation as the
concentration increases, and reach the largest aggregation size of about 100 nm at the highest
concentration. The surface charge results parallel the DLS measurements and progress from -57

to -15 at high concentrations.
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Figure 2. Hydrodynamic size distribution and surface charge of GdsN @ Cgo-DiPEG2000 With
different concentrations.

6.3.2 Relaxivity Measurements of the functionalized GdsN@Cso
The r1 and r relaxivity results of GdzsN@Cgo-DIPEG2000 are summarized in Table 1. The nuclear

magnetic resonance relaxivity were calculated by the general equation (Eq 1.)

1 1 1 1

= + =
iobs TinO Tipara TinO

T +7[M] Eq.1

The relaxation rate is determined by both diamagnetic (pure water) and paramagnetic (contrast
agent) components. The ratio of paramagnetic relaxation rate to the concentration (M) is the
relaxivity (ri) of the paramagnetic compound, which can be experimentally obtained by the slope
of 1/T; versus concentrations of the paramagnetic contrast agents. These results can be compared
with the relaxivity of the commercial contrast agents, Omniscan®.

Table 1. Relaxivities of functionalized Gadolinium Metallofullerenes (Units of MMt st per mM

in pure water at 25 °C)

047T 1417 94T
Table A Contrast agents
r 2 ra/ ry I 2 ra/ ry I r2 ra/ rp
f-GdsN@Cgo(OH)x (2-100 uM) | 100.6 | 115.7 1.2 128.8 | 167.7 1.3 42.3 186.5 4.4
f-GdsN@Cso (80-240 uM) 2.8 4.0 1.4 3.8 9.4 2.5 6.3 19.7 3.1
Omniscan® ~4 ~4 ~1 ~4 ~4 ~1 ~4 ~4 ~1
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94T
Table B f-GdsN@Cgo
r r
20-300 puM 5.17 62.15
80-240 uM 6.3 19.7
30-90 uM 7.4 32.7
2-10 uM 26.08 61.94

The comparison of relaxivities between GdzN@Csgo-DiPEG2000(OH)x and GdzN@Cso-DiPEG2000
confirms that the hydroxyl groups attached to the cage is the key factor (Table 1A) for enhanced
relaxivity. One hypothesis is that the hydroxyl functional groups facilitate hydrogen bonding and
exchange interactions with water molecules more efficiently at low metallofullerene
concentrations and smaller aggregation sizes, (Table 1B). Whereas, it is reasonable that the water
soluble amphiphilic metallofullerenes form micelles at higher concentrations, thereby excluding
more water (and exchange) and lowering relaxivity.

6.3.3 In vitro MR contrast ability of the functionalized GdsN@Cso

In Figure 3, the inversion-recovery images obtained using a clinical 3T MR scanner with 1 mm

capillary tubes containing various concentrations of f-GdsN@Cgo, f-HosN@Cgo and commercial

2uM  5pM  10pM  20pM 100 pM

®
Gd;N@Cgy-DIiPEG,40(OH),

GAN@Cyy-DIiPEG gy,

e Omniscan™

Figure 3. Inversion-recovery MR images (T1=1500 ms, Tr=4000 ms, Te=32 ms) with f-GdsN@Csgo, f-
HosN@Cso, and Omniscan® as contrast agent.
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contrast agent, Omniscan®. With the highest concentration, the GdsN@ Cgo-DiPEG2000(OH)X,
HosN@Cso-DiPEG2000(OH)x and Omniscan® shared the similar brightness. This suggests three
contrast agents reached their plateau. At lower concentrations, the GdsN@ Cgo-DIPEG2000(OH)x
are brighter than other agents, and there is no difference between GdsN@ Csgo-DiPEG2000 With other
agents, which corresponds to the previous relaxivity results.

6.3.4 Scavenging of Reactive oxygen species

In this work, hydroxyl radical (*OH) and superoxide radical anion (O2"), the most common
reactive oxygen species (ROS) in the body, were chosen as the models to evaluate the capability
of GdsN@Cso-DiPEG2000(OH)x and GdsN@Cso-DiPEG2000 to eliminate ROS by using EPR
methods. Due to the relatively low sensitivity of EPR detection and the biological free radicals are
short-lived, the exogenous spin traps were used. The EPR assay was based on the competition
between the trapping agents, and pegylated-hydroxylated fullerenes for radicals.

Hydroxyl radicals were generated by the classical Fenton reaction, which involves the reaction of
FeSO4 and H202. The superoxide radical anion was generated by using the xanthine/ xanthine
oxidase system. A portion of radicals were quenched by the functionalized fullerenes, and the
residues were captured by the trapping agents to give the adduct of DEPMPO-OH and BMPO-
OOH, respectively.

