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Chapter 1

General Introduction

1.1 Nanomedicines

Nanomedicine, the application of nanotechnology for medical purpose, has attracted a great
deal of attention over the past decades, particularly in the field of cancer therapy where more
effective and safer diagnosis and treatment modalities are highly needed. [1, 2]. Nanomedicines
promise and have shown to offer significant advantages over traditional therapeutic and
diagnostic approaches in cancer therapy including enhanced efficacy and/or mitigated toxicity
benefits owing to ameliorated pharmacokinetics and favorably altered tissue distribution profile
(including the distribution to pathological areas) of the associated drug molecules[3].
Particulate nanomedicines have received a great deal of interest as nanomaterials for achieving
above mentioned advantages. To date, quite some nanotherapeutic products are available on the
market, and many more are undergoing clinical translation[4-6]. Nanoparticles applied for
either therapeutic or diagnostic applications are generally well below 200 nm, and allowing
drug targeting, sustained drug release, protection of fragile drugs and/or solubilization of poorly

water-soluble drugs [7, 8].

1.2 Stimuli-responsive polymersomes

Polymersomes (Ps) have attracted great interest among all nanoparticles attributable to their
unique cell or virus-mimicking architecture (Scheme 1), tunable membrane properties, and
carrying capacity for hydrophilic’/hydrophobic payloads (such as anticancer drugs, genes,
proteins, etc.) [9, 10]. Typically, their well-defined self-assembled structure is derived from
macromolecular synthetic amphiphiles, including amphiphilic diblock, triblock, graft, and
dendritic copolymers [11]. Notably, Ps have an intrinsic stealthy and versatile membrane

surface making them a good alternative for liposomes[12]. In addition, their outer surface can
1
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be chemically crosslinked to further enhance their stability and circulation time in the

bloodstream[ 13, 14].
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Scheme 1. Schematic structure of polymersomes

The 100-1000 fold elevated glutathione (GSH) level in the cytosol of cells (vs. the level in
extracellular fluids) render GSH as an ideal and ubiquitous internal stimulus to achieve rapid
intracellular destabilization efficient drug release[15-17]. Unique chemistry enabled the design
of GSH-responsive nano-vehicles (including micelles, nanoparticles, polymersomes,
macromolecular conjugates etc.) as novel and versatile platforms, addressing both extracellular
and intracellular barriers opposing efficient targeted drug delivery[18].The disulfide shell
crosslinked polymersomes (CLPs) were developed for the delivery of hydrophilic compounds,
being highly stable in the circulation but showing fast drug release within target cells. The CLPs
membrane ensures drug retention during blood circulation, while the disassembly of CLPs

occurs in the reductive environment of the cytosol[19-22].

1.3 Actively targeted polymersomes for tumor imaging and therapy

All approved nanoparticulate nanomedicines do not expose targeting ligands and solely rely
on passive targeting effects arising from altered pharmacokinetic and biodistribution profiles of
the drug. Actively targeted nanomedicines are equipped with targeting ligands exposed on their

surface to achieve binding to receptor molecules (over)expressed on the surface of target cells
2
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within tumor tissue. Receptor binding of these nanoparticles provides benefits in terms of
cellular internalization by receptor-mediated endocytosis and tissue retention [6]. Though
antibodies, proteins or peptides have been intensively investigated and are routinely used as
targeting ligands in preclinical cancer models, only a few of these targeting ligands have been
used in tumor-targeted nanoformulations which moved forward to clinical trials[23].
Transferrin (Scheme 2) is an endogenous monomeric glycoprotein and natural ligand for the
transferrin receptor (TfR), which serves to translocate iron atoms into cells[24, 25]. TfR is
overexpressed on cancer cells, including the SMMC-7721 (hepatoma carcinoma), HCT-116
(colorectal cancer), MDA-MB 231 (breast cancer) cells used in this thesis research owing to
aberrant iron metabolism[26-29]. Tf has been employed as targeting ligand in various
nanoformulations[30-36]. Notably, Tf-targeted nanomedicines are one of the few active
targeting nanomedicines which are currently under clinical evaluation [6]. For instance, MBP-
426 is a liposomal oxaliplatin formulation with Tf exposed on the liposomal particle surfaces
that is at the Phase 1 clinical stage in patients with advanced or metastatic solid tumors. An
open-label Phase Ib/I1 study was used to evaluate the efficacy of MBP-426 in combination with
Leucovorin and 5-FU in patients with second-line metastatic gastric, gastroesophageal junction,
or esophageal adenocarcinoma[37]. CALAA-01 is an RRM2 siRNA loaded B-cyclodextrin-
based targeting carrier with Tf modification evaluated in a Phase I clinical trial and an extension
Phase Ib study for advanced solid tumor patients[38]. Remarkably, 21% of the treated patients
had to quit from the study owing to an adverse event. The Tf-PEG-Ad conjugates have shown
structural alterations and hence the Tf targeting component long term instability was proposed
as the main reason for the occurrence of adverse effects[39] Hence, the long-term stability of
ligand appended targeted formulation is vital to achieve clinical success and to avoid

unanticipated side effects.
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Scheme 1. Cellular uptake of iron through the Tf system via receptor-mediated endocytosis. (A) Illustration

of Tf/TfR complex formation (B) Endocytosis of the diferric Tf/TfR complex occurs via clathrin-coated pits

and the complex is delivered into endosomes.

In general, patients treated so far with targeted nanoparticulate systems typically benefited
from reduced toxicity rather than increased efficacy as compared to the conventional treatment
protocols. Actively targeted nanomedicine may bring the additional benefit of increased
antitumor activity and patient survival as contributor in the enhanced therapeutic index. To
achieve enhanced antitumor efficacy, actively targeted nanoparticles should 1) not release the
entrapped drug while still circulating in the bloodstream, 2) should accumulate in tumor tissue,
e.g. through the well-known enhanced permeability and retention (EPR) effect by taking

advantage of leaky blood vessels that characterized in many solid tumors, 3) should show tumor

4
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cell-specific uptake (or specific uptake by another target cell type within tumor tissue) and 4)
should allow intracellular drug release and delivery to the proper intracellular location. It is
expected that nanoparticles exposing Tf ligands on CLPs - subject of the research presented in
this thesis - show fast intracellular reduction-responsive drug release.

In addition to the improvement of the therapeutic index of small molecular weight anticancer
drugs, therapeutic biomacromolecules (e.g. proteins and nucleic acids) have become of
increasing importance. They are characterized by very unfavorable physicochemical properties
(large size, strong charge) resulting in great difficulty to cross cellular membranes to access
their intracellular target site. Notably, the tumor-specific cell penetrating peptide (CPP)
(sequence: RLWMRWYSPRTRAYG) developed by Matsushita et al. was reported to
selectively penetrate A549 lung cancer cells in vitro in its free form[40]. Previously,
polymersomes containing methotrexate disodium (MTX-2Na) with surface-attached CPP33
significantly improved the chemotherapeutic effect of the entrapped small molecular weight
drug in case of A549 lung tumor-bearing mice[41]. CPP33-decorated polymersomes containing
Granzyme B (GrB), a natural and potent apoptotic protein secrete by cytotoxic T cells and NK
cells, exhibited several advantages over previously reported protein transport systems including
facile fabrication, high protein encapsulation, high lung cancer cells specificity, and fast
cytoplasmic protein release in vitro.

Recently, integration of therapeutic and diagnostic components into (nano)theranostic
approaches opened the possibility to target antineoplastic and diagnostic agents into the tumor
tissues simultaneously by inclusion of the therapeutic agent and the diagnostic probe in the
same nanoparticles (imaging-guided drug delivery) [42-45]. X-ray computed tomography (CT)
is a conventional clinical diagnostic tool, with iodine-containing compounds typically used to
enhance the contrast between pathological and healthy tissues in patients[46-49]. Great interest

has been given in the past few years to the development of novel nano-CT contrast agents which
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are able to combine CT with various therapies and overcome the issues of conventional contrast
agents, i.e. fast clearance, low target selectivity, and potential renal toxicity[50-52]. Metal
nanoparticles with high atomic number exhibit an excellent X-ray attenuation coefficient, but
their safety, sophisticated production process and costs limit their further clinical translation[53].
Generally, nano-sized iodinated contrast agents typically possess inadequate X-ray attenuation,
which results in the need to use large doses for in vivo CT imaging [54, 55]. Hence, a nano-
sized contrast agent should show an appropriate X-ray attenuation coefficient, good
biocompatibility, prolonged circulation time and targeted imaging capacity to resolve the
drawbacks of the conventional iodinated small molecules. We and others verified that disulfide
crosslinked nanoparticles containing drugs show superb in vivo stability and accelerated
intracellular drug release[56, 57]. Therefore, the introduction of disulfide chemistry in
nanoparticulate theranostic agents could provide desirable features for improving both tumor
diagnosis (enhanced in vivo stability and prolonged circulation) and therapeutics (reduction
responsive drug release). Noteworthy, the pre-screening of patients for the occurrence of the
EPR-mediated tumor accumulation with relevant nanoimaging probes is nowadays emerging
as a key step for the successful application of targeted nanomedicines[58, 59]. Interestingly, a
nano-formulation like crosslinked iodinated polymersomes (XIPs) could be used both as

companion diagnostic for pre-screening and further as actual patient treatment.

1.4 Aim of the study

The aim of this thesis is to explore the potential of nanopolymersomes for the treatment and
imaging of cancer.

In Chapter 2, transferrin (Tf), an endogenous protein that serves to translocate iron into T{R-
overexpressing cells, is known as a natural ligand for TfR. Taking this particular feature, we

report a Tf-functionalized, polycarbonate based polymersome containing doxorubicin (Tf-Ps-
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Dox) for targeted therapy in an orthotopic SMMC-7721 hepatocellular carcinoma (HCC) model
in nude mice. We report that the Tf-Ps-Dox system has attractive characteristics regarding
stability, tolerability, and reduction-triggered drug release properties. Besides, the post-
modification of Ps-Dox with Tf, the influence of Tf density on the targeting ability of Ps-Dox,
and therapeutic efficacy of Tf-Ps-Dox towards TfR-overexpressing hepatocellular carcinoma
were investigated.

In Chapter 3, we report for the first time that Tf-binding peptide-functionalized
polymersomes (TBP-Ps), which can bound Tf and mediate targeted Dox delivery to TfR
overexpressing HCT-116 colorectal cancer cells both in vitro and in vivo. The pharmacokinetics
and anti-tumor therapy experiments revealed that Tf@TBP-Ps-Dox possess a prolonged
circulation time and exhibited a considerably improved inhibition of HCT-116 tumor as
compared to Ps-Dox. Tf-binding peptide thus provides an appealing strategy to fabricate
nanomedicines targeting to TfR over-expressing malignancies.

In Chapter 4, siRNA (siPLK1)-loaded TBP-Ps coated with Tf showed the blood-brain
barrier (BBB) crossing capacity. Biomacromolecules such as nucleic acids typically exhibit low
tumor cell uptake resulting from either rapid in vivo degradation by nucleases or lack of cellular
uptake due to their unfavorable physicochemical properties (large size, negatively charged)
preventing passage of cellular membranes. Hence, we construct transferrin (Tf) bounded Ps
with siPLK1 loading (Tf@TBP-Ps-siPLK1) for both BBB crossing and, subsequently tumor
targeting. This transferrin-binding ligand decoration strategy is robust and has greatly
simplified the production of transferrin-functionalized nanomedicines. Hence, the
polymersomal siRNA with bounded Tf could provide an efficient alternative approach for brain
metastases management associated with moderate toxicity.

The clinical use of protein therapeutics with intracellular targets is hampered by its in vivo

fragility, low cell permeability and endosomal entrapment. In Chapter 5, we report a cell-
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selective penetrating polymersomes (CPRPs) for granzyme B (GrB) orthotopic human lung
tumor targeted delivery. Orthotopic A549-Luc lung tumor-bearing nude mice administered with
GrB-loaded CPRPs GrB showed complete tumor growth inhibition with little body weight loss
throughout the treatment period, resulting in a significantly improved survival rate.

Imaging plays a key role in the preclinical evaluation of nanomedicine-based drug delivery
systems. Clinical studies provide convincing evidence on the localization of nanoparticles in
tumors, albeit with fairly high levels of inter- and intraindividual variability. It is gradually
becoming clear that imaging is critically important to help address this high heterogeneity in
tumor accumulation of nanoparticles. In Chapter 6, we have designed and developed
biodegradable nanopolymersomes with an ultrahigh iodine content for high-performance CT
imaging in vivo. Their suitability for in vivo imaging of the blood pool, reticuloendothelial
system and several subcutaneous malignant tumors in mice (B16 melanoma and MCF-7 human
breast cancer) was evaluated in comparison with iohexol, a clinically used iodinated small
molecule.

In Chapter 7, we investigated cRGD-functionalized disulfide-crosslinked iodine-rich
polymersomes (cCRGD-XIPs) loaded with doxorubicin as a novel, robust and ‘smart’ theranostic
agent. The quality of the in vivo CT imaging characteristics after intravenous and intratumoral
administration was evaluated in comparison with iohexol. In addition, antitumor efficacy in the
subcutaneous B16 mouse model was assessed in comparison with free doxorubicin treatments,
and non-targeted polymersome formulations.

Chapter 8 summarizes the results of the thesis and provides perspectives for the future

development of nanomedicines based on polymersomes towards broad applications.
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Abstract

Hepatocellular carcinoma (HCC) remains one of the most lethal malignancies. The current
chemotherapy with typically low tumor uptake and high toxicity reveals a poor anti-HCC
efficacy. Here, we report transferrin-guided polycarbonate based polymersomal doxorubicin
(Tf-Ps-Dox) as a low-toxic and potent nanotherapeutics for effective treatment of transferrin
receptor (TfR)-positive human liver tumor SMMC-7721 model. Tf-Ps-Dox was facilely
fabricated with small size of ca. 75 nm and varying Tf densities from 2.2% to 7.0%, by post-
modification of maleimide-functionalized Ps-Dox (Dox loading content of 10.6 wt.%) with
thiolated transferrin. MTT assays showed that Tf-Ps-Dox had an optimal Tf surface density of
3.9%. The cellular uptake, intracellular Dox level, and anticancer efficacy of Tf-Ps-Dox to
SMMC-7721 cells were inhibited by supplementing free transferrin, supporting that Tf-Ps-Dox
is endocytosed via TfR. Interestingly, Tf-Ps-Dox exhibited a high accumulation of 8.5%ID/g
(percent injected dose per gram of tissue) in subcutaneous SMMC-7721 tumors, which was 2
and 3-fold higher than non-targeted Ps-Dox and clinically used liposomal Dox formulation
(Lipo-Dox), respectively. The median survival times of mice bearing orthotopic SMMC-7721
tumors increased from 82, 88 to 96 days when treated with Tf-Ps-Dox at Dox doses from §, 12
to 16 mg/kg, which was significantly longer than Ps-Dox at 8 mg/kg (58 days) and Lipo-Dox
at 4 mg/kg (48 days) or PBS (36 days). Notably, unlike Lipo-Dox, no body weight loss and
damage to major organs could be discerned for all Tf-Ps-Dox groups, indicating that Tf-Ps-Dox
caused low systemic toxicity. This transferrin-dressed polymersomal doxorubicin provides a

potent and low-toxic treatment modality for human hepatocellular carcinoma.

Keywords: Transferrin; polymersomes; reduction-sensitive; targeted delivery; liver cancer
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1. Introduction

Hepatocellular carcinoma (HCC) is a leading cause of cancer-related death worldwide [1].
The major clinical treatments for HCC include conventional surgery, liver transplantation,
trans-arterial chemoembolization, and small kinase inhibitors [2-4]. Traditional
chemotherapeutics is not effective and further associated with severe side effects as a result of
poor HCC-specificity [5]. The development of HCC-targeted nanotherapeutics has been
regarded as a valuable solution to HCC chemotherapy [6-18]. Antibodies and peptides were
routinely used as targeting ligands for HCC treatment. For instance, CD44 antibody targeted
liposomal nanoparticles were used for molecular imaging and therapy of HCC [19]. SP94
peptide decorated Pt nanocluster assembly was used to overcome cisplatin resistance for anti-
HCC therapy [20]. However, none of these novel HCC-targeted nanoformulations has moved
forward to clinical trials, partly due to the fact that these targeting ligands have not been
validated in patients. Meanwhile, although galactosamine-PHPMA-GFLG-Dox (PK2) has been
translated to the human clinical trials, the expression of asialoglycoprotein receptor (ASGP-R)
on mammalian hepatocytes leads to low HCC-specificity [21].

Transferrin receptor (TfR) is overexpressed on many cancerous cells including SMMC-
7721 [22], MDA-MB 231 [23], U87-MG [24], A549 cells [25] owing to abnormal iron
metabolism [26]. Transferrin (Tf), an endogenous protein that serves to translocate iron into
TfR-overexpressed cells, is known as a natural ligand for TfR [27]. Tf has been employed as a
specific carrier for different drugs [28, 29] or targeting ligand for various nanoformulations [30-
37]. Notably, several targeted nanomedicines homing to TfR are currently under clinical trials
[38]. For instance, Tf-modified lipid formulation of oxaliplatin, MBP-426, from Mebiopharm
has entered Phase II clinical trials for metastatic gastric, gastro esophageal junction, and
esophageal adenocarcinoma [39]. Tf-targeted RRM2 siRNA formulation, CALAA-01 from

Calando Pharmaceuticals, has been tested for the treatment of solid tumor patients [40, 41].
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Here, we report on Tf-functionalized, polycarbonate based polymersomal Dox (Tf-Ps-Dox)
for targeted therapy of orthotopic SMMC-7721 HCC in nude mice (Scheme 1). The
polymersomes were prepared via co-self-assembly of biodegradable copolymer poly(ethylene
glycol)-b-poly(trimethylene carbonate-co-dithiolane trimethylene carbonate) (MPEG-P(TMC-
DTC), M, = 5.0-14.8-1.9 kg/mol) and maleimide-functionalized copolymer (Mal-PEG-
P(TMC-DTC), M, =7.5-15.5-2.2 kg/mol). We reported that the Ps-Dox has outstanding stability,
high tolerability, and reduction triggered drug release behavior [42]. The high stability of Ps-
Dox allows facile surface conjugation with targeting ligands by post-modification method. In
this study, the post-modification of Ps-Dox with Tf, the influence of Tf density on targeting
ability of Ps-Dox, and the therapeutic efficacy of Tf-Ps-Dox toward TfR overexpressing

hepatocellular carcinoma were investigated.
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[( I\()/\/\())((J\O/??()H’n
S=S
Mal-PEG-P(TMC-DTC)
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Scheme 1. Schematic illustration of the preparation of transferrin-guided, reduction-responsive and
reversibly cross-linked polymersomal doxorubicin (Tf-Ps-Dox) (A), and the targeted therapy of
orthotopic SMMC-7721 hepatocellular carcinoma of Tf-Ps-Dox in vivo (B).

2. Experimental section
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2.1 Formation of maleimide-functionalized polymersomal doxorubicin (Mal-Ps-Dox)
Mal-Ps-Dox was obtained by first self-assembly of poly(ethylene glycol)-b-
poly(trimethylene carbonate-co-dithiolane trimethylene carbonate) (mPEG-P(TMC-DTC)) and
maleimide-functionalized copolymer Mal-PEG-P(TMC-DTC), and then active loading of
Dox-HCI using a pH-gradient method [42]. In a typical example, 100 pL DMF solution of
mPEG-P(TMC-DTC) and Mal-PEG-P(TMC-DTC) mixture (molar ratio = 95/5, polymer
concentration =40 mg/mL) was dropwise added into 900 pL citric acid buffer (10 mM, pH 4.0).
After standing still for 1 h, the pH was adjusted to 7.8 using saturated Na,HPOs solution. Then
160 pL Dox-HCI aqueous solution (5 mg/mL, theoretical drug loading content = 16.7 wt.%)

was added and incubated at 37 °C for 12 h under mild stirring before 6 h dialysis (MWCO

7000 Da). During the work-up procedure thus-obtained Mal-Ps-Dox was self-crosslinked. Dox
loading level was quantified using UV-Vis spectroscopy (UH5300, Hitachi, Japan) at excitation
wavelength of 480 nm. Drug loading efficiency (DLE) and drug loading content (DLC) were
determined using the following formula:

DLE (%) = (weight of loaded Dox/weight of Dox in feed) x 100

DLC (wt.%) = (weight of loaded Dox/total weight of polymer and Dox) x 100.

2.2 Preparation of Tf-Ps-Dox

Tf-Ps-Dox was prepared by post-modification of Mal-Ps-Dox with thiolated transferrin
(Tf-SH). Tf was thiolated using 2-iminothiolanes hydrochloride (Traut's Reagent, TRC) under
a nitrogen atmosphere. In brief, 22 pL TRC solution (10 mg/mL) in 10 mM HEPES (pH 8.0)
containing 2 mM EDTA was added into 1 mL Tf solution (10 mg/mL) in the same media, to

give a final TRC/Tf molar ratio of 10/1. The reaction proceeded at 37 °C for 1 h. The excess

TRC was removed by repeated centrifugal ultrafiltration (Millipore, MWCO 10,000 Da). The

extent of thiolation as determined by Ellman’s assay [43] was four thiol groups per transferrin.
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Then, Tf-SH was added into 1 mL freshly obtained Mal-Ps-Dox at a molar ratio of Tf-SH

/Maleimide of 2/1. After reaction at 37 °C for 8 h, free Tf was removed by centrifugal

ultrafiltration (Millipore, MWCO 100,000Da) twice at 3000 g for 10 mins. Tf was quantified
using BCA assays based on a standard curve of protein solutions of known concentrations, and

the conjugation efficiency (the ratio of Tf and polymer) was then calculated.

2.3 MTT assays

Human hepatocellular carcinoma SMMC-7721 cells were seeded in a 96-well plate (5 x
10° cells/well) for 24 h to reach 70% confluence. 20 pL of Tf-Ps-Dox (5 pg Dox/mL) with Tf
molar contents of 2.2%, 3.9%, 6.0% to 7.0% were added and incubated for 2 h. The media were
substituted with fresh media and the cells were cultured further for 70 h. MTT in PBS (10 pL,
5 mg/mL) was then added to the cells for 4 h before adding 150 uLL DMSO to dissolve MTT-
formazan. The absorbance at 492 nm was measured using a microplate reader. The cells were
co-incubated with 20-fold excess transferrin (1 mg/mL) and Tf-Ps-Dox for 2 h to verify the

receptor-mediated endocytosis mechanism. Tf-Ps-Dox were used as controls.

2.4 Flow cytometry and confocal laser scanning microscopy (CLSM) studies

Flow cytometry was employed to investigate the cellular uptake of Tf-Ps-Dox. SMMC-
7721 cells seeded in a 6-well plate (5x10° cells/well) were incubated with Tf-Ps-Dox (Tf molar
contents of 2.2%, 3.9%, 6.0%, to 7.0%), Ps-Dox (10 ug DOX/mL), and PBS at 37 °C for 2 h.
To prove receptor-mediated endocytosis, 20-fold excess transferrin (1 mg/mL) were co-
incubated with Tf-Ps-Dox. The cells following twice PBS washing were detached, centrifuged,
dispersed in 500 uL PBS, and immediately measured using a BD FACS Calibur flow cytometer
at FL2-channel (ex. 488 nm, em. 560 nm). For each sample, 10,000 events were collected.

For CLSM measurements, Tf-Ps-Dox was added (100 uL, 10 pg DOX/mL) to SMMC-
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7721 cells seeded on coverslips in 24-well plate. After 2 h, the cells were fixed with 4%
paraformaldehyde solution and the nuclei were stained with 4°,6’-diamidino-2-phenylindole
(DAPI) for 10 min before CLSM observation. PBS washing (%3) was applied between two
steps. The inhibition experiment was conducted by adding 20-fold excess transferrin (1 mg/mL)
in the culture medium. The same settings of CLSM was used for both groups. 405 Diode laser
was selected for DAPI channel and the laser power was adjusted to 3%. Argon laser was
selected for doxorubicin acquisition and the power was adjusted to 13%. The scan speed is 200

Hz with resolution 1024 x 1024. The PMT intensity of DAPI is 20% and 60% for doxorubicin

smart gain (HyD), respectively.

2.5 Animal models

The subcutaneous and orthotopic liver tumor models in female Balb/c nude mice were
established [6] by inoculating SMMC-7721 cells (1x10° per mouse) in 50 uL PBS containing
BD Matrigel into right hind flank of 5-week-old mice, or into right upper liver lobe of 6-week-
old mice, respectively. The orthotopic liver tumor was used for therapeutics studies 12 days
after inoculation. Mice with subcutaneous tumor size of 200-300 mm? were applied for studies
of biodistribution and imaging. Animals were handled under protocols approved by Soochow
University Laboratory Animal Center, and the Animal Care and Use Committee of Soochow

University.

2.6 In vivo pharmacokinetics and biodistribution of Tf-Ps-Dox

Tumor free Balb/c mice were injected with 200 uL. Tf-Ps-Dox, Ps-Dox, or clinically used
liposomal formulation (Lipo-Dox) at DOX dose of 4 mg/kg via tail veins (n = 3). At
predetermined time points, about 20 puL blood was withdrawn from the retro-orbital sinus of

mice into heparinized tubes and immediately centrifuged. The plasma was taken and incubated
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overnight with 500 uL. DMF containing 20 mM DTT at 25 °C. After centrifugation, Dox in the

supernatant was quantified by fluorometry (Cary Eclipse, ex. 488 nm, em. 560 nm), and plotted
as a function of time. The elimination half-lives and the area under the curve were derived.

In vivo targetability of Tf-Ps to subcutanecous SMMC 7721 tumor was investigated using
near infrared fluorescence imaging technique. CyS5 labeled polymer was incorporated to form
Tf-Ps-Cy5 and Ps-Cy35, respectively. Briefly, 200 uL Tf-Ps-Cy5 or Ps-Cy5 was i.v. injected into
mice bearing subcutaneous SMMC-7721 tumor (1.5 pg Cy5 equiv./mouse, n = 3). The

fluorescence images were acquired at varied time intervals.

2.7 Anticancer therapy of Tf-Ps-Dox in mice bearing orthotopic SMMC-7721 tumor

The mice bearing orthotopic tumor were randomly grouped (n = 6), and 200 puL Tf-Ps-Dox
was injected via tail veins every four days (Dox dose: 8, 12 or 16 mg/kg, total 8 injections).
Controls included PBS, Lipo-Dox (4 mg/kg) and Ps-Dox (8 mg/kg). Body weights of the mice
were measured every two days and normalized to their initial weights. One mouse of each group
was sacrificed on day 44, and heart, liver, spleen, lung, and kidney were taken for photograph
and histological analyses (H&E staining and TUNEL staining). The survival rates, behavior
changes, and liver ascites of the rest mice (n = 5) were monitored over time. Mice were also

considered dead when the abdominal circumferences reached 100 mm due to liver ascites.

