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ABSTRACT
Stimuli Responsive Self-Assembled Organic-Inorganic Hybrid Materials
Safaa Mohammad Al-Rehili
Because of the latest developments in nanotechnology and the need to have new
functions, a high demand for innovative materials is created. The technological requirements for
new applications cannot be fulfilled by most of the well-developed materials like metals, plastics,
or ceramics. Therefore, composite materials that can exhibit better properties in contrast to their
single counterpart represents a valuable and interesting alternative for the development of new
and more performing functional materials.
In the past few years, one of the most rapidly developing fields in materials chemistry is
research and development of innovative hybrid materials and nanocomposites having
exceptional properties. A significant reason for this is that this group of materials closes the gaps
between different scientific fields and brings together the ideal properties of the different
disciplines into a single system. Conventional materials like polymers or minerals can be mixed
with substances of a different kind, like biological molecules and different chemical functional
groups to create unique functional materials with the help of a building block method. Inorganic
and organic chemistry, physical and biological sciences are integrated in the search for new
recipes in a purely interdisciplinary way to generate unique materials. Compounds that are
created frequently have interesting new properties for forthcoming functional materials and
technological applications. Natural materials frequently function as a model for these systems
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and various examples of biomimetic methods can be obtained while generating these hybrid
materials. The research and development of these materials is driven by the needs of future
technologies.
The research carried out in this thesis is entirely based on hybrid organic-inorganic
materials; hence, it consists of soft organic/bioorganic section that makes it possible to generate
multifunctional materials, whereas the hard inorganic section functions as a rigid and stable
platform for developing nanocarriers and imaging agents. A key domain in materials chemistry is
the creation of smart materials that have the ability to respond to environmental changes or be
triggered on demand. These materials have led to the creation of new technologies, like
electroactive materials, electrochromic materials, biohybrid materials, sensors and membranes,
etc. The required functionality can be provided by the organic or inorganic components, or from
both.
In this dissertation, the synthesis, methodology, and creation of three unique organicinorganic hybrid stimuli responsive systems having targeted features for specific applications are
examined. The first example is represented by supramolecular microtoroids created by
spontaneous self-assembly of amphiphilic molecules and a hydrophilic polymer (chitosan), in the
presence of iron (III) chloride. Light irradiation is the stimulus responsible for
assembly/disassembly of this new supramolecular entities. The basis of the photo-response of
the microtoroids is the photoreaction of the anthracene derivatives. In order to make these
materials bio applicable, the microtoroid size was controlled and narrowed down to nanometers,
which has led to our second system called metal organic complexes (MOCs). In this system,
chitosan was replaced by PNIPAM polymer at optimized concentrations. The reversible thermo-
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response of MOCs comes from the phase transition ability of PNIPAM. The third hybrid material
is the core-shell system consisting of mesoporous organosilica coated with iron oxide
nanoparticles, used for cargo delivery and cell imaging. The magnetic-response of the core-shell
system results from the strong magnetic properties of iron oxide nanoparticles, while the
presence of PMOs increased its biocompatibility.
Our research on such organic-inorganic hybrid materials represents a promising
development in the field of materials chemistry. Due to the possibility of mixing various
properties in a single material, a variety of combinations regarding possible materials and
applications have emerged.
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Chapter 1
1

Introduction
1. Organic-Inorganic Hybrid Materials

A lot of interest has been shown by both academic and industrial in the processing of organicinorganic hybrid materials in the last 30 years.1-8 In the wider sense, the applied synthetic
mechanisms consist of “polymerization” or “insertion” processes between molecular, polymeric
precursors or nano-objects (alkoxides or metal salts, polymers, functional nanoparticles,
nanoslabs, etc.). These processes may occur at comparatively low temperatures (20–50°C) under
normal or autogenous pressure in aqueous or organic solvents.

