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Assembly ofinorganic nanoparticke (NPs)can give rise to novel collective
properties due to the coupling between adjacent subunits, which are not accessible from
individual nanoparticles. Among them, hybrid polymieorganic nanoassemblies
(HPINs) are particularly attractive by combining the complementary strengths of
inorganic NPs and polymers. This dissertation describes the design of HPINs with
elaborately tailored physichemical properties and the applications of HPINs in tumor
diagnosis and therapy.
First, we introduced the design principles and representative morphologies of
HPINs. Size, shape, surface charge and coatings are crucial properties to be considered
before the design of HPINs. Among various types of HPINs, we focused on the hybrid

vesicles assembled from polymégthered inorganic NPs due to their synergistic

properties that surpass their constituent components. We also summarized recent



advances in the development of HPINs as attractive platforms for cancer imaging and
therapy.

Second, waleveloped an enzyrfeee signal amplification techniqubased on
goldvesiclesengas u |l at e d & astpéroxiBasdda minmics, fbPcolorimetric assay
of disease biomarkers with significantly enhanced sensitivity.

Third, we introduced a universal appcbao attach amphiphilic block copolymers
onto oleic acid or/and oleylamine capdeBs to trigger their assembly. Variobi>s
including FeOs, CwSs, MNnO and upconversiohlPs were assembled into hollow
vesicles with novel physicochemical properties feagety of biomedical applications.

Finally, we described the fabrication of nanosized magwesiclescomprising
tunable layers of densely packed superparamagnetic ironmexdgarticles (SPIONS)
in membranes via cooperative assembly of polytettrerel SPIONs and free
poly(styrenedb-poly(acrylic acid). Due to the high packing density of SPIONSs, the
magnetevesicles showed enhanced signahiagnetic resonance imagiag well as

improved efficiency in magnetiguided drug delivery botim vitro andin vivo.
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Chaptlkemtdoducti on

Part of this chapter is adadKtuledYaidfJem t he m.

He, WanKyu Oh and Zhihong Nie Polymer/inorganic Nanohybrids for Cancer

| maging and Therapyo t o*Eduacostibbton)tt ed to Na
Seltassembly refers to the process by which small building blocks such as

molecules and colloid particles spontaneously organize into larger or ordered structures

without external interventiohMolecular sefassembly is extraordinarily common in

nature and in daily life and it plays numerous important roles in the formation@fisari

complex structures. For example, membranes of living cells originate from the self

assembly of phospholipids. Viruses are assembled from protein and nucleic acid. Soap

bubbles are selissemblies of small molecule surfactants. Materials scientists have

aspired to replicate assembly principles f

materials with hierarchical structures and tailored properties for a variety of

applications. Compared with tafpwn methods such as phéiimography, sel

assembl is a simple and loweost bottoraup approach to create complex naoo

micro-sized functional materials from pexisting building blocks. With the rapid

development in colloidal particle synthesis, researchers have become increasingly

interested in usm colloidal nanoparticles (NPs) as building blocks to fabricate

functional assemblies with controlled structures. However, it remains challenging to

organize colloidal NPs into desired assemblies as conventional molecular building

blocks. It is, therefore,essential to develop novel strategies for the assembly of

inorganic NPs in order to meet the rising demand for advanced materials.



1.1 Molecular selfassembly

Understanding the principles of molecular se$sembly is the foundation for
studying anddesigning more complex assembly systems of colloidal NPs. A wide
range of molecules such as, lipids, surfactants, dendritic molecules and block
copolymers (BCPs), cabe used to form supramolecular nanostructures at different
conditions. These moleculestaf consist of one amore hydrophobic tails and a
hydrophilic head group to make them amphiphilic. The amphiphilicity enables their
selfassembly into various nanostructures, suchspiserical micelles(spheres),
cylindrical micelles (cylinders), bicontimus structureslamellae and vesicles in
selective solvents. The morphology as&mblies is primarily determined by the
packing parametep = v/adl¢, wherev is the volume of the hydrophobic segmextis
the crosssectional area of the head group, and the length ofthe hydrophobic
segmentSpherical micelles are generally formed whés less than 1/3; cylinders are
assembled when 1/3 g< 1/2; flexible lamellae or vesicles when 1/20< 1; and

planar lamellae whep= 1.If pis larger than linverted structures could be observed.

1.1.1Selfassembly of amphiphilic lipids

Amphiphilic lipids are the most important building blodks selfassembly. They
are generally composed afhydrophilic head and a hydrophobic teglgion (Figure
1.1). The amphiphilic structure of lipids induces the aggregation of these molecules
into larger structures with wetirganized position and orientation in water. In addition,
the structural diversitpf lipids with different polarities, lengths and charged groups

allows the formation of a library of assembly structures in water such as micelles,
2



lamellar bilayers and vesicles (liposomes), which have already found applications in

different fields incluéhg biosensing, bioimaging and drug delivéfy.

Lip osome Hydrophilic head

Hydrophobic tail

Figure 1.1. Schematic illustration of seHissembling of amphiphilic lipids into

liposomes. Reproduced from Ref. [4] with permissbDovepress.

1.1.2Selfassembly of amphiphilic block copolymers (BCPs)

Amphiphilic BCPs, in which hydrophobic and hydrophilic polymer blocks are
covalently bound to each other, are another commonly used building blocks for self
assembly. The seldsserbly of amphiphilic BCPs in selective solvents generates
assemblies with a variety of morphologies including spheres, cylinders, lamellae,

bicontinuougyroids and vesicular micelles (Figure 1.2). Current advances in polymer

3



synthesis have allowed the ratade design of BCPs with high uniformity, purity and
significant chemical and structural diversity. Compared with smalkcule
assemblies, polymesissemblies exhibit higher stability and durability due to their
mechanical properties, as well as highemptexity due to the flexibility and
deformability of BCP chains. The assembly structures of BCPs have found broad
applications in such as microelectronics, photoelectric materials, catalysts, bioimaging

and drug delivery®

‘Polymersomes’

Spherical Cylindrical
Micelles Micelles

High Medium
curvature curvature curvature
Ps¥% YasPs2 V2 sPs1

Figure 1.2. Schematic illustration of sedssembling of amphiphilic BCPs into
spherical micelles, cylindrical micelles, and vesicles according to their packing
parameterReproduced from Ref. [6] with permission of WHECH Verlag GmbH &

Co. KGaA.



1.2 Hybrid polymerinorganic nanoassemblies (HPINS)

Although assemblies of amphiphilic molecules have received considerable
attention in both academic researches and practical applications, the rapidly rising
demand for newmaterials drives the design of nanostructures with increasing
complexity and new functionalities. Hybrid nanoscale materials comprising two or
more components in one system may exhibit advanced or new properties that surpass
their constituent componentsual to the combination or synergistic effect of the
subunits. Among them, hybrid polymerorganic nanoassemblies (HPINs) are
particularly attractive as they naturally combine the complementary strengths of
inorganic NPs (e.g., intrinsic optical and magnetioperties, etc.) and polymers (e.qg.,
biocompatibility, biodegradability, chemical stability, tunable responsiveness to
external stimuli such as, heat, light, and sound wave, etc.). As a result, HPINs have
emerged as attractive platforms for tumor manag@ by offering early diagnosis,
high resolution imaging, real time therapeutic monitoring, selective tumor targeting and

efficient tumor growth inhibitiorf.

1.2.1Design principles of HPINs for biomedical applications

To achieve optimal theranostic performance, it is crucial to deliver sufficient
amount of HPINs to the right time and location. Tingitro andin vivofate of HPINs
is governed by their physicochemical properties such as size, shape, charge and surface

coating (Figure 1.3).
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peptides \\
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Figure 1.3.Physicochemical properties that determmeivo performance of HPINSs.

() Size. The effects of size have been studied extensively with spherically shaped
particles for their biomedical applications. The ideal siz¢rRs forin vivoapplications
falls in the range between 5 and 200 hitParticles smaller than 5 nm are rapidly
cleared from the circulation through extravasation or renal clearamde, particles
larger than 200 nm tend to be trapped by Kupffer cells in reticuloendothelial systems
(RES). On the other hand, tumor vessels tend to be more permeable than normal vessels,
which allows passive accumulation of NPs in tumor tissues (enthaecaneability and
retention effect). However, small particles (<5nm) can be readily secreted from tumor
tissues even after they accumulate around tumor. Particles that are larger than 200 nm
are believed not able to penetrate through the leaky vessels.

(i) Shape. Although the shape of particles is known to play an important role in
their in vivo fate, the exact effects of NP shape on biological actions are still under
debate, due to the variation in the sample standards and intrinsic complexity of the
biological system. For example, the shape of particles is considered to directly

influence their cellular uptake. When the size of NPs exceeds 100 nm, rods show the
6



highest cellular uptake, followed by spheres, cylinders, and ¢tiasthe contrary,

in studies with sild00 nm NPs, spheres have highdiutar internalization than rods.
Additionally, in this size range, increasing the aspect ratio of nanorods (NRs) decreases
the cell uptake of NPs.

(i) Charge. Surface charge of NPs also determines their cellular uptake,
biodistribution and interactiorwith other biological environments. Generally,
positively charged NPs are considered to be more easily internalized than neutral and
negatively charged NPs. This can be attributed to the electrostatic attraction between
negatively charged membrane and pesiy charged NPs which favors their adhesion
onto the cell membrane, leading to enhanced uptake compared with neutral and
negatively charged NP$.This process, in fact, can be complicated when serum or
other biological species are presented due to the quick absorption and formation of
protein corona on NP suda. As the surfaceharge determines corona compaosition,
the interaction between NPs and cells also varies from study to study. In this regard,
cellular uptake of the NPs by phagocytes or target cells should be tested priaveo
administration of HPINSs.

(iv) Surface coating. The surface coating can influence biological performance of
NPs such as circulation time, biodistribution and cellular uptake. PEGylation of NPs
has been widely used to prolong theiwvivo circulation timeby the stealthing effect.
Functional ligands that can specifically target certain cellular populations can also be
introduced to HPINs by surface modification. Various ligands such as antibodies,
aptamers, peptides and small molecules have been introdntedhe surface of

HPINs to enhance their accumulation in desired tisSuBgyond sedctive active



targeting, responsiveness to specific microenvironment can be imparted to HPINsS by
utilizing appropriate surface coating. For instance, HPINs could be programed to

respond to light, heat, pH or enzymes for various biomedical applications.

1.2.2 Representative morphologies of HPINs

Depending on the spatial distribution of inorganic NPs and polymers, there are six
distinct representative morphologies of HPINs that can be classified into three
categories: 1) solid NPs consisting of polymericllsteaded with one or more
inorganic NPs as core(s) (I, II); 2) polymeric micelles loaded with one or more
inorganic NPs (lll); and 3) N#baded hollow vesicles: polymer vesicles internally
loaded with inorganic NPs (1V), polymer vesicles embedded wittyarac NPs in the
hydrophobic membrane (V), and hybrid vesicles assembled from polymer tethered

inorganic NPs (VI) (Figure 1.4).
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Figure 1.4. Representative morphologies of polymer/inorganic nanohybrids that are
summarized into six main categories: pogmrooated single inorganic NPs (I),
inorganic NPloaded polymer patrticles (1), inorganic N&éaded polymeric micelles
(1M, polymer vesicles internally encapsulated with inorganic NPs (IV), polymer
vesicles embedded with inorganic NPs in the membrane gM) hybrid vesicles
assembled from polymeethered inorganic NPs (VI). The major difference between

(V) and (VI) is the density and ordering of NPs in the vesicular membranes.

Polymekrcoated inorganic NPs



The simplest HPINs anpolymercoated inorgaic NPs, in which inorganic NPs
are enclosed in polymer shells. Constructing a layer of polymers on the surface of
inorganic NPs has multiple benefits for biomedical applications. The polymer coatings
can improve the stable dispersion and biocompatilafitgorganic NPs in intracellular
microenvironments and prevent possible dissociation of toxic inorganic ions. Efficient
targeting and internalization of NPs can be achieved by designing polymers with
functional groups for specific targeting capability for the further conjugation of
targeting moieties. Most importantly, the polymers can be also used to absorb or
conjugate cargos within the nanostructures through noncovalent interactions or
covalent bonds.

As an efficient method to coat polymeric thinng with desired properties on
various NP surfaces, electrostatic lapgrHayer (LbL) selfassembly has been
developed and widely used to design functional nanocarriers for bioimaging and drug
delivery!* The coating of inorganic NPs with polymer layers relies on the alternate
adsorbing of oppositely charged polyelectrolytes on the surface of inorganté Tes.
thickness of each layer can be adjusted by tuning the ionic strength of the
polyelectrolyte solution. A thicker layer can be obtained byguaisolution of higher
ionic strength, due to the induced loops or tails formation of polymers. A solution of
low ionic strength facilitates the flat conformation of polymers on NP surfaces to form
a thinner layer.

