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Abstract

The construction of a well-defined hybrid nanostructure becomes
possible if functional polymer meets inorganic nanomaterials in a well-
designed way. To fully control the structure of the nanohybrid and create the
synergy between the surface-bound polymer and the nanomaterial, a vast
variety of engineering options must be understood in-depth and practically
optimized for both functional polymer and nanomaterials. These options
include: I) size (distribution), colloidal stability, and surface ligand exchange
for the nanomaterials; II) type of monomer(s), chain-length, topological
design, and end-group functionalization for the surface-grafted polymer; III)
the anchoring strategies between the polymer and surface of the

nanomaterials.

In this thesis, four projects, focusing on the design and fabrication of
four different nanohybrids with polymers functionalization for different
applications, are presented. Within these projects, reversible addition-
fragmentation chain transfer (RAFT) polymerization technique was
employed to fabricate the functional polymer with full control of the
macromolecular architecture. These RAFT polymers are introduced onto
different types of nanoparticles (NPs) with high capping density, yielding

hybrid nanocomposite with well-defined structures.

Another important strategy used in this thesis is the silica
coating/fabrication method. It includes the classic one-phase coating
approach and reversed microemulsion technique. Choosing suitable
methods and conditions, the silica coating can be performed in a controlled
fashion. For those nanomaterials without effective surface chemistry, the thin
silica shell brings its well-established surface chemistry to them, e.g., for

introducing polymer brushes.

The reversed microemulsion method for silica coating found its



application in the first project: superparamagnetic ~ 8 nm magnetite
nanoparticles (MNPs) bearing hydrophobic ligands were uniformly coated
with a thin silica shell of a thickness of ~ 12 nm in a one-to-one fashion. From
the silica surface, the surface-initiated RAFT polymerization was performed
to introduce a dense hydrophilic and thermo-responsive poly(N-
isopropylacrylamide) (PNIPAM) shell. The highlight of this project is the
dramatic change of the superparamagnetic properties of the MNPs after silica
coating and polymer functionalization. The superconducting quantum
interference device (SQUID) measurements impressively demonstrated the
complete suppression of the magnetic interaction between the MNPs even in
the dry-powder state. This result is very intriguing for magnetic hyperthermia
applications where the magnetic interaction is highly unfavored for its strong

jeopardizing effect on the heating performance.

The thesis further focused on the nanoengineering of Egyptian blue
nanosheets (EBNS). Egyptian blue (EB) is a near-infrared (NIR) fluorescent
material with excellent photoluminescence (PL) performance. However, the
lack of effective production of this nanomaterial and the absence of a surface
modification method are the bottlenecks of EBNS to be applied as a cost-
effective NIR fluorophore for a wide audience, especially in the NIR
bioimaging field. To unfold this feature, high-energy ball milling technique
was first applied to enable the mass production of the nanomaterial, with a
significantly reduced size of EBNS. Again, silica coating was chosen here to
introduce effective surface modification on EBNS. During the project, two
new challenges were found for EBNS: the significant size-dependent PL
performance, and the strong light scattering effect of EBNS in colloid caused
by the mismatch of the refractive index of EBNS and water. These insights are
very important for optimizing PL performance of EBNS for detailed
application scenarios, e.g., choosing the suitable size of EBNS and its
dispersion media. Under this consideration, two types of polymers,
hydrophobic PNIPAM, and hydrophilic poly(methyl methacrylate) (PMMA)
brushes were introduced to the surface of EBNS respectively, to enhance the
dispersibility of EBNS in the diverse media. Notably, the good match of the
refractive index of PMMA, silica, and EBNS in one nanohybrid can

significantly reduce the scattering event thus increasing the PL output of the

vi



material.

The role of silica is very flexible in the fabrication of hybrid
nanomaterials. Rather than as coating material for further functionalization,
in the project of creating circular AuNPs nanopattern, ~ 46 nm silica NPs
served as a temporary template for the colloidal self-assembly of polyethylene
glycol (PEG) capped ~ 13 nm AuNPs, by utilizing the adsorption between the
surface-grafted PEG and the silica surface. Surprisingly, after depositing the
silica-Au nanostructure on the substrate, the AuNPs were perfectly arranged
into a 2D circular nanopattern. To completely remove the silica content
without alerting the circular AuNPs pattern, an etching condition was
established using an extremely concentrated NaOH solution at increased
temperature. Both high ionic strength from NaOH and increased
temperature can significantly raise the efficiency of silica etching while
immobilizing PEG capped AuNPs on the substrate without any diffusion,
since PEG is unsolvable under this condition. The perfect circular AuNP
pattern has great potential to be used as an innovative nanopixel for advanced

nanopatterning.

Furthermore, this thesis focused on the fabrication of novel
nanostructure for in vivo phase-contrast computed tomography (CT)
experiments under synchrotron radiation. In this project, the impact of the
geometry of AuNPs on the contrast performance was studied by comparing
“hollow AuNPs” with solid AuNPs with the same penetration thickness. To
mimic a “hollow” AuNP, the self-assembly approach was used to fabricate a
dense layer of ~ 5 nm AuNPs onto thiol functionalized ~ 37 nm silica NPs.
Both nanostructures were functionalized with PEG to increase the colloidal
stability under extremely high concentration (100 mgAu/mL). The in vivo
experiment confirmed the strong CT enhancement of “hollow” AuNPs for

lung imaging.
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1

Polymer Functionalized Nanomaterials:
State of the Art

The rise of surface-bound polymer brushes has revolutionized the
surface engineering of nanomaterials. This chapter briefly summarizes the
recent progress on the fabrication strategies for polymer/inorganic
nanohybrids for various applications including biomedical (Section 1.1) and
surface nanopatterning (Section 1.2). On this topic, RAFT polymerization
offers great design options to create synergy between nanocomponents and

polymer, which will be discussed in detail.

1.1 (RAFT) polymer functionalized nanomaterials in

modern biomedical applications

For biomedical applications, surface modification is one of the most
important topics for almost all types of nanomaterials. For this task, the
functional polymer can integrate its favored functions, e.g., bio-compatibility,
stimuli-responsive, to the nanomaterial for the hybrid performance or simply
enhance the colloidal stability. The structural designs of the polymer brushes
including anchoring strategies, choosing of functional monomer, and
topological structure are all crucial for the desired functional integration

between polymer and nanomaterials.

Since the debut of RAFT polymerization in 1998, it has quickly shown
its talent for the precise fabrication of polymer with flexible design and

special functions. The RAFT polymerization technique offers well-defined



polymer chain length, flexible end-group modifications, access for block-
copolymer, and topological designs.!*'2] These precise design options and
wide selection of monomers induced an explosion of applications including

B17] bio-imaging and diagnosis,'®'°! bioseparation,?°!

e.g., drug-delivery,!
stimuli-responsiveness.[?*23l All these above-mentioned advantages play
important roles in the revolution of surface engineering of nanoparticles. In
this way, the polymer-functionalized inorganic nanomaterials have
experienced extensive product proliferation for a wide range of applications,

especially in the biomedical field.[242°]

Since many useful nanomaterials, e.g., superparamagnetic magnetite
NPs (MNPs), quantum dots, upconverting NPs are protected with
hydrophobic ligands (e.g., oleic acid, oleylamine) and thus only dispersible
in hydrophobic solvents. The first critical task for any biological application
is to transfer these NPs into aqueous environments, with high colloidal
stability and biocompatibility. Here, the surface-bound polymer shell offers
a greater ability to introduce long-term aqueous colloidal stability and the
non-specific interaction of nanomaterials with the biomolecules
(antifouling). A great variety of polymers have been developed for this task,
e.g., polyethylene glycol (PEG),[?”28 poly(2-hydroxyethyl methacrylate),?!

30,31]

polyvinylpyrrolidone,| poly(2-oxazoline),??)  and zwitterionic

(33341 Among these candidates, PEG and its derivatives are the most

polymers.
widely used polymer for their reliable performance and good commercial
availability. RAFT polymerization also provides very good access for the
synthesis of PEG-based polymer with versatile anchoring strategies toward

diverse nanomaterials.35-40!

There are two major factors that influence the stabilizing performance
from the polymer shell. One is the strength of anchoring between the
polymer and surface, the second factor is the capping density. To avoid
detachment and increase the capping density of polymer, strong and effective
grafting approaches are required. On this topic, Section 2.2 will provide a

detailed discussion on the anchoring strategies used in this thesis.

Surface-grafted polymer brush has found great success in the realm of

smart drug delivery. In these applications, polymers with stimuli-responsive

2



properties, especially thermal-responsiveness, are great tools to achieve
targeted delivery due to the temperature difference in diverse environments.
For example, in this thesis, the thermal responsive PNIPAM is chosen as the
polymer shell for several projects. The PNIPAM possesses a lower critical
solution temperature (LCST) behavior. This solution-cloud transition is a
combination of enthalpic and entropic effect:2>442 Above its LCST,
hydrated PNIPAM lost most of its attached water molecules with the release
of drug molecules.!*3-% All these smart properties can be introduced to the
nanomaterials in the form of surface grafted RAFT polymers. Furthermore,
the thermal-responsive polymer brushes can synergize with the thermal
properties from the core-materials to induce the LCST by external stimuli.
Combining local hyperthermia methods, e.g., NIR photon,[40-4]
ultrasound,®! magnetic field,*! the thermal responsive drug-release can be
monitored in a certain region of the body, such as a solid tumor.® The
simultaneous drug release from the polymer shell with hyperthermia creates

an enhanced performance for cancer treatment.

1.2 Nanopatterning with polymer capped metal

nanoparticles

Arranging nanoparticles on a macroscopic substrate with an ordered
pattern induced a great variety of applications for a wide audience including
sensing,”>>! metal-assisted chemical etching,®®>”) superhydrophobic
coating,®® and biomedical research.’®%2 Innovations in nanopatterning

often lead to significant breakthroughs in nanotechnology.

On this topic, the high precision arrangement of the nanoparticles is
crucial here: the nanopattern must be clearly defined in a periodic manner,
and the distance between the nanoparticles must be adjustable. To achieve
this, both interparticle interaction and particle-substrate interaction must
be understood in-depth. In this regard, the unmodified NPs are unsuitable
for this task: either densely packed nanoparticle arrangement or nonordered

structure. To deposit nanoparticles in a certain pattern (hexagonal or square

3



array), methods based on block copolymer self-assembly have made great
progress.[®>%4! Especially, block copolymer micelle nanolithography offers a
very efficient and precise patterning of a wide range of metal

nanoparticles.[64-67]

In these approaches, noble metal nanoparticles are widely used as
patterning units for their useful plasmonic interaction and well-established
surface chemistry for later modifications. Typically, the precursor salt (e.g.,
HAuCly, H2PtCle) is loaded inside the block copolymer micelles, the NPs can
be obtained either by reduction with N>H4[®8l, or directly using plasma
treatment!®”] after the polymer micelles are deposited on the substrate!®’].
Figure 1-1 A demonstrates the typical hexagonal nanopatterned AuNPs (gold
nanoparticles) obtained from this method. By varying the concentration of
the block copolymer in the micelle solution, the interparticle distance can be
tuned between 50 to 150 nm.[®°! To render further structural information to
the nanopattern, electron beam lithography®®! and masking methods!¢7.¢8!
are often applied to create structure on a higher scale level (typically in the
micrometer range). Figure 1-1 demonstrated some selected patterns
fabricated with block copolymer micelle approach by using electron beam

lithography (B) and polystyrene sphere mask (C).

Figure 1-1  (A) SEM images of hexagonal patterned AuNPs from block copolymer



micelle nanolithography with increasing interparticle distance. (B) SE micrographs
of star-shaped nanopatterned (a) block copolymer micelles and (b) Au-
nanoparticles using mask drawn by the electron beam. (C) (a—c) AFM images of
micro-nanopatterned block copolymer micelle arrays after plasma treatment using
the PS sphere as an etching mask, with diameters of 1.0 um, 500 nm, and 250 nm,
respectively. (a'—c’) SEM images of micro-nanopatterned Au arrays fabricated from
a—c. Adapted with permissions from referencel®® (A-B), copyright 2003 Institute of
Physics Publishing Ltd; from reference®”) (C), copyright 2016 American Chemical
Society.

The lower limit of the interparticle distance from the block copolymer
micelle technique is around 50 nm. For nanopatterns with interparticle
distance < 50 nm, NPs with the surface grafted polymer are one of the best
candidates. Figure 1-2 A-B shows the hexagonal nanopattern formed by
RAFT PNIPAM capped ~13nm AuNPs with tunable distance.l®” This
approach is also available as a grafting-from method for silica NPs (Figure
1-2 C-D).[°l The success of these methods relies heavily on the high capping
density of the surface-bound polymer brushes.[®7! Detailed discussion on

the topic of high efficient grafting strategies can be found in Section 2.2.

Polymerization
from surface (NIPAM)

“grafting-from”

-
£ N o u.
° |
- s <
B @
® . -
° »
i o| o
-

Figure 1-2  (A) Schematic illustration of RAFT polymer grafted AuNPs. The RAFT
groups act as anchoring moieties onto the surface of AuNPs. (B) TE micrographs of
PNIPAM capped AuNPs in hexagonal patterns with increasing interparticle distance
controlled by the polymer chain length. (C) Schematic illustration of the grafting-
from strategy of PNIPAM on silica NPs surface with SI RAFT polymerization. (D) TE
micrographs of PNIPAM capped silica NPs with increasing interparticle distance.
Adapted with permissions from referencel®® (A-B), copyright 2013 American

Chemical Society; from referencel”® (C-D).

Notably, all the above-mentioned methods use a single NP as a

templating unit. The innovation of the patterning units can be achieved by
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using well-defined nanostructures carrying their own specific particles
arrangement. This approach allows the integration of the hierarchical
nanoassembly design and the ordered surface arrangement to create a unique
surface nanopattern. In our group, a series of colloidal planet-satellite
nanostructures with a great choice of nanoparticles including gold,”?
silver,[” and silica NPs[”! are fabricated using RAFT polymer as linker
(Figure 1-3). These nanostructures have interparticle distances typically
between 5 to 50 nm controlled by the functional polymer linkers. Their
colloidal nanostructures can also be coated onto a substrate like glass, silicon
wafer, and CaF> surface using dip-coating method to form a homogenous

monolayer. 70!

13nm 13nm C ) ) 40 nm
Au Planet Au Planet Silica Planet
& & &
4.5nm 9nm ) ) ) 13nm
Au Satellite Ag Satellite Au Satellite

Figure 1-3  Schematic illustrations and TE micrographs of the planet—satellite

nanostructures consisting of (A) ~ 13 nm AuNPs as planets and ~5 nm AuNPs as
satellites, (B) ~ 13 nm AuNPs as planets and ~ 9 nm AgNPs as satellites, (C) ~ 40 nm
silica NPs as planets and ~ 13 nm AuNPs as satellites. Adapted with permissions
from referencel” (A), copyright 2014 John Wiley and Sons; from referencel’* (B),

Copyright 2016 American Chemical Society; from referencel’” (C).



2

Theoretical Background and Methodology

The theoretical background and methodology involved in this thesis are
reviewed in this chapter, which comprises of three topics: the formation and
surface chemistry of silica NPs and silica-coated nanomaterials (Section 2.1),
anchoring strategies for polymer onto nanomaterials (Section 2.2), and the

properties and nanoscience of NIR fluorescent Egyptian blue (Section 2.3).

2.1 Fabrication and modification of silica in nanoscale

Silica has always been the most extensively used nanomaterial since the
seminal study from Stober et. al. in 198674, The role of silica in modern
nanoengineering goes quickly beyond simply applying it as conventional
particles, for example, silica coating has become a popular tool to enable
surface modification of a large variety of nanomaterials.”” Here, silica
surface offers a series of advantages including biocompatibility, colloidal
stability, and a great library of well-established silica surface chemistry.[7077]
Especially for the nanomaterials exhibiting difficulties in the direct surface

[79-81] and zirconia,8? silica-

chemistry, e.g., quantum dots,/”8! magnetite,
coating always provides an “all-round strategy” for introducing surface

modifications.

This section will focus on the synthetic strategies for both silica NPs and
silica coating, along with the elucidation of the mechanisms (Section 2.1.1).
Also, the surface modification options on the silica surface, in particular, the
commonly used approaches for grafting polymers onto silica surface will be

discussed in Section 2.1.2



2.1.1 Mechanisms and methods of silica formation in nanoscale

One of the most widely used methods to fabricate silica NPs is the
“classic” Stober process!’l. This reaction is based on polycondensation of
hydrolyzed TEOS (tetraethyl orthosilicate) in ethanol solution with
ammonia as the catalyst. The mechanism is shown in Scheme 2-1 including
two steps: (I) Hydrolysis of ethoxyl groups in TEOS into silanol monomers,

and (II) subsequent condensation of hydrolyzed TEOS into silica networks.

Scheme 2-1 Simplified reaction scheme of Stéber process.
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LaMer theory®84 provides a quantitative description on the formation
of silica NPs which is divided into three stages (Figure 2-1): (I) The
concentration of hydrolyzed TEOS (C) increases rapidly with the proceed of
the hydrolysis reaction, no nucleation occurs during this stage. (II) The
nucleation starts when C exceeds a critical point Cqit. (ITI) The nuclei further

grow until C < C;.[®!
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Figure 2-1 Schematicillustrated LaMer theory for the formation of silica NPs. “M”

represents hydrolyzed TEOS.

