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Abstract

Molecular imaging, the “visualization, characterization, and measurement of biological processes
at the molecular and cellular levels in humans and other living systems”, has played an important
role in cancer diagnosis. With the advances in nanotechnology, nanomaterials have emerged as a

promising candidate for molecular imaging, due to their unique properties.

Graphene is one of the most promising nanomaterials, which is intrinsically useful for drug
loading and photo therapy of cancer. However, in vivo biodistribution and tumor targeting with
graphene nanomaterial is an underexplored area. In this dissertation, we designed a radiolabeled
antibody conjugated reduced graphene oxide (RGO) nanoplatform for in vivo positron emission
tomography (PET) and tumor vasculature targeting. Excellent tumor uptake was achieved with
%%Cu-NOTA-RGO-TRC105, compared to non-targeted RGO conjugate (**Cu-NOTA-RGO).
Various experiments were performed, demonstrating that the vasculature targeting is highly
specific (Chapter 2). In the following study, graphene oxide (GO), another subtype of graphene
nanomaterials, was conjugated with anti-angiogenesis protein vascular endothelial growth factor
121 (VEGF2;) to further validate the active targeting and imaging of graphene nanomaterials.
Significantly enhanced tumor accumulation (>8 %ID/g) as well as high tumor-to-muscle contrast

was achieved, showing great potential for future tumor targeted imaging (Chapter 3).

Although traditional chelators are generally utilized in radiolabeling and PET imaging of
nanomaterials, a novel chelator-free radiolabeling approach was designed with graphene

nanoparticles (Chapter 4). The chelator-free radiolabeled RGO possesses decent labeling



efficiency and enhanced in vivo radiostability over NOTA-chelated RGO, making it especially
suitable for nanoparticle-based radiolabeling. Bypassing the use of chemical chelator, the
intrinsically radiolabeled nanoparticles are able to maintain the native pharmacokinetics, and
therefore more accurately reflect the distribution in vivo. Besides graphene, layered double
hydroxide (LDH) and molybdenum disulfide (MoS;) nanoparticles were also employed for
chelator-free radiolabeling and examined in vivo (Chapter 5 and 6). Excellent tumor uptake and
in vivo integrity were observed, further validating the potential of chelator-free labeling in

molecular imaging.

Taking advantaging of molecular imaging and nanotechnology, a promising multifunctional
nanoplatform can be designed for in vivo cancer management. Further efforts are necessary to

thoroughly understand the in vivo behavior of nanoparticles and apply them in clinic.
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Chapter 1 Introduction

Molecular imaging is the visualization, characterization, and measurement of biological
processes at the molecular and cellular levels in humans and other living systems (Society of
Nuclear  Medicine;  http://www.snm.org/index.cfm?PagelD=11202). @ Compared  with
conventional in vitro imaging techniques, in vivo molecular imaging provides distinct
advantages. Via molecular imaging, both the temporal and the spatial biodistribution of a
molecular probe and related biological processes can be non-invasively determined in living
subjects [1]. Molecular imaging enables disease diagnosis in the earliest pre-symptomatic stage,
allows real-time assessment of therapeutic and surgical efficacy, and novel methods to manage
symptoms that reduce the quality of life, especially in cancer [2]. Among all the imaging
techniques, PET is a highly sensitive and quantitative technique with unlimited tissue penetration,
which has become a useful tool for in vivo molecular imaging, treatment monitoring and patient
stratification. Besides PET, other imaging modalities including SPECT, optical imaging, MR
imaging, ultrasound imaging and photoacoustic imaging have also been employed to achieve

molecular and functional information from living systems due to their respective merits[1, 3].

Numerous kinds of agents have been developed for molecular imaging, such as small molecule
[4], peptide [5], protein [6], antibody [7], virus [8], cell [9], and particle [2]. Especially, with the
advances in nanotechnology, nanomaterials have emerged as a promising platform for molecular
imaging. Due to the ultra-small size and extremely large surface-to-volume ratio, nanomaterials-
based molecular imaging affords many advantages over conventional approaches [10]. First,

more imaging labels or a combination of labels for different modalities can be linked to a single



nanoparticle, thereby leading to dramatic signal amplification. Secondly, larger amount or
multiple kinds of targeting ligands can be simultaneously conjugated onto the surface of the
nanoparticles, so as to achieve significantly enhance targeting efficiency and specificity. In
addition, functionalized nanoparticles can load anticancer drugs or intrinsically serve as
therapeutic agents for chemotherapy, photothermal therapy, photodynamic therapy etc, which
enables effective tumor eradication [11-13]. Therefore, ingenious combination of nanomaterials
with molecular imaging creates a promising theranostic paradigm, which offers superb access to
precisely understand and control the in vivo fate (such as pharmacokinetics and
pharmacodynamics) of nanomaterials, eventually benefiting the progress and bench-to-bedside

transition of nanooncology.

Various kinds of nanoparticles have been developed for molecular imaging and potential therapy.
The most well-studied nanomaterials include quantum dots [14, 15], carbon nanotubes [16, 17],
nanoshells [18], paramagnetic nanoparticles [19], and many others [10]. In this dissertation,
several new nanomaterials, graphene, LDH and MoS; nanoparticles are utilized for in vivo tumor
imaging. Unlike the conventional spherical nanoparticles, graphene, LDH and MoS;
nanoparticles exist as ultra-thin sheets or layers. Their extremely large surface can serve as the
most desired platform to load chemical drug for cancer therapy or decorate functional agents for
enriched functionalities. Surface engineering is critical to fulfill the in vivo applications of
nanomaterials. In my study, PEG or BSA were modified on the nanoparticles to improve their in
vivo stability and provide functional groups (e.g. NH, groups) for further functionalization. The
abundant NH, groups can be used for covalent conjugation of NOTA for ®Cu labeling, or

conjugation of antibodies/proteins for enhanced tumor targeting efficiency and specificity.



Tumor angiogenesis targeting was achieved, by which the nanoparticles can accumulate in the
tumor site without the need of extravasation, opening up new perspectives for future research on

cancer theranostics using nanomaterials.

Although several nanoparticles have been labeled with radioisotopes and examined by PET
imaging in tumor-bearing mice in our studies, radiolabeling is still challenging due to the
limitation of coordination chemistry of chelators. Chelator-free labeling with nanoparticles is a
relatively unexplored but rapidly surging area of research. Compared with conventional chelator-
based labeling, chelator-free labeling can maintain the native properties (e.g. size, structure, drug
loading capacity and pharmacokinetics) of nanoparticles, which enables a more precise control
over their in vivo fate and thereby aid in their further applications including cancer imaging and
therapy. By investigating the labeling efficiency and stability with different nanoparticles, this

dissertation might provide important guidance for the future research on chelator-free labeling.



Chapter 2 Tumor Vasculature Targeting and Imaging with Reduced
Graphene Oxide

2.1. Background

Graphene, an intriguing nanomaterial with unique mechanical, electronic, optical, and chemical
properties, has attracted tremendous interest over the last several years [20-25]. Ultrahigh surface
area, excellent electrical conductivity, ideal photothermal property, versatile chemistry, and low
toxicity allow graphene-based nanomaterials to have applications in biosensing, tissue

engineering, drug delivery, molecular imaging, photothermal therapy, among others [26-29].

An emerging strategy for the development of new anti-cancer therapies is to harness the potential
of nanotechnology to improve the therapeutic efficacy [30-32]. Among the different subtypes of
graphene-based nanomaterials, RGO is an excellent photothermal agent that enables highly
efficient in vivo tumor ablation [33]. In addition, RGO can be used to integrate imaging and
therapeutic components for cancer theranostics [34]. Despite the many desirable properties for
biomedical applications, the use of RGO conjugates for in vivo tumor targeting has not been

reported, which is the focus of this study.

The size of nanomaterials is a significant barrier for extravasation, which limits the use of
various nanomaterials for tumor targeting, imaging and therapy [10, 35, 36]. We believe tumor
vasculature instead of tumor cell targeting is more desirable for graphene-based nanomaterials,
since the targets are immediately accessible upon intravenous injection and extravasation is not

required to achieve tumor targeting/contrast. Furthermore, angiogenesis (i.e., new blood vessel



formation) is a critical process in tumor development and metastasis, hence is applicable to all
solid tumors [37]. CD105 (i.e., endoglin) is almost exclusively expressed on proliferating tumor
endothelial cells, which serves as an ideal vascular target [38-40]. More importantly, the
expression level of CD105 is correlated with poor prognosis in more than 10 solid tumor types
[41], which makes it a generally applicable prognostic, diagnostic, and therapeutic vascular
target in cancer. TRC105, a human/murine chimeric IgG1 monoclonal antibody which binds to

both human and murine CD105 [42], was used as the targeting ligand in this work.

The goal of this study was to investigate in vivo tumor vasculature targeting with TRC105-
conjugated RGO, which can be non-invasively and quantitatively measured with serial PET
imaging. Since PET is widely used in clinical oncology [43-46], the incorporation of a PET
isotope in the RGO conjugates can facilitate future translation of graphene-based nanomaterials.
PEG chains (5 kDa) were used to modify the surface of RGO for enhanced in vivo stability and
biocompatibility, with amine groups at the terminal end for covalent conjugation of various
functional entities. *'Cu (half-life: 12.7 h) was used as the PET label, with 1,4,7-
triazacyclononane-1,4,7-triacetic acid (NOTA) as the chelator. To demonstrate CD105
specificity of TRC105-conjugated RGO, various in vitro, in vivo, and ex vivo experiments were

carried out.

2.2. Materials and methods

2.2.1. Reagents

TRC105 was provided by TRACON Pharmaceuticals Inc. (San Diego, CA). p-SCN-Bn-NOTA

was purchased from Macrocyclics, Inc. (Dallas, TX). Chelex 100 resin (50-100 mesh) and FITC



were purchased from Sigma-Aldrich (St. Louis, MO). SCM-PEG-Mal (molecular weight: 5 kDa;
Creative PEGworks, Winston Salem, NC), rat anti-mouse CD31 primary antibody (BD
Biosciences, San Diego, CA), AlexaFluor488- or Cy3-labeled secondary antibodies (Jackson
Immunoresearch Laboratories, Inc., West Grove, CA), and PD-10 desalting columns (GE
Healthcare, Piscataway, NJ) were all acquired from commercial sources. Water and all buffers
were of Millipore grade and pre-treated with Chelex 100 resin to ensure that the aqueous solution
was free of heavy metal. All other reaction buffers and chemicals were obtained from Thermo

Fisher Scientific (Fair Lawn, NJ).

2.2.2. Syntheses of the RGO conjugates

RGO-PEG-NH, was prepared in a similar fashion as detailed in our previous report [33]. In brief,
PEG grafted poly(maleic anhydride-alt-1-octadecene) (abbreviated as Ci1gPMH-PEGsp00-NH2)
was synthesized following our previously reported procedure [47]. A 3:1 ratio of mMPEG-NH; (5
kDa, PEG Bio, China) and Boc-NH-PEG-NH, (5 kDa, IRIS Biotech GmbH, Germany) was used
to react with C1gPMH, obtaining C;sPMH-PEGs000-NH, after deprotection of the Boc group with
trifluoroacetic acid. The C;sPMH-PEGs000-NH> solution was dialyzed against water using a 14
kDa molecular weight cut-off (MWCO) membrane and then lyophilized. To functionalize RGO
via hydrophobic interactions between the Cig chains and the RGO surface, 10 mg of C;sPMH-
PEGs000-NH2 was mixed with 1 mg of RGO and sonicated for 90 min to yield RGO-PEG-NH,
(Figure 2.1A). The suspension was centrifuged at 14,800 rpm for 3 h to remove any unstable
aggregates. The supernatant was collected and washed through 100 nm filter membrane to

remove excess C1gPMH-PEGsp00-NHs.



RGO-PEG-NH; was mixed with p-SCN-Bn-NOTA or FITC, which has the same chemical
reaction between the SCN group and the NH; group on RGO, at a molar ratio of 1:10 at pH 9.0
for 2 h. The resulting NOTA-RGO (or FITC-RGO) was purified by centrifugation with 100 kDa
MWCO Amicon filters at 8,000 rpm for 15 min. Of note, most NH, groups are still present on
the surface of NOTA-RGO and FITC-RGO for further functionalization with SCM-PEG-Mal.
Subsequently, NOTA-RGO (or FITC-RGO) was reacted with SCM-PEG-Mal at a molar ratio of
1:30 at pH 8.5 for 2 h. The resulting NOTA-RGO-PEG-Mal or FITC-RGO-PEG-Mal was

purified by centrifugation with 100 kDa MWCO Amicon filters at 8,000 rpm for 15min.

TRC105 was incubated with Traut’s reagent at a molar ratio of 1:25 at pH 8.0 for 2 h. The
resulting TRC105-SH was purified by size exclusion column chromatography with PBS (pre-
treated with Chelex 100 resin to prevent oxidation of the thiol) as the mobile phase. Afterwards,
NOTA-RGO-PEG-Mal (or FITC-RGO-PEG-Mal) was reacted with TRC105-SH at a molar of
1:5 at pH 7.5 in the presence of TCEP (to prevent oxidation of the thiol). The final products were
purified by size exclusion column chromatography and termed as NOTA-RGO-TRC105 or

FITC-RGO-TRC105.

Although all the RGO conjugates (i.e., NOTA-RGO-TRC105, FITC-RGO-TRC105, NOTA-
RGO, and FITC-RGO) have PEG chains on the surface, the term “PEG” was not included in the
names for brevity consideration. SEM, AFM, DLS, and zeta-potential measurements were

performed to characterize the RGO conjugates.



2.2.3. Cell lines and animal model

4T1 murine breast cancer, MCF-7 human breast cancer, and HUVECs were obtained from the
American Type Culture Collection (ATCC, Manassas, VA) and cultured as previously described
[33, 48, 49]. Cells were used for in vitro and in vivo experiments when they reached ~80%
confluence. All animal studies were conducted under a protocol approved by the University of
Wisconsin Institutional Animal Care and Use Committee. Four- to five-week-old female
BALB/c mice (Harlan, Indianapolis, IN) were each injected with 2 x 10° 4T1 cells in the flank to
generate the 4T1 breast cancer model. The mice were used for in vivo experiments when the

tumor diameter reached 6-8 mm.

2.2.4. Flow cytometry

HUVECs (CD105 positive) and MCF-7 (CD105 negative) cells [33] were harvested and
suspended in cold PBS with 2% bovine serum albumin at a concentration of 5 x 10° cells/mL,
incubated with FITC-RGO-TRC105 or FITC-RGO at a concentration of 50 pg/mL (based on
RGO) for 30 min at room temperature, centrifuged at 1,000 rpm for 5 min, and washed three
times with cold PBS. To further evaluate CD105 specificity of FITC-RGO-TRC105, a blocking
experiment was carried out where 500 pg/mL of TRC105 was added to the incubated cells.
Subsequently, the cells were analyzed using a BD FACSCalibur 4-color analysis cytometer
equipped with 488 nm and 633 nm lasers (Becton-Dickinson, San Jose, CA) and FlowJo analysis

software (Tree Star, Inc., Ashland, OR).

2.2.5. ®Cu-labeling and serum stability studies



%Cu was produced with an onsite cyclotron (GE PETrace). **CuCl, (74 MBq) was diluted in 300
pL of 0.1 M sodium acetate buffer (pH 6.5) and mixed with 50 pg of NOTA-RGO-TRC105 or
NOTA-RGO. The reaction was conducted at 37 °C for 30 min with constant shaking. The
resulting **Cu-NOTA-RGO-TRC105 or ®Cu-NOTA-RGO was purified by size exclusion
column chromatography using PBS as the mobile phase. The radioactive fractions containing
*Cu-NOTA-RGO-TRC105 or **Cu-NOTA-RGO were collected for further in vitro and in vivo

studies.

To ensure that **Cu-NOTA-RGO-TRC105 and **Cu-NOTA-RGO are sufficiently stable for
in vivo applications, serum stability studies were carried out. ®*Cu-NOTA-RGO-TRC105 or
%4Cu-NOTA-RGO were incubated in complete mouse serum at 37 °C for up to 48 h. Portions of
the mixture were sampled at different time points and filtered through 100 kDa MWCO filters.
The radioactivity within the filtrate was measured, and the percentages of retained (i.e., intact)
%Cu on the RGO conjugates (**Cu-NOTA-RGO-TRC105 or **Cu-NOTA-RGO) were calculated

using the equation (total radioactivity - radioactivity in filtrate)/total radioactivity x 100%.

