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ABSTRACT OF THE DISSERTATION
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by
Kuan-Ju Chen
Doctor of Philosophy in Biomedical Engineering
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Professor Hsian-Rong Tseng, Chair

Over the past decades, significant efforts have been devoted to explore the use of various
nanoparticle-based systems in the field of nanomedicine, including molecular imaging and
therapy. Supramolecular synthetic approaches have attracted lots of attention due to their
flexibility, convenience, and modularity for producing nanoparticles. In this dissertation, the
developmental story of our size-controllable supramolecular nanoparticles (SNPs) will be
discussed, as well as their use in specific biomedical applications. To achieve the self-assembly
of SNPs, the well-characterized molecular recognition system (i.e., cyclodextrin/adamantane
recognition) was employed. The resulting SNPs, which were assembled from three molecular
building blocks, possess incredible stability in various physiological conditions, reversible size-
controllability and dynamic disassembly that were exploited for various in vitro and in vivo
applications. An advantage of using the supramolecular approach is that it enables the convenient
incorporation of functional ligands onto SNP surface that confers functionality (e.g., targeting,
cell penetration) to SNPs. We utilized SNPs for molecular imaging such as magnetic resonance

imaging (MRI) and positron emission tomography (PET) by introducing reporter systems (i.e.,
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radio-isotopes, MR contrast agents, and fluorophores) into SNPs. On the other hand, the
incorporation of various payloads, including drugs, genes and proteins, into SNPs showed
improved delivery performance and enhanced therapeutic efficacy for these therapeutic agents.
Leveraging the powers of (i) a combinatorial synthetic approach based on supramolecular
assembly and (ii) a digital microreactor, a rapid developmental pathway was developed that is
capable of screening SNP candidates for the ideal structural and functional properties that deliver
optimal performance. Moreover, SNP-based theranostic delivery systems that combine reporter
systems and therapeutic payloads into a single SNP for both diagnosis and therapy were
generated. The results show that this type of theranostic SNPs may have a great contribution in
the optimization of therapeutic efficacy for individual patients in clinical translation in the near
future. It is anticipated that our supramolecular synthetic approach could be adopted to assemble
various SNP-based delivery agents for molecular diagnostics and therapeutics that pave the way

toward personalized medicine.
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Chapter 1. BACKGROUND

Nanoparticles (NPs), particles in the size range from 1 to 100 nm, are emerging as a new class of
diagnostics and therapeutics in the field of medicine. The applications of NPs offer many
advantages over traditional methods, such as, providing more effective or more convenient
routes of administration, lowering toxicity and extending the product life cycle, and as a result
they have attracted diverse communities from chemistry, engineering, and biology to explore the
use of NPs for solving clinically relevant problems. For diagnostic applications, NPs allow
molecular level detection for improved sensitivity and specificity of imaging. As therapeutic
delivery systems, they allow targeted delivery and controlled release of therapeutic agents. NP-
based diagnostics focuses on in vitro specific marker detection and/or in vivo imaging that
encompasses magnetic resonance imaging (MRI), positron emission tomography (PET), and
computed tomography (CT), while NP-based therapeutics is concerned with the delivery of
biologically relevant molecules such as small-molecule drugs, peptides, proteins, and nucleic
acids into cells. Currently, both NP-based diagnostics and therapeutics are actively being applied
to cancer therapy,!"! drug delivery,” cancer imaging,””! and immunology."”! Moreover, a new
approach that combines diagnosis and therapy has been developed. Theranostics, which
integrates both imaging motifs and therapeutic agents in a single NP, have been considered
promising delivery agents against various diseases to achieve personalized medicine.
Complexity in biology

The main challenge for researchers is to design a platform that is compatible with the complexity
of living systems. Living organisms are hierarchical structures that comprise of individual
molecules, e.g., DNA, protein and lipids, and integrate these smallest constituent components

across multiple levels of organization, from organelles, to cells, tissues, organs, and the
1



organism. Different molecular parts can interact and affect each other, and self-organize into a
whole system that exhibits synergetic properties are the reasons for the complexity of living
systems. NPs must survive in the dynamic in vivo environment long enough to be applied as a
diagnostic and therapeutic tool. Besides, when NPs travel through the body, they need to bypass
healthy tissues and accumulate at a tumor site or a specific organ of interest. Therefore, how to
control the interactions between NPs and bio-systems is essential for the effective utilization of
these materials in biomedicine.

Size, surface chemistry, charge, and shape affect the properties of NPs

It is well known that a NP's biological activity is a function of size, surface chemistry, charge,
and shape.”! The upper size limit of NPs (~few hundred nm) is bounded by the in vivo formation
of granulomas due to the non-specific phagocytosis by hepatic and splenic reticuloendothelial
cells.!! The lower limit (~10 nm) is determined by the sieving coefficient of the renal capillary
walls along the glomerulus.!”! The surface chemistry can also be modified by incorporating
passivation, targeting ligands or other functional ligands onto the surface of the NPs that
alleviates non-specific trapping in tissues and confers delivery specificity. The passivation
ligands, i.e., poly ethyleneglycol (PEG), can suppress protein adsorption and prolong retention
time. The incorporation of targeting ligands such as small molecules, peptides, proteins, or
antibodies, offers specificity by targeting an over-expressed receptor along the tumor cell's
surface. As a NP's surface charge changes from neutral, either in a positive or negative direction,
the NPs will become a target for macrophage scavenging and will result in increased clearance
by the lymph nodes and the spleen. In addition, the shape of the NPs has been found to influence

the mechanism of endocytosis uptake into cells.!®! Taken together, the delivery performance of



NPs will be determined by its chemical and physical properties, which would be the parameters
for researchers to fine-tune in order to achieve optimal delivery performance.

Supramolecular chemistry

Supramolecular chemistry, “chemistry beyond the molecule”, is an extensively explored and
actively investigated field that is capable of designing self-assembled systems that utilize non-
covalent interactions to achieve controllable assembly of molecular building blocks.”! These
supramolecular complexes are inherently dynamic in nature and highly selective with their
complementary guest molecules via various weak and reversible non-covalent interactions,
including ion-ion, n-m stacking, hydrogen bonding, hydrophobic interactions and van der Waals
interactions. Due to their inherent modularity and reversibility, supramolecular systems can be
engineered to assemble and disassemble in response to external triggers.

While conventional chemical synthesis is capable of forming/breaking covalent bonds,
supramolecular chemistry combines the twin concepts of self-assembly and molecular
recognition to easily generate unique nanostructured materials from the non-covalent bonding of
a small set of molecular building blocks.!"”? The concept of self assembly has been extensively
used to prepare organic NPs such as liposomes and nano-scaled vesicles (self-assembly from
phospholipids)!'"!. These self-assembled NP systems have been considered key platforms to
innovate on existing methodologies for clinical diagnosis and therapy, drug development, and
also primary life science researches.

Different types of self-assembled NP system
Liposomes are spherical lipid vesicles with a bilayer structure of natural amphiphilic lipid
molecules that can form via the accumulation of lipids interacting with one another in an

energetically favorable manner. These liposomes are not rigid formations but are versatile



supramolecular assemblies. The unique advantages of liposomes are their diverse range of
morphologies, compositions, ability to envelop and protect many types of therapeutic
biomolecules, and their differential release characteristics.!'” Thus, liposomes have been used
widely for drug and gene delivery."”!

Similar to liposomes, which are composed of natural amphiphiles derived from cell
membranes, polymer vesicles are made of materials that are synthetic.!"*! Polymer vesicles can
deliver both hydrophilic and hydrophobic agents encapsulated in their aqueous segment and
hydrophobic membrane, respectively. For example, the multifunctional stable polymer vesicles
that combined superparamagnetic iron oxide for molecular imaging and chemo-drug for cancer
therapy are prepared by self-assembly of heterofunctional amphiphilic triblock copolymers with
two different PEG segment lengths.!'>) However, compared with liposomes, polymer vesicles
offer many more possibilities to control their physical, chemical, and biological properties by
engineering their polymeric building blocks.!"®’

Polymer micelles, which are self-assembled from amphiphilic block copolymers in aqueous
solution, have received a great attention for drug delivery applications."”) The core of the
polymer micelle is a hydrophobic domain that can physically entrap hydrophobic drugs and the
hydrophilic blocks, which are often composed of poly(ethylene oxide) (PEO), can form
hydrogen bonds with the outer aqueous surroundings and form a “stealth” shell around the
micelle core. The resulting polymer micelles, which exhibit prolong blood circulation and
enhance accumulation in tumors, can be used as drug carriers. Moreover, positive charged
polymer micelles are suitable for gene delivery. Cationic amphiphilic ABC type triblock

copolymers consisting of (i) hydrophilic PEG, which acts as shell forming, (ii) a polyester block

like poly-e-caprolactone (PCL), which arranges as a hydrophobic core that is ideal for



encapsulating hydrophobic drugs, and (iii) a cationic linear poly(ethylene imine) (PEI) that can
condense nucleic acids or anionic charged drugs have emerged as promising carriers for
co—deliver drugs and nucleic acids.!'™

Polycationic dendrimers, such as poly(amidoamine) (PAMAM), are considered as promising
DNA delivery systems.!'” The primary amine groups on their surface can bind with DNA via
electrostatic interactions and compact DNA into nanoscale particles; meanwhile their tertiary
amine groups inside can act as proton sponge in endosomes and enhance the release of DNA.
The practicability of these dendrimers is under critical investigation, as these nanocarriers can
carry various cargoes for the delivery of both therapeutic and imaging agents. PAMAM
dendrimers, in particular, are being highly investigated due to their nontoxiticity feature makes
them more biocompatible compared to many other nanomaterials.”*
Limitation
Various approaches in controlling the size and surface chemistry of NPs have employed the use

2] and inorganic particles.'””! However, the synthesis of these NPs are

of liposomes, " polymers,
often time consuming and tedious, limiting the ease of generating a diverse set of sizes and
unique surface chemistry. Moreover, the formation of liposomes and inorganic compounds are
sometimes not compatible with biomolecules, which adds additional synthetic steps in order to
attach proteins or DNA to the NPs. These researchers synthesize and modify their NPs by a
semi-empirical approach. Each generation of NPs is a refined and more optimized version of
their previous generation. Ideally, a NP platform should provide a quick method of generating
structural diversity in tandem with functional diversity in order to easily find the optimal

formulation that offers the best biological performance.

Molecular recognition system



Among all the self-assembled synthetic approaches for the formation of NPs, molecular
recognition systems or host-guest interactions have been regarded as an important class of non-
covalent interactions for inducing self-assembly due to their specific molecular recognition,
reversibility and precise size controllability. In host-guest systems, molecular recognition units
combine/bind in a one to one ratio, where one component, the “host”, is known to spatially
accommodate a “guest” molecule. A number of synthetic receptors act as host molecules that

possess a cage-like supramolecular structure including cucurbit[n]uril (CB[n]),”*"

[2 [2 [27

cyclodextrins,™ cyclophanes,*® calixarenes,””” and crown ethers®®! have been investigated. The
cucurbit[n]Juril (CB[n]) family of macrocyclic receptors can form stable host-guest inclusion
complexes with a wide variety of guest molecules (especially polyamines) due to their well
defined structure and recognition properties. For example, CB[6] binds spermidine or spermine
with a binding constant up to 10" M '™ or 10" M ' P respectively, which is almost
comparable to that of biotin-streptavidin, showing exceptionally high selectivity and stability.
Crown ethers, for instance, have been shown to be excellent receptors for ammonium ions
forming inclusion complexes. The most commonly investigated host-guest interactions are based
on the cyclodextrins (CDs) owing to their extremely low toxicity, excellent biocompatibility and
flexible capacity with lipophilic molecules. Furthermore, inclusion complexes with various types
of guest molecules can be reversibly dissociated by external stimuli.”> One of the most typical
model systems is the CD and adamantane (Ad) recognition.”"! For example, supramolecular
labeling strategy that utilized CD-modified antibodies as a primary target binding to targeted
cells and subsequently non-covalent coupling with Ad-modified NPs for achieving higher

labeling efficiency in biomarker detection.**! CD-grafted cationic polyethylenimine (CD-PEI)

delivery systems have been regarded as promising carriers for gene and drug delivery.””! The



Ad-conjugated groups (i.e., chemotherapeutic agent carriers) act as the guest component that
self-assembles with the host CD-PEI into supramolecular NPs for drug delivery. Besides, these
cationic NPs can readily complex with anionic plasmid DNA into gene/drug-loaded NPs for co-

312341 Charge-tunable supramolecular dendritic polymers prepared

delivery of gene and drugs.!
from different cationic B-CD derivative hosts and Ad-modified hyperbranched polyglycerol
guest via host-guest interaction as efficient gene delivery agents.””) Moreover, due to the
hydrophobic cavity of CD, a large number of scientists have demonstrated the incorporation of
hydrophobic drugs into various CD derivatives that enhance the solubility and activity of the
drugs.P®!

Along the idea of Ad/CD recognition, we construct our supramolecular nanoparticles (SNPs)
via self-assembled synthetic approach from three molecular building blocks, including Ad-
grafted first-generation polyamidoamine dendrimer, Ad-PAMAM, B-CD-grafted branched
polyethylenimine, CD-PEI, and Ad-functionalized PEG, Ad-PEG. The host molecule, CD-PEI,
interacts with the 2-nm Ad-PAMAM guest molecule to form an intraparticular cationic hydrogel
network; while, Ad-PEG serves as a capping/solvation group that competes with the propagation
of the cross-linked hydrogel network and also confers water-solubility to the SNPs. By fine-
tuning the different mixing ratios of the three components, SNPs of different sizes can be
obtained. The dynamic nature of our supramolecular approach engenders size reversibility and
controllable disassembly to the SNPs. Moreover, our self-assembled synthetic approach allows
the incorporation of various reporter systems (i.e., fluorophores, radio-isotopes, contrast agents
and their combinations) and payloads (i.e., genes, proteins, drugs and their combinations) into

the SNPs for molecular diagnosis and therapy applications. In summary, our three-component

supramolecular approach offers synthetic convenience, flexibility and modularity to alter the



sizes and surface chemistry of the SNPs. The resulting SNPs with structural and functional
diversity can be considered as a new generation NP-based delivery system that is compatible
with the complexity of living systems. In the following chapters, I will introduce both organic
(see Chapter 2.1.) and inorganic (see Chapter 2.2.) SNP-based delivery systems and their
applications in molecular imaging (see Chapter 3.), gene/protein delivery (see Chapter 4.), drug

delivery (see Chapter 5.) and theranostics (see Chapter 6.).



Chapter 2. SUPRAMOLECULAR NANOPARTICLES (SNPs)

2.1. Organic SNPs

2.1.1. Introduction

Over the past decades, significant efforts have been devoted to explore the use of nanoparticles
in the fields of biology and medicine.”” For example, gold nanoshells,”® quantum dots,”” and
super-paramagnetic nanoparticles'*”’ that carry target-specific ligands have been employed for in
vivo imaging of cancerous cells; drug molecules have been packaged into polymer-based

U and positively

nanoparticles and/or liposomes to achieve controlled release at the disease sites;
charged nanoparticles have served as non-viral delivery systems for both in vitro and in vivo
genetic manipulation and programming.*"! However, there remains an imperious desire to
develop novel synthetic approaches to produce a new generation of nanoparticles (NPs) that have
1) controllable sizes and morphologies, 2) low toxicity, compatible immunogenicity and in vivo
degradability, and 3) proper surface charges and chemistry for improved physiological stability

%2 such as reporter systems for real-

and longer circulation time. Moreover, multiple functions,
time monitoring with imaging techniques (i.e., optical imaging, magnetic resonance imaging
(MRI), and positron emission tomography (PET)), targeting ligands for disease-specific delivery,

and a controllable mechanism for packaging and releasing drugs and genes, will be conferred to

individual nanoparticles for conducting multiple applications in parallel.

2.1.2. Molecular design of organic SNPs

To meet the requirements of producing new generation of NPs, we report a convenient, flexible,
and modular synthetic approach (Figure 2.1.) for the preparation of size-controllable
supramolecular nanoparticles (SNPs).[*} CD/Ad recognition was employed to achieve self-

assembly of SNPs from three different molecular building blocks, namely 1) Ad-grafted first-
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generation polyamidoamine dendrimer, n-Ad-PAMAM, 2) p-CD-grafted branched
polyethylenimine (MW=10 kD), CD-PEI, and 3) Ad-functionalized PEG compound (MW=5
kD), Ad-PEG. The uniqueness of our design is the use of a capping/solvation group. This
solvation group Ad-PEG on the one hand competes with the dendrimer block n-Ad-PAMAM to
constrain the continuous propagation of the cross-linked network, and on the other hand confers
water solubility to the SNPs. By tuning mixing ratios among the three molecular building blocks
in phosphate-buffered saline (PBS) aqueous buffer solution (pH 7.2, containing 1.5 mm KH,;POy,
155 mm NaCl, and 2.7 mm Na,HPO,), the equilibrium between the propagation/aggregation and
capping/solvation of the cross-linked network fragments can be altered, allowing arbitrary
control over the sizes of the water-soluble SNPs. In contrast to the production of polymer based
nanoparticles,** where significant synthetic endeavors are required to prepare specific types of
polymeric building blocks to achieve the desired level of control over the size, our three-
component supramolecular approach offers synthetic convenience, flexibility, and modularity to
alter the sizes and surface chemistry of the SNPs. By using such a supramolecular approach we
were able to obtain a collection of SNPs with controllable sizes ranging from 30 to 450 nm.
Further studies were carried out to unveil the unique properties of these SNPs, including 1) their
stability at different temperatures and pH values, as well as in physiological ionic strength media,
2) their competitive disassembly in the presence of Ad molecules, and 3) reversible control over

the size using in situ alteration of the mixing ratios of the molecular building blocks.
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Figure 2.1. A convenient, flexible, and modular synthetic approach for preparation of size-controlled
supramolecular nanoparticles (SNPs). A molecular recognition system based on adamantane (Ad) and B-
cyclodextrin (CD) was employed to assemble three molecular building blocks 1) n-Ad-PAMAM (n=4* or
8), 2) CD-PEI, and 3) Ad-PEG.

2.1.3. Size controllability of organic SNPs

The three molecular building blocks n-Ad-PAMAM, CD-PEI, and Ad-PEG were prepared and
characterized (see Supporting Information 1.1., 1.3., 1.4. and 1.5.). According to the 'H NMR
spectrum, in the polymer building block CD-PEI, there are about 7 to 8 CD recognition units
grafted on a branched PEI backbone. It is known that the CD modification can increase
biocompatibility and reduce toxicity of PEI compounds.””! Two different dendrimer building
blocks, 8-Ad-PAMAM with eight substituted Ad motifs and 4*-Ad-PAMAM with four Ad
motifs (on average, based on its '"H NMR spectrum), were examined in parallel. To analyze how
the mixing ratios between Ad-PAMAM and CD-PEI affect the sizes of the resulting SNPs, we
utilized dynamic light scattering (DLS) measurements to analyze the freshly prepared SNPs. To

ensure sufficient supply of the capping/solvation group, an excess amount of Ad-PEG was added

11



to each mixture. The octasubstituted dendrimer 8-Ad-PAMAM was first tested. In this case, CD-
PEI (168 uM) in PBS buffer was slowly added into the mixtures containing Ad-PEG (840 uM)
and a variable amount (84 to 672 uM) of 8-Ad-PAMAM. A collection of water-soluble SNPs
with variable sizes ranging between 30 and 450 nm were obtained (Figure 2.2.a). To ascertain
the influence of the number of the Ad-substitution groups in a dendrimer core on the sizes of the
respective SNPs, the tetra-substituted dendrimer 4*-Ad-PAMAM was also examined. SNPs with
relative smaller sizes (30-120 nm) were obtained under similar self-assembly conditions. The
morphology and size of the SNPs were also examined by using transmission electron microscopy
(TEM). The TEM images show that the SNPs exhibit spherical shapes and narrow size

distributions (Figure 2.2.b—e), which are consistent with those results from DLS.

6004

2004

Hydrodynamic size / nm

Figure 2.2. a) Titration plots summarize the relationship between SNP sizes and the mixing ratios of the
two molecular building blocks (n-Ad-PAMAM/CD-PEI). Dynamic light scattering (DLS) was employed
to measure SNP sizes. The titration plot for an octa-substituted dendrimer building block 8-Ad-PAMAM
(©) and for a tetra-substituted dendrimer building block 4*-Ad-PAMAM (¢). The standard deviation of
each data point was contained from, at least, three repeats. Transmission electron microscopy (TEM)
images of the resulting SNPs with different sizes of b) (32+7) nm from 8-Ad-PAMAM, c) (61£17) nm
from 4*-Ad-PAMAM, d) (104+16) nm from 8-Ad-PAMAM, and e) (340+46) nm from 8-Ad-PAMAM.
Scale bars: 100 nm

2.1.4. Stability of organic SNPs

12



The use of the supramolecular approach conferred dynamic characteristics to the self-assembled
SNPs. To understand the dynamic stability of the SNPs, we employed real-time DLS
measurements to monitor the size variation of the 30 and 100 nm SNPs (composed of the 8-Ad-
PAMAM based dendrimer) at different temperatures, pH values, and in physiological ionic
strength media. First, temperature-dependent DLS measurements indicate that the SNPs are
stable over a wide range of temperatures (7 to 50 °C; Figure 2.3.a). Second, we observed
negligible size variation of the resulting SNPs at different pH values (pH 3.8-8.3; Figure 2.3.b)
and physiological ionic strength (Figure 2.3.c). We note that the stability of these SNPs can be
attributed to the multivalent CD/Ad recognition, which holds individual molecular building
blocks in each SNP. Two sets of experiments were carried out to examine the dynamic
characteristics (i.e. control of competitive disassembly and reversible alteration of the size) of
these SNPs, which further validate the molecular mechanism of this supramolecular approach.
First, we introduced 100 equivalents of a competitive reagent (i.e., 1l-adamantamine
hydrochloride) into a solution containing either 30 or 100 nm SNPs. After 10 minutes of
sonication, disassembly of the SNPs was observed by DLS as a result of competitive inclusion of
the free 1-adamantamine hydrochloride into CD-PEI. As a control, without the addition of 1-

adamantamine hydrochloride, sonication alone could not disassemble the SNPs (Figure 2.3.d).
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Figure 2.3. a) Temperature-dependent size variation of both of the 30- and 100-nm SNPs in PBS buffer
with different temperatures at 7, 10, 20, 25, 30, 37, 40 and 50 °C. b) pH-dependent size variations of both
30- and 100-nm SNPs in the respective buffer solutions with pH values ranging from 0.84 = 0.03 to 10.28
+ 0.03. Error bars are obtained from three measurements. ¢) Time-dependent size variation of the 30- and
100-nm SNPs in in physiological ionic strength media. d) Sonication effect on size variation of 30- and
100-nm SNPs.

Second, starting from 100 nm SNPs (8-Ad-PAMAM/CD-PEI=1:1, mol/mol), we were able to
reduce the size of the SNPs to 30 nm by adding the polymer component CD-PEI in situ (8-Ad-
PAMAM/CD-PEI=1:2, mol/mol), or increase the size of the SNPs to 140 nm by adding the
dendrimer component 8-Ad-PAMAM in situ (8-Ad-PAMAM/CD-PEI=2:1, mol/mol). In these

studies, 10 minutes of sonication was employed to facilitate the conversion among the three sizes

of the SNPs (Figure 2.4.).

14



8-Ad-PAMAM : CD-PEIl : Ad-PEG 8-Ad-PAMAM : CD-PEIl : Ad-PEG 8-Ad-PAMAM : CD-PEI : Ad-PEG
=0.5:1:5 =1:1:5 =2:1:5

307 nm 100+ 15nm 140 £ 46 nm

Figure 2.4. Reversible size controllability of SNPs

2.1.5. Conclusion

In conclusion, we have developed a convenient, flexible, and modular synthetic approach for the
preparation of size-controllable SNPs (see Appendix for reference!*). The resulting SNPs can
incorporate reporter systems for real-time imaging; for example, the incorporation of a
radioisotope, i.e., ®*Cu for PET imaging studies, which will be discussed in Chapter 3. Besides
the imaging studies, we also explored the use of the size controllable SNPs for other biomedical
applications. More extensive and in-depth studies in the following chapters will show the

potentials of these SNPs.
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2.2. Inorganic SNPs

2.2.1. Introduction

When introducing inorganic NPs into biological systems, their unique nanoscale size-dependent
physical and chemical properties make them useful probes or delivery systems for a wide range
of biological diagnostic or therapeutic applications.*”) For example, gold nanoparticles with
surface plasmon behavior have been used as unique optical probes for sensing.!*”! Moreover,
their photophysical properties make them strong candidates for the use in photothermal
treatments.[**! Magnetic nanoparticles, on the other hand, have been utilized for controllable drug
delivery driven by magnetic field, hyperthermia and MRI contrast agents.[*! However, most of
conventional synthetic approaches for producing inorganic NPs are cumbersome and incapable
of rapidly and ideally controlling their structural properties in order to achieve desired functions
and performances.””! Therefore, there is a need to have a convenient, easy, and flexible approach
for the preparation of inorganic NPs. In this chapter, I will discuss the utilization of our
supramolecular synthetic approach by introducing 1) gold NPs as one of our molecular building
blocks to give gold supramolecular NPs for the application of photothermal treatments (Chapter
2.2.2.) and 2) superparamagnetic nanoparticles to give supramolecular magnetic NPs as powerful

MRI contrast agents (Chapter 2.2.3.).

2.2.2. Gold Supramolecular Nanoparticles (Au-SNPs)

2.2.2.1. Metal nanomaterials for the application of photothermal treatments

Noble-metal nanostructures with unique photophysical properties have been considered as prime
candidate agents for the photothermal treatment of cancer.*! Normally, the photothermal
[50a]

properties of these nanostructures can be controlled by manipulating their sizes and shapes.

Many significant endeavors have been devoted to the production of a variety of gold
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nanostructures, such as nanoparticles[su, nanoshells,[szl nanorods,[53] and nanocages,[54] which are
able to overcome limitations of organic-dye-based photothermal agents,” such as low light
absorption and undesired photobleaching. In order to harvest/generate enough of energy to
damage tumor cells, the sizes of these nanostructure-based agents are required to be in the range
of tens to hundreds nm.”® However, the relatively “large” size of the agents often leads to poor
bio-clearance (i.e., accumulation in the liver, spleen, and kidneys), which is a major obstacle to

7]

their in vivo application.’”! Alternatively, the photophysical properties of noble-metal
pp y photophy

nanostructures can be altered systematically by the formation of aggregates through self-

[58

assembly.”® The antibody-assisted aggregation of Au nanoparticles on cell membranes or in

[59]

intracellular environments led to the enhancement of photothermal performance™" as a result of

%l associated with the assembled structures. Therefore, the self-assembly of

the collective effects!®
small noble-metal building blocks, that is, noble-metal colloids with diameters of less than 8

nm”"! (compatible with renal clearance) would be a promising approach toward a new class of

noble-metal photothermal agents.

2.2.2.2. Design of molecular building blocks

The convenience, flexibility, and modularity of supramolecular synthetic approach can be further
explored to assemble inorganic building blocks (i.e., 2 nm Au colloids) into Au supramolecular
nanoparticles (Au-SNPs) with defined sizes. We adopted the supramolecular approach employed
for organic SNP (see Chapter 2.1.) to prepare size-controlled Au-SNPs as a new type of
photothermal agent from three building blocks: Ad-grafted 2-nm Au colloids, CD-PEI, and Ad-
PEG (Figure 2.5.). The characterization of Au-SNPs was carried out by TEM. Other studies,
including 1) stability at different temperatures and pH values, 2) size-dependent photophysical

properties, and 3) thermally induced disassembly, also been investigated in order to unveil the
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unique physical properties of the Au-SNPs. Moreover, laser-induced microbubble-generation
experiments performed by 118-nm Au-SNPs demonstrate significantly enhanced photothermal
effects compared with 2-nm Au colloids. The use of a supramolecular approach enables!®'! the
convenient incorporation of targeting ligands to provide target-specific Au-SNPs. In this case,
we used arginine—glycine—aspartic acid (RGD) peptide as a targeting ligand and o,fs-
positive/negative cells as corresponding biological system to test the specificity and selectivity of

RGD-Au-SNPs.
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Figure 2.5. Supramolecular synthetic approach for the preparation of size-controlled gold supramolecular
nanoparticles (Au-SNPs). A molecular-recognition system based on adamantane (Ad) and B-cyclodextrin
(CD) was employed to assemble three building blocks: Ad-grafted 2 nm Au colloids, CD-PEI, and Ad-
PEG. Ad-PEG-RGD was introduced onto Au-SNPs by in situ ligand exchange to give RGD-Au-SNPs
that could recognize a certain type of tumor cell with membrane o,3; integrin receptors.

2.2.2.3. Size controllability and Stability of Au-SNPs

Size-controllable Au-SNPs can be generated (Figure 2.6.) by slowly adding PBS with Ad-
grafted 2-nm Au colloids (0.0213 mgmL™) to PBS solutions with variable amounts of CD-PEI
(0.0725-5.73 mgmL™") and Ad-PEG (4.2 mgmL™), followed by incubating the resulting solution
at room temperature overnight. By simply tuning the ratio between the Ad-grafted 2-nm Au

colloids and CD-PEI, we were able to obtain a collection of Au-SNPs with variable sizes ranging
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between 40 and 118 nm (Figure 2.6.a). TEM images and histograms in Figure 2.6.b-f show the

Au-SNPs have spherical shapes with a narrow size distribution.
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Figure 2.6. a) Titration plot showing the relationship between the size of Au-SNPs and the mixing ratio
of the Au colloids and CD-PEIL. The TEM images and histograms of different sizes of Au-SNPs range
from (b) 40 = 5 nm, (c) 59 = 6 nm, (d) 78 = 5 nm, (e) 99 = 7 nm, (f) 118 = 23 nm. Scale bars: 300 nm
Since the Au-SNPs were prepared by supramolecular assembly, we characterized their
dynamic stability under different environmental conditions. We monitored size variations of 118-
nm Au-SNPs in PBS at temperatures ranging from 7 to 100 °C (Figure 2.7.a) and at pH values
from 3 to 10 (Figure 2.7.b) by TEM. The results indicate 118-nm Au-SNPs are stable in PBS at
7-40 °C and pH 5-10. Also, Au-SNPs maintain their size and morphology in PBS and in 10%
serum, most likely because the “stealth” effect imparted by PEG grafted on the outside of Au-
SNPs that could lower further agglomeration of the particles.!®”! These results suggest that 118-

nm Au-SNPs can be used under physiological conditions. At higher temperatures (>50 °C), 118-

nm Au-SNPs dissociated into small fragments, and a broader size distribution was observed by
19



TEM. Complete disassembly of the 118-nm Au-SNPs into 2-nm Au colloids was observed when

the temperature was increased to 100 °C. The thermal disassembly of 118-nm Au-SNPs can be

attributed to the weakened Ad/CD supramolecular interactions at elevated temperatures.'®!
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Figure 2.7. Analysis by TEM on effects of temperature (a) and the pH value (b) on the stability of 118
nm Au-SNPs

2.2.2.4. Photothermal effect observed for Au-SNPs

To test the feasibility of the application of Au-SNPs as photothermal agents, we chose 118-nm
Au-SNPs as our model system. For comparison, 2-nm Au colloids were employed as a control.
First, we investigated photophysical properties of the 118-nm Au-SNPs and 2-nm Au colloids by
UV/Vis spectroscopy (Figure 2.8.a). Given the characteristic surface plasmon resonance
absorption of Au-SNPs and Au colloids (between 500 and 530 nm),”* we chose a 532 nm green
pulsed laser to test their photothermal effects and performed laser induced micro-bubble
generation studies to monitor the locally accumulated heat of individual Au-SNPs. We tested a
broad range of energy densities (3-265 mJem™) of a 532 nm pulsed laser with a 6 ns pulse
duration. Au-SNPs and Au colloid suspensions in PBS (with a normalized Au concentration of
4.67 mgmL™") were irradiated with the laser at different energies. For the 118-nm Au-SNPs, a
laser threshold of 32 mJem™ was sufficient for the generation of micro-bubbles upon laser

irradiation (Figure 2.8.b). In contrast, no micro-bubbles were observed for 2-nm Au colloids
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even at the maximum laser energy tested (265 mJem™; Figure 2.8.c). The significant
enhancement of the photothermal effects in 118-nm Au-SNPs can be attributed to the collective

tin Au-SNPs. Interestingly, we also found that the efficiency of the collective

heating effec
heating effect was size-dependent: 40-nm Au-SNPs exhibited a threshold of 61 mJem™. The
formation of explosive vapor bubbles on individual Au-SNPs requires an elevated local
temperature higher than critical temperature of the liquid medium (374 °C for water).!*"! We
hypothesize that upon the formation of micro-bubbles, the localized accumulated heat could
facilitate the thermal disassembly of Au-SNPs into smaller fragments, which is in a process
similar to that observed for 118 nm Au-SNPs when temperature was above 100 °C. To monitor
laser-induced Au-SNPs disassembly, we used a pulsed laser (with a 6 ns pulse duration) to
irradiate Au-SNPs at a repetition rate of 1 Hz. Micro-bubble formation was captured by the time-
resolved imaging setup 70 ns after the arrival of the laser pulse. We observed a dramatic
decrease in the number of laser-induced micro-bubbles after irradiation with several laser pulses.
The attenuation of their photothermal effect might due to thermally disassembly of Au-SNPs in

the solution.”™ In the following studies on photothermal treatment, a fixed laser power of 120

mJcm™ was used to ensure micro-bubble formation on the 118-nm Au-SNPs.

a) b) 118-nm Au-SNPs / 32 mJ/cm?
0.3 - ——118-nm Au-SNPs

2-nm Au colloids

0.2 \ /

Bubbles

Abs

2-nm Au colloids / 265 mJ/cm?

0.1

0.0

T T T T T
400 500 600 No bubble
Wavelength /nm

21



Figure 2.8. a) UV/Vis absorption spectra of 2 nm Au colloids and 118 nm Au-SNPs. Time-resolved
bright-field micrographs of suspensions of 118 nm Au-SNPs (b) and Ad-grafted 2 nm Au colloids (c)
during the scanning of a pulsed laser (6 ns, 532 nm; 32 mJ cm > for 118 nm Au-SNPs and 265 mJ cm*
for Ad-grafted 2 nm Au colloids).

2.2.2.5. Application for single-cell surgery

The incorporation of targeting ligands, photothermal agents based on Au nanostructures can be
utilized for targeted photothermal treatment of certain types of cancer cells.®™ In our study,
RGD-Au-SNPs that recognize tumor cells with membrane 0,33 integrin receptors were produced
by dynamic ligand exchange.!®’! The 118-nm RGD-Au-SNPs were used along with the controls
(RGD-grafted 2-nm Au colloids and nontargeting 118-nm Au-SNPs) for targeted photothermal
treatments in four-well chamber slides containing both a,B3-positive U87 glioblastoma cells and
ayB3-negative MCF7 breast cancer cells. To visually differentiate the two types of cells, we
labeled the U87 and MCF7 cells with green and red fluorescent dyes (DiO and DiD cell-labeling
solution, Invitrogen), respectively. After incubation for 20 min with the three agents and
subsequent replacement of the culture media, the cells in the culture chambers were exposed to
pulsed laser irradiation (6 ns, 120 mJem™) with a beam diameter of 1 mm (a photomask was
used). The irradiated cells were kept in an incubator (5% CO,, 37 °C) for 2 h, during which time
the cells damaged by micro-bubble formation could detach from the substrates. An inverted
fluorescence microscope (Nikon TE2000) was employed to examine the cells within the
irradiated regions. Cell detachment was observed for the U87 cells treated with RGD-Au-SNPs
(Figure 2.9.a). In contrast, negligible cell detachment was observed for MCF7 cells treated with
RGD-Au-SNPs (Figure 2.9.b) as well as for both types of cells treated with nontargeted Au-
SNPs. These results suggest that 1) RGD peptide confers target specificity to the Au-SNPs to
enable the photothermal treatment of a,B3-positive U87 cells, and 2) nontargeting Au-SNPs have

no significant effect on cancer cells, as their surface-grafted PEG chains are capable of reducing
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nonspecific binding to cells.!® Furthermore, no cell detachment was detected for the U87 cells
treated with 2-nm Au colloids (Figure 2.9.c); this result validated our previous observation that
2-nm Au colloids exhibit minute photothermal effects at this given pulsed laser irradiation. To
demonstrate the selectivity of RGD-Au-SNPs for target-specific photothermal treatment, we
investigated the targeted depletion of a,fB3-positive cells in a cell mixture containing both o, 33-
positive U87 and o,Ps-negative MCF7 cells. We treated a 1:1 cell mixture (Figure 2.9.d, middle)
containing U87 cells (green) and MCF7 cells (red) with RGD-Au-SNPs (4.67 mgmL™). After the
removal of free RGD-Au-SNPs, the cell mixture was irradiated with a pulsed laser. In the
irradiated region, U87 cells (green) were depleted, and the remaining MCF7 cells (red) were able
to be continuously cultured on the substrates (Figure 2.9.d, right). In the region outside the laser
footprint, both types of cells remained. These results suggest that the photothermal treatment of
RGD-Au-SNPs is highly selective for targeted cells. Besides the specific targeting effects of
RGD-Au-SNPs, the use of a pulsed laser led to effective photothermal effects in a defined
location within a nanosecond time frame and thus enabled localized cell damage in a spatially

confined fashion.
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Figure 2.9. a—c) Fluorescence micrographs of U87 cells (a,f5+, labeled green) treated with 118 nm RGD-
Au-SNPs (a), MCF7 cells (0,ps3-, labeled red) treated with 118 nm RGD-Au-SNPs (b), and U87 cells
treated with RGD-grafted 2 nm Au colloids (c) after irradiation with a pulsed laser (6 ns, 120 mJ cm ?). A
mask was employed to confine the laser beam to a circular region with a diameter of 1 mm (as indicated
by the white dashed circles). d) Fluorescence micrographs of a 1:1 mixture of U87 and MCF7 cells. After
treatment with RGD-Au-SNPs and subsequent medium exchange, the cell mixture was irradiated with a
pulsed laser. In the irradiated region after culture for 2 h, U87 cells (green) were depleted, whereas MCF7
cells (red) were left alive on the substrate.

2.2.3. Supramolecular Magnetic Nanoparticles (SMNPs)

2.2.3.1. Magnetic nanoparticles for medical diagnosis
MRI is one of the most powerful diagnosis tools for molecular and cellular imaging in the field
of medicine due to the fact that it can give anatomic images of tissue with high resolution.*”]

Although MRI itself can give detailed images for diagnosis, it is known that the resulting images

may sometimes be not accurate due to small differences in relaxation time between the lesion
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site and normal tissues. MRI contrast agents (CAs) that help to clarify images and improve
contrast allow better interpretation.'® Depends on their relaxation processes, the CAs can
categorize into T; and T, CAs.[®) T, CAs are usually paramagnetic complexes;’” while T, CAs
are based on iron oxide NPs. Iron oxide NPs, which are the most representative magnetic
nanoparticulate agents, have been used extensively due to their 1) suitable properties for high
magnetization, 2) compatibility with biological systems, and 3) availability to attach functional
ligands on the surface. ! There have been numerous studies conducted to develop new MRI
CAs based on magnetic NPs with improved magnetic properties and suitable surface
characteristics.!”*! A crucial step for the development of all the applications is to control the size,
composition and morphology precisely in order to have the optimal impact on the final properties
of the nanomaterials and their performances. Therefore, the question of how to better control size
and magnetization of the NPs with reproducibility, and having simpler synthetic approach that
generates large scale and time-efficient products for clinical translation are the main issues that

need to be solved.!””!

2.2.3.2. Molecular design of SMNPs

It is known that the sizes of magnetic CAs would effect their magnetization.””! Therefore,
absolute control of the size and size distribution of magnetic CAs are the key parameters prior to
proper investigate the correlation between the sizes and magnetic properties. To meet the
requirements, we utilized supramolecular synthetic approach to generate supramolecular
magnetic nanoparticles (SMNPs) with precise size control as a novel MRI CA. The SMNPs self-
assembled from three molecular blocks, i.e., 6 nm Ad-grafted zinc-doped iron oxide magnetic
nanoparticles (Ad-ZnMNP), CD-PEI and Ad-PEG (Figure 2.10.). Surface modification of

ZnMNP was prepared according to literature!* to give Ad-ZnMNP, which can be recognized by
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CD-PEI via Ad/CD-based molecular recognition. By simply mixing the ratio between the three
molecular building blocks, a series of size-controllable SMNPs were obtained. With precise size
controllability of SMNPs, we investigated the correlation between NPs’ sizes and their magnetic
properties. From a collection of SMNPs, we identified the optimal SMNPs with enhanced MRI

performance that can serve as potential MRI CAs for numerous biomedical applications.
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Supramolecular M\agnetic Nanoparticles

SMNPs

Figure 2.10. Schematic representation of self-assembly approach for preparation of supramolecular
magnetic nanoparticles (SMNPs)

2.2.3.3. Size Controllability of SMNPs

A series of size-controllable SMNPs can be generated (Figure 2.10.) by slowly adding PBS with
Ad-ZnMNP (1 pg/mL) to PBS solutions with variable amounts of CD-PEI (1.5-18 mg/mL) and
Ad-PEG (4.5 mg/mL) under vigorous stirring, followed by incubating the resulting solution at

3] can be

room temperature for 20 min. The formation mechanism originally proposed for SNPs
applied to explain the size controllability observed for SMNPs. In short, the mixing ratios of the
three molecular building blocks altered the equilibrium between the propagation/aggregation of
the Ad-ZnMNP/CD-PEI hydrogel networks and the Ad-PEG induced capping/solvation of the
hydrogel network and hence changes the equilibrium and led to the size changes of SMNPs. By

find-tuning the ratios between the building blocks, SMNPs with sizes ranging from 20 nm to

200 nm can be obtained. TEM images of the resulting SMNPs in Figure 2.11. show the SMNPs
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have spherical shapes with a narrow size distribution, which is a key criteria before investigating

their magnetic properties.

Figure 2.11. TEM images of size-controllable SMNPs ranging from (a) 20 + 2 nm, (b) 40 = 5 nm, (c) 80
+ 11 nm, (d) 150 + 18 nm, and (e) 200 + 25 nm. Scale bars: 400 nm. Inserts: Higher magnification TEM
images of SMNPs for each size.

2.2.3.4. Application of SMNPs for MRI

To investigate the relationship between the sizes of SMNPs and their magnetic properties, T»-
weighted phantom images of 6 nm ZnMNP, 20 nm SMNPs and 80 nm SMNPs were acquired
using a spin-echo pulse sequence (Figure 2.12.). We chose 20 nm and 80 nm SMNPs in this
study as a proof-of-concept, which are also the proper size range relevant to clinical use.*'*! T,-
weighted images shows that 1) the assembled SMNPs enhance their magnetic properties
compared to the non-assembled 6 nm ZnMNP and 2) as echo time (TE) increases, the 20 nm
SMNPs have the highest contrast compared to the rest of the group. The results indicate the
identified SMNPs, i.e., 20 nm SMNPs, exhibit significant relaxivity improvement that can serve

as powerful MRI CAs in the field of molecular imaging.
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To sum up, these size-controllable SMNPs produced via self-assembly synthetic approach
provide various potential applications. For example, SMNPs can be size-tailored and surface-
modified® in order to accumulate in organs of interest for target imaging purposes. Also, their
outstanding contrast improvement can lead to the potentials of detecting diseases at an earlier

stage or monitoring their development that could benefit the medical field.

TE: 6.4 ms TE: 100 ms TE: 150 ms TE: 200 ms TE: 300 ms

Figure 2.12. T,-weighted phantom images acquired using a spin-echo pulse sequence. As TE increases,
the 20 nm SMNPs yield better contrast compared to reference, MNPs, and 80 nm SMNPs.