Stober method is also used as a general tool for silica coating on
nanomaterials. Here, the nanomaterials servers as a heterogeneous core, on
which the nucleation of silica is much easier than the self-nucleation case
since the nucleating surface already exists. As the result, if C is controlled
below Ceir (Figure 2-1, red region), the silica prefers to heterogeneously grow
on the surface of foreign nanomaterials: The core-shell structure will be
formed without core-free silica nanoparticles. In the case of C > Cauit, both
targeted core-shell structure and free silica NPs could present in the
products.[® As the most straightforward approach for silica-coating, the
Stober method can be applied to many nanomaterials. It also provides
tunable silica thickness by varying the feed ratio of TEOS and reaction
time.[8¢-%9) However, this method heavily relies on the perfect dispersibility
of coated nanomaterials in ethanol solution for the entire coating process. A
feasible strategy to circumvent this issue is to use polyvinylpyrrolidone as the
stabilizer. This amphiphilic polymer has efficient adsorption onto a decent
variety of charged collides, e.g., noble metal NPs, boehmite rods, gibbsite
platelets, and charged poly(styrene) particles,[™ enabling to transfer

particles from water into ethanol for the subsequent silica coating.[””!

Water-in-oil (w/o) microemulsion (also known as reversed



microemulsion) technique is a powerful method to synthesize silica NPs or
perform silica-coating on core NPs with uniform, tunable size, and high
roundness. With the aid of surfactant, nanosized water micelles containing
ammonia are formed in the cyclohexane environment, where TEOS
undergoes hydrolysis and condensation, forming silica NPs with superior

monodispersity particularly in the range of 30-60 nm.[°0°!

When using this method for silica-coating, NPs with hydrophobic
protecting ligand (e.g., alkylamine) are the suitable core candidates: they can
be dispersed in cyclohexane environment to participate in the silica
formation. Koole et. al. elucidated a ligand exchange mechanism that the
alkylamine ligand on the quantum dots (QDs) surface can be replaced with
both hydrolyzed TEOS and surfactant molecules (IGEPAL® CO-520). The
ligand exchange facilitates the incorporation of QDs into the water micelle,
where the further silica growth takes place (Figure 2-2). Since the quantum
efficiency of QDs is highly correlated to its surface-ligand interaction, this
ligand exchange process was confirmed by the fluorescence quenching event
caused by the hydrolyzed TEOS and surfactant molecules on QDs.”!l Ding et.
al. also approved this mechanism with the Fourier-transform infrared

spectroscopy analysis during the silica-coating process on MNPs. (8]

Furthermore, since the ligand exchange is the crucial step for the
heterogenous nucleation, both ligand and surface properties of the core NPs
have a huge impact on the result of silica coating. Under specific conditions,
an eccentric silica coating can be maneuvered. Koole et. al. reported that the
presence of stronger ligands (alkylthiol) can hinder the ligand exchange thus
resulting in incomplete or delayed incorporation of QDs.°!l In the case for
noble metal NPs, they process intrinsic strong affinity towards alkylamine.
The strongly bonded amine ligand can also lead to a partial replacement of
hydrolyzed TEOS and yield an eccentric silica coating.”>?3! A widely agreed
mechanism for the formation of eccentric silica coating is illustrated in
Figure 2-3. Here, since the hydrolyzed TEOS is immiscible with the
hydrophobic surface ligands, phase segregation of the ligands occurs on the
NPs surface. As the result, the nucleation and silica growth can only occur on

the hydrophilic site on the NPs, giving the eccentric product.[®>94

10
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Figure 2-2  lllustration of mechanism for silica coating on QDs in wj/o

microemulsion system. (a) QDs capped with alkylamine ligand. (b) Ligand exchange
of alkylamine with hydrolyzed TEOS (b1) or surfactant (b2). (c) Equilibrium state
between hydrolyzed TEOS and surfactant molecules on QDs surface. The
alkylamine is completely replaced. (d) After the addition of ammonia, the
concentration of hydrolyzed TEOS further raises and completely replaces the
surfactant molecules with the formation of the micelle, where silica further grows
on the QDs surface. Adapted with permission from referencel®¥, copyright 2008

American Chemical Society.
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Figure 2-3  Schematic illustration for the mechanism of eccentric silica coating
on alkylamine capped AuNPs. Adapted with permission from reference®?,

copyright 2014 American Chemical Society.

2.1.2  Surface modification strategies on the silica surface

As mentioned before, the surface chemistry of silica is well established
and found many applications in various fields. Arising from the favorable
silanol groups on its surface, silica can be modified with a large variety of
functional moieties through condensation with corresponding
alkoxysilanes.”>%! Most frequently, amine or thiol terminated silanes are
used to anchor subsequent chemical or biological moieties, utilizing their

11



convenient linkage with e.g., N-hydroxysuccinimide- (NHS), isothiocyanate-,

maleimide-, and carboxyl-functionalized groups.[76->%

These efficient anchoring approaches also open the routes to introduce
polymer brushes onto the surface of silica. By far the most powerful and
widely used strategy here is SI polymerization. Different Synergies between
silica and libraries of polymer with diverse functions are reported in the
literature, mainly achieved by surface-initiated (SI) RAFT polymerization!°¢-
%8l and atom transfer radical polymerization (ATRP)[7:%°-10ll For doing this,
RAFT agents or initiators for ATRP must be first anchored on the silica
surface. Commonly, silica surface carrying RAFT agents can be prepared with
a two-steps reaction: Silica surface is first modified with amine groups by
using aminosilane and followed by anchoring RAFT agents with activated
carboxyl groups.[°¢102105] For SI-ATRP, a-bromoisobutyrate groups are the
most commonly used initiator.”"% Readers interested in this topic are

referred to a detailed review!l¢! elsewhere.

2.2 Strategies for anchoring polymer onto nanomaterials”

Functional polymers are used to enhance the performance of diverse
materials and quickly found applications in various fields of research and
industry.?! Particularly, RAFT polymers are widely applied for surface
modification on nanomaterials, such as on NPs or membranes. The
enormous surface area and comparable size of nanomaterials maximize the
effect brought by the polymer functionalization. In this section, the most
applied anchoring strategies for introducing RAFT polymers, including

grafting-to and grafting-from approaches are reviewed.

Reproduced from Peng, W.; Cai, Y.; Fanslau, L.; Vana, P. Polymer Chemistry 2021, DOLI:
10.1039/D1PY01172C. with permission from Royal Society of Chemistry.
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2.2.1 Grafting-to and grafting-from approaches for introducing RAFT

polymer to nanomaterials

The binding of RAFT polymers onto the surface of nanomaterials
requires specific chemistry towards each type of surface. A number of
different anchoring strategies are available to link RAFT polymers to a surface,
which often come with their own merits and shortcomings. Researchers
should carefully consider suitable anchoring options depending on the
properties of their system, including the type of polymer, the surface
character of the NP, the properties of the protecting ligand, and the required

capping density of the polymer on the surface.

In general, there are two most commonly employed grafting strategies:
grafting-to and grafting-from approaches. In the grafting-to strategy, the pre-
synthesized polymer is introduced to the surface, whereas in grafting-from,
the polymer synthesis is initiated from the NP surface (Scheme 2-2).

107 since the

Grafting-to is considered a more straightforward method,!
grafting step can often be facilitated by a simple ligand exchange reaction:
polymers carrying a functional group with a stronger affinity towards the NP
surface tend to replace the weaker binding protecting ligand. Also, polymer
and NPs are individually prepared to allow for separate syntheses conditions
and hence tight control over polymer characteristics.'°81°)  [n  contrast,
grafting from surfaces demands the attachment of the RAFT agent before
RAFT polymerization. In this stage, the surface-bound RAFT agent might
alter the colloidal stability of the system since the protecting effect of these
small molecules is very limited. Special care on the storage and purification
steps must be given to avoid irreversible aggregation."2] Moreover, the
polymerization conditions must be optimized for the NPs as well to ensure
the complete dispersion of NPs in the polymerization mixture. For the
modification of bio-surfaces or bio-containing surfaces such as proteins, the
grafting-from approach can struggle to retain the biological functionality

0] Furthermore, the characterization of the surface-

g 113

after polymerization.
bound polymer is not as straightforward as for grafting-to approache
Oftentimes, the free polymers formed in solution are characterized as a

substitute for the surface-anchored ones, as they are quite similar with
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respect to molecular weight and dispersity.['41°]

Scheme 2-2 lllustration of the most commonly used strategies to immobilize
polymers onto the surface of NPs. (A) Grafting-to, (B) grafting-from with B: for R-
approach and B: for Z-approach.

A) Grafting-to

O =Monomer

® = Anchoring group

B) Grafting-from
B,) R-approach

' J.-S ‘ Monomers l -:-S )
‘s Initiator o s

B,) Z-approach

' 3 Monomers ' S0 0g000
5 Initiator S

However, in many cases, grafting-from outperform grafting-to
approaches in terms of obtained grafting density.!2610%10.116.17] Thig difference
can be explained by the steric hindrance effect during the grafting-to process:
the approaching polymer chain is sterically blocked by the grafted polymer
chains as well as by binding site masking via random coil formation of the
approaching polymers.l%>101 The grafting-to approach often shows chain
length dependence and performs better with shorter polymer chains.[107.118]
Other challenges for grafting-to approaches are the ligand exchange process
and the efficiency of the anchoring chemistry. The reader should keep in
mind that the surface properties of NPs differ strongly from their bulk
counterpart, mainly due to the protection ligand from the synthesis.
Oftentimes, choosing NPs with suitable ligand and solvent combinations is

the key to a successful polymer-ligand exchange.

Notably, the molecular design of the attached RAFT agent plays a critical
role when it comes to polymerization characteristics of the grafting-from
approach. If the RAFT agent is coupled to the surface via its R-group (R-group

approach), the polymer chains grow while being attached to the surface. The
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propagating radical is located at the solvent-facing polymer terminus,
thereby able to readily engage with monomers and RAFT agents in the
solution during the whole polymerization process, even at high molecular
weights (Scheme 2-2 B). Consequently, high monomer conversion and
narrow polymer dispersity of the grafted polymer can be achieved.[®¢108115]
Concerns could arise due to the termination between surface-bound radicals
(both inter- and intra-particle termination). However, since an excess of free
RAFT agent is often added to the polymerization mixture, the termination
reaction is then dominated between the solution radicals.!"! Similar to the
solution polymerization without NPs, the amount of initiator must be
controlled to avoid the formation of termination product on the surface-

120l which precludes further polymerization to longer

grafted polymer shell,|
polymers or BCPs. An important advantage brought by R-approach is that
the RAFT moieties will stay on the outward-facing chain termini of the
surface-grafted polymer brushes which can be utilized for further

modifications.

In contrast, if the RAFT agent is anchored via the Z-group (also called
transfer-to), the thiocarbonylthio groups are permanently attached to the
surface during and after polymerization. This means that radical chain
propagation and termination only occur in the solution. This approach only
allows active radicals to recombine back onto the surface-grafted Z-groups,
giving the advantage of avoiding the anchoring of any terminated product
(Scheme 2-2 B).[" However, since the recombination of polymer radicals
with the surface RAFT Z-groups has a similar steric issue as the grafting-to
approach, in practical, R-group approaches are often favored over Z-group
approaches, especially for longer polymers.[108109120.21] Eyrthermore, for the
first step of anchoring RAFT agents onto the surface, the R-group offers easier
access to introducing anchoring moieties over the Z-group.™ Also, the Z-
group approach locates the thiocarbonylthio group directly on the surface of
the NPs, which comes with a potential risk of chain stability loss due to

hydrolysis or aminolysis of the RAFT agent.[2?!

In summary, understanding the mechanism and character of each

approach is necessary for the successful design of the experiment. The
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approach of introducing polymer shells on the surface of NPs must be chosen
according to the specific type of NP including its surface ligands and solvent

conditions.

2.3 NIR luminescent Egyptian blue nanosheets

2.3.1 From the earliest artificial pigment to the NIR fluorescent

nanomaterial

Flashback to 2600-2480 B.C., blue is the divine color for ancient
Egyptians to express their gods and universe. Since blue pigment was
extremely rare in nature, the ancient Egyptians synthesized the earliest
artificial pigment - “Egyptian blue” (EB). This pigment was extensively used

in that era until the end of Roman times.[123124]

The initial encounter of this pigment with modern scientists dates back
to the 19" century, during excavation at Pompeii. In 1959, the crystal
structure of CaCuSisOi0 (main composite of EB) was first revealed by
Pabst.[?l Using X-ray diffraction experiment, CaCuSisOio was identified asa

125-127] Tn 2000, Pozza. et. al. discovered an

silicate with a layered structure.!
intriguing property of EB: it possesses NIR photoluminescence with emission
at ~ 920 nm and a broad excitation band covering 450-700 nm.[?8! This trait
provides archaeologists and museum scientists access to identify painting
material in cultural heritage in a non-invasive manner.'?°! Later, Accorsi et.
al.’3% determined an exceptionally high quantum yield (> 10.5%) and a long

lifetime (107 ps) of this NIR luminescence.

Based on the nature of its layered crystal structure, in 2013, Johnson-
McDaniel et. al.!B! established a method to exfoliate EB into nanosheets

(EBNS), generating a new avenue of EB for the nano-applications.

2.3.2  Properties of the CaCuSisO1o crystal
Egyptian Blue consists mostly of crystalline CaCuSisOio that contributes
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to the blue coloration and NIR photoluminescence properties. In this section,
the properties of the CaCuSisOip including its crystal structure, energy levels,

and the origin of its color as well as PL features will be reviewed.

As shown in Figure 2-4, CaCuSi4Oyp is a phyllosilicate (layered silicate)
with a tetragonal structure in P4/ncc space group (gillespite structure).
Within one unit cell, [SiO4]-tetrahedra are linked as two [SisO20] sheets. A
copper ion is coordinated by four O-atoms from the unshared corners of
[SiO4]-tetrahedron in a square planar (D4n) symmetry, and builds a silicate

layer parallel to the (100) plane. Calcium ions are located between the silicate

layers coordinating midway with eight oxygen atoms and holding the layers
1 [125,126]

togethe

A

Figure 2-4  Crystal structure of CaCuSisO10 viewed (A) along a-axis to display the

layered silicate structure and (B) along c-axis to demonstrate Dan coordination of
copper ions. Black, blue, and gold balls represent Ca, Cu, and O ions, respectively.
Box with dashed borders represents the tetragonal unit cell. These figures are
illustrated using data from Bensch and Schur*?®! (Crystallography Open Database
ID: 8103941).

The blue color of CaCuSisO10 comes from the Cu?* ions with 3d® outer
electron configuration (?D state). If placed in an octahedral ligand field (On),
the 2D state splits into 2T and 2E; states. Due to the lattice constraints and
the Jahn-Teller effect, the ligand coordination is distorted into D4, symmetry
causing a further splitting of 2Tz into 2Eg + 2Bag, and 2Eg into 2Aig + 2Big
(Figure 2-5). The 2Bi; — 2By (~800 nm), 2Big ~ 2E; (~ 630 nm) and
2Big — 2Ajg (~ 540 nm) transitions have green to red absorption, resulting in

a blue coloration for EB. The NIR luminesce of CaCuSisO1o originates from
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the emission of the 2By, — 2Bjg transition (centered at 910 nm) with a wide
stoke shift over 1000 cm™. Notably, all above-mentioned electronic
transitions are intra-configuration (d-d) thus parity forbidden. The
transitions are actually forced by vibronic coupling between the asymmetric

lattice vibrational modes and the electronic transitions. Furthermore, this

vibronic coupling has the boarding effect for the transition bands.27128l

Figure 2-6 shows the excitation/absorption and emission spectra of EB. This

luminesce possesses an exceptionally long lifetime (107 ps, probably due to

the symmetry prohibition) and an extremely high quantum yield of 10.5%.3°!
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Figure 2-5 Energy levels diagram of Cu?* ion with Dan ligand field in CaCuSisO10
lattice and the corresponding transitions. This figure is recreated based on the

works of Pozza et. al.*?8! and Warner*?7],
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Figure 2-6  (Dotted line) absorbance, (dashed line) excitation with the maximum
at 637 nm, and (solid line) emission spectra of EB bulk material. Inset:
luminescence decay (107 ps, determined with excitation at 637 nm). Adapted with

permission from reference*3%, copyright 2009 Royal Society of Chemistry.

2.3.3  Nanoscience of Egyptian blue

The research of EB in nanoscience began in 2013, Johnson-McDaniel et.
al. reported that CaCuSisOio crystals in EB can be delaminated into two-
dimensional nanosheets by stirring EB pigment in water at 80 °C for several
days. Transmission electron microscopy (TEM) (Figure 2-7 A) shows the as-
obtained EBNS have a lateral size distribution from several hundred
nanometers to several micrometers. The selected-area electron diffraction
(SAED) pattern confirmed the crystals structures of EBNS: the pattern can be
indexed to the (200) and (020) reflections with zone axis of [001]. Powder
X-ray diffraction (XRD) data reveals the preferred orientation along {00!} and
the cleavage along the (001) plane indicated by the diminished {hkO} peaks
(marked peak in Figure 2-7 B). The EBNS still maintains the PL behavior
from its bulk material (Figure 2-7 C). Notably, compared with bulk EB, the
excitation spectra of EBNS shows a reduced intensity at 540 nm
(corresponding 2Big — 2Aig in Dan environment from Cu?*) indicates the
decreased vibronic coupling in the 2D system. The author also points out that
the increased temperature is a vital parameter for this approach: the
e 131132]

delamination is insufficient at room temperatur
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Figure 2-7 (A) TEM image of as-exfoliated EBNS. Inset shows the SAED pattern
captured at interplanar angles of 90°. (B) Powder XRD data for EBNS (black line)
compared with commercial EB pigment (blue line). (C) Excitation and emission
spectra of EBNS (black solid line) and commercial bulk EB (blue dashed line) in
powder state. Adapted with permission from reference®%, copyright 2013

American Chemical Society.
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3

Silica-coated Magnetite Nanoparticles
carrying a High-Density Polymer Brush
Shell of Hydrophilic Polymer’

3.1 Preface

Integrating the properties of magnetite nanoparticles (MNPs) and high-
density polymer brushes in one structure requires sophisticated synthetic
designs and effective chemical approaches. In this work, a simple and
versatile strategy is presented for the fabrication of hydrophilic-polymer
capped magnetite-core-silica-shell nanohybrids with a well-defined
structure employing reverse microemulsion technique and RAFT
polymerization. The high-density polymer brush allows a precise patterning
of the magnetic nanohybrids with tunable interparticle distances ranging
from 20 nm to 80 nm by controlling the polymer size. The high structural
precision provides a near stand-alone state of the MNPs in the nanohybrids
with effectively inhibited magnetic interaction as shown by SQUID

(superconducting quantum interference device) measurements.