2.8 Statistical analysis

Difference between groups was judged using one-way ANOVA with Tukey multiple
comparisons tests using Prism 7. Kaplan-Meier survival curves were analyzed by log-rank test
for comparisons using Prism 7. "p <0.05 was considered significant, and ~p<0.01 and

*

“p<0.001 were highly significant.
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3. Results and discussion
3.1 Formation of Tf-Ps-Dox

Transferrin-guided polymersomal doxorubicin (Tf-Ps-Dox) was obtained by post-
modification of maleimide-functionalized polymersomal doxorubicin (Mal-Ps-Dox) with
thiolated transferrin (Tf-SH) (Scheme 1A). PEG-P(TMC-DTC) was selected in this study
mainly owing to its unique features including biocompatibility, robust capacity of polymersome
forming and Dox loading, reduction triggered drug release, decent stability, and facile surface
functionalization for cellular targeting. Tf-SH was acquired with ca. 4 thiol groups per molecule,
as shown by Ellman’s assays, through treating Tf with Traut's Reagent under oxygen-free
conditions at 37 °C for 1 hour. Mal-Ps-Dox was fabricated with varying Mal molar surface
densities from 3% to 10% and fixed Dox theoretical loading content of 16.7 wt.%, from mPEG-
P(TMC-DTC) and Mal-PEG-P(TMC-DTC), as reported previously for peptide-functionalized
polymersomal doxorubicin [42, 44]. The results showed that at a Tf-SH/Mal molar ratio of 2/1,
rather consistent Tf conjugation efficiencies (70% - 78%) to Mal-Ps-Dox, determined by BCA
assays, were obtained (Table 1). Tf-Ps-Dox with Tf densities of 2.2%, 3.9%, 6.0%, and 7.0%
were fabricated from Mal-Ps-Dox with Mal densities of 3%, 5%, 7% and 10%, respectively.
Notably, all four Tf-Ps-Dox exhibited a similar Dox loading content (10.1-10.6 wt.%), small
size (73-75 nm), and low polydispersity. Figure 1A presents a typical size distribution profiles
of Tf-Ps-Dox. As expected, Tf-Ps-Dox was stable against extensive dilution or 10% serum
(Figure S1), owing to automatic disulfide-crosslinking of the membrane during fabrication [45-
47]. The release mechanism of Dox from the polymersomes could be ascribed to the enhanced
permeation of polymersomal membrane resulting from the de-crosslinking of polymersomes as

triggered by the intracellular reduction environment (2-10 mM GSH).
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Table 1. Characterization of Tf-Ps-Dox with varying Tf surface densities (Theoretical Dox

loading content = 16.7 wt.%)

Entry Mal molar Tf s:urface ) Cogjugation Sizeb PDI° DLC*® DLE*
ratio (%) density (%)* efficiency (%) (nm) (Wt.%) (%)
1 3 2.2 73 731 0.15 10.1 56
2 5 3.9 78 75+2  0.16 10.6 59
3 8 6.0 75 75+2  0.16 10.4 58
4 10 7.0 70 742 0.17 10.5 58

* Determined by BCA assay.
° Determined by DLS,
* Determined by UV spectroscopy.

3.2 Specific antitumor effect of Tf-Ps-Dox toward SMMC-7721 cells

SMMC-7721 cells overexpressing transferrin receptor (TfR) [22] were employed to study
the targetability of Tf-Ps-Dox. Flow cytometry showed that all four Tf-Ps-Dox formulations all
afforded about 2-fold higher cellular uptake than Ps-Dox (Figure 1B), signifying that Tf-Ps-
Dox could target to SMMC-7721 cells and Tf surface density is not critical for cell entry.
Interestingly, MTT assays revealed that the antitumor activity of Tf-Ps-Dox is, however, highly
dependent on Tf density, in which Tf-Ps-Dox with a Tf density of 3.9% produced the highest
inhibitory effect to the cells (Figure 1C). This is possibly due to the saturation of membrane
TR and/or too high avidity of Tf-Ps-Dox at high ligand densities to TfR. Davis et. al reported
that a minimum Tf density was needed for efficient targeting in vivo [31], while too high or too
low avidity of Tf to membrane TfR could lead to reduced tumor accumulation [48]. These
results also indicate that Tf density has a great influence on the intracellular trafficking and/or
drug release of Tf-Ps-Dox. We hereafter in later investigations selected Tf-Ps-Dox at Tf density
of 3.9%, and referred it to Tf-Ps-Dox if not otherwise specified. Tf-Ps-Dox displayed a half-
maximal inhibitory concentration (ICso) toward SMMC-7721 cells of about 6.8 pug Dox

equiv./mL, which though higher than free Dox, was 2 times lower than Ps-Dox (Figure 1D).
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Free Dox is known to be highly toxic to cells. The high systemic toxicity greatly limits its direct

application in vivo.
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Figure 1. In vitro characterization of Tf-Ps-Dox. (A) Hydrodynamic size distribution. (B) Flow
cytometry of SMMC-7721 cells after 2 h cultivation with Tf-Ps-Dox with varying Tf surface densities.
Dox-loaded Ps and PBS were used as controls. (C) Viability of SMMC-7721 cells after 2 h incubation
with Tf-Ps-Dox or Lipo-Dox (5 pg Dox/mL) and 70 h culture in fresh medium. (D) MTT assays of Tf-
Ps-Dox to SMMC-7721 cells after 2 h incubation and 70 h culture in fresh medium.

To verify that Tf-Ps-Dox was taken up by SMMC-7721 cells though TfR-mediated
endocytosis, we performed competitive inhibition studies by co-incubating cells with 20-fold
excess free Tf. Flow cytometry showed clearly that uptake of Tf-Ps-Dox by SMMC-7721 cells
was reduced to half when co-incubated with free Tf (Figure 2A), proving a TfR-mediated

uptake mechanism for Tf-Ps-Dox. Accordingly, the ICso of Tf-Ps-Dox was also truncated to
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half by co-incubation with 20-fold excess of free Tf (Figure 2B), becoming similar to that of
the non-targeted Ps-Dox. CLSM images showed that Tf-Ps-Dox treated cells had much more
intense Dox fluorescence than free Tf co-cultured group (Figure 2C). All the above results

support that Tf-Ps-Dox actively targets to SMMC-7721 hepatocellular carcinoma cells via TfR.
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Figure 2. The inhibition of cellular uptake and cell viability of SMMC-7721 cells treated by Tf-Ps-Dox

for 2 h with or without adding 20 times excess free Tf, as measured by (A) Flow cytometry, (B) MTT

assays, and (C) CLSM images. Scare bar: 20 um.

3.3 In vivo biodistribution and pharmacokinetics

The in vivo fluorescence images of subcutaneous SMMC-7721 tumors monitored over
time following i.v. injection of Cy5-labeled blank Tf-Ps showed fast and obviously better tumor
accumulation than Cy5-labeled blank Ps (non-targeted control), in which maximum Cy5
fluorescence in tumor was discerned at 6 h post-injection (Figure 3A). Then Dox contents in
the tumors and major organs of mice treated by Tf-Ps-Dox at 6 h post-injection were quantified,

and the tumor accumulation of 8.5% ID/g was achieved, which was respective ca. 2 or 3 times
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that of Ps-Dox or Lipo-Dox, respectively (Figure 3B). This targeted tumor accumulation of the
drug was higher than Dox loaded folic acid modified nanoparticles (5% ID/g) [49]. The similar
enhanced tumor uptake (ca. 3-fold) was found for PTX loaded glycyrrhizin directed
nanoparticles [50]. In contrast, no significant difference in Dox level was detected in the major
organs for Tf-Ps-Dox and Ps-Dox. Hence, these results indicate that Tf can specifically improve

the HCC accumulation of Ps-Dox.
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Figure 3. In vivo imaging, biodistribution and pharmacokinetics studies. (A) NIR images of mice
bearing SMMC-7721 tumor at various time points after iv injection of Cy5-labeled Tf-Ps or Ps. (B) In
vivo biodistribution of Dox in SMMC-7721 tumor-bearing mice treated by Tf-Ps-Dox (Dox dose: 10
mg/kg) at 6 h post injection. (C) Pharmacokinetics of Tf-Ps-Dox in Balb/c mice (Dox dose: 4 mg/kg).

One-way Anova and Tukey multiple comparisons tests, **p < 0.01.
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We further investigated the pharmacokinetics of Tf-Ps-Dox in Balb/c mice. It was showed
that Tf-Ps-Dox could circulate long in mice and had an elimination half-life was 8.7 h, which
was comparable to that of non-targeted Ps-Dox (8.2 h), but shorter than Lipo-Dox (16.9 h,
Figure 3C). The results prove that Tf-Ps-Dox indeed has admirable in vivo stability, and that

the Tf-functionalization does not shorten their blood circulation.

3.4 Therapy of mice with orthotopic SMMC-7721 tumor

These tumor-bearing mice received only PBS developed severe liver ascites starting from
26 days post tumor inoculation and abnormal increase of body weights (Figure 4A). The mice
became apathetic and weak over time. These results indicate successful establishment of
orthotopic SMMC-7721 tumor in the liver. During the treatment, the mice were judged dead if
body weight loss was over 15% as compared to the original weight or the abdominal
circumference exceeded 100 mm. All PBS-treated mice died within 42 days (Figure 4B). In
sharp contrast, the mice received Tf-Ps-Dox treatment at varying doses from 8, 12, to 16 mg/kg
every 4 days (8 injections in total) were mostly without liver ascites in 40 days, in which the
increase of body weights was largely inhibited (Figure 4A). The non-targeted Ps-Dox group
revealed, though some antitumor effect, apparently more liver ascites and body weight increase
than Tf-Ps-Dox. Considering the injection frequency and the total dose of Dox, Lipo-Dox at 8
mg/kg was not studied for comparison owing to serious side effects [51]. Lipo-Dox (4 mg/kg)
was selected as control instead. However, it also caused systematic toxicity over repeated
intravenous injection, including significant body weight loss (Figure 4A) and pronounced hand-
food syndrome (HFS) of the mice. Similarly, Webster et. al reported that galactosylated chitosan
triptolide nanoparticles treated mice with orthotopic HCC only revealed slight body weight

change, in contrast to an obvious weight loss of the non-targeted group resulting from severe
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side effects and significant body weight increase of PBS group [52]. As shown in the survival
curves, Lipo-Dox treatment to the mice did not improve the survival rate as compared to PBS
group (Figure 4B). The survival rate was, however, significantly improved by treating with Ps-
Dox or Tf-Ps-Dox at 8 mg/kg, in which the median survival times were 58 and 82 days,
respectively. In addition, the median survival times could be further increased to 88 and 96 days
by increasing the dose of Tf-Ps-Dox to 12 and 16 mg/kg, respectively. Of note, 1 out of 5 mice
receiving Tf-Ps-Dox (16 mg/kg) revealed complete regression (CR). This median survival time
was much longer than that of 5-fluorouracil nanoparticle treated mice with orthotopic SMMC-

7721 tumor (35 days) [53].

- PBS -8~ Ps-Dox 8 mg/kg -8~ Tf-Ps-Dox 12 mg/kg
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Figure 4. In vivo antitumor activity of Tf-Ps-Dox in orthotopic SMMC-7721 tumor bearing mice (n =

6) with drug administration every 4 days (total 8 injections). (A) Relative body weight changes. (B)
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Survival curves. Statistical analysis (Kaplan-Meier analysis, log-rank test): Ps-Dox (8 mg/kg) vs PBS:
**p <0.01; Lipo-Dox (4 mg/kg) vs PBS: n.s.; Ps-Dox (8 mg/kg) vs Lipo-Dox (4 mg/kg): n.s.; Tf-Ps-Dox
(8 mg/kg) vs Lipo-Dox (4 mg/kg) and Ps-Dox (8 mg/kg): “p <0.01; Tf-Ps-Dox (16 mg/kg) vs Tf-Ps-
Dox (8 mg/kg): "p <0.05. (C) The photograph of livers excised on 44 d. (D) The images of H&E and
TUNEL stained tumor slices from mice treated with PBS, Ps-Dox (8 mg/kg), or Tf-Ps-Dox (8 mg/kg).

Scale bar: 50 um.

PBS

4 mg/kg

Lipo-Dox

Ps-Dox
8 mg/kg

Tf-Ps-Dox
16 mg/kg 12mg/kg 8 mg/kg

Figure 5. H&E stained heart, liver, spleen, lung, and kidney sections excised from mice after different

treatments (400 x). Scale bar: 50 pm.
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Figure 4C shows the ex-vivo photographs of livers excised from different treatment
groups on day 44. At 8 mg/kg, Tf-Ps-Dox induced apparently better tumor suppression than Ps-
Dox. Notably, the mice treated with Tf-Ps-Dox at 12 and 16 mg/kg bare significantly fewer
tumorous spots in the livers. The histological assays of H&E or TUNEL stained slices of
orthotopic liver tumors displayed distinct differences between PBS, Ps-Dox and Tf-Ps-Dox
groups. From TUNEL assays, Tf-Ps-Dox group showed significant decrease of tumor burden
and increase of tumor apoptosis compared with PBS group (Fig 4D). While in H&E stained
tumor slices, Tf-Ps-Dox treated tumors displayed much more nuclear-lysis, incomplete cell
membrane, and cell shrinkage than Ps-Dox group, in contrast to PBS group. In addition, H&E
slices of the major organs exhibited that Tf-Ps-Dox instigated no obvious side effects to normal
organs (Figure 5, Figure S2). However, Lipo-Dox caused damage not only to the liver but also
to the heart tissue. For instance, after repeated injection of Lipo-Dox, the liver tissue structure
became incomplete, the liver plate was not arranged neatly, and some hepatocyte nuclear
vacuolar degeneration occurred (Figure S3). In addition, abnormal shape and arrangement was

found in cardiomyocytes.

4. Conclusion

We have established that transferrin-guided polymersomal doxorubicin (Tf-Ps-Dox) can
be easily fabricated with controlled transferrin density, small size and high drug loading via
ligand post-modification strategy. Functionalization of Ps-Dox with 3.9% Tf brings about better
uptake and specific antitumor effect toward transferrin receptor over-expressed human SMMC-
7721 cells. In vivo experiments reveal that Tf-Ps-Dox can actively target to orthotopic SMMC-
7721 tumor in mice, leading to 2-3 times better tumor accumulation and significantly improved
survival time compared with non-targeted Ps-Dox and clinically viable liposomal Dox

formulation (Lipo-Dox). Particularly, Tf-Ps-Dox at doses of 8 to 16 mg/kg brings visibly lesser
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systemic toxicity than Lipo-Dox at 4 mg/kg. Transferrin-guided polymersomal doxorubicin has

appeared to be appealing for targeted hepatocellular carcinoma chemotherapy.
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Abstract

Transferrin receptor (TfR) is a promising target validated in the clinical trials for managing
various malignancies. Transferrin (Tf) and single chain antibody fragment can target TfR and
are typically conjugated to nanomedicines via post-modification, which poses a formidable
challenge for production. Here, we report that the polymersomes functionalized with a Tf-
binding peptide CGGGHKYLRW (TBP-Ps) can selectively and stably bind Tf and
subsequently mediate targeted doxorubicin (Dox) delivery to TfR over-expressing HCT-116
colorectal cancer cells in vitro and in vivo. The Tt surface density of the polymersomes could
be controlled by the surface content of TBP. Interestingly, modifying Dox-loaded TBP-Ps with
Tf led to greatly increased cellular uptake and inhibitory effect of HCT-116 cells. Tf-coated
TBP-Ps demonstrated rapid accumulation in the tumor xenografts in nude mice following i.v.
injection. More importantly, Dox-loaded Ps with Tf coating significantly enhanced the
antitumor efficacy in mice bearing HCT-116 tumor compared to polymersomes without Tf
coating. Tf-binding peptide provides an appealing strategy in formulating Tf-targeted

nanomedicines.

Keywords: Transferrin; polymersomes; targeted delivery; colorectal cancer; chemotherapy
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1. Introduction

Targeted nanomedicines are considered as a future treatment modality for cancers[1-4]. To
accomplish targeted delivery, researchers have decorated nanomedicines with different ligands
ranging from peptides[5, 6], antibodies[7] and antibody fragments[8], glycoproteins[9-11], to
folic acid[12, 13]. In spite of intensive investigations, few actively targeted nanomedicines have
come to the stage of clinical translation[14-16]. Notably, several targeted nano-formulations
homing to transferrin receptor (TfR) have been approved for clinical trials[17-19]. TfR over-
expresses on highly proliferative cancer cells[10, 12, 20]. Transferrin (Tf) and single-chain
antibody fragment (ScFv) against TfR have been selected as ligands for TfR targeting[21-25].
For example, Davis et al. described that Tf-conjugated cyclodextrin polymer-based
nanoparticles exhibited enhanced transfection of K562 leukemia cells as compared to the non-
targeted ones[26], and in a phase I clinical trial targeted delivery of siRNA to patients with solid
tumor|[27]. Chang et al. reported that liposomes modified with ScFv to the TfR could mediate
targeted delivery of wild-type p53 gene to metastatic pancreatic tumor model®2. The results of
phase I clinical trial revealed the accumulation of p53 gene in advanced solid tumor patients,
low adverse effects, and stable disease[28]. However, the conjugation of large-sized ligands
like Tf and ScFv to nanomedicines via post-modification may pose a production challenge. For
instance, the thiol/maleimide reaction routinely used for post-modification with proteins
encounters problems including difficulty in precise thiolation of the proteins and the inter-
crosslinking between proteins resulting from multi-functionality, thus compromising the
targeting efficacy in vitro and in vivo.

In contrast to large glycoproteins and antibody fragments, peptides with a short sequence
and easy handling enable functionalization of nanomedicines via pre-modification[29]. Various
peptides have been screened as antibody alternatives for targeted tumor therapy in the past

years[30-35]. Nevertheless, to date, only BIND-014, a docetaxel nanoformulation decorated
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with prostate-specific membrane antigen-targeting peptide, has reached clinical
assessments[36]. The slow development of peptide-targeted nanomedicines is likely due to the
fact that peptides are not as specific and effective as antibodies for in vivo targeting.
Interestingly, Signore et al. reported that CGGGHKYLRW as a Tf-binding peptide (TBP)
showed a high specificity and affinity to Tf[37]. TBP following plasma incubation could
promote TfR-mediated cellular uptake of gold nanoparticles.

Here, we report for the first time that Tf-binding peptide-functionalized polymersomes
(TBP-Ps) loaded with doxorubicin hydrochloride (TBP-Ps-Dox) following Tf absorption in situ
mediate targeted Dox delivery to TfR over-expressing HCT-116 colorectal cancer cells in vitro
and in vivo (Scheme 1). Several reports demonstrated that colorectal cancers over-express
T{R[38, 39]. We previously reported that the disulfide-crosslinked polymersome is a promising
substitute to liposome for Dox delivery[40-43]. Interestingly, TBP-Ps-Dox following Tf
absorption (Tf@TBP-Ps-Dox) revealed greatly enhanced cellular uptake and antitumor eftect
in HCT-116 cells over Ps-Dox. The pharmacokinetics and anti-tumor therapy experiments
revealed that Tf@TBP-Ps-Dox possess a long circulation time and exhibited a considerably
improved inhibition of HCT-116 tumor as compared to Ps-Dox. Tf-binding peptide thus
provides an appealing strategy to fabricate nanomedicines targeting to TfR over-expressing

malignancies.
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Scheme 1. (A) Schematic of facile fabrication of transferrin-coated polymersomal doxorubicin via a
transferrin-binding peptide (TBP), CGGGHKYLRW. (i) TBP-functionalized polymersomes (TBP-Ps)
are assembled from PEG-P(TMC-DTC) and TBP-PEG-P(TMC-DTC); (ii) Efficient Dox loading into
TBP-Ps gives TBP-Ps-Dox via a pH-gradient method; and (iii) incubation with transferrin yields
transferrin-coated polymersomal doxorubicin (Tf@TBP-Ps-Dox). (B) Tf@TBP-Ps-Dox can not only
increase the accumulation and retention in transferrin receptor over-expressing HCT-116 colorectal
tumor cells but also enhance the cellular uptake compared to Ps-Dox, leading to enhanced efficacy of

targeted therapy of colorectal cancer in vivo.

2. Experimental methods
2.1 Synthesis of TBP-PEG-P(TMC-DTC)

Poly(ethylene glycol)-b-poly(trimethylene carbonate-co-dithiolane trimethylene carbonate)
(mPEG-P(TMC-DTC)) and maleimide functionalized copolymer Mal-PEG-P(TMC-DTC)
were produced according to our previous report (Table S1)[40]. Then Mal-PEG-P(TMC-DTC)
(200 mg, 8.2 pmol) was added under stirring to 1.5 mL TBP (CGGGHKYLRW, 19.2 mg, 16.4

umol) solution in N, N-dimethlyformamide (DMF). The reaction proceeded at 37 °C for 24 h,

followed by intensive dialysis (MWCO 3500) against 100 mL DMF (x3) and 100 mL DCM
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(x2) at room temperature (rt) with solvent replacement each hour. TBP-PEG-P(TMC-DTC)
was then purified by precipitation in 30-fold cold diethyl ether, filtration and vacuum drying.
Yield: 92%. BCA assay was used to determine the conjugation efficiency of TBP as

described[44]. The conjugation efficiency was ca. 95%.

2.2 Fabrication of TBP-Ps-Dox and Tf@TBP-Ps-Dox

Transferrin binding peptide functionalized polymersomes (TBP-Ps) were co-assembled
from TBP-PEG-P(TMC-DTC) and mPEG-P(TMC-DTC). The pH-gradient method was used
to obtain doxorubicin hydrochloride (Dox-HCl) loaded polymersomes (TBP-Ps-Dox)[41]. In a
typical example, 100 L. DMF solution (40 mg/mL) of mPEG-P(TMC-DTC) and TBP-PEG-
P(TMC-DTC) (weight ratio: 4/1) was added into 900 pL citrate buffer (pH 4.0, 10 mM) under
stirring. Saturated Na;HPO4 solution was used to adjust the pH to 7.8 after 1 h incubation. To
reach a theoretical drug loading content of 16.7 wt.%, 160 uL Dox-HCI in deionized solution

(5 mg/mL) was added dropwise, and incubated at 37 °C for 12 h before purification by passing

G-25 column using phosphate buffer (PB, 10 mM, pH 7.4) as an eluent. The polymersomes
were collected and concentrated by repeated ultrafiltration (MWCO 10,000 Da, 2600 xg, 10
min, rt). By manipulating the molar ratio of the two copolymers, TBP-Ps-Dox with different
surface densities of TBP were produced. Size, size distribution and zeta potential were
measured. The DOX loading was quantified using UV-Vis spectroscopy (Ex. 480 nm)[40].
Tf@TBP-Ps was obtained by incubating TBP-Ps with Tf (containing) solutions. Typically,
1 mL TBP-Ps with TBP molar surface density of 8.6%, 17.2%, and 25.8% referring to the
copolymers (4 mg/mL) was incubated 1 hour with 13.4, 26.8, and 40.2 uM Tf (corresponding
to a TBP/Tf molar ratio of 1/1), respectively, followed by 2 times ultrafiltration using
ultrafiltration centrifugal tubes (MWCO 100,000 Da, 2600 xg, 10 min, rt). BCA assay was used

to determine the Tf surface contents. The influence of the incubation time of TBP-Ps with Tf
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solution at blood concentration (2 mg/mL) on the final Tf surface contents were also
investigated. The size and zeta potential of TBP-Ps-Dox before and after Tf coating was

measured.

2.3 Determination of Tf binding stability of Tf@TBP-Ps using '>I labelling

To evaluate the stability of Tf binding to TBP-Ps, Tf was labeled with radioactive %I . Briefly,
into 200 uL of Tf solution in PBS (10 mg/mL) was added 200 uCi of Na!'*I and 10 pL
chloramine-T (10 mg/mL) under constant stirring at room temperature. After 10 min, the '*I-
Tf was purified by ultrafiltration (MWCO 10,000 Da, 3000 rpm, 20 mins) to remove free Na'>I.
The final radioactivity of *’I-Tf was measured using gamma counter (GC-1500, USTC
ZONKIA, China), and the efficiency of radio labelling was calculated to be ca. 100%. Next,
I25I-Tf/Tf (1/10 mol/mol) was incubated with TBP-Ps for 1 h at predetermined ratios to yield
125I-Tf loaded polymersomes ('*’I-Tf@TBP-Ps), and the unbound Tf or '*’I-Tf was removed
by repeated ultrafiltration until no radioactivity could be detected in the filtrate. To determine
the Tf binding stability to TBP-Ps, 100 pL of '*I-Tf@TBP-Ps was incubated with 400 uL PBS,
PB solution containing 20-fold excess Tf, human serum, or mouse whole blood for 24 h before

ultrafiltration. The radioactivity of purified '*I-Tf@TBP-Ps was measured and was compared

to their original radioactivity before the treatments.

2.4 In vitro cytotoxicity of Tf@TBP-Ps-Dox and blank Tf@TBP-Ps

The studies were conducted using TfR-overexpressing HCT-116 colorectal cancer cells. In
brief, the cells seeded in a 96 well plate (3x10° cells/well) for 24 h were added 20 pL of
Tf@TBP-Ps-Dox (5 pg Dox/mL) with varied TBP molar surface densities (0, 8.6%, 17.2%, or
25.8 mol.%). The medium was replaced after 2 h incubation prior to another 70 h incubation.

Then 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) was added (10 pL,

47



Chapter 3

5 mg/mL) for 4 h. The culture media were discarded, and 150 uL. DMSO was incubated for 10
min. The absorbance at 492 nm of each well was acquired, and the cell viability (%) was
obtained by comparing the absorbance of the cells treated with PBS only.

The cytotoxicity of Tf@TBP-Ps-Dox with 17.2% TBP to HCT-116 cells in the presence
or absence of 20-fold excess Tf (1 mg/mL) was determined using MTT assays and the Dox
concentrations varied from 0.001 to 40 pg/mL. The half-maximal inhibitory concentration (ICso)
was derived. Ps-Dox and commercial liposomal doxorubicin (Lipo-Dox) were used as controls.
The cytotoxicity of blank Tf@TBP-Ps was similarly conducted with polymer concentrations
ranging from 0.1, 0.25, 0.5 and 1 mg/mL after 48 h incubation with HCT-116 cells.

Live/dead assay of the cells was performed using a cell double staining kit (Sigma Aldrich)
according to the instruction with slight change. Briefly, 10 ul Solution A and 5 pl Solution B
were added to 5 ml PBS to prepare an assay solution. HCT-116 cells on microscope coverslips
in 24-well plate (1x10° cells/well) were washed (PBS, x3) to remove residual esterase before
addition and incubation with the assay solution (100 pL) for 15 min at 37 °C. The images were

acquired by fluorescence microscopy (Olympus BX41).

2.5 Cellular uptake and intracellular Dox delivery of Tf@TBP-Ps-Dox

The HCT-116 cells in a 6-well plate (3x10° cells/well) were cultured for 24 h to achieve 70%
confluence. Then, 100 pL of Tf@TBP-Ps-Dox with changeable TBP surface densities (0, 8.6%,
17.2%, 25.8 mol.%) and Ps-Dox were added (10 pg Dox/mL). The cells following 2 h
incubation at 37 °C were digested by trypsin (0.25%, w/v) containing EDTA (0.03%, w/v).
The suspensions were centrifuged, re-dispersed in 500 pL. PBS following twice PBS washing
and analyzed using a BD FACS Calibur flow cytometer (ex. 488 nm, em. 560 nm). The
competitive inhibition of the internalization of Tf@TBP-Ps-Dox with 17.2% TBP by HCT-116

cells in the presence of 20-fold excess Tf (1 mg/mL) was further studied.
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For confocal laser scanning microscopy (CLSM) observation, HCT-116 cells were cultured
on microscope coverslips in 24-well plate (1x10° cells/well) for 24 h. 100 pL of Tf@TBP-Ps-
Dox with 17.2% TBP was added to 400 pL culture medium (10 pg Dox/mL) and incubated for

2 hat 37 °C. The cells were washed with PBS and fixed with 4% paraformaldehyde solution

for 15 min followed by washing (PBS, x3). 4, 6-Diamidino-2-phenylindole (DAPI, 5 pg/mL)
was added to stain cell nuclei for 5 min at rt before acquiring the fluorescence images using
CLSM (TCS SP5) with 200 Hz speed, 1024 x 1024 resolution and 13% of Argon laser power.