In LbL assembly, the positive charge of polymers is usually contributed by the
ionization of amine and iminecontaining groups, such as poly(allylamine) (PAL),

poly(ethylenimine) (PEI), etc., while the negative charge of polyanions often comes
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from pendah sulfonate groups or carbonate groups, such as poly(styrenesulfonate),
poly(acrylic acid) (PAA), etc. The composition of the polymer layers is not limited to
two components, as long as the polymers possess opposite charges of appropriate
strength. With tke appropriate choice of polymers and functional ligands, the resulting
customized solid polymer coated single NPs can meet various requirements from
surface chemistry, biocompatibility, controlled permeability, loading of therapeutic
agents to optical or agnetic propertie¥

Different from noncovalent coating of polymer layers via Lbdchnique,
polymeric shells can be grown directly on the surface of NPs to form HPINs. Initially,
inorganic NPs are attached with initiators or chain transfer agents, followed by the
growth of polymer chains extending out from the NPs surface. For effattachment,
the initiator or chain transfer agent should bear functional groups with strong affinity
to the surface of NPs, such as thiol for noble metal NPs (e.g., Ag, Au) and quantum
dots (QDs), silane for silica NPs, carboxylate or phosphonate foroxae NPs
(IONPs) etc!’ Various surfacénitiated polymerization techniques have been used to
grow polymer chains, such as nitroxioeediated polymerization (NMP), reversible
additionfragmentation transfer polymerization (RAFT), and atom transfer radical
polymerization (ATRP}&1°

Coating polymer shells on the surface of inorganic NPs piessna facile and
efficient way to prepare HPINs from diverse combinations of polymers and inorganic
NPs. Polymeicoated inorganic NPs show advantages on flexible size tuning of NPs in
the 16100 nm size range which benefits their accessibility to artdwitisseminated

tumors for enhanced efficiency in bioimaging and drug delivery. However, it remains
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challenging to improve the loading capacity and control the intrinsic properties of
individual polymercoated inorganic NP. Thus, more elaborately desigifeiiNs are

required for enhanced efficacy in biomedical applications.

Inorganic NP-loaded polymer patrticles

Another type of HPINs is inorganic NBaded solid polymeric particles in which
multiple inorganic NPs are homogeneously or spatially arrangegahyeer matrix.
There are two major approaches for encapsulating NPs in polymer matrix: (i)
polymerization in the presence of inorganic NPs and (ii) emulsification of polymers in
a solution of inorganic NPs. The former one usually involves sohlpinase
polymerization (e.g., emulsion polymerization) in the presence of inorganic NPs. In a
typical emulsion polymerizatiehased synthesis, inorganic NPs are first treated with
hydrophobic coupling agents, in order to tailor the suitable affinity between the
monomer and the surface of NPs, followed by the initiation of polymerization to
achieve NHoaded polymer particles. HPINs are also fabricated by emulsification of a
mixture of polymers and NPs followed by solvent removal. In this approach, a solution
of mixed polymer and inorganic NPs are emulsified into nhanonicro-sized droplets
in an immiscible solvent (e.g., water). The solvent in droplets is subsequently removed
to generate final products by evaporation, salting out, emulsification diffusion, gjalysi
or supercritical fluid technologd?? Emulsifying agents such as ordinary
phospholipids, PEGylated lipids and poly vinyt@hol (PVA) are usually used to
stabilize the emulsion droplets and prevent the coalescence of droplets during the

proces<>2° The size of nanohybrids made by this method can be tuned in the range of
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tens to hundreds of nm (mostly below 200 nm), which is dependent on a series of
parameters, including the temperature, chemical composition and concentration of
surfactant® Using this method, a variety of inorganic NPs witHetint sizes, shapes,

and compositions (e.g., iron oxide, QDs, noble metal NPs) have been loaded in
polymeric matrix of homopolymers or BCP%. To achieve the homogenous
dispersion of inorganic NPs in the matrix, inorganic NPs arellystraated by
hydrophobic coupling agents so that the surface ligand of inorganic NPs should be
compatible with (one block of) the polymer matrix. Since all NPs are embedded within
the polymeric particle, the biodistribution and pharmacokinetic propeofiethe
inorganic NPloaded polymeric particles could be well controlled by polymer ligand
on the particle surface. However, it is challenging to control the specific encapsulation
efficiency of NPs per polymer particle which significantly ressrititeir clinical

translation.

Inorganic NP-loaded Polymeric micelles

The micellization of polymers provides an efficient strategy for the encapsulation
of inorganic NPs to form HPINs. Conventional polymeric micelles are obtained from
the selfassembly of amphiplic BCPs?’ The hydrophilic shell maintains the aqueous
stability of polymeric micelles and protects the hydrophobic domains which act as a
reservoir for loading inorganic NPs and therapeutic cargos. Theaevareety of ways
to encapsulate inorganic NPs into polymeric micelles, includingreoipitation,

emulsification, heatingooling and film rehydratio®®
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As the distributiorof inorganic NPs in the polymeric micelles plays an important
role in determining their properties, principles are developed to tune the spatial
distribution of NPs basing on the interactions between NPs and polymer
microstructures. By tuning the surfapeoperties of NPs with capping agents, the
interactions between ligafmblymer and ligandgurface could be well tailored to form
various assembly structures. For instance, modifying NPs with polymer brushes favors
the interaction of NPs with polymer hosidlreduces the attraction between NPs, which
benefits for the uniform dispersion of NPs in polymer micelles. Similarly, parameters
like the size of inorganic NPs (compared with the radius of gyration of the host
polymer), the relative concentration of N&sd polymers, and the choice of solvent
could also significantly influence the spatial distribution of NPs and the number of NPs
encapsulated within each micetfe®? Park et al obtained three distinct structures by
tuning the hydrophiphilic/hydrophobic balance of BCPs for assembly: (i) magneto
polymersomes with densely packed magnetic NPs in the membrane; (i) magresto
shell assemblies #i NPs radially arranged at the interface of the core and shell region;
(i) magnetemicelles with homogeneously incorporated NPs (Figure 1.5). The varied
structure of assemblies was also realized by using different solvent conditions, which

determines tk interactions of NP/solvent and NP/polyrer.
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Figure 1.5. Fabrication of polymeric micelles loaded with inorganic NPs. -Self
assembly of NPs and BCPs into (I) magretoe shell assemblies, (lI) magneto
micelles, and (lll) magnetpolymersomes. Reproduced with permission from Ref.

[30]. Copyright 2011 American @mical Society.

Inorganic NPs can also be loaded into polymeric micelles bjyusynthesis. This
approach usually involves loading precursors into the micelle assembled from BCPs,
followed by the reaction of the precursor to form NPs in the céhberthis case, the
size of NPs can be tuned by the length of the polymer brush. Moraosiusynthesis
using polymeric micelles of conventional linear BCPs as nanoreactors can provide NPs
with well controlled polymer layers. However, the stability of micellar aggregates is
sensitive to temperature and solvent condition, which limits the types of inorgasic NP

that can be synthesized.
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Polymer vesicles internally encapsulated with inorganic NPs

Depending on the inherent curvature of the amphiphilic BCPs, themssdimbly
in selective solvents also renders the formation of polymersomes, in which the
hydrohobic block forms a vesicular shell, leaving the hydrophilic brush extends to
both the interior and exterior sides of the vesicles. Typical strategies for assembly
include emulsiorsolvent evaporation, nanoprecipitation, dialysis, microfluidic
fabrication,and thin film rehydration.In a thin film rehydration process, a film of
BCPs is formed on the substrate and water is added to rehydrate the film with or without
the assistance of sonication or heating. The polymer layers swell and form protrusions
that detach from the surface of substrate and enclose to formseaible vegles. A
broad size distribution of vesicles is commonly observed due to the nonequilibrium
nature of the vesicle formation procé$swhen hydrophilic inorganic NPs are
dispersed in water fdilm rehydration, this procedure generates polymeric vesicles
with inorganic NPs trapped in the inner aqueous cavity. A relatively large amount of
inorganic NPs could be loaded in an individual vesicle when concentrated NPs solution

is used for rehydradin 3®

Polymer vesicles embedded with inorganic NPs in thembrane

Hydrophobic inorganic NPs can be encapsulated within the membranes of polymer
vesicles to produce vesicular nanohybrids. The incorporation of NPs in the vesicular
membrane originates from the -assembly of a mixture of inorganic NPs and
amphiphilc BCPs. ONPs and noble metal NPs with hydrophobic capping agents are

the most common candidates for producing hybrid polymeric vesfcldse NPs are
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embedded in the membrane via hydrophobic interactions, rather than covalent bonding
with polymers. Generally, the thickness of polymersome membrane can becdjus
the range of 130 nm, which largely defines the size of inorganic NPs that can be
integrated in the membrane (usually less than 10*AWhen inorganic NPs with sizes
comparable to the membrane thickness are used, the NPs would rather distribute at the
periphery of the bilayer to decorate the hydrophobic/hydrophilic interface and form
bilayer structures. As a result, aligor multiamellar vesicles or even onitype
vesicles are formed with NP bridging the adjacent bilasfers.

The relationship between the Niitorporation and the vesicle morphology has
been broadly investigated. Park et al sbdthat the increase in size of inorganic NPs
led to the increase in the yield of vesicles and the decrease in the vesicular size, as well
as more ordered organization of NPs in the membrane. This NP size dependent
morphology transition can be attributedthe@ entropic cost arises from incorporating
large NPs into the polymer domaihBy carefully tuning the NP size, inorganic NP
bearing polymer vesicles could be fabricated with tailored size and properties for a

variety of biomedical applications.

Hybrid vesicles assembled from polymiethered inorganic NPs

As mentioned above, the size and content of inorganic NPs that can be loaded in
the hydrophobic domain of polymeric vesicles are often limited due to the possible NP
integrationinduced instability and morphological transition of vesicles. Unlike those
structures, hybrid vesicles assembled from polytedtered inorganic NPs contain

denselypacked NPs chemically grafted with polymer brushes in the membrane, which
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significantly enhances the stability and loading of inorganic components. Inspired by
the assely of amphiphilic molecules, colloidal amphiphiles was constructed for the
fabrication of hybrid vesicles comprising closely packed inorganic NPs in the
membrane of vesicles. Amphiphilic BCPs or a mixture of hydrophilic and hydrophobic
homopolymer brushemre grafted on the surface of NPs to achieve amphiphilic nature,
followed by selfassembly of the colloidal amphiphiles into vesicular structures (Figure

1.6a).

I Water

e © o 3 GNP
e / in THF

1 : hydrophiic polymer [l hydrophobic polymer (g : nanoparticie ey E'éﬁimifﬁ; BCP-tethered

AuNRs

sphericalmicelle Glantvesicle Raftike disk
Figure 1.6. Assembly of polymetethered inorganic NPs into hybrid vesicles. (a)
Scheme an®EM images of spherical and tubular vesicles assembled frorHED
tethered GNPs. Reproduced with permission from Ref. 42. Copyright 2012 American
Chemical Society. (b) Scheme and SEM images of different structures via microfluidic
seltassembly of ampphilic PEOb-PS tethered Au NRs in microfluidic flew
focusing devices. Reproduced with permission from Ref. 41. Copyright 2013 WILEY

VCH Verlag GmbH & Co. KGaA, Weinheim.

Assembly of amphiphilic NPs in selective solvents can be realized by dialysis, film

rehydration and microfluidic strategi#®! Take the microfluidic approach as an
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example, a solution of polymer tethered inorganic NPs (in THF) together with two
water streams are introduced in a micriafici flow-focusing device (Figure 1.6b). The
streams of two miscible fluids form a laminar flow and the diffusion of molecules along
the transverse direction gradually changes the solvent quality for the hydrophobic
blocks of BCP tethered on NPs, thus ohgvthe association of colloidal amphiphiles
to form different structure®*®* The formation of assemblies with different
morphologies (e.g., micelles, sheets, and giant vesicles) is determined by the
hydrodynamics of flow and the characteristics (e.g., hydrophobic/hydrophilic balance)
of colloidal building blocks. In recent yeathjs method is applicable for assembling
NPs with a broad range of sizes-@8 nm) and shapes (spherical NPs, NRs,
nanoflowers, nanochains) into hybrid vesict&¥.Various factors (e.g., size and shape
of inorganic NPs, the length of polymers, and the grafting density of polymers) are
found to influence the vesicle formation and the morphology of vesicles significantly.
For instance, the assembly of poly(ethyld®}block-polystyrene (PE&h-PS) grafted
gold nanoparticles (GNPs) was found to depend on the hydrophobic/hydrophilic
balance for various structures (e.g., hybrid vesicles, clusters, unimolecular micelles).
The balance is determined by the ratio betweenléhgth of hydrophobic block in
BCPs (R) and the relative size of GNPs {d$pherical vesicles are formed when
R/d<0.5. When R/d is close to 0.5, formation of one dimensional tubular structures is
preferred.

The ceassembly of polymetethered inorganic NPs with free goier and/or
other types of NPs leads to NBsaring vesicles with various morphologies and

chemical composition&>°° For example, the easgmbly of GNPs tethered with PEO
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b-PS and free PE®-PS in selective solvent generated a series of hybrid vesicles with
various shapes, including patchy vesicles with islands of NP membranes, shaped Janus
vesicles with spherical/hemispherical/digie shams, and heterogeneous vesicles
with uniform distribution of NPs in the membrarf8sThe formation of various
patterned vesicles was attributed to the complex interaction between the dimension
mismatch of building blocks, the entangkesmh of BCP chains, and the mobility of the

NP amphiphiles. The eassembly of GN®tethered with PED-PS, free P®H-PAA

and hydrophobidONPs in selective solvents led to the formation of Janus vesicles
where GNPs anitDNPs are distributed in two distintalves. Tuning the size and mass
fraction of NPs could produce spherical and hemispherical Janus vesicles with distinct
transverse relaxivity value and absorptionnear infrared NIR) range for further

biomedical application®

1.2.3Applications of HPINs in biological imaging

The incorporation of inorganic NPs into hybrid assemblies facilitates the imaging
capability of theplatform, as a result of their intrinsic properties and the coupling
between adjacent subunits. The imaging capability provides HPINs with at least the
following important functions. First, imaging of HPINs offers spatial and temporal
information regardig the tumor angiogenesis and tumor microenvironment both in the
primary tumor and in metastatic sites. This information is crucial for early diagnosis of
tumor and/or for the selection and optimization of therapeutic strategies. Second, the
imaging capabity of HPINs can be used to characterize the biodistribution of NPs and

quantify the dose and duration of NPs delivered to the target sites. This will help to
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guarantee the accumulation of sufficient NPs at tumor tissues. Third, imaging of HPINs
makes posble to monitor the delivery dynamics of therapeutic agents, and predict the
possible outcomes of therapy. Based on this information, therapy can be potentially

optimized and personalized to achieve maximum antitumor efficiency. (Figure 1.7)

Fluorescence imaging

Image reconstruction
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and readout S

.