2.2.4. Conclusion

In conclusion, we have successfully demonstrated the use of supramolecular self-assembly
approach for synthesizing size-controllable inorganic supramolecular nanoparticles (see
Appendix for reference!’™) from inorganic building block, ie., Au colloids or
superparamagnetic iron oxide nanoparticles. We envision that 1) such a supramolecular synthetic
approach could be used to assemble other “small” inorganic nanoparticles for broader
applications in materials science and biomedicine; 2) diverse therapeutic loads (e.g., DNA,
proteins, and drugs) could be packaged into these inorganic SNPs with various functional ligands

(e.g., cell penetration ligand) for target delivery.
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Chapter 3. MOLECULAR IMAGING

3.1. Introduction

Molecular imaging techniques are powerful tools in biomedical research for diagnosis due to the
fact that they can specifically visualize, characterize and monitor biological processes at
molecular level in living systems.”® A wide variety of imaging techniques, including optical
fluorescence imaging, computed tomography, positron emission tomography (PET), single
photon emission computed tomography (SPECT), magnetic resonance imaging (MRI), and

762.77]

ultrasound imaging have been successfully employed in the field of molecular imaging.!
support the unmet need for in vivo molecular imaging, significant endeavors have been devoted
to investigate the deign of highly sensitive and specific imaging probes.!”®! Nanoparticle (NP)-
based probes have been used extensively in molecular imaging that can enhance signal
sensitivity, improve spatial resolution and better correlate the imaging information with
biological systems at molecular levels.””) NP-based probes with different modalities have their
specific advantages that can acquire desired biological characteristics at different levels.[*! For
example, NP-based probes conjugating radio-isotopes allow highly sensitive dynamic PET
imaging that is capable of acquiring pharmacokinetic of radio-labeled NP-based delivery vectors,
and can dramatically accelerate the study with minimum use of animals and consumption of
samples (at pg to ng level).””” NP-based MRI contrast agents allow superb resolution for
anatomical imaging.[*! Most importantly, the hyperthermia heating by the superparamagnetic
nanoparticles can be utilized for controlling drug release from the delivery vector.*”
Noninvasiveness, high spatial resolution, three-dimension tomography, high accuracy, target

specificity and real-time imaging are key requirements for the development of next-generation

nanoparticle probes. In this chapter, I will introduce applications of SNPs in molecular imaging.
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In Chapter 3.2., SNP-based probes can be utilized for PET imaging that helps understand their
1) size-dependent lymph node trafficking and 2) whole-body biodistribution. Moreover, the
incorporation of paramagnetic MRI CAs as one of molecular building blocks allows the
exploration of the use of SNPs as new generation MRI CAs with improved contrast and

sensitivity (see Chapter 3.3.).

3.2. Positron Emission Tomography (PET) Imaging

3.2.1. Nanoparticle-based PET imaging

Positron emission tomography'®'! (PET) provides a noninvasive approach for imaging molecular
processes in humans and animal models. Two key advantages of PET are sensitivity (due to the
use of a radioisotope, probes can be detected at nM to pM levels) and tumor specificity. Cancer
is highly amenable to probing by PET, since its development is based on specific genetic,
molecular and functional changes (e.g., leaky vasculature) in tumors. Nevertheless, developing
effective PET probes that can preferentially accumulate in tumors remains one of the major
challenges in oncologic PET imaging. Aside from small molecule and affinity ligand-based PET
imaging probes, NPs exhibiting unique enhanced permeability and retention (EPR) effects'®”
represent a new category of PET probes capable of passively targeting leaky vasculature — a
universal characteristics observed for most solid tumors.™! Over the past decades, a variety of
NP PET probes* ™ % have been examined in pre-clinical setting, while challenges remain to
further improve tumor uptake and reduce nonspecific distribution elsewhere. Specifically, their
performance is constrained by NPs’ intrinsic pharmacokinetics (PKs) — predominately affected
by their sizes and surface properties.* Therefore, a promising solution for generating new NP

PET probes with desired PK that can improve imaging performance is need. In this chapter, we

utilize supramolecular synthetic approach to produce a SNP-based PET probe, which has
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controllable size and proper surface properties that lead to desirable PK for improving the probe

performance.

3.2.2. Self-assembled synthesis of **Cu-labeled SNPs for PET imaging

The versatility of supramolecular synthetic approach confers SNPs with multiple functions by
incorporating a radioisotope, i.e., *Cu, into SNPs. DOTA-CD-PEI was synthesized as one of the
molecular building blocks by introducing DOTA into the CD-PEI building block through peptide
coupling reactions between the free amino groups in the CD-PEI and DOTA-NHS. The resulting
DOTA-grafted SNPs were prepared by mixing the different ratios of three molecular building
blocks- namely, 8-Ad-PAMAM, CD-PEI-DOTA and Ad-PEG in the respective ratios as
described in the Chapter 2. Labeling by **Cu in consequent, “*Cu-labeled SNPs can be obtained

(Figure 3.1.).

DOTA-CD-PEI Ad-PAMAM
%5
‘> + Self-assembly

[ ng —
quvheﬁv“vk{)\,um Ad-PEG

NH HN
\

//(;—\N/—\N/\coou DOTA-grafted SNPs 64Cu-labeled SNPs
o
HN

Figure 3.1. Schematic illustrating the preparation of DOTA-grafted SNPs. By incorporating a
radioisotope, i.e., 64Cu, into SNPs, 4Cu-labeled SNPs can be generated.
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To explore the use of the SNPs for immune modulation, we investigated the lymph node
trafficking of both 30-nm and 100-nm ®*Cu-labeled SNPs by using front footpad injection
(Figure 3.2.). Due to the fact that the path of lymph drainage from footpad injections is well

known, this is a common method for the delivery of immunological agents.*® MicroPET/CT
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imaging was carried out for 40 minutes (Figure 3.2., left) and 20 hours (Figure 3.2., right)
immediately after injecting the 30-nm and 100-nm SNPs into different sides of the footpads of a
mouse. We observed that the 30-nm SNPs drained into the local auxiliary lymph node and
peaked at 5 minutes post injection with (58.6 = 15.6)% ID/g of signal accumulation. This signal
decreased to (26.6 £ 5.8)% ID/g at 40 minutes post injection, and further reduced to (7.0 +2.2)%
ID/g by 20 hours post injection. On the other hand, there was no significant accumulation
detected in the lymph nodes on the same side where the 100-nm SNPs were injected. The results

revealed that the sizes of the SNPs are critical factors for their lymph node trafficking.

30 nm 100 nm

¥
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i

uonoafur pedwOﬂ/&?
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Figure 3.2. Lymph node trafficking studies of SNPs using front footpad injections. The 30-nm and 100-
nm SNPs were injected on different sides of footpads of a mouse. MicroPET/CT was carried out for 40
min immediately after injection (left) and 20 h after injection (right).

We characterized the in vivo biodistribution (Figure 3.3.) of the 30-nm and 100-nm **Cu-
labeled SNPs (composed of the §-Ad-PAMAM-based dendrimer) by systemically injecting the
SNPs into mice through the tail veins. MicroPET/CT studies suggested that the biodistribution
patterns of the 30-nm and 100-nm SNPs were quite similar (Figure 3.3.a and b). In both cases,
rapid blood clearance through liver accumulation (30-50% ID/g of the SNPs accumulated in the

liver within 5 min after injection) was observed, and there was less accumulation in the kidneys
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(16-20% ID/g) and lungs (8-12% ID/g). The results show that the size of SNPs is a crucial

31y,

factor that affects their in vivo properties (see Appendix for reference
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Figure 3.3. a) and b) Time-activity curves of mice that received the tail vein injection of the 30-nm and
100-nm SNPs, respectively. ¢) Time-resolved microPET/CT images from a 1h dynamic scan. Top panel
shows the images from a mouse that received the 30-nm DOTA-grafted SNPs via tail vein injection and
lower panel is from a mouse treated with 100-nm SNPs.

3.3. Magnetic Resonance Imaging (MRI)

3.3.1. Nanoparticle-based MR imaging

Magnetic resonance imaging (MRI) is a medical imaging technique capable of three-dimensional
(3D), high-resolution visualization of specific tissues or organs in the body and has been
extensively used in neurological, cardiovascular, and oncological diagnosis.*”! Paramagnetic
MRI contrast agents (CAs), usually composed of gadolinium(III) ion (Gd*"), are capable of
reducing the longitudinal relaxation time (T;) of surrounding water protons, thus increasing
signal intensity in T;-weighted MRI. In general, the performance of T;-weighted MRI CAs is
determined by the relaxivity (rl), which can be correlated to several parameters, including 1)
loading capacity (Gd’" quantity in the intraparticular space) and 2) water accessibility (the

distance of closest approach between water and Gd**, the number of water molecules associated
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with Gd**, and/or the diffusion of water) as described by relaxation theory."™ Based on this
fundamental understanding, researchers have incorporated Gd* onto or into nanoscale carriers to

enhance rl of paramagnetic CAs. Compared to small Gd’* chelated complexes alone,

(89]

[90] [91]

nanocarriers (e.g., dendrimers, polymers, liposomes, and inorganic nanoparticles
(NPs)™?) allow dramatically increased Gd®" loading. In some cases, poor water accessibility to
the intraparticular Gd®* buried inside the carriers can compromise the performance in Ti-
weighted MRI®¥ and this challenge can be tackled by; for example, using porous nanocarriers’” "
where a water molecule can travel from the bulk water into the interior space. Nevertheless, fine-
tuning the balance of the relevant parameters in a synergistic fashion is challenging due to the
lack of direct correlations among the parameters, not to mention the unsatisfactory synthetic
approach employed for the development of Gd**-incorporated nanocarriers that are considered to
be time-consuming and cumbersome.” Therefore, there is a need to establish a method capable

of effective optimization of all parameters to achieve high relaxivity enhancement of T;-

weighted MRI CAs.

3.3.2. Design of molecular building blocks

We set out to further explore such a self-assembled approach to develop Gd’"*DOTA-
encapsulated SNPs (Gd’**DOTACSNPs) that can be utilized as highly efficient T)-weighted
MRI CAs (see Appendix for reference®). In our design, Gd** chelated complex (Gd*"*DOTA)
is covalently conjugated onto CD-PEI building block to give Gd*"*DOTA-CD-PEI, which
enhances rl due to a distinct chemical environment with a high Gd>* loading capacity inside the
pseudo porous polymer-dendrimer hydrogel network and good water accessibility to the
intraparticular space. By altering the mixing ratios among Gd’**DOTA-CD-PEI and the other

two molecular building blocks, i.e., Ad-PAMAM and Ad-PEG (Figure 3.4.), a small library of
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Gd’"*DOTACSNPs can be produced with different sizes and cross-linking degrees of the
corresponding hydrogel networks. A systematic variation of SNP sizes and cross-linking degrees
results in a broad performance diversity of rl in the Gd>"*DOTACSNPs library due to the
respective changes in relaxation parameters. By finding the balance between the material’s
properties and rl performance of the resulting library, Gd>**DOTACSNPs can serve as a
powerful and efficient SNP-based T;-weighted MRI CA for dynamic imaging of biological
processes in vivo.
Gd?**- DOTA-CD-PEI Ad-PAMAM Gd**-DOTACSNPs
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Figure 3.4. Schematic representation of self-assembly approach for preparation of Gd’"-DOTA-
encapsulated supramolecular nanoparticles (Gd>"DOTACSNPs)

3.3.3. A combinatorial library of Gd’* s DOTACSNPs

By systematically changing (i) the concentration of encapsulated Gd** (0.32, 0.63, 1.61, 3.22,
3.90 and 6.44 mM) and (ii) the Ad-PAMAM/DOTA-CD-PEI ratios (1:1, 2:3, 1:2 and 1:3), a
small library composed of 24 different formulations of Gd’>'*DOTACSNPs (Figure 3.5.) was
prepared. The size and cross-linking degree of the hydrogel core are dependent on the Ad-
PAMAM/DOTA-CD-PEI ratio. The 24 different formulations of Gd>**DOTACSNPs result from

mixing Gd’> *DOTA-CD-PEI (prepared at one of six Gd’" concentrations) with solutions of Ad-
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PAMAMY/AdJ-PEG (prepared at one of four Ad-PAMAM concentrations). The dynamic nature of
the supramolecular synthetic approach leads to 80-95% of Gd*"encapsulated into
Gd’"*DOTACSNPs, which was quantified by ICP-MS. A broad spectrum of rl emerges from
the resulting Gd***DOTACSNPs library with rl ranging from 4.19 s' mM™ to 17.3 s mM".
Measurements were performed in water on a 600 MHz NMR spectrometer and are presented in a
mesh plot in Figure 3.5.. The results highlight an optimal synthetic formulation of "' (1:2 M ratio

and 3.9 mM of Gd*") with a relaxivity of 17.3 s mM™.
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Figure 3.5. A mesh plot of 7 relaxivity performance of Gd*" DOTACSNPs with variation of (i) ratio of
two molecular building blocks, i.e., Ad-PAMAM and DOTA-CD-PEIL and (ii) loading of Gd*" (24 data

points). The peak value indicates the highest 7| relaxivity (Gd>" DOTACSNPs with a ratio of 1:2 and at a
Gd*" concentration of 3.9 mM).

3.3.4. Characterization of structures and stability of Gd** e DOTACSNPs
We characterize the resulting optimized formulation, i.e., Gd***DOTACSNPs by measuring the
hydrodynamic size of Gd***DOTACSNPs with DLS, which is around 124 nm (Figure 3.6.a). As
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shown in Figure 3.6.b, the TEM images indicate that Gd>**DOTACSNPs in dry state have an
average diameter of 103 10 nm with a spherical morphology and narrow size distribution. The
stability tests of Gd*"*DOTACSNPs were carried out under two conditions: (i) 400 times
dilution in water and (ii) 10% serum. The solutions were prepared from Gd* e DOTACSNPs with
3.9 mM of Gd*" and then incubated under the conditions for 24 h. The sizes of both solutions
were characterized by TEM and summarized in Figure 3.6.c.. The original size of
Gd* *DOTACSNPs is 103 +10nm (Figure 3.6.c, left). The size after 400 times dilution is 112
=15 nm (Figure 3.6.c, center) and in 10% serum is 101+9 nm (Figure 3.6.c, right). There are no
distinct changes in the average sizes of Gd> *DOTACSNPs after dilution and in 10% serum;

therefore, we conclude that the Gd* * DOTACSNPs remain stable under these conditions.
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Figure 3.6. a) DLS results and b) TEM image show the narrow size distribution and spherical
morphology of the resulting Gd*" DOTACSNPs (formulate with a ratio of 1:2 and at a Gd*" concentration
of 3.9 mM). c) Stability studies of Gd>-DOTACSNPs before (left) and after 24 h incubation under
different conditions: 400 times dilution in water (center) and 10% serum (right). All the sizes of

Gd*"DOTACSNPs were characterized by TEM after 24 h incubation. (Each sample has at least 20
counts).

3.3.5. Sensitivity of Gd>** DOTACSNPs as MRI CAs

To test feasibility of Gd***DOTACSNPs as a sensitive MRI CA, we performed a series dilution
study of Gd>**DOTACSNPs with deionized (DI) water to establish the minimum Gd**
concentration detectable by MRI. Figure 3.7. shows T;-weighted imaging results of the series
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dilution for Gd>**DOTACSNPs solution and Gd> *DTPA (Figure 3.7.a) at seven concentrations
(from 195 to 4.88 uM) and Figure 3.7.b plots the C/N ratios as a function of Gd*" concentration
for Gd>**DOTACSNPs (circles) and Gd> *DTPA (squares). The Gd* *DOTACSNPs and Gd*"e
DTPA phantoms were imaged separately (note different scale bars) and the C/N ratio between
Gd’"*DOTACSNPs and DI water are higher than the C/N ratio between Gd*"*DTPA and DI
water at all concentrations. The results indicate the significant sensitivity improvement and
relaxivity enhancement of Gd>"*DOTACSNPs compared to Gd’'*DTPA is maintained after

diluting the CA solutions down to pM concentrations of Gd*".
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Figure 3.7. a) Phantom images for capillaries containing Gd>-DOTACSNPs (formulate with a ratio of
1:2 and at a Gd*" concentration of 3.9 mM, top) and Gd*"'DTPA diluted with deionized water (bottom).
The capillary on the right contains deionized water (labeled 0 pM) and the concentration of Gd*" in the
capillaries increases from 4.88 uM to 195 uM from right to left. b) Plot of contrast-to-noise (C/N) ratios
as a function of Gd** concentration for Gd**" DOTACSNPs (circles) and Gd*"-DTPA (squares) of the
phantom images. The C/N ratio between Gd*"*DOTACSNPs and DI water is higher than the C/N ratio
between Gd’"-DTPA and DI water at all concentrations.

3.3.6. Imaging Gd***DOTACSNPs in a mouse model

The lymphatic system is a common route for metastatic spread of cancer.””! Dynamic imaging of
lymphatic drainage has been regarded as a powerful diagnostic protocol for monitoring cancer

metastasis. Here, we attempted to explore the use of Gd>"*DOTACSNPs as a new type of NPs

for dynamic imaging of lymphatic drainage compared with conventional Gd®" chelated
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complexes. Figure 3.8. shows 3D maximum intensity projection (MIP) T,-weighted in vivo
imaging results before and after injecting Gd>**DOTACSNPs into NOD/SCID mice. The yellow
circles in the figure contain the right brachial lymph node of the mouse. We injected 20 uL of a
3.9 mM Gd***DOTACSNPs solution into the front right foot pad of a NOD/SCID mouse and
monitored the changes with MRI. The draining of the lymph nodes was clearly visualized with
the Gd>'*DOTACSNPs. The average voxel signal intensity increases in the right brachial lymph
node after injecting Gd’**DOTACSNPs but not after injecting Gd>"*DTPA. Meanwhile, the
average signal intensity in the left brachial lymph node remains around 20% less than the right
lymph node. After 12 h, the average signal intensity in both lymph nodes decreases close to the

values before injecting the Gd* *DOTACSNPs.

Before injection After 40 min After 1 hr 40 min After 2 hrs 40 min After 12 hrs

Figure 3.8. Three-dimensional (3D) T;-weighted MR images show dynamic lymphatic drainage of
Gd**"DOTACSNPs. The yellow circle contains the right brachial lymph node. The five images were
acquired before injecting and at four times after injecting 20 pL of Gd*" DOTACSNPs (formulate with a
ratio of 1:2 and at a Gd** concentration of 3.9 mM) as labeled.

3.3.7. Validation by ex vivo quantification

To support the detection of Gd’> *DOTACSNPs drainage in the brachial lymph node with MRI,
we carried out ICP-MS analysis on ex vivo tissues removed at two time points after injecting
MRI CA, i.e., G&***DOTACSNPs and Gd’ *DTPA, into the front foot pad of the mice following
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the same procedure used for in vivo imaging. We removed the brachial lymph nodes of mice
after 30 min and 2.5 h. The brachial lymph nodes were dissected and underwent ICP-MS
measurements. The ICP-MS analysis in Figure 3.9.b reveals that Gd>* concentration decreased
by approximately 6% after 2.5 h. As a comparison, the Gd** concentration from mice treated
with Gd***DTPA was negligible and close to the baseline measurement on untreated brachial
lymph node tissue. The results show that the ICP-MS measurements are in good agreement and
validate the in vivo Ti-weighted MRI results. These results show that Gd*“*DOTACSNPs not
only exhibits enhanced relaxivity and high sensitivity but also can serve as a potential tool for

diagnosis of cancer metastasis.
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Figure 3.9. a) Average voxel signal intensity plotted as a function of image acquisition time (0 h
represents data acquired before injecting the MRI contrast agents). b) Gd*" concentration from ICP-MS
measurements on lymph node tissue removed 30 min and 2.5 h after injecting the MRI contrast agents.
Dashed line represents the baseline measurement on untreated brachial lymph node tissue. Note the log
scale for the Gd** concentration axis.

40



Chapter 4. GENE/PROTEIN DELIVERY

4.1. Introduction

Among the existing delivery systems, NPs have been regarded as promising non-viral vectors for

41a, 98]

delivering either a gene' or a protein”® into specific types of cells!'* or tissues.'"! NPs

with favorable delivery characteristics usually possess sizes ranging between ten to a few

[102]

hundred nanometers. Gene or protein payloads can be encapsulated inside their

[103]

intraparticular spaces, avoiding potential degradation over the delivery process. It is

conceivable that the ample intraparticular capacity!'®"

of NPs allows simultaneously
incorporation of multiple payloads, e.g., gene and protein molecules. In addition, NPs have
sufficient surface area to accommodate multiple functional ligands that enable specific
recognition of target cells and/or foster cellular internalization.!”” '°** '] Therefore, NPs could
serve as a prime delivery vector with superb efficiency and specificity. In this chapter, we
present a novel SNPs delivery system for gene and protein delivery. Also, in conjunction with
miniaturized high throughput screening platform, a combinatorial library of SNPs with diverse
structural (sizes and shapes) and functional (surfaces chemistry and charges) properties can be

rapidly programmed, which can lead to ground-breaking breakthroughs in NP-based delivery

systems.

4.2. Gene Delivery

4.2.1. NP-based gene delivery
Gene therapy generally requires delivery vehicles that are capable of (i) carrying/protecting
genetic materials, e.g., DNA and siRNA, and (ii) target-specific delivery to desired tissues or

[106

subsets of cells.'"® Over the past decades, significant endeavors have been devoted to develop
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non-viral gene delivery vehicles as alternatives to their viral counterparts, whose applications are

restricted due to the potential safety issues and complex processes of preparing. Among the

[107] [108

existing non-viral gene delivery systems,!'’”! nanoparticle-based gene delivery vehicles!'” have

received extensive attention.

4.2.2. Molecular design of DNA-encapsulated SNPs (DNACSNPs)

Given the fact that the interior of SNPs is composed of a cationic Ad-PAMAM/CD-PEI hydrogel
network, it is conceivable that SNPs can encapsulate anionic plasmid DNA via electrostatic
interactions. This new type of gene delivery system can provide significant protection of the
encapsulated DNA from degradation in an extracellular context. Besides, the advantages of
supramolecular synthetic approach allow the incorporation of targeting ligands onto DNA-
encapsulated SNPs in order to have specific delivery to target cells. Therefore, we adopted our
supramolecular assembly approach to prepare a small library of DNA-encapsulated SNPs
(DNACSNPs and RGD-DNACSNPs) with controllable sizes and tunable surface coverage of a
targeting ligand, i.e., arginine-glycine-aspartic (RGD) peptide (Figure 4.1.). A two-step
preparation process has been developed to first generate both 100-nm and 300-nm DNACSNPs
from Ad-PAMAM, CD-PEI, Ad-PEG and DNA, followed by in situ RGD ligand exchange of
DNACSNPs to give six different RGD-DNACSNPs with ligand coverage of 1, 5 and 10 mol%
(based on Ad-PEG). Here, a plasmid DNA encoded with an enhanced green fluorescent protein

109
] was

(EGFP) driven by a CMV promoter was used as a reporter system, and the RGD ligand!
employed to recognize the o,B; integrin receptor on the membranes of certain types of tumor

cells (see Appendix for reference!®')).
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Figure 4.1. A two-step modular assembly approach for preparation of a small library of DNA-
encapsulated supramolecular nanoparticles (DNACSNPs and RGD-DNACSNPs) with controllable sizes
and tunable RGD ligand coverage.
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4.2.3. Size controllability of DNACSNPs

We first determined the DNA loading capacity to be used for preparation of DNACSNPs and
RGD-DNACSNPs. The DNA loading capacity of SNPs depends on the net cationic charges
embedded in the interior Ad-PAMAM/CD-PEI hydrogel network. We utilized both

91 and ethidium bromide exclusion assay''''! to measure the DNA

electrophoresis analysis
loading capacity of the Ad-PAMAM/CD-PEI hydrogel, resulting in the respective
nitrogen/phosphate (N/P) ratios of 2.6 and 5.0. The N/P ratio of 5.0 was chosen to ensure
complete DNA encapsulation in our studies. Next, DNACSNPs with 100 and 300 nm diameters
were prepared separately by slowly adding a PBS solution of CD-PEI (600 nM) into PBS
solution containing Ad-PAMAM (300 nM for 100-nm DNACSNPs and 600 nM for 300-nm
DNACSNPs), Ad-PEG (3 uM) and DNA (2.2 nM), followed by incubation at room temperature
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for 20 min. The DLS measurements indicated that the hydrodynamic sizes of the 100 and 300
nm DNACSNPs were 10614 and 312 +47 nm, respectively. Subsequently, the samples of each
size of DNACSNPs were split into four aliquots, and three of them were subjected to the in situ
ligand exchange by adding 30, 150 or 300 nM of Ad-PEG-RGD (Figure 4.1.). A collection of
RGD-DNACSNPs with different RGD coverage, namely 100-1%, 100-5%, 100-10%, 300-1%,
300-5% and 300-10%, were obtained accordingly. After in situ ligand exchange, the
hydrodynamic sizes of RGD-SNPs*DNA exhibited negligible changes (<5%). The morphologies
of DNACSNPs and RGD-DNACSNPs were then examined by using TEM. The TEM images
(Figure 4.2.) showed smaller sizes (62+8 for 100 nm DNACSNPs and 210 +24 nm for 300 nm
DNACSNPs), spherical shapes and narrow size distributions of DNACSNPs and RGD-

DNACSNPs.

100 200 300 400 500

Size / nm

0
0 100 200 300 400 500
Size/ nm

Figure 4.2. TEM images and histograms of 100 nm DNACSNPs (a and b, respectively) and 300 nm

DNACSNPs (c and d, respectively). Insets: the respective higher magnification TEM images. Scale bars:
100 nm

4.2.4. Gene delivery performance of DNACSNPs

We carried out an in vitro EGFP transfection study of a collection of DNACSNPs and RGD-
DNACSNPs along with the controls, i.e., DNA, DNA complexes of CD-PEI, CD-PEI/Ad-PEG
and RGD-jet-PEI in 8-well chamber slides containing two o3 high-expressed cells (i.e., U87
and scraping-collected 3T3 cells)!''? and two o,Bs low-expressed cells (i.e., MCF7 and 0.25%

).l For the purpose of comparison, an equal amount of EGFP-encoded

44
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plasmid DNA (100 ng) was added to individual cell culture chambers in the transfection study.
The resulting 48 individual EGFP transfection experiments were incubated at 37 °C (5% CO,)
for 24 h. After paraformaldehyde fixation and DAPI nuclear staining, a fluorescence microscope
was used to quantify the EGFP expression levels in individual cells. These levels were then used
to determine the transfection efficiency for each vehicle. The transfection study was repeated
three times, and the results of average transfection efficiency of gene delivery vehicles for
different cell lines were summarized in Figure 4.3.a.. First, DNA complexes based on each of
the molecular building blocks (CD-PEI and CD-PEI/Ad-PEG) gave very poor transfection
performance similar to free plasmid DNA, indicating that the formation of supramolecular
nanoparticles is crucial for achieving enhanced transfection efficiency. Second, 100-nm RGD-
DNACSNPs appeared to exhibit higher transfection efficiency than those of 300-nm analogues.
This observation is consistent with the results from the reported polymer-based gene delivery

[412. 1030 114] 31y which vehicles with 10-100 nm size range display better gene transfection

systems,
efficiency. Third, 100-5% RGD-DNACSNPs gave the highest transfection efficiency compared
to those observed for DNACSNPs and other targeted RGD-DNACSNPs. The reduced
transfection efficiency observed for 100-10% RGD-DNACSNPs can be attributed to the excess
amount of free RGD ligand in the culture medium, which compromised the targeted binding of
RGD-DNACSNPs as a result of a competition effect.!'"”! Overall, 100-5% RGD-DNACSNPs
demonstrated the best transfection efficiencies (57 £11% and 31 +8% for a,p; high-expressed
3T3 (Figure 4.3.b) and U&7, respectively). These results are comparable to those observed for
the commercially available RGD-jet-PEI (64 +15% and 38 +9% for a3 high expressed 3T3 and
U87, respectively), which is a well-known selective and efficient transfection reagent for

[116

integrin-expressing cell lines."'®! Fourth, in addition to high transfection efficiency, 100-5%
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RGD-DNACSNPs also exhibited outstanding delivery specificity to the a,f; high expressed
cells, U87 (31 £8%) and 3T3 (57 £11%), over the a,p; low expressed cells, MCF7 (21 +6%) and
trypsin-treated 3T3 (15 #4%). Four-fold difference in transfection efficiencies were observed for
100-5% RGD-DNACSNPs between a,f33 high expressed and o,3 low expressed 3T3 cells, while
only 1.2-fold difference was observed for RGD-jet-PEI. In contrast to non-target-specific
transfection performance of RGD-jet-PEIL, 100-5% RGD-DNACSNPs had higher transfection
efficiency for the U87 cell line with respect to the MCF7 cell line, which indicated good
transfection specificity of RGD-DNACSNPs for the a,f; high expressed cell lines. Moreover,
we tested the toxicity of DNACSNPs and RGD-DNACSNPs by using cell viability assay. The
cells transfected by DNACSNPs and RGD-DNACSNPs were compared with the cells cultured
in normal medium. There were no significant differences in viability (97 £2%), which suggested
that the toxicity of DNACSNPs and RGD-DNACSNPs is negligible for in vitro transfection

studies.

a)

Transfection efficiency / %

Figure 4.3. a) EGFP transfection efficiency of a collection of DNACSNPs and RGD-DNACSNPs along
with control delivery systems for two a,p; high-expressed cells (U87 and scraping-collected 3T3 cells )
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and two a,B; low-expressed cells (MCF7 and 0.25% trypsin-treated 3T3 cells ). The representative
fluorescence micrographs of 57 + 11% and 9 + 4% transfection efficiencies observed for b) 5 mol%
RGD-grafted 100 nm RGD-DNACSNPs (100-5%)-treated o,p; high-expressed 3T3 cells and ¢) 1 mol%
RGD-grafted 300 nm RGD-DNACSNPs (300-1%)-treated a,B; low-expressed 3T3 cells.

In conclusion, these results revealed that the size and target ligand coverage of RGD-
DNACSNPs played a critical role in the target-specific gene delivery. In conjunction with the

use of a miniaturized high throughput screening platform!''” (see Chapter 4.3) and molecular

3]

imaging technology,'*! we will dramatically accelerate the discovery processes of SNPs-based

gene delivery vehicles toward in vivo application.

4.3. Protein Delivery

4.3.1. NP-based protein delivery

118

Protein delivery!''® has been considered as the most straightforward strategy for modulatin
ry g gy g

cellular behavior without the safety concerns and expression performance issues associated with
gene deliver approaches. Two major challenges remain to be overcome in order to enable

practical applications in biology and medicine 1) how to foster cellular uptake of protein

9]

molecules and 2) how to retain their stabilities and functions"''” over the delivery process.
yp

Recently, attempts have been made to develop a variety of delivery vectors, including

liposomes,"*” polymer micelles,!"*!! and nanoparticle,”** '**!
p poly p

to enhance the uptake of protein
molecules in target cells, and at the same time, to stabilize the encapsulated proteins. Owing to

the time-consuming procedures employed in optimization of delivery materials, there has been

limited progress in the field to date in order to in search of better delivery systems. Alternatively,

recombinant technology!'*’! )

can be utilized to conjugate cell-penetrating peptides (CPPs
onto protein molecules, which is consider the most commonly used protein delivery system with

improved delivery efficiency. However, in this case, the major bottlenecks associated with the

47



complicated procedure of generating recombinant proteins and the lack of protection mechanism
against protein denature need to be solved.

Transcription factor (TF) is a protein responsible for regulating gene transcription in cellular
circuitry.'* In general, TFs contain one or more DNA-binding domains (DBDs), which
recognize matching DNA sequences adjacent to the genes they regulate. Apparently, highly
efficient delivery of TFs can provide a powerful technology for modulating cellular behavior.
One of the most important in vitro applications that required highly efficient TF delivery is
generation of human induced pluripotent stem cells (hiPSCs), which has recently been
demonstrated by introducing CPPs fused reprogramming TFs (i.e., OCT4, SOX2, KLF4, and c-
MYC)"* into human somatic cells. The resulting hiPSCs have the potential to revolutionize
regenerative medicine.!'>”) However, the high costs of the four reprogramming TFs in their
recombinant forms makes the approach unlikely to be used for large-scale hiPSCs generation
without further improvement in the delivery performance of the reprogramming proteins.
Therefore, it is crucial to develop a new type of vector capable of delivering intact (unmodified)

TFs in a highly efficient manner.

4.3.2. Molecular design of TF-DNACSNPs

Considering the unique role of TF, we attempted to explore the use of SNPs as a new type of
nanoscale vector for delivering intact (unmodified) TFs with an efficiency superior to that of
existing approaches (see Appendix for reference!'**). Our idea is to achieve the encapsulation of
a TF into cationic SNP vectors by introducing anionic characteristics to the TF. A DNA plasmid
with a matching recognition sequence specific to a TF can be employed to form an anionic
TF-DNA complex, which can be subsequently encapsulated into SNPs, resulting in TF

encapsulated SNPs (TF-DNACSNPs). In this proof-of-concept work, a mammalian orthogonal
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fusion TF, GAL4-VP16 was chosen to serve as a model TF. Since GAL4-VP16 is an artificial
transcription factor, there should be no background concentration in the mammalian cells
employed in the delivery studies. To facilitate the encapsulation of the model TF into the SNP
vectors, a DNA plasmid (i.e., pG5E4T-Fluc) that contains five tandem copies of GAL4-VP16
matching recognition sequences and a conjugated luciferase reporter was designed. The
incorporation of multivalent recognition sequences enhances dynamic binding between GAL4-
VP16 and pG5SE4T-Fluc, allowing improved encapsulation and dynamic releasing of the intact
TF. In addition, the conjugated luciferase reporter can be specifically activated by GAL4-VP16,
providing a real-time readout reflecting the activities of the TF after its intracellular delivery. As
shown in Figure 4.4., three types of molecular recognition mechanisms were employed to
facilitate the preparation of TF-DNACSNPs, including 1) specific binding between TF and
matching DNA plasmid for formation of an anionic TF-DNA complex, 2) the Ad/CD-based
molecular recognition for generation of SNP vectors with cationic hydrogel cores, and 3)

electrostatic interactions that facilitate encapsulation of anionic TF-DNA into SNPs.

GAL4-VP16/pG5E4T-Fluc
complex-encapsulated
supramolecular nanoparticles
(TF*DNAC SNPs)

© © 0.
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Transcription Factor (TF) .
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DQ  AdpE
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Figure 4.4. Schematic representation of self-assembly approach for the preparation of transcription
factor-incorporated supramolecular nanoparticles (TF:-DNACSNPs). Three types of molecular
recognition mechanisms, including i) specific binding between GAL4-VP16 (a mammalian-orthogonal
fusion TF) and pGS5E4T-Fluc vector (with five tandem copies of GAL4-VP16 matching recognition
sequences and a conjugated luciferase reporter) for formation of an anionic TF-DNA complex, ii) the
Ad/CD-based molecular recognition for generation of SNP vectors with cationic PEI/PAMAM hydrogel
cores, and iii) electrostatic interactions that facilitate incorporation of anionic TF - DNA into SNPs, were
harnessed for the self-assembly of TF:DNACSNPs by simply mixing TF+DNA with five functional
molecular building blocks: CD-PEI, Ad-PAMAM, Ad-PEG, Ad-PEG-RGD, and Ad-PEG-TAT.

4.3.3. Size controllability of TF-DNACSNPs

The preparation of TF-DNACSNPs can be accomplished by simply mixing TF-DNA complex
with other five functional building blocks (i.e., CD-PEI, Ad-PAMAM, Ad-PEG, Ad-PEG-RGD,
and Ad-PEG-TAT). Among the three ligand compounds, Ad-PEG plays a role of a
capping/solvation reagent that can not only confine continuous propagation of the TF-DNA-
encapsulated PEI/PAMAM hydrogel networks, but also impart desired water solubility,

structural stability, and passivation performance to the resulting TF-DNACSNPs. In addition,

Ad-PEG-RGD and Ad-PEG-TAT, which were incorporated onto the surfaces of TF-DNACSNPs

[61. 1291 enable delivery specificity (to recognize a certain

during the one-pot mixing process,
population of cells with o,fs-integrin receptors) and cell transfusion capability (to foster
internalization through membrane and releasing from endosome trapping), respectively, of
TF-DNACSNPs. The previous study revealed a set of optimal synthetic parameters!'*” that
produce DNA-encapsulated SNPs, which have good gene transfection performance.
Additionally, the results suggested that the presence of both 5% RGD and 9% TAT ligands is a

2l In this study, we took the advantage of these

crucial factor in the enhanced efficiency.!
optimal synthetic parameters for the preparation of TF-DNACSNPs.
Prior to the preparation of TF-DNACSNPs, GAL4-VP16 was incubated with a slight excess

amount of pG5E4T-Fluc (GAL4-VP16/pG5SE4T-Fluc=1: 0.35 n/n, each pG5E4T-Fluc contains
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five tandem copies of GAL4-VP16 recognition sequences thus might accommodate more than
one TF) for 30 min at 48 °C to generate TF-DNA. Subsequently, TF-DNACSNPs were prepared
by slowly adding CD-PEI (4.32 ug) in 1 pL PBS into a 19 pL of PBS solution containing
TF-DNA complex (200 ng GAL4-VP16 and 2 pg pG5E4T-Fluc), Ad-PEG (5.94 ng), Ad-PEG-
RGD (0.297 pg), Ad-PEG-TAT (0.535 pg), and Ad-PAMAM (0.528 ng). After a brief stirring,
the mixture was incubated at 48 °C for another 30 min. To determine hydrodynamic size of the
resulting TF-DNACSNPs, we performed DLS measurements (Figure 4.5.b), indicating a
uniform size of 50 +3 nm. In parallel, the morphology of TF-DNACSNPs was characterized by
TEM, suggesting homogeneous, narrow size distributed spherical nanoparticles with size of 40
+3 nm (Figure 4.5.a). Finally, the encapsulation rate of TF in TF-DNACSNPs was characterized
by quantifying the SNP-encapsulated TF. For the convenience of using a florescence
spectroscopy, Cy5-labeled GAL4-VP16 was prepared and employed. The result indicated that

more than 81 +12 % of the TFs were successfully encapsulated into SNPs.
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Figure 4.5. a) TEM image of TF:DNACSNPs. Scale bar: 80 nm. b) Histogram summarizes the
hydrodynamic size distribution obtained from DLS measurement.

4.3.4. Protein delivery performance of TF-DNACSNPs
To examine the delivery performance of TF-DNACSNPs, we perform the cell uptake studies

using by incubating TF-DNACSNPs (10 ng TF per well) with HeLa cells in a 96-well plate (10*
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cells per well). Again, GAL4-VP16 was labeled by Cy5 dye to allow quantitative monitoring of
the delivery performance of TF-DNACSNPs. Control experiments based on Cy5-labeled-TF
alone (TF), Cy5-labeled-TF-DNA complex, and Cy5-labeled-TF with TAT-conjugation (TAT-
TF) were carried out in parallel under the same experimental conditions. After incubation for
various periods (i.e., 0.5, 1, 2, 6, 12, and 24 h) and removal of non-uptake reagents in the media,
the delivery performances of individual studies were quantified by measuring their fluorescence
intensities in a plate reader. As shown in Figure 4.6.b, Cy5-labeled TF-DNACSNPs exhibited
dramatically enhanced delivery performance in contrast to those observed in the control studies.
It is noteworthy that the delivery efficiency of TF-DNACSNPs was approximately five times
greater than that of TAT-TF, which is commonly used as a standard method for TF delivery. The
time-dependent uptake studies (Figure 4.6.c) of TF-DNACSNPs revealed that accumulation of
the fluorescence signals increased with the incubation time and reached saturation at 12 h.
Fluorescence micrograph (Figure 4.6.c insert) indicated that localization of CyS5-labeled TF in
the cell nuclei, suggesting that the TF molecules were delivered to cell nuclei, where TF

functioned as a regulator by controlling the translation of specific gene(s).
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Figure 4.6. a) Quantification studies on the delivery performance of TF:DNACSNPs. b) Delivery
efficiency of Cy5-labeled TF - DNACSNPs, Cy5-labeled-TF alone (TF), Cy5-labeled-TF - DNA complex,
and Cy5-labeled-TF with TAT-conjugation (TAT-TF). c) Time-dependent uptake studies of
TF - DNACSNPs. Insert: Fluorescence micrographs of HeLa cells after incubating with TF - DNACSNPs
for 12 h. Cy5-labeled TF was localized in the cell nuclei, where TF functioned as a regulator to control
the translation of a specific gene.

To confirm that the GAL4-VP16 (TF) retained its activity after delivery, we quantified the
luciferase expression by measuring the bioluminescence intensity of TF-DNACSNPs treated
cells (Figure 4.7.). Again, the pG5E4T-Fluc (DNA) used in our study contains a luciferase
reporter that can be specifically activated by GAL4-VP16. Therefore, the activity of GALA4-
VP16 is reflected in the bioluminescence intensity of TF-DNACSNPs-treated cells as a result of
luciferase expression. After the incubation of HeLa cells with TF-DNACSNPs and the control
reagents (including SNP vector, TF-DNA, and DNACSNPs), the cells were lysed for
quantification of bioluminescence. After incubation with luciferin for 2 min, bioluminescence
intensities were recorded by both a plate reader (Figure 4.7.b) and a cooled charge-coupled
device (CCD) camera (Figure 4.7.c). Compared to the background-level bioluminescence
intensities observed from the control experiments, the signal from TF-DNACSNPs-treated cells
is significantly higher, suggesting that the GAL4-VP16 retains its activity to trigger the
luciferase expression after intracellular delivery. Moreover, the cell viability assays carried out at

different doses of TF-DNACSNPs indicated that the TF-DNACSNPs exhibit negligible toxicity.
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Figure 4.7. a) Bioluminescence study on TF - DNACSNPs-treated cells. The activity of GAL4-VP16 can
be reflected in the bioluminescence intensity as a result of luciferase expression. b) Dose-dependent
profile and c) bioluminescence imaging of TF:-DNACSNPs-treated cells along with the controlled
experiments based on TF - DNA complex and DNACSNPs. Error bars in (b) were obtained from three
independent experiments.

In conclusion, we believe such a TF delivery approach provides a powerful method for
manipulating cellular behaviors. A potential application is for generating hiPSCs, which required

the delivery of four reprogramming TFs. We note that, in conjunction with the use of a

[117a, 129

miniaturized highthroughput screening platform I (see Chapter 4.3.) and biological

assays,| ") to achieve hiPSCs generation in a highly efficient manner, it is feasible to optimize

the ratios of the four reprogramming TFs.

4.4. A Rapid Pathway Toward a Superb Gene Delivery System
4.4.1. Current challenges of NP-based delivery vectors

Gene delivery constitutes one of the most critical steps in gene manipulation and therapy."’'! By

mimicking the size and function of viral vectors, numerous non-viral gene delivery systems

[41a, 132]

based on biocompatible nanostructured materials; for example, inorganic

98a, 105a [133] [105b, 107b]

nanoparticles,’ I' carbon nanotubes,'* liposomes, cationic polymers and

dendrimers,!** have been developed to provide an alternative approach to the problems in viral
gene delivery. However, an emerging challenge of nanoparticle-based delivery reagents is their

low transfection performance.”'” To overcome this problem, researchers have attempted to

57a] [135

modulate”” the structural (sizes!'*”! and shapes) and functional (surfaces chemistry and charges)
properties of nanoparticles,”’ often requiring multiple optimization cycles to gradually improve
the performance of nanoparticle-based delivery reagents. Such procedures have proven to be

time intensive and have demonstrated limited diversity over the past decades. Alternatively, it is
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believed that exploration of a new developmental pathway capable of rapid and parallel
programming of a combinatorial library of NP-based delivery systems could lead to

revolutionary breakthroughs in NP-based delivery systems (see Appendix for reference! ).