Possessing inherently favorable superparamagnetic properties,
magnetite nanoparticles (MNPs, <20 nm) have attracted much research

interest over recent years for extensive applications, e.g. magnetic resonance

133-138 [139-141] 146-149]

imaging,>138] drug delivery, tumor treatment, 4] catalysis,|

T Adapted with permission from Cai, Y.; Peng, W.; Demeshko, S.; Tian, J.; Vana, P. Macromolecular
rapid communications 2018, 39, 1800226. Copyright 2018 John Wiley and Sons.
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[150-152] [153,154]

magenetolithography, and water purification. In biological

systems, dispersibility, the arrangement, and the interaction between MNPs

144,155]

play an essential role in general performances.| In magnetic

hyperthermia, reducing the magnetic interaction can efficiently avoid the

144] Surface modifications of nanoparticles

decrease of heating performance.!
are inevitably important to control and optimize these factors. Silica
coatingl86161571  of  MNPs provides a chemical stable and
biocompatible[3>B8158] approach. Beyond its encapsulative protection, the
silica shell gives convenient access for chemical and biological

[159.160] " Fynctional

functionalization for various clinical applications
polymers are heavily investigated over the last decades and have found
numerous applications in nanotechnology. Applying polymer brushes as
macromolecular coating provides several advantages. In general, a polymer
brush shell enhances the colloidal stability of nanocomposites and offers
better and tunable dispersibility in different solvent systems. For in vivo

applications, the polymer shell often provides stealth characteristics,!>

16l Increasing interest

reducing immunogenicity, toxicity, and degradation.
has been focused on the integration of different functionalities into one
precise single nanostructure. In this context, a general reproducible synthetic
pathway to fabricate a well-defined polymer functionalized one-to-one

magnetite-silica nanostructure is highly desirable.

Previous studies[®®7l

have shown that polymer-brush-grafted
nanoparticles can self-assemble in a 2D hexagonal pattern on the nanoscale
with tunable interparticle distance, if the polymerization is conducted in a
controlled living manner. To obtain a well-defined polymeric brush on the
silica surface, surface-initiated reversible addition-fragmentation chain

transfer (SI-RAFT) polymerization!®!

was chosen. This technique allows us
to precisely control the molecular weight of the grafted polymer with narrow
molar mass distributions. Our approach also provides an inherent
trithiocarbonate end-group functionality at the polymer chain termini which
could be used for further noble metal nanoparticle attachment!”>”3! or thiol-
ene chemistry('92164l which could completely be removed!'®! depending on

the situation.
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3.2 Results and discussion

Scheme 3-1 Synthetic scheme for the preparation of high-density PNIPAM-
grafted MNP@SiO2 nanohybrids.

0.
Silica-coating (@) 5l MK NIPAM
o ) —oH —m b — )
Reverse 7 Radical
~8 nm : - R
microemulsion (2) polymerization
MNP
method One-ti RAFT d
ne-to-one — 7 cappe
: activated” RAFT :
MNP@SiO, MNP@SiO, High density PNIPAM
36.0m grafted MNP@Si0,

In the here presented work, we have succeeded for the first time in
preparing perfectly dispersed, well-defined silica-coated MNPs (MNP@SiO>)
grafted with a hydrophilic high-density polymer brush (Scheme 3-1). For our
study, oleylamine capped MNPs!'®l (79 +1.9nm) from a thermal

decomposition method/'¢”!

were chosen as typical superparamagnetic cores.
We exploited the reverse microemulsion method!8¢3157] to obtain first the
silica-coated MNPs. This method enables a precise one-to-one encapsulation
of MNPs with silica and fine control of the shell thickness on the nanoscale
(13.9 + 2.1 nm in this work). The size of MNP@SiO: is controlled to be above
30nm (35.7+ 3.7 nm) in consideration of potential applicability for
intravenous medical applications.!> Applying SI-RAFT polymerization
from MNP@SiO2 nanoparticles requires an efficient covalent loading of
RAFT agents on the surface. We employed a two-step reaction by first
modifying the surface of MNP@SiO2 with amino moieties via an aminosilane
and subsequently adding a RAFT agent that carries a mercaptothiazoline
group, which effectively anchors to the surface-bound amino group (Scheme
3-1). N-isopropylacrylamide (NIPAM) was chosen as a reference monomer for
the SI-RAFT polymerization because of its hydrophilicity, temperature-
responsive properties (LCST with the occurrence of a hydrophilic to
hydrophobic transition),'®8] and the feasibility for in vivo applications.!'°]
The SI-RAFT polymerization was performed in dioxane with “sacrificial” free
RAFT agents.?! Further polymerization conditions with the corresponding
molecular weight of the free polymer are summarized in Table 8-1 (Section
8.3). This protocol was found to be very efficient and reproducible, even

complete drying and high-speed centrifugation treatment cause no problems
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for redispersing the RAFT-modified MNP@SiO2 nanoparticles in dioxane.
We cleaved the nanoparticle-grafted polymer by dissolving the MNP@SiO-
with HF solution and confirmed the molar mass control for the surface-
initiated polymer chains (Figure 8-4) for sample I and the consistence of
chain lengths between free and grafted polymers’"'%l.  From
thermogravimetric analysis (TGA, Figure 8-11), the polymer grafting density
was determined to be 0.50 chains per nm?, which is in the concentrated-
brush regimel”), The PNIPAM-grafted MNP@SiO> can be perfectly
dispersed in many polar solvents, e.g., chloroform as shown by DLS
measurements (Figure 8-5). Simultaneously possessing uniform polymer
chain length, monodispersed particle geometry, high grafting density, and
perfect dispersibility, a self-assembled hexagonal pattern of MNP@SiO2
nanoparticle with distinct spacing (Figure 3-1) on carbon film can be
achieved by simply drop-casting the nanoparticle from chloroform onto a
TEM grid. The average interparticle distance was extracted from TEM images.
Figure 3-2 shows its relationship with the number average molar mass M, of
free polymers. This dependence is comparable with our previous results!®]

on gold nanoparticles using a grafting-to approach.

: . "
=
Figure 3-1 TE micrographs of PNIPAM-grafted MNP@SiO2 for samples | to V.
MNP@SiO; are found in hexagonal patterns with distinct spacing. TEM images with

lower magnification are shown in Section 8.3.
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Figure 3-2  Average interparticle spacing in dependence of PNIPAM-grafted
MNP@SiO, samples | to V vs. M, of the free polymers.

Magnetic characterization of the resulting core-shell particles was
performed using a SQUID (Figure 3-3). Owing to the well-defined structures,
we were able to accomplish a coherent study of the influence of silica coating
and polymer brush size on the magnetic properties and the interparticle
magnetic interaction. Figure 3-3 (a) shows no observable hysteresis loop
indicating a superparamagnetic behavior of all the samples at room
temperature. The specific saturation magnetization (Mg ample) decreases
significantly when going from pure nanoparticles to silica-coated and finally
to polymer-brush coated particles. However, if we normalize M; to the mass
of the MNPs cores, MO the value for MNP@SiO> (60.5 emu - g') matches
very well with that of the uncoated MNPs (61.0 emu - g), showing that the
decrease in the “apparent M;” simply originates from the decreasing mass
ratio of magnetite when covered with silica and grafted polymer. The zero-
field-cooled/field-cooled (ZFC/FC) curves give insight into the interaction
between MNPs in different samples. The significant broadening of the ZFC
peak in Figure 3-3 (b) for the unfunctionalized MNP is not mainly caused by
inhomogeneous particle size distribution, but by magnetic interactions
between the particles.[”! Once the MNPs are coated with silica or further
capped with polymer brush, the ZFC peak becomes narrower and the FC
curve at low temperature (< 50 K) becomes convex. Both changes indicate a

reduced interaction between MNPs as a consequence of their greater
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distancel”l. At blocking temperature (Tg), the transition between
superparamagnetism and blocked state occurs. In general, Ts decreases with

S 172

increasing interparticle distances of the MNPs.['72 T decreases significantly

from 72 K of unfunctionalized MNPs to 33 K for both coated MNPs. These
results consist well with the announcements from a computational study!”,
The magnetic dipole interaction can be neglected if the MNPs are fixed in
the matrix and separated from each other by a distance larger than three
times their diameter (diameter = 7.9 nm, distance between MNPs > 30 nm,
in our case). The above results impressively demonstrate that the magnetic

dipole interaction of the MNP cores is very effectively reduced to a negligible

level.
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Figure 3-3 (a) Magnetization for MNP, MNP@SiO,, and PNIPAM grafted
MNP@SiO; (sample 1) at room temperature. The saturation magnetization is read
as 61.0, 1.75, and 0.56 emu - g~ for mass normalization of the samples. (b) ZFC/FC

measurements of the corresponding sample at H = 100 Oe.
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33 Conclusion

In conclusion, we reported a straightforward and easy synthesis of a well-
defined high-density hydrophilic PNIPAM brush-grafted MNP@SiO2
nanohybrid with perfect dispersibility obtained by a reverse microemulsion
method and SI-RAFT polymerization. We demonstrated the self-assembly
ability of forming an ordered pattern of magnetic nanoparticles on the
nanometer scale with tunable interparticle distances. SQUID experiments
proved that magnetic interactions between MNPs are significantly reduced
by a sufficient one-to-one silica coating and the subsequent polymer

shielding.
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Scalable Production and Surface
Functionalization of NIR Luminescent
Egyptian Blue Nanosheets

4.1 Preface

NIR fluorophores are emerging as a preferable tool for a wide range of
applications in biomedical,”#17¢ photonic, and optoelectronic fields.'77-180]
Compared with conventional fluorophores, NIR fluorophores with emission
in the range of 650-1450 nm benefit from minimized light absorption,
reduced scattering, and autofluorescence from samples or environments,
thus perform significantly improved signal-to-noise ratios.74176181  Of
particular interest is applying NIR fluorophores as sensing or imaging agents
in biomedical environments for the excellent tissue penetration performance
of NIR photons. These substantial advantages initiated an explosion of

interest in developing diverse NIR fluorophores, such as organic dyes!'82183]

[184]

metal complexes quantum  dots!8>18]  single-walled  carbon

1871881 ' and lanthanide-doped nanoparticles.!”417] Many of these

nanotubes!
intensively-studied NIR fluorophores have inherent critical drawbacks: the
organic fluorophores suffer from photobleaching, the quantum dots contain
highly toxic elements (e.g. cadmium, lead, arsenic)!8186] single-walled
carbon nanotubes have very low quantum yields!'®?), and lanthanide-doped
particles often combine biotoxicity with low quantum yields!°l. With the
quick development of NIR applications, the demand for a high-performance,

cost-effective, and versatile NIR luminescent material rises rapidly.

Egyptian blue (EB, CaCuSisOo) is the oldest (2600-2480 B.C.) artificial
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pigment invented by ancient Egyptians for the presentation of their
divinities.!'”3] Besides its intensive blue color, EB also exhibits a strong and
broad near-infrared photoluminescence (excitation ~ 630 nm / emission
~910 nm) with exceptionally high quantum yield (10.5%), high
photostability, and a very long luminescent lifetime (107 ps).[2% Besides the
outstanding photoluminescence behaviors, its disparate low cost (~ 2 $/g
from pigment seller) makes EB and its copper silicates family (BaCuSisO1o
and SrCuSisOip) potential replacements for the expensive synthetic NIR
materials for many modern applications. For example, Lewis et. al. used
mechanical milling to produce micrometer-scaled EB particles as NIR

fingerprint dusting powder to be unitized in the forensic application.!°!

Inconceivably, this ancient pigment still remains idle for modern NIR
fluorescence applications. This unsatisfied situation is caused by two big
obstacles: (i) Cracking down the size of EB into nano-level is inevitable for
many applications which demand homogenous distribution of fluorescent
materials in diverse solvents or matrices. (ii) The exceptionally high chemical
resistance of EB hampers the study of its surface modification, which is vital
to any advanced application scenario with requirements on the specific
surface features. For example, the fluorescent nanomaterials used in bio-
imaging often need to be surface-modified in order to adjust the
physicochemical properties and for introducing biomolecules for specialized

targeting.

The nanoengineering of EB started in 2013. Based on the crystal
structure of EB (layered silicate), the Salguero group established a protocol
to exfoliate EB bulk material into nanosheets by simply stirring EB in hot
water using a glass stir bar for at least five days. The yielded EB nanosheets
(EBNS) showed a thickness of several nm and a lateral diameter up to several
um.B A sonication method was also applied by the Salguero group to
exfoliate BaCuSisO10 and SrCuSi4Oio, since the exfoliation rate of these
layered silicates was found to be too low in hot water.[32! Very recently,
Selvaggio et. al. applied this sonication method to produce EBNS.[2I
However, all methods so far can only generate EBNS on mg scale and require

a long fabrication time. This awful production efficiency hampers the
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accessibility and usability of EBNS and extinguishes the economical utility
from the bulk material. Also, the abovementioned methods lack the control
on the dimension of EBNS which is crucial for modern nanoengineering:
these EBNS have a very broad size-distribution containing large nanosheets
up to several pm, which is unsuitable for e.g., in vivo applications, where
larger particles (> 1 pm) must be strictly avoided to prevent blockage at the
injection site. Salguero reported that the lateral dimension of these
nanosheets, produced both from stirring and ultrasonication, roughly
correlates with the crystallite size in the bulk starting material.[*¥ It is clear
that the low energy input in these two methods can only separate the weakly
bonded silica layers, while being ineffective for cracking down the covalently
bonded structure in the lateral silicate layers of EB.
Scheme 4-1 Fabrication strategies applied in this thesis with the corresponding

illustrations and photographs of (1) EB bulk material and (ll, Ill) EBNS from different

fabrication approaches.
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This project targeted to overcome all aforementioned shortcomings and
develop a new application-oriented nanoengineering concept that fully
exploits all the benefits of EB. The early stage of this project was focused on
the effective production strategies of EBNS (Scheme 4-1): First, EBNS were
produced using the protocol from Salguero’s work by using a glass stir bar.
Aimed at simultaneously increasing the production rate and enhancing
cracking performance, the stirred media milling technique is introduced
here to achieve a mass production (60 g) of EBNS within 6 hours. Owing to
the high milling energy, the dimension of EBNS can be further reduced to

reach a lateral size of ~ 90 nm and thickness ~ 2 nm, as confirmed by TEM
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and AFM. Also, the NIR photoluminescence (PL) measurements were
conducted to compare the fluorescence intensity of EBNS from both
methods, revealing a decreased tendency of fluorescence intensity by
reduced nanosheets’ size.

Scheme 4-2 lllustration of the silica-coating and functionalization strategies on
EBNS applied in this thesis.

A oH B NH E o
Silica coating / / - ~13nmAuNPs o 4 U ,/
- . _ . o
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Silica-coated NH, modified AuNPs capped
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§ o]
(o} S/\?‘)K/XS\H/S\CUH]S
D \— CNs
SI-RAFT RAFT
polymerization /
PNIPAM / MMA =
EBNS carrying high-density RAFT agent modified
polymer brushes EBNS-silica

The second goal of this project is the development of surface
modification for EBNS, since no surface chemistry on EB has been reported.
A general strategy to fabricate silica-coated EBNS is demonstrated in this
project by using an optimized Stober process (Scheme 4-2 A). The outer
silica shell provides the benefits of present versatile well-known chemical
and biological functionalization.[”® Notably, for biological systems, silica
shells can suppress the potential adverse effects from copper ions!!419¢]
without screening the excitation and emission photon owing to its high

transparency in visible and NIR regions!°®l,

Finally, dense polymer brushes are brought onto the surface of silica-
coated EB via SI-RAFT polymerization (Scheme 4-2 B-D). The surface-
bound functional polymer brings favorable surface properties to EB such as
dispersibility and enhanced colloidal stability in a wide selection of the
solvent/matrix environments. Here, hydrophilic PNIPAM and hydrophobic
PMMA are both successfully formed on the surface of the silica shell for EBNS.
The good match of refractive index (RI) between PMMA, silica, and EBNS
significantly reduced the unfavored light scattering process and thus
enhanced the PL performance of the PMMA grafted EBNS material.
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4.1 Development of high-efficient fabrication strategies for

Egyptian blue nanosheets

In the early stage of this project, the literature-known methods are used
for producing EBNS. However, during this stage, several critical drawbacks of
the present methods were found (Section 4.1.1). With the aim of solving all
the drawbacks simultaneously, a modern ball-milling technique is applied to
achieve rapid fabrication of EBNS with a much smaller size (Section 4.1.2).
However, the PL measurements indicate degeneration of emission intensity
with decreasing size of EBNS. This new insight brings consideration to
choosing a suitable size of EBNS for actual application scenarios (Section
4.1.3).