2.2.6. PET imaging and biodistribution studies

PET scans of 4T1 tumor-bearing mice (4 mice per group), at various time points p.i. of 5-10
MBq of **Cu-NOTA-RGO-TRC105 or ®*Cu-NOTA-RGO via tail vein, were performed using a
microPET/microCT Inveon rodent model scanner (Siemens Medical Solutions USA, Inc.).
Detailed procedures for data acquisition, image reconstruction, and ROI analysis of the PET data
have been reported previously [33, 48]. Quantitative PET data of the 4T1 tumor and major

organs were presented as %ID/g of tissue.
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To confirm in vivo CD105 specificity of **Cu-NOTA-RGO-TRC105, another group of four 4T1
tumor-bearing mice were each injected with 1 mg of TRC105 at 2 h before **Cu-NOTA-RGO-
TRC105 administration and subsequent serial PET imaging. To validate that the %ID/g values
based on PET imaging accurately reflected the radioactivity distribution in tumor-bearing mice,
biodistribution studies were conducted at 48 h p.i. (at the end of serial PET scans) and 3 h p.i.
(when the tumor uptake was at the peak, using a separate cohort of four mice). Mice were
euthanized and blood, 4T1 tumor, and major organs/tissues were collected and wet-weighed. The
radioactivity in the tissue was measured using a y counter (PerkinElmer) and presented as %ID/g

(mean + SD).

2.2.7. Histology

A group of three 4T1 tumor-bearing mice was each injected with NOTA-RGO-TRC105 (5
mg/kg of mouse body weight) and euthanized at 3 h p.i. (when 4T1 tumor uptake was at the peak
based on PET imaging). The 4T1 tumor, liver, spleen (which has high uptake of ®*Cu-NOTA-
RGO-TRC105), and muscle (which has low uptake of ®**Cu-NOTA-RGO-TRC105 and serves as

a control normal organ) were frozen and cryo-sectioned for histological analysis.

Frozen tissue slices of 7 um thickness were fixed with cold acetone and stained for endothelial
marker CD31, as described previously through the use of a rat anti-mouse CD31 antibody and a
Cy3-labeled donkey anti-rat 1gG [33, 48]. The tissue slices were also incubated with 2 pg/mL of
AlexaFluor488-labeled goat anti-human 1gG for visualization of NOTA-RGO-TRC105 (i.e.,

TRC105 within the NOTA-RGO-TRC105 conjugate served as a primary antibody and no
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additional TRC105 was used for histology studies). All images were acquired with a Nikon

Eclipse Ti microscope.

R1 R2 RGO Conjugate
/ / RGO-PEG-NH,

NOTA H NOTA-RGO

FITC H FITC-RGO

NOTA PEG-TRC105 NOTA-RGO-TRC105
FITC PEG-TRC105 FITC-RGO-TRC105

> RGO

NOTA-RGO-TRC105

10 nm

NOTARGO ~  NOTA-RGO-TRC105
Figure 2.1. (A) A schematic diagram of the RGO conjugates. (B) SEM images of the RGO

conjugates. (C) AFM images of the RGO conjugates.
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2.3. Results

2.3.1. Syntheses and characterization of the RGO conjugates

A schematic structure of the RGO conjugates is shown in Figure 2.1A. Based on SEM and AFM
measurements, RGO-PEG-NH,, NOTA-RGO, and NOTA-RGO-TRC105 exist as small sheets
within a size range of 20-80 nm (Figure 2.1B,C). DLS measurement showed that RGO-PEG-
NH; has a hydrodynamic diameter of 22.3 = 3.2 nm, whereas the diameter of NOTA-RGO and
NOTA-RGO-TRC105 are 26.2 + 3.6 nm and 37.0 = 7.2 nm, respectively. The zeta-potential
value of RGO-PEG-NH,was -20.3 + 1.6 mV (which is expected since there are more —-COQO" on
the RGO surface than —NHs"). After further conjugation, the zeta-potential values changed
significantly to -16.4 + 4.6 mV (NOTA-RGO) and -2.0 + 5.2 mV (NOTA-RGO-TRC105),

suggesting successful conjugation of NOTA and TRC105 onto the surface of RGO.

2.3.2. Flow cytometry and serum stability studies

As evidenced in Figure 2.2A, the fluorescence signal of CD105 positive HUVECs was
significantly enhanced (~25 fold higher than the untreated cells) upon incubation with FITC-
RGO-TRC105, whereas no fluorescence enhancement was observed after blocking (with
TRC105) or upon FITC-RGO treatment. On CD105 negative MCF-7 cells, the fluorescence
signal was minimal for all groups. Taken together, flow cytometry results indicated high CD105

specificity and minimal non-specific binding of TRC105-conjugated RGO in cell culture.

Serum stability studies confirmed that **Cu-NOTA-RGO-TRC105 and ®*Cu-NOTA-RGO are
highly stable for in vivo applications. Nearly 90% of ®*Cu remained on the RGO conjugates after

incubation in complete mouse serum at 37 °C for 48 h (Figure 2.2B), indicating excellent
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stability of the radiolabel (i.e., **Cu) on NOTA-RGO and NOTA-RGO-TRC105. Since PET
imaging detects the radiolabel rather than the RGO conjugates per se, excellent stability of the

radiolabel on the RGO conjugates ensures that the signal observed with PET imaging truly

reflects distribution of the RGO conjugates.

HUVEC (CD105 positive) MCF-7 (CD105 negative)

| J. . V. .

10° 10" 102 10° 10¢ 10° 10" 102 10® 104
FITC FITC
—— Negative control
50 pg/mL of FITC-RGO-TRC105
- 50 pg/mL of FITC-RGO

50 pg/mL of FITC-RGO-TRC105 + blocking

B 100- — .
1 —
80-
o)
2
~ 601
Q
X
: 40‘.
O 1 64
3 —— *Cu-NOTA-RGO
20 _—%cy.NOTA-RGO + mouse serum
1——*Cu-NOTA-RGO-TRC105 + mouse serum
0+— . . :

0 10 20 30 40 50
Incubation time (h)
Figure 2.2. (A) Flow cytometry analysis of RGO conjugates in HUVECs (CD105 positive)

and MCEF-7 breast cancer cells (CD105 negative). (B) Serum stability studies at 37 °C.
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2.3.3. PET and biodistribution studies

%Cu has a 12.7 h decay half-life. Therefore, the time points of 0.5, 3, 6, 16, 24 and 48 h p.i. were
chosen for serial PET scans in 4T1 tumor-bearing mice. The coronal PET images that contain the
4T1 tumors are shown in Figure 2.3, and the quantitative data obtained from ROI analysis of the

PET data are shown in Figure 2.4.

Since the size of RGO conjugates is significantly larger than the cutoff for renal filtration (~5
nm) [50], they were cleared from mice mainly through the hepatobiliary pathway. The liver
uptake of *Cu-NOTA-RGO-TRC105 was 18.3 + 2.8, 16.7 + 0.9, 16.7 + 2.0, 13.4 +1.0, 135 +
0.9,and 11.5 + 0.5 %ID/g at 0.5, 3, 6, 16, 24, and 48 h p.i. respectively, while the radioactivity in
the blood was 4.6 +1.6,3.6 +0.4,3.7+0.5,3.2+0.1,3.1+£0.1,and 2.9 £ 0.1 %ID/g at 0.5, 3, 6,
16, 24, and 48 h p.i. respectively (n = 4; Figure 2.4A), indicating a short circulation half-life (<
30 min). Importantly, the 4T1 tumor uptake of **Cu-NOTA-RGO-TRC105 was clearly visible at
0.5 h p.i. (Figure 2.3) and remained stable over time (5.0 £ 0.6, 5.6 +0.2,5.7 £ 0.2,4.8£0.3,4.5
+ 0.4, and 4.0 £ 0.5 %ID/g at 0.5, 3, 6, 16, 24, and 48 h p.i. respectively; n = 4; Figure 2.4A,D),

which provided excellent tumor contrast.

Pre-injection of a blocking dose of TRC105 significantly reduced the 4T1 tumor uptake of ®*Cu-
NOTA-RGO-TRC105t02.1+0.4,2.2+0.3,24+£0.3,24+£0.3,25 0.2, and 2.4 + 0.3 %ID/g
at 0.5, 3, 6, 16, 24, and 48 h p.i. respectively (n = 4; Figure 2.3, 2.4B,D; P < 0.05 at all time
points when compared to mice injected with ®*Cu-NOTA-RGO-TRC105 alone), which

demonstrated in vivo specificity of ®Cu-NOTA-RGO-TRC105 for CD105 expressed by
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proliferating tumor vasculature. Radioactivity uptake of the liver in the group pre-injected with a
blocking dose of TRC105 was similar to mice injected with ®*Cu-NOTA-RGO-TRC105 alone,
whichwere 156 +1.8,144 £ 1.3,127+1.6,99+£ 13,97+ 1.1 and 7.8 + 1.2 %ID/g at 0.5, 3,
6, 16, 24, and 48 h p.i. respectively (n = 4; Figure 2.4B). Radioactivity in the blood (2.8 + 0.1,
29+03,33+0.3,34+£0.3,33%£0.2, and 3.0 + 0.4 %ID/g at 0.5, 3, 6, 16, 24, and 48 h p.i.
respectively; n = 4; Figure 2.4B) was slightly affected by the blocking dose of TRC105 (i.e.,

lower blood radioactivity at early time points).

84Cu-NOTA-
RGO-TRC105

6 %ID/g

84Cu-NOTA-RGO

0 %ID/g

84Cu-NOTA-
RGO-TRC105

+ Blocking

0.5h 3h 6h 16 h 24 h 48 h

Figure 2.3. Serial coronal PET images of 4T1 tumor-bearing mice at different time points
post-injection of *Cu-NOTA-RGO-TRC105, *Cu-NOTA-RGO, or *Cu-NOTA-RGO-

TRC105 after a pre-injected blocking dose of TRC105. Tumors are indicated by arrowheads.
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Figure 2.4. Quantitative analysis of the PET data. (A) Time[Jactivity curves of the liver, 4T1

tumor, blood, and muscle upon intravenous injection of *Cu-NOTA-RGO-TRC105. (B)

Timel[ lactivity curves of the liver, 4T1 tumor, blood, and muscle upon intravenous injection

of **Cu-NOTA-RGO-TRC105, after a blocking dose of TRC105. (C) Time[activity curves

of the liver, 4T1 tumor, blood, and muscle upon intravenous injection of #Cu-NOTA-RGO.

(D) Comparison of the 4T1 tumor uptake in the three groups. The differences between 4T1

tumor uptake of *Cu-NOTA-RGO-TRC105 and the two control groups were statistically

significant (P < 0.05) at all time points, except at 0.5 h post-injection between **Cu-NOTA-

RGO-TRC105 and **Cu-NOTA-RGO. All data represent 4 mice per group.
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The 4T1 tumor uptake of **Cu-NOTA-RGO (3.4 + 1.2, 2.7 +0.9, 3.1+ 1.0, 2.2 0.7, 2.0 + 0.6,
and 1.7 £ 0.3 %ID/g at 0.5, 3, 6, 16, 24, and 48 h p.i. respectively; n = 4; Figure 2.4C,D) was ~2
fold lower than that of ®*Cu-NOTA-RGO-TRC105 (P < 0.05 at all time points except 0.5 h p.i.),
indicating that conjugation of TRC105 to RGO markedly increased tumor uptake through active
targeting of CD105 on the tumor vasculature. Liver uptake (17.9 + 5.0, 13.9 £ 2.9, 14.3 + 3.2,
104 £2.3,10.4 £ 2.0, and 8.2 £ 1.5 %ID/g at 0.5, 3, 6, 16, 24, and 48 h p.i. respectively; n = 4;
Figure 2.4C) and radioactivity in the blood (2.9 + 0.2, 2.4 + 0.6, 2.5 £ 0.6, 2.2 £ 0.6, 2.2 £+ 0.6,
and 1.9 + 0.6 %ID/g at 0.5, 3, 6, 16, 24, and 48 h p.i. respectively; n = 4; Figure 2.4C) for ®*Cu-

NOTA-RGO were similar as those of mice injected with **Cu-NOTA-RGO-TRC105.

Biodistribution studies were carried out at 3 h p.i. (Figure 2.5A, when tumor uptake was at the
peak based on PET imaging) and 48 h p.i. (Figure 2.5B, following the last PET scans) to validate
the PET results. Overall, the quantitative results based on PET and biodistribution studies
matched very well, confirming that serial non-invasive PET imaging accurately reflected the
distribution of **Cu-NOTA-RGO-TRC105 and ®Cu-NOTA-RGO in tumor-bearing mice.
Because of uptake in the RES and hepatobiliary clearance which is commonly observed for
intravenously injected nanomaterials, substantial radioactivity was detected in the liver, spleen,
and intestine. Importantly, even at 48 h p.i., the tumor uptake of **Cu-NOTA-RGO-TRC105 was
significantly higher than that of ®*Cu-NOTA-RGO and the blocking group, indicating that
vascular CD105 targeting with TRC105 as the ligand could effectively enhance the tumor uptake

in vivo.
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Figure 2.5. Biodistribution studies in 4T1 tumor-bearing mice at 3 h (A) and 48 h (B) post-

injection of the RGO conjugates. All data represent 4 mice per group.

2.3.4. Histology
Histological studies were carried out to confirm that ®“Cu-NOTA-RGO-TRC105 was

successfully delivered to the tumor vasculature via CD105 targeting, which serves as a critical
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cross-validation of the in vivo results since PET only measures the distribution of ®*Cu but not
the RGO conjugate per se. As indicated in Figure 2.6, NOTA-RGO-TRC105 distribution in the
4T1 tumor was primary on the vasculature (indicated by excellent overlay of the red and green

fluorescence signal, which represents CD31 and NOTA-RGO-TRC105, respectively).

Due to the relatively large size of NOTA-RGO-TRC105, little extravasation (i.e., green spots in
the merged image) was observed in the 4T1 tumor which confirmed that tumor vasculature
targeting is a valid and suitable approach for RGO. On the other hand, the green fluorescence
(attributed to NOTA-RGO-TRC105) in the liver and spleen was mostly outside the vasculature
(red fluorescence for CD31 staining), suggesting that NOTA-RGO-TRC105 was captured by
liver and spleen through non-specific RES uptake instead of CD105 targeting. Little green
fluorescence was observed in the muscle, which is consistent with the results of PET and

biodistribution studies.

2.4. Discussion

The results from this work are significant in several aspects. First, active tumor targeting in
living subjects with RGO has not been reported to date, although in vitro tumor cell targeting has
been investigated [51]. The improved tumor uptake of **Cu-NOTA-RGO-TRC105 via tumor
vascular CD105 targeting could be utilized for tumor-targeted drug delivery and/or photothermal
therapy of cancer, to enhance therapeutic efficacy and enable cancer theranostics. Of note, RGO
has more desirable properties for photothermal therapy than GO (which is more hydrophilic and
used in our previous studies [33]) because of its strong absorbance in the near-infrared range [33,

34, 51]. Second, PET has been widely used in clinical oncology for cancer staging and
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monitoring the therapeutic response [43, 45, 52, 53]. The wide availability of dedicated small
animal PET scanners and clinical PET scanners can enable non-invasive imaging and
quantitation of the uptake of RGO conjugates in small animal tumor models and facilitate

clinical translation.

4T1
tumor

Liver

Spleen

Muscle

CD31 NOTA-RGO-TRC105 Merge

Figure 2.6. Immunofluorescence staining of various tissue slices for CD31 (red, with anti-
mouse CD31 primary antibody) and CD105 (green, using TRC105 within NOTA-RGO-
TRC105 as the primary antibody). Merged images are also shown. Magnification: 200x.

Scale bar: 50 pum.
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Third, robust chemistry for RGO functionalization is of utmost importance to future biomedical
applications. In vivo stability of the radiolabel is critical for imaging applications. In this regard,
the stability of NOTA as a chelator for ®*Cu has been well documented in the literature [54, 55].
In addition, the excellent stability for surface conjugation of carbon-based nanomaterials via
hydrophobic interactions (e.g., with Cyg chains) has been well documented in multiple previous
reports [33, 34, 47, 51, 56], and was confirmed in our serum stability studies (Figure 2.2B) and

corroborated by ex vivo histology (Figure 2.6).

For in vivo tumor targeting using nanomaterials such as RGO, vasculature targeting is a
promising approach since many nanomaterials extravasate poorly [57-60]. CD105 is a receptor
primarily expressed on tumor neovasculature, independent of its expression on tumor cells [38,
40, 41], and thus can serve as a universal target for multiple solid tumor types. 4T1 breast cancer
is a highly vascularized tumor model that grows rapidly upon implantation and provides a
sufficient number of vessels for in vivo imaging of angiogenesis (microvessel density of the 4T1
tumor was 205 + 29 vessels/mm? based on CD105 histology; n = 8), while the 4T1 cells
themselves do not express significant level of CD105 [33, 48]. Since the 4T1 tumor uptake of
%4Cu-NOTA-RGO-TRC105 peaked at 3-6 h p.i., the use of shorter lived PET isotopes (e.g., ®*Cu
which has a decay half-life of 3.3 h) [29] may also suffice in future studies. Research using
graphene-based nanomaterials (especially in their biomedical applications) is still at a nascent
stage due to the short time span since the initial report in 2004 [20]. This study serves as an

important proof-of-principle for the use of RGO for in vivo tumor vasculature targeting.
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2.5. Conclusion

Herein we successfully achieved in vivo tumor vasculature targeting of RGO in a breast cancer
model, with ®*Cu as the PET label and TRC105 as the targeting ligand. CD105 (the target of
TRC105) is specifically and densely expressed on proliferating tumor endothelial cells of many
solid tumor types, making it suitable for nanomaterial-based tumor targeting. The RGO
conjugates exhibited excellent stability and high specificity for CD105, based on various in
vivo/in vitro/ex vivo studies. Serial PET imaging revealed rapid tumor uptake of **Cu-NOTA-
RGO-TRC105, which peaked at 3 h p.i. and remained stable over time. Importantly, ®*Cu-
NOTA-RGO-TRC105 exhibited little extravasation in the 4T1 tumor, indicating that tumor

vasculature (instead of tumor cell) targeting is a valid and preferred approach for nanomaterials.