4.4.2. Design of molecular building blocks
We developed a rapid developmental pathway (Figure 4.8.) that leverages the powers of (i) a
combinatorial synthetic approach (Figure 4.8.a) based on supramolecular assembly* '*”! and

(1172 1381 (Figure 4.8.b-e), toward the generation of a highly efficient

(i1) a digital microreactor
nanoparticle-based gene delivery system. Unlike the slow, multistep syntheses employed for
producing existing gene-delivery materials,'*'” our supramolecular method (Figure 4.8.a)
enables a convenient, flexible, and modular method™®"! for generating a combinatorial library of
DNACSNPs, in which a broad structural/functional diversity covering size variation, surface
chemistry, and DNA loading capacity was programmed into individual DNACSNPs by
systematically altering the mixing ratios of five functional molecular building blocks (2-6), DNA
plasmid (7a, enhanced green fluorescent protein (EGFP), and 7b, firefly luciferase (FLuc)). To
reduce human operational errors, accelerate handling procedures, enhance experimental fidelity,
and achieve economical use of reagents, a digital Dual-Core Microreactor (DCM, Figure 4.8.b-
e) was designed and implemented to allow automated sampling, dilution, metering, and mixing
of 2-7, resulting in a combinatorial library composed of 648 different DNACSNPs within 2.5 h.
The structural/functional diversity of the DNACSNPs library can be translated into diversity in
performance by conducting transfection studies of individual DNACSNPs in 96 well plates
containing mouse fibroblast cells. A small group of DNACSNPs that facilitates high levels of

delivery performance was identified. We then carried out comprehensive characterizations on

these DNACSNPs revealing that improved transfection performance can be attributed to the
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defined size, surface chemistry, zeta potential, uniformity, and dynamic stability. Compared to
the leading gene transfection reagents, such as lipofectamine 2000 and RGD-jet-PEI, the
identified 40-nm TAT/RGD-DNACSNPs (1) with defined surface chemistry exhibited
significantly improved gene transfection efficiency and low toxicity in a number of cancer cell

lines and fibroblast cells.
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Figure 4.8. a) Graphical schematic representations of the self-assembly approach for producing a
combinatorial library of DNA encapsulated supramolecular nanoparticles (DNACSNPs), in which a
broad structural/functional diversity can be programmed into individual DNACSNPs (1) by
systematically altering the mixing ratios of the five functional molecular building blocks, i.e., CD-PEI (2),
Ad-PAMAM@3), Ad-PEG (4), Ad-PEG-RGD (5), and Ad-PEG-TAT (6), as well as DNA plasmid ((7a)
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enhanced green fluorescent protein (EGFP) and (7b) firefly luciferase (FLuc)). b) Graphical illustration of
a digital Dual-Core Microreactor (DCM). The device settings are composed of a central integrated mixer
(CIM), an auxiliary integrated mixer (AIM), and degas modules bridges. The operation of the circuit was
computer controlled using color-coded pressure-driven valves: red, positive pressure, off/on; yellow,
peristaltic pumping; green, vacuum. Eight slugs containing eight different formulated DNA-encapsulated
DNACSNPs were generated in parallel and transferred to a 96-well plate through PTFE tubes. The gene
transfection performance for each combination was evaluated by a plate reader. ¢) The picture of the
whole set of actual instrument. d) and e) show optical images of the CIM and AIM, respectively. The
various channels were loaded with dyes to visualize the different components.

4.4.3. Formulating a combinatorial library of DNACSNPs in Dual-Core Microreactor
(DCM)

By systematically altering the mixing ratios among the five molecular building blocks (i.e., CD-
PEI (2), Ad-PAMAM (3), Ad-PEG (4), Ad-PEG-RGD (5), and Ad-PEG-TAT (6)) and DNA (7),
distinct structural/functional properties (i.e., sizes and surface chemistry) can be programmed
into individual DNACSNPs in the combinatorial library. It is important to point out that, in
contrast to the lipid-like gene delivery system where the diversity was built upon the binary
combination of a plethora of molecular precursors,[41b’ P91 the diversity of our DNACSNPs
library was generated by ratiometric combination of only the five molecular building blocks and
DNA loading. It is feasible to manually prepare the DNACSNPs library by pipetting and mixing
individual molecular building blocks and DNA plasmid at different ratios, while potential
operation errors, slow handling speed, and a significant amount of sample consumption might
compromise the throughput, fidelity, and efficiency of the study. Digital microfluidic reactors''*"
are promising platforms to overcome these challenges. In our case, an oil-free, digital DCM
(Figure 4.8.b-e) composed of (i) a central integrated mixer (CIM) and (ii) an auxiliary integrated
mixer (AIM), was designed and implemented to systematically program the structural/functional
diversity into the DNACSNPs libraries. As illustrated in Figure 4.8.b, there are eight parallel
microchannels in CIM, capable of parallel generation of eight slugs with different mixing ratios

of 2-7. Each microchannel was partitioned by hydraulic-actuated microvalves into nine confined
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plug regions, which were assigned for precise metering of five molecular building blocks (2-6), a
DNA plasmid, (7a, EGFP or 7b, FLuc) and phosphate buffered saline (PBS). AIM incorporates a
pair of fractionally partitioned microchannels, capable of synchronized supply of functional
ligands (5 and 6) at different concentrations. CIM and AIM were coupled together by a pair of
degas that remove gas through liquid transferring processes. By using the digital DCM, the
automated preparation of DNACSNPs library was achieved by systematically modulating the
mixing ratios of CD-PEI (2), Ad-PEG-RGD (5), and Ad-PEG-TAT (6), against fixed amounts of
Ad-PAMAM (3), Ad-PEG (4), and plasmid DNA (7). In CIM, constant concentrations of 3 (3.0
uM), 4 (60.0 uM), and 7 (100 ng/uL) were assigned to fill into plug regions (ca. 20 nL per
region). To adjust the quantities of CD-PEI (2), the eight uneven partitioned plug regions on the
west side of CIM were utilized to accommodate different volumes of 2 (4.0 uM, 10-80 nL). The
concentration modulation of the two functional ligands (5 and 6) was accomplished in AIM,
where each fractionally partitioned microchannel is responsible for ratiometric mixing of the
respective ligand (5, 0-9.6 uM; 6, 0-12.0 uM) with PBS. In each operation cycle, CIM generate
eight 200-nL slugs containing different precursor mixtures, which were introduced into 96-well
plates by nitrogen through eight poly(tetrafluoroethylene) (PTFE) tubes attached at the east side
of CIM. To produce sufficient quantity of DNACSNPs for subsequent transfection studies, 50
cycles were performed continuously in CIM within 90 s, affording eight different DNACSNPs
solutions (ca. 10 pL each, 100 ng DNA). The resulting DNACSNPs libraries were incubated in
the 96-well plates for 20 min at room temperature prior to transferring to the 96-well plates
containing NIH 3T3 cells (ca. 8000 cells/well) for transfection studies in parallel. The gene
transfection efficiency was evaluated by a plate reader after culturing the cells at 37 °C (5% CO)

for 24 h.
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In proof-of-concept trials a CMV promoter-driven EGFP-encoded plasmid DNA was
encapsulated into the DNACSNPs. Before a full-scale screening with three variables (i.e., CD-
PEI (2), Ad-PEG-RGD (5), and Ad-PEG-TAT (6)), simplified studies on two pairs of variables
(i.e., CD-PEI (2) vs. Ad-PEG-RGD (5) and CD-PEI (2) vs. Ad-PEG-TAT (6)) were conducted in
search of the optimal transfection performance of RGD-DNACSNPs and TAT-DNACSNPs,
respectively. The transfection outcomes (96 data points in each case) were fitted into two 3-
dimensional (3D) profiles (Figure 4.9.a and b). The full-scale screening was accomplished by
systematically programming the three variables, including eight different concentrations for CD-
PEI (2), nine for Ad-PEG-RGD (5), and nine for Ad-PEG-TAT (6). Using the digital DCM, a
combinatory library composed of 648 different DNACSNPs was generated within 2.5 h to fill up
seven 96-well plates. To ensure the operation fidelity, all the experiments were conducted in
triplicate. A 4D gene expression plot shown in Figure 4.9.c was employed to summarize the
results from the full-scale screening of the combinatorial library. The results reveal that the
optimal transfection performance of DNACSNPs was achieved at CD-PEI (2) concentration of
0.6-0.8 uM, Ad-PEG-RGD (5) of 0.24-0.48 uM, and Ad-PEG-TAT (6) of 0.4-0.8 uM. We also
note the transfection performance of the TAT/RGD-DNACSNPs (1a) is significantly improved
compared with those observed for RGD-DNACSNPs and TAT-DNACSNPs. To validate the
general applicability of this developmental pathway, we performed a relatively smaller screening
to identify DNACSNPs capable of highly efficient delivery of FLuc-encoded plasmid DNA. We
manipulated three variables (5 x 5 X 5 concentrations) resulting in a combinatorial library of 125
different TAT/RGD-DNACSNPs (1b). All four sets of screening studies show that the
TAT/RGD-DNACSNPs (1) composed of CD-PEI (2, 0.7 £0.1 uM), Ad-PEG-RGD (5, 0.28
+0.04 uM), and Ad-PEG-TAT (6, 0.60 =0.20 pM) exhibit the best transfection performance.
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Figure 4.9. a) A 3D profile of gene transfection performance of RGD-DNACSNPs (EGFP) with variation
of CD-PEI (2) and RGD coverage (96 data points). b) A 3D profile of gene transfection performance of
TAT-DNACSNPs (EGFP) with variation of CD-PEI (2) and TAT coverage (96 data points). ¢c) A 4D
profile of gene transfection performance of TAT/RGD-DNACSNPs (EGFP) with variation of CD-PEI
(2), TAT and RGD coverages (648 data points). The XY, YZ, and XZ plates across the best performance
were simplified and denoted 2D contour images. d) A 4D profile of gene transfection performance of
TAT/RGD-DNACSNPs (FLuc) with variation of CD-PEI (2), TAT, and RGD coverages (125 data
points). The XY, YZ, and XZ plates across the best performance were simplified and denoted 2D contour
images.

4.4.4. Characterization and Stability of TAT/RGD-DNACSNPs
In order to understand how the identified synthetic variables contribute to the optimal
transfection performance, we scaled up the production of TAT/RGD-DNACSNPs (1a) under

three sets of synthetic variables for characterization at three CD-PEI (2) concentrations (0.6, 0.8,
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and 1.2 uM) while keeping concentrations of Ad-PEG-RGD (0.28 uM) and Ad-PEG-TAT (0.6
uM) constant. We realize that CD-PEI (2) concentration affects the cross-linking degrees of the
CD-PEI/Ad-PAMAM hydrogel cores in TAT/RGD-DNACSNPs (1), leading to the size
variation. Both TEM (Figure 4.10.a) and scanning electron microscopy (SEM, Figure 4.10.b)
were employed to examine the morphology and sizes of the resulting TAT/RGD-DNACSNPs
(1). Three distinct sizes of 42 +4, 86 +£9, and 160 £13 nm were observed for those produced at
CD-PEI (2) concentrations of 0.6, 0.8, and 1.2 uM, respectively. Interestingly, we also noticed
that the size distributions of the DCM-produced DNACSNPs are much narrower than those
prepared manually, and these results were confirmed by DLS measurements (Figure 4.10.c). We
attribute the greater control upon DNACSNPs size distribution to the precision and
reproducibility of the sampling, metering, and mixing processes in the digital DCM. In addition,
no significant size variations were observed by introducing different concentrations ranging from
0 to 1.2 uM of ligands (5 and/or 6). We also characterized the surface potentials of these
TAT/RGD-DNACSNPs (Figure 4.10.d), which are at a range of 3.7 0.2 to 6.8 £0.3 mV. In
addition, the actual surface coverages of Ad-PEG-RGD (5) and Ad-PEG-TAT (6) were
estimated by measuring absorption intensity of a FITC-labeled analogue (i.e., Ad-PEG-FITC)'"]
on the DNACSNPs prepared by the respective synthetic parameters. The results indicated that
0.28 and 0.60 uM of Ad-PEG-RGD (5) and Ad-PEG-TAT (6) reflect 5 and 9% of surface
coverage on the resulting DNACSNPs, respectively. In short, TAT/RGD-DNACSNPs (1) with
sizes of 40 and 80 nm, as well as 5% Ad-PEG-RGD (5) and 9% Ad-PEG-TAT (6) coverages

exhibited optimal cell transfection performance.
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Figure 4.10. a) and b) TEM and SEM images of the resulting TAT/RGD-DNACSNPs with different
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Finally, to understand the dynamic stability of 40- and 80-nm TAT/RGD-DNACSNPs (1) we
employed real-time DLS measurements to monitor their size variation (i) at different pH values
(pH 3.8-9.2) and temperatures (25, 37, and 60 °C), (ii) in the presence of 10% serum, and (iii) at
different storage times in the presence of physiological salt concentrations (Figure 4.11.a-f). The
stability of the TAT/RGD-DNACSNPs (1) can be attributed to the multivalent CD/Ad
recognition and electrostatic interactions between Ad-PAMAM/CD-PEI hydrogel and DNA. To
study the role of Ad-PEG (4) for dynamic stability of DNACSNPs, we monitored the size
variation of DNACSNPs (Figure 4.11.e and f) by removing the excess amount of Ad-PEG (4)
in the mixture through membrane dialysis (MWCO 10kD) under pH 5.5 and 7.2. It was found
that the 40- and 80-nm TAT/RGD-DNACSNPs (1) were disassembled gradually within 6 h at

both pH conditions. However, the TAT/RGD-DNACSNPs (1) exhibited faster disassembly
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behavior at pH 5.5 (<2 h) than at pH 7.2, which allows the TAT/RGD-DNACSNPs (1)

efficiently degraded inside the endosomes and released the DNA intracelluarly.!'*"
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Figure 4.11. Stability studies of 40- and 80-nm DNACSNPs under different conditions: a) pH-dependent
size variations of DNACSNPs in the respective buffer solutions with pH values ranging from 3.8 to 9.2.
b) Temperature-dependent size variation of DNACSNPs in PBS buffer (pH = 7.2) with different
temperatures at 25, 37, and 60 °C. c¢) Size variations of DNACSNPs in presence and absence of 10%
serum containing PBS buffer after 4 h incubation. (d) Time-dependent size variation of DNACSNPs from
0—48 h in PBS. e) and f) Time-dependent dynamic stability of DNACSNPs under dialysis at pH 5.5 and
7.2, respectively. Error bars are obtained from three measurements.

4.4.5. Gene delivery performance of TAT/RGD-DNACSNPs

To compare the transfection performance of the optimal 40-nm TAT/RGD-DNACSNPs (1) with
the leading transfection reagents (i.e., RGD-jet-PEI and lipofectamine 2000), we carried out the
dose-dependent gene transfection studies in 24-well plates with encapsulated-DNA (50 and 1000
ng per well) by using a collection of cells, including NIH 3T3 (mouse fibroblast cell line), HeLa
(human cervix epithelial carcinoma cell line), A549 (human lung cancer cell line), U87 (human

glioblastoma cell line), MCF7 (human breast adenocarcinoma cell line), PC3 (human prostate
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cancer cell line), and IMR-90 (human fibroblast cell line). The gene transfection studies results
(Figure 4.12.a and b) indicate the 40-nm TAT/RGD-DNACSNPs (1) exhibit significant
improved transfection performance compared to those observed for RGD-jet-PEI and
lipofectamine 2000 across the different cancer and fibroblast cell lines at high dosage of DNA
(1000 ng DNA per well). Higher than 70% transfection efficiencies were observed across various
cancer cell lines we tested, even for the PC3 cell line, which is difficult to be transfected by those
two commercial reagents. IMR-90, one of the hard-to-transfect human fibroblast cell lines, was
tested and the transfection efficiency of DNACSNPs toward IMR-90 cells reached to 17 +7%,
which can be visualized by the fluorescence micrographs (Figure 4.12.c). The transfection
efficiency of 40-nm TAT/RGD-DNACSNPs (1) for IMR-90 cells is 11-fold and 5-fold higher
than that of RGD-jet-PEI and lipofectamine 2000, respectively. It is important to note that 40-nm
TAT/RGD-DNACSNPs (1) still achieved high transfection efficiency at low dosage of DNA (50
ng per well), indicating the outstanding gene delivery ability of DNACSNPs. Moreover, the cell
viability assay results indicate that the 40-nm TAT/ RGD-DNACSNPs (1) exhibit negligible
cytotoxicity. More than 96 £3% of DNACSNPs-transfected cells showed normal viability even
in the presence of high dosage of reagent (1000 ng DNA per well). In contrast, at a high DNA
dose, more than 34% and 22% NIH 3T3 cells died after treatment by RGD-jet-PEI and

lipofectamine 2000 for 48 h, respectively (Figure 4.12.d).
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Figure 4.12. a and b) Transfection efficiencies of the optimal 40-nm TAT/RGD-DNACSNPs at high
(1000 ng DNA per well) and low (50 ng DNA per well) DNA dosage along with control delivery reagents
(lipofectamine 2000 and RGD-jet-PEI) for a collection of cell lines, including NIH 3T3 (mouse fibroblast
cell line), HeLa (human cervix epithelial carcinoma cell line), A549 (human lung cancer cell line), U87
(human glioblastoma cell line), MCF7 (human breast adenocarcinoma cell line), PC3 (human prostate
cancer cell line), and IMR-90 (human fibroblast cell line) in 24-well plates. c¢) The representative
fluorescence micrographs of IMR-90 cells transfected by 40-nm TAT/RGD-DNACSNPs at high dosage
of DNA (1000 ng DNA/well). d) Cytotoxicity of RGD-jet-PEI, lipofectamine 2000 and 40-nm
TAT/RGD-DNACSNPs at high and low dosage of DNA transfected NIH 3T3 cells determined by cell
viability assay after 48 h of transfection.

In conclusion, we have demonstrated a rapid developmental pathway toward generation of a
highly efficient gene delivery system by leveraging the powers of a supramolecular synthetic
approach and a custom designed digital microreactor. This pathway can be adopted for the
development of nanoparticle-based vectors capable of delivering a variety of loads, such as gene,
drugs, and proteins. Moreover, the approach can be adopted for generating SNPs-based co-
delivery vectors for simultaneous delivery of a wide range loads and their combinations in

immunotherapy and stem cell reprogramming.
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Chapter S. DRUG DELIVERY

5.1. Doxorubicin-Encapsulated Supramolecular Nanoparticles (DoxCSNPs)

5.1.1. Introduction
Nanoparticles (NPs) have been regarded as promising non-viral vectors, capable of delivering

various payloads (e.g., genes, proteins and drugs) to sub-populations of cells with great

efficiency and specificity, thus creating new opportunities in crucial biomedical applications,'**

[143

including diagnostics and therapeutics.!'*! Therefore, significant endeavors have been devoted to

exploit the use of NPs for delivery of anti-cancer drugs with the expectation of achieving

[144

targeted delivery and reducing systemic toxicity.'*! Over the past decades, a diversity of

synthetic and formulation approaches have been established to introduce anti-cancer drugs onto
or into various NP vectors, resulting in new-generation cancer therapeutics that exhibit
dramatically improved treatment outcomes. For example, one approach has been demonstrated to
improve therapeutic outcomes by covalently conjugating hydrophobic anti-cancer drugs to

water-soluble polymers, via degradable linkers, and these polymer-drug conjugates can then self-

[145

organize to form NP vectors for improved water-solubility, bioavailability,'*! and for longer

circulation times in the body. However, the polymer-drug conjugation approach is limited by its
inefficient drug release mechanism, which requires complete cleavage of the drug-polymer
bonds;!"*! thus, non-covalent approaches to incorporate drugs into NP vectors have been

established in order to overcome this limitation. Such non-covalent approaches possess

147]

advantages of dynamic release of active drugs''*”’and enhanced drug loading capacities, which

[148

have been exploited in copolymer micelles for rapid controlled release of drugs''**! and higher

drug loading capacity.!'*"’
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Along the idea of non-covalent formulation approaches, we have previously demonstrated a
convenient, flexible, and modular self-assembly approach for the preparation of supramolecular
nanoparticle (SNP) vectors from a small collection of molecular building blocks through a
multivalent molecular recognition based on adamantane (Ad) and B-cyclodextrin (CD) motifs
(see Chapter 2.1.).1"°") In order to further expand the utility of SNP vectors for delivery of an
active anti-cancer drug (i.e., doxorubicin, Dox), we test the feasibility of producing Dox-
encapsulated SNPs (DoxCSNPs) through self-assembly of SNP molecular building blocks in the
presence of free Dox molecules. It is well-known that Dox is an intrinsically fluorescent
compound whose photophysical properties are highly susceptible to its surrounding
environment.!"”" We envision that the cores of SNP vectors offer a unique nano-environment
that could induce self-organization of encapsulated Dox molecules, leading to their fluorescence
quenching. According to this molecular design, Dox can serve as both a chemotherapeutic agent

and a reporter system for monitoring drug delivery kinetics of DoxCSNPs. Given the dual roles

of Dox molecule; DoxCSNPs can be regarded as new type of theranostics for cancer treatment.

5.1.2. Molecular design of DoxCSNPs

In this chapter, we introduce a unique theranostic system, DoxCSNPs prepared by ratiometric
mixing (Figure 5.1.) of free Dox molecules with three SNP building blocks, including Ad-
grafted polyamidoamine dendrimer (Ad-PAMAM), B-CD-grafted branched polyethylenimine
(CD-PEI) and Ad-functionalized polyethylene glycol (Ad-PEG). Two dimensions of
supramolecular mechanisms are responsible for the formation of DoxCSNPs. The first
dimension has to deal with the self-assembly of Ad-PAMAM, CD-PEI and Ad-PEG that
generates size-controllable SNP vectors with intraparticular cationic hydrogel networks.

Consequently, such hydrogel networks constitute a unique nano-environment that induces the
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second level of self-organization of Dox molecules driven by their intermolecular n—r stacking
interactions. As a result, the fluorescent signal of encapsulated Dox molecules is quenched
remarkably. Upon internalization of DoxCSNPs into cells, the dynamic disassembly'®!! of
DoxCSNPs leads to release of encapsulated Dox molecules, restoring their fluorescent signals.
Such an environmentally sensitive fluorescent property of Dox molecule constitutes a reporter
system that enables monitoring the dynamic Dox release behavior from DoxCSNPs. We
therefore adopted fluorescent microscopy, in conjunction with single-cell image cytometry

[152

technique,''** to study Dox delivery kinetics of DoxCSNPs in U87 glioblastoma cells. The

results were compared with those observed for free Dox and DoxCSNPs grafted with arginine-
glycine-aspartic (RGD) ligand (RGD-DoxCSNPs).

Molecular Building Blocks
eg

%
.

\ Ad-PAMAM

0%

Ad-PEG Self-

DoxCSNPs RGD-DoxCSNPs

CD-PEI Assembly Ad-PEG-RGD ==
+ e —_
Doxorubicin (Dox) Ligand

Exchange

Figure 5.1. Schematic representation of a self-assembled approach utilized for preparing doxorubicin
(Dox)-encapsulated supramolecular nanoparticles, DoxCSNPs from three molecular building blocks (i.e.,
Ad-PAMAM, CD-PEI and Ad-PEG) in the presence of free Dox molecule. Through the dynamic
exchange of a targeting ligand (i.e., Ad-PEG-RGD), RGD-grafted DoxCSNPs, RGD-DoxCSNPs capable
of targeted delivery were obtained.

5.1.3. Characterization of DoxCSNPs
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80-nm DoxCSNPs are prepared by adding 10-uL. DMSO solution of Ad-PAMAM (0.22 mg) into
a 500-uL. DMSO/PBS mixture (1:50, v/v) containing Dox (0.16 mg), Ad-PEG (6 mg) and CD-
PEI (4 mg). The mixture was kept at 70 °C for 30 min, followed by annealing at room
temperature for 2 h, affording 80-nm DoxCSNPs as a dark purple solution. The encapsulation
efficiency (95%) of the resultant 80-nm DoxCSNPs was determined by quantifying free Dox
molecules (collected via filtration through Amicon ultra-centrifugal filter) in the solution.
Similarly, the Dox loading capacity can be calculated as ca. 2% (Dox:SNPs, w/w). Both
transmission electron microscopy (TEM) (Figure 5.2.a and b) and dynamic light scattering
(DLS) (Figure 5.2.c) were employed to measure the size and to characterize morphologies of the
resulting DoxCSNPs. TEM images reveal that DoxCSNPs exhibit a spherical shape and uniform
size distribution, consistent with results obtained from DLS measurements. Under a less stringent
staining condition applied for TEM sample preparation, the TEM image of bundle-like Dox
structures inside of SNPs can be visualized as shown in Figure 5.2.b. The photophysical
properties of DoxCSNPs were studied by UV-Visible and fluorescence spectroscopies. As
illustrated in Figure 5.2.d, the presence of a bathochromic shift in the absorption peak of

DoxCSNPs (575 nm) compared to free Dox (490 nm) indicates the n—n stacking interaction!'>’!

of encapsulated Dox molecules. The fluorescence intensity of DoxCSNPs is lowered by a factor
of 14 when compared to free Dox with the same concentration (Figure 5.2.e), strongly
suggesting that Dox molecules are self-organized inside SNP vectors and resulted in their

>4 This quenching phenomenon can be restored upon release the free

fluorescence quenching.
Dox from the SNP vectors. Together, this environmentally sensitive fluorescent property of Dox

can be exploited for visualization and quantitation of drug release kinetics inside of cells.
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Figure 5.2. a) TEM image reveals that DoxCSNPs exhibit uniform sizes of ca. 80 nm. b) Under less
stringent staining condition, TEM image of buddle-like structures were observed inside the intraparticular
spaces of DoxCSNPs. c¢) DLS data of the resultant DoxCSNPs. d) UV—Vis spectra of both free Dox and
DoxCSNPs. A red shift was observed for the absorption peak of DoxCSNPs (575 nm) in contrast to that
observed for free Dox (490 nm). Concentrations of Dox in both cases were normalized to 0.4mg/mL in
water. Inset photographs show the aqueous solutions containing free Dox and DoxCSNPs. e)
Fluorescence spectra of free Dox and DoxCSNPs. Dramatically quenched fluorescence were observed (
A ex.=490 nm, A em. =560 and 595 nm for Dox and DoxCSNPs, respectively). Inset: photographs show
the free Dox and DoxCSNPs solutions under irradiation of UV light (365 nm).

5.1.4. Target specificity and drug delivery kinetics of DoxCSNPs

RGD targeting ligand was incorporated, via dynamic exchange, ! onto DoxCSNPs yielding
RGD-DoxCSNPs, which can specifically target the a,f3 integrin on U87 cells.'*! Sequential
microscopic imaging was employed to study how the RDG targeting ligand affects Dox delivery
performance in a 24-well plate containing U87 cells (10° cells/well) between RGD-DoxCSNPs
and DoxCSNPs. Here, free Dox system was used as a control. The first set of data was acquired
at 15 min post treatment; the differences of Dox fluorescent signals for the three groups can be
visualized with fluorescent microscopy (Figure 5.3.a-c). The most intense Dox fluorescence was

observed in the cells treated with RGD-DoxCSNPs (Figure 5.3.c). We employed fluorescent
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microscopy together with single-cell image cytometry to quantify the Dox fluorescence intensity
in single cell. Dox fluorescence intensity histograms of the three systems were plotted and
summarized in Figure 5.3.d. The Dox fluorescence intensity of RGD-DoxCSNPs is 1.8 and 6.0
times higher than that of DoxCSNPs and free Dox, respectively. The results show that an
incubation time of 15 min is sufficient to distinguish differential Dox delivery outcomes for
RGD-DoxCSNPs and DoxCSNPs. We attribute the enhanced targeted delivery kinetics of
RGD-DoxCSNPs to the RGD targeting ligand, which expedited the binding of
RGD-DoxCSNPs to U87 cells in a short period of time compared to the DoxCSNPs control. In
our experiments, we continuously monitored the Dox fluorescence intensity inside individual
cells at various time points in order to study the different drug delivery kinetics for free Dox,

DoxCSNPs and RGD-DoxCSNPs.
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Figure 5.3. Fluorescent microscopy was employed to quantify differential Dox fluorescent signal in U87
cells. Each group received 15-min treatment of a) free Dox, b) DoxCSNPs, or ¢) RGD-DoxCSNPs. Cells
were fixed in 4% paraformaldehyde and treated with DAPI for nuclei staining. Red: Dox. Blue: DAPI.
Scale bars = 50 um. d) Image cytometry technique was utilized to quantify single-cell fluorescence
intensity that reflects differential Dox fluorescent signal in the treated cells. The resulting histograms
suggest that RGD-DoxCSNPs exhibit the best delivery performance. Each histogram was generated from
more than 1000 individual cells.

72



In Figure 5.4.a, we present time-lapse three serial histograms quantifying Dox fluorescence
for single cells at four different incubation time points (i.e., 1 min, 15 min, 1 h and 5 h). After
incubation for 1 min, all cells in the three groups had low signal intensity near background. By
the 15 min time point, cells treated with RGD-DoxCSNPs show higher Dox fluorescent signal
than cells treated with DoxCSNPs or free Dox. However, at 1 h incubation time point, both SNP
groups show similar Dox fluorescent signal. We then assess the relative delivery outcomes for
the three groups, shown in Figure 5.4.b, by normalizing the average Dox fluorescent signal of
each group to the average Dox fluorescent signal of RGD-DoxCSNPs at the 5 h time point in
Figure 5.4.a. Again, we note that cells treated with RGD-DoxCSNPs showed increased Dox
fluorescent signal after 15 min incubation and their Dox fluorescent signal intensities were 20%
higher than the cells treated with DoxCSNPs, indicating that the Dox delivery kinetic profile of
RGD-DoxCSNPs is faster than both controls. These types of differential Dox delivery kinetics
can be distinguished with our theranostic delivery system. However, after 1 h incubation, the
Dox fluorescent signal for RGD-DoxCSNPs and DoxCSNPs plateaued to a statistically similar
amount of released Dox for both groups, thus indicating that longer incubation times overcome
the kinetic advantages of using a targeting ligand. In contrast, there was significantly lower Dox
fluorescent signal for the free Dox group. Although, as expected, the Dox uptake of free Dox
group did slightly increase with longer incubation times. The evaluation of in vitro therapeutic
efficacy of free Dox, DoxCSNPs and RGD-DoxCSNPs was assessed by MTT assay after 48 h
incubation. The result in Figure 5.4.c shows that both DoxCSNPs and RGD-DoxCSNPs
outperform free Dox; however, there are negligible differences between DoxCSNPs and
RGD-DoxCSNPs, likely due to utilizing a long treatment time, which is consistent with what

observed from Figure 5.4.a and b.
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Figure 5.4. a) Dox fluorescent signal histograms observed for U87 cells treated with free Dox,
DoxCSNPs and RGD-DoxCSNPs at various post-administration time points of 1 min, 15 min, 1 h and 5
h. Each histogram was generated from quantitative fluorescence image cytometry of more than 1000
cells. b) Average Dox signal intensity of each group is derived from histograms shown in a). By
normalizing the average signal intensity for each group to the RGD-DoxCSNPs signal intensity at the 5 h
time point, relative Dox delivery performance for each group at different time points can be generated. c)

Viability of U87 cells treated with free Dox, DoxCSNPs or RGD-DoxCSNPs. The MTT assay was
conducted at 48 h post treatments.

5.1.5. Conclusion

In conclusion, we demonstrate a unique drug delivery system, DoxCSNPs that utilized self-
assembled synthetic strategy to incorporate an active anti-cancer drug, i.e., Dox, into SNPs via
non-covalent drug encapsulation. In our molecular design, Dox can serve as both a therapeutic
agent and a fluorescent reporter system. Together with fluorescent microscopy and single-cell
image cytometry, the Dox delivery kinetics of DoxCSNPs can be monitored and studied in vitro.
We foresee this promising theranostic system can be utilized in vivo to generate drug delivery
kinetic profiles as a preclinical tool that can direct future optimization strategies toward ideal

therapeutic efficacy.
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Chapter 6. COMPANION DELIVERY (THERANOSTICS)

6.1. Introduction

(412, 1022, 136 for controlled delivery

Nanoparticles (NPs) have been regarded as promising vectors
of anti-cancer drug(s) to tumors, providing a powerful therapeutic strategy with enhanced anti-
tumor efficacy and reduced systemic side effects.!” However, there are only a few successful

[1022. 138 that have reached clinical usage over the past decades due to several major

examples
challenges encountered in the development of drug(s)-encapsulated nanoparticles,
drug(s)CNPs."™ These challenges include the following: (1) the commonly-used multistep
synthetic approaches are cumbersome and incapable of controlling the sizes, charges and surface
chemistry of drug(s)CNPs that affect their pharmacokinetic (PK) and pharmacodynamic (PD)

U1 and therapeutic efficacies;!'®"! (2) lack of companion reporter systems for

properties
quantitatively measuring PK/PD characteristics and detecting therapeutic efficacy of
drug(s)CNPs in the tissues after administration; and (3) it is difficult to establish how the
structural-property relationship that concludes how drug(s)CNPs’ sizes and surface affect their

162

PK/PD characteristics and therapeutic efficacy.!'® As a result, crucial feedback information

about synthetic optimization of the NPs has been missing. Therefore, there is a need to develop a
new kind of drug(s)CNPs with companion reporter systems that can be employed to evaluate
PK/PD properties of drug(s)CNPs at cellular, tumor and whole body levels. The resulting PK/PD
data will be correlated with the therapeutic efficacy of a variety of drug(s)CNPs, providing

crucial feedback information for guiding synthetic optimization of drug(s)CNPs.
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6.2. Camptothecin-Encapsulated SNPs with Built-in Companion Diagnostic Utilities

6.2.1. Current challenges for searching optimal therapeutics
There have been two main challenges in developing optimized NP-based drug delivery systems:
(1) the existing synthetic approaches are cumbersome and incapable of achieving precise control

of their structural properties, which will affect their biodistribution and therapeutic efficacies,!'®"

') and (i) lack of an early checkpoint to quickly predict which drug(s)-incorporated NPs exhibit

optimal therapeutic outcomes. Therefore, there is a need to develop a novel approach to quickly

screen NP-based cancer therapeutic agents with optimal therapeutic efficacy in clinic.

6.2.2. Molecular design of CPT-PGA encapsulated SNPs (CPT-PGACSNPs)
We utilize a new rational developmental approach to rapidly screen NP-based cancer therapeutic
agents containing a built-in companion diagnostic utility for optimal therapeutic efficacy (see

1164y The approach leverages the advantages of a self-assembly synthetic

Appendix for reference
method for preparation of supramolecular nanoparticles (SNPs), and a positron emission
tomography (PET) imaging-based biodistribution study to quickly evaluate the accumulation of
SNPs at a tumor site in vivo. The self-assembly synthetic method enables a convenient, flexible
and modular production of a small collection of drug-incorporated NPs with precisely controlled
sizes ranging from 37 to 104 nm, below the threshold of NP size that allows the efficient
extravasation of NPs into the leaky tumor vasculatures and accumulation of the NPs in the tumor
tissues via enhanced permeability and retention (EPR) effect'®! (see Chapter 3.2.1.).
Subsequently, PET imaging-based biodistribution studies are employed to correlate the sizes of

drug-incorporated NPs with their delivery performances. Thus, a specific size of drug-

incorporated NPs that exhibit optimal accumulation and prolonged retention in tumor tissue can
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be readily identified, resulting in potentially the lead modality with improved therapeutic

efficacy and reduced side effect that is subject to comprehensive pre-clinical studies.

6.2.3. Size controllability, stability and in vitro therapeutic performance of
CPT-PGACSNPs

Given the versatile utility of such a self-assembly synthetic method, we attempted to explore the
use of SNP-based vectors for delivering an anti-cancer drug. In this case, camptothecin (CPT), a
cytotoxic quinoline alkaloid that inhibits the topoisomerase I, was selected for the proof-of-
concept demonstration. Similar to the self-assembly preparation of DNA encapsulated SNPs,!*"
2] which used the coulombic interactions between the negatively charged DNA plasmid with
the positively charged SNP vector, 5 KD anionic poly(l-glutamic acid) (PGA)"'*® was employed
as a carrier to covalently link with CPT molecules, enabling encapsulation into SNP vectors.
Approximately five CPT molecules were conjugated to each PGA polymer chain (via ester bond
formation) to give CPT-grafted PGA, denoted as CPT-PGA.I'®” It is noteworthy that the
connecting ester bonds can be degraded via esterase-mediated hydrolysis, which allows
controlled release of CPT under physiological conditions. The encapsulation of CPT-PGA into
SNP vectors to generate CPT-PGA encapsulated SNPs (CPT-PGACSNPs) can be accomplished

(Figure 6.1.) by simply mixing the drug conjugated polymer, CPT-PGA, with the other two SNP

building blocks (CD-PEI and Ad-PAMAM), as well as a solvation ligand (Ad-PEG).
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Figure 6.1. Schematic representations of the self-assembly synthetic method for the production of CPT-
grafted PGA encapsulated Supramolecular NanoParticles (CPT-PGACSNPs) from the respective
molecular building blocks and CPT-PGA (camptothecin-grafted poly(l-glutamic acid)).

By altering the mixing ratios between the two SNP building blocks (Ad-PAMAM/CD-
PEI =0.125 and 0.25), two different sizes (37 and 104 nm) of CPT-PGACSNPs can be obtained
with narrow size distributions after annealing at 50 °C for 20 min. Both TEM and DLS
measurements were performed to characterize the sizes and morphologies of the resulting CPT-
PGACSNPs and the results are summarized in Figure 6.2.a. TEM images show that the resulting

CPT-PGACSNPs possessed homogeneous size distributions (Figure 6.2.b and c).

a)
Formulation TEM DLS Zeta potential
37-nm
CPT-
PGAC SNPs 37 £8 nm 56 =4 nm -11+0.7 mV
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CPT- 104 =12 180 = 11
PGACSNPs nm nm =02 my

Figure 6.2. Two different sizes of CPT-PGACSNPs were obtained by altering the mixing ratio between
two building blocks (Ad-PAMAM and CD-PEI). a) The characterizations of the resulting CPT-
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PGACSNPs. b) and ¢) TEM images of 37-nm and 104-nm CPT-PGACSNPs, respectively. Scale
bars: 100 nm

Moreover, other studies, including zeta potential (The zeta potentials of the resulting 37-nm
CPT-PGACSNPs and 104-nm CPT-PGACSNPs are —11 + 0.7 and —4 = 0.2 mV, respectively),
drug encapsulation efficiency (The drug encapsulation efficiency for 37-nm and 104-nm CPT-
PGACSNPs are 90 + 3% and 95 + 2%, respectively.), stability (The results in Figure 6.3.a
indicate that the resulting CPT-PGACSNPs exhibit good stability in PBS solution under a
physiological ionic strength up to 6 days.), drug release kinetics (The accumulative release of
free CPT from CPT-PGACSNPs was quantified by HPLC. The data in Figure 6.3.b point out
that CPT-PGACSNPs release 20% of CPT after 6 days without any associated burst release.) and
in vitro viability (The ICs, values, the concentration at which 50% inhibition of cellular growth
occurs, were around 100 nM for free CPT and approximately 400 nM for CPT-PGACSNPs and
CPT-PGA. There were negligible difference among CPT-PGA and the two other sizes of CPT-
PGACSNPs, which is probably due to the slow release of the drug from polymer (Figure 6.4.).
Note that the cells treated with PGACSNPs present high viability, indicating low cytotoxicity

attributed to our SNPs.), of the resulting CPT-PGACSNPs were also carried out.
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Figure 6.3. a) Time-dependent studies on the stability of 37-nm and 104-nm CPT-PGACSNPs in
1 x PBS. b) Release kinetics of CPT-PGA and 37-nm CPT-PGACSNPs in 50% human serum (human
serum:1 x PBS = 1:1, v/v). Released CPT was quantified by HPLC.
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Figure 6.4. Dose-dependent cell viability studies of two different sizes of CPT-PGACSNPs along with
controls.

6.2.4. Rapid screening in search of an optimal therapeutic agent

Different sizes of CPT-PGACSNPs will have distinctive biodistribution patterns and varying
therapeutic performances due to their differential EPR.!'® Instead of directly performing the
in vivo efficacy studies of all of the two sizes of CPT-PGACSNPs, which would require a
significant quantity of CPT-PGACSNPs and a large cohort of animals, we utilized micro-PET
imaging technology (see Chapter 3.2.) to understand the biodistribution properties of the 37-nm
and 104-nm CPT-PGACSNPs. We anticipated that the resulting biodistribution data would
correlate the sizes of CPT-PGACSNPs with their delivery performances. Thus, the specific size
of drug-incorporated NPs that exhibit preferential accumulation in the tumor can be identified for
subsequent pre-clinical studies. Similar to our previous strategy,” ®'Cu-labeled CPT-

PGACSNPs (with the sizes of 37 and 104 nm) can be prepared (Figure 6.5.a) by incorporating
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DOTA-CD-PEI as one of the precursors (along with CD-PEI, Ad-PAMAM, Ad-PEG and CPT-
PGA), followed by ratiometric mixing and labeling by **Cu. The 37-nm and 104-nm **Cu-
labeled CPT-PGACSNPs were instantaneously injected into LLC tumor-bearing C57B1/6 mice
via tail vein intravenous (i.v.) administration. The respective biodistribution data (Figure 6.5.b-
d) were acquired by micro-PET imaging technology 24 h post injection. Static micro-PET
images of the two sizes of **Cu-labeled CPT-PGACSNPs (Figure 6.5.b and c, respectively)
revealed that 37-nm ®'Cu-labeled CPT-PGACSNPs exhibited significantly enhanced tumor
accumulation. Semi-quantitative biodistribution data (Figure 6.5.d and insert therein) of **Cu-
labeled CPT-PGACSNPs in major organs were obtained by taking the average signal per voxel
in the organ of interest and multiplying that value by the total volume of the organ via Amide
software (see Supporting Information 5.2.). The PET imaging-based biodistribution studies
revealed that the 37-nm ®*Cu-labeled CPT-PGACSNPs exhibited 100% more accumulation in
the tumor than that observed for the 104-nm **Cu-labeled CPT-PGACSNPs. We suggest that the
preferential accumulation of 37-nm **Cu-labeled CPT-PGACSNPs in xenografted LLC tumors
CPT-PGACSNPs is due to their higher blood retention concentrations that facilitated the EPR

effect!®”-mediated accumulation of the SNPs in tumors.
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Figure 6.5. a) Schematic illustration of the incorporation of a radioisotope, i.e., 64Cu, into SNPs,
resulting in Cu-labeled CPT-PGACSNPs. Static micro-PET images of C57Bl/6 mice bearing Lewis
lung carcinoma (LLC) tumor at 24 h post injection of b) 37-nm and ¢) 104-nm **Cu-labeled CPT-
PGACSNPs. Tumor volumes are approximately 245 mm’. d) In vivo biodistribution of 37-nm and 104-
nm *Cu-labeled CPT-PGACSNPs after 24 h intravenous injection. 37-nm **Cu-labeled CPT-PGACSNPs
had higher tumor-specific uptake than 104-nm **Cu-labeled CPT-PGACSNPs. The error bar corresponds
to the standard deviation calculated by the Amide software.

