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ABSTRACT

Polymer nanostructures are promising carriers of diagnostic and/or therapeutic
agents for cancer imaging and/or therapy. This dissertation presents five different
novel polymer nanostructures, including polymer nanocapsules, three types of
polymer-drug conjugates, and nanorods.
Polymer nanocapsules (PNCs) are an important class of nanocarriers, but
applications of conventional non-crosslinked PNCs have been significantly limited
because they are susceptible to environmental conditions. Synthesis and applications
of crosslinked PNCs (CPNCs) with robust covalently stabilized nanostructures have
attracted great interest over the past decade. Three major categories of template
synthesis approaches for the preparation of CPNCs have been established, including 1)
cavitation of shell-crosslinked nanostructures, 2) vesicle-based crosslinking, and 3)
emulsion interfacial crosslinking. Chapter 2 provides a critical and comprehensive
review of these approaches. Several special cases of the synthesis of CPNCs will also
be reviewed.
Zwitterionic crosslinked biodegradable nanocapsules (NCs) were synthesized
for cancer imaging in Chapter 3. A polylactide (PLA)-based diblock copolymer with
two blocks carrying acetylenyl and allyl groups respectively was synthesized by
ring-opening polymerization (ROP). Azide-alkyne “click” reaction was conducted to
conjugate sulfobetaine (SB) zwitterions and fluorescent dye Cy5.5 onto the

xxvii

acetylenyl-functionalized first block of the diblock copolymer. The resulting
copolymer with a hydrophilic SB/Cy5.5-functionalized PLA block and a hydrophobic
allyl-functionalized PLA block could stabilize miniemulsions because of its
amphiphilic diblock structure. UV-induced thiol-ene “click” reaction between a
dithiol crosslinker and the hydrophobic allyl-functionalized block of the copolymer at
the peripheral region of nanoscopic oil nanodroplets in miniemulsion generated
crosslinked polymer NCs with zwitterionic outer shells. These NCs showed an average
hydrodynamic diameter (Dh) of 136 nm. They exhibited biodegradability,
biocompatibility and high colloidal stability. In vitro study indicated that these NCs
could be taken up by MIA PaCa-2 cancer cells. In vivo imaging study showed that,
comparing to a small molecule dye, NCs had a longer circulation time, facilitating their
accumulation at tumors for cancer imaging. Overall, this work demonstrates the
applicability of zwitterionic biodegradable polymer-based materials in cancer
diagnosis.
A fully biodegradable zwitterionic polymer and the corresponding conjugate
with paclitaxel (PTX) were synthesized as promising biomaterials in Chapter 4.
Allyl-functionalized polylactide (PLA) was employed as the precursor of polymer
backbones.

UV-induced

thiol-ene

reaction

was

conducted

to

conjugate

thiol-functionalized sulfobetaine (SB) with the PLA-based backbone. The resulting
zwitterionic polymer did not exhibit considerable cytotoxicity. A polymer-drug
conjugate was also obtained by thiol-ene reaction of both thiol-functionalized SB and

xxviii

PTX

with

allyl-functionalized

PLA.

The

conjugate

could

readily

form

narrowly-dispersed nanoparticles in aqueous solutions with a volume-average
hydrodynamic diameter (Dh,V) of 19.3 ± 0.2 nm. Such a polymer-drug
conjugate-based drug delivery system showed full degradability, well-suppressed
non-specific interaction with biomolecules, and sustained drug release. In vitro
assessments also confirmed the significant anti-cancer efficacy of the conjugate. After
72 h incubation with PLA-SB/PTX containing 10 µg/mL of PTX, the cell viabilities
of A549, MCF7, and PaCa-2 cells were as low as 20.0 ±2.5 %, 1.7 ±1.7 %, and 14.8
± 0.9 %, respectively. Both flow cytometry and confocal microscopy suggested that
the conjugates could be easily uptaken by A549 cells before the major release of PTX
moieties. Overall, this work elucidates promising potentials of biodegradable
zwitterionic polymer-based materials in biomedical applications.
A multifunctional biodegradable brush polymer-drug conjugate (BPDC) is
developed for the co-delivery of hydrophobic paclitaxel (PTX) and hydrophilic
gemcitabine (GEM) chemotherapeutics, as well as a tumor imaging agent in Chapter
5. A novel ternary copolymer of conventional, acetylenyl-functionalized and
allyl-functionalized lactides is prepared to serve as the backbone precursor of BPDC.
Acetylenyl groups of the copolymer are then reacted with poly(ethylene glycol)
(PEG) side chains and cyanine5.5, a fluorescent probe, via azide-alkyne click
reactions. Subsequently, the allyl groups of the yielded PEG-grafted brush polymer
are used to covalently link PTX and GEM onto the backbone via thiol-ene click
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reactions. The resulting BPDC exhibits an average hydrodynamic diameter of 111
nm. Sustained and simultaneous release of PTX and GEM from the BPDC is observed
in phosphate buffered saline, with the release of PTX showing sensitivity in mild
acidic conditions. In vitro studies using MIA PaCa-2 human pancreatic cancer cells
illustrate the cellular uptake and cytotoxicity of the BPDC. In vivo, the BPDC
possesses blood long circulation, tumor accumulation, and enables optical tumor
imaging. Further development and testing is warranted for multifunctional conjugated
brush polymer systems that integrate combination chemotherapies and imaging.
A multifunctional biodegradable zwitterionic polymer-drug conjugate (ZPDC)
is developed for the co-delivery of hydrophobic paclitaxel (PTX) and hydrophilic
gemcitabine (GEM) chemotherapeutics, as well as a fluorescence imaging agent
cyanine5.5 (Cy5.5) in Chapter 6. The well-defined ZPDC is synthesized by tandem
azide-alkyne and thiol-ene click functionalization of an acetylenyl/allyl-functionalized
polylactide. It has a Mn of 53.6 kDa, with 6.5 wt% of PTX and 17.7 wt% of GEM.
Cy5.5 moieties can also be readily introduced to the structure of ZPDC via
conjugation. In aqueous solutions, the ZPDC exhibits an average hydrodynamic
diameter of 45.6 ± 2.1 nm. In vitro studies using MIA PaCa-2 human pancreatic
cancer cells illustrate the remarkable anticancer cytotoxicity and facilitated cellular
uptake of the ZPDC. In vivo studies demonstrate that the ZPDC possess long blood
circulation, tumor accumulation, optical tumor imaging capacity, and significantly
enhanced in vivo therapeutic effect.
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Recently, co-delivery of siRNA and anticancer drugs has drawn much attention
in the treatment of drug-resistant cancers. Drug resistance is exhibited by cancer cells,
which limits the efficacy of chemotherapy. When siRNA and anticancer drugs are
delivered into cancer cells simultaneously, the siRNA is expected to silence the genes
related to drug resistance, decreasing the drug efflux pumps and activating the cell
apoptosis pathways. In a timeframe following the release of siRNA, the accumulation
of the co-delivered anti-cancer drug inside of the cancer cells will increase, resulting in
promoted chemotherapeutic effects. Several classes of nanocarriers have been designed
based on polymers for co-delivery, including surface-modified polymer nanoparticles
(NPs), polymer micelles, dendrimers, polymer nanocapsules, polymer-modified
liposomes, and polymer-modified silica and gold NPs. Compared with separate
delivery, co-delivery showed significant advantages in the treatment of drug-resistant
cancers. Chapter 7 focuses on polymers in the co-delivery of siRNA and anticancer
drugs, and summarizes key advances in the recent several years.
Representing an unprecedented type of macromolecular structure, multiblock
copolymers consisting of alternating linear and dendritic blocks have been designed,
synthesized and characterized in Chapter 8. A 4th-generation Hawker-type dendron
with two azide groups was first synthesized. A step-growth azide-alkyne click
reaction between the 4th-generation diazido dendron and poly(ethylene glycol)
diacetylene was subsequently performed to create the target macromolecules. Unequal
reactivity of functional groups was observed in the step-growth synthesis. The

xxxi

resulting copolymers, with alternating hydrophilic linear and hydrophobic dendritic
blocks, can spontaneously associate into a unique type of microphase-segregated
nanorods in water.

xxxii

Chapter 1: Introduction

1.1 Polymers in Preparation of Nanostructures
Polymers are macromolecules built up by linking large numbers of smaller
molecules (i.e., monomers). The reactions by which they combine are termed
polymerization. In the very early stage (before 1920s), polymer materials were
considered as aggregates of small molecules. In the 1920s, Hermann Staudinger
enunciated macromolecular hypothesis, which was later on verified by a series of
experimental evidence obtained by himself and other pioneers of polymer science.
Subsequently he received the 1953 Nobel Prize in Chemistry for his contribution.1
Because polymers can possess high biocompatibility and appropriate mechanical
properties, they have been applied in diagnostic imaging and therapeutic applications
for decades.2-5
The polymers that so far have been most extensively used in preparation of
nanostructures

are

polylactide

poly(D,L-lactide-co-glycolide)

(PLA;
(PLGA),

also

termed

poly(lactic

poly(ε-caprolactone)

acid)),
(PCL),

poly(alkyl-cyanoacrylate)s (PACs), gelatin, and chitosan.6 These polymers usually
serve as backbone, providing the main platform of the materials. Because most of
these polymers are not hydrophilic enough and would not possess sufficient water
solubility or dispersibility, other polymers, such as poly(ethylene glycol) (PEG) and
zwitterionic polymers, can be used as solubilizing moieties to modify the
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nanostructures, providing the final materials with enhanced hydrophilicity and other
relevant properties for biomedical applications.

1.1.1 Polylactide (PLA)
Biodegradability is one of the critical properties required for polymer
nanostructures employed for cancer imaging and therapy. Polylactide (PLA) is an
aliphatic polyester composed of lactide or functionalized lactide repeating units.7
Lactide is commonly made from lactic acid, a product of fermentation of corn
dextrose.8 PLA is an important type of biodegradable polymer with high
biocompatibility, and has been broadly used in the development of sutures,
biomedical devices, tissue replacement, and delivery vehicles.9 Figure 1.1 shows the
lifecycle of PLA.7 It undergoes hydrolysis to form lactic acid. Lactic acid can be
metabolized both in the environment and in vivo, producing CO2 and H2O, making a
complete lifecycle.
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Figure 1.1. The lifecycle of PLA.7

PLA with higher molecular weight was synthesized and reported first in
1932.10 Since the 1970s, copolymers based on lactic acid started to be utilized as
materials for biomedical applications, and this stimulated the research on the synthesis
of functional PLA using different methods in the following decades.11 Among them,
the approach of direct living ring-opening polymerization (ROP) of functional lactides
can yield PLA with controlled structures and functionalities.12-14 For example, PLA
with allyl side groups and acetylenyl side groups have been synthesized via ROP,
respectively, and reported as biodegradable polymers with promising potentials to be
used as biomaterials.15-17
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1.1.2 Poly(ethylene glycol) (PEG)
Poly(ethylene glycol) (PEG), a linear polyether terminated with one or two
hydroxyl groups (Figure 1.2a), has been employed as biomaterial to develop
anticancer nanostructures since 1975.18 It was commonly used to enhance colloidal
stability of nanoparticles, prevent non-specific adsorption of plasma proteins, avoid
recognition by mononuclear phagocyte system (MPS), prolong blood circulation time,
thereby allowing the accumulation of these nanoparticles at sites with impaired
vasculature via the enhanced permeability and retention (EPR) effect.19-21 In 1995,
PEGylated liposomes with doxorubicin (DOX) became the first therapeutic
nanomedicine that was approved by FDA and reached market.22 However, PEG itself
contains only two terminal groups suitable for conjugation, and this substantially
limits its drug-carrying capacity. In addition, PEG is susceptible to oxidative damage,
which may also restrict its long-term applicability.20

1.1.3 Zwitterionic Materials
Avoiding non-specific interactions is one of the most important characteristics
required for nanostructures for cancer imaging and therapy.23-24 As alternatives to
non-ionic PEG, zwitterionic polymers have been well studied for their non-fouling
properties. These materials can resist the non-specific adsorption of proteins, mainly
because of their high surface hydration.25
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Commonly studied zwitterionic polymer materials include polybetaines which
carry a positive charge and a negative charge on the same monomer unit, converted
from monomers such as sulfobetaine methacrylate (SBMA), carboxybetaine
methacrylate (CBMA), and 2-methacryloyloxylethyl phosphorylcholine (MPC)
(Figure 1.2b-d). There is another class of zwitterionic polymers, polyampholytes,
carrying 1:1 of positive charge and negative charge on two different monomer units.26

Figure 1.2. a) PEG, b) zwitterionic PSBMA, c) zwitterionic PCBMA, d) zwitterionic
PMPC.

The applications of zwitterionic materials in cancer imaging and therapy have
been significantly explored.26-27 For example, Jiang and co-workers have designed
5

and developed poly(lactic-co-glycolic acid)-b-poly(carboxybetaine) (PLGA-b-PCB)
block copolymers for drug delivery.20 Modification of the FDA-approved PLGA with
biomimetic PCB would not introduce any noticeable toxicity. It was demonstrated
that PCB-modification is superior to PEGylation because of the simple modification
process, extraordinary colloidal stability, and multifunctionality. The abundant
carboxylate anions of PCB can enable the conjugation of targeting ligands,
therapeutic drugs, and diagnostic labels all in one scaffold material through
conventional NHS/EDC chemistry, thus making PCB a versatile polymer material for
drug

delivery.

Wang

poly(ε-caprolactone)-b-poly(allyl

and
ethylene

co-workers

synthesized

the

phosphate)

(PCL-b-PAEP)

block

copolymer by well-established controlled ROP approach.28 Then cysteamine
hydrochloride (Cya) and 2-(mercaptoethyl) trimethylammonium (TMA) chloride
were grafted onto the block copolymer by thiol-ene “click” chemistry, producing
PCL-b-P(AEP-g-TMA/Cya).

Amphiphilic

block

copolymer

with

hydrophilic

zwitterionic block and hydrophobic PCL block was obtained by further reaction and
was denoted as PCL-b-P(AEP-g-TMA/DMA). Nanostructures formed by the
copolymer showed high resistance to protein adsorption, as well as prolonged blood
circulation. Moreover, DOX was encapsulated into the nanostructures by a dialysis
method. The in vivo experiment demonstrated that the nanostructures with
zwitterionic polymer possess blood circulation behavior comparable to that of the
nanostructures with PEG-coating. However, it is still necessary to improve the
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zwitterionic polymer-based drug delivery system for more significantly extended
blood circulation time. Ji and co-workers reported an amphiphilic phospholipid
mimicking homopolymer poly(12-(methacryloyloxy)dodecyl phosphorylcholine)
(PMDPC) for both near-infrared imaging and photothermal therapy.29 The
homopolymer PMDPC can encapsulate IR-780 iodide, forming biocompatible
nanostructures.
However, these conventional zwitterionic polymers with polymethacrylate or
polyacrylamide backbones are non-biodegradable. The accumulation of these
polymers may potentially cause severe side effects and systemic toxicity, thus clinical
applications of such zwitterionic polymer-modified nanostructures may present
remarkable health risks.

1.2 Fluorescence Dyes and Anticancer Prodrugs
Imaging agents and anticancer prodrugs are important components for the
development of multifunctional polymer nanostructures.30-31 Among all the optical in
vivo imaging technologies, near infrared (NIR) fluorescence imaging (wavelength
range: 700-1000 nm) has drawn much attention due to its low absorption and ability
to minimize the unfavorable effects of tissue autofluorescence, which leads to
improved tissue penetration depth.32-34 Organic NIR fluorescent dyes have been
widely studied, and novel chemical synthesis technologies have been developed to
produce numerous organic NIR dyes with enhanced photophysical properties.35-36 The
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most extensively studied organic dyes include cyanine dyes, rhodamine dyes,
squaraine derivatives, phthalocyanines and porphyrin derivatives, et al.32, 37
The use of chemotherapy to treat cancer began in the early 1900s.38 Till now,
chemotherapy is still the most important and widely used treatment method for many
types of cancers.39 In general, anticancer drugs can be classified into hydrophobic
drugs and hydrophilic ones based on their water solubility.40 It is critical to choose or
design nanostructures as drug carriers based on the properties of different drugs, in
order to achieve desired drug release profiles.41

1.2.1 Cyanine5.5
Cyanine dyes, or polymethine cyanine dyes, are small organic fluorescent dyes
with a polymethine bridge linking two aromatic nitrogen-containing heterocycles.32
Some cyanine dyes show absorption in the NIR region, such as cyanine5 (Cy5),
cyanine5.5 (Cy5.5), cyanine7 (Cy7) and their derivatives.32 They are organic NIR
fluorescent dyes with very high molar absorption coefficient (ε > 200,000 L mol-1
cm-1). Recently, some of the NIR cyanine dyes have been modified with azido,
carboxylic or sulfonic acid groups to enable conjugation with nanostructures, or
improve properties of water solubility and fluorescence intensity.42-43 The
fluorescence dye used in this dissertation is Cy5.5 with an azido group (Figure 1.3a).
The excitation maximum wavelength and emission maximum wavelength of this dye
are 684 nm and 710 nm, respectively, with molar absorption coefficient of ε =
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209,000 L mol-1 cm-1. Previously, it has been employed to develop polymer
nanostructures for cancer targeting and combination therapy.44-46

Figure 1.3. Molecular formula of a) Cyanine5.5 azide, b) paclitaxel, c) gemcitabine.

1.2.2 Paclitaxel
Paxlitaxel (PTX) is a hydrophobic chemotherapy medicine, which has been
used to treat a number of types of cancers, including pancreatic cancer, breast cancer,
ovarian cancer, and lung cancer. As shown in Figure 1.3b, PTX has two reactive
hydroxyl group on C-2’ and C-7 positions, which can be used for modification to tune
the properties of PTX.47 It was reported that C-2’ was more suitable for such
modification because many prodrugs modified at C-7 position are too stable to release
drugs in a desired way, or too toxic.48

1.2.3 Gemcitabine
Gemcitabine (GEM) is a hydrophilic chemotherapy medicine used to treat
pancreatic cancer, breast cancer, ovarian cancer, bladder cancer, and non-small cell
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lung cancer. It was approved for medical use on human by FDA in 1995.49 GEM
prodrugs can be obtained by modification via the amide group on GEM (Figure
1.3c).50 The resulting GEM prodrugs can effectively protect GEM moieties against
deamination.51

1.3 Key Synthetic Techniques
The key synthetic techniques in this dissertation include living ring-opening
polymerization (ROP) and click chemistries.

1.3.1 Ring-Opening Polymerization
Ring-opening polymerization (ROP) is a powerful and versatile addition
polymerization method, which enables the controlled synthesis of various kinds of
well-defined homopolymers, as well as statistical copolymers, block, graft, and star
copolymers.52 Organocatalytic ROP was first reported using pyridines as nucleophilic
catalysts.53 In 2001, the first organocatalytic approach for living ROP of lactide (LA)
was reported using Lewis basic amines, i.e. 4-dimethylaminopyridine (DMAP) and
4-pyrrolidinopyridine (PPY), as transesterification catalysts.54

10

Scheme 1.1. Proposed mechanism for the ROP of LA using DMAP as catalyst.52

Scheme 1.1 shows the proposed mechanism for the ROP of LA using DMAP
catalyst. Polymerization was proposed to occur through a monomer-activated
mechanism. Nucleophilic attack by DMAP on the monomer will generate an
alkoxide/acyl pyridinium zwitterion. Subsequent proton transfer and acylation of the
resultant alkoxide generate the hydroxy-terminated ring-opened monomer. Then
polymerization proceeds by reaction of the ω-hydroxyl group with the next
DMAP-lactide intermediate.52

1.3.2 Azide-Alkyne Click Chemistry
Click chemistries are robust, efficient, and orthogonal approaches for the
preparation of novel soft materials.55 Commonly used click reactions include:
Cu-catalyzed azide/alkyne cycloaddition (CuAAC) reaction (or azide-alkyne click
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reaction), thiol-ene, oxime, Diels-Alder, and pyridyl disulfide reactions. They all have
wide applications in development of polymer nanostructures.

Scheme 1.2. Proposed mechanism for Husigen 1,3-dipolar cycloaddition of azide and
alkyne.56

Azide-alkyne click reaction is one of the most well-known click reactions
(Scheme 1.2). It has been used broadly in organic and macromolecular synthesis and
functionalization. For instance, Emrick and co-workers conjugated camptothecin
(CPT), a drug molecule, to linear and branched zwitterionic PMPC via azide-alkyne
chemistry.57 Such azide-alkyne click functionalization strategy can critically assure
the structural accuracy of the resulting polymer-drug conjugates, making them
promising for injectable cancer therapy with controlled drug release profile.

1.3.3 Thiol-Ene Click Chemistry
Thiol-ene reaction proceeds in essentially quantitative yields for judiciously
selected reactants, with good tolerance to many different kinds of functional groups
(Scheme 1.3). Moreover, it usually only requires simplified purification step to obtain
products, which shows its user-friendliness.55 Thiol-ene networks have distinct
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advantages over traditional ones, because they can be formed rapidly and
quantitatively under ambient atmospheric conditions. In addition, the resulting
polymer networks are nearly uniform composition, and they are not plagued by
heterogeneity,

which

is

commonly

resulted

from

conventional

radical

photopolymerization.58

Scheme 1.3. Proposed mechanism for general thiol-ene click reaction.59

Thiol-ene click chemistry has been widely used in the functionalization of
polymers.60 The use of mono-thiols with functional groups can provide a clean and
efficient method to alter polymer properties by modification of side or terminal
groups of polymers. After functionalization, the polymers can obtain a wide range of
new or enhanced properties. Consequently, they can be responsive to pH, temperature,
or electrolyte concentration. These polymers have applications in the fabrication of
nanostructures for therapeutic delivery, cancer imaging, or other important realms.58

1.4 Polymeric Nanostructures for Imaging and Therapy
Medical imaging and therapy are essential for patient care. To achieve better
benefits of controlling the delivery of various diagnostic and therapeutic agents within
the biological systems, nanotechnology has emerged to develop numerous polymer
13

nanostructures as carriers for delivery.61-63 Nanostructures, typically as nanoparticles,
are colloidal systems usually of 20-500 nm in dimensions. Polymeric nanostructures
are developed from either natural or synthetic polymers. They have been used to
deliver imaging agents and drugs via encapsulation or conjugation for improved
cancer imaging, drug targeting and controlled release.22 With precise control over
their structures and properties, polymeric nanoparticles-based diagnostics and
therapeutics hold great promise in the treatment of a wide range of diseases.19
Over the past decades, the explosive development of various polymer
nanostructures has been witnessed for application studies on cancer imaging and
therapy.64-66

These

nanostructures

mainly

include

polymer

nanocapsules,

polymer-drug conjugates, dendritic polymers, nanoplexes, polymeric micelles,
liposomes, and polymersomes.3,

67-69

Recently, advances in nanotechnology have

contributed to the development of novel polymer nanostructures for enabling the
co-delivery of imaging probes and therapeutic agents.30,

70-74

Such an all-in-one

system has been defined as “theranostic” because it combines both diagnostic agents
and therapeutic agents on a single platform, providing a multimodal approach to
combat cancer.75-77 More specifically, the imaging probes pave the path to visualize
the behavior of the theranostic nanostructures in metabolic pathways, and help to
control the response to external stimuli. As a result, the co-delivery of imaging probes
and therapeutic agents has been also described as imaging-guided cancer therapy,
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which tremendously enhances therapeutic efficiency and reduces adverse side
effects.78
Drug targeting is one of the critical consideration factors in the designing of
polymer nanostructures. It consists of two parts: firstly, the drug should be delivered
to the target sites selectively; secondly, the drug should be released at the target sites
responding to certain physiological changes.79 These physiological changes can be
internal (e.g. pH, ionic strength, redox potential) or external (e.g. temperature, light,
ultrasound), depending on which numerous stimuli-responsive drug delivery
nanostructures have been developed.80-81 Due to high rate of glycolysis in cancer cells,
the pH in tumors is obviously lower than that in normal tissues. Therefore,
pH-sensitive delivery nanostructures are meaningful and of great potential.82

1.4.1 Polymer Nanocapsules
Nanocapsules are an important kind of nano-vesicular nanostructures
generally with spherical, hollow structures, or core-shell structures in which the core
domains typically are filled with fluids (Figure 1.4). Drugs or other active agents are
either confined within cavities surrounded by coating such as polymer membrane, or
simply loaded in the coating.83 They are of particular interest due to their potential for
encapsulation of large quantities of active substances or sizable guests within their
hollow core domain.84 Polymer nanocapsules usually consist of polymeric walls with
thickness of nanometers, and their colloidal stability can be promoted by surface
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charges or surface adsorption of amphiphiles.85 The composition can be tailored by
choosing different polymers with specific properties. As a result, varieties of
functional nanocapsules have been constructed, and many of them have external
stimuli responsive properties towards temperature, pH, light, ions, etc.86 They can be
used as drug/gene carriers, confined reaction vessels, dye dispersants, carrier systems
for heterogeneous catalysis and materials for removal of contaminated wastes.84

Figure 1.4. Schematic illustration of polymer nanocapsules model.

The first studies on the preparations of polymer nanocapsules were reported in
the 1980s.87 Later on more methods were studied, which can be classified into three
types.

By

self-assembly

of

amphiphilic

copolymers

or

surface-initiated

polymerization (SIP), the polymer chains in the shell align vertically along the core
surface (type I). By layer-by-layer (LbL) assembly of polyelectrolytes, the polymer
chains in the shell align horizontally along the core surface (type II). For the
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emulsion-based method, a polymer wall around a stabilized droplet is commonly
obtained with polymer deposited at an aqueous-organic interface (type III).86

1.4.2 Polymer-Drug Conjugates
Polymer-drug conjugates (PDCs) are defined as a type of polymer-based
structures in which drugs are covalently bonded.1 In 1975, Ringsdorf presented a
small drug-polymer conjugate model (Figure 1.5). It has 1) a polymeric backbone, 2)
drug molecules which are connected with spacer, or linker, 3) solubilizing residue,
and 4) targeting moiety.88 Based on hydrophilicity and water solubility, PDCs valid
for biomedical applications can be classified into two categories. One is hydrophilic,
and can be dissolved in aqueous solutions molecularly. Another one is amphiphilic,
with both a hydrophilic part and a hydrophobic part, and would form assembled
nanoparticles in aqueous solutions.89 Compared with the encapsulation delivery
systems commonly involved with burst release, the PDCs have well-controlled drug
loading and sustained drug release behavior.
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Figure 1.5. Schematic illustration of small polymer-drug conjugate model.

A century ago, Paul Ehrlich foresaw the potential of drug targeting and
suggested the phrase "magic bullet" to describe a "perfect" targeted therapy, a drug
that can selectively destroy diseased cells but is not harmful to healthy cells.1, 22 After
Ringsdorf proposed the concept of polymer-anticancer-drug conjugates in 1975,
Duncan, Kopecek and colleagues designed and synthesized the first synthetic
polymer-drug conjugates in the late 1970s, which later on were studied in clinical
trials. The first generation conjugates resulting in improved therapeutic index of drugs
have been already in routine clinical use.
In the 1980s, systematic studies using N-(2-hydroxypropyl)methacrylamide
(HPMA) copolymer-anticancer conjugates elucidated the principles for the design,
preclinical evaluation, manufacture and formulation, and clinical development of
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PDCs.90 In the 2000s, block copolymer micelles entered clinical trials. Although drug
delivery systems can be obtained by simple encapsulation of drugs with polymeric
micelles, the covalent incorporation of chemotherapeutic drugs with micelle carriers
showed particular promise in the application of anticancer PDCs as nanomedicines.1
In 2002, targeted PDCs entered clinical trials.91
Similar to PDCs, polymers or polymeric nanostructures have also been
conjugated with imaging agents for in vivo biomedical imaging.92-93 When both drug
molecules and imaging agents are conjugated on the polymer backbone, the resulting
conjugated nanostructures open a door for more promising simultaneous imaging and
disease therapeutics.94

1.4.3 Dendritic Polymers
Dendrimers are highly branched and monodisperse macromolecules, and the
use of dendritic polymers for drug delivery is theoretically based on their perfectly
defined structures with numerous terminal group and relatively larger sizes having
internal spaces.95-98 Polyamidoamine (PAMAM) dendrimers are the most widely
investigated dendrimers, which have been applied for drug delivery, gene delivery,
and in vivo diagnostic imaging.99 Figure 1.6 shows several different types of drug
delivery formulations developed based on dendrimers and involved with different
interactions of drugs with dendrimers. The first four types (Figure 1.6A, 1.6B, 1.6C,
1.6D) use single dendrimer molecule as platform, the drug can be either covalently
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linked with dendrimer (Figure 1.6A, 1.6B), or non-covalently encapsulated in the
internal structure (Figure 1.6C), or physically absorbed on the external surface of the
dendrimer (Figure 1.6D). Specifically, Figure 1.5B shows cleavable linkages, which
may enable controlled release of the drugs. The last two types (Figure 1.6E, 1.6F) are
drug delivery systems using associated dendrimers, or assembled nanostructures
based on dendritic polymers.100

Figure 1.6. Different types of drug delivery formulations developed based on
dendrimers.100

Dendritic polymers can behave as soft nanoscopic elements to produce novel
nanostructures.101-102 Recently, a novel class of polymeric nanostructures has emerged
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by the combination of dendrimers with linear polymer chains.103-104 With certain
modification, these dendritic polymer-based nanostructures could have great
potentials for cancer imaging and therapy.

1.4.4 Nanostructures Based on PLA
A variety of PLA-based nanostructures have been developed, and some of
them have been studied for biomedical applications. Cheng et al. synthesized
well-defined tertiary amine-functionalized cationic polylactides (CPLAs) via living
ROP and subsequent thiol-ene click functionalization.105 First, the ROP of
allyl-functionalized lactide monomer with L-LA was conducted using benzyl alcohol
(BnOH) as the initiator, and 4-(dimethylamino)pyridine (DMAP) as the
organocatalyst.

Then,

the

UV-induced

thiol-ene

click

reactions

of

the

allyl-functionalized PLA with 2-(diethylamino)ethanethiol hydrochloride (DEAET)
were performed in CDCl3 using 2,2'-dimethoxy-2-phenylacetophenone (DMPA) as
the photoinitiator. The CPLAs formed nanoplexes with negatively charged
interleukin-8 (IL-8) small interfering RNA (siRNA) via electrostatic interaction. The
resulting nanoplexes provided protective environment for siRNA, and possessed
positive surface charges for enhanced cellular internalization via endocytosis.
Moreover, when they were being transported in the cytoplasm, the tertiary amine
groups on the surface would act for the intracellular "proton-sponge" effect, through
which extra protons are absorbed into the endosome, resulting in osmotic swelling
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and rupture. Finally, the IL-8 siRNA was released upon the degradation of CPLA.
The hydrolytic degradability and the low cytotoxicity of CPLAs were also
demonstrated.

Scheme 1.4. Synthesis of PEG-b-CPLA via ROP followed by thiol-ene
functionalization.106

In order to hinder and minimize undesired interactions between the
positively-charged nanocomplex and negatively-charged serum albumin, PEG was
introduced to the aforementioned nanocomplex. As shown in Scheme 1.4,
well-defined poly(ethylene glycol)-block-cationic polylactides (PEG-b-CPLAs) with
tertiary amine-based cationic groups were synthesized by thiol-ene functionalization
of an allyl-functionalized diblock precursor.106 Experimental results indicated that the
PEG-b-CPLA polymers had impressive gene delivery capabilities and high resistance
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to serum inhibition of gene delivery. They also exhibited low cytotoxicity, high
degradability, and minimal hemolysis.

Figure 1.7. Left: Cytotoxicity of Dox-CPLA NCs compared with free Dox towards
MCF7/ADR cells after 48 h of treatment. Right: Confocal images of PC3 cells after 4
h treatment with Dox/IL-8-siRNAFAM-CPLA NCs.107 NCs: Nanocapsules.

PLA-based polymer nanocapsules have been prepared through different
methods including nanoprecipitation method, emulsification-diffusion method, double
emulsification method, etc.83 The PLA-based nanocapsules showed great promise for
drug delivery, gene delivery, and drug-gene co-delivery. For example, to enable
drug-gene co-delivery to cancer cells, cationic polymeric nanocapsules with
well-defined covalently stabilized biodegradable structures were synthesized by
UV-induced thiol-ene interfacial cross-linking in transparent miniemulsions of
allyl-functionalized CPLA.107 As shown in Figure 1.7, the nanocapsules are able to
encapsulate doxorubicin (Dox) with inner cavities to bypass multidrug resistance
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(MDR) of MCF7/ADR cells, and bind interleukin-8 (IL-8) siRNA with cationic shells
together into PC3 cells. Because the inner cavities enable the encapsulation of
chemotherapeutics, and the cationic shells can bind genes via electrostatic adsorption,
these nanocapsules may have wide applications in co-delivery of a broad range of
diagnostic and therapeutic agents (both drugs and genes) into cancer cells, including
multidrug-resistant cancer cells. With tunable nanoscopic sizes, remarkable
degradability and low cytotoxicity, the nanocapsules demonstrate the potential for
serving as versatile therapeutic nanocarriers.
PLA-based polymer-drug conjugates have also been reported. Yu et al.
developed four different polymer-drug conjugates using acetylenyl-functionalized
PLA as the polymer backbone (Figure 1.8). The first type, i.e. graft polymer drug
conjugate (GPDC) of functional PLA-g-PTX-PEG, assembled in water to form
nanoparticles with sizes of 8-40 nm (Figure 1.8A).17 GPC analysis of the GPDC
samples incubated in buffer solutions (pH = 5.5 and 7.4) suggested the occurrence of
multiple hydrolysis reactions under the experimental conditions, which resulted in the
release of PTX moieties and the cleavage of PLA-based backbone. In addition, a
brush polymer-drug conjugate (BPDC) of PLA-g-PTXL/PEG was synthesized
through azide-alkyne click reaction of acetylene-functionalized polylactide (PLA)
with azide-functionalized PTX and PEG (Figure 1.8B).108 Both dynamic light
scattering (DLS) analysis and transmission electron microscopy (TEM) imaging
indicated that the BPDC had a nanoscopic size of about 10-30 nm. PTX moieties can
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be released through the cleavage of the hydrolyzable conjugation linkage in pH 7.4 at
37 °C (50% release in the first about 22 h). The low cytotoxicity of the polymer
scaffold was demonstrated, and cell uptake study showed effective internalization of
the BPDC into the cells.

Figure 1.8. Polymer-drug conjugates synthesized by Yu, et al.109

Another PLA-based novel BPDC consisting of pH-responsive drug
conjugation for doxorubicin (DOX) delivery was prepared as shown in Figure
1.8C.110 According to DLS and TEM analysis, the BPDC of PLA-graft-aldehyde/PEG
(PLA-g-ALD/PEG) exhibited well-defined nanostructures with size of 10-30 nm. The
Schiff base conjugation linkage resulted in acid-liable drug release behavior. A
similar polymer-drug conjugate PLA-g-DOX with PLA backbone and DOX side
chains was employed to develop nanoparticles via nanoprecipitation method (Figure
1.8D).111 Cytotoxicity essay and cell uptake studies of the nanoparticles towards
MCF-7 breast cancer cells indicated their promising potentials as anti-cancer
nanostructures.
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1.5 Overall Design of the Dissertation
This dissertation presents five different novel polymer nanostructures,
including polymer nanocapsules, three types of polymer-drug conjugates, and
polymeric nanorods. All of the polymer nanocapsules and polymer-drug conjugates
were prepared using PLA as polymer backbone. Acetylenyl-functionalized lactide
(ACLA) and allyl-functionalized lactide (ALLA) were freshly prepared before each
polymerization reaction. By using three different monomers (LA, ACLA, ALLA),
several different copolymers of PLA were synthesized via ROP with different
functionalities (Scheme 1.5).

Scheme 1.5. Synthesis scheme of different functionalized PLAs involved in this
dissertation.
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The presence of multiple allyl side groups and acetylenyl side groups on the
functionalized PLA enable conjugation of different moieties via thiol-ene click
chemistry and azide-alkyne click chemistry. In order to pursue the advantages of
zwitterionic materials, six clickable small molecule zwitterions were designed as
Scheme 1.6. It is expected that the combination of PLA and zwitterionic materials
will produce zwitterionic polymers with high biocompatibility, biodegradability, and
desired dispersibility/solubility in aqueous solutions.

Scheme 1.6. Design of different clickable small molecule zwitterions.

Firstly, biodegradable crosslinked zwitterionic nanocapsules were synthesized
for cancer imaging. Secondly, a fully biodegradable zwitterionic polymer and the
corresponding conjugate with PTX were synthesized for sustained drug delivery.
Thirdly, a multifunctional biodegradable PEGylated BPDC was developed for the
co-delivery of hydrophobic PTX and hydrophilic GEM chemotherapeutics, as well as
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a tumor imaging agent. Finally, based on the aforementioned studies, a biodegradable
zwitterionic PDC was also developed for the co-delivery of PTX, GEM and an
imaging agent against pancreatic cancer.
In order to explore the possibilities of developing novel drug/dye carriers with
more precisely controlled nanostructures, a multiblock copolymers consisting of
alternating linear and dendritic building blocks have been designed. They are
expected to form unique nanostructures in water via self-assembly.
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Chapter 2: Crosslinked Polymer Nanocapsules

Abstract:
Polymer nanocapsules (PNCs) are an important class of nanocarriers, but applications
of conventional non-crosslinked PNCs have been significantly limited because they
are susceptible to environmental conditions. Synthesis and applications of crosslinked
PNCs (CPNCs) with robust covalently stabilized nanostructures have attracted great
interest over the past decade. Three major categories of template synthesis approaches
for the preparation of CPNCs have been established, including 1) cavitation of
shell-crosslinked nanostructures, 2) vesicle-based crosslinking, and 3) emulsion
interfacial crosslinking. This article will provide a critical and comprehensive review
of these approaches. Several special cases of the synthesis of CPNCs will also be
reviewed.

 Reproduced in part from the paper:
Sun, H.; Chen, C.-K.; Cui, H.; Cheng, C., Crosslinked polymer nanocapsules. Polymer International
2016, 65 (4), 351-361. Copyright 2016, John Wiley & Sons, Inc.
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2.1 Introduction
As polymer nanoparticles (PNPs) with inner cavities, polymer nanocapsules
(PNCs) have less mass but can encapsulate cargoes of larger quantities and/or sizes
than conventional PNPs with the same composition and outer dimensions.1-2 Their
special structural feature and encapsulation behavior endow them with promising
applications in agricultural, biomedical, chemical, material, and other fields.2-3 PNCs
can be prepared by nanoprecipitation, core excavation, polymer vesicle formation, as
well as various emulsion-based approaches.2 Based on the versatile physicochemical
properties of polymers, PNCs can be structurally tailored to enhance their functions
and applicability.
Typical PNCs have aggregated or self-assembled structures which are
susceptible

to

environmental

conditions.

Relative

to

their

conventional

non-crosslinked analogues, crosslinked PNCs (CPNCs) with covalently-stabilized
architectures are more robust, and therefore, can be more suitable for applications
requiring nanocarriers with persistent shapes and dimensions.1 Because conventional
PNCs have been reviewed elsewhere,2-5 this review article will provide descriptions
and comparisons of synthetic methods for the preparation of CPNCs.
With a few exceptions,6-7 template synthesis is used for the preparation of
CPNCs, with templating accuracy essentially determined by template stability during
reaction process. Classified in terms of the types of templates, there are three general
methods, including 1) cavitation of shell-crosslinked nanostructures (SCNSs), 2)
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vesicle-based crosslinking, and 3) emulsion interfacial crosslinking. Template
stability of these synthetic templates generally decreases in the order of SCNSs >
vesicles > emulsions. However, synthetic complexity of CPNCs using SCNSs as
templates can be relatively high because SCNSs need to be prepared at first. On the
other hand, synthesis of CPNCs via vesicles or emulsion-based systems often is less
complicate, and may also allow in situ encapsulation of cargoes. It should be noted
that such a classification of synthetic methods of CPNCs is not absolute, because
there are also some special cases which may not be simply assigned to one of these
synthetic methods.6-9 Dynamic light scattering (DLS) is typically employed to
measure hydrodynamic diameter (Dh) of CPNCs. Microscopy technologies, such as
transmission electron microscope (TEM), scanning electron microscope (SEM), and
atomic force microscope (AFM), are commonly used to characterize CPNCs by
verification of their capsular structures. For CPNCs prepared through cavitation of
SCNSs specifically, chemical characterization approaches can also be utilized to
confirm the formation of CPNCs by verification of the occurrence of core removal. In
the following sections, the three basic approaches, as well as several special cases,
will be elucidated critically. The characterization results of specific CPNCs will also
be briefly described.
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2.2 Cavitation of SCNSs
CPNCs can be synthesized through the preparation of SCNSs via precursor
nanostructures, followed by cavitation to remove their cores. Based on their structural
features, the precursor nanostructures of SCNSs can be classified into four major
categories, including 1) unimolecular polymer nanostructures, 2) micelles, 3)
core-shell NPs by surface grafting, and 4) core-shell NPs by layer-by-layer (LbL)
deposition. According to the functional groups in shell (or peripheral) domains of
precursor nanostructures, the chemistries for shell-crosslinking reactions can be
chosen, and generally crosslinking reactions are performed in diluted solutions or
dispersions of these nanostructures to suppress the occurrence of reactions among
individual nanostructures. When the template morphologies remain stable during
crosslinking reactions, the outer dimensions of the final CPNCs are essentially
controlled through the precursor nanostructures, although minor extents of dimension
shrinkage resulted from shell-crosslinking often can be observed. Depending on the
chemical nature of their core domains and core-shell connections, either chemical
reactions or physical approaches in principle can be employed for cavitation of the
resulting SCNSs. The dimensions of inner cavities of the resulting CPNCs are
predetermined through the core dimensions of the SCNSs.

41

Scheme 2.1. Synthesis of CPNCs by cavitation of SCNSs via a) dendrimer, b) brush
polymer, c) micelle, d) core-shell NPs by surface-grafting, and e) core-shell NPs by
LbL deposition.