Positron emission
tomography imaging

Raman imaging
Figure 1.7.Schematic illustration of the applications of HPINs in cancer imaging and

diagnostics.

Fluorescence imaging
As one of the most commonly used fluorescencaging agents, quantum dots

could provide direct information of their surroundings. QDs are semimiimg NPs
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with size on the same order of or smaller than their exciton Bohr radius where the
energy is quantized. The absorption of a photon with energy higher than the
semiconductor band gap energy generates excitons and results in a broadband
absorptimm spectrum of QDs for photons with short wavelengths. The subsequent
recombination of an exciton leads to the emission of a photon in a narrow energy band.
Due to the quantum confinement effect, QDs exhibit luminescence emission that is
strongly dependerdn their size. The emission of QDs shows unique features such as
superbrightness, relatively narrow emission band (v.s. organic fluorophore), tunable
emission wavelength and low photobleaching, which makes them appealing for non
destructive bioimaging‘>2

Despite their extraordinary optical properties, QDs are prone to surface oxidation
and hence release toxic heavy metasitmsurrounding biological medium. Recent
vitro and in vivo studies showed that QDs are cytotoxic to various cell lines and
tissues* The cytotoxicity of QDs is dependent on the dose and duration of exposure,
as well & their physicochemical propertieSherefore,longterm safety concerns
severely limit thein vitro and particularlyin vivo applications of QDs. Insufficient
fluorescence is another defect of conventional Q&sed bioimaging. Due to the
surface defects in the crtyrsdamdo sttoupgpte@vent
radiative recombination, QDs may experience intermittent fluorescence and/or reduced
overall quantum yield (QE) which is denoted as the ratio of emitted to absorbed photons.
Coating the surface of QDs with an organic or inorganiellstean improve the
fluorescence QE and stability against photobleaching, prevent the release of metal ions,

as well as enhance the stability of QDs during the circulation in animal >Befdy.
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However, the optical properties of QDs are highly sensitive to their local surroundings
(i.e., the property of protective shell). The quantum efficiency ofs Q® often
drastically reduced when they are coated with inorganic layers such a8’silicader

to solve these issues, assemblies of QDs in BCPs were prepared and demonstrated to
improve the stability, while preservingettoptical property of QDE>° Nie et al.
studied the applicain of CdSeloaded polymer micelles fan vivo cancer targeting

and imaging? Single trin-octylphosphine oxide (TOP&@)pvered hydrophobic CdSe

QDs were encapsulated in polymer micelles of ABC triblock copolymer of
poly(butylacrylate)o-poly(ethylacrylate-poly(methacrylic acid) (PB&-PEA-b-
PMAA) and stabikzed by poly(ethylene glycol) (PEG) corona. The tight wrapping of
QDs by the hydrophobic segments of BCPs prevents the fluorescence loss of QDs.
Meanwhile, the optical properties of QDs were preserved in a broad range of pH (1 to
14) and salt conditions (@1 to 1 M), which significantly facilitates their applications

in biological imaging and diagnosis.

Multiphoton absorption induced emission (MAIE) imaging

Multiphoton absorption induced emission (MAIE) imaging is an attractive optical
imaging techniquefor biological application§®%2 The absorption of multiple photons
occurs when the sum energy of a few pingt (normally two or three low energy
photons) matches the band gap and hence excites electrons at the ground state. As the
probability of simultaneous absorption of two or more photons is extremely low, the
MAIE only takes place at a high photon densitylox (e.g. the focus plane of pulsed

laser). The MAIE shows several advantages over conventional-pingien emission
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technique, including: i) deeper penetration of living tissues and organs because of the
excitation light in NIR range; ii) easier aggion of 3D imaging with high spatial
resolution; and iii) lower background noise. Metal and semiconducting NPs have been
reported for their significantly higher multiphoton absorption esEgion (i.e. high
brightness) than that of organic fluorophgrmaking them more promising agents for
deepin vivo multiphoton imaging?

Ensembles of noble metal NPs shawmising collective optical properties arising
from the coupling between neighboring NPs. The plasmemni@nced multiphoton
absorption results in a more intense MAIE signal than individual NPs, thus facilitating
their application in bioimagingf:°® Recently, Nie et al. demonstrated the utilization of
HPINs for enhanced MAIE imaging of 4T1 cancells with the excitation of a NIR
laser®® It was found thain vitro MAIE signal gradually increased with increases in the
aggregation mmber of NPs within cluster or vesicular assemblies of 20 nm GNPs,

which significantly improved the imaging contrast after the assembly of GNPs.

Dark Field Imaging

Dark field imaging collects the light scattered by the sample to create an image in
which the sample appears bright against a dark background. Metallic NPs can be used
as nonbleaching labels for dark field imaging of biological samples because they can
effectively scatter light over a narrow band of wavelengths. The scattering cross
section of metallic NPs drops rapidly with a decrease in size and so does the imaging
signal. Although large metallic NPs provide strong imaging signal, there are concerns

abou their longterm safety in terms of toxicity and clearance before their clinical
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translatior? Assembling small metallic NPs into nanoscale hybrids that can be
degraded to original small building blocks offers a strategy to potentially address this
problem®’ As an example, Tam et al. assembled-Suin GNPs into biodegradable
polymer/NP clusters with controlled diameter in the range of:EDnm with strong

NIR absorption for imaging and therapeutic applicatfRSriEhe assembliesxaibited
darkfield reflectance and hyperspectral imaging in a murine macrophage cell line.
After remaining in the cells for 1 week, the large nanoclusters (~100 nm in diameter)
dissociated into original GNPs (smaller than 5 nm in ditamehus demonsttiag the

efficient body clearance of the NPs.

Photothermal (PT) and Photoacoustic (PA) Imaging

PT imaging is based on temperatuneluced variation in the refractive index of
tissues and organs to transform invisible NPs into visible thermal field npagdaser
irradiation. In contrast to PT imaging, PA imaging detects and transforms the
propagation of wideband ultrasound waves induced by PT heating in tissue into an
image. In PA imaging, the tissue absorbs light irradiated by a laser beam andypartiall
or completely converts the absorbed photon energy to heat. Thisvasive imaging
technique seamlessly combines the merits of both ultrasonic technique and optical
imaging. Compared with conventional optical imaging, this technique shows stronger
optical absorption contrast of biological tissue, higher ultrasonic spatial resolution, and
deeper penetration in biological tissues beyond the optical diffusion limit.

To achieve enhanced and precise visualization, exogenous contrast agents are

usually requied for PT and PA imaging. A wide range of inorganic NPs (e.g., CuS
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NPsP®t and polymeric NPs (e.g, polypyrrole NP<SF have been utilized as PT
conversion agents. Among the di#fat PT conversion agents, goldnostructures are
particularly attractive due to their absorptiohlight, high thermal conductivity, and
superior stability and biocompatibilify.”> However, the absorption peak of spherical
GNPs is in the wavelength range of 880 nm, which is not ideal fan vivo PT
and/or PA imaging. Compared with visible light, NIR laser exhibits a minimal
absorption of light by tissues and the resultant deeper tissue penetration. The assembly
of GNPs can tune the plasmon coupling between NPs and shift the absorption peak of
a mllection of GNPs to the NIR region, which could significantly enhance the
biological performance of NPs than their individuals without strong NIR absorption.
Among various assembly structures of GNPs, vesicles have attracted considerable
interest due tohieir effective loading of both hydrophilic and hydrophobic agents for
tumor imaging and therapy. To modulate the optical property and therapeutics loading
of the HPINs, Nie et al. designed vesicular assemblies with a single layer of GNPs
tethered with amgphilic PSb-PEQin the membrané®5757” The strong plasmonic
coupling between closelpacked GNPs within membranes led to a strong absorption
of the assemblies in thdIR window. The hybrid vesiclesvere demonstrated for
effective in vivo multi-modality imaging (i.e., PT imaging, PA imaging, and
fluorescence imagingdf subcutaneous MDMB-435 breast cancer xenografts in
athymic nude micé® The organization of GNPs in vesicular membramas found to
be crucial to their performance in PT and/or PA imaging, as a result of the optimization
of Ilight absorption in the NIR window. Mor

stepwise assembly of GNPs i ntytoldedumti@ar NP i
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form vesicular containers (Figure 1:8)The linear ordering of NPs within vesicular
membranes resulted in a strong absorption of assemblies at NIR wavelengths (ca.760
nm). This subtle change in the organization of NPs led tadyrtenfold enhancement

in the PA signal foin vivoimaging, compared with vesicles with regular spacing of

GNPs.
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Figure 1.8.(a-c) Schematic illustration of the selksembly of BCP tethered GNPs
(BCP-GNPs) into chain vesicles and nohain vesicles and (d) the enhanced PA
imaging with chain vesicle$n vivo 2D PA imaging of mouse tissue before and after
the injection of chainesicles (a, b) and none chain vesicle (c, d). Two types of vesicles
containing the same amount of gold materials (50 Lg) were subcutaneously injected
into the flank of nude mice and was irradiated with a pulsed NIR laser (780 nm, 60
mW/cn¥) for equal amont of time. Reproduced with permission from Ref. 45.

Copyright 2013 WILE¥VCH Verlag GmbH & Co. KGaA, Weinheim.

Magnetic Resonance Imaging (MRI)
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Magnetic Resonance imaging (MRI) is a Aomasive imaging technique with a
spatial resolution on the ordertehs of micrometers. This technique has been widely
used in cancer imaging and diagnosis, as it offers anatomic and functional information,
such as tumor volume and angiogenetic status. Typically, hydrogen protons will align
and process around an applredgnetic field, when a transverse raffisquency pulse
is applied, these protons are disturbed from the magnetic field and return to their
original state, which is referred as relaxation phenomenon. The MRI is generated by
monitoring two independent pragges, i.e. longitudinal relaxationiffecovery) and
transverse relaxation §¢ecay). The proton density, chemical and physical nature of
the tissues result in the image contrast. Contrast agents are usually required to provide
high resolution and accunador effective cancer diagnosis and assessment in MRI.
The shortening of both the longitudinal and transverse relaxation of surrounding
protons can be achieved by magnetic NPs (MNPs). Tlsddrtening process is based
on the close interaction between fores and T agents while the zIshortening arises
from the large susceptibility difference between MNPs and surrounding medium.
MNPs such as superparamagnetic iron oxide NPs (SPIONs) are generally used as
negative T contrast agents in MRI as a result adne significant T effect/8’° MNPs
synthesized ¥ high temperature decomposition of organic precursors often show
superior magnetic properties for efficient MRI. However, the hydrophobic nature of
their surfaces makes them not suitable for direct use in biological conditions. Polymers
are frequently agsnbled with MNPs to increase the stability and biocompatibility of
the MNP In addition, compared with singl8P-based contrast agent systems,

polymer/MNP assemblies can be more efficient in shortenimgldxation rate in MRI,
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largely due to more uniform magnetization and numerous MNP/water molecule
interactions$182

The clustering of MNPs and accessibility of water molecules to MNPs are crucial
factors in determining the relaxivity rates of MRI contrast agents. Therefore, the size,
morphology and NP arrangement of polymer/MNP assemblies can significantly
influence themagnetic relaxation of the assemblies and hence their performance in
MRI. The enhancement in the relaxivity of HPINs assemblies has been observed in
MNP-loaded micelles and solid NPs, as well as polymersomes embedded (or loaded)
with MNPs in the membrangsr within the hollow cavity$38* However, a lack of
specific control of the MNPs density in the assemblies hinders further applications of

the HPINs in biological imging.

1.2.4Applications of HPINs in tumor therapy

The utilization of hybrid assemblies for cancer therapy originates from at least the
following merits of the platform. First, the superior imaging capability enabled by
inorganic NPs offers an attractivway to monitor microenvironment changes
associated with cancer at molecular Iévebecond, the integration of imaging and
therapyinonesystem@al | ed At heranosticso) all ows on
delivery d both nanocarriers and therapeutic agents to tumor sites, to determine the
angiogenic activity of tumor, as well as to evaluate the outcome of cancer therapies.
Third, the activation of payload release from hybrid assemblies by light or magnetic
field canreduce norspecificity and improve the efficacy of systematic drug delivery.