After treatment with GdsN@Cso derivatives, EPR profiles of both DEPMPO-OH and BMPO-
OOH were significantly declined compared with the control. The reductions in signal intensities
were summarized in Figure 4C. Both derivatives can quench nearly 100% hydroxyl radical, and
hydroxylated GdsN@Cgo acquires better scavenging ability than non-hydroxylated fullerene. The
excellent ROS quenching capability of GdsN@Cso derivatives is attributed to its molecular

properties, such as the functional groups on the fullerene surface. After chemical modification,
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some of the n-system of fullerene framework by replacing a cage carbon with another unit. The
active hydroxyl radical can attack the electron-deficient areas on the carbon cage surface or be

stabilized by forming hydrogen bonds with the proximate hydroxyl protons of functionalized

GdsN@Cgo. 141
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Figure 4. Radical scavenging properties of three trimetallic nitride endohedral fullerenes. A) Mechanism of the
hydroxyl radical production by Fenton reaction and capture by DEPMPO. EPR spectra of the hydroxyl radicals
captured by DEPMPO with and without GdsN@Csgo derivatives. Ultrapure water was used as a control. B)
Mechanism of superoxide radical production by xanthine/ xanthine oxidase (XOD) system and capture by BMPO.
EPR spectra of superoxide radicals captured by BMPO with and without GdsN@Csgo derivatives. PBS was used as
a control. C) Table summary of scavenging capabilities of hydroxyl radical and superoxide radical anion by two
GdsN@Csgo derivatives.
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6.4 Conclusion and Future work

In summary, a novel amphiphilic compound GdsN@Csgo-DiPEG2000 Was developed and
preliminary characterized. To the best of our knowledge, it is the first time to study the chemical
and psychical properties of Gd-based amphiphilic fullerene. It might also explain why this type of
contrast agent has higher relaxivity at lower concentrations. In future, the NMR experiments of
diffusion coefficients of GA3N@C80-DiPEG2000 need to be performed to further understand this

particle.
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Chapter 7 Overall Conclusions

Fullerenes have been recognized for their multifunctional capabilities in biomedical applications.
This dissertation has focused on functionalized gadolinium-loaded fullerenes which have attracted
attention as a new nanoplatform for next-generation magnetic resonance imaging (MRI) contrast
agents. A gadolinium ion is paramagnetic and has seven unpaired electrons. The long electron
relaxation time makes Gd** ions influence the relaxation times of water protons.* The ionic radius
of gadolinium is very similar to that of calcium, which causes Gd®* ions to compete with Ca* ions
in biological systems that require Ca?* ions for proper function. The trivalent Gd** ions bind with
much higher affinity than the Ca?* ions.? Due to the toxicity of free gadolinium ions, they cannot
be administered directly to the body. The fullerene cage is an extraordinarily stable species which
makes it extremely unlikely to break and release the toxic Gd®* ions into the bioenvironment. In
this dissertation, we report the development of a series of functionalized TNT-EMFs for MRI
detection of various pathological conditions, such as brain cancer and chronic osteomyelitis, and
working as agent for gastrointestinal (Gl) tract.

A new amino-surface functionalized GdsN@Cgo platform is reported in Chapter 2. This platform
is compared with a previously described hydrophilic, carboxyl-surface functionalized GdzsN@Cgo.
We have found that this hydrophilic nanoparticle, when conjugated with an interleukin-13 peptide,
exhibited increased targeting of U-251 GBM cell lines. Our results support the notion that the
positively charged nanoparticle has enhanced charge attraction for GBM cellular endocytosis on
the metallofullerene cage surface when directly compared with a carboxyl-surface functionalized
nanoparticle. Confocal microscopy results show the agent can effectively target orthotopic GBM

brain xenografts in mice. In a similar fashion to the confocal microscopy results, we also
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demonstrate clinical MRI detection at low concentrations of this nanoparticle in U-251 GBM cells
orthotopically implanted in mice.*

In Chapter 3, we develop a novel non-invasive imaging approach to detect and differentiate chronic
post-traumatic osteomyelitis (CPO) from post-traumatic aseptic inflammation using the IL-13Ra2
targeted metallofullerene MRI probe in a mouse tibia model. To the best of our knowledge, we are
the first to identify IL-13Ra2 receptor as a unique biomarker for diagnostic imaging of CPO, given
to this type of receptor dramatically increased and distinct expression during bacterial infection.
Such a translational imaging approach would aid clinical differentiation of CPO from aseptic post-
traumatic or surgical inflammation, hence providing critical and timely information for developing
a therapeutic strategy.®

The discovery that functionalized GdsN@Csgo possess robust radical scavenging properties in
solution and suppressed LPS-induced ROS in macrophage cell model is presented in Chapter 4.
Carboxyl-GdsN@Csgo significantly attenuate LPS-induced iNOS and TNF-o mRNA expression.
We provide evidence that TNT-EMFs, especially carboxyl-GdsN@Cso, hold great promise in
becoming a novel class of theranostic agent against the oxidative stress and inflammation, in
combination with their inherited MRI applications.®

The molecular weight of 5-10kDa macromolecules is considered high enough to prevent any
appreciable absorption through skin or mucosal tissue. Such systems can offer considerable
advantages for localized treatments of the GI tract. Therefore, poly(ethylene glycol) is used to
functionalize the fullerene as the contrast agent for Gl tract. The PEGylated-GdsN@ Cgo exhibits
both outstanding MRI contrast and radical scavenging ability. PEGylated-GdsN@Cgo works as
both contrast agent and antioxidative agent in GI tract at least for 6 hours, then is cleared from

body within 7 days. For future work, in vivo MRI and biodistribution studies need to be performed
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to fully understand the mechanism of this agent in the Gl tract. The pH in the GI tract can vary
from 1 in the stomach to 9 in parts of the intestine. Evaluation of the stability of the carbon cage
under this bio-environment will be critical.