A live-cell imaging system (CELL’R, Olympus) was used for Dox intracellular trafficking
to visualize the internalization and intracellular release in HCT-116 cells. Briefly, the cells
seeded (2x10° cells/well) in a glass petri dish (® 35 mm) in 900 pL culture medium were
incubated with 100 pL Tf@TBP-Ps-Dox with 17.2 mol.% TBP or Ps-Dox (10 pg Dox/mL).

The fluorescent images were captured at excitation wavelengths of 480 nm every minute.

2.6 TfR expression on HCT-116 cells

The expression of TfR on HCT-116 cell lines was evaluated by labelling with antibody
CD71-PE (Miltenyi Biotec) using flow cytometry (MDA-MB 231 cells as positive control).
Briefly, the cell suspension was centrifuged at 300 xg for 10 min, and resuspend in PBS at 10’
cells/100 uL. Then 10 pL of CD71-PE was added to incubate for 10 min in the dark at 4 ° C.
The cells were washed by PBS and centrifuged at 300 xg for 10 min. The supernatant was

removed and the cell pellet was resuspended in 500 pL PBS for flow cytometry analysis.

2.7 The pharmacokinetics, in vivo imaging and biodistribution

All animals were handled under protocols approved by Soochow University Laboratory
Animal Center and the Animal Care and Use Committee of Soochow University. For the
pharmacokinetic studies, 200 pL of Tf@TBP-Ps-Dox, Ps-Dox or Lipo-Dox (4 mg Dox/kg) was
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injected intravenously to healthy Balb/c mice (n = 3). About 50 pL blood was collected from
retro-orbital sinus of mice at varied time intervals and 20 pl plasma was used for following

study. 500 pL of DMF solution containing 20 mM DTT was added to extract Dox at 25 °C

overnight followed by centrifugation. Dox concentration in the supernatant was quantified
using fluorometry (ex. 480 nm, em. 560 nm), and was plotted as a function of the time. The
circulation half-lives and the area under curve (AUC) were derived by using second-order
exponential decay fit (Prism).

Female Balb/c nude mice (5 weeks) were inoculated with 50 uL HCT-116 cells (1x10° cell)
on the right hind flank to build subcutaneous tumor model. When tumors grew to ca 150-200
mm?, 200 pL of Cy5-labeled TF@TBP-Ps or Ps (75 pg Cy5 equiv./kg) were intravenously
administrated into the mice via tail veins. The near-infrared images of the mice were acquired
at designated time intervals. At 24 h post-injection, the mice were sacrificed, and the major
organs and tumors were excised for the ex vivo NIR imaging.

For quantification of in vivo biodistribution, the mice bearing HCT-116 tumors of 150 mm?
were /v administrated with Tf@TBP-Ps-Dox and Ps-Dox at 8 mg Dox equiv./kg (n = 3). After
24 h, the major organs and tumors were excised, and 0.1 g of each tissue was homogenized in
Triton (1%, 0.5 mL). I mL DMF containing 20 mM DTT was added to extract Dox overnight.
After centrifugation, the Dox fluorescence in the supernatants was measured using a plate
reader (Ex. 480, Em. 560, Varioskan LUX, Thermo scientific) and expressed as injected dose
per gram of tissue (%I1D/g). The calculation was based on calibration curves of Dox of known

concentrations in the corresponding tissues individually.

2.8 In vivo treatment efficacy of subcutaneous HCT-116 bearing mice
The treatment was started when the tumor reached about 50 mm?, and this day was
designated as day 0. The mice were divided into five groups randomly (n = 5) and iv injected
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with Lipo-Dox (4 mg Dox/kg), Ps-Dox (8 mg Dox/kg), or Tf@TBP-Ps-Dox (8 or 16 mg Dox/kg)
and PBS in 200 pL every 4 days with total of 4 injections. Tumor volume and body weight were
monitored every two days, both were normalized to their initial values. All mice were sacrificed
on day 20 after 2 injection cycles, and major organs and tumors were excised for photographs
and histological analyses. The tumor inhibition rate (TIR) was calculated: TIR (%) = (1— tumor
weight of treatment group/ tumor weight of PBS group) x100.

The tumors and organs were fixed with 10% formalin, embedded in paraffin and sliced
(thickness: 4 um), and stained with hematoxylin and eosin (H&E) before observation with a
digital microscope. The tumor slices were subjected to terminal deoxynucleotidyl transferase-

mediated nick end labeling (TUNEL) before CLSM observation (TCS SP5).

2.9 Statistical analyses
One-way ANOVA with Tukey multiple comparisons tests (Prism) was used to assess the
difference between groups, wherein p <0.05 was considered significant, ~»<0.01 and

"*p<0.001 were highly significant.

3. Results and discussion
3.1 Formation and characterization of TBP-Ps-Dox and Tf@TBP-Ps-Dox

TBP-Ps-Dox with three different TBP molar surface densities were obtained from co-
assembly of PEG-P(TMC-DTC) and 8.6, 17.2 and 25.8 mol.% TBP-PEG-P(TMC-DTC)
(referring to the copolymers), followed by Dox-HCI loading using a pH gradient method
(Scheme 1A). The dynamic light scattering (DLS) revealed that all TBP-Ps-Dox exhibited
small sizes around 72 nm with narrow polydispersity indexes (PDI), which were nearly
identical to those of Ps-Dox fabricated from PEG-P(TMC-DTC) alone (Table 1). Moreover, all

three TBP-Ps-Dox displayed a similar drug loading content (DLC = 9.4 - 9.6 wt.%), indicating
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that TBP has negligible effect on both size and drug loading. TBP-Ps-Dox was robust against
either extensive dilution or in the presence of 10% serum, resulting from
disulfide-crosslinking of polymersomal membrane during preparation as reported

previously[40, 45].

Table 1. Characterizations of TBP-Ps-Dox with (Theoretical Dox loading content = 16.7 wt.%)

TBP molar  Size DLC®  DLE’ Zeta potential (mV)*°
Entry _ PDI*
ratio (%) (nm)* (wWt.%) (%) without Tf with Tf
1 8.6 7343 0.15 9.4 52% -0.30 -0.89
2 17.2 7242 0.13 9.6 53% 0.41 -0.90
3 25.8 7243 0.16 9.4 52% 0.56 -1.83

@ Determined by DLS. ® Drug loading content (DLC) and Drug loading efficiency (DLE) determined
by UV-Vis spectroscopy. ¢ Determined by Zetasizer Nano-ZS equipped with a capillary electrophoresis

cell before and after Tf coating.

Tf@TBP-Ps-Dox was produced by incubating preformed TBP-Ps-Dox with Tf solutions
followed by extensive dialysis to remove unbound Tf. First, the incubation at Tf/TBP = 1/1
(mol/mol) for 1 h led to Tf@TBP-Ps-Dox, and Tf coating had little influence on the size and
size distribution (Figure 1A). As anticipated, Tf surface contents of Tf@TBP-Ps-Dox accorded
well with TBP surface densities (Figure 1B). Tf@ TBP-Ps with controllable Tf surface density
of 1.6, 4.0 and 6.5 mol.% could be fabricated. The Tf binding efficiency was ca. 25%. Due to
the low amount of Tf on Tf@TBP-Ps-Dox, they exhibited only slightly more negative surface
charge than TBP-Ps-Dox (Table 1). Moreover, from static light scattering (SLS)

measurements[46], the total molecular weight of average polymersome (I x 107 Da) and

52



Transferrin-Binding Peptide Functionalized Polymersomes Mediate Targeted Doxorubicin Delivery

aggregation number (ca. 450) can be calculated. Therefore, ca. 18 Tf located on the surface of
Tf@TBP-Ps-Dox (4.0 mol%). But with the increase in TBP surface density from 8.6% to 17.2%
the affinity of TBP to Tfincreased due to the higher valency of TBP on the polymersome surface
(Figure S1A). While further increase of TBP density from 17.6% to 25.8% the affinity kept
steady. Second, the Tf surface contents at different incubation time of TBP-Ps-Dox with Tf
solutions at a concentration of Tf in blood exhibited a rapid adsorption at 10 min, a further
increase at 30 min, a decrease to a steady level after 1 h (Figure S1B). This behavior was
ascribed to the dynamic balance of Tf binding on the surface of TBP-Ps-Dox. Therefore,
Tf@TBP-Ps-Dox obtained by 1-hour incubation was applied for the in vitro and in vivo
experiments.

To evaluate the stability of Tf binding to TBP-Ps, Tf was labeled with radioactive '*’I. The
storage stability and exchange studies in Tf containing solutions displayed that over 85% '*I-
Tf was retained on the surface of TBP-Ps when stored in PBS for 48 h, in the presence of either
50-fold excess Tf, human serum or mouse whole blood (Figure 1C). These results illustrated
that the Tf binding was quite stable and could not be exchanged by other Tf or proteins. This is

in accordance with ca. 3 fold lower K4 of CGGGHKYLRW peptide binding to Tt (0.90 + 0.25

uM) as compared to that to BSA (2.614 0.38 uM) as reported by Signore [37].

53



Chapter 3

>
w0

w
S
@

— Tf@TBP-Ps-Dox
20- TBP-Ps-Dox

6.5 mol.%

)
=]
@

4.0 mol.%

100- 1.6 mol.%

Intensity (%)
Protein content (ug/mg)

1 T 1 O
1 10 100 1000 8.6% 17.2% 25.8%
Hydrodynamic Diameter (nm) TBP surface molar ratio

O

100+

50

Retained 1%
Radioactivity (%)

Figure 1. (A) Size and size distribution of TBP-Ps-Dox and Tf@TBP-Ps-Dox determined by DLS. (B)
Tf surface density corresponding to varying TBP density at TBP/Tf =1/1 (mol/mol) as a function of
TBP surface density. The numbers on top of the bars corresponding to the Tf surface density.
(C) The in vitro stability of Tf binding to TBP-Ps using '*°I labeled Tf when stored in PBS for
48 h, treated by either 50-fold excess Tf, human serum or mouse whole blood, as compared to

the original value.

3.2 T1R targeting and in vitro antitumor activity of Tf@TBP-Ps-Dox

Up-regulated TfR expresses on the surface of many cancerous cells like HCT-116 human
colorectal cancer cells, MDA-MB 231 breast cancer cells and U87 MG glioblastoma cells[ 11,
38, 47, 48]. It was reported that the expression of TfR on CRL-1831cells, a normal colon cell
line was significantly lower than HCT-116 cells and other cancer cells [38], and those of non-

neoplastic breast cells were 4 to 5-fold lower than malignant breast cells [49-51]. The TfR
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expression on HCT-116 cells were determined using CD71-PE antibody by flow cytometric
analysis, taking MDA-MB 231 cells as positive control. Figure S3 revealed that very high TfR
expression on HCT-116 and MDA-MB 231 cells. Here, we used HCT-116 cell as a model for
evaluating the in vitro and in vivo targeted delivery of Tf@ TBP-Ps-Dox. Flow cytometry results
indicated that Tf coating greatly enhanced the uptake of Ps-Dox, in which ca. 3-fold higher
uptake was observed for Tf@TBP-Ps-Dox with TBP densities of 17.2% and 25.8 mol.%
(Figure 2A). In comparison, Tf@TBP-Ps-Dox with 8.6% TBP only showed little improvement.
Davis et al. reported that there was threshold of ligand contents for efficient TfR active targeting,
and no significant difference in tumor accumulation was detected for gold nanoparticles with
low ligand densities as compared with non-targeting group[52]. Besides, our previous work on
Tf modified Ps-Dox revealed a saturation of cellular uptake once Tf surface density beyond
3.9%][53]. Moreover, the cellular uptake of Tf@ TBP-Ps-Dox was evidently inhibited by excess
free Tf due to the competitive inhibition effect (Figure 2B). Live cell imaging measurements
displayed that Tf@TBP-Ps-Dox with 17.2% TBP had faster and higher uptake (ca. 2.5-fold) by
HCT-116 cells as compared to Ps-Dox (Figure S4&SS5), supporting the active targeting eftect
of the Tf coating. CLSM images of HCT-116 cells following 2 h incubation with Tf@TBP-Ps-
Dox exhibited clearly more intensive Dox fluorescence than Ps-Dox (Figure 2C). The
homogenous distribution of Dox fluorescence inside the cells indicated the intracellular Dox

release.
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Figure 2. (A) Flow cytometry measurements of HCT-116 cells incubated 2 h with Tf@TBP-Ps-Dox
with variable TBP surface densities. Lipo-Dox and PBS were used as controls. (B) HCT-116 cell uptake
studies of Tf@TBP-Ps-Dox with or without 0.5 mM free Tf inhibition by flow cytometry. (C)

Intracellular Dox release from Tf@TBP-Ps-Dox and Ps-Dox observed by CLSM. Scale Bar: 25 um.

Of note, MTT assays on HCT-116 cells showed that blank Tf@TBP-Ps is non-toxic at 0.1
-1 mg/mL (Figure 3A), and the antitumor effect of Tf@TBP-Ps-Dox was strongly influenced
by TBP densities. Tf@TBP-Ps-Dox with TBP densities of 17.2% and 25.8% caused greatly

lowered cell viability than Tf@TBP-Ps-Dox with 8.6% TBP, Ps-Dox and Lipo-Dox (Figure
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3B), which agrees well with the cell uptake results (Figure 2A). The similar cytotoxic effect
observed for Tf@TBP-Ps-Dox with TBP densities of 17.2% and 25.8% indicated that further
increase in TBP surface density had no beneficial effect. Hence, Tfl@ TBP-Ps-Dox with 17.2%
TBP was selected for further investigations. If not specified, in the following context Tf@TBP-
Ps-Dox refers to the one with 17.2% TBP.

The half-maximal inhibitory concentrations of Tf@TBP-Ps-Dox, Ps-Dox and Lipo-Dox
were determined to be 1.4 = 1.08, 3.5 £ 1.13 and 6.4 + 1.09 pg Dox equiv./mL, respectively
(Figure 3C). In other words, Tf@TBP-Ps-Dox was ca. 2.5 and 4.5-fold more potent against
HCT-116 cells than Ps-Dox and Lipo-Dox, respectively. Of note, Tf-functionalized liposomes,
Tf-indocyane green assemblies, and Tf conjugated PLGA nanoparticles showed similar
enhancement in cellular uptake and cytotoxicity in HCT-8 colon cancer cells and U887 MG
cancer cells[11, 48, 54]. Live/dead assays showed clearly more apoptotic cells caused by
Tf@TBP-Ps-Dox than by Ps-Dox (Figure S6). In addition, the cytotoxicity of Tf@TBP-Ps-
Dox to HCT-116 cells was greatly reduced at co-incubation with free Tf (Figure 3D),
supporting that the uptake of Tf@TBP-Ps-Dox by HCT-116 cells is mediated by T{R. These
results confirm that Tf is stably coated on the surface of polymersomes and can effectively

enhance the uptake of polymersomes in TfR over-expressing cancer cells.
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Figure 3. (A) Cytotoxicity of blank Tf@TBP-Ps determined by MTT assays. (B) Viability of HCT-116
cells after 2 h treatment with Tf@TBP-Ps-Dox (2 pg Dox/mL) and 70 h incubation with fresh medium.
TBP densities varied from 8.6%, 17.2% to 25.8 mol.%. (C) Dependence of HCT-116 cell viability on
concentrations of Tf@TBP-Ps-Dox with 17.2% TBP. Ps-Dox and Lipo-Dox were used as controls. (D)
Competitive inhibition experiments performed on Tf@TBP-Ps-Dox in HCT-116 cells by MTT assays.
Data are presented as mean = SD (n = 5). Statistical analyses: one-way Anova Tukey multiple

comparisons tests (control: Lipo-Dox) and student t-test, *p< 0.05, **p < 0.01, ***p < 0.001.

3.3 The tumor accumulation and pharmacokinetics of Tf@TBP-Ps

To monitor the biodistribution of Tf@TBP-Ps in the subcutaneous HCT-116 colorectal
tumor model using near-infrared imaging (NIR), Cy5 labeled Tf@TBP-Ps and Ps were applied.
The in vivo imaging results showed fast and high accumulation of Tf@TBP-Ps in the tumor

(Figure 4A). The tumor exhibited the highest Cy5 fluorescence in the body and tumor Cy5
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fluorescence increased from 2 to 8 h after intravenous administration. In contrast, the non-
targeting Ps control exhibited much lower tumor accumulation, confirming the active HCT-116
tumor targeting of Tf@TBP-Ps. The ex vivo images of major organs and tumors at 24 h post-
injection collaborated with the enhanced tumor accumulation of Tf@TBP-Ps than TBP-Ps
(Figure 4B). Moreover, the biodistribution study showed that at 24 h Tf@TBP-Ps-Dox
accumulated in tumor of 8.5% ID/g which was 2-fold of that Ps-Dox (Figure 4C). Furthermore,
the in vivo pharmacokinetics following intravenous injection with 4 mg Dox/kg displayed that
both Tf@TBP-Ps-Dox and Ps-Dox had long circulation time. The elimination half-life and
AUC of Tfi@TBP-Ps-Dox were determined to be 9.5 h and 10 pg/mL-h, respectively, while
those of Ps-Dox were 8.9 h and 8.7 pg/mL-h, respectively (Figure 4B). The coating of TBP-
Ps-Dox with Tf will not lead to detrimental effect to its stability and circulation in vivo. It is
generally the case that protein corona forms on the surface of nanoparticles when in vivo
injected, and pegylation can reduce the protein nonspecific adsorption. In our formulation, Tf
stably bound on the PEG shell of TBP-Ps in the presence of human/mouse serum proteins
(Figure. 1C) may also shield the protein absorption during circulation preventing the clearance

by the MPS and increasing the targeting efficacy.
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Figure 4. (A) In vivo imaging of HCT-116 tumor-bearing mice after i.v. injection of Cy5-labeled

Tf@TBP-Ps and Ps. The orange circles indicate the tumor regions. (B) The ex vivo images of major
organs and tumor of mice at 24 h after injected with Cy5-labeled Tf@TBP-Ps and Ps. (C) The DOX
biodistribution in HCT-116 tumor-bearing mice at 24 h after iv injected with Tfi@TBP-Ps-Dox and Ps-
Dox (4 mg Dox/kg). (D) Pharmacokinetics of Tf@ TBP-Ps-Dox and Ps-Dox in healthy Balb/c mice (4

mg Dox/kg).

3.4 Targeted treatment of subcutaneous HCT-116 tumor

The antitumor efficacy of Tf@TBP-Ps-Dox was studied in subcutaneous HCT-116 tumor
model when tumor volume reached 50 mm?. Tf@TBP-Ps-Dox was intravenously injected every
4 days at 8 or 16 mg Dox/kg with a total of 4 injections. Ps-Dox (8 mg Dox/kg), Lipo-Dox (4
mg Dox/kg), and PBS were used as controls. Owing to its dose-limiting toxicity, Lipo-Dox was
given at 4 mg Dox/kg, which caused systematic toxicity including body weight loss, hand foot

syndrome and even death after repeated dosing[53]. Figure 5A shows that Tf@TBP-Ps-Dox
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instigated significantly more effective tumor inhibition at § mg Dox/kg than Ps-Dox, supporting
that Tf coating plays an important role in tumor treatment. Notably, tumor inhibition was further
enhanced at Tf@TBP-Ps-Dox to 16 mg Dox/kg. Lipo-Dox presented similar tumor inhibition
to Tf@TBP-Ps-Dox at 8 mg Dox/kg, which was possibly due to the fast internalization and/or
drug release upon cell membrane fusion of Lipo-Dox. However, the mice revealed hand-foot
syndrome (HFS) and significant weight loss during the treatment. In contrast, HFS and weight
loss did not occur for both Tf@TBP-Ps-Dox groups and Ps-Dox (Figure 5B), confirming the
low systemic toxicity of Tf@TBP-Ps-Dox. This collaborates well to the high maximum-
tolerated dose of Ps-Dox of over 100 mg Dox/kg[40]. Moreover, on day 20 the mice were
sacrificed, and the tumors of Tf@TBP-Ps-Dox group at 16 mg Dox/kg were the smallest among
all groups (Figure 5C). Notably, Tf@TBP-Ps-Dox revealed a tumor inhibition rate (TIR) of
respective 89% and 84% at 16 or 8 mg Dox/kg, which were significantly better than Ps-Dox
(TIR 66%) and Lipo-Dox (Figure 5D). Furthermore, H&E staining of tumor tissues exhibited
that the two Tf@TBP-Ps-Dox groups caused massive cell apoptosis: disappeared nuclei and
concurrent cell shrinkage showing very dense alkaline staining due to chromosome
compression. In comparison, the extent of apoptosis of Lipo-Dox was much lower and more
fragmented nuclei were found. Ps-Dox caused significantly less apoptosis (Figure SE). TUNEL
assays demonstrated that Tf@TBP-Ps-Dox and Lipo-Dox groups had much less cells and
produced more pronounced tumor cell apoptosis than Ps-Dox (Figure SE). No severe side
effects in major organs were found from the histological analysis after Tf@TBP-Ps-Dox

treatment (Figure 6).
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Figure 5. In vivo antitumor efficacy of Tf@TBP-Ps-Dox at 8 or 16 mg Dox/kg in HCT-116 tumor-
bearing nude mice (n = 5). Ps-Dox (8 mg Dox/kg), Lipo-Dox (4 mg Dox/kg) and PBS were used as
controls. The drug was given on day 0, 4, 8, and 12. (A) Tumor volume changes. (B) Body weight
changes. (C) Photographs of tumors collected on day 20. (D) Tumor inhibition rates of different groups
on day 20. (E) H&E and TUNEL assays of tumor tissues on day 20. Scale bars: 50 um. For A, B and D,
data are presented as mean £+ SD (n = 5) and one-way Anova and Tukey multiple comparisons tests was

applied, *p< 0.05, **p < 0.01.
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Figure 6. H&E stained heart, liver, spleen, lung and kidney tissues excised from tumor bearing mice

following 20 d treatment. Scale bars: 50 um.

4. Conclusion

We have demonstrated that disulfide-crosslinked polymersomes functionalized with a
transferrin-binding peptide (TBP-Ps) can selectively and stably bind transferrin and
subsequently mediate targeted Dox delivery to TfR over-expressing HCT-116 colorectal cancer
cells in vitro and in vivo, leading to enhanced tumor suppression and reduced off-target side
effects. To the best of our knowledge, this is the first report on the preparation of transferrin-
functionalized nanomedicines by selective binding of transferrin. This transferrin-binding
strategy is robust and has greatly simplified the production of transferrin-functionalized

nanomedicines. Of note, the present study has employed a xenografted HCT-116 colorectal
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cancer model. We will investigate the antitumor effect of TBP-Ps-Dox using allograft models,
i.e. via binding endogenous transferrin in the blood. This proof-of-concept study has shown that

Tf-binding peptide provides an appealing strategy in formulating Tf-targeted nanomedicines.
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Supplementary Data

Table S1. Characterization of PEG-P(TMC-DTC) and MAL-PEG-P(TMC-DTC) copolymers

M, [kg mol!]
Entry Copolymer Mw/M,”
Design Deter.?)
1 PEG-P(TMC-DTC) 5.0-(15.0-2.0) 5.0-14.8-1.9 1.10
2 MAL-PEG-P(TMC-DTC)  7.5-(15.0-2.0) 7.5-15.5-2.2 1.20

“Determined by 'H-NMR

®Determined by GPC
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Figure S1. (A) TBP to Tf molar ratio with varied TBP surface density as determined by BCA
assays. (B) Tf surface content after the inhibition of TBP-Ps with TBP surface density of 17.2
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Figure S3. The TfR expression on HCT-116 and MDA-MB 231 cell lines.
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Tf@TBP-Ps-Dox

Ps-Dox

Figure S4. Real-time cellular Dox uptake of Tfi@TBP-Ps-Dox and Ps-Dox by HCT-116 cells

in 20 mins as tracked by a live-cell imaging system every two mins. Scale bar: 25 um
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Figure S5. Quantify of Dox fluorescence signal up 120 mins by a live cell imaging system.

Figure S6. Live/dead assay of Ps-Dox and Tf@TBP-Ps-Dox. Scale bar: 50 um
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Chapter 4

Abstract

Brain metastases are a most disturbing situation for breast cancer patients as there is
basically no adequate treatment available. Any potential drug formulation has to be able to cross
the blood-brain barrier (BBB) and specific to metastatic brain tumors without causing
unacceptable adverse effects. Here, we developed transferrin-functionalized chimeric
polymersomes carrying siRNA against polo-like kinase 1 (Tf@TBP-CPs-siPLK1) for treating
brain metastatic MDA-MB 231 triple negative breast cancer (TNBC) xenografts in mice. To
facilitate the loading of siPLK1, CPs were designed with spermine in the watery core and
transferrin-binding peptide (TBP) at the surface, enabling attachment of transferrin after the
siRNA loading step and thereby circumventing interference of transferrin with siRNA loading.
Tf@TBP-CPs-siPLK1 encapsulating 3.8 wt.% siRNA had a mean size of about 50 nm and a
neutral zeta potential in phosphate buffer (PB). By virtue of the presence of transferrin,
Tf@TBP-CPs demonstrated greatly (ca. 5-fold) enhanced internalization in MDA-MB 231
cells and transcytosis in the endothelial (bEnd.3) monolayer model in vitro as well as markedly
improved accumulation in the orthotopically xenografted MDA-MB 231 tumor in the brain in
vivo compared with control CPs lacking transferrin, supporting that transferrin mediates
efficient BBB penetration and high specificity towards MDA-MB 231 cells. As a result,
Tf@TBP-CPs-siPLK1 effectively inhibited tumor progression and prolonged the lifespan of
the mice significantly. Selective transferrin coating appears to be a particularly facile strategy
to fabricate BBB-permeable and targeted vesicles for potent RNAI therapy of brain metastatic

breast cancer.

