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Nanoagents Based on Poly(ethylene glycol)-b-Poly(L-thyroxine)
Block Copolypeptide for Enhanced Dual-Modality Imaging
and Targeted Tumor Radiotherapy

Xiaolei Gu, Zhehong Zhu, Qianyi Fan, Yaohua Wei, Guanglin Wang, Fenghua Meng,

Zhiyuan Zhong,* and Chao Deng*

1. Introduction

Future healthcare requires development of novel theranostic agents that

are capable of not only enhancing diagnosis and monitoring therapeutic
responses but also augmenting therapeutic outcomes. Here, a versatile

and stable nanoagent is reported based on poly(ethylene glycol)-b-poly(L-
thyroxine) (PEG-PThy) block copolypeptide for enhanced single photon
emission computed tomography/computed tomography (SPECT/CT)
dual-modality imaging and targeted tumor radiotherapy in vivo. PEG-PThy
acquired by polymerization of L-thyroxine-N-carboxyanhydride (Thy-NCA)
displays a controlled M,, high iodine content of =49.2 wt%, and can spon-
taneously form 65 nm-sized nanoparticles (PThyN). In contrast to clinically
used contrast agents like iohexol and iodixanol, PThyN reveals iso-osmolality,
low viscosity, and long circulation time. While PThyN exhibits comparable in
vitro CT attenuation efficacy to iohexol, it greatly enhances in vivo CT imaging

of vascular systems and soft tissues. PThyN allows for surface decoration
with the cRGD peptide achieving enhanced CT imaging of subcutaneous B16F10
melanoma and orthotopic A549 lung tumor. Taking advantages of a facile
iodine exchange reaction, '%I-labeled PThyN enables SPECT/CT imaging of
tumors and monitoring of PThyN biodistribution in vivo. Besides, *'I-labeled
and cRGD-functionalized PThyN displays remarkable growth inhibition of the
B16F10 tumor in mice (tumor inhibition rate > 89%). These poly(L-thyroxine)
nanoparticles provide a unique and versatile theranostic platform for varying

diseases.
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The future healthcare requires develop-
ment of novel theranostic agents that are
capable of not only enhancing diagnosis
and monitoring therapeutic responses but
also augmenting therapeutic outcomes.!!
Dual and multimode imaging techniques
capable of affording complementary
anatomic, physiological, and molecular
information have been recently exploited
as innovative strategies to acquire more
precise, efficient, and robust diagnosis
of various diseases.”! Especially, single
photon emission computed tomography/
computed  tomography  (SPECT/CT)
yielding anatomic structure information
via CT and functional information via
SPECT has been identified as a powerful
and noninvasive strategy for efficient and
fast diagnosis of various cancers and car-
diovascular diseases.’l Mostly, radionu-
clides like *™Tc, ’Lutetium, and '2°/1311
are required to acquire SPECT images of
targeted organ or disease sites, while no
contrast agent is needed if CT imaging is
employed only for skeleton location. For
example, radioactive *™Tc and 13! have
been intensively employed in the clinics
as contrast agents to noninvasively diagnose ischemic coro-
nary artery diseases,! evaluate the residual, recurrence, and
metastases of differentiated thyroid cancers,” and visualize the
sentinel node location in breast cancer and melanoma prior to
operation to facilitate its planning and execution.®! Nanoagents
with fascinating physiochemical properties, elevated diagnostic
window, and lesion targetability have emerged as superior alter-
natives to acquire elegant imaging of soft tissues including solid
tumors and atherosclerosis.”! For example, *™Tc labeled Bi,Ss,
Cu,_,Se and Au nanoparticles as SPECT/CT probes have exhib-
ited significantly improved sensitivity and accuracy for 4T1
tumor xenografts®l and vulnerable atherosclerosis plaques.?
Small PEG-EuOF:"5*Sm nanocrystals (=5 nm) containing radio-
active 1*3Sm and high atomic number Eu exhibited long blood
retention time and was successfully applied for lymph node
CT imaging owing to the remarkable spatial resolution and
hypersensitivity.'% *™Tc and gold nanoparticles have often
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been integrated in polyethylenimine and poly(amidoamine)
dendrimer-based nanocarriers to form nanoagents, affording
highly efficient SPECT/CT dual-model imaging of subcuta-
neous ovarian tumor and orthotopic hepatic carcinoma models
within several hours.'!l Although the advanced multifunctional
nanoagents have exhibited significantly improved resolution of
diagnostic imaging, their clinical translation still encounters
many challenges like tedious conjugation, unstable encapsu-
lation, requirement of two and more imaging elements, and
potential toxicity of inorganic nanoparticles.

Radiotherapy as a powerful tool has been routinely employed
to treat different cancers in the clinics; however, the therapeutic
efficacy is frequently compromised by no-selective augmenta-
tion and off-targeted systemic side effects. Nanoparticles con-
taining high-Z elements have been recently exploited to achieve
enhanced cancer radiotherapy due to facile functionalization,
tumor targetability, and high stability.l'l For example, radioac-
tive *11-doped copper sulfide nanoparticles and albumin nan-
oparticles with high stability exhibited high accumulation at
tumor sites and retarded growth of subcutaneous 4T1 and MDA-
MB-231 tumors.["¥l Gold nanoparticles with high X-ray absorp-
tion coefficient often induce increased radiation dose deposited
in tissues, and have emerged as potent radiosensitizers in the
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treatment of numerous tumors, inducing obvious inhibition
of tumor growth and prolonged animal survival.') However,
these nanoagents are challenged by poor biocompatibility and
lack of targeting specificity.