42

2.2.1 CPNCs via Unimolecular Polymer Nanostructures
Unimolecular polymer nanostructures, including dendrimers and brush
polymers, have been utilized for the preparation of SCNSs which are subsequently
converted to CPNCs. Having dense and precisely defined branch-on-branch structure
and globular morphology at high generations, dendrimers have relatively small
molecular sizes typically of several nm. With crosslinkable peripheral regions and
removable cores, dendrimers can be transformed to CPNCs with small dimensions
(Scheme 2.1a).10-14 As demonstrated by Zimmerman and co-workers, CPNCs with
molecularly imprinted cavities can be obtained by metathesis ring-closure reaction of
dendrimers with allyl-functionalized peripheral units, followed by the removal of
special core units;10-12 when a rod-like molecule (i.e. oligoporphyrin) was used as the
sacrificial core, tubular CPNCs were obtained by using this approach.13 Chemical
characterization approaches, such as matrix assisted laser desorption ionization
time-of-flight mass spectroscopy (MALDI-TOF MS), 1H nuclear magnetic resonance
(NMR) spectroscopy and UV-vis spectroscopy and elemental analysis, were used to
verify the formation of these CPNCs.10-13
Brush polymers have numerous side chains covalently connected with
polymer main chains. Relative to dendrimers, they have larger dimensions in the
range from about ten to hundreds nm, and therefore, can lead to larger CPNCs.
Moreover, based on backbone and graft structures, brush polymers can possess
well-defined globular,15 cylindrical,16-17 star-like,18 or cyclic19 shapes, and therefore,

43

CPNCs with special shapes in principle can be prepared via brush polymers with
crosslinkable shell domains and removable core domains (Scheme 2.1b). The
synthesis of CPNCs via brush polymers was first demonstrated by Wooley and
co-workers. They utilized brush polymers with polyisoprene-b-poly(acrylic acid)
(PI-b-PAA) diblock grafts as template to synthesize poly(acrylic acid) (PAA)-based
CPNCs by amidation crosslinking of the PAA-based shell, followed by ozolysis to
remove the polyisoprene (PI)-based cores.20 As compared with the crosslinked BP
precursors, the resulting CPNCs were more flexible and flattened more substantially
upon absorption onto mica, with a 10% increase in average diameter (Dav; 39.7 ±10.6
nm) and an 11% decrease in average height (Hav; 1.98 ± 0.39 nm) as measured by
AFM.20 Very recently, Onbulak and Rzayev reported the synthesis of cylindrical
CPNCs (with average length of ~40 nm containing internal cavities with an average
diameter of 5-6 nm by TEM) by using cylindrical brush polymers as templates.21 With
specific structural design of precursor BPs, hollowed PNPs with open cavities can
also be synthesized.22-23

2.2.2 CPNCs via Micelles
Specifically designed micelles can also be converted to CPNCs by
shell-crosslinking followed by removal of core domains (Scheme 2.1c). Because
micelles can have spherical, cylindrical and cyclic shapes,24 in principle CPNCs with
different shapes can be prepared using micellar templates, although only spherical

44

CPNCs have been reported through this approach up to date. Because typically small
molecule micellar systems have rapid surfactant exchange between micelles occurring
in the range 10−5-10−9 s and well-controlled template reactions of surfactant molecules
confined within micelle templates generally are not feasible,25 the preparation of
CPNCs from small molecule micelles needs enhanced intermolecular attraction of
surfactant molecules to stabilize the micelles. For instance, Kung and co-worker
reported the synthesis of CPNCs with outer dimension of only 2 nm by TEM from
small molecule micelles which may be stabilized by not only van der Waals
interactions but also H-bond between surfactant molecules.26
Relative to small molecule micelles, polymer micelles have much higher
dynamic stability because dynamic stability of surfactant assemblies of micelles
increases with the molecular sizes of surfactant molecules. As a result, a variety of
CPNCs have been prepared by using polymer micelles as the initial synthetic
templates. According to the dimensions of polymer micelles, the resulting CPNCs
typically have outer dimensions of tens to hundreds of nm and inner dimensions as
fractions of their outer dimensions. Amphiphilic diblock copolymers with one
crosslinkable block and one degradable block are the most commonly used precursors
to afford the polymer micelles for further preparation of CPNCs. For instance, as
reported by Wooley and co-workers, block copolymer micelles were obtained from
diblock copolymers with one hydrophilic PAA block and one hydrophobic PI or
poly(ε-caprolactone) (PCL) block, and CPNCs with PAA-based shells were
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synthesized by amidation crosslinking of the PAA blocks in the shell domains,
followed by ozolysis to remove PI blocks or hydrolysis to degrade PCL blocks in the
core domains.27-29 Specifically, as compared with the shell-crosslinked PI130-b-PAA170
polymer micelles (Dav = 83 ± 32 nm by TEM; crosslinker: diamino poly(ethylene
oxide)), the resulting CPNCs showed significant increased outer dimension (Dav =130
±35 nm by TEM), due to their shell expansion upon removal of constraints imposed
by the core.27 This synthetic strategy was adopted and further extended by several
other groups using non-covalently connected micelles to simplify the core removal
procedure. O’Reilly and co-workers prepared non-covalently connected micelles from
amphiphilic block metallopolymers with block junctions formed through metal-ligand
coordination, and subsequently transformed them into CPNCs by shell-crosslinking,
followed by ligand exchange and dialysis to remove the cores.30-31 Jiang and
co-workers synthesized CPNCs by the preparation H-bonding connected polymer
micelles using two homopolymers carrying complementary H-bond forming groups in
a selective solvent, followed by shell-crosslinking and core removal using a good
solvent.32,33 Besides easy core removal, the use of H-bonding connected polymer
micelles as initial templates can also allow feasible control of shell thickness of
CPNCs by adjusting the feed ratio of precursor homopolymers.
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2.2.3 CPNCs via Core-Shell NPs by Surface Grafting
In this approach, removable core NPs need to be obtained at first and then
serve as substrates for grafting with the formation polymer shells, and subsequently
CPNCs will be yielded by shell-crosslinking of the resulting core-shell NPs, followed
by core removal (Scheme 2.1d). A variety of core NPs have been reported, including
1) silica NPs which can be eventually removed by HF etching,34-39 2) gold NPs which
can be finally eliminated by oxidative etching using sodium cyanide,40 and 3) polymer
NPs which can be dissolved by using good solvents.41-42 Surface “grafting from”
living polymerization from initiator or chain transfer agent (CTA)-functionalized core
NPs is the most commonly used surface grafting approach to prepare polymer shells
of the core-shell NPs, and the resulting polymer shells are essentially surface polymer
brushes with dense polymer chains extending out from the core surface. Various
living polymerization techniques, such as atom transfer radical polymerization
(ATRP),34-36

nitroxide-mediated

polymerization

(NMP),37

and

reversible

addition-fragmentation transfer (RAFT) polymerization,38-39 have been used in the
surface

“grafting

from”

polymerization.

Besides

surface

“grafting

from”

polymerization, other forms of surface grafting (or surface-confined polymerization)
based on monomer-functionalized (or swelled) surfaces of core NPs have also been
used.40, 43 Crosslinking may occur during surface-confined polymerization by feeding
crosslinker besides monomer,34 or after polymerization or grafting through reactions
using functionalities on polymer chains.37 Some examples of synthesis of CPNCs via
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core-shell NPs by grafting (or surface-confined polymerization) are briefly described
in the next paragraphs.
Surface-initiated ATRP from halide-functionalized silica NPs has been
utilized to generate core-shell NPs which subsequently were transformed into
CPNCs.34-36 Walt and co-workers first demonstrated the synthetic approach to hollow
polymeric particles by using functional silica microparticles as grafting substrate; in
their work, crosslinked polymer shells were formed by copolymerization of benzyl
methacrylate monomer with ethylene glycol dimethacrylate crosslinker, and the shell
thickness in the range of 175-600 nm as measured by SEM could be tuned through
grafting polymerization conditions.34 Several other groups also adopted this
surface-initiated ATRP strategy. Fukuda and co-workers utilized ATRP to grow
poly(3-ethyl-3-(methacryloyloxy)methyloxetane)-b-poly(methyl

methacrylate)

(PEMO-b-PMMA) chains on the surface of silica substrates,35 followed by
crosslinking of PEMO block via cationic ring-opening polymerization and core
removal, to finally afford hollowed particles with inner cavity diameter of ~740 nm
and shell thickness of ~250 nm as measured by TEM. Liu and co-workers reported
the synthesis of poly(N-isopropylacrylamide) (PNIPAM)-based CPNCs by ATRP of
N-isopropylacrylamide

(NIPAM)

and

3-azidopropylacrylamide,

followed

by

copper-catalyzed azide-alkyne cycloaddition (CuAAC) “click” shell-crosslinking and
core

removal.36

Because

PNIPAM
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is

thermosensitive,

thermo-induced

collapse/swelling transitions of these PNCs with ∼4.6 times shrinkage in
hydrodynamic volumes could be observed upon heating from 20 to 35 °C.
Surface-initiated NMP from alkoxyamine-functionalized silica NPs has also
been employed to prepare CPNCs via core-shell NPs. As reported by Hawker and
co-workers, polystyrene (PS)-based polymer shell carrying either benzocyclobutene
or anhydride groups were prepared by copolymerization of styrene with
4-vinylbenzocyclobutene

or

maleic

anhydride

via

NMP

from

alkoxyamine-functionalized silica NPs, and then CPNCs were formed by thermal or
amidation crosslinking of the polymer shells, followed by core removal.37 Although
all of these CPNCs are PS-based, CPNCs prepared from thermal crosslinking of
benzocyclobutene groups exhibited more consistent dimensions stability on exposure
to solvents or thermal heating than the CPNCs obtained by amidation crosslinking,
indicating the significant effect of crosslinkage structure on their dimensional
stability.
Surface “grafting from” by RAFT polymerization using CTA-functionalized
silica NPs has been adopted to synthesize CPNCs via core-shell NPs. Using this
synthetic approach, Voit and co-workers prepared core-shell NPs with poly(t-butyl
methacrylate-co-2,3-dimethylmaleic

imidopropyl

methacrylate)-b-poly(2-hydroxypropypl

methacrylamide)

(P(tBMA-co-DMIPM)-b-PHPMA, Mn = 19.5 kDa) shells, and then obtained CPNCs
with Dav of 450 nm and shell thickness of 10 nm (as measured by TEM) thick shell by
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photo-crosslinking of the P(tBMA-co-DMIPM) blocks via DMIPM units, followed by
core removal.38 By using different monomers and crosslinking chemistry, the same
group

also

synthesized

pH-responsive

polydiethylaminoethylmethacrylate

(PDEAEMA)-based CPNCs with redox-sensitive disulfide-containing crosslinkage,
which exhibited size and permeability change along with pH variations, as well as
degradation in the presence of reducing agent.39
Surface grafting using monomer-functionalized gold NPs has also been
utilized to generate CPNCs via core-shell NPs. Liu and Basu demonstrated the
synthesis

of

CPNCs

by

the

preparation

of

core-shell

NPs

by

using

norbornene-functionalized gold NPs as “grafting onto” substrate to react with living
polymer species formed through ring-opening metathesis polymerization (ROMP),
followed by shell crosslinking and etching gold cores using sodium cyanide.40
Feasibility of core functionalization of these CPNCs was verified based on the thiol
groups in their inner surface.
Surface-confined polymerization using polymer NPs as substrate can also lead
to CPNCs via core-shell NPs. Different with inorganic NPs, polymer NPs can readily
adsorb monomer and crosslinker in their surface layers, which can further undergo
crosslinking polymerization to form crosslinking shells. Based on the fact that
PNIPAM is water-insoluble above lower critical solution temperature (LCST; ~32 °C)
and becomes water-soluble under LCST, Chen and Sajjadi prepared non-crosslinked
PNIPAM cores by radical polymerization of NIPAM without the presence of
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crosslinker, and then allowed the formation of crosslinked PNIPAM-based shells by
sequential feed of NIPAM along with N,N’-methylene bisacrylamide crosslinker.41
Thermoresponsive PNIPAM-based CPNCs were obtained by washing out the
non-crosslinked PNIPAM cores under LCST using water. Besides PNIPAM,
poly(methoxydiethyleneglycol methacrylate) (PDEGMA) is also a thermoresponsive
polymer with LCST of < 30 °C. By using PDEGMA as core templates, Simon and
co-workers successfully synthesized PNIPAM or poly(2-hydroxyethylmethacrylate)
(PHEMA)-based CPNCs.42

2.2.4 CPNCs via Core-Shell NPs by LbL Deposition
Similar to CPNCs via surface-confined polymerization or grafting, the
synthesis of CPNCs via LbL deposition also requires sacrificial core NPs as substrate
to prepare polymer shell for crosslinking before core removal (Scheme 2.1e).44 But
instead of having polymer chains extending out from substrate surface, CPNCs via
LbL deposition have polymer chains essentially parallel to substrate surface. Since the
preparation of PNCs by LbL method was firstly conceptualized by Caruso and
Möhwald in 1998,45 many types of PNCs have been synthesized through different
mechanisms to stabilize the two interacting polymers, including electrostatic
interactions of oppositely charged polyelectrolytes, hydrogen bonding, bio-specific
interactions and covalent coupling.4,
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Despite providing an effective route to

synthesize well-defined polymeric capsules, this template-assisted method still has
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appreciable concerns on harsh conditions for removing templates and limited loading
efficiency.47 However, due to its advantages including precise control over
composition, shape, wall thickness, size and readily functionalization, LbL method
has attracted extensive attention.48 Because the LbL preparation of PNCs has been
reviewed quite frequently and the synthesis of CPNCs typically was also described in
these review articles,46,
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herein only a few very recent synthetic examples of

CPNCs are presented. It should be noted that microparticles were often used as LbL
substrate in literature, but there is no considerable technique barrier to obtain CPNCs
if sacrificial core NPs of the same composition as microparticles are used, and
therefore the discussion here would not exclude examples of crosslinked
microcapsules.

Electrostatic self-assembly is a traditional and effective method to modify the
surface of the templates,51 and to further fabricate CPNCs after removal of the
templates. Yao and co-workers generated multilayer CPNCs (with Dav of ~150 nm by
TEM) via LbL electrostatic self-assembly of natural polysaccharides carrageenan as
polyanion and chitosan as polycation on amine-modified silica NPs, followed by
glutaraldehyde crosslinking and removal of silica core (with Dav of ~100 nm by
TEM).52 Wu and co-workers also prepared biodegradable CPNCs (with Dav of ~200
nm by TEM) via LbL assembly of tertiary amine and hydrazide grafted
polyaspartamide and carboxyl and aldehyde grafted polyaspartamide on silica
spheres, followed by hydrazone crosslinking and removal of silica core (with Dav of
52

~150 nm by TEM).53 They further demonstrated that protein can be encapsulated in
the CPNCs by using protein-entrapped amino-functionalized silica NPs as the LbL
substrate.
CPNCs with porous structures can be prepared by using porous NPs as LbL
templates. Gao and co-workers prepared elastic polyurethane capsules (with Dav of
7.2 μm by SEM) with nanoporous cores by adsorption of polyurethane using porous
CaCO3 particles having average pore size of 70.8 nm, followed by crosslinking using
hexamethylene diisocyanate and template removal using ethylenediaminetetraacetic
acid disodium salt, and these elastic capsules exhibited strong shape recovery abilities
and may also possess enhanced ability to load with cargoes.54 As demonstrated by
Caruso and co-workers, single-component CPNCs with nanoporous wall allowing for
high loading of cargoes can synthesized by single-step assembly of polymers using
solid core/mesoporous shell silica particle templates (with Dav of ~420 nm by SEM,
thickness of mesoporous shell of ~60 nm by TEM, and pore size of 4.5 nm), followed
by crosslinking and core removal.55 Bansal and co-workers further illustrated that near
monodispersed chitosan CPNCs of different sizes (220, 270, and 440 nm), wall
thicknesses (28, 45, and 56 nm), and template pore sizes (2.9, 3.68, and 4.85 nm) can
be obtained by this method in a controllable manner, and investigated their
performance as nanocarriers of anti-cancer drug.56-57
Besides electrostatic interactions, other driving forces, such as H-bonding, can
also be employed for LbL self-assembly to facilitate the preparation of crosslinked
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capsules. Caruso and co-workers prepared bifunctional poly(methacrylic acid)
(PMA)-based crosslinked multilayer capsules (with alternating layers with wall
thickness of 0.8 and 2.3 nm, respectively) by combining disulfide cross-linking and
CuAAC “click” chemistry with H-bonded LbL technique using silica substrate with
diameter of 1.16 μm.58 These multilayered capsules were demonstrated to be gateable
systems with switchable permeability because the cleavage and reformation of the
disulfide groups resulted in the potential of the systems to reversibly encapsulate
cargoes such as DNA. They also prepared another intracellularly degradable polymer
capsules with redox-responsive behavior by alternating H-bonded deposition of
thiol-containing poly(2-ethyl-2-oxazoline) and PMA layers followed by disulfide
crosslinking and core removal.59 These capsules exhibited low-fouling and
degradation properties, which made them promising for therapeutic applications.

2.3 Vesicular Crosslinking
As closed lamellar assemblies of small-molecule or polymeric surfactants in
solution,60-65 vesicles have been broadly studied for encapsulating and controlled
release of cargoes, and vesicle-based drug delivery systems have been
commercialized.66 However, technically it is challenging to precisely control the sizes
and to achieve narrow size distributions of vesicles, and to reach high loading
efficiency of cargoes in vesicular systems.67 Structural stability of vesicles and
premature release of cargoes are also concerned in some applications. As the major
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chemical approach to increase the stability of vesicles, vesicular crosslinking of
polymerizable surfactants has yielded a broad variety of CPNCs as crosslinked
vesicles with different composition and properties.68-87 Moreover, crosslinking of
monomers as guest molecules using vesicular templates has also been developed to
generate CPNCs. Based on the types of vesicles, vesicle-based crosslinking can be
classified into two categories, including 1) crosslinking using liposome templates, and
2) crosslinking using polymersome templates.

Scheme 2.2. Schematic illustration of the synthesis of CPNCs by vesicle-based
crosslinking via: a) liposome using crosslinkable surfactant, b) liposome loaded with
monomer/crosslinker in wall domain, c) liposome with surface adsorption of reagents
for crosslinking polymerization, d) AB diblock copolymer polymersome with
crosslinkable hydrophobic block, e) ABA triblock copolymer polymersome with
crosslinkable chain-ends, and f) ABC triblock copolymer polymersome with
crosslinkable central blocks.
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2.3.1 CPNCs via Liposome
With sizes in the range of about 15 to hundreds of nm, liposomes are closed
lamellar assemblies of small-molecule surfactants in solution, with thickness of
lamellar layers typically less than 10 nm. They are more dynamically stable than
small molecule micelles, and although lateral diffusion can occur within a layer of
liposome membrane (with thickness of several nm), surfactant exchange between
vesicles typically is slow.69 Therefore, as demonstrated by the pioneering studies of
Regen et al.,73 Fendler et al.,71-72 and O’Brien et al.,74-75 CPNCs have been obtained
through crosslinking polymerization using monomer-functionalized surfactants within
liposomes, without dramatic change in morphology (Scheme 2.2a). As demonstrated
by Liu and O’Brien, CPNCs as crosslinked liposomes can possess robust nature.75
After lyophilization, they could be readily redispersed in water and exhibit resistance
to surfactant solubilization. No major change in the size (115 ± 10 nm by TEM) or
structure of these crosslinked liposomes was observed after rehydration of their
freeze-dried powder. Singh and co-workers also demonstrated the robust nature of
CPNCs as crosslinked liposomes, as well as encapsulation of enzyme using such
CPNCs.76
Moreover, as first reported by Thomas et al. and Meier et al., crosslinking
polymerization of monomers loaded into the wall domains of vesicular templates can
yield CPNCs with morphologies similar to these of the templates (Scheme 2.2b).88-89
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This synthetic approach to prepare CPNCs have also been adopted and further
developed by other groups.90 McKelvey et al. reported that robust CPNCs (with Dav
of ~120 nm and shell thickness of less than 10 nm as analyzed by cryo-TEM) can be
prepared by copolymerization of styrene and divinyl benzene templated from
catanionic equilibrium liposomes consisting of both cationic surfactant and anionic
surfactant.78 As demonstrated by Jung et al., CPNCs with covalently immobilized
surfactant moieties were obtained by crosslinking copolymerization of surfactants
with the loaded monomers.77 Recently, Miksa and co-workers synthesized CPNCs
with

reverse

crosslinked

poly[2-ethylhexylmethacrylate-co-(7-(4-trifluoromethyl)coumarin acrylamide)] walls,
with coumarin side groups that can undergo reversible photodimerization crosslinking
(λ > 310 nm) and cleavage (λ < 250 nm).91 Pinkhassik and co-workers reported a
simple and scalable method to create CPNCs by crosslinking radical polymerization
of monomers loaded in liposome walls at near-physiological temperatures (35−40 °C)
for 1 to 2 h.92 Such mild crosslinking conditions may allow in situ encapsulating
sensitive cargoes for biomedical applications. They also studied the loading of
hydrophobic monomer to the hydrophobic wall domains in the bilayer structure of
liposome membrane, and their work suggested no considerable occurrence of fusion
of liposomes during monomer loading.93 It should be noted that, based on electrostatic
or other interactions, surface of liposomes can also be utilized to adsorb reagents to
induce crosslinking polymerization for the preparation of CPNCs (Scheme 2.2c). 94-96
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2.3.2 CPNCs via Polymersomes
With sizes ranging from about 50 to hundreds of nm, polymer vesicles, i.e.
polymersomes, are closed lamellar assemblies of polymer surfactants in solution, with
the thickness of lamellar layers larger than 10 nm.97-99 Polymersomes generally are
more dynamically stable than liposomes, but still sensitive to environmental changes.
Emerged as an important approach to stabilize polymersomes, crosslinking of
polymersomes has yielded a broad variety of CPNCs. The first examples of CPNCs
via the cross-linking of polymeric vesicles were reported by Liu et al., Meier et al.,
and Discher et al.79-80, 87 In the work of Liu et al., crosslinked AB diblock copolymer
polymersomes (with cavity size of ~38 nm by TEM) were prepared by the formation
of

polymersomes

(PI-b-PCEMA)

in

of

polyisoprene-b-poly(2-cinnamoylethyl

THF/hexanes,

followed

by

methacrylate)

photo-crosslinking

of

their

PCEMA-based wall domains (Scheme 2.2d).79 As demonstrated by Meier et al., a
poly(2-methyloxazoline)-b-poly(dimethylsiloxane)-b-poly(2-methyloxazoline)
(PMOXA-b-PDMS-b-PMOXA) triblock copolymer with methacrylate groups at both
chain-ends were converted to crosslinked polymersomes with controlled diameters in
the range of 50 nm up to about 500 nm by the preparation of polymersomes in
water/ethanol, and the subsequent photo-crosslinking of methacrylate terminal groups
of the precursor copolymers (Scheme 2.2e).87 In the study of Discher et al.,
polymersomes were prepared from poly(ethylene oxide)-b-polybutadiene (PEO-b-PB)
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in aqueous solution, and subsequently the PB domains with thickness of ~9 nm were
crosslinked by radical polymerization to yield crosslinked polymersomes (Scheme
2.2d).80
The synthetic approach of polymersome crosslinking has been extended by
many research groups using different polymer precursors and cross-linking
chemistries, and in most cases, cross-linking does not cause significant morphology
change for polymeric vesicles.81-86,
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Aqueous or water-containing solutions are

often used as the media for polymersome formation and crosslinking. Crosslinkable
amphiphilic diblock copolymers are often employed as the copolymer precursors, and
poly(ethylene oxide) (PEO) is a commonly used hydrophilic block of these
precursors.

For

examples,

Sun

et

al.

prepared

polymersomes

from

PEO-b-poly(4-vinyl benzaldehyde) (PEO-b-PVBA) diblock copolymers, and further
obtained dye-functionalized crosslinked polymersomes with hydrodynamic sizes in
the

range

of

100-600

nm

by

crosslinking

and

functionalization

using

amine-containing agents to react with aldehyde groups in PVBA blocks;101 Voit et al.
and Armes et al. synthesized diblock copolymers with one hydrophilic PEO block and
one

pH-sensitive

hydrophobic

poly(diethyl

amino

ethyl

methacrylate)

(DEAEMA)-based block carrying either photo-crosslinkable or hydrolytically
crosslinkable functionalities, and converted them to crosslinked polymersomes with
pH sensitive encapsulation and release behavior.102-104 Other hydrophilic polymers
have also been used as hydrophilic blocks of the precursor copolymers of crosslinked
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polymersomes. For example, as demonstrated by Gnanou and co-workers,
stimuli-responsive crosslinked polymersomes with peptide corona were obtained from
polybutadiene-b-poly(γ-L-glutamic acid) (PB-b-PGA) diblock copolymers via
polymersome formation and radical crosslinking of PB blocks.105 The incorporation
of PNIPAM blocks in the precursor polymers can result in thermosensitive
crosslinked polymersomes with significant property changes around LCST
temperature of PNIPAM.106 Amphiphilic triblock copolymers have also been used as
precursor copolymers for the synthesis of crosslinked polymersomes. Besides the
aforementioned ABA triblock precursors,87 ABC triblock copolymer precursors have
also been reported. For instance, Zhong and co-workers obtained reduction and
temperature dual-responsive crosslinked ABC triblock copolymer vesicles from
PEO-b-PAA-b-PNIPAM triblock copolymer by using cystamine to crosslink of the
PAA blocks within vesicular templates (Scheme 2.2f), and further demonstrated their
triggered release of encapsulated drug or protein.107-108 Amphiphilic miktoarm star
copolymers have also been used for the synthesis of crosslinked polymersomes. As
reported by Liu and co-workers recently, they utilized a miktoarm star copolymer
with PEO, poly(t-butyl acrylate) (PtBA) and PCEMA arms as precursor copolymer to
synthesize CPNCs with PAA-gated pH-responsive nanochannels by polymersome
preparation, UV-crosslinking of PCEMA blocks, followed by hydrolysis of PtBA
chains.109 Functionalization of crosslinked polymersomes typically were conducted
based on functionalities carried by the precursor polymers after crosslinking
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stabilization. Bulky units can be introduced through functionalities on the polymer
chain-ends or the polymer blocks of corona domains through highly efficient
chemistries.110

2.4 Emulsion Interfacial Crosslinking
As mixtures of immiscible liquids commonly stabilized by surfactants,
emulsions can be readily prepared and are often used as templates for material
preparation. Emulsion systems can also be controlled to have dispersed phases with
nanoscopic dimensions. For instance, with the presence of hydrophobe to increase
interfacial tension and to promote kinetic stability, miniemulsions with narrowly
distributed spherical nanodroplets with a size range of tens to about 500 nm are often
employed as the synthetic templates for the preparation of nanomaterials.111 A broad
variety of CPNCs have been prepared by interfacial crosslinking in emulsions,
especially miniemulsions in which the nanodroplet sizes can be readily controlled by
surfactant concentration.112-124 However, it should be noted that a concern of the
preparation of CPNCs and other materials via emulsions is the template stability
during reactions, because templating accuracy could not be maintained in destabilized
systems. Moreover, direct crosslinking of small molecule surfactant assemblies at
emulsion interfaces generally generate ill-defined products, as a result of very rapid
surfactant exchange within these systems.25
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Scheme 2.3. Synthesis of CPNCs by emulsion interfacial crosslinking.

2.4.1 CPNCs via Emulsion Interfacial Crosslinking Polymerization of Monomers
There are two major approaches for the preparation of CPNCs via emulsion
interfacial crosslinking polymerization of monomers. In the first approach, one
monomer is dissolved in the dispersed nanodroplets and the other monomer is
introduced through the continuous phase, and then they meet at interface to undergo
fast polymerization (Scheme 2.3, route a). Because each of the two reactants should
have no or little reactivity to itself, interfacial polycondensation or polyaddition
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systems have been extensively used.112-115 For instance, as reported by Landfester and
co-workers, polyurea, polythiourea, and polyurethane-based CPNCs were obtained by
miniemulsion interfacial polycondensation crosslinking of hydrophilic multifunctional
amines or alcohols with hydrophobic diisocyanate or diisothiocyanate monomers.113
With judicial structural designs of non-homopolymerizable monomers, interfacial free
radical alternating copolymerization in miniemulsions has also been reported.116-118
For example, as demonstrated by Carlos and co-workers, hydrophobic dibutyl maleate
and hydrophilic PEO-1000 divinyl ether are non-homopolymerizable but can undergo
radical alternating copolymerization at miniemulsion water-oil interface to generate
CPNCs.116
In the second approach, a non-solvent of polymer needs to be selected as the
solvent for monomer in nanodroplets, growing polymer chains precipitate from
nanodroplets and then continue chain propagation at oil-water interface to eventually
form capsules encapsulating the non-solvent (Scheme 2.3, route b).119-124 McDonald
and co-workers first demonstrated this approach in conventional emulsions using
non-crosslinking polymerization.119 Landfester and co-workers expanded this
approach by using it in miniemulsion systems to create PNCs, and illustrated that the
differences in the hydrophilicity of the oil and the polymer is the driving force for the
formation of PNCs.125 Several groups further developed this approach by introducing
crosslinker in the miniemulsion systems to endow the PNCs with crosslinked
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structures.123, 126-128 Besides normal oil-in-water miniemulsions, inverse water-in-oil
miniemulsion has also been used for the preparation of CPNCs using this approach.129

2.4.2 CPNCs via Emulsion Interfacial Crosslinking of Polymers
A broad variety of crosslinkable polymers, including both synthetic polymers
and bio-based polymers, have been converted to CPNCs by emulsion interfacial
polymerization. In terms of interfacial behavior, these precursor polymers can be
classified into two categories: 1) crosslinkable polymer surfactants, and 2)
crosslinkable polymers without surfactant properties. For crosslinkable polymer
surfactants, they naturally are present at emulsion interfaces and can be transformed
into CPNCs by crosslinking reactions in emulsions having nanodroplets dispersed in a
continuous phase (Scheme 2.3, route c). CPNCs derived from bio-based polymers
having surfactant properties have been prepared through this approach. For examples,
Landfester and co-workers reported that chitosan-based CPNCs with Dh of 100-300
nm by DLS can be obtained by miniemulsion polyaddition crosslinking of chitosan
with a diepoxide based on the moderate surfactant property of chitosan, and the
addition of biocompatible costabilizer into the system can help to reduce the size of
CPNCs;130 recently Cheng and co-workers also illustrated that chitosan-based CPNCs
with tunable sizes (Dh = 50-400 nm by DLS) can also be synthesized by UV-induced
thiol-ene crosslinking of N-maleoyl-functionalized chitosan in miniemulsions using
1,4-butanediol bis(3-mercapto-propionate) as the cross-linker, and these CPNCs
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exhibited pH-triggered release behavior due to their acid-labile β-thiopropionate
crosslinkages.131 Synthetic polymer-based CPNCs have also been prepared using this
approach.84, 132-134 Liu and co-workers reported a series of studies on the preparation
of CPNCs using amphiphilic block copolymer or grafted copolymers having
photo-crosslinkable PCEMA chains by UV irradiation of the emulsion systems.84, 135
Cheng and co-workers demonstrated that highly efficient photo-induced reactions can
be performed in transparent miniemulsions obtained through optimization of
miniemulsion

systems.136

They

reported

the

synthesis

of

biodegradable

PEO-b-polylactide-based CPNCs with tunable sizes by UV-induced thiol-ene
crosslinking of the allyl-functionalized amphiphilic diblock precursor copolymers in
transparent miniemulsions, with essentially complete extent of crosslinking reaction
within 30 min.136 Similarly, they also prepared biodegradable CPNCs from cationic
polylactides with both tertiary amine and allyl functionalities.137 With inner cavity for
in situ encapsulation of hydrophobic drugs and the positively charged biodegradable
polymer shells capable of complexing with negatively charged genes, these cationic
polylactide-based CPNCs (Dh ~ 20 nm, zeta potential ~ 50 mV, by DLS) exhibited
promising applicability in the co-delivery of drugs and genes.
With specific design of the reaction systems, CPNCs can also be prepared
from crosslinkable polymers without surfactant properties through emulsion
interfacial crosslinking. In such cases, crosslinkable polymers and crosslinkers should
be present at different phases respectively, in order to confine the occurrence of
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crosslinking reaction at emulsion interfaces for the formation of CPNCs (Scheme 2.3,
route d). As reported by Landfester and co-workers, a variety of CPNCs have been
prepared by interfacial crosslinking of polysaccharides or derivatives, including
dextran,113 starch,113 and hydroxyethyl starch (HES),138 with diisocyanate crosslinkers
in

inverse

miniemulsion

stabilized

with

poly(ethylene-co-butylene)-b-PEO.

Encapsulation of dsDNA with starch-based CPNCs and functionalization of
HES-based CPNCs with folic acid or mannose were also demonstrated.139-140

2.5 Special Cases
A few special examples of the synthesis of CPNCs will be discussed briefly in
this section. Kim and co-workers reported template-free synthesis of CPNCs from
small molecule synthetic precursors.6-7 As shown in Scheme 2.4a, CPNCs were
directly generated by thiol-ene reaction between dithiol and a disk-like cucurbit[6]uril
derivative with 12 allyloxy side groups. It was demonstrated that the obtained CPNCs
have highly stable structures and relatively narrow size distribution. The close
agreement between radius of gyration (Rg = 60.2 nm) and hydrodynamic radius (Rh =
57.3 nm) of the CPNCs as measured by light scattering approaches verified their
capsular structures. This approach potentially may be used for a variety of CPNCs
from crosslinkable precursors with disk-like shape through template-free process, and
other types of crosslinking chemistries may also be used.
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Scheme 2.4. Special cases for the synthesis of CPNCs through: a) template-free
system, b) crystal-forming miniemulsion system, and c) cavitation-free synthesis from
core-shell NPs.

Cheng and co-workers demonstrated the well-controlled template synthesis of
novel polyelectrolyte CPNCs with monolayer-thick shells (having thickness of ~0.4
nm by AFM) by crosslinking polymerization of monomer-functionalized surfactants
adsorbed on crystalized oil nanodroplets in crystal-forming miniemulsions (Scheme
2.4b).8 Relative to liquid nanodroplets in (mini)emulsion, these crystallized
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nanodroplets can serve as more stable synthetic template. Therefore, this
crystal-forming miniemulsion synthetic system can lead to more precise control over
the CPNCs than typical emulsion-based systems. Moreover, this approach is more
facile than the conventional method for the preparation of CPNCs by excavation of
SCNSs.
Jiang and co-workers reported a rare example of light-triggered reversible
transformation of CPNCs from core-crosslinked polymer micelles (Scheme 2.4c).9
H-bonding

connected

polymer

micelles

poly(4-phenylazomaleinanil-co-4-vinylpyridine)

were
and

prepared

from

carboxy-endcapped

polybutadiene in toluene under UV irradiation. They were subsequently crosslinked
by the reaction of pyridyl units in core domains with 1,4-diiodobutene. Visible light
irradiation transformed the core crosslinked polymer micelles (Dh ~ 250 nm by DLS)
to CPNCs (Dh ~ 900 nm by DLS) due to intense swelling of the core as the
cis-azobenzene changed into the trans form, while UV light caused the CPNCs to
return to micelles because of the isomerization of azobenzene moieties in the opposite
direction.

2.6 Conclusion
Significant developments in the synthetic approaches of CPNCs have been
made over the past decade. Broad varieties of CPNCs with diverse composition and
nanoscale dimensions have been prepared through template synthesis approaches,
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using SCNSs, vesicles or emulsions as templates. However, it still remains
challenging to achieve simultaneously synthetic simplicity and precise nanoscopic
morphological control over the CPNCs. Cavitation of SCNSs often can result in
CPNCs with dimensions accurately controlled through templates, and it is important
to develop new strategies to simplify the preparation of SCNSs and the removal of
sacrificial cores. While vesicle or emulsion-based synthesis of CPNCs generally is
facile and can allow in situ encapsulation of cargoes, it is critical to improve the
morphological control of these templates and maintain their stability during template
synthesis, in order to obtain CPNCs with well-controlled nanostructures. With
remarkable differences with conventional template synthesis approaches, a few
special cases for the synthesis of CPNCs have also been reported in the past decade.
Although currently their applicability is relatively limited, these special synthetic
systems exhibited promising features (such as template-free preparation, enhanced
structural control using facile templates, or cavitation-free synthesis from core-shell
NPs) and may deserve further investigation.
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Chapter 3: Zwitterionic Crosslinked Biodegradable Nanocapsules for
Cancer Imaging

Abstract:
Zwitterionic crosslinked biodegradable nanocapsules (NCs) were synthesized for
cancer imaging. A polylactide (PLA)-based diblock copolymer with two blocks
carrying acetylenyl and allyl groups respectively was synthesized by ring-opening
polymerization (ROP). Azide-alkyne “click” reaction was conducted to conjugate
sulfobetaine

(SB)

zwitterions

and

fluorescent

dye

Cy5.5

onto

the

acetylenyl-functionalized first block of the diblock copolymer. The resulting
copolymer with a hydrophilic SB/Cy5.5-functionalized PLA block and a hydrophobic
allyl-functionalized PLA block could stabilize miniemulsions because of its
amphiphilic diblock structure. UV-induced thiol-ene “click” reaction between a
dithiol crosslinker and the hydrophobic allyl-functionalized block of the copolymer at
the peripheral region of nanoscopic oil nanodroplets in miniemulsion generated
crosslinked polymer NCs with zwitterionic outer shells. These NCs showed an average
hydrodynamic diameter (Dh) of 136 nm. They exhibited biodegradability,
biocompatibility and high colloidal stability. In vitro study indicated that these NCs
could be taken up by MIA PaCa-2 cancer cells. In vivo imaging study showed that,
comparing to a small molecule dye, NCs had a longer circulation time, facilitating their
accumulation at tumors for cancer imaging. Overall, this work demonstrates the
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applicability of zwitterionic biodegradable polymer-based materials in cancer
diagnosis.

84

3.1 Introduction
Polymer nanocapsules (NCs) are polymer nanoparticles (NPs) with inner
cavities.1 Their special hollow core structure makes them promising for various
applications such as drug delivery and controlled release of various cargoes.2-3
Crosslinked NCs have drawn significant attention because their covalently crosslinked
shell architectures effectively enhance their structural stability.4 Robust crosslinked
NCs have been employed as containers with persistent structures for therapeutic
delivery (including drug,5-6 gene,7 and protein8), medical imaging,9-10 and
“nanoreactors”.11
Crosslinked NCs can be prepared by the cavitation of pre-prepared
shell-crosslinked

nanostructures,

vesicular

crosslinking,

and

emulsion-based

interfacial crosslinking.4 The emulsion-based approaches often just require relatively
simple components, and allow directly in situ encapsulation of cargoes. More
specifically, miniemulsions can be employed as templates to prepare crosslinked
NCs.12 For instance, we demonstrated the preparation of crosslinked NCs by highly
efficient UV-induced thiol-ene “click” crosslinking of precursor polymers with
surfactant properties in transparent miniemulsions in our previous studies.5, 13-14 By
using amine-functionalized cationic polylactide (PLA) as the precursor polymer,
cationic NCs with well-defined covalently stabilized biodegradable structures were
obtained, and in vitro studies showed that they can overcome multidrug resistance and
enable individual and co-delivery of drug and gene to cancer cells.13, 15 Moreover,
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other features of these cationic NCs, such as biodegradability and biocompatibility,
also enhance their promising applicability for therapeutic delivery.16
Recently, zwitterionic materials have been widely studied for biological
applications mainly because of their biocompatibility and anti-biofouling properties,
which can enable long blood circulation time.17-18 The incorporation of
biodegradability with zwitterionic materials can minimize their long-term side effects
in biological environments, and therefore, is important for enhancing their biomedical
applicability.19 However, most of the reported zwitterionic materials were derived
from zwitterionic (meth)acrylic esters or amides, and therefore, do not possess
biodegradability. Taking advantage of the thiol-ene “click” chemistry using a
biodegradable PLA-based precursor polymer, recently we reported a fully degradable
zwitterionic polymer by thiol-ene reaction of thiol-functionalized sulfobetaine (SB)
zwitterion with allyl-functionalized PLA.20 The conjugate of the SB-functionalized
zwitterionic PLA with paclitaxel, a potent anticancer drug, was also studied for
sustained drug delivery.
Fluorescent dye-doped NPs have attracted significant attention for biomedical
imaging applications, because they are brighter and more photostable than
conventional organic fluorescence probes.21 Similar to drug delivery systems, NPs for
biomedical imaging also require thoughtful design considerations on structure and
properties of the scaffolds, according to the required biological environments.22 In
principle, the unique combination of biomedical relevant properties of zwitterionic
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biodegradable polymers makes them to be promising scaffold materials for
biomedical imaging. Herein, we report novel fluorescent dye-doped crosslinked NCs
derived from zwitterionic SB-functionalized PLA for cancer imaging (Scheme 3.1).
Besides the favorable properties from the zwitterionic biodegradable precursor
polymer, such NCs were designed to have not only nanoscopic dimensions to
capitalize enhanced permeability and retention (EPR) effect which leads to
accumulation of NCs at tumor site, but also inner cavities which potentially can be
utilized for the delivery of therapeutic cargoes. A special SB zwitterion modified with
an azide group (SB-N3, 1) was designed and synthesized. Functional PLAs, including
acetylenyl-functionalized PLA 2 and diblock PLA 3 with both acetylenyl- and
allyl-functionalized

blocks,

were

prepared

successively

by

ring-opening

polymerization (ROP). Azide-alkyne “click” reaction of 1 and cyanine5.5 azide
(Cy5.5-N3), an azide-modified fluorescent dye, with the acetylenyl-functionalized
first block of 3 was performed to yield 4 with both SB and Cy5.5 conjugated to its
first block.23 Then 4 was used to prepare NCs by miniemulsion cross-linking via
UV-induced thiol-ene “click reaction”. The resulting NCs 5 were demonstrated to be
promising cancer imaging agents with high colloidal stability, biodegradability, and
biocompatibility. In vivo imaging and biodistribution study also demonstrated that 5
could be used for cancer imaging.
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Scheme 3.1. a) Synthesis of the PLA-based diblock copolymer 4 with a hydrophilic
SB/Cy5.5-functionalized block and a hydrophobic allyl-functionalized block. b)
Transformation of 4 into crosslinked NCs 5.