6.2.5. In vivo therapeutic performance of CPT-PGACSNPs

Given the preferential tumor accumulation of the 37-nm **Cu-labeled CPT-PGACSNPs as
compared to the larger SNPs, we next performed tumor reduction/inhibition studies using the 37-
nm CPT-PGACSNPs in C57/BL6 mice bearing subcutaneously implanted LLC tumors on the
right flank. After the tumors developed to approximately 60-90 mm’, we performed comparative
efficacy studies by dividing animals into four groups (N =15) in a way to minimize weight and

tumor size differences. The following regimens were administrated three times via i.v. injection
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on day 1, 6 and 11 including PBS, PGACSNPs (equivalent to the amount of SNPs in the CPT-
PGACSNPs group), 37-nm CPT-PGACSNPs at 13.6 mg CPT equivalent’kg, while another
group received a single dose of emulsified CPT at 13.6 mg CPT/kg through intraperitoneal
injection (i.p.). CPT is very insoluble in aqueous solution and is acutely lethal when given to
mice at such a high dose via i.v. due to embolization induced by the particulate matter in the drug
suspension.!'’” Figure 6.6.a depicts the median tumor size for each group as a function of time,
and clearly shows that the 37-nm CPT-PGACSNPs had the best anti-tumor efficacy among all
groups tested. As compared with PGACSNPs (drug-free vectors), 37-nm CPT-PGACSNPs
started to show statistically significant efficacy in delaying tumor growth from day 6 (*p < 0.05
at day 6 and 8, Student's #-test) and even higher significant inhibition effect at day 10 and 12
(**p <0.01 at day 10 and 12). However, there was no statistical significance between the data
points of PGACSNPs group and PBS group indicating that the efficacy of the 37-nm CPT-
PGACSNPs was ascribed to the released CPT. The 37-nm CPT-PGACSNPs also significantly
outperformed CPT in this study with statistical significance from day 6 to day 12 (*p <0.05). It
is noteworthy that one of the five mice treated with 37-nm CPT-PGACSNPs experienced
complete tumor reduction on day 10. The final mean tumor burden of the 37-nm CPT-
PGACSNPs group was 265.5+ 101.3 mm’ (mean + SEM), which was smaller than any other
group (*p <0.05). On the other hand, no obvious body weight loss was observed for the group
treated with the 37-nm CPT-PGACSNPs at the tested dosage throughout the study (Figure
6.6.b), indicating there is no acute toxicity of the 37-nm CPT-PGACSNPs. As a comparison, the
CPT group showed emerging toxicity after a single dose with around 9% body weight loss at day
5 (data not shown). The results demonstrate that 37-nm CPT-PGACSNPs group is the most

efficacious group among all the groups with reduced toxicity compared to free drug. Presumably,

83



the reason for the enhanced efficacy of 37-nm CPT-PGACSNPs may be the preferential tumor
accumulation due to EPR effect as demonstrated. After the SNPs reached the tumor tissues, the
sustained release of CPT from CPT-PGACSNPs (Figure 6.3.b) was ascribed to the extended

inhibition on tumor growth.

a) b)
1500 =} —@= 37-nm PGACSNPs 20 - 37-nm PGACSNPs .
-8~ PBS Q) -m- PBS e
[2} .
£ -y« CPT :E") ¥ CPT s’
= 1000 37-nm c 10+ - 37-Nm n’ *
g B CPT-PGACSNPs 5 CPT-PGACSNPs  «
= * - .
[~ * =
s * 2 0
E 3
@ 10 -
0
L) L]
0 5 10 0 5 10
Days Days

Figure 6.6. a) Invivo anti-tumor efficacy studies of 37-nm CPT-PGACSNPs (13.6 mg CPT
equivalent/kg) along with controls, i.e., free CPT (13.6 mg/kg), PBS and PGACSNPs (equivalent to the
amount of SNPs in the CPT-PGACSNPs group). LLC tumor-bearing C57B1/6 mice were treated with
different groups via intravenous injection at day 1, 6 and 11 (except for CPT group, which was only
treated once at day 1 via intraperitoneal injection). 37-nm CPT-PGACSNPs showed delayed tumor
growth from day 6 compared to PGACSNPs group and also significantly outperformed CPT group from
day 4 (*p <0.05; **p <0.01; Student’s #-test). b) Body weight changes of the four groups over the course
of treatments.

In conclusion, the integration of the two technologies can lead to a breakthrough in the
development of a new generation of cancer therapeutic agents. We foresee our work providing a
general strategy in the search of optimal therapeutic agents among the diversity of NP-based
therapeutic agents by utilizing imaging technology as a fast and early checkpoint prior to
performing large-scale pre-clinical studies. In principle, this work can also be adopted for

discovery of other NP-based vectors for delivery of various payloads (e.g., DNAs, RNAs,

proteins or their combinations).
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6.3. Doxorubicin-Encapsulated Supramolecular Magnetic Nanoparticles (DoxCSMNPs) for
Controllable Drug Release

6.3.1. Theranostics with controlled drug release

Nanoparticle (NP)-based theranostics, which contain imaging probes for molecular diagnosis and
therapeutic compounds for therapy in a single NP, have been considered promising delivery
agents against various diseases to achieve personalized medicine.!'’" In both diagnosis and
therapy, one of the key factors is to deliver imaging agents and drugs to target sites efficiently. In
order to investigate disease sites, the contrast intensity between the target site and surrounding
area should be as high as possible, thus it requires efficient amount of imaging agents to the

[172

target sites.'’”! On the other hand, in the case of delivering drugs, delivery agents should carry

sufficient drugs to the target sites in order to have favorable therapeutic efficacy meanwhile

[173

avoiding the nonspecific delivery to normal tissues.!'”*! A wide range of NP-based theranostics

S4a, 80, 143f, 174] However. the
b

have been developed for the improvement of diagnosis and therapy.!
delivery of these NPs in animal models and patients remains a problem even if they have
promising outcomes in vitro.'’'! Alternatively, the combination of controlled-release properties
and efficient delivery to the target sites should enable the development of safer and more

effective theranostic NPs in clinical translation.['>® 173 173

In this chapter, we introduce
doxorubicin-encapsulated supramolecular nanoparticles (DoxCSMNPs) as powerful theranostic
delivery agents. By introducing radio-isotopes, i.e., ®*Cu, into DoxCSMNPs, **Cu-labeled
DoxCSMNPs serve as multimodal diagnostics for both PET and MR imaging. We screened out
the optimized DoxCSMNPs with the most tumor accumulation percentage using PET imaging-
based biodistribution studies, which guarantees that the identified DoxCSMNPs can carry the

most contrast agents and drugs to the target tumor site. Moreover, the dynamic PET imaging-

based biodistribution data show the highest tumor accumulation time point, which is a key
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parameter for in vivo controlled-release therapeutic treatments. We then demonstrated 1) the
potential of using DoxCSMNPs as promising contrast agents for MRI and 2) the successful
results of controlled drug release in vitro triggered by external magnetic filed. Finally, we are
now investigating the controlled-release therapeutic efficacy of identified DoxCSMNPs in a

mouse model.

6.3.2. Molecular design of DoxCSMNPs

Previously, we demonstrated the feasibility of using supramolecular synthetic approach to 1)
encapsulate Dox molecular into SNP vector (see Chapter 5.1.) for drug delivery and 2)
introduce magnetic nanoparticles, i.e., ZnMNP, as one of our molecular building blocks to give
SMNPs for MRI applications (see Chapter 2.2.3.). In this chapter, we incorporate both
chemotherapeutic and magnetic nanoparticles into our SNP vector as a new generation
theranostic delivery agent (DoxCSMNPs). The DoxCSMNPs are generated from four molecular
building blocks and Dox molecule (Figure 6.7.). The four molecular building blocks, i.e., Ad-
PEG, CD-PEI, Ad-PAMAM, and Ad-ZnMNP, were prepared and characterized according to
literature.l*>> " By find-tuning the ratios between the building blocks, DoxCSMNPs with various

sizes can be obtained.
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Figure 6.7. Schematic representation of a self-assembled approach employed for the preparation of a
multi-modality theranostics system, doxorubicin (Dox)-encapsulated supramolecular magnetic
nanoparticles (DoxCSMNPs), from four molecular building blocks (i.e., Ad-PAMAM, Ad-ZnMNP, CD-
PEI and Ad-PEG) and free Dox molecule. The synthetic modularity of such a supramolecular synthetic
approach allows incorporation of radioisotope (i.e.,**Cu). The resulting **Cu-labeled DoxCSMNPs can
be subjected to PET imaging biodistribution studies, resulting in systemic level of pharmacokinetics for
DoxCSMNPs. On the other hand, in our molecular design, Dox can serve as both a chemotherapeutic
agent and a fluorescent reporter system for monitoring in vitro drug releasing, providing cellular level of
drug release kinetics for DoxCSMNPs. Thus, taken together, ideal timing for applying the AC magnetic
field can be determined for on-demand burst drug release at tumor site for improved therapeutic efficacy
in vivo.

6.3.3. Size controllability and characterization of DoxCSMNPs
Size-controllable Dox © SMNPs are prepared by adding 12- x L DMSO solution containing

various amount of Ad-PAMAM (0.06, 0.13, and 0.26 mg) and Dox (0.1 mg) into a 500- u L PBS

mixture of Ad-ZnMNP (0.1 mg), Ad-PEG (3.15 mg) and CD-PEI (2 mg). The mixture was kept
at 70 °C for 30 min, followed by annealing at room temperature for 2 h, affording three different

sizes of Dox C SMNPs as a dark purple solution. The encapsulation efficiency was determined to
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be 95%. By tuning the ratios between the four molecular building blocks, three different sizes of
DoxCSMNPs can be obtained. TEM images in Figure 6.8. show narrow size distribution and
spherical morphology of the resulting DoxCSMNPs (70, 100, 160 nm). DLS analysis (150, 188,
and 280 nm) and zeta potential measurements (18, 22, 28 mV) were also carried out to

characterize the three different sizes of DoxCSMNPs.

Figure 6.8. TEM images of size-controllable DoxCSMNPs with various sizes: a) 70 + 9, b) 96 + 7 and
161 + 8 nm. Scale bars: 100 nm. Inserts: Higher magnification TEM images of DoxCSMNPs with
different sizes. Scale bars: 30 nm

6.3.4. Size dependent biodistribution study of DoxCSMNPs

Nanoparticles’ size is a key parameter for their biodistribution patterns and therapeutic
performances due to their differential EPR effects."® In order to have the most tumor
accumulation for further in vivo studies, we screened out the optimal size of DoxCSMNPs
among the three different sizes. Similar to previous approach (see Chapter 6.2.4.), we utilized
micro-PET imaging technology (see Chapter 3.2.) to understand the biodistribution properties
of the 70-nm, 100-nm and 160-nm DoxCSMNPs. The resulting biodistribution data can thus
correlate the sizes of DoxCSMNPs with their tumor accumulation performances. According to
previous strategy,*! ®*Cu-labeled DoxCSMNPs with three different sizes can be prepared by
incorporating DOTA-CD-PEI as one of the precursors (along with CD-PEI, Ad-PAMAM, Ad-

ZnMNP, Ad-PEG and Dox), followed by ratiometric mixing and labeling by **Cu. The three
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different sizes of **Cu-labeled DoxCSMNPs were immediately injected into DLD-1 tumor-
bearing C57BIl/6 mice via intravenous (i.v.) administration. Their respective biodistribution data
(Figure 6.9.) for each size were acquired by micro-PET imaging technology 48 h post injection.
Static micro-PET images of the three different sizes of **Cu-labeled DoxCSMNPs reveal that 70-
nm *Cu-labeled DoxCSMNPs exhibited significantly enhanced tumor accumulation (Figure
6.9.a) compared to the other two sizes (Figure 6.9.b and c¢). We also did the time dependent
biodistribution study of the three DoxCSMNPs and the results show that the DoxCSMNPs
accumulate the most at 36 h post-injection, which is a key time-point for in vivo controlled-
release therapeutic study. We quantified their individual ex vivo biodistribution data 48 h post-
injection (data not shown) and divided the signal of specified organ from the signal of tumor.
Tumor to organ signal ratios in Figure 6.10. indicate that 70-nm DoxCSMNPs have the highest
tumor to organ ratio in each case, which also suggest that the 70-nm DoxCSMNPs can
specifically accumulate at the tumor site while minimizing the non-specific accumulation at

other organs compared to 100-nm DoxCSMNPs and 160-nm DoxCSMNPs.

Figure 6.9. Static filtered back-projection micro-PET images of NU/NU mice bearing DLD-1 tumor at 48
h post injection of a) 70-nm, b) 100-nm and ¢) 160-nm **Cu-labeled DoxCSMNPs. 70-nm *'Cu-labeled
DoxCSMNPs had higher tumor-specific uptake than the other two groups.
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Figure 6.10. Tumor to organ signal ratios quantifying from ex vivo biodistribution data of mice treated
with 70-nm, 100-nm, or 160-nm DoxCSMNPs after 48 h intravenous injection

6.3.5. Control release profile of DoxCSMNPs

Given the fact that the 70-nm DoxCSMNPs exhibit preferential tumor accumulation as compared
to the larger SMINPs, i.e., 100-nm DoxCSMNPs and 160-nm DoxCSMNPs, we then studied the
magnetic properties and magnetic activated drug release performances of 70-nm DoxCSMNPs.
T, relaxation time plot and phantom images of 70-nm DoxCSMNPs and 6 nm ZnMNP are
shown in Figure 6.11.. The results indicate 70-nm DoxCSMNPs improve their relaxivity
(Figure 6.11.a) compared to 6 nm ZnMNP; also, across the various concentrations of

nanoparticle probes, DoxCSMNPs indeed show better contrast effects (Figure 6.11.b).
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Figure 6.11. a) Plot of T, relaxation time of DoxCSMNPs and 6 nm ZnMNP with various particle
concentrations. b) Phantom images for capillaries containing DoxCSMNPs (top) and 6 nm ZnMNP
(bottom) with various concentrations increasing from 30 pM to 250 pM from right to left.

We used an oscillating magnetic field (AMF) as an external control to trigger the release of
the drug from DoxCSMNPs. The release of Dox molecule can act as a built-in reporter that
allows real-time monitoring of drug release (see Chapter 5.1.). In this study, we first
investigated drug release performance of DoxCSMNPs as a function of AFM duration (Figure
6.12.a). The sample at a concentration of 3 mg/mL was placed inside a water-cooled copper coil
producing an AMF having a frequency of 500 kHz and a current amplitude of 37.4 kAm—1
(Taeyang Instrument Company, Korea). After applying AMF to the sample for various duration
times, we measures its fluorescent intensity change in order to monitor its drug release
performance. From the fluorescence spectra in Figure 6.12.a for each group, we plot the drug
release profile based on their maximum intensity, which is at 593 nm (Figure 6.12.b). The result
shows the amount of drug releases from DoxCSMNPs reaches to a plateau after applying AMF
for 10 min. We then explored the effect of applying pulsed AMF to DoxCSMNPs on their drug
release performance. Dox release profiles after exposure a single pulsed AMF (red) and multiple
pulsed AMF (black) are summarized in Figure 6.12.c. DoxCSMNPs exposed to a single AMF
(red line) exhibited 17% cargo release after an initial 2 min pulse; meanwhile, the sample
exposed to multiple AMF pulses (every 10 min) increases its fluorescent intensity even more

until the 7" pulse (black line), which indicates multiple pulsed AMF enabled more drug release.
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Figure 6.12. Dox releases using magnetic actuation. a) Fluorescence spectra of DoxCSMNPs after
applying AMF with various duration times. b) The drug release profile of DoxCSMNPs by setting the
fluorescence intensity of each duration time at their maximum intensity, i.e., 593 nm, in a). c) Dox release
profile of DoxCSMNPs after exposure from a 2-min duration single pulsed AC magnetic field (AMF)
(red line) and multiple pulsed AMF (2 min duration with 10 min intermittence) (black line). DoxCSMNPs
exposed to a single AMF exhibited 50% cargo release after an initial 2 min pulse (red line) and the rest of
Dox released stepwise in a pulsatile AMF applications and reached a plateau at the 7th pulse (black line).

6.3.6. Therapeutic performance of DoxCSMNPs

We demonstrated 70-nm DoxCSMNPs could be used for in vitro drug delivery by releasing
anticancer drugs, i.e., Dox, in the DLD-1 colorectal adenocarcinoma cell line via magnetic
actuation (Figure 6.13.a and b). 70-nm DoxCSMNPs were taken up by the cells and minimal
drug release and cell damage were observed (Figure 6.13.a). In the presence of AMF, the local
heating caused by the DoxCSMNPs trigger the release of Dox from the SMNPs, which induced
cell apoptosis. After a 10 min exposure to AMF, a significant fluorescent intensity increases
from the Dox (red) and accumulates into nuclei were seen as a result of drug delivery and drug
release in the cells (Figure 6.13.b). It’s worth to note that the both nucleus fragmentations
(Figure 6.13.b, DAPI staining image) and apoptotic cell bodies (Figure 6.13.b, DIC image)
can be observed under microscope, which shows the effective drug delivery performance of

DoxCSMNPs. The cell viability was quantified by using CCK-8 assay (Figure 6.13.c). There is
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negligible cytotoxicity observed from cells treated with 70-nm DoxCSMNPs (Figure 6.13.c,
before AMF). When applying AMF for 10 min, ~30% of cells treated with 70-nm DoxCSMNPs

were killed (Figure 6.13.c, after AMF). On the other hand, non-treated cells did not affect by

the exposure of AMF. Thus, the cell death was attributed to the release of Dox.

Nucleus with Doxorubicin from Merged image 1001 [ Before AMF
DAPI staining SMNP (Nucleus+Dox) [ After AMF

804
60 4

40 4

cell viability / %

204

non-treated DoxCSMNP
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Figure 6.13. In vitro on-demand trigger release of DoxCSMNPs in DLD-1 cells without (a) and with (b)
the application of a single pulsed AMF. DIC image, fluorescent image of DAPI, fluorescent image of
Dox, and merged image of Dox and DAPI are shown for both cases. Scale bars: 5 uM. c) Quantification
of cell death by CCK-8 assay. The viability of DLD-1 cells treated with DoxCSMNPs is lowered to ca.
30% after the application of AMF. The control group, non-treated cells are not affected by AMF.

We are now investigating in vivo therapeutic performance of 70-nm DoxCSMNPs in a DLD-
1 xenografted mouse model. We first intravenously injected 150 ug/Kg of DoxCSMNPs to the
mice with tumor size of 100 mm®. After 36 h, the AMF (37.4 kA/m, 500 kHz) was applied to the
mice for 10 min. The primary data in Fig 6.14. showed promising therapeutic efficacy compared
to the control. We note that our system achieve similar therapeutic effect but with 2-3 orders of

3121701 which can be attributed to

magnitude lower amount of drug compared to recent literatures,'
the burst release of drug at tumor sites that generate local high concentration of drugs at a short

period of time. We are optimizing the treatment schedule in order to achieve the most therapeutic

efficacy, i.e., a secondary treatment will be carried out after a week. Also, more control groups,
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such as, mice without any treatment and mice treated with AMF but without DoxCSMNPs

injection, will be investigated.

—s— SMNPs w/ AMF
—e— SMNPs w/o AMF

Tumor volume (V/Vi,isia)

Day
Figure 6.14. Passive tumor targeting of DoxCSMNPs and their in vivo therapeutic efficacy. DLD-1
xenografted mice (n=3) were subjected to DoxCSMNPs treatment when the tumor sizes reached to 100
mm’. In vivo AMF application to the mice for the magnetically induced drug release 36 h post-injection.
The result show delayed tumor growth for the group treated with both DoxCSMNPs and AMF compared
to the control group without AMF application.

6.3.7. Conclusion

On the basis of these strategies, we develop doxorubicin-encapsulated supramolecular
nanoparticles (DoxCSMNPs) with dual-modality for in vivo PET/MR imaging and controlled-
release drug delivery. The successful results were obtained with them in animal models for
imaging and we anticipate them to have promising in vivo controlled release therapy outcomes.
We foresee that these rational strategies, as well as DoxCSMNPs, will be applied in both the
diagnosis and therapy of many human diseases. These theranostic NPs are expected to have great
contribution to optimize therapy efficacy for individual patients in clinical translation in the near

future.
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SUPPORTING INFORMATION
1. Material Synthesis

1.1. Synthesis of CD-PEI

ﬂ To a solution of branched PEI (100 mg, 10.0 pmol) in 100
N mL DMSO, 6-OTs-B-CD (1.29 g, 1.0 mmol) was added. After
HNI

. } reaction at 70 °C for 3 days, the mixture was transferred to a

[\N/\/N\/\N/\/N\/\H/\/N\/\N/]
HKL HNHQ INH Slide-A-Lyzer® dialysis cassette (MWCO, 10 kD) and
- dialyzed against deionized (DI) water for 6 days. After
u dialysis, the reaction mixture was filtrated to remove the

unreacted 6-OTs-B-CD as white precipitate, and the filtrate was lyophilized overnight to afford
CD-PEI (150 mg, 8.3 umol) as a white floppy solid in a 83% yield. '"H NMR (400 MHz, D,0) &
4.92 (br, C;H of CD), 3.27-3.66 S4 (m, C,.sH of CD), 2.3-3.0 (br, OCH, of PEI). The CD/PEI
ratio in a CD-PEI molecule was calculated based on the proton integration of C;H of CD versus
CH, of PEIL
1.2. Synthesis of DOTA-CD-PEI
To a solution of CD-PEI (1.7 mg, 0.1 pumol, 1.0 equiv.) in
”szé\r}")vn\("{Q\,NHz

PBS buffer solution (pH 7.2), DOTA-NHS (0.5 mg, 1.0 umol,

HN

NH
\
N/ \/~COOH . . . .
HN& g N N 10.0 equiv.) was added, and the reaction mixture was stirred

© Hooe~_/A-coon at rt for 2 h. After the reaction completed, the mixture was
“ purified by dialysis (Slide-A-Lyzer® dialysis cassette,
MWCO 10 kD) against DI water overnight and lyophilized to yield DOTA-CD-PEI, which is
ready for preparation of DOTA-grafted SNPs.

1.3. Synthesis of 8-Ad-PAMAM
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A methanol solution containing PAMAM (20% wt, 100 mg,

J

@ @*1 . ;“(“ 0.07 mmol) was added into a round-bottom flask. Methanol

XL o’\f .
H? \: }Ng TX)  was evaporated in vacuo and the sticky solid was re-dissolved

DN SN SV P A
@u )L?J .y ) i\ in 10 mL dry THF. 1-adamantane isocyanates (244.6 mg, 1.4
Hij““ \%@ L% mmol) in 10 mL dry THF was directly added the PAMAM
&

solution. After the reaction mixture was stirred at rt for 2 h, the
solvent was removed in vacuo. Ether (100 mL) was added to the reaction residue to generate a
white precipitate, which was collected through filtration. The white precipitate was washed with
ether (100 mL x 3), and dried to give 8-Ad-PAMAM (169 mg, 0.06 mmol) as a white solid in
85% yield. '"H NMR (400 MHz, CDCls): & 7.82-7.98 (m, 12 H, CONH), 6.10 (s, 8 H,
NHCONH), 5.37 (s, 8 H, NHCONH), 3.24 (br, 32 H, COCHy), 2.34-2.76 (m, 64 H, NCH>),
1.64-2.03 (m, 120 H, protons on Ad). ESI-MS: calcd. for Ci5;H25:N34020 [M + H]+: m/z =
2875.98; found: 2875.78 (100%).
1.4. Synthesis of 4*-Ad-PAMAM
To a 10-mL THF solution containing PAMAM (100 mg, 0.07 mmol), a 10-mL dry
&r THF solution containing 1-adamantane isocyanates (50.1 mg, 0.3 mmol) was slowly
added through a syringe pump (with a injection rate of 10 mL h-1). After purification by
precipitation from ether, 4*-Ad-PAMAM (89.7 mg, 0.04 mmol) was obtained as a white solid in
60% yield. 'H NMR (400 MHz, CDCls): & 7.83-7.95 (m, 12 H, CONH), 6.14 (s, 4 H,
NHCONH), 5.42 (s, 4 H, NHCONH), 3.35 (br, 32 H, COCHy), 2.35-2.81 (m, 64 H, NCH>),
1.60-2.01 (m, 60 H, protons on Ad).
1.5. Synthesis of Ad-PEG

\60,\):0\/\&,“@

To a solution of 1-adamantanamine hydrochloride (187.7 mg, 1.0
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mmol, 5.0 equiv.) in 10 mL CH,Cl,, triethylamine (105 mg, 1.0 mmol, 5.1 equiv.) and mPEG-
NHS (1 g, 0.2 mmol, 1.0 equiv.) was added in sequence. The reaction mixture was stirred at rt
for 2 h. After the reaction, the solvent was subsequently removed in vacuo, and water was added
to the reaction residue. The solution was transferred into a centrifuge tube and centrifuged at
10,000 rpm for 10 min to remove the unreacted 1-adamantanamine. The solution was dialyzed
with Slide-A-Lyzer® dialysis cassette (MWCO, 2 kD) against water overnight and lyophilized to
yield Ad-PEG (0.92 g, 0.18 mmol) a white powder in 91% yield. "H NMR (400 MHz, DMSO-
d6): 6 3.42-3.54 (br, 440H, OCH,), 1.13-1.18 (br, 15H, protons on Ad).

1.6. Synthesis of Ad-PEG-RGD

@\ o o To a solution of 1-adamantanamine hydrochloride (0.94 mg,

HJ\/\O(’\/()\)"/;b’ koo 5.0 umol, 5.0 equiv.) in 1 mL CH,Cl,, triethylamine (0.6 mg,

5.0 umol, 5.0 equiv.) and SCM-PEG-MAL (5 mg, 1.0 pumol, 1.0 equiv.) were added in sequence.
The reaction mixture was stirred at room temperature for 2 h. After the reaction, the solvent was
removed in vacuo, and the PBS buffer solution (I mL) containing RGDC (2.25 mg, 5.0 umol,
5.0 equiv.) was added to the reaction residue. The mixture was stirred for another 2 h at room
temperature, followed by the removal of insoluble 1-adamantanamine by filtration. The solution
was then dialyzed with Slide-A-Lyzer® dialysis cassette (MWCO, 2 kD) against water overnight
and lyophilized to give Ad-PEG-RGD (3.4 mg, 0.6 umol), a white powder in 68% yield. 'H
NMR (400 MHz, DMSO-d6): & 7.83-9.12 (br, protons on RGD), 3.42-3.54 (br, protons on PEG),
1.13-1.18 (br, protons on Ad). MS (MALDI-TOF, positive mode, DHB): the observed Mn for
SCM-PEG-MAL was 5373.49; the Mn value of RGD-PEG-Ad based on the SCM-PEG-MAL
was calculated as 5859.78 (M+H"); found: 5859.33.

1.7. Synthesis of Ad-PEG-TAT
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@\ 5 o To a solution of 1-adamantanamine hydrochloride (0.94

o crikrrorrr - mg, 5.0 pmol, 5.0 equiv.) in CHCly(1 mL),
triethylamine (0.60 mg, 5.0 pmol, 5.0 equiv.) and SCM-PEG-MAL (5 mg, 1.0 mmol, 1.0 equiv.)
were added in sequence. The reaction mixture was stirred at rt for 2 h. After the reaction, the
solvent was subsequently removed in vacuo, and the PBS buffer solution (I mL) containing
CGRKKRRQRRR (7.50 mg, 5.0 umol, 5.0 equiv.) was added to the reaction residue. The
mixture was stirred for another 2 h at rt, followed by remove of insoluble 1-adamantanamine by
filtration. The solution was then dialyzed with Slide-A-Lyzer® dialysis cassette (MWCO, 3.5
kD) against water overnight and lyophilized to give Ad-PEG-TAT (4.2 mg, 0.65 umol), a white
powder in 65% yield. '"H NMR (400 MHz, DMSO-d6): & 7.76-9.32 (br, protons on TAT), 3.41-
3.50 (br, protons on PEG), 1.12-1.23 (br, protons on Ad). MS (MALDI-TOF, positive mode,
DHB): the observed Mn for SCM-PEG-MAL was 5373.49; the Mn value of TAT-PEG-Ad based
on the SCM-PEG-MAL was calculated as 6911.08 (M+H"); found: 6913.72.

1.8. Synthesis of poly(l-glutamic acid)-g-camptothecin (CPT-grafted PGA, CPT-PGA)

Bis(2-o0x0-3-oxazolidinyl)phosphonic chloride (BOP-CI, 175 mg,

Q H
N
< ’V\R' 0.68 mmol), DMAP (170 mg, 1.4 mmol), and
_o © diisopropyletheylamine (74 mg, 0.57 mmol) were added under
o
nitrogen to a suspension of CPT (131 mg, 0.38 mmol) and dry
o
PGAS50 (310 mg, 2.4 mmol Glu) in anhydrous DMF (20 mL) cooled in an ice bath. The mixture
was warmed to rt, stirred at 40 °C for 2 days, and cooled down in an ice bath. A 10% aqueous
NaCl solution (40 mL) was added slowly to the reaction mixture under stirring. The resulting

suspension was acidified to pH 2.5 by hydrochloric acid (0.5 M). The mixture was allowed to stir

at rt for 1 h. The precipitate was filtered, washed with water (4 x 30 mL), dried under vacuum
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(<1 mm, 12 h), and ground to a powder. The precipitate was suspended in 2% MeOH-CH2CI2
(10 mL), stirred for 3 h, and filtered. This process was repeated 4 times to effect complete
removal of free CPT. The product was then dried under vacuum to give 220 mg of CPT-PGA
(yield 56%). Loading of CPT was 20-22 wt% determined by 1H NMR (TFA-d, 500 MHz).

2. Characterization
2.1. Dynamic light scattering (DLS)

DLS experiments were performed with a Zetasizer Nano instrument (Malvern Instruments,
Malvern, Worcestershire, UK) equipped with a 10-mW helium-neon laser (4 = 632.8 nm) and
thermoelectric temperature controller. Measurements were taken at a 90° scattering angle.

2.2. Zeta potential ({) measurements

Zeta Potential of samples was determined by photon correlation spectroscopy using a Zetasizer
Nano instrument. The measurements were performed at 25 °C with a detection angle of 90°, and
the raw data were subsequently correlated to zeta potential by the Zetasizer software program.
The zeta potentials were averaged by three independent measurements.

2.3. Transmission electron microscopy (TEM)

The morphology and sizes of samples were examined on a Philips CM 120 transmission electron
microscope, operating at an acceleration voltage of 120 kV. The TEM samples were prepared by
drop-coating 2-uL. of sample solutions onto carbon-coated copper grids. Excess amounts of
droplets were removed with filter paper after 45 s. Subsequently, the surface-deposited sample
solutions were negatively stained with 2% uranyl acetate for 45 s before TEM studies.

2.4. T relaxation measurements

T, relaxation rate measurements were performed on a Bruker Avance 600 MHz spectrometer

(Bruker BioSpin Corp., Billerica, MA, USA) equipped with a narrow-bore (54 mm) 14.1 T
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magnet and a broadband probe at 295 K. Both inversion recovery (IR) and saturation recovery
(SR) pulse sequences were acquired.

3. In Vitro Studies
3.1. General cell culture

NIH 3T3, HelLa, A549, U887 and IMR-90 cell lines were routinely maintained in DMEM
containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Invitrogen, Carlsbad,
CA). MCF7 was cultured in EMEM containing 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. PC3 was cultured in RPMI-1640 containing 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin.

3.2. Cell uptake of NPs

Cell cultures were maintained at 37 °C under a humidified condition with 5% CO,. After 24 h of
plating, the cells were washed once with PBS, and the solutions of particles were added
respectively. After 20 min of incubation, the cells were washed three times with PBS to remove
extra solution and their individual culture medium was added followed by 2 h incubation.

3.3. Gene transfection studies

Cells (1x10* cells / well) were plated in an 8-well chamber slides and allowed to adhere
overnight. Each sample was diluted with 200 pL Opti-MEM medium and transferred to each
well of an 8-well chamber slide (Lab-Tek®, Electron Microscopy Sciences, PA). Samples were
incubated with the cells for 4 h, then removed by aspirating, and replaced with 400 pL/well of
fresh regular culture medium. Cells were allowed to grow for 24 h at 37 °C and 5% CO, and
then fixed (4% paraformaldehyde for 15 min at room temperature), washed with PBS three
times, stained with DAPI and a final PBS rinse prior to EGFP expression analysis by
fluorescence microscope.

3.4. In vitro viability study
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Cell viability was measured by the MTT assay. After incubating cells with 100-pL samples along
with controls with respective concentrations in 96 well-plates for 48 h, the solutions were
removed and washed with PBS three times. Fresh medium containing 20-pL CellTiter-Blue
reagent was added to each well, followed by 3 h incubation at 37 °C. The cell viability results
were quantified using fluorescent plate-reader.

4. General In Vivo Study

The animal study protocol was reviewed and approved by the Animal Care and Use Committee
of University of California, Los Angeles. Female C57Bl/6 mice, 4-5 week old, were
anesthetized, shaved, and prepared for implantation of the tumor cells. Lewis lung carcinoma
(LLC) cells were collected from culture, and 3 x 10> cells suspended in a 1:1 mixture of PBS
buffer and matrigel were then injected subcutaneously into right flank of a mouse. After 6 days
when tumors reached around 60-90 mm’ in size, mice were divided into 4 groups of five mice,
minimizing weight and tumor size difference. Tumor-bearing mice were treated by intravenous
injection of PBS, PGACSNPs, CPT-PGACSNPs (13.6 mg/kg CPT) or intraperitoneal injection
of CPT (13.6 mg/kg). Three doses were administrated with 5-day interval, i.e., at day 1, day 6
and day 11, respectively (except for CPT group, which only received a single dose at day 1 due
to emerging toxicity!'’")). After injections, the animals were monitored closely, and
measurements of the tumor size and body weight for each animal were performed at regular
intervals using calipers without knowledge of which injection each animal had received. The
tumor volume for each time point was calculated according to the formula, (length) x (width)*/2,
where the long axis is the length, the short axis is the width. Tumor density is assumed as
1 mg/mm’. If body weight loss is beyond 20% of pre-dosing weight, the animals were
euthanized. When the tumor load reached 1500 mm’® or the animal had become moribund, the
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mouse was sacrificed. The statistical analysis was undertaken using a Student’s #-test (two-
tailed), and p-values < 0.05 were considered statistically significant, p <0.01 were considered
highly statistically significant.

5. General Imaging Preparation
5.1. Radio-labeling of SNPs

All liquids were pretreated with Chelex-100 (Bio-Rad, Herchules, CA) to remove trace metal
contaminants. The **Cu chloride (MDS Nordion, Vancouver, Canada) was mixed with NH;OAc
buffer (pH 5.5, I = 0.1 M), and 800-fold excess of nanoparticles were added to above solution.
The mixture was incubated for 1 h at 60 °C, and the “*Cu-labeled SNPs product was purified by a
molecular weight cut off filter (Centricon YM10, Billerica, MA) with a spin speed of 10000 g for
10 min. The labeling yield (> 90%) was determined by measuring the radioactivity in the filter,
the filtrate and the retaintate, respectively. The **Cu-labeled SNPs are then re-suspended in PBS
for in vivo injections.

5.2. Micro-PET/CT imaging

Micro-PET/CT imaging was performed with a micro-PET FOCUS 220 PET scanner (Siemens,
Malvern, PA) and a MicroCAT II CT scanner (Siemens). Fifteen minutes before imaging, mice
were anesthetized by using 1.5-2% isoflurane in a heated (30 °C) induction chamber, then
transferred to a heated isolation/imaging chamber. 64Cu (100-300 pCi) was injected either via
tail vein or in the footpad while the anesthetized animals were positioned on the scanner bed, and
a dynamic PET scan was acquired for 1 h. The volume used for the tail vein injection were ~ 100
uL, and for the footpad injection < 20 puL. Mice were moved to the micro-CT in the same
isolation/imaging chamber. PET images were reconstructed by filtered back projection, using a
ramp filter to yield an image resolution of 1.7 mm. Immediately after the micro-PET scan, mice
underwent a 7-min micro-CT scan, using routine image acquisition parameters. The micro-CT
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scan was used for anatomical localization of the tissue concentrations of the **Cu over time by
micro-PET. Static micro-PET scans were acquired on the following day (1824 h after injection)
with another micro-CT scan for anatomical co-registration. To determine temporal changes of
tracer concentration in various tissues, ellipsoid regions of interest were placed in the region that
exhibited the highest **Cu activity as determined by visual inspection. To ensure accurate
anatomical positioning, regions of interest were placed on fused micro-PET/CT images
generated by the AMIDE software. To minimize partial volume effects, care was taken not to
include the anatomical borders of the organs. Considering the size of the studied organs and
tumors and the spatial resolution of the PET scanner, partial volume effects are not expected to
have a major impact on the results of quantitative analysis. Activity concentrations are expressed
as percent of the decay-corrected injected activity per cm’ of tissue (can be approximated as
percentage ID/g), using the AMIDE software, and these values are normalized to an elliptic
cylinder region of interest drawn over the entire mouse.
5.3. Phantom preparation and imaging
Imaging was performed on a Bruker Avance 600 MHz spectrometer (Bruker BioSpin Corp.,
Billerica, MA, USA) equipped with a Micro 5 gradient system (maximal gradient strength of 192
G/cm in three orthogonal directions). A saturation recovery pulse sequence was used for all
phantom T1-weighted imaging. The imaging parameters were slice thickness = 2 mm, RG = 10,
matrix size = 64x64, TE = 6.4 ms, TR = 25 s. Following an initial hard n/2 flip angle pulse (pulse
length ~ 6 ps), a crusher gradient (GT = 76.8 G ms/cm) was applied to spoil the transverse
magnetization.

The capillary dilution phantom images were acquired with an 8 mm saddle coil optimized to

IH (FOV = 0.8 cm). For the capillary dilution images shown in Figure 3.7.a, the magnetization
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evolved 2.5 s before applying a spin echo pulse sequence to acquire the image. The 64x64 raw
data was zero-filled to 512x512.

5.4. In vivo MR imaging

In vivo imaging studies used 4-6 week-old female NOD CB17-Prkdscid/IcrCr1Bltw
(NOD/SCID), weighing 25-30 g, obtained from BioLASCO, Taiwan. All animal procedures
were in accordance with the regulations approved by the Institution Animal Care and Utilization
Committee at National Taiwan University. All the MR data were acquired on a Varian INOVA
7-T NMR spectrometer (Varian Inc., CA, USA) with microimaging capability. The images were
obtained using a microimaging probehead and a 30 mm L.D. quadrature birdcage imaging RF
coil (Varian Inc., CA, USA) with self-shielded gradient systems and a maximum strength of
100 G/cm in each of the x-, y- and z-directions (Resonance Research Inc., Billerica, MA, USA).
T;-weighted images were acquired along the coronal plane using a multiple-slice spin echo pulse
sequence with the following parameters: TR/TE = 50/12 ms, matrix =256 x 128, FOV (field of
view) = 51.2 X 25.6 mm, slice thickness = 0.25 mm, NT =4. We acquired 2 slices during each
TR and total number of slices = 96. The total acquisition time was about 25 min. The three-
dimensional 7)-weighted images were acquired before injection of Gd*"*DOTACSNPs and at
the following times after injecting 20 pL of Gd***DOTACSNPs in the right foot pad of the
NOD/SCID mouse: 40—65 min, 100—125 min, 160185 min, 220-245 min, 280-305 min, and
340-365 min. Additionally, we acquired images 12h and 24h after injecting
Gd’"*DOTACSNPs. No gross side effects were observed during or after injection of
Gd’"*DOTACSNPs. For quantitative analysis of acquired images, we take the average signal in
a 11 x 9 x 8 voxel volume containing the lymph nodes indicated by the circles, the region of

interest (ROI).
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Over the past decades, significant efforts have been devoted
to explore the use of nanoparticles in the fields of biology and
medicine. Several different types of nanoparticles have
successfully made their way into preclinical studies in animals,
clinic trials in patients, or even successful commercial
products used in routine clinical practice.'! For example,
gold nanoshells,” quantum dots,** and super-paramagnetic
nanoparticles® that carry target-specific ligands have been
employed for in vivo imaging of cancerous cells; drug
molecules have been packaged into polymer-based nano-
particles and/or liposomes™” to achieve controlled release at
the disease sites;®*! and positively charged nanoparticles have
served as nonviral delivery systems for both in vitro and in
vivo genetic manipulation and programming.!1*'!l However,
there remains an imperious desire to develop novel synthetic
approaches to produce a new generation of nanoparticles that
have 1) controllable sizes and morphologies, 2) low toxicity,
compatible immunogenicity and in vivo degradability, and
3) proper surface charges and chemistry for improved phys-
iological stability and longer circulation time. Moreover,
multiple functions,"? such as reporter systems for real-time
monitoring with imaging techniques (i.e., optical imaging,
magnetic resonance imaging (MRI), and positron emission
tomography (PET)), targeting ligands for disease-specific
delivery, and a controllable mechanism for packaging and
releasing drugs and genes, will be conferred to individual
nanoparticles for conducting multiple applications in parallel.

Unlike conventional chemical synthesis, which is capable
of forming/breaking covalent bonds, supramolecular chemis-
try combines two basic concepts: self assembly and molecular
recognition. Supramolecular chemistry offers a powerful and

[¥] Dr. H. Wang,! Dr. S. T. Wang,!! Dr. H. Su,1 K.-J. Chen, A. L. Armijo,
Dr. W.-Y. Lin, Dr. Y. Wang, Dr. ). Sun, Dr. K. Kamei, Prof. |. Czernin,
Prof. C. G. Radu, Prof. H.-R. Tseng
Crump Institute for Molecular Imaging (CIMI)

Institute for Molecular Medicine (IMED)
Department of Molecular and Medical Pharmacology
California NanoSystems Institute (CNSI)

University of California, Los Angeles

570 Westwood Plaza, Los Angeles, CA 90095 (USA)
Fax: (4+1)310-206-8975

E-mail: hrtseng@mednet.ucla.edu

['] These authors contributed equally to the work.
[**] H. R.T. and C.G.R. acknowledge support from the NIH-NClI
NanoSystems Biology Cancer Center (U54A119347).

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.200900063.

SR, WWILEY R
) InterScience*

convenient approach for the preparation of nanostructured
materials from molecular building blocks.!>"'® The concept of
self-assembly has been extensively used to prepare organic
nanoparticles. For example, liposomes and nanoscaled vesi-
cles” which were prepared using self-assembly of phospho-
lipids can serve as powerful nanocarriers for drug and gene
delivery; self-assembled amphiphilic copolymer building
blocks spontaneously form nanoparticles, which can be
utilized for drug delivery and molecular imaging.['"*? How-
ever, it is apparent that the concept of “molecular recogni-
tion” seems to be an underappreciated factor, which could
lead to much more sophisticated synthetic approaches,”’
allowing precise control over the properties of the resulting
nanoparticles. B-Cyclodextrin (CD) is one of the most
commonly used supramolecular building blocks for a diverse
range of biomedical applications.***! CD-containing cationic
polymers have been employed as vectors for highly efficient
delivery of siRNA. Through CD/adamantane (Ad) recogni-
tion, Ad-functionalized polyethylene glycol (PEG) chains
were grafted onto the nanoparticles to enable long-term
systemic circulation in vivo.”*

Herein, we report a convenient, flexible, and modular
synthetic approach (Figure 1) for the preparation of size-
controllable supramolecular nanoparticles (SNPs). CD/Ad
recognition was employed to achieve self-assembly of SNPs
from three different molecular building blocks, namely 1) Ad-
grafted first-generation polyamidoamine dendrimer, n-Ad-
PAMAM, 2)pB-CD-grafted branched polyethylenimine
(MW =10kD), CD-PEI, and 3) Ad-functionalized PEG
compound (MW =5kD), Ad-PEG. Although similar to a
previously reported “bricks and mortar” strategy®! to con-
struct cross-linked network,?"! the uniqueness of our design is
the use of a capping/solvation group. This solvation group Ad-
PEG on the one hand competes with the dendrimer block n-
Ad-PAMAM to constrain the continuous propagation of the
cross-linked network, and on the other hand confers water-
solubility to the SNPs. By tuning mixing ratios among the
three molecular building blocks in phosphate-buffered saline
(PBS) aqueous buffer solution (pH 7.2, containing 1.5 mm
KH,PO,, 155 mm NaCl, and 2.7 mm Na,HPO,), the equilib-
rium between the propagation/aggregation and capping/
solvation of the cross-linked network fragments can be
altered, allowing arbitrary control over the sizes of the
water-soluble SNPs. In contrast to the production of polymer-
based nanoparticles,'*?**1 where significant synthetic
endeavors are required to prepare specific types of polymeric
building blocks to achieve the desired level of control over the

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

106


http://dx.doi.org/10.1002/anie.200900063
kuan-ju
Polygon

kuan-ju
Oval


+%+%

Angewandte

Self-
Assembly
_—

n-Ad-PAMAM CD-PEI Ad-PEG Supramolecular
n=4*or8 Nanoparticles (SNPs)
1) : f=r — 2)
=) I o"i’;"}
05, NH = ‘}g, #
whog? o oty -
P4 f
& 1~“ HN j
\NH ﬁu HN
DJ‘NH N o H .
\ N [\NNN\_/\NNN\/—\NNNV\N/] —
Hi 0 I 1] N

RN
o . O

;
™

/ \,‘Hﬁsﬂf

H

o

3)

Y

Figure 1. A convenient, flexible, and modular synthetic approach for preparation of size-controlled supramolecular nanoparticles (SNPs). A
molecular recognition system based on adamantane (Ad) and P-cyclodextrin (CD) was employed to assemble three molecular building blocks

1) n-Ad-PAMAM (n=4* or 8), 2) CD-PEI, and 3) Ad-PEG.

size, our three-component supramolecular approach offers
synthetic convenience, flexibility, and modularity to alter the
sizes and surface chemistry of the SNPs. By using such a
supramolecular approach we were able to obtain a collection
of SNPs with controllable sizes ranging from 30 to 450 nm.
Further studies were carried out to unveil the unique proper-
ties of these SNPs, including 1) their stability at different
temperatures and pH values, as well as in physiological ionic
strength media, 2)their competitive disassembly in the
presence of Ad molecules, and 3) reversible control over the
size using in situ alteration of the mixing ratios of the
molecular building blocks. Finally, whole-body biodistribu-
tion and lymph node drainage studies of both of the 30 and
100 nm *Cu-labeled SNPs in mice were carried out using
microPET/CT imaging. The results showed that the sizes of
SNPs are crucial factors which affect their in vivo properties.