In this paper, we designed biocompatible and stable nano-
agents (PThyN) based on PEG-PThy for versatile SPECT/CT
dual modality imaging and targeted tumor radiotherapy in
vivo (Scheme 1). PEG-PThy copolypeptides can be simply pre-
pared through controlled polymerization of Thy-NCA that was
obtained by cycloaddition of i-thyroxine with triphosgene. Thy-
roxine, is tyrosine-based amino acid produced by thyroid gland
and has been formulated to treat hypothyroidism." Thyroxine
possessing a high iodine content of over 65 wt% would offer
PThyN a high CT contrast ability. Moreover, the iodine of thy-
roxine could be easily substituted with radioactive 12T and 131,
facilitating SPECT/CT dual modality imaging and cancer radio-
therapy, respectively. 13'T has been widely used for radioisotope
therapy as it emits high-energy f3 particles that can cause cell
DNA strand breaks and therefore cell death.l') The pendant
phenyl groups of PThy presenting strong - stacking might
afford PThyN with superior stability. Synthetic polypeptides
featured with excellent biocompatibility, in vivo degradability,
and unique hierarchical assembly have appeared exceptional

» High iodine content (49.2%)
» Low viscosity & iso-osmolality

/ » Excellent biocompatibility

Scheme 1. Schematic illustration of nanoagents based on poly(ethylene glycol)-b-poly(L-thyroxine) (PEG-PThy) block copolypeptide for versatile

SPECT/CT dual-modality imaging and targeted tumor radiotherapy in vivo.
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nanovehicles for the diagnosis and therapy of various dis-
eases.[”l Here, we report for the first time on development of
polypeptide-based theranostic nanoagents capable of versatile
SPECT/CT dual imaging and targeted radiotherapy of tumors
in mice.

2. Results and Discussion

2.1. Synthesis of Thy-NCA Monomer and PEG-PThy Copolymers

Thy-NCA was simply obtained as a faint yellow solid in a high
yield of 80% through cyclization of i-thyroxine using triphos-
gene in tetrahydrofuran (THF) (Scheme S1, Supporting Infor-
mation). The structure of Thy-NCA was corroborated by clear
signals at 6 9.15 owing to amide proton, & 4.79 to methine
proton, and & 2.98-3.08 to the methylene protons in 'H NMR
(Figure S1, Supporting Information). In addition, the complete
shift of methine proton signal of i-thyroxine from & 4.18 to §
4.79 signified the entire conversion of amino acid into Thy-
NCA monomer. 3C NMR spectrum demonstrated character-
istic signals of Thy-NCA at 6 170.99 and 151.37 attributing to
C=0 carbon atoms, also two alkane carbons at ¢ 58.35 and
35.15 as well as carbon atom adjacent to phenolic hydroxyl
group at 6 150.57 (Figure S2, Supporting Information). More-
over, Thy-NCA revealed a melting point of 240.8-241.6 °C, and
a high purity of 98% as characterized by HPLC (Figure S3,
Supporting Information). The contents of C, H, and N meas-
ured by elemental analysis were close to those calculated for
Thy-NCA, and the mass of Thy-NCA assessed via ESI-MS was
exactly 802.6. Thus, Thy-NCA monomer has been successfully
acquired with a defined structure and high yield.

mPEG-PThy copolymers were synthesized by controlled
polymerization of Thy-NCA monomer using mPEG-NH,
(M, = 3.0 kg mol™!) as an initiator. The NCA polymerization
was tracked by monitoring the changes of peaks at 1850 and
1785 cm™! attributed to the carboxyl groups of Thy-NCA using
FT-IR measurement, and the results showed that the NCA sig-
nals almost completely disappeared within 48 h (Figure S4,
Supporting Information). Three days were selected for Thy-
NCA polymerization to guarantee complete polymerization.
The structure of mPEG-PThy was verified by characteristic sig-
nals of PEG (8 3.24, 3.51) and PThy (5 9.24, 7.66, 7.12, 4.15) in
!H NMR (Figure S5, Supporting Information). By comparing
the intensities of signals at 6 3.51 (methylene of PEG) and &
4.15 (methine of PThy), the degree of polymerization (DP)
of PThy was calculated to be 11, corresponding to an M, of
8.3 kg mol™! (Table S1, Supporting Information). PEG-PThy
with a molecular weight of 3.0-8.4 kg mol™ was selected to
acquire comparable iodine content to clinically used iohexol
(=49 wt%) for CT imaging. GPC measurement revealed that
mPEG-PThy had a narrow distribution (M,,/M, = 1.08) and an
M, of 10.6 kg mol™!, in close proximity to that (11.3 kg mol™})
determined by 'H NMR (Figure S6, Supporting Information).
Mal-PEG-PThy obtained in a similar way by using Mal-PEG-
NH, (M, = 4.0 kg mol™!) as an initiator also exhibited a con-
trolled M, of 10.7 kg mol™ and an M,,/M,, of 1.10 (Figure S6,
Supporting Information). Through Michael-type addition
reaction, cRGDfC was readily conjugated to the terminus of
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Mal-PEG-PThy to generate cRGD-PEG-PThy. 'H NMR spec-
trum (Figure S7, Supporting Information) showed character-
istic signals belonging to PEG (6 3.51), PThy (6 9.24, 7.66, 7.12,
4.15), and cRGD (0 7.32), verifying the structure of cRGD-PEG-
PThy. The M, of PThy block in cRGD-PEG-PThy was calcu-
lated to be 7.6 kg mol™ from 'H NMR (Table S1, Supporting
Information). The degree of cRGD conjugation was deter-
mined, using the 9, 10-phenanthraquinone method (Figure S8,
Supporting Information),”®! to be 90%. mPEG-PThy exhib-
ited an orhelical structure as indicated by characteristic peaks
at 206 and 218 nm in CD spectrum (Figure S9, Supporting
Information). SEM images disclosed that PEG-PThy films
while keeping intact in Tris-HCI buffer, revealed a significantly
broken morphology within 72 h in the presence of proteinase
K (Figure S10, Supporting Information), signifying their enzy-
matic degradability.