3.2 Experimental Section
3.2.1 Materials
3-Dimethylamino-1-propyl

chloride

hydrochloride

(98%)

and

1,3-propanesultone (99%) were purchased from Alfa Aesar. Sodium azide (99%),
2,2-dimethoxy-2-phenylacetophenone (DMPA, 99%), and sodium periodate (99%)
were purchased from Acros Organics. Magnesium sulfate anhydrous (MgSO4),
sodium hydroxide (NaOH, pellets), L-ascorbic acid sodium salt (NaAsc), and copper
sulfate pentahydrate (CuSO4•5H2O) were purchased from Fisher Scientific.
(3S)-cis-3,6-Dimethyl-1,4-dioxane-2,5-dione
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(L-LA,

98%),

4-(dimethylamino)pyridine (DMAP, 99%, prilled), and fibrinogen from human
plasma were purchased from Sigma-Aldrich. Benzyl alcohol (BnOH) was purchased
from J. T. Baker. Cyanine5.5 azide (Cy5.5-N3) was purchased from Lumiprobe
Corporation. 1,4-Butanediol bis(3-mercaptopropionate) was purchased from Fujifilm
Wako Chemical Corporation. Ruthenium dioxide (99.9%) was purchased from Pfaltz
& Bauer. Fetal bovine serum (FBS, qualified, USDA-approved regions) was
purchased from Life Technologies. Hexanes (HPLC grade), ethyl acetate (HPLC
grade), dichloromethane (DCM, HPLC grade), chloroform (HPLC grade), methanol
(HPLC grade), diethyl ether (HPLC grade), acetone (Certified ACS grade), and
N,N’-dimethylformamide (DMF; HPLC grade) were purchased from Fisher Scientific.
DCM

and

DMF

were

dried

by

distillation

over

CaH2

before

use.

Acetylenyl-functionalized lactide (ACLA) and allyl-functionalized lactide (ALLA)
were freshly synthesized following the methods reported in our previous
publications.14, 24

3.2.2 Synthesis of 3-Azido-N,N-Dimethylpropan-1-Amine
The reaction was conducted according to the literature with some changes.25-26
To a round-bottom flask equipped with a reflux condenser was added
3-dimethylamino-1-propyl chloride hydrochloride (1.58 g, 10.0 mmol, 1.00 eq),
sodium azide (1.30 g, 20.0 mmol, 2.00 eq) and 20 mL H2O. The solution was heated
to 80 oC for 23 h. After cooling to room temperature, 1 M NaOH was added slowly
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until the solution reached pH of ~10. Then the solution was extracted by diethyl ether
for three times. The organic layers were collected, combined, and dried with MgSO4.
After evaporation, the pure product was obtained as a colorless oil (0.84 g, 65% yield).
Noteworthily, because organic azides can be explosive, the reaction must be
conducted very carefully.

1

H NMR (500 MHz, CDCl3, δ): 3.34 (t, 2H,

CH2CH2CH2N3), 2.34 (t, 2H, CH2CH2CH2N3), 2.22 (s, 6H, N(CH3)2), 1.75 (m, 2H,
CH2CH2CH2N3).

3.2.3 Synthesis of SB-N3 (1)
The reaction was conducted according to the literature with some changes.20 In
a 10 mL glass vial, 1,3-propanesultone (362 mg, 2.97 mmol, 0.95 eq) was dissolved in
3

mL

dry

acetone

under

nitrogen

atmosphere.

Then

3-azido-N,N-dimethylpropan-1-amine (400 mg, 3.12 mmol, 1.00 eq) was slowly
added to the solution. After a few minutes, white solid powders started to appear in
the solution. The mixture was stirred at room temperature for 46 h in total. After
filtration, the solid was washed with a large amount of acetone. After drying under
vacuum, finally the pure product was obtained as a white solid (0.60 g, 80%). 1H
NMR (500 MHz, D2O, δ): 3.43-3.28 (m, 6H, SO3CH2CH2CH2 and CH2CH2CH2N3),
3.01 (s, 6H, N(CH3)2), 2.87 (t, 2H, SO3CH2CH2CH2), 2.17-2.07 and 2.01-1.91 (m, 4H,
SO3CH2CH2CH2 and CH2CH2CH2N3).
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3.2.4 Synthesis of Acetylenyl-Functionalized PLA (2)
ROP of LA (348 mg, 2.42 mmol) with ACLA (610 mg, 3.63 mmol) was
conducted by using BnOH (13.1 mg, 0.12 mmol) as the initiator and DMAP (59.1 mg,
0.48 mmol) as the organocatalyst in dry DCM ([LA]0:[ACLA]0:[BnOH]0:[DMAP]0 =
20:30:1:4). The reaction mixture was stirred for 5 days under N2 atmosphere at 35 oC.
The product was precipitated twice in large amounts of cold methanol to remove the
unreacted monomer and the organocatalyst DMAP. Finally, polymer 2 was obtained
as a white solid (0.60 g, 63%). 1H NMR analysis indicated the formula of 2 as
poly(LA0.46-co-ACLA0.54)75. 1H NMR (500 MHz, CDCl3, δ): 7.41-7.31 (m, Ar-H from
BnOH), 5.45-5.06 (br m, CHCH3 of LA units; CHCH3, CHCH2C≡CH of ACLA
units), 3.02-2.66 (br m, CHCH2C≡CH of ACLA units), 2.15-1.99 (br s, CHCH2C≡
CH of ACLA units), 1.67-1.40 (br m, CHCH3 of LA and ACLA units). MnNMR = 11.9
kDa, MnGPC = 24.9 kDa, ƉGPC = 1.10.

3.2.5 Synthesis of Acetylenyl/Allyl-Functionalized Diblock PLA (3)
ROP of LA (66 mg, 0.46 mmol) with ALLA (92 mg, 0.54 mmol) was
conducted with copolymer 2 (158 mg, 0.0133 mmol) as the polymeric initiator,
DMAP

(6.5

mg,

0.053

mmol)

as

the

organocatalyst

in

dry

DCM

([LA]0:[ALLA]0:[2]0:[DMAP]0 = 34.5:40.5:1:4). The reaction mixture was stirred for
8 days under N2 atmosphere at 35 oC. The product was precipitated twice in large
amounts of cold methanol to remove the unreacted monomers and the organocatalyst
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DMAP. Finally, diblock polymer 3 was obtained as a white solid (114 mg, 36% yield).
1

H

NMR

analysis

indicated

the

formula

poly(LA0.46-co-ACLA0.54)75-b-poly(LA0.74-co-ALLA0.26)18.

1

of

3

as

H NMR (500 MHz,

CDCl3, δ): 7.41-7.31 (m, Ar-H from BnOH), 5.91-5.69 (m, CH2CH=CH2 of ALLA
units), 5.45-5.05 (br m, CHCH3 of LA units; CHCH3, CHCH2C≡CH of ACLA units;
CHCH3, CHCH2CH=CH2 of ALLA units), 3.05-2.75 (br m, CHCH2C≡CH of ACLA
units), 2.75-2.47 (br m, CHCH2CH=CH2 of ALLA units), 2.14-1.99 (br s, CHCH2C≡
CH of ACLA units), 1.78-1.39 (br m, CHCH3 of LA, ACLA and ALLA units). MnNMR
= 14.6 kDa, MnGPC = 28.3 kDa, ƉGPC = 1.09.

3.2.6 Synthesis of SB/Cy5.5/Allyl-Functionalized Diblock PLA (4)
Azide-alkyne click reaction was conducted to conjugate both SB-N3 and
Cy5.5-N3 onto the PLA backbone of 3. The feed ratio was [acetylenyl group of
3]0:[SB-N3]0:[Cy5.5-N3]0:[CuSO4•5H2O]0:[NaAsc]0

=

40.5:38.3:1.0:1.8:3.6.

A

mixture of DMF and H2O (v/v = 8:1) was used as the reaction solvent. In a 10 mL
flask, 3 (72.3 mg) and Cy5.5-N3 (3.4 mg) were added with 4.0 mL of DMF; SB-N3
(47.4 mg) and NaAsc (3.5 mg) were added with 0.4 mL of water. Then the flask was
filled with N2, followed by the addition of CuSO4•5H2O (2.2 mg) with 0.1 mL H2O
using syringe. Three freeze-pump-thaw cycles were performed to further remove
oxygen in the reaction system. The reaction mixture was stirred for 21 h at room
temperature. The crude product was dialyzed against acetone and DCM:MeOH (v/v =
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5:1), respectively, to remove the unreacted SB-N3 and Cy5.5-N3. The product 4 (112
mg, 94.4% yield) was obtained as a blue solid after filtration, followed by drying
under vacuum. 1H NMR (500 MHz, CDCl3/CD3OD (v/v, 1:1), δ): 8.08-7.72 (br m,
CHCH2C=CHN), 7.38-7.27 (m, Ar-H from BnOH), 5.88-5.69 (br m, CHCH2CH=CH2
of ALLA units), 5.57-5.35 (br m, CHCH2C=CHN), 5.34-4.92 (br m, CHCH3, and
CHCH2CH=CH2 of ALLA units; CHCH3 of LA and ACLA units), 4.58-4.42 (br m,
NCH2CH2CH2N(CH3)2), 3.66-3.20 (br m, NCH2CH2CH2N(CH3)2, NCH2CH2CH2SO3,
and CHCH2C=CHN), 3.18-3.01 (br m, NCH2CH2CH2N(CH3)2), 2.93-2.76 (br m,
NCH2CH2CH2SO3, and CHCH2C ≡ CH of ACLA units), 2.76-2.55 (br m,
CHCH2CH=CH2 of ALLA units), 2.53-2.35 (br m, NCH2CH2CH2N(CH3)2), 2.20-2.04
(br m, NCH2CH2CH2SO3), 2.04-1.96 (br s, CHCH2C≡CH of ACLA units), 1.65-1.35
(br m, CH3 of units on PLA backbone). MnNMR = 24.7 kDa.

3.2.7 Synthesis of Crosslinked SB/Cy5.5-Functionalized PLA-based NCs (5)
In a 8 mL vial, a chloroform solution (0.057 mL) containing 1,4-butanediol
bis(3-mercaptopropionate) (0.70 mg, with 1.3 eq of thiol groups) and DMPA (0.12
mg, 0.1 eq) was added to 2.83 mL of water solution of 4 (21.9 mg, with 1.0 eq of allyl
groups). Ultrasonication (Branson Sonifier 250, output: 1, duty cycle: 50%) was
performed for 20 min to generate a transparent oil-in-water (O/W) miniemulsion.
Then UV irradiation (λmax = 365 nm) was conducted for 30 min at room temperature
to induce thiol-ene cross-linking reaction. Finally, the aqueous solution of crosslinked

93

SB/Cy5.5-functionalized NCs ([Cy5.5] = 0.2 mg/mL) was obtained after removal of
chloroform using rotavapor. During the synthetic process, samples were taken after
each step for nanoparticle tracking analysis (NTA) to monitor the size change.

3.2.8 Characterization Methods
1

H NMR spectra were recorded using a 500 MHz Varian INOVA-500

spectrometer at 25 oC, using CDCl3 (with tetramethylsilane as an internal standard),
D2O, or CD3OD as the solvent. Gel permeation chromatography (GPC) was used to
determine the number-average molecular weight (Mn) and molecular weight dispersity
(Ɖ) of functionalized PLAs 2 and 3. A Viscotek GPC system equipped with a
VE-1122 pump, a VE-3580 refractive index (RI) detector, and a VE-3210 UV/Vis
detector was employed. Two mixed-bed organic columns (PAS-103M-UL and
PAS-105M-M) were used in the GPC system, with DMF containing 0.01 M LiBr as
the eluent (flow rate: 0.5 mL/min, at 55 oC). Both 2 and 3 were dissolved in DMF at a
concentration of ~3 mg/mL, and the injection volume was 0.1 mL for each
measurement. Linear polystyrene standards (Ɖ < 1.1) purchased from Varian were
used for calibration. NTA was used to determine hydrodynamic diameters (Dh) of
assembled NPs of 4 and crosslinked NCs 5.27 The measurements were performed on
NanoSight LM10 (Malvern Instruments, laser wavelength: 405 nm). Brownian
motions of the NPs and the NCs (1 mg/mL) in different aqueous environment were
recorded and tracked, from which the size data of each sample were generated.

94

Transmission electron microscopy (TEM) images of assembled NPs of 4 and
crosslinked NCs 5 were obtained with a JEOL 2010 microscope. Their dilute
solutions in water (0.1 mg/mL) were dip coated onto the 400 mesh carbon-coated
copper TEM grids. After complete drying under vacuum, the samples were stained by
freshly prepared 0.5% solution of ruthenium tetroxide (RuO4). The staining agent was
prepared by the reaction between ruthenium dioxide and sodium periodate in water
for 1 h. The staining process lasted for 3 h before measurements.

3.2.9 Cell Culture
MIA PaCa-2 ATCC® CRL-1420™ (PaCa-2 for short) cells were purchased
from the American Type Culture Collection (Manassas, VA). PaCa-2 cells were
cultured in DMEM supplemented with 10% fetal bovine serum (FBS, Life
Technologies), 1% penicillin-streptomycin and 1% sodium pyruvate (Invitrogen,
11360070) at 37 oC with 5% CO2.

3.2.10 In Vitro Cell Viability
The cytotoxicity of NCs 5 was evaluated based on the viability of PaCa-2 cells.
The cells were seeded in 96 wells plates (Greiner Bio-one, 655180) at the seeding
density of 1 ×104 cells per well in 100 µl cell culture medium. The cells were allowed
to grow overnight at 37 oC with 5% CO2. The solutions of NCs 5 at different
concentrations were prepared in cell culture medium to treat cells at final
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concentrations of 50, 75, 100, 200, 300 and 500 µg/mL. AlamarBlue (Invitrogen,
DAL1025) was used to measure the viability of PaCa-2 cells at 72 h after treatment
following the manufacturer’s protocol. Briefly, one part of AlamarBlue reagent was
added to 10 parts of cell culture medium. The mixture was then added to cells and
incubated at 37 oC for 3 h, protected from light. Fluorescence intensity was measured
using TECAN microplate reader (San Jose, CA). The excitation and emission
wavelengths were set at 560 nm and 590 nm, respectively. The cell viability was
normalized to PBS treated groups.

3.2.11 In Vitro Cellular Uptake Analysis
PaCa-2 cells were seeded in 6-well plates (Greiner Bio-one, 655180) at 2 ×
105 cells per well and allowed to grow overnight. The cells were then treated with
Cy5.5-N3 and NCs 5 at Cy5.5 concentration of 0.2 µg/mL. Untreated cells were the
controls. At 24 h of post treatment, the cells were harvested and fixed in 4%
paraformaldehyde (Acros, 41678-5000) for analysis by flow cytometry and confocal
microscopy. The flow cytometry analysis was conducted by a BD Fortessa flow
cytometer (BD bioscience, San Jose, CA) in the APC channel (λex = 640 nm and λem =
660 nm). For each sample, 10,000 events were collected. The mean fluorescence
intensity ±standard deviation of Cy5.5 was reported to illustrate cellular uptake. For
confocal microscopy imaging, the cell nuclei were counter stained with DAPI (Sigma
Aldrich, D8417). Then the cells were mounted on glass slides and imaged using LSM
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710 confocal microscope (ZEISS, Dublin, CA) through the DAPI channel (λex = 405
nm and λem = 497.5 nm) and Cy5 channel (λex = 640 nm and λem = 701.5 nm ),
respectively.

3.2.12 In Vivo Imaging and Biodistribution
At the flank of each of the female athymic nude mice (6-week old, Charles
River Laboratories), 5 ×106 PaCa-2 cells were injected subcutaneously. When tumor
volume reached ~300 mm3, the mice were divided into three groups and treated with
0.9% saline (control), Cy5.5-N3 in 0.9% saline and NCs 5 in 0.9% saline, respectively,
through intravenous injection at Cy5.5 dose of 1.5 mg/kg of body weight. Whole body
Cy5.5 fluorescence images (λex = 675 nm and λem = 720 nm) were taken by IVIS
Lumina II in vivo imaging system (PerkinElmer, Waltham, MA) before and 5 min, 1 h,
4 h, 24 h after injection.28 Then the mice were euthanized. Tumor and major organs
(including brain, heart, liver, spleen, lung and kidney) were harvested. The
fluorescence images of organs was recorded and quantified by using the IVIS in vivo
imaging system. The animal protocol was approved by the University at Buffalo
Institutional Animal Care and Use Committee (IACUC).
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3.3 Results and discussion
3.3.1 Synthesis and Chemical Characterization
The synthesis of crosslinked SB/Cy5.5-functionalized PLA-based NCs is
illustrated in Scheme 3.1. An azide-functionalized small-molecule zwitterion, SB-N3
(1), was prepared via a two-step organic synthesis in which the nucleophilic
substitution reaction of 3-dimethylamino-1-propyl chloride with sodium azide was
performed

at

first,

followed

by

the

reaction

of

the

resulting

3-azido-N,N-dimethylpropan-1-amine with 1,3-propanesultone. Compound 1 was
obtained with an overall yield of 52%, and its high purity was illustrated by 1H NMR
analysis (Figure 3.1).
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Figure 3.1. 1H NMR spectra of a) 3-dimethylamino-1-propyl chloride hydrochloride
in CDCl3, b) 3-azido-N,N-dimethylpropan-1-amine in CDCl3, and c) SB-N3 (1) in
D2O.
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Figure 3.2. 1H NMR spectra of a) 2, b) 3 in CDCl3.

The diblock PLA backbone (3) was synthesized by a two-step ROP process.
Relative to one-step ROP process with sequential additions of monomers, the
two-step ROP process can allow to access strictly defined diblock structures because
incomplete monomer conversion for the preparation of the first block would not affect
the synthesis of the second block. The first step was ROP of LA and ACLA initiated
by

BnOH

and

organocatalyzed

by

DMAP

at

35

°C

for

5

days

([LA]0:[ACLA]0:[BnOH]0:[DMAP]0 = 20:30:1:4), to give acetylenyl-functionalized
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PLA 2 in 63% yield after purification. 1H NMR analysis revealed that 2 was
composed of 46 mol% of LA and 54 mol% of ACLA (Figure 3.2a), according to the
areas of peak b (COOCH of LA and ACLA units) at 5.06-5.45 ppm, peak f (CHCH2C
≡CH of ACLA units) at 2.66-3.02 ppm and peak g (CHCH2C≡CH of ACLA units)
at 1.99-2.15 ppm. The total degree of polymerization (DP) of 75 was determined for 2
(40.5 for ACLA units, 34.5 for LA unit), based upon the comparison of the area of
peak b with the area of peak for Ar-H (from terminal Bn group) at 7.31-7.41 ppm. The
second step was ROP of LA with ALLA using 2 as the initiator and DMAP as the
organocatalyst at 35 °C for 8 days ([LA]0:[ALLA]0:[2]0:[DMAP]0 = 34.5:40.5:1:4).
The diblock functional PLA 3 was obtained in 36% yield after purification, and the
relatively low yield was ascribed to the decreased reactivity of active polymer
terminals with the increase of polymer chain length. According to 1H NMR analysis,
the allyl-functionalized second PLA-based block of 3 was composed of 74 mol% of
LA and 26 mol% of ACLA (Figure 3.2b). The number of ALLA units was determined
as 4.6 by comparing the areas of peak d (CH2CH=CH2 of ALLA units) and peak g
(CHCH2C ≡ CH of ACLA units), based on the assumption that the first
acetylenyl-functionalized block of 3 was identical with precursor 2 regarding chain
length and composition. Then the number of LA units in the second block was
determined as 13.5 by comparing the areas of peak d (CH2CH=CH2 of units from
ALLA) with peak a (CHCH3 of LA units from both blocks; CHCH3 of 4.6 ALLA
units and 40.5 ACLA units), respectively. Thus, with a DP of 18 for its second block,
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diblock copolymer 3 had an overall DP of 93. GPC analysis revealed well-controlled
chain growth and extension in the ROP process, and polymers 2 and 3 had narrow
molecular weight dispersity (Ɖ) of 1.10 and 1.09, respectively, relative to linear
polystyrenes (Figure 3.3).

Figure 3.3. GPC curves of a) 2 and 3, b) crude product of 4.

The highly efficient azide-alkyne click chemistry was employed to react both
SB-N3 (1) and Cy5.5-N3 with acetylenyl groups of 3 using CuSO4•5H2O/NaAsc as the
catalytic system in DMF/H2O (v/v = 8:1) mixed solvent at room temperature for 21 h
([acetylenyl

group

of

3]0:[SB-N3]0:[Cy5.5-N3]0:[CuSO4•5H2O]0:[NaAsc]0

=

40.5:38.3:1.0:1.8:3.6). After the azide-alkyne reaction, the reaction solution was
analyzed by DMF GPC. The resulting diblock copolymer 4 with a hydrophilic
SB/Cy5.5-functionalized PLA block and a hydrophobic allyl-functionalized PLA
block showed very low solubility in DMF due to its amphiphilic property,20, 29 and
only a very weak GPC curve of the crude product of 4 was observed by using RI
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detector (Figure 3.3b). On the other hand, the more visible GPC peak of 4 obtained by
using UV/Vis detector (wavelength 684 nm) indicated the presence of conjugated
Cy5.5 moiety in 4 as a result of successful azide-alkyne conjugation reaction (Figure
3.3b). Comparison of UV/Vis signal intensity of 4 with that of the unreacted Cy5.5-N3
indicated ~67% conversion of Cy5.5-N3 in the reaction, which should be a lower limit
of conversion because Cy5.5-N3 is more soluble than 4 in DMF. After separation by
dialysis, 4 was obtained in 94.4% yield, based on the mass of the recovered polymer.
1

H NMR analysis revealed 31.3 wt% of SB moieties in 4 (Figure 3.4), corresponding

to 74% conversion of SB-N3 in the azide-alkyne reaction. The number of SB
conjugated ACLA units was determined as 31.1 by comparing the areas of peak Ar-H
(from Bn) with peak i (NCH2CH2CH2N(CH3)2 of units from SB). The number was
also confirmed by comparing the areas of peak Ar-H with peak g (CHCH2C≡CH of
units from ACLA). Meanwhile, according to the intensities of the

1

H NMR

resonances from allyl protons, 1H NMR analysis indicated that allyl groups from 3
were completely intact during the azide-alkyne reaction, and therefore, they were
available for the synthesis of NCs via thiol-ene crosslinking.
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Figure 3.4. Structure and 1H NMR spectrum of 4 in CDCl3/CD3OD (v/v, 1:1).

Figure 3.5. a) Partial 1H NMR spectra of 4 and NCs 5 in CDCl3/CD3OD (v/v, 1:1). b)
TEM image of NPs of 4. c) TEM image of NCs 5. TEM samples were stained with
RuO4 before measurements.
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Amphiphilic diblock PLA 4 can effectively stabilize water-oil interface
because

its

hydrophilic

SB/Cy5.5-functionalized

block

and

hydrophobic

allyl-functionalized block can effectively affiliate with water and oil phase,
respectively. Transparent miniemulsion was readily obtained by ultrasonication of a
mixture consisting of water (~98 vol%), chloroform (as oil; ~2 vol%), 4,
1,4-butanediol bis(3-mercaptopropionate) (as dithiol crosslinker), and DMPA (as
photoinitiator) for 20 min ([thiol]0:[allyl of 4]0:[DMPA]0 = 1.3:1.0:0.1). Subsequently,
thiol-ene crosslinking reaction was performed by UV-irradiation (λmax = 365 nm) of
the

transparent

miniemulsion

for

30

min,

converting

4

to

crosslinked

SB/Cy5.5-functionalized PLA-based NCs 5. A sample of the final NCs solution was
freeze-dried and analyzed by 1H NMR. The absence of the resonance of the CH
proton from allyl groups at 5.88-5.69 ppm confirmed that all the allyl groups were
consumed during the thiol-ene reaction process, forming crosslinked structures
(Figure 3.5a). Although in principle the dithiol crosslinker can also react with the
remaining acetylenyl groups on the hydrophilic SB/Cy5.5-functionalized block under
UV-irradiation, as evidenced by the remaining resonances of acetylenyl protons in the
1

H NMR spectrum of 5 (Figure 3.6), thiol-yne reaction was not important in the

current case with several reasons. First, allyl groups are much more reactive than
acetylenyl groups toward thiols via radical reaction mechanism.30 Second, these
acetylenyl groups remained after azide-alkyne functionalization reactions are
generally associated with significant steric hindrance. Third, the local concentration of
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hydrophobic dithiol crosslinker can be relatively low around the hydrophilic
SB/Cy5.5-functionalized blocks with the remaining acetylenyl groups.

Figure 3.6. Full 1H NMR spectrum of NCs 5 in CDCl3/CD3OD (v/v, 1:1).

3.3.2 Nanostructure Characterization
Nanostructures were involved for both SB/Cy5.5/allyl-functionalized diblock
PLA 4 and the derived crosslinked NCs 5. While NCs 5 possess covalently stabilized
unimolecular nanostructure, the amphiphilic diblock PLA 4 forms nanoparticles (NPs)
through self-assembly in selective solvents. The assembled NPs of 4 and the
crosslinked NCs 5 were characterized by both NTA and TEM, respectively, to reveal
their structural features. Dynamic light scattering (DLS) was not employed in this
study because the excitation and emission spectra of Cy5.5 can interfere with the 4
mM 633 nm laser of the Zetasizer Nano ZS90 (Malvern Instruments Ltd.).31 NTA
showed that NPs of 4 had an average hydrodynamic diameter (Dh) of 84 nm (with the
peak of the profile at 72 nm) (Figure 3.7a). The size of NPs of 4 was larger than a
previously reported zwitterionic sulfobetaine polymer (hydrodynamic diameter: 14.4
106

± 0.1 nm) without amphiphilic diblock structure.20 TEM image of NPs of 4 showed
spherical NPs with number-average diameter of 38.2 ±2.3 nm (Figure 3.5b). For NCs
5, NTA showed an average hydrodynamic diameter (Dh) of 136 nm (with the peak of
the profile at 124 nm) (Figure 3.7b), which was larger than that of NPs of 4 (Figure
3.7c). TEM images of NCs 5 confirmed that the morphology of these NCs as
spherical NPs with inner cavities (Figure 3.5c). The number-average diameter of NCs
5 was determined to be 92.1 ±18.4 nm. The bigger size of NCs 5 relative to NPs of 4
was a result of employing miniemulsion templates in the preparation of 5. The
dissolving of the hydrophobic allyl-functionalized block of 4 by the dispersed oil
phase of miniemulsion led to much larger interfacial area per oil nanodroplet of the
miniemulsion than interfacial area per NP of 4 in its aqueous dispersion. Thus, on
average, each of NCs 5 obtained from miniemulsion crosslinking corresponds to more
molecules of 4 than each of the assembled NPs of 4. The presence of inner cavity of 5
also contributes to the larger average outer dimension of 5 as compared to that of NPs
of 4.
Noteworthily, NTA was also used to monitor the miniemulsion crosslinking
synthesis of NCs 5 (Figure 3.7c). Before cross-linking, the average Dh of oil
nanodroplets stabilized by 4 was 135 nm. After cross-linking, the average Dh of oil
nanodroplets encapsulated by NCs 5 was 157 nm. After the removal of chloroform,
the final NCs 5 dispersed in water showed an average Dh of 136 nm. The fact that the
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nanodroplets and the resulting NCs 5 exhibited similar dimensions indicates
well-controlled template synthesis.

Figure 3.7. Size distribution profiles based on NTA measurements: a) NPs of 4 in
H2O. b) NCs 5 in H2O. c) NCs 5 on different steps of synthesis. d) Fibrinogen, NCs 5,
and the mixture of these two before and after 3 days incubation.

3.3.3 Assessment of Non-Specific Interactions of NCs 5 with Biomolecules
The surface layer of NCs 5 contains superhydrophilic zwitterionic SB moieties.
Due to the hydration effects of these zwitterionic materials, NCs 5 were expected to
have low non-specific interactions with biomolecules.17, 32 In this study, fibrinogen
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(from human plasma) was chosen as the model biomolecule, which is a glycoprotein
essential for the formation of fibrin-based blood clots.20,

33

NTA showed that

fibrinogen (1 mg/mL in H2O) itself had a mean Dh of 105 nm (with the peak of the
profile at 81 nm). A mixture of fibrinogen (1 mg/mL in H2O) and NCs 5 (1 mg/mL in
H2O) showed a bimodal profile, with the two peaks corresponding to fibrinogen and
NCs 5, respectively (Figure 3.7d). In addition, no large particles could be detected
immediately after mixing, indicating no aggregation formed during the mixing
process. The mixture was allowed to stand for 3 days at room temperature. After 3
days, NTA measurement showed almost the same size profile. The aforementioned
results all indicated that non-specific interaction between fibrinogen and NCs 5 was
well suppressed.

3.3.4 Evaluation of the stability of NCs 5 in serum
Serum is the clear liquid separated from clotted blood, which includes all
proteins not used in blood clotting (fibrinogens not included), and special components
such as antibodies, hormones, antigens. During the blood circulation of nanocarriers,
serum may trigger aggregation, and shorten their circulation time. The stability of
NCs 5 in fetal bovine serum (FBS, 50% in PBS buffer) was evaluated by monitoring
the size change.34 As shown in Figure 3.8a, NTA showed similar size profile of NCs 5
in 50% FBS (average Dh: 136 nm) compared with that in H2O. After incubation of
NCs 5 in 50% FBS at 37 °C for 3 days, the size profile essentially remained
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unchanged (average Dh: 138 nm), indicating the high stability of the NCs 5 in serum.
While the crosslinks effectively maintained NCs 5 as integrated nanostructures, the
“non-fouling” SB moieties on surface domain of NCs 5 helped to suppress the
non-specific interaction between NCs 5 and various components from serum and
prevent aggregations.

Figure 3.8. NanoSight curves of a) NCs 5 in H2O and 50% FBS, respectively, b) NCs
5 in 50% FBS before and after 3 days at 37oC.
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Figure 3.9. a) Enzymatic degradation profiles of NCs 5 in 0.1 M Tris-HCl buffer
(pH = 8.5) in the presence of 0.05 and 0.20 mg/mL of proteinase K at 37 °C. b)
NanoSight images of NCs 5 in 0.1 M Tris-HCl buffer (pH = 8.5) in the presence of
0.05 mg/mL of proteinase K at 37 °C at different time.

3.3.5 Biodegradation of NCs 5
Biodegradation behavior of NCs 5 was investigated by NTA assessment of the
Tris-HCl buffer solutions (0.1 M, pH = 8.5) of 1 mg/mL NCs 5 in the presence of
proteinase K (0.05 and 0.2 mg/mL), which were incubated in a shaking bed at 37 °C.
Quick degradation was illustrated by the fast decreases of relative concentration of 5,
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as the number ratio of the individual NCs per unit volume detected by NTA at a given
time versus the initial time (Figure 3.9). Degradation rate positively depended on the
enzyme concentration, indicating that the degradation was catalyzed by the enzyme
and therefore was a biodegradation process. With the presence of 0.2 mg/mL of
proteinase K enzyme, the biodegradation of 5 essentially completed within 24 h.
Related to the current study, the biodegradation behaviors of SB-functionalized PLA
(i.e., the structural analogue of the hydrophilic block of 4 and the pendant hydrophilic
chains on NCs 5) and thiol-ene-crosslinked PLA-based NCs (with the crosslinked
domains similar to that of NCs 5) was studied and reported in our previous
publications.14, 20

Figure 3.10. NanoSight data of NCs 5 in deionized water (1 mg/mL) at room
temperature at different storage time.

It should be clarified that NCs 5 showed remarkable stability in aqueous
solutions without the presence of catalytic enzyme. No significant changes of
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hydrodynamic sizes of 5 could be observed by storing a deionized water solution of 5
at room temperature for 80 days (Figure 3.10). The results indicated covalent
stabilization effect of the crosslinked structures of 5 and suggested insignificant
hydrolytic degradation rate of 5 under typical storage conditions.

Figure 3.11. Cytotoxicity of NCs 5 in PaCa-2 cells. Paca-2 cells were treated with
NCs 5 at concentrations of 50, 75, 100, 200, 300 and 500 ug/mL. The cell viability
was measured at 72 h post treatment. (n = 3).

3.3.6 In Vitro Cytotoxicity Study
Both PLA and zwitterions were commonly considered as materials with high
biocompatibility.35-36 The cytotoxicity of NCs 5 in PaCa-2 pancreatic cancer cells was
evaluated by the alamarBlue cell viability assay at 72 h against post treatment of
PaCa-2 pancreatic cancer cells (Figure 3.11). The results showed that NCs 5 (up to
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500 µg/mL) was non-toxic in PaCa-2 cells, indicating high biocompatibility of these
imaging agents.

Figure 3.12. Mean fluorescence profiles of Cy5.5-N3 and NCs 5 measured by TECAN
microplate reader.

3.3.7 In Vitro Cellular Uptake Study
NCs 5 and Cy5.5-N3 showed comparable profiles of fluorescence intensity
versus Cy5.5 concentration in solutions (Figure 3.12), indicating that NCs 5 are not
fluorescently self-quenched compared to the free dye and therefore the Cy5.5 moieties
on NCs 5 can serve as effective fluorescence probes. PaCa-2 cells were treated with
Cy5.5-N3 and NCs 5 at Cy5.5 concentration of 0.2 µg/mL. Untreated cells were the
controls. At 24 h of post treatment, the cellular uptake of NCs 5 in PaCa-2 cells was
characterized quantitatively with flow cytometry and qualitatively with confocal
microscopy.
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Figure 3.13. a) A typical set of flow cytometry data showing uptake of Cy5.5-N3 and
NCs 5 in PaCa-2 cells at 24 h post treatment. b) Mean fluorescence intensity of Cy5.5
obtained from flow cytometry (n = 3). c) Confocal microscopy images of PaCa-2 cells
at 24 h post treatment with Cy5.5-N3 and NCs 5. Cell nuclei were counterstained with
DAPI.
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Flow cytometry data showed that NCs 5 were effectively taken up by PaCa-2
cells (Figure 3.13a). The mean fluorescence intensity of cells treated by NCs 5 was
~243 folds higher than that of untreated cells (Figure 3.13b). Confocal microscopy
images also confirmed that NCs 5 were successfully taken up by PaCa-2 cells and
accumulated inside the cells (Figure 3.13c). Cy5.5-N3 treated cells showed stronger
fluorescence signals than NCs 5, which agreed well with previously published work.31
Although Cy5.5-N3 showed better cellular uptake efficiency in vitro, it mainly
accumulated in liver and was not able to reach tumor sites in vivo, which was
described in details below.

3.3.8 In Vivo Imaging and Biodistribution
PaCa-2 cells were injected subcutaneously at the flanks of 6-week old female
athymic nude mice. When the tumors reached ~300 mm3, the mice were injected with
0.9% saline (control group), Cy5.5-N3, or NCs 5 intravenously at Cy5.5 dose of 1.5
mg/kg body weight. Whole body fluorescence imaging using the IVIS in vivo imaging
system was performed before, 5 min, 1 h, 4 h and 24 h post injection to investigate the
biodistributions of Cy5.5-N3 and NCs 5.
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Figure 3.14. a) Whole body fluorescence imaging of mice (dorsal side) before and at
different time points post intravenous injection of saline, Cy5.5-N3, NCs 5 at Cy5.5
dose of 1.5 mg/kg body weight. Tumors are circled in each figure. b) Ex vivo
fluorescence imaging of tumors and major organs at 24 h post intravenous injection of
saline, Cy5.5-N3, NCs 5.

For the mice injected with NCs 5 with images shown in Figure 3.14a, the NCs
5 distributed across the whole mice body (dorsal side) immediately after injection.
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After 4 h, fluorescence signals could still be detected throughout the mice body,
suggesting that the NCs 5 were circulating during the first 4 hours after injection. At
24 h post injection, from the dorsal side of the mice, only the tumors showed strong
fluorescence signals, indicating that NCs 5 successfully accumulated at tumor sites.
For the mice injected with Cy5.5-N3, images of both dorsal side (Figure 3.14a) and
ventral side (Figure 3.15) of the mice were taken using IVIS imaging system.37 At 5
min post injection, from the dorsal side, no fluorescence signal was detected, and
image from the ventral side showed strong fluorescence signals in liver, suggesting
the immediate clearance of Cy5.5-N3 by liver. At 1 and 4 h post injection, more
accumulation of Cy5.5-N3 in liver (seen from ventral side) and kidney (seen from
dorsal side) was observed, indicating the continuous clearance of Cy5.5-N3 by liver
and kidney. Within the 24 h imaging period, no fluorescence signal was ever detected
at tumor sites.

Figure 3.15. In vivo fluorescence imaging of mice (ventral side) at different time
points post injection of free Cy5.5-N3.
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Mice were euthanized at 24 h post injection. Tumors and major organs were
harvested and imaged by IVIS imaging system (Figure 3.14b). Besides liver, spleen
and kidney, significant fluorescence signals were observed in the tumor of NCs 5
treated mice, indicating that NCs 5 were effective imaging agents for PaCa-2 tumors.
In contrast, there was no accumulation of free Cy5.5-N3 in the tumors, while
fluorescence signals were observed in the liver and kidney.
The above in vivo imaging and biodistribution results indicated that the
SB/Cy5.5-functionalized NCs 5 exhibited longer circulation time in vivo and led to
more effective tumor accumulation than the small molecule dye, Cy5.5-N3. Both
nanoscopic dimensions of NCs 5 and the zwitterionic properties of 5, which promotes
colloidal stability of 5 under biological environments, are contribution factors to such
results.38-39 With their hydrodynamic sizes of ~100 nm, the accumulation of NCs 5
was ascribed to EPR effect. The intensive fluorescence signals from liver and
noticeable fluorescence signals from spleen suggested that the reticuloendothelial
system (RES) might play a major role in the clearance of NCs 5, because RES
clearance.40 The fluorescence signals from kidney suggested renal clearance of the
population of NCs 5 with relatively small sizes or degraded residues of 5, because
renal clearance mainly functions for objects with size smaller than ~10 nm.41 For the
mice treated with free Cy5.5-N3, the significant accumulation of Cy5.5-N3 in kidney
and liver sites indicates that both renal clearance and liver uptake are significant
pathways to eliminate the dye molecules. Because renal clearance via kidney prefers

119

objects with small sizes, the dye molecules cleared through liver uptakes was likely
due to larger sized particles. The lower fluorescence intensity in the liver of Cy5.5-N3
treated mice relative to NCs 5 treated mice might be due to the degradation of small
molecule dye in the liver. Noteworthily, because NPs of 4 are different with NCs 5 in
hydrodynamic sizes and have also limited structural stability due to their assembled
structures, NPs of 4 were not used as a control in the above studies.

3.4 Conclusion
SB/Cy5.5-functionalized crosslinked PLA-based NCs were synthesized and
characterized. These NCs showed a series of comprehensive biomedical relevant
properties, including colloidal stability, biodegradability, biocompatibility, prolonged
in vivo circulation time, and effective tumor accumulation (as compared to small
molecules). The results suggest that NCs are candidates as cancer imaging agents.
Other properties of these NCs may also be useful for other potential biomedical
applications in the future, such as individual or co-delivery of drug and gene. While
the SB zwitterion was utilized in this work, it should be noted that other zwitterions
such as carboxybetaine (CB) and phosphorylcholine (PC) are also valid options of
zwitterions,42 showing that a broad degree of zwitterionic nanostructures can be
generated to explore biomedical applications.
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Chapter 4: Biodegradable Zwitterionic Sulfobetaine Polymer and Its
Conjugate with Paclitaxel for Sustained Drug Delivery

Abstract:
A fully biodegradable zwitterionic polymer and the corresponding conjugate with
paclitaxel (PTX) were synthesized as promising biomaterials. Allyl-functionalized
polylactide (PLA) was employed as the precursor of polymer backbones. UV-induced
thiol-ene reaction was conducted to conjugate thiol-functionalized sulfobetaine (SB)
with the PLA-based backbone. The resulting zwitterionic polymer did not exhibit
considerable cytotoxicity. A polymer-drug conjugate was also obtained by thiol-ene
reaction of both thiol-functionalized SB and PTX with allyl-functionalized PLA. The
conjugate could readily form narrowly-dispersed nanoparticles in aqueous solutions
with a volume-average hydrodynamic diameter (Dh,V) of 19.3 ± 0.2 nm. Such a
polymer-drug conjugate-based drug delivery system showed full degradability,
well-suppressed non-specific interaction with biomolecules, and sustained drug
release. In vitro assessments also confirmed the significant anti-cancer efficacy of the
conjugate. After 72 h incubation with PLA-SB/PTX containing 10 µg/mL of PTX, the
cell viabilities of A549, MCF7, and PaCa-2 cells were as low as 20.0 ±2.5 %, 1.7 ±

 Reproduced in part from the paper:
Sun, H.; Chang, M. Y. Z.; Cheng, W.-I.; Wang, Q.; Commisso, A.; Capeling, M.; Wu, Y.; Cheng, C.,
Biodegradable zwitterionic sulfobetaine polymer and its conjugate with paclitaxel for sustained drug
delivery. Acta Biomaterialia 2017, 64, 290-300. Copyright 2017, Elsevier Ltd.
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1.7 %, and 14.8 ±0.9 %, respectively. Both flow cytometry and confocal microscopy
suggested that the conjugates could be easily uptaken by A549 cells before the major
release of PTX moieties. Overall, this work elucidates promising potentials of
biodegradable zwitterionic polymer-based materials in biomedical applications.
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4.1 Introduction
The development of novel and transformative materials for biomedical
applications is a central aspect of biomaterial research. With minimal long-term side
effects and systemic toxicity, biodegradable polymers have been broadly used in
biomedical fields.1-7 For instance, aliphatic polyesters, such as poly(lactic acid) (PLA)
and polycaprolactone (PCL), are important biodegradable polymers that have been
approved by FDA for specific in vivo clinical applications.8-10 However, typical
biodegradable polymers are hydrophobic and lack functionalities, and there is a
significant need to develop well-defined hydrophilic biodegradable polymers carrying
special functionalities to enhance their biomedical applicability.11-20
Poly(ethylene glycol) (PEG) is an important type of polymer with significant
biomedical applications.21 There is a broad variety of PEGylated therapeutics
currently on the market for the treatment of numerous kinds of diseases.22-24
PEGylation not only confers the attached therapeutics a protective hydration layer to
increase their circulation time and bioavailability by mitigating clearance
mechanisms, but also can improve the stability and enhance aqueous solubility of
therapeutics.21 However, reduced bioactivity and immunogenicity of PEGylated
therapeutics severely restrict their biomedical efficacy.25 It is urgently required to
develop new polymers as improved alternatives of PEG.
Recently zwitterionic polymers have attracted significant interests due to their
special properties and potential biomedical applications.26 Zwitterionic polymers
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generally are more hydrophilic than PEG and may exert improved protection and
solubility enhancement to therapeutics. Zwitterionic polymer-modified nanoparticles
exhibited excellent long-circulation abilities.27-29 Zwitterionic polymer-specific
antibodies are also absent.30 A variety of conjugates of zwitterionic polymers with
therapeutic agents (i.e. drugs and proteins) have been reported,31-34 and it has been
illustrated that conjugation with zwitterionic polymers would not compromise
bioactivity or binding affinity of proteins. However, the zwitterionic polymers with
polymethacrylate or polyacrylamide backbones that have been studied intensively are
non-biodegradable, and side effects and systemic toxicity resulted from polymer
accumulation may present remarkable health risks for clinical applications of such
zwitterionic polymer-modified therapeutics. Such concerns may be somewhat reduced
but would not be fully dissipated by preparing block copolymers, composite
materials, or surface-modified polymer nanoparticles to integrate non-degradable
zwitterionic polymers with degradable polymeric structures.28,

35-37

Therefore,

synthesis and studies of biodegradable zwitterionic polymers have received
considerable attention in the past several years.38 Biodegradable zwitterionic polymers
based on poly(amino acid)s, polysaccharides (such as chitosan and starch), and
polycarbonates have been prepared.39-42 These biodegradable zwitterionic polymers
may possess either mixed oppositely charged moieties,39-40 or integrated
zwitterions.42-43 Noticeable efforts in incorporating zwitterions with aliphatic
polyesters have also been made,44-47 but zwitterionic polymers with well-defined
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aliphatic polymer-based backbones carrying pendant zwitterions have not been
obtained. Moreover, to the best of our knowledge, the conjugates of biodegradable
zwitterionic polymers with therapeutic agents have not been reported.
Herein we report a fully biodegradable zwitterionic polymer derived from
well-defined aliphatic polyester, as well as the corresponding polymer-drug
conjugate. PLA-based main-chain was designed for the zwitterionic polymer and the
conjugate because of its biodegradability. Integrated zwitterion moieties, instead of
mixed oppositely charged moieties, were incorporated with the biodegradable
main-chains to guarantee electrically-neutral zwitterionic properties of the resulting
materials without requiring additional synthetic control. With an anionic sulfonate
group and a cationic trimethyl ammonium group, sulfobetaine (SB) was further
selected as the zwitterion because of its superhydrophilicity.48-50 Paclitaxel (PTX), a
potent clinic anticancer drug, was chosen as a representative drug in our design of the
polymer-drug conjugate.51 Relative to drug encapsulation systems, drug delivery
systems based on polymer-drug conjugates can eliminate unfavorable burst release
that reduces drug bioavailability and induces severe systemic toxicity.52-53 The
objective of this study is to establish the synthetic approaches for aliphatic
polyester-based

zwitterionic

sulfobetaine

polymers

and

the

corresponding

PTX-containing polymer-drug conjugates, and demonstrate their merits as novel
biomaterials through comprehensive characterization and in vitro studies. This work
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serves as a valid basis for future investigations on broad varieties of biodegradable
zwitterionic polymers and polymer-drug conjugates.