23

Chapter 3 VEGFR Targeting Leads to Significantly Enhanced
Tumor Uptake of Nanographene Oxide

3.1 Background

Similar to RGO, another subtype of graphene-based nanomaterials, GO, was also widely studied
as an excellent platform for applications in biosensor, drug delivery, gene transfection and
photothermal therapy due to its unique mechanical, electronic, optical, and chemical properties
[40, 47, 61-64]. However, challenges still exist. Most of current studies are focusing on in vivo
passive targeted delivery of GO nanoconjugates with only limited tumor accumulation [65, 66].
Developing suitable in vivo active targeting strategies for improving their targeting efficacy is

still one of the major challenges in this field.

Although CD105 has been firstly demonstrated as an excellent tumor vasculature targeting
ligand [67], further studies are necessary to investigating new targeting ligands for in vivo tumor
targeting and imaging with graphene-based nanomaterials. VEGFR is a universal target
overexpressed on vasculature of multiple solid tumor types and other disease models [68-70].
Being the naturally existing VEGFR ligand, VEGFj,; offers several advantages over the
synthetic small-molecule VEGFR ligands or anti-VEGFR antibodies, and has much higher
binding affinity to VEGFR (nanomolar range) than reported peptidic VEGFR inhibitors
(submicromolar to micromolar range) [71]. Therefore, VEGF1,; could serve as a promising
targeting ligand for cancer diagnosis and treatment in preclinical studies and clinical trials. Via
VEGFR targeting, we aim for design and synthesis of a new type of GO-based tumor vasculature

targeting nanoconjugate by surface engineering of GO with positron emission radioisotopes and
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VEGFi,;, forming a novel GO nanoconjugate for non-invasive, quantitative and in vivo

vasculature targeted tumor imaging.

3.2. Materials and methods

3.2.1. Reagents

VEGF1,; was provided by GenScript Corp. (Piscataway, NJ). p-SCN-Bn-NOTA was purchased
from Macrocyclics, Inc. (Dallas, TX). Chelex 100 resin (50-100 mesh) and FITC were purchased
from Sigma-Aldrich (St. Louis, MO). SCM-PEG-Mal (molecular weight: 5 kDa; Creative
PEGworks, Winston Salem, NC), rat anti-mouse CD31 primary antibody (BD Biosciences, San
Diego, CA), AlexaFluor488- or Cy3-labeled secondary antibodies (Jackson Immunoresearch
Laboratories, Inc., West Grove, CA), Bevacizumab (Avastin, Genentech, San Francisco, CA)
and PD-10 desalting columns (GE Healthcare, Piscataway, NJ) were all acquired from
commercial sources. Water and all buffers were of Millipore grade and pre-treated with Chelex
100 resin to ensure that the aqueous solution was free of heavy metal. All other reaction buffers

and chemicals were obtained from Thermo Fisher Scientific (Fair Lawn, NJ).

3.2.2. Synthesis of GO-PEG-NH,

GO-PEG-NH; was synthesized by a similar process as detailed in our previous report [33, 72].
Briefly, GO was produced by a modified Hummers method, using flake expandable graphite as
the original material. The prepared GO was mixed with 6-arm-polyethylene glycol-amine (10
kDa) at a weight ratio of 1:6 and reacted for ~12 h in the presence of N-(3-dimethylaminopropyl-

N’-ethylcarbodiimide) hydrochloride to form GO-PEG-NH,. Excess PEG in the as-synthesized
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GO-PEG-NH; solution was removed by centrifuge filtration through 100 kDa MWCO Amicon
filters and washed with water for 6 times. AFM and DLS were performed to characterize the GO

morphology and size distribution of nanoconjugates [73].

3.2.3. Synthesis of VEGF,,-SH

VEGF2; was incubated with Traut’s reagent at a molar ratio of 1:15 at pH 8.0 for 2 h. The
resulting VEGF;21-SH was purified by size exclusion column chromatography with PBS (pre-

treated with Chelex 100 resin to prevent oxidation of the thiol) as the mobile phase.

3.2.4. Syntheses of GO-VEGF,; nanoconjugates

GO-PEG-NH; was first mixed with p-SCN-Bn-NOTA at a molar ratio of 1:10 at pH 9.0, and
reacted for 2 h at room temperature. The resulting NOTA-GO was purified by centrifugation
with 100 kDa MWCO Amicon filters at 8,000 rpm for 15 min. Subsequently, NOTA-GO was
reacted with SCM-PEG-Mal at a molar ratio of 1:30 at pH 8.5 for 2 h. The resulting NOTA-GO-
PEG-Mal was purified by centrifugation with 100 kDa MWCO Amicon filters at 8,000 rpm for
15min. Afterwards, NOTA-GO-PEG-Mal was reacted with VEGF1,:-SH at a molar of 1:10 at
pH 7.5 in the presence of TCEP. The final products were purified by size exclusion column
chromatography and termed as NOTA-GO-VEGF;,;. Similar strategies were used for the

synthesis of FITC-GO-VEGF1,; and FITC-GO nanoconjugates.

3.2.5. Cell lines and animal model
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4T1 murine breast cancer, U87MG human glioblastoma, and HUVECs were obtained from the
American Type Culture Collection (ATCC, Manassas, VA) and cultured as previously described
[33]. Cells were used for in vitro and in vivo experiments when they reached ~80 % confluence.
All animal studies were conducted under a protocol approved by the University of Wisconsin
Institutional Animal Care and Use Committee. Four- to five-week-old female nude mice (Harlan,
Indianapolis, IN) were each injected with 2x10°® U87MG cells in the flank to generate the
U87MG glioblastoma model. The mice were used for in vivo experiments when the tumor

diameter reached 4-6 mm.

3.2.6. Flow cytometry

HUVECs (VEGFR positive) [74] and 4T1 (VEGFR negative) [75] cells were harvested and
suspended in cold PBS with 2 % bovine serum albumin at a concentration of 5x10° cells/mL.
Cells were incubated with FITC-GO-VEGF;2; or FITC-GO at a concentration of 5 pg/mL (based
on GO) for 30 min at room temperature before washing for three times with cold PBS.
Subsequently, the cells were analyzed using a BD FACSCalibur 4-color analysis cytometer
equipped with 488 nm and 633 nm lasers (Becton-Dickinson, San Jose, CA) and FlowJo analysis

software (Tree Star, Inc., Ashland, OR).

3.2.7. **Cu labeling

%Cu was produced with an onsite cyclotron (GE PETrace) in University of Wisconsin - Madison.
%CuCl, (74 MBq) was diluted in 300 pL of 0.1 M sodium acetate buffer (pH 6.5) and mixed

with 50 pg of NOTA-GO-VEGF;2; or NOTA-GO. The reaction was conducted at 37 °C for 30
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min with constant shaking [67, 76]. The resulting ®*Cu-NOTA-GO-VEGF;2 or *Cu-NOTA-GO
was purified by size exclusion column chromatography using PBS as the mobile phase. The
radioactive fractions containing **Cu-NOTA-GO-VEGFy,; or *Cu-NOTA-GO were collected
for further in vitro and in vivo studies. Since all the GO nanoconjugates will contain the same
NOTA and PEG chains, both “NOTA” and “PEG” were omitted from the acronyms of the final

nanoconjugates for clarity.

3.2.8. Serum stability study

Serum stability study was carried out to ensure **Cu is stable on NOTA-GO-VEGF;»; for in vivo
PET imaging. **Cu-NOTA-GO-VEGF1,; was incubated in PBS and complete serum at 37 °C for
up to 48 h. At different time points, portions of the mixture were sampled and filtered through
100 kDa MWCO filters. The radioactivity that remained on the filter was measured after
discarding the filtrate. The retained (i.e., intact) **Cu on NOTA-GO-VEGF,; was calculated

using the equation (radioactivity on filter/total sampled radioactivity x 100%).

3.2.9. Invivo VEGFR targeted PET imaging and biodistribution studies

U87MG tumor-bearing mice were each intravenously injected with 5-10 MBq of **Cu-NOTA-
GO-VEGF1 or **Cu-NOTA-GO via tail vein. Serial PET scans were performed at various time
points p.i. with using a microPET/microCT Inveon rodent model scanner (Siemens Medical
Solutions USA, Inc.). Data acquisition, image re-construction, and ROI analysis of the PET data
were performed as described previously [33, 67]. Quantitative PET data of the U87MG tumor

and major organs was presented as %ID/g. After the last scan at 48 h p.i., biodistribution studies
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were carried out to confirm that the %ID/g values based on PET imaging truly represented the
radioactivity distribution in mice. Mice were euthanized and U87MG tumor, blood and major
organs/tissues were collected and wet-weighed. The radioactivity in the tissue was measured

using a y counter (PerkinElmer) and presented as %ID/g (mean + SD).

3.2.10. Histology

U87MG tumor-bearing mice were intravenously injected with GO-VEGF,; and GO (5 mg/kg of
mouse body weight) and euthanized at 3 h p.i. (when U87MG tumor uptake was at the peak
based on PET imaging). Organs including U87MG tumor, liver, spleen and muscle were frozen
and cryo-sectioned for histological analysis. Frozen tissue slices of 7 um thickness were fixed
with cold acetone and stained for endothelial marker CD31 by using a rat anti-mouse CD31
antibody and a Cy3-labeled donkey anti-rat IgG [7]. To stain VEGFi,1, the same tissue slices
were also incubated with Avastin (primary antibody) [77] and then AlexaFluor488-labeled goat
anti-human IgG (secondary antibody). All images were acquired by using a Nikon Eclipse Ti

microscope.

3.3. Results and discussion

3.3.1. Synthesis and characterization of GO nanoconjugates

GO was produced by Hummers method and modified with six-armed branched PEG as
previously reported for enhanced in vivo stability and biocompatibility [61, 72]. The presence of
amine groups at the terminal end could facilitate the further covalent conjugation of various

functional entities. PEGylated GO (i.e. GO-PEG-NH,) was then functionalized with NOTA (a
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well-known chelator for copper-64 (®*Cu, t,,=12.7 h) labeling) and VEGFi2; as the targeting

ligand for in vivo vasculature targeting.
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Figure 3.1. (A) A schematic illustration showing the surface engineering of GO
nanoconjugates. (B) AFM image of GO-PEG-NH,. (C) DLS size distribution of the GO-PEG-

NH, (black line) and NOTA-GO-PEG-VEGF,; nanoconjugates (red line).

A schematic structure of final GO nanoconjugate (i.e. **Cu-NOTA-GO-PEG-VEGFi,,) after

surface engineering is shown in Figure 3.1A. As synthesized GO-PEG-NH, existed a size range
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of 20-50 nm, based on AFM measurements (Figure 3.1B). DLS study showed that GO-PEG-NH;
has a hydrodynamic diameter of 27.7 + 5.8 nm, whereas the diameter of NOTA-GO-VEGF;,;
was found to be 32.9 + 3.0 nm (Figure 3.1C). Since all the GO nanoconjugates will contain the
same NOTA and PEG chains, in the following sections both “NOTA” and “PEG” were omitted

from the acronyms of the final nanoconjugates for clarity.

3.3.2. In vitro VEGFR targeting

To validate in vitro VEGFR targeting capability of GO-VEGF;2; nanoconjugates, flow
cytometry was carried out in HUVECs (VEGFR positive) [74] and 4T1 murine breast cancer
cells (VEGFR negative) [75]. FITC was further conjugated to GO-VEGF;,; to form FITC-GO-
VEGF,; (targeted group). FITC-conjugated GO with no VEGF;,; (i.e. FITC-GO, non-targeted
group) was used as the control. As evidenced in Figure 3.2A, the fluorescence signal from
HUVECs was significantly enhanced (~20 fold higher than the negative control group) upon
incubation with FITC-GO-VEGF,;, whereas only slight fluorescence enhancement was
observed upon FITC-GO treatment. Note, concentration of GO and in vitro incubation time were
all kept the same. No significant fluorescence signal enhancement was observed when using 4T1
cell line for both targeted and non-targeted groups. Taken together, flow cytometry results
clearly demonstrated high VEGFR targeting specificity and minimal non-specific binding of

GO-VEGF;; nanoconjugates.

3.3.3. Invivo VEGFR targeting and ex vivo biodistribution studies
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Previously, we reported PET imaging of VEGFR expression level using ®*Cu-labeled VEGF,1,
and demonstrated higher VEGFR expression in smaller (~60 mm®) U87MG glioblastoma tumors
when compared with larger ones (~1,200 mm?®) [78]. In current study, US87MG tumor-bearing

mice with tumor volume of ~60 mm?® were used for in vivo targeted PET imaging studies.

A HUVECs (VEGFR+) 4T1 (VEGFR-)
Negative control Negative control
= Non-targeted '\ == Non-targeted
Targeted / Targeted
n §2] ’
,— c \
% 3 . A
@] o] ) i
@) &) f \
\
.
vegveny vergveryg A RAb | MR ALl =TT T rv'|'"r| =TT YT
10° 107 102 103 104 10° 107 102 10° 104
FL1-H FL1-H
B
100 ——
—!I=___E— =
> 754
L
5]
T
£ oA
oS
254 —o—%Cu-GO-VEGF,,,
—o— *Cu-GO-VEGF,,, + Mouse serum
0 I 1 1 I 1 I
0 10 20 30 40 50

Post-treatment time (h)
Figure 3.2. In vitro VEGFR targeting and serum stability studies. (A) Flow cytometry
analysis of the GO nanoconjugates in HUVECs (VEGFR+) and 4T1 breast cancer cells

(VEGFR-). (B) Serum stability study of *Cu-GO-VEGF, at 37 °C for 48 h.
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Both GO-VEGF1»; and GO nanoconjugates were labeled with ®*Cu, and purified by PD-10
column, to form ®*Cu-GO-VEGFy,; and ®*Cu-GO, respectively. In vitro serum stability was later
performed by incubating ®*Cu-GO-VEGF,; with complete mouse serum at 37 °C for 48 h
(Figure 3.2B). Our results showed that more than 95% of ®**Cu remained on the GO-VEGF,;

nanoconjugates, indicating high stability of ®*Cu-GO-VEGFi.; in mouse serum.

pajabie |

pajabiel-uoN

10 %ID/g

Figure 3.3. In vivo VEGFR targeted PET imaging. Serial coronal PET images of US7TMG
tumor-bearing mice at different time points post-injection of (A) **Cu-GO-VEGF,,, (targeted

group) and (B) **Cu-GO (non-targeted group). Tumors are indicated by yellow arrowheads.
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As prepared **Cu-GO-VEGFy,; and ®*Cu-GO were later intravenously injected to US87MG
tumor-bearing mice and imaged using a microPET/microCT Inveon rodent model scanner at 0.5,
3, 6, 16, 24 and 48 h p.i.. Coronal PET images that contain the U87MG tumors are shown in
Figure 3.3, and the guantitative data obtained from region-of-interest (ROI) analysis of the PET

data are shown in Figure 3.4.

Systematic PET imaging and quantification analysis showed that U87MG tumor uptake of ®*Cu-
GO-VEGF; (i.e. targeted group) could be clearly visible at 0.5 h p.i. (6.5 = 1.7 percentage
injected dose per gram of tissue [%1D/g]) and peaked at 3 h p.i. with tumor accumulation found
to be 8.2 + 1.4 %ID/g (Figure 3.3A, 3.4A). While, without the conjugation of VEGF;, the
accumulation of ®*Cu-GO was found ~2 fold lower at all time points examined (Figure 3.3B,
3.4B,C), clearly indicating that conjugation of VEGF,; to GO could increase tumor uptake
through active targeting of VEGFR on the tumor vasculature. Beside higher tumor accumulation,
tumor-to-muscle (T/M) ratio was improved as well. The highest T/M ratio in targeted group was

found to be 8.4 £ 2.1, which is >2 fold higher than the non-targeted group (Figure 3.4D).