The three molecular building blocks n-Ad-PAMAM, CD-
PEI, and Ad-PEG were prepared and characterized (Sup-
porting Information, Section 1.2). According to the 'H NMR
spectrum, in the polymer building block CD-PEI, there are
about 7 to 8 CD recognition units grafted on a branched PEI
backbone. It is well known that the CD modification increases
the biocompatibility and reduces the toxicity of the PEI
compounds.” In our experiments, two different dendrimer
building blocks, 8-Ad-PAMAM with eight substituted Ad
motifs and 4*-Ad-PAMAMP! with four Ad motifs (on
average, based on its '"H NMR spectrum), were examined in

Angew. Chem. Int. Ed. 2009, 48,
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parallel. To analyze how the mixing ratios between Ad-
PAMAM and CD-PEI affect the sizes of the resulting SNPs,
we utilized dynamic light scattering (DLS, N4 plus, USA)
measurements to analyze the freshly prepared SNPs. To
ensure sufficient supply of the capping/solvation group, an
excess amount of Ad-PEG was added to each mixture. In the
absence of Ad-PEG, direct mixing of n-Ad-PAMAM and
CD-PEI resulted in aggregation and precipitation. The octa-
substituted dendrimer 8-Ad-PAMAM was first tested. In this
case, CD-PEI (168 um) in PBS buffer was slowly added into
the mixtures containing Ad-PEG (840 um) and a variable
amount (84 to 672 um) of 8-Ad-PAMAM. A collection of
water-soluble SNPs with variable sizes ranging between 30
and 450 nm were obtained (Figure 2a). The surface-charge
densities of SNPs (with diameters ranging from 30 to 450 nm)
were determined by zeta potential () measurements in PBS
buffer solution (Zetasizer Nano, Malvern Instruments Ltd),
which suggest that the SNPs carry zeta potentials in the range
of (16.8+1.2) to (28.5+1.1) mV (Supporting Information,
Figure S1). To ascertain the influence of the number of the
Ad-substitution groups in a dendrimer core on the sizes of the
respective  SNPs, the tetra-substituted dendrimer 4*-Ad-
PAMAM was also examined. SNPs with relative smaller
sizes (30-120 nm) were obtained under similar self-assembly
conditions. The morphology and size of the SNPs were also
examined by using transmission electron microscopy (TEM,
Philips CM-120). The TEM images suggest that the SNPs
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Figure 2. a) Titration plots summarize the relationship between SNP
sizes and the mixing ratios of the two molecular building blocks (n-Ad-
PAMAM/CD-PEI). Dynamic light scattering (DLS) was employed to
measure SNP sizes. The titration plot for an octa-substituted dendri-
mer building block 8-Ad-PAMAM (o) and for a tetra-substituted
dendrimer building block 4*-Ad-PAMAM (e). The standard deviation
of each data point was contained from, at least, three repeats. TEM
images of the resulting SNPs with different sizes of b) (32+7) nm
from 8-Ad-PAMAM, c) (61£17) nm from 4*-Ad-PAMAM,

d) (104£16) nm from 8-Ad-PAMAM, and e) (340+46) nm from 8-Ad-
PAMAM. Scale bars: 100 nm.

exhibit spherical shapes and narrow size distributions (Fig-
ure 2b—e; Supporting Information, Figure S2), findings that
are consistent with those observed using DLS.

The use of the supramolecular approach conferred
dynamic characteristics to the self-assembled SNPs. To
understand the dynamic stability of the SNPs, we employed
real-time DLS measurements to monitor the size variation of
the 30 and 100 nm SNPs (composed of the 8-Ad-PAMAM-
based dendrimer) at different temperatures and pH values,
and in physiological ionic strength media. First, the variable-
temperature DLS measurements indicate that the SNPs are
stable over a wide range of temperatures (7 to 50°C;
Supporting Information, Figure S4). Second, we observed
negligible size variation of the SNPs at different pH values
(pH 3.8-8.3) and physiological ionic strength (Supporting
Information, see Figure S3 and S5). We note that the stability
of these SNPs can be attributed to the multivalent CD/Ad
recognition, which holds individual molecular building blocks
in each SNP. Two sets of experiments were carried out to
examine the dynamic characteristics (i.e. control of compet-
itive disassembly and reversible alteration of the size) of these

8-Ad-PAMAM/ CD-PEI/Ad-PEG
=1:1:5

8-Ad-PAMAM / CD-PEI/ Ad-PEG
=05:1:5

30£7 nm

100+ 15 nm

Figure 3. Reversible control of the size of SNPs.

www.angewandte.org

SNPs, which further validate the molecular mechanism of this
supramolecular approach (Figure 3). First, we introduced
100 equivalents of a competitive reagent (i.e., 1-adamant-
amine hydrochloride) into a solution containing either 30 or
100 nm SNPs. After 10 minutes of sonication, disassembly of
the SNPs was observed by DLS as a result of competitive
inclusion of the free 1-adamantamine hydrochloride into CD-
PEI. As a control, without the addition of 1-adamantamine
hydrochloride, sonication alone could not disassemble the
SNPs (Supporting Information, Figure S6). Second, starting
from 100 nm SNPs (8-Ad-PAMAM/CD-PEI = 1:1, mol/mol),
we were able to reduce the size of the SNPs to 30 nm by
adding the polymer component CD-PEI in situ (8-Ad-
PAMAM/CD-PEI=1:2, mol/mol), or increase the size of
the SNPs to 140 nm by adding the dendrimer component 8-
Ad-PAMAM in situ (8-Ad-PAMAM/CD-PEI=2:1, mol/
mol). In these studies, 10 minutes of sonication was employed
to facilitate the conversion among the three sizes of the SNPs
(Figure 3).

We characterized the in vivo biodistribution (Figure 4a;
Supporting Information, Figure S7) of the 30 and 100 nm
#Cu-labeled SNPs (composed of the 8-Ad-PAMAM-based
dendrimer, see Supporting Information for the SNP-labeling
protocols) by systemically injecting the SNPs into mice
through the tail veins (Supporting Information, Figure S8d).
MicroPET/CT studies suggested that the biodistribution
patterns of the 30 and 100 nm SNPs were quite similar
(Supporting Information, Figure S8a and b). In both cases,
rapid blood clearance through liver accumulation (30-50%
ID/g of the SNPs accumulated in the liver within 5 min after
injection) was observed, and there was less accumulation in
the kidneys (16-20% ID/g) and lungs (8-12% ID/g). A
nonlinear two-phase decay fit of the SNPs plasma concen-
trations yielded initial elimination half-lives of 0.87 and
1.1 minutes for the 30 and 100 nm SNPs, respectively. The
terminal elimination half-lives were also quite different
(68 minutes for 30 nm SNPs was, and 108 minutes for
100 nm SNPs). Together, the results indicated that the in
vivo clearance of the 30 nm SNPs is faster than that of the
100 nm SNPs.

To explore the use of the SNPs for immune modulation,
we investigated the lymph node trafficking of both 30 and
100 nm *Cu-labeled SNPs by using front footpad injection

(Supporting Information, Fig-

ure S8d). The path of lymph
drainage from footpad injec-

8-Ad-PAMAM/ CD-PEI/Ad-PEG
=2:1:56

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tions is well known, and hence
this is a common method for
the delivery of immunological
agents.”” We injected the 30
and the 100nm SNPs into
different sides of the footpads
of a mouse, and microPET/CT
imaging was carried out for
40 minutes immediately after
injection (Figure 4b, left) and
20 hours after injection (Fig-
ure 4b, right). We observed
that the 30 nm SNPs drained

140 £ 46 nm
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Figure 4. MicroPET/CT studies at various times after injecting the mice with 30 and 100 nm *Cu-labeled SNPs. a) In vivo biodistribution studies
of the SNPs by systemically injecting the SNPs into mice through the tail veins. Left panel: 30 nm SNPs; right panel: 100 nm SNPs. b) Lymph
node trafficking studies of SNPs using front footpad injections. The 30 and 100 nm SNPs were injected on different sides of footpads of a mouse.
MicroPET/CT was carried out for 40 min immediately after injection (left) and 20 h after injection (right).

into the local auxiliary lymph node and peaked at 5 minutes
post injection with (58.6 +15.6) % ID/g of signal accumula-
tion (Supporting Information, Figure S8c). This signal
decreased to (26.6 +5.8) % ID/g at 40 minutes post injection,
and further reduced to (7.0+2.2)% ID/g by 20 hours post
injection. No significant accumulation was detected in the
lymph nodes on the same side where the 100 nm SNPs were
injected. Other than the footpad injection site and the lymph
node into which the 30 nm SNPs drained, the SNPs did not
distribute in vivo to other regions 1 hour after injection. The
results revealed that the sizes of the SNPs are critical factors
for their lymph node trafficking.

In conclusion, we have successfully developed a conven-
ient, flexible, and modular synthetic approach for the
preparation of size-controllable SNPs. PET imaging studies
were carried out by injecting *Cu-labeled SNPs of different
sizes into mice. Both whole-body biodistribution and lymph
node drainage studies showed that the sizes of the SNPs affect
their in vivo characteristics. Besides the imaging studies
shown herein, we are currently exploring the use of the size-
controllable SNPs for other biomedical applications. Exten-
sive and in-depth study will show the potentials of these SNPs.
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Photothermal Effects of Supramolecularly Assembled Gold
Nanoparticles for the Targeted Treatment of Cancer Cells**
Shutao Wang,* Kuan-Ju Chen, Ting-Hsiang Wu, Hao Wang, Wei-Yu Lin, Minori Ohashi,

Pei-Yu Chiou,* and Hsian-Rong Tseng*

Noble-metal nanostructures with unique photophysical prop-
erties have been considered as prime candidate agents for the
photothermal treatment of cancer.'™ Typically, the photo-
thermal properties of these nanostructures can be controlled
by manipulating their sizes and shapes*® Over the past
decade, significant endeavors have been devoted to the
production of a variety of gold nanostructures, such as
nanoparticles,®” nanoshells,* '’ nanorods,"'? and nano-
cages,*¥ which are able to overcome limitations of
organic-dye-based photothermal agents,” such as low light
absorption and undesired photobleaching. For sufficient
energy to be harvested/generated to damage tumor cells,
the size of these nanostructure-based agents are required in
the range of tens to hundreds nm.[™! However, the relatively
“large” size of the agents often leads to poor bioclearance
(i.e., accumulation in the liver, spleen, and kidneys), which is
a major obstacle to their in vivo application.'* ¥ Alterna-
tively, the photophysical properties of noble-metal nano-
structures can be altered systematically by the formation of
aggregates through self-assembly."”*"! The antibody-assisted
aggregation of Au nanoparticles on cell membranes or in
intracellular environments led to the enhancement of photo-
thermal performance® as a result of the collective
effects® > associated with the assembled structures. There-
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fore, the self-assembly of small noble-metal building blocks,
that is, noble-metal colloids with diameters of less than
8 nm'*'¥ (compatible with renal clearance) would be a
promising approach toward a new class of noble-metal
photothermal agents.

Recently, we demonstrated a convenient, flexible, and
modular self-assembly approach for the preparation of
supramolecular nanoparticles (SNPs) of controlled size
through multivalent molecular recognition based on [-cyclo-
dextrin (CD) and adamantane (Ad) motifs.* Size-controlled
SNPs were prepared by mixing three molecular building
blocks: 1) an Ad-grafted polyamidoamine dendrimer with a
diameter of approximately 1.9 nm, 2) CD-grafted branched
polyethylenimine (CD-PEI), and 3) Ad-grafted polyethylene
glycol (Ad-PEG). We hypothesized that such a supramolec-
ular synthetic approach could be further explored to assemble
inorganic building blocks (i.e., 2nm Au colloids) into a
collection of Au supramolecular nanoparticles (Au-SNPs)
with defined sizes. We anticipated that the resulting Au-SNPs
might exhibit enhanced photothermal effects! and could
thus be promising candidate agents for photothermal cancer
treatment. The use of a supramolecular approach enables**>*!
the convenient incorporation of targeting ligands to provide
target-specific Au-SNPs.

In this study, we adopted a supramolecular approach to
prepare size-controlled Au-SNPs for use as a new type of
photothermal agent from three building blocks: Ad-grafted
2 nm Au colloids, CD-PEI, and Ad-PEG (Figure 1). We used
transmission electron microscopy (TEM) and zeta-potential
measurements to characterize the size/morphology and sur-
face charge densities, respectively, of the resulting Au-SNPs.
We carried out further studies to unveil the unique physical
properties of the Au-SNPs, including 1) their stability at
different temperatures and pH values, 2) their size-dependent
photophysical properties, and 3)their thermally induced
disassembly. Moreover, laser-induced microbubble-genera-
tion experiments were performed with the 118 nm Au-SNPs
to demonstrate their significantly enhanced photothermal
effects relative to those of the 2 nm Au colloids. We used
arginine—glycine—aspartic acid (RGD) peptide as a targeting
ligand and o,f3;-positive/negative cells as the corresponding
biological system to test the specificity and selectivity of
RGD-Au-SNPs, which were generated from Au-SNPs by
dynamic in situ ligand exchange,® and observed selective
damage of the a,f;-positive cells (no damage of neighboring
a,ps-negative cells).

The three molecular building blocks, Ad-grafted 2 nm Au
colloids (Figure 2a), CD-PEI, and Ad-PEG, were prepared
and characterized as shown in the Supporting Information.
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Figure 1. Supramolecular synthetic approach for the preparation of size-controlled gold supramolecular Supporting Information).
nanoparticles (Au-SNPs). A molecular-recognition system based on adamantane (Ad) and f-cyclodextrin (CD) Figure 2b shows a highly
was employed to assemble three building blocks: Ad-grafted 2 nm Au colloids, CD-PEI, and Ad-PEG. Ad-PEG- magnified typical TEM

RGD was introduced onto Au-SNPs by in situ ligand exchange to give RGD-Au-SNPs that could recognize a

certain type of tumor cell with membrane o5 integrin receptors.
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Figure 2. Analysis by transmission electron microscopy (TEM). a) Ad-
grafted 2 nm Au colloids: the inorganic building blocks of Au-SNPs.
b) A single 118 nm Au-SNP obtained by the supramolecular synthetic
approach. c) Titration plot showing the relationship between the size
of Au-SNPs and the mixing ratio of the Au colloids and CD-PEL.

d,e) Effect of temperature (d) and the pH value (e) on the stability of
118 nm Au-SNPs.

We then prepared size-controlled Au-SNPs (Figure 2b) by
slowly adding phosphate-buffered saline (PBS, pH 7.2) with
Ad-grafted 2nm Au colloids (0.0213mgmL™") to PBS
solutions with variable amounts of CD-PEI (0.0725-
573mgmL™") and Ad-PEG (42mgmL™"), followed by
incubation at room temperature overnight. By simply tuning
the ratio between the Ad-grafted 2 nm Au colloids and CD-
PEI, we were able to obtain a collection of Au-SNPs with
variable sizes ranging between 40 and 118 nm (Figure 2¢).
The formation mechanism originally proposed for SNPsP¥
can be used to explain the size controllability observed for
Au-SNPs. In short, the mixing ratios of the three building
blocks altered the equilibrium between the propagation/
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image of a single Au-SNP;
individual 2 nm Au colloids
are clearly visible. Zeta-
potential ~ measurements
(Zetasizer Nano, Malvern Instruments) revealed that the
Au-SNPs carried surface charge densities covering the range
of 11-20 mV (see Figure S1 in the Supporting Information) as
a result of the incorporation of positively charged CD-PEL
Since the Au-SNPs were prepared by supramolecular assem-
bly, we characterized their dynamic stability under different
environmental conditions. We monitored the size variation of
118 nm Au-SNPs in PBS by TEM™ at temperatures ranging
from 7 to 100°C (Figure 2d) and at pH values from 3 to 10
(Figure 2¢). The results indicated that 118 nm Au-SNPs are
stable in PBS at 7-40°C and pH 5-10. Also, Au-SNPs can
maintain their size and morphology in PBS either with or
without 10 % serum, most likely because the “stealth” effect
imparted by PEG grafted on the outside of the Au-SNPs
could lower the further agglomeration of particles.”” These
results suggest that Au-SNPs can be used under physiological
conditions. At higher temperatures (> 50°C, Figure 2d), they
dissociated into small fragments, and a broader size distribu-
tion of the Au-SNPs was observed by TEM. Complete
disassembly of the 118 nm Au-SNPs into 2 nm Au colloids
was observed when the temperature was increased to 100°C.
The thermal disassembly of 118 nm Au-SNPs can be attrib-
uted to the weakened Ad/CD supramolecular interactions at
elevated temperatures.”®

To test the feasibility of the application of Au-SNPs as
photothermal agents, we chose 118 nm Au-SNPs as the model
system.[*’) For comparison, 2 nm Au colloids were employed
as a control. First, we investigated the photophysical proper-
ties of 118 nm Au-SNPs and 2nm Au colloids by UV/Vis
spectroscopy (Figure 3a). Given the characteristic surface-
plasmon-resonance absorption of Au-SNPs and Au colloids
(between 500 and 530 nm),!"™ we chose a 532 nm green pulsed
laser to test their photothermal effects and performed laser-
induced microbubble-generation studies to monitor the
locally accumulated heat of individual Au-SNPs. We tested
a broad range of energy densities (3-265 mJ cm ) of a 532 nm
pulsed laser with a 6 ns pulse duration. Au-SNPs and Au-
colloid suspensions in PBS (with a normalized Au concen-
tration of 4.67 mgmL™") were irradiated with the laser at
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Figure 3. a) UV/Vis absorption spectra of 2 nm Au colloids and

118 nm Au-SNPs. b,c) Time-resolved bright-field micrographs of sus-
pensions of 118 nm Au-SNPs (b) and Ad-grafted 2 nm Au colloids (c)
during the scanning of a pulsed laser (6 ns, 532 nm; 32 mJcm~2 for
118 nm Au-SNPs and 265 m)cm 2 for Ad-grafted 2 nm Au colloids).

different energies. For the 118 nm Au-SNPs, a laser threshold
of 32mJem™ was sufficient for the generation of micro-
bubbles upon laser irradiation (Figure 3b). In contrast, no
microbubbles were observed for 2 nm Au colloids even at the
maximum laser energy tested (265 mJ cm™?; Figure 3c). The
significant enhancement of the photothermal effects in
118 nm Au-SNPs can be attributed to the collective heating
effect™ in Au-SNPs. Interestingly, we also found that the
efficiency of the collective heating effect was size-dependent:
40 nm Au-SNPs exhibited a threshold of 61 mJcm 2

The formation of explosive vapor bubbles on individual
Au-SNPs requires an elevated local temperature higher than
the critical temperature of the liquid medium (374°C for
water).*’l We hypothesize that upon the formation of micro-
bubbles, the localized accumulated heat could facilitate the
thermal disassembly of Au-SNPs into smaller fragments, in a
process similar to that observed for 118 nm Au-SNPs when
the temperature was above 100°C (Figure 2d). To monitor
laser-induced Au-SNP disassembly, we used a pulsed laser
(with a 6ns pulse duration) to irradiate Au-SNPs at a
repetition rate of 1 Hz. Microbubble formation was captured
by the time-resolved imaging setup 70 ns after the arrival of
the laser pulse. We observed a dramatic decrease in the
number of laser-induced microbubbles after irradiation with
several laser pulses. Thus, most of the Au-SNPs in the solution
appeared to have thermally disassembled into smaller frag-
ments, which attenuates their photothermal characteris-
tics."1 In the following studies on photothermal treatment,
a fixed laser power of 120 mJem™ was used to ensure
microbubble formation on the 118 nm Au-SNPs.

Angewandte
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Through the incorporation of targeting ligands, photo-
thermal agents based on Au nanostructures can be utilized for
the targeted photothermal treatment of certain types of
cancer cells.*'>*%! Tn our study, RGD-Au-SNPs that could
recognize tumor cells with membrane o,f3; integrin receptors
were produced by dynamic ligand exchange (Ad-PEG-RGD
(0.21 mg) was added to a solution (1.0 mL) of 118 nm Au-
SNPs (4.67 mgmL™"); see the Supporting Information).*
The 118 nm RGD-Au-SNPs were used along with the controls
(RGD-grafted 2 nm Au colloids and nontargeting 118 nm Au-
SNPs) for targeted photothermal treatment in four-well
chamber slides containing both a,f;-positive U87 glioblas-
toma cells and o,p;-negative MCF7 breast cancer cells. To
make it easier to visually distinguish the two different types of
cells, we labeled the U87 and MCF?7 cells with green and red
fluorescent dyes (DiO and DiD cell-labeling solution, Invi-
trogen), respectively. After incubation for 20 min with the
three agents and subsequent replacement of the culture
media (to remove the free agents), the cells in the culture
chambers were exposed to pulsed laser irradiation (6 ns,
120 mJem2) with a beam diameter of 1 mm (a photomask
was used; see the Supporting Information). The irradiated
cells were kept in an incubator (5% CO,, 37°C) for 2h,
during which time the cells damaged by microbubble
formation could detach from the substrates. An inverted
fluorescence microscope (Nikon TE2000) was employed to
examine the cells within the irradiated regions. Cell detach-
ment was observed for the U87 cells treated with RGD-Au-
SNPs (Figure 4a). In contrast, negligible cell detachment was
observed for MCF7 cells treated with RGD-Au-SNPs (Fig-
ure 4b) as well as for both types of cells treated with non-
targeted Au-SNPs. These results suggest that 1) RGD peptide
confers target specificity to the Au-SNPs to enable the
photothermal treatment of o,f;-positive U87 cells, and
2) nontargeting Au-SNPs have no significant effect on
cancer cells, as their surface-grafted PEG chains™! are
capable of reducing nonspecific binding to cells. Furthermore,
no cell detachment was detected for the U87 cells treated with
Au colloids (Figure 4c¢); this result validated our previous
observation that 2nm Au colloids exhibit minute photo-
thermal effects at the given pulsed laser irradiation.

To demonstrate the selectivity of RGD-Au-SNPs for
target-specific photothermal treatment, we investigated the
targeted depletion of o,f;-positive cells in a cell mixture
containing both o,f;-positive U87 and a,B;-negative MCF7
cells. We treated a 1:1 cell mixture (Figure 4d, middle)
containing U87 cells (green) and MCF7 cells (red) with RGD-
Au-SNPs (4.67 mgmL™"). After the removal of free RGD-
Au-SNPs, the cell mixture was irradiated with a pulsed laser.
In the irradiated region, U87 cells (green) were depleted, and
the remaining MCF7 cells (red) were able to be continuously
cultured on the substrates (Figure 4d, right). In the region
outside the laser footprint, both the positive and the negative
cells remained. These results suggest that the photothermal
treatment of RGD-Au-SNPs is highly selective for targeted
cells. Besides the specific targeting effects of RGD-Au-SNPs,
the use of a pulsed laser led to effective photothermal effects
in a defined location within a nanosecond time frame and thus
enabled localized cell damage in a spatially confined fashion.
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Figure 4. a—c) Fluorescence micrographs of U87 cells (o,f3;+, labeled
green) treated with 118 nm RGD-Au-SNPs (a), MCF7 cells (a,f3;-,
labeled red) treated with 118 nm RGD-Au-SNPs (b), and U87 cells
treated with RGD-grafted 2 nm Au colloids (c) after irradiation with a
pulsed laser (6 ns, 120 mJcm2). A mask was employed to confine the
laser beam to a circular region with a diameter of 1 mm (as indicated
by the white dashed circles). d) Fluorescence micrographs of a 1:1
mixture of U87 and MCF7 cells. After treatment with RGD-Au-SNPs
and subsequent medium exchange, the cell mixture was irradiated
with a pulsed laser. In the irradiated region after culture for 2 h, U87
cells (green) were depleted, whereas MCF7 cells (red) were left alive
on the substrate. e) Time-resolved images of an o,f3;-positive U87 cell
with a 118 nm RGD-Au-SNP attached to it. Upon irradiation with the
6 ns pulsed laser (120 m)cm™?), fast contraction of the cellular
protrusion was observed as the result of the localized mechanical
destruction caused by the formation of microbubbles.

In contrast, the previous use of continuous-wave radiation
often led to a large area of cell damage as a result of heat
diffusion from the targeted cells to the surrounding medium
over the relatively long period of light irradiation.[*”!

The cell-damage mechanism is based on the mechanical
destruction associated with the formation of explosive micro-
bubbles. It is similar to those proposed for photothermal
agents based on Au nanoparticles®**! or carbon nano-
tubes,® but is dramatically different from the heating-
damage mechanism observed for other photothermal
agents.["#*%1 To visualize the microbubble-induced mechan-
ical destruction™ of the targeted cell, we used time-resolved
imaging to monitor how an RGD-Au-SNP-grafted cell
responded to microbubble formation right after laser irradi-
ation. To ensure that a small number of RGD-Au-SNPs were
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grafted on the cells, we treated the a,fs-positive U87 cells
with 118 nm RGD-Au-SNPs at low concentration
(093 mgmL"). Figure 4e shows the time-dependant
response of a US87 cell treated with RGD-Au-SNPs to
irradiation with the 6 ns pulsed laser (120 mJcm™2). After
irradiation, a fast contraction of the cellular protrusion was
observed as a result of the localized mechanical destruction
caused by a microbubble.

In conclusion, we have successfully demonstrated the
synthesis of size-controlled Au-SNPs from 2 nm Au colloids
by a supramolecular self-assembly approach. The resulting
Au-SNPs exhibited significantly enhanced photothermal
effects and were used to demonstrate the targeted photo-
thermal treatment of a subpopulation of cancer cells after the
incorporation of target-specific ligands. We envision that
1) such a supramolecular assembly approach could be used to
assemble other “small” inorganic nanoparticles (e.g., super-
paramagnetic oxide nanoparticles®) for broader application
in materials science and biomedicine; 2) diverse functional
building blocks and therapeutic loads (e.g., DNA, proteins,
drugs) could be packaged into Au-SNPs, the laser-induced
disassembly of which could be used as a controlled release
mechanism; and 3) a two-photon laser®" could be employed
to overcome the tissue-penetration limitation.
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We demonstrated a convenient, flexible and modular synthetic
approach for preparation of a small library of DNA-
encapsulated supramolecular nanoparticles SNPs>DNA and
RGD-SNPs > DNA with different sizes and RGD target ligand
coverage for targeted gene delivery.

Gene therapy generally requires delivery vehicles that are
capable of (i) carrying/protecting genetic materials, e.g.,
DNA and siRNA, and (ii) target-specific delivery to desired
tissues or subsets of cells.! Over the past decades, significant
endeavors have been devoted to develop non-viral gene delivery
vehicles™® as alternatives to their viral counterparts, whose
applications are restricted due to the potential safety issues
and complex processes of preparing. Among the existing non-
viral gene delivery systems,*® nanoparticle-based gene
delivery vehicles” > have received extensive attention.
Recently, we developed a novel assembly approach!? for the
preparation of size-controllable supramolecular nanoparticles
(SNPs) via multivalent molecular recognition based on
B-cyclodextrin (CD) and adamantane (Ad) motifs. A collection
of SNPs with sizes ranging from 30 to 450 nm were prepared by
mixing three molecular building blocks, including (i) cationic
Ad-grafted polyamidoamine dendrimer (Ad-PAMAM),
(ii) cationic CD-grafted branched polyethylenimine (CD-PEI)
and (iii) Ad-grafted polyethylene glycol (Ad-PEG), all at
different concentrations. Given the fact that the interior of
SNPs is composed of a cationic Ad-PAMAM/CD-PEI hydrogel
network, it is conceivable that SNPs can encapsulate anionic
plasmid DNA via electrostatic interactions. This new type of
gene delivery system can provide significant protection of the
encapsulated DNA from degradation in an extracellular context.
Here, we adopted this supramolecular assembly approach
to prepare a small library of DNA-encapsulated SNPs
(SNPs>DNA and RGD-SNPs>DNA, Scheme 1) with
controllable sizes and tunable surface coverage of a targeting
ligand, i.e., arginine-glycine-aspartic (RGD) peptide.
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+ Electronic supplementary information (ESI) available: Preparation
and characterization of SNPsSDNA and RGD-SNPs>DNA,
electrophoresis analysis, ethidium bromide exclusion assay, dynamic
light scattering experiments, and gene transfection protocol. See DOI:
10.1039/b923711a

A two-step preparation process has been developed to first
generate both 100 and 300 nm SNPs > DNA from Ad-PAMAM,
CD-PEI, Ad-PEG and DNA, followed by in situ RGD
ligand exchange of SNPs>DNA to give six different
RGD-SNPso>DNA with ligand coverage of 1, 5 and 10 mol%
(based on Ad-PEG). In this proof-of-concept study, a plasmid
DNA encoded with an enhanced green fluorescent protein
(EGFP) driven by a CMV promoter was used as a reporter
system, and the RGD ligand'* was employed to recognize the
oyB3 integrin receptor on the membranes of certain types of
tumor cells. To characterize the sizes, morphologies and surface
charges of the resulting SNPs > DNA and RGD-SNPs> DNA,
we carried out dynamic light scattering (DLS), transmission
electron microscope (TEM) and zeta potential measurements,
respectively. Finally, the gene transfection efficiency and
specificity of each SNPs>DDNA and RGD-SNPs>DNA in
the small library were examined using o, 83 high-expressed and
low-expressed cells, along with the control delivery systems.
We first determined the DNA loading capacity to be used
for preparation of SNPsODNA and RGD-SNPs>DNA.
Similar to cationic polymer based gene delivery systems,'>!6
the DNA loading capacity of SNPs depends on the net cationic
charges embedded in the interior Ad-PAMAM/CD-PEI hydrogel
network. We utilized both electrophoresis analysis'’ and
ethidium bromide exclusion assay'® to measure the DNA
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Scheme 1 A two-step modular assembly approach for preparation of
a small library of DNA-encapsulated supramolecular nanoparticles
(SNPs>DNA and RGD-SNPs>DNA) with controllable sizes and

tunable RGD ligand coverage.
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loading capacity of the Ad-PAMAM/CD-PEI hydrogel
(Fig. S1 and S2, ESIf), resulting in the respective nitrogen/
phosphate (N/P) ratios of 2.6 and 5.0. The N/P ratio of 5.0 was
chosen to ensure complete DNA encapsulation in our studies.
Next, SNPsoDNA with 100 and 300 nm diameters were
prepared separately by slowly adding a PBS solution (pH = 7.2)
of CD-PEI (600 nM) into PBS solution containing
Ad-PAMAM (300 nM for 100 nm SNPs>DNA and 600 nM
for 300 nm SNPs>DNA), Ad-PEG (3 pM) and DNA
(2.2 nM), followed by incubation at room temperature for
20 min. The DLS measurements indicated that the hydro-
dynamic sizes of the 100 and 300 nm SNPs>DNA were
106 + 14 and 312 + 47 nm, respectively. Subsequently, the
samples of each size of SNPs>DNA were split into four
aliquots, and three of them were subjected to the in situ ligand
exchange by adding 30, 150 or 300 nM of RGD-PEG-Ad
(Scheme S1, ESIf). A collection of RGD-SNPs>DNA with
different RGD coverage,' namely 100-1%, 100-5%,
100-10%, 300-1%, 300-5% and 300-10%, were obtained
accordingly. After in situ ligand exchange, the hydrodynamic
sizes of RGD-SNPs>DNA exhibited negligible changes
(<5%, Fig. S4, ESI{). The morphologies of SNPs>DNA
and RGD-SNPs>DNA were then examined by using TEM.
The TEM images (Fig. 1) showed smaller sizes (62 + 8 for 100
nm SNPs > DNA and 210 4+ 24 nm for 300 nm SNPs > DNA),
spherical shapes and narrow size distributions of SNPs > DNA
and RGD-SNPs>DNA. Zeta potential
indicated that the surface-charge densities of 100 and 300 nm
SNPs>DNA were 3.7 + 0.4 and 6.8 + 0.5 mV, respectively.
After ligand exchange, small increases (3—11%) in zeta potentials
of RGD-SNPs > DNA were observed (Fig. S5, ESI{).

We carried out an in vitro EGFP transfection study of a
collection of SNPs 5 DNA and RGD-SNPs> DNA along with
the controls, i.e., DNA, DNA complexes of CD-PEI, CD-PEI/
Ad-PEG and RGD-jet-PEL in 8-well chamber slides containing
two o, B3 high-expressed cells (i.e., U87 and scraping-collected

measurements
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Fig. 1 TEM micrographs of (a) 100 nm SNPs>DNA and (b) 300 nm
SNPs> DNA. Insets: the respective higher magnification TEM images.
Scale bars: 100 nm. (c) and (d) Histograms summarize the size
distributions of 100 nm SNPs>DNA and 300 nm SNPs>DNA in
dry states.

3T3 cells)®® and two o, B3 low-expressed cells (i.e., MCF7 and
0.25% trypsin-treated 3T3 cells).”!

For the purpose of comparison, an equal amount of
EGFP-encoded plasmid DNA (100 ng) was added to
individual cell culture chambers in this transfection study.
The resulting 48 individual EGFP transfection experiments
were incubated at 37 °C (5% CO,) for 24 h. After para-
formaldehyde fixation and DAPI nuclear staining, a
fluorescence microscope was used to quantify the EGFP
expression levels in individual cells. These levels were then
used to determine the transfection efficiency for each vehicle.
The transfection study was repeated three times, and the
results of average transfection efficiency of gene delivery
vehicles for different cell lines were summarized in Fig. 2.
First, DNA complexes based on each of the molecular
building blocks (CD-PEI and CD-PEI/Ad-PEG) gave very
poor transfection performance similar to free plasmid DNA,
indicating that the formation of supramolecular nanoparticles
is crucial for achieving enhanced transfection efficiency.
Second, it is apparent that 100-nm RGD-SNPs>DNA
exhibited higher transfection efficiency than those of 300-nm
analogues. This observation is consistent with the results from
the reported polymer-based gene delivery systems,”>>* in
which vehicles with 10-100 nm size range display better gene
transfection efficiency.'* Third, 100-5% RGD-SNPs > DNA gave
the highest transfection efficiency compared to those observed
for SNPsODNA and other targeted RGD-SNPs>DNA.
The reduced transfection efficiency observed for 100-10%
RGD-SNPs>DNA can be attributed to an excess amount of
free RGD ligand in the culture medium, which compromised
the targeted binding of RGD-SNPsS>DNA as a result of a
competition effect.'! Overall, 100-5% RGD-SNPs>DNA
demonstrated the best transfection efficiencies (57 + 11%
and 31 + 8% for o,f; high-expressed 3T3 and US87,
respectively). These results are comparable to those observed
for the commercially available RGD-jet-PEI (64 £+ 15% and
38 4+ 9% for a,B; high expressed 3T3 and U87, respectively),
which is a well-known selective and efficient transfection
reagent for integrin-expressing cell lines.>> Fourth, in addition
to high transfection efficiency, 100-5% RGD-SNPs>DNA
also exhibited outstanding delivery specificity to the o3 high
expressed cells, U87 (31 & 8%) and 3T3 (57 £ 11%), over the
a,P3 low expressed cells, MCF7 (21 £+ 6%) and trypsin-treated
3T3 (15 £+ 4%). Four-fold difference in transfection efficiencies
were observed for 100-5% RGD-SNPs>DNA between o33
high-expressed and o,B; low expressed 3T3 cells, while only
1.2-fold difference was observed for RGD-jet-PEI. In contrast to
non-target-specific transfection performance of RGD-jet-PEI,
100-5% RGD-SNPs> DNA had higher transfection efficiency
for the U87 cell line with respect to the MCF7 cell line, which
indicated good transfection specificity of RGD-SNPs> DNA
for the o, B3 high expressed cell lines. Moreover, we tested the
toxicity of SNPs>DNA and RGD-SNPs > DNA by using the
cell viability assay. The cells transfected by SNPs > DNA and
RGD-SNPs > DNA were compared with the cells cultured in
the normal medium. There were no significant differences in
viability (97 £+ 2%), which suggested that the toxicity of
SNPsODDNA and RGD-SNPs>DNA is negligible for

1 17in vitro transfection studies (Fig. S6, ESI¥).
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Fig. 2 (a) EGFP transfection efficiency of a collection of
SNPs>DNA and RGD-SNPso>DNA along with control delivery
systems for two o, B3 high-expressed cells (U87 and scraping-collected
3T3 cells) and two a,f; low-expressed cells (MCF7 and 0.25%
trypsin-treated 3T3 cells). The representative fluorescence micrographs
of 57 £ 11% and 9 + 4% transfection efficiencies observed for
(b) 5 mol% RGD-grafted 100 nm RGD-SNPs>DNA (100-5%)-treated
o,B3 high-expressed 3T3 cells and (c) 1 mol% RGD-grafted 300 nm
RGD-SNPs> DNA (300-1%)-treated o, B3 low-expressed 3T3 cells.

In conclusion, we demonstrated a convenient, flexible and
modular synthetic approach for preparation of a small library
of SNPsS>DNA and RGD-SNPs>DNA with different sizes
and RGD ligand coverage. Gene transfection studies of
SNPsODNA and RGD-SNPso>DNA library for ofB;
high-expressed cells and o,B3 low-expressed cells were
performed. The results revealed that the size and target ligand
coverage of RGD-SNPs>DNA played a critical role in the
target-specific gene delivery. In conjunction with the use of a
miniaturized high throughput screening platform®® and
molecular imaging technology,'> we will dramatically accelerate
the discovery processes of SNPs-based gene delivery vehicles
toward in vivo application.

This research was supported by NIH-NCI NanoSystems
Biology Cancer Center (U54CA119347) and NIH R21 grant
(EB008419-01). We appreciate the reviewers suggestive
comments to help us improve our manuscript.
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Abstract

Controlling the size distribution of polymer-based nanoparticles is a challenging task due to
their flexible core and surface structures. To accomplish such as task requires very precise
control at the molecular level. Here we demonstrate a new approach whereby uniform-sized
supramolecular nanoparticles (SNPs) can be reliably generated using a digital microfluidic
droplet generator (DMDG) chip. A microfluidic environment enabled precise control over the
processing parameters, and therefore high batch-to-batch reproducibility and robust production
of SNPs with a very narrow size distribution could be realized. Digitally adjustment of the
mixing ratios of the building blocks on the DMDG chip allowed us to rapidly scan a variety of
synthesis conditions without consuming significant amounts of reagents. Nearly uniform SNPs
with sizes ranging from 35 to 350 nm were obtained and characterized by transmission electron
microscopy and dynamic light scattering. In addition, we could fine-tune the surface chemistry
of the SNPs by incorporating an additional building block functionalized with specific ligands
for targeting cells. The sizes and surface properties of these SNPs correlated strongly with their
cell uptake efficiencies. This study showed a feasible method for microfluidic-assisted SNP
production and provided a great means for preparing size-controlled SNPs with desired surface
ligand coverage.

Online supplementary data available from stacks.iop.org/Nano/21/445603/mmedia

1. Introduction has emerged as a growing field of intensive research [1-5].
Over the past two decades, there have been significant efforts
The study of nanoparticles exhibiting unique properties that ~devoted to exploring the use of nanoparticles for biomedical

differ from those observed in corresponding bulk materials —applications, especially in molecular imaging of disease and
drug/gene delivery [6-10]. Recently, our research group has

6 These authors contributed equally to this study. developed a multi-component self-assembly approach toward
7" Authors to whom any correspondence should be addressed. the preparation of supramolecular nanoparticles (SNPs); this
0957-4484/10/445603+08$30.00 © 2010 IOP Publishing Ltd  Printed in the UK & the USA
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protocol exhibits the advantageous characteristics of synthetic
convenience, flexibility, and modularity [11, 12]. The
uniqueness of this self-assembly approach is that it allows
the surfaces of the SNPs to be decorated with various
targeting ligands, while offering flexibility in the selection
of many different loadings. The SNPs can also be tailored
to meet desired mechanical and functional properties. For
example, SNPs can be programmed by simply switching
the nature of the building blocks or by mixing them at
different ratios, offering the possibility of combining structural
diversity with unique functions [11, 12]. In a previous
work, we observed size-dependent lymph node uptake of
SNPs, with biodistributions also influenced by size [11]. In
addition, we have found that the surface chemistry of such
nanoparticles dictates their stability, solubility, cell binding
specificity, and internalization capability [12]. To control
SNP self-assembly, several essential parameters (structures of
the building blocks, reaction temperature, pH, concentration)
must be varied to determine the optimal conditions for the
production of SNPs having the desired sizes and surface
chemistries. With conventional production methods, however,
several major issues often arise: poor reproducibility, tedious
synthetic procedures, and non-uniform particles having a wide
size distribution [13]. Consequently, the current practice
of nanoparticle production is usually time-consuming, labor-
intensive, and sample-consuming. Further advances in this
field will require practical strategies for optimizing and
producing SNPs in a highly reproducible matter.

Several examples of nanoparticle syntheses using mi-
crofluidic platforms have been reported [14-21]. There are
many advantages to using microfluidic platforms, including
minimal consumption of building blocks, reduced reaction
times, the capability for parallel processing, and the ability to
perform multi-step syntheses [22-25]. Most importantly, the
quality of the resulting nanoparticles is greatly improved when
they are produced within a microfluidic environment [26, 27].
Due to the expected benefits from microfluidics, such as
enhanced reaction kinetics, superior reaction control, high
production reliability, safety and facile automation and in-
tegration with downstream processing, several microfluidic
platforms have been developed recently for nanoparticle syn-
thesis [28-34], especially in the format of microdroplet-based
microreactors that allow one to compartmentalize and isolate
samples and reactants within individual droplets [35-37].
The application of microdroplets enables an unprecedented
degree of control over reaction conditions on short time
scales [33, 38, 39]. Each droplet becomes an individual,
miniature batch reactor, characterized by uniform volume,
temperature, and concentration. The various reagents are
typically either (i) combined into the multi-component droplets
at the instant of droplet formation or (ii) first formed as single-
component droplets that are later merged together through
on-chip droplet manipulation [32, 33, 40]. Rapid mixing is
achieved simply by moving droplets along microchannels or
surfaces [41]. The high droplet throughput and well-defined
droplet size and reagent composition make microdroplet
technology ideal for nanoparticle syntheses.