Last but not least, the combination therapy (e.g., phototherhemhotherapy,
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photodynamiechemotherapy, etc.) can further maximize the therapeutic outcomes by
reducing drug resistance or promoting possible synergetic effect betwdéple

therapies (Figure 1.95.
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Figure 1.9. Schematic illustration of the applications of HPINs in cancer tlyevap

different modalities

Hypothermia Therapy
Hyperthermia therapy utilizes localized heating to damage tumor cells or make
tumor cells more sensitive to therapeutic agents, while minimizing damage on healthy

tissues. Tumor tissues are more sensitive to hyperthermia than healthy tissues, as a
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result & sparse vascular structures of tumor. While conventional methods (e.g.,
ultrasound and microwaves) can efficiently deliver heat to tumors, a major concern for
these approaches is the exposure of a large volume of normal tissues to hyperthermic
temperatureHPINs can provide the specificity required for thermal ablation of tumors.
In this case, heating can be confined in the vicinity of hybrid assemblies which are
preferentially accumulated in the tumor tissue, if the volume of treatment and exposure
time d light are carefully controlled. Various magnetic, metallic and semiconductor
NPs capable of generating heat have been integrated in the hybrid assemblies as
hyperthermia agents for this purpd$€ The unique imaging capability of these NPs
can guide the tumetargeted delivery of the NPs, thus further improving the likelihood
of succeslll treatment of cancer.

MNPs can generate heat efficiently when exposed to an external alternating
magnetic field (AMF}® The efficiency of heating is proportional to the magnetization
of NPs, as well as the amplitude and frequency of applied AMF. Therefore, MNPs have
been widely explored as efficient hyperthermia agents in HPINs for simultaneous
cancer imaging and therap}?® Magnetic hyperthermia is capable of eliminating
tumors that are resided deeply inside the biological system, as the penetrating depth of
magnetic field is not limited. This technique is Aomasive and does not cause any
adverse effect on biological tissues. Moreover, the magnetization and movement of
MNPs under magnetic field can be used to locally concentrate NPs at a desired site of
tissues to achieve specific targeting.

The assembly of many MMNRvithin polymers can effectively maintain or increase

magnetic moment of the assemblies for hyperthermia therapy and magnetic
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manipulation. Hyeon et al. reported the assembly of multiple ferrimagneiia: Fe
nanocubes in polymeric shell of chitosan oligrmearide for magnetically modulated
cancer hyperthermid. In this work, L-3,4-dihydroxyphenylalanine (DOPA)
conjugated chitosan was used to assemblen38ized nanocubes through the strong
interaction baveen catechol groups of DOPA and iron oxide surfaces. The hybrid
assemblies locally accumulated in human lung carcinoma A549 cells under a magnetic
field, thanks to the increased magnetic moments of multiple nanocubes. The assembly
platform exhibited sigificantly higher hyperthermal efficiency than commercial
superparamagnetic Feridex NPs, demonstrating the promising prospect of HPINS in
hyperthermia tumor therapy.

Photothermal therapy (PTT) is another minimally invasive therapeutic technique
that utilizes light andPT agents to produce localized heating for the thermal ablation
of cancer cell§® In this method, localized heating of tumor tissues can be achieved by
controlling the regional delivery of PT agents as wesllttze direction and focus of
incident radiation, thus greatly improving the efficiency and specificity of
hyperthermia therapy. An ideal PT agent should have the following features: 1) strong
absorption in the NIR region ideally between 700 and 1300 nmgR)PT conversion
efficiency and good thermal conductivity; 3) biocompatibility and no severe toxicity;
and 4) potential of being eliminated from the body.

The assembly of NIRbsorbing GNPs with polymers can improve the
biocompatibility, PT stability ash reduce the possible cytotoxicity of the individual
NPs?1% As one of the most commonly used photothermal agents, gold nanorods

(GNRs) synthesized by seetkdiated growth nthod are surfaceovered with CTAB
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which is known to be toxic to cells and tissues. However, removal of CTAB causes the
aggregation of GNRs in buffer or body fluids. In addition, CT#tBbilized GNRs
were rapidly excreted or accumulated in the liver, tegyln reduced PT efficiency at

the tumor site. In contrast, polyelectrohgeated GNRs were fabricated and showed
excellent longterm optical stability in various biological media, thus facilitating their
PT ablation of PCPSMA human prostate cancetls&®

Most NIR-absorbing GNPs such as Au nanoshells usually have a diametefDover 4
nm (sometimes above 100 nm). These NPs with relatively large size often preferentially
accumulate in organs such as liver, spleen, and kidfitlysposes a great challenge to
eliminate these NPs from the body. lontrast, small NPs (e.g., NPs with diameter
below ~8 nm) are more compatible with renal clearance, but at the expense of
insufficient absorption in the NIR region, whidl required to achieve desired
penetration depth in tissue, and to avoid unnecessangge to healthy tissue.

The assembly of NPs offers an elegant strategy to turn GNPs into strong NIR
photoabsorbers for effective imaging and therapy of c&fé&i°%1% Nie et al.
demonstrated the assembly of B@&#thered GNPs into hollow nanovesicles with
strong NIR absorbance for multimodality imagiggided PTT of tumor&’’ The
absorption peak of the hybrid vesicles can be turned to the NIR range by controlling
the size of spherical GNPs, the length and type of BCP tethers. When a BGB-of PS
PCL was used, the strong NIR absorption of vesicular assemblies-§6650m)
enables the use of NIR irradiation to excite the hybrid structures to produce heat for PT

ablation of human breast cancer cells (MI8-435) in mice (Figure 1.10Y. After
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the irradiation the hybrid vesicles dissociate into individual GNPs which facilitates

their rapid clearance from the body.
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Figure 1.10.(a) Schematic illustration of the selfsemly of biodegradable gold
vesicles (BGVs) composed of PHEPCL-tethered GNPs for superior PA imaging and
PTT with improved clearance. (b) Heat curves of tumors upon laser irradiation (808
nm laser) as a function of irradiation time. (c) PA signals of B@ws Au NRs as a
function of optical density. (d) Tumor growth curves of different groups of MIIB:

435 tumorbearing mice after treatment. (d) Pharmacokinetics of BGVs in different
organs at 1, 2, and 8 days after the intratumoral injection of BGVs. Reguadvith

permission from Ref. 75. Copyright 2013 WILEXCH Verlag GmbH & Co. KGaA,

Weinheim.

Nanomaterialbased hypothermia therapy is quite straightforward and easy to
implement. The efficacy of the treatment is largely dependent on the accumulation of
these NPs at tumor sites and the accessibility of light to those areas. The confinement

of heat in the vicinity of NPs makes the treatment very specific. However, this may
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cause incomplete ablation of tumor, due to the-uaiform distribution of NPs in
tumor areas. Therefore, hypothermia therapy is often used in combination with other

therapeutic strategies (e.g., chemotherapy or photodynamic therapy).

Drug Delivery and Combination Therapy

Systemic drug delivery often fails to deliver exact dosage oapieeitic agents
specifically to tumor sites at the desired time to suppress cancer met#%tises.
Severe side effects may arise from the-spacificity and toxicity of drugs, which can
make patients extremely weak and even result in death. Moreover, due to the poor
efficacy of na-specific chemotherapy, nearly 50% of all cancer patients will develop
drug resistance over times for most of anticancer drugs. For this reason, chemotherapy
combined with other strategies (e.g., radiation and PT ablation, photodynamic therapy)
is consideed as the standard of care for cancer patients particularly at the later stages.
HPINs may provide a unique platform for safer and more efficient delivery of

therapeutic agents for combination therapy.

Imageguided drug delivery

HPINs have been widely plored for imageguided drug delivery. The imaging
capability of inorganic NPs can help identify tumor sites and optimize the
pharmacokinetics and biodistribution of drug nanocarriers by tracking their location in
cells or tissues. It also makes it possilbb trace then vivo release kinetics of
therapeutic agents in real time. Duan et al. developed SiER& hybrid vesicles for

simultaneous cancer imaging and targeted drug delivery (Figure'§¢The hybrid
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vesicles with hollow cavity were assembled from GNPs tetheittd avmixture of
hydrophilic PEG and hydrophobic copolymer (PMMAVP) of MMA and 4
vinylpyridine (4VP) and subsequently conjugated with a monoclonal antibody of HER
protein as a cancer biomarker. Raman dye BGLA was also immobilized on the surface
of GNP building blocks before assembly. The bioconjugated doxorubicin (Dox) loaded
vesicles can specifically target HERositive SKBR3 breast cancer cells, dissociate
andrelease the payloads in acidic intracellular compartments, due to hydropdobic
hydrophilic transition of the hydrophobic PMMAVP in acidic environment. The
disassembly of vesicles was associated with dramatic decrease in scattering properties
and SERS sigpls of Raman reporters due to the variation in the plasmonic coupling
between GNPs. Upon dissociation of Au vesicles, the SERS intensity of Au vesicles
dropped by 34old at 1615 crit and became very weak, which makes the vesicles
traceable by Raman spezdcopy. Thus, the cargo release from the vesicles can be
uniquely monitored by darkeld imaging and Raman spectroscopy, which can be used

as a direct feedback of the therapy.
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Figure 1.11.(a) Schematic illustration of a GN#®ated with Raman reportBGLA

and a mixture of hydrophilic PEG and génsitive hydrophobic PMMAVP polymers

and a pHsensitive drugoaded plasmonic vesicle surfaicemobilized with HER2

antibody for cancer cell targeting. (b) The cellular binding, uptake, and intraorganelle

disruption of the SER®ncoded plasmonic vesicles. (c) Raman spectra of the vesicle

at pH 7.4 (red) and pH 5.0 (blue). (d) Representative Raman spectra of SE&ER

labeled with targeted vesicles after 30 min incubation (black line) and the post

incubationspectra of the cells at 60 min (red line) and 90 min (blue line). Reproduced

with permission from Ref.104. Copyright 2012 American Chemical Society.
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Internal Stimulitriggered Release of Therapeutic Agents

Conventional drug delivery nanocarriers havenaitéd ability to maintain an
effective drug concentration at a desired location and specific time window, due to
passive release of payloads.-@egmand drug release using stira@sponsive systems

has the potential to achieve spatiotemporal control ovea@ute level of drug

concentration. The microenvironment at tumor sites is slightly different from that at

normal tissue, such as lower pH value, different reduction potential, and overexpression

of some enzymes. These abnormal changes can be used rasl istemuli for

controlled cancer recognition and drug delivEf°’
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Figure 1.12.Schematic lllustrations of (a) the synthesis of nanoa@ed SPNs and

the selfregulated photodynamic properties of SPNs at physiologically neutral and
pathologically acidic conditions and (b) the comparison betweesregplfated and
conventional PDImediated by nanocer@doped SPNs and nondoped SPNs,
respectively. Reproduced with permission from Ref. 106 Copyright 2017 American

Chemical Society.

By combining the properties of both polymers and inorganic NPs, HPINs have
shown great potential in the sign and fabrication of stimutesponsive delivery
vehicles. Pu et al. developed a nanocdaoped semiconducting polymer NPs (SPNs)
to regulate photodynamic cancer therapy in various pH values (Figure!®. TRp
SPNs showed strong absorption in thdRNkgion and served as both fluorescence
agents and photosensitizers while nanoceria can act as reactive oxygen species (ROS)
scavenger in tumor acidic environment and transfer to converter at neutral pH. In
neutral environment, nanoceria can convert R@& oxygen in a recyclable way due
to the presence of the €greduced) and Cé (oxidized) states on their surface;

however, they become the ROS converter to transfosfh ©© H,O. under acidic

conditions. The pHlependent switch of photodynamic properties of SPNs not only
amplifies phototherapy in the acidic microenvironment of tumor but also potentially

reduces the side effect in normal tissues.

Light-triggered Release of Theraptéec Agents
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External stimuli such as light, ultrasound, and magnetic field can be used to
activate the release of drug payload from nanocarriers fdearand therapy. The use
of external stimuli offers good flexibility in switching on and off the drugask and
superior precision in the control over time, space, and dose of drug release. Compared
with others, light is the most frequently used stimulus, largely due to the portability of
light sources and ease in application. The light responsivenedsraf Agsemblies can
be originated from the responsiveness of polymers, or the PT effect of inorganic
components, or the combination of both.

PT heating of loaded inorganic NPs can be used to achieveddfi®nsiveness
of hybrid assemblies for deep tissuETPand controlled drug release. In this case, the
design of hybrid assemblies requires either the ptrassition of the polymer matrix,
or relatively weak association of polymers (and NPs), or the possession of vesicular
membranes which tend to break opmterference. Thin polymer (or composite)
membranes tend to break up in response to mechanical force or variation in osmotic
pressure or temperature. When NPs are loaded in the hollow cavities, immobilized on
the surface, or embedded within the membrariesicles or capsules, the localized
heating induced by light can break up the thin membrane and trigger the delivery of
payload on deman.’677

One typical example of NHResponsive HPINs is the recently emerged lass
of plasmonic vesicles comprising a single layer of clepalgked GNPs (or GNRS) in
the membran&®°®761%% ypon laser irradiation, the localized heating of NPs within
assemblies dissociated the assembled hylwidsdéase loaded active compounds, as a

result of the conformation change, chemical bonding dissociation of polymers or even
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the shape change of NPs. Vesicular assemblies of GNRs tethered with amphiphilic
BCPs of PSh-PEO could be fabricated by microflucdmethod, and the NHRght
triggered release of payloads was evaluated for drug refedpen the irradiation of

NIR pulsed laser beam (60 mW, 808 nm), the membrane of vesicular hybrids was
disturbed to release encapsulated model drug, rhodamine B. A close inspection
indicated that GNRs within membranes were melted and deformed to sph&tRs| G

as a result of intensive localized heating. A comparison between systems with laser on
and off clearly demonstrated light controlled release of payload from the vesicles

(Figure 1.13).
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Figure 1.13.a) NIR-triggered release using giant vesicles. phetothermally induced

shape deformation of GNRs to spherical Gfesites extra spacing between GNPs for

the release of encapsulated molecules. b) SEM images of giant vesicles before and after
exposedio NIR laser. The GNRs in the vesicles deformed toegpal GNPsupon

irradiation. Scale bars are 200 nm. c) The fluorescence emggmotra of the released
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Rhodamine B (excitation at 540 nm) walb min interval under the irradiation of 800
nm laser. d) The release profiles of Rhodamin B giant vesicies h | aser on (3
of f (T) . Reproduced with permissV¥Cin from

Verlag GmbH & Co. KGaA, Weinheim.