4.1.1 Reproducing and analysis of present methods for fabricating

Egyptian blue nanosheets

First, the production of EBNS using the protocol from Salguero’s
work["”! was conducted. The exfoliation of EB is accomplished by stirring EB

197] The formation of

bulk material in 80 °C water with a glass stir barl
nanosheets was confirmed: After 2 weeks of stirring, a milky blue dispersion
of EBNS (Scheme 4-1I) was obtained with good colloidal stability. The dried
product displays pale blue-gray color (Figure 4-10 A). The reduced intensity
of coloration in comparison with bulk material probably originates from the
increased light scattering due to reduced particle size. TEM measurements
(Figure 4-1) show the successful delamination of EB into 2D structures with
a wide distribution of lateral dimension from 10 nm to 2 pm. Nanosheets
(Figure 4-1 b-c) with crystal structures (SAED pattern, Figure 4-1 inset) and
amorphous/polycrystalline byproducts (Figure 4-1 d) were observed in the
sample. AFM measurements further confirmed the 2D structure of EBNS and
determine the thickness of nanosheets as 4.1+2.9nm (Figure 4-2).
Interestingly, the thickness of EBNS is almost uncorrelated with its lateral
dimension. However, the statistic evaluation of lateral size is difficult using

nanoscopic methods due to its very broad distribution. The size distribution
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of EBNS from an exemplary micrograph (Figure 4-2) was conducted and
gives a value of 161 + 108 nm. Notably, this value cannot represent the whole

sample.

Figure 4-1 TE micrographs of exfoliated EBNS-GS in (a) lower and (b-d) higher
maghnification. (b, c) The crystal structure of EBNS with few layers on a lacey carbon
film. (d) Some amorphous/polycrystalline parts attached to the nanosheets. Inset:
SAED pattern of EB-NS crystal.
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Figure4-2 (A) AFM images of exfoliated EBNS-GS on a silicon wafer. (B)
Thickness, and (C) lateral size distributions are evaluated from this image.
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It is worth mentioning that a significant amount of glass nanoparticles
is present as contamination in the product (~ 20 wt%), originating from the

abrasion of the glass stir bar. As a proof, an additional blank experiment
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without EB was conducted, that is, only a glass stir bar in hot water, and found
that a colloid of glass nanoparticles in the range of 100 nm to several pm was
formed already after 3 days of stirring (Figure 4-3). The tip-sonication
method, on the other hand, yielded a black-colored dispersion with heavy
contamination of nano-sized steel particles from the steel-made tip. Both
glass and steel contaminations were unable to be chemically removed
without damaging the EB (e.g., using HF) and could not be physically
separated by centrifugation or filtration. It is known that the EB crystal is a
very hard material (~ 5 Mohs scale!®®). In this regard, glass and steel are not
suitable as contacting materials for EB. The main cause of the heavy
contamination and the large size of the nanosheets should be the imperfect
choice of the contacting materials and an insufficient application of energy

for the cracking-down process.

D -

Jp@-«;‘—___
11

Figure 4-3  TE micrograph of glass nanoparticles formed by stirring glass stir bar
in 80 °C water for 3 days. Scale bar: 500 nm.

4.1.2 Scalable production of Egyptian blue nanosheets using stirred

media milling

For the scalable production of EBNS, high-energy ball milling was
applied using Y>Os stabilized ZrO> as grinding media.l”?2%! In the realm of
powder engineering, ZrO: is widely used as standard milling material,
because of its high hardness and non-toxic nature. A wet-milling process in
aqueous media was chosen here based on the physiochemical insight into the
EB exfoliation, in which part of the weakly bonded interlayer Ca?* ions need
to detach from the crystal, causing the separation of the silicate layers. In this

process, water should play an important role, because of its solvation power.
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Stirred media milling approach was chosen for the milling

199,201.202] that offers several advantages for EBNS production. As

procedure,!
one of the most efficient methods for producing both organicl?%3-2 and
inorganic(1?2% nanoparticles, stirred media milling has found widespread
use, e.g., in the field of pharmaceuticals, food industry, and ore processing.
Compared to vibration mills or planetary ball mills, the stirred media milling
method has a high potential for upscaling.[2°6-298] These mills are typically
operated in circular mode, i.e., the suspension is pumped within a circuit
through the grinding chamber. Inside the chamber, the grinding media is
intensively agitated by the stirrer, causing the particles to be ground through
the applied high-stress intensities. Continuous grinding is ensured by

retaining the grinding media with a suitable separating device at the outlet.

In the present work, a state-of-the-art laboratory stirred media mill
(PML-II, Bithler AG) was applied for this system, which provides high milling
energy and the whole grinding environment is consisting of wear-resistant
materials. In a typical run, around 60 g of EBNS was able to be produced
using a two-step milling process. In the pre-mill step, the EB feed material
was ground to ~ 1 pm, as indicated by laser diffraction analysis. In the fine-
milling step, smaller milling beads were used with increased circumferential
speed. The hydrodynamic radius of the EBNS was monitored during the fine
milling process by dynamic light scattering (DLS) until the hydrodynamic
diameter reaches a plateau of ~ 250 nm (Figure 4-4). A homogenous light-
blue colored EBNS colloid was obtained (Scheme 4-1 III) with excellent
dispersibility in water. The EBNS colloid can be stored over several months
with only little amounts of precipitation, which can be completely
redispersed within seconds by bath-type sonication or agitation. The EBNS
can be easily collected by centrifugation or filtration and redispersed in water
or ethanol even after drying in the oven. It is worth mentioning that the
supernatant of the EBNS colloid is completely colorless after centrifugation,
indicating that no copper ions are released during the milling process. Also,
no significant weight gain was observed after the milling process, indicating
that the milling material is not contaminating the product. The
hydrodynamic size of the EBNS - as found by DLS - was approximately
250 nm, which is typically much larger than the actual size of the
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nanoparticles!?®l. TEM (Figure 4-7 a) and AFM (Figure 4-7 b) were used to
investigate the size and thickness distribution of the yielded EBNS. TE
micrographs demonstrate the impressive small lateral size of the EBNS with
a complete absence of large (> 500 nm) nanosheets (Figure 4-7 a,e). The
statistic evaluation on the lateral size gives a value of 90 + 50 nm by defining
the longest diagonal of the nanosheet as its diameter (the strictest rule). The
relatively low contrast of EBNS in the TE micrograph also indicates the ultra-
thin thickness of the yielded EBNS when comparing it with the ~ 3 nm thick
carbon film substrate. The thickness of the EBNS was statistically determined
via AFM measurements to be 2.6 + 0.6 nm (Figure 4-7 b,f), indicating

effective delamination of the EB crystals.
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Figure 4-4 The hydrodynamic diameter of EB during the milling process as
obtained via laser diffraction analysis and DLS. The black line is the pre-milling

stage and the red line is the fine-milling stage.

4.1.3 New insights into the size-dependent photoluminescence

performance of Egyptian blue nanosheets

Photoluminescence spectroscopy was performed to investigate the PL
performance of EBNS yielded from diverse fabrication methods. Under the
excitation with a wavelength of 637 nm, emission spectra were recorded, for
EBNS from exfoliation in hot water with glass stir bar (EBNS-GS), EBNS
produced with stirred media milling (EBNS-SMM), and two commercial
pigment samples of EB bulk materials with different size (EB-120pum and EB-
10pm, sizes are provided by pigment seller) for comparison (Figure 4-5).
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Surprisingly, the emission of EB shows unexpected degeneration when the
size of EB decreases. The extremely strong emission from EB-120pm is
reduced to only ~ 20% for EB-10um. For EBNS-GS, it remains only ~ 1% PL
intensity compared with EB-120um (despite still luminating). The final
product from the high energy milling (EBNS-SMM) has lost most of its PL

intensity and no emission peak can be detected using the applied set-up.
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Figure 4-5 Emission spectra of (A) EBNS-GS, EBNS-SMM, and (B) EB bulk
materials with the size of 120 um and 10 um. All samples are in powder state and

measured with the same coverage area.

To understand this unexpected size effect on the PL performance of
EBNS, the mechanism of NIR emission of EBNS is revisited to find a
reasonable explanation. The emission of EB originates from a d-d transition
(?B2g — 2Byg), which is parity forbidden but forced by the vibronic coupling
between the electronic transition and the asymmetric vibrational modes in
the lattice (more details can be found in Section 2.3). Since the number of
vibrational modes is related to the size of lattice, a decreased size of EB ought
to reduce the coupling between the lattice vibrational modes and the

electronic transition, causing the degeneration of emission.

Now, we have seen a de facto paradox for EBNS: the final product from
stirred media milling matches the size requirement for in vivo application
while losing most of its NIR PL property. The new insight into the size-
dependent NIR luminescence should never be underscored for designing any

nanomaterial with EB for PL applications. The stirred media milling
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technique still provides a facile approach for quick mass production of EBNS
with controllable size. Furthermore, the mechanism on the size dependence
must be elucidated to guide the nanoengineering on the fabrication of EBNS

with envisioned PL performance.

4.2 Surface functionalization on Egyptian blue

nanosheets

The absence of chemistry on the EBNS surface is another critical
shortcoming of EBNS for diverse tasks. Silica-coating approach is chosen for
the EBNS modification, in order to facilitate its versatile and well-studied
chemical and biological functionalization options (details see Section 2.1.2)
Here, a quick and straightforward method to fabricate silica-coated EBNS is
established based on the Stober process!, for both EBNS-GS and EBNS-
SMM. The silica coating procedure is optimized for EBNS to achieve a thin
silica shell without much increase of the lateral size. The major challenge
here is to avoid any aggregation of EBNS during the silica-coating reaction.
First, EBNS must be perfectly dispersed into an ethanol solution containing
tetraethyl orthosilicate (TEOS) and ammonia with the aid of sonication.
The concentration of EBNS must be kept low (0.2 mg/mL), in order to
achieve a perfect long-term dispersion of EBNS during the coating process.
The formed silica-coated EBNS can be purified by centrifugation-
redispersion cycles to remove any excess reactants and was finally dispersed

in water.

TEM images display decisive evidence of the silica-coating of EBNS: The
edges of the nanosheets become significantly smoother after coating (Figure
4-6 for EBNS-GS; Figure 4-7 and Figure 4-8 for EBNS-SMM). The obtained
silica-coated EBNS-SMM possesses a slightly increased lateral dimension of
110 + 50 nm and a thickness of 7.2 + 1.8 nm (Figure 4-7 e-f, determined by
TEM and AFM, respectively). It should be noted here that using this
approach, the thickness of EBNS can be controlled by the dosing of TEOS.

Furthermore, the blank probe with the same reactant without EBNS gives

39



only ~ 20 nm silica nanoparticles (Figure 4-6 d), which is not present in the
silica-coated EBNS sample. These lines of evidence confirm the silica-shell
formation on the surface of EBNS.
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Figure 4-6 TE micrographs of (a) EBNS-GS and (b) silica-coated EBNS-GS. The
significant difference in edges indicates the formation of silica shell. (c) Lower
maghnification overview of silica-coated EBNS-GS. (d) Blank probe without EBNS
gives only ~ 20 nm silica nanoparticles.
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Figure 4-7 (a,c) Representative TE-micrographs and (b,d) AFM images of EBNS-
SMM and silica-coated EBNS-SMM. The edge of the nanosheets becomes
smoother after silica coating (TE-micrograph with higher magnification in Figure
4-8). (e) Lateral size distribution of EBNS (90 * 50 nm, n = 547) and silica-coated
EBNS (110 + 50 nm, n = 182), determined by TE-micrographs. As mentioned in the
text, the largest dimension of each nanosheet is measured for statistics. (f) The
thickness of EBNS (2.6 + 0.6 nm, n =239) and silica-coated EBNS (7.2+ 1.8 nm,
n =185), determined by AFM.

a - -k
Figure 4-8 High magnification TE micrographs of (left) EBNS-SMM and (right)
silica-coated EBNS-SMM. The significant difference of edges indicates the

formation of silica shell. Scale bar: 100 nm.

A further surface modification with polymer brushes on silica-coated
EBNS was also accomplished in this thesis. SI-RAFT polymerization - the
same strategy employed in Chapter 3 - was applied here to introduce high-
density PNIPAM and PMMA brushes to silica-coated EBNS (experimental
details in Section 8.4.2). As shown in TEM images (Figure 4-9), polymer
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shells between EBNS can be clearly visualized, indicating the successful
formation of surface-bound polymer brushes. To the best of the author’s
experience, the unmodified EBNS is only dispersible in protic solvents (water
and ethanol). These polymer shells extend the solubility of EBNS for a large
variety of solvents: EBNS carrying hydrophilic PNIPAM is dispersible in many
polar solvents, including ethanol, water, acetone, chloroform, etc. Meanwhile,
hydrophobic PMMA offers dispersibility in many organic solvents for EBNS,
like toluene, THF, acetone, chloroform. Also, the PMMA-grafted EBNS can
be perfectly dispersed in the PMMA polymer matrix (Figure 8-13).

(A) EBNS-GS-PMMA (B) EBNS-SMM-PMMA (C) EBNS-SMM-@HPAM
M, = 88 kg / mol M, =139 kg / mol M, = 104 kg / mol

00 nm 500 nm

Figure 4-9 TE micrographs of silica-coated EBNS carrying polymer brushes: (A)
PMMA (M, = 88 kg/mol) on EBNS-GS, (B) PMMA (M, = 139 kg/mol) on EBNS-SMM,
and (C) PNIPAM (M, = 104 kg/mol) on EBNS-SMM.

Moreover, polymer brushes bring their favorable functions to EBNS: the
thermo-responsive property of PNIPAM could potentially open the access for
EBNS to many modern nano-applications, e.g., drug-delivery, 421021l

[210-212

hyperthermia, I catalysis,[*>214 and sensing.[2>2"]

Since the NIR luminescence is the major offering of EBNS, PL-based
applications are obviously the core of innovation for EBNS. For designing an
optical composite material, the matching of optical properties, e.g., refractive
index (RI), between each composite is vitally important: A mismatched RI
causes strong light scattering on the interface between the material and
causes a significant degeneration of optical out-put. PMMA is an excellent
optical polymer with high RI (n = 1.4892'8) which matches well with EBNS
(n=1.633 and 1.590!%]) and silica shell (n=1.463[2"]). In this way, Silica
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coated EBNS with surface-bound PMMA is designed to suppress the heavy
light scattering for application as matrix-free material and dispersion in
suitable environments (solvents or matrices with matched RI). In fact,
PMMA functionalized EBNS exhibits significantly improved transparency in
its matrix-free solid state as well as colloidal dispersion in toluene (n = 1.496)
(Figure 4-10). Absorption spectra (Figure 4-11) also show consistency with
this observation: The pristine EBNS in water (n = 1.333) shows only a typical
profile of Rayleigh scattering without any observable absorption peak,
whereas EBNS carrying PMMA display a clear absorption with a maximum at
680 nm with suppressed scattering profile. Since the light scattering process
can jeopardize the light absorption of EBNS for excitation, the PL
performance of EBNS is greatly improved after being modified with PMMA.
Figure 4-12 shows the emission spectra of EBNS-GS and EBNS-GS carrying
PMMA measured with the same coverage area. Even if the latter one contains
much lower EBNS due to the presence of silica coating and polymer shell, it

still displays much stronger PL intensity than pristine EBNS.

Figure 4-10 Photographs of (A) EBNS-GS as powder, (B) EBNS-GS carrying PMMA
brushes (M, =88 kg/mol) in solid state (matrix-free), (C) EBNS-GS in water
(2 mg/mL), (D) EBNS-GS carrying PMMA in toluene (10 mg /mL), (E) EBNS-SMM as
powder, (F) EBNS-SMM carrying PMMA brushes (M, = 139 kg/mol) in solid state
(matrix-free), (G) EBNS-SMM in water (2 mg/mL), and (H) EBNS-SMM carrying
PMMA brushes in toluene (18.7 mg/mL).
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Figure 4-11 Absorption spectra measured by UV-Vis-NIR spectrophotometer of
(A) EBNS-SMM dispersion in water (0.5 mg/mL) and (B) PMMA grafted EBNS-SMM
in toluene (6.5 mg/mL).

1.0 . : . —_—
B EBNS-GS
", 7¢ w4y | - PMMA grafted EBNS-GS
o ° EE“J
08 - uj’unm EDZ" -
5 AR
© 2
P 5° ;“5:
‘B 0.6+ O o i
[ =, @
I3 H
£ %,
— . %,
T 041 T % .
= &
4(—6& o E\_“@
T L =
o § ce o 8,
N % .
S e
g,
o, 0 0% “ﬁ@%ﬁﬁ% »
DL: Fe B P 0o . i e
0.0 ’ T T T T T T T -
700 800 900 1000 1100 1200

Wavelength / nm

Figure 4-12 Emission spectra of EBNS-GS and PMMA grafted EBNS-GS in solid-
state. Measurements are conducted with the same coverage area.

The interaction of fluorescent material with plasmonic nanoparticles
often brings intriguing fluorescence energy transfer affairs which can be used
as sensor applications.[*29-222] Furthermore, the localized surface plasmon
resonance of AuNPs is well-known for their ability to enhance fluorescence

[223-226

strength as the light-harvesting antenna, I'which is also an incentive for
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the case of EBNS. AuNPs can also be used as hot spots for introducing further
functional molecules with sulfur-containing moieties for more advanced
tasks.[227228] For EBNS, a prototype of AuNPs attached EBNS is fabricated as

a proof-of-concept platform for future study on these topics.