Keywords: Transferrin; polymersomes; brain metastases; RNAI; targeted delivery
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1. Introduction
Brain metastases when occurring in cancerous patients with e.g. lung tumor, breast tumor,
and melanoma is a most disturbing situation[1-3]. In breast cancer, human epidermal growth
factor receptor 2 (HER-2) positive and triple-negative breast cancer (TNBC) patients have
exhibited a particularly high risk to develop brain metastases[4, 5]. To date, there is basically
no treatment available for brain metastases because few drugs are capable of penetrating the
blood-brain barrier (BBB)[6]. One study with over 1400 women observed that the median
survival time of TNBC and HER2-positive patients with brain metastases is 12.8 months[7, 8].
In recent years, different approaches have been explored to improve the treatment of breast
cancer brain metastases[9, 10]. For example, focused ultrasound was applied to disrupt the BBB
and thereby to enhance the delivery of antibodies, antibody-drug conjugates, and
nanomedicines to brain metastases[11, 12]. Ligand mediated, BBB-permeable nanosystems
that employ low density lipoprotein receptor related protein 1 (LRP1) pathway alone or in
combination with receptor targeting antibody were investigated for improved treatment of brain
metastatic breast cancers[13-15]. Intravenously administered cell-penetrating peptide-
functionalized nanomedicines containing doxorubicin and intracranial delivery of plasmid
encoding trastuzumab were also reported to suppress the growth of brain metastases[16, 17].
Notably, most previous receptor-mediated transcytosis (RMT) systems deal with the use of
highly toxic drugs, which would most probably also cause serious adverse effects, given the
fact that a large part of the administered dose is distributed to other locations in the body than
the target.
Different from many chemotherapeutic anticancer drugs, small interfering RNA (siRNA)
with a specific target in cancer cells possesses usually low off-target toxicity[18]. A number of
siRNA drugs have been studied for treating distinct tumors[19, 20]. siRNA silencing Polo-like

kinase 1 (siPLK1), a highly conserved serine-threonine kinase that is overexpressed in diverse
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cancer types and correlated with poor prognosis[21], has shown to be able to suppress growth
of various tumors including lung and breast tumors in vivo[22-24]. The clinical application of
siRNA is, however, limited by in vivo delivery hurdles like poor tumor cell uptake, rapid
degradation by nucleases, and poor endosomal escape[19, 25]. Therefore, the development of
efficient delivery vehicles is a challenging task in siRNA applications[26, 27]. In case of brain
metastases, the vehicles need to carry siRNA across the BBB. Transferrin is one of the few
ligands that have been reported to be capable of penetrating the BBB via transferrin receptor
(TfR)-mediated transcytosis (RMT)[28-34]. TfR is also overexpressed by a range of malignant
tumor cells including those of glioblastoma and breast tumors[35-37]. Transferrin-drug
conjugates and transferrin-functionalized nanomedicines have been explored for glioblastoma
and breast tumor RNAI therapy[38, 39]. There are also reports on transferrin-directed siRNA
nanocaplet for targeted RNA interference and deep tumor penetration, which generally require
dedicated fabrication[40].

Here, we report on facile fabrication of BBB-permeable and targeted vesicles via selective
transferrin coating strategy for potent RNAIi therapy of brain metastatic breast cancer in vivo.
Transferrin-functionalized chimeric polymersomes carrying siPLK1 (Tf@TBP-CPs-siPLK1)
were simply obtained by treating siPLK1-loaded transferrin binding peptide exposing chimeric
polymersomes (TBP-CPs-siPLK1) with transferrin, thus circumventing interference of surface-
bound transferrin with siRNA loading (Scheme 1). TBP (sequence: CGGGHKYLRW) was
reported to specifically bind to transferrin[41]. We have previously shown that transferrin-
bound polymersomal doxorubicin hydrochloride prepared by TBP-exposing CPs exhibited
transferrin-induced enhanced cellular uptake and antitumor efficacy in a subcutaneous
colorectal cancer model[42]. Based on the literature, as cited above, it was hypothesized that
Tf@TBP-CPs-siPLK1 would not only cross BBB but also target to brain metastatic TfR-

overexpressed TNBC cells, resulting in potent and low toxic RNAi therapy for malignant breast
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tumor brain metastases.
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Scheme 1. Illustration of the fabrication of Tf functionalized polymersomal siPLK1 (Tf@TBP-CPs-

siPLK1) (A), and the targeted delivery of siPLK1 to brain metastases in vivo (B).

2. Experimental section
2.1 Preparation of Tf@TBP-CPs-siRNA

Poly(ethylene  glycol)-b-poly(trimethylene  carbonate-co-dithiolane  trimethylene
carbonate)-spermine (PEG-P(TMC-DTC)-sp, M» = 5.0-(15.0-2.0)-0.2 kg/mol) copolymer was
synthesized as previously reported[43]. TBP-PEG-P(TMC-DTC) was synthesized via Michael
addition between TBP and MAL-PEG-P(TMC-DTC)[42]. siRNA (siPLK1, siEGFP or
siScramble) loaded Tf@TBP-CPs were obtained via solvent exchange method. Typically, PEG-
P(TMC-DTC)-sp and TBP-PEG-P(TMC-DTC) at weight ratio of 80/20 were dissolved in
DMSO at 5 mg/mL. The polymer solution was then added into 900 uLL HEPES (5 mM, pH 6.8)
containing siRNA and incubated for 2 h without stirring and at 25 °C overnight in an incubator
at 100 rpm to allow the formation of TBP-CPs-siPLK1. TBP-CPs-siPLK1 was purified by
dialysis (MWCO 350 kDa) in PB (10 mM, pH 7.4) for 6 h. The siRNA loading efficiency was

quantified by NanoDrop 2000c spectrophotometer at 260 nm. Tf@TBP-CPs-siPLK1 was
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attained by adding Tf solution into TBP-CPs-siPLK1. Briefly, TBP-CPs-siPLK1 with TBP
surface density of 17.2% (2 mg/mL, 1 mL) was incubated with 2.7 uM Tf (TBP/Tf = 1/1,
mol/mol). BCA assays were used to determine the Tf surface densities. The size and zeta

potential of Tf@TBP-CPs-siPLK1 before and after Tf coating were tested.

2.2 Investigation of endocytotic pathway of Tf@TBP-CPs-siPLK1
MDA-MB 231 cells (2 x10° cells/well) were seeded in 6-well plates and cultured for 24 h
prior to adding Tf@TBP-CPs-siPLK1(Cy5) (1 pg siRNA/mL). To investigate the energy-

dependent process, cells were co-incubated with Tf@TBP-CPs-siPLK1(Cy5) at4 °C or in the
presence of NaN3 (10 mM) at 37 °C for 1 h. The cells were washed, harvested and re-

suspended in 500 puL PBS for flow cytometry analysis by BD FACS Calibur flow cytometer
(Becton Dickinson, USA) based on 10,000 gated events. The endocytic pathway was further
investigated by adding inhibitors including chlorpromazine (10 pg/mL), amiloride

hydrochloride (1 mg/mL) and B-CD (1 mg/mL) to incubate for 1 h at 37°C prior to addition of

Tf@TBP-CPs-siPLK1(Cy5). After 1 h, the cells were similarly treated immediately before flow

cytometry analysis. The cells treated with CPs-siPLK1(Cy5) at 37 °C were used as control.

2.3 Intracellular siPLK1 delivery and in vitro gene silencing
MDA-MB 231 cells were seeded in 6-well plates (5x10° cells/well) and cultured for 24 h.
CPs-siPLK1(Cy5) and Tf@TBP-CPs-siPLK1(Cy5) were added and incubated for 4 h (1 pg
siRNA /mL) and the cells were washed, harvested and re-suspended in 500 uL. PBS for flow
cytometry analyses. For each sample, 10,000 events were collected and MDA-MB 231 cells
without any treatment were used as control.
The cellular uptake and intracellular siPLK1(Cy3) delivery were monitored via confocal

laser scanning microscopy (CLSM) (Leica TCS SP5). Briefly, MDA-MB 231 cells were seeded
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on glass coverslips in 24-well plates (5x10* cells/well) and cultured for 24 h at 37°C. Tf@TBP-
CPs-siPLK1(Cy3) was added and incubated for 12 h at 37°C (siPLK1(Cy3): 5 pg/mL). The

cells were then washed and fixed with 4% paraformaldehyde for 15 mins. After fixation, the
nuclei were stained with DAPI (5 pg/mL) for 5 mins, washed, and finally examined with CLSM
using a 63-x oil immersion objective. CPs-siPLK1(Cy3) was used as control.

The gene silencing capacity of siRNA (siEGFP) loaded Tf@TBP-CPs in vitro was
investigated using MDA-MB 231-EGFP cells. In brief, the cells (5x10° cells/well) were
cultured in 96-well plates for 24 h, and 10 pL of Tf@TBP-CPs-siEGFP or CPs-siEGFP was
added (siRNA: 100 nM) and the cells without treatment were used as control (n = 3). After
incubation for 12 h, the culture medium was replaced with 90 pL fresh medium, and the cells
were further cultured for 36 h before the observation using fluorescence microscopy (Olympus
BX41). The gene silencing efficacy of Tf@TBP-CPs-siEGFP and CPs-siEGFP was calculated

by ImageJ in comparison to PBS treated group.

2.4 MTT assays of Tf@TBP-CPs-siPLK1

MDA-MB 231cells were seeded in 96-well plates (3x10* cells/well) and after 24 h 20 pL
of Tf@TBP-CPs-siPLK1 was added. Following 12 incubation, the medium was replaced with
fresh medium, and the cells were further cultured 36 h. Then MTT solution (5 mg/mL) was

added and incubated for 4 h at 37°C. After removal of the medium, 150 pLL. DMSO was added

to the cells. The absorbance at 492 nm was measured using a microplate reader (Multiskan FC),
and the cell viability was expressed as the percentages of the absorbance of the cells treated

with different formulations to that of PBS group (n = 5).

2.5 In vivo treatment of intracranial MDA-MB 231 metastases model

Mice were handled according to the protocols approved by Soochow University Laboratory
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Animal Center and the Animal Care and Use Committee of Soochow University. Intracranial
MDA-MB 231 brain metastases model was established using female Balb/c nude mice via
implantation of minced breast tumor tissue into the left stratum of the mice, and this day was
designated as day 0. On day 10, the mice were imaged and divided into 4 groups (7 =9) before
the intravenous injection of Tf@TBP-CPs-siPLK1, CPs-siPLK1, Tf@TBP-CPs-siScrambe (2
mg siRNA/kg) or PBS via tail veins on day 10, 12, 14, and 16. The tumor development was
tracked on day 13, 16 and 19 using an Lumina IVIS II in vivo imaging system. The mice were
weighed every two days and the weight was normalized to their initial values. The survival
curves of the mice were recorded. On day 20, one mouse of each group was sacrificed and
major organs and brain tumors were excised, and prepared for hematoxylin and eosin (H&E)

staining and observation with a digital microscope.

2.6 Statistical analyses
One-way analysis of variance (ANOVA) with Tukey multiple comparison test (Prism) was
used to determine the significance among groups. Statistical significance was established at

*p <0.05, **p <0.01 and ***p <0.001.

3. Results and discussion
3.1 Formation and characterization of Tf@TBP-CPs-siPLK1

Tf@TBP-CPs-siPLK 1 were obtained by co-assembly of PEG-P(TMC-DTC)-sp and TBP-
PEG-P(TMC-DTC) at a weight ratio of 80/20 in the presence of siPLK1, followed by binding
Tf with these preformed polymersomes (Scheme 1). The TBP density at the particle surface
was set at 17.2 mol.% because that density showed optimal Tf binding and targeting effect to
TfR-positive cancer cells earlier [42]. Table 1 shows that TBP-CPs-siPLK1 obtained at an

initial start amount of siPLK1 of 5 wt.% had an encapsulation efficiency of 85% and siPLK1
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loading content of 4.1 wt.%. Interestingly, TBP-CPs-siPLK exhibited a small mean size around
50 nm, narrow distribution with mean PDI of 0.10, and neutral zeta potential in the PB (pH 7.4).
The incubation of preformed TBP-CPs-siPLK1 was performed with 2.7 uM Tf, which
corresponded to a molar ratio of TBP/Tf = 1/1, yielded Tf@TBP-CPs-siPLK1 maintaining
similar size distribution, siPLK1 loading and zeta potential (Table 1). Figure 1A gives a
representative hydrodynamic size distribution of Tf@TBP-CPs-siPLK1 as determined by DLS.
The little influence of Tf binding on the degree of siPLK1 loading corroborates that siPLK1 is
encapsulated in the core of polymersomes. Previously we showed that the chimeric
polymersomes based on PEG-P(TMC-DTC)-sp efficiently encapsulated protein drugs in the
aqueous core and mediated efficient protein delivery in vitro and in vivo[44]. To assess the Tf
coating stability on the TBP-CPs, Tf was labeled with radioactive '*’I and coated on freshly
prepared TBP-Ps. The gamma counter results displayed that over 85% '?°I-Tf was kept on the
surface of TBP-CPs after storage in PBS for 48 h, in the presence of 50-fold excess Tf, mouse
whole blood or human serum, indicating that Tf is tightly bound and will not easily be
exchanged by excessive Tf or other proteins in the blood[42]. The non-targeted CPs-siPLK1

were formulated with similar siRNA loading, size distribution, and zeta potential (Table 1).

Table 1. Characterization of CPs-siPLK1, TBP-CPs-siPLK1 and Tf@TBP-CPs-siPLK 1

Size DLC DLE C
Entry Formulation (nm)? PDI? (Wt.%)° (%)°  (mV)°
1 CPs-siPLK1 5243 0.12 4.0 83 +0.1
2 TBP-CPs-siPLK1 50+ 1 0.10 4.1 85 +0.4
3 Tf@TBP-CPs-siPLK1 53+£3 0.14 3.8 80 +0.2

2 Determined by dynamic light scattering (DLS) in 5 mM PB (pH 7.4)
®Determined by Nanodrop 2000c UV-Vis spectrophotometer at 260 nm
¢ Determined by a zeta potential analyzer in 5 mM PB (pH 7.4)
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3.2 T1R targeting and endocytosis pathways

The targetability and uptake of Tfi@TBP-CPs-siPLK1 in MDA-MB 231 breast tumor cells
was investigated using Cy5-labeled siPLK1 (siPLK1(Cy5)) as a model by flow cytometry. The
results displayed that the presence of Tf on the surface of the CPs enhanced their cellular
association, which was about 3-fold better than non-targeted CPs-siPLK1(Cy5) (Figure 1B).
The internalization of Tf@TBP-CPs-siPLK1(Cy5) by the cells was greatly repressed at 4 °C or
in the presence of the ATP inhibitor sodium azide (Figure 1C), indicating that Tf@TBP-CPs-
siPLK1(Cy5) is internalized by MDA-MB 231 cells via energy-dependent endocytosis process.
The internalization pathway of Tf@TBP-CPs-siPLK 1(Cy5) was further investigated by treating
MDA-MB 231 cells with various endocytic inhibitors such as amiloride hydrochloride,
chlorpromazine (CPZ), or methyl-B-cyclodextrins (MBCD). Figure 1D displays that the
internalization of Tf@TBP-CPs-siPLK1(Cy5) was markedly obstructed by treatment of CPZ,
amiloride hydrochloride, and MBCD, indicating that the cellular internalization of Tf@TBP-
CPs-siPLK1(Cy5) is mediated not only by clatherin/dynamin but also by caveolae-mediated
and macropinocytosis pathways. This result is interesting and different from a previous report

that clathrin/dynamin-mediated endocytosis dominates Tf/TfR complex internalization[45].
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Figure 1. (A) The size distribution of Tf@TBP-CPs-siPLK1 determined by DLS. (B) The association
of Tf@TBP-CPs-siPLK1(Cy5) and CPs-siPLK1(CyS5) following 4 h incubation with MDA-MB 231
cells as determined by flow cytometry. (C) The relative cellular uptake of Tf@TBP-CPs-siPLK1(Cy5)
in the presence of ATP inhibitor or at 4 °C. (D) The relative cellular uptake of CPs-siPLK1(Cy5) and

Tf@TBP-CPs-siPLK1(Cy5) in the presence of various internalization inhibitors.

3.3 In vitro BBB permeation

The bEnd.3 (immortalized mouse brain endothelial cell line) monolayers and MDA-MB
231 cells were co-cultured to study BBB passage and subsequent breast cancer cell targeting of
Cy5-labeled Tf@TBP-CPs. T{R has been reported to highly express on bEnd.3 endothelial cells
and on MDA-MB 231 cells [46, 47]. As shown in Figure 2A, the bEnd.3 was seeded as

monolayer on the bottom of the upper chamber (TEER over 200 Q cm?) to simulate the BBB,

and MDA-MB 231 cells were seeded as monolayer on the bottom of the lower chamber. The in
vitro BBB monolayers were complete after 2 days culturing of bEnd.3 cells and remained intact
until the end of the experiment as confirmed by TEER value. The results showed 5-fold
enhanced association of Tf@TBP-CPs(Cy5) with MDA-MB 231 cells compared with non-
targeted CPs(Cy5) (Figure 2B), signifying that Tf@TBP-CPs(Cy5) mediate more effective
BBB transcytosis and contact with MDA-MB 231 cells. We further carried out the efflux ratio
assays for Tf@TBP-CPs(Cy5) to eradicate the non-specific paracellular permeability of the
monolayer (Figure 2C). The results revealed that CPs(Cy5) had efflux ratios close to 1.4 in 24
h whereas the efflux ratio of Tf@TBP-CPs(Cy5) increased to 6.2 (Figure 2C). The angiopep-
2 decorated polymersomes were found an efflux ratio of 2.5 after 24 h incubation [48]. These
results confirmed that Tf bounded chimeric polymersomes revealed excellent and selective

BBB permeability.
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Figure 2. (A) Schematic illustration of bEnd.3 monolayer seeded in the upper chamber and MDA-MB
231 cell monolayer in the lower chamber. (B) The uptake of CPs (Cy5) and Tf@TBP-CPs (CyS5) in
MDA-MB 231 cells in the lower chamber measured using flow cytometry. (C) Schematic illustration of

efflux ratio assays. (D) The efflux ratios of CPs (Cy5) and Tf@TBP-CPs (Cy5) over time.

3.4 TfR-mediated siRNA delivery and gene silencing in vitro

The targetability and intracellular siRNA delivery capability of Tf@TBP-CPs and control
CPs were studied by CSLM using siPLK1(Cy3) as a model siRNA in MDA-MB 231 cells by
CLSM. The CLSM images of cells after 12 h incubation revealed much stronger intracellular
Cy3 fluorescence for Tf@TBP-CPs-siPLK1(Cy3) compared with CPs-siPLK1(Cy3) (Figure
3A). The in vitro gene silencing experiments performed using siRNA against EGFP (siEGFP)
in MDA-MB 231-EGFP cells displayed that the EGFP expression was markedly inhibited by
Tf@TBP-CPs-siEGFP while CPs-siEGFP caused little inhibition of EGFP expression (Figure
3B). Quantitative fluorescence analysis indicated a strong ligand-mediated gene silencing.
Tf@TBP-CPs-siEGFP revealed about 75% fluorescence reduction at 100 nM, in comparison

to about 25% for the control CPs-siEGFP (Figure 3C).
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Figure 3. (A) Intracellular siPLK1(Cy3) release from Tf@TBP-CPs-siPLK1(Cy3) and CPs-
siPLK1(Cy3) observed by CLSM after 12 h incubation. Scale Bar: 25 pm. (B) In vitro silencing of EGFP
expression in MDA-MB 231-EGFP cells with siEGFP-loaded CPs or Tf@TBP-CPs (Dosage: 100 nM).
The cells incubated for 12 h with siEGFP-loaded CPs or Tf@TBP-CPs were thereafter cultured for
another 36 h. Scale Bar: 25 pm. (C) Semi-quantitative fluorescence analysis by software Image J after
siEGFP treatment. (D) Viability of MDA-MB 231 cells after treating with siScramble-loaded CPs or
siScramble-loaded Tf@TBP-CPs. (E) Viability of MDA-MB 231 cells after treating with 50, 100 or 200

nM CPs-siPLK1 or Tf@TBP-CPs-siPLK1.

The MTT assays were utilized to evaluate the cytotoxicity of Tf@TBP-CPs-siPLK1 and
Tf@TBP-CPs-siScramble towards EGFP-overexpressing MDA-MB 231 cells. As anticipated,

no obvious cytotoxicity was found for both CPs-siScramble and Tf@TBP-CPs-siScramble
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(Figure 3D). However, in case of Tf@TBP-CPs-siPLK1, significantly higher cell death was
observed at 100 nM compared with CPs-siPLK1 (Figure 3E), confirming the targeted silencing

effect of Tf@TBP-CPs-siPLK1.

3.5 In vivo pharmacokinetics and brain metastases targeting

The accumulation of Tf@TBP-CPs-siPLK 1(Cy5) in an intracranial MDA-MB 23 1-Luc brain
metastases model was tracked using in vivo NIR imaging system. Notably, CyS5 fluorescence
was observed at the intracranial breast tumor at 2h post-injection of Tf@TBP-CPs-
siPLK1(Cy5) and kept strong at 8 h post-injection (Figure 4A). Only weak Cy5 fluorescence
was detected in the tumor for CPs-siPLK1(Cy5) throughout the entire 8 h period. The ex-vivo
imaging verified much higher Cy5 fluorescence intensity in intracranial breast tumor for
Tf@TBP-CPs-siPLK1(Cy5) than for the non-targeted counterpart (Figure 4B, tissue number
6), supporting that Tf@TBP-CPs-siPLK1(Cy5) selectively accumulates in the tumor lesion.
The accumulation of CPs-siPLK1(Cy5) in brain metastases was ascribed to the EPR effect,
which was reported to increases along with the progression of tumor [49]. Moreover, Tf@TBP-
CPs-siPLK1(Cy5) gave less spleen and kidney accumulation than CPs-siPLK1(CyS5), which is

possibly related to Tf coating that not only reduces protein corona formation but also prevents

siRNA leakage.
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Figure 4. (A) NIR images of the mice bearing intracranial MDA-MB 231 tumor brain metastases at
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varying time intervals, and (B) the ex vivo imaging of excised major organs and tumors at 8 h after

injection of Tf@TBP-CPs-siPLK1(Cy5) or CPs-siPLK1(Cy5).

3.6 Treatment of intracranial MDA-MB 231-Luc tumor

The anti-brain metastases activity of Tf@TBP-CPs-siPLK1 was examined using an
intracranial MDA-MB 231-Luc tumor xenografts at 2 mg siPLKl/kg. The in vivo
bioluminescence images indicated that Tf@TBP-CPs-siPLK1 significantly retarded the tumor
progression compared with the non-targeted CPs-siPLK1 and Tf@TBP-CPs-sicramble groups
(Figure 5A). At day 20, one mouse was sacrificed from each group and the tumor was stained
with Evans blue. The photos of stained tumors corroborated effective tumor inhibition by
Tf@TBP-CPs-siPLK1 (Figure 5B). On the contrary, tumor invaded into the whole brain for
the control Tf@TBP-CPs-siScramble and PBS treatments. Figure SC shows clearly that the
tumor bioluminescence in the Tf@TBP-CPs-siPLK1 treatment group was significantly weaker
than that in CPs-siPLK1, Tf@TBP-CPs-siScramble and PBS groups. In accordance, the body
weight of mice after PBS or Tf@TBP-CPs-siScramble treatment dropped rapidly owing to
massive tumor invasion and brain disorder. No body weight loss was observed for the Tf@TBP-
CPs-siPLK1 treated group, suggesting that effective treatment with Tf@TBP-CPs-siPLK1
leading to retardation of tumor invasion can be realized without inducing unacceptable side

effects (Figure 5D).
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Figure 5. In vivo anti-brain metastases efficacy of Tf@TBP-CPs-siPLK1 (dosage: 2 mg/kg) in
intracranial MDA-MB 231 breast cancer bearing mice (n=8). (A) Bioluminescence images of mice on
day 10, 13, 16 and 19. (B) The photograph of excised brain with Evans Blue staining. (C) Semi-
quantitative analysis of mean bioluminescence intensity of MDA-MB 231-Luc in the brain. (D) Body
weight changes of mice within 20 days. (E) Survival curves. Kaplan-Meier analysis: Tf@TBP-CPs-
siPLK1 vs PBS, CPs-siPLK1, or Tf@TBP-CPs-siScrmbale: ***p <0.001; CPs-siPLK1 vs PBS: *p

<0.05. (F) The whole brain scan using H&E staining (Scar bars: 50 um).

Kaplan-Meier survival curves disclosed that Tf@TBP-CPs-siPLK1 considerably
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prolonged the median survival time of the mice compared with CPs-siPLK1, Tf@TBP-CPs-
siScramble and PBS (33 versus 26, 24 and 23 days, respectively) (Figure 5E). The H&E
staining of the brains confirmed that the animals in the Tf@ TBP-CPs-siPLK1 treatment group
showed the smallest brain tumor area among all groups (Figure 5F). Furthermore, no noticeable
tissue damage was observed in the H&E staining images of heart, liver, spleen, lung and kidney,
signifying the good safety of Tf@TBP-CPs-siPLK1 (Figure S1). The above data strongly
suggest that Tf@TBP-CPs-siPLK1 is capable of penetrating the BBB and brings about efficient

and targeted gene therapy of breast tumor brain metastases in vivo.

4 Conclusion

Transferrin-functionalized polymersomal siPLK1 (Tf@TBP-CPs-siPLK1) has been
developed to pass the BBB and elicit specific gene silencing in breast cancer brain metastatic
cells, yielding effective inhibition of tumor growth and significant improvement of survival
time. Moreover, Tf@TBP-CPs-siPLK 1 shows no apparent systemic toxicity, as reflected by the
absence of body weight loss during the treatment period and histological analysis. The surface-
bound transferrin facilitates BBB transcytosis and subsequently specifically directs
polymersomal siPLK1 to intracranial MDA-MB 231 breast tumor cells. This transferrin binding
strategy is robust and is based on novel and facile production of transferrin-targeted siRNA
nanoformulations via the use of preformed TBP-exposing CPs, avoiding sophisticated chemical
procedures to couple Tf and additionally the risk of Tf interfering with siRNA encapsulation.
This selective transferrin coating appears to be a particularly facile strategy to fabricate BBB-

permeable and targeted vesicles for potent RNAi therapy of breast cancer brain metastases.
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MDA-MB 231-Luc bearing nude mice following 19 d treatment. Scale bars: 50 pum.
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Abstract
The clinical use of protein therapeutics with intracellular targets is hampered by its in

vivo fragility and low cell permeability. Here, we report that cell-selective penetrating and
reduction-responsive polymersomes (CPRPs) mediate high-efficiency targeted delivery of
granzyme B (GrB) to orthotopic human lung tumor in vivo. Model protein studies using FITC
labeled cytochrome C (FITC-CC) revealed efficient and high protein loading up to 17.2 wt.%
for CPRPs. FITC-CC-loaded CPRPs exhibited a small size of 82-90 nm, reduction-responsive
protein release, as well as greatly enhanced internalization and cytoplasmic protein release in
A549 lung cancer cells compared with the non-targeted FITC-CC-loaded RPs control. GrB-
loaded CPRPs showed a high potency toward A549 lung cancer cells with a half maximal
inhibitory concentration (IC50) of 20.7 nM. Under the same condition, free GrB was essentially
non-toxic. Importantly, installing cell-selective penetrating peptide did not alter the circulation
time but did enhance tumor accumulation of RPs. Orthotopic A549-Luc lung tumor-bearing
nude mice administered with GrB-loaded CPRPs at a dosage of 2.88 nmol GrB equiv./kg
showed complete tumor growth inhibition with little body weight loss throughout the treatment
period, resulting in significantly improved survival rate over the non-targeted and non-treated
controls. These cell-selective penetrating and reduction-responsive polymersomes provide a

targeted protein therapy for cancers.

Keywords: Cell penetrating peptide; polymersomes; reduction-sensitive; lung cancer; protein

delivery
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1. Introduction

Proteins have emerged as advanced therapeutics for cancer therapy [1-5]. As compared to
cytotoxic chemical drugs, proteins display usually better specificity. The clinical use of protein
therapeutics with intracellular targets [6, 7] is, however, hampered by its in vivo fragility and
low cell permeability [8-11]. Cell-penetrating peptides (CPPs) such as transactivator of
transcription (TAT) have shown to efficiently chaperone functional proteins into various
mammal cells [12-14]. Despite a high in vitro efficacy, protein-CPP conjugates reveal a poor
protein delivery in vivo because cationic CPPs potentiate non-specific interactions and have
low cell selectivity. Moreover, the conjugation of CPP to proteins demands dedicated synthesis
and would possibly reduce protein bioactivity.