7-8

These conditions are quite

mild, and it is in such conditions that several reactions are carried out in organic and
organometallic chemistry, supramolecular chemistry, intercalation chemistry, or polymer
chemistry. Hence, this kind of technique allows for the simultaneous production of organic or
biological components, as well as mineral components that process original organic-inorganic
hybrid materials that are, at the molecular or nanoscale level, frequently composites. In fact, it
has become possible to achieve the properties of particular organic or biological molecules and
that of inorganic compounds when combination takes place at the molecular level.9-10 It is not
just the physical and chemical properties that create interest in these multifunctional hybrid
materials; rather, it is also of interest because of the various possibilities provided by the
combination of the colloidal state with the physiochemical characteristics of biological systems
and that of complex fluids. Various hybrid materials can be processed easily due to this coupling
of soft chemistry with several engineering techniques that are used to form soft matter (dip-
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coating, spin coating, extrusion, electrospinning, microemulsion templating, aerosols processing,
inkjet printing, 3D/4D printing). It is possible to process hybrids not only as thin films or thick
coatings and fibers, but also in the form of foams, powders, monoliths and intricate architectures.
Through these methods that involve synergistic coupling of molecularly engineered chemistry
and ingeniously designed processing, chemists are able to create complex systems of different
forms at varied scales of size, composition functionality and morphology with perfection. When
complex hybrid hierarchical architectures are obtained, there is a perfect integration of the
chemistry and the process, and the key role of “integrative chemistry” is depicted clearly in the
domain of advanced materials.11-14 The field of study related to hybrid materials progresses under
this context in the present times to the crossroads of “chemical in all these states” of physics,
biology and the science of materials. Organic-inorganic hybrid materials can be considered as
multicomponent components which have at least a single of their organic (biological) and
inorganic components in the sub-micrometric, and more commonly, in the nanometric size
domain.15 Hybrid materials do not just acquire the individual properties of their components;
rather, their properties are derived from the powerful synergy generated due to the existence of
an extensive hybrid interface.2 A preponderant function is performed by the organic-inorganic
interface (nature of interactions, energy and linkability) in controlling various properties (optical,
separation, mechanical, catalysis, stability to chemical and thermal stresses). This is why various
hybrid materials were grouped into two major families on the basis of the nature of the interface
between the organic (or biological) and mineral components (Figure 1-1).
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Figure 1-1. Classification of hybrid organic–inorganic hybrid materials.2

hybrid systems in which organic and inorganic components interact through weak bonds (like
van der Waals, electrostatic bonds or hydrogen bonds) are part of the first class. On the other
hand, the second category includes the hybrid materials in which the organic and inorganic
compounds are attached to each other through covalent or noncovalent chemical bonds. Several
hybrid materials consist of strongly as well as weakly bonded organomineral interfaces; however,
since the strong chemical bonds have an impact on the properties of the ultimate hybrid material,
this kind of hybrid will be considered as the second class. 16
Nature did not wait for man’s idea of using the concept of organomineral hybridization to
create biological materials. Generally speaking, the foundation of evolution is hybridization and
crossbreeding. From the most basic to the most complicated organism, various architectures,
systems, materials and functions are perceived and achieved by nature. Hence, millions of years
back, hybrid materials were created through biomineralization procedures with the help of
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multiscale structures. 17 The major biominerals present in coccoliths, shellfish shells, shells, ivory,
bones, and teeth of bone-skeletal animals, diatoms, radiolaria, Chrysophyceae, magnetotactic
bacteria, ferritin, teeth of some molluscs (chitons and limpets), etc. (Figure 1-2), are hybrid
nonacomposites, in which biopolymers (collagen, chitin, proteins and other sugars) are cleverly
related to several inorganic compounds like calcium carbonate, calcium oxalates, calcium
phosphates, iron oxides, silica or composites.18-23
In reality, these natural hybrid materials are frequently integrated is intelligent systems that
know how to choose from a variety of functions: mechanical behavior (flexibility or rigidity),
regulated permeability, density, hydrophobicity and color. There are two facets of integration:
miniaturization, the purpose of which to integrate an increasing number of basic functions in a
small proportion, and hybridization, especially between mineral and organic components that
increases the worth of the entire system by integrating functions selected from the two
components. The topological and structural organization of biological materials is their most
important feature that works successfully at all scales, i.e. nanometric or supramolecular,
micrometric, and even millimetric at times. These hierarchical systems seem to have mechanical
strength and reliability because of their capability to react to chemical and/or physical
occurrences as a consequence of stresses applied at various scales. The hybrid materials of the
living world demonstrate high efficiency because of the concept of time; evolution has ensured
that the correct material is chosen for their successful working. During its process of selection,
nature frequently optimizes its option by using the concept of hierarchical organization on a few
materials.
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Figure 1-2. Natural biohybrids: a) Venus sponge24. b) brittlestar’s lens25. c) Radiolaria23. d)
vertebrate teeth26. e) diatom27. f) Coral28. g) coccolith29. h) teeth of chitons22. i) kidney stone
(Whewellite), j) abalone shell, k) magnetotactic bacteria30. and l) teeth of the urchin.