Similar as what we observed in other GO nanoconjugates [33, 49, 67], besides tumor uptake,
most of ®*Cu-GO-VEGF1,; was found in liver with the highest uptake estimated to be 24.9 +
3.0 %ID/g at 0.5 h p.i. and gradually decreased to 10.1 + 0.5 %ID/g at 48 h p.i. (n=4, Figure
3.3A, 3.4A). Similar high liver uptake was also observed in the non-targeted group (n=4, Figure

3.3B, 3.4B).
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Figure 3.4. Quantitative analysis of the PET data. (A) Time[lactivity curves of the liver,

U87MG tumor, blood, and muscle upon intravenous injection of **Cu-GO-VEGF,, (targeted

group). (B) Timellactivity curves of the liver, U87MG tumor, blood, and muscle upon

intravenous injection of **Cu-GO (non-targeted group). (C) Comparison of the US7TMG

tumor uptake in both targeted and non-targeted groups. (D) Comparison of the tumor-to-

muscle ratio in targeted and non-targeted groups. The differences between the tumor uptake

and tumor-to-muscle ratio of **Cu-GO-VEGF,,; and **Cu-GO were statistically significant (P

< 0.05) at all time points. All data represent 4 mice per group.
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Figure 3.5. Biodistribution studies in U87MG tumor-bearing mice at (A) 3 h and (B) 48 h

post-injection of the GO nanoconjugates. All data represent 4 mice per group

To further confirm the accuracy of PET quantification analysis, ex vivo biodistribution studies
were carried out at 3 h p.i. (when tumor uptake peaked based on PET imaging in Figure 3.3A)
and 48 h p.i. (after the last PET scan). As shown in Figure 3.5, the quantitative results based on
PET and biodistribution studies matched very well, confirming that serial non-invasive PET
imaging accurately reflected the distribution of **Cu-GO-VEGFy,; and ®Cu-GO in USTMG

tumor-bearing mice.
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Figure 3.6. Histology study. Immunofluorescence staining of various tissue slices of (A)
U87MG tumor (targeted group), (B) U87MG tumor (non-targeted group), (C) Liver, (D)
Spleen and (E) Muscle. Red staining represents CD31 (using anti-mouse CD31 primary
antibody), while green staining represents GO-VEGF,; (using Avastin as the primary

antibody). Scale bar: 100 um. Note, Slices of liver, spleen and muscle were all from targeted

group.
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3.3.4. Histology

To further confirm that tumor uptake of ®*Cu-GO-VEGFy, is VEGFR specific and GO
nanoconjugates were indeed delivered to the tumor, histological studies were performed.
U87MG tumor-bearing mice were intravenously injected with GO-VEGF3,; and GO (dose: 5
mg/kg) and euthanized at 3 h p.i. (when U87MG tumor uptake was at the peak based on PET
imaging). Organs including U87MG tumor, liver, spleen and muscle were collected, frozen and
cryo-sectioned for histological analysis. Well-established protocols were later used for the

staining of CD31 and VEGFy2; [7, 77].

As shown in Figure 3.6A, GO-VEGF,; distribution in the U87MG tumor was found primary on
the vasculature with little extravasation, as evidenced by the excellent overlay of the CD31 (red)
and GO-VEGF,; (green), while no obvious green signal could be found in U87MG tumor from
the non-targeted group (Figure 3.6B). Strong green fluorescence signal from the liver and spleen
slices were observed outside the wvasculature, indicating non-specific RES uptake and
hepatobiliary clearance of GO-VEGF;,; (Figure 3.6C,D). In addition, little green fluorescence
was observed in the muscle, which is consistent with the results of PET and biodistribution
studies (Figure 3.6E). Taken together, our histology study clearly demonstrated the VEGFR

targeting specificity of GO-VEGF;2;.

3.4. Conclusion

In conclusion, we performed the surface engineering and in vivo tumor vasculature targeting of
GO nanoconjugates in U87MG tumor-bearing mice, with ®*Cu as the radiolabel and VEGFy,; as

the targeting ligand. Excellent stability and high targeting specificity of GO-VEGF,; were
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achieved based on systematic in vivo/in vitro/ex vivo studies. More importantly, our newly
developed ®*Cu-GO-VEGF1,; nanoconjugate was able to target vascular VEGFR efficiently in
U87MG model with the highest tumor uptake found to be >8 %ID/g, giving an extra boost to
tumor uptake based on passive targeting alone (~4 %ID/g). We believe that GO-VEGF;,; with
significantly improved tumor targeting efficiency could inspire future design of smart GO-based

nanosystems and show great potential for enhanced theranostics in living systems.
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Chapter 4 Chelator-Free Radiolabeling of Graphene: Breaking the
Stereotype of Chelation

4.1. Background

The success of positron emission tomography (PET) in early cancer detection has triggered
extensive development of molecular radiotracers[3, 43, 79]. Numerous radiolabeled
nanomaterials, such as quantum dots (QDs)[57, 80, 81], superparamagnetic iron oxide
nanoparticles (SPIONSs)[82], graphene[33, 67, 83], gold nanoparticles[84, 85], silica
nanoparticles[86] and polymeric nanoparticles[87, 88], have been successfully applied for PET
imaging in living systems after conjugation with different kinds of chelators, such as DOTA
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) and NOTA (1,4,7-Triazacyclononane-
1,4,7-triacetic acid). Chelators are especially important in radiolabeling, since they can stably
incorporate radiometals and prevent transchelation by intrinsic proteins, making chelator-based
radiolabeling of nanomaterials the gold standard for examining their in vivo properties[89].
However, chelator-based radiolabeling and PET imaging has its inevitable challenges. The
incorporation of chelators might alter the size, surface charge and hydrophilicity of the tracer,
which may eventually lead to completely different imaging consequences[90-93]. In addition,
due to their macrocyclic structure and relatively hydrophobic nature[94], chelators might
nonspecifically attach on the surface of the nanoparticles and leach out after entering the blood
circulation, influencing the overall imaging results. Therefore, although chelators have been
widely employed in radiometal- assisted PET imaging of nanomaterials in the past decade, it is

questionable whether such a practice precisely depicts their real biodistribution.



40

To better understand the in vivo behavior of the nanoparticles and avoid the influence of the
chelators, a novel chelator-free radiolabeling approach can be employed, whereby radiometals
can directly label onto the nanoparticles through certain surface interactions™. Intrinsically
radiolabeled nanoparticles would potentially maintain their native biodistribution and
pharmacokinetics, thereby accurately reflecting the real in vivo behavior of the nanoparticles [95,
96]. Moreover, the additional surface functional groups can be employed for improving the
conjugation efficiency of targeting ligands or drug encapsulation, for enhanced targeting
efficiency and therapeutic efficacy[97]. Last but not the least, chelator-free radiolabeling allows

for more flexible surface engineering to make the nanoparticle a versatile theranostic platform.

In this study, graphene, one of the most attractive nanomaterials in the research community, has
been employed for chelator-free ®*Cu-radiolabeling and PET imaging[33, 67, 83]. Among all the
radiometals, ®*Cu is one of the most promising and well-investigated radiometals, due to its
desirable half-life (ty», = 12.7 h) for in vivo disease detection and patient management[98]. Two
subtypes of graphene nanomaterials, reduced graphene oxide (RGO) and graphene oxide (GO),
were labeled with ®*Cu via transition metal- interaction based on the electron transfer between
%%Cu?* cation and m bond on the surface of graphene nanosheets[99-101]. This specific
interaction has been demonstrated previously by physical simulations and experiments[99-101].
Herein, we have for the first time harnessed the transition metal-pi interactions between graphene
and Cu?* cations for chelator-free radiolabeling and subsequent PET imaging with the as-
developed ®*Cu-graphene radiotracers for in vivo tumor targeting and imaging. Additionally, we
compare the labeling and imaging characteristics of intrinsically radiolabeled graphene with that

radiolabeled via the conventional NOTA chelator, in order to probe the technique in more detail.
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4.2. Materials and methods

4.2.1. Reagents

®%Cu was produced by a GE PETtrace cyclotron using the ®*Ni(p,n)®*Cu reaction. ¥zr was
produced by a GE PETrace cyclotron using the %Y (p,n)®zr reaction. NOTA was purchased
from Macrocyclics, Inc. (Dallas, TX). Chelex 100 resin (50-100 mesh; Sigma-Aldrich, St. Louis,
MO), complete mouse serum (Jackson Immuno Research Laboratories, West Grove, PA) and
PD-10 desalting columns (GE Healthcare, Piscataway, NJ) were all acquired from commercial
sources. Water and all buffers were of Millipore grade and pre-treated with Chelex 100 resin to
ensure that the aqueous solution was free of heavy metal. All other chemicals and buffers were

obtained from Thermo Fisher Scientific (Fair Lawn, NJ).

4.2.2 Cell lines and animal models

4T1 murine breast cancer cells were obtained from American Type Culture Collection (ATCC,
Manassas, VA) and cultured according to the supplier’s instructions. When they reached ~80%
confluence, the cells were collected for tumor implantation[102]. Four-to-five-week-old female
Balb/c mice (Harlan, Indianapolis, IN) were each subcutaneously injected with 2 x 10° 4T1 cells
in the flank to generate the 4T1 breast cancer model. The mice were used for in vivo experiments
when the tumor diameter reached 6-8 mm. All animal studies were conducted under a protocol

approved by the University of Wisconsin Institutional Animal Care and Use Committee.

4.2.3. Synthesis of RGO-PEG, GO-PEG and derivatives
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RGO and GO was produced by a modified Hummers method, using flake expandable graphite as
the original material, as detailed in our previous reports[72, 73]. The prepared RGO was mixed
with C1sPMH-PEGsg at a weight ratio of 1:10 and incubated under sonication for 1.5 h to form
RGO-PEG, while the prepared GO was mixed 6-arm PEG (10 kDa) at a weight ratio of 1:6 and
reacted for ~12 h in the presence of N-(3-dimethylaminopropyl-N’-ethylcarbodiimide)
hydrochloride to form GO-PEG. Excess PEG in the as-synthesized RGO-PEG and GO-PEG
solution was removed by centrifugal filtration through 300 kDa MWCO Amicon filters and 100
kDa MWCO Amicon filters and washed with water for 6 times respectively. The resulting RGO-
PEG was characterized by atomic-force microscopy and dynamic light scattering. To generate
the control nanoconjugates NOTA-PEG-RGO, RGO was firstly modified with C;gPMH-
PEGs000-NH2 and then reacted with p-SCN-Bn-NOTA at a molar ratio of 1:10 at pH 9.0 for 2 h at

room temperature and purified with PD-10 desalting column to yield NOTA-PEG-RGO.

After synthesis of RGO-PEG, DOX was loaded by incubating with RGO-PEG at a weight ratio
of 2:1 for 3 h. The excess DOX was removed with 100 kDa MWCO Amicon filters. As-prepared
DOX-loaded RGO-PEG was defined as (DOX)RGO-PEG. In addition, NOTA-loaded RGO-

PEG, defined as (NOTA)RGO-PEG, was prepared with similar loading procedures.

4.2.4. Characterization

The size and morphology of graphene nanosheets were measured by AFM (Bruker Biospin
Corporation, Billerica, MA). The size distribution was further confirmed by DLS on Nano-

Zetasizer (Malvern Instruments Ltd., Worcestershire, UK). Fourier transform infrared (FT-IR)
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spectra were obtained in the range of 650-3500 cm™using a Bruker Equinox 55/S FT-

IR/NIR Spectrophotometer.

4.2.5. Radiolabeling and labeling stablility

%CuCl, (74 MBq) was diluted in 300 pL of 0.1 M sodium acetate buffer (pH 5.5) and mixed
with RGO-PEG, GO-PEG and their derivatives. The reactions were conducted at 37 °C for 60
min with constant shaking. The resulting **Cu-RGO-PEG, ®Cu-GO-PEG, *‘Cu-NOTA-PEG-
RGO, (**Cu-NOTA)RGO-PEG and (**Cu-DOX)RGO-PEG were purified by size exclusion
column chromatography using PBS as the mobile phase. The labeling yield was measured by
thin layer chromatography (TLC) using 0.5 M Ethylenediaminetetraacetic acid (EDTA) as the
mobile phase to eliminate unstable adsorption of isotopes. The labeling yields at different
reaction times were calculated from autoradiography images of TLC plates. To examine the
radiolabeling specificity, ®*Zr-oxalate (74 MBq) was mixed with RGO-PEG and GO-PEG in 300
pL of 0.5 M HEPES buffer (pH 7.0) at 37 °C for 60 min with constant shaking. The labeling

yields were tested by TLC plates with the same setting as described above.

To test the labeling stability, **Cu-RGO-PEG, **Cu-GO-PEG and other controls were incubated
in both PBS and complete mouse serum at 37 °C for up to 24 h under constant shaking. Portions
of the mixture were sampled at different time points and filtered through 300 kDa MWCO filter.
The radioactivity that remained on the filter was measured after discarding the filtrate, and
retained (i.e., intact) ®*Cu-RGO-PEG, **Cu-GO-PEG and their derivatives were calculated using

the equation (radioactivity on filter/total sampling radioactivity x 100%).
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4.2.6. In vivo PET and biodistribution studies

Serial PET scans of ®*Cu-RGO-PEG was performed in 4T1 tumor-bearing mice (n = 3) using a
microPET/microCT Inveon rodent model scanner (Siemens Medical Solutions USA, Inc.), at
different time points (0.5 h, 3 h, 6 h and 24 h) post-injection (p.i.) via tail vein. Data acquisition,
image reconstruction, and region-of-interest (ROI) analysis of the PET data were performed as
previously described[103]. Quantitative data of ROI analysis on tumor and other organs was
presented as percentage injected dose per gram of tissue (%ID/g). As control groups, 4T1 mice
injected with **Cu-NOTA-PEG-RGO and (**Cu-NOTA)RGO-PEG were also scanned (n =
3).After the last scan at 24 h p.i., mice were sacrificed under anaesthesia for ex vivo
biodistribution studies. Tumor, blood and major organs/tissues were collected and weighted. The
radioactivity in the tissue was measured using a y counter (PerkinElmer) and presented as %ID/g

(mean + SD).

4.2.7. Photoacoustic Imaging

Photoacoustic imaging was performed on Vevo LAZR Photoacoustic Imaging System
(VisualSonics, Inc., Toronto, Canada) with a laser excitation wavelength of 808 nm and a focal
depth of 100 mm. 4T1 tumor-bearing mice were intravenously injected with RGO-PEG (200 pL,
0.2 mg/ml) and scanned at 3 h post-injection. The same volumes of PBS were injected in 4T1

tumor-bearing mice as control groups.
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Figure 4.1. Schematic illustration of **Cu chelator-free labeled graphene nanoparticles.
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Figure 4.2. Chelator-free labeling of RGO-PEG and GO-PEG at 37 °C. Autoradiographic

images of TLC plates and their labeling yield at different time points were acquired at

concentrations of 0.05 mg/ml (A), 0.2 mg/ml (B) and 0.5 mg/ml (C). (D) Comparison of the

labeling yields of RGO-PEG and GO-PEG at different concentrations after 60 min incubation.
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4.3. Results
4.3.1. Chelator-free radiolabeling of RGO and GO

Chelator-free radiolabeling of the nanomaterials was achieved by simply mixing RGO and GO
with ®*Cu in 0.1 M sodium acetate buffer (Figure 4.1). Theoretically, ®*Cu? ions (3d®) need one
electron to form a stable electronic configuration; © bonds of graphene are able to provide the
additional electron to stably incorporate the ®*Cu?* acceptor ions onto the surface of graphene[99,
100]. Therefore, the amount of © bonds on the graphene nanomaterials becomes an essential

factor influencing the labeling efficiency and radiostability.

To validate our hypothesis regarding the mechanism of chelator-free labeling on graphene, we
performed the ®*Cu labeling on both PEG modified RGO (RGO-PEG; 22.3 + 4.5 nm) and GO-
PEG at different concentrations and temperatures. Due to more abundant © bonds on RGO-PEG,
we expect that RGO-PEG should have significantly higher labeling yield. At 37 °C, RGO-PEG at
an extremely low concentration (0.05 mg/ml) exhibited excellent yields (11.1 £ 1.9 %, 26.9 +
3.9 %, 31.6 £ 3.9 %, 34.8 £ 4.7 % and 40.1 + 5.3 % after 1, 15, 30, 45 and 60 min incubation,
respectively), high enough for in vivo applications (Figure 4.2A and D). However, the labeling
yields of GO-PEG were minimal (4.4 = 3.3 %, 5.3 + 3.3 %, 5.7 £ 3.6 %, 6.3 £ 3.7 % and 6.8 +
4.0 % after 1, 15, 30, 45 and 60 min incubation) due to the lack of sufficient = bonds (Figure
4.2A), validating our premise that chelator-free radiolabeling is m-bond dependent. When
increasing the concentration of graphene to 0.2 mg/ml, both RGO-PEG and GO-PEG exhibited
enhanced labeling yields (48.0 + 0.2 % with RGO-PEG and 9.6 + 0.1 % with GO-PEG after 60

min incubation; Figure 4.2B and D), which was further enhanced upon increasing the
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concentration of graphene to 0.5 mg/ml (58.0 + 0.1 % with RGO-PEG and 12.8 + 0.2 % with
GO-PEG after 60 min incubation; Figure 4.2C and D). To understand the influence of
temperature, the radiolabeling efficiency was examined at 75 °C (Figure 4.3). Labeling yields, as
high as 75.5 £ 1.7 % were observed for RGO-PEG, after 60 min incubation (Figure 4.3C and D).
Such rapid and high radiolabeling yields are comparable to that achieved with NOTA, the most
efficient commercially available ®*Cu chelator[54, 104], thereby suggesting the promising
potential of chelator-free ®*Cu radiolabeling of RGO-PEG for in vivo PET imaging applications.
On the contrary, the labeling yield with GO-PEG was still relatively low (15.5 + 0.8 % after 60
min incubation; Figure 4.3C and D), even at higher temperatures, further validating our
hypothesis. Taken together, the chelator-free labeling of **Cu was found to be highly dependent
on the amount of @ bonds, nanoparticle concentrations and temperature, demonstrating the Cu-n
interactions as the underlying mechanism of enhanced intrinsic radiolabeling of graphene

nanosheets.