In the past decade, nanosystems such as polyion complexed micelles [15, 16], nanogels
[17-21], nanocapsules [22-24] and polymersomes [25-27] have been exploited to deliver
proteins intracellularly. In particular, polymersomes with large aqueous interiors are interesting
for physical encapsulation and systemic delivery of proteins [28-32]. Notably, the membrane
of polymersomes not only serves to protect cargos from leakage and degradation but also can
be explicitly engineered with stimuli-sensitivity to tailor the site and rate of drug release [33-
36]. The polymersome surfaces can further be installed with cell-selective ligands like peptides
[37], lactoferrin [38], galactose [39] or antibodies [40] to enhance specific cell internalization
[41-45]. It should be noted, however, that inefficient intracellular trafficking especially
endosomal entrapment is a limiting step for protein delivery nanosystems [46, 47]. Interestingly,
Matsushita et al. developed tumor-selective CPP denoted as CPP33 (sequence:
RLWMRWYSPRTRAYG) that was reported to selectively penetrate A549 lung cancer
cells[48]. We and He’s group demonstrated that functionalization of polymersomes and
nanoparticles, respectively, with CPP33 peptide significantly improved chemotherapy for A549

lung tumor-bearing mice [49, 50]. Lung cancer is a malignancy with high mortality and

99



Chapter 5

morbidity [51, 52]. Despite significant improvement achieved in the past years, chemotherapy
for lung cancer patients remains to be associated with notable adverse effects and drug
resistance [53, 54].

Here, we investigated cell-selective penetrating and reduction-responsive polymersomes
(CPRPs) for targeted delivery of granzyme B (GrB), a natural and potent apoptotic protein
secreted by cytotoxic T cells and NK cells, to orthotopic human lung tumor xenografts (Scheme
1). Unlike chemotherapeutics, free GrB is practically non-cytotoxic to cells [39, 55]. However,
upon releasing into cancer cells, it induces superior inhibitory effects with a low 1C50 in the
range of 1.6 nM to 500 nM depending on the intracellular delivery tools [29, 30, 39, 56, 57].
We reported previously that cNGQ peptide (sequence: cNGQGEQc, specific to as By integrin)
functionalized, reversibly-crosslinked chimaeric polymersomes based on poly(ethylene
glycol)-b-poly(trimethylene carbonate-co-dithiolane trimethylene carbonate)-b
polyethylenimine (PEG-P(TMC-DTC)-PEI) mediated efficient systemic delivery of siRNA
[58]. Remarkably, our results show that GrB-loaded CPRPs (2.88 nmol GrB equiv./kg) induce
complete growth inhibition of orthotopic A549-Luc human lung tumor xenografts in nude mice
with little side effects throughout the treatment period, significantly improving mice survival
rate. CPP33 peptide-guided and reversibly crosslinked polymersomes provide a targeted protein
therapy for lung cancers. CPRPs have many unique advantages over previously reported protein
delivery nanosystems including easy fabrication, high protein encapsulation, small size, high

specificity towards lung cancer cells, and fast cytoplasmic protein release.
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Scheme 1. Schematic of cell-selective penetrating and reduction-responsive polymersomes (CPRPs)
for targeted delivery of GrB to orthotopic A549-Luc lung tumor xenograft in nude mice. GrB is
efficiently loaded into the lumen of CPRPs which are made from CPP33-PEG-P(TMC-
DTC) and PEG-P(TMC-DTC)-PEI. GrB-loaded CPRPs are stable in circulation and selectively home
to A549 lung tumor. CPP33 peptide mediates efficient penetration of GrB-loaded CPRPs to A549 lung
cancer cells. In the cytoplasm, GrB is quickly released as a result of reduction-triggered de-crosslinking

of CPRPs.
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2. Experimental section
2.1 Preparation of protein-loaded CPRPs

Cytochrome C was labeled with FITC (FITC-CC) to visualize protein inside the cells, as
reported previously [30]. Protein (FITC-CC or GrB)-loaded CPRPs were prepared via self-
assembly process by adding 50 uL of CPP33-PEG-P(TMC-DTC) and PEG-P(TMC-DTC)-PEI
at predetermined molar ratios in DMSO (10 mg/mL) into 950 uL HEPES buffer (pH 6.8, 5 mM)
containing different proteins under stirring. After standing still for 20 min and incubating for 6
h in a shaking bath (200 rpm, 370C), the polymersomes were extensively dialysized (MWCO
300 KDa) 24 h against phosphate buffer (PB, pH 7.4, 5 mM). Using FITC-CC as a model
protein, the protein loading content (PLC) and protein loading efficiency (PLE) were
determined with UV-vis (492 nm). The in vitro release of proteins was described in the

supporting information.

2.2 MTT assays of GrB-CPRPs

A549 cells were plated in a 96-well plate (5x103 cells/well) and cultured for 24 h using

RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine,

antibiotics penicillin (100 1U/mL) and streptomycin (100 ug/mL). For determination of the

effect of CPP33 contents, GrB-CPRPs with CPP33 molar ratio of 9.1%, 18.5% and 28.0% (GrB

concentration = 5 ug/mL) in 20 uL PB buffer were added. The cells were incubated in an

atmosphere containing 5% CO at 37 C for 4 h. Then cell culture media were replaced with fresh

media and the cells were incubated for 68 h. Then, 10 uL of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl-tetrazoliumbromide (MTT) solution in PBS (5.0 mg/mL) was added. MTT assays
were performed as described in our previous report [30].

Similarly, for determination of half-maximal inhibitory concentration (IC50), GrB-CPRPs
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(CPP33 molar ratio of 18.5%), GrB-RPs and free GrB (GrB concentrations varying from 0.0038
to 45.6 nM) in 20 puL PBS were added to A549 cells.
To determine the cytotoxicity of empty polymersomes, A549 cells were incubated with

CPRPs or RPs (final polymersome concentration = 0.1, 0.3 or 0.5 mg/mL) at 37 °C for 48 h.

2.3 Cellular uptake and Intracellular Release of FITC-CC

A549 cells were cultured on microscopic coverslips in 24-well plates (5.0x 104 cells/well),

and incubated with FITC-CC-CPRPs, FITC-CC-RPs, or free FITC-CC (FITC-CC dosage: 3.85

uM, FITC: 7.20 nmol equiv./mL) in 100 uL PB at 37 oC for 12 h. The culture medium was

removed and the cells on coverslips were washed with PBS (x3), fixed with 4% formaldehyde
for 15 min and washed with PBS (x3). The cell nuclei were stained with 4-6-diamidino-2-
phenylindole (DAPI) for 10 min followed by PBS washing (x3). Fluorescence images of cells
were obtained using confocal laser scanning microscope (CLSM, TCS SP5).

To investigate the cell entry and endosomal escape, A549 cells cultured on coverslips in

24-well plates were incubated with FITC-CC-CPRPs (FITC-CC dosage: 3.85 uM, FITC: 7.20

nmol equiv./mL) for 0.5, 1 or 2 h. Then the cells on microscope coverslips were treated with

lysotracker-red (100 uL, 150 nM) for 50 min to stain the endosomes, followed by fixation (4%

formaldehyde, 15 min), DAPI staining and CLSM observation. The cells were washed with
PBS (x3) between each step.

To quantify the cellular uptake, A549 cells in a 6-well plate (1 x 106 cells/well) after

incubation with FITC-CC-CPRPs, FITC-CC-PS or free FITC-CC in 0.2 mL PBS (FITC-CC

dosage: 3.85 uM, FITC: 7.20 nmol equiv./mL) at 37 °C for 2 h. PBS treated cells were taken

as a blank. The cells were digested by 0.25 w/v% trypsin/0.03 w/v% EDTA, as reported earlier
[30], by immediately recording the fluorescence histograms with a BD FACS Calibur flow
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cytometer and analysis using Cell Quest. 10,000 Gated events were analyzed to generate each

histogram and the gate was arbitrarily set for the detection of FITC fluorescence.

2.4 Blood circulation of CPRPs-Cy5 in mice

All animal experiments were approved by the Animal Care and Use Committee of
Soochow University (P.R. China), and all protocols of animal studies conformed to the Guide
for the Care and Use of Laboratory Animals.

For pharmacokinetic studies, CPRPs-Cy5 or PS-Cy5 (0.25 mg Cy5 equiv./kg) in 200 uL
PB was intravenously injected into Balb/c mice (18-22 g) via the tail vein (n = 3). At prescribed
time points post injection, ca. ~30 uL of blood was withdrawn from the orbit of mice. The blood
samples upon withdrawing were immediately dissolved in 0.1 mL of Triton X-100 with brief
sonification. Drug was extracted by incubating blood samples in 0.6 mL of extraction solution

(DMSO containing 20 mM DTT) in a shaking bath (37°C, 200 rpm) overnight followed by

centrifugation (14.8 krpm, 30 min). The Cy5 fluorescence intensity of the supernatant was
determined using a fluorometer. Cy5 levels were expressed as injected dose per gram of blood
(% ID/g). The blood circulation curves were obtained and the half-lives of two phases (ti2, a
and ti», B) were determined by fitting the experimental data using Software Origin 8
exponential decay 2 model: y = Arxexp(-x/tr) + Axxexp(-x/t2) + yo, taking ti2, a = 0.693 t1

and tiz, B = 0.693 t.

2.5 The in vivo imaging of CPRPs-Cy5

The mice bearing orthotopic A549-luc lung tumors were established as described in our
early report [58]. Briefly, 0.1 mL of A549-Luc cell suspension (1x10’ cells) was injected into
the left lung parenchyma of nude mice (18-22 g). The bioluminescence of mouse lung and

tumor volume was monitored using imaging system in live animals. After 2 weeks when tumors
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reached 1.0 <107 p/s/cm?/sr, the tumor-bearing mice were randomly grouped and intravenously
injected with Cy5-labeled polymersomes (CPRPs-Cy5 or CPs-Cy5) in 0.2 mL PB (pH 7.4, 5
mM) via the tail veins (0.25 mg Cy5 equiv./kg). The mice were scanned at 2, 4, 8, 12 and 24 h

post-injection using IVIS II fluorescence imaging system.

2.6 In vivo antitumor efficacy of GrB-CPRPs

The mice bearing orthotopic A549-luc lung tumors (1.0 x 107p/s/cm?/sr) were weighed
and randomly divided into four groups (n = 6), and this day was designated as day 0. GrB-
CPRPs and GrB-RPs (75 pug GrB equiv./kg) were injected via tail vein every 4 days. CPRPs
and PBS were used as controls. The treatment efficacy of mice was evaluated by monitoring
tumor bioluminescence intensity. The relative body weight of the mice was normalized to their
initial weight. On day 20, one mouse of each group was sacrificed by cervical vertebra
dislocation. The heart, liver, spleen, lung and kidney were excised, fixed with 10% formalin
and embedded in paraffin. The sliced organ tissues (thickness: 4 um) mounted on the glass
slides were stained by hematoxylin and eosin (H&E) and observed by a Leica digital
microscope (Olympus BX41) at magnification (400x).

The Kaplan-Meier survival curve was determined within 60 days (n = 5). Mice in each
cohort were considered to be dead either when the mice died during treatment or when the body

weight decreased by 15% compared with initial value.

2.7 Statistical Analysis

Data were expressed as mean *SD. Differences between groups were assessed by one-way
ANOVA with Tukey multiple comparison tests. Kaplan-Meier survival curves were analyzed
by one-way ANOVA with a log-rank test for comparisons using GraphPad Prism 7. *p<0.05

was considered significant, and **p <0.01, ***p <0.001 were considered highly significant.
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3. Results and discussion
3.1 Preparation and characterization of protein-loaded CPRPs

Cell-selective penetrating and reduction-responsive polymersomes (CPRPs) were
fabricated from co-self-assembly of CPP33-PEG-P(TMC-DTC) and PEG-P(TMC-DTC)-PEI
copolymers (Table S1). Notably, proteins were conveniently loaded into the lumen of CPRPs
by adding copolymer solution in DMSO into a protein-containing HEPES buffer (pH 6.8, 5
mM). Model protein studies using FITC-labeled cytochrome C (FITC-CC) and CPRPs with
CPP33 peptide surface density of 18.5 mol.% revealed that protein loading efficiency (PLE)
was 95.1% at theoretical protein loading contents (PLC) of 1-5 wt.% (Table 1). Even at a
theoretical PLC of 20 wt.%, a high PLE of 83.2%, which corresponded to a PLC of 17.2 wt.%,
was obtained. This high-efficacy protein loading is most probably owing to electrostatic
interactions and hydrogen bonding of proteins with PEI in the lumen, as previously reported
for different chimaeric polymersomes [49, 58]. FITC-CC-loaded CPRPs (FITC-CC-CPRPs)
exhibited slightly increased size from 82 to 90 nm with increase in PLC from 1.0 wt.% to 17.2
wt.% (Table 1). The non-targeted control, reduction-responsive polymersomes (RPs), revealed
similar loading of FITC-CC. The size of FITC-CC-loaded RPs (FITC-CC-RPs) was somewhat
smaller than that of FITC-CC-CPRPs, ranging from 67 to 78 nm with increase in PLC from 1.0
wt.% to 17.8 wt.% (Table 1). Notably, all FITC-CC-CPRPs displayed slightly positive surface
charges (+1.9 ~ +3.5 mV), which were similar to FITC-CC-RPs, suggesting that decorating
RPs with CPP33 peptide has little influence on their surface properties. Minimal positive
surface charge is an important prerequisite for long circulation and cell selectivity [59]. In a
similar way, GrB-loaded CPRPs (GrB-CPRPs) were fabricated at a low theoretical PLC of 1.8
wt.%, given its high potency. Figure 1A shows that GrB-CPRPs had a good distribution and a
hydrodynamic size of 88 nm. GrB-loaded RPs (GrB-RPs, non-targeted control) displayed a

smaller size of 75 nm. As for FITC-CC-CPRPs, GrB-CPRPs also had a close to neutral surface
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charges (Table 2). The similar biophysical properties (size, distribution and surface charge)
observed for protein-loaded and blank polymersomes, indicating that loading of proteins has
little influence on their structure. TEM micrograph confirmed that FITC-CC-CPRPs retained a

vesicular structure (Figure S1).

Table 1. Characteristics of FITC-CC-CPRPsa and FITC-CC-RPs.

PLC (wt%)
Polymersomes PLE® (%) Sizes (nm) PDIc  #(mV)
Theory Deter®
0 - - 80 017 +1.9
1 1.0 ~100 82 0.17 +35
2 2.0 99.1 83 0.15 +3.4
FITC-CC-CPRPs
5 4.8 95.1 85 019 +1.9
10 8.8 86.4 87 0.18 +2.1
20 17.2 83.2 90 021 +23
0 - - 65 0.16 +1.8
1 1.0 ~100 67 019 +24
2 2.0 98.5 70 0.18 +1.9
FITC-CC-RPs
5 4.8 94.5 72 019 +25
10 9.1 90.0 74 0.13 +2.2
20 17.8 86.4 78 020 +2.3

a CPP33 molar content: 18.5%; ® Determined by UV-vis; ¢ Determined by DLS in PB (pH 7.4, 5 mM);

d Determined by electrophoresis in PB (pH 7.4, 5 mM).

Using FITC-CC as a model protein, in vitro release studies demonstrated that protein
release from CPRPs was less than 13% in PBS within 24 h while ca. 88% FITC-CC was
released in 24 h under conditions containing 10 mM dithiothreitol (DTT) (Figure 1B). FITC-

CC RPs exhibited an identical protein release profile. Circular dichroism (CD) measurements
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revealed that CC released from CC-CPRPs had the same spectrum to native CC (Figure 1C),
indicating that proteins well preserved their secondary structure. We further evaluated the
proteolytic activity of GrB released from GrB-CPRPs using a fluorescent Ac-IETD-AFC as a
substrate. Figure 1D shows that released GrB, similar to native GrB, efficiently cleaved the
substrates resulting in complete fluorescence shift from 440 nm (Ac-IETD-AFC) to 490 nm

(AFC). These results support that proteins encapsulated in CPRPs maintain their structure and

bioactivity.
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Figure 1. (A) Size distribution of GrB-CPRPs (CPP33 content: 18.5%) and GrB-RPs determined by
DLS. (B) In vitro FITC-CC release in PBS (pH 7.4, 10 mM, 150 mM NaCl) with or without 10 mM
DTT at 37°C (Polymersome concentration = 100 pg/mL, FITC-CC concentration = 17.2 ug/mL, n = 3).
(C) CD spectra of CC released from CC-CPRPs and native CC at 100 ug/mL. (D) The fluorescence
spectra of the substrate Ac-IETD-AFC following 1 h treatment with GrB released from GrB-CPRPs,

native GrB and PBS, respectively, at 37 °C.
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Table 2. Characteristics of GrB-CPRPsa at a theoretical protein loading content of 1.8 wt.%.

Entry Polymersomes Size®(nm) PDI C(mV)
1 GrB-CPRPs 88 0.18 +3.2
2 GrB-RPs 75 0.17 +2.1

@ CPP33 molar content: 18.5%; ® Determined by DLS in PB (pH 7.4, 5 mM); ¢ Determined by

electrophoresis in PB (pH 7.4, 5 mM).

3.2 Intracellular protein delivery by CPRPs

GrB is a serine protease secreted by cytotoxic T cells and NK cells. As reported previously
[21], free GrB caused little toxicity to A549 cells (Fig. 2A), owing to its inferior cellular uptake.
Notably, GrB following loading into CPRPs exhibited significantly enhanced inhibitory effect
to A549 cells, in which optimal CPP33 peptide molar content appeared to be 18.5 mol.%. If not
otherwise specified, CPRPs refer to the ones with CPP33 peptide molar content of 18.5 mol.%.
The 1Cso of GrB-loaded CPRPs to A549 cells was determined to be 20.7 nM, which was ca. 2-
fold lower than that of non-targeting GrB-RPs (Figure 2B). Both empty polymersomes, CPRPs
and RPs, were essentially non-toxic to A549 cells (cell viability > 85%) even at a concentration
of 0.5 mg/mL and 48 h incubation (Figure S2). GrB-CPRPs with 40 nM GrB corresponded to
a CPRPs concentration of 0.05 mg/mL. It is clear that the enhanced antitumor activity of GrB-
CPRPs over GrB-RPs is not due to direct cytotoxic effects of CPP33 peptide. To further
investigate whether the observed killing effects of GrB-CPRPs is due to the specific pro-
apoptotic effects of GrB, we conducted apoptosis assays using Annexin V-FITC/PI FACS
analyses and caspase 3/7 activation in A549 cells using Apo-ONE homogeneous caspase3/7
assays. Figure S3A demonstrates that after treatment with 7.5 nM GrB-CPRPs, 29.6% and 8.0%
A549 cells underwent late and early apoptosis, respectively. In comparison, non-targeted GrB-

RPs caused 15.2% late apoptosis and 6.7% early apoptosis. Figure S3B displays that GrB-
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CPRPs induced pronounced caspase 3/7 activation with 5.5-fold higher caspase 3/7 activity in

cleaving Z-DEVD-R110 substrate than empty CPRPs.
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Figure 2. (A) Influence of CPP33 peptide surface density (ranging from 9.1 mol.%, 18.5 mol.% to 28.0
mol.%) on antitumor activity of GrB-CPRPs to A549 cells determined by MTT assays (dosage: 15.2
nM GrB). One-way ANOVA with Tukey multiple comparison tests, *p < 0.05, **p <0.01, ***p < 0.001.
(B) Antitumor activity of GrB-CPRPs and RPs to A549 cells determined using MTT assays. For both
A and B, the cells following 4 h incubation with different formulations were further cultured in fresh
medium for 68 h. Free GrB was used as a control. Data are presented as mean =SD (n = 4). (C) Flow
cytometric analyses of A549 cells incubated 2 h with FITC-CC-CPRPs, FITC-CC-RPs and free FITC-
CC, respectively (dosage: 50 ug FITC-CC /mL). (D) CLSM images of A549 cells following 12 h
incubation with FITC-CC-CPRPs (1), FITC-CC-RPs (I1) or free FITC-CC (llI). (E) CLSM images of
Ab549 cells following 0.5, 1, or 2 h incubation with FITC-CC-CPRPs. FITC-CC dose: 3.85 uM, FITC:

7.20 nmol equiv./mL. Scale bars: 15 um.
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The cellular uptake and intercellular trafficking of proteins were investigated using FITC-CC
as a model protein. Figure 2C shows that installation of CPP33 peptide significantly enhanced
cellular uptake, in which A549 cells treated with FITC-CC-CPRPs demonstrated 2.1 and 11.4-
fold higher FITC-CC levels than cells with non-targeted FITC-CC-RPs and free FITC-CC
controls, respectively. CLSM observation revealed that FITC-CC distributed all over the cells
treated with FITC-CC-CPRPs (Figure 2D). In comparison, significantly weaker FITC
fluorescence was observed in A549 cells incubated with FITC-CC-RPs or free FITC-CC
controls. These results support that CPP33 peptide greatly improves intracellular protein
delivery.

We further stained the endo/lyso-somes of A549 cells with lysotracker red. Interestingly,
significant amount of FITC-CC was delivered to the cytosol of A549 cells after incubation with
FITC-CC-CPRPs for 1 h (Figure 2E). This fast cytoplasmic delivery of proteins could be due
to either direct transduction of FITC-CC-CPRPs or receptor-mediated endocytosis followed by

endosomal escape.

3.3 The in vivo pharmacokinetics and biodistribution of Cy5-labeled CPRPs
Pharmacokinetics studies demonstrated that Cy5-labeled polymersomes CPRPs-Cy5 had
long blood circulation time in mice with elimination half-life (t1/2, ) of 6.75 h, similar to that
of non-targeted RPs-Cy5 (6.67 h) (Figure 3A), indicating cell-selective penetrating peptide did
not alter the blood circulation. To study in vivo tumor targetability of polymersomes, nude mice
inoculated with orthotopic A549-Luc lung tumor were injected with CPRPs-Cy5 or RPs-Cy5
via tail veins of mice which showed similar initial Luc bioluminescence intensity in the lungs.
In vivo NIR imaging results displayed that Cy5 fluorescence intensity in the lung enhanced
from 2 to 8 h and reduced from 8 to 24 h (Figure 3B). It is noteworthy that mice treated by

CPRPs-Cy5 had obviously better lung tumor accumulation than RPs-Cy5 treated ones, and

111



Chapter 5

strong fluorescence could still be seen at 24 h. The improved tumor accumulation of CPRPs is
mainly attributed to the targeting effect of CPP33 peptide to A549 lung tumor, which leads to

not only better cellular uptake but also enhanced tumor retention [48-50].
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Figure 3. (A) Blood circulation of CPRPs-Cy5 and RPs-Cy5 in nude mice (n = 3). (B) In vivo imaging
of mice bearing orthotopic A549-Luc tumor treated with CPRPs-Cy5 and RPs-Cy5. The left photo
shows the bioluminescence of A549-Luc tumor in the mouse lung before treatment. Dosage: 0.25 mg

Cy5 equiv./kg.

3.4 Antitumor activity of GrB-CPRPs
The antitumor activity of GrB-CPRPs was assessed using orthotopic A549-Luc tumor-
bearing nude mice. The mice were i.v. injected with GrB-CPRPs every four days and for four

times at a low GrB dosage of 2.88 nmol/kg. The non-targeted GrB-RPs and blank CPRPs were
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used as controls. Notably, Fig. 4A shows that mice treated with GrB-CPRPs had little change
of A549-Luc bioluminescence within 20 days, indicating effective inhibition of tumor growth.
GrB-RPs could also slow down tumor growth though obviously less effective than GrB-CPRPs
(Figure 4B). By contrast, tumor grew rapidly for mice administered with blank CPRPs and
PBS (Figure 4C and D). Semi-quantitative bioluminescence analyses exhibited that tumor
growth was nearly completely subdued by GrB-CPRPs (Figure 5A). GrB-CPRPs brought
about significantly more effective inhibition of A549-Luc tumor growth than the non-targeted
GrB-RPs. The ex vivo bioluminescence images of lung tumor excised on day 20 revealed
aggressive invasion of A549-Luc cancer cells to the lung of mice treated with blank CPRPs or

PBS and GrB-CPRPs inducing clearly the best inhibition (Figure 5B).
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Figure 4. Bioluminescence images of orthotopic A549-Luc lung tumor-bearing mice treated with
GrB-CPRPs. GrB-RPs, CPRPs and PBS were used as controls. The mice were via i.v. injected at a

dosage of 2.88 nmol GrB /kg on day 0, 4, 8 and 12.
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Figure 5C displays that mice treated with blank CPRPs or PBS had significant body weight
loss (more than 20% in 20 days), due to the fact that the invasion of A549-Luc tumor to lung
would cause lung malfunction. On the contrary, little body weight loss was shown for the mice
treated with GrB-CPRPs or GrB-RPs within 20 days, which on one hand supports their effective
inhibition of tumor invasion into the lung, and on the other hand indicates that they have a low
systemic toxicity. Remarkably, GrB-RPs (non-targeted control) significantly improved mice
survival rate over the PBS control (median survival time: 35 versus 21 days) (Figure 5D). GrB-
CPRPs further improved median survival time to 48 days, which was a significant improvement
compared with GrB-RPs. Blank CPRPs caused no change of survival rate relative to PBS,
indicating that CPRPs do not induce adverse or therapeutic effects. Rosenblum et al. reported
that GrB/scFvMEL fusion protein at a dosage of 288 nmol GrB/kg, which was 100-fold higher
than GrB-CPRPs used in this study, could efficiently inhibit growth of human melanoma A375
xenograft tumors in nude mice [60]. Histological analyses illustrated that GrB-CPRPs and GrB-
RPs treated mice had nearly no tumor tissue in the lung similar as unaffected lung tissue.
However, large tumor tissues were present in mouse lungs treated with PBS or CPRPs (Figure
5E). No noticeable damage to other major organs like heart, liver, spleen or kidney was

observed for all groups (Figure S4).
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Figure 5. In vivo therapeutic efficacy of GrB-CPRPs toward orthotopic A549-Luc lung tumor-bearing
mice. The mice were i.v. injected with 2.88 nmol GrB/kg on day 0, 4, 8 and 12. GrB-RPs, CPRPs and
PBS were used as controls. (A) Dependence of A549-Luc bioluminescence levels in the lung of mice
on time (n = 6). One-way ANOVA with Tukey multiple comparison tests, *p < 0.05, ***p < 0.001. (B)
Ex vivo images of mouse lungs on day 20. (C) Body weight changes of mice (n = 6). (D) Survival rates
of mice (n = 5). Kaplan-Meier analysis (log-rank test for comparison): GrB-CPRPs vs. GrB-RPs: *p <
0.05; GrB-CPRPs vs. CPRPs and PBS: **p < 0.01; GrB-RPs vs. CPRPs and PBS: *p < 0.05. (E)
Histological analyses of mouse lungs (magnification: 400>). Circles and green arrows indicate the tumor

region and cells, respectively. Scale bar: 100 um.
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4. Conclusion

We have demonstrated that cell-selective penetrating and reduction-responsive
polymersomes (CPRPs) mediate high-efficiency targeted delivery of granzyme B (GrB) to
orthotopic human lung tumor in vivo, leading to complete suppression of tumor growth, little
body weight loss throughout the treatment period, and significantly improved survival rate over
the non-targeted and non-treated controls. GrB-CPRPs are unique for targeted protein therapy
for lung tumor in that they show highly efficient protein loading, small size, sufficient in vivo
stability, good targetability to A549 cells, strong tumor accumulation and tumor tissue
penetration. Considering their biodegradability, biocompatibility and facile preparation, CPRPs
are promising for constructing artificial killer cells for targeted protein therapy of non-small

cell lung cancer.
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Table S1. Characteristics of copolymers.