Long ago, man formulated matter, and his first accomplishment of organomineral hybrid
materials is frequently related to frescoes or objects that are created, without any doubt, by
chance, but the ingenuity of artists and artisans has also played a part. Hybrid materials came
into being after many years, mainly after the 17th century. Figure 1-3 presents a chronological
account of the history of hybrid materials. Four key periods can be observed in this figure.
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Figure 1-3. Timeline of the development and multidisciplinary evolution of the organic–inorganic
hybrid materials30.

The earliest era goes back to the prehistory (20,000 years ago) to the tenth century AD and is
evident from the frescoes present in the prehistoric caves (Chauvet, Lascaux, Altamira, etc.), the
hybrid clays employed for molding and ceramizing Chinese porcelain known as “eggshell”, the
clay-base bleaching agents used in the times of Cyprus or ancient Rome and the pigments known
as Maya Blue or Prussian Blue.
The second period is from 1600 to 1940. It was during this period that the chemistry of
silicates, silicon and its alkoxides, organic compounds of silicon (organosilanes) were developed,
which led to the industrial production of silicones. The latter refer to hybrid glues and sealants
or glass-polymer coupling agents that were awarded “letter of nobility” because of the need to
develop competent new materials during the Second World War.
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It can be seen in Figure 1-3 that there is a significant increase in the creation of hybrid
materials after the mid-20th century, both in numbers and in quality. The third period extends
from the 1940s to the end of the 1970s and involves the creation of mixed organic-inorganic
materials by various weak or non-interacting scientific communities. The “basic compounds” of
clays, polymers and zeolites were being mixed with complementary components of a distinct
nature (organic with inorganic or inorganic with organic) to develop new structures, and /or to
control the ensuing physical features. For instance, in the field of polymers, inorganic nanofillers
were included or in situ prepared through sol-gel chemistry, there was hybridization of the clays
through intercalation of organic components (molecules, monomers, polymers, oligomers, etc.),
the production techniques of new zeolites depended on the use of organic cationic templates. In
the fourth period that ranged from the start of the 1980s to the present day, soft chemistry
(chimie douce) came into being 31 as well as majority of the bottom-up techniques for creating
colloids, glasses, gels and ceramics. Through these methods, coupling of the organic or biological
materials could generally be carried out with the mineral matter.
An actual multidisciplinary “school of thinking” came into being and chemists who were part
of distinct communities (solid state, surface, coordination, molecular and polymer chemistry
spectroscopies, physicochemistry etc.), such as ceramists, engineers, physicists and glassmakers,
for the first time, came together in national and international schools and symposia.32-33 In the
present times, the “Multifunctional, Hybrid and Nanomaterials” conference that is carried out
every two years since 2009 is the most significant meeting that integrated the wide hybrid
materials scientific community (Tours, Strasbourg, Sorrento, Sitges, Lisbon).
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Towards the end of the last century, the environmental challenges faced by the Earth were
recognized. Material science also saw a shift back to the ways of thinking in which Mother Nature
was used as a model. A safe, eclectic and economic way of developing and designing advanced
hybrid materials essentially includes biology because of the fact that a significant feature of
biological systems is their potential to combine molecular production at very high degrees of
organization, structure and dynamics.
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Such biomimetic or bioinspired methods are, without