Although additional bio-distribution and cytotoxicity studies are needed, the feasibility of these
nanoparticles as potential new agents for diagnostic MRI applications can be clearly envisioned.
A novel amphiphilic GdsN@Cso derivative is discussed in Chapter 6. It has been observed for a
long time that the functionalization GdsN@Cgo contrast agents have higher relaxivity at lower
concentrations. The explanation for the concentration dependence is not fully understood. In this
work, the amphiphilic GdsN@Cso derivative is used as the model to investigate the relationship
between the relaxivity and concentration of the metallofullerenes.

In spite of the optimistic view of metallofullerenes for-next generation biomedical applications,
some formidable obstacles must still be overcome. For example, the synthetic production yields
of metallofullerenes are very low and typically less than 1% in the usual electric-arc batch reactor.
As previously indicated, the major clinical problem with current linear and macrocyclic Gd-
containing MRI contrast agents is the low relaxivity and established loss of Gd** ions to
surrounding tissue. The EMF MRI contrast agents exhibit 2-3 orders of magnitude better relaxivity
than current clinical agents. This helps alleviate, but does not eliminate, potential concerns related
to the adverse effects of Gd-based toxicity. More importantly, although the pristine
metallofullerene cage is very robust, functionalized metallofullerenes with sp? hybridized carbons
on the cage surface are less stable. Detailed in vitro and in vivo studies are needed to demonstrate
that the encapsulated Gd®* or trimetallic nitride cluster (GdsN)®* ions of Gd-EMFs stay completely
encapsulated and isolated from the bio-environment. Moreover, due to the presence of a different

number of functional groups on the carbon cage for the metallofullerene MRI agents, a challenge
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is to develop “single molecule” contrast agents. This challenge is compounded by the clinical
desire for total body clearance of Gd-based MRI contrast agents. Finally, specific targeting, multi-
modality, and therapeutic agents are also important goals for future development of the
metallofullerene platforms for clinical applications. In spite of these challenges, the
metallofullerene will likely evolve as an important molecular platform for future clinical

applications.
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Appendix A

New Synthetic Click Reactions of Endohedral Metallofullerenes for Biomedical Applications
Libin Bai+, Tinghui Li', Daniel W Bearden ~, Xinwu Ba'+, Haijun Wang™* and Harry C. DornfI"
T Department of Chemistry, Virginia Polytechnic Institute and State University, Blacksburg, VA

College of Chemistry and Environmental Science, Hebei University, Baoding, China
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Charleston, South Carolina
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Abstract

In this paper, we synthesized a new type of ScaN@Cgo derivative bearing alkynyl group by using
Prato reaction. The post-functionalized reaction was successfully conducted by employing the
click reaction with the benzyl azide as a model compound. The structure of ScsN@Cso-alkynyl
(ScaN@Cgo-Alk) and ScaN@Cgo- Alk-benzyl azide (ScaN@Csgo-Alk-BA) were determined by
NMR spectrum, MS, UV-vis and HPLC. The high yield of the ScaN@Cso-Alk-BA can provide
access to various derivatives which have great potential for application in medical and materials

science.

Since the initial discovery of Endohedral metallofullerenes (EMFs) in 19911, EMFs have attracted
increasing attention as promising spherical molecules for material and biomedical applications
because of the unique properties of EMFs?2. Recently, Trimetallic nitride endohedral fullerenes
(TNT-EMFs), possessing a metal-nitride cluster (M3N) encapsulated within the fullerene cage, has
been demonstrated to alter the electronic and magnetic properties due to the charge transfer from
the metal to the carbon shell*®. Allowing for the unique feature of TNT-EMFs, they are

functionalized and expected to show promising performance in the diverse application areas of
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electronics, optical and biological®®. Using Bingel reaction, Guldi et al synthesized LusN@Cso-
perylenebisimide conjugate which show unique oxidative role because of the construction of novel
optoelectronic device'®. For functionalized EMFs, expect for the Bingel reaction, there are other
various types of chemical transformation such as Diels-Alder reactions, [2+2] cycloadditions,
[2+1] cycloadditions, Prato reactions, Azide addition, and free-radical reactions®°!*, Usually,
most of these functionalization reactions were conducted with one-step strategy to improve the
yield of MNFs derivatives. The second strategy is step by step method. According to this strategy,
Shiladitya synthesized fullerenol-doxorubicin conjugate which suppressed the proliferation of
cancer cell-lines in vitro through a G2-M cell cycle block, resulting in apoptosis®2. Fréchet
prepared fullerene-bound dendrimers which dramatically improved the solubility of the
fullerenes®. Eiichi also obtained fullerene-glycoconjugates by employing the step by step
method*. Indeed, the yield for the functionalization of fullerenes will dramatically decrease with
more steps being utilized. However, subsequent functionalization will introduce more diverse
performance to EMFs and more flexible synthetic strategy.