Scheme 4.1. Synthesis of the biodegradable zwitterionic sulfobetaine polymer and
polymer-drug conjugate.
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4.2 Experimental Section
4.2.1. Materials
(3S)-cis-3,6-Dimethyl-1,4-dioxane-2,5-dione

(L-LA,

98%),

4-(dimethylamino)pyridine (DMAP, 99%, prilled), fibrinogen from human plasma,
and

poly(D,L-lactide)

were

purchased

from

Sigma-Aldrich.

3-Dimethylamino-1-propyl chloride hydrochloride (98%) and 1,3-propanesultone
(99%) were purchased from Alfa Aesar. Thioacetic acid (>95.0%, GC) were
purchased from TCI America. Triethylamine (NEt3, ≥99%) were purchased from
Fisher Scientific. 2,2-Dimethoxy-2-phenylacetophenone (DMPA, 99%), nile red
(99%), and sodium periodate (99%, for analysis) were purchased from Acros
Organics. Benzyl alcohol (BnOH) was purchased from J. T. Baker. Paclitaxel (PTX,
99%) was purchased from AvaChem Scientific. Proteinase K (Tritirachium
album/Molecular Biology) was purchased from Fisher BioReagents. Ruthenium
dioxide (99.9%) was purchased from Pfaltz & Bauer. Dichloromethane (DCM,
HPLC), chloroform (CHCl3, HPLC), hexanes (HPLC), ethyl acetate (HPLC), diethyl
ether (HPLC), acetone (Certified ACS), methanol (MeOH, HPLC), acetonitrile
(HPLC), N,N’-dimethylformamide (DMF; HPLC) were purchased from Fisher
Scientific. DCM and DMF were dried by distillation over CaH2. Compounds 1-5,
3-(dimethylamino)propyl thioacetate and SB thioacetate were synthesized (see
Supplementary Data for details).

131

4.2.2 Synthesis of Poly(LA0.53-co-ALA0.47)145 (1)
The

polymer

backbone

was

synthesized

via

living

ring-opening

polymerization (ROP) using lactide (LA) and allyl-functionalized lactide (ALA) as
monomers. The synthesis of ALA and the copolymerization of LA and ALA were
reported by our group before.55 Here the ROP was conducted using the following
conditions: [LA]0:[ALA]0:[BnOH]0:[DMAP]0 = 55:55:1:4, with BnOH as the
initiator, DMAP as the organocatalyst, and dry DCM as solvent. The reaction mixture
was stirred at 35 oC for 13 days under N2 atmosphere. Precipitation was conducted in
cold methanol for three times in order to remove the lower molecular weight
polymers. The resulting copolymer yielded an overall conversion of 73.8%. The
structure was verified by 1H NMR and GPC. 1H NMR (500 MHz, CDCl3, δ):
7.41-7.30 (m, Ar-H from BnOH), 5.86-5.68 (m, CH2CH=CH2 of units from ALA),
5.30-5.06 (br m, CHCH3, CHCH2CH=CH2, and CH2CH=CH2 of units from ALA;
CHCH3 of units from LA), 2.83-2.56 (br m, CH2CH=CH2 of units from ALA),
1.65-1.48 (br m, CH3 of units from ALA and LA). 1H NMR (500 MHz, DMSO-d6,
δ): 7.40-7.29 (m, Ar-H from BnOH), 5.86-5.66 (m, CH2CH=CH2 of units from ALA),
5.28-5.05 (br m, CHCH3, CHCH2CH=CH2, and CH2CH=CH2 of units from ALA;
CHCH3 of units from LA), 2.69-2.51 (br m, CH2CH=CH2 of units from ALA),
1.54-1.35 (br m, CH3 of units from ALA and LA). MnNMR = 22.7 kDa, MnGPC = 32.9
kDa, PDIGPC = 1.16. MnNMR was calculated using data from both spectra to avoid the
error caused by overlap of peaks.
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4.2.3 Synthesis of 3-(Dimethylamino)propyl Thioacetate
To a three-neck round-bottom flask equipped with a stirring bar and reflux
condenser was added 3-dimethylamino-1-propyl chloride hydrochloride (15.0 g, 95.0
mmol) and 150 mL CHCl3. Then the solution was bubbled with nitrogen in ice bath.
When the suspension was cooled to 0°C, NEt3 (39.4 mL, 283 mmol) was added
dropwise through a pressure equalized addition funnel and the temperature of reaction
mixture was kept at approximately 10 °C. The addition funnel was rinsed with 5 mL
CHCl3 twice, then thioacetic acid (8.10 mL, 114 mmol) was added dropwise and the
temperature of reaction mixture was kept below 20 °C. Again, the dropping funnel
was rinsed with 5 mL CHCl3 twice, and the ice bath was removed. The resulting
mixture was heated to gentle reflux with an oil bath at 65 °C for 20 hours. Bubbling
with nitrogen was stopped when the reflux was steady. After reaction, the reaction
mixture was allowed to cool down to room temperature, then was extracted with
ice-cold 1 N NaOH for three times, followed by H2O. Combined aqueous layers were
extracted with CHCl3 twice, and combined CHCl3 extracts were washed with 1 N
brine. After complete separation, the CHCl3 extracts were dried twice over anhydrous
MgSO4 (20 min each time). After filtration over Celite and evaporation under reduced
pressure, the product was obtained as slightly yellow oil.62 Yield: 93.6%. The
structure was verified by 1H NMR analysis. 1H NMR (500 MHz, CDCl3, δ): 2.90 (t,
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2H, CH2S), 2.32 (s, 3H, COCH3), 2.31 (t, 2H, CH2N), 2.21 (s, 6H, N(CH3)2), 1.73 (m,
2H, CH2CH2CH2).

4.2.4 Synthesis of SB Thioacetate
1,3-Propanesultone (1.50 g, 12.2 mmol) was dissolved in 15 mL dry acetone
under nitrogen. Then 3-(dimethylamino)propyl thioacetate (2.08 g, 12.9 mmol) was
added dropwise. The mixture was stirred at room temperature for 48 hours. After
filtration and washing with acetone, the solid was dried using vacuum pump. Finally,
the dried solid was dissolved in a small amount of methanol, followed by
crystallization in 70 mL of dry acetone. Pure product was obtained as white solid.63
Yield: 82.5%. The structure was verified by 1H NMR analysis. 1H NMR (500 MHz,
D2O, δ): 3.34-3.27 (m, 4H, SO3CH2CH2CH2N and 2H, NCH2CH2CH2SCO), 2.98 (s,
6H, N(CH3)2), 2.85 (m, 4H, SO3CH2CH2CH2N and NCH2CH2CH2SCO), 2.28 (s, 3H,
COCH3), 2.09-1.97 (m, 4H, NCH2CH2CH2SCO and SO3CH2CH2CH2N).

4.2.5 Synthesis of SB-SH (2)
SB thioacetate (334 mg, 1.18 mmol) was dissolved in 7 mL methanol under
nitrogen, and then 7 mL 1 N NaOH was added dropwise. The mixture was stirred at
room temperature for 90 minutes with nitrogen bubbled. Then 1 N HCl was added to
end the reaction. After removing the solvent by freeze dryer, the crude product was
dissolved in a large amount of acetonitrile, and then the mixture was filtrated and
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evaporated to obtain the SB-SH as white solid. Yield: 70.8%. The structure was
verified by 1H NMR. 1H NMR (500 MHz, D2O, δ): 3.36 (t, 2H, NCH2CH2CH2SH),
3.35

(t,

2H,

SO3CH2CH2CH2N),

SO3CH2CH2CH2N),

2.51

(t,

2H,

3.00

(s,

6H,

N(CH3)2),

NCH2CH2CH2SH),

2.87

2.12-1.97

(t,

2H,

(m,

4H,

NCH2CH2CH2SH and SO3CH2CH2CH2N).

4.2.6 Synthesis of PTX-SH (3)
PTX-SH was synthesized following a two-step method from reference.65 The
structure was verified by 1H NMR using both CDCl3 and CDCl3/CD3OD (v/v, 1:1) as
solvent, respectively. MALDI: [M+Na]+ calcd for C50H55NO15SNa: 964.31901,
found: 964.32128.

4.2.7 Synthesis of PLA-SB (4)
The SB zwitterion and PTX functionalities were introduced onto the PLA
backbone via thiol-ene click reactions. A mixture of CHCl3 and MeOH (5:1) was used
as the reaction solvent and DMPA was used as the photoinitiator. The feed ratio was
[allyl of 1]0:[SB-SH]0:[DMPA]0 = 1.0:0.9:0.4. In a 10 mL flask, 1 (93.3 mg), SB-SH
(60.5 mg), and DMPA (28.6 mg) were dissolved in the mixed solvent (4.2 mL). Three
freeze-pump-thaw cycles were conducted to remove oxygen in the reaction system.
Then the reaction mixture was irradiated under UV light (λmax = 365 nm) for 1 hour.
The crude product was dialyzed against acetone for two days and 5:1 (v/v) of
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CHCl3:MeOH for 1 day to remove the remaining DMPA and unreacted SB-SH. The
product was finally precipitated into a large amount of hexane to give 4 with 83%
yield. The structure of 4 was verified by

1

H NMR.

1

H NMR (500 MHz,

CDCl3/CD3OD (v/v, 1:1), δ): 7.40-7.27 (m, Ar-H from BnOH), 5.86-5.69 (m,
CH2CH=CH2 of units from ALA), 5.26-5.02 (br m, CHCH3, CHCH2CH=CH2, and
CH2CH=CH2 of units from ALA; CHCH3 of units from LA; SCH2CH2CH2CH),
3.62-3.48

(br

m,

NCH2CH2CH2SCH2),
SO3CH2CH2CH2N),

SCH2CH2CH2CH,
3.18-3.01
2.77-2.50

(br

SO3CH2CH2CH2N),

(br

m,

m,

N(CH3)2),

CH2CH=CH2

3.47-3.35
2.91-2.81

of

units

(br
(br

from

m,
m,

ALA,

NCH2CH2CH2SCH2), 2.28-1.88 (br m, SCH2CH2CH2CH, NCH2CH2CH2SCH2,
SO3CH2CH2CH2N), 1.85-1.65 (br m, SCH2CH2CH2CH), 1.65-1.46 (br m, CH3 of
units on PLA backbone). MnNMR = 37.1 kDa. According to 1H NMR analysis, 4 had
41 mol% of SB moieties relative to backbone lactide repeat units.

4.2.8 Synthesis of PLA-SB/PTX (5)
The synthesis of PLA-SB/PTX 5 is similar to the synthesis of PLA-SB 4. The
feed ratio was [allyl of 1]0:[SB-SH]0:[PTX-SH]0:[DMPA]0 = 1.0:0.9:0.2:0.5. In a 10
mL flask, 1 (34.1 mg), SB-SH (22.2 mg), PTX-SH (19.2 mg), and DMPA (13.1 mg)
were dissolved in 3.0 mL of the mixed solvent of CHCl3 and MeOH (5:1, v/v). Three
freeze-pump-thaw cycles were conducted to remove oxygen in the reaction system.
Then the reaction mixture was irradiated under UV light (λmax = 365 nm) for 1 hour.
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The crude product was dialyzed against acetone for two days and 5:1 (v/v) of
CHCl3:MeOH for 1 day to remove the remaining DMPA, as well as unreacted SB-SH
and PTX-SH. The product was precipitated into a large amount of hexane, washed by
a large amount of CHCl3 to remove trace amount of PTX-SH, and finally was
precipitated into cold diethyl ether to give PLA-SB/PTX 5 as white solid with 82%
yield. The structure was verified by 1H NMR analysis. 1H NMR (500 MHz,
CDCl3/CD3OD (v/v, 1:1), δ): 5.95-5.79 (br m, (C3’)-CH from PTX units), 5.54-5.41
(br m, (C2’)-CH from PTX units), 5.27-5.02 (br m, CHCH3, SCH2CH2CH2CH),
3.63-3.47

(br

m,

NCH2CH2CH2SCH2),

SCH2CH2CH2CH,
3.18-3.01

SO3CH2CH2CH2N),

(br

m,

N(CH3)2),

3.47-3.35
2.93-2.82

(br
(br

m,
m,

SO3CH2CH2CH2N), 2.70-2.54 (br m, NCH2CH2CH2SCH2), 2.29-1.96 (br m,
SCH2CH2CH2CH, NCH2CH2CH2SCH2, SO3CH2CH2CH2N), 1.85-1.68 (br m,
SCH2CH2CH2CH), 1.63-1.47 (br m, CH3 of units on PLA backbone). MnNMR = 45.2
kDa. According to 1H NMR analysis, 5 had of 6 mol% of PTX (17 wt%) and 41
mol% of SB moieties relative to backbone lactide unit.

4.2.9 Measurements
1

H NMR spectra were recorded at 500 MHz on a Varian INOVA-500

Spectrometer at 25 oC. CDCl3 (with tetramethylsilane as an internal standard), D2O,
CD3OD, methyl sulfoxide-d6 (DMSO-d6) were used as solvents for NMR
measurements. Number-average molecular weight (Mn) and molecular weight
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dispersity (Ɖ) of allyl-functionalized polylactide 1 were determined by gel permeation
chromatography (GPC). A Viscotek GPC system was used with a VE-1122 pump,
two mixed-bed organic columns (PAS-103M-UL and PAS-105M-M), and a VE-3580
refractive index (RI) detector. DMF with 0.01 M LiBr was used as eluent for GPC
measurement (flow rate: 0.5 mL/min, 55 oC). The polymer was dissolved in DMF at a
concentration of 3 mg/mL, and the injection volume was 0.1 mL. The system was
calibrated with polystyrene standards (Ɖ < 1.1) obtained from Varian Inc.
Transmission electron microscopy (TEM) images were obtained with a JEOL
2010 microscope. TEM samples were prepared using 400 mesh carbon-coated copper
grids. Dilute solutions of PLA-SB 4 and PLA-SB/PTX 5 in water were dip coated
onto the TEM grids. When the water was completely dried under vacuum, the
samples were stained by freshly prepared 0.5 % solution of ruthenium tetroxide. The
staining agent was prepared by reaction between sodium periodate and ruthenium
dioxide in water.
Dynamic light scattering (DLS) was used to determine hydrodynamic
diameters (Dh) and size distributions of PLA-SB 4 and PLA-SB/PTX 5. The
measurements were performed on Zetasizer Nano ZS90 (Malvern Instruments Ltd.)
with a 4 mM 633 nm HeNelaser as the light source. The temperature was maintained
at 25oC, and the measuring angle was 90oC. Both PLA-SB 4 and PLA-SB/PTX 5
were simply dispersed in water (1 mg/mL).
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Nonspecific interactions between PLA-SB/PTX 5 and fibrinogen was
monitored by DLS.54 PLA-SB/PTX 5 and fibrinogen were dispersed in water at the
concentration of 1 mg/mL, respectively. Then the two solutions, as well as the mixed
solution, were measured by DLS.
The enzymatic degradation of PLA-SB/PTX 5 was also monitored by DLS.55
PLA-SB/PTX 5 was dispersed in water and proteinase K solution (0.2 mg/mL 0.1 M
Tris-HCl buffer, pH = 8.5), respectively. The concentration of 5 was both 1 mg/mL in
each case. The solutions were incubated in a shaking bed at 37 oC. At different time
intervals, 1 mL of both solutions were withdrawn for DLS measurements.
The drug release profiles of PLA-SB/PTX 5 were studied using
high-performance liquid chromatography (HPLC) with a diode array detector (DAD)
(model: Agilent 1260 Infinity). The sample was dissolved in 1X PBS (pH = 7.4) and
1X PBS (pH = 5.5) respectively, with the concentration of 0.15 mg/mL. The solutions
were incubated in a shaking bed at 37 oC. At different time intervals, 3 mL of both
solutions were withdrawn and extracted by 3 mL DCM for three times. The DCM
phases were concentrated and redissolved in acetonitrile for HPLC measurements. A
reversed phase C18-column (ZORBAX Elipse XDB-C18, 4.6 × 150 mm, 5 μ) was
used for chromatographic separations. The mobile phase consisted of Milli-Q water
and HPLC grade acetonitrile, with linear gradients of water/acetonitrile (9:1~6:4 v/v
0~3 min, 6:4~3:7 v/v 3~10 min, 3:7~6:4 v/v 10~18 min, 6:4~9:1 18~20 min). The
eluent flow rate was 1.0 mL/min and the column compartment temperature was set at
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30 oC. For each sample, the injection volume was 20 μL. PTX moieties were detected
by ultraviolet (UV) absorbance at 227 nm. A calibration curve was obtained in
advance, which was used to calculate the PTX concentration according to UV
absorbance.

4.2.10 Cell Culture
A549, MCF7, and PaCa-2 cells were obtained from the American Type
Culture Collection (Manassas, VA). The A549 and MCF7 cells were cultured in
RPMI 1640 medium (Life Technologies; Grand Island, NY; 11875-093)
supplemented with 10% fetal bovine serum (FBS; Life Technologies; 26140-079) and
1% penicillin streptomycin (PS; Life Technologies; 15140-122). PaCa-2 cells were
cultured in DMEM medium (Life Technologies; Grand Island, NY; 11965-092)
supplemented with 10% FBS and 1% penicillin streptomycin. The cells were seeded
in the P100 petri dish (Greiner Bio-one Monroe NC) at 2 × 105 cells/mL and
incubated in the CO2 incubator at 37 oC. The cells were subcultured every 2 days.

4.2.11 Cell Viability
A549, MCF7, PaCa-2 cells were seeded in 96 wells plate (Greiner Bio-one;
655180) at the density of 1 × 104 per well. The cells were then incubated in the CO2
incubator at 37

o

C overnight. PTX, PLA-SB 4, PLA-SB/PTX 5, and four

unconjugated control groups (SB, PTX+SB, PLA+PTX, PLA+PTX+SB) were
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dissolved or dispersed in PBS buffer; then PTX, 5, PTX+SB, PLA+PTX,
PLA+PTX+SB were added to the cells at the PTX concentrations of 0 (PBS control),
0.001, 0.01, 0.1, 1 and 10 μg/mL, and 4 was added to the cells in concentrations equal
to the polymer concentrations of 5. At 24 and 72 hours post treatment, the cell
viability was measured using the alamarBlue assay (Invitrogen; DAL1025) following
the manufacturer’s protocol. Briefly, the medium was removed; then 110 μL phenol
red free RPMI (Invitrogen; 11835-030) containing 10% alamarBlue reagent
(Invitrogen; DAL1025) and 10% FBS was added to each well. The cells were
incubated in the CO2 incubator at 37 oC for 3 hours, protected from light. Then, 95 μL
medium was transferred to another 96 wells plate. The fluorescence intensity was
measured by TECAN microplate reader (San Jose, CA) with the excitation and
emission wavelengths at 560 nm and 590 nm, respectively. The cell viability was
calculated and normalized to PBS controls.

4.2.12 Cellular Uptake Analysis
The hydrophobic nile red was used as the dye to study the cellular uptake of
PLA-SB/PTX 5. The nile red was encapsulated in PLA-SB/PTX 5 nanoparticles by a
reported method.56-58 In a 2 mL vial, PLA-SB/PTX 5 and nile red were completely
dissolved in small amount of mixed solvent (CHCl3 and MeOH). Then a large amount
of deionized water was added. The mixture was stirred overnight under flowing
nitrogen. Then the mixture was dried under vacuum to remove all the organic solvent,
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followed by filtration to remove large particles. Extraction was further conducted for
three times with DCM to remove trace amount of free nile red. No red color could be
observed in DCM phase during the second and third times of extraction, while the
water phase was always red, suggesting that all nile red in the water phase was
encapsulated within PLA-SB/PTX 5. A549 cells were seeded in the 6 well plates
(Greiner Bio-one; 657160) at 2×105 cells/well. The cells were then incubated in the
CO2 incubator at 37 oC overnight. Free nile red and nile red-loaded PLA-SB/PTX 5
were added into cells with the same nile red concentration. After 4 hours of
incubation at 37 oC, the cells were harvested by trypsin treatment and fixed in 4%
paraformaldehyde (Acros, 41678-5000) for cellular uptake analysis by flow cytometry
and confocal microscopy. For flow cytometry analysis, the fluorescence intensity of
nile red was measured by BD Fortessa flow cytometer (BD bioscience, San Jose, CA)
in the PE-Texas Red channel. Total 10,000 events were collected for each sample, and
the mean fluorescence intensity ±standard deviation of nile red was reported. For the
confocal microscopy imaging, the cell nuclei were stained with 1 μg/mL DAPI
(Sigma Aldrich; D8417) at room temperature for 10 min. The cells were then
mounted on glass slides. The fluorescence of DAPI and nile red was observed using
LSM 710 confocal microscope (ZEISS, Dublin, CA) through the DAPI filter (440
nm) and nile red filter (560 nm) respectively.

142

4.2.13 Statistical Analysis
All the results were reported as mean ± standard deviation (SD) of three
independent experiments. One-way ANOVA was employed to assess the statistical
significance of the experimental data. *p < 0.05 was considered as statistical
significant.

4.3 Results and Discussion
4.3.1 Synthesis
The synthesis of the biodegradable zwitterionic polymer and polymer-drug
conjugate is illustrated in Scheme 4.1. UV-induced thiol-ene functionalization
strategy was employed because of the high reaction efficiency and functional group
tolerance of thiol-ene reactions under mild conditions.59-60

Figure 4.1. GPC curve of allyl-functionalized PLA 1.
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Figure 4.2. 1H NMR spectra of 1: a) in CDCl3, b) in DMSO-d6.

Following the method we reported previously,55, 61 allyl-functionalized PLA
(1) was synthesized with 75% yield via ring-opening polymerization (ROP) of
allyl-functionalized lactide (ALA) with lactide (LA) using benzyl alcohol (BnOH) as
the initiator and 4-dimethylaminopyridine (DMAP) as the organocatalyst. Its narrow
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molecular weight dispersity (Ɖ = 1.16) was revealed by characterization using gel
permeation chromatography (GPC; Figure 4.1). Its composition (53 mol% of LA; 47
mol% of ALA) and degree of polymerization (DP = 145) were determined by 1H
NMR analysis (Figure 4.2).

Figure 4.3. 1H NMR spectra of a) 3-(dimethylamino)propyl thioacetate in CDCl3, b)
SB thioacetate in D2O, and c) SB-SH 2 in D2O.
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Thiol-functionalized SB (SB-SH, 2) was prepared with an overall yield of
55% through the nucleophilic substitution reaction of 3-(dimethylamino)propyl
chloride hydrochloride with thioacetic acid,62 followed by the reaction of the resulting
3-(dimethylamino)propyl

thioacetate

with

1,3-propanesultone,63

and

the

NaOH-catalyzed hydrolysis of the thioacetate groups of the intermediate product
(Figure 4.3).64 Thiol-functionalized PTX (PTX-SH, 3) was obtained following a
literature

method

(Figure

4.4).65

Biodegradable

zwitterionic

polymer

as

SB-functionalized PLA (PLA-SB, 4) and the polymer-drug conjugate (PLA-SB/PTX,
5) were obtained by thiol-ene reactions of the thiol functionalization agent(s) with the
allyl-containing backbone precursor 1 using 2,2-dimethoxy-2-phenylacetophenone
(DMPA) as the photoinitiator under UV irradiation (λmax = 365 nm) for 1 h
([allyl]0:[SB-SH]0:[DMPA]0

=

1.0:0.9:0.4

for

4;

[allyl]0:[SB-SH]0:[PTX-SH]0:[DMPA]0 = 1.0:0.9:0.2:0.5 for 5), in a mixed solvent of
CHCl3 and methanol (v/v = 5:1). The yields of PLA-SB 4 and PLA-SB/PTX 5 were
83% and 82%, respectively. Noteworthily, thiol-ene reaction of 1 with PTX-SH can
also readily yield the corresponding PLA-PTX conjugate; however, it is not
dispersible in water, and therefore, not further studied in this work.
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Figure 4.4. 1H NMR spectrum of PTX-SH 3 in CDCl3.

4.3.2 Characterization
PLA-SB 4 and PLA-SB/PTX 5 were characterized systematically to reveal
their structural features. According to 1H NMR analysis (Figure 4.5), both of them
had 41 mol% of SB-functionalized backbone repeat units, and PLA-SB/PTX 5 also
possessed 6 mol% of PTX-functionalized backbone repeat units, corresponding to 17
wt% of PTX. The quantification was made by comparing intensities of characteristic
resonances of -CH2SO3 protons from SB moieties at 2.87 ppm (peak o) and
-OCHCHNH- protons from PTX moieties at 5.49 and 5.88 ppm (peaks c2’ and c3’)
with these of -CHOCO- protons from PLA-based backbone at 5.30 ppm (peak b).
Because =CH2 protons from pendent allyl groups of the backbone polymer also
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showed resonances at ~5.30 ppm, the net resonance intensities of backbone -CHOCOprotons were obtained by deducting the resonance intensities of =CH2 protons (equal
to two times of the resonance intensities of –CH= protons, peak d at 5.50 ppm) from
the overall resonance intensities at ~5.30 ppm. No occurrence of side reactions is
illustrated by the 1H NMR spectra of 4 and 5, because the decreased intensity of –
CH= protons at 5.50 ppm quantitatively agreed with the increased intensities of
characteristic protons from the grafted zwitterion/PTX moieties. According to the
composition of 4 and 5, it can be deduced that ~97% conversion of SB-SH and ~64%
conversion of PTX-SH in the corresponding thiol-ene reactions. The nearly
quantitative conversion of SB-SH indicates that mol% of SB moieties in the
zwitterionic materials can be readily controlled. Reactivity of PTX-SH is somewhat
less than that of SB-SH, because the PTX moiety in PTX-SH is much bulkier and
presents more steric hindrance to the thiol reactive site than the SB moiety in SB-SH.
Although GPC analysis of 4 and 5 could not be done because each of the common
GPC solvents tested did not dissolve them unimolecularly,66-67 our previous studies on
thiol-ene functionalization systems indicated that the PLA-based main-chain was
essentially unaffected under the reaction conditions.61

148

a)

b)

Figure 4.5. 1H NMR spectra of a) PLA-SB 4, and b) PTX-SB/PTX 5 in
CDCl3/CD3OD (v/v, 1:1).

With both superhydrophilic SB zwitterions and hydrophobic components, 4
and 5 assembled in aqueous solutions, and the corresponding nanostructures were
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characterized by dynamic light scattering (DLS) and transmission electron
microscopy (TEM). DLS analysis showed that PLA-SB 4 had a volume-average
hydrodynamic diameter (Dh,V) of 14.4 ±0.1 nm with a polydispersity of 0.123, while
PLA-SB/PTX 5 had a Dh,V of 19.3 ± 0.2 nm with a polydispersity of 0.236 (Figure
4.6a and 4.6b). TEM imaging exhibited that both 4 and 5 had spherical morphologies
on TEM grids, with number-average diameter (Dav) of 10.1 ±1.0 nm and 14.1 ±1.2
nm, respectively (Figure 4.6c and 4.6d; Figure 4.7). For each of 4 and 5, the Dav value
was considerably smaller than Dh,v value, because Dav corresponds to dry state while
Dh,v corresponds to solvated state in solution of the substance.

Figure 4.6. a) and b): Histograms of Dh,V of PLA-SB 4 and PLA-SB/PTX 5 in
aqueous solutions measured by DLS. For each data point, error bar represents
standard deviation resulting from three independent experiments; c) and d): TEM
images of 4 and 5 from aqueous solutions (0.1 mg/mL). TEM samples were stained
by RuO4.
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Figure 4.7. a) and b): TEM images of PLA-SB 4 and PLA-SB/PTX 5 from aqueous
solution (1 mg/mL); c) and d): Histograms of diameter distribution of PLA-SB 4 and
PLA-SB/PTX 5 according to the TEM images. TEM samples were stained by RuO4.

4.3.3 Biodegradability Study
Aliphatic polyester-based zwitterionic materials are expected to possess
biodegradability resulted from their ester-containing polymer backbones. Using
PLA-SB/PTX 5 as the representative sample, biodegradability study was performed.
Biodegradability of the PLA-based backbone was verified through the enzymatic
degradation experiment monitored by light scattering, using the ratio of remaining
intensity of scattered light of the incubated buffer solutions of 5 to the original
intensity (I/I0) as the assessment parameter.55 As shown in Figure 4.8, I/I0 values of 5
decreased quickly to only ~0.02 within 24 hours in the presence of proteinase K
151

enzyme. On the other hand, the I/I0 values essentially remained unchanged within 120
hours without the presence of the enzyme, suggesting no remarkable degradation.
Such an enzyme-trigger degradation behavior may minimize unfavorable polymer
accumulation when the biodegradable zwitterionic polymers are used as scaffolds in
biological environment.

Figure 4.8. Enzymatic degradation profiles of PLA-SB/PTX 5 in water (pH = 7.4) and
0.2 mg/mL of proteinase K in 0.1 M Tris-HCl buffer (pH = 8.5) at 37 oC.

4.3.4 Assessment of Non-Specific Interactions with Biomolecule
These biodegradable zwitterionic materials are also expected to have low
non-specific interactions with biomolecules owing to the hydration effects of their
zwitterionic moieties. Using PLA-SB/PTX 5 as the representative sample, their
non-specific interactions with biomolecule were probed. Non-specific interaction of
PLA-SB/PTX 5 with biomolecules was studied by choosing fibrinogen (from human
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plasma), a glycoprotein essential for the formation of blood clots, as the model
biomolecule.54 The mixing process of an aqueous solution of 5 with that of fibrinogen
was monitored by DLS (Figure 4.9). Bimodal DLS intensity profile of the resulting
mixed solution with two peaks corresponding to 5 and fibrinogen respectively was
observed. The result indicates a well-suppressed non-specific interaction between 5
and biomolecules, which may help to stabilize 5 in plasma and promote its circulation
time.

Figure 4.9. Histograms of intensity-based hydrodynamic diameter of a) of
PLA-SB/PTX 5, b) fibrinogen, and c) the mixture of PLA-SB/PTX 5 and fibrinogen,
as obtained by DLS analysis of the corresponding aqueous solutions. For each data
point, error bar represents standard deviation resulting from three independent
experiments.
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4.3.5 Drug Release Study
Because drug release behavior is critically important for drug delivery
systems, the PTX release profiles of 5 was probed by analyzing the PBS buffer
solutions of 5 incubated at 37 °C using high-performance liquid chromatography
(HPLC). As shown in Figure 4.10, sustained release of PTX from 5 was observed at
both pH of 5.5 and physiological pH of 7.4. PTX release at pH of 5.5 was faster than
that at pH of 7.4, due to the acid-labile linkage between PTX moieties and PLA-based
main-chain (Figure 4.11). The acid-sensitive drug release behavior was quite
significant in the early stage (in the first 4 hours, 11.4 ±0.5 % of PTX release at pH =
5.5 and only 1.6 ±0.5 % of PTX release at pH = 7.4), but became less noticeably at a
larger time scale (after 120 hours, 83.5 ±4.9% of PTX release at pH = 5.5 and 72.7 ±
4.1% of PTX release at pH = 7.4). With the sustained drug release behavior of 5, burst
release of PTX that can reduce drug bioavailability and induce harmful systemic side
effects was not observed at both pH conditions. The acid-sensitive drug release is also
preferred for anticancer drug delivery because tumor tissue is more acidic than
healthy tissue.68

154

Figure 4.10. The hydrolytic PTX release profiles of PLA-SB/PTX 5 in PBS buffer
solutions at pH of 7.4 and 5.5 at 37 oC. For each data point, error bar represents
standard deviation resulting from three independent experiments. *p < 0.05 when the
cumulative release was compared at 4 h and 120 h.

Figure 4.11. Acid-sensitive hydrolytic release of PTX.65

4.3.6 In Vitro Cytotoxicity Study
In vitro cytotoxicity assessment was performed to reveal biocompatibility of
PLA-SB 4 and the therapeutic effectiveness of PLA-SB/PTX 5 towards cancer cells.
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Figure 4.12. Cytotoxicity of PTX, PLA-SB, PLA-SB/PTX, SB, PTX+SB, PLA+PTX,
and PLA+PTX+SB: a) A549 cells after 24 h treatment; b) A549 cells after 72 h
treatment; c) MCF7 cells after 24 h treatment; d) MCF7 cells after 72 h treatment; e)
PaCa-2 cells after 24 h treatment; f) PaCa-2 cells after 72 h treatment (PLA-SB had
the same polymer concentrations as PLA-SB/PTX, each component in the
unconjugated mixtures had the same weight concentration as the same component in
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PLA-SB/PTX). For each data point, error bar represents standard deviation resulting
from three independent experiments. *p < 0.05 when the cell viability of A549 and
MCF7 was compared after 72 h treatment with 10 µg/mL PTX and PLA-SB/PTX. In
PLA+PTX and PLA+PTX+SB, PLA referred to poly(D,L-lactide).

Using free PTX as a control, the cytotoxicity of PLA-SB 4 and PLA-SB/PTX
5 was evaluated by the alamarBlue assay at 24 and 72 h against A549 lung cancer
cells (Figure 4.12a and 4.12b), MCF7 breast cancer cells (Figure 4.12c and 4.12d),
and PaCa-2 pancreatic cancer cells (Figure 4.12e and 4.12f), respectively 69. PLA-SB
4 did not exhibit considerable cytotoxicity to any cell lines under the experimental
conditions. Even with the concentration up to 1,000 µg/mL (data not shown), each
cell line exhibited over 90% viability, suggesting that the biodegradable zwitterionic
polymer is a promising biomaterial with high biocompatibility. Although the release
of PTX would not complete at 24 or 72 h, PLA-SB/PTX 5 showed significant
anti-cancer efficacy similar to that of free PTX. It was remarkable that when the PTX
concentrations were higher than 1 µg/mL, PLA-SB/PTX had higher efficacy in killing
A549 cells and MCF7 cells as compared to free PTX. After 72 h incubation with
PLA-SB/PTX containing 10 µg/mL of PTX, the cell viabilities of A549, MCF7, and
PaCa-2 cells were as low as 20.0 ±2.5 %, 1.7 ±1.7 %, and 14.8 ±0.9 %, respectively.
To strengthen the cell viability data, four more unconjugated control groups (SB,
PTX+SB, PLA+PTX, PLA+PTX+SB) have also been studied. Because the
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synthesized allyl-functionalized PLA 1 was obtained as white solid and cannot be
dispersed in PBS even after sonification, a poly(D,L-lactide) from Sigma-Aldrich,
which can be dispersed in PBS with the assistance of sonification and is similar to 1 in
molecular weight range (Figure 4.13), was used as a substitute to 1 in the preparation
of PLA+PTX and PLA+PTX+SB. Because of the high biocompatibility of SB and
PLA, the cell viabilities treated with SB were similar to the ones treated with
PLA-SB. The other three control groups with PTX showed similar anticancer efficacy
to free PTX. Table 4.1 listed the IC50 values of different PTX formulations in A549,
MCF7, PaCa-2 cells incubated for 72 h. For all the three cell lines, PLA-SB/PTX
showed the lowest IC50 values, indicating a higher anticancer efficacy. The
comparable or even more significant cytotoxicity of PLA-SB/PTX relative to free
PTX suggested that PLA-SB/PTX might be able to enter cells more efficiently than
free PTX, and this needs to be verified through cellular uptake study.

Figure 4.13. The comparison of GPC curves of poly(D,L-lactide) (red) and
allyl-functionalized PLA 1 (black).
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Table 4.1. Comparison of the IC50 values of different PTX formulations in A549,
MCF7, PaCa-2 cells incubated for 72 h. All molar concentrations were represented by
the molar concentrations of PTX in the formulation.
IC50 [×10-6 M]

Formulation
A549

MCF7

PaCa-2

PTX

0.551

0.105

0.100

PLA-SB/PTX

0.420

0.091

0.075

PTX+SB

3.081

0.247

0.160

PLA+PTX

1.690

0.117

0.107

PLA+PTX+SB

0.812

0.125

0.193

Figure 4.14. Photo image for the extraction process as the last step to encapsulate nile
red into PLA-SB/PTX 5. Note: In this step, DCM was used to remove the trace
amount of free nile red. No red color could be observed in DCM phase (bottom phase)
during the second and third times of extraction, while the water phase (top phase) was
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always red, suggesting that all the nile red in the water phase was capsulated by
PLA-SB/PTX 5. The water phase was further diluted before use.

4.3.7 In vitro Cellular Uptake Study
Cellular uptake of PLA-SB/PTX 5 was studied using both flow cytometry and
confocal microscopy. A549 cells were chosen as the model cancer cells. Nile red, a
fluorescent hydrophobic (lipophilic) probe, was employed to visualize cellular uptake,
and it was encapsulated by 5 using a reported method (Figure 4.14).56 A typical time
period of 4 h was used as the incubation time. As shown in Figure 4.15a, the
fluorescence signal of cells treated with nile red-loaded 5 was much stronger than that
of cells treated with free nile red. The mean fluorescence intensity of cells treated by
nile red-loaded 5 was ~27 folds higher than that of free nile red treated cells, and ~373
folds higher than that of untreated cells (Figure 4.15b). Confocal microscopy images
also confirmed that nile red-loaded 5 can be easily uptaken by A549 cells before the
major release of PTX moieties (Figure 4.15c). Meanwhile, for the cells treated with
free nile red, no red fluorescence could be observed in the confocal microscopy
images, showing much lower cell uptake efficiency of the free nile red. The above
results suggest that cellular uptake of the cargo-loaded delivery scaffolds by
endocytosis is more favorable than cellular uptake of hydrophobic cargo via
diffusion-based transport process,70-71 and the presence of zwitterionic moieties in the
delivery scaffolds would not invalidate the uptake pathway. Such facilitated cellular
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uptake of zwitterionic scaffolds relative to hydrophobic molecules is highly preferred
for delivery systems of hydrophobic drugs, and may lead to remarkable intracellular
drug concentration and result in low cell viability which was observed in the
cytotoxicity study. The similar or even higher cytotoxicity of PLA-SB/PTX 5 relative
to free PTX can be attributed to the facilitated cellular uptake of 5, which sufficiently
compensates the incomplete availability of PTX moieties of 5 for therapeutic function
due to its sustained PTX release process. In addition, the fact that PLA-SB/PTX 5 can
effectively encapsulate a hydrophobic substance for cellular uptake also suggests that
it may potentially be used for the delivery of multiple drugs based on both
conjugation and encapsulation.
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Figure 4.15. a) Typical flow cytometry data set showing cellular uptake of free nile
red and nile red-loaded PLA-SB/PTX 5 after 4 h incubation; b) mean fluorescence
intensity of nile red obtained from flow cytometry. For each data point, error bar
represents standard deviation resulting from three independent experiments. *p < 0.05
when the mean fluorescence of free nile red treated A549 cells and nile red-loaded
PLA-SB/PTX treated A549 cells was compared; c) confocal microscopy images of
A549 cells after 4 h incubation with nile red and nile red-loaded PLA-SB/PTX 5. Cell
nuclei were counterstained with DAPI.
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4.4 Conclusion
In summary, novel examples of aliphatic polyester-based zwitterionic polymer
and polymer-drug conjugate were reported. They were synthesized by thiol-ene
functionalization approaches, and their chemical structures were verified by
characterization.