For doing so, AuNPs can be attached onto the surface of NHz-covered
EBNS-silica, by taking advantage of the strong aurophilicity of the NH>
groups. First, silica-coated EBNS was surface-modified with NH> groups. The
self-assembly process was carried out by adding a specific amount of citrate
capped ~ 13 nm AuNPs in aqueous sol to the NH>-functionalized EBNS-silica
colloid. TEM images (Figure 4-13) show the successful formation of the well-
defined AuNPs-EBNS nanohybrid. Notably, the distance between EBNS and
AuNPs can be precisely tuned by the thickness of the silica shell between

them.
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Figure 4-13 TE-micrograph of NH2-covered EBNS-silica with AuNPs attached on

its surface. Scale bar = 100 nm.

4.3 Conclusion

In summary, a state-of-the-art method for the mass production of
Egyptian Blue nanosheets is established. For the first time, the size of EBNS
has been reduced to sub 100 nm. The degeneration of PL performance with
reduced size of EBNS is discovered. This new knowledge provides an
important perspective for choosing a suitable size of EBNS for detailed
applications requirements. This work further demonstrated the first

chemical modification of the EBNS surface by coating EBNS with a thin silica
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shell. The silica-coated EBNS is a very flexible platform for introducing
further functional groups, e.g., biomolecules, polymers, or groups for
constructing nanocomposites. Two types of polymers: hydrophilic PNIPAM
and hydrophilic PMMA brushes are introduced onto the surface of silica
capped EBNS, integrating their dispersibility and functions to EBNS. AuNPs

were attached to the surface via a self-assembly process.
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5

Circular Nanopattern of AUNPs Mediated
by Colloidal Self-assembly Process

5.1 Preface

Surface patterned noble metal NPs have been a fundamental tool for
nanotechnology with a wide field of application including sensing,*>!
metal-assisted chemical etching,[®®>” superhydrophobic coating,®®! and
biomedical research.>®-%! The innovation on the surface nanopattern always
brings new intriguing features to the surface properties and induces

breakthroughs in functional surface engineering.

To the date of this thesis, assembly of NPs in diverse geometrical
patterns using a wide range of tools is available including block-copolymer

self-assembly,[22°]

beam-lithography template, 230 dip-pen
nanolithography,!?*!l DNA molds,[?3? polymer-grafted NPs,[0%7180] etc. Using
these methods, a large variety including densely packed monolayers,?3>-23°!
hexagonal-spaced patterns,[6368:69.80.236.237] and 1D linear assemblies![64237-240]
can be achieved. However, these methods were using single NPs as a
patterning unit. The tools to create advanced “nano-pixels” for
nanopatterning barely exist. Here, this thesis created a new type of such

“nano-pixel” unit: circular-patterned AuNPs.
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Scheme 5-1 Schematic representation of fabrication strategy for silica-core—
AuNPs-satellite nanoassemblies and 2D AuNPs nanopattern. PEG-shell on AuNPs is
omitted for clarity.
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For doing this, a very straightforward method to fabricate a ~ 70 nm
circular pattern of ~ 13 nm AuNPs using ~ 46 nm silica NPs as temporary
templates is established (Scheme 5-1). AuNPs covered with PEG brushes
were fabricated by a grafting-to approach using thiol terminated PEG.
Although the strong affinity of PEG onto the surface of silica is well-known
in the literature, 241242l the author first discovered that by mixing PEG capped
AuNPs (PEG-AuNPs) with silica NPs in THF, a core-satellite nanostructure
(Scheme 5-1 II) is formed by a self-assembly process. Once the silica-gold
nanoassemblies are cast on a substrate, the AuNPs tend to arrange

themselves around silica NPs into a 2D circular pattern (Scheme 5-1I1T).

In order to remove the silica NP templates without any disordering of

the precise arrangement of AuNPs, an etching procedure by incubating the
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surface in 10wt% aqueous NaOH solution has been proved to be perfect for
the purpose. The extraordinarily high concentration of NaOH servers two
functions simultaneously. It first provides a high etching performance for
silica NPs. The secondary function for applying a high concentration of
NaOH is to immobilize AuNPs on the substrate: the solubility of the PEG

shell on AuNPs reduces dramatically on high ionic strength.

In this project, the PEG shell on AuNPs fulfills several important roles at
the same time including (i) enhanced colloidal stability, (ii) extended solvent
adaptability for AuNPs, (iii) linker between AuNPs and silica NPs, and (iv) a

protective shield to avoid any movement of AuNPs during the etching process.

5.2 Fabrication of PEG brushes grafted AuNPs

This section focuses on the fabrication of core-shell like structure of
PEG brush capped AuNPs. There is a great variety of methods to introduce
dense polymer brushes onto the surface of NPs. Here, one of the most
straightforward approaches to obtain AuNPs-PEG is applied: an excess of
commercially available thiol terminated methoxy PEG (M, = 6000 g/mol)
was added into an aqueous colloid of AuNPs. The thiol groups have strong
aurophilicity by forming Au-S covalent bonds with a binding energy of
170 kJ/mol.2%3! In this way, thiol end groups act here as effective covalent
anchoring moieties for immobilizing PEG polymer brushes onto the surface
of AuNPs.

Notably, the excess of PEG must be removed before the next step since
free PEG also has a strong affinity towards the surface of silica NPs causing a
passivation effect for silica and potentially jeopardizing the formation of Au-
silica nanohybrids. Multiple (>3) centrifugation/redispersion cycles were

employed here to ensure sufficient purification.

The TE micrograph of PEG-AuNPs is shown in Figure 5-1. It can be
clearly seen that the AuNPs with PEG shells have an increased interparticle
distance. This indicates the formation of a dense polymer shell on the surface

of AuNPs. The purified PEG-AuNPs are stocked under ambient conditions
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and used as a stock solution. The detailed experimental procedure can be

found in Section 8.5.

I=——
100 nm

Figure 5-1 Exemplary TE micrographs of (A) citrate capped AuNPs and (B) PEG
capped AuNPs.

5.3 Colloidal self-assembly of silica-core-AuNPs-satellite

nanostructure

To create an ordered 2D pattern of NPs on the substrate, both
interparticle interaction and substrate-nanoparticle interaction must be
tuned to enable the precise arrangement of NPs. On this topic, surface-
bound polymer brushes offer strong and flexible control for the detailed

interaction mentioned above.[6971:80]

To form a hierarchical core-satellite nanostructure, the connection
between both nanocomponents is vitally important. To the best of the
author’s knowledge, the design of the linker always contains one or more
strong anchoring moieties.l”>7>244 In this project, the adsorption between
PEG chains (on AuNPs) and silica surface serves as the driving force which
guides the colloidal self-assembly process of PEG-AuNPs and silica NPs
under suitable conditions. In other words, no specific anchoring moiety

design is required for self-assembly.

Since the size of silica directly defines the diameter of the circular

pattern of AuNPs, for the optimal patterning performance, ~ 46 nm silica
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with very high roundness was chosen as the template. The self-assembly of
silica NPs and PEG-AuNPs in colloid was conducted in THF at room
temperature by simply mixing and incubation. Parameters including the
ratio of AuNPs to silica NPs, concentration, and incubation time must be
precisely controlled to achieve a well-defined core-satellite nanostructure
without aggregation and unbound AuNPs. In general, long incubation time
(>4 days) and precise dosing of AuNPs are required for a successful self-
assembly process. The ratio of silica/AuNPs is a crucial parameter for the
successful self-assembly process with the best visual appearance of the
yielded nanopattern. Low dosing of AuNPs induces an instant formation of
aggregation, which is caused by insufficient coverage of silica with PEG: the
freesilica surface can further interact with PEG-AuNPs adsorbed on the other
silica NPs forming the cross-linking (aggregation) of the NPs. The optimized

conditions are described in detail in Section 8.5.

After incubation, the colloid is directly drop-casted on a lacey carbon
film covered TEM grid for TEM analysis. Figure 5-2 shows the TE micrograph
of the silica-gold nanohybrid: interestingly, the AuNPs are arranged closely
to the surface of silica NPs in a clear 2D circular pattern. In fact, the
arrangement of AuNPs on the surface of silica should be an isotropic
distribution, as illustrated in Scheme 5-1 II, since no anisotropic interaction
forming a circular arrangement is present in the colloid. It can be also
extracted from the unchanged color of the colloid during the self-assembly
process that the plasmonic coupling between AuNPs is not significantly
present in the colloidal Au-silica nanostructure. This further indicates the
distance between each AuNPs should be much larger than the distance
observed in the 2D TEM images. In summary, the 3D arrangement of AuNPs
in colloid is the only rational picture that supports all the experimental

observations.
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Figure 5-2  TE micrograph of 2D arrangement of silica-Au nanohybrids on a lacey

carbon film covered TEM gird.

The formation of 2D circular distributed AuNPs should be originated
from the interaction between core-satellite nanostructures with the
substrate. As illustrated in Scheme 5-1 111, such positioning of AuNPs could
provide the optimal contact between AuNPs, silica NP and substrate to

minimize the surface energy.

The detailed dynamic process of transition of AuNPs arrangement from
3D (colloidal) to 2D (on the substrate) is highly incentive. Although this
transition cannot be visualized in the frame of this thesis, such dramatic
change indicates a reasonable assumption of mobile of AuNPs on the surface
of silica NPs: the perfect arrangement of AuNPs around silica NPs support
the hypothesis of a surface drifting of PEG capped AuNPs on the surface of
silica. Scheme 5-2 illustrates the pathway of AuNPs moving from the top
position to the final “parking” position. The length of the pathway is 62 nm
exceeding the contour length (at maximum physically possible extension) of
PEG (~ 36 nm for 6000 g/mol, calculated based on the ethylene glycol unit
length of 0.28 nm[?#!). The flexible mobility of the PEG-AuNPs can be
explained by the reversible adsorption interaction between PEG and thesilica
surface. Further evidence and mechanism of this intriguing surface drifting

event must be studied in more detail in the future.
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Scheme 5-2 Schematic illustration to stimulate the pathway of a AUNP moving
from the top position to the final “parking” position.

‘!!' 13 nm

46 nm

&
,

5.4 Optimizing selective etching of silica NPs: perfect

circular AuNPs pattern

The last step between the silica-gold core-satellite nanostructure and
the desired circular AuNPs pattern is the well-controlled etching of silica NPs
without affecting the arrangement of AuNPs. There are several available
options for silica etching, especially for nanoparticles, including HF,[80246]
alkaline solution,!®22471 and even hot water.[2*8! The obvious concern here is
the dissociation of PEG-AuNPs during the etching process for its excellent
water dispersibility. This concern turns out to be the real challenge: attempts
made with 1 wt% NaOH, which is a widely-used protocol for etching silica
NPs in the colloid.[®?) At room temperature, no visible etching of silica NPs
on the substrate can be observed. At raised temperatures (50 °C and 85 °C),
silica was successfully removed at the cost of disordering the AuNPs circular
pattern (Figure 5-4 E-F). These combined results show that immobilizing
PEG-AuNPs on the substrate during the etching process is the major
challenge in this step.

The turning point comes with the rising concentration of NaOH. The
solubility of PEG (M, = 6000, same as the PEG used in this project) is strongly
dependent on the concentration of NaOH in an aqueous solution and

decreases upon rising temperature (Figure 5-3).124%1 With this knowledge, an
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etching condition is designed using a highly concentrated NaOH solution
under elevated temperature: PEG is rendered insoluble while the etching of

silica should proceed rapidly.

The finalized etching protocol is very straightforward: The substrate
decorated with silica-gold nanostructure was incubated in 10 wt% NaOH
solution at increased temperature (50 °C and 85 °C) for 30 minutes, and then
quickly dipped in water and ethanol successively to remove residual NaOH.
This etching condition allows the complete removal of silica NPs while
keeping the perfect circular pattern of AuNPs (Figure 5-4 D). The inside
diameter of the AuNPs cycle matches perfectly with the silica NP template.
The AuNPs are arranged with high order and short interparticle distance,
strong plasmonic coupling between AuNPs should be occurring within such
closely packed structures.[¢7.250-54 This makes the circular AuNPs potentially

a unique surface patterning unit with a plasmonic hotspot character.

The temperature also plays a key role here: at room temperature, the
etching process takes up to 20 hours to completely remove silica NPs (Figure
5-4 A-B) while the whole process takes less than 30 minutes at 50 °C and
85 °C (Figure 5-4 C-D). The disordering of AuNPs is significantly less
pronounced in the samples that underwent high-temperature etching (both
50 °C and 85°C) using 10 wt% NaOH. This behavior also meets the
temperature-dependent solubility of PEG in NaOH (Figure 5-3).

On this topic, the colloidal behaviors of PEG capped AuNPs in pure
water, 1 wt% NaOH and 10 wt% NaOH solution were studied with DLS at
different temperatures, respectively, to confirm the change of dispersibility
of PEG-AuNPs under diverse etching conditions. Figure 5-5 shows that the
PEG-AuNPs can be perfectly dispersed in both water and 1 wt% NaOH in the
whole temperature range. The decreasing hydrodynamic diameter under
higher temperatures results from the thermal release of solvent molecules

2552571 However, in 10 wt% NaOH, nano-agglomeration

(entropic effect).!
forms at room temperature and 50 °C with increased hydrodynamic diameter;
at 85°C, a complete precipitation can be observed (Figure 5-5 insert
pictures). The DLS results impressively demonstrate that the poor

dispersibility of PEG-AuNPs in 10 wt% NaOH solution is the cause of the
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immobilization effect of PEG-AuNPs during the etching process, which is the

prerequisite for the desired etching result.
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Figure 5-3  Binodal curves for the PEG (M, = 6000) in agueous NaOH system at
different temperatures: (cycles) 25 °C; (cross) 35 °C; (triangle) 45°C. Adapted with
permission from reference®*®], copyright 2004 American Chemical Society.

Ny
= n
n o
et J
[ o
o o
wn
L
< n
o o
o %
= o
o« n
©
—

Figure 5-4  TE micrograph of circular AuUNPs after different etching conditions. In
A, most silica NPs still remain visible while few of them are completely removed
(marked positions). In the sample of B-F, no silica NPs are visible in the whole
sample. Scale bar = 200 nm.
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Figure 5-5 Hydrodynamic diameter from DLS measurements for 0.01 mg/mL
PEG-AuNPs in water, 1wt% NaOH aqg., and 10wt% NaOH ag. at different
temperatures (25 °C, 50 °C, and 85 °C). Detailed distributions are shown in Figure
8-16. Insert pictures represent the states of PEG-AuNPs colloid in 1 wt% and 10 wt%
NaOH agq. after heated at 85 °C.

5.5 Conclusion

In this chapter, a perfect circular pattern of AuNPs is created by selective
etching of silica from a silica-core-Au-satellite nanostructure on the
substrate. The core-satellite nanostructure is fabricated by colloidal self-
assembly of PEG capped AuNPs with silica NPs using the strong adsorption
of the PEG chains on the silica surface. The highlight of the etching process
includes the judicious utilization of reduced solubility of PEG at a very high
NaOH concentration and increased temperature to immobilize the circular

pattern of PEG-AuNPs during the etching process.

The power of this approach also includes the potential flexible choice of
patterning nanoparticles. The circular patterning of AuNPs is demonstrated
in this thesis. However, the whole self-assembly process and etching protocol
do not utilize any properties from the AuNPs. The author believes that the
interchange of AuNP with any NP which has the access to form PEG shell and
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is tolerant towards alkalic conditions should also result in a similar pattern.
The inside diameter of the circular AuNPs pattern originates directly from
the diameter of the silica template which can be precisely tuned over a wide
range. In the present thesis, the chain length of the grafted polymer is not
varied. However, diversifying the chain length of the capping PEG has a
strong potential to change the circular pattern of AuNPs. These topics will be

studied in more detail in future works.

In this stage, only carbon film is applied as the substrate for convenient
access to TEM analysis. The incentive next step is to bring the circular pattern
onto other types of surfaces and even in a well-defined monolayer using
coating techniques like dip-coating or spin-coating. Notably, the polymer
content can be removed by applying plasma treatment to expose the Au

surface for further chemical or biological modifications.
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6

AuNPs Covered Silica Nanoparticles
Mimicking Hollow Gold Nanostructure for
Enhancement of Phase-contrast CT
Imaging

6.1 Preface

Phase-contrast computed tomography (CT) visualizes the phase shift
experienced by the X-ray and can provide images with enhanced contrast in

28] For imaging of soft

comparison to conventional absorption-based CT.!
tissues, the usage of contrast agents is inevitable for biological researches and
clinical applications. On this topic, various types of contrast agents based on
diverse materials containing heavy atoms, e.g., iodinated materials,!2>%260]

AuNPs, [261-263] B3SOy, have been developed to increase the CT contrast.

Besides the choice of material, the 3D geometry of the nanomaterial is
also an important design option for the phase-contrast CT experiment. It is
known that spherical objects (e.g., micro bubble) have advantages for this
task due to their high scattering properties: the hollow sphere refracts X-ray

(2641 As the consequence of multiple refractions caused

acting as a tiny lens.
by the population of microbubbles, the X-ray can be scattered in many

directions and generates an area contrast.[2%°]

Following this line of thought, creating a hollow gold sphere could also
offer an enhancement of the phase-contrast CT signal. Although the hollow
AuNPs can be synthesized using a multi-step synthesis,[4>2662¢7] the yield of

these syntheses is by far insufficient to meet the realistic dosing of a single in
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vivo experiment (quick injection of ~ 1 mL colloid containing 100 mgAu/mL).
Under this context, mimicking a hollow gold sphere becomes a feasible
solution. For doing so, thiol functionalized 37 nm silica is fabricated and
applied as a functional template to capture ~5 nm AuNPs on its surface
forming a core-satellite nanostructure (Scheme 6-1). This nanostructure has
a spherical layered arrangement of AuNPs which perfectly meet the
geometrical requirement for mimicking hollow AuNPs for CT experiments.
For a comparison experiment, the “solid” AuNPs are fabricated using ~ 13 nm
AuNPs. The choice of this diameter is based on the consideration that both
“hollow” and “solid” nanostructure should provide a similar thickness of Au
for X-ray penetration. For long-term colloidal stability and bio-combability,

both nanostructures are capped with PEG.