Click chemistry has been extensively used in functionalization due to the high efficiency and
technical simplicity of the reaction. Furthermore, this procedure can be conducted in aqueous or
organic media and no unwanted side reactions in a wide temperature range>®. The Cu(l)-
catalyzed azide-alkyne Huisgen cycloaddition is an important kinds of click chemistry’-°,
Nakamura used the click reaction to prepare a new type of fullerene-oligosaccharides with 98%
high yielding®. Jiang synthesized a new type of fullerene-based donor-acceptor systems by using
click reaction with high yield?®. Cheng applied click chemistry to the synthesis of fullerene-
polymer hybrids?t. Undoubtedly, the click reaction is a good choice for the post-functionalization

of EMFs derivative.
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Here in, we first synthesized a new type of ScaN@Cso derivatives bearing alkynyl group by using
Prato reaction. For the further modification of the EMFs, click reaction was utilized with benzyl
azide as a model molecular. The structure of ScaN@Cgo-alkynyl (ScaN@Cgo-Alk) and ScaN@ Cso-
Alk-benzyl azide (ScsN@Cgo-Alk-BA) were characterized by NMR spectrum, MS, UV-vis, and
HPLC.

Scheme 1-1 shows the synthetic procedures of ScsN@ Cso-ALK. Accounting for the high yield and

operational simplicity of Prato reaction which was used for chemical functionalization of Ceo, the

'ﬂ

R
OH ___ o
ﬁ B
Br CH3;NHCH,COOH
- -
K,CO0 5 acetone ScyN@ Cg,
o ~o chlorobenzene N—
o reflux
1 R
C D

1 2

Scheme 1. A) Synthetic steps of ScaN@Cgo-ALK. B) Prato reaction at the 6,6-ring junction (A—B) and at the
5,6 ring junction (C—D).

Prato reaction was chosen to prepare the ScsN@Cgo-ALK derivative. The synthesis of ScaN@Cgo-
ALK (2) was carried out by heating chlorobenzene solution containing ScaN@Cso (1 equiv),
sarcosine (10 equiv) and compound 1 (20 equiv) at reflux temperature for 10 h. The progress of
the reaction was monitored by high pressure liquid chromatography (HPLC) as shown in Figure
1A. After 40 minutes, two new peaks appeared at 21 min (1a) and 24 min (1b), respectively, which
are assigned as the monoadducts of In ScsN@Cso. Base on the our previous works??, the sarcosine
and compound 1 can only react with a localized double bond at one of the two types of ring juncture
available on the In symmetric Cgo cage. The 6, 6-ring juncture abutted by one five- and one six-

membered ring (Scheme 1-2A) and the 5, 6-ring juncture is abutted by tow six membered rings
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Absorbance

(Scheme 1-2C). Usually, the isomer of [5, 6] monoadduct was eluted earlier than the isomer of [6,
6] monoadduct which was also proved by Yoko Yamakoshi using the MsN@Cgo (M=Sc, Lu, Y,
Gd) to conduct the Prato reaction?®. Hla and H1b were eluted earlier than ScaN@Cso because of
significant differences in the polarizability and solubility caused by the 4-propargylbenzaldehyde
groups. The yield of Hla and H1lb were increased from 7%, 0.47% to 2 3% and 2.08%,

respectively, after 10 h.
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Figure 1. A) Generation of Prato monoadducts Hla and H1b of ScsN@Cs, monitored by HPLC (Buckyprep, 4.6 mm i.d x
250 mm, toluene, 2 mL/min, 390 nm). B) MALDI-TOF spectra (9-nitroanthracene as matrix and negative ionization) of
pure monoadducts H1a. C) UV-vis spectra of ScsN@Cso-Alkynyl (solvent: toluene).
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Monoadducts Hla was isolated in 30% vyield with further purification. The HPLC traces of
monoadducts H1la on PBB columns consist of single symmetric peaks centered at retention time
of 21.2 min, revealing pure isomer. The matrix assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrum was shown in Figure 1B. The mass spectra exhibit a molecular ion
peak from 2a+ at m/z 1296. The peak at m/z 1109 is attributed to ScsN@Cso formed by loss of the
exohedral functional groups as usually observed under laser desorption conditions. The peak at
m/z 1252 is attributed to ScaN@Csgo-ALK derivative which loss the groups of CHoNCHs. UV-vis
absorption spectra of monoadduct H1a is shown in Figure 1C. The spectra of monoadduct Hla is
similar to the ScaN@Cso, indicating that the ScaN@Cso derivatives retain the main aromatic cage