Using

the

PLA-SB/PTX

as

a

representative

zwitterionic

polymer-drug conjugate, enzymatic degradability, well-suppressed nonspecific
interaction with biomolecules, and acid-sensitive sustained drug release were
demonstrated. Cytotoxicity and cellular uptake studies further illustrated the
biocompatibility of the zwitterionic polymer, the anticancer effectiveness of the
polymer-drug conjugate, as well as its ready cellular internalization. Overall, this
work indicates the promising application potentials of biodegradable zwitterionic
polymer-based biomaterials, and our data encourage broader biomedical studies of the
corresponding polymer-drug conjugate.
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Chapter 5: A Multifunctional Biodegradable Brush Polymer-Drug
Conjugate for Paclitaxel/Gemcitabine Co-Delivery and Tumor
Imaging

Abstract:
A multifunctional biodegradable brush polymer-drug conjugate (BPDC) is developed
for the co-delivery of hydrophobic paclitaxel (PTX) and hydrophilic gemcitabine
(GEM) chemotherapeutics, as well as a tumor imaging agent. A novel ternary
copolymer of conventional, acetylenyl-functionalized and allyl-functionalized lactides
is prepared to serve as the backbone precursor of BPDC. Acetylenyl groups of the
copolymer are then reacted with poly(ethylene glycol) (PEG) side chains and
cyanine5.5, a fluorescent probe, via azide-alkyne click reactions. Subsequently, the
allyl groups of the yielded PEG-grafted brush polymer are used to covalently link
PTX and GEM onto the backbone via thiol-ene click reactions. The resulting BPDC
exhibits an average hydrodynamic diameter of 111 nm. Sustained and simultaneous
release of PTX and GEM from the BPDC is observed in phosphate buffered saline,
with the release of PTX showing sensitivity in mild acidic conditions. In vitro studies
using MIA PaCa-2 human pancreatic cancer cells illustrate the cellular uptake and
cytotoxicity of the BPDC. In vivo, the BPDC possesses blood long circulation, tumor
accumulation, and enables optical tumor imaging. Further development and testing is
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warranted for multifunctional conjugated brush polymer systems that integrate
combination chemotherapies and imaging.
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5.1 Introduction
As one of the most commonly used combination therapies in clinical practice,
combination chemotherapy using multiple anti-cancer drugs has attracted significant
interest over the past decade.1-4 Synergistic drug combinations can reduce undesirable
toxicity, suppress drug resistance, overcome side effects, and improve therapeutically
relevant selectivity and therapeutic index.5-10 In 2013, the U. S. Food and Drug
Administration

(FDA)

approved

the

combination

of

paclitaxel

(PTX)

albumin-stabilized nanoparticle formulation with gemcitabine (GEM) for metastatic
pancreatic cancer treatment. PTX and GEM have different mechanisms of action and
there is no overlapping toxicity, therefore such a combination is appealing.11 FDA
recommended that PTX albumin-stabilized nanoparticle formulation is administered
first on days 1, 8, and 15 of each 28-day cycle, immediately followed by separate
administration of GEM on each day.12
Compared with separated administrations of PTX and GEM, integrated single
formulations for co-delivery of PTX and GEM can simplify the cancer treatment
process.13 However, this has not yet been applied for clinic use because of the vast
difference in hydrophobicity between PTX and GEM. PTX is hydrophobic, with
minimal solubility in aqueous solutions, while GEM is much more hydrophilic.
Because similar water solubility of drugs is preferred in typical approaches for the
fabrication of nanoparticle-based drug co-delivery systems,14 practically it is difficult
to load drugs of very different hydrophilicity into the same nanoparticles.15-17 Besides
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the specific concern of drug loading, general issues on size control, drug release
behavior and side effects of scaffolds should also be addressed in the development of
the PTX/GEM-loaded co-delivery nanoparticles. To capitalize passive targeting via
enhanced permeability and retention (EPR) effect, a hydrodynamic size range of
approximately10-100 nm is considered optimal.18 Relative to drug-encapsulated
systems typically involving burst release of drugs, drug-conjugated systems allow for
sustained drug release and may exhibit reduced systemic toxicity of drugs.18-19
Moreover, the co-delivery scaffolds need to be biocompatible and there should also be
effective pathways to eliminate these scaffolds, in order to minimize their side
effects.20
Several nanoparticle-based systems developed for the co-delivery of PTX and
GEM have been reported.15,

21-22

Zhang and co-workers developed an innovative

approach to load a small molecule PTX-GEM conjugate, instead of two individual
drugs, into lipid-coated biodegradable poly(lactic-co-glycolic acid) nanoparticles with
average hydrodynamic size of ~70 nm.15 Although the reported loading amounts of
the conjugate were relatively limited, this work demonstrated precise control of molar
ratio of the conjugated drugs, acid-sensitive sustained drug release, and remarkable in
vitro therapeutic efficacy of conjugate-loaded nanoparticles. The co-delivery of PTX
and GEM via polymer-drug conjugates (PDCs) has also been explored. Haam and
co-workers reported multi-PDC nanocarriers consisting of two PDCs, i.e.
poly(L-lysine)-carboxylate

PTX

and

hyaluronic
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acid-conjugated

GEM.21

PTX/GEM-containing nanoparticles (>200 nm) were formed from the two PDCs via
electrostatic attractions, and showed remarkable cellular uptake in target cells and
synergistic cancer therapeutic efficacy. As demonstrated by Kopeček and
co-workers,22 employing a PDC that integrates both PTX and GEM with the same
base polymer is an appealing strategy for the co-delivery of the two drugs. Linear
poly(N-(2-hydroxypropyl)methacrylamide) (PHPEA) was utilized as the base
polymer in their investigation. While the specific PHPMA-PTX/GEM conjugate
formulation showed moderate antagonism, further optimization of the structure and
physicochemical properties of such a PDC with two types of conjugated drugs may be
required to achieve highly promising therapeutic results.
Multifunctional systems integrating anticancer therapeutic delivery and cancer
imaging hold great promise for the diagnosis and treatment of cancers.23-30 Because
there are a variety of imaging technologies and a broad range of anticancer
therapeutics in clinical use, in principle, there is a substantial research space for the
development of such integrated systems. The integration of co-delivered anticancer
drugs with cancer imaging agents is an approach that could be of interest.31-35 To the
best of our knowledge, integrated systems demonstrating PTX/GEM co-delivery with
cancer imaging agents have not yet been reported.
Herein, a brush polymer-drug conjugate (BPDC; or densely grafted PDCs)
with both hydrophobic PTX and hydrophilic GEM, together with a fluorophore,
conjugated to the backbone of a brush-like polymer scaffold is reported for the
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co-delivery of two anticancer drugs and for cancer imaging. As a new class of PDCs,
BPDCs not only possess general merits of PDCs (such as explicit molecular structures
and precise drug loading amounts), but also provide well-controlled nanoscopic
dimensions and offer a protective chemical environment for the conjugated drugs.36-38
In recent years, with thoughtful consideration of concerns of long-term
biocompatibility and side effects of polymer-based therapeutic systems, we have
made significant research efforts to develop BPDCs with biodegradable
architectures.39-41 Our previous studies have demonstrated therapeutic efficacy of
BPDCs in the delivery of individual drugs (i.e. PTX,40 and doxorubicin41), whereas
the objective of the current work is to further illustrate the feasibility of co-delivery of
multiple drugs and cancer imaging via biodegradable BPDCs.
Other specific design considerations of this work include the following aspects.
Polylactide (PLA)-based backbone was selected for the BPDC because of its
biodegradability.42-43 Polyethylene glycol (PEG) chains were chosen as the grafts of
the BPDC, because PEG is a commonly used solubilizing moiety for drug carriers.44
PEG can reduce cytotoxicity, as well as increase biocompatibility and blood
circulation time of drugs.45 Because there are numerous PEG chains per BPDC
molecule, PEG chains with molecular weight (MW) of ~900, instead of higher-MW
ones, were selected in this work because they can lead to appropriate hydrodynamic
size and high wt% of drugs for the BPDC. While PTX and GEM were selected as
anticancer drugs for combinational therapeutic effects, a fluorescent probe, cyanine5.5
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(Cy5.5), was chosen to provide near infrared imaging capabilities.46 Subsequent
azide-alkyne and thiol-ene reactions were employed to conjugate PEG chains, Cy5.5,
PTX and GEM in the synthetic design of the BPDC, because of the chemoselectivity
and orthogonality of these efficient click reactions.47-49 Besides drug release studies,
both in vitro cytotoxicity and cellular uptake studies and in vivo imaging and
biodistribution studies using MIA PaCa-2 pancreatic cancer model were performed
for assessment of therapeutic properties and tumor imaging function of the BPDC.50
The overall results indicate that such a multifunctional co-delivery system is
promising.
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Scheme 5.1. Synthesis of the Cy5.5-labelled BPDC conjugated with PTX and GEM.

5.2 Experimental Section
5.2.1 Materials
(3S)-cis-3,6-Dimethyl-1,4-dioxane-2,5-dione (LA, 98%), DMAP (99%,
prilled) and copper (Ⅰ) bromide (CuBr, 99.999% trace metals basis) were purchased
from Sigma-Aldrich. PMDETA (99+%), DMPA (99%) and sodium periodate (99%)
were purchased from Acros Organics. Benzyl alcohol was purchased from J. T. Baker.
α-Methoxy-ω-azido polyethylene glycol (CH3O-PEG-N3, manufacturer suggested
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MW of PEG: 750 Dalton) was purchased from Rapp Polymere. Cy5.5-N3 was
purchased from Lumiprobe Corporation. PTX (99%) was purchased from AvaChem
Scientific. GEM (98+%) was purchased from Ark Pharm. Ruthenium dioxide (99.9%)
was purchased from Pfaltz & Bauer. Acetone (Certified ACS grade), acetonitrile
(HPLC grade), chloroform (CHCl3, HPLC grade), dichloromethane (DCM, HPLC
grade), ethyl acetate (HPLC grade), diethyl ether (HPLC grade), methanol (MeOH,
HPLC grade), and N,N’-dimethylformamide (DMF; HPLC grade) were purchased
from Fisher Scientific. DMF and DCM were dried by distillation over CaH2. ACLA
and ALLA were freshly prepared following our previous publications.39, 54

PTX-SH

and GEM-SH were prepared according to the approaches reported in literature.51-52

5.2.2 Synthesis of Poly(LA0.42-co-ALLA0.30-co-ACLA0.28)163 (1)
Living ring-opening polymerization (ROP) was performed using LA (572 mg,
3.97 mmol), ALLA (506 mg, 2.98 mmol), and ACLA (501 mg, 2.98 mmol) as
monomers, BnOH (10.7 mg, 0.10 mmol) as initiator, DMAP (48.5 mg, 0.40 mmol) as
organocatalyst, in 2 mL dry DCM under N2 atmosphere in a 10-mL sealed reaction
flask ([LA]0:[ALLA]0:[ACLA]0:[BnOH]0:[DMAP]0 = 40:30:30:1:4). The reaction
mixture was stirred for 7 days in oil bath at 35 °C. The polymerization mixture was
precipitated twice in a large amount of cold methanol, to give 1 (1.04 g, 65.7% yield)
as a white solid after drying under vacuum. 1H NMR analysis indicated the formula of
copolymer 1 as poly(LA0.42-co-ALLA0.30-co-ACLA0.28)163. 1H NMR (500 MHz,
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CDCl3, δ): 7.40-7.30 (m, Ar-H from BnOH), 5.87-5.69 (m, CH2CH=CH2 of units
from ALLA), 5.39-5.07 (br m, CHCH3 of units from LA; CHCH3, CHCH2CH=CH2
of units from ALLA; CHCH3, CHCH2C≡CH of units from ACLA), 3.00-2.79 (br m,
CHCH2C≡CH of units from ACLA), 2.79-2.56 (br m, CHCH2CH=CH2 of units from
ALLA), 2.13-2.00 (br s, CHCH2C≡CH of units from ACLA), 1.68-1.41 (br m,
CHCH3 of units from LA, ALLA, and ACLA). MnNMR = 26.0 kDa, MnGPC = 30.9 kDa,
ƉGPC = 1.21.

5.2.3 Synthesis of PLA-g-PEG/Cy5.5 (BP 2)
To a 10-mL reaction flask, 1 (138 mg), CH3O-PEG-N3 (229 mg), Cy5.5-N3
(4.10 mg), and CuBr (34.0 mg) were added with 4.0 mL of DMF. The flask was
sealed and degassed with N2. Then PMDETA (41.1 mg) was added slowly using a
syringe.

The

overall

feed

ratio

was

[acetylenyl

group

of

1]0:[CH3O-PEG-N3]0:[Cy5.5-N3]0:[CuBr]0:[PMDETA]0 = 1:1.07:0.025:1:1. Three
freeze-pump-thaw cycles were conducted to further remove oxygen in the reaction
system. The reaction mixture was stirred for 45 h in dark at room temperature. The
crude product was precipitated in a large amount of cold diethyl ether for three times.
Then residual CuBr was removed by passing through a short alumina column using
DCM as eluent, to give 2 (216 mg, 62.3% yield) as a blue solid after drying under
vacuum. 1H NMR analysis indicated that the acetylenyl groups of 1 were fully
consumed. 1H NMR (500 MHz, CDCl3, δ): 7.69-7.55 (br m, CHCH2CCHN),
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7.39-7.31 (m, Ar-H from BnOH), 5.89-5.68 (br m, CHCH2CH=CH2 of units from
ALLA), 5.53-5.34 (br m, CHCH2CCHN), 5.33-4.96 (br m, CHCH3 of units from LA;
CHCH3, CHCH2CH=CH2 of units from ALLA; CHCH3 of units from ACLA),
4.64-4.42

(m,

NCH2(CH2OCH2)18CH2OCH3),

3.95-3.82

(m,

NCH2(CH2OCH2)18CH2OCH3), 3.81-3.43 (br m, NCH2(CH2OCH2)18CH2OCH3),
3.42-3.15 (br m, NCH2(CH2OCH2)18CH2OCH3 and CHCH2CCHN), 2.81-2.51 (br m,
CHCH2CH=CH2 of units from ALLA), 1.69-1.38 (br m, CHCH3 of units from LA,
ALLA, and ACLA). MnNMR = 65.7 kDa, MnGPC = 41.4 kDa, ƉGPC = 1.41.

5.2.4 Synthesis of PLA-g-PEG/Cy5.5/PTX/GEM (BPDC 3)
To a 10-mL reaction flask, 2 (67.7 mg), PTX-SH (5.4 mg, containing 4.9 mg
of PTX), GEM-SH (16.3 mg, containing 12.2 mg of GEM), and DMPA (6.56 mg)
were dissolved in 3.6 mL of the mixed solvent of CHCl3 and MeOH (v/v, 5:1). The
overall feed ratio was [allyl group of 2]0:[PTX-SH]0:[GEM-SH]0:[DMPA]0 =
1:0.12:0.91:0.50. Three freeze-pump-thaw cycles were conducted to remove oxygen
from the reaction system. Then the mixture was irradiated under UV light (λmax = 365
nm) for 90 min at room temperature. The crude product was dialyzed against acetone
for two days, and then a mixture of CHCl3 and MeOH (v/v, 5:1) for 1 day. The
product was finally precipitated in 40 mL of cold diethyl ether to give 3 (84.9 mg,
95.9% yield) as a blue solid after drying under vacuum. 1H NMR spectrum (500
MHz) of 3 in CDCl3/CD3OD (v/v, 1:1) was obtained (assignments are not presented
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here due to numerous resonances from the conjugated drug moieties). MnNMR = 77.6
kDa, MnGPC = 51.5 kDa, ƉGPC = 1.35.

5.2.5 Characterization Methods
1

H NMR spectra of all products were recorded using a 500 MHz Varian

INOVA-500 spectrometer at 25 °C. The NMR solvents used in this study included
CDCl3 (with tetramethylsilane as an internal standard), CD3OD and DMSO-d6. The
Mn and Ɖ of functionalized PLA 1, BP 2, and BPDC 3 were determined by GPC. The
employed Viscotek GPC system had a VE-1122 pump, two mixed-bed organic
columns (PAS-103M-UL and PAS-105M-M), a VE-3580 refractive index (RI)
detector, and a VE-3210 UV/Vis detector. The GPC eluent was DMF containing 0.01
M LiBr (flow rate: 0.5 mL/min, 55 °C). For each measurement, 0.1 mL of sample (~3
mg/mL in DMF) was injected. The GPC instrument was calibrated by using linear
polystyrene standards (Ɖ < 1.1, Varian). The morphology of BP 2 and BPDC 3 were
analyzed by NTA and TEM. NTA was used to determine Dh of the assembled NPs of
BP 2 and BPDC 3 by tracking and recording the Brownian motions of the NPs.
NanoSight LM10 (Malvern Instruments, laser wavelength: 405 nm) was employed for
NTA analysis. The samples had concentration of ~1 mg/mL in different aqueous
environment. TEM images of the assembled NPs of BP 2 and BPDC 3 were recorded
with a JEOL 2010 microscope. The samples were prepared by loading 7 μL of
solution (~0.1 mg/mL in water) on 400 mesh carbon-coated copper grids, followed by
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complete drying under vacuum, and positive staining for 3 h using 0.5% solution of
ruthenium tetroxide (RuO4). The staining agent was freshly prepared by the reaction
between sodium periodate and ruthenium dioxide in water for 1 h.

5.2.6 Drug Release Study
HPLC was employed to study the drug release profiles of BPDC 3. Solutions
of 3 in 1 ×PBS (pH = 7.4) and 1 ×PBS (pH = 5.5), at the same concentration of 0.62
mg/mL (containing 50.0 μg/mL conjugated GEM, and 25.6 μg/mL conjugated PTX),
were prepared. The solutions were placed on a shaking bed and incubated at 37 °C. At
different time intervals, 0.2 mL aliquots of each solutions were withdrawn and diluted
with 0.8 mL of ACN. For each sample, 20 μL of the diluted solution was injected for
HPLC measurement. A reversed phase C18-column (ZORBAX Elipse XDB-C18, 4.6
× 150 mm, 5 μ) was used for chromatographic separation. The mobile phase consisted
of Milli-Q water and ACN (HPLC grade), with linear gradients of water/ACN
(9:1~6:4 v/v 0~3 min, 6:4~3:7 v/v 3~10 min, 3:7~6:4 v/v 10~18 min, 6:4~9:1 18~20
min). The eluent flow rate was 1.0 mL/min, and the column compartment temperature
was maintained at 30 °C. PTX and GEM molecules were detected with a diode array
detector (DAD) (model: Agilent 1260 Infinity), according to their UV absorbance at
227 and 250 nm, respectively. Calibration curves of PTX and GEM were obtained in
advance, based on the absorbance spectra of BP 2 and BPDC 3 recorded by using
VWR® Spectrophotometer (UV-1600PC).
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5.2.7 Cell Culture
MIA PaCa-2 cells were purchased from the American Type Culture Collection
(CRL-1420, Manassas, VA). Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Thermo Fisher Scientific; 11965-092) supplemented with 10% fetal
bovine serum (FBS, Thermo Fisher Scientific; 26140079), 1% penicillin-streptomycin
and 1 mM sodium pyruvate (Thermo Fisher Scientific; 15140122). Cells were
subcultured every 2-3 days and maintained in 5% CO2 with humidified air at 37 °C.

5.2.8 In Vitro Cytotoxicity Assay
The cytotoxicity of BPDC 3 was evaluated based on the viability of MIA
PaCa-2 cells post treatment. MIA Paca-2 cells were seeded in 96-wells plate (Greiner
Bio-one; 655180) at the density of 1×104 per well and allowed to grow overnight. The
cells were treated with vehicle control, the mixture of free PTX and GEM, BPDC 3,
and BP 2. The PTX concentrations were 0.01, 0.05, 0.1, 0.5, 1, 5 µg/mL and the GEM
concentrations were 0.02, 0.1, 0.2, 1, 2, 10 µg/mL. BP 2 had the same molar
concentrations as BPDC 3. For all groups, the total volume was 100 µL (the
treatment: 10 µL; cell culture medium: 90 µL). At 72 h post treatment, the cell
viability was measured by alamarBlue assay (Thermo Fisher Scientific, DAL1025)
following manufacturer’s protocol. Briefly, one part of alamarBlue solution was
diluted in ten parts of culture medium, added to cells, and incubated at 37 °C for 3 h
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in dark. TECAN microplate reader (San Jose, CA) was used to measure fluorescence
intensity with the excitation and emission wavelengths at 560 nm and 590 nm,
respectively. The cell viability was normalized to vehicle control group.

5.2.9 In Vitro Cellular Uptake Analysis
MIA PaCa-2 cells were seeded in 6-well plates (Greiner Bio-one, 655180) at
the seeding density of 2×105 cells per well and cultured overnight. The cells were
treated with BP 2 and BPDC 3 at Cy5.5 concentration of 0.2 µg/mL. Vehicle treated
cells were the control. The cells were harvested at 4 and 24 h post treatment and fixed
in 4% paraformaldehyde (Acros, 41678-5000). For flow cytometry analysis (BD
Fortessa flow cytometer, BD bioscience, San Jose, CA), 10,000 events were collected
for each sample in Alexa Fluor 700 channel (λex = 696 nm and λem = 719 nm). The
fluorescence intensity of Cy5.5 was reported as mean ±SD. For confocal microscopy
imaging, the cell nuclei were stained with 10 µg/mL Hoechst 33342 (Thermo Fisher
Scientific H3570) at room temperature for 10 min. The cells were then mounted on
glass slides and observed under LSM 710 confocal microscope (ZEISS, Dublin, CA).
The fluorescence signals from Hoechst 33342 were detected in the DAPI channel
(excitation at 405 nm and emission at 453 nm). The fluorescence signals from BP 2
and BPDC 3 were observed in Cy5.5 channel (excitation at 643 nm and emission at
707 nm).
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5.2.10 In Vivo Imaging and Biodistribution
MIA PaCa-2 cells (5×106) were inoculated at the flanks of female athymic
nude mice (6-week old, Charles River Laboratories). When tumor volumes reached
~100 mm3, the mice were randomly divided into three groups and treated with vehicle
(n = 3), Cy5.5-N3 (n = 2) and BPDC 3 (n = 3) through intravenous injection at Cy5.5
dose of 1.5 mg/kg of body weight. Whole body imaging was performed with IVIS
Lumina II in vivo imaging system (PerkinElmer, Waltham, MA) before and 5 min, 1 h,
4 h, 24 h after injection. At 24 h after injection, the mice were sacrificed. Tumors and
major organs (brain, heart, liver, spleen, lung and kidney) were harvested. The
fluorescence intensities of Cy5.5 in tumors and organs were recorded by the IVIS
system to investigate the biodistribution of BPDC 3 and free Cy5.5-N3. All animal
studies were approved by the Institutional Animal Care and Use Committee (IACUC)
at University at Buffalo.

5.3 Results and Discussion
5.3.1. Synthesis
The synthesis of the BPDC carrying both PTX and GEM with a PLA-g-PEG
brush

polymer

(BP)

scaffold

is

illustrated

in

Scheme

5.1.

Acetylenyl/allyl-functionalized PLA 1 was prepared by ring-opening polymerization
(ROP)

of

L-lactide

(LA),

acetylenyl-functionalized

LA

(ACLA),

and

allyl-functionalized LA (ALLA), using benzyl alcohol (BnOH) as the initiator and
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4-dimethylaminopyridine (DMAP) as the organocatalyst in dichloromethane
([LA]0:[ALLA]0:[ACLA]0:[BnOH]0:[DMAP]0 = 40:30:30:1:4; at 35 °C for 7 days).
According to gel permeation chromatography (GPC) analysis (Figure 5.1a), it had a
number average molecular weight (Mn) of 30.9 kDa and narrow molecular weight
dispersity (Ɖ) of 1.21, relative to linear polystyrenes.

Figure 5.1. GPC curves obtained from a) RI detector and b) UV/Vis detector (685
nm).

1

H NMR spectra of 1 were obtained in CDCl3 and DMSO-d6 (Figure 5.2a and

5.2b). Both spectra showed an area ratio of 1.00:9.55 for the resonance peak of
terminal Ar-H at ~7.3-7.4 ppm to that of -CH= proton from allyl group of ALLA at
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~5.8 ppm, indicating on average 49.8 ALLA units per molecule of 1. In Figure 5.2a,
the area ratio of 9.55:8.93 for the resonance peak of -CH= proton of ALLA to that of
CH≡ proton from acetylenyl group of ACLA at 2.00-2.13 ppm further revealed on
average 44.6 ACLA units per molecule of 1. Based on the area ratio of 9.55:84.2 for
the resonance peak of -CH= proton of ALLA and the overlapped resonance peak of
CH2= protons of ALLA and -CH< protons of all monomer units, on average the
presence of 68.4 LA units per molecule of 1 could be deduced. Therefore, the
structural formula of 1 was poly(LA0.42-co-ALLA0.30-co-ACLA0.28)163, corresponding
to a MnNMR of 26.0 kDa.
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Figure 5.2. 1H NMR spectra of acetylenyl/allyl-functionalized 1: a) in CDCl3, b) in
DMSO-d6.

Subsequently, azide-alkyne reaction of methoxyl PEG azide (CH3O-PEG-N3;
MW

=

897

Dalton,

Figure

5.3)

and

Cy5.5

azide

(Cy5.5-N3)

with

acetylenyl/allyl-functionalized PLA 1 was performed, using CuBr as catalyst and
N,N,N’,N”,N”-pentamethyldiethylenetriamine
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(PMDETA)

as

ligand

in

DMF

([acetylenyl group of 1]0:[CH3O-PEG-N3]0:[Cy5.5-N3]0:[CuBr]0:[PMDETA]0 =
1:1.07:0.025:1:1; at room temperature for 45 h). As determined by GPC analysis
using RI detector, the resulting Cy5.5-labelled PLA-g-PEG, i.e. BP 2, had a Mn of
41.4 kDa and a Ɖ of 1.41, relative to linear polystyrenes (Figure 5.1). When UV-vis
detector (685 nm) was used, the presence of GPC curve of 2 indicated the successful
conjugation of Cy5.5 moieties, and on average about one Cy5.5 moiety per molecule
of 2 was estimated from the quantitative analysis of the UV-vis absorbance of 2.

Figure 5.3. 1H NMR spectra of CH3O-PEG-N3 in CDCl3.
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Figure 5.4. 1H NMR spectra of a) BP 2 in CDCl3; b) BPDC 3 in CDCl3/CD3OD (v/v,
1:1).

1

H NMR spectrum of BP 2 was recorded using CDCl3 as the solvent (Figure

5.4a). Along with the quantitative presence of resonances from protons of PEG grafts,
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the disappearance of resonances of characteristic protons of ACLA units (i.e.,
CHCH2C≡CH proton at ~2.9 ppm and CHCH2C≡CH proton at ~2.1 ppm) indicated
the consumption of all of acetylenyl groups on copolymer 1 and on average the
presence of 43.6 PEG grafts per molecule of 2. Thus, BP 2 had a MnNMR of 65.7 kDa,
with 59.5 wt% of PEG. The quantitative presence of -CH= proton from allyl groups at
5.68-5.89 ppm illustrated that allyl groups of 1 were intact under the azide-alkyne
reaction conditions.

Figure 5.5. 1H NMR spectrum of PTX-SH in CDCl3/CD3OD (v/v, 1:1).
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Figure 5.6. 1H NMR spectra of GEM-SH in a) DMSO-d6, b) CDCl3/CD3OD (v/v,
1:1).

Finally, UV-induced thiol-ene reaction of thiol-functionalized PTX (PTX-SH)
and GEM (GEM-SH) with BP 2 was performed in a mixed solvent of CHCl3 and
MeOH

(v/v,

5:1),

with

2,2-dimethoxy-2-phenylacetophenone

(DMPA)

as

photoinitiator. The thiol-functionalized drugs, PTX-SH and GEM-SH, were prepared
according to references,51-52 and their 1H NMR spectra were shown in Figure 5.5 and
5.6. The feed ratio of reagents of the thiol-ene reaction was [allyl group of
2]0:[PTX-SH]0:[GEM-SH]0:[DMPA]0 = 1:0.12:0.91:0.50, with the weight ratio of
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PTX to GEM of 1:2.5. The reaction system was irradiated under UV light (λmax = 365
nm) for 90 min, to yield the PTX/GEM-dully conjugated BPDC 3. GPC analysis
showed that 3 had a Mn of 51.5 kDa, with a Ɖ of 1.35, relative to linear polystyrenes.
1

H NMR analysis of 3 in CDCl3/CD3OD (v/v, 1:1) revealed its composition (Figure

5.4b). According to the resonance intensities of -CH= proton from the remaining allyl
groups at ~5.8 ppm, two aromatic protons from PTX at ~8.1 ppm and >NCH= proton
from GEM at ~8.3 ppm, 55% of allyl groups of BP 2 were consumed and the number
ratio of conjugated units of PTX to GEM was 1.00:6.34 in the resulting BPDC 3.
Thus, on average there were 3.8 PTX units and 23.8 GEM units per molecule of
BPDC 3, with the weight ratio of PTX to GEM of 1:1.95. According to such 1H NMR
results, BPDC 3 had a MnNMR of 77.6 kDa, with 4.1 wt% of PTX and 8.1 wt% of
GEM.

5.3.2 Characterization of Nanostructures
Both BP 2 and BPDC 3 had amphiphilic structures, allowing them to form
self-assembled nanoparticles (NPs) in aqueous solutions via self-assembly. These NPs
of 2 and 3 were characterized by nanoparticle tracking analysis (NTA) and
transmission electron microscopy (TEM). NTA showed that NPs of 2 had an average
hydrodynamic diameter (Dh) of 138 nm, with a peak Dh of 123 nm (Figure 5.7a).
These NPs exhibited a number-average diameter of 45.1 ± 5.4 nm on TEM grid
(Figure 5.7b-c). TEM imaging revealed their core-shell micellar structures, with
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PLA-rich cores and PEG-rich shell domains indicated by RuO4 staining. As
demonstrated by NTA assessment, NPs of 3 had an average Dh of 111 nm, with a
peak Dh of 70 nm (Figure 5.8a). TEM images of NPs of 3 showed a number-average
diameter of 34.1 ±3.9 nm with no core-shell structures (Figure 5.8b-d). The fact that
BPDC 3 with higher Mn formed smaller NPs as compared to BP 2 may be ascribed, at
least partly, to the much more densely-grafted and stiffened backbone of 3 that can
limit aggregation of 3 in aqueous solutions.

Figure 5.7. a) Size distribution profile of BP 2 in H2O based on NTA measurements.
b) Histogram of diameter distribution of BP 2 according to the TEM images. c) TEM
images of BP 2. TEM samples were stained by RuO4.
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Figure 5.8. a) Size distribution profile of BPDC 3 in H2O based on NTA
measurements. b) Histogram of diameter distribution of BPDC 3 according to the
TEM images. c) and d) TEM images of BPDC 3. TEM samples were stained by
RuO4.

5.3.3 Drug Release
PTX and GEM were conjugated on BPDC 3 via hydrolysable ester and amide
linkages, respectively. Therefore, it is expected that aqueous solutions of BPDC 3
may enable sustained release of PTX and GEM. Accordingly, the drug release profiles
of 3 were measured by analyzing the PBS buffer solutions of 3 at different pH (5.5
and 7.4) incubated at 37 °C, with high-performance liquid chromatography (HPLC) at
different time intervals. Although PTX had very low solubility in aqueous solutions
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(< 2.0 μg/mL in 0.01 M PBS buffer),51 HPLC analysis showed that PTX was fully
dissolved in a mixed solvent of H2O and acetonitrile (ACN; v/v, 1:4) at the
concentration of 5.1 μg/mL, which was the highest concentration of PTX involved in
this study. Therefore, all samples were diluted by five times with ACN before
measurements. The release profiles of PTX and GEM from BPDC 3 are shown in
Figure 5.9. In agreement with prior reports,51, 53 the ester linkage between PTX and
PLA-based backbone of 3 was acid-labile. On the other hand, the amide linkage
between GEM and PLA-based backbone of 3 did not exhibit an acid-lability. It should
be noted that 90% PTX and 25% GEM were released from BPDC 3 within 120 h at
pH 5.5, a similar pH of endolysosomes. Such results suggest that, after 3 is uptaken
by cancer cells via endocytosis, faster release of PTX relative to GEM might be
achieved. This potentially can be favorable for cancer treatment because PTX is
recommended to be administered before a separate administration of GEM in the
FDA approved combination formulation.12
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Figure 5.9. Drug release profiles of PTX and GEM from PBS solutions of BPDC 3 at
pH of 5.5 and 7.4.

5.3.4 In Vitro Cytotoxicity
In vitro cytotoxicity was examined to evaluate the therapeutic effects of BPDC
3. Human pancreatic MIA Paca-2 cells were treated with BPDC 3, the mixture of free
PTX and GEM (PTX+GEM) or BP 2 (as the polymeric scaffold of 3). The same
PTX/GEM concentrations ranging from 0.01/0.02 μg/mL to 5/10 μg/mL were used
for BPDC 3 and PTX+GEM, and the same polymer concentrations were used for
BPDC 3 and BP 2. At 72 h post treatment, the cell viability was measured using the
alamarBlue assay, with vehicle treated cells as the control. As shown in Figure 5.10,
BP 2 did not exhibit noticeable cytotoxicity under the experimental conditions,
demonstrtaing that the scaffold is highly biocompatible and thus it is a promising and
potent carrier for various therapeutic and diagnostic agents. Although PTX and GEM
had not been fully released at 72 h, BPDC 3 showed an overall better anti-cancer
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efficacy than PTX+GEM. When PTX/GEM concentration were higher than 0.05/0.1
μg/mL, BPDC 3 exhibited higher anti-cancer efficacy compared to PTX+GEM. At
the highest PTX/GEM concentration of 5/10 μg/mL used in this study, BPDC 3 (40%
cell viability) resulted in remarkably lower cell viability of MIA PaCa-2 cells than
PTX+GEM (51% cell viability), demonstrating higher therapeutic efficacy of BPDC 3
than the drug mixture.

Figure 5.10. Cytotoxicity of BP 2, PTX+GEM, BPDC 3 in MIA PaCa-2 cells. The
cell viability was measured at 72 h post treatment. BP 2 had the same polymer
concentrations as BPDC 3. Data were reported as mean ±standard deviation (SD) of
three independent experiments. One-way ANOVA was used to assess the statistical
significance of the data. *p < .05 was considered as statistical significant. **p < .01
was considered as statistical highly significant.
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5.3.5 In Vitro Cellular Uptake
Flow cytometry and confocal microscopy were used to assess the cellular
uptake of BPDC 3. The conjugated Cy5.5 dye was used as the fluorescent probe to
visualize cellular uptake. MIA PaCa-2 cancer cells were treated with BPDC 3 at
Cy5.5 concentration of 0.2 μg/mL. At 4 and 24 h post treatment, cells were harvested
and the uptake efficiency of BPDC 3 was quantitatively analyzed by flow cytometry.
As shown in Figure 5.11a-b, the cellular uptake started as early as at 4 h post
treatment and increased further during the following 20 h. From 4 to 24 h post
treatment, the mean fluorescence intensity of cells treated by BPDC 3 increased by
3.7 times, demonstrating the continuous cellular uptake. Confocal microscopy was
used to confirm that BPDC 3 was accumulated inside MIA PaCa-2 cells, instead of
attaching on the cell surface (Figure 5.11c). Images from confocal microscopy
showed that BPDC 3 was uptaken by the cells and remained in the cytoplasm of the
cells. The fluorescence intensity of Cy5.5 in the cells increased with time. At 24 h
post treatment, strong fluorescence from Cy5.5 was observed in all cells, indicating
~100% cellular uptake efficiency of BPDC 3, which agreed with the results from flow
cytometry analysis.
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Figure 5.11. a) Flow cytometry data showing cellular uptake of BPDC 3 in MIA
PaCa-2 cells at 4 and 24 h post treatment compared with vehicle treated cells. b) Mean
fluorescence intensity of Cy5.5 obtained from flow cytometry at 4 and 24 h post
treatment. c) Confocal microscopy images of MIA PaCa-2 cells at 4 and 24 h post
treatment with BPDC 3, compared with vehicle treated cells. Cell nuclei were
counterstained with Hoechst 33342. Data were reported as mean ±standard deviation
(SD) of three independent experiments. One-way ANOVA was used to assess the
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statistical significance of the data. **p < .01 was considered as statistical highly
significant.

We also investigated the cellular uptake efficiency of BP 2 to demonstrate that
its use as a versatile delivery platform. The absorbance spectra of BP 2 showed
similar fluorescence intensity as BPDC 3 (Figure 5.12). The cellular uptake of BP 2
was also comparable to BPDC 3 and showed high delivery efficiency (Figure 5.13).
Together with the high biocompatibility of BP 2, such cellular uptake results further
supported the broad application potentials of BP 2 as delivery scaffold.

Figure 5.12. Absorbance spectra of BP 2 and BPDC 3.
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Figure 5.13. a) Flow cytometry data showing cellular uptake of BP 2 in MIA PaCa-2
cells at 4 and 24 h post treatment compared with untreated cells. b) Mean
fluorescence intensity of Cy5.5 obtained from flow cytometry at 4 and 24 h post
treatment. c) Confocal microscopy images of MIA PaCa-2 cells at 4 and 24 h post
treatment with BP 2, compared with untreated cells. Cell nuclei were counterstained
with Hoechst 33342. Data were reported as mean ±standard deviation (SD) of three
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independent experiments. One-way ANOVA was used to assess the statistical
significance of the data. **p < .01 was considered as statistical highly significant.

5.3.6 In Vivo Imaging and Biodistribution
Vehicle control, Cy5.5-N3, and BPDC 3 solutions were intravenously injected
into female athymic nude mice bearing subcutaneous MIA PaCa-2 pancreatic
xenografts (tumor volume ~ 100 mm3) at Cy5.5 dose of 1.5 mg/kg body weight. At
different time intervals post injection, in vivo fluorescence imaging of mice was
carried out (dorsal side and ventral side). As shown in Figure 5.14, BPDC 3
distributed across the mouse whole body immediately after injection and remained in
circulation during the following 4 h. At 24 h post injection, weak fluorescence signals
were still observed on the dorsal side of the mice. These results indicated that BPDC 3
had prolonged, up to 24 h of circulation time in vivo. Strong fluorescence signals were
observed at tumor sites (dorsal side), showing the accumulation of BPDC 3 in the
tumor tissue. On the other hand, Cy5.5-N3 quickly went to liver and kidney after the
injection, and little was accumulated in tumors.
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Figure 5.14. Representative whole body fluorescence imaging of mice (dorsal side
and ventral side) before and at different time points post intravenous injection of
vehicle control, Cy5.5-N3, BPDC 3 at Cy5.5 dose of 1.5 mg/kg body weight. Tumors
were circled in each image (dorsal side).

Ex vivo evaluation of excised tumors and major organs at 24 h post injection is
shown in Figure 5.15. BPDC 3 treated mice showed significant fluorescence signals
in tumors, while no accumulation of free Cy5.5-N3 was observed in the tumors,
demonstrating that BPDC 3 was effectively uptaken by MIA PaCa-2 tumor cells in
vivo presumably due to the EPR effect.18 We also observed fluorescence signals from
liver and kidney in BPDC 3 treated mice, suggesting that BPDC 3 may be degraded
and excreted through metabolism in liver and kidney.
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Figure 5.15. Ex vivo fluorescence imaging of excised tumors and major organs at 24 h
post intravenous injection of vehicle control, Cy5.5-N3, BPDC 3.

5.4 Conclusion
The design and synthesis of a novel multifunctional BPDC for co-delivery of
hydrophobic PTX and hydrophilic GEM, as well as cancer imaging, has been
demonstrated. The BPDC with well-defined structures was prepared by successive
azide-alkyne

and

thiol-ene

click

functionalization

reactions,

using

an

acetyenyl/alkyl-functionalized PLA as the backbone precursor. With both
hydrophobic and hydrophilic components, the BPDC formed self-assembled NPs in
aqueous solutions. Sustained releases of PTX and GEM from the PBS solutions of the
BPDC were observed, and specifically the release of PTX demonstrated acid-labile
behavior. Both the BPDC and the corresponding scaffold can be readily taken up by
MIA PaCa-2 cells. While the scaffold is non-cytotoxic, the BPDC exhibited higher
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therapeutic efficacy towards MIA PaCa-2 cells than the mixture of PTX and GEM in
most of tested drug concentrations. Moreover, the Cy5.5-labelled BPDC showed
much longer circulation time than a small molecule Cy5.5 reagent, and effectively
accumulated at tumor sites for fluorescence imaging. Overall, this work illustrates that
the multifunctional BPDC represents a promising design of integrated systems
enabling co-delivery of multiple anticancer drugs of different hydrophilicity and
tumor imaging.
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Chapter 6: Multifunctional Biodegradable Zwitterionic
Polymer-Drug Conjugate for Paclitaxel/Gemcitabine Co-Delivery
with Enhanced Antitumor Efficacy

Abstract:
A multifunctional biodegradable zwitterionic polymer-drug conjugate (ZPDC) is
developed for the co-delivery of hydrophobic paclitaxel (PTX) and hydrophilic
gemcitabine (GEM) chemotherapeutics, as well as a fluorescence imaging agent
cyanine5.5 (Cy5.5). The well-defined ZPDC is synthesized by tandem azide-alkyne
and thiol-ene click functionalization of an acetylenyl/allyl-functionalized polylactide.
It has a Mn of 53.6 kDa, with 6.5 wt% of PTX and 17.7 wt% of GEM. Cy5.5 moieties
can also be readily introduced to the structure of ZPDC via conjugation. In aqueous
solutions, the ZPDC exhibits an average hydrodynamic diameter of 45.6 ±2.1 nm. In
vitro studies using MIA PaCa-2 human pancreatic cancer cells illustrate the
remarkable anticancer cytotoxicity and facilitated cellular uptake of the ZPDC. In vivo
studies demonstrate that the ZPDC possess long blood circulation, tumor
accumulation, optical tumor imaging capacity, and significantly enhanced in vivo
therapeutic effect.
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6.1 Introduction
The previous chapter, i.e. Chapter 5, reported a brush polymer-drug conjugate
(BPDC; or densely grafted PDC) with both hydrophobic PTX and hydrophilic GEM,
together with a fluorophore, conjugated to the backbone of a brush-like polymer
scaffold for the co-delivery of two anticancer drugs and for cancer imaging. To take
advantages of zwitterionic materials,1-2 zwitterionic polymer-drug conjugate (ZPDC)
was also designed using sulfobetain zwitterion as the valid substitute of PEG. From
the synthetic point of view, the preparation of ZPDC was very similar to that of
BPDC, except that a zwitterionic functionalization agent was used to replace the
PEG-based one to react with the acetylenyl/allyl-functionalized polylactide (1).3 In
term of physicochemical properties, a critical difference between zwitterions and PEG
is that zwitterions are superhydrophilic, while PEG is amphiphilic and can interact
with both hydrophilic and hydrophobic substances.4 Thus, by replacing PEG chains
with zwitterions in the polymer-drug conjugate, the resulting ZPDC is expected to
have improved water-solubility or dispersity, boosted drug loading amount, reduced
non-specific interactions with biomolecules, and elongated blood circulation time.
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Scheme 6.1. Synthesis of the ZPDC 3 conjugated with PTX and GEM.