2.2. Formation and Characterization of PThyN

PThyN was prepared by solvent exchange technique from
PEG-PThy copolymers with a PThy block of 8.3 kg mol™!, cor-
responding to a high iodine content of 49.2 wt%, which was
higher than mostly reported iodinated polymeric nanoparticles
used as contrast agents (around 30 wt%).*l Of note, iohexol
and iodixanol, small molecular contrast agents currently used
in clinic have iodine contents of 46.4 and 49.1 wt%, respec-
tively. PThyN displayed a small size (=65 nm) and low polydis-
persity (PDI = 0.11) as characterized by dynamic light scattering
(DLS) (Figure 1A; Figure S11, Supporting Information). TEM
measurements revealed that PThyN possessed vesicle structure
and spherical morphology (Figure 1A). Atomic force micros-
copy (AFM) image showed that PThyN had a spherical mor-
phology (Figure 1B), and an average height of =6 nm that was
over tenfold lower than the diameter (Figure 1C), further signi-
fying their vesicle structure. Importantly, PThyN demonstrated
excellent colloidal stability with negligible size change against
100-fold dilution and 10% fetal bovine serum (FBS) (Figure 1D).
The high colloidal stability of PEG-PThy nanoparticles might
derive from the strong 77 stacking, as observed in micelle sys-
tems containing catechin, tyrosine, and phenyl moieties.[2%

For CT imaging, high concentrations of contrast agents
generally are required in order to acquire high contrast and
diagnosis accuracy. Interestingly, PThyN as a novel contrast
agent revealed a low and concentration-independent osmo-
lality of around 290 mmol kg™! at varying iodine concentra-
tions of 20-50 mg I mL™! (Figure 1E), which was close to PBS
and blood plasma.?!l In contrast, iohexol and iodixanol showed
a significantly increased osmolality with elevating concentra-
tions, in which iohexol induced a hardly tolerable osmolality of
386 mmol kg! at an iodine concentration of 50 mg mL™.
Meanwhile, PThyN displayed a low and clinically viable vis-
cosity of 4-5 mPa s at iodine concentrations ranging from
0-50 mg mL!, in sharp contrast with the swiftly elevated vis-
cosity of iohexol and iodixanol with concentrations (Figure 1F).
Excessive osmolality and viscosity derived small iodinated con-
trast agents at high concentrations have been reported to often
cause anaphylaxis, arrhythmia, nephrotoxicity, and vasovagal
responses.??l These results imply that PThyN with high iodine

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Physico-chemical characteristics of PThyN formed from mPEG-PThy copolymers. Size and morphology measured by A) DLS as well as TEM,
and B) AFM; C) cross-sectional height profile along the line in inset (B); D) colloidal stability against dilution and 10% FBS; E) osmolality at varying

concentrations; and F) viscosity at varying concentrations.

content, low viscosity, and iso-osmolality might be superior and
safer alternatives to clinical used small molecular contrast agents.

2.3. In Vitro and In Vivo Biocompatibility of PThyN

The biocompatibility and systematic toxicity of PThyN as con-
trast agents are big concerns for their practical applications con-
sidering that diagnosis agents are often employed for disease
screening among healthy populations. 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay revealed
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that normal cells (L929 cells) and cancer cells (B16F10 cells)
following the incubation with PThyN for 48 h at concentrations
of 0.1-2.0 mg mL™" (around 0.05-1.0 mg I mL) revealed over
90% cell viability (Figure 2A), signifying that PThyN has negli-
gible cytotoxicity. In contrast, commercial available Fenestra VC
and widely explored iodinated nanoemulsions were reported to
cause nearly complete cell death at a concentration of around 1.0
mg I mL™! following 24 h incubation with cells like HeLa, A431
epithelial carcinoma cells, and BNL-CL2 hepatocytes.l?’l Hema-
tological assessment revealed that mice following intravenous
injection with PThyN at a single dose of 500 mg I equiv. per kg