1.3 Scope of the dissertation

As discussed in previous sections, the assembly of inorganic NPs into HPINs offers
a variety ¢ desired properties for biological imaging and therapy. | have chosen
colloidal amphiphiles as building blocks for fabricating functional HPINs, because of
i) their intrinsic and collective physiochemical propertassing after the assembly
and ii) ther capacity to mimic molecular sedfssembly to form various assembly
structures.The objective of this dissertationtis study the sefissembly of inorganic
NPs into HPINs, to tailor the properties of the assemblies and to improve the

performance of assebled materials in biomedical applications.
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Chapter 2: Pl basmedi sigaesail clhenpl i f

ul trasensi t iavses acyo loofr idmesteraisce bi o

Overviewln this work, we demonstrate an enzyfmee signal amplification technique,

based on gold vesicles encapsul ated with F
for colorimetric assay of disease biomarkers with significantly enhanced sensitivity.

This technque overcomes the intrinsic limitations of enzymes, thanks to the superior

catalytic efficiency of peroxidase mimics and the efficient loading and release of these

mimics. Using human prostate surface antigen as a model biomarker, we demonstrated

that theenzymefree assay could reach a limit of detection at the femtogram/mL level,

which is over 103old lower than that of conventional enzybhased assay when the

same antibodies and similar procecduwere used.

This chapter is adapted from the manusgigilished in the following article: Ye, f.

Yang, K4 Tao, J., Liu, Y., Zhang, Q., Habibi, S., Nie* Znd Xia X¥, An Enzyme

Free Signal Amplificatiomechnique for Ultrasensitive Colorimetdssay of Disease
Biomarkers,ACS Nanp2017, 11(2), 2052 2059. My works include the design of
nanoassemblies, encapsulation and release
efficiency after the release€ Equal contribution)

2.1 Introduction

Simple and affordable technologies for detection of desdasmarkers are
essential to the improvement of standafdlving, especially for resoureeonstrained
areas or countries. Enzyrmased colorimetric assays (e.g., enzyimked
immunosorbent assay (ELISA), immunohistochemistng Western blot) are braig

43



recognized as such kind t#chnology because they can be performed byttagsed
personnel with an inexpensive spectrophotometer, ordligditymicroscope, or even
naked eyes!®'1? Nevertheless, theajor drawback for these colorimetric assays is the
relativelylow detection sensitivity compared to other tedbgees suclas those based
on fluorescence and plasmont¢g!t®

In conventional colorimetric assays, the detectable ctpral is generated from
enzymes (in many cases, horseradish peroxidase, HRP) which are conjugated to
antibodies andpecifically convert substrates to colored molecules. Therefore, their
detection sesitivity is largely determined by thgerformance of enzymes. Accordingly,
a general strategy f@nhancing the sensitivity is to amplify color signalsgembling
as many enzyme molecules as possible on cergaurers (e.g., avidin, polymers, and
nanoprticles)!'%22 For example, Merkoci et al. conjugated HRPs to gold
nanoparticleGNPs) as carriers and applied these conjugates as laliel$3a of
breastcancer biomarker, of which detectisansitivity was several times higher than
conventional ELISAusing HRP as labéf’ Qian et alfurther increased HRP loading
amount by employing a combination of GNPs and grapheaue sheets as carriers,
achieving a 64old improvement ofensitivity!?! Despite these demonstrations, the
detectiorsensitivity is ultimately limited by the catalytic efficiencyafzymes and the
loadingamount of enzymes on a carrier.

This chapter describes an enzyfree signal amplification technique to break the
intrinsic limitations of enzymesgchieving substantially enhanced detection sensitivity.
In this technique, stld0 nm Pdir nanoparticles (Rs) encapsulatedold vesicles

(referretlrtdPa@GVifPa) asmadtenateaspolemzyred In this
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study, we used ELISA asmodel platform to demonstrate the enzyiree technique,
because ELISA has been the gold standard for detectioqueamdification of protein
biomarkers for decades. As showrFigure 2.1, at elevated temperature, gold vesicles
(GVs) captured by analytes liberate thousands of individudi R&s because of the
heatinduced breakup of the GV membrdfi€®’’ The released Pdr NPs act as
peroxidase mimics and generat¢ense color signal by catalyzinbet oxidation of
3,335,5tetramethylbenzidine (TMB, a classic HRP substrateM®..12® It should

be pointed out that we have recertmonstrated the peroxidal#ee property of Pd

Ir NPs anctontrolled release of GVs, respeetiy. However, to date, there hbsen no
report yet on the development of a signal amplificatmatform based on the
combination of these two systems. Tiigalow detection limit of this enzymieee
ELISA arises fronthe following distinctive featured the amplification techniquét)
PdIr NPs as enzyme mimics possess much higher catafft@ency than natural
enzymes, providing enhanced casignal; (ii) the loading capacity of enzyme mimics
is maximizedby taking advantage of the large interi® space of the GVs as
carrierst?412% in contrast, the loading of enzymes on carriergtment designs of
ELISA is limited bythe surface area thatlows for the conjugation of enzymes; (iii)
the loading of labefree enzyme mimics of Pld NPs in the pocket of GVs avoidse
loss of catalytic efficiency caused by chemical conjugat{on; PdIr NPs could
disperse in catalyticeaction solutiorupon release, making them more active than

immobilizedcatalysts on solid surfaces, which is the case for conven&ni&As.
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Figure 2.1. Schematic illustration of utilizing Pot NPs@GVs based ELISA for
detection of disease biomarkefThe Pedr NPs released from captured GVs act as

effective peroxidase mimics tatalyze chromogenic substrates.

2.2 Experiments

2.2.1 Materials

Sodium hexachloroiridate(lll) hydrate (MeEClexH 2O, MW=473.9), sodium
tetrachloropalladate(lNa:PdCk, 98%), gold(lll) chloride trinydrate (HAuG3H -0,
O 99.9%), potassium bromide (KBIQ 99%), L-ascorbic acid (AA,O 99%),
poly(vinylpyrrolidone) (PVP, MWA 55 000), 3,85,56tetramethylbenzidine (TMB, >
99%), hydrogen peroxide solution (8@ % in H0), acetic acid (HOAcD 99.7%),
sodium acetate (NaOA©99%), human prostate surface antigen (R8%9%), Tween
20, bovine serum albumin (BS®98%), sodium chloride (NaGf)99.5%), potassium

chloride (KCI, © 99%), N-hydroxysulfosuccinimide sodium $agNHS, O 98%), N
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Ethyl-N&(3-(dimethylaminopropyl)carbodiimide hydrochloride (EDCQO 99%),

sodium phosphate dibasic (##PQs, 099%), potassium phosphate monobasic

(KH2PQy, ©99%), tris base 099.9%), sodium citrate, dimethylformmade (DMF),

tetrahydofuran (THF), sodium azide (NaNO 99 . 5%) , anadSQs9l furi c a
98%) were all obtained from Sigr#gdrich. Ethylene glycol (EG) was obtained from

J. T.Baker. Mouse aniPSA monoclonal antibody (mouse aR%A mAb)and rabbit

anti-PSA polyclonal atibody (rabbit antPSA pAb) wereobtained from Abcam plc.

Goat antimouse IgG and HRj®at antimouse IgG conjugate were obtained from

Thermo Fishe&cientific, Inc. 9éwell microtiter plates (polystyrene, clear, ftaittom)

was obtained from Corning Inéll aqueous solutions weigrepared using deionized

(Dl') water with a resistivity of 18.0 M qtL

2.2.2 Preparation of 5.6 nm Pd truncated octahedsseeds

In a typical synthesis, 30 mL of an EG solution contairi mg of PVP was
hosted in a glassial and preheated to 160 °C ian oil bath under magnetic stirring
for 10 min. Then, 15 mL of an Es®lution containing 240 mg of MadCl was quickly
injected into the reaction solution using a pipet. The reaction was allowed to continue
for 3 h. Afterbeing washed with acetone once and ethanol twiceeviiifugation, the
final product was redispersed in 10 mL of EG for future use. The concentration of Pd
element in the final product wdstermined to be 7.5 mg/mL by IGPES, which could
be convertedo a particle concentration &f 5x10*° particles/mL (assuming théte

particles were perfect octahedra).
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2.2.3 Preparation of Pdr core-shell nanopatrticles (Pdr NPs)

PdIr NPs were prepared by coating a monolayer of Ir on Pd semdsding to
our previously published procedure with sonmaodifications.20In a standard
procedure, 100 mg of PVP and 60 ofgAA were mixed with the 10 mL Pd seeds in
EG and were hosted m50 mLthreemmec k p ask. The mi xture was
C in anoil bath under mgnetic stirring for 10 min. Then, 8.0 mL of NeClexH 20
solution (7.0 mg/ mL, in EG) was injected t
syringe pump. The reaction was allowedgtoceed for an additional 10 min after the
NaslrClexH 20 precursohad leen completed injected. The products (i.e-IrdPs)
werecollected by centrifugation, washed once with acetone, two timesvattr, and
finally redispersed in 1 mL of DI water for future use. Particle concentration for the

suspension of Rt NPs wasestimatedo be 4.5 x16°6 by ICP-OES.

2.2.4Evaluation of peroxidasdike activity

Peroxidasdike activity was measured by the steastpte kinetic assays® All
assays werearried out at room temperature in-inl. cuvettes (path length, | = 1.0
cm), with 0.2 M NaOAc/HOACc solution, pH 4.0 being used asd¢hetion buffer. After
addition of TMB and HO- in the buffer systernontaining nanoparticles as peroxidase
mimics, the absorbance of the reaction solution at 653 nm of each sample was
immediately measuredas a function of time with interval of 6s using a
spectrophotometer f@ mi n . These AAbsorbance vs Timeo
obtain the slope at the initial point (Slope Initial) of each reaction by condubtng

first derivation of each curve using OriginPro 9.0 software.iiitial reaction velocity
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(3) was lyaSlopaa /atubssgm x | ) ,  Wiheestneis the molar

extinction coefficient of TMB at 658m that equals 3.9 xfM'*em ™. The pl ots of
against TMB concentrations ([S]) were fitted using nonlinear regression of the

Mi chael i s 1T nMaeapparent kengtic patameaiers K m and V max were
obtained from the doubl e Bukcpiop that avasl pl ot
generated from the Mi=zxUWa€d/(Ks+[S]),AMehereen equa
Vmaxis the maximal reaction velocigndKmis the Michaelis constant.ckwas derived

from Kcat = Vmax/ [E], Where [E] represents the particle concentration of peroxidase

mimics.

2.2.5 Synthesis of amphiphilic block copolymers agald nanopatrticles

Amphiphilic BCPs of poly(ethylenexide)b-polystyrene and poly(acrylic acid)
b-polystyrene terminatedith a thiol group at polystyrene end (PEBSPSSH and
PAA-b-PSSH) were synthesized following the reversible addition fragmenteltiaim
transfer (RAFT) polymerization procedures reported prestic®® The BCPs samples
were designed with similar polystyre(fS) lengths (PE&-b-PSsc-SH and PAAs-b-
PSse-SH) as verified byroton nuclear magnetic resonanéel NMR).

GNPs with diameters of 33.0 £4.7 nm were prepared by soditrate reduction
method'?’ Briefly, a 10 mg of HAuG) was dissolvedn 500 mL HO and heated to
boiling under stirring. A 3 mL okodium citrate (1 wt %) solution was then quickly
injected. Thereaction mixture was refluxed for 30 min and then used as seeds for
further growth of GNPs in the presence of sodium citrate at 80rf@. resultant 33.0

nm GNPs wez collected by centrifugation.
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2.2.6Preparation of gold vesicles (GVs) and dNPs@GVs

GVs and Pdir NPs@GVs were prepared by assembling B&tReredGNPs in
the presence of DI water or aqueous suspensi®uaf NPs, respectively, according
to our peviously reported procedure with minor modificatiéhs.

The surface of GNPs was modified with BCPs using the ligaetange method.
A 5 mg BCPs of PEO4b-PS260SH and PAA23-PS256SH with a molar ratio of
20:1 were dissolved in 10 mL DMFhen, a concentrated solution@®RNPs D2 mg/mL)
was slowlyadded into the BCP solution under vigorous shaking. The mixture was
subsequently sonicated for 1 h to avoid the aggregation of GNPwamthen kept
static without stirring overnight. The B&@BtheredGNPs were purified byemoving
free polymers through centrifugati¢é-8 times) and were finally redispersed in THF
at a concentration @ 0.05 mg/mL.