This project is in cooperation with Max Planck Institute for
Experimental Medicine. Both samples must be injected with the same known
Au-content (1 mL of 100 mgAu/mL, for a comparison purpose) into the living
mice for in vivo lung imaging. The major challenges include the upscaled

).

production of both “hollow” and “solid” AuNPs with precise quality control
of the product. Effective fabrication routes for both nanostructures must be
established, with the upscaled production of both types of AuNPs
components. The purification/concentration steps must be optimized to
achieve the ultra-high gold concentration in an aqueous colloid. A
quantitative analysis method with high sensitivity and precision for the
determination of Au content in the final product is also established by

measuring UV-Vis absorption of HAuCl4 converted from the AuNPs.
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Scheme 6-1 Schematic representations of (A) “solid” AuNP as the reference
sample and (B) “hollow” AuNP sample. Yellow, grey, red, and light blue color
represent AuNPs, silica NPs, thiol anchoring groups on the silica surface, and
surface grafted PEG polymer, respectively.

A B

6.2 Results and discussion

To construct well-defined core-satellite nanostructures in the most
efficient route (as illustrated in Scheme 6-2), we first synthesized 37 nm
spherical silica NPs using the reversed microemulsion method. The surface
of the silica NPs was then directly modified with thiol groups by adding (3-
mercaptopropyl)trimethoxysilane in situ without any additional purification
step for silica NPs. The thiol modified silica NPs were purified via
centrifugation/redispersion cycles and finally dispersed in chloroform. These
core silica NPs particles were then ready for self-assembly with
tetraoctylammonium bromide (TOAB) capped ~5nm AuNPs from a
modified Brust-Schiffrin protocol. Finally, thiol terminated PEG (PEG-SH)
was added to the “hollow” AuNPs colloid to form a protective shell. The
detailed procedure can be found in Section 8.6. The formation of the
targeted core-satellite structure is confirmed by TEM (Figure 6-1). Notably,
the close-arranged AuNPs induce significant surface-plasmonic coupling
between AuNPs: the “hollow” AuNPs structure exhibits a subtle red shift

color change from red to violet.
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Scheme 6-2 Schematic illustration of synthetic route for “hollow” AuNPs.
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Figure 6-1 TE micrograph of the as-prepared “hollow” gold nanostructure.

As mentioned before, the Brust-Schiffrin method must be upscaled to
meet the requirements for in vivo experiment. The major issue for this
protocol in practice is the inconsistency of aggregation during the growth
step. In the previous method, a typical reaction should be able to fabricate
around 40 mg of AuNPs with the assumption of 100% conversion. However,
the random formation of aggregations causes a potential dramatic loss of the
yield AuNPs. To simultaneously address this issue and upscale the reaction,
disposable glass flasks (100 mL) with a flat bottom design are chosen as the
reactor with a small stir bar (length = 1 cm, diameter = 2 mm). The stirring
velocity during the growth step was digitally set at 300 rpm to avoid the
occurrence of any turbulent flow between the organic and aqueous layers. In
this way, the random formation and growth of gold aggregates can be

effectively suppressed for reliable production of ~ 5 nm Brust-Schiffrin type
AuNPs.

The as-synthesized “hollow” AuNPs colloid was first concentrated from
200 mL (a mixture consisting of 5 batches) to approximately 1.5 mL (raw
sample) using the centrifugation method before the quantitative analysis of

gold content. Notably, during the centrifuge steps, the product
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nanoassemblies were transferred from organic solvents into an aqueous
condition, the excess AuNPs were also removed. The detailed experimental
procedures for the upscaled synthesis of Brust-Schiffrin type AuNPs and
fabrication/purification for the “hollow” AuNPs sample can be found in

Section 8.6.

The synthesis of the “solid” AuNPs (reference sample) is very
straightforward: the self-assembly process of PEG-SH onto the surface of
~ 13 nm citrate capped AuNPs was achieved by mixing citrate capped AuNPs
with PEG-SH in an aqueous condition. The challenge here is the scale of
production and method for concentrating since the Au content in the as-
synthesized ~ 13 nm AuNPs is very low (0.1 mg/mL). Considering the loss of
AuNPs during the multiple centrifugation steps, a 1.5 L colloid of citrate
capped AuNPs was concentrated into approximately 0.8 mL (raw sample)

before the quantitative analysis of gold content.

The Au content of the reference sample can be determined by comparing
the plasmonic absorption in the UV-Vis spectrum with the original citrate
capped AuNPs colloid (0.1 mg/mL). For the “hollow” AuNPs sample, due to
the strong surface plasmonic coupling between the surface-bound AuNPs,
this method is no longer suitable. An alternative method is applied for the
determination for the “hollow” AuNPs sample: the AuNPs in the sample were
converted into HAuCls and the analysis was based on the specific absorption
of Au'Cly ions with UV-Vis measurements (Figure 8-19, Figure 8-20).

Detailed procedures for these analyses can be found in Section 8.6.

After knowing the Au content in both raw samples, the concentration of
AuNPs can be adjusted to 100 mgAu/mL for the in vivo phase-contrast CT
experiments. Notably, the high-density of PEG shell offers sufficient colloidal

stability between sample delivery and imaging experiments.

The CT imaging experiments were carried out with the SYRMEP
(Synchrotron radiation for medical physics) beamline from Elettra
Synchrotron Trieste by PD Dr. Christian Dullin and co-workers. Three types
of contrast agents - hollow AuNPs, reference AuNPs, and conventional

BaSO4 - were quickly injected into the mice, respectively, and phase-contrast
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images of the mice lung were recorded. Figure 6-2 shows that the “hollow”
AuNPs (B) offer great imaging quality with high contrast and resolution. The
“hollow” AuNPs outperform the conventional BaSO4 (C) for better texture
visualization of the soft tissues. However, the PEG capped ~ 13 nm AuNPs
showed an unexpected toxic effect!?®®! on the mouse causing abnormal
behavior of the animal. For this reason, the comparison with “solid” and
“hollow” AuNPs was unable to be completed. However, it can be concluded
that the core-satellite arranged “hollow” AuNPs offer a strong enhancement
effect on the phase signal of CT experiment while carrying very low toxicity

for in vivo application.

Figure 6-2  (A) Overview image of mice's lung visualized by phase-contrast CT. (B)

Image with higher magnification using hollow AuNPs as the contrast agent. (C)

Image with higher magnification using BaSOs as the contrast agent.

6.3 Conclusion

In this project, a highly efficient synthetic route for mimicking hollow
gold nanoparticles is established, as a novel contrast agent for phase-contrast
CT is established. Thiol functionalized silica NPs was used as a template for
the self-assembly of AuNPs as gold shell, which is further protected by PEG
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shell to increase the colloidal stability and biocompatibility. Furthermore, A
reference sample (PEG capped ~ 13 nm AuNPs) is fabricated for comparison.
Both samples were synthesized on a large scale and finally concentrated into
a 1 ml colloid containing 100 mg gold. The CT-image of mouse lung with
“hollow” AuNPs as contrast agent displays a strong image enhancement and
provides very detailed structural information about soft tissue. The “hollow”
AuNPs sample shows much lower toxicity compared with the reference
AuNPs. The unexpected cytotoxicity of PEG capped ~ 13 nm AuNPs could be

originated from the destabilization of nanoparticles in the biological media.

Overall, the design, fabrication, and quantitative analysis of “hollow”
AuNPs are successful. The in vivo phase-contrast CT imaging experiment also

demonstrates the strong enhancement and low toxicity of the nanostructure.
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7

Closing Remarks

In this thesis, within four projects, a great number of well-defined
nanostructures have been designed and fabricated for targeted application

scenarios:

Superparamagnetic magnetite NPs carrying high-density PNIPAM
brushes have been successfully prepared (Chapter3). Reversed
microemulsion method was chosen to achieve a precise one-to-one silica
coating on hydrophobic oleylamine-capped MNPs, with a well-controlled
silica thickness. Applying SI-RAFT polymerization, PNIPAM brushes with
tunable molecular weight were grafted onto the silica-coated MNPs, imbuing
the nanohybrids perfect dispersibility in various solvents. The polymer-
grafted nanohybrids can self-assemble into ordered 2D nanopatterns with
interparticle distance varied within 100 nm. Furthermore, owing to the well-
defined structure, the fine control of silica shell thickness (~ 14 nm), and the
polymer brushes, the magnetic interaction between MNP cores is

significantly suppressed, as confirmed by SQUID experiments.

The project around the NIR photoluminescent Egyptian blue (Chapter
4) has made four breakthroughs on this material: I) effective mass production
of EBNS, II) cracking down the size of EBNS, III) addressing the issue that
EBNS lacks surface chemistry, and IV) new knowledge on the size-dependent
PL performance of EBNS. A state-of-the-art method for mass production of
EBNS (~ 60 g) has been established using high-energy stirred media milling.
For the first time, the size of EBNS has been reduced to a diameter of 90 +
50 nm and a thickness of 2.6 + 0.6 nm. As a comparison, EBNS produced
from the method in literature has a much larger dimension with the lateral

size up to several pm. PL measurements reveal degeneration of PL
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performance with reduced size of ENBS. This knowledge advance provides a
guideline for choosing appropriate nanosheets’ size in future studies. This
work further exhibited the first surface modification chemistry of EBNS: A
modified Stober method was applied to achieve a thin silica shell on EBNS.
Furthermore, two types of high-density polymer brushes, PNIPAM and
PMMA, have been introduced onto the surface of silica-coated EBNS,
rendering their diverse dispersibility and functions to EBNS. In particular,
PMMA grafted EBNS shows significantly reduced light scattering due to the

matched refractive indices, thus improving PL behavior.

In Chapter 5, silica NPs were used as a temporary template for the
formation of circular AuNPs nanopattern on the surface of the carbon film
substrate. Utilizing the apropos adsorption of PEG chains on silica, the silica-
core-Au-satellite nanostructure was formed in colloid by self-assembly of
PEG capped AuNPs onto the silica surface. The 3D nanoassemblies were cast
onto a substrate to form a perfect 2D circular arrangement of AuNPs around
silica NPs with a rationally hypothesized AuNPs re-arrangement during the
process. A facile etching condition was found to remove the silica templates
efficiently while maintaining the circular nanopattern undisturbed: The
extremely high concentration of NaOH, along with the increased
temperature are crucial to immobilize the AuNPs by significantly reducing
the solubility of the PEG shell. In the future study, this templating and
etching strategy can be extended with a great selection of varieties, e.g., by
grafting PEG on other nanomaterials, diversifying size the and geometry of

silica template, varying the PEG chain length and substate material.

Lastly, a core-satellite nanostructure from gold and silica NPs was
designed as a contrast agent for phase-contrast CT imaging (Chapter 6).
Thiol modified silica NPs were used as a template to attach AuNPs, to imitate
a hollow gold design, which is further protected with a PEG shell for perfect
water dispersibility and biocompatibility. As a comparison sample, PEG
capped AuNPs were also fabricated. The synthetic routes for both samples
were highly optimized to achieve the large sample requirement of
100 mgAu/mL in 1mL. Furthermore, quantitative analysis methods to

determine and regulate Au content in both samples were also established. CT
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experiment shows an improved imaging contrast from the mouse injected

with the hollow gold sample, compared with conventional contrast agent.

In summary, this thesis demonstrates the flexible strategies of
fabricating diverse functional nanostructures. The in-depth understanding
of the interaction and surface chemistry between each nanocomponent,
silica surface, and functional polymers offers the optimized design and

performance of the nanohybrids.
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8

Experimental

8.1 Chemicals

Iron(IIT) acetylacetonate (Sigma-Aldrich, 97%), ethanol (Sigma-
Aldrich, 99.8%), oleic acid (Sigma-Aldrich, 90%), oleylamine (ACROS,
approximate Cl8-content 80-90%,), 1,2-dodecanediol (Sigma-Aldrich,
90%), benzylether (Sigma-Aldrich, 98%), 3-aminopropyldimethyl-
ethoxysilane (abcr, 97%), IGEPAL® CO-520 (M, =441 g-mol™, Sigma-
Aldrich), n-hexane (VWR, 98.4%), chloroform (Fischer, HPLC), cyclohexane
(VWR, =99%), aqueous ammonia (VWR, ~ 32%), tetraethyl orthosilicate
(Sigma Aldrich, =99%), mercaptothiazoline (Sigma Aldrich, 98%), 1,4-
dioxane (ROTH, =99.5%), hydrofluoric acid (Sigma-Aldrich, 48%),
dicyclohexylcarbodiimide (Sigma-Aldrich, 99%), 4-
(dimethylamino)pyridine (Sigma-Aldrich, 99%), 4-cyano-4-(dodecyl-
sulfanylthiocarbonyl)sulfanylpentanoic acid (CDSPA, abcr, = 97%), hydro-
chloric acid (Sigma-Aldrich, 37%, p.A.), nitric acid (Sigma-Aldrich, 65%,
p.A.), diisopropylether (Acros, 99%), acetone (Sigma-Aldrich, = 99.7%, GC),
sodium hydroxide (Sigma-Aldrich, reagent grade), tetraoctylammonium
bromide (TOAB, Sigma-Aldrich, 98%), magnesium sulfate (MERCK,
anhydrous), toluene (Fischer, HPLC), hydrogen tetrachloroaurate trihydrate
(ABCR, 99.9%), trisodium citrate dihydrate (Sigma-Aldrich, =99%), (3-
mercaptopropyl)methyldimethoxysilane (Sigma-Aldrich, = 95%), octadecyl-
amine (Sigma-Aldrich, = 99%), sodium borohydride (Acros, 99%), sulphuric
acid (Sigma-Aldrich, p.A.), poly(ethylene glycol) methyl ether thiol
(M =6000 g/mol, Sigma-Aldrich), and commercial PMMA (M, =

35 kg/mol, Acros) were used as received.
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NIPAM was recrystallized twice from toluene/hexane (3 : 1) and stored
at 3 °C prior to use. AIBN (Fluka, 98%,) was recrystallized twice from
diisopropyl ether and stored at — 20 °C prior to use. Methyl methacrylate
(Sigma-Aldrich, stabilized with hydroquinone monomethyl ether) was
purified with inhibitor remover (Sigma-Aldric) before use. Tetrahydrofuran

(Acros, 99.9%) was dried over CaH> overnight and distilled before use.

Egyptian blue bulk material was purchased from Kremer Pigments
GmbH in powder form. Nanopure (type I) water was obtained from a
Millipore water purification system equipped with a UV lamp (electric
resistivity 18.2 MQ - cm).

8.2 Equipment and analytical methods

Size-exclusion chromatography (SEC)

PNIPAM samples were analyzed with a dimethylacetamide SEC setup.
SEC measurements were conducted at 45 °C on an Agilent 1260 Infinity SEC
system equipped with a PSS GRAM precolumn (polyester copolymer network,
8 x 50 mm; 5 um particle size) and three PSS GRAM separation columns
(PSS SDV; 8 x 300 mm; 30, 103, and 10° A pore sizes). Dimethylacetamide
containing 0.1% LiBr was used as eluent with a flowrate at 0.8 mL - min~'. An
Agilent RI detector was used. The setups were calibrated with linear PMMA
standards with low dispersity. All samples (5 mg - ml™) were filtered through
a 0.45 pm PTEFE filter prior to injection.

PMMA samples were analyzed with a THF SEC setup. SEC
measurements were conducted at 35 °C on an Agilent 1260 Infinity SEC
system equipped with a PSS GRAM precolumn (styrene-divinylbenzene
copolymer network, 8 x 50 mm; 5 pm particle size) and three PSS GRAM
separation columns (PSS SDV; 8 x 300 mm; 109, 10°, and 103 A pore sizes).
THF (containing 0.1% toluene as internal standard) was used as eluent with
a flowrate at 1.0 mL - min~!. An Agilent RI detector was used. The setups were
calibrated with linear PMMA standards with low dispersity. All samples
(5 mg - ml™) were filtered through a 0.45 pm PTFE filter prior to injection.
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Thermogravimetric analysis (TGA)

TGA was carried out using a TG 209 F3 Tarsus analyzer in the
temperature range from 25 to 1000 °C at a heating rate of 10 °C/min under
N2 gas flow (20 mL/min).

Super quantum interference device (SQUID) measurements

SQUID measurements were kindly conducted by Dr. Serhiy Demeshko
using a Quantum Design MPMS-XL-5 magnetometer. ZFC/FC curves were
recorded with a static field of 100 Oe in the range from 295 to 2 K.

Transmission electron microscopy (TEM)

TEM measurements were carried out on a Philips CM 12 electron
microscope operated at an acceleration voltage of 120 kV and an emission
current of 3-4 pA. The focused electron spot has a diameter of 10 um. A
50 pm aperture was used in the condenser lens and all scattered electrons
were blocked with a 20 pm aperture. An Olympus 1376 x 1032 pixel CCD
camera was used to acquire micrographs. Samples were prepared by drop-
casting method and slow evaporation of the solvent. Two types of TEM
sample holders are used in this thesis: Plano S166-3 with lacey carbon films
(thickness ~ 3 nm) covering 300 mesh copper grid, and Plano S166 with 200

mesh copper grid holding an amorphous carbon film (thickness ~ 10 nm).