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Biocompatibility assessment of PThyN. A) Cytotoxicity towards L929 and B16F10 cells determined by MTT assays. The cells were incubated
with PThyN for two days (n = 4); B) blood and C,D) biochemistry analysis of Balb/c mice after intravenous administration of PThyN at a single dose of
500 mg | equiv. per kg for two days; E) histological evaluation of the heart, liver, spleen, lung, and kidney of mice treated with PThyN at a single dose

of 500 mg | equiv. per kg for two days (40x). Scale bar: 200 pm.

for two days had equivalent levels of white blood cells (WBC),
red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT),
mean corpuscular hemoglobin (MCH), mean corpuscular
hemoglobin concentration (MCHC), mean corpuscular volume
(MCV), platelets (PLT), red cell distribution width (RDW), and
mean platelet volume (MPV) to PBS (Figure 2B). Mice treated
with PThyN demonstrated equivalent level of kidney function
marker albumin (ALB), and liver function markers including
aspartate aminotransferase (AST), alkaline phosphatase (ALP),
alanine aminotransferase (ALT) in comparison with PBS group
(Figure 2C,D). Hematoxylin and eosin (H&E) staining results
revealed negligible damage on major organs including kidney,
liver, spleen, and heart of mice treated with PThyN for two days
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(Figure 2E). In clinic, high and repeated doses of iodinated con-
trast agents required to acquire contrast enhancement were
reported to cause serious adverse effects and possible tissue
damages.? These results point out that PThyN as novel contrast
agents possess excellent biocompatibility, hemocompatibility,
and systemic safety, facilitating its translational development.

2.4. In Vivo Blood Pool CT Imaging
PThyN with a high iodine content of 49.2 wt% displayed strong

signals on Xray attenuation over a broad range of iodine
concentrations from 2.5 to 50 mg mL™! (Figure 3A). Similar

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. In vitro and in vivo blood pool CT imaging using PThyN as contrast agents. A) In vitro CT images of PThyN at different concentrations;
B) dependence of X-ray attenuation efficacy of PThyN and iohexol on concentration; C) axial and coronal sections and D) dynamic contrast enhanced
density (AHU) of aorta of Balb/c mice i.v. treated with PThyN; E) in vivo CT images and F) dynamic contrast enhanced density (AHU) of several major
organs in Balb/c mice i.v. treated with PThyN; G) CT images of orthotopic SMMC-7721 liver tumor-bearing mice i.v. treated with PThyN. The i.v. injec-
tion dose of PThyN for in vivo imaging in inset (C-G) is fixed at 500 mg | equiv. per kg.
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to clinically used iohexol, the attenuation signals of PThyN
linearly increased with iodine concentrations (Figure 3B).
Figure 3C revealed that Balb/c mice treated with PThyN at
one single dose of 500 mg I equiv. per kg demonstrated clear
delineation of both aorta and vena cava either from the coronal
section or axial section, and had a remarkably enhanced con-
trast of aorta with a high AHU value of around 200 in 15 min
(Figure 3D). Remarkably, the CT signals of PThyN at aorta
remained strong during the whole experimental period, and
presented a high AHU value of 150 even at 8 h postadminis-
tration. In contrast, iohexol at the same dose induced invisible
contrast of vascular structure in mice (Figure S12, Supporting
Information), owing to its fast renal clearance. Fenestra VC
taken as a reference contrast agent for micro-CT often shows
a clear blood pool imaging,?* while suffers from a relatively
large volume injection that would affect the cardiac and pulmo-
nary functions.””! Owing to the strong contrast of PThyN in the
heart, the structure of cardiac ventricles was clearly delineated
during the whole experimental period (Figure 3E). Although
the CT attenuation signals decreased with time, the AHU value
at heart following 8 h postadministration was still higher than
125 (Figure 3F), signifying the tremendous potential of PThyN
used as contrast agents for long-term imaging and online eval-
uation of cardiovascular diseases.

Taking advantage of passive accumulation to reticuloen-
dothelial system, PThyN was employed for the delineation
of liver and spleen. Significantly enhanced contrast was
observed in liver and spleen following the administration of
PThyN, and the CT signals increased with time in the initial
8 h (Figure 3E,F). As a result, lesions in liver and spleen could
be visualized using PThyN as CT contrast agents. Figure 3G
showed that orthotopic SMMC7721 liver cancer xenografts in
mice following the intravenous injection of PThyN displayed a
negative contrast of cancerous liver tissue that was devoid of
reticuloendothelial system, while the control group demon-
strated an entirely enhanced contrast within the healthy liver
parenchyma. The damaged liver tissue in SMMC7721 liver
cancer-bearing mice was also visualized through H&E staining
assay (Figure S13, Supporting Information). Previously,
ExiTron nano 6000 and Fenestra LC were observed to be effec-
tive iodinated nanocontrast agents for CT imaging of lesions
in liver and spleen, including highly vascular hepatic metas-
tasis.l?®l It should be noted that PThyN accumulated in liver and
spleen began to descend following 8 h postinjection, in which
CT attenuation at spleen decreased from 234 at 8 h to 81 on
day 30 (Figure S14, Supporting Information), indicating that
PThyN was excreted with time. Thus, these iodinated nanopar-
ticles could be superior nanocontrast agents for CT imaging of
various diseases associated with aorta, heart, liver, and spleen.