The radiolabeling specificity via transition metal-n interactions was subsequently examined by
directly mixing %Zr*" (4p®), which does not have n electrons at most outer atomic orbital, with
RGO-PEG and GO-PEG at 0.2 mg/ml at 37 °C. As expected, both RGO-PEG (about 9.0 %,
10.6 %, 11.0 %, 10.8 % and 9.2 % after 1, 15, 30, 45 and 60 min incubation) and GO-PEG
(about 12.1 %, 11.4 %, 11.4 %, 12.3 % and 11.1 % after 1, 15, 30, 45 and 60 min incubation)
exhibited minimal labeling yields, demonstrating that no transition metal-x interaction happened
to %Zr**. To further confirm the mechanism behind the chelator-free radiolabeling of RGO and
the role of ® bonds, Fourier transform infrared spectroscopy (FTIR) was conducted on both RGO

and Cu-RGO. To avoid the inference from PEG, RGO and Cu-RGO nanoparticles for FTIR
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examination were not PEGylated. As shown in Figure 4.4, two new peaks were observed at 1350
cm™ and 3000 cm™ from Cu-RGO, which resembled the peak of C-H bonds, representing the
newly formed electron interactions between Cu and C. In addition, a red shift was observed for
Cu-RGO bond from 1600 cm™ to to 1750 cm™, indicating that C-C bond is lengthened by

incorporation of Cu into the graphene carbon structures.
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Figure 4.3. Chelator-free labeling of RGO-PEG and GO-PEG at 75 °C. Autoradiographic
images of TLC plates and their labeling yield at different time points were acquired at
concentrations of 0.05 mg/ml (A), 0.2 mg/ml (B) and 0.5 mg/ml (C). (D) Comparison of the

labeling yields of RGO-PEG and GO-PEG at different concentrations after 60 min incubation.
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Figure 4.4. FTIR spectra of RGO and Cu chelator-free labeled RGO.
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Since doxorubicin (DOX) is one of the most common chemotherapeutic drugs which have been
widely applied in nanoparticle-based theranostics[105-107], the influence of DOX on the
labeling efficiency was also tested, owing to its aromatic structure that contains © bonds. After
loading DOX onto RGO-PEG nanosheets, at a weight ratio of 2:1 for 24 h, (DOX)RGO-PEG
exhibited slightly reduced labeling yield (32.7 = 4.2 % at 0.2 mg/ml after 60 min incubation;
Figure 4.5A and D), possibly due to competition between DOX loading and ®*Cu labeling for n

bonds on graphene.

Conventional chelator-based radiolabeling was also conducted after NOTA conjugation to RGO
via reaction with amino groups on PEG, as a comparison to chelator-free radiolabeling. As
expected, excellent labeling yield were achieved at low nanoparticle concentration (93.1 £ 1.1 %
at 0.2 mg/ml after 60 min incubation; Figure 4.5B and D). Interestingly we found that NOTA
itself could also be loaded onto of the RGO nanosheets (loading efficiency=28.9 %) without the
need of covalent linkage, when we accidentally used RGO-PEG without amino groups (unable to
react with NOTA). The loading may attributed to the hydrophobic interactions or the interaction
between macrocyclic structure of NOTA and n bonds of RGO. Surprisingly NOTA-loaded
RGO-PEG (denoted as (NOTA)RGO-PEG) also exhibited excellent labeling yield (92.1 + 0.6 %
at 0.2 mg/ml within 60 min incubation; Figure 4.5C and D), almost similar to that with NOTA-
conjugated RGO (NOTA-PEG-RGO). These interesting results indicate that the decade-old
gold-standard NOTA conjugated nanoparticles might not be the most accurate approach for PET
imaging, since we cannot assure the purity of NOTA-conjugated RGO without any nonspecific

loading.
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Figure 4.6. Labeling stability of graphene nanoparticles. Labeling stability was observed
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in both PBS (A) and complete mouse serum (B) during 24 h incubation (n = 3).

4.3.2. Labeling stability of **Cu-labeled RGO

In vitro labeling stability is an important parameter to test the suitability of radiolabeled
nanoparticles for further in vivo applications, since PET imaging can only detect the signal from
the isotopes regardless the real biodistribution of the nanoparticles[33]. After incubation in PBS
for 24 h, both chelator-free labeled and chelator-based labeled RGO showed excellent in vitro
stability (84.6 + 1.5 % with **Cu-RGO-PEG and 84.4 + 2.4 % with **Cu-NOTA-PEG-RGO at
0.2 mg/ml; Figure 4.6A), however the radiostability of chelator-free labeled GO was relatively
low (56.4 = 2.0 % at 0.2 mg/ml after 24 h incubation; Figure 4.6A), indicating that the amount of
© bonds affects not only the labeling efficiency but also the stability of the incorporated isotope.
In addition, although (**Cu-NOTA)RGO-PEG had excellent labeling efficiency, the labeling

stability was relatively low (41.4 = 2.5 % at 0.2 mg/ml after 24 h incubation; Figure 4.6A),
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suggesting that NOTA-loaded RGO-PEG might not be a suitable for in vivo applications. The
same tests were also performed in complete mouse serum, achieving similar results that ®*Cu-
RGO-PEG and **Cu-NOTA-PEG-RGO displayed higher labeling stability compared to both

%Cu-GO-PEG and (**Cu-NOTA)RGO-PEG (Figure 4.6B).

64Cu-RGO-PEG
(Chelator-free)

8 %ID/g

64Cu-NOTA-
PEG-RGO
(Chelator-based)

0 %ID/g

(5*Cu-NOTA)
RGO-PEG
(Chelator-loaded)

24 h

Figure 4.7. In vivo PET imaging. Serial coronal PET images at different time points post-
injection of *Cu-RGO-PEG, *Cu-NOTA-RGO-PEG and (*Cu-NOTA)RGO-PEG were

acquired in 4T1 tumor-bearing mice. Three mice were scanned per group (n = 3).
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4.3.3. In vivo PET imaging and photoacoustic imaging

Serial PET imaging was performed with **Cu-RGO-PEG after tail vein injection in 4T1 tumor-
bearing mice. Due to their suitable size and optimized PEGylation, prolonged blood circulation
of **Cu-RGO-PEG was observed (blood uptake: 16.9 + 2.8, 9.8 + 0.4, 7.2 + 0.8 and 4.8 +
0.9 %ID/g at 0.5, 3, 6 and 24 h p.i.; n = 6; Figure 4.7 and 4.8A), which induced a prompt and
persistent tumor uptake (3.8 £ 0.6, 5.7 £ 0.7, 6.6 £ 0.7 and 6.4 £ 0.6 %ID/g at 0.5, 3, 6 and 24 h
p.i.; n = 6; Figure 4.7 and 4.8A) via passive targeting (EPR effect). The prolonged blood
circulation and superb tumor uptake also demonstrated the excellent in vivo radiostability of
%4Cu-RGO-PEG with minimal **Cu detachment. The accuracy of PET imaging was validated by
ex vivo biodistribution studies (Figure 4.8E), which corroborated well with the region-of-interest

(ROI) data from the PET images.

As a control **Cu-NOTA-PEG-RGO was also tested in the 4T1 tumor-bearing mice. Slightly
shorter blood circulation (blood uptake: 13.7 + 0.7, 7.0 £ 0.3, 5.4 £ 0.1 and 3.2 + 0.1 %ID/g at
0.5, 3, 6 and 24 h p.i.; n = 3; Figure 4.7 and 4.8B) and lower tumor uptake (3.4 £ 0.5, 4.5 = 1.0,
49 + 1.8 and 3.9 £ 0.4 %ID/g at 0.5, 3, 6 and 24 h p.i.; n = 3; Figure 4.7, Figure 4.8B and D),
suggesting that intrinsically radiolabeled ®*Cu-RGO-PEG possesses enhanced in vivo
radiostability and improved imaging capacity than that of chelator-based ®*Cu-NOTA-PEG-RGO.
Of note, slight bladder uptake could be observed in mice injected with **Cu-NOTA-PEG-RGO,
stemming from the detachment of **Cu-NOTA from RGO nanosheets, which may be a mixture
of **Cu-NOTA-PEG-RGO and (**Cu-NOTA)RGO-PEG, since it is impossible to avoid NOTA

loading into RGO during chelator conjugation.
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%Cu-NOTA-RGO-PEG and (**Cu-NOTA)RGO-PEG at 24 h p.i..
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Accordingly, although (**Cu-NOTA)RGO-PEG had the same labeling efficiency as that of ®*Cu-
NOTA-PEG-RGO, the in vivo stability results were completely different, as evidenced by the
PET imaging in mice injected with (**Cu-NOTA)RGO-PEG under similar conditions. The
radioactive signal from (®**Cu-NOTA)RGO-PEG was strongly depressed (attenuated signal from
the heart, as early as 0.5 h post-injection; Figure 4.7) and most activity could only be detected in
the bladder by 3 h p.i. (Figure 4.7, 4.8C and D), indicating that **Cu-NOTA detached from RGO-
PEG immediately after entering the blood circulation and was excreted in the urine via renal
clearance pathway. Taken together, PET imaging clearly illustrated that intrinsically radiolabeled
RGO possesses higher in vivo radiostability and hence allows for more reliable evaluation of

graphene biodistribution in vivo.

Photoacoustic tomography imaging is a rapidly emerging imaging modality relying on
ultrasound signals created by light-induced thermoelastic expansion[108-111]. Taking advantage
of the strong light absorbance of graphene nanomaterials[112, 113], photoacoustic imaging was
performed in RGO-PEG injected mice to further confirm successful tumor retention, and test the
multimodality imaging ability of our nanoconstructs. As expected, significantly enhanced signal
was observed in tumors injected with RGO-PEG than that from the blank control (Figure 4.9),
further corroborating the accuracy of the PET imaging results. Overall, RGO-PEG is a promising
multimodality (PET/PA) imaging platform to precisely convey the functional and molecular

information in living systems.
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Figure 4.9. Ultrasound and photoacoustic imaging of tumor in the mouse upon intravenous

injection of RGO-PEG and the blank control mouse.

4.4. Discussion

NOTA or DOTA conjugation has been routinely employed for small molecule and antibody-
based PET imaging, offering sensitive, quantitative and non-invasive functional detection of
diseases at cellular or molecular levels[89, 114-116]. In the past decade, with the explosive
advances in nano-theranostic research, NOTA/DOTA have been expanded to the realm of
nanoparticle-based PET imaging[79, 86, 117], which have assisted in the evaluation of new
nanoparticles by better understanding their in vivo biodistribution. Unfortunately, owing to the
numerous reports of successful nanoparticle-based PET imaging employing NOTA/DOTA aided
radiometal chelation, it is now considered as the gold standard in PET-based evaluation of

nanoparticle kinetics, without sufficient probe into the efficacy and reliability of the method.
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Despite a series of studies having been performed with NOTA-conjugated graphene[33, 67, 83],
herein we found that ®*Cu can be intrinsically incorporated into graphene nanosheets by direct
mixing under the same radiolabeling conditions.. In the present study, the labeling was
demonstrated to be based on Cu-m interactions, by which the electrons transfer from donor
graphene to acceptor Cu®*. From our rigorous experimentation under different radiolabeling
conditions, we found that the labeling yields were highly dependent on sample concentration,
labeling temperature, and the amount of © bonds on the nanoplatform. Due to higher order
restored graphene structure with more © bonds[113, 118, 119], RGO demonstrated significantly
higher labeling yields than those of GO, confirming the accuracy of our hypothesis. More
importantly, chelator-free labeled RGO exhibited comparable labeling efficiency and
radiostability as the gold-standard NOTA-RGO. NOTA conjugated RGO inevitably includes
nonspecific and weak adsorption of NOTA onto the RGO surface, which despite an initially high
labeling yield, displays poor in vivo radiostabiltiy, resulting in erroneous interpretation of the
PET imaging results. Of note, these phenomena may not be limited graphene nanoparticles.
Therefore, our study suggested that chelator-free labeling is more suitable for nanoparticle-based
PET imaging. NOTA conjugation may become an unnecessary effort which would even

negatively influence the accuracy of PET imaging, if chelator-free labeling is applicable.

The PET images for nanoparticulate radiotracers can be sometimes misleading, since free ®*Cu is
also cleared by the liver and intestine and may accumulate in the tumor[120-122], similar to the
biodistribution of ®*Cu-labeled nanoparticles, thereby underlining the important and urgent need
to develop a highly stable and reliable method of incorporating the isotope into the nanoplatform.

The major difference between free and chelated ®Cu is that free ®*Cu is promptly cleared from
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the blood circulation within several minutes of intravenous injection. Therefore, the signal from
the blood at early time points after injection becomes an important criterion for experienced PET
scientists to determine the in vivo radiostability of **Cu-labeled nanoparticles. For example, in
this study, chelator-free labeled RGO-PEG exhibited excellent blood circulation in mice (Figure
4.8A and B), where the blood uptake was obvious as long as 6 h p.i., suggesting high in vivo
radiostability. However, if no blood circulation was observed at early time points, even with high
tumor uptake, the in vivo radiostability of such conjugates would be questionable, which may not
be always due to poor PEGylagtion of sample. Furthermore, prominent bladder uptake is closely
correlated with ®Cu-labeled small molecule (for example, ®*Cu-NOTA, Figure 4.7) or small
nanoparticles (< 5 nm)[50]. The important observations in this study draw our attention to the
possible chelator-free labeling and nonspecific loading of chelators on NOTA-conjugated
nanoparticles, which results in significantly different biodistribution profile. However, these
observations may have till date been wrongly attributed to unknown biological errors or sample

inconsistence.

Although chelator-free radiolabeling provides important advantages over conventional chelator-
based radiolabeling[95, 97], it still poses certain challenges for real world clinical applications.
Many chelator-free radiolabeling techniques require the addition of *“hot” precursor during
nanoparticle synthesis[63, 123, 124], which is not only cumbersome but also not practical in
most clinical settings. Meanwhile many other reported methods require high temperature/harsh
conditions for isotope incorporation[125], which cannot be performed with temperature-sensitive
nanosystems, such as those functionalized with active targeting agents like antibodies or

sensitive chemotherapeutic cargo. However, the novel chelator-free labeling via Cu-n
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interactions proposed in this study is extremely simple, which can achieve excellent labeling
efficiency and radiostability at 37 °C and can be performed post nanoparticle synthesis by simply
mixing the isotope and nanoparticle together, thereby exhibiting great clinical translation
potential. Similar post--synthetic chelator-free radiolabeling of nanoparticles in mild
environment is drawing more and more attention from the scientific community and promises to

become one of the most exciting research directions of nuclear nanomedicine[95, 126-128].

By investigating the mechanism of chelator-free radiolabeling of graphene, we broke the
stereotype that NOTA or DOTA conjugation is a necessary for **Cu-based in vivo PET imaging.
Our study provides important guidelines for future research on radiochemistry and in vivo
applications of nanomaterials: (1) Cu-r interaction is widely applicable to ®*Cu labeling with
graphene, but not limited to it. Other n-bond-rich nanomaterials, such as carbon nanotubes, can
be also used as promising candidates for chelator-free radiolabeling of ®**Cu. (2) NOTA or
DOTA-conjugated nanoparticles may not always provide the most accurate PET imaging, and
any results must be interpreted with caution. (3) Scientists have frequently overlooked the
possible nonspecific interactions between the chelators and the nanoparticles, which may
significantly influence the PET results. For example, NOTA/DOTA conjugation may not be
suitable for very hydrophobic and aromatic nanoparticles. As such, thorough investigation of the
chelator-conjugated nanoparticles is warranted, both in terms of their physicochemical properties
as well as in vitro and in vivo radiostability. (4) It is beneficial to try chelator-free labeling before
conventional chelator-based labeling, which may uncover a novel labeling mechanism providing

better labeling efficiency and stability.
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4.5. Conclusion

Herein, we successfully conducted the first example of chelator-free radiolabeling of RGO
nanosheets with ®*Cu, which exhibited excellent labeling efficiency, superb radiostability and
enhanced imaging capacity. Although chelator-free labeled RGO has comparable in vitro
radiostability as the conventional NOTA-RGO, the in vivo radiostability of chelator-free labeled
RGO is much higher, since nonspecific NOTA absorption is inevitable during NOTA
conjugation. Therefore chelator-free radiolabeling becomes especially important for
nanoparticle-based PET imaging. By investigating the mechanism of chelator-free radiolabeling
of graphene, our study provided important guidance for the future research on radiochemistry

and in vivo applications of graphene-based nanomaterials.
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Chapter 5 Chelator-Free Labeling of Layered Double Hydroxide
Nanoparticles for in Vivo PET Imaging

5.1. Background

LDH nanomaterial has been emerged as a novel delivery agent and attracted tremendous
interests in the past decades. As a natural mineral and readily synthesized material, LDH has a
hydrotalcite-like structure, consisting of positively charged brucite-like cationic layers,
negatively charged interlayer anions, and hydrogen bonded water molecules, with a general
composition formula of [M**_M*,(OH)*T**(A™ )yn'mH-0, where M**, M** and A" represent
divalent metal cation, trivalent metal cation and anion respectively [129, 130]. Due to its unique
structure and properties, including rich surface functionality, excellent biocompatibility, wide
availability and controllable ion-exchange, LDH exhibits great potential as a delivery agent for
biomedical applications [131]. In regard to diagnostic imaging, numerous fluorescent dyes and
inorganic nanoparticles have been tethered onto LDH for optical imaging, CT and magnetic MRI
[132-138]. However, PET, which offers great sensitivity, superb tissue penetration, accurate
quantification capability and excellent translational potential [1, 7, 59], has not been explored

with LDH-based nanopatrticles.