M, (kg/mol)<’ GPCPe
Entry« Copolymers« . Mye
< TH NMRa«

Design (kg/mol)* M/ My
1< PEG-P(TMC-DTC)< 5.0-(15.0-2.0)< 5.0-(14.5-1.8)< 31.3¢ 1.1¢
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3¢ Mal-PEG-P(TMC-DTC) 7.5-(15.0-2.0) 7.5-(13.8-2.1)< 32.5¢ 1.2¢

2 Calculated from *H NMR by comparing the intensities of signals at & 3.51, 2.05 to 3.02, respectively.
® Polymers analyzed by GPC measurements using DMF as an eluent at a flow rate of 1.0 mL/min

(standards: polystyrene, 30 oC).
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Figure S1. TEM micrograph of FITC-CC-CPRPs.
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Figure S2. The viability of A549-luc cells following 48 h incubation with blank CPRPs and RPs.

Data are presented as the average £SD (n = 4).
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Figure S3. The proapoptotic activity of GrB-CPRPs. (A) Annexin V-FITC/PI apoptosis assays of A549
cells following 4 h treatment with GrB-CPRPs or GrB-RPs at 7.5 nM GrB and another 44 h culture in
fresh medium. (B) The activation of caspase 3/7 in A549 cells following treatment with GrB-CPRPs,

GrB-RPs or empty CPRPs using Apo-ONE homogeneous caspase3/7 assays.
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heart¢ liver< spleen<’ lung< kidney+<’

Figure S4. The histological analyses of H&E stained sections of tumor and major organs excised from
A549 orthotopic tumor model nude mice on day 20. The images of tumor and major organs were

obtained by a Leica microscope at magnification (400x%). Scale bars: 100 um.
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X-Ray computed tomography (CT) owing to its high resolution, deep tissue penetration, low
cost and wide availability has become one of the clinically most used non-invasive diagnostic
tools[1]. To better visualize soft tissues and pathological regions, CT contrast agents based on
iodinated small molecules (iohexol, iodixanol) are typically applied in the clinics[2]. It should
be noted, however, that current iodinated small molecule contrast agents encounter several
challenges such as swift blood clearance, high osmolality and viscosity, potential renal failure
risk, and possible iodine hypersensitivity[3]. To this end, various nanoparticulate contrast
agents in particular inorganic nanoparticles based on gold[4-7], bismuth[8-12], tungsten[13,
14], rare earth[15-17] and iodine-containing organic nanoparticles including nano-
emulsions[18, 19], liposomes[20, 21], nanoparticulate[22, 23], nanogels[24], and dendritic
polymers[25, 26] have recently been designed and explored for in vivo CT imaging. These
nano-sized contrast agents showed significant improvements over iodinated small molecule
contrast agents including prolonged blood-pool residence time, potential for targeted imaging
application and cell tracking[27, 28]. However, in spite of their superior X-ray attenuation
coefficient, clinical translation of inorganic CT contrast agents is challenged by their potential
toxicity and high cost concerns.

Interestingly, a couple of iodine-containing organic nanoparticles like Fenstra® and
ExiTronP® have been commercialized as small animal micro-CT contrast agents[29, 30]. The
clinical application of nano-sized iodine contrast agents, however, remains formidable.
lodinated nano-emulsions, liposomes, micelles, nanogels and nanoparticles have typically a
reduced iodine content as compared to clinical small molecule contrast agents, which requires
a large dose and high concentration for in vivo CT imaging[31]. lodinated dendrimers besides
complex synthesis and high cost are challenged with high viscosity[32]. Importantly, potential
nano-sized contrast agents shall also be nonfouling, biocompatible, biodegradable, and

nontoxic.

128



Nano-Polymersomes for High-Performance X-Ray Computed Tomography Imaging

Here, we have designed and developed biodegradable nano-polymersomes with an ultrahigh
iodine content for high-performance CT imaging in vivo (Figure 1a). Notably, these novel
radiopaque nano-polymersomes display excellent colloidal stability and biocompatibility, low
viscosity, iso-osmolality, a small size of ca. 100 nm, as well as an unprecedented iodine content
of 60.4 wt.%. We show that iodine-rich nano-polymersomes (IPs) can significantly enhance
the in vivo imaging of blood pool, reticuloendothelial system (RES) and several malignant

tumors as compared to iohexol, a clinically used iodinated small molecule.
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Figure 1. a) Self-assembled nano-structure of iodine-rich nano-polymersomes. b) Size distribution of
IPs measured by DLS. c¢) Size and structure of IPs visualized by TEM. d) Osmolality of IPs, lodixanol
and lohexol at varying concentrations. €) MTT assays of IPs, lohexol and lodixanol at varying
concentrations in L929 cells following 48 h incubation (n=4). f) CT images of IPs and iohexol at varying

concentrations. g) dependence of X-ray attenuation efficacy of IPs and iohexol on concentrations.
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To obtain iodine-rich nano-polymersomes, we devised and prepared a new iodine-
functionalized trimethylene carbonate (IC) monomer in two straight steps with an overall yield
of 25% by Finkelstein reaction (Scheme S1, Supporting Information)[33]. The chemical
structure of IC was verified by elemental analysis, *H- and *3C-NMR (Figure S1, Supporting
Information). The ring-opening polymerization of IC using MeO-PEG-OH (M, = 5.0 kg/mol)
and zinc bis[bis(trimethylsilyl) amide] at an [M]/[I] ratio of 130/1 yielded poly(ethylene
glycol)-b-poly(iodine trimethylene carbonate) (PEG-b-PIC) with a controlled M, of 5.0-49.4
kg/mol, as revealed by *H NMR (Scheme S2 & Figure S2, Supporting Information). Gel
permeation chromatography displayed a unimodal distribution with a moderate Mw/M, of 1.40,
confirming successful synthesis of PEG-b-PIC. Interestingly, PEG-b-PIC had an ultra-high
iodine content of 60.4 wt.%, which is significantly higher than iohexol (46.4 wt.%) and all
reported iodinated nanoparticle platforms[20].

Remarkably, PEG-b-PIC diblock copolymer was readily self-assembled into stable nano-
polymersomes. Dynamic light scattering (DLS) showed a small hydrodynamic size of ~ 100
nm with a low polydispersity index (PDI = 0.10) (Figure 1b). TEM image confirmed their
small size and vesicle structure (Figure 1c). Notably, iodine-rich nano-polymersomes
demonstrated superb stability over dilution and 10% serum (Figure S3, Supporting
Information), likely due to their thick membrane and inherent PEG stealth[34, 35]. The stability
of iodine conjugated with aliphatic chain is usually weaker than that conjugated with aromatic
derivatives. However, unlike traditional small molecules, all iodine atoms in IPs are
sequestered in the hydrophobic membrane of polymersomes, which would effectively protect
iodine from leakage. To study their in vitro and in vivo stability, IPs were labeled with
radioactive iodine (*2°1) by iodine exchange reaction. The results (Figure S4, Supporting
Information) confirmed little iodine leakage in both PBS and 10% FBS over 48 h. The in vivo

SPECT/CT images (Figure S5, Supporting Information) showed that in sharp contrast to Na'?°|
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which mainly accumulated in the thyroid and bladder, *?°I-labeled IPs had a long circulation
time and predominantly accumulated in the reticuloendothelial system (RES) like spleen and
liver, further corroborating that IPs are stable in circulation and iodine leakage is negligible.
Moreover, osmolality measurements revealed that IPs had an iso-osmotic pressure similar to
PBS (10 mM, pH 7.4) over an iodine concentration range from 20 to 80 mg I/mL (Figure 1d).
In contrast, commercial iodine contrast agents like iodixanol and iohexol clearly showed hyper-
osmolality (366 and 447 mmol/kg at an iodine concentration of 80 mg/mL), which is a key
factor for their systemic adverse effects[36]. The iso-osmolality of IPs makes them a unique
CT contrast agent. Figure 1e shows that IPs were non-toxic to L929 mouse fibroblast cells at a
high concentration of 2 mg/mL, indicating that they are non-cytotoxic.

To investigate their X-ray attenuation effects, we performed CT imaging of IPs dispersions
over a broad range of concentrations. Figure 1f, g shows clearly that IPs dispersions resulted
in obviously better signal enhancement than iohexol at the same concentration, as a result of
their high iodine content. The attenuation coefficient of IPs was ca. 1.2-fold higher than iohexol.
The ultra-high iodine content of IPs may significantly reduce their injection volume and
concentration needed for in vivo imaging. The feasibility of IPs as a contrast agent was verified
by in vivo CT imaging. IPs dispersion was intravenously administered at a dosage of 500 mg
I/kg to C57BL/6 mice followed by CT imaging at different time intervals. The images observed
a clear signal enhancement of both aorta and vena cava either from coronal section or
transversal section (Figure 2a). The quantitative analysis indicated that the enhancement of
aorta is 220 HU by the region of interest (ROI) and last for at least 80 mins (Figure 2b).

It is known that nanoparticles with size over 20 nm would be uptaken by RES[37, 38]. Hence,
nano-contrast agent can be potentially used for RES imaging[39]. To verify this, IPs were
intravenously injected into Balb/c mice and CT images were gained at 2, 4, 6, and 8 h after
injection. Notably, greatly enhanced CT images were observed for both liver and spleen

(Figure 2c¢). Up to 120 HU enhancement was found at liver till 8 h and 280 HU enhancement
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at spleen (Figure 2d). The in vivo pharmacokinetics studies using Cy5-labled IPs confirmed
that they have a prolonged circulation time with an elimination half-life of 2.5 h (Figure S6,
Supporting Information). The long circulation time and tissue retention observed for IPs would
not only facilitate scheduling of the imaging instrument in the clinical settings but also enable

targeted imaging of tissues of interest.
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Figure 2. a) Sagittal and coronal sections and b) dynamic contrast enhanced density (AHu) of aorta of
C57BL/6 mice after i.v. injection of IPs (500 mg 1/kg). ¢) In vivo CT images and d) dynamic contrast
enhanced density (AHu) of several major organs at C57BL/6 mice after i.v. injection of IPs at different

time intervals.

To investigate whether these iodine-rich nano-polymersomes can be used for targeted CT
imaging, we have decorated IPs with cRGDfK cyclic peptide (cCRGD-IPs) and applied for in
vivo imaging of several different tumor models. cRGD peptide is well known for its

neovascular and oyB3 integrin targeting ability[40-42]. cRGD-IPs were readily prepared from
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cRGD-PEG-b-PIC and PEG-b-PIC (20/80, w/w). We have established oyf3 integrin-
overexpressing B16 melanoma xenografts as well as MCF-7 breast tumor with a low expression
of owB3 integrins. Figures 3a and 3c show that cRGD-IPs yielded sufficient contrast to provide
good CT images of both tumors in mice at 6-8 h following i.v. injection, which was significantly
better than the non-targeted IPs groups (Figure S7, Supporting Information). Notably, B16
melanoma at a small tumor volume of 50 mm?® revealed a significant contrast enhancement of
up to 90 HU (Figure 3b). The enhanced contrast of MCF-7 tumor is mainly attributed to
neovasculature targeting. Remarkably, intratumoral injection of cRGD-IPs showed
approximately 17-fold contrast enhancement of tumor after 4 h likely owing to the prolonged
retention time of targeted IPs (Figure 3d). More interestingly, cRGD-IPs showed also clear
contrast enhancement of the orthotopic A549 lung tumor after i.v. injection (Figure 3e,f). These
results indicate that cRGD-IPs is highly promising as a tumor-homing CT contrast agent for

early diagnosis of various malignancies.
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Figure 3. @) In vivo CT images and b) dynamic contrast enhanced density (AHu) of mice bearing
subcutaneous B16 mouse melanoma or MCF-7 human breast tumor following intravenous injection of
cRGD-IPs (500 mg I equiv./kg) at different time intervals. ¢) CT images and d) enhanced density (AHuU)
of B16 melanoma tumor bearing C57BL/6 mice following i.t. injection of 50 pL of IPs at 500 mg I/kg.
Images were taken before injection as well as 5 mins, 1 h and 4 h post injection. e) CT images and f)
dynamic contrast of A549 orthotopic mouse model after injection of cRGD-IPs (500 mg I equiv./kg) at
different time intervals. For pictures a, c, e, blue circled areas indicate the enhanced contrast regions in

the tumor bed.
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Systematic toxicity is a big concern for the clinical translation of CT contrast agents[43, 44].
Here, we performed blood and histological analysis on Balb/c mice following i.v. injection of
500 mg | equiv./kg. Histological analyses displayed that IPs did not cause damage of healthy
organs like heart, liver, spleen, lung, and kidney (Figure S10A, Supporting Information).
Blood biochemistry studies indicated no obvious hepatic and kidney disorders. Blood routine
examinations showed that IPs had little influence on the white blood cells, red blood cells,
hemoglobin, and platelet (Figure S10B, Supporting Information). We further studied the
biodegradability of PEG-b-PIC polymer. Notably, PEG-b-PIC films exhibited a fast weight
loss and an eroded porous morphology in the presence of lipase (Figures S8 and S9,
Supporting Information), confirming that PEG-b-PIC is prone to enzymatic degradation. IPs
appear to be a safe CT contrast agent.

In summary, we have developed iodine-rich biodegradable nano-polymersomes as a novel
high-performance contrast agent for CT imaging in vivo. These radiopaque nano-
polymersomes have shown several unique features such as an ultra-high iodine content, a small
size, excellent stability, iso-osmolality, low viscosity, and non-toxicity. The in vivo imaging
demonstrates that they have a prolonged circulation time and can be used for blood pool as well
as reticuloendothelial system imaging over a few hours. Furthermore, iodine-rich nano-
polymersomes can readily be decorated with tumor homing peptides achieving early diagnosis
of various malignancies. lodine-rich nano-polymersomes have appeared as a superior contrast
agent to commercial iodinated small molecules including lohexol for CT imaging. It should
further be noted that these nano-polymersomes can load different diagnostic and therapeutic
agents, which renders them a truly multifunctional system for emerging multimodality imaging

as well as nano-theranostics.
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Scheme S2. Synthesis of PEG-b-PIC block polymer. Conditions: zinc bis[bis(trimethylsilyl) amide],
CHCly, 40 <C, 4 d.
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Figure S1. '"H NMR (400 MHz,CDCls) (a) and '*C NMR (100 MHz, DMSO-d;) (b) of IC monomer.
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Figure S3. Colloidal stability of IPs against extensive dilution (a) and 10% FBS (b) determined by
DLS.
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Figure S4. Relative radioactivity of 1?°I-labeled IPs following 48 h dialysis in PBS or 10% FBS.

143



Chapter 6

Nal!25] 125T 1abeled IPs
l1h &h

0.001

Bladder

1.0E -4
Figure S5. SEPCT/CT images of mice following i.v. injection of '#I-labeled IPs or Na'?I (control).

45

= N w
oo ~ o
1 L 1

©
1

Cy5-1Ps level (% ID/g)

O T T T T T
0 5 10 15 20 25

Time (h)
Figure S6. In vivo pharmacokinetics of Cy5-labeled IPs in the healthy Balb/c mice.
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Figure S7. Dynamic contrast enhanced density (AHu) of different tumor models at 4 or 8 h post
injection of IPs. Mice bearing MCF-7 human breast tumor or B16 mouse melanoma tumor were

intravenously injected with 500 mg I equiv./kg of IPs.
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Figure S8. Weight loss percentage of PEG-PIC films as a function of degradation time in PBS with or
without lipase (500 units/mL) at 37 <C. and 150 rpm.

Figure S9. SEM micrographs of PEG-b-PIC films following 3 d incubation at 37 <C in PBS (a) and
PBS containing lipase (500 units/mL) (b).
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Figure S10. a) H&E stained heart, liver, spleen, lung, and kidney sections excised from Balb/c mice 2
d after i.v. injection of IPs (500 mg | equiv./kg). Mice treated with PBS were used as a control. The
images of organs were obtained by microscope at 400X magnification. b) Blood analysis and blood
biochemistry analysis of healthy Balb/c mice treated with IPs at a dose of 500 mg | equiv./kg at 24 h
post injection. PBS treated healthy mice were used as a control.
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Abstract

There is tremendous interest in integrating CT imaging with chemotherapy; however, reported
iodine-based nanosystems such as nanogels and nano-emulsions display typically reduced
contrast coefficient, low drug loading and stability, and poor targetability. Here,
cRGD-functionalized disulfide-crosslinked iodine-rich polymersomes (cRGD-XIPs) were
designed as a novel, robust and smart theranostic agent and investigated for targeted CT
imaging and chemotherapy of malignant tumors.

Methods: cRGD-XIPs were prepared from co-self-assembly of poly(ethylene
glycol)-b-poly(dithiolane trimethylene carbonate-co-iodinated trimethylene carbonate)
(PEG-P(DTC-IC)) and cRGD-PEG-P(DTC-IC) block copolymers. In vitro and in vivo CT
contrast effect of cRGD-XIPs was studied using ovf3-overexpressing B16 melanoma as a
tumor model in comparison with clinical agent iohexol. The therapeutic efficacy of
doxorubicin-loaded cRGD-XIPs (cRGD-XIPs-Dox) to B16 melanoma was investigated and
compared with XIPs-Dox (non-targeted), cRGD-IPs-Dox (non-crosslinked) and free Dox.
Results: cRGD-XIPs were formed with 55.5 wt.% iodine and ca. 90 nm in diameter.
cRGD-XIPs-Dox with a Dox loading of 15.3 wt.% bared superior colloidal stability and
reduction-responsive drug release. Notably, blank cRGD-XIPs showed a maximum-tolerated
dose (MTD) > 400 mg iodine equiv./kg while cRGD-XIPs-Dox had an MTD > 150 mg Dox
equiv./kg, ca. 15-fold improvement over free Dox. cRGD-XIPs revealed superior CT contrast
effect and achieved 46.5- and 24.0-fold better enhancement of CT imaging of B16 melanoma
than iohexol at 4 h following intratumoral and intravenous injection, respectively.
cRGD-XIPs-Dox displayed an elimination half-life of 6.5 h and an elevated accumulation of
6.68% ID/g in the tumors. Furthermore, cRGD-XIPs-Dox was significantly more effective
than XIPs-Dox and cRGD-XPs-Dox in inhibiting growth of B16 melanoma model.

Conclusion: This proof-of-concept study demonstrates that cRGD-XIPs are a robust,
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non-toxic and smart polymeric theranostic agent that can not only significantly enhance CT
imaging of tumors but also mediate efficient tumor-targeted chemotherapy. XIPs offer a
unique and safe platform for theranostic polymersomes that pre-select patients using CT
imaging prior to targeted chemotherapy with the same system.

Keywords: Targeted delivery, polymersomes, reduction-sensitive, solid tumor, CT imaging
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Introduction

Theranostics that integrates diagnostics and therapy into a single system provides an
emerging treatment modality for diseases like cancers [1-7]. X-ray computed tomography (CT)
is a frequently applied clinical diagnostic tool [8-12]. To enhance CT imaging of soft tissues
like tumors in patients, iodine-containing compounds such as iohexol, iodixanol and
iopromide are typically used [13-15]. In the past years, great interest has put on the
development of novel nano-CT contrast agents that are able to overcome the problems of
small molecular contrast agents, such as fast elimination, high doses needed, low tumor
selectivity, potential renal toxicity, and possible iodine hypersensitivity [16-18], to achieve
dual and multi-modal imaging [19-21], and to combine CT with various therapies [22]. For
example, inorganic nanoparticles based on gold [23, 24], copper chalcogenides [25],
transition-metal dichalcogenides [26], rare earth [27], and iodinated organic nanosystems
including liposomes [28], nanogels [29], nanoemulsions [30], nanoparticles [31], and
dendritic polymers [32] have been investigated for simultaneous tumor CT imaging and
therapy. These nanotheranostic systems demonstrate not only enhanced imaging but also
potent anti-tumor efficacy. However, despite their excellent X-ray attenuation coefficient, the
clinical translation of inorganic nanoparticles is limited by their safety and high cost concerns.
While iodinated nanosystems typically possess inadequate CT contrast coefficients, mainly
due to low iodine contents. In addition to complicated synthesis process, high viscosity of
iodinated dendritic polymers stands as a critical shortcoming against their utilization. In our
previous work, nanopolymersomes containing high iodine based on poly(ethylene
glycol)-b-poly(iodinate trimethylene carbonate) (PEG-b-PIC) exhibited significant CT
imaging enhancement of the blood pool and malignant tumors in contrast with iohexol [33].
Moreover, low in vivo stability and slow drug release inside tumor cells are additional

problems for nano-CT contrast agents to be applied for therapeutic purposes. We and others
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verified that disulfide crosslinked nanoparticles show superb in vivo stability and accelerated
intracellular drug release [34-36].

Here, cyclic RGD directed, disulfide crosslinked iodine-rich polymersomes (cCRGD-XIPSs)
were designed based on biodegradable poly(ethylene glycol)-b-poly(dithiolane trimethylene
carbonate-co-iodinated  trimethylene carbonate) copolymer (PEG-P(DTC-IC)) and
CRGD-PEG-P(DTC-IC) for targeted CT imaging of an avfs-integrin positive B16 melanoma
model (Fig. 1). We further examined the anti-tumor efficacy of doxorubicin-loaded
CRGD-XIPs (cRGD-XIPs-Dox) in mice bearing B16 melanoma. cRGD has been extensively
explored as an active targeting ligand to avBs integrin over-expressing cancer cells including
B16 cells [37-41]. It should be noted that even for the same type of tumor, different patients
might have vastly different responses to targeted therapies, owing to the differences in tumor
physical, pathological and biological properties. The screening of patients is thus of critical
importance to targeted nanomedicines [42-44]. This study aimed to develop theranostic
polymersomes that pre-select patients using CT imaging prior to targeted chemotherapy with
the same system. Interestingly, these novel theranostic polymersomes exhibited small size (90
nm), high iodine content of 55.5 wt.%, iso-osmolality, high Dox loading content (15.3 wt.%),
superior colloidal stability, and fast intracellular drug release. cRGD-XIPs could greatly
improve the in vivo CT imaging via intratumoral or intravenous injection compared with
iohexol. Moreover, cRGD-XIPs-Dox was far more potent in retarding the growth of B16

tumor than non-targeted XI1Ps-Dox and non-crosslinked cRGD-IPs-Dox controls.
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» High iodine content

» Small size (90 nm)
» Superb stability
» Active tumor targeting

» Efficient CT imaging
» Triggered drug release

cRGD-XIPs-Dox

High-performance
CT imaging

a B,integrin

_mediated
I endocytosis

<. Efficient
: cRGD-XIPs-Dox chemotherapy | £

Figure 1. |Illustration of the fabrication and properties of cRGD-functionalized
disulfide-crosslinked iodine-rich polymersomes (CRGD-XIPs) and Dox-loaded cRGD-XIPs
(cRGD-XIPs-Dox) (A), and cRGD-XIPs as robust nano-CT contrast agents for enhanced CT

imaging of tumor and cRGD-XIPs-Dox as smart nanomedicines for targeted chemotherapy

(B).

2. Materials and methods

2.1 Synthesis of PEG-P(DTC-IC) and cRGD-PEG-P(DTC-IC) block copolymers

Briefly, under a nitrogen atmosphere, MeO-PEG-OH (M, 5.0 kg/mol, 0.1 g, 20 umol),
DTC (0.1 g, 0.52 mmol), IC (1.0 g, 2.62 mmol) and DCM (5.0 mL) was charged into a
schlenk bottle and stirred to dissolve using a magnetic stirrer. To the solution, zinc
bis[bis(trimethylsilyl)amide] (29 mg, 75 umol) was quickly added. The ring opening

polymerization (ROP) proceeded at 40 <C for 48 h before termination, and the resulting
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copolymer was precipitated in cold diethyl ether, filtrated and dried in vacuo for 24 h. Yield:
84.2%. Similarly, NHS-PEG-P(DTC-IC) was synthesized using NHS-PEG (M, = 6.5 kg/mol)
as an initiator. Yield: 82.1%. Then, cyclic cRGDfK (16 mg, 2.62 mmol) was conjugated to
NHS-PEG-P(DTC-IC) (0.5 g, 1.31 mmol) yielding cRGD-PEG-P(DTC-IC) similarly as
reported [40]. Yield: 85.6%. The degree of cRGD conjugation was 92% as determined by
micro BCA protein assays. Briefly, 10 L DMF solution of cRGD-PEG-P(DTC-IC) (10
mg/mL) was diluted to 0.1 mg/mL in water. A 20 pL aliquot was added into a 96-well plate
and mixed with 100 pL of working reagent of micro BCA (Reagent A and B = 50/1). The
plate was mixed well and kept at 37 <C for 60 min and measured the absorbance at 570 nm
using a microplate reader. The absorbance of Mal-PEG-P(DTC-IC) solution prepared
similarly was subtracted. The cRGD conjugation was calculated from the standard curve of
cRGD peptide of known concentrations.
2.2 Preparation of cRGD-XIPs and cRGD-XIPs-Dox

Typically, 900 uL of phosphate buffer (PB, 10 mM, pH 7.4) was added dropwise to 100
uL DMF solution (10.0 mg/mL) of PEG-P(DTC-IC) and cRGD-PEG-P(DTC-IC) (4/1, wiw)
under stirring. After 20 min, the mixture was dialyzed against PB for 12 h (Spectra/Pore,
MWCO 7000), placed in a shaking-bed at 37 <T for 24 h yielding self-crosslinked
polymersomes cRGD-XIPs. The colloidal stability at low concentration (50 mg/L) and in the
presence of 10% serum or 10 mM GSH was investigated using DLS.

cRGD-XIPs-Dox was fabricated by loading Dox into preformed cRGD-XIPs via a
pH-gradient method. Briefly, 2.7 mL citrate buffer (10 mM, pH 4.0) was dropwise adding

into 0.3 mL DMF solution of PEG-P(DTC-IC) and cRGD-PEG-P(DTC-IC) (10 mg/mL).
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After stirring for 15 min, the pH was adjusted to 8.0 with disodium hydrogen phosphate (4 M).
Then, 60, 120, or 180 uL. Dox-HCI solution (5 mg/mL), corresponding theoretical DLC of 9.7,
16.7, or 23.1 wt.%, respectively) was added and stirred at 37 < for 5 h in dark.
CcRGD-IPs-Dox was obtained via dialysis procedure similar as above. Dox loading content
(DLC) and loading efficiency (DLE) was quantified using fluorescence (Agilent Cary Eclipse)
measurement (ex. 480 nm and em. 560 nm) [40, 45] using the following formula:
DLC (wt.%) = weight of loaded drug/total weight of polymer and loaded drug) <100
DLE (%) = (weight of loaded drug/weight of drug in feed) > 100
2.3 In vivo pharmacokinetics and biodistribution

The mice were handled under protocols approved by Soochow University Laboratory
Animal Center and the Animal Care and Use Committee of Soochow University.
cRGD-XIPs-Dox, XIPs-Dox, cRGD-IPs-Dox and free Dox (10 mg Dox/kg) in PBS were
injected into C57BL/6 mice (18-20 g) via the tail veins (n = 3), and ca. ~50 uL blood was
taken from the eye socket of the mice at prescribed time post injection. The blood samples
upon withdrawing were mixed with 100 il Triton X-100 solution (1%) with brief sonication.
500 (L DMF (containing 20 mM DTT) was introduced to extract Dox. The samples were
stored at -20 <C overnight, centrifuged, and Dox in the supernatant was determined by
fluorometry based on a calibration curve of Dox solution of known concentrations (supporting
information). Dox expressed as percent injected dose per gram (%ID/g) was plotted as a
function of time. The half-lives of two phases (ti2,« and ti2,8) and area under the curve (AUC)
were derived using Origin 8.