2.5. In Vivo Tumor-Targeted CT Imaging in Subcutaneous
B16F10 Melanoma and Orthotopic A549 Lung Tumor
Xenografts

Contrast signals of PThyN in lesion sites including tumors
could be conveniently boosted by facile incorporation of tar-
geting ligands on the surface. cRGD peptide, a well-known
targeting ligand, has been extensively employed to decorate
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nanoparticles to enhance their cellular uptake in o33 and owf35
integrin-overexpressing cancer cells.?”l Here, cRGD-decorated
PThyN (cRGD-PThyN) developed from PEG-PThy and cRGD-
PEG-PThy at a molar ratio of 4:1 was employed for in vivo CT
imaging of different types of tumor xenografts. Subcutaneous
B16F10 melanoma xenografts following the intratumoral injec-
tion of cRGD-PThyN at a single injection of 500 mg I equiv. per
kg demonstrated remarkably enhanced contrast with a AHU
value of 430 in 5 min, and the CT attenuation signals although
gradually decreasing with time were still higher than 240 at
4 h postinjection, signifying the enhanced CT contrast and pro-
longed retention of cRGD-PThyN in tumor sites (Figure 4A,B).
On the other hand, iohexol exhibited swiftly decreasing CT
contrast with a AHU of 18 at 4 h, which was 13.3-fold lower
than that of cRGD-PThyN. B16F10 melanoma tumor blocks
were also imaged following i.v. injection of cRGD-PThyN. The
results revealed that strong CT attenuation signal was visual-
ized in tumor area of mice administered with cRGD-PThyN at
the same dose (Figure 4C), and the AHU value increased with
time (Figure 4D). In particular, BI6F10 melanoma displayed a
significant CT attenuation signal of 82 HU at 8 h postadminis-
tration of cRGD-PThyN, which was 2.3-fold higher than that of
PThyN, signifying the tumor selectivity and potent CT imaging
of cRGD-PThyN.

Lung cancer is one of the leading causes of cancer death in
the world, and thus its diagnosis is critical at the early stage and
in the process of treatment. Here, we evaluated the CT imaging
of A549 orthotopic lung tumor xenografts using cRGD-PThyN
as contrast agents. The results demonstrated that significantly
enhanced contrast either from the coronal section or axial sec-
tion was observed in tumor-bearing mice following the admin-
istration with cRGD-PThyN at a single dose of 500 mg I equiv.
per kg (Figure 4E). The quantitative analysis revealed that the
AHU value of orthotopic A549 tumor xenografts following the
administration with cRGD-PThyN for 6 h was 115, which was
in sharp contrast to the weak CT signal (AHU = -250 HU) of
pretreated tumor. These results signify that PThyN following
the decoration with targeting ligands like cRGD has a great
potential in the diagnosis of various avf33 and owf35 integrin-
overexpressing tumors.

2.6. In Vivo SPECT/CT Imaging, Pharmacokinetics,
and Biodistribution

Interestingly, PEG-PThy polymer could be easily labeled with
radioactive %I by iodine exchange reaction with a high reaction
efficiency of 56%, and the resulted #I-labeled polymer could
similarly self-assemble into '2°I-labeled PThyN (}2I-PThyN) for
SPECT/CT imaging. Figure 5A demonstrates that 2’I-PThyN
exhibited strong SPECT signals at '?°I concentrations of 10-160
UCi, and the signals linearly increased with increasing concen-
trations (Figure 5B), signifying its great potential as contrast
agents of SPECT/CT imaging. Figure 5C showed enhanced
contrast in the B16F10 tumors, confirms that > I-cRGD-PThyN
could target to and accumulate in the tumors. Notably, the
high SPECT/CT signals was observed at the tumor site for a
long time, which is favorable for clinical diagnosis and therapy.
More importantly, negligible SPECT signal was observed in the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Active tumor-targeted CT imaging in subcutaneous B16F10 melanoma tumor and orthotopic human A549 tumor xenografts using cRGD-
PThyN as contrast agents. A) In vivo CT images and B) dynamic contrast enhanced density (AHU) of subcutaneous B16F10 mouse melanoma following
intratumoral administration of cRGD-PThyN (500 mg | equiv. kg™'). C) In vivo CT images and D) dynamic contrast enhanced density (AHU) of subcu-
taneous B16F10 mouse melanoma tumor following i.v. administration of 100 uL of PThyN and cRGD-PThyN at 500 mg | equiv. per kg. E) CT images
of orthotopic A549 human lung tumor xenografts in mice i.v. treated with cRGD-PThyN (500 mg | equiv. per kg). Blue circled areas in insets (B) and

(C) denote the enhanced contrast areas in the tumors.