Several requirements must be met if we are to perform
SNP syntheses using self-assembly processes in microfluidic

devices: (1) the ratio of all the building blocks must be
precisely controlled; (2) the building blocks and final SNPs
must be free from contaminants; and (3) the sizes and surface
chemistries of the SNPs must readily accommodate different
building blocks as well as various mixing ratios [10-12]. To
date, no suitable microfluidic devices have been developed
that are capable of synthesizing SNPs because they have all
been incapable of precisely adjusting the ratio of building
blocks or removing the second immiscible phase in the final
droplets [28, 32, 33, 42].

In this paper we report a new approach to the optimization
and synthesis of SNPs using a digital microfluidic droplet
generator (DMDG) [42, 43], which permits precise control
over the composition and size of multi-component droplets on
demand. In addition, the droplets are separated using nitrogen
slugs to avoid contamination, thereby greatly simplifying the
subsequent purification/dispensing of the resulting SNPs. This
DMDG chip provides a very practical platform for optimizing
the synthetic parameters and producing uniform SNPs, with
narrow size distributions, in a highly reproducible manner. We
used this DMDG chip to generate SNPs of various sizes and
surface chemistries. Subsequent in vitro studies indicated a
close relationship between the size/surface chemistry and the
cell uptake efficiency.

2. Experimental details

2.1. Materials

Reagents and solvents were purchased from Sigma-Aldrich
(St Louis, MO, USA) and used as-received without
further purification, unless otherwise noted. Branched
polyethyleneimine (PEI; MW = 10 kDa) was purchased from
Polysciences (Washington, PA, USA); the polymer contained
primary, secondary, and tertiary amino groups in a ratio
of about 25:50:25. A first-generation polyamidoamine
(PAMAM) dendrimer featuring a 1,4-diaminobutane core
and amino terminal groups was purchased as a 20 wt%
MeOH solution from Dendritic Nanotechnologies (Mount
Pleasant, MI, USA). 1-Adamantanamine (Ad) hydrochlo-
ride and B-cyclodextrin (8-CD) were purchased from TCI
America (San Francisco, CA, USA). N-hydroxysuccinimide
(SCM) and maleimido (MAL) hetero-functionalized polyethy-
lene glycol (SCM-PEG-MAL; MW = 5 kDa) were obtained
from NANOCS (New York, NY, USA). 6-Monotosyl-8-
cyclodextrin (6-OTs-B-CD) was prepared following the liter-
ature method [44]. The octa-Ad-grafted PAMAM dendrimer
(Ad-PAMAM, 1 or 1'), CD-grafted branched PEI (CD-PEI,
3), and Ad-grafted polyethylene glycol (Ad-PEG, 2) were
prepared using previously reported methods [11]. CH,Cl, was
dried under reflux over CaH, and freshly distilled prior to
use. MCF7 breast cancer and U87 brain cancer cell lines were
purchased from the American Type Culture Collection. Dul-
becco’s modified Eagle’s medium (DMEM), Earl’s modified
Eagle’s medium (EMEM), and penicillin/streptomycin were
obtained from Invitrogen (Carlsbad, CA, USA). Fetal bovine
serum (FBS) was obtained from Lonza Walkersville (Walk-
ersville, MD, USA). 4’,6-Diamidino-2-phenylindole (DAPI)
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Figure 1. (a) Photograph of the PDMS microfluidic device. (b) Schematic representation of the main features of the microfluidic device. Each
filling region (chambers II-IX) has a length of 1500 pm, a width of 300 pm, a height of 45 ;«m, and a volume of about 15 nl. The volumes of
step-filling chambers I are about 15, 30, 45, and 60 nl. Two different concentrations of Ad-PAMAM (84 and 168 uM), Ad-PEG (840 uM),
CD-PEI (168 uM), and RGD-PEG-Ad (21 uM) were loaded individually into the chip through inlets Ad-PAMAM 1 (84 uM), Ad-PAMAM
1’ (186 uM), Ad-PEG 2, CD-PEI 3 or CD-PEI-Cy5 4, and RGD-PEG-Ad 5, respectively. (c), (d) Graphical representations of the on-chip
approach to the preparation of size- and surface chemistry-controllable SNPs 6 and RGD-SNPs 7.

was purchased from Invitrogen. Argininylglycyl aspartyl
cysteine (RGDC) was purchased from GenScript (Piscataway,
NJ, USA).

CD-PEI-Cy5 4 was synthesized as follows. Cy5-N-
hydroxysuccinimidyl ester (0.9 mg, 1.0 pumol, 10.0 equiv.)
was added to a solution of CD-PEI 3 (1.7 mg, 0.1 pumol,
1.0 equiv.) in PBS buffer solution (pH 7.2). After stirring at
room temperature for 2 h, the mixture was purified through
dialysis (Slide-A-Lyzer® dialysis cassette, ThermoFisher,
Canoga Park, CA, USA; MWCO: 3 kD) against deionized
(DI) water overnight and lyophilized to yield CD-PEI-Cy5 4
(supporting information available at stacks.iop.org/Nano/21/
445603/mmedia). The degree of Cy5 dye substitution on
the CD-PEI 3 backbone was calculated based on the molar
extinction coefficient of Cy5 (¢ = 250000 M~'cm™),

suggesting that there were five to six Cy5 molecules grafted
per CD-PEI polymer.

2.2. Microfluidic device design and fabrication

A two-layer polydimethylsiloxane (PDMS) microfluidic de-
vice was fabricated using common multilayer soft lithography
technology (figure 1(a)) [45, 46]. The upper and lower layers
of the microchannel network functioned as fluidic and control
channels, respectively. By applying positive pressure (approx-
imately 450 kPa) via electronic solenoid valves (series S070,
SMC, Japan), the control channels could be deformed, thereby
functioning as on-chip microvalves to close the fluidic channels
at locations where the control channels directly overlapped
the fluidic channels [46]. Figure 1(b) provides a schematic
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Figure 2. Time sequence of the droplet generation process in a single droplet generation unit of the parallel microfluidic device.

representation of the main features of the DMDG chip. The
core consisted of eight parallel droplet generation units. Each
droplet generation unit could be isolated from the surrounding
channels by microvalves; the volume of the filling chambers
in each droplet generation unit could also be dynamically
controlled by using dividing microvalves.

2.3. Production of SNPs 5 in a DMDG chip

Three molecular building blocks, Ad-PAMAM 1’ (84 uM)
or 1/ (168 uM), Ad-PEG 2 (840 uM), and CD-PEI 3
(168 uM), were used to assemble SNPs 6 (figure 1(c)). Eight
parallel droplets having the desired volumes/ratios of building
blocks could be digitally generated by performing one cycle
of operation of the mechanically acting microvalves in the
DMDG chip. The detailed sequence of valve states used to
generate the composition-controlled droplets in each droplet
generation unit of the parallel DMDG chip is presented in
figure 2. The process involved seven steps. Step 1: close all
microvalves to initialize the microfluidic device (ca. 50 ms).
Step 2: release the backpressure of the droplet generation unit
(ca. 150 ms) by applying a vacuum (ca. —75 kPa). Step 3: form
the desired volume of the reagent filling chambers (ca. 50 ms)
by closing the dividing microvalves. Step 4: fill the individual
chambers with the building blocks and PBS by applying a
positive pressure (ca. 200 kPa, ca. 150 ms); in this step,
the RGD-PEG-Ad 5 building block was not placed into the
reagent filling chamber VI. Step 5: seal the reagent filling
chambers (ca. 50 ms). Step 6: merge reagents to form one
droplet (ca. 50 ms). Step 7: open the trap valve at the end of
the droplet generation unit to expel the droplet from the device
using nitrogen (ca. 60 kPa). In the parallel droplet generation

process, eight droplets could be generated in parallel by
sequentially opening the trap valves at the end of each unit
(step 7) and expelling them from the microfluidic device using
nitrogen (ca. 100 ms for each droplet generation unit). The
total time required to generate the eight droplets when using
the parallel DMDG chip was ca. 1.3 s. The droplets having the
desired volumes/ratios of building blocks were expelled and
passed through individual tubes into PCR/Eppendorf tubes.
Finally, the eight batches of SNPs 6 were produced in parallel
simultaneously using the DMDG chip. Each experiment was
performed in triplicate.

Eight different batches of SNPs 6 prepared from different
ratios of Ad-PAMAM and CD-PEI were produced by adjusting
the volume or concentration of Ad-PAMAM. The first four
batches of SNPs 6 were produced by filling Ad-PAMAM 1
(84 uM) alone into the reagent step-filling chamber I and using
PBS to fill both filling chambers II and III. Each building block
was placed into the destined chamber at a fixed volume to
ensure an equal amount of each building block in each droplet.
Because chamber I could be sectioned into four different
volumes, four different ratios of Ad-PAMAM and CD-PEI
(0.5, 1.0, 1.5, and 2.0) were generated to prepare SNPs6 in
four different batches. Next, another four batches of SNPs
were produced by filling Ad-PAMAM 1 (84 M) into the step-
filling chamber I and then placing a different concentration of
Ad-PAMAM 1’ (168 M) into both filling chambers II and TII.
Using this approach, another four different batches of SNPs 6
were generated with four different ratios of Ad-PAMAM and
CD-PEI (2.5, 3.0, 3.5, and 4.0). By scaling the cycle number
of the droplet generation steps, 200 wl samples of SNPs 6 were
produced under each set of conditions. In addition to the cases
using CD-PEI, the same procedures were also performed using
CD-PEI-Cy5 4 (168 uM) to aid visualization.
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Figure 3. (a) Relationship between the sizes of the SNPs 6 and the ratio of Ad-PAMAM/CD-PEI, obtained through DLS analysis. (b)—(e)
TEM images of SNPs 6 having sizes of 36.7 £ 5.7, 110 £ 9.2, 148 £ 9.5, and 344 £ 15.3 nm, obtained at Ad-PAMAM/CD-PEI ratios of 0.5,

1.5, 2.5, and 4.0, respectively. Scale bar: 100 nm.

2.4. Production of RGD-SNPs 7 in a DMDG chip

To explore the biological applications of SNPs, the RGD
(argininylglycyl aspartic acid) ligand, which recognizes the
oy B3 integrin receptor on the membranes of certain types
of tumor cells [47], was incorporated onto the surfaces of
the SNPs. Four molecular building blocks—Ad-PAMAM 1
(84 uM), Ad-PEG 2 (840 uM), CD-PEI-CyS5 4 (168 uM),
and RGD-PEG-Ad 5 (21 uM)—were used to assemble RGD-
targeted SNPs (RGD-SNPs 7, figure 1(d)). By using a
similar operating principle, eight parallel droplets having the
desired volumes/ratios of building blocks were generated by
the DMDG chip. In this case, all the parallel droplets were
generated having the same number of building blocks by filling
Ad-PAMAM 1 into chamber III (leaving chambers I and II
empty), and Ad-PEG 2 and CD-PEI-Cy5 4 into chambers IV
and V, respectively. Four different SNPs having RGD ligand
coverage of 0, 2.5, 5, and 10% (based on the total amount of
Ad-PEG 2) were created by filling different amounts of RGD-
PEG-Ad 5 (21 uM) into chambers VI-IX with volume units of
0, 1, 2, and 4, respectively.

2.5. Characterization of SNPs 5 and RGD-SNPs 6

Dynamic light scattering (DLS) experiments were performed
using a Zetasizer Nano instrument (Malvern Instruments, UK)
equipped with a 10 mW helium-neon laser (A = 632.8 nm)
and a thermoelectric temperature controller. Measurements
were taken at a 90° scattering angle. The morphology and
sizes of the SNPs 6 and RGD-SNPs 7 were examined directly
using a Philips CM 120 electron microscope operated at an
acceleration voltage of 120 kV. Samples for transmission
electron microscopy (TEM) were prepared by drop-coating
solutions of the SNPs 6 and RGD-SNPs 7 (2 ul) onto carbon-
coated copper grids. Excess amounts of the droplets were
removed after 45 s using filter paper. The surface-deposited
SNPs 6 and RGD-SNPs 7 were then negatively stained with
2% uranyl acetate for 45 s prior to TEM analysis.

2.6. Invitro cell uptake study

U8 cell lines were routinely maintained in DMEM containing
10% FBS and 1% penicillin/streptomycin (Invitrogen). MCF7
was cultured in DMEM containing 10% FBS and 1%
penicillin/streptomycin.

Cells (1 x 10* cells/well) were plated in eight-well
chamber slides and left to adhere overnight. The SNPs 6
or RGD-SNPs 7 (4 uM) were added into individual wells
containing DMEM (200 ul). SNPs or RGD-SNPs were
incubated with the cells for 12 h and then removed by
aspirating and washed with PBS (three times). Cells were fixed
with 4% paraformaldehyde for 15 min at room temperature,
washed with PBS (three times), stained with DAPI, and
then rinsed with PBS prior to imaging using a fluorescence
microscope.

The eight-well chamber slide was mounted onto a Nikon
TE2000S inverted fluorescence microscope equipped with a
CCD camera (Photomatrix, Cascade II), X-Cite 120 Mercury
lamp, automatic stage, and filters for three fluorescent channels
(W1 (DAPI) and W2 (Cy5)). Following image acquisition,
MetaMorph software (Molecular Devices, v. 7.5.6.0) was used
to quantify the Cy5 expressing cells. The multi-wavelength
cell scoring module of the MetaMorph software allowed image
analysis. A nuclei counting application in the module allowed
the total cell number to be calculated. To determine the
cell uptake ability, the Cy5 intensities of the individual cells
were quantified using the MetaMorph program. The highest
fluorescence intensity was observed from the U87 cells treated
with 35 nm SNPs with 5% RGD target ligand coverage. This
fluorescence intensity was used to normalize other readings as
depicted in figure 4(b).

3. Results and discussion

The DMDG chip allowed us to successfully prepare SNPs.
Unlike other SNP synthesis processes performed in continuous
flow microfluidic devices, we used the digitally controllable
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Figure 4. TEM analyses of size distributions of SNPs 6. SNPs of
various sizes (36.7 5.7, 110 9.2, 148 + 9.5, and 344 + 15.3 nm)
were obtained by varying the mixing ratio of Ad-PAMAM to
CD-PEL

(This figure is in colour only in the electronic version)

microvalves of our DMDG chip to adjust the reagents and
building blocks to the desired ratios/volumes and to merge
them together into end-to-end droplets that could then be mixed
after flowing along the mixing channel [41]. In addition,
this present approach allowed larger amounts of sample(s) to
be produced rapidly by scaling the cycle number of droplet
generation steps. Our parallel microfluidic device could not
only precisely adjust the ratio of building blocks but could
also produce four different conditions for the SNPs in parallel
(0.5-1 ml h™! for each condition) or produce just one condition
(2—4 ml h™!, without using the reagent step-filling chamber I).
Furthermore, because we used nitrogen to separate each
droplet, the final SNPs could be applied directly to the next
step or to in vitro applications without requiring an oil removal
step. Combining all the advantages mentioned above allowed
us to readily evaluate small ‘batches’ of samples (e.g. several
droplets) through TEM analyses.

In a previous study, we found that the sizes of the
SNPs depended on the mixing ratio of Ad-PAMAM and CD-
PEI [11]. Using the DMDG chip, we produced eight SNPs
6 from different mixing ratios of Ad-PAMAM and CD-PEI

by adjusting the volume of the Ad-PAMAM building block.
Figure 3(a) reveals that the average size of the SNPs increased
upon increasing the molar ratio of Ad-PAMAM to CD-PEL
When we increased the ratio of Ad-PAMAM to CD-PEI
from 0.5 to 4, the mean size (DLS) of the SNPs increased
continuously from 36 £ 4.9 to 443 £ 21.3 nm, primarily
because of the increased degree of cross-linking between the
Ad-PAMAM and CD-PEI units. We observed similar trends
in previous studies [11, 12]. In addition to the DMDG chip
producing precisely size-controlled SNPs 6, it also provided a
high reproducibility for each SNP synthesis. Under the same
conditions, the ‘mean’ size differences of the SNPs obtained
from different batches were quite small (from 3.8 to 13.5%; see
the error bars in figure 3(a)). This reproducible microfluidic-
assisted SNP production presumably arose from the precise
control exerted over the volume/ratio of each building block
and over the reaction parameters within the microfluidic
device [32, 33]. The resulting SNPs 6 possessed spherical
morphologies, with sizes consistent with those determined
using DLS (figures 3(b)—(e)).

Using our DMDG chip, microdroplets were generated in
an end-to-end manner very precisely; they could be mixed
rapidly upon moving along a straight channel. Unlike other
precisely tuned continuous flow droplet generators that can
perform mixing in only a single ratio (or alternate between
two or more different ratios), our system provided complete
control over a wide range of droplet ratios, even changing the
mixing ratio on demand. Its multi-chamber design enabled us
to perform simultaneous mixing of multiple reagents over a
wide range of ratios; its parallel channel design improved the
rate of product output. We fitted the size and size distribution
data of the SNPs 6 (n = 200), obtained from TEM analysis, to
individual Gaussian curves using the Origin Software Package
(Origin 6.0); the correlation coefficients were all greater than
0.95 (figure 4). For Ad-PAMAM/CD-PEI ratios of 0.5, 1.5,
2.5, and 4.0, the peak positions (mean sizes of the SNPs
6 synthesized using the DMDG chip) determined using the
Origin Software Package were 36.7, 110, 148, and 344 nm,
respectively, and full widths at half maximum (FWHM; 11.4,
18.4, 19.1 and 30.7 nm, respectively) that are narrower than
those obtained using conventional methods (15.8, 26.6, 27.2,
and 45.8 nm, respectively) [11, 12]. We attribute this narrower
size distribution for the SNPs 6 to the rapid and homogeneous
mixing microenvironment afforded by the DMDG chip (see
table S1 in supporting information available at stacks.iop.org/
Nano/21/445603/mmedia). It is well documented [33, 41] that
multiple reagents combined in an end-to-end format in droplets
are rapidly mixed as they flow through microfluidic channels.
Taking advantage of an internal recirculation flow pattern, the
three building blocks (Ad-PAMAM, Ad-PEG, and CD-PEI)
were mixed thoroughly after moving along the microfluidic
channel and tubes (>10 cm distance) with high flow rates
(>10 cm s~!')—on timescales as fast as milliseconds [33, 41].
Using this droplet-based approach prevented the aggregation
of SNPs and provided highly homogeneous mixed solutions
within a short period of time for the rapid self-assembly
of SNPs having uniform sizes. Indeed, SNPs of different
sizes were simply and reproducibly synthesizable through
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Figure 5. (a) Uptake efficiency of SNPs of various sizes (from 35 to 350 nm) by the U87 cell line. (b) Uptake of 35 nm RGD-SNPs of various
RGD ligand coverages (from 0 to 10%) by U87 and MCF7 cell lines. (c¢) Fluorescence microscopy images of 35 nm RGD-SNPs 7 (5% RGD
ligand coverage) taken up by U87 and MCF7 cell lines. The cell nuclei were stained by DAPI; the RGD-SNPs 7 were labeled with Cy5 units.

programmed adjustment of the filling chamber volumes of
Ad-PAMAM in the microfluidic device. The entire operation
could be performed very smoothly, reliably, and predictably—
even on the very first attempt; it did not require any special
tuning procedure to arrive at a stable flow of the correct reagent
ratio, as in the case of continuous flow systems. Therefore,
our DMDG chip platform is capable of digitally generating
mircodroplets in a highly efficient matter (in seconds) and, at
the same time, conserving the reagents.

Next, we produced SNPs 6 of various sizes to perform
a cell uptake study. It is currently believed that the
optimal diameter of nanoparticle-based therapeutics for cancer
therapy should be between 10 and 100 nm. This lower
boundary was established based on the measurement of sieving
coefficients for the glomerular capillary wall; it is estimated
that the threshold for first-pass elimination by the kidneys
is about 10 nm [48]. The upper boundary, however, is not
as well defined at present. To visualize the SNP traffic
in the cells, we used CD-PEI-Cy5, rather than CD-PEI, to
assemble the SNPs in the latter experiments. According to
the experimental data on cell uptake in figure 5(a), it appears
that smaller-sized SNPs (i.e. 35 nm SNPs) were taken up more
readily by the U87 cells after incubation for 12 h at 37°C
(5% CO,). Furthermore, because the surface chemistry of
nanoparticles affects their cell-specific uptake efficiency [1],

we introduced the RGD target ligand, which recognizes oy 3
integrin receptors on the membranes of certain types of tumor
cells [47], to functionalize the SNPs 6; we then tested their
cell-specific uptake efficiency. By varying the mixing ratio of
RGD-PEG-Ad with respect to the other building blocks, we
obtained 35 nm RGD-SNPs 7 having RGD ligand coverages
of 0, 2.5, 5, and 10% (based on the Ad-PEG) in the DMDG
chip (figure 1(d)). We fed the resulting RGD-SNPs 7 into
both « f3-positive U87 and «, B3-negative MCF7 cells [12].
After incubation for 12 h, the 35 nm RGD-SNPs 7 having
5% RGD coverage exhibited the highest cell uptake efficiency
(figure 5(b)). The fluorescence intensity was stronger in
the «y B3 integrin-positive U87 cells than that in the oS3
integrin-negative MCF7 cells (cf figures 5(b) and (c)). Thus,
the 35 nm RGD-SNPs 7 having 5% RGD ligand coverage
exhibited significantly improved «, 3 integrin-dependent cell
uptake behavior.

4. Conclusion

We have developed a microfluidic approach toward producing
size- and surface chemistry-controlled SNPs merely by
adjusting the ratios of the building blocks with high flexibility
and reducibility. Using our method, SNPs with different
compositions can be generated and screened at high speed
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(>2 s per condition) using only a very small sample
volume (<1 ul per condition). Compared with conventional
methods, the size distributions of our SNPs were narrow
because of the homogeneous assembly within the microfluidic
environment and the precise control exerted over the mixing
ratios of the building blocks. Our methodology produced a
collection of uniform SNPs having different sizes and surface
chemistries; in vitro experiments indicated that these features
were correlated strongly with the cell uptake efficiency.
We predict that this method could be widely applicable to
high speed screening of optimal conditions to make desired
nanoparticulate composites for gene/drug delivery systems and
molecular imaging [49].
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ene delivery constitutes one of the

most critical steps in gene manipu-

lation and therapy."? By mimick-
ing the size and function of viral vectors, nu-
merous nonviral gene delivery systems
based on biocompatible nanostructured
materials,>~> for example, inorganic
nanoparticles,®~° carbon nanotubes,® lipo-
somes,'" cationic polymers'?'3 and den-
drimers,'* have been developed to provide
an alternative approach to the problems in
viral gene delivery. However, an emerging
challenge of nanoparticle-based delivery re-
agents is their low transfection perfor-
mance.® To overcome this problem re-
searchers have attempted to modulate'
the structural (sizes'® and shapes) and func-
tional (surfaces chemistry and charges)
properties of nanoparticles,’ often requir-
ing multiple optimization cycles to gradu-
ally improve the performance of
nanoparticle-based delivery reagents. Such
procedures have proven to be time-
intensive and have demonstrated limited
diversity over the past decades. Alterna-

ABSTRACT Nanoparticles are regarded as promising transfection reagents for effective and safe delivery of
nucleic acids into a specific type of cells or tissues providing an alternative manipulation/therapy strategy to viral
gene delivery. However, the current process of searching novel delivery materials is limited due to conventional
low-throughput and time-consuming multistep synthetic approaches. Additionally, conventional approaches are
frequently accompanied with unpredictability and continual optimization refinements, impeding flexible
generation of material diversity creating a major obstacle to achieving high transfection performance. Here we
have demonstrated a rapid developmental pathway toward highly efficient gene delivery systems by leveraging
the powers of a supramolecular synthetic approach and a custom-designed digital microreactor. Using the digital
microreactor, broad structural/functional diversity can be programmed into a library of DNA-encapsulated
supramolecular nanoparticles (ONACSNPs) by systematically altering the mixing ratios of molecular building
blocks and a DNA plasmid. In vitro transfection studies with DNACSNPs library identified the DNACSNPs with
the highest gene transfection efficiency, which can be attributed to cooperative effects of structures and surface
chemistry of DNACSNPs. We envision such a rapid developmental pathway can be adopted for generating

nanoparticle-based vectors for delivery of a variety of loads.

KEYWORDS: supramolecular nanoparticle - gene delivery - digital
microreactor - combinatorial library - cyclodextrin - molecular recognition

approach (Figure 1a) based on supramolec-
ular assembly'”~"° and (ii) a digital
microreactor?®?! (Figure 1b-d), toward the
generation of a highly efficient

tively, it is believed that exploration of a
new developmental pathway capable of
rapid and parallel programming of a combi-
natorial library of nanoparticle-based deliv-
ery systems could lead to revolutionary
breakthroughs in nanoparticle-based deliv-
ery systems.

Herein, we describe a rapid develop-
mental pathway (Figure 1) that leverages
the powers of (i) a combinatorial synthetic

nanoparticle-based gene delivery system.
Unlike the slow, multistep syntheses em-
ployed for producing existing gene-delivery
materials,® our supramolecular method (Fig-
ure 1a) enables a convenient, flexible, and
modular method?? for generating a combi-
natorial library of DNACSNPs, in which a
broad structural/functional diversity cover-
ing the size variation, surface chemistry, and
DNA loading capalc'5§was programmed
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Figure 1. A rapid developmental pathway that leverages the powers of (i) a combinatorial synthetic approach based on su-
pramolecular assembly and (ii) an automated microreactor has been demonstrated for screening and production of a highly
efficient nanoparticle-based gene delivery system. (a) Graphical schematic representations of the self-assembly approach
for producing a combinatorial library of DNA encapsulated supramolecular nanoparticles (DNACSNPs), in which a broad
structural/functional diversity can be programmed into individual DNACSNPs (1) by systematically altering the mixing ra-
tios of the five functional molecular building blocks, i.e., CD-PEI (2), Ad-PAMAM(3), Ad-PEG (4), RGD-PEG-Ad (5), and TAT-
PEG-Ad (6), as well as DNA plasmid ((7a) enhanced green fluorescent protein (EGFP) and (7b) firefly luciferase (FLuc)). (b)
Graphical illustration of a digital Dual-Core Microreactor (DCM). The device settings are composed of a central integrated
mixer (CIM), an auxiliary integrated mixer (AIM), and degas modules bridges. The operation of the circuit was computer con-
trolled using color-coded pressure-driven valves: red, positive pressure, off/on; yellow, peristaltic pumping; green, vacuum.
Eight slugs containing eight different formulated DNA-encapsulated DNACSNPs were generated in parallel and transferred
to a 96-well plate through PTFE tubes. The gene transfection performance for each combination was evaluated by a plate
reader. (c) The picture of the whole set of actual instrument. Panels (d) and (e) show optical images of the CIM and AlIM, re-
spectively. The various channels were loaded wiihzcges to visualize the different components.




into individual DNACSNPs by systematically altering
the mixing ratios of five functional molecular building
blocks (2—6), DNA plasmid (7a, enhanced green fluo-
rescent protein (EGFP), and 7b, firefly luciferase (FLuc)).
To reduce human operational errors, accelerate han-
dling procedures, enhance experimental fidelity, and
achieve economical use of reagents, a digital Dual-Core
Microreactor (DCM, Figure Tb—d) was designed and
implemented to allow automated sampling, dilution,
metering, and mixing of 2—7, resulting in a combinato-
rial library composed of 648 different DNACSNPs within
2.5 h. The structural/functional diversity of the
DNACSNPs library can be translated into diversity in
performance by conducting transfection studies of indi-
vidual DNACSNPs in 96 well plates containing mouse fi-
broblast cells. A small group of DNACSNPs that facili-
tates high levels of delivery performance was identified.
We then carried out comprehensive characterizations
on these DNACSNPs revealing that improved transfec-
tion performance can be attributed to the defined size,
surface chemistry, zeta potential, uniformity, and dy-
namic stability. Compared to the leading gene transfec-
tion reagents, such as lipofectamine 2000 and RGD-jet-
PEI, the identified 40-nm TAT/RGD-DNACSNPs (1) with
defined surface chemistry (RGD,2~% a a5 binding
peptide and TAT?~ % a cell-penetrating peptide) exhib-
ited significantly improved gene transfection efficiency
and low toxicity in a number of cancer cell lines and fi-
broblast cells.

RESULTS AND DISCUSSION

The five molecular building blocks (Figure 1a), CD-
PEI (2), Ad-PAMAM (3), Ad-PEG (4), RGD-PEG-Ad (5),
and TAT-PEG-Ad (6), were prepared according to
literature,'7?? otherwise, see Supporting Information.
The functions of the five molecular building blocks are
summarized below. First, the complementary CD-PEI (2)
and Ad-PAMAM (3) are responsible for constructing cat-
ionic hydrogel networks that can encapsulate anionic
DNA (7) forming the cores of DNACSNPs. Therefore, the
DNA loading capacity of DNACSNPs is dependent on
the net positive charges embedded in the hydrogel net-
works. By using electrophoresis analysis and ethidium
bromide exclusion assay,? the nitrogen/phosphate
(N/P) ratio above five was determined. Second, Ad-PEG
(4) serves as a capping/solvation reagent that not only
constrains continuous growth of the DNA-encapsulated
hydrogel networks but also confers desired water solu-
bility, structural stability, and passivation performance
to the resulting DNACSNPs. Third, the two functional
ligands (5 and 6) can be incorporated onto the surfaces
of DNACSNPs via dynamic exchange in order to en-
able delivery specificity (to recognize a certain popula-
tion of cells with «,Bs-integrin receptors) and cell trans-
fusion capability (to foster internalization through
membrane) of the resulting DNACSNPs, respectively.
By systematically altering the mixing ratios among the

five molecular building blocks (2—6) and DNA (7), dis-
tinct structural/functional properties (i.e., sizes and sur-
face chemistry) can be programmed into individual
DNACSNPs in the combinatorial library. It is important
to point out that, in contrast to the lipid-like gene deliv-
ery system where the diversity was built upon the bi-
nary combination of a plethora of molecular
precursors,>*3' the diversity of our DNACSNPs library
was generated by ratiometric combination of only the
five molecular building blocks and DNA loading.

It is feasible to manually prepare the DNACSNPs li-
brary by pipetting and mixing individual molecular
building blocks and DNA plasmid at different ratios,
while potential operation errors, slow handling speed,
and a significant amount of sample consumption might
compromise the throughput, fidelity, and efficiency of
the study. Digital microfluidic reactors2~3* are promis-
ing platforms to overcome these challenges. In our
case, an oil-free, digital DCM (Figure 1b—d) composed
of (i) a central integrated mixer (CIM) and (ii) an auxiliary
integrated mixer (AIM), was designed and implemented
to systematically program the structural/functional di-
versity into the DNACSNPs libraries.

As illustrated in Figure 1b, there are eight parallel
microchannels in CIM, capable of parallel generation of
eight slugs with different mixing ratios of 2—7. Each
microchannel was partitioned by hydraulic-actuated
microvalves into nine confined plug regions, which
were assigned for precise metering of five molecular
building blocks (2—6), a DNA plasmid, (7a, EGFP or 7b,
FLuc) and phosphate buffered saline (PBS). AIM incor-
porates a pair of fractionally partitioned microchannels,
capable of synchronized supply of functional ligands
(5 and 6) at different concentrations. CIM and AIM were
coupled together by a pair of degas modules (Support-
ing Information) that remove gas through liquid trans-
ferring processes.

By using the digital DCM, the automated prepara-
tion of DNACSNPs library was achieved by systemati-
cally modulating the mixing ratios of CD-PEI (2), RGD-
PEG-Ad (5), and TAT-PEG-Ad (6), against fixed amounts
of Ad-PAMAM (3), Ad-PEG (4), and plasmid DNA (7). In
CIM, constant concentrations of 3 (3.0 wM), 4 (60.0 wM),
and 7 (100 ng/pL) were assigned to fill into plug re-
gions (ca. 20 nL per region). To adjust the quantities of
CD-PEI (2), the eight uneven partitioned plug regions
on the west side of CIM were utilized to accommodate
different volumes of 2 (4.0 wM, 10—80 nL). The concen-
tration modulation of the two functional ligands (5
and 6) was accomplished in AIM, where each fraction-
ally partitioned microchannel is responsible for ratio-
metric mixing of the respective ligand (5, 0—9.6 uM; 6,
0—12.0 M) with PBS. In each operation cycle, CIM gen-
erate eight 200-nL slugs containing different precursor
mixtures, which were introduced into 96-well plates by
nitrogen through eight poly(tetrafluoroethylene) (PTFE)
tubes fgi)ched at the east side of CIM. To produce suf-
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Figure 2. (a) A 3D profile of gene transfection performance of RGD-DNACSNPs (EGFP) with variation of CD-PEI (2) and RGD coverage
(96 data points). (b) A 3D profile of gene transfection performance of TAT-DNACSNPs (EGFP) with variation of CD-PEI (2) and TAT cover-
age (96 data points). (c) A 4D profile of gene transfection performance of TAT/RGD-DNACSNPs (EGFP) with variation of CD-PEI (2), TAT
and RGD coverages (648 data points). The XY, YZ, and XZ plates across the best performance were simplified and denoted 2D contour im-
ages. (d) A 4D profile of gene transfection performance of TAT/RGD-DNACSNPs (FLuc) with variation of CD-PEI (2), TAT, and RGD cover-
ages (125 data points). The XY, YZ, and XZ plates across the best performance were simplified and denoted 2D contour images.

ficient quantity of DNACSNPs for subsequent transfec-
tion studies, 50 cycles were performed continuously in
CIM within 90 s, affording eight different DNACSNP so-
lutions (ca. 10 L each, 100 ng DNA). (See the movie
clip and Supporting Information). The resulting
DNACSNPs libraries were incubated in the 96-well
plates for 20 min at room temperature prior to transfer-
ring to the 96-well plates containing NIH 3T3 cells (ca.
8000 cells/well) for transfection studies in parallel. The
gene transfection efficiency was evaluated by a plate
reader after culturing the cells at 37 °C (5% CO,) for 24 h.
In proof-of-concept trials a CMV promoter-driven
EGFP-encoded plasmid DNA was encapsulated into
the DNACSNPs. Before a full-scale screening with three
variables (i.e., CD-PEI (2), RGD-PEG-Ad (5), and TAT-
PEG-Ad (6)), simplified studies on two pairs of variables
(i.e., CD-PEI (2) vs RGD-PEG-Ad (5) and CD-PEI (2) vs TAT-
PEG-Ad (6)) were conducted in search of the optimal
transfection performance of RGD—DNACSNPi grid TAT-

DNACSNPs, respectively. The transfection outcomes
(96 data points in each case) were fitted into two
3-dimensional (3D) profiles (Figure 2a and b). The full-
scale screening was accomplished by systematically
programming the three variables, that is, eight differ-
ent concentrations for CD-PEI (2), nine for RGD-PEG-Ad
(5), and nine for TAT-PEG-Ad (6). Using the digital DCM,
a combinatory library composed of 648 different
DNACSNPs was generated within 2.5 h to fill up seven
96-well plates. To ensure the operation fidelity, all the
experiments were conducted in triplicate. A 4D gene
expression plot was employed to summarize the results
from the full-scale screening of the combinatorial li-
brary revealing that the optimal transfection perfor-
mance of DNACSNPs was achieved at CD-PEI (2) con-
centration of 0.6—0.8 WM, a RGD-PEG-Ad (5) of
0.24—-0.48 uM, and TAT-PEG-Ad (6) of 0.4—0.8 pM. We
also note the transfection performance of the TAT/RGD-
DNACSNPs (1a) is significantly improved compared



b

e
200
- — 80-nm
E — 40-nm
&
"
v
‘E 100 4
o
c
%
5
z
o . : r ' : r
40 50 60 7.0 80 9.0
pH value
g
100
80-nm
E
=
@
]
-3
=2
E 504 40-nm
g
k-]
53
0 T T T T
Y
& & & &
o o
» N
I 150
= 80-nm
- pH7.2
: 4
2 100 -
v
o
E
c
& 50 4
5
£
0 T T T T
0 2.0 4.0 6.0
Time (h)

Figure 3. (a and b) TEM and SEM images of the resulting TAT/RGD-DNACSNPs with different sizes of 42 + 4, 86 = 9, and
160 = 13 nm. Scale bars: 100 nm. (c) Dynamic light scattering (DLS) was employed to measure DNACSNPs hydrodynamic
sizes in PBS buffer. (d) Zeta potentials variations of DNACSNPs in PBS buffer. Stability studies of 40- and 80-nm DNACSNPs
under different conditions: (e) pH-dependent size variations of DNACSNPs in the respective buffer solutions with pH val-
ues ranging from 3.8 to 9.2. Error bars are obtained from three measurements. (f) Temperature-dependent size variation of
DNACSNPs in PBS buffer (pH = 7.2) with different temperatures at 25, 37, and 60 °C. (g) Size variations of DNACSNPs in pres-
ence and absence of 10% serum containing PBS buffer after 4 h incubation. Error bars are obtained from three measure-
ments. (h) Time-dependent size variation of DNACSNPs from 0—48 h in PBS (pH 7.2). (i and j) Time-dependent dynamic sta-

-t

Hydrodynamicsize (nm)

=

Hydrodynamicsize (nm)

—

Hydrodynamicsize (nm)

bility of DNACSNPs under dialysis at pH 5.5 and 7.2, respectively.

Zetapotential (mV)
&
=)

Cc
= 40-nm
30
= 80-nm
= 160-nm
® 20+
z
v
c
& 10/
£
0 T r T
10° 10* 10? 10° 104
Diameter (nm)
d
8.0

efé

PR
o PNy
0
§ &
80-nm
100 4
50+ 40-nm
0 | T | T | T | T T T
25 37 60 25 37 60
Temperature (°C)
150
— 80-nm
— 40-nm
IOO.W
50+ iy
H_Hf { 1
0 100 200 300 400 500
Time (h)
150
—n
— 40-nm
100+
50
0 T T T T
0 2.0 4.0 6.0
Time (h)

132

N



TABLE 1. Comparison of TAT/RGD-DNACSNPs Synthesized
by DCM and Conventional Pipetting

DM pipetting”
throughput 250 conditions/h <220 conditions/h
size distribution excellent (PDI% <<0.05) good (PDI”: 0.10—0.20)
operation error no possible
reproducibility high modest

“PDI: The polydispersity index obtained from DLS measurements.

with those observed for RGD-DNACSNPs and TAT-
DNACSNPs. To validate the general applicability of
this developmental pathway, we performed a rela-
tively smaller screening to identify DNACSNPs capable
of highly efficient delivery of FLuc-encoded plasmid
DNA. We manipulated three variables (5 X 5 X 5 con-
centrations) resulting in a combinatorial library of 125
different TAT/RGD-DNACSNPs (1b). The consistent re-
sults (Figure 2d) were observed for the transfection per-
formance of TAT/RGD-DNACSNPs (1b) for delivering
FLuc-DNA plasmid. All four sets of screening studies
suggested that the TAT/RGD-DNACSNPs (1) composed
of CD-PEI (2, 0.7 = 0.1 M), RGD-PEG-Ad (5, 0.28 =
0.04 nM), and TAT-PEG-Ad (6, 0.60 = 0.20 wM) show
the best transfection performance.

To understand how the identified synthetic vari-
ables contribute to the optimal transfection perfor-
mance we scaled up the production of TAT/RGD-
DNACSNPs (1a) under three sets of synthetic variables
for characterization at three CD-PEI (2) concentrations
(0.6, 0.8, and 1.2 M) while keeping concentrations of
the RGD-PEG-Ad (0.28 wM) and TAT-PEG-Ad (0.60 M)
constant. We realize that CD-PEI (2) concentration af-
fects the cross-linking degrees of the CD-PEI/Ad-
PAMAM hydrogel cores in TAT/RGD-DNACSNPs (1),
leading to the size variation. Both transmission elec-
tron microscopy (TEM, Figure 3a) and scanning elec-
tron microscopy (SEM, Figure 3b) were employed to ex-
amine the morphology and sizes of the resulting TAT/
RGD-DNACSNPs (1). Three distinct sizes of 42 + 4, 86 *=
9, and 160 = 13 nm were observed for those pro-
duced at CD-PEI (2) concentrations of 0.6, 0.8, and 1.2
wM, respectively. Interestingly, we also noticed that the
size distributions of the DCM-produced DNACSNPs
are much narrower than those prepared manually
(Table 1), and these results were confirmed by dy-
namic light scattering (Zetasizer Nano, Malvern Instru-
ments Ltd.) measurements (Figure 3c). We attribute the
greater control upon DNACSNP size distribution to
the precision and reproducibility of the sampling, me-
tering, and mixing processes in the digital DCM. In ad-
dition, no significant size variations were observed by
introducing different concentrations ranging from 0 to
1.2 uM of ligands (5 and/or 6). We also characterized
the surface potentials of these TAT/RGD-DNACSNPs
(Figure 3d), which spanned a range of 3.7 = 0.2 — 6.8
*+ 0.3 mV. In addition, the actual surface covleéages of
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RGD-PEG-Ad (5) and TAT-PEG-Ad (6) were estimated
by measuring absorption intensity of a FITC-labeled
analogue (i.e., FITC-PEG-Ad)* on the DNACSNPs pre-
pared by the respective synthetic parameters (see Sup-
porting Information). The results indicated that 0.28 and
0.60 wM of RGD-PEG-Ad (5) and TAT-PEG-Ad (6) reflect
5 and 9% of surface coverage on the resulting
DNACSNPs, respectively. In short, TAT/RGD-DNACSNPs
(1) with sizes of 40 and 80 nm, as well as 5% RGD-
PEG-Ad (5) and 9% TAT-PEG-Ad (6) coverages?? exhib-
ited optimal cell transfection performance. Finally, to
understand the dynamic stability of 40- and 80-nm TAT/
RGD-DNACSNPs (1) we employed real-time DLS meas-
urements to monitor their size variation (i) at different
pH values (pH 3.8—9.2) and temperatures (25, 37, and
60 °C), (ii) in the presence of 10% serum, and (iii) at dif-
ferent storage times in the presence of physiological
salt concentrations (Figure 3e—h). The stability of the
TAT/RGD-DNACSNPs (1) can be attributed to the multi-
valent CD/Ad recognition and electrostatic interactions
between Ad-PAMAM/CD-PEI hydrogel and DNA. To
study the role of Ad-PEG (4) for dynamic stability of
DNACSNPs we monitored the size variation of
DNACSNPs (Figure 3i,j) by removing the excess amount
of Ad-PEG (4) in the mixture through membrane dialy-
sis (MWCO 10kD) under pH 5.5 and 7.2. It was found
that the 40- and 80-nm TAT/RGD-DNACSNPs (1) were
disassembled gradually within 6 h at both pH condi-
tions. In addition, the TAT/RGD-DNACSNPs (1) exhib-
ited faster disassembly behavior at pH 5.5 (<2 h) than
at pH 7.2, which allows the TAT/RGD-DNACSNPs (1) ef-
ficiently degraded inside the endosomes and released
the DNA intracelluarly.®

To compare the transfection performance of the op-
timal 40-nm TAT/RGD-DNACSNPs (1) with the leading
transfection reagents (i.e.,, RGD-jet-PEl and lipo-
fectamine 2000) we carried out the dose-dependent
gene transfection studies in 24-well plates with
encapsulated-DNA (50 and 1000 ng per well) by using
a collection of cells, including NIH 3T3 (mouse fibroblast
cell line), HeLa (human cervix epithelial carcinoma cell
line), A549 (human lung cancer cell line), U87 (human
glioblastoma cell line), MCF7 (human breast adenocar-
cinoma cell line), PC3 (human prostate cancer cell line),
and IMR-90 (human fibroblast cell line). The gene trans-
fection studies results (Figure 4a and b) indicated that
the 40-nm TAT/RGD-DNACSNPs (1) exhibited signifi-
cantly improved transfection performance compared
to those observed for RGD-jet-PEl and lipofectamine
2000 across the different cancer and fibroblast cell lines
at high dosage of DNA (1000 ng DNA per well). Higher
than 70% transfection efficiencies were observed across
various cancer cell lines we tested, even for the PC3
cell line that is difficult to be transfected by those two
commercial reagents. IMR-90, one of the hard-to-
transfect human fibroblast cell lines, was tested and
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Figure 4. (a and b) Transfection efficiencies of the optimal 40-nm TAT/RGD-DNACSNPs at high (1000 ng DNA per well) and low (50

ng DNA per well) DNA dosage along with control delivery reagents (lipofectamine 2000 and RGD-jet-PElI) for a collection of cell lines,
including NIH 3T3 (mouse fibroblast cell line), HeLa (human cervix epithelial carcinoma cell line), A549 (human lung cancer cell line),
U87 (human glioblastoma cell line), MCF7 (human breast adenocarcinoma cell line), PC3 (human prostate cancer cell line), and IMR-90
(human fibroblast cell line) in 24-well plates. (c) The representative fluorescence micrographs of IMR-90 cells transfected by 40-nm

TAT/RGD-DNACSNPs at high dosage of DNA (1000 ng DNA/well). (d) Cytotoxicity of RGD-jet-PEl, lipofectamine 2000 and 40-nm TAT/
RGD-DNACSNPs at high and low dosage of DNA transfected NIH 3T3 cells determined by cell viability assay after 48 h of transfection.

the transfection efficiency of DNACSNPs toward IMR-90
cells reached to 17 = 7%, which can be visualized by
the fluorescence micrographs (Figure 4c). The transfec-
tion efficiency of 40-nm TAT/RGD-DNACSNPs (1) for
IMR-90 cells is 11-fold and 5-fold higher than that of
RGD-jet-PEl and lipofectamine 2000, respectively. It is
important to note that 40-nm TAT/RGD-DNACSNPs (1)
still achieved high transfection efficiency at low dosage
of DNA (50 ng per well), indicating the outstanding
gene delivery ability of DNACSNPs. Moreover, the cell
viability assay results indicated that the 40-nm TAT/
RGD-DNACSNPs (1) exhibited negligible cytotoxicity.
More than 96 = 3% of DNACSNPs-transfected cells
showed normal viability even in the presence of high
dosage of reagent (1000 ng DNA per well). In contrast,
at high DNA dose more than 34% and 22% NIH 3T3 cells

EXPERIMENTAL SECTION

General. Reagents and solvents were purchased from Sigma-
Aldrich (St. Louis, MO) and used as received without further pu-
rification or otherwise noted. Branched polyethylenimine (PEl,
MW = 10 kD) was purchased from Polysciences, Inc. (Washing-
ton, PA). The polymers contain primary, secondary, and tertiary
amine groups in approximately 25/50/25 ratio. First-generation
polyamidoamine dendrimer (PAMAM) with 1,4-diaminobutane
core and amine terminals in 20 wt % methanol solution was pur-
chased from Dendritic Nanotechnologies, Inc. (Mount pleasant,
MI). 1-Adamantanamine (Ad) hydrochloride and B-cyclodextrin

died after treatment by RGD-jet-PEl and lipofectamine
2000 for 48 h (Figure 4d).