To perform PET imaging, radiometal (e.g. ®**Cu, **Sc and ®2zr) is a primary category of
radioisotopes for radiolabeling. The coordination of certain chelators is usually required for the
stable labeling of radionuclides [127, 139]. However, due to the uniqueness of each radionuclide,
particular coordination chemistry is necessary for each radionuclide, and hence selecting the best

chelator and optimal labeling condition becomes an inevitable challenge [127]. To the contrary,
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chelator-free labeling, which eliminates the need of coordination of chelators, has been
considered as a promising labeling approach to nanoparticle-based PET imaging [95]. Due to
ion-change property, LDH nanoparticles allow the synchronous incorporation of multiple
bivalent and trivalent cations (M** and M**) into the brucite-like cationic layers [140]. Therefore,
we hypothesize that different radionuclides can be incorporated into LDH nanoparticles through
chelator-free manner without the use of any chelators, providing a novel nanoplatform for

versatile radiolabeling.

Recently, we developed a reliable method to produce Mg,Al-CO3z-based LDH nanoparticles,
which have a well controlled size with 50-300 nm and can be homogeneously dispersed in the
aqueous suspension [141, 142]. Because LDH nanoparticles are highly positively charged (zeta
potential: 30-50 mV)[142], surface modification could be easily accomplished with negatively
charged protein (e.g. BSA) to prevent possible aggregation in physiological buffer or in vivo
environment. Therefore, in this study, we propose a chelator-free labeling of BSA-modified
Mg,Al-COs-based LDH nanoparticles by simply mixing LDH nanoparticles with a variety of
PET isotopes (e.g. ®*Cu, *Sc and ®Zzr), followed by the evaluation of the labeling yield and
stability to confirm the success of the labeling. In vivo PET imaging was also investigated with
radiolabeled LDH nanoparticles for the first time. Rapid and persistent tumor uptake via passive

targeting was witnessed.

5.2. Materials and methods

5.2.1. Reagents
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Chelex 100 resin (50-100 mesh) was acquired from Sigma-Aldrich (St. Louis, MO). ®*Cu was
produced by a GE PETrace cyclotron using the ®Ni(p,n)®*Cu reaction. **Sc was produced by a
GE PETrace cyclotron using the **Ca(p,n)**Sc reaction. ®Zr was produced by a GE PETrace
cyclotron using the #Y (p,n)®*Zr reaction. Complete mouse serum were acquired from Jackson
Immuno Research Laboratories (West Grove, PA). Water and all buffers were of Millipore grade
and pretreated with Chelex 100 resin to ensure that the aqueous solution was free of heavy
metals. PD-10 desalting columns were acquired from GE Healthcare (Piscataway, NJ). All other

reaction buffers and chemicals were from Thermo Fisher Scientific.

5.2.2. Cell lines and animal models

4T1 murine breast cancer cells were obtained from American Type Culture Collection (ATCC,
Manassas, VA) and cultured according to the supplier’s instructions. When they reached ~80%
confluence, the cells were collected for tumor implantation [102]. Four- to five-week-old female
BALB/c mice (Harlan, Indianapolis, IN) were each injected with 2 x 10° 4T1 cells in the flank to
generate the 4T1 breast cancer model. The mice were used for in vivo experiments when the
tumor diameter reached 6-8 mm. All animal studies were conducted under a protocol approved

by the University of Wisconsin Institutional Animal Care and Use Committee.

5.2.3. Synthesis of LDH

Mg,Al-COs-based LDH nanoparticles were synthesized with a quick precipitation and
subsequent hydrothermal treatment as reported previously [129, 141, 142]. In brief, 2.0 mmol of

MgCl,-6H,0 and 1.0 mmol of AICl3-6H,0 were dissolved in 10 mL deionized water, and then
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rapidly added to a basic solution (40 mL) containing 6.0 mmol of NaOH and 0.6 mmol of
Na,CO3; within 5 s. As-prepared solution was then stirred in N, stream at room temperature for
10 min. Subsequently, the precipitate was collected after centrifugation, and re-dispersed in 40
mL of deionized water and placed in a 45 mL autoclave with Teflon linen. Lastly, hydrothermal
treatment was carried out at 100 °C in an oven for 16 h to generate the final suspension of

Mg,Al-CO3; LDH nanoparticles.

5.2.4. BSA coating of LDH

0.2 ml of Mg,AI-CO3; LDH nanoparticles (14.0 mg/mL) were slowly and dropwise added to 0.4
ml BSA solution (50 mg/mL) under vigorous stirring. After stirring for 2 h at room temperature,
the mixture solution was then centrifuged (4,000 rpm for 10 min) and washed with PBS for
multiple times. As-prepared LDH-BSA suspension contains 4.7 mg/mL of LDH and 33.3 mg/mL
of BSA. LDH and LDH-BSA was characterized with TEM and DLS to measure their structure

and size.

5.2.5. Radiolabeling and labeling stablility

%Cu, **Sc, and ¥zr were produced with an onsite cyclotron (GE PETrace). ®*CuCl, (74 MBq),
#ScCls (74 MBq), and *Zr-oxalate (74 MBq) were diluted in 300 pL of 0.1 M sodium acetate
buffer (pH 5.5), 0.5 M sodium acetate buffer (pH 4.5) and 0.5 M HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer (pH 7.0), respectively[33, 102, 143]. The diluted solutions
were then mixed with 50 puL of LDH (4.7 mg/mL), LDH-BSA (4.7 mg/mL based on LDH

concentration) or only BSA (33.3 mg/ml, the same concentration as that in LDH-BSA) for
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chelator-free labeling. The labeling reaction was carried out at 37 °C for 60 min under constant
shaking. The labeling yield was measured by TLC using 0.5 M EDTA as the mobile phase to
eliminate unstable adsorption of isotopes. The labeling yield at different reaction time was
calculated from autoradiography images of TLC plates. The radioactive fraction was purified

with PD-10 size exclusion column chromatography using PBS as the mobile phase.

To test the labeling stability, ®*Cu-LDH and ®*Cu-LDH-BSA were incubated in both PBS and
complete mouse serum at 37 °C for up to 24 h under constant shaking. Portions of the mixture
were sampled at different time points and filtered through 100 kDa MWCO filters. The
radioactivity that remained on the filter was measured after discarding the filtrate, and retained
(i.e., intact) **Cu-LDH or ®*Cu-LDH-BSA was calculated using the equation (radioactivity on

filter/total sampling radioactivity x 100%).

5.2.6. In vivo PET and biodistribution studies

Serial PET scans of ®*Cu-LDH-BSA was performed in 4T1 tumor-bearing mice (n = 3) using a
microPET/microCT Inveon rodent model scanner (Siemens Medical Solutions USA, Inc.), at
different time points (0.5 h, 3 h, 16 h , and 24 h) post-injection (p.i.) of ®*Cu-LDH-BSA via tail
vein. Data acquisition, image reconstruction, and region-of-interest (ROI) analysis of the PET
data were performed as previously described [7, 54, 83]. Quantitative data of ROI analysis on
tumor and other organs was presented as percentage injected dose per gram of tissue (%I1D/g). To
validate the labeling and imaging of **Cu-LDH-BSA, **Cu-BSA was also scanned in 4T1 tumor-
bearing mice (n = 3) as a control group. After the last scan at 24 h p.i., mice were sacrificed

under anaesthesia for biodistribution studies. Tumor, blood and major organs/tissues were
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collected and weighted. The radioactivity in the tissue was measured using a 7y counter

(PerkinElmer) and presented as %ID/g (mean + SD).

5.3. Results

5.3.1 Synthesis and characterization of LDH nanoparticles

Mg,Al-COs-based LDH nanoparticles were synthesized with a quick precipitation and
subsequent hydrothermal treatment as reported previously [129, 141, 142]. As revealed by TEM,
LDH nanoparticles are 2-dimentional nanomateirls in layered-sheet shape with the size in the
range of 100-150 nm (Figure 5.1B). DLS measurement showed that LDH has an average size of
110 nm (PDI: 0.18) in water and 380 nm (PDI: 0.44) in culture media (Figure 5.1D). The
obviously larger size and PDI of LDH in culture media indicate that LDH is not very stable in
physiological environment, which restricts the application of LDH in radiolabeling and in vivo

PET imaging.

To improve the stability of LDH in vitro/in vivo, negatively charged BSA was coated onto
positively charged LDH surface via electrostatic interaction. After BSA coating, as-prepared
LDH-BSA maintained stable in PBS for 7 days, whereas LDH without BSA coating precipitated
in PBS after same-duration incubation (Figure 1.1C). DLS measurement showed that the average
size of LDH-BSA slightly increased to 130 (PDI: 0.21) in water and 150 (PDI: 0.24) in culture
media due to the integration of BSA (Figure 1.1D), which indicated that LDH-BSA remained
stable in both water and PBS. The final structure of exampled LDH-nanoparticle (**Cu-LDH-

BSA) is illustrated in Figure 1.1A.
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Figure 5.1. Schematic illustration and characterization of LDH nanoparticles. (A) A
schematic structure of **Cu-LDH-BSA. (B) TEM image of LDH nanoparticles. Scale bar, 100
nm. (C) LDH aggregated but LDH-BSA remained stable after incubating LDH and LDH-
BSA (4.7 mg/mL) in PBS for 7 days. (D) The size distribution of LDH and LDH-BSA in
both water and culture media measured by DLS. The size of LDH nanoparticles increased
significantly in culture media, whereas the size of LDH-BSA is similar in both water and

culture media.

5.3.2 Chelator-free labeling

Different isotopes (**Cu, **Sc and #°Zr) were directly mixed with LDH-BSA in corresponding
buffers (**Cu: 0.1 M sodium acetate, pH 5.5; **Sc: 0.5 M sodium acetate, pH 4.5; **zr: 0.5 M
HEPES, pH 7.0) for chelator-free labeling. LDH without BSA coating and only BSA were also
labeled to validate that LDH instead of BSA plays a more important role in the labeling. TLC
was applied to measure the labeling yield with different isotopes using 0.5 M EDTA as the
mobile phase, which can remove the unbounded isotopes and unstable adsorption, ensuring that

the resulting labeling yield truly represent the capacity of LDH or BSA for chelator-free labeling.
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As a result, **Cu®* and **Sc** were successfully labeled on LDH and LDH-BSA but not BSA,
since LDH allows incorporation of multiple bivalent and trivalent cations [140]. To the contrary,
897r** could not be labeled on LDH and LDH-BSA, possibly because it does not fit into the LDH
crystal structure (Figure 5.2). In detail, after 60 min incubation with **Cu®*, 59.0 % of them were
labeled on LDH, and 16.6 % of them were labeled on LDH-BSA (Figure 5.2A and B). There
decrease of labeling yield on LDH-BSA is possibly due to existence of BSA, which prevents the
interaction of ®Cu®" and LDH. In addition, the stable labeling of ®*Cu** on BSA was minimal
(~1.5 %), indicating that chelator-free labeling of ®*Cu®** was mainly taken place on LDH rather
than BSA. Similar results were also achieved with *‘Sc**. After 60 min incubation, 41.4 % of
them were labeled on LDH-BSA, much higher than those reacting with only BSA (1.7 %; Figure
5.2C and D). The labeling yield of only LDH with **Sc** was not acquired, due to the
aggregation of LDH in highly ionized buffer (0.5 M sodium acetate) without protection of BSA.
In comparison, after 60 min incubation with 3Zr**, the labeling yields were similarly on all 3
samples (LDH: 9.5 %; LDH-BSA: 12.5 %; BSA 18.4 %; Figure 5.2E and F), indicating that
897r™* cannot be efficiently labeled onto LDH via chelator-free labeling. Interestingly, it was
observed that 2Zr** could be labeled onto BSA, which is possibly due to high affinity of *zr**
to anionic oxygen donors in BSA [144, 145]. Of note, chelator-free labeling was very quick, as
the labeling yield peaked at 15 min and remained stable at the later time points for all 3 isotopes

(Figure 5.2B, D and F).



a 84Cu b
2
S0
[=]
@
@ =
2 >
- K]
>
o
£
©
£
[}
o |
E-)
o
2
S| ®]L*
LDH LDH-BSA BSA
c #45¢c d
Q
o
(=]
‘6 £
o @ ~
@ S
£ -
b o
>
[=)]
£
]
=]
5
<
9
2
AR
-
LDH-BSA BSA
e 897y f
@
o
; . l b
-
(=]
] '
3 g
N -]
- o
>
o
£
]
=]
©
-
e
o
[+1]
-]
(]
-

LDH LDH-BSA BSA

69

- 64
1004 ®cy ——LDH
—e— LDH-BSA
80+ ——BSA
60
40+
20+
1 15 30 45 60
Reaction time (min)
- A4
1007 “se —=—LDH-BSA
—e— BSA
804
60
404
204
0 ; T T u —
1 15 30 45 60
Reaction time (min)
- 89
1004 %9z, —e—LDH
—— LDH-BSA
80 ——BSA
604
404
204 + . ——
0 T L) L] L )
1 15 30 45 60

Reaction time (min)

Figure 5.2. Chelator-free labeling of LDH nanoparticles. (A), (C) and (E) Autoradiographic

images of TLC plates of LDH, LDH-BSA and BSA after chelator-free labeling with *Cu,

#Sc and ¥2zr for 60 min. (B), (D) and (F) The labeling yield of LDH, LDH-BSA and BSA

after chelator-free labeling with ®*Cu, *Sc and ®Zr at different reaction time calculated from

autoradiography images of TLC plates.
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Labeling stability is a common concern for chelator-free labeling. Besides the usage of EDTA
solution during TLC analysis to remove unstable adsorption, the stability of ®*Cu-LDH and ®*Cu-
LDH-BSA was also tested in PBS and complete mouse serum before the potential application in
living animals. After incubation with PBS for 24 h, 84.2 + 11.4 % and 89.3 + 1.6 % of ®Cu**
were still stable on LDH and LDH-BSA respectively (Figure 5.3). While after incubation with
complete mouse serum for 24 h, 91.1 + 3.9 % and 91.6 + 3.1 % of **Cu®" were stable on LDH
and LDH-BSA respectively (Figure 5.3). These results demonstrate that the labeling in chelator-

free manner is stable on LDH and LDH-BSA.
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Figure 5.3. Labeling stability of LDH nanoparticles. Labeling stability was observed with
%Cu-LDH and *Cu-LDH-BSA in both PBS and complete mouse serum during 24 h

incubation.
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5.3.3. In vivo PET and biostribution studies

After purification with PD-10 size exclusion column chromatography, **Cu-LDH-BSA was
intravenously injected into 4T1 tumor-bearing mice to examine their in vivo distribution profile.
PET imaging was performed at different time points (0.5 h, 3 h, 16 h and 24 h) post-injection
(p.i.) using a microPET/microCT Inveon rodent model scanner. The coronal PET images are
shown in Figure 5.4 and quantitative region-of-interest (ROI) analysis is shown in Figure 5.5 A
prompt and persistent tumor uptake was achieved via passive targeting (3.5 + 1.2, 7.2+ 0.5, 7.7
+0.1and 6.8 £ 0.2 %ID/g, at 0.5 h, 3 h, 16 h and 24 h p.i., respectively; n = 3; Figure 5.5A and
C). In contrast, the probe retentions in blood and muscle were much lower at all time points
(blood: 2.6 £0.2,3.2+0.1,3.6 £ 0.1 and 3.6 £ 0.1 %ID/g, and muscle: 0.7 +0.1,0.8 £ 0.1, 0.8 £
0.1 and 0.8 + 0.1 %ID/g, at 0.5 h, 3 h, 16 h and 24 h p.i., respectively; n = 3; Figure 5.5A).
Tumor/muscle ratios of 4.9 +2.0,89+1.1,9.1 £ 1.4 and 8.6 £ 0.9 were achieved at 0.5 h, 3 h,
16 h and 24 h p.i., respectively (n = 3; Figure 5.5D), suggesting an excellent tumor contrast.
Furthermore, the signal in liver peaked at early time point and decreased with time (58.0 = 7.7,
36.0£6.9,21.2+1.5and21.7 £ 1.7 %ID/g, at 0.5 h, 3 h, 16 h and 24 h p.i., respectively; n = 3;
Figure 5.5A), indicating the hepatic clearance of LDH nanoparticles. Taken together, with a
prominent tumor uptake and image contrast, ®*Cu-LDH-BSA was proven to be a promising
nanoplatform for in vivo tumor imaging via passing targeting after chelator-free labeling. With

further surface engineering, it could also be applied to active tumor targeting and therapy.