features of the parent metallofullerenes.
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To demonstrate the structure of compound 2, the 800MHz *H NMR, 3C NMR, HSQC, and HMBC
were applied (Figure 2). Functionalized metallofullerene was dissolved into CS> with 10%
methylene Chloride-d>. According to the NMR spectrum, the end of alkyne (a) is (2.6, 76 ppm),
the chemical shift of b is 79 ppm, and the methylene group nearby the ether oxygen (c) is assigned
by (4.8, 56 ppm). The proton chemical shift of methyl group (d) connected with nitrogen was
coincidently overlapped with alkyne group (a), based on HMBC and HSQC, the carbon chemical
shift of this functional group is 39.5 ppm. The chemical shift of methane group (e) is (3.7, 85 ppm).
From the spectrum of HMBC and HSQC, the carbon shifts of methylene group (f) is 72 ppm, and
the shift of two protons are 4.4 ppm (d, J = 9.2 Hz, 1H) and 3.1 ppm (d, J = 9.2 Hz, 1H) because
of the molecular geometry. Two quaternary carbons k and I on the aromatic ring are 136.6 and
158.6 ppm, respectively. The carbon chemical shift of other two peaks on the aromatic ring m, n
is 143.9 and 140.5 ppm, and the proton shifts are 7.3 ppm.

Since the aromatic ring on the carbon cage was destroyed by the modification, the NMR peaks of
two carbons (g and h) on the carbon cage were shifted to high filed to 64 and 56 ppm. According
to HMBC result, the chemical shift of two adjacent carbons (i and j) are 113 and 115.5 ppm. The

peaks for other 74 carbons on the cage are between 160 and 128 ppm (Table 1).
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peak 1H chemical shift ppm 13C chemical shift
ppm
a 2.6 76
b - 79
c 4.8 56
d 2.6 39.5
e 3.7 85
f S AEL 7
g - 64
h - 56
i - 113
j - 115.5
k - 136.6
| - 158.6
m 7.3 143.9
n 7.3 140.5
There are 82 peaks from 110-160 ppm

Table 1. Summarized NMR data of compound 2.

To evaluate the utility of these ScaN@ Cso-Alkynyls as scaffolds for further functionalization, click
reaction was carried out with the benzyl azide as a model chemical (Scheme 2). The click reaction
was carried out by heating toluene solution containing ScaN@Cso-Alkynyl (1 equiv), benzyl azide
(100 equiv), Cul (5 equiv) at 60 °C after the solution was degassed with argon for thirty minutes.
After 10 hours, the reaction was monitored by HPLC as shown in Figure 3A (C1). The peaks Hla
(21 min) and H1b (24 min) (1b) were the two isomer of unreacted ScaN@ Cgo-ALK and the peak
of Hla significantly decrease means that most of ScaN@ Cso-ALK reacted with benzyl azide under
the Cul as the catalysator. A new peak appeared at 29 min is assigned as ScsN@ Cgo-Alkynyl-
benzyl azide (ScaN@Cso-Alk-BA). The product of click reaction was isolated in 75% yield by
using HPLC as shown in Figure 3A C2. The single symmetric peaks centered at retention time of

29 min, revealing a pure isomer.
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Scheme 2 Synthetic scheme of ScsN@Cgo-ALK-BA.

The MALDI-TOF mass spectrum was shown in Figure 3B. The mass spectrum exhibits a
molecular ion peak from 2a+ at m/z 1562. Furthermore, the structure of pure ScaN@Cgo-ALK-BA
was confirmed by *H NMR spectroscopy (Figure 3C). The *H NMR spectrum of ScsN@Cso-

ALK-BA contains resonances at 7.3-6.9 (CH-CsHs-O), (-CH2-(CeHs)) and (-C=CH-N), 5.6 (O-
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Figure 3. A) Click reaction monitored by HPLC, C1.: the reaction solvent, C2: the product of click reaction after purifying by
HPLC. (Buckyprep, 4.6 mm i.d x 250 mm, toluene, 2 mL/min, 390 nm). B) MALDI-TOF spectrum of pure ScsN@Cgo-ALK-
BA. C) 'H NMR spectrum of ScsN@Cs-ALK-BA (800 MHz, D-acetone/CS; =10/90 v/v, doped with chromuium
acetylacetonate). D) UV-vis spectra of ScsN@Csgo-Alkynyl (solvent: toluene).
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CHz), 5.1(N-CH2-(CeHs)), 3.7 (ScaN@Cgo-C(CsHa)H-N), 3.0, 4.3 (ScaN@Csgo-CH2-N), 2.1 (CHs-
N) ppm. The UV-vis absorption spectrum of ScaN@Cso-ALK-BA shows the similar pattern as
ScaN@Csgo and ScsN@Cso-Alkynyl, indicating that the ScaN@Cso derivatives retain the main
aromatic cage features of the parent metallofullerenes.