Dynamic light scattering (DLS)

DLS samples were measured on a Malvern Zetasizer Nano S system
operating at 633 nm at a scattering angle of 173°. Samples were diluted with

solvent according to the DLS detector signal.

DLS measurements for EB particle size during the fine grinding process
were kindly conducted by Christoph Peppersack (Institut fiir Partikeltechnik,
Technische Universitit Braunschweig), using a NANOPHOX analyzer
(Sympatec GmbH).
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Atomic force microscopy (AFM)

AFM measurements were performed on a Multimode AFM (Bruker)
with a NanoScope V controller using PeakForce QNM with a SCANASYST-
AIR-HR cantilever (Bruker) at ambient condition. EBNS samples were
prepared by drop-casting method from water/ethanol (1:2 in volume)

dispersion on a silicon substrate.

Laser diffraction analysis

Particle size determinations during pre-grinding of EB were kindly
conducted by Christoph Peppersack (Institut fiir Partikeltechnik, Technische
Universitat Braunschweig), monitored by laser diffraction analysis (Helos,
Sympatec GmbH). The measurements were performed in the cuvette system
by stirring at 1000 rpm. Samples were diluted with deionized water until an

optical concentration of 15-20% was reached.

UV-Visible-Near Infrared (UV-Vis-NIR) spectroscopy

UV-Vis-NIR spectroscopy was performed with JASCO V-770 equipped
with a PMT detector for the UV-Vis region and a peltier-cooled PbS detector
for the NIR region. QS quartz cuvettes with a light path length of 10 mm were
used for the measurements. The absorption spectra were recorded with a
scan rate of 400 nm/min and a baseline correction by subtracting the

spectrum of the pure solvent.

Photoluminescence (PL) spectroscopy

PL spectroscopy of EB samples was kindly conducted by Denis Pluta
(Institut fir Physikalische Chemie und Elektrochemie, Leibniz Universitat
Hannover), measured by an FLSI000 photoluminescence spectrometer
(Edinburgh Instruments) equipped with a NIR-PMT InGaAs detector (liquid
nitrogen cooled). The emission spectra were recorded with excitation
wavelength at 637 nm, excitation bandwidth of 10-13 nm, and emission
bandwidth of 1 nm.
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Bath-type ultrasonicator

A bath-type ELMA S30H ultrasonic cleaner operating at 37 kHz with
effective sonication power of 80 W and peak performance max of 320 W is
used. The operation temperature of the water bath was kept below 50 °C.

Samples were fixed in the center of the bath.
Sonic dismembrator

A Fischerbrand Model 120 sonic dismembrator was used to effectively
disperse silica NPs or silica-coated nanomaterials in the
centrifugation/redisperse cycles. The sonic dismembrator was operated with
ultrasonic frequency at 20 kHz and maximum wattage at 120 W. The actual

output was tuned to match the requirement of the samples.

Synchrotron-based phase-contrast computed tomography (CT)

imaging

CT imaging was kindly conducted by PD Dr. Christian Dullin
(Universitatsmedizin Gottingen) with the SYRMEP (Synchrotron Radiation
for Medical Physics) beamline from Elettra Synchrotron Trieste in Trieste,
Italy. 1 mL of 100 mgAu/mL reference sample and “hollow gold” sample, as
well as conventional BaSO4 suspension, were injected into mice, respectively.

Phase-contrast CT images of mice’s lungs were recorded.

8.3 Fabrication and characterization of PNIPAM grafted

MNP@SiO,

Synthesis of activated RAFT (activated CDSPA)

The synthesis and purification of the activated RAFT are described in
the literaturel?®®l. The structure was confirmed by NMR spectroscopy. 'H
NMR (300 MHz, CDCL): § (ppm) 4.58 (t, 2H, J = 7.5 Hz), 3.70-3.46 (m, 2H),
3.33 (t, 4H, J=7.5 Hz), 2.70-2.43 (m, 2H), 1.89 (s, 3H), 1.70 (quint, 2H,
J=7.5Hz), 1.43-1.26 (m, 18H), 0.89 (t, 3H, J = 6.6 Hz).
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Synthesis of ~ 8 nm hydrophobic magnetite nanoparticles

This synthesis of ~ 8 nm magnetite nanoparticles is modified from the

166 In a typical experiment, a mixture of Fe(acac)s (0.706 g,

Sun’s work!
2 mmol), oleic acid (1.88 g), oleylamine (2.00 g), 1,2-dodecanediol (2.24 g),
and benzyl ether (20 mL) was degassed with argon for 15 minutes before
heated to 200 °C. The mixture was kept at 200 °C under stirring for 2 hours
and then under reflux by raising the temperature to the boiling point of
benzyl ether (293 °C) and the mixture was heated under reflux for another 1
hour. The heating rate was not digitally controlled (approximately 15 minutes
until boiling). The mixture was then spontaneously cooled to room
temperature. A piece of neodymium magnet was used to collect MNPs from
the mixture. The MNPs were washed with ethanol (30 mL) twice then
dispersed in an-hexane (3 mL) solution containing oleic acid (0.5 mL) and
oleylamine (0.5 mL). Centrifugation (6000 rpm, 10 min) was used to remove
any undispersed residue. The excess of oleic acid and oleylamine was
removed by precipitation from n-hexane in ethanol (30 mL) and followed
centrifugation (6000 rpm, 10 min). The MNPs were finally dried in vacuo

and stored under an argon atmosphere.

TE micrograph of the as-synthesized MNPs and corresponding size
distribution (7.9 + 1.9 nm) histogram are shown in Figure 8-1. It is noted
here that due to the limited control of heating rate from 200 °C to the boiling
point of the solvent (293 °C), the size distribution of MNPs is sightly broader

than the particles from Sun’s work.
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Figure 8-1 Exemplary TE micrographs and size distribution histogram of as-



prepared MNPs.

Synthesis of MNP@SiO; with reverse microemulsion method

The one-to-one silica coating was proceeded with a modified protocol
from the literaturel®). MNPs (11.5 mg) were dispersed in cyclohexane
(1.5 mL) with the aid of a bath sonication for short time and added dropwise
under stirring into a cyclohexane solution of IGEPAL® CO-520 (31.3 g in
250 mL). After 10 min of stirring, ammonia (32% agq., 2.3 mL) was added to
the solution dropwise. After another 30 min of stirring, TEOS (1.72 mL) was
added to the mixture. The reaction was performed overnight at room
temperature under vigorous stirring and then quenched by addition of a large
excess of ethanol (~50 mL). MNP@SiO, was purified by three-fold
centrifugation cycles in ethanol (5000 rpm, 30 min) and obtained after

drying in vacuo.

TE micrographs and size distribution histogram of as-synthesized
MNP@SiOz (35.7 + 3.7 nm) are shown in Figure 8-2. This protocol provides
uniform silica coating with a thickness of 13.9 + 2.1 nm and only contains 4.6%
particles with duo or multiple cores and 0.1% core-free particles (determined

by counting over 1000 particles).
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Figure 8-2 Exemplary TE micrographs and size distribution histogram of
MNP@SiO2 NPs.

Anchoring RAFT agents to MNP@SiO: surface

The anchoring of the RAFT agents to MNP@SiO> was proceeded with a
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modified protocol from the literature[®®!. In a typical experiment, MNP@SiO:
(298 mg) was dispersed in dried THF (30 mL) by bath sonicating, 3-
aminopropyldimethylethoxysilan (150 pL) was quickly added to the sol. The
reaction mixture was kept overnight at 85 °C under stirring and argon
atmosphere to ensure an efficient anchoring of the amine groups. After the
reaction, the amine-functionalized MNP@SiO; was purified by three-fold

centrifugation cycles (THF/n-hexane) and dried under reduced pressure.

Next step, the amine-functionalized MNP@SiO> (300 mg) was
dispersed in 6 mL dried THF with the aid of sonication. A THF solution (3 ml)
containing activated RAFT agents (60 mg) was added to the sol and the
mixture was sealed and kept stirring overnight. Three centrifugation cycles
(THF/diethyl ether) were applied here to obtain the RAFT anchored
MNP@SiOs. These particles could be dried in vacuo and stored in ambient
condition over at least 1 year without affecting their performance during

polymerization.

Surface-initiated RAFT polymerizations of PNIPAM brushes from
the surface of MNP@SiO>

RAFT capped MNP@SiO> nanoparticles were dispersed in a dioxane
(found to be the best solvent for grafting PNIPAM) solution containing
predetermined NIPAM (Table 8-1) by bath sonication for 20 min in
polymerization tubes to ensure sufficient dispersion. The RAFT agents
(CDSPA) and AIBN were then added to the sol, then the mixture was purged
with argon for 15 minutes. The polymerization of NIPAM was carried out at
60 °C. After predetermined times, the polymerization reactions were
stopped by cooling in an ice bath and exposing the mixtures to air. The
PNIPAM capped MNP@SiO2 nanohybrid and free polymer were gathered by
three centrifugation cycles from acetone in diethyl ether. The PNIPAM
capped MNP@SiO:z nanohybrid was then isolated from the free polymer by
three-fold centrifugation/dispersion cycles in acetone. The detailed
polymerization conditions are listed in Table 8-1. The molecular weight
distribution of the free polymers is determined by SEC and shown in Figure
8-3.
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To confirm the consistency of chain lengths between free and grafted
polymers, the grafted polymer was cleaved from nanoparticles by dissolving
the MNP@SiO> with HF solution. For doing this, PNIPAM-I grafted
MNP@SiO:z (12 mg) was dispersed in acetone (3 mL) in a polypropylene tube.
Then, 100 pL of 40 wt% hydrofluoric acid was added into this dispersion and
the mixture was stirred for 2 h with a PTFE coated stir bar. After complete
evaporation of all liquid, the remained polymer can be characterized with
SEC with the regular process. Figure 8-4 shows the comparison of molecular
weight distributions between the free PNIPAM I and polymer cleaved from
PNIPAM capped MNP@SiO: 1.

The PNIPAM grafted MNP@SiO2 can be perfectly dispersed in
chloroform, as shown in the DLS result (Figure 8-5). The TE micrographs in
low magnification of PNIPAM I-V grafted MNP@SiO; are shown from Figure
8-6 to Figure 8-10.

Table 8-1 Polymerization conditions for the synthesis of the PNIPAM grafted

MNPs@SiO: with different chain lengths (I-V), resulted from SEC analysis of the

corresponding free polymers.

Polymer | ] ] Vi \"

M / kg - mol™ 29 40 58 73 94

D 1.20 1.15 1.17 1.15 1.17
m(MNP@Si0) / mg 33 10 10 10 10

m(RAFT) / mg 3.12 4.50 3.10 2.10 2.10
Equiv. of RAFT 1.00 1.00 1.00 1.00 1.00
m(NIPAM) / mg 1000 750 700 1000 1000
Equiv. of NIPAM 1000 600 1000 1700 1700
m(AIBN) / mg 0.70 0.90 0.70 0.70 0.70
Equiv. of AIBN 0.40 0.50 0.40 0.80 0.80
V(dioxane) / mL 4100 3750 3500 3500 3500
Reaction’s time / min 90 120 120 120 150
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Figure 8-3 Molecular weight distributions from SEC analysis of the free polymers
I-V.
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Figure 8-4  Molecular weight distributions from SEC analysis of the free PNIPAM-
I and polymer cleaved from PNIPAM capped MNP @SiO»-I.
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Figure 8-5 Hydrodynamic diameter from DLS measurement of PNIPAM-I capped
MNP@SiO; in chloroform.

Figure 8-6 TE micrograph of PNIPAM-I capped MNP@SiO2 in lower
maghnification.
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Figure 8-7 TE micrograph of PNIPAM-Il capped MNP@SiO, in lower
magnification.

Figure 8-8 TE micrograph of PNIPAM-IIl capped MNP@SiO; in lower
magnification.
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Calculation of the grafting density from TGA results

Grafting density ¢ = 0.50 polymer chains / nm? was calculated using the
known density, geometry of MNP@SiO> from TEM analysis, and molar mass
from SEC analysis as such:

1-X2 1-Xxq1 .
__ number of polymers pro mass ( Xz X1 )'m(MNP@SIOZ) .
" total surface area of silica pro mass - m(PNIPAM)-A(SiO,) )

Here, x1 and x> are the weight retention determined by TGA at 1000 °C
for RAFT modified MNP@SiO> and PNIPAM grafted MNP@SiO2,
respectively (Figure 8-11). m(MNP@SiO3) is the mass of one MNP@SiO3,
m(PNIPAM) is the mass of grafted PNIPAM molecule and A(SiO2) is the
surface area of one MNP@SiOs.
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Figure 8-11 TGA curves of RAFT anchored MNP@SiO2 and PNIPAM-I grafted
MNP@SiOa.
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8.4 Fabrication methods and surface functionalization for

Egyptian blue nanosheets

8.4.1 Fabrication methods for EBNS

Producing EBNS-GS with glass stir bar and hot water

The experimental condition for the fabrication of EBNS-GS is modified

from the work of Johnson-McDaniel et. al.l®!

In a typical experiment, 250 mg of EB bulk material was incubated in an
HCI solution (1M, 20 mL) overnight. EB was then filtered, rinsed with
deionized water, and dried overnight at 150 °C. This step is added to remove
the Cu?* containing impurity from the pigment (e.g. CuO). The purified EB
was added to 20 mL nanopure water in a glass vial (57 mm x 27.5 mm Q).
This mixture was allowed to be stirred with a glass-coated stir bar (25 mm x
6 mm ) at 80 °C for 2 weeks. After the procedure, the mixture was cooled
down and settled for 24 hours to collect the supernatant. A milky blue
dispersion was yielded with swirling pearlescent distortions when agitated.
EBNS-GS was finally collected by filtration (cellulose nitrate membrane, pore

size 0.45 pum) and dried in vacuo (exfoliation yield ~ 50%).

Notably, the common PTFE stir bar cannot be used here for its
insufficient hardness, otherwise, PTFE will be grinded by EB and no

exfoliation can be observed.

Scalable production of EBNS-SMM using stirred media milling

Egyptian blue bulk material was soaked in 20 mL HCI (1 M) solution
overnight then filtered, washed with deionized water, and dried overnight at
150 °C.

The milling experiment was kindly conducted by Christoph Peppersack
(Institut fir Partikeltechnik, Technische Universitat Braunschweig) with a
laboratory stirred media mill PML 2 (Bithler AG) using the process unit

Centex™S2. Wear-resistant materials were chosen for both the rotor and the
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lining of the chamber which consisted of polyurethane (DraisElast™) and
sintered silicon carbide (SSiC), respectively. 60 g of Egyptian blue feed
material were processed in deionized water (solid concentration of 6 wt%)
by utilizing spherical grinding media made of yttria-stabilized zirconia
(Sigmund Lindner GmbH). In the pre-grinding step (grinding time: 90 min),
a media size of 849 um and a circumferential speed of 8 m/s were chosen. In
addition, the fine grinding (360 min) was conducted with a media size of
315 pm and a speed of 10 m/s. The operation temperature was set to 20 + 2 °C
by water cooling throughout both grinding steps. Samples were taken for
particle size determination at pre-defined times for laser diffraction analysis
(pre-grinding stage) or DLS (fine grinding stage). After grinding, a light-blue
colloidal suspension (50 mg/mL) was obtained with very high colloidal

stability (no permanent aggregated material after months).

8.4.2  Silica coating and functionalization on EBNS

Silica coating on EBNS

60 mg of EBNS-GS (dried) or 1.2 mL (corresponding 60 mg EBNS) as-
obtained EBNS-SMM colloid was added into 300 mL ethanol and treated
with bath-type ultrasonicator (5h for EBNS-GS to ensure a sufficient
dispersion, 30 min for ENNS-SMM). Then 15 mL of aqueous ammonia and
3 mL of TEOS ethanol solution (10 vol%) were successively added into the
dispersion and stirred overnight. The silica-coated EBNS were isolated from
reactants by three-fold centrifugation/redispersion in ethanol and dried in

vacuo.

Functionalization of silica-coated EBNS

The amine functionalization and followed anchoring with RAFT
moieties on EBNS-silica surface were proceeded analogously to the
approaches used in Section 8.3. Briefly, 3-aminopropyldimethylethoxysilan
(300pL) was added into a dispersion of 130 mg silica-coated EBNS in 20 mL
anhydrous THF. The reaction mixture was kept overnight at 85 °C under
stirring. After the reaction, the amine-functionalized EBNS-silica was

purified by three-fold centrifugation / redisperse cycles (3000 rpm, 15 min,
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THF) and redispersed in 6 mL THF. Then, a THF solution (3 mL) containing
activated CDSPA (120 mg) was added to the sol and the mixture was kept
stirring overnight. The RAFT anchored EBNS-silica was purified by three-
fold centrifugation / redisperse cycles (3000 rpm, 25 min, THF) and dried in

vacuo.

Surface-initiated RAFT polymerization of PNIPAM and PMMA

brushes from the surface of silica-coated EBNS

RAFT anchored EBNS-silica was dispersed in a monomer solution
containing RAFT agents (CDSPA). AIBN was then added to the sol and the
mixture was purged with argon for 15 minutes. The polymerization was
carried out at 60 °C and stopped after predetermined times by cooling in an

ice bath and exposing the mixtures to air.