Seltassembly of BCRethered GNPs was conducted by the filemydration
method as reported previouslyBriefly, a solution ofBCP-modified GNPs in THF
was first dried under nitrogen flow torm a thin film on a glass substrate, followed by
rehydraton in DI water (for pristine GVs) or an aqueous suspension df RdPs at
4.5 x10' particles/mL (for Pdr NPs@GVs) with sonication for rhin. The resultant
GVs and Pdr NPs@GVs were collected lmgntrifugation (5000 rpm, 5 min), washed

8 times with Diwater, andinally redispersed in water for future use.
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2.2.7 Preparation of Pdr NPs@GVsgoat antimouse Ig&Gonjugates

Antimouse IgG was conjugated to -RANPs@GVsusing EDC and NHS as
coupling agents (Figure 2.28Inbr i ef , SIONPs@QGV®[ 0.5Pnd/mL in
termsof Auel ement , i n DI water) was &dffdredd t o a <
saline (PBS, pH 7.4) buffer at room temperatureusaderi r r i ng. Then, 5 €L
mM, i n DI wat er (b0 navnid DI &ateg) ereoatlded\ AftSr 15 min,
the particles weravas hed wi t h DI water t wice and r
Subsequen | vy , 50 eL of goat ant iwascaddecetotheg G (2 n
particle suspension. After incubation at roé@mperature for 30 min, the reaction
solution was put in a refrigeratorv e r ni ght at 4 A C. Then, 100
(5% BSA inPBS)was added to the reaction solution. After 2 h, the final produsts
collected by centrifugation, washed twice with PBS,areld i sper sed in 50 ¢

containing 1% BSA and 0.05% Nalfor future use.
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Figure 2.2 Schematic illustration showing the procedure for conjugation of antibodies

(e.g., goat artimouse IgG) onto Rt NPs@GVs.
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2.2.8 PdIr NPs@GVsBased ELISA of PSA

First, 96well microtiterplates were coated with rabbita®iS A pAb (100 e L
we | | /mLib casbgnate/bicarbonate buffer pH9.6) at 4 °C overnight. Aftashing
the plates three times with washing buffer (10 mM PBS pH 7.4 containing 0.5% tween
20, PBST), the plates were blocked wtl0 0 € L bl ocking buffer (3
for 2 h at roontemperature. The plates were then washed three times with washing
buffer, followed by the addiptasmasampdin 100 ¢ L
dilution buffer (1% BSA in PBST). Note that plasmas prediluted 2 folds by dilution
buffer prior to spikng of PSA andietection. After shaking at room temperature for 2
h,theplatesweneas hed t hree times with waRSAi ng buf
mAb (2 e€g/ mL, in dilution butemgerature,thas adde
plates were washedhtr e e t i me s, -lraNPE@G¥sgoat amtitnoude dgG
conjugates (1:2000, in dilution buffemas added, followed by 30 min shake at room
temperature. Atewas hi ng four times, 60 €L DI water
with a plastic film, the plate as put to an oven set to 90 °C for 1 h. Aftee plate had
been cooled down to room temperature, 50 ¢
mM TMB and 4.0 M HOz in 0.4 MHOAc/NaOAc buffer, pH 4.0) was added to each
well. After 30 minincubationate om t emper at ur.8Qas@abtopping of 2 M
solution was added. The absorbance of each well at 450 nm was read using a microplate
reader.The procedure of HRP based ELISA was the same as theNRs@GVs
based ELISA except for the substitutions a-IP NPs@GVsgoat antimouse IgG
conjugates wigbahantinoudé¢ g & dHRPj ugates (1 eg/ mL

buffer), the difference in theomponents of substrate solution (0.8 mM TMB and 5
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mM H20: in citric acidNaHP Qs buffer, pH 5.0), and the exclusi of heatreatment

step.

2.2.9 Characterizations

The UV-vis spectra were recorded using akgilent Cary 60 UWvis
spectrophotometer. TEM images were takesing a JEOL JEMO10 microscope
operated at 200 kV. High resolution TEM (HRTEM) images, faghk annular dark
field scanning TEM (HAADFSTEM) images and energy dispersiveray (EDX)
mapping were acquired using a double-d0sected JEOLARM200F TEM at
Brookhaven National Laboratory. The concentration of Pd, Ir, and Au ions were
determined using amductively coupled plasmaptical emission spectroscopy (ICP
OES, PerkinElmer Optima 7000DV), which could be converted to the particle
concentration of Pd seeds, PsizesandshapedPs, an
had been resolved by TEM imaginghe X-ray photoelectron spectroscopy (XPS)
measurements were performedasnSSX100 system (Surface Science Laboratories,
Inc.) equipped witha monochromated Al (KX-ray source, a hemispherical sector
analyzer(HSA) and a resistive anode detectorray dffraction (XRD) patternwas
taken using a Scintag XDS2000 powder diffractometer. Dynkghicscattering (DLS)
analysis was conducted using a PhotdeGrlight scattering instrumentH NMR
spectra were recorded witlBauker AV-400 MHz highresolution NMR spectrometer
in CDCk. The absorbance of samples in microtiter plates was read uBsrgiaElmer
Victor 3 1420 Multilabel Plate Reader. Microtiter platesre shaken using a Corning

LSE Digital Microplate Shaker. pkalues of buffer solutions were nsesied using an
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Oakton pH 70Benchtop Meter. Photographs of samples in tubes and micropiates

taken using a Canon EOS Rebel T5 digital camera.

2.3 Results and discussion

2.3.1 Synthesis and Characterization of fidNPs

PdIr NPs were synthesized bgating an ultrathidayer of Ir on preformed sub
10 nm Pd seeds. The fdNPs exhibit a high purity (>95%) and good uniformity
(Figures 2.3a). A close inspection of the NPs shows that the Pd seeds retained their
truncated octahedral shape after the dejoosof Ir, indicatinga conformal coating of
Ir (Figure 2.3b). The average size of @Ir NPs was measured to be 6.1 nm, which
was 0.5 nngreater than that of the initial Pd seeds. Therefore, the avbiakieess of
the deposited Ir shells was aboi®nm indicating an approximate monolayer coating

of Ir on Pd(111) surfaceg?
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Figure 2.3 Structural and compositional analyses oflPNPsprepared by depositing
Ir atoms on 5.6 nm Pd truncatexttahedralseeds. (a,b) low (a) and high (b)

magnification TEM image of Rtk NPs. The inset is a 2D schematic model.

2.3.2Peroxidaselike Activity of PdIr NPs

We gquantitativelyevaluated the peroxidasike activity of assynthesized Rdt
NPs by appant steadystate kinetic assay (Figure 2.9xidation of TMBby H.O»
was chosen as a model catalytic reaction. The catalfibdiency, in terms of catalytic
constant (Ka;, which measurethe maximum number of colored products generated
perenzyme/mimiger second), for the Pid NPs was measurdd be 1.1 x10 s?. In
comparison, the values of:ifor initial Pd seeds and HRRere 4.8 x1§ and 4.0 x
10° s, respectively:*° This data suggests that (i) The-PdNPs areD 28 times more
efficient than HRP in generating colproducts (i.e., oxidized TMB with maximum
absorbance at 6533132 and (ii) the enhanced catalytic efficiency for-PdNPs

was ascribed to the coating of Ir monolayer on Pd seeds.

1.5 8
[a)] D)
‘Tw 12- % 6 i
=091 o
B ] X 4-
% 0.6 4 - |
U 2
- 0.3 — 2
0.0 — T T T T T | T T ¥ L T T 0 T T L] T ¥ ] T T T T
00 01 02 03 04 05 06 0 10 20 30 40 50
TMB concentration / mM 1/TMB concentration / mM'

55



Figure 2.4Kinetic assays of using Pd NPs as peroxidase mimics for the oxidation
of TMB by H.Ox. (a) Pl ot of initial reaction
concentration. (bDoublereciprocal plot generated from (a), from which the kinetics
parameters were derived. Error bars in the plots indicate standard deviations of three

independent measurements.

2.3.3Encapsulation of Pdir NPs to GVs

We thenencapsulated the RdNPsinto GVs that were achieved lagsembling
block copolymers (BCPggthered GNPs in aaqueous suspension of-RdNPs. GNPs
with a diameter 083.0 +4.7 nm were first modified with thigerminated BCPsf
poly(ethylene oxidep-polystyrene (PE@-b-PSe0-SH) and poly(acrylic acidb-
polystyrene (PAAsz-b-PSs0-SH) at a molar ratio of 20:1t should bementioned that
we chose these GNPs Df33 nm for theassemble of vesicles mainly because (i) the
ease in théunctionalization of GNPs with polymers v#ai-S bond, irorder to trigger
the formation of GVs and to conjugat@logical moieties for sensing; (ii) the good
stability ofresultant GVs and their capability in retaining moleculeséooparticles)
without noticeable leakage for a long time; oueyious studies showed that GVs
remain stable for months amtinimal leakage of small organic molecules (or drugs)
wasobserved from GVs after weeks, presumably owing tgatimening of particles in
the vesicular membrands;contrast, small molecules tetwlleak out from liposomes
or polymersomes within a few hours, which makes thematssctive for the present
application® (iii) theseGNPs areelatively uniform and monodisperg@;) the GNP

size of 33nm is significantly larger than that of PdNPs (i.e., 6.1 nm)making it
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convenient to distinguish Pld NPs from GNPsunder electron microscope that is

critical for monitoring theheatinduced NP release process.

Figure 2.5Electron microscopy characterizations cfaspared Pdr NPs@GVs. (a,b)
magnified TEM and SEM images, respectively, showing the overall spherical shape of
the products. (c) lownagnification SETM image showinghe vyield and size
distribution of the products. (d) SEM image of an individual particle with a cavity on

the GV surface, showing that the GVs were composed of a monolayer of GNPs.

A film rehydration method, which is widely used for scalafaérication of
liposomes in pharmaceutic industry, was used to fabricate the §xifically,
pristine GVs were prepared shydrating a film of BCRethered GNPs in water under
sonication, according to our previously published proceddrés.encapsulate Pl
NPs into GVs, amqueoususpension of Rt NPs at a high concentratioR4.5x10'°
particles/mL) was used for the rehydration process. As indicated by the TEM and
scanning electron microscopy (SEM) images shown in F@&reghe Pdr NPs@GVs
showed an overall sphericsthapeThe low-magnification SEM image demonstrated
that the Pdr NPs@GVs could be obtained with a high pudtyd a good uniformity.

Our analyses on 100 random particles indicated that the products had an average

diameter oD400nm with a standard devian of 48 nm. The vesicular membranes of
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the GVs were composed of a monolayer of densely packed GNPs, which is consistent
with our previous studie¥.On the basis of the packing densiyd size of GV, the
average number of GNPs in an individ@V was roughly estimatea the 339. The
loading amount of Pdr NPs in individual GVs was estimated to be 1232 by

guantifying elemental Pd and Au in GVs using {OES.

2.3.4HeatTriggered Release of Rt NPs

To demonstratéhe heatriggered release of Pld NPs from GVs, wencubated
agueous suspensions of-PANPs@GVs D0.5 mg/mL in terms of Au element) at
different temperatures for 1 h. The morphological change of samples caused by heat
treatment was monitored by TEM and SEM. We found thatatsembled GVs
gradually collapse as the temperatunecreased (Figure 2.6). Compared to the initial
PdIr NPs@GVs (Figure 2.6a,e), small holes started to appear imehgranes of
GVs when the temperature was set to 70(®igure 2.6b, f). At 80 °C, the holes in
GVs became more evideand fragments began to fall off from the vesicles (Figure
2.6¢, g).Finally, most of the GVs completely collapsed after 90tP€atment (Figure
2.6d, h). We presume that the dissociatioGbiPs is attributed to the breakup of-Au
S bonds due to thermal instability of the bonds at a temperature above 7843°
The disassembly of GVs is associated with the reledssncapsulated Pd NPs

(Figure 2.6bd). A number of Pdr NPs can be observed outside the GVs.

58



Figure 2.6 Heattriggered release of Pld NPs from GVs. Representativeda TEM

and (eh) SEM images of the Pld NPs@GVs treatedt different temperatures (marked
in each image) for 1 h. In {th), insets show agnified TEM images of corresponding
regions marked byed boxes. Some of the releasedIPNPs are indicated by black

arrows.

The heatriggeredrelease of Pdr NPs is further confirmed by dynamic light
scattering (DLS) analysis. Pristine GVs andIPNPs weraised as control groups. As
shown in Figure 2.7, after heating% °C for 1 h, the major size distribution peak of
PdIr NPs@GVs suspension shifted from 380 nm (solid, blue) to 26@ashed, blue).
In addition, two shoulder peaks@at8.5 nmandD 32 nm were observed. The 8.5 nm
peak matched well withhe peak of pristine Rt NPs (solid, red), indicating the
successful rel ease of Pd douldbe asdighed toftheom GVs
dissociated GNPs from GVs since tpsak was alsobserved for pristine GVs after
they had beeheated (dashed, black). Thermal treatment at 90 °C for 1 haglapted

for subsequent ELISA experiments. We are awarehbating for 1 h may limit the
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practical application of thplatform for assays. The emtion time of assays can be
drastically reduced by speeding up the release of payload3\sia the irradiation

of nearinfrared light or the use @ahermoresponsive polymer tethers.
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Figure 2.7 DLS analysis of differensamples: GVs (black), Pd NPs@GVs (blue),

and Pdir NPs(red) beforeand after heat treatment (90 €, 1 h)

2.3.5Demonstration of signal amplification

We alsadesigned a set of experiments to demonstrate the color aigpéfication
mechanism shown in Figure 2.1. Brieflgliquots were taken from an aqueous
suspension of Rt NPs@GVsbefore and after it had been heated at 90 € for 1 h and
wereemployed as catalysts for the oxidation of TMB Dk Colored products were
guantified by measuring the absorbaaté53 nm, £ 2 min. For comparison, agueous

suspensions of pristine GVs and-lPdNPs with the samamounts of GVs and Pl
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NPs (determined by IGPBES),respectively, as those in RUNPs@GVs were also
tested. Asshown in Figure 2.8, before heat treatment, thetiggasolutionwith the

presence of Rt NPs@GVs was nearly colorles@th Agssnm U 0.04. After heat

treatment, the catalytic activity dPdIr NPs@GVs was dramatically enhanced,
generating amtense blue color (&s3nm= 1.6, see the inset of Figure 2.8)nce almost
no absorbance at 653 nm was observed for GAtalyzed reaction solutions, the
enhanced catalytic activity fdreat treated Rtt NPs@GVs could be ascribed to the
free PdIr NPs released from GVs. It should be mentioned theftyre heat trement,
the absorbance of Hd NPs@GVscatalyzed reaction solution was similar to that of
GVs catalyzedeaction solution. This observation demonstrated that the ceéul
effectively prevent the leakage of encapsulatedr AtPs when there is no heatir@n

the basis of the values Aks3nm heat treated Pt NPs@GVs was as active as pristine
PdIr NPs, indicating that most of the rdNPs had beereleased from GVs and their
catalytic efficiency was wellretained. Taken together, these results clearly

demonstrated thsignal amplification mechanism described in Figure 2.1.
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Figure 2.8 Absorbance at 653 nm measured from catalytic reacsiotions
containing different particles (marked under the barsy& min beforeand after heat
treatment (9QC, 1 h). Concentrations of GVs were kept the samesiagspensions of
GVs and Pdr NPs@GVs, while the concentratioasPdIr NPs were kept the same
for suspensions of Pd NPs@GVs and Rt NPs. Inset shows photographs of reaction

solutionscorrespondig to Pdir NPs@GVs.