In summary, we have successfully synthesized and characterized the ScaN@Csgo-alkynyl by using
the Prato reaction. The high yield of the ScaN@Csgo-Alk-BA can provide access to various
derivatives which have great potential for application in medical and materials science. In future
work, the signal crystal of compound 1 and 2 need to be obtained for the further structure
illustration.

Experimental Section

Materials and methods.

All chemicals were used as received. Toluene was purchased from Spectrum chemical MFG.
COREP. Silica gel (200-400 mesh), chlorobenzene (anhydrous, 99%), carbon disulfide, acetone,
dichloromethane, sarcosine (98%), copper(l) iodide, were purchased from Sigma-Aldrich (St.
Louis, USA). Benzyl azide (94%) was purchased from Alfa Aesar. 4-hydroxybenzaldehyde,
potassium carbonate, propargyl bromide, ScsN@ Csgo.

Synthesis of the 4-propargylbenzaldehyde (compound 1)

4-hydroxybenzaldehyde (1.50 g, 12.3 mmol), potassium carbonate (6.79 g, 49.2 mmol), propargyl
bromide (5.85 g, 49.2 mmol), and acetone (200 mL) were mixed in a 500 mL round bottom flask
equipped with a magnetic stir bar. The mixture was heated to reflux. After 4h, the reaction was
stopped when the system was cooled to room temperature, then 200 mL water was added and the
mixture was extracted twice with dichloromethane. The organic layers were dried overnight and

removed under reduced pressure to afford 1.90 g ( 97%) of the compound 1 as pale yellow solid.
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IH NMR (CDCI3): 9.91 (s, 1H), 7.86 (d, J = 8.4 Hz, 2H), 7.09 (d, J = 8.9 Hz, 2H), 4.79 (d, J = 2.3
Hz, 2H), 2.58 (t, J = 2.4 Hz, 1H).

Synthesis of the ScsN@ Cso-alkynyl (compound 2, ScsN@ Cso-ALK)

A 50 mL three-necked flask equipped with a magnetic stir bar and Ar; inlet was charged with
sarcosine (8 mg, 0.1 mmol), compound 1(40 mg, 2.5 mmol) and ScaN@Cgo (18.6 mg, 0.016
mmol), and chlorobenzene (5 mL). The mixture was heated to reflux for 12h in an Ar, atmosphere.
After cooling, the solvent was evaporated by using air blowing. The crude solid was dissolved in

CS2(1 ~ 2mL) and poured on silica gel column, eluted with CS,. After the first fraction, containing

unreacted ScsN@Cso, was collected, the toluene was used as the eluent, obtaining the second
fraction (compound 2, 5.4 mg, 30%).

Synthesis of the ScsN@ Cso-alkynyl —benzyl azide (compound 3, ScsN@ Cso-ALK-BA)

To a 10 mL round-bottomed flask charged with compound 2 (3.3 mg, 0.00578 mmol, 1 equiv.)
and benzyl azide (30 mg) in toluene (3 mL) was added Cul (7 mg, 0.0116 mmol, equiv.). The
solution was degassed with argon for thirty minutes and then heated to 60 °C while flushing with
argon. The solution was stirred at 60 °C under argon for 12 h. The mixture was then cooled to room
temperature and purified via HPLC to afford ScaN@Csgo-ALK-BA compound 3 (0.0184 g, 0.0326

mmol, 56% yield).
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Appendix B

Characterization of PEGylated HosN@Cso

Materials

HosN@Cg was purchased from LUNA Innovations (Danville, VA). 98% 1,8-
Diazabicyclo(5.4.0)undec-7-ene (DBU), 99% trimethylamine (TEA), polyethylene glycol 2000
(PEG2000), 99% CBrs, 99% 18crown-6, 50% sodium hydroxide solution, and 50 % hydrogen
peroxide were used as obtained from Sigma-Aldrich.

Synthesis of Di{m-methyl-poly(ethylene glycol)} malonate (DiPEG2000)

To asolution with 5g PEG2000, 0.7 ml triethylamine in 7 ml CH2Cl>, was added dropwise a solution
of 0.25 ml malonyl dichloride. The solution was stirred at room temperature under N2 protection
for 4 hours. The final mixture was concentrated and the residue was dissolves in chloroform and
then poured into a large amount of toluene, filtrated and the filtrate was concentrated under vacuum
to give a yellow viscous liquid.