thyroid of mice administrated with 2°I-PThyN within 8 h, indi-
cating that PThyN possesses high in vivo stability and unlikely
induce iodine-provoked hyperthyroidism. Therefore, iodinated
nanoparticles as dual-modal contrast agents could elegantly
combine advantages of both SPECT (ultrahigh sensitivity) and
CT (location of organs/tissues), providing better diagnosis of
various diseases. In vivo pharmacokinetics was explored by
detecting the %1 levels in plasma of mice following a single
intravenous injection of '2I-PThyN and !%I-cRGD-PThyN.
The results showed that nanoparticulate contrast agents had a
long circulation time due to PEG shielding and decent sizes,
in which substantial amount of %I was still visualized even
at 24 h following administration of '*I-PThyN and %I-cRGD-
PThyN (Figure 5D). '2°I-cRGD-PthyN displayed a long elimina-
tion half-life (t,4) of 5.47 h, high area under the curve (AUC)
of 91.4 mg (L x h)7!, slow clearance (CL) of 9.03 L h™!, and
relatively small volume of distribution (V) of 40.9 L (Table S2,
Supporting Information). In contrast, clinically used contrast
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agents like iohexol and iodixanol generally present a short cir-
culation time with an elimination phase half-life of several min-
utes.”®! The remarkably extended circulation time of PThyN
would largely increase the temporal window for CT imaging
of blood pool, and offer more accurate diagnosis of various
diseases. Nanosized CT contrast agents based on nanoemul-
sions, 224 jodinated liposomes,?”! and polymeric nanoparti
cles21:30 have been explored and demonstrated prolonged
blood circulation time as well as enhanced X-ray attenua-
tion in vivo. At 8 h postinjection, 1’I-cRGD-PThyN revealed a
boosted tumor accumulation of 6.5% ID per gram, which was
around 2.3 times higher than that of *I-PThyN (Figure 5E).
In particular, spleen and liver possessed highest accumulation
of 'I.PThyN mainly due to the sequestration of reticuloen-
dothelial system. Previous reports showed that nanoparticulate
contrast agents based on polymethacrylate, polycarbonate, and
polypeptide exhibited similar biodistribution.'?®31 Meanwhile,
a small amount of °I-PThyN was observed in kidney during

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. SPECT/CT imaging using '2°I-PThyN as contrast agents. A) In vitro SPECT/CT imaging of '2°I-PThyN at varying concentrations; B) dependence
of SPECT signals of '251-PThyN on concentrations; C) in vivo SPECT/CT imaging of Balb/c mice after i.v. injection of '2°I-PThyN (left) and '2°|-cRGD-
PThyN (right) (108 uCi, 50 mg | equiv. per kg); D) in vivo pharmacokinetics of '2I-PThyN and '2°|-cRGD-PThyN in Balb/c mice (n = 3); E) quantification
analysis of biodistribution in B16F10 tumor-bearing C57BL/6 mice treated with '2I-PThyN and '2°|-cRGD-PThyN at 8 h post injection (n = 3).

the whole experiment process, further corroborating the safety ~ *'I-cRGD-PThyN at a dose of 200 uCi 'I per mouse remark-
of PThyN toward kidney. In contrast, clinically used small  ably suppressed tumor growth, in sharp contrast to PBS and

molecular CT contrast agents often induce kidney lesion. cRGD-PThyN groups, which exhibited over 15-fold bigger
tumor volume at 12 d postadministration. The photographs

of tumor blocks harvested on day 12 verified that the tumor
growth was nearly completely inhibited by '*!I-cRGD-PThyN
(Figure 6B). 3!'I.cRGD-PThyN displayed a tumor inhibition
The in vivo antitumor efficacy of *!I-cRGD-PThyN was exam-  rate of 89.3% (Figure 6C), and induced no obvious body weight
ined using B16F10 tumor-bearing mice. As shown in Figure 6A,  loss during the treatment period (Figure 6D), signifying its in

2.7. In Vivo Cancer Radiotherapy of 1*'1-cRGD-PThyN

Small 2019, 1902577 1902577 (9 of 13) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. In vivo antitumor efficacy of '3'I-cRGD-PThyN in B16F10 melanoma-bearing C57BL/6 mice. The mice were i.v. administered with *'I-cRGD-
PThyN (200 uCi of "'l per mouse), cRGD-PThyN and PBS on day 0, 3, 6, and 9. A) Tumor volume changes; B) photographs of tumor blocks on day
12 postadministration; C) tumor inhibition rate on day 12 postadministration; D) body weight changes (n =5, *p < 0.05, **p < 0.01, ***p < 0.001); E)
histological analysis of the heart, liver, spleen, lung, and kidney of mice following 15 d treatment with '*'1-cRGD-PThyN. The images were obtained by

a Leica microscope at magnification (40x). Scale bar: 200 um.

vivo safety. The promising therapeutic efficacy of 3'I-cRGD-
PThyN to B16F10 tumor could be related to its significant
tumor targeting ability and decent tumor penetration conferred
by the relatively small size, as discussed in previous reports.??
H&E histological analysis revealed that *'I-cRGD-PThyN gen-
erated little damage to the heart, liver, spleen, lung, and kidney
(Figure GE; Figure S15, Supporting Information). Thus, cRGD-
PThyN following the facile introduction of '3 affords a potent
nanoagent for cancer radiotherapy.