2.3.6 Immunoassay of disease biomarker

Finally, we appliedthe Pdir NPs@GVs to ELISA of human prostate surface
antigen (PSA), according to the principle shown in Figure 2.1. PSA was diexsarse
it has been recognized as the keyntaokerresponsible for prostate cancer recurrence
in patients whchave undergone radical prostatectorijMt is vital to detectminute
concentrations of PSA at the earliest stage possibimpgoove the survival rates of
those patient$3’1*® Herein,antibodies were conjugated to-RANPs@GVs through
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the EDC/NHSmediated coupling reaction between ti@OOH groups of PAAsz-b-
PSs0SH on GVs agralipsorantibodieN (Figure 2)228 PSA standards
with a series o€oncentrations idilution buffer were monitored in a 98ell microtiter
plate and quantified using a PerkinEIméctor 3 1420 multilabel plate reader. The
yellow color of thewells arose from the twelectron oxidation products of TM@e.,
diimine withamaxa 450 nm) hat were formed when tlwatalytic reaction was quenched
by H.SQq (Figure 2.9)1*° As shown inFigure 2., a sigmoid curve regression
between the logarithms absorbance and PSA concentration was obtained. The linear
range of detection was found to be-@@0 pg/mL with dinear regression value of r
=0.997. The coefficient of variations (n = 8) across the entire concentration range were
2.15 1 12 .ing d 86od reproduidibiita df the assahe limit of detection
(defined as the PSA concentratimrresponding to a signal that is 3 times the standard
deviationabove zero calibratdff!4! was calculated to be 31 fg/mL. Bwaluate the
nonspecific binding between antibodies conjugd&ddr NPs@GVs and the 9@ell
microtiter plate/captureantibodies, we have performed a control experiment by
excluding antibodies conjugat Pdir NPs@GVs from thélank well (i.e., O pg/mL
PSA) while keeping all otheronditions unchanged. The absorbance at 450 nm for the
control group was measured to be 0.024, whereaaliberbance for the blank was
0.036 (both values of absorbancepresent the averages from 8 independent
measurements).herefore, on average, the absorbance at 450 nm of eactawsdd

by nonspecific binding of antibodies conjugated RINPs@GVs was approximately

0.012. This value is relatively losompared to thabsorbance measured from the wells
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of PSA standards, suggesting a good specificity of dh&bodies conjugated Rd

NPs@GVs.
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Figure 2.9 PdIr NPs@GVs based ELISA of PSA. (a) Representaplietographs
taken from the ELISA of PSA standards; @grreponding calibration curvelf) and
imprecision profile G ) of the detection results shown in (a). Note that absorbance of
theblank (i.e., 0 pg/mL PSA) was subtracted from those of 88Adards. Inset shows

the linear range region of the calibratioorve. All the data points represent the

averages from Bxdependent measurements.

We benchmarked the RANPs@GVs based ELISA agairise conventional HRP
based ELISA by using the same setamitibodies and procedures except for the

exclusion of heatfreatmen On the basis of the calibration curve shown in Figuié
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the linear detection range and overall coefficientvafiations for the HRP based
ELISA were found to be 0-200 ng/mL and 4.214.31%, respectively. The limit of
detectionwas determined toeb48 pg/mL, which wa® 1500fold higherthan our
enzymefree ELISA. This significantly enhanceldtection sensitivity for the enzyme
free ELISA could battributed to the signal amplification by-fRiNPs@GVshecause
other conditions of both ELISAs wekept identicalWe also evaluated the correlation
between the enzyreee ELISA with conventional HRP based ELISA by quantifying
thesame 12 PSA standards of concentrations ir60.68g/mLusing the two ELISAs.
For the quantification with enzyrfeee ELISA, the standards were diluted with
dilution buffer toensure that the concentrations of PSA were located in the linear range.
The final quantitative data was obtained based odetected PSA concentrations and
the dilution factors. As showim Figure 2.1]1 a good correlation between the two
ELISAs wasfound with a correlation coefficient r = 0.998 (n = 12). Takegether,
these results demonstrate that our enzinee ELISAis threeordersof-magnitude
more sensitive than conventiorallSA, while its relability and quantitativity are as

good aghose of conventional ELISA.
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Figure 2.10 Calibration curvedz) and imprecision profileG ) of conventional HRP
basedcolorimetric ELISA of PSA, in which PSA standards and antibodies were kept
the same as whatt been used for the MANPs@GVs based ELISA (Figure 2.14).
Note that absorbance of the blank (i.e., 0 pg/mL PSA) was subtracted from those of

PSA standards. Inset shows the detection principle.

501 y =0.1971 + 0.9990 x
r=0.9981

N
o
P

HRP based ELISA / ng mL"
o

o
1

0 10 20 30 40 50
Pd-Ir NPs@GVs based ELISA / ng mL"

66



Figure 2.11 Correlation analysis between the-PdNPs@GVs based ELISA and HRP
based ELISA in quantification of PSA from 12 standards. Each data point in the plot

represents the average from three independent measurements.

2.4 Conclusiors

We have demonstrated an enzyfree signalamplification techniqudsased on
PdIr NPs@GVs for colorimetric assay with substantially enhanced detection
sensitivity. The enzyméree technique we developed cangmtentially extended to a
variety of other enzymesaseddiagnostic technologies beyond ELISA such as
immunohistochemistry, Western blot, and powmftcare tests. Importantlythis
technique is compatible with equipment and proceduresex$ting sensing
technologies, making it practically useful fdinical diagnostics. Further optimization
of the Pdir NPs@GVs sgtem (e.g., size of GV, loading amount ofP8IPs,particle
release time, and catalytic efficiency) and detectiatlinical samples are the subjects

of our future research.
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Chapter 3: A universal approact

nanopar toi ©iloegd oiwntvesicl es

Overview.n this work, a universal approach was developed to trigger the assembly of
nanoparticles (NPdy attaching amphiphilic block copolymers (BCPs) onto oleic acid
or/and oleylamine capped NPs. Thiefminated BCPs were attachewdto NPs via a
onestep ultravioleinduced thiol ene reaction, where the double bond in OA (or OAm)
and thiols in BCPs are coupled into thioether linkage through radical addition. We
demonstrated tha®NPswith various sizes (9.9 nm, 19.5 nm and 30.8 ang) shapes
(nanospheres and nanocubes) could be assembled into magnetic vesicles after the
attachment of amphiphilic BCPBurthermore,norganic nanoparticles with different
compositions (Cgbs, MNO and upconversion NPs) weused to fabricatdollow

vesicleswith potentialbiomedical applicationBy using this methad

A manuscript based on this chapter is in preparation and to be submittédatoced
Materials

3.1Introduction

Hollow, inorganic nanoscale vesicles (NVs) have emerged asakainte class
of materials with potential applications in cataly$isbiosensing® drug delivery’
and energy stora§f¢, owing to their high surface area, large hollow volume and
diverse hierarchical architecturesdamorphologies. Nowadays, one of the most
common strategies for the generation of inorganic capsules is the templating synthesis

68



which involves multiple steps including the preparation of sacrificial templttes,
deposition of desired materials onto tteenplates, and finally the removal of the
templates by harstcthemical proceduré$>4® Despite its wide application in
fabrication, it has limitations such as tedious and costly procedures and inevitable
collapse of the hollow structures during template removal.

Recently,amphiphilicity-driven sefa s s emb |l vy o f Acol |l oi dal NP
and explored as a simple and moderate route to achievalefeled NVs. Inorganic
nanoparticlesethered with BCPare developed as a new classoilding blocks for
the fabrication of vesicular assemblies, in analogy to liposomes or
polymersome434466149Thanks to the synergetic coupling between adjacent NPs in the
assemblies, these hollow NVs exhibit enhanced physical/chemical properties while
inheriting merits of the primary subugsi However, most of these assembly strategies
are highly materialspecific and elaborately designed. The attachment of BCPs on NP
surfaces strongly relies on the interactions between inorganic NPs and functional
groups of BCPs. For instanceetgraftingof BCPs on GNP based on the formation
of Au-S bond, whildONPsare functionalized with BCPs via binding affinity between
IONPs and dopaminterminated BCP&:°066149150 Therefore, it is highly essential to
explore novel and universal approaches for simple functionalization of NPs with BCPs
and preparation of hollow vesicles with nanometer dimensions.

Herein, we report a simple and generalized approach for the attachiBDPs
onto inorganic NPs with various sizes, shapes or compositions, followed by the self
assembly of the BGRethered NPs into NVs. Hydrophobic inorganic NPs capped with

oleic acid (OA) or oleylamine (OAm) could be attached with tteoininated BCPs
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via a onestep ultravioletinduced thialene chemistry, where the double bond in OA
(or OAm) and thiols in BCPs are coupled into thioether linkage through radical addition
(Figure 3.1)}°'152 Driven by the colloidal amphiphilicity originated frorthe
conformational rearrangement of grafted BCPs, BO¥ could selassemble into
well-defined NVs by elaborately tuning the relatiszes of NPs and BCPs. We
demonstrated successful assemblylONPs into NVs with potentially enhanced
magnetization due to the coupling between adjacent subunits. Other inorganic
nanoparticles such as §34, MnO and upconversion NPs coulddlso assembled int

NVs by using this approachhis work provides a universatrategy for assembling

OA or OAm-capped inorganic NPs into hollow NVs and opens up an avenue to extend

the fabrication and applications of NVs with different subunits.
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Figure 3.1Schematic illustrating the attachment of BCPs onto OA or/and OAm capped
NPs via an ultravioleinduced thiol ene reaction and assembly of the resultant-BCP

tethered NPs into hollow vesicles

3.2Experiments

3.2.1 Materials

Styrene, 4cyanoe4-(phenylcarboo-thioylthio) pentanoic acid (CPPA), ethanol
(99.5%), dioxane (99.8%), tetrahydrofuran (THF, 99.9%), methanol (99.9%), n
butylamine N-(3-(dimethylamino)propybNé&ethylcarbodimide hydrochloride (98%,
EDC), N-hydroxysuccininide (98%, NHS),oleic acid (9%), oleylamine (98%),
hexane (95%), -bctadecene (90%),-Hexadecene (98.5%), trioctylamine (98%),
copper (1) chloride dehydrate, sodiutrethyldithiocarbamate trihnydrate, manganese
chloride tetrahydrate, sodium hydroxide (98%), ammonium fluoride, yttrillity
chloride hexahydrate, ytterbium (lll) chloride hexahydrate and erbium (lll) chloride
hexahydrate were purchased from Sigitdrich. Azobis(isobutyronitrile) (AIBN)
was recrystallized from ethanol. Deionized water (Millipore Mligrade) with

resit i vity of 18. 0 MVYassemdyexperimehtsi n al |l the

3.2.2 Sythesis of ThiolTerminated BCPs
Thiol-terminated BCPs of HSPSh-PEO were synthesized by the reversible
additionifragmentation chain trepariecs f er

previously®® Using HSPSg-b-PEQ7 as an example, styrene, chain transfer agent
71
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(PEOCTA), and AIBN were dissolved in dioxane with a motatio 0f150:1:0.2. The

solution was filled with nitrogen and then put intpraheated oil bath at 85 € for 20

h. The product was precipitatedhexane and dissolved in THF to remove unreacted

monomers andmpurities. Molecular weight of the BCPs chamized by'H NMR

was 11.0 kg/mol, by comparing the integrals of the resonance peaks of aromatic ring

of PS block (6.4 1 7.3 PEODO)A (66 mm)(Fgare met hyl €
3.2b).The CTAPSg-b-PEQ7was dissolved in THF with excess ebatylamine under

nitrogen for 4 h to convert CPPA into thiol grouphke resulting HF Ss-b-PEO17 was

obtained by precipitation inexane twice and dried under vacuum for 24 h.