Synthesis of HosN@ Cso-DiPEG2000 and HosN@ Cso-DiPEG2000(OH)x

The mixture of HosN@Csgo, DiIPEG2000, DBU and CBrs (molar ratio 1:20:20:67) was dissolved in
10 mL chlorobenzene with degassed by argon for 30 min. The solution was stirred at room
temperature for 12 hours. The resultant mixture was evaporated to remove solvent and then
redissolved in toluene. Half of the resultant solution was concentrated and separated by Sephadex
G25 to obtain HosN@Csgo-DiPEG2000. 5 ml of NaOH and 2mg 18-crown-6 were added and the
resultant solution was stirred for another 3 hours. Then 3ml water and 15 drops of H>O> were
added and the mixture was stirred at ambient temperature overnight. The HosN@Cgo-
DiPEG2000(OH)x was concentrated and separated by Sephadex G25.*

Relaxivity Measurements for HosN@ Cso-DiPEGz2000 and HosN@ Cso-DiPEG2000(OH)x
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Solutions with different Ho®" concentrations were prepared by diluting a stock solution with
deionized water. The concentration of the Ho>" ions was determined by Varian 820-MS ICP Mass
Spectrometer. The 77 and 7> relaxation times were measured at three different magnetic field
strength, Bruker Minispec mq 20 (0.47 T), mq 60 (1.41 T) analyzers, and Bruker Avance III 400
MHz (9.4 T) wide bore spectrometer equipped with an MIC 400 W1/S2 probe and Smm 'H coil.
The inversion-recovery method was used to measure the spin-lattice relaxation time 77, and the
Carr-Pucell-Meiboom-Gill method was used for the spin-spin relaxation time 7> measurement.

Errors in T; and 7> values were less than +2%.

Table 1. The relaxivity results of HosN@Csgo-DIPEGz000 and HosN@ Cgo-DiPEG2000(OH)x under three
magnetic fields. (units of mM-1s per mM in pure water at 298 K).

Fullerene Derivatives 047T 24T 94T

r ) r I r Iz

HosN@Cgo-DIPEG20000OHx | 0.62 0.75 0.92 1.17 0.34 1.12
(300-3000 puM)

HosN@Cgo-DIPEG2000OHx | 42.65 | 44.17 | 49.87 | 44.35 - -

(3-60 LM)
HosN@Cso-DiPEG20000Hx | 68.57 | 70.79 | 79.23 | 62.17 - -
(2-36 LM)
HosN@Céo-DiPEG2000 237 | 510 | 256 | 10.05 - -
(63-255 UM)

The data summarized in Table 1 indicates the Ho-based hydroxylated metallofullerenes also
require the T contrast ability, due to the unpaired electrons in its 4f subshell, but are less effective
compared with Gd-based fullerenes. The hydroxyl groups attached onto the cage is also a key
factor for the relaxivity, facilitating the Ho-based fullerenes to trap water molecules in their
aggregates, which could more efficiently undergo (OH-H>O) hydrogen exchange reactions for the
nanoparticle. What’s more, the contrast agents have higher relaxivity at lower concentrations. The

explanation for the concentration dependency is not fully understand. It is possible that the water
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soluble metallofullerenes act like amphiphilic compounds, forming micelles at higher
concentrations, which might hinder the proton exchange.

MRI Acquisition

The relaxivity data of the samples were obtained at 3T on a Siemens MAGNETOM Prisma scanner
using a four element surface coil. An inversion recovery spin echo sequence was implemented,
acquiring images at different inversion times (T1=24, 50, 100, 200, 500, 1000, 1500, 2500 and
3500 ms) while keeping all other parameters fixed (20 slices, Tg=36 ms, Tr=4000 ms, flip
angle=150°). HosN@Cgo-DiPEG2000 and HosN@Csgo-DiPEG2000(OH)x were placed in Smm NMR

tubes with various concentrations of 2 uM, 5 uM, 10 uM, 20 uM and 100 uM.
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Figure 1. Plots of mean intensity values of HosN@Cgo-DiPEG2000(OH)x and HosN@ Cgo-DiPEGzo0o for the
inversion recovery sequence.

In vitro MRI study of the functionalized HosN@ Cso

The in vitro inversion-recovery MR images were obtained under the same 3T clinical scanner for
the visual confirmation of the efficiency of the functionalized fullerene working as a contrast agent.
Various concentrations of the Ho based fullerenes, and the commercial contrast agent Omniscan®

were used and compared.
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With the highest concentration, the GdsN@ Csgo-DiPEG2000(OH)X, HosN@ Cgo-DiPEG2000(OH)x
and Omniscan shared the similar brightness. This suggests three contrast agents reached their
plateau. At lower concentrations, the Gd-based fullerenes are brighter than other agents, which

corresponds to the previous relaxivity results.
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Figure 2. Inversion-recovery MR images (T:=1500 ms and 2500 ms, Tr=4000 ms, Te=32 ms) with f-Gd;N@Cso,
f-HosN@Cso, and Omniscan® as contrast agent.

Dynamic light scattering (DLS) measurement

The hydrodynamic size distribution of HosN@ Cgo-DiPEG2000 in water and PBS were measured by
DLS at time 0, 15 and 30min. The concentration of HosN@Cso-DiPEG2000 is 36 UM per Ho* ions.
The DLS results (Figure 3) indicate that the hydrodynamic size of an aggregate nanoparticle is

~100 nm in both PBS and water. The aggregations are stable in both media at least for 30 min.
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Figure 3. HosN@Cso-DiPEG2000 in PBS (left), and water (right) at time 0, 15 and 30 min.
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Scanning Electron Microscope (SEM) images of HosN@ Cso-DiPEG2000

With the SEM images of HosN@Cso-DiPEG2o00 (Figure 4), the black spots represent the fullerene
cages. In the resolution with 100 nm image, it clearly shows the aggregation of the functionalized
fullerenes. These data indicate the water soluble metallofullerenes might share the similar property

as amphiphilic compounds, the size of aggregation is concentration dependent. This work was

done by Junghyun Kim at University of North Carolina at Chapel Hill.