Although the labeling yield of **Cu-BSA is much lower that that of ®*Cu-LDH-BSA, PET
imaging was also performed with ®*Cu-BSA to compare with the imaging capacity of ®*Cu-LDH-

BSA. After intravenous injection of ®*Cu-BSA into 4T1 tumor-bearing mice, a significantly
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lower tumor uptake was acquired (2.9 £0.3,3.4+0.1,4.1+0.5and 4.0 £ 0.3 %ID/g, at 0.5 h, 3
h, 16 h and 24 h p.i., respectively; n = 3; Figure 5.4 and Figure 5.5B and C). However, the
background signal in muscle was higher (1.9 £ 0.2, 1.5+ 0.2, 1.1 £ 0.1 and 1.0 £ 0.1 %ID/qg, at
0.5 h, 3 h, 16 h and 24 h p.i., respectively; n = 3; Figure 5.5B), possibly due to the smaller size
and slower clearance of **Cu-BSA compared with ®*Cu-LDH-BSA, which led to a lower imaging
contrast (tumor/muscle ratio:1.5 +0.2,2.2£0.3,3.6 £+ 0.5and 3.8 £ 0.5,at 0.5 h, 3 h, 16 h and
24 h p.i., respectively; n = 3; Figure 5D). Combining these data, we could draw a preliminary
conclusion that the prominent tumor uptake of ®*Cu-LDH-BSA was primarily coming from LDH

rather than BSA.
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Figure 5.4. In vivo PET imaging. Serial coronal PET images at different time points post-
injection of *Cu-LDH-BSA and **Cu-BSA were acquired in 4T1 tumor-bearing mice. Strong

signal in tumor was observed in the mice injected with ®*Cu-LDH-BSA.
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Figure 5.5. Quantitative analysis of the PET data. (A) Time activity curves of the liver, 4T1

tumor, blood, and muscle upon intravenous injection of *Cu-LDH-BSA. (B) Time activity

curves of the liver, 4T1 tumor, blood, and muscle upon intravenous injection of *Cu-BSA.

(C) Comparison of tumor uptake at different time points post injection of *Cu-LDH-BSA

and **Cu-BSA. The differences of the tumor uptake were statistically significant (P < 0.05) at

all time points except 0.5 h. (D) Comparison of tumor/muscle ratio at different time points

post injection of *Cu-LDH-BSA and **Cu-BSA. The differences of tumor/muscle ratio were

statistically significant (P < 0.05) at all time points. All data represent 3 mice per group.
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After the last scan at 24 h p.i., 4T1 tumor-bearing mice injected with ®*Cu-LDH-BSA and ®Cu-
BSA were sacrificed for biodistribution studies. The quantitative data of the uptakes from tumor
and other tissues in biodistribution studies well matched the results of ROI analysis, which

confirmed the accuracy of PET imaging and ROI analysis (Figure 5.6).
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Figure 5.6. Biodistribution of **Cu-LDH-BSA and **Cu-BSA in 4T1 tumor-bearing mice.
The tumor uptake of **Cu-LDH-BSA was significantly higher than that of **Cu-BSA at 24 h

post injection (P < 0.05; n = 3).

5.4. Discussion

Compared with conventional chelator-based labeling, chelator-free labeling possesses several
unique advantages. First, chelator-free labeling is a versatile approach, which may be suitable for
various radionuclides. Therefore, one design of nanoparticles can potentially be employed in the

different clinical settings. Second, it is known that incorporation of chelators could sometimes
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alter the in vivo biodistribution and pharmacokinetics of nanoparticles, which may not accurately
reflect the pharmacological behavior of unlabeled nanoparticles [63, 96, 146]. Chelator-free
labeling which avoids the use of a chelating agent, therefore, can maintain the native
pharmacokinetic profile of the nanoparticles. Third, chelator-free labeling does not require
functional groups on the surface of nanoparticles for conjugation of chelators. Therefore, all the
surface functional groups on the nanoparticles could be employed for further functionalization
with fluorescent agents, therapeutic agents, or targeting ligands to generate multifunctional
nanoplatforms. At last, the mechanism for chelator-free labeling could be very simple and
effective, which allows the labeling of isotopes which could not be achieved in a traditional
strategy such as "?As and *Ge [95, 127, 147]. Both "?As and **Ge were very challenging to label

via conventional techniques, with few reported successes in the literature.

Chelator-free labeling also has several drawbacks. One of the drawbacks is that the surface
modification of nanoparticles can significantly affect the labeling yield, since the surface of
nanoparticles directly interacts with the isotopes during labeling. For example, BSA coating
decreased the labeling yield of LDH-BSA with ®Cu in this study. In addition, the labeling
stability through chelator-free manner could be varied from case to case, since it is still
underexplored and very few examples can be referred to. In one previous study on chelator-free
labeling of As, obvious bladder uptake was observed from PET images with *As-SPION, which
indicated that the labeling was not stable in vivo [127]. However, in this study, no bladder uptake
was observed in vivo, suggesting a great potential of LDH nanoparticles for chelator-free

labeling with excellent stability.
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In this proof-of-principle study, ion-exchange is believed to play an important role in chelator-
free labeling of LDH nanoparticles [148]. Through Coulombic interaction between LDH
nanoparticles and metal radioisotopes, metal radioisotopes (guest species) tend to compensate for
the charge deficit of LDH (host species) [148]. It allows the incorporation of various divalent and
trivalent metal cations but not tetravalent metal cations. However, further studies are needed to
better understand the mechanism of chelator-free labeling of LDH nanoparticles. The valence of
radioisotopes might not be the only decisive factor for chelator-free labeling of LDH
nanoparticles. Other factors, such as labeling buffer, temperature, pH value and concentration,

might also influence the labeling results.

For nanoparticle-related imaging, toxicity of the nanoparticles is always one of concerns. Of note,
LDH is considered as one of inorganic nanoparticles with low toxicity [149]. The toxicity
potential of LDH is usually dose and time dependent, and the shape, size and surface charge also
play a role in toxicity in vitro and in vivo [148]. In addition, aggregation or agglomeration of
LDH nanoparticles upon physiological fluids is another reason to bring out possible toxicity [131,
150]. In this respect, BSA was coated onto LDH via electrostatic interaction, which is
straightforward and efficient. The solubility of LDH-BSA was significantly increased to prevent
the possible aggregation in vivo. Besides BSA, other molecules, such as polyethylene glycol
(PEG) or Tween-80, have also been modified onto LDH nanoparticles as previously reported,
which exhibited reduced toxicity in comparison with uncoated ones [151, 152]. Although LDH-
nanoparticles have been proven to be highly biocompatible in vitro and many approaches have
been investigated to modify the LDH surface for reduced toxicity potential, the long-term in vivo

toxicity test is still of significance, considering that some elements (e.g. Al) possible lead to side
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effects if taken over a certain quantity or in the presence of certain physiological environment

[131, 153-155].

5.5. Conclusion

In conclusion, we achieve the first chelator-free labeling and in vivo PET imaging with LDH
nanoparticles. Upon appropriate surface modification, bivalent cation **Cu?* and tribalent */Sc®*
cation were successfully labeled on LDH and LDH-BSA with excellent labeling yield and
stability. Prompt and persistent tumor uptake was also achieved with **Cu-LDH-BSA via passive
targeting. Without comprising the native properties (e.g. drug loading), LDH could be a versatile

platform for PET image and drug delivery.
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Chapter 6 Iron Oxide Decorated MoS, Nanosheets with Double
PEGylation for Chelator-Free Radiolabeling and Multimodal
Imaging Guided Photothermal Therapy

6.1 Background

Since the discovery of graphene, ultrathin two dimensional (2D) nanomaterials have attracted
tremendous interests due to their unique structures and properties [156]. Recently, transitional
metal dichalcogenides (TMDCs) have emerged as next-generation 2D materials alternatives to
graphene[157, 158]. With many intriguing properties similar to those of graphene, TMDCs
nanosheets on the other side have abundant elemental compositions, which enable more precise
tuning of their physical & chemical properties, an advantage over graphene. Therefore, in the
past several years there have been numerous reports exploring the applications of TMDCs as
electronic devices [159], transistors [160, 161], energy storage materials [162, 163], and catalysts
[164, 165]. Recently, a few groups including ours have found that atomically thin TMDC
nanosheets are also promising in the biomedical field. Chou et al. discovered that sulfur
terminated molecules could be used to modify MoS, nanosheets to acquire better physiological
stability and biocompatibility [166]. Applying their high absorbance in near-infrared (NIR)
region, MoS, [167], WS; [168] or Bi,Sesjis9; Nanosheets have been utilized in photothermal
therapy of cancers. Take advantage of the large surface area attributed to 2D structure, MoS,-
based biosensors [170] and drug delivery systems [171, 172] have been developed. However,
there is still much room to develop TMDC-based nanoscale platforms, particularly to integrate

TMDCs with other functional nanostructures, for applications in cancer theranostics.
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Multimodal imaging, which is able to compensate inherent limitations of each single imaging
modality, has been an important trend in the development of new biomedical imaging
instruments [173] and contrasting agents [174, 175]. On the other side, to realize personalized
medicine, optimize therapeutic efficiency, and monitor therapeutic responses, imaging before,
during, and after therapy has been playing increasingly important roles to guide the planning of
treatment for individual patient [176]. Therefore, nanoscale theranostic platforms [177-179] with
highly integrated imaging and therapy functionalities are of great interests in biomedicine

nowadays.

Motivated by the above needs, in this work, we developed a multifunctional TMDC-based nano-
platform for multimodal imaging guided photothermal therapy of cancer. It was found that
DMSA modified IONPs could self-assemble on the surface of atomic-thin MoS; nanosheets,
likely via sulfur chemistry occurring on the defect sites of MoS,. Subsequently, the obtained
MoS,-10 nanocomposites were simultaneously functionalized by lipoic acid terminated
polyethylene glycol (LA-PEG) which is anchored on MoS;, and amino-terminated 6-arm PEG
which is conjugated to IONPs (Figure 6.1A). Such double PEGylated MoS,-10 (M0S,-10-
(d)PEG) exhibited great stability in physiological environments in the presence of glutathione.
Intriguingly, without the need of chelating agents, MoS,-10-(d)PEG could be efficiently labeled
by ®*Cu radioisotope with high labeling yield (~70%) and great stability. Utilizing ®*Cu labeled
nanocomposites which in the mean time exhibit high near-infrared (NIR) absorbance attributed
from MoS; nanosheets and strong superparamagnetic property offered by decorated IONPs,
triple-modal positron emission tomography (PET), photoacoustic tomography (PAT), and

magnetic resonance (MR) imaging were conducted in tumor-bearing mice, revealing efficient
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tumor accumulation of nanocomposites. Our work presents a facile design to incorporate many
different functionalities into one single theranostic nano-platform based on TMDCs, promising

for future biomedical applications.

6.2 Materials and methods

6.2.1 Reagents

Complete mouse serum was purchased from Jackson Immuno Research Laboratories (West
Grove, PA). MWCO Amicon filters were purchased from Millipore (Billerica, Ma). PD-10
desalting columns were purchased from GE Healthcare (Piscataway, NJ). Water and all buffers
were of Millipore grade and pretreated with Chelex 100 resin to ensure that the aqueous solution
was free of heavy metal ions. All the other reaction buffers and chemicals were obtained from

Thermo Fisher Scientific (Fair Lawn, NJ) and from Sigma-Aldrich (St. Louis, MO).

6.2.2. Synthesis of DMSA- IONPs

All chemicals, unless specified otherwise, were purchased from Sigma-Aldrich and used as
received. IONP were synthesized in a typical organic-phase synthesis procedure. Briefly, Fe
(acac)z (2 mmol), 1,2-dodecanediol (10 mmol), oleic acid (6 mmol) , oleylamine (6 mmol), and
benzyl ether (20 ml) were added into a three-necked flask. After magnetically stirring under a
flow of nitrogen, the mixture was heated to 200 °C for 2 h, and then heated to 300 °C for 1 h.
Nitrogen protection was kept in the whole course. After cooling down to room temperature, the

black-colored mixture was precipitated by ethanol (40 ml) under the ambient condition. The
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sediment was washed by hexane and ethanol for several times, and re-dispersed into THF at the

concentration of 5 mg ml™.

To functionalize IONPs, 100 mg DMSA was dissolved in 1 ml deionized water at pH ~10, and
then dropwisely added into 20 mg IONPs dispersed in 4 ml THF under sonication. After further
sonication for 1 h and then stirring for 3 h, this solution was washed with water by centrifugation
at 14,800 rpm for 5 min to remove THF and excess DMSA. The precipitated DMSA modified

IONPs were finally dispersed in 4 ml deionized water for further use.

6.2.3. Synthesis of MoS,- 10-(d)PEG

MoS; nanosheets were synthesized by the Morrison method. Typically, 5 ml n-butyllithium in
hexane was added to dissolve 1 mg MoS; bulk powder in a glove box under the protection of
nitrogen gas. After two days of intercalation, the MoS, solution was washed by hexane. The
precipitation was taken out from the glove box and then dissolved into 100 ml deionized water.
During ultrasonication, the lithium atoms between MoS, layers would react with water and
rapidly produce copious hydrogen gas to push MoS, nanosheets away from each other. At last,
multilayered MoS, was discarded by centrifugation under 6,000 rpm for 15 min, and excess
hexane and lithium ions were removed by dialyzing against deionized water, yielding water-

soluble single-layered MoS; nanosheets.

To prepare MoS,-10 nanocomposites, an aqueous solution of MoS, nanosheets (1 mg ml™) was

slowly added into an aqueous solution of DMSA modified IONPs (1 mg ml™) at different
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feeding mass ratios (MoS; : IONPs = 1:2, 1:5, and 1:10) under sonication. After magnetic
stirring overnight, the nanocomposites were precipitated by adding saline and centrifugation. The

obtained MoS,-IONPs were re-dispersed in water with the concentration of 1 mg ml™.

LA-PEG was synthesized following a reported protocol [180]. 10 mg LA-PEG was added into
12 mg MoS,-10 (2 mg MoS;) in water under sonication. The solution was then stirred overnight
to modify MoS; nanosheets via sulfur chemistry, obtaining MoS,-10-(s)PEG with better stability
in PBS. For further PEGylation, 10 mg of 6-arm-PEG-amine (10 kDa) were mixed with MoS,-
10-(s) PEG. 10 mg EDC was added every 30 min for 3 times to initiate the reaction between
amino groups on 6-arm-PEG-amine and carboxyl group on DMSA modified IONPs. Excess
PEG polymers were removed by centrifugal filtration with 100 kDa molecular weight cut-off
(MWCO) filters (Millipore) and several times of water washing. The obtained MoS,-10-(d)PEG

was re-dispersed in water for further use.

6.2.4. Characterization

TEM images were obtained using a FEI Tecnai F20 transmission electron microscope at an
acceleration voltage of 200 kV. UV-vis-NIR spectra were obtained with PerkinEImer Lambda
750 UV-vis-NIR spectrophotometer. Heating curves were recorded by an IR thermal camera
(IRS E50 Pro Thermal Imaging Camera). The real ratio of MoS, and IONPs were tested by ICP-

AES (Vista Mpx 700-ES).

6.2.5. Cell lines and animal model
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4T1 murine breast cancer, MCF-7 human breast cancer, and HUVECs were obtained from the
American Type Culture Collection (ATCC, Manassas, VA) and cultured as previously described.
Cells were used for in vitro and in vivo experiments when they reached ~80% confluence. All
animal studies were conducted under a protocol approved by the University of Wisconsin
Institutional Animal Care and Use Committee. Four- to five-week-old female BALB/c mice
(Harlan, Indianapolis, IN) were each injected with 2 x 10° 4T1 cells in the flank to generate the
4T1 breast cancer model. The mice were used for in vivo experiments when the tumor diameter

reached 6-8 mm.

6.2.7.%*Cu-labeling and serum stability studies

%Cu was produced with an onsite cyclotron (GE PETtrace). **CuCl, (148 MBq) was diluted in
300 ml of 0.1 M sodium acetate buffer (pH 5.5) and mixed with 30 uL. of MoS,-10-(d)PEG (2
mg ml™). The reaction was conducted at 37 °C for 60 min with constant shaking and the labeling
yield was determined by thin-layer chromatography (TLC) at different time points. The resulting

%4Cu- M0S,-10-(d)PEG was purified by PD-10 column using PBS as the mobile phase.