For biodistribution studies in female C57BL/6 mice (18-20 g), 50 uL of B16 cells (1 x

10%) were subcutaneously injected in the right hind flank. When the tumors grew to ca. 200

mm?3 after around 10 days, cRGD-XIPs-Dox, XIPs-Dox and free Dox (10 mg Dox/kg, 200 pL)
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was intravenously (iv) injected via tail veins (n = 3). After 4 h, the tumors and major organs
were excised, washed, weighed, and homogenized in 500 pL Triton X-100 (1%).
Subsequently, 1 mL DMF (containing 20 mM DTT) was added to extract Dox, and the
samples were treated as above based on calibration curves of Dox of known concentrations in
different tissue individually (supporting information).
2.4 Maximum-tolerated dose (MTD) determination

The healthy C57BL/6 mice were randomly divided into 6 groups (n = 3) and a single
dose of cRGD-XIPs (300 or 400 mg I equiv./kg), cRGD-XIPs-Dox (100 or 150 Dox/kg), or
free Dox (5 or 10 mg Dox/kg) were iv injected. Body weight, behavior and survival of mice
were examined for 10 days. MTD was defined as the dose that causes neither mouse death
due to the toxicity, nor >15% of body weight loss, nor other remarkable changes in the
general appearance within 10 days.
2.5 CT imaging of mice with intratumoral (it) and intravenous (iv) injection of cRGD-XIPs

B16 tumor-bearing C57BL/6 mice were used as a avfs integrin over-expressing tumor
model to evaluate the targeted CT contrast enhancement of tumors in vivo. The mice were
randomly divided into two groups (n = 3), and treated with cRGD-XIPs and iohexol at 350
mg | equiv./kg (50 uL) via it injection. Before and 5 min, 1 h and 4 h after it injection, the CT
scan was carried out using a GE discovery CT750 HD (GE Healthcare, WI) setting
parameters as follows: beam collimation = 64 >0.625 mm; table speed = 27 mm per rotation;
beam pitch = 1.25; gantry rotation time = 1.0 s.

The tumor bearing mice were also iv injected with cRGD-XIPs, XIPs or iohexol (350 mg
I equiv./kg) in 200 uL PB. The CT images were obtained before and 40 min, 2 h,4hand 6 h
post iv injection as described above.
2.6 In vivo antitumor efficacy of cRGD-XIPs-Dox

The female B16 tumor-bearing mice (tumor volume: 50-100 mm?®) were randomly
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divided into six groups (n = 5): cRGD-XIPs-Dox (5 or 10 mg Dox/kg), XIPs-Dox (10 mg
Dox/kg), cRGD-IPs-Dox (10 mg Dox/kg), free Dox (5 or 10 mg Dox/kg), and PBS. The
formulations were iv injected every 2 days. The first day of the injection was labeled as day 0.
The tumor size was measured every two days and the volume was calculated according to the
formula V = 0.5 x L XW? wherein L and W are the tumor dimension at the longest and
widest point, respectively. Mice were weighed and normalized to the initial weights. On day
10, the tumors were excised, weighed and photographed. Heart, liver, spleen, lung and kidney
were sliced and prepared for H&E and then observed with a digital microscope (Leica QWin,
Germany). The tumor inhibition rate (TIR) was calculated:
TIR (%) = (1— tumor weight of treatment group/ tumor weight of PBS group) ><100.
2.7 Statistics

All data are presented as the mean =+ standard deviation (SD). One-way analysis of
variance (ANOVA) was used to determine significance among groups, after which post-hoc
tests with the Bonferroni correction were used for comparison between individual groups.

Statistical significance was established at *p < 0.05, **p < 0.01 and ***p < 0.001.

3. Results and discussion
3.1 Fabrication of cRGD-XIPs and cRGD-XIPs-Dox

cRGD-XIPs were co-self-assembled from PEG-P(DTC-IC) and cRGD-PEG-P(DTC-IC).
The ROP of IC and DTC monomers using MeO-PEG-OH (M, = 5.0 kg/mol) as a
macro-initiator afforded PEG-P(DTC-IC) (Fig. S1), similar to our previous report [33]. 'H
NMR analyses (Fig. S2) revealed that the P(DTC-IC) block had an Mn of 52.9 kg/mol and
DTC/IC weight ratio of 8.7/91.3 (Table S1). GPC measurement revealed that the molecular
weight distribution of PEG-P(DTC-IC) was unimodal (Mw/M, = 1.31), and M, was 63.2

kg/mol, close to that determined by *H NMR (57.9 kg/mol) and the theoretical value (60.0
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kg/mol) (Table S1), endorsing controlled synthesis of PEG-P(DTC-IC). Likewise,
NHS-PEG-P(DTC-IC) was obtained with similar P(DTC-IC) block molecular weight (Mn =
53.9 kg/mol) and composition (DTC/IC = 8.7/91.3, w/w) by copolymerization of DTC and IC
initiated by NHS-PEG-OH (M» = 6.5 kg/mol) (Fig. S3). The conjugation of cRGDfK to
NHS-PEG-P(DTC-IC) by carbodiimide chemistry yielded cRGD-PEG-P(DTC-IC). Micro
BCA protein assay results showed a cRGD functionality of 92% (Fig. S4). Notably, the
molecular weight of PEG in cRGD-PEG-P(DTC-IC) was longer than that in PEG-P(DTC-IC)
(6.5 vs. 5.0 kg/mol) to achieve better exposure of cRGD for optimal targeting. Differential
scanning calorimetry (DSC) measurements confirmed the amorphous structure of
PEG-P(DTC-IC) and cRGD-PEG-P(DTC-IC) with glass transition temperatures (Tg) of -25.3
and -21.5 °C, respectively (Table S1), indicating that they are rubbery and flexible at body
temperature.

The co-self-assembly of PEG-P(DTC-IC) and cRGD-PEG-P(DTC-IC) (w/w, 8/2) in
water yielded cRGD-XIPs of ca. 90 nm in diameter and a size distribution (PDI) of 0.10 (Fig.
2A) via a solvent exchange method. The addition of PB into a DMF solution of amphiphilic
block copolymers increased the interfacial tension between P(DTC-IC) segment and water,
rendering P(DTC-IC) segment insoluble thus triggering copolymer self-assembly into
polymersomes. A cRGD density of 20% in polymersomes was investigated as nanoparticles
of this density displayed the best targetability [36, 38]. TEM micrograph verified a spherical
hollow structure (Fig. 2B). UV-Vis measurements displayed that the characteristic absorbance
of dithiolane ring at 320 nm disappeared after polymersome work-up procedure (Fig. S5),
revealing the spontaneous dithiolanes crosslinking in the polymersome membrane. As a result,
no critical aggregation concentration (CAC) could be detected. Interestingly, cRGD-XIPs
displayed excellent colloidal stability during two-month storage at room temperature and

against dilution or in the presence of 10% serum for 48 h (Fig. S6), due to the spontaneous
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disulfide-crosslinking of the membrane as reported for other DTC-containing polymersomes
[35, 40]. Accordingly, cRGD-XIPs could undergo fast destabilization in 10 mM GSH as
determined by both DLS and TEM measurements (Fig. S7), owing to disulfide cleavage and
de-crosslinking. Notably, cRGD-XIPs exhibited an iso-osmotic pressure of 280 mmol kg™ at
iodine contents ranging from 20 to 80 mg I/mL (Fig. 2C), while the osmolality of iohexol
increased with concentration, reaching 366 mmol kgt at 80 mg I/mL. XIPs self-assembled
from PEG-P(DTC-IC) only displayed almost the same biophysical properties and were used
as a non-targeted control.

Table 1. Characterizations of cRGD-XIPs-Dox and XIPs-Dox

TLC? DLC® DLE® Size Zeta potential
Polymersomes WE%)  (Wt%) (%) (nm) PDI® (mV)¢©
9.1 6.6 71.2 80 0.10 +0.3
cRGD-XIPs-Dox 16.7 12.0  68.3 84 0.06 +1.6
23.1 153  60.3 92 0.10 +0.9
9.1 6.6 70.4 82 0.09 +1.2
XIPs-Dox 16.7 11.8  66.9 87 0.11 +0.5

23.1 15.2 59.8 89 0.07 +0.8

2 Theoretical drug loading content. ® Determined using UV spectrometer. ¢ Determined with a

Zetasizer Nano ZS equipped with a DLS and an electrophoresis cell in PB at 1 mg/mL.

Doxorubicin hydrochloride (Dox) could be efficiently loaded into cRGD-XIPs and XIPs
via pH-gradient method, in which the pH values of inner and outer of the polymersomes were
4.0 and 8.0, respectively. The drug loading content (DLC) increased with increasing
theoretical DLC and cRGD-XIPs-Dox achieved a high DLC of 15.3 wt.%. cRGD-XIPs-Dox
enlarged from 80, 84, to 92 nm with increasing DLC from 6.6, 12.0, to 15.3 wt.% (Table 1).
Notably, all cRGD-XIPs-Dox presented a low PDI (0.06-0.10) and close to neutral surface
charge. XIPs-Dox had nearly identical size distribution, drug loading, and zeta potential to

CRGD-XIPs-Dox (Table 1), indicating little influence of cRGD peptide on polymersomal
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Dox. Fig. 2D shows that at a polymersome concentration of 50 mg/L, Dox release from
XIPs-Dox and cRGD-XIPs-Dox was less than 16% in 24 h. Importantly, under an
intracellular mimicking condition (10 mM GSH), cRGD-XIPs-Dox dumped more than 80%
Dox within 24 h (Fig. 2D). In contrast, within 12 h over 40% Dox leaked out of the
non-crosslinked counterparts, IPs-Dox and cRGD-1Ps-Dox, which were based on PEG-PIC
and cRGD-PEG-PIC/PEG-PIC, respectively (Fig. S8). The results demonstrate the important
role of disulfide crosslinking in preventing drug leakage at physiological condition and in

triggering fast drug release intracellularly.
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Figure 2. Characterizations of cRGD-XIPs and cRGD-XIPs-Dox. Size distribution (A), TEM
image (B), and osmolality as a function of concentration (iohexol as control) (C) of
cRGD-XIPs. (D) In vitro Dox release study of cRGD-XIPs-Dox and XIPs-Dox in PB with or
without 10 mM GSH at 37 <C. Polymersomes concentration was 50 mg/L. (E) Cytotoxicity of
empty XIPs and cRGD-XIPs to B16 cells following 48 h incubation. (F) Antitumor activity of
cRGD-XIPs-Dox to B16 cells. The cells following 4 h incubation with Dox formulations were
further cultured for 44 h. Flow cytometric analyses (G) and CLSM observation (H) of B16
cells following 4 h incubation with cRGD-XIPs-Dox (Dox: 10.0 ug/mL). The images from
left to right are cell nuclei stained by DAPI (blue), Dox (red), cytoskeleton stained by
phalloidin-FITC (green), and the merged images. Scale bars: 20 um. XIPs-Dox and free Dox

were used as controls in F, G, H.

3.2. In vitro cytotoxicity and targetability of cRGD-XIPs-Dox

cRGD is widely used as a targeting motif toward avfBs integrin over-expressing tumor
cells including B16 melanoma cells [46, 47]. Here, we evaluated the cytotoxicity of blank
cRGD-XIPs and cRGD-XIPs-Dox in B16 cell model using MTT assays. Fig. 2E shows that
XIPs and cRGD-XIPs had no toxicity at concentrations < 2.0 mg/mL, as reported for
non-crosslinked polymersomes [33], confirming their excellent biocompatibility. In
comparison, CRGD-XIPs-Dox showed high potency to B16 cells with an 1Csg (half-maximal
inhibitory concentration) of 2.33 ug Dox/mL, which was comparable to free Dox and 3.3-fold
lower than XIPs-Dox (Fig. 2F).

Flow cytometric analyses displayed that cRGD-XIPs-Dox reveal ca. 5.0-fold higher
cellular uptake by B16 cells than XIPs-Dox following 4 h incubation (Fig. 2G). Interestingly,
both cRGD-XIPs-Dox and XIPs-Dox had low cellular uptake by L929 fibroblasts, further
verifying their specific targetability (Fig. S9). CLSM images showed that Dox fluorescence in
the nuclei of cells treated with cRGD-XIPs-Dox accumulated gradually from 0.5 h to 2 h and
mostly in the nuclei at 4 h, which was considerably more intensive than those of XIPs-Dox
treated cells and free cRGD pretreated B16 cells (Fig. 2H & Fig. S10). The above results
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corroborate that cRGD-XIPs-Dox can be efficiently internalized by B16 cells via

receptor-mediated endocytosis mechanism [48, 49], and Dox releases quickly intracellularly.

3.3. Pharmacokinetics, biodistribution and safety in vivo

The pharmacokinetics studies demonstrated that the blood circulation followed a typical
two-compartment model: a rapid decline in distribution phase and long period elimination
phase, and the circulation of Dox was significantly extended by loading into cRGD-XIPs and
XIPs as calculated from the calibration curve of Dox of known concentrations in the presence
of blood (Table S2). cRGD-XIPs-Dox and XIPs-Dox showed an elimination half-life (ti2p)
of about 6.5 h, which was ca. 50- and 1.8-fold longer than free Dox (0.13 h) and
cRGD-IPs-Dox (non-crosslinked control, 3.61 h), respectively (Fig. 3A). Notably,
commercial contrast agent iohexol has a short ty23 of 24.6 min [50, 51]. The AUC (area under
the curve) of cRGD-XIPs-Dox was 97.76 h-ug/mL, which was 1.8- and 26.4-time bigger than
that of cRGD-1Ps-Dox and free Dox, respectively.

The quantitative biodistribution of Dox in cRGD-XIPs-Dox treated mice 4 h following iv
injection was determined from calibration curves of Dox in the presence of individual tissue
(Table S2), and demonstrated that Dox accumulation in the tumors was 6.68% of injected
dose per gram of tissue (% ID/g). The accumulation was ca. 2.4- and 11.0-fold higher than
that of XIPs-Dox (2.81% ID/g) and free Dox (0.61% ID/g), respectively (Fig. 3B). Table S3
shows clearly that cRGD-XIPs-Dox had higher tumor-to-normal tissue (T/N) ratios in all
major organs than free Dox and XIPs-Dox. Notably, cRGD-XIPs-Dox treated mice showed
T/N ratios of Dox in the heart was ca. 30 times higher than free Dox treated ones, signifying
the possibly significant reduction of cardiotoxicity, which is a dose-limiting side effect for
Dox [52, 53].

To explore their theranostic window, we assessed the safety of blank cRGD-XIPs and
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cRGD-XIPs-Dox in C57BL/6 tumor-free mice. Remarkably, a single dose of cRGD-XIPs at
300 and 400 mg I equiv./kg, or cRGD-XIPs-Dox at 100 and 150 mg Dox/kg did not provoke
obvious loss in body weight or change of behavior of the mice within the experiment period
of 10 days (Fig. 3C). In contrast, dramatic body weight loss was caused by free Dox at 10
mg/kg, indicating over 15-fold better toleration of cRGD-XIPs-Dox than free Dox. Safety
profile is one of the critical requirements for clinical translation of theranostic agents [54, 55].
This high MTD of cRGD-XIPs-Dox was ascribed to the excellent biocompatibility of the
materials, reduced non-specific uptake by normal organs resulting from cRGD active
targeting effect, and high stability preventing Dox leakage and damage of the normal tissues

from the crosslinked polymersomal structure.
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Figure 3. In vivo pharmacokinetics, biodistribution and toleration studies of cRGD-XIPs-Dox
in mice (n = 3). (A) Pharmacokinetics of cRGD-XIPs-Dox in healthy C57BL/6 mice (10 mg
Dox/kg). XIPs-Dox (non-targeted), cRGD-IPs-Dox (non-crosslinked) and free Dox were used
as controls. (B) Biodistribution of free Dox and Dox delivered by cRGD-XIPs or XIPs in
C57BL/6 mice bearing B16 tumor 4 h post iv injection. (C) Toleration studies of tumor-free
C57BL/6 mice towards cRGD-XIPs, cRGD-XIPs-Dox and free Dox. *p< 0.05 and **p < 0.01
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(one-way Anova and Tukey multiple comparisons tests).

3.4. CT imaging performance of cRGD-XIPs in vivo

Despite its wide use in the clinics, CT imaging of soft tissues like tumors is challenging.
To improve the CT imaging contrast, nano-contrast agents containing elements of high atomic
numbers (e.g. iodine, gold) have been explored [56, 57]. Here, we investigated cRGD-XIPs
for CT imaging of subcutaneous B16 melanoma as a model tumor. Melanoma is a very
aggressive type of skin cancer and has high risk of lymphatic metastasis [58, 59]. Fig. 4A
displays that cRGD-XIPs presented good CT contrast. The calculated CT attenuation as a
function of iodine concentrations (measured in Hounsfield units (HU) revealed that
CRGD-XIPs had even better attenuation coefficient than iohexol (Fig. 4B).

For in vivo CT imaging, 50 pL of cRGD-XIPs or iohexol (350 mg | equiv./kg) was
intratumorally (it) administrated into C57BL/6 mice bearing B16 tumors, and then scanned by
CT. At 1 h after injection, CT images of cRGD-XIPs treated mice showed strong tumor
contrast, and the CT attenuation increased from 35.4 +4.8 HU before injection to 221.9 £8.7
HU (Fig. 4C). The CT images acquired at different time intervals following it injection
further showed that strong CT signals were observed in the tumors from 5 min to 4 h post it
injection of cRGD-XIPs (Fig. 4D). In comparison, from 1 h post it injection of iohexol, no CT
contrast could be discerned. Fig. 4E displays that the tumors of cRGD-XIPs group had about
10.5- and 46.5-fold higher AHU than iohexol group at 1 and 4 h post-injection, respectively. It
is noted that very sharp CT signals could be detected in the bladder of iohexol group, which
accorded well with the fast renal clearance of small molecular contrast agents [60, 61]. The
results of it injection illustrate the clear benefit of utilizing stable cRGD-XIPs over iohexol for
prolonged retention in the region of interest for CT imaging.

We further studied the CT imaging of B16 tumors in mice following intravenous (iv)

injection of cRGD-XIPs, XIPs and iohexol (350 mg | equiv./kg). Fig. 4F shows that
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cRGD-XIPs afforded the best CT images of the tumors in 3D reconstruction mode or axial
mode. The quantification of CT attenuation revealed that AHU in the tumors of cRGD-XIPs
group increased from 40 min to 4 h (Fig. 4G). Notably, cRGD-XIPs gave 2.7- and 24.0-fold
higher contrast than XIPs and iohexol at 4 h, respectively. It is interesting to note that
CRGD-XIPs did not show a high CT signal in liver (Fig. 4F & Fig. S11), in contrast to
cRGD-XIPs-Dox that revealed a high liver accumulation besides a high tumor accumulation
(Fig. 3B). The difference between biodistribution and CT imaging results most probably
comes from liver saturation effect, i.e. liver uptake of cRGD-XIPs was saturated above certain
level. CT imaging was performed at over 7.7-fold higher cRGD-XIPs dosage than for
biodistribution studies. The high tumor contrast and low liver contrast of cRGD-XIPs renders

CT imaging a particularly interesting tool for validating their tumor-targetability.
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Figure 4. CT images (A) and X-ray attenuation (B) of iohexol and cRGD-XIPs solutions as a

function of iodine concentrations. (C) 3D reconstruction CT images of tumors in mice before
and 1 h after it administration of cRGD-XIPs or iohexol. 3D reconstruction CT images (D)
and enhanced CT attenuation (AHU) (E) of the tumors before and at 5 min, 1 h or 4 h after it
injection of cRGD-XIPs or iohexol. 3D reconstruction CT images (F) and AHU (G) of the
tumors before and at different time post iv injection of cRGD-XIPs, XIPs or iohexol. The red
dotted circles in B, D and F indicate the tumor areas. The iodine dose was set at 350 mg |

equiv./kg for C-G.
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3.5. The anti-tumor activity of cRGD-XIPs-Dox in mice bearing B16 tumor

With validated targetability of cRGD-XIPs to avfBs-integrin over-expressing B16
melanoma by CT imaging, the in vivo antitumor activity of cRGD-XIPs-Dox to B16 tumor
was then studied and compared with XIPs-Dox (non-targeted), cRGD-IPs-Dox
(non-crosslinked) and free Dox formulation. B16 tumor was highly aggressive and grew from
52 mm? to 2197.0 mm? in 10 days (PBS group, Fig. 5A). Notably, cRGD-XIPs-Dox at 10 mg
Dox/kg displayed the best tumor inhibition, being significantly more effective than XIPs-Dox
and cRGD-IPs-Dox controls at the same dosage, certifying the pivotal roles of both cRGD
targeting and disulfide crosslinking. In consideration of its dose-limiting effect, free Dox was
given at 5 mg/kg. The results showed that free Dox was less potent in tumor inhibiting than
cRGD-XIPs-Dox at 5 mg Dox/kg. The photographs of tumors collected on day 10 were
consistent with tumor volumes (Fig. 5B). Moreover, cRGD-XIPs-Dox, XIPs-Dox and
cRGD-IPs-Dox treated mice showed little body weight loss (Fig. 5C), in collaborating with
the high MTD of these polymersomal formulations. Fig. 5D reveals a remarkable tumor
inhibition rate (TIR) of 87.8% for cRGD-XIPs-Dox at 10 mg Dox/kg, and this was
significantly higher than other groups. H&E staining showed that cRGD-XIPs-Dox did not
induce significant damage to major organs (Fig. S12). Free Dox, however, induced obvious
damage of liver, kidney and heart. Hence, despite of slightly better tumor suppression ability
of cRGD-XIPs-Dox at 5 mg/kg than free Dox, further increase of the dose to 10 mg/kg
produced excellent tumor inhibition with little adverse effects. cRGD-XIPs-Dox can thus be
used as a safe and efficient therapeutic agent showing not only improved safety but also

active targetability and better therapeutic efficacy toward B16 tumor in mice.
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Figure 5. In vivo evaluation of the therapeutic efficacy of cRGD-XIPs-Dox using B16
tumor-bearing mice. XIPs-Dox, cRGD-IPs-Dox, free Dox and PBS were used as controls.
The drugs were administrated on day 0, 2, 4, 6 and 8 (5 or 10 mg Dox/kg). (A) Tumor volume
changes. (B) Photographs of tumors collected on day 10. (C) Body weight changes. (D)
Tumor inhibition rates on day 10. Data are presented as mean £SD (n = 5). *p< 0.05, **p <

0.01, and ***p < 0.001 (one-way Anova and Tukey multiple comparisons tests).

Conclusion

We have demonstrated that cRGD-functionalized, disulfide-crosslinked, biodegradable
iodine-rich polymersomes (cRGD-XIPs) bare small size, low toxicity and superior CT
imaging of avPs integrin overexpressed tumors to clinical agent iohexol in vivo. Importantly,
cRGD-XIPs can efficiently load Dox. Dox-loaded cRGD-XIPs (cCRGD-XIPs-Dox) possess

several appealing features like high stability, reduction-triggered drug release, prolonged
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circulation time and active targetability to B16 melanoma, resulting in elevated tumor
accumulation and significantly more effective suppression of B16 melanoma than XIPs-Dox
(non-targeted), CcRGD-IPs-Dox (non-crosslinked) and free Dox controls. This
proof-of-concept study reveals that cRGD-XIPs are a robust, non-toxic and smart polymer
theranostic agent that can not only significantly enhance CT imaging of avps integrin
overexpressing tumors but also mediate efficient tumor-targeted chemotherapy. XIPs offer a
unique and safe platform for theranostic polymersomes that pre-select patients using CT

imaging prior to targeted chemotherapy with the same system.
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Supplementary Data

Table S1. Characteristics of block copolymers

Entry copolymer Min (kg/moh Mu/Me® T
Design 'HNMR® GPC? (GPC)  (°O)
1 PEG-P(DTC-IC) 5.(5-50) 5-(4.6-483) 632 131  -253

2 cRGD-PEG-P(DTC-IC) 6.5-(5-50) 6.5-(4.7-49.2) 68.3 123  -215

2Determined by *H NMR by comparing the integrals of signals at 5 3.04 (methylene proton of PDTC)
with that of PEG methylene protons at & 3.65 for MW of PDTC; and for MW of PIC, the integrals of
signals e, f, b, ¢, and d in Fig. S2 were compared and calculated according to the following equation:
le/lb = [(le+1c)-1d]/{(Ib+If)- [(le+Ic)-Id]. P Determined by GPC (eluent: DMF, flow rate: 1 mL/min,

standards: polystyrene, 30 <C). ¢ Determined by DSC.
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Table S2. Calibration curves of free Dox in the presence of blood or each tissue

Tissue Standard Curves Linear range 2
(ng/mL)

--- Y =2.662 x X +1.005 0.01-20 0.9911
Plasma Y =4.344 x X+ 0.673 0.1-10 0.9963
Heart Y =3.808 x X-0.194 0.5-20 0.9998
Liver Y =4.387 x X - 2.101 0.1-20 0.9975
Spleen Y =2448 x X +1.614 0.1-20 0.9956
Lung Y =3.008 x X -1.748 0.1-20 0.9877
Kidney Y =4.668 x X +0.360 0.1-20 0.9889
Tumor Y =2.892 x X-0.591 0.1-20 0.9858

Table S3. Tumor-to-normal tissue (T/N) ratios of Dox at 4 h after i.v. injection

Heart Liver Spleen Lung Kidney

cRGD-XIPs-Dox 7.27 £1.57 0.87 +=0.19 1.44 +0.31 2.82 +£0.61 1.94 +0.42
XIPs-Dox  2.88 +0.47 0.32 +0.05 0.57 +£0.09 1.23 +0.20 0.74 +=0.12
Free Dox 0.24 +0.06 0.08 +0.02 0.14 +0.03 0.29 =0.07 0.15+0.04
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Figure S1. Synthesis of PEG-P(DTC-IC) by ring-opening polymerization. Conditions: zinc

bis[bis(trimethylsilyl)amide], CH.Cl,, 40 <C, 3 days.
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Figure S2. *H NMR spectrum (400 MHz, CDCls) of PEG-P(DTC-IC).
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Figure  S3.  Synthesis of cRGD-PEG-P(DTC-IC).  Conditions: (i)  zinc
bis[bis(trimethylsilyl)amide], CH2Cl,, 40 <C, 3 days; (ii) C(RGDfK), r.t, 48 h.
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Figure S5. UV spectra of PEG-P(DTC-IC)/cRGD-PEG-P(DTC-IC) (8/2, mol/mol) polymer

solution in DMSO and cRGD-XIPs dispersion at polymer concentration of 10 mg/mL.
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Figure S6. Size changes of cRGD-XIPs against 10% FBS, 1000-fold dilution and storage (A)

and colloidal stability of cRGD-XIPs incubated in 10% FBS with time (B).
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Figure S7. Size change of cRGD-XIPs in PB (pH 7.4, 10 mM) with or without 10 mM GSH
at 37 <€ (A) and TEM image of cRGD-XIPs treated with 10 mM GSH for 24 h (B).
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Figure S8. In vitro Dox release study of cRGD-IPs-Dox and IPs-Dox (non-crosslinked

controls) in PB at 37 <C. Polymersome concentration was set 50 jg/mL.