To reveal these biomedical relevant merits of ZPDC, broad biomedical studies
of the ZPDC, covering both in vitro and in vivo scopes, are highly preferred. Because
the combination therapy of PTX with GEM has been approved by FDA for the
clinical treatment of pancreatic cancer,5 in vitro and in vivo models of pancreatic
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cancer were used in biomedical studies. Specifically, the in vivo antitumor efficacy of
the ZPDC was evaluated based on the tumor growth of human pancreatic tumor
xenograft model in female athymic nude mice.6-8 This chapter reports the
comprehensive studies on the ZPDC, demonstrating that ZPDC is a promising type of
biomaterial for the co-delivery of anticancer therapeutics with cancer imaging
function.

6.2 Experimental Section
6.2.1 Measurements
1

H NMR spectra of zwitterionic polymer (ZP; 2) and ZPDC (3) were recorded

using a 500 MHz Varian INOVA-500 spectrometer at 25 oC, using a mixture of
CDCl3/CD3OD (v/v, 1:1) as the solvent. Proton 2D diffusion-ordered spectroscopy
(DOSY) data on the ZPDC 3, PTX-SH, GEM-SH, PTX, GEM in CDCl3/CD3OD (v/v,
1:1) were acquired on a Varian INOVA NMR spectrometer operating at 500 MHz at
r.t., using the vendor supplied bipolar pulse pair stimulated echo (Dbppste) pulse
sequence. The gradient was varied nonlinearly from 2.3278 to 58.2176 gauss/cm (15
steps), using a 120 ms diffusion delay and a diffusion gradient length of 2.0 ms; 64
transients were collected for each of the 15 incremented gradient values, with a
one-second relaxation delay. The data were analyzed using MestReNova, and shown
after Bayesian transformation.
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Dynamic light scattering (DLS) was used to determine hydrodynamic
diameters (Dh) and size distributions of self-assembled ZPDC 3. The measurements
were performed on Zetasizer Nano ZS90 (Malvern Instruments Ltd.) with a 4 mM
633 nm HeNelaser as the light source at 25 oC. The measuring angle was set at 90o.
ZPDC 3 samples were simply dispersed in water (1 mg/mL) for measurements.
Transmission electron microscopy (TEM) was used to visualize the assembled
ZPDC 3. The TEM images were obtained with a JEOL 2010 microscope. The dilute
solutions (7 µL each) of ZPDC 3 in water (~0.1 mg/mL) were dip coated onto the 400
mesh carbon-coated copper grids. After overnight drying under vacuum, the samples
were stained for 3 h by freshly prepared 0.5% solution of ruthenium tetroxide (RuO4).
The staining agent was prepared by dissolving sodium periodate in water at first,
followed by the addition of ruthenium dioxide. The reaction mixture was stirred for 1
h before use.

6.2.2 Materials
2,2-Dimethoxy-2-phenylacetophenone (DMPA; 99%) and sodium periodate
(99%) were purchased from Acros Organics. Cyanine5.5 azide (Cy5.5-N3) was
purchased from Lumiprobe Corporation. PTX (99%) was purchased from AvaChem
Scientific. GEM (98+%) was purchased from Ark Pharm. Ruthenium dioxide (99.9%)
was purchased from Pfaltz & Bauer. L-Ascorbic acid sodium salt (NaAsc), copper
sulfate pentahydrate (CuSO4•5H2O), N,N’-dimethylformamide (DMF; HPLC grade),
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dichloromethane (DCM, HPLC grade), methanol (MeOH, HPLC grade), chloroform
(CHCl3, HPLC grade), hexanes (HPLC grade), diethyl ether (HPLC grade), and
acetonitrile (HPLC grade) were purchased from Fisher Scientific. DMF and DCM
were dried by distillation over CaH2. Acetylenyl-functionalized lactide (ACLA),
allyl-functionalized lactide (ALLA), and copolymer 1 were freshly prepared
following the methods reported in our previous publications.9-10 PTX-SH and
GEM-SH were prepared according to the approaches reported in literatures,
respectively.11-12

6.2.3 Synthesis of PLA-g-SB (ZP 2)
To a 10-mL reaction flask were added with 1 (300 mg), 6.0 mL of DMF,
SB-N3 (142 mg), and NaAsc (10.2 mg) were added with 0.50 mL of water. The flask
was tightly sealed and degassed with N2. Then the aqueous solution of CuSO4•5H2O
(6.40 mg in 0.25 mL of water) was added slowly using a syringe. The overall feed
ratio

was

[acetylenyl

group

of

1]0:[SB-N3]0:[CuSO4•5H2O]0:[NaAsc]0

=

1.0:1.1:0.05:0.10. Three cycles of freeze-pump-thaw were performed to further
remove oxygen from the reaction system. The reaction mixture was stirred for 20 h at
room temperature. The crude product was dialyzed against DCM:MeOH (v/v = 2:1),
to remove unreacted SB-N3. The solution was filtrated and completely dried to give 2
(308 mg, 71.7% yield) as a white solid. 1H NMR (500 MHz, CDCl3/CD3OD (v/v, 1:1),
δ): 8.11-7.77 (br m, CHCH2C=CHN), 7.38-7.28 (m, Ar-H from BnOH), 5.87-5.67 (br
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m, CHCH2CH=CH2 of ALLA units), 5.56-5.33 (br m, CHCH2C=CHN), 5.31-5.03 (br
m, CHCH3, and CHCH2CH=CH2 of ALLA units; CHCH3 of LA and ACLA units),
4.57-4.42 (br m, NCH2CH2CH2N(CH3)2), 3.63-3.18 (br m, NCH2CH2CH2N(CH3)2,
NCH2CH2CH2SO3, and CHCH2C=CHN), 3.17-2.97 (br m, NCH2CH2CH2N(CH3)2),
2.92-2.78 (br m, NCH2CH2CH2SO3), 2.77-2.54 (br m, CHCH2CH=CH2 of ALLA
units), 2.53-2.33 (br m, NCH2CH2CH2N(CH3)2), 2.23-2.03 (br m, NCH2CH2CH2SO3),
1.66-1.35 (br m, CH3 of units on PLA backbone). MnNMR = 37.1 kDa.
Cy5.5-labelled ZP 2, PLA-g-SB/Cy5.5, was also synthesized using the same
approach, except that 1.8 mol% of SB-N3 was replaced by Cy5.5-N3 in the
azide-alkyne reaction.

6.2.4 Synthesis of PLA-g-SB/PTX/GEM (ZPDC 3)
In a 10-mL reaction flask, 2 (227 mg), PTX-SH (34.8 mg, containing 31.6 mg
of PTX), GEM-SH (104.4 mg, containing 78.2 mg of GEM), and DMPA (39.0 mg)
were dissolved with 10.5 mL of the mixed solvent of CHCl3 and MeOH (v/v, 2:1).
The overall feed ratio was [allyl group of 2]0:[PTX-SH]0:[GEM-SH]0:[DMPA]0 =
1:0.12:0.98:0.50. Three freeze-pump-thaw cycles were conducted to remove oxygen
from the reaction system. Then the mixture was irradiated under UV light (λmax = 365
nm, 90 min) at room temperature. The crude product was firstly dialyzed against a
mixture of DCM and MeOH (v/v, 2:1) for 5 days, then precipitated in 75 mL of
hexane using centrifuge. The precipitate was washed with DCM in ultrasonic bath to
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remove possible trace amount of free PTX-SH. The product was finally precipitated
in 75 mL of cold diethyl ether to give 3 (237 mg, 67.1% yield) as a white solid after
vacuum drying. 1H NMR spectrum (500 MHz) of 3 in CDCl3/CD3OD (v/v, 1:1) was
obtained (assignments are not presented here due to numerous resonances from the
conjugated PTX/GEM moieties). MnNMR = 53.6 kDa.
Cy5.5-labelled ZPDC 3, PLA-g-SB/Cy5.5/PTX/GEM, was also synthesized
using the same approach, except that Cy5.5-labelled ZP 2 used in the thiol-ene
reaction.

6.2.5 Cell Culture
MIA PaCa-2 cells were provided by the American Type Culture Collection
(Manassas, VA). PaCa-2 cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM, Life technologies, 1896984) containing 10% (v/v) fetal bovine serum (FBS,
Life Technologies, 1972454), 1% (v:v) penicillin-streptomycin (Life Technologies,
1953104) and 1% (v/v) sodium pyruvate (Invitrogen, 11360070) at 37 oC with 5%
CO2. Cells were subcultured three times per week (on every Monday, Wednesday and
Friday).

6.2.6 In Vitro Cytotoxicity
The in vitro anti-tumor efficacy was evaluated based on the cell viability of
PaCa-2 cells 24 and 72 h after transfection of ZPDC 3 at different concentration.
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PaCa-2 cells were first seeded in 96 well plates (Greiner Bio-one, 655180) at the
seeding density of 1 × 104 cells/well in 100 µL DMEM medium. The cells were
incubated at 37 oC overnight. The solutions of ZP 2, mixture of PTX and GEM
(PTX+GEM), and ZPDC 3 were prepared separately in cell culture medium while
maintaining consistent PTX/GEM concentration. More specifically, PTX+GEM
samples were prepared at PTX concentration of 0.001, 0.05, 0.1, 0.5, 1, 5 ug/mL and
at GEM concentration of 0.002, 0.12, 0.24, 1.2, 2.4, 12 ug/mL. ZPDC 3 had the same
PTX/GEM concentrations as PTX+GEM, while ZP 2 and ZPDC 3 had the same
polymer concentrations. Vehicle control treated group was used as control. At 24 and
72 h post transfection, the cell viability was measured by using AlamarBlue
(Invitrogen, DAL1025) following the instruction of manufacturer. Briefly, 10% (v/v)
AlamarBlue solution was prepared in cell culture medium and then added to treated
cells and incubated at 37 oC for 3 h. (Protection from light is required.) TECAN
microplate reader (San Jose, CA) was used to measure the fluorescence at the
excitation and emission wavelength of 560 and 590 nm, respectively. The cell
viability of vehicle control groups was used to normalize other groups.

6.2.7 In Vitro Cellular Uptake Analysis
PaCa-2 cells were seeded at 2 × 105 cells per well in 6 well plates. After
incubated at 37 oC overnight, the cells were treated with Cy5.5-N3 and Cy5.5-labelled
ZPDC 3 at Cy5.5 concentration of 0.2 µg/mL. PBS treated cells were used as control.
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The cells were harvested 24 h post transfection, and preserved in 4%
paraformaldehyde (Acros, 41678-5000) at 4 oC for further analysis by flow cytometry
and confocal microscopy.
For cell flow cytometry, 10,000 events were measured for each sample by a
BD Fortessa flow cytometer (BD bioscience, San Jose, CA) in the APC channel (λex =
640 nm and λem = 660 nm). There are three groups in total: vehicle control, Cy5.5-N3
and Cy5.5-labelled ZPDC 3 treated groups. Each group has three replicates. The mean
fluorescence intensity ± standard deviation of Cy5.5 were reported to evaluate the
cellular uptake of Cy5.5-labelled ZPDC 3. For confocal microscopy imaging, the cell
nuclei were marked by DAPI (Sigma Aldrich, D8417). After staining, the cells were
fixed on glass slides and images of fluorescence were taken by the use of LSM 710
confocal microscope (ZEISS, Dublin, CA). The DAPI channel (λex = 405 nm and λem
= 460 nm) and Cy5 channel (λex = 640 nm and λem = 660 nm) were chosen to
elucidate cell nuclei and uptake of Cy5.5-labelled ZPDC 3, respectively.

6.2.8 In Vivo Imaging and Biodistribution
Human pancreatic tumor xenograft model was built up by the subcutaneous
injection of 5 × 106 PaCa-2 cells at the right flanks of female athymic nude mice
(6-week old, Charles River Laboratories). Tumor volume was calculated by the
equation V = (L×W2)/2. When tumor volume grew to 100 mm3, the mice were
injected with vehicle (control), Cy5.5-N3 and Cy5.5-labelled ZPDC 3 through mouse

222

tail veins at Cy5.5 dose of 1.5 mg/kg of body weight. Whole body fluorescence
images before and 5 min, 1 h, 4 h, 24 h after injection were taken by IVIS Lumina II
in vivo imaging system (PerkinElmer, Waltham, MA). At 24 h after injections, the
mice were sacrificed for the distribution of Cy5.5 in tumors and major organs
(including brain, heart, liver, spleen, lung and kidney).

6.2.9 In Vivo Therapeutic Effect
The in vivo antitumor efficacy was evaluated based on the tumor growth of
human pancreatic tumor xenograft model. The establishment of human pancreatic
tumor xenograft model was illustrated above. At first, 32 PaCa-2 cell-bearing athymic
nude mice were randomly assigned into 4 groups (n = 8): vehicle, ZP 2, PTX+GEM,
as well as ZPDC 3 treated groups. Then the treatment was started when the tumor size
reached ≥ 100 mm3. The mice were injected every 3 days for a total of 6 injections.
PTX+GEM and ZPDC 3 were given to mice at PTX does of 10 mg/kg BW and GEM
does of 24 mg/kg BW. Tumor volumes and body weights were measured every day.
The average tumor volume of each group ± standard deviation was reported. All
animal studies followed the instruction of the Institutional Animal Care and Use
Committee (IACUC) at university at Buffalo.
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6.3 Results and discussion
6.3.1. Synthesis
The synthesis of the ZPDC 3 carrying both PTX and GEM with a PLA-g-SB
polymer (ZP 2) scaffold is illustrated in Scheme 6.1. Acetylenyl/allyl-functionalized
PLA 1 had structural formula of poly(LA0.42-co-ALLA0.30-co-ACLA0.28)163,
corresponding to a MnNMR of 26.0 kDa. Azide-alkyne reaction of SB-N3 with 1 was
performed, using a conventional CuSO4•5H2O / NaAsc catalytic system in a mixture
of

DMF

and

water

(v/v

=

8:1)

([acetylenyl

group

of

1]0:[SB-N3]0:[CuSO4•5H2O]0:[NaAsc]0 = 1.0:1.1:0.05:0.10.; at room temperature for
20 h). 1H NMR spectrum of ZP 2 was recorded using CDCl3/CD3OD (v/v, 1:1) as the
solvent (Figure 6.1a). Along with the quantitative presence of resonances from
protons of SB moieties, the disappearance of resonances of characteristic protons of
ACLA units (i.e., CHCH2C≡CH proton at ~2.9 ppm and CHCH2C≡CH proton at
~2.1 ppm) indicated the consumption of all of the acetylenyl groups on copolymer 1,
and on average the presence of 44.6 SB moieties per molecule of 2. Thus, ZP 2 had a
MnNMR of 37.1 kDa, with 30.1 wt% of SB. In addition, the quantitative presence of
-CH= proton from allyl groups at 5.87-5.67 ppm illustrated that allyl groups of 1 were
intact under the azide-alkyne reaction conditions.
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Figure 6.1. 1H NMR spectra of a) ZP 2; b) ZPDC 3 in CDCl3/CD3OD (v/v, 1:1).

Finally, UV-induced thiol-ene reaction of thiol-functionalized PTX (PTX-SH)
and GEM (GEM-SH) with ZP 2 was conducted in a mixed solvent of CHCl3 and
MeOH

(v/v,

2:1),

with

2,2-dimethoxy-2-phenylacetophenone
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(DMPA)

as

photoinitiator

([allyl

group

of

2]0:[PTX-SH]0:[GEM-SH]0:[DMPA]0

=

1:0.12:0.98:0.50; weight ratio of PTX to GEM of 1:2.5). The reaction system was
irradiated under UV light (λmax = 365 nm) for 90 min, yielding the PTX/GEM-dully
conjugated ZPDC 3. 1H NMR analysis of 3 in CDCl3/CD3OD (v/v, 1:1) revealed its
composition (Figure 6.1b). According to the resonance intensities of -CH= proton
from the remaining allyl groups at ~5.8 ppm, two aromatic protons from PTX at ~8.1
ppm and >NCH= proton from GEM at ~8.3 ppm, 80.4% of allyl groups of ZP 2 were
consumed and the number ratio of conjugated units of PTX to GEM was 1.00:8.86 in
the resulting ZPDC 3. Thus, on average there were 4.1 PTX units and 35.9 GEM units
per molecule of ZPDC 3, with the weight ratio of PTX to GEM of 1:2.4. According to
such 1H NMR results, ZPDC 3 had a MnNMR of 53.6 kDa, with 6.5 wt% of PTX and
17.7 wt% of GEM.
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Figure 6.2. DOSY NMR spectra of a) ZPDC 3, b) PTX-SH, c) GEM-SH, d) PTX, e)
GEM in CDCl3/CD3OD (v/v, 1:1).

To further demonstrate that the ZPDC 3 had well-defined structure without
unreacted PTX-SH/GEM-SH and pre-released PTX/GEM, proton 2D DOSY NMR
spectra of ZPDC 3, PTX-SH, GEM-SH, PTX, GEM in CDCl3/CD3OD (v/v, 1:1) were
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acquired on a Varian INOVA NMR spectrometer.13-14 The data were analyzed using
MestReNova, and shown after Bayesian transformation (Figure 6.2). The obviously
different diffusion coefficients between ZPDC 3 and the other small molecules
revealed that all of the PTX/GEM signals in spectrum of ZPDC 3 (Figure 6.2a) are
from conjugated PTX/GEM moieties.15 In other words, ZPDC 3 was pure, without
being contaminated by free small molecule drugs, and the conjugation linkages
between the PTX/GEM moieties and the ZP scaffold maintained stability under the
NMR analytic conditions.
It should be noted that ZP 2 and ZPDC 3 can be readily conjugated with an
optical imaging agent in either azide-alkyne or thiol-ene functionalization step. In this
work, Cy5.5 was selected as the imaging agent, and Cy5.5-labelled ZP 2 and ZPDC 3
were prepared following the same approaches and conditions as those for the
preparation of the non-labelled ZP 2 and ZPDC 3, except that a very small portion
(1.8 mol%) of SB-N3 was replaced by Cy5.5-N3 in the azide-alkyne reaction with
copolymer 1 ([acetylenyl group of 1]0:[SB-N3]0:[Cy5.5-N3]0 = 1.0:1.08:0.02). Other
than the presence of trace amounts of Cy5.5 (on average one Cy5.5 unit per molecule,
according to UV-vis spectroscopy analysis), Cy5.5-labelled ZP 2 and ZPDC 3 were
essentially identical with the non-labelled ones regarding structures and compositions
as indicated by 1H NMR and GPC analysis.
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6.3.2 Characterization
With amphiphilic structure, ZPDC 3 assembled in aqueous solutions, and the
resulting nanoparticles (NPs) were characterized by both DLS and TEM. DLS
analysis showed that NPs of ZPDC 3 had a volume-average hydrodynamic diameter
(Dh,V) of 45.6 ± 2.1 nm with a polydispersity (PDI) of 0.297 (Figure 6.3a). TEM
imaging revealed spherical morphology of NPs of ZPDC 3 on TEM grids, with
number-average diameter (Dav) of 29.7 ±2.9 nm (Figure 6.3b-6.3c). The Dh,V value of
these NPs was larger than the Dav value, because Dh,V and Dav correspond to the
solvated state and the dry state of the NPs, respectively.

Figure 6.3. a) Histograms of Dh,V of NPs of ZPLA 3 in aqueous solutions (1 mg/mL)
measured by DLS; b) TEM image of NPs of ZPLA 3 from aqueous solutions (0.1
mg/mL); c) Histograms of diameter distribution of NPs of ZPLA 3 according to
multiple TEM images (~100 particles counted, images not shown here). TEM samples
were stained by RuO4.
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6.3.3 In Vitro Cytotoxicity
In vitro cytotoxicity was examined to evaluate the therapeutic effects of ZPDC
3 on human pancreatic MIA PaCa-2 cells. ZP 2, the mixture of free PTX and GEM
(PTX+GEM) were employed for comparison. ZPDC 3 and PTX+GEM had the same
PTX/GEM concentrations ranging from 0.001/0.002 μg/mL to 5/12 μg/mL, while ZP
2 and ZPDC 3 had the same polymer concentrations. At 24 and 72 h post treatment,
the cell viability was measured using the AlamarBlue assay, with vehicle-treated cells
as the control. As shown in Figure 6.4, ZP 2 did not exhibit noticeable cytotoxicity
within 72 h, demonstrating the high biocompatibility of the polymer scaffold. At 24 h,
ZPDC 3 showed better anti-cancer efficacy than PTX+GEM at PTX/GEM
concentrations higher than 0.1/0.24 μg/mL. At 72 h, the anti-cancer efficacy of ZPDC
3 was also comparable with PTX+GEM when PTX/GEM concentration were higher
than 0.1/0.24 μg/mL, although PTX and GEM had not been fully released. At the
highest PTX/GEM concentration of 5/12 μg/mL at 72 h, MIA PaCa-2 cells treated by
ZPDC 3 showed 51.1 ±6.5 % viability, while the PTX+GEM treated cells had 38.5 ±
3.2 % viability.
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Figure 6.4. Cytotoxicity of ZP 2, PTX+GEM, and ZPDC 3 against MIA Paca-2 cells a)
after 24 h treatment; b) after 72 h treatment. ZP 2 had the same polymer
concentrations as ZPDC 3. For each data, error bar represents standard deviation of
three independent experiments. One-way ANOVA was used to assess the statistical
significance of the data. *p < .05 was considered as statistical significant.

6.3.4 In Vitro Cellular Uptake Analysis
Because Cy5.5 dye could be used as the fluorescent probe, flow cytometry and
confocal microscopy were performed to assess the cellular uptake of Cy5.5-labelled
ZPDC 3. MIA PaCa-2 cancer cells were treated with the ZPDC 3 at Cy5.5
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concentration of 0.2 μg/mL. All of cells were harvested at 24 h post treatment. Flow
cytometry quantitatively analyzed the uptake efficiency of the ZPDC 3 (Figure
6.5a-b). The mean fluorescence intensity of cells treated by the ZPDC 3 was 1.8 times
of that of cells treated by free Cy5.5-N3, demonstrating the efficient cellular uptake.
Confocal microscopy images confirmed that the ZPDC 3 was accumulated inside
MIA PaCa-2 cells (Figure 6.5c). Stronger fluorescence from Cy5.5 was observed in
the ZPDC 3 treated cells, compared with free Cy5.5-N3 treated cells, which agreed
with the results from flow cytometry.
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Figure 6.5. a) Flow cytometry data set showing cellular uptake of free Cy5.5-N3 and
the Cy5.5-labelled ZPDC 3 after 24 h incubation; b) profiles of mean fluorescence
intensity of Cy5.5 obtained from flow cytometry. For each data, error bar represents
standard deviation of three independent experiments. One-way ANOVA was used to
assess the statistical significance of the data. **p < .01 was considered as statistical
highly significant; c) confocal microscopy images of MIA Paca-2 cells after 24 h
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incubation with free Cy5.5-N3 and Cy5.5-labelled ZPDC 3. Cell nuclei were
counterstained with DAPI.

6.3.5 In Vivo Imaging and Biodistribution
Female athymic nude mice bearing subcutaneous MIA PaCa-2 pancreatic
xenografts (tumor volume ~ 100 mm3) were employed for the study of in vivo
imaging and biodistribution. Vehicle control, Cy5.5-N3, and Cy5.5-labelled ZPDC 3
solutions were intravenously injected at Cy5.5 dose of 1.5 mg/kg body weight,
respectively. At different time intervals post injection, in vivo fluorescence images of
whole mice were recorded (dorsal side and ventral side). As shown in Figure 6.6, the
ZPDC 3 distributed across the mouse whole body immediately after injection, and
remained in circulation within the following 24 h, indicating that the ZPDC 3 had
prolonged in vivo circulation time. In contrast, Cy5.5-N3 quickly went to liver and
kidney after IV injection, and the accumulation was non-detectable in tumors.
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Figure 6.6. Representative whole body fluorescence images of mice (dorsal side and
ventral side) before and at different time points (5 min, 1 h, 4 h, 24 h) post
intravenous injection of vehicle-control, Cy5.5-N3, Cy5.5-labelled ZPDC 3 at Cy5.5
dose of 1.5 mg/kg body weight. Tumors were circled in each dorsal side image.

Ex vivo fluorescence images of excised tumors and major organs at 24 h post
injection are shown in Figure 6.7. The mice treated by Cy5.5-labelled ZPDC 3
showed significant fluorescence signals in tumors, demonstrating that the ZPDC 3
was effectively taken up by MIA PaCa-2 tumor in vivo. However, no accumulation of
free Cy5.5-N3 was observed in tumors. Fluorescence signals were also observed from
liver and kidney in the mice treated by the ZPDC 3, suggesting that the degradation
residues of the ZPDC 3 were excreted through metabolism in liver and kidney.
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Figure 6.7. Ex vivo fluorescence images of excised tumors and major organs at 24 h
post intravenous injection of vehicle control, Cy5.5-N3, Cy5.5-labelled ZPDC 3.

6.3.6 In Vivo Therapeutic Effect
The in vivo antitumor efficacy of ZPDC 3 was evaluated based on the tumor
growth of human pancreatic tumor xenograft model. As shown in Figure 6.8a,
Compared to PTX+GEM, ZPDC 3 decreased the tumor growth when administered at
the same equivalent dose. At the 18th day, the tumor volumes were 948 ± 159 mm3
(PBS), 939 ±252 mm3 (ZP 2), 637 ±107 mm3 (PTX+GEM), 378 ±155 mm3 (ZPDC
3).
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Figure 6.8. In vivo therapeutic effect of PBS, ZP 2, PTX+GEM, ZPDC 3 in MIA
PaCa-2 cells derived xenograft tumors in female athymic nude mice. a) Changes in
tumor volumes, b) changes in body weights, and c) image of excited tumors.
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The body weights slightly increased by 4% for PTX+GEM treated mice, and 5%
for ZPDC 3 treated mice (Figure 6.8b), indicating the drug dose was tolerable in this
study. The tumors were excised at the end of study. As shown in Figure 6.8c,
significant difference was observed in the tumor sizes of groups treated with ZPDC 3
compared to those of groups treated with PTX+GEM. These results demonstrated that
ZPDC 3 had significantly enhanced in vivo therapeutic effect than a mixture of free
drugs.

6.4 Conclusion
Novel multifunctional ZPDC for co-delivery of hydrophobic PTX and
hydrophilic GEM, with additional cancer imaging function, was reported. The ZPDC
was synthesized by click multifunctionalization strategy. The high purity of the ZPDC,
with the absence of physically trapped small molecule drugs, was demonstrated by
DOSY NMR analysis. Relative to the PEGylated BPDC in Chapter 5, the ZPDC had
larger loading amounts of PTX (6.5 wt%) and GEM (17.7 wt%), and longer
circulation time. Moreover, the significant in vivo therapeutic effect of the ZPDC was
demonstrated by using human pancreatic tumor xenograft model. In conclusion, the
multifunctional ZPDC represents a highly promising

design of integrated systems

enabling co-delivery of multiple anticancer drugs of different hydrophilicity and
tumor imaging, showing certain beneficial biomedical relevant properties as
compared to the PEGylated BPDC.
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Chapter 7: Polymers in the Co-delivery of siRNA and Anticancer
Drugs for the Treatment of Drug-resistant Cancers

Abstract:
Recently, co-delivery of siRNA and anticancer drugs has drawn much attention in the
treatment of drug-resistant cancers. Drug resistance is exhibited by cancer cells, which
limits the efficacy of chemotherapy. When siRNA and anticancer drugs are delivered
into cancer cells simultaneously, the siRNA is expected to silence the genes related to
drug resistance, decreasing the drug efflux pumps and activating the cell apoptosis
pathways. In a timeframe following the release of siRNA, the accumulation of the
co-delivered anti-cancer drug inside of the cancer cells will increase, resulting in
promoted chemotherapeutic effects. Several classes of nanocarriers have been designed
based on polymers for co-delivery, including surface-modified polymer nanoparticles
(NPs), polymer micelles, dendrimers, polymer nanocapsules, polymer-modified
liposomes, and polymer-modified silica and gold NPs. Compared with separate
delivery, co-delivery showed significant advantages in the treatment of drug-resistant
cancers. This review focuses on polymers in the co-delivery of siRNA and anticancer
drugs, and summarizes key advances in the recent several years.

 Reproduced in part from the paper:
Sun, H.; Yarovoy, I.; Capeling, M.; Cheng, C., Polymers in the Co-delivery of siRNA and Anticancer
Drugs for the Treatment of Drug-resistant Cancers. Topics in Current Chemistry 2017, 375 (2), 24.
Copyright 2017, Springer Nature Switzerland AG.
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7.1 Introduction
Cancer has been one of the leading causes of death in human beings throughout
all of human history. It is estimated that there will be 1,685,210 new cancer cases and
595,690 cancer deaths in the United States in 2016.1 Great efforts have been made in
chemotherapy and gene therapy as weapons to overcome cancer.2-3 In order to deliver
both anticancer drugs and therapeutic genes, there is an increasing demand for material
innovations in drug carriers. Among all of the advanced materials for drug or gene
delivery, polymers currently exist as the most common and important delivery
vehicles.2,

4-6

The endless diversity of polymers allows for their use in therapeutic

delivery in countless conditions. Polymer-based nanotechnology helps to promote
water solubility, biocompatibility, and biodegradability. However, drug resistance has
emerged in numerous cancer cells, which is a major challenge.7 To treat drug-resistant
cancers, the co-delivery of siRNA and an anticancer drug was proposed, which allows
the siRNA and the drug to be loaded onto the same nanostructure, enabling
simultaneous delivery to cancerous cells. It was demonstrated that this co-delivery
process is much more therapeutically effective compared with separate delivery of
either siRNA or the anticancer drug.8
Polymers have great potential in the construction of carriers for co-delivery of
siRNA and anticancer drugs. Firstly, polymer-based systems have been widely
studied for separate drug and gene delivery; there is a library of thousands of recorded
polymeric nanocarriers. Some of these systems have been investigated for co-delivery
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of siRNA and anticancer drugs, including surface-modified polymer NPs, polymer
micelles, dendrimers, and polymer nanocapsules (Figure 7.1). Secondly, polymers
show promise for use in the modification of other types of nanocarriers such as
liposomes, mesoporous silica NPs, and gold NPs; the resulting polymer-modified
systems have also been studied for the co-delivery applications.

Figure 7.1. Co-delivery of siRNA and anticancer drugs via a) surface-modified
polymer NPs, b) polymer micelles, c) dendrimers, and d) polymer nanocapsules.

Nanocarriers for co-delivery of siRNA and therapeutic agents have been
reviewed recently; however, none of the reviews was focused on the polymer-based
nanocarriers.8-12 There are a large number of studies about polymer-based co-delivery
of siRNA and an anticancer drug that have been published in recent years. Here we
will first briefly introduce the separate delivery of siRNA and anticancer drugs,
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summarize the mechanism of co-delivery of siRNA and anticancer drugs, and focus
on the recently published work about polymers in the co-delivery of siRNA and
anticancer drugs for the treatment of drug-resistant cancers.

Table 7.1. Abbreviations.
ABC
Bcl-2
BCRP
CPLA
CPT
CS
CSC
CyD
DDAB
DEA
DOC
DOPE
DOX
DSPE
DTT
EpCAM
FA
Fol
Gem
HepG2
HIF1 α
HNP
HPG
HZ
LDL
LENP
LND
LNP
MDR
MNP
MRP1
N/P

ATP-binding cassette
B-cell lymphoma 2
breast cancer resistance protein
cationic polylactide
camptothecin
chitosan
cancer stem cell
cyclodextrin
dimethyldioctadecyl ammonium bromide
diethyldiamine
docetaxel
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
doxorubicin
1,2-distearoyl-sn-glycero-3-phosphoethanolamine
1,4-dithiothreitol
epithelial cell adhesion molecule
folic acid
folate
gemcitabine
hepatic G2 cells
hypoxia-inducible factor 1α
hybrid nanoparticle
hyperbranched polyglycerol
hydrazone
low-density liprotein
lipid/ ε-polylysine-coated nanoparticle
lonidamine
lipid nanoparticle
multidrug resistance
magnetic nanoparticle
MDR-associated protein 1
nitrogen:phosphate
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NP
NCP
NIR
NSC
OCN
PAA
PAMAM
PBLA
PCB
PCL
PDHA
PDMA
PDMAEMA
PDPA
PE
PEG or PEO
PEI
PGAH
P-gp
PHD
PKB
PLGA
PLL
PLLD
PLLeu
PNC
PPF
PTX
RNAi
siRNA
SSNP
TEA
TNF-α
VEGF

nanoparticle
nanoscale coordination polymer
near-infrared
N-succinyl chitosan
one-component nanomedicine
poly(acrylic acid)
poly(amidoamine)
poly(β-benzyl L-aspartate)
polycarboxybetaine
polycaprolactone
poly(dihydroxy acetone)
poly(dimethyl acrylamide)
poly(dimethylaminoethyl methacrylate)
poly[(2-diisopropylamino)ethyl methacrylate]
polyethylene
poly(ethylene glycol)
polyethyleneimine
poly(L-glutamic acid γ-hydrazide)
P-glycoprotein
PEI-HZ-DOX
protein kinase B
Poly(lactic-co-glycolic acid)
Poly-L-Lysine
Poly(L-lysine) dendrimer
Poly-L-Leucine
polymer nanocapsules
PEI-PEG-Folate
paclitaxel
RNA interference
short interfering RNA
supramolecular self-assembled NP
triethanolamine
tumor necrosis factor-α
vascular endothelial growth factor
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7.2 Progress in Separate Delivery and Advantages of Co-delivery
7.2.1 Polymers in Delivery of siRNA
RNA interference (RNAi) is a therapeutic mechanism to reversibly silence
selected genes. The delivery of short interfering RNA (siRNA) involves the transport
of siRNA to the site of action in target cells. The siRNA can then silence the
expression of a target gene with high specificity.13 Compared to anticancer drugs,
siRNA therapy has several advantages, including feasible design of sequences and
relatively uncomplicated syntheses.14 The siRNA molecules themselves are very
hydrophilic and are too large to diffuse through cell membranes. During circulation,
the siRNA delivery systems must be stable and free of non-specific interactions with
serum components. Evasion of renal clearance and the innate immune system is also
necessary for an effective delivery method.15 PEGylation, or the attachment of
poly(ethylene glycol) (PEG, or PEO) chains to the NP surface, is considered an
attractive strategy to help overcome the aforementioned challenges.16 In addition, the
presence of hydrophilic PEG layer can also strongly affect the sizes and the biological
activity of the gene delivery systems.17 Miteva et al. recently studied the effects of
PEGylation on overcoming siRNA delivery barriers by designing mixed micelles with
varying PEG compositions and varying molecular weights of PEG in the micelle
corona.18 They found that mixed micelles with higher PEG percent compositions and
higher molecular weight had slower cellular uptake but similar gene-silencing ability
as micelles without PEG in vitro due to increased efficiency of siRNA unpacking.
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Similar to the delivery of anticancer drugs, targeting is also an important design factor
for siRNA delivery. Targeting ligands that can be conjugated onto delivery systems,
and pH-response targeted delivery have also been widely studied because tumor tissue
is more acidic than normal tissue.19-20
Numerous non-viral NPs for delivery of siRNA have been developed via
cationic polymers, lipids and peptides because of their electrostatic interactions with
negatively charged siRNA. Cationic polymers have drawn much attention in recent
years because they can be synthesized relatively easily.9 Polyethyleneimine (PEI) is
the most widely studied and successful cationic polymer for gene delivery due to its
superior transfection efficiency.21 However, its cytotoxic effects cannot be ignored, as
Langer and coworker reported a COS-7 cell viability of 2% after a 48 h incubation
with PEI (Mw 25000, 10 µg/mL).22 Expanding on the versatility of polymer-based
interventions, Chen et al. examined the use of cationic polylactides (CPLAs) for
siRNA delivery for the treatment of prostate cancer.23-24 Although the causes of
prostate cancer are multi-faceted, the study focuses on improving the current treatments
through silencing the growth factor IL-8. This growth factor is consistently higher in
individuals with prostate cancer than those without. Additionally, it promotes increased
vascularity, which in turn allows the proliferation of cancerous cells. It was
demonstrated that CPLAs are viable gene carriers with remarkable degradability and
relatively low cytotoxicity as compared with the current polymeric gene carriers on the
market, and can be further modified with PEG to increase their effectiveness.
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While non-viral vectors are strong candidates for siRNA delivery, they often
display poor transfection efficiency as compared to viral vectors. To get around this
hurdle, Cheng and coworkers have studied non-viral delivery systems from cationic
helical polypeptides.25 As an improvement over other cationic polymers, helical
polypeptides better enable siRNA to become internalized through the formation of
pores on the cell membrane. Delivery of siRNA using these hybrid NPs was shown to
effectively knock down tumor necrosis factor α (TNF-α), a cytokine involved in
inflammatory diseases such as arthritis. The hybrid NPs prevented the siRNA from
getting trapped in the endosome or degraded by the lysosome.26 The researchers were
able to successfully deliver TNF-α orally (in vivo) by polypeptide-based
supramolecular self-assembled NPs (SSNPs).27 The SSNPs exhibited excellent oral
RNAi efficiency due to their ability to overcome barriers posed by intestinal
macrophages, such as absorption and transfection. Many cationic polypeptides have
limited ability for gene knockdown given that they cannot stably condense siRNA
molecules through electrostatic interactions. They have addressed this issue by
developing crosslinked nanocomplexes consisting of thiolated cationic helical
polypeptides for siRNA delivery. Their method first formed polypeptide-siRNA
complexes, which were then thiolated through disulfide bonding to form stable,
helical structures.28
In the previously described delivery systems, thorough biological testing was
required to evaluate delivery success and efficiency. Anderson and coworkers have
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studied PEGylated lipid NPs (LNPs) for siRNA delivery in mice, and their results
illustrate significant guideline in the structural design of siRNA delivery systems.
They determined four criteria which can predict whether or not a given NP delivery
system is capable of silencing at least 95% protein expression.29 They found three
structural properties of NPs which predict in vivo efficacy: the scaffold material has a
COOC13H27 tail, the material has three or more tails, and was synthesized from an
alkyl-amide precursor containing one or more tertiary amides. LNPs displaying all
three of these structural properties were able to silence protein expression with an 88%
success rate. Additionally, they determined that LNPs with a surface pKa of 5.5 or
higher successfully delivered siRNAs in vivo. The results of this work allow the
efficiency of a delivery system to be predicted based on these four criteria without
biological testing, reducing time and costs.
The idea of co-delivery of two different classes of siRNA has also been
studied. Lee et. al. examined the possibility of combining two separate siRNAs into
one NP.30 The siRNAs targeting vascular endothelial growth factor (VEGF) and B-cell
lymphoma 2 (Bcl-2), an anti-apoptotic gene, were copolymerized to conjugated on a
single backbone. The separate strands were dyed for testing, then mixed together with
the addition of 1,4-dithiothreitol (DTT). The DTT exposed functional thiol groups
which, after further workup, netted a successfully combined single strand. The results
were highly positive, with the new approach significantly outperforming the controls of
the separate siRNAs and saline. The potential of the dual-siRNA approach is quite high,
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especially if one considers the possibility of adding a chemical therapeutic in
conjunction with the siRNAs.