In the case that the polymerization mixture was too viscous, it can be
diluted with a proper solvent (acetone for PNIPAM, toluene for PMMA)
before purification steps. The polymer capped EBNS along with its free
polymer was gathered by three centrifugation cycles from acetone in the
precipitation solvent (diethyl ether for PNIPAM and methanol for PMMA).
The polymer capped EBNS was then isolated from the free polymer by three-
fold centrifugation/dispersion cycles in acetone. The detailed
polymerization conditions are listed in Table 8-2. The molecular weight
distribution of the free polymers is determined by SEC and shown in Figure
8-12.

Table 8-2 Conditions for SI-RAFT polymerization from the surface of silica-

coated EBNS-GS and EBNS-SMM. Molecular weight is determined from SEC

analyses with the corresponding free polymers.

PMMA PMMA PNIPAM
on EBNS-GS on EBNS-SMM on EBNS-SMM
My / kg - mol™ 88 139 104
D 1.2 1.2 1.5
m(EBNS) / mg 60.5 9.5 6.7
m(RAFT) / mg 11.2 11.0 2.1
Equiv. of RAFT 1.00 1.00 1.00
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m(monomer) / g 12.00 6.00 1.00

Equiv. of monomer 4320 2200 1700
m(AIBN) / mg 4.8 2.4 0.7
Equiv. of AIBN 1.05 0.54 0.82
V(dioxane) / mL - - 3.5
Reaction’s time / h 6 20 2.3
1.0
—— EBNS-GS carrying PMMA
—— EBNS-SMM carrying PMMA
—— EBNS-SMM carrying PNIPAM
0.8
2: 0.6
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Figure 8-12 Molecular weight distributions from SEC analyses of the free

polymers.

Notably, PMMA-grafted EBNS can be perfectly dispersed in the PMMA
matrix. For this, a high-concentrated colloid of EBNS-GS-PMMA in toluene
was mixed with a toluene solution of commercial PMMA (M, = 35 kg/mol),
then dried in a PTFE form (1.5 cm x 1.5 cm) by heated over aluminum beads
bath (80 °C). The photograph of as-prepared composite material is shown
below. The sample shows very homogenous transparency, indicating a
perfect dispersion of EBNS in the PMMA matrix.
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Figure 8-13 Composite material of 50 wt% PMMA grafted EBNS-GS in PMMA

matrix.

Immobilization of AuNPs onto amine-functionalized EBNS-silica

100 pL  colloid of amine-modified EBNS-silica (approximately
1.5 mg/mL) was mixed with 500 pL ~ 13 nm citrate capped AuNPs aqueous
sol (approximately 0.1 mg/mL) under ultrasonication (10 s). The as-prepared
nanohybrid AuNPs-EBNS nanohybrid was used freshly for TEM analysis.

8.5 Preparation of circular AuNPs nanopattern

Synthesis of ~ 13 nm citrate capped AuNPs

The synthesis of AuNPs was proceeded with a protocol from the work of
Peng et.al.”?! Before the experiment, all glassware was cleaned by aqua regia,

washed many times with nanopure water, and then oven-dried.

In a typical synthesis, a hot aqueous solution of sodium citrate (5 mL,
39 mM, 3.9 equiv.) was added into a boiling aqueous solution of HAuCl4
(100 mL, 0.5 mM, 1.0 equiv.) under vigorous stirring. The mixture was stirred
under reflux for further 15 minutes and then cooled to room temperature.
The obtained AuNPs colloidal suspension (12.7 + 0.8 nm, 0.1 mgAu/mL) was
stored in polypropylene tubes in the dark at room temperature. Notably, this

reaction can be 5 times upscaled and conducted inal L flask.

To prepare the TEM sample, the AuNPs were phase-transferred into

organic phase by adding the same volume chloroform containing 0.75 M
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octadecyl amine into the as-obtained AuNPs sol and successive shaking
(~ 2 min). TE micrograph of AuNPs and corresponding size distribution

histogram are shown below.
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Figure 8-14 Exemplary TE micrograph and size distribution histogram of citrate

capped AuNPs.

Preparing PEG capped AuNPs

1 mL of 1 mg/mL thiol terminated methoxy PEG (M, = 6000 g/mol) was
added into 10 mL of as-synthesized citrate capped AuNPs. This mixture was
vigorously shaken for 1min and sonicated for 3 min by a bath-type
ultrasonicator to ensure sufficient polymer grafting on AuNPs. The PEG-
AuNPs were purified by centrifugation and redispersed in THF. The Au
content of PEG-AuNPs was calculated by comparing its absorption intensity

from UV-Vis spectroscopy with that of citrate capped AuNPs.

Synthesis of ~ 46 nm Silica NPs

The synthesis of silica NPs is analogous to the procedure for MNP@SiO2
described in Section 8.3. TEOS (35.2 pL) and ammonia (46.8 pL, 32% aq)
were successively added into a solution of IGEPAL® CO-520 (638 mg) in
cyclohexane (5.39 mL) under vigorous stirring. The reaction was proceeded
overnight at room temperature under vigorous stirring and then quenched
by the addition of ethanol (~ 4 mL). The silica NPs was purified by three-fold
centrifugation cycles in ethanol (5000 rpm, 30 min) and stocked in 0.5 mL
ethanol (approximately 8 mg/mL) for further usage. TE micrograph and size
distribution histogram of as-synthesized silica NPs (46 + 4 nm) are shown

90



below.
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Figure 8-15 Exemplary TE micrograph and size distribution histogram of silica NPs.

Self-assembly of silica-core-AuNPs-satellite nanostructure

In a typical run, 5 pL of as-prepared silica NPs were added into PEG-
AuNPs sol (0.23 mgAu/mL in 200 pL. THF). This mixture was diluted 20
times and allowed to incubate for > 4 days to ensure completely colloidal self-
assembly of silica-core-AuNPs-satellite nanostructure. 2D arrangement of
the self-assembled nanohybrid was conducted by drop-casting 10 pL of
colloid onto a lacey carbon film covered TEM-grid. The TEM-grid was left
under ambient condition overnight (covered with a glass vial) to ensure

complete evaporation of the solvent.

Selective etching of silica NPs template without disordering

circular AuNPs pattern

TEM-grid with 2D silica-AuNPs pattern was incubated in 10 wt%
aqueous NaOH for 30 min. After the incubation, the TEM-grid was quickly
dipped in water and ethanol successively to remove excess NaOH and then

left for solvent evaporation before the TEM analysis.

DLS measurements were performed to study the colloidal stability of
0.0l mg/mL PEG-AuNPs in different environments. The hydrodynamic
diameter from DLS for PEG-AuNPs in water, 1 wt% NaOH, and 10 wt% NaOH
at different temperatures are shown below. It is worth mentioning that

AuNPs in 10 wt% NaOH at 85 °C underwent complete precipitation. In this
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case, the actual value should be much larger than the distribution

determined by DLS, since the sedimented particles cannot be measured in
the colloid.
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Figure 8-16 Size distributions from DLS of 0.01 mg/mL PEG-AuNPs in water, 1 wt%
NaOH, and 10 wt% NaOH at three different temperatures (25 °C, 50 °C, and 85 °C).

8.6 Preparation of “hollow” gold nanostructure and its

reference sample for CT imaging

Preparation of reference sample with 100 mgAu/mL

Reference sample (PEG capped AuNPs) was prepared by mixing citrate
capped ~ 13 nm AuNPs (0.1 mgAu/mL, 1.5 L) and thiol terminated methoxy
PEG (M, = 6000 g/mol, 10 mg/mL in 15 mL water). The PEG capped AuNPs
underwent four centrifuge cycles to be concentrated into 0.8 mL sol. The
synthesis method for citrate capped AuNPs can be found in Section 8.5. The
Au content in the reference sample was determined and regulated into
100 mgAu/mL to meet the requirement of CT imaging. For this, the
plasmonic absorption of 1500 times diluted reference sample was measured
by UV-Vis spectrometer and compared with original citrate capped AuNPs.

According to the absorbances at 520 nm (Figure 8-17), the as-prepared
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reference sample contains 197 mgAu/mL. A further dilution of this sample

was conducted to give the final concentration of 100 mgAu/mL.
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Figure 8-17 UV-Vis spectra of 1500 times diluted reference sample and the

original citrate capped AuNPs sol.

Synthesis of thiol groups modified silica NPs

Thiol groups functionalized silica NPs (silica-SH) were prepared as the
template of the “hollow” gold nanostructure. The procedure for the synthesis
of silica NPs can be found in Section 8.5. TEOS (1 mL), ammonia (2.3 mL,
32% aq), IGEPAL® CO-520 (31.3 mg), and cyclohexane (250 mL) were used
in a typical batch. After 14 hours of stirring, 100 pL of (3-mercaptopropyl)-
methyldimethoxysilane was added directly into the reaction mixture. The
mixture was allowed to stir for another 1 hour before being subjected to
centrifugation purification with ethanol (3 times, 4000 rpm, 40 min). The
yielded silica-SH (37 + 2 nm in diameter) was dispersed in chloroform

(1 mg/mL) for the next step.

Upscaled synthesis of Brust-Schriffrin type AuNPs

Hydrophobic AuNPs with a size of ~5nm were fabricated with a
modified Brust-Schiffrin two-phase method(?”°l. Some further optimization

was made to increase the yield of the synthesis.
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In two polypropylene centrifuge tubes, hydrogen tetrachloroauratetri-
hydrate (94.5 mg, 0.240 mmol) in nanopure water (20 mL) and TOAB
(524.9 mg, 0.960 mmol) in toluene (20 mL) were mixed (20 ml mixture in
each tube) and shaken vigorously for 120 s. During this step, the AuCl- in the
aqueous phase was transferred into the toluene phase by forming
(N(CgHi7)4*AuCls™) ion pairs. After the phase-transfer step, the color of the
water phase turned from yellow into colorless, whereas the initial colorless
toluene phase became deep orange. The upper organic layer was then
carefully transferred into a disposable flat-bottom glass flask (100 mL with
crimp neck). A digital stirrer was used to precisely control the stirring velocity
during the synthesis. Under vigorously stirring (1200 rpm) with a tiny stir bar
(length =1cm, diameter = 2 mm), a freshly prepared solution of sodium
borohydride (72.6 mg, 1.92 mmol) in water (5 mL) was added into the flask.
The stirring velocity was kept for 120 s and then slowed down to 300 rpm to
avoid any turbulent mixing between organic and aqueous phases. It is worth
mentioning that, some aggregation of gold could sometimes appear in the
bottom of the flask at the early stage of the reaction. The contact between
aggregated material with the organic phase often leads to further growth of
the aggregation and complete precipitation of gold. The stirring velocity and
stir bar are thus appropriately selected to prevent this issue. After 4 hours of
stirring, the organic phase was transferred into a clean separator funnel
(rinsed with aqua regia and nanopure water prior to use), washed with dilute
sulphuricacid (5%, 10 mL) and water (5 x 10 mL), and dried over magnesium
sulfate. The yielded TOAB stabilized AuNPs (4.6 + 1.5 nm) exhibits deep red-

brown color and contains approximately 20 mgAu/mL.
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Figure 8-18 Exemplary TE micrograph and size distribution histogram of Brust-
Schriffrin type AuNPs.

Preparation of AuNPs covered silica NPs for mimicking “hollow”

gold nanostructures

In a typical batch, 3 mL colloidal dispersion of silica-SH (1 mg/mL in
chloroform) was diluted with 32 mL chloroform, in which 7 mL of as-
synthesized Brust-Schriffrin type AuNPs was then added. The mixture was
mixed via shaking and treated with bath-type ultrasonication for 5 min. A
solution of thiol terminated methoxy PEG (2.1 mL, 10 mL/mL) was added
into the mixture under ultrasonication to protect the gold surface and
improve the colloidal stability of the nanocomposites. The mixture was
allowed to be sonicated for another 5 min before being subjected to
centrifuge cycles. Notably, the content of AuNPs from each batch of Brust-
Schriffrin synthesis significantly fluctuated. The ratio of used silica-SH and
AuNPs sol must be adjusted to ensure a sufficient attachment of AuNPs on
silica NPs. For this purpose, TEM measurements of some trial samples were
conducted during the experiment to find a suitable ratio for the current batch.
The content of solvents, as well as the silica-SH/PEG ratio, were always
maintained as the same values. Five individual batches of the “hollow” gold
nanohybrids were merged and centrifuged. During the centrifugation cycles,
the solvent was exchanged from chloroform/toluene to ethanol, then finally
to water. The nanocomposites were washed with water for another
centrifugation step and concentrated into ~ 1.5 mL water. This sample is

referred as “raw-hollow-Au” for brevity.
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Quantitative analysis of gold content in the “hollow gold” sample

In the quantitative analysis, Au® in the hollow-Au sample was converted
into AuCly~ in solution, so that the Au content can be determined by
measuring the characteristic absorption of AuCls™ at 313 nm, which can be

assigned to ligand-to-metal charge transfer.[?”!

In a typical experiment, 100 pL of 100 times diluted as-prepared raw-
hollow-Au sample was dried at 80 °C in a ceramic crucible. The crucible was
heated at 850 °C for 30 min to remove all organic contents. Notably, this

272] After cooling down to room

temperature is also sufficient to melt AuNPs.!
temperature. The resultant Au® was dissolved in aqua regia to be converted
into HAu'"'Cl4 and then diluted with water. The solvent and excess acid were
removed by evaporation at 80 °C. The remaining chloroauric acid was
dissolved in 2 mL of 0.1 M aqueous HCI under the consideration that the
characteristic absorption of AuCls is highly pH-dependent.!?”! This sample
was used for UV-Vis analysis with the final dilution factor of 2000, according

to the Au content.

UV-Vis spectrum shows the AuCly from raw-hollow-Au sample
possessing an absorbance maximum of 0.901 at the wavelength of 313 nm
(Figure 8-19). Based on this absorption band, a calibration series with
commercially available HAuCly - 3 H>O was performed, according to the
relationship between Au content (mgAu/mL) and the absorbance at 313 nm
(Figure 8-20). From these analysis results, the Au content in the raw-hollow-
Au sample is determined as 64 mgAu/mL. This sample underwent another
concentration via centrifugation to give a final “hollow” AuNPs sample with
desired 100 mgAu/mL.
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The measurement is conducted by using 0.1 M aqueous HCl as solvent. The

dilution factor is 2000, according to the Au content from the raw-hollow-Au sample.

1.6 T T T 1.6 T T T T T
A —o00s5mgaumt]] B
144 0.04 mgAu/mL 144 i
0.03 mgAu/mL
124 0.02 mgAu/mL
: 1.2 1 g
—— 0.01 mgAu/mL
[} Q
o 107 1 2 10 .
I I
2 08 2
o .0 - o
2 8 08+ g
< <
0.6 1 E
0.6 i
0.4
0.4 4 g
0.2+
0.2 i
0.0 T T T T T T T T
250 300 350 400 450 0.01 0.02 0.03 0.04 0.05
Wavelength / nm Au content / mg/mL

Figure 8-20 (A) UV-Vis spectra of AuCls~ by dissolving commercial HAuCls - 3 H.0
with different Au concentrations in 0.1 M aqueous HCl. (B) Calibration curve
according to the absorbance maximum at 313 nm from the UV-Vis spectra in (A).

The calibration function is y = 28 x.
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Abbreviations and Symbols

Abbreviations

1D

2D

3D
AFM
AIBN
aq.
ATRP
AuNP
CDSPA
CT
DLS
e.g.

EB
EBNS
EBNS-GS

EBNS-SMM

et. al.

equiv.

etc.

FC

i.e.

LCST

MNP
MNP@SiO>

one-dimensional

two-dimensional

three-dimensional

atomic force microscopy/microscope
azobisisobutyronitrile

aqueous solution

atom transfer radical polymerization
gold nanoparticle
4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanylpentanoic acid
computed tomography

dynamic light scattering

exempli gratia

Egyptian blue

Egyptian blue nanosheet(s)

Egyptian blue nanosheet produced from exfoliation in hot water with
glass stir bar

Egyptian blue nanosheets produced by stirred media milling
approach

et alii

equivalent

et cetera

field-cooled

id est

lower critical solution temperature
magnetite nanoparticle

silica-coated magnetite nanoparticle
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NHS
NIPAM
NIR

NP

PEG
PEG-AuNP
PEG-SH
PL
PMMA
PNIPAM
PTFE
QD
RAFT
RI

rpm

RT
SAED
SE(M)
SEC

SI
silica-SH
SQUID
TE(M)
TEOS
TGA
THF
TOAB
uv

Vis

w/o
XRD
ZFC

100

N-hydroxysuccinimide
N-isopropylacrylamide

near-infrared

nanoparticle

polyethylene glycol

polyethylene glycol capped gold nanoparticle
thiol terminated polyethylene glycol
photoluminescence

polymethyl methacrylate
poly(N-isopropylacrylamide)
polytetrafluoroethylene

quantum dot

reversible addition-fragmentation chain transfer
refractive index

revolutions per minute

room temperature

selected-area electron diffraction

scanning electron (microscopy/microscope)
size-exclusion chromatography
surface-initiated

thiol groups functionalized silica nanoparticles
superconducting quantum interference device
transmission electron (microscopy/microscope)
tetraethyl orthosilicate

thermogravimetric analysis

tetrahydrofuran

tetraoctylammonium bromide

ultraviolet

visible

water-in-oil

X-ray diffraction analysis

zero-field-cooled



Symbols

A surface area

c concentration of hydrolyzed TEOS

b polydispersity index

H magnetic field strength

m mass

Msere normalized specific saturation magnetization according to the mass
of the MNPs cores

M: ample specific saturation magnetization

M, number average molar mass

M saturation magnetization

My mass average molar mass

n refractive index

T blocking temperature

\% volume

Q@ grafting density
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