3.2.3 Synthesis of Oleic Acid and/@leylaminecapped Nanocrystals

Hydrophobic IONPs with various sizes were prepared via thermal decomposition
of iron oleate complex by using oleic aeisithe stabilizing ageft®Briefly, iron oleate
complex (3.6 g, 4 mmoland oleic acid (0.57 g, 2 mmolyere dissolved in -1
octadecene (20 gt room temperature. The mixture was heated to 300 € with a
constant heating rate and then kept at this temperature for 3Dhmiresulting solution
containing IONPs (19.4%.73 nm) was then cooled to rodemperature and washed
with ethanol three times. The precipitatédNPs were dispersed in THF to form a
stable colloidal solutiowith a concentration of 5 mg mt. By switching toctadecene
into 1-hexadecene and trioctylamine, @Apped IONPs of 9.85#.48m and
30.81+£.03 nm were prepared respectively, due to the change of solvent boiling point.

For the synthesis of iron oxide nanocubes, identical procedures were applied except
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that a mixture of oleic acid (0.28g, 1mmol) and sodium oleate (0.30g, 1mramd) w
added before thermal decomposition of iron oleate complex.

OAm-capped Cu5s NPs wereprepared by a modified thermal decomposition
process> Copper diethyldithiocarbamate [Cu(DEDT4&} precursor was prepared by
reacting CuCGl-2H>O with sodiumdiethyldithiocarbamate (SDEDTC) as follows: A
solution of SDEDTC (10 mmol) in distilled water (5 mL) was added iatwmther
solution containing Cu@I(10 mmol) and distilled water(10 mL) under magnetic
stirring for 1h, forming a dark brown turbgblution. Subsequently, the dark brown
Cu(DEDTCY) precursor wasbtained by filtration and dried at room temperature under
vacuum before use. For the synthesis of G#apped CeSs NPs, 15 mL of OAm was
slowly heated to 300 € in a flask underagnetic stirring and Nor 30 min to remove
residual water andxygen, followed by the injection of 5 mL OAm containing 1 mmol
Cu(DEDTCY). Theresulting solution became dark gneenmediately and the reaction
was kept at 300 € for 10 min and thenoled to 60 € naturally. The resulting solution
was washed with ethanol three times and the precipitaie® NPs were collected by
centrifugation and dispersed in THF to form a sabblloidal solutionwith a
concentration of 5 mg M.

OA-capped MnO NPs were prepared via thermal decomposition of manganese
oleate precursof® Manganes®leate complex was prepared according to a reported
procedure: 7.94 g (40 mmol) of manganese chldattahydrate and 22.60 g (80 mmol)
oleic acid were dissolveith 200 mL of methanol. A solution of 3.2 g (80 mmol) of
sodiumhydroxide in 200 mL of methanol was added dropwise intdvih€oleic acid

solution under stirring for 1 h. The initiallglear colorless mixture turned pink,
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followed by the precipitation of@eep red oily substance. After stirred for another hour,
the solvent was discarded and the precipitates were washed with ethtmpl, and
acetone. The oily residue was dissolved in hexame dried over MgS© After
evaporating the solvent, tipeoductwas dried in vacuum at 150 € f& h to produce

a deep red waxy manganese oleate complex. For the synthesiscapPéd MnO NPs,
1.24 g (2 mmol) of the manganese oleate precursor was dissolved indidlaglecene

and degassed at 70 € in vacuum for 2The solution was intermittently backfilled
with argon to remove any moistuaad oxygen. The reaction mixture was subsequently
rapidly heated to 200 € with approximately 5 €/min, followed by another heating
process of 1.5 €/min until boiling. The terepature was held at reflux (315 €) fdr

h and the aprepared nanocrystals were washed with ethanol three times by
centrifugation. MNO NPs were collected and dispersed in THF to form a stable
colloidal solutionwith a concentration of 5 mg mt.

OA-cappel NaYF:Yb,Er nanoparticles were synthesized following a reported
approach® Typically, 0.78 mmol YCBH -0, 0.2 mmol YbGHH 20 and 0.02 rmol
ErClH 20 were added into a mixture of 6 mL OA and 15 maciadecene in a three
necked flask. Theolution was heated to 1&D for 20 min under argon atmosphere to
form atransparent solution and then cooled down to room temperature. Subsequently,
10 mL methanol solution containing 100 mg NaOH and 148 mgH\Mas added
dropwiseinto thesolutionandthe mixurewas heated slowly to 70 understirring
for 30 minutes to remove the methanol solvent completely. After the evaporation of
methanol, the solution watowly heated to 30€ and maintained for 1.5 hours under

argonatmosphere. After cooled down to room temperature, the resultant mixture was
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washed with ethanol three times and purified by centrifugation. Tsgrakesized
product of NaYR: 20%Yb, 2%Er UCNPs were dispersed in THF with a concentration

of 5mg mL' 1,

3.2.4 Synthesis of BGlethered NPs

Thiol-terminated BCPs were attached onto OA and/or OAm capped NPs via an
ultraviolet-induced thiol ene reaction. Using IONPs asradel system, 50mg HS
PSe-b-PEQ 7 was added into 2 mL of OBapped IONPs dispersion in THF (30.8 +
2.0 nm 5mg mt?), followed by the addition of 10QL THF solution of DMPA (10
mg/mL). The mixture solution was transferred into a sealed quartz beakewainated
with UV-light (1000 W, 365 nm wavelength) for 60 min in an ice bath under magnetic
stirring. After completion of UV irradiation, the B&®@thered IONPs were washed
with THF for 6 times, collected by centrifugation (12000 rpm/min, 15min) and re
dispersed in THF with a concentration of 0.2 mg'mLo verify successful attachment
of BCPs onto various inorganic NPs, the hydrodynamic diameter of NPs in THF before
and after BCPs attachment was measured using a PHOT@&COARht scattering
instrument wih a 5 mW laser of 638m at a scattering angle 98 NMR spectra of
the NPs and BCIRIPs were also analyzed and compared to confirm the conjugation of
BCPs onto corresponding NPs. TGA was performed to estigrateng density of
BCPs on various NPs. EBfly, the sample (5 mg) wakied and loaded into a platinum
pan which was heated to 700 °C atanstant heating rate of 25 € miihunder argon.

The BCPsgraftngensi ty (0) was caftcul ated wusi
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Heref refers to the weight fraction of the organic ligands determyedGA analysis;
Na is the Avogadro constant;is the bulk density ofhe corresponding NPs;is the
average diameter of BERPs, andvl, is the numbeaverage molecular weight of the
PEOD-PS. It isassumed that the density of the BAPs is identical to the density of

the bulk material and no fre@lymer is present.

3.2.5 SeKAssembly of BCRethered NPs intdNVs

BCP-tethered inorganic NPs were assemiiéal NVs by film rehydration method.
As a prototype system, 5@ THF solution of BCPIONPs (0.2 mg mi!) was dried
on a glass substrate under $iream to form a thin film, followed by rehydration in
waterunder sonication for 30 s. The-piepared NVs were collected by centrifugation

(3000 rpm/min, 15min) and t@ispersed in ultrapure water for further utilization.

3.2.6 Characterizations of N&/

The assembled NVs were imaged usirditachi SU70 Schottky field emission
gun Scanning Electron Microscope (FBEM) and a JEOL FEG Transmission
Electron Microscope (FEGIEM). Energy dispersive Xay (EDS) mapping and
corresponding spectra of the NVsem acquired using a JEOL JEMOO LaB6

Transmission ElectroMicroscope. Samples for SEM observations were prepared by

dropping51 0 €L of sampl e s oéanddriedatroom terhperatsre.| i ¢ o n
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TEM samples were prepared byopping 51 0 ¢ sampef solution on 300 mesh

copper grids covered with carbon film and dried at room temperature.

3.3 Results and discussion

3.3.1 Synthesis and Characterization of B@ethered IONPs

OA-capped hydrophobic IONPs with a diameter of 30.8 +2.0 nm were ssindtk
by a thermal decomposition method reported previously and used as a prototype NP
for surface modification and sedssembly (Figure 3.24&)° Thiol terminated P&-b-
PEQO7 (11.0 kg/mol) was synthesized ngireversible additicfragmentation chain
transfer (RAFT) polymerization and grafted onto the surface of IONPs via ultraviolet
induced thiolene chemistry to obtain amphiphilic building blocks (Figure 3.2b). The
BCPstethered IONPs (BGIRONPSs) remained wedispersed in THF, as confirmed by
the slightly increased hydrodynamic diameter from 86244 nm to 85.822.8 nm
after treatment, owing to the BCPs layer grafting on the surface of IONPs (Figure 3.3a).
The average grafting eatlérmnes0d.08 ghair(s/fhaseddédn BCPs
thermogravimetric analysis, corresponding to ~226 chains per 30 nm IONP (Figure

3.3h).
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Figure 3.2 (a) TEM images of OAcapped 30 nm SPIONs and {b) NMR spectrum

of PEQ7-b-PSs
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Figure 3.3(a) DLS diameter of IONPsefore and after the attachment of B@Rd )

TGA analysis of BCRONPs.

3.3.2 Synthesis and Characterization of NVs assembled from B&Rered IONPs

Assemblies of IONPs were fabricated by rehydrating a film of -BORPs in
ultrapure water and the foation of vesicular structures can be attributed to the
conformation change of BCP tethers on NP surface, as we reported preffously.
Scanning and transmission electron microscope (SEM/TEM) images in Figure 3.4a, b
show that the resulting NVs were composed of multilayedeokely packed IONPs
in the vesicular membranes. The hollow interior and multilayers of IONPs in the
membrane can be clearly seen from NVs with occasionally broken membrane (inset in
Figure 3.4a). The average diameter of the MuMVs esiBnated to be 678+53.8
nm by TEM analysis (Figure 3.4d)he composition of NVs was further confirmed by
EDS element mapping, where strong Fe and O signals were observed, indicating that

the NVs were assembled from BOBNPs (Figure 3.4d).
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Figure 3.4(a) SEM and (b) TEM images of magnetic vesicles assembled from PEO
PSOA-SPIONSs; (c) Size distribution of magnetic vesicles from TEM analysis; (d)

EDS mapping of magnetic vesicles showing the element of Fe and O

3.3.3 Influence of BCPs length and NPs sion the vesicle formation

Similar to the assembly of BEBNPs, the seldassembly of BCRONPs is
strongly dependent on tlmydrophilic/hydrophobic balana# the building blocksTo
investigate the factors influencing the assembly morphologies, IONRsiofis sizes
and BCPs with different length of PS (at fixed length of PiE®@ere synthesized and
used to produce building blocks of NVs (Figure 3.5). With the increase of MW of BCP
tethers from 6.2 k to 14.5 khe assembly morphologies transited fromsttrs to
vesicles and eventually to random aggregates for-BINPs of all sizes due to an
increase in overall hydrophobicity (Figure 3.6). Meanwhile, at fixed MW of BCP (e.g.,

9.6K), morphological transition of sedfssemblies from vesicles to clusterssw
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observed when the size of IONPs increased. This is mainly attributed to the decreased
graft density of BCPs associated with a decreased curvature for larger IONPs. NVs
composed of BCRethered iron oxide nanocubes were also fabricated using the same

strategy, indicating this assembbased approach is applicable to IONPs with various

sizes and shapes (Figure 3.7).
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Figure 35 (ac) TEM and size analysis of IONPs with various diameter of (a)

9.85#.48 nm, (b) 19.454.73 nm and (c) 30.81+2.03 nm:i}dH NMR spectrum of
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BCPs: (d) PE@Q-b-PS», (e) PEQ7-b-PSo, (f) PEQ7-b-PSs, (g) PEQ7-b-PSg,(h)

PEQO7-b-PS11and (I) PEQ#-b-PSa32
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Figure 3.6 SEM images of vesicular assemblies from B€thered IONPs with
different diameters: ¢d) 10 nm, (eh) 19 nm, and {I) 31 nm. BCPs with different
lengths used here are: (a,e,i) RE®-PSo, (b,f,j) PEQ7-b-PSs, (¢,9,k) PEQ7-b-PSs
and (d,h,l) PE@-b-PS11.(m) The product diagram for the selésembly of BCP
IONPs with varying diameter of IONPs and molecular weight of PBPS. ( 1 )

clusters, (3) vesicles, (&) random aggrega
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Figure 3.7TEM images of (a) F®4 nanocubes and (b) vesicles asskd from PEO

PSOA-capped Fg€4 nanocubes.

3.3.4 Selfassembly of BCRethered NPs with various compositions

We demonstrated that this assemibfysed approach is applicable to colloidal NPs
with different compositions, surface ligands and morphologiesred other
hydrophobic NPs including OAroapped CsSs (Figure 3.8a 19.7 #.4 nnj, OA-
capped MnO (Figure 3.8b 27.2 &7 nm) and OAcapped upconversion NP
(NaYF4:YP*, Er* Figure 3.8c 44.0 6.5 nm) were prepared and used for assérfibly.

156 Successful attachment of BCPs was confirmedDiys analysis with analog
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characteristicsas BEPONPs ( Fi gure 3.9a). The average
is estimated to be 0.10 (MnO NPs), 0.09 (CuS NPs) and 0.08 (UCNPs) ch&ins/nm
according tothe thermogravimetri@analysis (Figure 3.9b). NVs comged of the
corresponding NPs were observed by both SEM and TEM which clearly revealed the
hollow interior of the assemblies with the occasionally broken membrane (Figure
3.10al). The composition of NVs was verified by EDS element mapping, which

confirmedthat the NVs were assembled from the corresponding-t8@iered NPs

(Figure 3.10rv0).

Figure 3.8TEM images of (a) OArtapped Cg5s NPs, (b) OAcapped MnO NPand

(c) OA-capped upconversion NPs
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