3. Conclusion

We have demonstrated that polypeptide-based nanoagents
(PThyN) developed from PEG-PThy can be employed for
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versatile SPECT/CT dual-modality imaging and targeted radio-
therapy in vivo. PThyN exhibits superb physicochemical prop-
erties including small size, high stability, iso-osmolality, low
viscosity, and facile surface functionalization. Besides, PThyN
displays excellent hematological and tissue compatibility.
Taking advantages of a high iodine content of over 49.2 wt%
and a long circulation time with an elimination half-life of
5.3 h, PThyN affords a remarkably extended and enhanced in
vivo CT contrast to vascular system and soft tissues (heart, liver,
spleen, etc.) following one single administration at a dose of
500 mg I equiv per kg. The nanoparticles can be easily deco-
rated with different targeting ligands, and cRGD-functionalized
PThyN (cRGD-PThyN) exhibits largely enhanced CT contrast
in both subcutaneous B16F10 melanoma (>13-fold) and ortho-
topic A549 lung cancer in comparison with clinically used

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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iohexol. Meanwhile, the nanoparticles can be easily labeled
with radioactive %I for multiplexing imaging with CT (loca-
tion of organs/tissues) and SPECT/CT (ultrahigh sensitivity),
providing better diagnosis of major organs and monitoring of
PThyN biodistribution in vivo. Besides, *!I-labeled and cRGD-
functionalized PThyN displays over 89% tumor inhibition rate
in B16F10 tumor in mice without causing significant adverse
effects. Thus, PThyN featured with fascinating properties,
great simplicity, good safety, and remarkable potency holds a
tremendous potential on both diagnosis and therapy of varying
diseases.

4. Experimental Section

Synthesis of Thy-NCA: Triphosgene (0.76 g, 2.6 mmol) was added to
a solution of L-thyroxine (4.0 g, 5.2 mmol) in dry THF under N, at 50 °C.
After stirring for 1 h, the reaction solution was concentrated, and then
precipitated in excess petroleum ether to afford crude Thy-NCA. The
crude product following dissolving in ethyl acetate was washed with
cold saturated NaHCO; aqueous solution and cold water sequentially,
and dried with anhydrous MgSO,. After removing the solvent by
rotary evaporation, the product was dried under high vacuum for
24 h. Yield: 80.0%. "H NMR (DMSO-dg, 400 MHz, Figure S1 (Supporting
Information), 8): 9.27 (s, 1H, ~OH), 9.15 (s, TH, ~CONH), 7.83 (s, 2H,
~CgH,l,0H), 7.10 (s, 2H, —CgH,l,-), 4.79 (t, TH, ~CHNH), 2.98-3.08
(d, 2H, ~C¢H,l1,CH,CH-). 3C NMR (DMSO-ds, 100 MHz, Figure S2
(Supporting Information), 6): 171.06, 152.30, 152.15, 151.37, 150.57,
141.41, 137.68, 125.47, 92.41, 88.11, 58.35, 35.15. Anal. Calcd for
CieHol,NOs: C, 23.97; H, 1.12; N, 1.74. Found: C, 24.05; H, 1.31; N,
1.92. Electrospray ionization mass spectrometry (ESI-MS, m/z): calcd
for CygHql4,NOs5 802.6; found 802.6.

Preparation of mPEG-PThy and ¢cRGD-PEG-PThy Copolymers: mPEG-
PThy copolymers were synthesized by ring-opening polymerization
of Thy-NCA monomer in N,N-dimethylformamide (DMF) using
mPEG-NH, (M, = 3.0 kg mol™") as an initiator. Typically, to a solution
of LT-NCA (1.2 g, 1.5 mmol) in DMF (6.0 mL) was rapidly added a
stock solution of mPEG-NH, (300 mg, 0.1 mmol) in DMF (6.0 mL).
After stirring at 40 °C under N, for 72 h, the product was recovered
through precipitation in ethyl ether and drying under high vacuum for
24 h. Yield: 76.0%. "H NMR (400 MHz, DMSO-dg, Figure S3 (Supporting
Information), 8): 9.24 (~-OH), 8.35 (-CONH-), 7.66-7.84 (~CgH,l,OH),
7.06-7.12 (~CgH,l,-), 4.15 (<COCHNH-), 3.51 (<OCH,CH,O-), 3.24
(-OCH3), 2.83 (—CgH,l,CH,CH-). Similarly, maleimide-functionalized
PEG-PThy (Mal-PEG-PThy) was acquired by polymerization of Thy-NCA
monomer using Mal-PEG-NH, (M, = 4.0 kg mol™) as an initiator.
Then, a solution of Mal-PEG-PThy (115.9 mg, 0.01 mmol Mal group) in
DMF (5.0 mL) was added to a solution of cyclic RGDfC peptide (cRGD,
9.8 mg, 0.012 mmol) in DMF (1 mL). The reaction proceeded at r.t. for
24 h. The product was purified by exhaustive dialysis (MWCO 7000) in
D.l. water followed by lyophilization to obtain cRGD-PEG-PThy. Yield:
70.0%. The degree of cRGD conjugation was calculated by measuring
the arginine content using the 9,10-phenanthrene-quinone technique.

Preparation of PThyN and c¢cRGD-PThyN: PThyN were constructed
by dropwise addition of 4.0 mL of phosphate buffer (PB, pH 7.4, 10 x
107 M) to a DMF solution of PEG-PThy (5.0 mg mL™", 1.0 mL) under
stirring at r.t. followed by extensive dialysis against PB for 12 h using
a membrane (MWCO 7000 Da). cRGD-PThyN was similarly fabricated
except that a mixture of cRGD-PEG-PThy and PEG-PThy at a molar ratio
of 1:4 was employed. The size and colloidal stability of PThyN against
extensive dilution and 10% FBS were determined by DLS.