£

Figure 4. Scanning Electron Microscope (SEM) images of HosN@ Cgo-DiPEG2q00.

The leaching study of HosN@Cso and HosN@ Cso(OH)x
The stable holmium isotopes can be encapsulated into the carbon cages, with neutron irradiation,

the Ho-based fullerenes can be performed as the radiotherapeutic agents. The leaching study was

Table 2. The leaching study of HosN@Cgo and HosN@ Cgo(OH)xX.

Fullerene Radioactivity (CPM) % Error Corrected (Radioactivity - BG) (CPM) | Leaching (%)
Ho;N@Cy 10750.7 0.6 10744.2
H,0 (control) 6.4 38.7 0.0
Wash 1 21.0 19.1 14.6 0.1
Wash 2 5.6 29.2 -0.9 0
Wash 3 2.8 354 -3.7 0
Fullerenol Radioactivity (CPM) % Error Corrected (Radioactivity - BG) (CPM) | Leaching (%)
Ho;N@Cgo(OH)x 164296.65 0.6 164290.2
H,0 (control) 16.62 38.7 0.0
Wash 1 53.49 19.1 36.9 0.0
Wash 2 29.36 29.2 12.7 0.0
Wash 3 24.74 354 8.1 0.0
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taken to test the stability of HosN@Cgo and HosN@Cso(OH)x cage after one-hour irradiation. After
irradiating, the holmium which might came out of the fullerene cages were separated with
centrifugal filter (3 KDa and 50 KDa). Based on the preliminary result, both HosN@Cgo and
HosN@Csgo(OH)x were very stable without holmium leaching. This work was done by Junghyun

Kim at University of North Carolina at Chapel Hill.

162



Appendix C

Conjugation of cy5-FLFLFK-Cso(OH)s(CH2CH2COOH)15

The elaboration of the carboxyl group onto the cage surface of Ceo was performed using an
improved procedure from our earlier studies.’ Briefly, 100 mg of the Cso and 160 mg succinic
acid acyl peroxide (5 Equiv) were dissolved in 20 mL of 1,2-dichlorobenzene. The resultant
solution was deoxygenated with flowing argon and heated at 84 °C for five days. Additional
succinic acid acyl peroxide (5 equiv) was added every 12 hours. After the reaction, 15 mL of 0.2
M NaOH was added to extract the water-soluble product. The top layer was concentrated, and the
residue was purified by a Sephadex G-25 size-exclusion gel column. The functionalized fullerene
was characterized by FTIR and XPS to measure the elemental composition and empirical formula.
In the FTIR spectrum (Figure 1A), the characteristic vibration bands of broad O-H, C=0, and C-
O suggest the existence of both hydroxyl and carboxyl groups on the carbon cage. The XPS

multiplex spectrum for functionalized fullerene are presented in Figure 1B. In the multiplex

Experimental curve

Fitted curve

N(E)

0-H i
= —C-Cand C=C, 67.5%
co é =0, 24.9%
cC E ——C0,76%
c=0 E
3850 3350 2850 2350 1850 1350 850 295 220 Binding Energy (238\-;’) 280
Wavenumber cm™
A B
Bond (Cls) Binding Energy (eV) Area% Intensity FWHM(eV)

C-C,C=C 284.84 67.5% 911 1.80

C-0 286.82 7.6% 120 1.54

C=0 289.73 24.9% 406 1.49

Figure 1. Characterization of the functionalized Cego. A) FTIR spectrum. B) XPS multiplex spectrum
and Table 1 of the functionalized Ceo.
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spectrum, the Cis peaks, centered at binding energy values of 284.8, 286.82, and 289.73 eV, were
assigned to the C—C and C=C, C-O, and C=0, respectively (Table 1). Based on the peak
deconvolution of the XPS profile, the average formula for functionalized fullerene can be
described as Cso(OH)s(CH2CH2COOH)1s.

A volume of 500 pLL 15mg carboxylated Ceo Was dissolved in DMF, then the carboxyl groups were
activated by 75 pmol of diisopropylcarbodiimide (DIC) and 1-hydroxybenzotriazole (HOBt) in
DMF. After 4 hours, 200 pL of 0.2 umol cy5-FLFLFK peptides (MW 1451.7) was added, vortexed
and incubated at room temperature for 12 hours. The resulting solution was filtered through
polyacrylamide desalting columns. The final product was further purified via LC-MS, using a

gradient of H,O 0.1% TFA: MeCN 0.1% TFA on a Cyg reverse phase column.
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