To ensure that ®*Cu-MoS,-10-(d)PEG was sufficiently stable for in vivo applications, serum
stability studies were carried out. ®*Cu- MoS,-10-(d)PEG was incubated in complete mouse
serum and PBS at 37 °C for up to 48 h. Portions of the mixture were sampled at different time
points and filtered through 100 kDa MWCO filters. The radioactivity that remained on the filter
was measured after discarding the filtrate, and retained (i.e., intact) ®**Cu-MoS,-10-(d)PEG was

calculated using the equation (radioactivity on filter/total radioactivity x 100%).
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6.2.8. In vivo multimodal imaging

PET scans of 4T1 tumor-bearing mice (4 mice per group) at various time points post i.v.
injection of 5-10 MBq of ®*Cu-MoS,-10-(d)PEG were performed using a microPET/microCT
Inveon rodent model scanner (Siemens Medical Solutions USA, Inc.). Data acquisition, image
re-construction, and region-of-interest (ROI) analysis of the PET data were performed as
described previously [67, 181-183]. Quantitative PET data of the 4T1 tumor and major organs
was presented as percentage injected dose per gram of tissue (%I1D/g). After the last scan at 24 h
p.i., biodistribution studies were carried out to confirm that the %ID/g values based on PET
imaging truly represented the radioactivity distribution in mice. Mice were euthanized and 4T1
tumor, blood and major organs/tissues were collected and wet-weighed. The radioactivity in the

tissue was measured using a y-counter (PerkinElmer) and presented as %ID/g (mean + SD).

PAT imaging was conducted by a photoacoustic computed tomography scanner (Endra Nexus
128, Ann Arbor, MI). During PAT imaging, anesthesia was maintained using pentobarbital (50
mg/kg) and the body temperature of the mice was kept by a water heating system at 37.5 °C. T2-
weighted MR imaging was performed by a 9.4T MR scanner designed for small animal imaging

(Bruker Biospin Corporation, Billerica, MA).
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Mo0S,-10-(s)PEG MoS,-10-(d)PEG

Figure 6.1. Synthesis and characterization of MoS,-10-(d)PEG nanoparticles. (A) Schematic
illustration of the synthesis process of MoS,~IO-(d)PEG nanoparticles. (B) TEM image of

MoS,-10-(d)PEG nanoparticles.

6.3. Results and Discussions

6.3.1. Systhesis of M0oS2-10-(d)PEG nanopatrticles

Single-layered MoS, nanosheets were synthesized by the Morrison method[184], a commonly
adopted method to exfoliate TMDCs in large scales. Typically, bulk MoS, was inserted by n-
butyllithium in hexane under protection of N; in a glove box. After departing excess lithium and
hexane, the precipitate was taken out and sonicated in water, followed by washing via
centrifugation and dialysis to obtain water-soluble single-layered MoS; nanosheets. As revealed
by transmission electron microscopy (TEM) (Figure 6.1B), as-made MoS, nanosheets were
mostly single-layer sheets with sizes in the range of 50 nm - 200 nm. During drastic intercalation
and exfoliation, some of sulfur atoms would be lost from the sandwich surface of MoS,
nanosheets, forming defects available for binding by sulfur terminated molecules[166]. Ultra-
small IONPs synthesized by the classical thermo-decomposition method and functionalized with

DMSA were then mixed with as-made MoS, nanosheets under ultra-sonication. Although both



86

negatively charged, DMSA modified IONPs could self-assemble on the MoS; surface as a well-
controlled single particle-layer, owing to the binding of thiol groups on DMSA coated IONPs to
the defect sites on MoS; nanosheets. The exact MoS,: IONPs mass ratio in the final product was
measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES) to be 1:6.4.
Compared with previously reported methods to synthesize TMDC-nanoparticle composites in
which Au, Ag, Pd[185] , or Fe3O4 nanoparticles[186] were directly grown on the surface of
TMDC nanosheets, our method relying on the self-assembly of pre-made high quality
nanoparticles synthesized by the state-of-art method on the surface of TMDCs is a rather easy

and controllable approach.

Although soluble in water, MoS,—10 would quickly aggregate and precipitate in the presence of
salts. Next, to enhance the stability of our nanocomposite in physiological solutions to enable
further biomedical applications, thiolated polymer LA-PEG was adopted to modify MoS,—10
just like the way to prepare PEGylated WS, [168] or MoS, [171, 172] nanosheets (Figure 6.1A).
After stirring overnight, the disulfide group of LA-PEG was strongly bonded to the defect site on
MoS,, obtaining MoS,—10-(s)PEG with great stability in saline. However, different from as-
made MoS,, the number of surface defects reactive to LA-PEG in the MoS,~-10 composite
should be lower due to occupation of IONPs on the surface of MoS, nanosheets, reducing
PEGylation efficiency. In the presence of glutathione, a thiol-containing molecule widely found
in physiological environments, such MoS,—10-(s)PEG showed obviously reduced stability owing
to the replacement of LA-PEG by glutathione. To further improve the physiological stability of
our nanocomposite, amine-terminated branched PEG was then conjugated to the carboxyl groups

on the IONP surface via amide formation. The obtained MoS, with double PEGylation (MoS,—
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10-(d)PEG) showed the same uniform single particle-layer structure (Figure 6.1A) with slightly
larger hydrodynamic size compared to MoS,—10-(s)PEG. Due to the enhancement in PEGylation
efficiency, MoS,~10-(d)PEG exhibited excellent stability in the saline solution containing
glutathione. In addition, although not demonstrated in this work, the free amine groups on the
surface of MoS,—10-(d)PEG sheets would be available for conjugation of other functional
biomolecules (e.g. fluorescent dyes, targeting molecules). The final composition nanoparticles
showed neutralized surface charge, which is also preferred for applications in biological
environments. Notably, direct conjugation of amine-terminated branched PEG to as-made MoS,—
I0 was not as effective owing to the salt-induced aggregation of nanomaterials during the
conjugation process, in which 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide - HCI (EDC-HCI)

was added to trigger the amide formation.

6.3.2. Chelator-free radiolabeling and radiostability

%Cu labeling was straightforwardly executed by mixing ®*CuCl, with MoS,-PEG or MoS,—10-
(d)PEG at 37 °C for 60 min under constant shaking. As determined by TLC at different time
points (Fig. 6.2A), we found that ®*Cu was immediately adsorbed onto MoS,-PEG and MoS,—
10-(d)PEG nanosheets, with labeling yields measured to be as high as 85 % and 70 % after 60
min of incubation, respectively (Figure 6.2B). In contrast, control experiment by labeling
PEGylated IONPs with ®*Cu by the same procedure resulted in a negligible labeling yield,
suggesting that free ®*Cu ions could be attached on the surface of MoS, nanosheets but not on
IONPs (Figure 6.2B). Such labeling is possibly due to the anchoring of Cu®*" ions on the Mo

defect sites of M0S, nanosheets.
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To ensure that the ®*Cu labeling on MoS,—I0-(d)PEG was sufficiently stable for in vivo
applications, serum stability test was carried out. By measuring the remained radioactivities in
those samples, we found that ®**Cu labeling in ®*Cu-MoS,-10-(d)PEG was highly stable within
48 h in serum (Figure 6.2B) [187]. Therefore, ®*Cu labeled MoS,~10-(d)PEG could be adopted
as a non-invasive PET imaging contrast agent to precisely reveal its biodistribution and

pharmacokinetics in vivo.
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Figure 6.2. Chelator-free labeling of MoS,—10-(d)PEG nanoparticles. (A) Autoradiographic
images of TLC plates of MoS,—PEG, I0-PEG and MoS,-10-(d)PEG after chelator-free
labeling with ®*Cu for 60 min. (B) The labeling yield of MoS,~PEG, I0-PEG and MoS,~10-
(d)PEG after chelator-free labeling with *'Cu at different reaction times calculated from
autoradiography images of TLC plates. (C) Labeling stability of MoS,~I1O-(d)PEG

nanoparticles in both PBS and mouse serum for 60 min incubation (n = 3).
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Figure 6.3. In vivo PET imaging. (A) Serial coronal PET images at different time points
post-injection of **Cu-MoS,~10-(d)PEG were acquired in 4T1 tumor-bearing mice. (B) Time
activity curves of the liver, 4T1 tumor, blood, and muscle upon intravenous injection of **Cu-

MoS,~10-(d)PEG. All data represent 3 mice per group (n = 3).

6.3.3. In vivo multimodal tumor imaging
PET scans of 4T1 tumor-bearing mice at various time points post intravenous (i.v.) injection of
%4Cu-MoS,—10-(d)PEG (5-10 MBq) were performed using a microPET Inveon rodent model

scanner (Figure 6.3A). Obvious tumor contrast was observed at 3 h after injection, suggesting
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effective tumor retention of nanocomposites due to the enhanced permeability and retention
effect (EPR) of cancerous tumors. Quantitative PET data presented as percentage injected dose
per gram of tissue (%ID/g) further confirmed the time-dependent increase of **Cu signals in the
tumor post injection of **Cu-MoS,~10-(d)PEG (Figure 6.3B). In order to further understand the
in vivo biodistribution of MoS,-10-(d)PEG, mice were sacrificed 24 h after injection of *Cu
labeled nanocomposites and the radioactivities in major tissues and organs were measured using
a y-counter (Figure 6.4). In addition to the tumors, high radioactivities were also noted in liver
and spleen, which were RES organs responsible for the clearance of foreign nanoparticles by

macrophage uptake [188].
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Figure 6.4. Ex vivo biodistribution studies of *Cu-MoS,~10-(d)PEG in 4T1 tumor-bearing

mice. All data represent 3 mice per group (n = 3).

Photoacoustic imaging is a newly-developed method combining the high contrast of optical

imaging and deep tissue penetration of ultrasound based on the photoacoustic effect [189]. In
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photoacoustic imaging, optical energy absorbed by light-absorbing tissues or contrasting agents
would result in thermoelastic expansion that creates reflected ultrasound signals [110]. In our
experiments, mice were i.v. injected with MoS,—-10-(d)PEG nanosheets ([MoS,] = 0.68 mg ml™,
0.2 ml). Compared to the photoacoustic image of tumor before injection, strong PAT signals
showed up after i.v. injection of MoS,—10-(d)PEG (Figure 6.5A), suggesting highly efficient

tumor retention of our NIR-absorbing nano-agent.

Photoacoustic Tomography (PAT)
1h 2h 8h

Figure 6.5. In vivo PAT and MR imaging. (A) PAT images of tumor on mice acquired before
and at various time points after i.v. injection with MoS,-10-(d)PEG (dose of MoS; = 6.85
mg/kg). (B) T,-weighted MR images showing the transverse sections of a tumor-bearing

mouse before and after injection with MoS,-10-(d)PEG (dose of MoS, = 6.85 mg/kg). The

red circles and blue arrows highlight the 4T1 tumor and liver of mice, respectively.
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While PET imaging values in high sensitivity tracking of positron-emitting radiotracers and
photoacoustic imaging provides useful information regarding the distribution of nanoparticles
inside the tumor, MR imaging would be able to show high soft-tissue contrast with anatomic
information [173]. For MR imaging, 4T1 tumor-bearing mice i.v. injected with MoS,-IO-
(d)PEG were imaged by a 9 T MR Scanner before injection and 24 h post injection (p.i.) ([MoS;]
= 0.68 mg ml™, 0.2 ml). Compared to untreated mice, the tumor of mice 24 h p.i. showed
obvious darkening effects in T2-weighted MR images, indicating the prominent passive
accumulation of MoS,—-10-(d)PEG in the tumor (Figure 6.5B). Meanwhile, RES organs such as

liver also showed strong darkening contrast, consistent with PET imaging results.

6.4. Conclusion

In summary, a novel 2D nanocomposite by self-assembly of IONPs on MoS; nanosheets is
successfully fabricated and functionalized with dual PEG coatings to achieve enhanced
biocompatibility. It was found that such nanocomposite could be efficiently labeled with PET
isotope **Cu by simple mixing without the need of chelation chemistry. Utilizing ®*Cu labeled
MoS,-10-(d)PEG which in the mean time exhibits high NIR absorbance and strong T2 MR
contrast, triple modal PET, photoacoustic, and MR imaging was conducted on 4T1 tumor-
bearing mice, revealing time-dependent tumor retention of nanoparticles after i.v. injection. Our
work shows the great potential of TMDCs as a 2D platform to construct nanoscale theranostic

agents with highly integrated functionalities.
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Chapter 7 Summary and Perspectives

In this dissertation, three novel nanomaterials are explored; graphene, LDH, and MoS,. Unlike
the traditional nanocarriers, these next-generation nanomaterials possess intrinsic diagnostic or
therapeutic potential, making them tremendously attractive in the research community. For
example, the unique structure of graphene can be used for different types of drug and gene
delivery. The strong m-m interaction allows for the loading of various aromatic drug molecules
such as doxorubicin (DOX) [105, 190-192] and camptothecin (CPT) [105, 193, 194], while
hydrophobic surface provides a chance to bind to numerous poorly water-soluble drugs, such as
paclitaxel, without compromising their potency or efficiency In addition, the strong light
absorbance and heat conversion ability make it useful in photothermal and photodynamic therapy
to eliminate the tumor without damaging the normal tissue. LDH is another promising
nanomaterial for drug delivery. Distinct charge among layers provides a versatile platform to
load different positively or negatively charged drugs, while the dynamic chemical composition
significantly enhances the drug loading efficiency. Similar to graphene, MoS, exhibits strong
NIR absorbance and can be used in photothermal and photodynamic therapy. Elemental
composition of transition metal dichalcogenides enables more precise tuning of their physical

and chemical properties.

Since nanomaterials are highly useful for cancer treatment, to understand their in vivo behavior
becomes extremely important for the development of novel nanomaterials for biomedical
applications. Taking advantage of PET, we have examined the in vivo biodistribution of **Cu-
labeled RGO, GO, LDH and MoS; nanoparticles. Even without targeting ligands, the PEGylated

or BSA-coating nanoparticles exhibited prompt tumor retention as early as 3 h p.i. via EPR effect.
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The tumor uptake was further enhanced (~ 2 fold) by conjugating anti-angiogenesis antibody
TRC105 and protein VEGF12;, which exhibited excellent tumor contrast and tumor vasculature
specificity. Compared with cancer cell targeting, angiogenesis targeting is especially suitable to
nanoparticles due to their relatively large size and difficulty in tumor extravasation.
Angiogenesis targeting is one of the most important aspects that need to be further investigated

for nanoparticle-based tumor targeting.

Although NOTA-chelation has been considered as the gold standard and widely practiced in our
previous studies, the accuracy of PET images of NOTA-linked nanoparticles is always
questionable. On the contrary, chelator-free radiolabeling has emerged as a novel labeling
approach that avoids the use of chemical chelators, so as to maintain the native pharmacokinetics
and truly reflect the biodistribution of the nanoparticles. Compared with conventional chelator-
based labeling, chelator-free labeling has numerous other advantages. For example, chelator-free
labeling is a versatile approach, which may be suitable for various radionuclides. Therefore, one
design of nanoparticles can potentially be employed in different clinical settings. In addition,
chelator-free labeling does not require functional groups on the surface of nanoparticles for
conjugation of chelators. Therefore, all the surface functional groups on the nanoparticles could
be employed for further functionalization with fluorescent agents, therapeutic agents or targeting
ligands to generate multifunctional nanoplatforms. Last but not least, the mechanism for
chelator-free labeling could be very simple and effective, making it especially useful on some
new nanoparticles which prove difficult for functionalization with chelators such as NOTA. The
gold standard was broken by the chelator-free labeling with graphene. Although both ®*Cu-RGO-

PEG and ®*Cu-NOTA-PEG-RGO are stable in vitro, the in vivo stability of ®**Cu-RGO-PEG was
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higher. We also surprisingly found that NOTA itself can be loaded on graphene and lead to
incorrect signals in PET imaging. Therefore bypassing the use of NOTA becomes especially
important for certain nanoparticle-based PET imaging applications. Chelator-free labeling and

tumor imaging were further demonstrated with ®*Cu-labelled LDH and MoS; nanoparticles.

Besides the nanoparticles that were investigated in this dissertation, several other materials are
also very promising, to serve as theranostic platforms. One of the best examples is silica
nanoparticle, which is generally recognized as safe by the United States Food and Drug
Administration (FDA) and can be employed for drug and gene delivery, photothermal therapy,
photodynamic therapy and molecular imaging after appropriate surface engineering. By coating a
porous shell around a large central cavity inside the nanoparticle, hollow mesoporous silica
nanoparticles can be prepared with enhanced drug loading and imaging capacity. Recently, *Zr
was found to successfully label mesoporous silica nanoparticles with extreme stability via
chelator-free mechanism [128], making silica-based nanoparticle a promising direction to work

on.

The future direction of molecular imaging and nanotechnology is increasingly interdisciplinary,
requiring researchers to possess a combination of expertise in varied fields. The research in this
dissertation covers a broad range of areas including biology, chemistry, materials science,
nanotechnology, oncology and radiology, which have offered me the precious opportunity of training
in all the relevant fields. Besides the work on nanomaterial-based molecular imaging, | also lead
several antibody-related PET imaging projects [103, 195]. Prof. Weibo Cai spent tremendous time
and effort on guiding my work and provided me valuable opportunities to write several review

articles [11, 196] and present in several world-known conferences, all of which have contributed to
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my growth as a scientist. In addition, the reported research was accomplished in collaboration with
Prof. Zhuang Liu’s group at Soochow University and Prof. Zhi Ping Xu’s group at The University of
Queensland. Both Prof. Liu and Prof. Xu are eminent researchers in their research fields. From the
international collaborations, | have developed not only a deeper understanding of the proposed

collaborative work but also an unfettered mind to benefit my whole academic life.
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