In Vitro CT Imaging: All the samples were scanned on a U-SPECT/CT
system (MILabs, Netherlands), and the images were acquired at an X-ray
voltage of 55 kVp, an anode current of 615 UA accurate mode using full
angle with three frame averaging. The concentrations of PThyN were 2.5, 5,
10, 25, and 50 mg | mL™". Deionized water (0 HU) was used as a control.
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Blood and Histological Analysis: All animal experiments were approved
by the Animal Care and Use Committee of Soochow University, and all
protocols of animal studies conformed to the Guide for the Care and
Use of Laboratory Animals. The in vivo biocompatibility and safety of
PThyN were evaluated by blood and histological analysis in healthy
mice following the injection of 200 uL of PThyN at a dose of 500 mg |
equiv. per kg. For blood analysis, mice were sacrificed 2 d postinjection,
and blood parameters (WBC, RBC, HGB, HCT, MCH, MCHC, MCV,
PLT, RDW, MPV, etc.), blood biochemistry (AST, ALP, ALT, ALB) were
analyzed.

Following the injection of PThyN at a dose of 500 mg | equiv. per
kg for 2 d, the Balb/c mice (n = 3) were sacrificed under anesthetic
conditions. Major organs including lung, kidney, liver, spleen, and heart
were harvested and fixed with neutral buffered formalin (NBF, 10%).
Then, the fixed organ tissues were embedded into paraffin, sectioned
into slices with 4 um thickness, stained with hematoxylin and eosin
(H&E), and then observed using a digital microscope (Leica QWin).

In Vivo CT Imaging of Blood Pool and Different Tumors: The in vivo CT
imaging of blood pool using PThyN as contrast agents was performed
in Balb/c nude mice (18-22 g). 200 uL of PThyN at a dosage of
500 mg | equiv. kg™' was intravenously administered via tail vein, and
the CT imaging was performed using U-SPECT/CT system (MlLabs,
Netherlands) as described above at 0.25, 1, 2, or 8 h postinjection.
lohexol was used as a control.

The in vivo CT imaging of tumors using cRGD-PThyN was studied
in tumor-bearing mice. The malignant B16F10 tumor model was
established by subcutaneously injecting 50 uL of B16F10 cells (8 x 10°)
in serum-free DMEM media to the hind flank of C57BL/6 mice. A549
orthotopic lung tumor model was acquired by injecting A549-Luc
cells (5 x 10% mixed in 100 UL of PBS/matrigel (4/1, v/v) into the left
lung parenchyma of nude mice. For CT imaging, PThyN with a dose
of 500 mg | equiv. per kg was administered either via intratumoral or
intravenous injection. CT photographs were acquired at 2, 4, 6, and 8 h
postinjection.

In Vivo SPECT/CT Imaging: For in vivo SPECT/CT imaging,
12|.bearing PThyN ('°I-PThyN) was prepared from '?°l-labeled PEG-
PThy copolymer that was obtained by iodine exchange reaction of PEG-
PThy (2 mg) with Na'?| in DMF (216 uCi, 200 uL) at 80 °C for 8 h.
Excess Na'?| in '2I-PThyN solution was removed by extensive dialysis
against PB (pH 7.4, 10 x 1073 m) for 10 h using a dialysis bag (MWCO
7000 Da). The radioactivity of '2°I-PThyN was measured by radioactivity
meter (Beijing Heng Odd Instrument Co., Ltd). The efficiency of iodine
exchange reaction determined by the radioactivity ratio of '2°|-PThyN
to the initial radioactivity of Na'?| was 56%. 200 uL of '2°I-PThyN
(108 uCi) was i.v. administered into B16F10 tumor-bearing C57BL/6
mice, and the SPECT/CT photographs were collected using U-SPECT/CT
(MlLabs, Netherlands).

Blood Circulation and Biodistribution: To investigate the blood
circulation of PThyN, '2I-PThyN, and '%I-cRGD-PThyN were injected
into Balb/c mice via tail vein at a 2| concentration of 50 uCi kg™', around
50 uL of blood was withdrawn from the orbit of mice at predetermined
time points. The 2| level of the blood samples was acquired by
radioactivity measurement. The distribution half-life (t/24), t1/25 AUC,
Vy, and CL were calculated by fitting the blood drug pharmaceutical
concentrations to a two compartment model using EXCEL.

To evaluate the biodistribution, 12°I-PThyN and '?°|-cRGD-PThyN
were injected into B16F10 tumor-bearing C57BL/6 mice via tail vein
at a '?°| concentration of 50 uCi kg™'. At 8 h after injection, the mice
were sacrificed. The major organs and tumors were collected, and
the 12| level in the organs and tumors was acquired by radioactivity
measurement.

In Vivo Radiotherapy: Mice bearing subcutaneous B16F10
melanoma tumors were divided into three groups (n = 5). When the
tumors reached around 50 mm?, the mice were i.v. administered with
PBS, cRGD-PThyN (200 pL, 50 mg | equiv./kg), or '3'I-cRGD-PThyN
(200 uCi, 200 pL, 50 mg | equiv. per kg) on day 0, 3, 6, and 9. The
tumor volume was measured and normalized by the initial tumor
volume.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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