CONCLUSION

In conclusion, we have demonstrated a rapid devel-
opmental pathway toward generation of a highly effi-
cient gene delivery system by leveraging the powers of
a supramolecular synthetic approach and a custom-
designed digital microreactor. This pathway can be
adopted for the development of nanoparticle-based
vectors capable of delivering a variety of loads, such as
gene, drugs, proteins, and their mixtures. We are cur-
rently exploring the use of the DNACSNP-based trans-
fection reagents for reprogramming of human primary
fibroblast cells in order to generate induced pluripotent
stem cells that are crucial in the field of regulative
medicine.3®

(B-CD) were purchased from TCI America (San Francisco, CA).
N-Hydroxysuccinimide (SCM) and maleimido (MAL) heterofunc-
tionalized polyethylene glycol (SCM-PEG-MAL, MW = 5 kD) was
obtained from NANOCS, Inc. (New York, NY). Phosphate-buffered
saline (PBS, 1X, pH = 7.2 = 0.05) for sample preparation.
6-Monotosyl-B-cyclodextrin (6-OTs-B-CD) was prepared follow-
ing the literature reported method.?” Octa-Ad-grafted polyami-
doamine dendrimer (Ad-PAMAM), CD-grafted branched polyeth-
ylenimine (CD-PEI), and Ad-grafted polyethylene glycol (Ad-
PEG) were prepared as described in a previous method.!” Dry
CH,Cl, ivgssztained by refluxing over CaH, and was freshly dis-



tilled before use. NIH 3T3 (mouse embryonic fibroblast cell line),
HelLa (human cervix epithelial carcinoma cell line), A549 (human
lung cancer cell line), U87 (human glioblastoma cell line), MCF7
(human breast adenocarcinoma cell line), PC3 (human prostate
cancer cell line), and IMR-90 (human primary fibroblasts cell line)
were purchased from American Type Culture Collection (ATCC).
The Dulbecco’s Modified Eagle Medium (DMEM), Earl’s Modified
Eagle’s Medium (EMEM) growth medium, RPMI-1640, Opti-MEM
reduced serum medium, and penicillin/streptomycin were ob-
tained from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS)
and EGFP-encoded plasmid DNA (pMAX EGFP, 4.3 kb) and
luciferase-encoded plasmid DNA (FLuc-DNA, 6.6 kb) were ob-
tained from Lonza Walkerrsville, Inc. (Walkerrsville, MD). 4’,6-
Diamidino-2-phenylindole (DAPI) was purchased from Invitro-
gen (Carlsbad, CA). RGD (RGDC) and TAT peptides
(CGRKKRRQRRR) were purchased from GenScript Corp. (Piscat-
away, NJ).

'H NMR spectra were recorded on a Bruker Avance 400 spec-
trometer in deuterated solvents. Mass spectra were acquired us-
ing an Applied Biosystems Voyager DE-STR MALDI-TOF mass
spectrometer (Framingham, MA). Dynamic light scattering and
zeta potentials of DNACSNPs (1) were measured on Zetasizer
Nano instrument (Malvern Instruments Ltd., United Kingdom).
Transmission electron microscope (TEM) images were measured
on Philips CM 120 electron microscope operating with an accel-
eration voltage of 120 kV. SEM images of DNACSNPs (1) were
obtained with a JEOL JSM-6700F SEM. Freeze-dried samples on
a silicon surface were sputter-coated with gold before measure-
ment. Cell imaging and gene transfection studies were per-
formed on a Nikon TE2000S inverted fluorescent microscope
with a CCD camera (Photomatrix, Cascade Il), X-Cite 120 Mer-
cury lamp, automatic stage, and filters for three fluorescent chan-
nels (W1 (DAPI), W2 (EGFP and AO) and W3 (PI)).

The Fabrication and Operations of Digital Dural Core Microreactor (DCM).
The fabrication and operations of Digital Dural Core Microreac-
tor (DCM) are described in the Supporting Information.

Programming Supramolecular Nanoparticles in a Digital Dual-Core
Microreactor. By using the digital DCM, two 3D and two 4D screen-
ings were performed sequentially. In Figure 2a, 96 different RGD-
DNACSNPs were generated by altering concentrations of CD-
PEI (0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 uM) and RGD-Ad-PEG
(0, 0.08, 0.16, 0.24, 0.32, 0.40, 0.48, 0.56, 0.64, 0.72, 0.80, 0.88, and
0.96 wM). In Figure 2b, 96 different TAT-DNACSNPs were gener-
ated by altering concentrations of CD-PEI (0.2, 0.4, 0.6, 0.8, 1.0,
1.2, 1.4, and 1.6 pM) and TAT-Ad-PEG (0, 0.10, 0.20, 0.30, 0.40,
0.50, 0.60, 0.70, 0.80, 0.90, 1.00, 1.10, and 1.20 wM). In Figure 2c,
648 different TAT/RGD-DNACSNPs (1a) were generated by alter-
ing concentrations of CD-PEI (0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and
1.6 wM), TAT-Ad-PEG (0, 0.10, 0.20, 0.30, 0.40, 0.60, 0.80, 1.00, and
1.20 wM) and RGD-Ad-PEG (0, 0.08, 0.16, 0.24, 0.32, 0.48, 0.64,
0.80, and 0.96 pM). In Figure 2d, 125 different TAT/RGD-
DNACSNPs (1b) were generated by altering concentrations of
CD-PEI (0.4, 0.6, 0.8, 1.0, and 1.2 wM), TAT-Ad-PEG (0, 0.10, 0.30,
0.60, and 1.20 wM), and RGD-Ad-PEG (0, 0.16, 0.24, 0.32, and 0.48
wM).

Dynamic Light Scattering (DLS). DLS experiments were performed
with a Zetasizer Nano instrument (Malvern Instruments Ltd.,
United Kingdom) equipped with a 10-mW helium—neon laser
(N = 632.8 nm) and thermoelectric temperature controller. Meas-
urements were taken at a 90° scattering angle. The sizes and
the standard derivations of assembled TAT/RGD-DNACSNPs (1)
were calculated by averaging the values of at least three
measurements.

Transmission Electron Microscope (TEM). The morphology and sizes
of TAT/RGD-DNACSNPs were directly examined using transmis-
sion electron microscope. The studies were carried out on a Phil-
ips CM 120 electron microscope, operating at an acceleration
voltage of 120 kV. The TEM samples were prepared by drop-
coating 2 pL of TAT/RGD-DNACSNPs solutions onto carbon-
coated copper grids. Excess amounts of slugs were removed by
filter papers after 45 s. Subsequently, the surface-deposited TAT/
RGD-DNACSNPs were negatively stained with 2% uranyl ac-
etate for 45 s before the TEM studies.

Scanning Electron Microscope (SEM). We prepared the TAT/RGD-
DNACSNPs samples for SEM observation by a standlagj roce-
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dure: Briefly, 2 pL of TAT/RGD-DNACSNPs solution was drop-
coated onto silica substrate and freeze-dried by dry ice. Then,
the samples were sputter coated with gold before examination
with a Hitachi S800 field emission SEM at an accelerating voltage
of 10 keV.

Zeta Potential Measurements. Zeta potentials of TAT/RGD-
DNACSNPs (1) were determined by photon correlation spectros-
copy using a Zetasizer Nano instrument, (Malvern Instruments,
Malvern, Worcestershire, UK). The measurements were per-
formed at 25 °C with a detection angle of 90°, and the raw data
were subsequently correlated to Z average mean size using a cu-
mulative analysis by the Zetasizer software package.

Stability Studies of 40 and 80-nm TAT/RGD-DNAC SNPs. Stability of 40 and
80-nm TAT/RGD-DNACSNPs in Different pH Values. Information on the sta-
bility of TAT/RGD-DNACSNPs in variable pH environments is
needed to understand its characteristics under physiological
conditions and to provide a reasonable pH range for chemical
modification of TAT/RGD-DNACSNPs for further experiments.
The pH-dependent stability of TAT/RGD-DNACSNPs as a func-
tion of pH was tested at a range from 3.8 to 9.2 by DLS analysis.
The stock solutions of 40- and 80-nm TAT/RGD-DNACSNPs were
prepared in PBS buffer containing monobasic potassium phos-
phate (/ = 1.5 mM), sodium chloride (/ = 155 mM), and dibasic
sodium phosphate (I = 2.7 mM). The following buffers were used
to adjust the pH values of the TAT/RGD-DNACSNPs samples in
the stock solution: 100 mM HCI-KCI buffer (pH 0—2.0), 100 mM
Glycine-HCl buffer (pH 2.2—3.6), 100 mM CH;COOH—CH;COONa
buffer (pH 3.7—5.6), 100 mM Na,HPO,—NaH,PO, buffer (pH
5.8—8.0), 100 mM Tris-HCI buffer (pH 7.0—9.0), and 100 mM
Na,CO;—NaHCO; buffer (pH 9.2—10.8). Typically, a 100-p.L por-
tion of TAT/RGD-DNACSNPs stock solution was mixed with a
900-pL portion of different pH value buffer solutions (/ = 100
mM). The resulting solutions were shaken and equilibrated until
the pH stabilized. The final pH values were determined by pH
meter.

Stability of 40- and 80-nm TAT/RGD-DNACSNPs under Different Temperatures.
To understand the thermal stability of the TAT/RGD-DNACSNPs
we employed real-time DLS measurements to monitor the size
variation of both of the 40- and 80-nm TAT/RGD-DNACSNPs in
PBS at 25, 37, and 60 °C. In each case the samples were equili-
brated under a specific temperature for 20 min prior to data
acquisitions.

Stability of 40 and 80-nm TAT/RGD-DNACSNPs in 10% Serum. To under-
stand the stability of the TAT/RGD-DNACSNPs in the presence
of serum we employed DLS measurements to observe the size
variation of both of the 40- and 80-nm TAT/RGD-DNACSNPs in
the mixture of serum and PBS (1:9, V/V). The samples were kept
at room temperature for 4 h prior to data acquisitions.

Stability of 40 and 80-nm TAT/RGD-DNACSNPs under a Physiological lonic
Strength. To ensure the in vivo stability of the TAT/RGD-
DNACSNPs, it is critical to examine the size variation of them un-
der a physiological ionic strength. The 40- and 80-nm TAT/RGD-
DNACSNPs were prepared in PBS solutions (pH = 7.2). We em-
ployed real-time DLS measurements to monitor the size variation
of both of the 40- and 80-nm TAT/RGD-DNACSNPs at different
times. The TAT/RGD-DNACSNPs sizes were recorded for 48 h.

Cell Culture. NIH 3T3, Hela, A549, U87 and IMR-90 cell lines
were routinely maintained in DMEM containing 10% fetal bo-
vine serum (FBS) and 1% penicillin/streptomycin (Invitrogen,
Carlsbad, CA). MCF7 was cultured in EMEM containing 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. PC3 was cul-
tured in RPMI-1640 containing 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin.

Gene Transfection Studies. Cells (5 X 10* cells/well) were plated
in 24-well plates and allowed to adhere overnight. EGFP-
encoded DNA was diluted in 1x TE buffer. The 40-nm TAT/RGD-
DNACSNPs were prepared on DCM and incubated for 20 min at
room temperature before transfection experiments. The 40-nm
TAT/RGD-DNACSNPs in PBS (10 pL) was diluted with 100 pL
Opti-MEM medium and subsequently transferred to each well.
For the control groups, RGD-jet-PEIl and lipofectamine 2000 were
used as a standard transfection reagent and operated accord-
ing to the protocol provided by the manufacturers. TAT/RGD-
DNACSNPs along with controls were incubated with the cells for
4 h then removed by aspirating, and replaced with 500 pL/well



of fresh culture media. Cells were allowed to grow for 24 h at
37 °C and 5% CO, and then fixed (4% paraformaldehyde for 15
min at room temperature), then washed with PBS three times,
stained with DAPI, and finally rinsed with PBS prior to EGFP ex-
pression analysis by fluorescence microscope.
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We introduce a new category of nanoparticle-based T; MRI contrast agents (CAs) by encapsulating para-
magnetic chelated gadolinium(lll), i.e., Gd>*-DOTA, through supramolecular assembly of molecular building
blocks that carry complementary molecular recognition motifs, including adamantane (Ad) and B-cyclo-
dextrin (CD). A small library of Gd**- DOTA-encapsulated supramolecular nanoparticles (Gd>*-DOTA c SNPs)
was produced by systematically altering the molecular building block mixing ratios. A broad spectrum of
relaxation rates was correlated to the resulting Gd>*- DOTA c SNP library. Consequently, an optimal synthetic
Cyclodextrin formulation of Gd>*-DOTA < SNPs with an r; of 17.3 s™! mM ™! (ca. 4-fold higher than clinical Gd>* chelated
T1-weighted Contrast Agent complexes at high field strengths) was identified. T;-weighted imaging of Gd3>*-DOTAc SNPs exhibits an
MRI enhanced sensitivity with a contrast-to-noise ratio (C/N ratio) ca. 3.6 times greater than that observed for free
Gd>+-DTPA. A Gd>*-DOTA C SNPs solution was injected into foot pads of mice, and MRI was employed to
monitor dynamic lymphatic drainage of the Gd*>*-DOTA c SNPs-based CA. We observe an increase in signal
intensity of the brachial lymph node in T;-weighted imaging after injecting Gd>* - DOTA < SNPs but not after
injecting Gd>*-DTPA. The MRI results are supported by ICP-MS analysis ex vivo. These results show that
Gd3*-DOTA c SNPs not only exhibits enhanced relaxivity and high sensitivity but also can serve as a potential
tool for diagnosis of cancer metastasis.

Keywords:
Supramolecular Chemistry

Gadolinium
Dynamic imaging
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1. Introduction diagnosis [1—-3]. Paramagnetic MRI contrast agents (CAs), usually

composed of gadolinium(Il) ion (Gd3*), are capable of reducing the

Magnetic resonance imaging (MRI) is a medical imaging tech-
nique capable of three-dimensional (3D), high-resolution visuali-
zation of specific tissues or organs in the body and has been
extensively used in neurological, cardiovascular, and oncological

* Corresponding author. Tel.: +1 310 794 1977; fax: +1 310 206 8975.
** Corresponding author. Tel.: +1 310 206 2856.
E-mail addresses: yylin@chem.ucla.edu (Y.-Y. Lin), hrtseng@mednet.ucla.edu
(H.-R. Tseng).
URL: http://labs.pharmacology.ucla.edu/tsenglab/.
! Tel.: +1 310 206 7320; fax: +1 310 206 8975.
2 Tel.: +1 310 206 2856.
3 These two authors contributed equally to the work.

0142-9612/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
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longitudinal relaxation time (T7) of surrounding water protons, thus
increasing signal intensity in T;-weighted MRI. In general, the
performance of Tj-weighted MRI CAs is determined by the relax-
ivity (rq), which can be correlated to several parameters, including
the loading capacity (Gd>* quantity in the intraparticular space)
and the water accessibility (the distance of closest approach
between water and Gd>*, the number of water molecules associated
with Gd3*, and/or the diffusion of water) as described by relaxation
theory [4]. Based on this fundamental understanding, researchers
have incorporated Gd3* onto or into nanoscale carriers to enhance
ri of paramagnetic CAs. Compared to small Gd3* chelated
complexes alone, nanocarriers (e.g., dendrimers [5—8,12], polymers
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[9,10,14], liposomes [11,13,15,16], and inorganic nanoparticles (NPs)
[17—20]) allow dramatically increased Gd>* loading. In some cases,
poor water accessibility to the intraparticular Gd*>* buried inside
the carriers can compromise the performance in T;-weighted MRI
[21] and this challenge can be tackled by, for example, using porous
nanocarriers [8,22] where a water molecule can travel from the bulk
water into the interior space. Nevertheless, fine-tuning the balance
of the relevant parameters in a synergistic fashion is challenging
due to the lack of direct correlations among the parameters, not to
mention the unsatisfactory synthetic approach employed for the
development of Gd>*-incorporated nanocarriers that are consid-
ered to be time-consuming and cumbersome [23]. Therefore, there
is a need to establish a method capable of effective optimization of
all parameters to achieve high relaxivity enhancement of
T1-weighted MRI CAs.

Previously, we introduced a convenient, flexible, and modular
self-assembly approach [24] for the preparation of supramolecular
NPs (SNPs) by mixing three molecular building blocks, including an
adamantane-grafted (Ad-grafted) polyamidoamine dendrimer
(Ad-PAMAM), a B-cyclodextrin-grafted (CD-grafted) branched poly-
ethylenimine (CD-PEI), and an Ad-grafted polyethylene glycol (Ad-
PEG). A variety of SNPs with controllable sizes, surface chemistry,
and cross-linking degree of the Ad-PAMAM/CD-PEI hydrogel
network in the SNP cores were prepared. We were able to demon-
strate that the uniqueness of this supramolecular synthetic approach
facilitates the preparations of different SNPs for applications in PET
imaging [24], gene delivery [25,26], and photothermal treatment
[27]. We set out to further explore such a self-assembled approach to
develop Gd3*-DOTA-encapsulated SNPs (Gd>*-DOTA c SNPs, Fig. 1)
that can be utilized as highly efficient T;-weighted MRI CAs. In our
design, Gd3* chelated complex (Gd3*-DOTA) is covalently conju-
gated onto CD-PEI building block to give Gd>*- DOTA-CD-PEI, which
enhances r; due to a distinct chemical environment with a high Gd>*
loading capacity inside the pseudo porous polymer-dendrimer
hydrogel network and good water accessibility to the intraparticular
space. By altering the mixing ratios among Gd>*-DOTA-CD-PEI and
the other two molecular building blocks (Ad-PAMAM and Ad-PEG),
a small library of Gd>*-DOTA < SNPs can be produced with different
sizes and cross-linking degrees of the corresponding hydrogel
networks. A systematic variation of SNP sizes and cross-linking
degrees results in a broad performance diversity of r; in the
Gd3*-DOTAC SNP library due to the respective changes in relaxation
parameters. By finding the balance between the material’s proper-
ties and r; performance of the resulting library, Gd>*-DOTAC SNPs
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could serve as a powerful and efficient SNP-based T;-weighted MRI
CA for dynamic imaging of biological processes in vivo.

Herein, we demonstrate the self-assembly of a small library of
Gd>*-DOTA c SNPs from three molecular building blocks — namely,
Gd3*-DOTA-CD-PEI, Ad-PAMAM, and Ad-PEG as depicted in Fig. 1. By
systematically mixing the molecular building blocks, a broad spec-
trum of ry is correlated to the resulting Gd*>*-DOTA < SNP library by
evaluating the relaxation rate. In addition, we use Ti-weighted
imaging to detect Gd>"-DOTACSNP in vitro. We monitored
lymphatic system uptake of Gd>* - DOTA < SNPs in vivo with MRI over
time and compared results with ICP-MS analysis of brachial lymph
node tissue ex vivo. The results show that Gd>*-DOTAc SNPs not
only exhibits enhanced relaxivity and high sensitivity but can also
serve as a potential tool for diagnosis of cancer metastasis.

2. Materials and methods
2.1. Materials

Reagents and solvents were purchased from Sigma—Aldrich (St. Louis, MO) and
used as received without further purification otherwise noted. 1-Adamantanamine
(Ad) hydrochloride and B-cyclodextrin ($-CD) were purchased from TCI America
(San Francisco, CA). DOTA/CD-grafted branched polyethylenimine (DOTA-CD-PEI)
and Ad-grafted polyethylene glycol (Ad-PEG) were prepared via the method
previously reported by our group [24].

2.2. Synthesis of Gd>*-DOTA-CD-PEI

Various quantities of GdCl3-6H,0 (0.1, 0.2, 0.5, 1.0, 1.2 and 2.0 mg, verified with
ICP-MS) were added to a 750-pL solution of DOTA-CD-PEI and the reaction mixture
was stirred at rt for 20 min to obtain Gd>* - DOTA-CD-PEI with different Gd>* loading
concentration.

2.3. Synthesis of Gd>*-DOTAC SNPs

To a 750-pL solution of Ad-PEG (9 mg/mL), various concentrations of Ad-PAMAM
(225, 15, 11.3, 7.5 mg/mL) in 15-uL DMSO were slowly injected under vigorous
stirring. A 750-pL Gd>*-DOTA-CD-PEI solution containing different Gd>* loading
concentration (0.32, 0.63, 1.61, 3.22, 3.9 and 6.44 mM, verified with ICP-MS) was
sequentially added into the mixture to obtain a collection of Gd3*-DOTA c SNPs.

2.4. Dynamic light scattering (DLS)
DLS experiments were performed with a Zetasizer Nano instrument (Malvern
Instruments Ltd., United Kingdom) equipped with a 10-mW helium-neon laser

(A = 632.8 nm) and thermoelectric temperature controller. Measurements were
taken at a 90° scattering angle.

Gd*-DOTA=SNPs

Self-

-—

Fig. 1. Schematic representation of self-assembly approach for preparatioil §f8 Gd>*-DOTA-encapsulated supramolecular nanoparticles (Gd**-DOTA < SNPs).
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Fig. 2. A mesh plot of r; relaxivity performance of Gd**-DOTA c SNPs with variation of
(i) ratio of two molecular building blocks, i.e., Ad-PAMAM and DOTA-CD-PEI, and (ii)
loading of Gd>* (24 data points). The peak value indicates the highest r; relaxivity
(Gd**-DOTACSNPs with a ratio of 1:2 and at a Gd*>* concentration of 3.9 mM).
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2.5. Transmission electron microscope (TEM)

The morphology and sizes of Gd*>*- DOTA c SNPs were examined on a Philips CM
120 transmission electron microscope (TEM), operating at an acceleration voltage of
120 kv. The TEM samples were prepared by drop-coating 2 pL of Gd>*-DOTA c SNPs
solutions onto carbon-coated copper grids. Excess amounts of droplets were
removed by filter papers after 45 s. Subsequently, the surface-deposited
Gd3*-DOTAC SNPs were negatively stained with 2% uranyl acetate for 45 s before
the TEM studies.

2.6. Zeta potential measurements

Zeta potentials of Gd*>*-DOTACSNPs were determined by photon correlation
spectroscopy using a Zetasizer Nano instrument, (Malvern Instruments, Malvern,
Worcestershire, UK). The measurements were performed at 25 °C with a detection
angle of 90°, and the raw data were subsequently correlated to Z average mean size
using a cumulative analysis by the Zetasizer software package.

2.7. ICP-MS analysis

Samples (20 pL) were diluted to a total volume of 2.00 mL using aqueous 2%
nitric acid. 20 pL of a 5-ppm aqueous indium ion solution (ICP-MS grade) was then
added to each tube as an internal standard and the contents vortexted vigorously.
ICP measurements were then conducted on an Agilent 7500 Series ICP-MS in helium
collision gas mode. Reported measurements of gadolinium in each sample represent
the average of 3 measurements, and are back-calculated to offset the initial dilution.
The individual measurements are typically obtained with a relative standard devi-
ation of approximately 3% or less per sample.
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Fig. 3. (A) Dynamic light scattering (DLS) results and (B) TEM image show the narrow size distribution and spherical morphology of the resulting Gd>*-DOTA < SNPs (formulate
with a ratio of 1:2 and at a Gd*>* concentration of 3.9 mM). (C) Stability studies of Gd**-DOTA c SNPs before (left) and after 24 h incubation under different conditions: 400 times
dilution in water (center) and 10% serum (right). All the sizes of Gd>*-DOTAc SNPs were c%\racterized by TEM after 24 h incubation. (Each sample has at least 20 counts.)
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Fig. 4. (A) Phantom images for capillaries containing Gd>*-DOTA cSNPs (formulate with a ratio of 1:2 and at a Gd>* concentration of 3.9 mM, top) and Gd>*-DTPA diluted with
deionized water (bottom). The capillary on the right contains deionized water (labeled 0 uM) and the concentration of Gd>* in the capillaries increases from 4.88 1M to 195 uM from
right to left. (B) Plot of contrast-to-noise (C/N) ratios as a function of Gd>* concentration for Gd>*-DOTAc SNPs (circles) and Gd*>*-DTPA (squares) of the phantom images. The C/N
ratio between Gd>*-DOTAC SNPs and DI water is higher than the C/N ratio between Gd>*-DTPA and DI water at all concentrations.

2.8. Encapsulation efficiency of Gd*>*-DOTAC SNPs

The encapsulation efficiency is defined as the amount of Gd>* within the SNPs
divided by the total amount of Gd>*. 400 pL of Gd>*-DOTACSNPs prepared at
various concentrations of Gd>* (0.7, 1.4, 2.1, 3.5, 6.0, 6.7, 9.2, 11, 12, 14 and 17 mM)
was added into a centrifugal filter at 10 K rpm for 30 min. After recovering filtrate
containing free Gd>* and supernatant containing encapsulated Gd>", the quantity of
Gd3* in both solutions was quantified by ICP-MS. The encapsulation efficiencies of
each resulting Gd3>*-DOTA c SNPs are summarized in Fig. S1.

2.9. Relaxation measurements

T; relaxation rate measurements were performed on a Bruker Avance 600 MHz
spectrometer (Bruker BioSpin Corp., Billerica, MA, USA) equipped with a narrow-
bore (54 mm) 14.1 T magnet and a broadband probe at 295 K. Both inversion
recovery (IR) and saturation recovery (SR) pulse sequences were acquired.

2.10. Phantom preparation and imaging

For the dilution phantom imaging study, 90 mm capillaries were filled with the
diluted solution at concentrations ranging from 4.88 uM to 195 uM and placed
together in an 8 mm NMR tube containing D,0. Imaging was performed on a Bruker
Avance 600 MHz spectrometer (Bruker BioSpin Corp., Billerica, MA, USA) equipped
with a Micro 5 gradient system (maximal gradient strength of 192 G/cm in three
orthogonal directions). A saturation recovery pulse sequence was used for phantom
Tq-weighted imaging and the magnetization evolved 2.5 s before applying a spin
echo pulse sequence to acquire the image.

2.11. In vivo imaging

In vivo imaging studies used 4—6 week-old female NOD CB17—Prkd5°id/
IcrCr1B1tw (NOD/SCID), weighing 25—30 g, obtained from BioLASCO, Taiwan. All
animal procedures were in accordance with the regulations approved by the Insti-
tution Animal Care and Utilization Committee at National Taiwan University. All the

MR data were acquired on a Varian INOVA 7-T NMR spectrometer (Varian Inc., CA,
USA) with microimaging capability. The images were obtained using a microimaginf 4 O

probehead and a 30 mm LD. quadrature birdcage imaging RF coil (Varian Inc., CA,
USA) with self-shielded gradient systems and a maximum strength of 100 G/cm in
each of the x-, y- and z-directions (Resonance Research Inc., Billerica, MA, USA). T;-
weighted images were acquired along the coronal plane using a multiple-slice spin
echo pulse sequence with the following parameters: TR/TE 50/12 ms,
matrix = 256 x 128, FOV (field of view) = 51.2 x 25.6 mm, slice thickness = 0.25 mm,
NT = 4. We acquired 2 slices during each TR and total number of slices = 96. The total
acquisition time was about 25 min. The three-dimensional T;-weighted images were
acquired before injection of Gd>*-DOTACSNPs and at the following times after
injecting 20 L of Gd>*-DOTAC SNPs in the right foot pad of the NOD/SCID mouse:
40—65 min, 100—125 min, 160—185 min, 220—245 min, 280—305 min, and
340—-365 min. Additionally, we acquired images 12 h and 24 h after injecting
Gd>*-DOTACSNPs. No gross side effects were observed during or after injection of
Gd*"-DOTACSNPs. For quantitative analysis of acquired images, we take the
average signalina 11 x 9 x 8 voxel volume containing the lymph nodes indicated by
the circles, the region of interest (ROI).

3. Results and discussion

The three molecular building blocks, Gd>*-DOTA-CD-PEI, Ad-
PAMAM, and Ad-PEG (Fig. 1), were prepared and characterized
according to literature [24]. By systematically changing (i) the
concentration of encapsulated Gd3* (0.32, 0.63, 1.61, 3.22, 3.90 and
6.44 mM) and (ii) the Ad-PAMAM/DOTA-CD-PEI ratios (1:1, 2:3,1:2
and 1:3), a small library composed of 24 different formulations of
Gd>*-DOTA C SNPs (Fig. 2) was prepared. The size and cross-linking
degree of the hydrogel core are dependent on the Ad-PAMAM/DOTA-
CD-PEI ratio. The 24 different formulations of Gd3*-DOTAc SNPs
result from mixing Gd>*-DOTA-CD-PEI, prepared at one of six Gd>*
concentrations, with solutions of Ad-PAMAM/Ad-PEG prepared at
one of four Ad-PAMAM concentrations. The dynamic nature of the
supramolecular synthetic approach leads to 80—95% of Gd>* encap-
sulated into Gd3* - DOTA c SNPs, which was quantified by ICP-MS (see
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Fig. 5. (A) Three-dimensional (3D) T;-weighted MR images show dynamic lymphatic drainage of Gd>*-DOTA < SNPs. The yellow circle contains the right brachial lymph node. The
five images were acquired before injecting and at four times after injecting 20 uL of Gd>*-DOTAc SNPs (formulate with a ratio of 1:2 and at a Gd*>* concentration of 3.9 mM) as
labeled. (B) Average voxel signal intensity plotted as a function of image acquisition time (0 h represents data acquired before injecting the MRI CA). (C) Gd3>* concentration from
ICP-MS measurements on lymph node tissue removed 30 min and 2.5 h after injecting the MRI CA. Dashed line represents the baseline measurement on untreated brachial lymph

node tissue. Note the log scale for the Gd*>* concentration axis.

Supporting information, Fig. S1). A broad spectrum of r; emerges
from the resulting Gd>*-DOTACSNPs library with r; ranging from
419s ' mM ! to 17.3 s~! mM~. Measurements were performed in
water on a 600 MHz NMR spectrometer and are presented in a mesh
plotin Fig. 2. The results highlight an optimal synthetic formulation of
Gd3*-DOTA CSNPs (1:2 M ratio and 3.9 mM of Gd>*) with a relaxivity
of 17.3 s~ mM~! (proposed attribution of relaxation enhancement
described in Supporting information, Fig. S4). We do not measure
a difference in Gd>*-DOTACSNPs relaxation between 300 and
600 MHz (results not shown). This is significantly higher than clinical
Gd3>* chelated complexes, ie., Gd>*-DTPA, which has r
~40 s~ mM~! at 300 MHz and 600 MHz. We characterize the
resulting Gd>*- DOTA c SNPs by measuring the hydrodynamic size of
Gd3*-DOTA c SNPs with DLS (Fig. 3A) and the results are consistent
with TEM images. As shown in Fig. 3B, the TEM images indicate that
Gd3*-DOTACSNPs have an average diameter of 103 & 10 nm with
a spherical morphology and narrow size distribution. The hydrody-
namic size of Gd3*- DOTA c SNPs (124 nm) measured by DLS analysis
was larger than the value obtained from TEM, probably due to the
swelling of the PEG shell layer on the Gd>*- DOTA c SNPs in water. The
zeta potential of the resulting optimal Gd>*-DOTACSNPs is
22.5 & 1.4 mV. The stability tests of Gd>*-DOTA c SNPs were carried
out under two conditions: (i) 400 times dilution in water and (ii) 10%
serum. The solutions were prepared from Gd3*-DOTAc SNPs with
3.9mM of Gd>* and then incubated under the conditions for 24 h. The
sizes of both solutions were characterized by TEM and summarized in
Fig. 3C. The original size of Gd*>*- DOTA c SNPs is 103 + 10 nm (Fig. 3C,
left). The size after 400 times dilution is 112 + 15 nm (Fig. 3C, center)
and in 10% serum is 101 + 9 nm (Fig. 3C, right). There are no distinct

changes in the average sizes of Gd>*-DOTA c SNPs after dilution and
in 10% serum; therefore, we conclude that the Gd3>*-DOTAcSNPs
remain stable under these conditions.

To test feasibility of Gd>*-DOTA c SNPs as a sensitive MRI CA, we
performed a series dilution study of Gd>*-DOTAcCSNPs with
deionized (DI) water to establish the minimum Gd>* concentration
detectable by MRI. Fig. 4 shows T;-weighted imaging results of the
series dilution for Gd**-DOTACSNPs solution and Gd3*-DTPA
(Fig. 4A) at seven concentrations (from 195 to 4.88 uM) and Fig. 4B
plots the C/N ratios as a function of Gd>* concentration for
Gd3*-DOTACSNPs (circles) and Gd>*-DTPA (squares). The
Gd3*-DOTA(SNPs and Gd3>* DTPA phantoms were imaged sepa-
rately (note different scale bars) and the C/N ratio between
Gd3>*-DOTACSNPs and DI water are higher than the C/N ratio
between Gd>*-DTPA and DI water at all concentrations. The results
indicate that the significant sensitivity improvement and relaxivity
enhancement of Gd3>*-DOTACSNPs compared to Gd3*-DTPA is
maintained after diluting the CA solutions down to uM concentra-
tions of Gd>*.

The lymphatic system is a common route for metastatic spread of
cancer [28—30]. Dynamic imaging of lymphatic drainage has been
regarded as a powerful diagnostic protocol for monitoring cancer
metastasis. We attempted to explore the use of Gd*>*- DOTA C SNPs as
a new type of NPs for dynamic imaging of lymphatic drainage
compared with conventional Gd>* chelated complexes. Fig. 5A shows
3D maximum intensity projection (MIP) [31] T;-weighted in vivo
imaging results before and after injecting Gd>*-DOTACSNPs into
NOD/SCID mice (experimental details in Supporting information).

4 fhe yellow circles contain the right brachial lymph node of the mouse.
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We injected 20 pL of a 3.9 mM MRI CA solution into the front right foot
pad of a NOD/SCID mouse and monitored the changes with MRI. The
draining of the lymph nodes was clearly visualized with the
Gd3*-DOTACSNPs. The average voxel signal intensity increases in
the right brachial lymph node after injecting Gd>*- DOTA c SNPs but
not after injecting Gd>+-DTPA (Fig. 5B and also see Supporting
information Fig. S2). Meanwhile, the average signal intensity in the
left brachial lymph node remains around 20% less than the right
lymph node (see Supporting information, Fig. S3). After 12 h, the
average signal intensity in both lymph nodes decreases close to the
values before injecting the Gd>*-DOTA c SNPs. To support detection
with MRI of Gd>* - DOTA c SNPs drainage in the brachial lymph node,
we used ICP-MS analysis on ex vivo tissue removed at two time points
after injecting MRI CA, i.e., Gd*>*-DOTACSNPs and Gd>*-DTPA, into
the front foot pads of the mice following the same procedure used for
in vivo imaging. We removed the brachial lymph nodes of mice after
30 min and 2.5 h. The brachial lymph nodes were dissected and
underwent ICP-MS measurement. The ICP-MS analysis revealed that
Gd>* concentration decreased by approximately 6% after 2.5 h. As
a comparison, the Gd>* concentration from mice treated with
Gd3*-DTPA was negligible and close to the baseline measurement on
untreated brachial lymph node tissue. The results show that the ICP-
MS measurements are in good agreement and validate the Tq-
weighted MRI results (experimental details of ICP-MS analysis are in
Supporting Information).

4. Conclusion

We have successfully demonstrated the systematic synthesis of
a small library of Gd*>"-DOTACSNPs by a supramolecular self-
assembly approach. The results highlight an optimal synthetic
formulation of Gd3*-DOTACSNPs with an ry of 17.3 s™! mM},
which is ca. 4-fold higher than clinical Gd** chelated complexes at
high field strengths. In addition, the resulting Gd>*-DOTA c SNPs
were detected by T;-weighted imaging at a concentration of
4.88 uM Gd>* with a contrast-to-noise ratio (C/N ratio) of 9.46, ca.
3.6 times greater than the C/N ratio for Gd>*-DTPA at the same
concentration, signaling a higher sensitivity than conventional MRI
CAs. Moreover, the dynamic lymph node drainage MRI demon-
strated the applicability of Gd>*-DOTA c SNPs in vivo.
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colour images can be found in the on-line version, at doi:10.1016/j.
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Protein delivery!"! has been considered as the most straight-
forward strategy for modulating cellular behavior without the
safety concerns and expression performance issues associated
with gene deliver approaches. Two major challenges remain
to be overcome in order to enable practical applications in
biology and medicine 1) how to foster cellular uptake of
protein molecules and 2) how to retain their stabilities and
functions®? over the delivery process. Recently, attempts have
been made to develop a variety of delivery vectors, including
liposomes,®! polymer micelles and nanoparticle,”! to
enhance the uptake of protein molecules in target cells, and
at the same time, to stabilize the encapsulated proteins.
Owing to the time-consuming procedures employed in
optimization of delivery materials, significant endeavors
have been made in search of better delivery systems, although
there has been limited progress in the field to date.
Alternatively, recombinant technology™® can be utilized to
conjugate cell-penetrating peptides”’ (CPPs) onto protein
molecules, this is the most commonly used protein delivery
system with improved delivery efficiency. In this case, the
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major bottlenecks associated with the complicated procedure
of generating recombinant proteins and the lack of protection
mechanism against protein denature need to be solved.

Transcription factor (TF) is a protein responsible for
regulating gene transcription in cellular circuitry.®! In general,
TFs contain one or more DNA-binding domains (DBDs),
which recognize matching DNA sequences adjacent to the
genes they regulate. Apparently, highly efficient delivery of
TFs can provide a powerful technology for modulating
cellular behavior. One of the most important in-vitro
applications that required highly efficient TF delivery is the
generation of human induced pluripotent stem cells (hiPSCs)
which has recently been demonstrated by introducing CPPs-
fused reprogramming TFs (i.e., OCT4, SOX2, KLF4, and c-
MYC)¥ into human somatic cells. The resulting hiPSCs have
the potential to revolutionize regenerative medicine.'”! How-
ever, the high costs of the four reprogramming TFs in their
recombinant forms, means it is unlikely that this approach can
be used for large-scale hiPSCs generation without further
improvement in the delivery performance of the reprogram-
ming proteins. Therefore, it is crucial to develop a new type of
vector capable of delivering intact (unmodified) TFs in a
highly efficient manner.

Previously, we demonstrated a convenient, flexible, and
modular self-assembly approach for the preparation of
supramolecular nanoparticles (SNPs) from a small collection
of molecular building blocks through a multivalent molecular
recognition based on adamantane (Ad) and -cyclodextrin
(CD) motifs. Such a self-assembly synthetic strategy enables
control upon the sizes, surfaces chemistry, zeta potentials, and
payloads of the resulting SNPs, which open up many
interesting opportunities for biomedical applications, for
example, positron emission tomography (PET) imaging,"
magnetic resonance imaging (MRI),"? photothermal treat-
ment of cancer cells,™ and highly efficient gene delivery.¥

Considering the unique role of TF, we attempted to
explore the use of SNPs as a new type of nanoscale vector for
delivering intact (unmodified) TFs with an efficiency superior
to that of existing approaches. Our idea is to achieve the
encapsulation of a TF into cationic SNP vectors by introduc-
ing anionic characteristics to the TF. A DNA plasmid with a
matching recognition sequence specific to a TF can be
employed to form an anionic TF-DNA complex, which can
be subsequently encapsulated into SNPs, resulting in TF-
encapsulated SNPs (TF-DNACSNPs).