7.2.2 Polymers in Delivery of Anticancer Drugs
Since the first drug depot formulation was reported in 1955, polymer
therapeutics were considered a promising weapon to overcome cancer.31-32 With
innovation in polymers and the development of smart chemistry, various classes of
polymeric nanomedicines have been designed and tested, including polymer-small
molecule conjugates, polymer-protein conjugates, dendrimers, polymer micelles,
polymer vesicles, and polymer nanospheres/nanogels.33 Polymeric carriers for drug
delivery come with a broad range of benefits such as cost-efficiency, ease of large-scale
production, and stability within complexes.
Cui and coworkers reviewed one-component nanomedicine (OCN), which
represents therapeutics containing only one type of chemical substance.34 By using the
drug molecules to build therapeutic nanostructures, OCN allows precise control over
the drug loading.35 The physicochemical features can easily be tuned by optimizing
the synthesis design of the OCN units.34 The polymer-drug conjugate, proposed by
Ringsdorf in 1975, is a common class of OCN.36 Initially, the intention of the
conjugation between the hydrophilic polymer and the hydrophobic anticancer drugs
was to avoid renal clearance and improve water solubility.37 As it turns out,
polymer-drug conjugates can possess other advantages via different modification
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approaches.38 Stimulus-triggered drug release can be accomplished by incorporating
conjugation linkages that can be cleaved under the triggered conditions. For example,
Yu et al. reported a pH-responsive polymer-drug conjugate for the release of the
anticancer drug doxorubicin (DOX),39 and the drug release was much faster at a lower
pH of 5.5 as compared with the release at pH of 7.4.
Other polymeric drug delivery systems via scaffolds such as polymer micelle
and polymer vesicle have also been widely studied. PEGylation is a successful
approach for the modification of these systems.40 After PEGylation, drug delivery
systems have increased solubility, prolonged circulation time, high biocompatibility,
etc. To improve the efficiency of the drug delivery process, stimuli-responsive moieties
were introduced to the delivery systems, including externally applied stimuli
(temperature, light, ultrasounds, magnetic fields, electric fields) and endogenous
stimuli (pH, redox potential, etc).41

Chen and Du developed pH- and

ultrasound-responsive polymer vesicles as drug delivery vehicles.42 diblock copolymer
with

a

PEO

block

and

a

P(2-(diethylamino)ethyl

methacrylate-stat-(2-tetrahydrofuranyloxy)ethyl methacrylate) block was employed in
this system and the dual-response behavior was tested under conditions of varying pH
in tris buffer and ultrasound radiation.
Site-specific targeting is also a challenge for the delivery of anticancer drugs.
Active-targeting, which involves the interaction between ligands and receptors on
cancer cells, can be utilized to improve anticancer drug delivery.43 In order to
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incorporate targeting properties onto drug carriers, small non-antigenic ligands were
considered as potential candidates. Folic acid (FA) is a vitamin with low molecular
weight. The FA receptor is overexpressed on the surface of many cancer cells, and thus
can be employed as a marker.44 When FA is attached to the delivery system, the
specific affinity between FA and the FA receptor allows for accurate targeting. After
binding with FA, the FA receptor is efficiently internalized by the cancer cell, therefore
facilitating intracellular uptake of the whole delivery system. Another targeting
mechanism could utilize monoclonal antibodies which recognize and bind to specific
tumor antigens with high specificity.45 Cell surface binding peptides have also been
utilized for cancer targeting.46 Additionally, cancer therapeutics should target cancer
stem cell (CSC) surface markers, such as CD24 or CD29 on breast CSCs. Since CSCs
have the ability to proliferate and self-renew, they present an important targeting
mechanism for therapeutics.47 While active targeting may provide an important
improvement for cancer therapeutics, in vitro studies may not be sufficient for study
because they may not accurately represent tumor conditions in patients, such as the rate
of receptor internalization after ligand binding.43

7.2.3 Co-delivery to Overcome Drug Resistance
In order to perform chemotherapy effectively, drug delivery systems must be
water-soluble/dispersible and biocompatible. Most importantly, however, they must be
able to overcome drug resistance.48 There are two main causes of chemotherapeutic
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ineffectiveness: host factors (intrinsic, including rapid metabolism/excretion, poor
absorption, poor tolerance, etc.) and genetic/epigenetic heterogeneity (acquired).49-50
Development of resistance to one drug will most likely lead to resistance to other drugs,
a phenomenon known as cross-resistance.51 After tabulating various mechanisms
responsible for drug resistance, researchers found that some of the mechanisms only
result in resistance to a few structurally similar drugs. Therefore, multiple drugs with
different targets or entry mechanisms were delivered into cancer cells together for
better chemotherapeutic results. After a relatively long-term treatment, multidrug
resistance (MDR) occurred, expressing simultaneous resistance to the co-delivered
unrelated drugs with different chemical structures.49 Several mechanisms were first
employed to try and overcome MDR, such as using small molecule inhibitors of MDR
transporters, inhibiting MDR by antisense oligonucleotides, exploiting physiological
mechanisms of MDR protein regulation, developing new drugs to circumvent MDR
mechanisms, elevating the drug dosage, etc.52-53 However, all of the aforementioned
methods proved only marginally successful due to the complicated mechanisms of
MDR.
Increased drug efflux pumps and defective apoptotic pathways are considered
to be the most important mechanisms in the development of MDR.10, 54-56 Gottesman
and coworkers reviewed the mechanisms relying on the overexpression of
ATP-binding cassette (ABC) transporters, which leads to increased efflux pumps.57
Accordingly, alternative MDR-targeting approaches were conceived, such as selective
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downregulation of resistance genes overexpressed in cancer cells. For example,
P-glycoprotein (P-gp, or MDR1, or ABCB1) is one of the 49 known members of the
ABC transporter protein in the human body, which is widely overexpressed in various
kinds of cancer cells.7 Even in cancer cells with typically low P-gp expression,
chemotherapy increases P-gp expression and in turn, induces MDR.53 Overexpression
of such ABC transporters will pump hydrophobic drugs out, limiting the effectiveness
of drugs such as DOX, docetaxel (DOC), and paclitaxel (PTX). Other common
members of the ABC transporter family include MDR-associated protein 1 (MRP1, or
ABCC1) and the ABCG2 gene encoded breast cancer resistance protein (BCRP).58
Another gene-based approach to minimize MDR is the silencing of apoptotic
inhibition.8,

59

For example, Bcl-2 is an important family of proteins that regulates

programmed cell death, or apoptosis, that can be utilized to minimize MDR.55
As evidenced by the aforementioned scientific works, siRNA can be designed
to silence any gene with a known sequence, and comes with the benefit of
longer-lasting silencing effects when compared to antisense oligonucleotides.60
Co-delivery of siRNA and anticancer drugs enables a synergistic effect; after the
siRNA silences the targeted gene, drug efflux pumps are decreased, resulting in
facilitated drug diffusion into cells through cell membranes. Furthermore, the apoptotic
pathway is promoted, resulting in increased chemotherapeutic effects.
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Table 7.2. Polymer-based nanosystems for the co-delivery of siRNA and anticancer
drugs.
Type of Nanosystem Polymer used in system

Surface-modified
polymer NP61
Surface-modified
polymer NP62
Surface-modified
polymer NP63
Surface-modified
polymer NP64
Surface-modified
polymer NP65
Surface-modified
polymer NP66

siRNA

Anticancer
drug

Cell line

PLGA-PEI-PTX

Stat3

PTX

A549, A549/T12

PLA, CS

siP62

CDDP

2008/C13

LENPs

HIF1α

Gem

Panc-1

PLGA

Plk1

DOX

HeLa

NCPs

NCPs

Bcl-2, P-gp,
Survivin

ES-2, OVCAR-3,
Cisplatin

SKOV-3, A2780,
A2780/CDDP

Bcl-2, ERCC-1,

Cisplatin,

SKOV-3, A2780,

Survivin

Gem

A2780/CDDP

Polymer micelle67

PEI-PCL

Bcl-2

DOX

Bel-7402

Polymer micelle68

FA-PEG-PEI-PCL

Bcl-2

DOX

Skov-3

Bcl-2

DOX

MCF-7

P-gp

DOX

MCF-7/ADR

Polymer micelle69

Polymer micelle70

((PGAH-b-PDMAPMA)3
-g-PEG)

PEG-PGAH-PEI

MCF-7,
Polymer micelle

71

PEI-CyD

P-gp

DOX

MCF-7/ADR,
MCF-7/GFP

Polymer micelle72

PEO-PCL

MDR-1

Polymer micelle73

CA-PEI-FA

ABCB-1, VEGF DOX
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DOX

MDA-MB-435/LC
C6MDR1

DLD-1

Polymer micelle74-75

PH and PPF

Polymer micelle76

PEG-PLL-PLLeu

Polymer micelle77

PDMAEMA-PCL-PDM
AEMA

NC, FAM,
siGFP, VEGF

DOX

Bcl-2

DTX

siGFP, VEGF

PTX

HeLa, HeLa-GFP,
MCF-7

MCF-7

MDA-MB-435-GF
P, PC3
A549, H2009,

Polymer micelle

78

PDMA-PDPA

Luc, Bcl-2, Scr

PTX

PC-3,
MDA-MB-231
MCF-7,

Polymer micelle79

LDL-NSC-LA

MDR-1

PTX

Polymer micelle80

PEI-PDHA/PEG-PDHA

Snail, Twist

PTX

4T1

Polymer micelle81

PEI-g-PCL-b-PEG-Fol

DsiRNA, etc

PTX

Skov-3, A549

Dendrimer82

CyD-PLLD

MMP-9

DOC

HNE-1

Dendrimer83

TEA-core PAMAM

PKB, NS

PTX

SKOV-3

Dendrimer84

G(4)-D-PEG2K-DOPE

GAPDH, siGFP

DOX

A549, C166-GFP

Dendrimer85

PAMAM/PLGA

PLK-1

Cisplatin

Liver cancer cells

Dendrimer86

HPG-C18-PLLD

MMP-9

DOC

MCF-7

Nanocapsule87

CPLA

IL-8

DOX

Nanocapsule88

PEO-PDPA-PAA

siRNA oligo

DOX

Nanocapsule89

PAsp(DIP)n-PLysm

siRNA

DOX
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MCF-7/taxol

PC3, MCF7,
MCF7/ADR
EpCAM+, L02,
HCCLM3

HepG2

7.3 Polymer-based Nanocarriers without Central Cavities for Co-delivery of
siRNA and Anticancer Drugs
Polymer-based nanocarriers have been intensively studied for the co-delivery
of siRNA and anticancer drugs (Table 7.2). Surface-modified polymer NPs, polymer
micelles, and dendrimer-based co-delivery nanocarriers have no central cavities
(Figure 1). In order to co-deliver siRNA and anticancer drugs, these nanocarriers
typically have a hydrophobic interior, which acts as a reservoir to hold the poorly
water-soluble drugs, and a hydrophilic outer domain which provides stability in
aqueous solution. The outer domains of the nanocarriers commonly possess cationic
moieties to adsorb negatively charged siRNA.

7.3.1 Surface-modified Polymer NPs for Co-delivery of siRNA and Anticancer
Drugs
Polymers could form NPs through various approaches, such as solvent
evaporation, emulsion, nanoprecipitation, etc. Because these NPs can readily
encapsulate drug and their surface can also be modified with cationic moieties to
enable gene adsorption, such polymer NPs have been employed as carriers for
co-delivery of siRNA and anticancer drugs.
Surface-modified polymer NPs have been significantly investigated for
co-delivery of the anti-cancer drug PTX and siRNA. In a study done by Su et al.,61
PTX was first loaded in poly(lactic-co-glycolic acid) (PLGA) NP through a special

257

solvent evaporation approach, and then cationic PEI was coated on the surface of the
NP for siRNA loading. Silencing Stat3 via siRNA using the delivery system was
examined. Stat3 is a transcription factor that, while active, allows for continued
oncogenesis and drug resistance. It was demonstrated that the efficiency of PTX had
been increased by using the PLGA-based NP to complex with a Stat3 siRNA. The
results showed that the co-delivery of both PTX and the siRNA was significantly more
effective than either treatment alone, with a notable increase in microtubule aggression
with the multi-treatment complex.
In ovarian cancer, drug resistance is extremely prevalent and has numerous
hypothesized causes. Polymer NPs have been developed for effective treatment of
resistant ovarian cancer. Babu et al. chose to focus on the under-expression of the β5
subunit and the over-expression of P62, a regulatory protein that inhibits autophagy.62
With the hopes of increasing cancerous cell autophagy, a 3-part, ionically-linked drug
was delivered. This drug consisted of P62 siRNA, β5 expressing plasmid, and cisplatin
(the anti-cancer drug to which the ovarian cancer cells were developing a resistance). In
the co-delivery system, polylactide (PLA) NPs were loaded with cisplatin and surface
coated with cationic chitosan to allow the loading of P62 siRNA/β5 plasmid. Results
indicated that while the siRNA and the plasmid were effective in lowering P62
concentrations, the inclusion of the cisplatin in the multifunctional NP had no
immediate advantage over separate administration of cisplatin besides reduction of
toxicity to normal tissue.
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Figure 7.2. Schematic illustration of the preparation of LENPs for co-delivery of Gem
and siRNA. Adapted with permission 63. Copyright 2015, Elsevier.

In pancreatic cancer, one of the leading causes of multiple drug resistance is the
hypoxia-inducible factor 1α or HIF1α. The primary chemotherapeutic for pancreatic
cancer is currently gemcitabine (Gem), so a combination therapy that contains Gem and
HIF1α siRNA was proposed. In this study, NPs with PEG core, PLGA shell and
cationic ε-polylysine coating was fabricated by a double emulsion method, allowing
encapsulating Gem with the PEG core and subsequent binding of the
negatively-charged HIF1α siRNA with the surface of the carrier (Figure 7.2).63 Then
the NPs were further coated with a lipid bilayer and PEGylated to form
lipid/ε-polylysine-coated NPs (LENPs). The addition of the lipid bilayer and PEG layer
allows for preventing leakage and loss of efficacy of therapeutics in serum. Both in
vitro and in vivo studies showed that the LENPs could effectively suppress the H1F1α
expression. This approach appears to be effectual, with well-maintained therapeutic
efficacy in treatment in serum and a significant display of synergy between the siRNA
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and the chemotherapeutic.
In the spirit of engineering more efficient uses for resources, a study on
improving the binding ability of siRNA using polymer-based NPs was conducted.64
Although siRNA binds to cationic polymers, this binding is retarded by siRNA’s low
charge density and stiff structure. In response to these limitations, Zhang and
coworkers set out to modify siRNA with phospholipids that would allow
self-assembly via hydrophilic siRNA and hydrophobic phospholipid tails. These
siRNA-phospholipid conjugates could then be combined with cationic lipid and
PLGA to form a vehicle capable of also encapsulating a chemotherapeutic via the
PLGA-based core. This process was conducted using Plk1 siRNA and DOX as the
medicine. Sense and antisense siRNAs were thiol-modified and combined with
phospholipids.

siRNA

loading

was

tested

and

the

novel

method

of

siRNA-phospholipid conjugates showed a significantly higher siRNA loading.
Experimentation using a control and singularly-delivered treatments naturally found
the most apoptosis from the co-delivered therapies.
Instead of hydrophobic polymers with covalent structures, nanoscale
coordination polymers (NCPs) that have moieties of chemotherapeutic agent cisplatin
linked through zinc-coordinated bisphosphonate bridge were employed as polymer
nanocores for the co-delivery, in order to treat a different facet of ovarian cancer.65 In
a study reported by Lin and coworkers, the cisplatin-based NCP NPs were prepared
and then coated with cationic lipids, including a PEGylated lipid among others
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(Figure 7.3). siRNAs targeting survivin, Bcl-2, and P-gp were adsorbed to this coating
via electrostatic forces. In vivo studies were conducted using the combination of free
therapeutic agents (cisplatin, siRNA) as a control, where the free therapeutic agents
showed no reduction in tumor size. The tested drug NP, however, showed a
tremendous reduction in size, with an average reduction of 97 ±6 to 38 ±20 mm3 (P
= 0.0010 vs. control).

(Zn-PtBp)n

Figure 7.3. Schematic illustration of PEGylated NPs carrying cisplatin in the NCP
core and siRNAs in the lipid shell. Adapted with permission.65 Copyright 2015,
Elsevier.

The same research group also performed a study using modified NCP NPs for
siRNAs/cisplatin and siRNAs/cisplatin/Gem co-delivery using an ovarian cancer
model.66 These NCPs contained the chemotherapeutic within the core while binding the
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siRNAs targeting survivin, Bcl-2, and ERCC-1 to the shell using a DSPE-siRNA
conjugates. They were also modified with PEG through DSPE-PEG, to prevent
nuclease degradation of siRNA in physiological environments through the shielding
effect of the PEG layer. A special property of these particular NCPs was their tendency
to release carbon dioxide molecules as a byproduct of the release of the
chemotherapeutic. This carbon dioxide release enables more efficient siRNA release by
the shell due to increased osmotic pressure. Once again, subcutaneous and
intraperitoneal testing confirmed that NCPs are a viable treatment that can load drugs
well and with high stability.
Besides other surface modification strategies, dendrimer can also be used in
surface modification of polymer NPs for co-delivery, and the according study will be
discussed in section 7.3.3.85 In addition, there are some studies simultaneously using
both siRNA and anticancer drugs but without one delivery scaffold for co-delivery.90

7.3.2 Polymer Micelles for Co-delivery of siRNA and Anticancer Drugs
In the late 1980s, polymer micelles obtained by self-assembly of amphiphilic
polymers were employed in drug delivery systems for the first time.91 Back in 1996,
Kwon and Okano reviewed several polymer micelles as drug carriers, including
micelles developed via PEO-poly(β-benzyl L-aspartate) (PEO-PBLA), PEO-PLA, and
PEO-lipid conjugates.92 Micelles possess many desirable properties for drug delivery,
such as suitable size, biocompatibility, and a drug-loading core with a hydrophilic
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coating.93 If the hydrophilic coating was functionalized with cationic moieties,
polymer micelles also have the potential for co-delivery of siRNA and anticancer
drugs. A high portion of the previously referenced studies employed a micellar
structure for the co-delivery treatment (Table 7.2). Hao et al. reported polymer-drug
conjugates comprised of polyethyleneimine and candesartan, which could
self-assemble into micelles with core-shell structures.94 The drug-conjugated micelles
exhibited sizes of around 100 nm and their shells were positively charged. Although
candesartan is a drug used for the treatment of hypertension, instead of cancers, this
work suggests that polymer-drug conjugates may potentially be used for co-delivery
of siRNA and anticancer drugs.
Co-delivery of DOX and siRNA has been performed using several
micelle-based nanostructures. The Bcl-2 gene is an inner mitochondrial membrane
protein which is overexpressed in many malignant tumors. Over-expression of the
Bcl-2 gene blocks programmed cell death, making it an apoptosis inhibitor.54 When
DOX induces cancer cell apoptosis, over-expression of the Bcl-2 gene will provide
mechanisms for cancer cells to escape apoptosis. Shuai and coworker. used a diblock
copolymer of polycaprolactone (PCL) and PEI to form a complex capable of delivering
both the genetic therapy (Bcl-2 siRNA) and the chemical intervention (DOX).67 PCL
was used for encapsulation of DOX, and PEI was chosen due to its ability to complex
with siRNA and to act as a ‘proton sponge’ to promote the release of complexes into the
cellular domain. In this work, the complex could also be PEGylated without disrupting
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the genetic therapy side of this complex because the Bcl-2 siRNA is complexed prior to
the PEG modification. The study examined a variety of polymeric options for a carrier,
with the nitrogen:phosphate (N/P) ratio as the primary variable under consideration. As
it turns out, a positively charged complex greatly facilitates cell uptake, but also
strongly increases cytotoxicity. It was determined that an N/P ratio of 30 results in a
complex that is both efficiently taken in by cells yet within the tolerance of toxicity.
The effect of incorporation of folic acid (FA) to the complex was examined by flow
cytometric analysis, and complexes with FA exhibited nearly twice as much uptake
(~78.3% vs ~ 42.8%) as those without FA. The aforementioned combination therapy
showed a significant improvement to single-therapy approaches for siRNA or DOX
alone. Based on this work, the group further developed a polymeric vehicle of
increasing complexity for the co-delivery of Bcl-2 siRNA and DOX.68 The researchers
employed a folate-modified ternary copolymer, FA-PEG-PEI-PCL, which is capable
of self-micellization. By folate functionalization, the delivery efficiency of both Bcl-2
siRNA and DOX was improved. This work strongly demonstrated that the high
expression level of Bax (a proapoptotic protein) is the key to DOX-induced apoptosis.
Bcl-2 siRNA could silence the Bcl-2 gene, which prevents Bax-mediated apoptosis.
As a result, the co-delivery boosted further efficiency of DOX. Qian et al reported
another study using FA as the targeting agent.69 The group, in an effort to deliver DOX
and Bcl-2 siRNA, used a cationic star-block terpolymer that was coated with folate.
The star polymers formed stable nanovehicles that were easily modified and had
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efficient drug loading. Such folate-coated nanovehicles proved to be a viable treatment
system, outperforming the non-targeted drug control as expected. The discussed
polymer exhibited higher drug delivery to tumor cells and inherently had significantly
higher cytotoxicity than the control.
Aside from Bcl-2 siRNA, P-gp siRNA has also been employed to enhance the
efficacy of DOX to breast cancer cells. Xu et al. developed a PEG-PGAH-PEI triblock
copolymer (PGAH: poly(L-glutamic acid γ-hydrazide)) for targeted co-delivery of
P-gp siRNA and DOX.70 DOX was conjugated onto the PGAH blocks via hydrazone
bonds; siRNA was adsorbed on PEI blocks through electrostatic interactions, and FA
was again used as a targeting agent. The final nanomicelleplexes had an average size
of 194 nm and a zeta potential of > +10 mV. Shen et al. reported a micelle, which had
a polycationic PEI-cyclodextrin (PEI-CyD) shell for adsorption of P-gp siRNA and a
cholesterol-based hydrophobic core to load DOX.71 This study, together with the
aforementioned micelle-based co-delivery of P-gp siRNA and DOX,70 demonstrated
the remarkable clinical potential of a therapy using these two therapeutic agents.
DOX has been co-delivered with other siRNAs. Xiong and Lavasanifar studied
a novel dual-delivery nanovehicle that targets cancer cells, has a pH-triggered release,
and can be traced.72 A micellar system based on PEO-PCL diblock copolymers was
developed, and the PCL block grafted with short polyamines enabled the complexation
of siRNA as well as the linking of DOX. Furthermore, a virus mimetic shell was
incorporated in order to target cancer cells via the integrin Rvβ3-specific RGD4C
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ligand for active cancer targeting and allow the utilization of the TAT peptide. TAT
peptide is used by viruses in order to penetrate cell membranes, as a fact that can be
exploited to deliver therapies. The siRNA chosen to be included with DOX was the
P-gp targeting MDR-1 siRNA; P-gp is notorious for causing significant DOX
resistance. The approach proved to be practical with significant cell penetration of
DOX while allowing the researchers the option of tracing the treatment via
fluorescence. A micellar complex of cholic acid-polyethylenimine polymer with FA
was created to transport DOX and VEGF-targeting siRNA.73 This particular
micelloplex demonstrated a remarkably low critical micelle concentration of 80 µM
with average size of ~150 nm. FA was included in order to enhance cancer targeting
due to the overexpression of folate receptors on cancerous cells. Toxicity, determined
by histological analysis and bodyweight consistency, was acceptably low outside of
tumorous cells, ultimately pointing to the efficacy of this co-delivery.
Dong et al. developed pH-responsive complexes for co-delivery of DOX and
siRNA.74-75 Several polymers were employed in conjunction with siRNA:
PEI-HZ-DOX (PHD) and PEI-PEG-Folate (PPF). The PHD is a conjugate of PEI and
DOX connected with a pH-responsive hydrazone (HZ) linkage; the resulting
compound allows for DOX release under specific pH conditions. PPF is ingeniously
designed to use PEG as a linker of folate and PEI. This results in the retention of the
“stealthing” capabilities of PEG while enabling the release of folate with significantly
higher specificity. The end product allows for a synchronous release of the folate,
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DOX, and siRNA due to the pH-sensitive linkage. The system may potentially be a
viable form of treatment, with various data pointing to higher DOX and siRNA
accumulation in tumorous cells and lower respective accumulations in undesired
locations.
Triblock

PEG-poly(L-lysine)-poly(L-leucine)

(PEG-PLL-PLLeu)

was

employed to deliver DTX and Bcl-2 siRNA (Figure 7.4).76 In this case, a micelle was
formed due to the hydrophobic nature of PLLeu that allowed the sequestering of DTX.
The PLL segment is cationic and allowed electrostatic binding with the siRNA. Once
again, the polymeric vehicle outperformed the commonly used PEI and chitosan
vessels, while simultaneously being a cheaper and scalable alternative. The co-delivery
of the treatments was, as expected, synergistic in nature and outperformed the delivery
of separate, free drugs in terms of cytotoxicity.

Figure 7.4. Schematic illustration of cationic micelle of PEG-PLL-PLLeu and its
loading of siRNA and drug. Adapted with permission.76 Copyright 2013, Elsevier.

In order to co-deliver PTX and siRNA into cancer cells, Zhu et al. prepared a
PDMAEMA-PCL-PDMAEMA

triblock
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copolymer

(PDMAEMA:

poly(dimethylaminoethyl methacrylate) using RAFT polymerization, resulting in
nano-sized micelles with positive surface charges.77 Various weights (2700, 4800, and
9100 Daltons) of the PDMAEMA blocks were tested for efficacy in carrying a GFP
siRNA along with PTX. The micelles with 2700 and 4800 Daltons of PDMAEMA
were found to be the most efficient in transporting the combination therapy, with two
benefits over PEI, i.e. lower molecular weight and biodegradability (therefore lowering
downstream toxicity; from PCL). To introduce the pH-sensitivity, a micelloplex
capable of pH-sensitive self-assembly was formed using poly(dimethylacrylamide)poly(2-diisopropylamino)ethyl methacrylate (PDMA-PDPA) diblock copolymers.78
This nanovehicle was used in the transport of PTX and Bcl-2 targeting siRNA in
order to knockdown the Luc vector. At a pH of 6.3 and above, the polymer micelles
self-assemble with a hydrophobic core capable of transporting PTX and a cationic
outer layer to complex with siRNA. Once the environmental pH drops below 6.3, the
micelloplex dissociates to release the PTX followed by the siRNA payload. This is a
significant feature because it allows precise drug release via acidification while also
exhibiting a “proton sponge” effect from the PDPA segments.
Recently, another effective micellar nanovehicle was developed using
low-density lipoprotein (LDL) coupled with micelles of LA-modified N-succinyl
chitosan (NSC).79 With PTX at the core and MDR-1 siRNA bound electrostatically to
the LDL, this combination therapy had very promising results. These micelles were
found to be both pH- and reduction-sensitive with an average size of 171.6 ±6.4 nm.
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Compared to free PTX, this treatment was more effective in inhibiting cancer cell
activity. The siRNA was effective in downregulating the mdr1 mRNA, and was
evidently protected by the complex from phagocytosis and degradation. The LDL
connected to the lipoic acid-modified NSC by an amide bond to form a “binary
polymer” was integral for the cancer cell’s absorption of the micelle.
An unfortunate aspect of cancer is its ability to spread to previously
non-cancerous areas, known as metastasis. In an effort to curb the metastasis of breast
cancer, Tang et al. studied the efficacy of loading two siRNAs in conjunction with
PTX.80 The transcription factors Snail and Twist are two important influences on tumor
metastasis, so they were selected as natural targets. The group loaded Twist siRNA and
Snail siRNA together with PTX in a complex with the hopes of exhibiting a treatment
synergy. The nanovehicle chosen was a mixture of two amphiphilic polymers:
PEI-PDHA and PEG-PDHA (PDHA: poly(dihydroxy acetone)). The outcome of in
vivo experimentation on mice showed that the apoptotic ability of this nanocomplex
was fairly strong, but the greater appeal of this combination is its anti-metastatic effect.
The lungs of the mice were examined for average metastatic nodules: saline had 66.3,
while the single treatments of snail siRNA, twist siRNA, and the siRNA combination
averaged 27, 19.7 and 9 respectively. The full drug and siRNA combination had an
astounding average of just 2 nodules. Jones et al. developed a folate-modified
copolymer, PEI-g-PCL-b-PEG-Fol, as a carrier for co-delivery of PTX and siRNA.81
This study demonstrated that the co-delivery system could overcome TLR4 driven
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chemotherapy resistance, and showed high therapeutic efficacy to ovarian cancer
cells.
Besides polymer micelles prepared from block or graft copolymers, polymer
micelles with dendrimer-based precursors can also be used for co-delivery, and the
according study will be discussed in section 7.3.3.84

7.3.3 Dendrimer-based Carriers for Co-delivery of siRNA and Anticancer Drugs
Dendrimers are a class of hyperbranched globular architectures built up from
branched repeating units. Compared with linear polymers, dendrimers exhibit
improved properties such as monodispersity and highly controlled structure. Their
numerous terminal groups and relatively void inner domains enable multiple
functionalizations

and

drug

incorporation.95

Meanwhile,

surface-engineered

dendrimers with cationic groups are also widely employed as tools for gene
delivery.96 Liu et al. highlighted the significant difficulty in controlling micellar
self-assembly, and the low relative in vivo stability of micelles. Instead, a star-shaped
vehicle consisting of a cyclodextrin (CyD) core and poly(L-lysine) (PLLD) dendron
arms was proposed as a carrier for a hydrophobic drug and gene therapy.82 The benefit
of using such a complex is that micellization is not necessary, presumably increasing
downstream drug delivery efficiency. The study focused on the treatment of
nasopharyngeal cancers with DOC and pMR3 siRNA. The outcome showed this
approach to be viable in vitro, with significant advantages over single-treatment
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delivery. Finally, the carrier was proved to have lower toxicity than PEI, currently one
of the most commonly used therapeutic delivery polymers.
Poly(amidoamine) (PAMAM) is a class of dendrimer made of repetitively
branched subunits having amine and amide functionalities. It has remarkable
applications in co-delivery of drugs and siRNA:
1) PAMAM-based dendrimer may be directly used as co-delivery scaffolds. In
ovarian cancer, the Protein kinase B (PKB/Akt) pathway is implicated as a major cause
of aggressive tumor spread. Kala et al. targeted the Akt pathway with a dendrimeric
carrier in order to block it.83 Triethanolamine (TEA)-cored PAMAM was employed to
complex with siRNA as a stable NP. This proof-of-concept study determined that
TEA-cored dendrimers are indeed a potential option for future siRNA delivery. The
TEA-cored dendrimer’s inherent flexibility allowed for more siRNA complexation and
therefore more efficient delivery than similar diethyldiamine (DEA)-cored dendrimers.
The increased apoptotic effect of the siRNAs was observed when co-delivered with
paclitaxel, although the chief concern of the study was the delivery of the siRNA using
a novel dendrimer.
2) PAMAM dendrimer may serve as a build block of more complicated
copolymer for co-delivery. A block copolymer abbreviated as G(4)-D-PEG-2K-DOPE
was studied as a potential co-delivery vehicle.84 The 4th generation dendrimer
G4-D-PAMAM was used due to its cationic charge, in order to adhere the siRNA.
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine
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(DOPE)

was

incorporated

to

increase hydrophobicity and enable cellular penetration. PEG block was employed to
allow for increased flexibility and therefore higher accessibility for siRNA to adhere.
This G(4)-D-PEG-2K-DOPE copolymer was incorporated into self-assembled
PEG-polyethylene (PEG-PE) micelles at a 1:1 molar ratio, which in turn allowed the
loading of a chemotherapeutic (DOX). Toxicity of the polymeric vehicle was tested
and found to be well within the acceptable range for medical use. The study mentions
that acetylation of the vehicle in order to hide the primary amines could further lower
the nonspecific toxicity that results from a cationic charge. DOX was delivered
efficiently and retention was acceptable. A relevant factor in DOX retention by cancer
cells is their pumping out by P-gp; the study mentions that this delivery method could
be streamlined with the inclusion of a P-gp inhibitor.
3) PAMAM dendrimer may also be used in surface modification of NPs for
co-delivery. It was employed as part of a siRNA/chemotherapeutic complex in the
treatment of hepatic cancer.85 The researchers used cancer specific antibody (Ab) as the
targeting agent, cisplatin as the chemotherapeutic and siRNA targeting PLK1. Cisplatin
was carried via PLGA NPs; the PAMAM dendrimers were attached onto the surface of
the PLGA NPs. Then the siRNAs were electrostatically bound to the
positively-charged PAMAM. The results were promising: toxicity was found to be low,
biocompatibility found to be high, and a drug synergy was demonstrated.
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Figure 7.5. Schematic illustration of using amphiphilic star-shaped conjugate of
hyperbranched polyglycerol with dendritic poly(L-lysine) to co-deliver DOC and
MMP-9 siRNA for cancer treatment. Adapted with permission.86 Copyright 2016,
American Chemical Society.

There is another type of dendrimer-based carrier which also has the
remarkable potential to be used in co-delivery. A star-shaped amphiphilic
hyperbranched/dendritic copolymer was used by Zhou et al. to transport docetaxel
(DOC) and MMP-9 siRNA to breast cancer cells (Figure 7.5).86 The copolymer was
formed from two constituents derived from click reaction: hyperbranched polyglycerol
derivative (HPG-C18) and dendritic poly(L-lysine) (PLLD). Hydrophobic octadecane
(C18) was utilized to assist the encapsulation of DOC, while the PLLD dendrons
allowed interactions with the siRNA. The polymeric vehicle outperformed the standard
PEI carrier while simultaneously having less general toxicity. The combination drug
therapy also induced more tumor cytotoxicity than either siRNA or DOC alone.
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7.4 Polymer Nanocapsules for Co-delivery of siRNA and Anticancer Drugs
Polymer nanocapsules (PNCs) are an important category of therapeutic
nanocarriers, including conventional non-crosslinked PNCs and novel crosslinked
PNCs.97 Broad definition of PNCs covering all polymer-based nanocarriers with
central cavities is used here, and polymer vesicles are included as a class of PNCs.
The PNCs with inner cavities can encapsulate various kinds of therapeutics, and
usually have much less mass compared to polymer NPs with no cavities. PNCs have
been widely used for drug delivery or gene delivery.98 Gao and coworkers reported
nanocapsules for simultaneous encapsulation of hydrophobic and hydrophilic
compounds via a double emulsion approach.99 The nanocapsules were developed
based on an amphiphilic polymer matrix of poly(styrene-co-allyl alcohol)
(PS16-PAA10) and magnetic NPs (MNPs). Both DNA and a drug can be encapsulated
and released through these nanocapsules, and the result suggests the possibility of
PNCs to be employed in the co-delivery of siRNA and anticancer drugs.
Chen et al. reported the first crosslinked PNCs enabling co-delivery of an
anti-cancer drug and siRNA.87 The PNCs were prepared through UV-induced
thiol-ene miniemulsion crosslinking by using CPLA functionalized with both tertiary
amine cationic moieties and allyl groups as the polymer precursor (Figure 7.6). These
PNCs showed well-defined nanostructures with average hydrodynamic sizes of about
20-50 nm and positively charged surface (zeta potential > 40 mV). Hydrophobic drug
can be readily encapsulated by the inner cavity of the PNCs via miniemlusion, and
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siRNA can be simply loaded on the outer surface of PNCs through electrostatic
interaction. These PNCs also possess remarkable degradability without noticeable
cytotoxicity, and can avoid fast renal clearance in a mouse model. According to the
comparison studies using MCF7 and MCF7/ADR cells, the DOX-loaded PNCs
exhibited higher anti-tumor efficacy than free DOX, because they can bypass the
P-gp-mediated efflux pump. In vitro studies showed that the PNCs loaded with DOX,
IL-8 siRNA and both of them can be readily taken up by PC-3 prostate cancer cells,
resulting in significant chemotherapeutic effect and/or IL-8 gene silencing. The higher
therapeutic effect of the co-delivery compared with DOX-loaded PNCs was also
confirmed at low DOX concentrations (≤ 1 μM).
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Figure 7.6. Synthesis of crosslinked CPLA PNCs and loading the PNCs with DOX
and siRNA. Adapted with permission 87. Copyright 2013, Royal Society of
Chemistry.

Polymer vesicles are a special class of water-dispersible PNCs typically with
their inner cavities filled with aqueous solutions. Therefore, in contrast to
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aforementioned nanocarriers having hydrophobic core domains, polymer vesicles may
be utilized to encapsulate water-soluble therapeutics, including siRNA and others,
with their water-based core domains. An example of using polymer vesicles to
encapsulate both siRNA and water-soluble chemotherapeutic (DOX•HCl) was
demonstrated by Du and coworkers (Figure 7.7).88 Epithelial cell adhesion molecule
(EpCAM) is a surface antigen that frequently appears on CSCs. Cells that are EpCAM
positive are naturally more resilient and also resist drugs and many conventional
treatments. By this logic, the researchers developed an anti-EpCAM CSC-targeting
block copolymer vesicle that is pH-sensitive and non-cytotoxic. The triblock polymer
used to synthesize the vesicle was PEO-PDPA-PAA. PDPA is used as the
pH-sensitizer and membrane of the vesicle, whereas PEO complexes with the
hydrophilic PAA. PAA employs streptavidin to bind to EpCAM antibodies, enabling
the vesicle’s binding to EpCAM positive CSCs. DOX and miR-429-targeting-siRNA
were encapsulated by the triblock copolymer vesicle during self-assembly and rapidly
released when the vesicle was absorbed via endocytosis. In testing, the IC50 (the
concentration of drug required to kill 50% of cells) of the EpCAM-targeting vesicles
was found to be 5 times less than the IC50 of the non-targeting vesicles. The results
indicated that the vesicle approach with EpCAM antibodies is a promising tactic in
the fight against cancer.
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Figure 7.7. Scheme for the preparation of PEO-PDPA-PAA vesicle for co-delivery of
siRNA and DOX•HCl. Adapted with permission.88 Copyright 2015, American
Chemical Society.

When polymer vesicle is employed for co-delivery applications, siRNA can
also be loaded onto the cationic surface of the external wall of polymer vesicles
through electrostatic adsorption. Li et al. reported the creation of another pH-sensitive
peptide-based vesicle derived from a diblock copolypeptide, i.e. PLAsp(DIP)n-Plysm
(referred as PAL).89 This copolymer was prepared by ring-opening polymerization of
the amino acid N-carboxyanhydrides, followed by aminolysis and deprotection. The
resulting vesicle self-assembles at neutral pH and breaks apart in acidic environments.
DOX-loaded polymeric vesicles (PAL@DOX), siRNA complexes (PAL/siRNA), and
co-loaded polymeric vesicles (PAL@DOX/siRNA) were prepared respectively.
Water-soluble form of DOX (i.e. DOX•HCl) was loaded through encapsulated in the
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aqueous core domains of vesicles, siRNA was bound electrostatically to their cationic
surfaces. Testing was then conducted on hepatic G2 (HepG2) cells in order to
determine whether drug delivery was satisfactory. It was found that both the siRNA
and the DOX were delivered into the HepG2 cells, and the drug release was both pHand time-dependent. The study was largely a proof-of-concept study, and although the
apoptotic value of the drug combinations was not directly studied, the efficiency of
the delivery vehicle points to a possible future application in medicine.

7.5 Polymer-modified Nanocarriers for Co-delivery of siRNA and Anticancer
Drugs
Polymers also have broad applications in the modification of other types of
delivery systems (Figure 7.8; Table 7.3). Liposomes, silica NPs, and gold NPs have
been well studied as therapeutic carriers; however, such materials typically have
limited functionalities. After modification with polymers, these delivery systems can
possess higher colloidal stability and biocompatibility, as well as longer circulation
time. Moreover, polymers can play a critical role in loading and tuning the release
behavior of siRNA and anticancer drugs. Therefore, these polymer-modified carriers
are novel biomaterials that can be utilized for co-delivery of genes and drugs.
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Figure 7.8. Polymer-modified nanosystems: a) liposome, b) mesoporous silica NP, c)
gold nanorod.

Table 7.3. Polymer modified nanosystems for the co-delivery of siRNA and
anticancer drugs.
Anticancer

Type of Nanosystem

Polymer used in system

siRNA

Liposome100

PCB

Plk1

CPT

Liposome (gas-cored) 101

PEG-PLLys

Bcl-2

PTX

Silica NP102-103

PEI, PEI-PEG

P-gp

DOX

Silica NP104

G2 PAMAM

Bcl-2

DOX

Silica NP105

PEI-FA

Bcl-2

DOX

Gold NP106

PEG

ASCL1

DOX

Gold NP107

PSS/PAH

K-Ras

DOX

Gold NP108

Functional PEG

Plk1

DOX

Gold NP109

HS-PEG-COOH

K-Ras

Avastin
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drug

7.5.1 Polymer-modified Liposomes for Co-delivery of siRNA and Anticancer
Drugs
Liposomes are a class of spherical vesicle with at least one lipid bilayer.
Cationic liposomes can be used for co-delivery of genes and anticancer drugs.110 In
order to treat a tumor with both a defense that pumps the chemotherapeutic out of the
cell and a defense against apoptosis, Saad et al. proposed the use of two siRNAs in
conjunction with DOX chemotherapy.111 A cationic liposome prepared from
1,2-dioleoyl-3-trimethylammonium-propane was used as the delivery vehicle. The
siRNAs targeting MRP1 (a pump defense) as well as Bcl-2 (an anti-apoptotic) were
bound to the cationic shell. The IC50 was determined for various combinations of
therapies, with the dual-siRNA and DOX cationic liposome having a largely
diminished necessary dose.
A polymer-modified dual-sensitive liposome has been developed for the
co-delivery of anticancer drugs and siRNA.100 In this work, Zhang and coworkers
considered the question of whether simultaneous co-delivery could be improved by
first releasing the siRNA, allowing it to take effect, and then releasing the
chemotherapeutic from the same vehicle (Figure 7.9). In order to tackle this
challenging task, the team first conjugated a carboxylic acid-containing zwitterionic
polymer, i.e. poly(carboxybetaine) (PCB), to camptothecin (CPT) via a pH- and
esterase-sensitive bond. Next, this PCB-CPT was combined with the cationic lipid
dimethyldioctadecyl ammonium bromide (DDAB) in order to form a cationic
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liposome. This DDAB served as the binding site for the siRNA targeting Plk1. The
final product demonstrated a successful, multi-part drug release: first, the siRNA was
released after 4 hours due to PCB protonation. After this, CPT was released and
accumulated after 12 hours. As with all of the studies that have been examined, the
siRNA/chemotherapeutic combination was more than the sum of its parts. However,
this study found that the controlled release which was developed served to enhance
this synergy even further.

Figure 7.9. The formation of CPT-PCB-modified cationic liposomes and the
according lipoplexes with siRNA. Adapted with permission.100 Copyright 2014,
Elsevier.

In a unique case of co-delivery, siRNA and the chemotherapeutic were both
carried by polymer-modified nanobubbles, the gas-cored liposomes.101 These
nanobubbles were constructed by hetero-assembly of the positively charged siRNA
encapsulated PEG-PLLys diblock copolymer micelles (66.5 nm; +22.0 ±1.7 mV) and
negatively charged PTX-loaded gas-cored liposomes (416.2 nm; -18.54 ±1.9 mV). The
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researchers

tuned

these

bubbles

to

become

ultrasound-sensitive,

allowing

drug-delivery control specific to tumor cells. The siRNA in this example was
Bcl-2-targeting siRNA co-loaded with PTX. A synergy between the drugs was found as
compared to the control. One interesting side effect of using ultrasound mediated
delivery vehicles was ultrasound’s effect on the human vasculature. When exposed to
ultrasound, tumor tissue increases in permeability, allowing for deeper drug diffusion
from the nanobubbles.