— PBS — XIPs-Dox — cRGD-XIPs-Dox

60

40+

Counts

20

1 10 100 1000
Dox Fluorescence Intensity

Figure S9. Flow cytometric analyses of L929 fibroblasts following 4 h incubation with

cRGD-XIPs-Dox and XIPs-Dox (Dox: 10.0 pg/mL).
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Figure S10. CLSM images of B16 cells following 0.5, 1 and 2 h incubation with
CRGD-XIPs-Dox (Dox: 10.0 ug/mL). The inhibitive experiments were performed by
pre-treating B16 cells with 200 pg/mL free cRGD for 2 h prior to adding cCRGD-XIPs-Dox.
The images from left to right are cell nuclei stained by DAPI (blue), Dox (red), cytoskeleton

stained by phalloidin (green), and the merged images. Scale bars: 20 um.
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Figure S11. The axial CT images of the tumor (A) and liver (B) region of the mice before and
at different time post iv injection of cRGD-XIPs, XIPs or iohexol. The red dotted circles

indicate the tumor areas. The iodine dose was set at 350 mg | equiv./kg.
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Figure S12. H&E stained organ slices of B16 tumor-bearing mice following 10 d treatment

with cRGD-XIPs-Dox, XIPs-Dox, cRGD-IPs-Dox, free Dox or PBS. The images were

obtained by a Leica microscope at 400> magnification.
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1. Summary

Polymersomes (Ps) are structures self-assembled from various amphiphilic block copolymers
and exhibit a nano-vesicular architecture that enables encapsulation of hydrophilic or
hydrophobic molecules in the internal aqueous compartment or the surrounding polymeric
bilayer, respectively (Scheme 1, Chapter 1 )[1, 2]. In comparison to the safety concerns of
inorganic nanoparticulates for clinical translation, the biocompatibility and/or biodegradability
of Ps promise to result in lower or no toxicity in vivo[3]. Actively targeted reduction-responsive
Ps were developed exhibiting the following features: high stability in the blood circulation,
significant tumor accumulation, enhanced tumor cell uptake and fast intracellular drug release[4,
5]. Besides, Ps also enable the possibility of image-guided drug delivery for optimized and
personalized treatment (theranostics)[6, 7]. In this thesis, we designed and evaluated Ps systems
based on either PEG-disulfide polycarbonate and/or PEG-iodinated polycarbonate for targeted
tumor imaging and therapy.

Chapter 1 provides a general introduction to Ps, with emphasis on the necessity of
stabilization achieved by disulfide crosslinking, the use of the active targeting approach, and
the potential therapeutic and theranostic applications. The chapter ends with the aim of the
thesis research and an outline of the research topics and contents presented in the subsequent
chapters.

In Chapter 2, we report on potent transferrin-targeted polymersomal doxorubicin (Tf-Ps-
Dox) for the treatment of transferrin receptor (TfR)-positive human liver tumor SMMC-7721[8].
Tf-Ps-Dox was efficiently prepared by utilizing post-modification of maleimide-functionalized
Ps-Dox with thiolated transferrin. The observed inhibited cellular uptake, reduced intracellular
Dox level, and reduced anticancer efficacy of Tf-Ps-Dox in SMMC-7721 cell cultures after

supplementing the medium with additional free transferrin, points to cellular uptake of Tf-Ps-
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Dox by TfR mediated endocytosis. The life span of orthotopic SMMC-7721 tumor-bearing
mice was extended to 82, 88 to 96 days after intravenous administration with Tf-Ps-Dox at Dox
doses from 8, 12 to 16 mg/kg, respectively, which was significantly longer than Ps-Dox at 8
mg/kg (58 days) and Lipo-Dox at 4 mg/kg (48 days) or PBS (36 days). Lipo-Dox was
administered at a lower dose owing to its low maximum tolerated dose (MTD) in this model
being around 15 mg/kg, so much lower than the 100 mg/kg MTD in case of Ps-Dox[4]. Notably,
unlike Lipo-Dox, body weight loss and damage to major organs were not observed in case of
all Tf-Ps-Dox groups, suggesting lower systemic toxicity of Tf-Ps-Dox.

Though the Tf-targeted nanotherapeutics exhibited potent anti-tumor efficacy in vivo with no
problematic toxicity signs observed, the post-modification procedure to couple the Tf protein
to the Ps surface is a challenging step during production processes. Besides, an additional risk
is the impairment of the targeting capacity of the Tf ligand by intermolecular crosslinking
between thiolated Tt and the maleimide group. Therefore, to avoid this potential intermolecular
crosslinking problem, we report in Chapter 3 on the use of Tf-binding peptide (TBP)
(CGGGHKYLRW) modified polymersomes (TBP-Ps) that are able to selectively and stably
bind Tf in a non-covalent way for tumor-targeted Dox delivery in vivo[9]. The Tf surface
density could be tailored by tuning the surface TBP density. Indeed, Dox-loaded TBP-Ps
binding Tf present in the culture medium showed significantly increased cellular uptake by and
inhibitory effects towards HCT-116 colorectal cancer cells in vitro. More importantly, i.v.
administered Dox-loaded TBP-Ps binding Tf (Tf@TBP-Ps-Dox) exhibited enhanced antitumor
efficacy in subcutaneous HCT-116 -bearing mice compared to control Dox-Ps without TBP
modification. Thus, the use of TBP surface modification provides significant advantages over
the use of traditional Tf protein coupling and is therefore an attractive strategy when
formulating Tf-targeted nanomedicines.

Patients with brain metastases, particularly those in case of triple-negative breast cancer
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(TNBC), exhibit very short overall survival time as effective treatment modalities are
lacking[10]. The inefficient blood-brain barrier (BBB) penetration limits the brain bio-
availability of most drugs, especially for biopharmaceuticals with larger molecular weights, like
proteins and nucleic acids[11, 12]. siRNAs offer the advantages of being highly potent and
hardly toxic as compared to conventional small therapeutic molecules[13]. In Chapter 4, we
report on Tf-targeted polymersomes loaded with the biotherapeutic siPLK1 (Tf@TBP-CPs-
siPLK1). Interestingly, in the in vitro BBB mimic model used, up to 5-fold enhanced tumor cell
uptake was observed as compared to control groups, suggesting the occurrence of Tf-ligand
mediated enhanced cellular transcytosis through the BBB endothelial cells and subsequent
receptor-mediated endocytosis by the tumor cells. In vivo, the animal group injected with
Tf@CPs-siPLK1(Cy5) showed a higher degree of accumulation in the brain metastases
(intracranial model) as compared to CPs-siPLK 1 without targeting ligand as assessed by in vivo
NIR imaging. Furthermore, the life-span of the intracranial brain metastases bearing mice was
extended to 33 days in case of the Tf-targeted Ps treatment, in contrast to 26 and 23 days for
the non-targeted Ps group and PBS control group, respectively.

In case of biomacromolecules, like siRNA and proteins, cytosolic delivery is often crucial
for achieving their activity. Trans-acting activator of transcription (TAT) peptides have been
widely used for transduction into cells of diverse origins but do not show selectivity between
neoplastic and non-neoplastic cells[14]. Apart from TAT, artificial cell-penetrating peptide-
CPP33 is of interest as targeting ligand, as it have shown high specificity to A549 lung cancer
cells[15]. In Chapter 5, we report on CPP33-targeted reduction-responsive polymersomes
(CPRPs) for granzyme B (GrB) delivery to orthotopic human lung tumor cells in vivo[16]. GrB
is a natural and potent apoptotic protein secreted by cytotoxic T cells and NK cells[17]. CPRPs
loaded with GrB characterized by a high protein loading (up to 17.2 wt%) and mean small size

in the 80-90 nm range exhibited ca. 3-fold enhanced internalization and ca. 7-fold reduction
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responsive cytoplasmic protein release in vitro compared with non-targeted control Ps.
Remarkably, the presence of the surface-exposed CPP did not have an impact on the circulation
time but did promote tumor accumulation, when compared to proper Ps control formulations.
After treatment with GrB-loaded CPRPs at a single dosage of 2.88 nmol GrB equiv./kg, mice
bearing orthotopic A549-Luc lung tumor cells showed complete tumor growth inhibition (vs.
nontargeted Ps loaded with GrB) determined by bioluminescence intensity with little body
weight loss throughout the treatment period of 20 days. Hence, further research is warranted on
GrB-loaded CPRPs for providing targeted cytotoxic protein therapy of cancers.

Tumor accumulation of nanoparticles has been confirmed by clinical studies albeit with high
inter- and intraindividual variability. Patient stratification prior treatment determined by
noninvasive imaging techniques assessing the degree of tumor accumulation is vital to increase
the response rate of nanomedicines. lodinated small molecules (iohexol, iodixanol) are typically
used in clinical computed tomography (CT) imaging to visualize pathological regions. However,
their use is not without problems, as reflected by their swift blood clearance, high osmolality
and viscosity, risk for renal damage and iodine hypersensitivity[18]. In Chapter 6, we report
on the design and development of biodegradable Ps with an ultrahigh iodine content (60.4 wt%)
for high-performance CT imaging in vivo[19]. Notably, these novel radiopaque Ps display
excellent colloidal stability and biocompatibility, low viscosity, iso-osmolality, as well as a
small size of about 100 nm. We show in this thesis that iodine-rich polymersomes (IPs) can
improve the in vivo imaging of the blood pool, reticuloendothelial system (RES) and several
malignant tumors as compared to iohexol, the clinically used iodinated small molecule.

Although integration of CT imaging in nano-chemotherapy protocols is attracting high
interest of academic scientists, the currently iodinated based nanoparticle studies typically still
suffer from a low contrast coefficient, low drug loading, and poor targetability. In Chapter 7,

we report on cRGD-functionalized disulfide-crosslinked iodine-rich polymersomes (cRGD-
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XIPs) as a novel, robust and ‘smart’ theranostic agent for targeted CT imaging and
chemotherapy of malignant tumors[20]. ‘Empty’ cRGD-XIPs (without drug) could be used for
pre-selection of patients by CT imaging prior to targeted chemotherapy. Our novel theranostic
Ps exhibited a small mean size (90 nm), high iodine content of 55.5 wt.%, low iso-osmolality,
high Dox loading content (15.3 wt.%), superior colloidal stability, and fast intracellular drug
release. cRGD-XIPs greatly improve the quality of in vivo CT imaging after intratumoral or
intravenous injection compared with iohexol. Moreover, cRGD-XIPs-Dox was far more potent
in retarding the growth of a subcutaneous B16 tumor than non-targeted XIPs-Dox and non-
crosslinked cRGD-IPs-Dox (lack of disulfide carbonate) controls.

Finally, Chapter 8 summarizes the results described in this thesis and provides perspectives

for Ps-based nanomedicines regarding clinical translation and commercial development.

2. Final Considerations and Perspectives

Reduction-responsive Ps have a “liposomes-like” structure and potentially can share some
of the advantages liposomes can offer for targeted drug delivery (e.g. mitigated toxicity, fast
intracellular drug release etc.) An additional advantage offered by reduction-responsive Ps is
the possibility of stimuli-triggered drug release resulting from the versatile polymer chemistry
and thereby enable improved antitumor therapy (i.e. increased therapeutic index) as compared
to cytotoxic agents administered in free form. Coupling of targeting ligands (e.g. antibodies,
peptides, aptamers etc.) to Ps can provide the reduction-responsive Ps with the possibility to
directly bind to and internalized by the actual target cells in the tumor and achieve cellular
internalization. In addition, noninvasive imaging technologies can be applied for patient
stratification and drug targeting optimization. Several actively-targeted polymeric
nanomedicines have entered into clinic trials during the past decade (Table 1)[21]. The problem

is that there is never a comparison with the nanomedicine system without surface-exposed
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targeting ligand and only comparison with the clinical standard-of-care. So, the role of targeting
ligand attachment in active targeting strategies with nanomedicines is still unclear, despite
numerous preclinical articles. Also, actively targeted nanoparticles often heavily depend on the
possibility of the EPR effect to occur, particularly if one wants to reach target cells (e.g. tumor
cells, fibroblasts) in solid tumor tissue. Targeting of endothelial cells in tumor tissue does not
require EPR, and is therefore also a strategy under investigation but so far not yielding any
product on the market. In general, there is a big gap between the many successful outcomes
reported in preclinical papers and the in fact slow clinical translation as discussed in several
recent opinion papers[22, 23]. Factors underlying this gap involve for example the difference
between animals and human beings, safety concerns, scale-up manufacturing challenges, the
attitude of large pharma companies, high costs associated with clinical translation, and the
difficulty academic scientists may experience in starting clinical translation activities (e.g.
regarding the need to involve investors and clinicians).

Table 1. Well-known ligand-decorated polymeric nanomedicines which have been or are in

clinical development

Polymer-based nanomedicines

Product Approx. . Clinical Clinical
Company . Payload Ligand Target L
Name Size (nm) Indication Phase
Prostate
BIND Small specific .
BIND-014 L. 100 Docetaxel Solid tumors  Phase Il
Biosciences molecule  membrane
antigen
Calando RRM2 . Transferrin .
CALAA-01 ) 50-70 . Protein Solid tumors  Phase |
Pharmaceuticals SiRNA receptor
Nicotine
antigen, T- Antigen Smoking
Selecta Small . .
SEL-068 L 150-250  helper cell presenting  cessation Phase |
Biosciences . molecule .
peptide, cells vaccine
TLR agonist
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Several strategies have been proposed to accelerate the clinical translation and exploitation
of nanomedicine. 1) Choose the right patient: The major clinical benefit from targeted
nanomedicines containing antitumor drugs is often improved safety. A major problem
encountered is the high variability of the EPR effect and therefore in tumor localization in the
clinical setting. Hence, patient stratification via the application of non-invasive imaging
modalities to monitor tumor accumulation of the nanocarrier system in individual patients is
vital to increase antitumor response rates. 2) Choose the right drug: Drug selection is
important in realizing both clinical and commercial success. The advantages of nanomedicinal
delivery should be fully considered (e.g. passive targeting/active targeting, mitigated toxicity)
in the selection of the right payload. Nowadays, the need for efficient targeted drug delivery
systems is bigger than ever with the arrival of biopharmaceuticals, like nucleic acids and
proteins suffering from rapid degradation and short half-life in vivo and lack of capability to
enter the cells. 3) Choose the right combination of drugs: Combination therapies are
commonly applied in clinical cancer care. And nanomedicines are and will be used in such
combination settings, rather than being used as monotherapy. Also, combination with physical
approaches (e.g. HIFU to trigger drug release at target sites) should be high on the tumor
management agenda. 4) Choose the right therapeutic approach: Immunotherapy is likely to
become a game changer in terms of cancer treatment: to use nanomedicine to boost the immune
system’s ability to fight cancer and/or to improve the efficacy of existing immunotherapies
while mitigating some of their side effects.

Finally, when clinical translation is pursued, the KISS (Keep it simple, stupid) and BIS (It’s
biology, stupid) principles should be taken into account to enhance the chance for clinical and
commercial success[24]. In the end, the polymer scientist should learn from marketed products
(in case of drug targeting: right now mainly liposome products) and seriously take into account

opportunities but also limitations which biology brings to the table of nanomedicine designers.
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Samenvatting

Polymersomen (Ps) zijn zelf-geassembleerde structuren opgebouwd uit verschillende
amfifiele blokcopolymeren en vertonen een nano-vesiculaire architectuur die inkapseling van
hydrofiele of hydrofobe moleculen in respectievelijk het interne waterige compartiment of de
omringende polymere dubbellaag mogelijk maakt (Schema 1, Hoofdstuk 1). De
biocompatibiliteit en biologische afbreekbaarheid van Ps beloven een lage-tot-geen toxiciteit in
vivo. In dit proefschrift werden Ps ontwikkeld met de volgende kenmerken: hoge stabiliteit in
de bloedcirculatie, aanzienlijke tumorophoping, goede opname door tumorcellen en snelle
intracellulaire afgifte van ingesloten farmaca. Bovendien is ook de mogelijkheid van
beeldgestuurde farmaconafgifte onderzocht om in de toekomst te komen tot een
geoptimaliseerde en gepersonaliseerde behandeling van pati€énten (theranostics). In dit
proefschrift zijn Ps-systemen ontworpen en geévalueerd op basis van PEG-disulfide
polycarbonaat en/of PEG-gejodeerd polycarbonaat voor gerichte beeldvorming en therapie van
tumoren.

Hoofdstuk 1 geeft een algemene inleiding tot Ps, met de nadruk op de noodzaak van
stabilisatie bereikt door disulfide crosslinking, het gebruik van de active targeting benadering
(d.w.z. het gebruik van targeting liganden op het oppervlak van nanodeeltjes), en de mogelijke
therapeutische en theranostische toepassingen. Het hoofdstuk eindigt met het doel van het
proefschriftonderzoek en een overzicht van de onderzoeksinhoud die in de volgende
hoofdstukken wordt aan bod komt.

Hoofdstuk 2 richt zich op de evaluatie van doxorubicine-bevattende Ps met transferrine

als targeting ligand op het oppervlak (Tf-Ps-Dox) voor de behandeling van transferrinereceptor
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(TfR)-positieve humane levertumorcellen (SMMC-7721). De waargenomen geremde cellulaire
opname, verminderde intracellulaire Dox-spiegel en verminderde antikankerwerkzaamheid van
Tf-Ps-Dox in SMMC-7721-celculturen na aanvulling van het medium met extra vrij
transferrine, wijst op cellulaire opname van Tf-Ps-Dox door TfR-gemedieerde endocytose. De
levensduur van orthotope SMMC-7721-tumordragende muizen werd verlengd met 82, 88 en
96 dagen na intraveneuze (i.v.) toediening met Tf-Ps-Dox in Dox-doseringen van
respectievelijk 8, 12 tot 16 mg/kg, wat significant langer was dan in geval van Ps-Dox bij 8
mg/kg (58 dagen) en Lipo-Dox bij 4 mg/kg (48 dagen) en PBS (36 dagen). Lipo-Dox werd in
een lagere dosis toegediend omdat de lage maximaal te verdragen dosis (MTD) in dit diermodel
ongeveer 15 mg/kg was, dus veel lager dan de 100 mg/kg MTD in het geval van Ps-Dox. Anders
dan met Lipo-Dox, werd in geval van Tf-Ps-Dox geen verlies van lichaamsgewicht en
orgaanschade waargenomen, wat duidt op een lagere systemische toxiciteit van Tf-Ps-Dox.
Ondanks de positieve resultaten in Hoofdstuk 2, is de gebruikte post-modificatieprocedure
om het Tf-eiwit te koppelen aan het Ps-oppervlak een problematische stap tijdens het
bereidingsproces. Bovendien is een bijkomend risico dat de targeting eigenschappen van het
Tf-ligand worden verminderd door intermoleculaire verknoping van gethioleerd Tf met de
maleimidegroepen. Om dit potenti€le risico van intermoleculaire verknoping te vermijden,
bestudeerden we in Hoofdstuk 3 het gebruik van Tf-bindende peptide (TBP)
(CGGGHKYLRW) gemodificeerde polymersomen (TBP-Ps) die in staat zijn om in de
bloedbaan selectief en stabiel Tf te binden op niet-covalente wijze. De Tf-oppervlaktedichtheid
bleek te kunnen worden aangepast via de oppervlakte-TBP-dichtheid. Dox-beladen TBP-Ps
bonden Tf aanwezig in kweekmedium en vertoonden daarom een significant verhoogde
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cellulaire opname door en remmende effecten op HCT-116 colorectale kankercellen in vitro.
Wat nog belangrijker is, i.v. toegediende Dox-beladen TBP-Ps die in vivo Tf binden (Tf @
TBP-Ps-Dox) vertoonden een grotere antitumor activiteit in subcutane HCT-116-dragende
muizen in vergelijking met controle Dox-Ps zonder TBP-modificatie. Het gebruik van TBP-
oppervlaktemodificatie biedt dus aanzienlijke voordelen ten opzichte van het gebruik van
traditionele Tf-eiwitkoppeling en is daarom een aantrekkelijke strategie bij het formuleren van
op Tf gerichte nanomedicijnen.

Patiénten met hersenmetastasen, vooral die in het geval van triple-negatieve borstkanker
(TNBC), kennen een korte levensduur omdat effectieve behandelingsmodaliteiten ontbreken.
De bloed-hersenbarriere (BBB) kan worden omschreven als een natuurlijke beveiliging
waardoor allerlei stoffen niet zomaar vanuit het bloed naar de hersenen kunnen diffunderen en
omgekeerd evenmin, met name voor biofarmaceutica met een hoger molecuulgewicht, zoals
eiwitten en nucleinezuren. Smal interfering RNA’s (siRNA's) bieden het voordelen dat ze zeer
krachtig kunnen werken en nauwelijks toxisch zijn in vergelijking met conventionele kleine
therapeutische moleculen. In Hoofdstuk 4 rapporteren we over Tf-gerichte Ps beladen met
siPLK1 (Tf @ TBP-CPs-siPLK1). Bemoedigend was dat in het in vitro BBB-nabootsingsmodel
dat werd gebruikt, een tot 5-voudige verbeterde opname van Tf@TBP-CPs-siPLK1 door de
tumorcellen werd waargenomen in vergelijking met controlegroepen, wat suggereert dat Tf-
ligand-gemedieerde verbeterde cellulaire transcytose door de BBB-endotheelcellen en
daaropvolgende receptor-gemedieerde endocytose door de tumorcellen optreedt. In vivo
vertoonde de diergroep geinjecteerd met Tf@TBP-CPs-siPLK1 (Cy5) een hogere mate van
accumulatie in de hersenmetastasen (intracranieel model) in vergelijking met CPs-siPLK1
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zonder targeting ligand, zoals waargenomen met behulp van in vivo near-infrared (NIR)
beeldvorming. Bovendien werd de levensduur van de muizen met intracraniéle
hersenmetastasen verlengd tot 33 dagen in het geval van de Tf-gerichte Ps-behandeling, in
tegenstelling tot respectievelijk 26 en 23 dagen voor de controlegroepen niet-Tf gericht Ps en
PBS.

In het geval van biomacromoleculen, zoals siRNA en eiwitten, is het bereiken van het
cytosol vaak cruciaal voor het realiseren van hun activiteit. In Hoofdstuk 5 rapporteren we over
ons onderzoek naar de cytosolaire aflevering van granzyme B (GrB) aan orthotope menselijke
longtumorcellen in vivo. GrB is een natuurlijk en krachtig apoptotisch eiwit dat wordt
uitgescheiden door cytotoxische T-cellen en NK-cellen. We koppelden daartoe het zgn. TAT
peptide CPP33 aan het oppervlak van GrB beladen Ps. CPP33 bezit een hoge specificiteit voor
binding aan A549-longkankercellen. Een ongeveer 3-voudige verbeterde internalisatie en 7-
voudige reductie-responsieve cytoplasmatische eiwitafgifte werd waargenomen in vifro in
vergelijking met niet-getargette controle Ps. Opmerkelijk was dat de aanwezigheid van CPP33
op het oppervlak geen invloed had op de circulatietijd van de Ps, maar wel de tumor accumulatie
bevorderde, vergeleken met de Ps-controleformuleringen. Na behandeling met een
enkelvoudige dosering van 2,88 nmol GrB equiv./kg, vertoonden muizen met orthotope A549-
Luc-longtumorcellen een volledige remming van de tumorgroei (vs. niet-gerichte Ps beladen
met GrB). Verder onderzoek is gerechtvaardigd naar de mogelijkheden die Ps kunnen bieden
voor het cytosolair afleveren van cytotoxische eiwitten aan kankercellen.

Tumorophoping van nanodeeltjes is bevestigd in klinisch onderzoek, zij het met een hoge
inter- en intra-individuele variabiliteit. Patiéntstratificatie met betrekking tot de mate van
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tumoraccumulatie, voorafgaande aan de behandeling met behulp van niet-invasieve
beeldvormingstechnieken die de mate van tumorophoping vaststellen, is van vitaal belang om
de klinische activiteit van nanogeneesmiddelen te verhogen. Gejodeerde kleine moleculen
(iohexol, iodixanol) worden gebruikt in klinische computertomografie (CT) beeldvorming om
pathologische gebieden te visualiseren. Het gebruik ervan is echter niet zonder problemen, zoals
blijkt uit hun snelle bloedklaring, hoge osmolaliteit en viscositeit, risico op nierbeschadiging
en overgevoeligheid voor jodium. Hoofdstuk 6 richt zich op het ontwerp en de ontwikkeling
van biologisch afbreekbare Ps met een ultrahoog jodiumgehalte (60,4 gew.%) ten behoeve van
hoogwaardige CT-beeldvorming in vivo. De nieuw ontwikkelde radiopake Ps vertoonden een
uitstekende colloidale stabiliteit en biocompatibiliteit, lage viscositeit, iso-osmolaliteit en een
kleine afmeting van ongeveer 100 nm. We laten in dit proefschrift zien dat de jodiumrijke Ps
de in vivo beeldvorming van het bloed, het reticulo-endotheliale systeem (RES) en
verschillende kwaadaardige tumoren kunnen verbeteren in vergelijking met iohexol, het
klinisch gebruikte gejodeerde kleine molecuul.

Hoewel de integratie van CT-beeldvorming in protocollen voor nano-chemotherapie grote
belangstelling trekt van academische wetenschappers, hebben de momenteel op jodium
gebaseerde nanodeeltjesstudies doorgaans nog steeds last van een lage contrastcoéfficiént, een
lage farmacon belading en onbevredigende targeting efficiéntie. In Hoofdstuk 7 beschrijven
we cRGD-gefunctionaliseerde disulfide-gecrosslinked jodium-bevattende Ps (cCRGD-XIPs) als
een nieuw, robuust en ‘slim’ theranostisch middel voor gerichte CT-beeldvorming en
chemotherapie van kwaadaardige tumoren. ‘Lege’ cRGD-XIP's (zonder farmacon) zouden
kunnen worden gebruikt voor voorselectie van patiénten door middel van CT-beeldvorming
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voorafgaand aan de nano-chemotherapeutische behandeling. Onze nieuwe theranostische Ps
vertoonde een kleine gemiddelde grootte (90 nm), hoog jodiumgehalte van 55,5 gew.%, lage
iso-osmolaliteit, en een hoog farmacon (doxorubicine)-beladingsgehalte (15,3 gew.%),
uitstekende colloidale stabiliteit en snelle intracellulaire farmaconafgifte. cRGD-XIP's
verbeterden de kwaliteit van in vivo CT-beeldvorming na intratumorale of intraveneuze injectie
aanzienlijk in vergelijking met iohexol. Bovendien was cRGD-XIPs-Dox veel krachtiger in het
vertragen van de groei van een subcutane Bl6-tumor in vergelijking met de getestte
doxorubicine-bevattende controleformuleringen.

Tot slot vat Hoofdstuk 8 de resultaten samen die in dit proefschrift worden beschreven en
beschrijft het perspectieven voor Ps-gebaseerde nanomedicijnen met betrekking tot klinische

translatie en commerciéle ontwikkeling.
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