Herein, we introduce a new type of protein delivery
system capable of highly efficient transduction of intact TFs.
In this proof-of-concept study, a mammalian orthogonal
fusion TF, GAL4-VP16 was chosen to serve as a model TF.
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Since GAL4-VP16 is an artificial transcription factor, there
should be no background concentration in the mammalian
cells employed in the delivery studies. To facilitate the
encapsulation of the model TF into the SNP vectors, a DNA
plasmid (i.e., pG5E4T-Fluc) that contains five tandem copies
of GAL4-VP16 matching recognition sequences and a con-
jugated luciferase reporter was designed. The incorporation
of multivalent recognition sequences enhances dynamic
binding between GAL4-VP16 and pG5E4T-Fluc, allowing
improved encapsulation and dynamic releasing of the intact
TF. In addition, the conjugated luciferase reporter can be
specifically activated by GAL4-VP16, providing a real-time
readout reflecting the activities of the TF after its intracellular
delivery. As shown in Figure 1, three types of molecular

GAL4-VP16/
PGSE4T-Fluc
complex
(TF*DNA)

PGSEAT-Fluc plasmid (DNA)

GAL4-VP16 =
Transcription Factor (TF)

(2)&(3) @

A %
\@ Ad-PAMAM

*DOQ adee
*DQ .. AdpEGRGD

.
0Q . Ad-pPEGTAT

GAL4-VP16/pG5E4T-Fluc

complex-encapsulated

y supramolecular nanoparticles
(TF*DNA C SNPs)

Figure 1. Schematic representation of the self-assembly approach for
the preparation of transcription factor-incorporated supramolecular
nanoparticles (TF-DNACSNPs). Three types of molecular recognition
mechanisms, including 1) specific binding between GAL4-VP16 (a
mammalian-orthogonal fusion TF) and pG5E4T-Fluc vector (with five
tandem copies of GAL4-VP16 matching recognition sequences and a
conjugated luciferase reporter) for formation of an anionic TF-DNA
complex, 2) the Ad/CD-based molecular recognition for generation of
SNP vectors with cationic PEI/PAMAM hydrogel cores, and 3) electro-
static interactions that facilitate incorporation of anionic TF-DNA into
SNPs, were harnessed for the self-assembly of TF-DNACSNPs by
simply mixing TF-DNA with five functional molecular building blocks:
CD-PEI, Ad-PAMAM, Ad-PEG, Ad-PEG-RGD, and Ad-PEG-TAT. See text
for details. TAT provides the nanoparticle with the capacity to penetrate
cell membranes, RGD with cell targeting, and PEG passivation.

recognition mechanisms were employed to facilitate the
preparation of TF-encapsulated SNP (TF-DNACSNPs).
First, the specific binding (the dissociate constant K,
~10nm)™! between GAL4-VP16 (TF) and pGSE4T-Fluc
(DNA) led to the formation of an anionic TF-DNA complex.
Second, the Ad/CD-based molecular recognition (K=1.1x
10°m )% was utilized to form the SNP vectors with cationic
hydrogel cores. Third, electrostatic interactions assist the
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incorporation of TF-DNA into SNPs to give TF-DNACSNPs.
The preparation of TF-DNACSNPs can be accomplished by
simply mixing TF-DNA complex with other five functional
building blocks (i.e., CD-PEI: CD-grafted branched poly-
ethylenimine, Ad-PAMAM: Ad-grafted polyamidoamine
dendrimer, Ad-PEG: Ad-grafted polyethylene glycol, Ad-
PEG-RGD: Ad-grafted polyethylene glycol with RGD
targeting ligand, and Ad-PEG-TAT: Ad-grafted polyethylene
glycol with TAT-based CPP). Among the three ligand
compounds, Ad-PEG plays a role of a capping/solvation
reagent that can not only confine continuous propagation of
the TF-DNA-encapsulated PEI/PAMAM hydrogel networks,
but also impart desired water solubility, structural stability,
and passivation performance to the resulting TF-DNACSNPs.
In addition, Ad-PEG-RGD and Ad-PEG-TAT, which were
incorporated onto the surfaces of TF-DNACSNPs during the
one-pot mixing process,'**! enable delivery specificity (to
recognize a certain population of cells with avfB3-integrin
receptors) and cell transfusion capability (to foster internal-
ization through membrane and releasing from endosome
trapping), respectively, of TF-DNACSNPs. The previous
study revealed a set of optimal synthetic parametersl'* that
produce DNA-encapsulated SNPs which have good gene
transfection performance. Additionally, the results suggested
that the presence of both 5% RGD and 9% TAT ligands!'” is
a crucial factor in the enhanced efficiency. In this study, we
took the advantage of these optimal synthetic parameters for
the preparation of TF-DNACSNPs. We were able to demon-
strated unprecedented performance for delivery intact TF
when TF-DNACSNPs is compared with the conventional
CPPs-based protein delivery strategy. Moreover, the intra-
cellular TF delivered by TF-DNACSNPs retained its bioac-
tivity, which was confirmed by monitoring the biolumines-
cence intensity of TF-DNACSNPs-treated cells.

The model plasmid pGSE4T-Fluc and all other molecular
building blocks (i.e. CD-PEI, Ad-PAMAM, Ad-PEG, Ad-
PEG-RGD, and Ad-PEG-TAT), were synthesized and char-
acterized as described in the Supporting Information. The
model transcription factor, GAL4-VP16 was obtained from
commercial sources. pG5SE4T-Fluc is orthogonal to mamma-
lian genome, thus cannot be activated to express luciferase in
the absence of GAL4-VP16.!! Prior to the preparation of
TF-DNACSNP, GAL4-VP16 was incubated with a slight
excess amount of pGSE4T-Fluc (GAL4-VP16/pGSE4T-
Fluc=1: 0.35 n/n, each pG5E4T-Fluc contains five tandem
copies of GAL4-VP16 recognition sequences thus might
accommodate more than one TF) for 30 min at 4°C to
generate TF-DNA. Subsequently, TF-DNACSNPs were pre-
pared by slowly adding CD-PEI (4.32 ug) in 1 pL phosphate-
buffered saline (PBS, pH 7.2) into a 19 pL of PBS solution
containing TF-DNA complex (200 ng GAL4-VP16 and 2 pg
pGSE4T-Fluc), Ad-PEG (594 pg), Ad-PEG-RGD
(0.297 ug), Ad-PEG-TAT (0.535pg), and Ad-PAMAM
(0.528 pg). After a brief stirring, the mixture was incubated
at 4°C for another 30 min.

To determine hydrodynamic size of the resulting
TF-DNACSNPs, we performed dynamic light scattering
(DLS) measurements (Figure 2b), indicating a uniform size
of (50+3)nm. In parallel, the morphology of
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Figure 2. a) Transmission electron microscopy (TEM) micrographs of
TF-DNACSNPs. Scale bar: 80 nm. b) Histograms summarize the
hydrodynamic size distribution obtained from DLS measurement of
(5043) nm TF-DNACSNPs.

TF-DNACSNPs was characterized by transmission electron
microscopy (TEM), suggesting homogeneous, narrow size-
distributed spherical nanoparticles with size of (40+3) nm
(Figure 2a). Finally, the encapsulation rate of TF in
TF-DNACSNPs was characterized by quantifying the SNP-
encapsulated TF. For the convenience of using a florescence
spectroscopy, Cy5-labeled GAL4-VP16 was prepared and
employed (see detail procedure in Supporting Information).
The result indicated that more than (81+12)% of the TFs
was successfully encapsulated into SNPs to give a
TF-DNACSNP under the synthetic parameters described
above.

To examine the delivery performance of TF-DNACSNPs,
we perform their cell uptake studies using by
incubating TF-DNACSNPs (10ng TF per
well) with HeLa cells in a 96-well plate (10*
cells per well). Again, GAL4-VP16 was
labeled by Cy5 dye to allow quantitative
monitoring of the delivery performance of
TF-DNACSNPs. Control experiments based
on Cy5-labeled-TF alone (TF), Cy5-labeled-
TF-DNA complex and Cy5-labeled-TF with
TAT-conjugation (TAT-TF) were carried out
in parallel under the same experimental
conditions. After incubation for various peri-
ods (i.e., 0.5,1, 2, 6,12, and 24 h) and removal
of non-uptaken reagents in the media, the
delivery performances of individual studies

TF uptake

Quantification of

by monitoring
fluorescence intensity

cence micrographs (Figure 3d) indicated that localization of
Cy5-labeled TF in the cell nuclei, suggesting that the TF
molecules were delivered to cell nuclei, where TF functioned
as a regulator by controlling the translation of specific
gene(s). This result was also confirmed by the co-localization
of Cy5-labeled TF and 4’,6-diamidino-2-phenylindole (DAPI)
stained cell nuclei using fluorescence microscopy (Supporting
Information).

To confirm that the GAL4-VP16 (TF) retained its activity
after delivery, we quantified the luciferase expression by
measuring the bioluminescence intensity of TF-DNACSNPs-
treated cells (Figure 4). Again, the pG5E4T-Fluc (DNA) used
in our study contains a luciferase reporter that can be
specifically activated by GAL4-VP16. Therefore, the activity
of GAL4-VP16 is reflected in the bioluminescence intensity
of TF-DNACSNPs-treated cells as a result of luciferase
expression. After the incubation of HeLa cells with
TF-DNACSNPs and the control reagents (including SNP
vector, TF-DNA, and DNACSNPs), the cells were lysed for
quantification of bioluminescence. After incubation with
luciferin for 2 min, the bioluminescence intensities were
recorded by both a plate reader (Figure 4b) and a cooled
charge-coupled device (CCD) camera (IVIS, Xenogen; Fig-
ure 4c¢). Compared to the background-level bioluminescence
intensities observed from the control experiments, that
observed for TF-DNACSNPs-treated cells is significantly
higher, suggesting that the GAL4-VP16 retains its activity to
trigger the luciferase expression after intracellular delivery.
The dose-dependent studies (Figure 4b) indicated that bio-
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were quantified by measuring their fluores-
cence intensities in a plate reader (Fujifilm
BAS-5000). As shown in Figure 3b, Cy5-
labeled TF-DNACSNPs exhibited dramati-
cally enhanced delivery performance in con-
trast to those observed in the control studies.
It is noteworthy that the delivery efficiency of
TF-DNACSNPs was approximately five- 0

5
o

£
n

Normalized
fluorescent intensity

times greater than that of TAT-TF, which
was commonly used as a standard method for
TF delivery. The time-dependent uptake
studies (Figure 3c) of TF-DNACSNPs
revealed that accumulation of the fluores-
cence signals increased with the incubation
time and reached saturation at 12 h. Fluores-
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Figure 3. a) Quantification studies on the delivery performance of TF-DNACSNPs.

b) Delivery efficiency of Cy5-labeled TF-DNACSNPs, Cy5-labeled-TF alone (TF), Cy5-
labeled-TF-DNA complex, and Cy5-labeled-TF with TAT-conjugation (TAT-TF). c) Time-
dependent uptake studies of TF-DNACSNPs. d) Fluorescence micrographs of Hela cells
after incubating with TF-DNACSNPs for 12 h. Cy5-labeled TF was localized in the cell
nuclei, where TF functioned as a regulator to control the translation of a specific gene.
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luminescence intensities of the TF-DNACSNPs-treated cells
increased with the TF dosages. In addition, we also conducted
a set of control studies, where the functional gene (pG5E4T-
Fluc) and TF are delivered separately using the respective
SNP-based delivery systems at different ratios. We were able
to observe very similar bioluminescent outcomes as shown in
Figure 4, validating the release of TF from the SNP vector, as
well as the dominance of TF amount to the expression level of
luciferase (Supporting Information). Moreover, the cell
viability assays carried out at different doses of
TF-DNACSNPs indicated that the TF-DNACSNPs exhibit
negligible toxicity. (Supporting Information)

In conclusion, we have successfully demonstrated the
feasibility of applying TF-DNACSNPs for delivery of intact
(unmodified) transcription factor (TF) in a highly efficient
manner. The uniqueness of our self-assembly synthetic
strategy for the preparation of TF-DNACSNPs has to do
with the combined use of three types of molecular recognition
mechanisms, including 1) specific binding between TF and
matching DNA plasmid for formation of an anionic TF-DNA
complex, 2)the Ad/CD-based molecular recognition for
generation of SNP vectors with cationic hydrogel cores, and
3) electrostatic interactions that facilitate encapsulation of
anionic TF-DNA into SNPs. We believe such a TF delivery
approach provides a powerful method for manipulating
cellular behaviors. A potential application is for generating
human induced pluripotent stem cells (hiPSCs), which
required the delivery of four reprogramming TFs. We note
that, in conjunction with the use of a miniaturized high-
throughput screening platform!' and biological assays,™" to
achieve hiPSCs generation in a highly efficient manner, it is
feasible to optimize the ratios of the four reprogramming TFs,
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Nanomaterials have been increasingly employed as drug(s)-incorporated vectors for drug delivery due to
their potential of maximizing therapeutic efficacy while minimizing systemic side effects. However, there
have been two main challenges for these vectors: (i) the existing synthetic approaches are cumbersome and
incapable of achieving precise control of their structural properties, which will affect their biodistribution
and therapeutic efficacies, and (ii) lack of an early checkpoint to quickly predict which drug(s)-incorporated
vectors exhibit optimal therapeutic outcomes. In this work, we utilized a new rational developmental
approach to rapidly screen nanoparticle (NP)-based cancer therapeutic agents containing a built-in
companion diagnostic utility for optimal therapeutic efficacy. The approach leverages the advantages of
a self-assembly synthetic method for preparation of two different sizes of drug-incorporated supramo-
lecular nanoparticles (SNPs), and a positron emission tomography (PET) imaging-based biodistribution
study to quickly evaluate the accumulation of SNPs at a tumor site in vivo and select the favorable SNPs for
invivo therapeutic study. Finally, the enhanced in vivo anti-tumor efficacy of the selected SNPs was validated
by tumor reduction/inhibition studies. We foresee our rational developmental approach providing a general
strategy in the search of optimal therapeutic agents among the diversity of NP-based therapeutic agents.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanoparticles (NPs) have been regarded as promising vectors
for controlled delivery of anti-cancer drug(s), providing an
emerging therapeutic strategy with enhanced anti-tumor efficacy
and reduced systemic side effects [1—10]. However, even after
decades of development, there are few successful examples that
have reached clinical usage [2,11]. One of the major bottlenecks can
be attributed to the expensive, time-consuming and labor-intensive
pipeline adopted for the development of drug(s)-incorporated NPs,
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by which numerous optimization/evaluation cycles, including
molecular design, multistep syntheses and in vitro/in vivo assays are
repeated. Such a developmental pipeline does not guarantee
generating drug(s)-incorporated NPs that exhibit improved thera-
peutic efficacy in clinic.

Herein, we utilize a new rational developmental approach to
rapidly screen NP-based cancer therapeutic agents containing
a built-in companion diagnostic utility for optimal therapeutic
efficacy. The approach leverages the advantages of a self-assembly
synthetic method for preparation of supramolecular nanoparticles
(SNPs), and a positron emission tomography (PET) imaging-based
biodistribution study to quickly evaluate the accumulation of
SNPs at a tumor site in vivo. The self-assembly synthetic method
enables a convenient, flexible and modular production of a small
collection of drug-incorporated NPs with precisely controlled sizes
ranging from 37 to 104 nm, below the threshold of NP size (200 nm)
that allows the efficient extravasation of NPs into the leaky tumor
vasculatures and accumulation of the NPs in the tumor tissues via
enhanced permeability and retention (EPR) effect [12—17].
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Subsequently, PET imaging-based biodistribution studies are
employed to correlate the sizes of drug-incorporated NPs with their
delivery performances. Thus, a specific size of drug-incorporated
NPs that exhibit optimal accumulation and prolonged retention in
tumor tissue can be readily identified, resulting in potentially the
lead modality with improved therapeutic efficacy and reduced side
effect that is subject to comprehensive pre-clinical studies.
Previously, we demonstrated a convenient, flexible, and
modular self-assembly synthetic method for crafting SNPs as
outstanding delivery vectors for highly efficient delivery of genes,
[18,19] proteins [20] and inorganic nanoparticles [21]. Given the
versatile utility of such a self-assembly synthetic method, we
attempted to explore the use of SNP-based vectors for delivering an
anti-cancer drug. In this case, camptothecin (CPT), a cytotoxic
quinoline alkaloid that inhibits the topoisomerase I, was selected
for the proof-of-concept demonstration. On the other hand, we
have already demonstrated the incorporation of radioisotopes and
a contrast agent into SNPs for PET [22] and magnetic resonance
(MR) imaging, [23] respectively. PET imaging [24—26] is a sensitive,
non-invasive technology that can be utilized to determine the
biodistribution profiles of small molecules, polymers or NPs at
a whole body level. The resulting biodistribution information [27]
can be utilized to facilitate the implementation of pre-clinical
studies. Moreover, once the drug-incorporated NPs with optimal
therapeutic efficacy are identified, they will contain a built-in
companion diagnostic utility that can be readily utilized if desired.

2. Materials and methods
2.1. General

Camptothecin (CPT) and other chemicals were purchased from Sigma—Aldrich
(St. Louis, MO) and used as received without further purification unless otherwise
noted. 1-Adamantanamine (Ad) hydrochloride and B-cyclodextrin (B-CD) were
purchased from TCI America (San Francisco, CA). N-hydroxysuccinimide (SCM) and

©

CPT-PGA

maleimido (MAL) hetero-functionalized poly(ethylene glycol) (SCM-PEG-MAL,
MW = 5 kD) were obtained from NANOCS Inc (New York, NY). CD-grafted branched
poly(ethylenimine) (CD-PEI), Ad-grafted poly(ethylene glycol) (Ad-PEG) and DOTA-
grafted CD-PEI (CD-PEI-DOTA) were prepared via the method previously reported by
our group [22,23]. Phosphate-Buffered Saline (PBS), Dulbecco’s Modified Eagle
Medium (DMEM), Eagle’s Minimum Essential Medium (EMEM), and penicillin/
streptomycin were obtained from Invitrogen (Carlsbad, CA). MCF7 breast cancer cell
line and Lewis Lung Carcinoma (LLC) cell line were purchased from American Type
Culture Collection (Manassas, VA). Fetal Bovine Serum (FBS) was obtained from
Lonza Walkerrsville Inc (Walkerrsville, MD). 96 well BD Falcon culture plates were
purchased from Fisher Scientific. CellTiter-Blue® Cell Viability Assay was purchased
from Promega Corporation (Madison, WI). Human serum was purchased from
Sigma—Aldrich.

The molecular weight of the PBLG were determined on a gel permeation
chromatograph (GPC, also called size-exclusion chromatography (SEC)) equipped
with an isocratic pump (Model 1100, Agilent Technology, Santa Clara, CA), a DAWN
HELEOS 18-angle laser light scattering detector (Wyatt Technology, Santa Barbara,
CA), and an Optilab rEX refractive index detector (Wyatt Technology, Santa Barbara,
CA). The wavelength of the HELEOS detector was set at 658 nm. The size-exclusion
columns used were serially connected on the GPC (Phenogel columns 100 A, 500 A,
103 A and 104 A, 5 ym, 300 x 7.8 mm, Phenomenex, Torrance, CA). DMF (HPLC
grade) was used as the mobile phase for GPC. HPLC analysis was performed on
a Beckman Gold system (Beckman Coulter, Fullerton, CA) equipped with a 126P
solvent module, a System Gold 128 UV detector and an analytical C18 column (Luna
C18, 250 x 4.6 mm, 5 |, Phenomenex, Torrance, CA). NMR analyses were conducted
on a Varian U500, VXR500 or UI500NB (500 MHz).

2.2. Synthesis of Poly(L-glutamic acid) (PGA)

Poly(y-benzyl-L-glutamate) (PBLGsp) was synthesized according to the proce-
dure previously published. [28,29] The N-terminus of PBLG was capped by a carbo-
benzyloxy (Cbz) group. The M, was 12,600 g/mol and the MW distributions
(MWD = My,/[M,) was 1.05 as determined by GPC (Fig. S1 in Supporting Information).
The deprotection of PBLGsy was performed using standard HBr condition as
described below: PBLGsg (500 mg, 2.28 mmol glutamate residues) was dissolved in
TFA (15 mL) in an ice bath. HBr (33 wt% in HOAc, 4 mL) was added dropwise into
stirred solution. The reaction mixture was stirred in the ice bath for an additional 2 h
and then poured into cold ether (60 mL) in two 50-mL centrifuge tubes. The polymer
precipitate was collected by centrifuge and washed with ether (30 mL x 3). The
polymer was dried under vacuum to give the crude product. The polymer was
dissolved in NaOH (2 M x 10 mL) and was stirred at room temperature (rt)

S) —

@ CD-PEI

CPT-PGA-encapsulated supramolecular nanoparticles
(CPT-PGACSNPs)

Scheme 1. Schematic representations of the self-assembly synthetic method for the production of CPT-grafted PGA encapsulated Supramolecular NanoParticles (CPT-PGA c SNPs)
from the respective molecular building blocks and CPT-PGA (camptothecin-grafted plozﬁ—glutamic acid)).
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overnight. The clear solution was acidified by 2 M HCI to pH 2. The product was
purified by dialysis against DI water and dried by lyophilization to give a white
powder. 'H NMR (D,0, 500 MHz): 3 4.86 (1H), 2.68 (2H), 2.34 (1H), 2.19 (1H).

2.3. Synthesis of Poly(r-glutamic acid)-g-camptothecin (CPT-grafted PGA, CPT-PGA)

The synthesis of CPT-PGA (Scheme 2) was performed with a slightly modified
protocol as reported before. [30] Bis(2-oxo-3-oxazolidinyl)phosphonic chloride
(BOP-Cl, 175 mg, 0.68 mmol), DMAP (170 mg, 1.4 mmol), and diisopropyletheyl-
amine (74 mg, 0.57 mmol) were added under nitrogen to a suspension of CPT
(131 mg, 0.38 mmol) and dry PGAsp (310 mg, 2.4 mmol Glu) in anhydrous DMF
(20 mL) cooled in an ice bath. The mixture was warmed to rt, stirred at 40 °C for 2
days, and cooled down in an ice bath. A 10% aqueous NaCl solution (40 mL) was
added slowly to the reaction mixture under stirring. The resulting suspension was
acidified to pH 2.5 by hydrochloric acid (0.5 M). The mixture was allowed to stir at rt
for 1 h. The precipitate was filtered, washed with water (4 x 30 mL), dried under
vacuum (<1 mm, 12 h), and ground to a powder. The precipitate was suspended in
2% MeOH-CH,Cl, (10 mL), stirred for 3 h, and filtered. This process was repeated 4
times to effect complete removal of free CPT. The product was then dried under
vacuum to give 220 mg of CPT-PGA (yield 56%). Loading of CPT was 20—22 wt%
determined by 'H NMR (TFA-d, 500 MHz). The 'H NMR data of the obtained CPT-PGA
was similar as reported by the literature. (Fig. S2 in Supporting Information).

2.4. Synthesis of PGACSNPs (drug-free vectors)

To a 200-pL solution of Ad-PEG (10 mg, 50 mg/mL), 10-uL DMSO solution of Ad-
PAMAM (24 mg/mL) was slowly injected under vigorous stirring. Followed by
addition of 120-pL CD-PEI (10.44 mg, 87 mg/mL) into the mixture and incubating at
rt for 20 min. After the incubation, the mixture was slowly added into 700-pL CPT-
PGA (10 mg/mL) solution and heated to 50 °C for an additional 20 min. PGA < SNPs
with the size of 35 + 5 nm were obtained after the solution cooled down.

2.5. Synthesis of CPT-PGA encapsulated SNPs (CPT-PGA C SNPs)

To a 200-pL solution of Ad-PEG (10 mg, 50 mg/mL), 10-uL DMSO solution of Ad-
PAMAM with various concentrations (22 and 44 mg/mL) was slowly injected under
vigorous stirring. Followed by addition of 120-uL CD-PEI (10.44 mg, 87 mg/mL) into
the mixture and incubating at rt for 20 min. After the incubation, the mixture was
slowly added into 700-pL CPT-PGA (10 mg/mL) solution and heated to 50 °C for an
additional 20 min. Two different sizes of CPT-PGA cSNPs (37-nm and 104-nm CPT-
PGACSNPs) were obtained after the solution cooled down.

A

2.6. Synthesis of DOTA-grafted CPT-PGA CSNPs

To a 200-pL solution of Ad-PEG (10 mg, 50 mg/mL), 10-uL DMSO solution of Ad-
PAMAM with two different concentrations (22, 44 mg/mL) was slowly injected
under vigorous stirring followed by addition of 120-uL CD-PEI-DOTA (10 mg, 87 mg/
mL) into the mixture. The mixture was incubated at rt for 20 min. After the incu-
bation, the mixture was slowly added into 700-uL CPT-PGA (10 mg/mL) solution and
heated to 50 °C for another 20 min. The resulting DOTA-grafted CPT-PGA < SNPs (37-
nm and 104-nm, respectively) were obtained when the solution was cooled to rt.

2.7. %4cu labeling of DOTA-grafted CPT-PGAC SNPs

All liquids were pretreated with Chelex-100 (Bio-Rad, Herchules, CA) to remove
trace amount of metal contaminants. The ®4Cu chloride (Washington university at St.
Louis) was mixed with NH40Ac buffer (pH 5.5, I = 0.1 M); DOTA-grafted CPT-
PGA cCSNPs in 800-fold excess were added to the solution. The mixture was incu-
bated for 1 h at 60 °C. The 84Cu-labeled DOTA-grafted CPT-PGA C SNPs product was
purified by a molecular weight cut off filter (Centricon YM10, Billerica, MA) at
10,000 x g for 10 min. The labeling yield (>95%) was determined by measuring the
radioactivity in the filter, the filtrate and the retaintate, respectively. The %4Cu-
labeled DOTA-grafted CPT-PGACSNPs were re-suspended in saline for in vivo
injections.

2.8. Dynamic light scattering (DLS)

DLS experiments were performed with a Zetasizer Nano instrument (Malvern
Instruments Ltd., United Kingdom) equipped with a 10-mW helium-neon laser
(A = 632.8 nm) and thermoelectric temperature controller. Measurements were
taken at a 90° scattering angle.

2.9. Transmission electron microscope (TEM)

The morphology and sizes of CPT-PGA c SNPs were examined on a Philips CM
120 transmission electron microscope (TEM), operating at an acceleration voltage of
120 kV. The TEM samples were prepared by drop-coating 2-puL of CPT-PGA c SNPs
solutions onto carbon-coated copper grids. Excess amounts of droplets were
removed with filter paper after 45 s. Subsequently, the surface-deposited CPT-
PGACSNPs were negatively stained with 2% uranyl acetate for 45 s before TEM
studies.

2.10. Zeta potential ({) measurements
Zeta potentials of CPT-PGACSNPs were determined by photon correlation

spectroscopy using a Zetasizer Nano instrument (Malvern Instruments, Malvern,
Worcestershire, UK). The measurements were performed at 25 °C with a detection

Formulation TEM

DLS Zeta potential

37-nm
CPT-
PGACSNPs

37+ 8 nm

56 £+ 4 nm -11+ 0.7 mV

104-nm
CPT-
PGAcSNPs

104 £12 nm

180 +11 nm -4+£02mV

Fig. 1. Two different sizes of CPT-PGACSNPs were obtained by altering the mixing ratio between two building blocks (Ad-PAMAM and CD-PEI). (A) The characterizations of the
resulting CPT-PGACSNPs. (B and C) TEM images of 37-nm and 104-nm CPT—PGACSNPS1 rSes ectively. Scale bar = 100 nm.
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angle of 90°, and the raw data were subsequently correlated to Z average mean size
using a cumulative analysis by the Zetasizer software package.

2.11. Drug encapsulation efficiency

Free CPT was removed from CPT-PGACSNPs by centrifugation of CPT-
PGA cSNPs solution at 1300 rpm for 30 min using centrifugal filter devices (3000
NMWL). After recovering the filtrate containing free CPT, CPT concentration was
analyzed by ultraviolet absorption at a wavelength of 370 nm. The measurements
were performed in triplicate. The amount of the CPT encapsulated in the SNPs was
then calculated by the total loading amount of CPT subtracts the free CPT in the
filtrate.

2.12. Time-dependent stability study

To ensure the in vivo stability of the resulting CPT-PGACSNPs, it is critical to
examine their size variation under a physiological ionic strength. Following the
procedure described above, the 37-nm and 104-nm CPT-PGA c SNPs were prepared
in PBS solutions (pH = 7.2, containing 1.5 mM KH;POg4, 155 mM NaCl and 2.7 mM
NayHPO4). After mixing the three molecular building blocks in their respective
ratios, we employed real-time DLS measurements to monitor the hydrodynamic size
variation of the 37-nm and 104-nm CPT-PGACSNPs at different times. The sizes of
CPT-PGA c SNPs were recorded up to 6 days.

2.13. Drug release profile

CPT-PGA (0.249 mg/mL) or 37-nm CPT-PGA c SNPs (0.977 mg/mL) was dispersed
in 50% human serum (human serum:1 x PBS = 1:1, v/v) and equally distributed to
20 vials with 1 mL solution per vial, and then incubated at 37 °C. At selected time
intervals, one selected vial of each group was taken out of the incubator. The solution
was mixed with an equal volume of methanol (1 mL) and centrifuged at 15,000 rpm
for 10 min. The supernatant (1 mL) was transferred to an eppendorf tube without
disturbing the precipitates and brought to pH 2 with phosphoric acid (85%, 100 pL).
The resulting solution was directly injected into an HPLC equipped with an analytical
C18 column. A mixture of acetonitrile and water (containing 0.1% TFA) at a volume
ratio of 1:3 was used as the mobile phase. The flow rate was set at 1 mL/min. The
area of the HPLC peak of the released CPT (A;ps = 370 nm) was intergraded for the
quantification of CPT as compared to a standard curve of free CPT prepared sepa-
rately. The accumulative release of CPT is shown in Fig. 2B.
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2.14. In vitro cell viability

Cell viability was measured by the MTT assay. After incubating MCF-7 breast
cancer cell line with 100-uL 37-nm CPT-PGAc SNPs, 104-nm CPT-PGAC SNPs, free
CPT, CPT-PGA and PGAc SNPs with respective concentrations in 96 well-plates for
48 h, the solutions were removed and washed with PBS three times. Fresh medium
containing 20-pL CellTiter-Blue reagent was added to each well, followed by 3 h
incubation at 37 °C. The cell viability results were quantified using fluorescent plate-
reader.

2.15. Micro-PET imaging

C57BL/6 mice were purchased from DLAM Breeding Colony Services (Los
Angeles, CA). All animal manipulations were performed with sterile technique and
were approved by the University of California at Los Angeles Animal Research
Committee (ARC protocol# 2006-135-12). C57BL/6 mice were injected subcutane-
ously in the right flank with LLC cells suspended in a 1:1 mixture of PBS buffer and
matrigel (BD Biosciences, Franklin Lakes, NJ, USA). Prior to use in tumor induction,
LLC cells were cultured in DMEM medium. Tumors were grown for 9 days and then
100-pL %4Cu (150 pCi) labeled DOTA-grafted CPT-PGA C SNPs solution was injected
via tail vein while the animal was anesthetized. Micro-PET imaging of the mice
occurred 24 h post injection and was performed with a micro-PET FOCUS 220 PET
scanner (Siemens, Malvern, PA). The mice were anesthetized by using 1.5—2% iso-
flurane in a heated (30 °C) induction chamber 15 min prior to imaging. The mice
were then transferred to a heated isolation/imaging chamber for imaging. Static
micro-PET scans (10 min) were then acquired. To determine the supramolecular
nanoparticle concentration in various tissues, ellipsoid regions of interest were
placed in the region that exhibited the highest 54Cu activity as determined by visual
inspection using the Amide software. Relative intensity is expressed as the
percentage of activity in the organ of interest to that of the sum of all activity in the
organs listed.

2.16. In vivo study

C57BL/6 mice (female) were purchased from Charles River, USA. Feed and water
was available ad libitum. The animal study protocol was reviewed and approved by
the Animal Care and Use Committee of University of Illinois at Urbana-Champaign.
Female C57Bl/6 mice, 4—5 week old, were anesthetized, shaved, and prepared for
implantation of the tumor cells. LLC cells were collected from culture, and 3 x 10°
cells suspended in a 1:1 mixture of PBS buffer and matrigel were then injected
subcutaneously into right flank of a mouse. After 6 days when tumors reached around

0]
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* * N
1. HBr/TFA/ice bath . e
2. NaOH, overnight, rt
3. HCL, dialysi
ialysis o OH

Scheme 2. Schematic representation of the syntilessii of poly(L-glutamic acid)-g-camptothecin (CPT-PGA).
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60—90 mm? in size, mice were divided into 4 groups of five mice, minimizing weight
and tumor size difference. Tumor-bearing mice were treated by intravenous injection
of PBS, PGA c SNPs, CPT-PGAc SNPs (13.6 mg/kg CPT) or intraperitoneal injection of
CPT (13.6 mg/kg). Three doses were administrated with 5-day interval, i.e. at day 1,
day 6 and day 11, respectively (except for CPT group, which only received a single dose
at day 1 due to emerging toxicity [31]). After injections, the animals were monitored
closely, and measurements of the tumor size and body weight for each animal were
performed at regular intervals using calipers without knowledge of which injection
each animal had received. The tumor volume for each time point was calculated
according to the formula, (length) x (width)?/2, where the long axis is the length, the
short axis is the width. Tumor density is assumed as 1 mg/mm?>. If body weight loss is
beyond 20% of pre-dosing weight, the animals were euthanized. When the tumor
load reached 1500 mm?> or the animal had become moribund, the mouse was
sacrificed. The statistical analysis was undertaken using a Student’s t-test (two-
tailed), and p-values < 0.05 were considered statistically significant, p < 0.01 were
considered highly statistically significant. Median tumor growth curves prepared for
each group depicted the median tumor size as a function of time (Fig. 4A).

3. Results and discussion

Similar to the self-assembly preparation of DNA encapsulated
SNPs, [18,19] which used the coulombic interactions between the
negatively charged DNA plasmid with the positively charged SNP
vector, 5 KD anionic poly(i-glutamic acid) (PGA) [28,29] was
employed as a carrier to covalently link with CPT molecules,
enabling encapsulation into SNP vectors. Approximately five CPT
molecules were conjugated to each PGA polymer chain (via ester
bond formation) to give CPT-grafted PGA, denoted as CPT-PGA. [30]
It is noteworthy that the connecting ester bonds can be degraded
via esterase-mediated hydrolysis, which allows controlled release
of CPT under physiological conditions. The encapsulation of CPT-
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PGA into SNP vectors to generate CPT-PGA encapsulated SNPs
(CPT-PGACSNPs) can be accomplished (Scheme 1) by simply
mixing the drug conjugated polymer, CPT-PGA (Scheme 2), with the
other two SNP building blocks (CD-PEI: CD-grafted branched pol-
yethylenimine and Ad-PAMAM: Ad-grafted polyamidoamine den-
drimer), as well as a solvation ligand (Ad-PEG: Ad-grafted
poly(ethylene glycol)). By altering the mixing ratios between the
two SNP building blocks (Ad-PAMAM/CD-PEI = 0.125 and 0.25),
two different sizes (37 and 104 nm) of CPT-PGA c SNPs can be ob-
tained with narrow size distributions after annealing at 50 °C for
20 min. Both transmission electron microscopy (TEM) and dynamic
light scattering (DLS) measurements were performed to charac-
terize the sizes and morphologies of the resulting CPT-PGA c SNPs
and the results are summarized in Fig. 1A. The hydrodynamic sizes
obtained from DLS for the two different formulations were slightly
larger than what was observed by TEM. These size characterizations
show that the resulting CPT-PGA < SNPs possessed homogeneous
size distributions (Fig. 1B and C). Moreover, other studies, including
zeta potential (The zeta potentials of the resulting 37-nm CPT-
PGAcSNPs and 104-nm CPT-PGAcCSNPs are —11 + 0.7 and
-4 4+ 0.2 mV, respectively.), drug encapsulation efficiency (The
drug encapsulation efficiency for 37-nm and 104-nm CPT-
PGACSNPs are 90 + 3% and 95 + 2%, respectively.), stability (The
results in Fig. 2A indicate that the resulting CPT-PGA c SNPs exhibit
good stability in PBS solution under a physiological ionic strength
up to 6 days.), drug release kinetics (The accumulative release of
free CPT from CPT-PGA c SNPs was quantified by HPLC. The data in
Fig. 2B point out that CPT-PGA cSNPs release 20% of CPT after 6
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Fig. 2. (A) Time-dependent studies on the stability of 37-nm and 104-nm CPT-PGACSNPs in 1 x PBS. (B) Release kinetics of CPT-PGA and 37-nm CPT-PGAcSNPs in 50% human
serum (human serum:1 x PBS = 1:1, v/v). Released CPT was quantified by HPLC. (C) Dose-dependent cell viability studies of two different sizes of CPT-PGACSNPs along with

controls.
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Fig. 3. (A) Schematic illustration of the incorporation of a radioisotope, i.e., ®*Cu, into SNPs, resulting in 54Cu-labeled CPT-PGAc SNPs. Static micro-PET images of C57Bl/6 mice
bearing Lewis lung carcinoma (LLC) tumor at 24 h post injection of (B) 37-nm and (C) 104-nm %4Cu-labeled CPT-PGA c SNPs. Tumor volumes are approximately 245 mm?>. (D) In vivo
biodistribution of 37-nm and 104-nm %Cu-labeled CPT-PGACSNPs after 24 h intravenous injection. 37-nm %*Cu-labeled CPT-PGA c SNPs had higher tumor-specific uptake than
104-nm %4Cu-labeled CPT-PGACSNPs. The error bar corresponds to the standard deviation calculated by the Amide software.

days without any associated burst release.) and in vitro viability
treatments (The ICsq values, the concentration at which 50% inhi-
bition of cellular growth occurs, were around 100 nM for free CPT
and approximately 400 nM for CPT-PGAcSNPs and CPT-PGA
(Fig. 2C). There were negligible difference among CPT-PGA and
the two other sizes of CPT-PGA c SNPs, which is probably due to the
slow release of the drug from polymer (Fig. 2B). Note that the cells
treated with PGACSNPs present high viability, indicating low
cytotoxicity attributed to our SNPs.), of the resulting CPT-
PGA cSNPs were also carried out and the details can be found in
EXPERIMENTAL SECTION.

Different sizes of CPT-PGAcSNPs will have distinctive bio-
distribution patterns and varying therapeutic performances due to
their differential EPR effects [12—14]. Instead of directly performing
the in vivo efficacy studies of all of the two sizes of CPT-PGA c SNPs,
which would require a significant quantity of CPT-PGA c SNPs and
a large cohort of animals, we utilized micro-PET imaging tech-
nology to understand the biodistribution properties of the 37-nm
and 104-nm CPT-PGACSNPs. We anticipated that the resulting
biodistribution data would correlate the sizes of CPT-PGA cSNPs
with their delivery performances. Thus, the specific size of drug-
incorporated NPs that exhibit preferential accumulation in thTS 3

tumor can be identified for subsequent pre-clinical studies. The
radio-labeling of SNP vectors and subsequent pre-clinical micro-
PET imaging in mice have been previously demonstrated by our
group [22]. Similarly, ®4Cu-labeled CPT-PGA CSNPs (with the sizes
of 37 and 104 nm) can be prepared (Fig. 3A) by incorporating CD-
PEI-DOTA as one of the precursors (along with CD-PEI, Ad-
PAMAM, Ad-PEG and CPT-PGA), followed by ratiometric mixing and
labeling by ®4Cu (see the Experimental Section). The 37-nm and
104-nm %4Cu-labeled CPT-PGA c SNPs were instantaneously injec-
ted into LLC tumor-bearing C57BI/6 mice via tail vein intravenous
(i.v.) administration. The respective biodistribution data (Fig. 3B—D)
were acquired by micro-PET imaging technology 24 h post injec-
tion. Static micro-PET images of the two sizes of ®4Cu-labeled CPT-
PGAC SNPs (Fig. 3B and C, respectively) revealed that 37-nm ®Cu-
labeled CPT-PGAcSNPs exhibited significantly enhanced tumor
accumulation. Semi-quantitative biodistribution data (Fig. 3D and
insert therein) of ®4Cu-labeled CPT-PGACSNPs in major organs
were obtained by taking the average signal per voxel in the organ of
interest and multiplying that value by the total volume of the organ
via Amide software (see Experimental Section). The PET imaging-
based biodistribution studies revealed that the 37-nm ®%Cu-
labeled CPT-PGA c SNPs exhibited 100% more accumulation in the
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Fig. 4. (A) In vivo anti-tumor efficacy studies of 37-nm CPT-PGAcCSNPs (13.6 mg CPT
equivalent/kg) along with controls, i.e., free CPT (13.6 mg/kg), PBS and PGACSNPs
(equivalent to the amount of SNPs in the CPT-PGAc SNPs group). LLC tumor-bearing
C57Bl/6 mice were treated with different groups via intravenous injection at day 1, 6
and 11 (except for CPT group, which was only treated once at day 1 via intraperitoneal
injection). 37-nm CPT-PGACSNPs showed delayed tumor growth from day 6
compared to PGACSNPs group and also significantly outperformed CPT group from
day 4 (*p < 0.05; **p < 0.01; Student’s t-test). (B) Body weight changes of the four
groups over the course of treatments.

tumor than that observed for the 104-nm %4Cu-labeled CPT-
PGA CSNPs. We suggest that the preferential accumulation of 37-
nm %4Cu-labeled CPT-PGA c SNPs in xenografted LLC tumors CPT-
PGACSNPs is due to their higher blood retention concentrations
(see Supporting Information Fig. S3) that facilitated the EPR effect
[12]-mediated accumulation of the SNPs in tumors.

Given the preferential tumor accumulation of the 37-nm 4Cu-
labeled CPT-PGACSNPs as compared to the larger SNPs, we next
performed tumor reduction/inhibition studies using the 37-nm
CPT-PGAcCSNPs in C57/BL6 mice bearing subcutaneously implan-
ted LLC tumors on the right flank. After the tumors developed to
approximately 60—90 mm?®, we performed comparative efficacy
studies by dividing animals into four groups (N = 5) in a way to
minimize weight and tumor size differences. The following regi-
mens were administrated three times via i.v. injection on day 1, 6
and 11 including PBS, PGA c SNPs (equivalent to the amount of SNPs
in the CPT-PGAcSNP group), 37-nm CPT-PGAcSNPs at 13.6 mg
CPT equivalent/kg, while another group received a single dose of
emulsified CPT at 13.6 mg CPT/kg through intraperitoneal injection
(i.p.). CPT is very insoluble in aqueous solution and is acutely lethal
when given to mice at such a high dose via i.v. due to embolization
induced by the particulate matter in the drug suspension [31].
Fig. 4A depicts the median tumor size for each group as a function
of time, and clearly shows that the 37-nm CPT-PGA c SNPs had the

best anti-tumor efficacy among all groups tested. As compared with
PGA CSNPs (drug-free vectors), 37-nm CPT-PGA c SNPs started to
show statistically significant efficacy in delaying tumor growth
from day 6 (*p < 0.05 at day 6 and 8, Student’s t-test) and even
higher significant inhibition effect at day 10 and 12 (**p < 0.01 at
day 10 and 12). However, there was no statistical significance
between the data points of PGAcSNPs group and PBS group indi-
cating that the efficacy of the 37-nm CPT-PGA c SNPs was ascribed
to the released CPT. The 37-nm CPT-PGA CSNPs also significantly
outperformed CPT in this study with statistical significance from
day 6 to day 12 (*p < 0.05). It is noteworthy that one of the five mice
treated with 37-nm CPT-PGA c SNPs experienced complete tumor
reduction on day 10. The final mean tumor burden of the 37-nm
CPT-PGACSNPs group was 265.5 + 101.3 mm> (mean + SEM),
which was smaller than any other group (*p < 0.05). On the other
hand, no obvious body weight loss was observed for the group
treated with the 37-nm CPT-PGAcCSNPs at the tested dosage
throughout the study (Fig. 4B), indicating there is no acute toxicity
of the 37-nm CPT-PGACSNPs. As a comparison, the CPT group
showed emerging toxicity after a single dose with around 9% body
weight loss at day 5 (data not shown). The results demonstrate that
37-nm CPT-PGAc SNPs group is the most efficacious group among
all the groups with reduced toxicity compared to free drug.
Presumably, the reason for the enhanced efficacy of 37-nm CPT-
PGA c SNPs may be the preferential tumor accumulation due to EPR
effect as demonstrated. After the SNPs reached the tumor tissues,
the sustained release of CPT from CPT-PGAcSNPs (Fig. 2B) was
ascribed to the extended inhibition on tumor growth.

4. Conclusion

We have successfully demonstrated a rational developmental
approach that leverages the advantages of (i) a self-assembly
synthetic method for preparation of SNP vectors and (ii) PET
imaging technology to generate 37-nm CPT-PGACSNPs with
optimal therapeutic performance in tumor Xxenografted mouse
model. The integration of the two technologies can lead to
a breakthrough in the development of a new generation of cancer
therapeutic agents. We foresee our work providing a general
strategy in the search of optimal therapeutic agents among the
diversity of NP-based therapeutic agents by utilizing imaging
technology as a fast and early checkpoint prior to performing large-
scale pre-clinical studies. In principle, this work can also be adopted
for discovery of other NP-based vectors for delivery of various
payloads (e.g., DNAs, RNAs, proteins or their combinations).
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