7.5.2 Polymer-modified Silica or Gold NPs for Co-delivery of siRNA and
Anticancer Drugs
Porous silicon has broad applications as delivery materials.112 Meng et al.
proposed a nanovehicle that consists of mesoporous silica NPs that were engineered for
its ability to simultaneously deliver P-gp siRNA and DOX.102 In this instance, DOX
was bound electrostatically to the porous matrix, and could be released in an acidic pH
environment. The addition of cationic PEI to the surface of NPs further allows siRNA
binding. The overall vehicle was found to be effective and behaved much like its
polymer-based counterparts. In a follow-up study, the researchers employed PEI-PEG
copolymer instead of PEI to develop the multifunctional mesoporous silica NPs.103
The importance of PEI-PEG functionalization was emphasized in this study. The G2
PAMAM-modified mesoporous silica NPs were employed for the co-delivery of DOX
and Bcl-2 siRNA.104 The Bcl-2 siRNA can effectively silence the Bcl-2 mRNA,
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leading to the enhanced anticancer action of DOX. To incorporate a targeting property,
the surface of mesoporous silica NPs was coated with FA-conjugated PEI (PEI-FA).105
The targeting effect was demonstrated by comparing the endocytosis in FA receptor
negative MCF-7 cells and FA receptor-positive HeLa cells.
Gold NPs exploit unique physical and chemical properties for biomedical
delivery applications. The gold core is non-toxic and relatively easy to synthesize, and
the size of the gold NPs can be well controlled. Furthermore, stimuli-responsive
carriers can be developed via the photo-physical properties of gold.113 The continued
search for plausible non-polymeric vehicles has led to the development of gold nanorod
carriers. In a study performed by Chen, Gong and coworkers, pH-sensitive hydrazone
linker was employed to conjugate DOX, while polyarginine acted as the cationic
surface for siRNA binding.106 Finally, octreotide was added in order to target specific
neuroendocrine tumors. Gold was tested as a vehicle due to its versatile size tuning, as
well as its relative inertness in many chemical settings. The study compared various
gold complexes’ apoptotic ability, providing preliminary results for the application of
gold nanorods in co-delivery.
Moreover, using gold nanorods for therapeutic transport can be enhanced via
light radiation. In work done on pancreatic cancer, gold nanorods coated with
poly(sodium 4-styrenesulfonate) and (poly-allylamine hydrochloride) for carrying
DOX and K-Ras-targeting siRNA via electrostatic adsorption were produced and
delivered to the tumor site.107 Fluorescence was used to measure drug release, and a
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substantial increase in drug delivery was noted upon exposure to 665 nm light.
Startling proof of the effectiveness of light was observed in DOX release: with 665
nm light, 90% of the DOX was released within 20 minutes in comparison to the 80%
release after 16 hours in the absence of light. siRNA release shared a similar trend,
with 60% release times at 20 minutes with light and over 8 hours in its absence.
Zhang et al. developed a novel siRNA/DOX co-delivery method involving cascade
amplification in gold nanorods.108 Carriers were created using gold nanorods,
poly(N-isopropylacrylamide)-based temperature-sensitive polymers, and repeating
amino acid segments called Y-motifs. The carriers also included PEG in order to
shield the particles from the body’s immune system. The trigger mechanism was
RNA, and ATP was employed as the energy source for drug release. When exposed to
near-infrared radiation, the drug-release cascade initiated with the dissociation of the
Y-motifs, which led to DOX release. NIR radiation proved to be a successful guiding
mechanism, with a 4.5-fold increase in drug delivery relative to unguided drug tests.
A triple-combination therapy delivered using polymer-modified gold NPs was
conceived with the addition of heat damage to tumors (Figure 7.10). The system with
two sets of shaped gold particles in conjunction with near-infrared (NIR) phototherapy
was delivered to cancer sites via hydrogel patch.109 Both sets of gold particles were
modified

with

α-mercapto-ω-carboxy

PEG

(HS-PEG-COOH),

and

then

multifunctionalized through terminal carboxyl groups. The first set of gold particles
shaped as spheres (20 nm) was also modified with thiolated Kras-targeting siRNA. The
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next set of gold particles, nanorods (10 × 40 nm), were used to deliver Avastin (the
chemotherapeutic). Both types of gold particles release their payload when they are
exposed to NIR and begin to heat up. As the particles heat up, their potential to cause
temperature-induced damage also increases, therefore adding a third tumor-fighting
addition to co-delivery. The hydrogel delivery method was determined to be a
significant improvement to systemic delivery, with a higher downstream survival rate
of tumorous mice. Next, the triple-therapy turned out to be far more effective than
single therapies, although the effect of heat on tumor apoptosis is difficult to isolate.

Figure 7.10. Schematic illustration of co-delivery hydrogel patch comprised of
drug-loaded gold nanorods and siRNA-loaded gold nanospheres. Adapted with
permission.109 Copyright 2016, Nature Publishing Group.
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7.6 Conclusions and Future Directions
The number of publications related to polymers in the co-delivery of siRNA and
anticancer drugs has been increasing steadily in recent years. Important breakthroughs
in design of polymer-based co-delivery systems have been made, and promising
co-delivery results relative to separate delivery of siRNA and anticancer drugs have
been reported. That being said, the development of the co-delivery systems is still in its
infancy. Compared to the separate delivery of genes or drugs, there are more challenges
to be overcome when it comes to co-delivery. The choice of the co-delivered siRNA,
the drug, and the molecular mechanisms through the whole process for the treatment of
drug-resistant cancers must be further studied.9 The structure of the carriers should also
be carefully designed to avoid any functional groups that could have undesired
interactions with the siRNA, drug, or body. Because the two therapeutic agents may
affect the loading efficiencies of each other, the carriers should possess sufficient
capacities to carry sufficient amounts of both siRNA and the drug.114
While both in vitro studies using drug-resistant cancer cell lines and in vivo
studies using small animal models have demonstrated the remarkable synergistic
effects of siRNA and anticancer drug co-delivered via polymer-based systems, it
remains highly challenging to translate the co-delivery approach for clinical treatment
of cancers. Because the relatively low bioavailability of therapeutics remains a major
barrier that negatively affects the efficacy of cancer treatment using nanoscopic
delivery systems,115 it is critically important to develop stealthy carriers with optimal
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nanosizes (10-100 nm) for promoting long circulation and capitalizing passive tumor
targeting via the enhanced permeability and retention (EPR) effect;36, 116 the carriers
should also be functionalized with highly effective targeting ligands to further boost the
accumulation of the combination therapies in tumor tissues.57 Moreover, triggered
release of therapeutics at tumor site is needed to maximize therapeutic synergy.
Specifically siRNA should be released within cancer cells to avoid unfavorable
nuclease degradation of siRNA. Since siRNA may not silence the gene instantaneously,
drug release would ideally occur sometime after siRNA release.8 The carriers should
also be biodegradable to minimize their long-term side effects when their
hydrodynamic sizes are larger than size threshold for kidney filtration (~ 6 nm).117
Systematic in vivo studies using more advanced animal models are needed to further
demonstrate therapeutic synergy and other merits of the co-delivery approach relative
to conventional chemotherapies, before the according clinic trials can be performed.
Based on continuous and significant interdisciplinary research efforts to thoughtfully
address the above issues, it can be expected that polymer-based systems for
co-delivery of siRNA and anticancer drugs will have promising future applications in
clinical treatment of drug-resistant cancers.
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Chapter 8: Linear-Dendritic Alternating Multiblock Copolymers

Abstract:
Representing an unprecedented type of macromolecular structure, multiblock
copolymers consisting of alternating linear and dendritic blocks have been designed,
synthesized and characterized. A 4th-generation Hawker-type dendron with two azide
groups was first synthesized. A step-growth azide-alkyne click reaction between the
4th-generation diazido dendron and poly(ethylene glycol) diacetylene was
subsequently performed to create the target macromolecules. Unequal reactivity of
functional groups was observed in the step-growth synthesis. The resulting
copolymers, with alternating hydrophilic linear and hydrophobic dendritic blocks, can
spontaneously associate into a unique type of microphase-segregated nanorods in
water.
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8.1 Introduction
Polymers have been broadly used in nearly every industry because of their
versatile structure and tailorable properties.1-2 Among all structural factors, branching
plays a key role in determining the eventual properties of polymers.3 Most synthetic
polymers are linear or lightly branched, and prepared by chain or step polymerizations.
In general, they have flexible conformations and are subject to significant
intermolecular forces. On the other hand, dendrimers are macromolecules with
precisely-defined, highly branched structures, and obtained by sequential reactions via
divergent or convergent synthesis.4-6 As a result of their unique architectures,
dendrimers possess unimolecular nanoscopic three-dimensional morphologies and
weakened intermolecular interactions, leading to enhanced solubility and miscibility
with other materials. Furthermore, dendrimers hold promise as nano-sized carriers and
reactors for a broad range of applications due to their void spaces for encapsulation,
and easily conjugated multifunctional periphery.4-7

301

Figure 8.1. Schematic illustrations of L-D copolymers with a-b) star or c-d) brush-like
hybrid architectures.

Integrating drastically different building blocks, linear-dendritic (L-D)
copolymers are a class of fascinating macromolecules with regiospecific ambivalent
characters that have been studied for their novel combinational properties and various
emerging applications.8-13 As reported by Fréchet and co-workers, the first examples
of L-D copolymers (Figure 8.2a,b) were prepared by coupling reactions of dendrons
having a single reactive focal point with terminal-functionalized linear polymers.14-15
Subsequently, other approaches have also been developed to synthesize L-D
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copolymers, with block,16-20 star,21-22 or brush-like hybrid architectures (Figure
8.1).23-24 In addition, statistical copolymers have been prepared to incorporate
dendritic units randomly along the linear backbone (Figure 8.2c).25-26 However,
synthetic methodologies for preparing multiblock copolymers with regularly
alternating linear and dendritic blocks have remained elusive. Based on the reported
properties of other amphiphilic L-D hybrid materials,18, 27-29 such L-D copolymers
with precise block spacing (Figure 8.2d) are expected to exhibit unique
physicochemical properties, as well as interesting self-assembly behavior.

Figure 8.2. Schematic illustrations of L-D copolymers with a) LD-diblock, b)
DLD-triblock, c) statistical, and d) alternating multiblock (this work) structures.

Herein, we report L-D copolymers with unprecedented alternating multiblock
structures in which linear blocks serve as spacers for topological placement of
dendritic units (Scheme 8.1). Several key design considerations were made. First,
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dendrons having two reactive groups at their focal point were reacted with
complementary α,ω-difunctional linear polymers to generate the alternating
multiblock architectures. Accordingly, the synthesis follows the principles of
step-growth polymerization,2 albeit employing special polymeric reactants. Second,
the highly reactive copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) click
reaction was selected to construct the copolymers.30-31 Precedence for the step-growth
CuAAC synthesis of linear alternating multiblock copolymers has been previously
reported by Matyjaszewski and others,32-35 but exclusively with linear polymeric
reactants. Third, taking advantage of the efficient and orthogonal divergent synthesis
of dendrimers via repetitive thiol-ene and esterification reactions,36 the 4th-generation
hydrophobic dendron modified with two azide groups was designed as the dendritic
reactant. With a molecular weight (MW) of over 8,000 and with 32 pendant end
groups, each dendritic repeating unit represents a unique type of block. Finally, to
target amphiphilic architectures enabling self-assembly of the resulting alternating
copolymers, poly(ethylene glycol) diacetylene (PEGDA) was selected as the linear
polymeric reactant because of the hydrophilicity of poly(ethylene glycol).
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Scheme 8.1. Synthesis of L-D copolymers with alternating multiblock structures.
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8.2 Experimental Section
8.2.1 Materials
2,4,6-Triallyloxy-1,3,5-triazine (1, 97%), 1-thioglycerol (2, ≥ 97%),
4-pentenoic anhydride (98%), 4-(dimethylamino)pyridine (DMAP, 99%), and
poly(ethylene glycol) diacetylene (PEGDA, Mn ~ 2 kDa) were purchased from
Sigma-Aldrich.

2,2-Dimethoxy-2-phenylacetophenone

5-bromovalerate

(99%),

sodium

N,N'-dicyclohexylcarbodiimide

azide

(DCC,

(99%),

99%),

(DMPA,

sodium

sodium

99%),

chloride

bisulfate

ethyl

(99+%),

monohydrate

(NaHSO4·H2O, 97%), hydrochloric acid (HCl, 37% solution in water), potassium
hydroxide (KOH, extra pure, pellets), sodium bicarbonate (NaHCO3, 99+%),
magnesium

sulfate

(MgSO4,

97%,

anhydrous),

1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA, 99+%), copper(I) bromide
(CuBr, 98%), and sodium periodate (99%) were purchased from Acros Organics.
Pyridine was purchased from EMD Chemicals. Ruthenium dioxide (99.9%) was
purchased from Pfaltz & Bauer. Methanol, methylene chloride (DCM), hexanes, ethyl
acetate (EA), acetone, ethyl ether anhydrous, sodium sulfate anhydrous (Na2SO4, ≥
99.0%), and N,N’-dimethylformamide (DMF; HPLC grade) were purchased from
Fisher Scientific.
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8.2.2 Measurements
1

H NMR spectra were recorded on a Varian INOVA-500 Spectrometer (500

MHz) at 25 oC. Deuterated chloroform (CDCl3) was used as the solvent for all of the
measurements. Tetramethylsilane was used as an internal standard.
Mass spectral data were collected using a Bruker-Daltonics Matrix Assisted
Laser Desorption Ionization Time-of-Flight (MALDI-TOF) Autoflex III mass
spectrometer. Data were acquired in both reflector and linear mode with positive ion
detection. Sample preparation for MALDI-TOF MS data was performed by making
stock solutions in THF of matrix (50 mg/mL), polymer analyte (2 mg/mL), and an
appropriate cation source (2 mg/mL). The stock solutions were mixed in a 4/2/1 ratio
(matrix/analyte/cation), deposited onto the MALDI target plate and allowed to
evaporate

via

the

dried

droplet

method.

Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was
used as the matrix; sodium and potassium trifluoroacetates were used as cation
sources. Reflector mode data were collected under the following acquisition
parameters: ion source 1: 19.00 kV, ion source 2: 16.45 kV, lens: 8.30 kV, reflector 1:
21.00 kV, reflector 2: 9.64 kV, and detection: 2.00 kV. Linear mode data were
collected under the following acquisition parameters: ion source 1: 19.95 kV, ion
source 2: 18.50 kV, lens: 6.00 kV, and detection: 2.00 kV. MALDI-TOF MS data
were calibrated against SpheriCal dendritic calibrants from Polymer Factory
(Stockholm, Sweden).
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Gel permeation chromatography (GPC) was used to determine molecular
weight (MW) and MW dispersity (Ɖ) of polymers. The Viscotek GPC system was
equipped with a VE-1122 pump, a VE-3580 refractive index (RI) detector and two
mixed-bed organic columns (PAS-103M-UL and PAS-105M-M). DMF with 0.01 M
LiBr was used as eluent, with a flow rate of 0.5 mL/min and temperature of 55 °C.
Polymer samples were dissolved in pure DMF at a concentration of ~1 mg/mL, with
an injection volume of 0.1 mL. The system was calibrated with polystyrene standards
(PDI < 1.1) purchased from Varian Inc.
Dynamic light scattering (DLS) profiles were obtained with a Zetasizer Nano
ZS90 (Malvern Instruments Ltd.). The measurements were performed with a 4 mM
633 nm HeNe laser as the light source at 25 oC, and the measuring angle was 90o. The
assemblies of the linear-dendritic copolymers (0.9 mg/mL) were prepared freshly for
DLS measurements. Hydrodynamic diameters (Dh) and size distributions of the
samples were recorded.
Transmission electron microscopy (TEM) images were obtained with a JEOL
2010 microscope. TEM samples were prepared right after the preparation of the
assemblies of the linear-dendritic copolymers. About 7 µL of the sample solution (0.9
mg/mL) was dried on 400 mesh carbon-coated copper grids via dip coating. The
samples were stained for two hours by freshly prepared ruthenium tetroxide (0.5%
solution). The staining agent was prepared by a one-hour reaction between sodium
periodate and ruthenium dioxide in water.
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Atomic force micrography (AFM) images were obtained with an Asylum
Research MFP-3D AFM instrument operating in tapping mode. AFM samples were
prepared right after the preparation of the assemblies of the linear-dendritic
copolymers. A silicon wafer was cleaned by piranha solution, followed by washing
with large amount of water and acetone, respectively. A small amount (a few drops)
of the sample solution (0.9 mg/mL) was loaded and dried on the silicon wafer by spin
coating process. AFM tips purchased from Nanoscience Instruments were used in the
imaging. The tips had small radius of less than 10 nm. The measurements were
performed in air at ambient conditions by using Si cantilevers with a resonance
frequency f = 145-230 kHz, and a spring constant k = 20-95 N/m.

Scheme 8.2. Synthesis of a diazide-diene compound.
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8.2.3 Synthesis of Compound 3
To a 20-mL vial were added 1 (15.1 g, 60.6 mmol, 2.0 eq), 2 (3.28 g, 30.3
mmol, 1.0 eq), DMPA (0.155 g, 0.61 mmol, 0.02 eq) and 100 mL of methanol
(Scheme 8.2a). The vial was placed in an oil bath at 40 ˚C to dissolve DMPA. Then
the mixture was irradiated with a UVGL-58 hand-held UV lamp (6 W, 0.12 A, λmax =
365 nm) for 30 min under stirring at room temperature. After removing the solvent,
column chromatography was employed to separate the reaction mixture, using a
gradient elution of DCM/methanol from 10:0 to 9.5:0.5 (v/v). Compound 3 was
obtained as a viscous liquid (13.1 g, 60.3% yield). The structure of 3 was verified by
1

H NMR analysis (Figure 8.3). 1H NMR (500 MHz, CDCl3): δ 6.10 (m, 2H,

CH2CH=CH2), 5.50-5.35 (m, 4H, CH2CH=CH2), 4.98 (d, 4H, CH2CH=CH2), 4.56 (t,
2H, OCH2CH2CH2S), 3.88-3.82 (m, 2H, SCH2CHOHCH2OH), 3.63 (m, 1H,
SCH2CHOHCH2OH), 2.86-2.67 (m, 4H, OCH2CH2CH2SCH2), 2.15 (m, 2H,
OCH2CH2CH2S).
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Figure 8.3. 1H NMR spectrum of compound 3 in CDCl3.

8.2.4 Synthesis of 5-Azidovaleric Acid (4)
A two-step method was employed in this synthesis (Scheme 8.2b).45,46 Ethyl
5-bromovalerate (2.09 g, 10.0 mmol, 1.0 eq; Figure 8.4a) and sodium azide (1.30 g,
20.0 mmol, 2.0 eq) were dissolved in acetone/water (15/5 mL). The mixture was
heated under reflux overnight (using an oil bath at 77 ˚C). After reaction, acetone was
evaporated. Then the mixture was added 5 mL of water and extracted with DCM (3 ×
30 mL). The combined organic extracts were washed with 30 mL of water and 30 mL
of brine, dried over anhydrous sodium sulfate, followed by evaporation in vacuo to
give ethyl 5-azidovalerate as a colorless oil (1.46 g, 85.1% yield). The 1H NMR
spectrum of ethyl 5-azidovalerate was shown in Figure 8.4b. 1H NMR (500 MHz,
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CDCl3): δ 4.16 (t, 2H, OCH2CH3), 3.32 (t, 2H, N3CH2CH2), 2.37 (t, 2H, CH2CH2CO),
1.78-1.64 (m, 4H, N3CH2CH2CH2CH2CO), 1.29 (t, 3H, OCH2CH3).

Figure 8.4. 1H NMR spectra in CDCl3: a) ethyl 5-bromovalerate; b) ethyl
5-azidovalerate; c) 5-azidovaleric acid (4).

In the second step, ethyl 5-azidovalerate (1.45 g, 8.45 mmol) was dissolved in
MeOH/water (25/20 mL). The mixture was cooled to 0 °C and added with an excess
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amount of KOH, stirred at room temperature overnight. After reaction, the methanol
was removed by evaporation, and the aqueous layer was extracted with DCM (2 ×30
mL), acidified to pH = 1 with HCl aqueous solution (1 N) and extracted with EA (4 ×
30 mL). The EA layers were combined, dried over anhydrous sodium sulfate and
evaporated in vacuo to obtain 4 as a viscous oil (1.13 g, 93.0% yield). The 1H NMR
spectrum of 4 was shown in Figure 8.4c. 1H NMR (500 MHz, CDCl3): δ 3.34 (t, 2H,
N3CH2CH2), 2.44 (t, 2H, CH2CH2CO), 1.79-1.66 (m, 4H, N3CH2CH2CH2CH2CO).

8.2.5 Synthesis of Diazide-Diene Compound 5
To a 250-mL flask were added compounds 3 (4.77 g, 13.3 mmol, 1.0 eq), 4
(7.64 g, 53.3 mmol, 4.0 eq), DMAP (0.815 g, 6.67 mmol, 0.5 eq) and 100 mL of dry
DCM (Scheme 8.2c).47,48 Under nitrogen atmosphere, a DCC (11.0 g, 53.3 mmol, 4.0
eq) solution in 50 mL of dry DCM was added to the mixture dropwise. Then the
reaction mixture was stirred overnight. After reaction, the white precipitate was
filtered, and the crude product was washed with NaHCO3 solution (3 ×300 mL) and
NaCl solution (1 ×500 mL) respectively. The organic fraction was dried over MgSO4,
filtered, and evaporated to give a viscous liquid with some solid particles. After
further removal of the solid (i.e., N, N'-dicyclohexylurea (DCU)) by precipitation in
diethyl ether, the mixture was separated by using column chromatography to give 5 in
~90% yield. It should be noted that there was still a trace amount of DCU remaining
in the final product, but DCU would not affect the subsequent reactions. 1H NMR
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spectrum of 5 was shown in Figure 8.5. 1H NMR (500 MHz, CDCl3): δ 6.08 (m, 2H,
CH2CH=CH2), 5.48-5.33 (dd, 4H, CH2CH=CH2), 5.20 (m, 1H, SCH2CH), 4.95 (d,
4H, CH2CH=CH2), 4.53 (t, 2H, OCH2CH2CH2S), 4.46-4.20 (m, 2H, OCH2CH), 3.35
(t, 4H, CH2CH2CH2CH2N3), 2.78 (m, 4H, OCH2CH2CH2SCH2), 2.42 (t, 4H,
CH2CH2CH2CH2N3),

2.12

(m,

2H,

OCH2CH2CH2S),

1.76-1.68

(m,

8H,

CH2CH2CH2CH2N3).

Figure 8.5. 1H NMR spectrum of compound 5 in CDCl3.

8.2.6 General Procedure for Synthesis of DA-[Gn]-Enex Dendrimers
A two-step method was employed in this synthesis, with DA-[Gn]-OHx as the
intermediate compound.36 In the first step, to a flask (or vial) were added the
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alkene-terminated precursor or dendrimer of the previous generation (with 1.0 eq of
alkene), 2 (2.0 eq), DMPA (0.04 eq), and methanol. Then the mixture was stirred and
irradiated under a UVGL-58 hand-held UV lamp (6 W, 0.12 A, λmax = 365 nm) for 90
min at room temperature. The reaction mixtures were subsequently precipitated five
times into diethyl ether to give crude DA-[Gn]-OHx, which was directly used for the
synthesis of next step without further purification. In the second step, to a round
bottom flask were added the DA-[Gn]-OHx (with 1.0 eq of -OH group), 4-pentenoic
anhydride (3.0 eq), DMAP (0.15 eq), and dry THF. After nitrogen bubbling for 20
min, pyridine (3.0 eq) was added dropwise. The mixture was stirred overnight at room
temperature. Then water was added to quench the reaction, and the contents were
stirred for additional 3 h before diluted with DCM. The mixture was extracted twice
with a saturated NaHSO4 solution, and washed twice with brine. The organic fraction
was dried over anhydrous NaSO4, filtered and evaporated to give a viscous liquid. To
obtain the final product, column chromatography was used to further separate the
mixture, eluting with hexane and ethyl acetate in gradient.

8.2.7 Synthesis of DA-[G1]-Ene4 Dendrimer
In the first step, to a 50-mL round bottom flask were added compound 5 (3.87
g, 6.36 mmol, 0.25 eq), 2 (2.75 g, 25.5 mmol, 1.00 eq), DMPA (0.13 g, 0.51 mmol,
0.02 eq), and 30 mL of methanol. Following the general procedure for dendrimer
synthesis, crude DA-[G1]-OH4 was obtained as a clear viscous liquid (4.90 g, 93.5%
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yield). In the second step, to a 250-mL round bottom flask were added DA-[G1]-OH4
(4.87 g, 5.91 mmol, 1.0 eq), 4-pentenoic anhydride (12.9 g, 71.0 mmol, 12.0 eq),
DMAP (0.433 g, 3.55 mmol, 0.6 eq), and 100 mL of dry THF. After nitrogen
bubbling for 20 min, pyridine (5.61 g, 71.0 mmol, 12.0 eq) was added dropwise.
Following the general procedure for dendrimer synthesis, DA-[G1]-ene4 was obtained
as a clear viscous liquid (4.31 g, 63.3% yield). Its 1H NMR spectrum was shown in
Figure 8.6. 1H NMR (500 MHz, CDCl3): δ 5.88 (m, 4H, CH2CH2CH=CH2), 5.22 (m,
3H, SCH2CH), 5.17-5.04 (m, 8H, CH2CH2CH=CH2), 4.54 (t, 6H, OCH2CH2CH2S),
4.50-4.20 (m, 6H, OCH2CH), 3.37 (t, 4H, CH2CH2CH2CH2N3), 2.80 (m, 12H,
OCH2CH2CH2SCH2), 2.57-2.39 (m, 20H, CH2CH2CH2CH2N3, CH2CH2CH=CH2),
2.14 (m, 6H, OCH2CH2CH2S), 1.85-1.66 (m, 8H, CH2CH2CH2CH2N3). The ratio of
the integral areas of peak s to peak m is 1:1, indicating that the compound has
quantitatively four ene groups per molecule.
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Figure 8.6. 1H NMR spectrum of DA-[G1]-ene4 in CDCl3.

8.2.8 Synthesis of DA-[G2]-Ene8 Dendrimer
In the first step, to a 20-mL vial were added DA-[G1]-ene4 (2.59 g, 2.25
mmol, 0.25 eq), 2 (1.94 g, 17.9 mmol, 2.0 eq), DMPA (0.093 g, 0.36 mmol, 0.04 eq),
and 15 mL of methanol. Following the general procedure for dendrimer synthesis,
crude DA-[G2]-OH8 was obtained as a clear viscous liquid (3.51 g, 98.5% yield). In
the second step, to a 250-mL round bottom flask were added DA-[G2]-OH8 (2.94 g,
1.85 mmol, 1.0 eq), 4-pentenoic anhydride (8.10 g, 44.4 mmol, 24.0 eq), DMAP
(0.272 g, 2.22 mmol, 1.2 eq), and 50 mL of dry THF. After nitrogen bubbling for 20
minutes, pyridine (3.52 g, 44.4 mmol, 24 eq) was added dropwise. Following the
general procedure for dendrimer synthesis, DA-[G2]-ene8 was obtained as a clear
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viscous liquid (2.97 g, 71.4% yield). Its 1H NMR spectrum was shown in Figure 8.7.
The ratio of the integral areas of peak s to peak m is 2:1, indicating that the compound
has quantitatively eight ene groups per molecule.

Figure 8.7. 1H NMR spectrum of DA-[G2]-ene8 in CDCl3.

8.2.9 Synthesis of DA-[G3]-Ene16 Dendrimer
In the first step, to a 20-mL vial were added DA-[G2]-ene8 (3.10 g, 1.38
mmol, 0.125 eq), 2 (2.40 g, 22.2 mmol, 2.0 eq), DMPA (0.114 g, 0.44 mmol, 0.04
eq), and 15 mL of methanol. Following the general procedure for dendrimer
synthesis, crude DA-[G3]-OH16 was obtained as a clear viscous liquid (4.36 g, 98.7%
yield). In the second step, to a 250-mL round bottom flask were added DA-[G3]-OH16
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(4.36 g, 1.40 mmol, 1.0 eq), 4-pentenoic anhydride (12.3 g, 67.3 mmol, 48.0 eq),
DMAP (0.411 g, 3.37 mmol, 2.4 eq), and 60 mL of dry THF. After nitrogen bubbling
for 20 min, pyridine (5.32 g, 67.3 mmol, 48.0 eq) was added dropwise. Following the
general procedure for dendrimer synthesis, DA-[G3]-ene16 was obtained as a clear
viscous liquid (4.41 g, 71.1%). Its 1H NMR spectrum was shown in Figure 8.8. The
ratio of the integral areas of peak s to peak m is 4:1, indicating that the compound has
quantitatively sixteen ene groups per molecule.

Figure 8.8. 1H NMR spectrum of DA-[G3]-ene16 in CDCl3.
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8.2.10 Synthesis of DA-[G4]-Ene32 Dendrimer
In the first step, to a 20-mL vial were added DA-[G3]-ene16 (3.23 g, 0.730
mmol, 0.0625 eq), 2 (2.53 g, 23.4 mmol, 2.0 eq), DMPA (0.120 g, 0.470 mmol, 0.04
eq), and 10 mL of methanol. Following the general procedure for dendrimer
synthesis, crude DA-[G4]-OH32 was obtained as a clear viscous liquid (4.45 g, 99.0%
yield). In the second step, to a 250-mL round bottom flask were added DA-[G4]-OH32
(4.42 g, 0.720 mmol, 1.0 eq), 4-pentenoic anhydride (12.6 g, 69.0 mmol, 96.0 eq),
DMAP (0.422 g, 3.45 mmol, 4.8 eq), and 70 mL of dry THF. After nitrogen bubbling
for 20 minutes, pyridine (5.46 g, 69.0 mmol, 96 eq) was added dropwise. Following
the general procedure for dendrimer synthesis, DA-[G4]-ene32 was obtained as a clear
viscous liquid (4.14 g, 65.6% yield). Its 1H NMR spectrum was shown in Figure 8.9.
The ratio of the integral areas of peak s to peak m is 8:1, indicating that the compound
has quantitatively 32 ene groups per molecule.
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Figure 8.9. 1H NMR spectrum of DA-[G4]-ene32 in CDCl3.

8.2.11 Calibration of the Molecular Weight of PEGDA
Poly(ethylene glycol) diacetylene (PEGDA, Mn ~ 2 kDa) were purchased from
Sigma-Aldrich. 1H NMR analysis (Figure 8.10) was used to calibrate the accurate Mn
of PEGDA. When the integral area of peak d is 1, the integral area of peak f is 48 - 1
= 47. Therefore, based on 1/47 = 1/(n-2), n = 49 was obtained. The resulting Mn of
PEGDA of 2,340 was used in calculating its molar amounts in the subsequent
step-growth polymerizations.
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Figure 8.10. 1H NMR spectrum of PEGDA in CDCl3.

8.2.12 Synthesis of Copolymer
To a 10 mL ampoule, [G4]-ene32 (182 mg, 0.0208 mmol, 1.0 eq), PEGDA
(48.6 mg, 0.0208 mmol, 1.0 eq) and DMF (1.7 mL) were added. The mixture was
degassed by nitrogen bubbling. Then PMDETA (7.2 mg, 0.042 mmol, 2.0 eq), CuBr
(6.0 mg, 0.042 mmol, 2.0 eq) and DMF (0.5 mL) were added. The system was further
degassed by three freeze-pump-thaw cycles. After stirring at room temperature for 46
h, the mixture was purified by dialysis against acetone for 6 days to remove DMF and
CuBr. After drying, the solid was redissolved in CHCl3 and precipitated in cold
diethyl ether for several times to remove unreacted reactants. Finally, the removal of
CuBr was performed by passing through a short alumina oxide column, yielding the
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pure copolymer as a colorless solid (174 mg, 75.6% yield). Its 1H NMR spectrum was
shown in Figure 8.11.

Figure 8.11. 1H NMR spectrum of the linear-dendritic alternating copolymer in
CDCl3.

8.3 Results and Discussion
The diazido-functionalized dendron was successfully prepared following
Hawker’s approach,36 except that a diazide-diene compound (Scheme 8.2), instead of
a triene, was used as the core molecule. Starting from this core, repetitive thiol-ene
reaction with 1-thioglycerol and esterification with 4-pentenoic anhydride yielded
precisely-defined diazido dendrimers through the 4th-generation. The chemical
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structures of the diazido 4th-generation dendrimer (i.e. DA-[G4]-ene32) and its
precursors were verified through comprehensive characterizations (Figures 8.3-8.9).
In particular, according to the 1H NMR spectrum of DA-[G4]-ene32, its 32:2 ratio of
alkene to azide functionalities was verified (Figure 8.9).

Figure 8.12. MALDI-TOF mass spectrum of DA-[G4]-ene32 with expanded spectrum
from m/z = 8725 to 8875. The spectrum was taken in positive reflector mode.
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Figure 8.13. MALDI-TOF mass spectra of DA-[G4]-ene32 using A) Na+ as a cation in
reflector mode, B) Na+ as a cation in linear mode, and c) K+ as a cation in linear
mode. Mass spectrum B confirms that the [M-24]+ signal in mass spectrum A was a
metastable loss of N2, as this signal disappears in the linear mode spectra, with only a
weak in-source decay [M-28]+. Mass spectrum C confirms the assignment of the Na+
and K+ adducts, as the major signal shifts +16 m/z due to predominant ionization with
K+ instead of Na+.

DA-[G4]-ene32 was also analyzed by matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF MS; Figure 8.12). The
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MALDI-TOF mass spectrum revealed that DA-[G4]-ene32 sodium adduct has a Mn of
8,801.4, close to the theoretical value of 8,802.6, confirming its molecular structure.
The sample showed a very distinct [M+Na]+ signal and a higher m/z shoulder
corresponding to the [M+K]+ signal, as both are typically observed for polyesters. The
assignment of their different alkali cation adducts was confirmed by analyzing the
sample with either excess sodium or potassium cation (Figure 8.13). There is also one
lower MW signal with an observed m/z value of ~24 relative to the sodium adduct.
Comparing the mass spectral analyses with linear and reflector modes confirmed that
this is a metastable signal resulting from the loss of N2 from either of the two azide
functionalities in the dendrimer.37 In addition, gel permeation chromatography (GPC)
analysis showed a very narrow monomodal peak for DA-[G4]-ene32 (MnGPC = 9,460,
ƉGPC = 1.03; Figure 8.14), further confirming its purity.
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Figure 8.14. GPC traces of a) PEGDA, b) DA-[G4]-ene32, c-g) reaction CuAAC
mixtures of PEGDA and DA-[G4]-ene32, and h-j) L-D alternating copolymer samples.

The step-growth CuAAC reactions of PEGDA (DPnNMR = 49, ƉGPC = 1.02;
Figure 8.10) with DA-[G4]-ene32 were studied at room temperature in
dimethylformamide (DMF) by using different addition approaches and molar feed
ratios of reactants. Copper(I) bromide (CuBr; 1.00 eq. relative to azide) and
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N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA; 1.00 eq. relative to azide)
were used as catalyst and ligand, respectively.38 Polymerization process was
monitored

by

GPC

(Figure

8.14).

The

first

reaction

trials

(L/D

=

[PEGDA]0:[DA-[G4]-ene32]0 = 0.86) were performed by using syringe pump to
slowly add DA-[G4]-ene32 solutions over 10 h into the reaction media. The initial
intention was to target the synthesis of the LDL triblock intermediate to minimize the
formation of the DL diblock intermediate which may possibly undergo intramolecular
cyclization.39 However, according to GPC analysis after 46 and 120 h of reaction, a
surprisingly high amount (~50%) of unreacted DA-[G4]-ene32 was observed in each
trial, while the GPC peak of PEGDA disappeared with the appearance of a broad
multimodal GPC peak for the resulting copolymer. Extension of reaction time did not
lead to considerable increase of the conversion of DA-[G4]-ene32. On the other hand,
reaction systems with simply mixed reactants (L/D = 0.86, 1.00, and 1.28) showed the
essential disappearance of GPC peaks of both reactants in 46 h. The resulting
copolymers exhibited similar GPC peaks for all one-pot reactions corresponding to
MWs higher than those for copolymers obtained through gradual addition of the
dendritic reactant.
The above unexpected results indicated unequal reactivity of functional groups.
Because similar observations were not reported in the CuAAC step-growth systems
using only linear polymeric reactants,32-35 such results should be ascribed to the
modified reactivity of dendritic reactant. After reacting with one terminal alkyne of

328

the PEG chain, a dendritic repeat unit is expected to assert remarkable steric
hindrance toward the second alkyne group of PEGDA and significantly decreased its
reactivity, resulting in sluggish reactions of PEG-terminated copolymers with
DA-[G4]-ene32. However, the effective reaction of the second alkyne group of
PEGDA with the second azide group of dendron (after the reactions of the first groups)
must be promoted to afford high-MW copolymers as obtained in the trials with simply
mixed reactants. Therefore, it can be inferred that the covalently attached linear PEG
chain via the CuAAC reaction of the first azide group has less considerable steric
effect on the second azide group of DA-[G4]-ene32. Instead, according to the
accelerated CuAAC systems reported by Gao,40-41 the ability of the resulting triazole
group to complex with Cu(I) might boost the CuAAC reactivity of the second azide
group in the current systems. The fact that appreciable imbalanced feed ratio of
simply mixed reactants did not result in significant differences in the GPC-determined
MW distribution indicated that the conversion achieved was more a function of
relative reactivity than of stoichiometry,2 presumably due to the low mobility of
reactive terminals of copolymers in the highly viscous reaction mixtures.
High-MW L-D alternating copolymers were isolated from the reaction mixture
by precipitation in diethyl ether. The co-existence of both linear and dendritic blocks
with ~1:1 block ratio were verified by 1H NMR analysis based upon the comparisons
of resonance intensities of PEG methylene protons (-CH2CH2O-) at 3.60 ppm and
[G4]-ene32 allyl methine protons (–CH=) (Figure 8.11). GPC analysis showed that
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these copolymers had MnGPC of 97,600-122,000, and MW dispersity (Ɖ) of 2.44-3.19,
relative to linear polystyrene standards (Figure 8.14). According to the ratios of MnGPC
of copolymers to the sum of MnGPC of DA-[G4]-ene32 (9,460) and PEGDA (5,140), it
is estimated that the copolymers have on average 6-7 linear and dendritic blocks
respectively.
The solution self-assembly behavior of the amphiphilic L-D alternating
copolymers was studied, using a representative copolymer sample (MnGPC = 97,600;
ƉGPC = 2.44). Because both blocks are soluble in tetrahydrofuran (THF) but only PEG
block is water-soluble, solution self-assembly of the copolymer was induced by slow
addition of water into the THF solution of the copolymer at room temperature,
followed by THF evaporation.42 The resulting assemblies were characterized using
transmission electron microscopy (TEM), atomic force microscopy (AFM), and
dynamic light scattering (DLS).
Conventional TEM imaging unambiguously revealed rod-like morphologies of
the nanoscale assembles of the copolymer (Figure 8.15a,b). These nanorods showed
length ranged from 94 to 174 nm. Each individual nanorod exhibited relatively
uniform width, ranging from 19 to 27 nm. The aspect ratios (length/width) of these
nanorods were 4.4-7.8. To elucidate the internal molecular packing, ruthenium
tetroxide was used as the staining agent to selectively stain the PEG-rich domains.43
Figure

8.15b

reveals

clearly

a

microphase-segregated

morphology

with

pearl-necklace-like bright region and peripheral dark region. The size of each “pearl”,
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which was slightly smaller than the width of nanorods, is in reasonable consistency
within individual nanorods.

Figure 8.15. TEM and AFM analysis of assemblies of L-D alternating copolymers: a)
and b) TEM images; c) tapping mode AFM image of an assembled nanorod; d) 3-D
AFM height image of the nanorod.

The overall dimensions and morphologies of these nanorods imply a two-stage
self-assembly process of the copolymer, in which spherical micelles were initially
formed, followed by the one-dimensional packing of these micelles (Figure 8.16).
Hydrophobic interactions of polyester-based dendritic units may serve as the primary
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driving force of the association process. With a low copolymer concentration,
unimolecular micelles with tight intramolecular packing of dendrons at core domains
might be formed predominantly in the first stage. For instance, from the perspective to
maximize packing efficiency, a copolymer molecule with six dendrons possibly
would prefer to have the dendrons in triangular antiprism.44 The presence of
hydrophilic linear PEG blocks prevents the occurrence of macroscopic aggregation.
However, the relatively short PEG blocks of the micelles could not form
hydrodynamic outer domains to fully cover the dendron-based cores. To minimize
interfacial energy, micelles with similar sizes further assembled to pack together their
hydrophoblic cores, thereby forming nanorods.

Figure 8.16. Schematic illustration of self-assembly behavior of L-D alternating
copolymer in solution (proposed stages are indicated by dashed arrows).

Moreover, tapping-mode AFM imaging of the copolymer assemblies also
verified the presence of rod-like morphologies with surface height up to ~6 nm
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(Figures 8.15c,d, and 8.17). DLS analysis further confirmed the presence of
assembled nanostructures of the copolymer with an average hydrodynamic size of 290
±21 nm (Figure 8.18).

Figure 8.17. a-b) Tapping-mode AFM height image of assemblies of linear-dendritic
alternating copolymers on silicon wafer. c) Height profiles of radial dimensions of
three assemblies in figure b. Relative to the assembled nanorods observed by TEM,
the nanorods visualized by AFM showed similar length but large width (up to ~50
nm) due to the AFM tip effect. As a result, the nanorods in AFM images exhibited
significantly less aspect ratio than the nanorods in TEM images. The assembled
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nanorods observed by AFM imaging also appeared less regular, presumably because
the assemblies were affected by the sample preparation process.

Figure 8.18. DLS histogram of assemblies of the linear-dendritic alternating
copolymer in water.

8.4 Conclusion
In summary, the synthesis of L-D alternating copolymers has been
demonstrated for the first time. Although unequal reactivity of functional groups
was observed in the CuAAC step growth systems, amphiphilic copolymers could be
prepared with alternating hydrophilic linear PEG and 4th-generation dendritic blocks
with Mn as high as ~100,000. This synthesis allows for unprecedented control over the
regular spacing of the dendritic blocks, which in turn is responsible for their
well-controlled aggregation behavior in water. The inherent modularity in this
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synthesis should allow access to tailored L-D block copolymers with control over
dendrimer spacing and functionality. In principle, these copolymers can be modified
to access new materials through their numerous functionalities, leading to novel
assemblies or derived materials with interesting structures, properties and
applications.
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Chapter 9: Conclusion

Scheme 9.1. Four different polylactide-based nanostructures for cancer imaging
and/or therapy in this dissertation.

Four different polylactide-based nanostructures have been extensively studied
in this dissertation for cancer imaging and/or therapy (Scheme 9.1). With covalent
bonds between drugs/dyes and polymer backbone, these nanostructures present
possible solutions for the challenges that small molecule drugs/dyes had low
solubility in aqueous solutions, high toxicity, and short in vivo circulation time. They
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all showed promising potentials to be used for diagnosis and chemotherapy against
cancer.
More specifically, this dissertation reports the incorporation of polylactide and
zwitterionic materials. The applicability of FDA-approved biodegradable aliphatic
polyesters has been significantly restricted because they are hydrophobic and lack
functionalities. Recently zwitterionic polymers have emerged as promising
hydrophilic biomaterials, but most of the reported zwitterionic polymers are
non-biodegradable. Chapter 3, Chapter 4, and Chapter 6 in this dissertation report
novel aliphatic polyester-based zwitterionic polymers and the corresponding
nanostructures. Their aliphatic polyester and zwitterionic components provide them
with high enzymatic degradability and low nonspecific interactions with
biomolecules, respectively. While the zwitterionic polymers did not show noticeable
cytotoxicity, the corresponding nanocapsules showed promising cancer imaging
applicability, and the corresponding polymer-anticancer drug conjugates exhibited
acid-sensitive sustained drug release, remarkable effectiveness in killing cancer cells,
ready cellular internalization, as well as high in vivo antitumor efficacy. This
dissertation lays a foundation for the further development of synthetic biodegradable
zwitterionic polymer-based materials, which potentially may have broad and
significant biomedical applications.
The L-D alternating copolymers reported in Chapter 8 can be modified to
access new materials through their numerous functionalities, leading to novel
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assemblies or derived materials with potential applications in cancer imaging and
therapy.
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