any doubt, leading to favorable domains of scientific and technological progress in the 21 st
century. Wide developments were brought about by the processing of bioinspired materials and
systems (adaptive materials, new or improved nanomaterials, materials having hierarchical
structures and regulate dimensionality, materials compatible with ecological or biocompatible
limitations, 3D composites, recyclables, etc.), and these are already quite evident.35-36 It seems
that nothing can stop the development of these strategies, keeping in view the technical,
ecological or economic restrictions that always come in the way of existing solutions.
The first instances of application of hybrid materials goes back to the prehistory when the
hybrid nanocomposite paints were identified in the frescoes of the Lascaux’s cave (13,000 BC)
(Figure 1-4). Every component performed a certain function: rust powder (Fe2O3) was pigment
to regulate the orange-brownish shade; the painting medium (green paste) was formulated by
aluminosilicate clays having tunable rheological features to permit finger painting; the inorganic
elements were then mixed with organic binders (marrow, urine, fat, blood, saliva) that were
merely mixed or intercalated into the clays. 37
Another example inorganic solids like clay minerals were employed in antiquity as host
matrices for sequestering molecular organic species to maintain their features for a long period.
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Similarly, many centuries back, in the late pre-Spanish period, an ancient nanostructured organicinorganic material was developed by Mayan people by encapsulating the indigo natural dye into
palygorskite, which is a natural fibrous and microporous clay, also called attapulgite.38 The
ensuing hybrid material is an excellent pigment that is exceptionally stable since it repels solar
and UV irradiation, thermal treatments at temperatures greater than 200°C.
Also, Kaolin is another interesting example of application of hybrid materials. Kaolinite clay
mineral is the major constituent of kaolin that has been used for a long time in paper-making, as
well as ceramics that is used particularly in the production of porcelain by heating at
temperatures more than 1200 °C. Weiss,39 stated that past Chinese ceramics that generated very
thin-walled porcelains, like the delicate south Ting ware involved the intercalation of kaolinite
with urea. These hybrid materials were created by treating and aging kaolin with urine, which
created stable urea-kaolin hybrids, in which the guest molecule is situated in the silicate
intracrystalline area due to hydrogen bonding with aluminol groups.
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Figure 1-4. Ancient hybrid materials for arts: Maya Blue1, prehistoric paintings40, and Chinese
porcelain.
1.1.1 Synthetic Strategies towards Hybrid Materials
The synthetic strategies presented in the past studies are shown in Figure 1-5, which
integrate at the nanoscale or at the molecular scale mineral and organic components. Various
strategies can be followed to generate organic-inorganic hybrid compounds. These include 1)
adding organic constituents in an organic host that is already created (addition in porous or
lamellar hosts using simple intercalation through molecular or ionic exchanged carried out in
some situations with the help of chemical grafting, such as LDHs, clays, mesoporous oxides, etc.);
2) dispersion or in situ production of inorganic constitutes in a polymeric network (usually
nanofillers in a polymer), 3) processing inorganic constitute surrounding the organic host, 4)
processing organic constitute from the inorganic core or combining it with the inorganic core, 5)
simultaneous growth of organic as well as inorganic networks (kinetics can be tuned using two
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catalysts). The chemical strategies employed for producing hybrid materials led to the
identification of four significant chemical routes that are related to the growth mode selected for
the inorganic phase. When a metal oxide or a metal oxopolymer (consisting of silica or silicates)
is the mineral component, it can be achieved through hydrolytic (hydrolysis-condensation) or
non-hydrolytic polycondensation processes (M-O-M bonds that are attained by eliminating
ether, ester, RCI, etc.). The hybridization can take place by organic functionalization of the
mineral body through covalent or nonocovalent bonding. This organic group can be an organic
complexing ligand, an organosilane that has a simple function (optical, hydrophobic, and so on…)
or it can be a polymerizable group. In case the complexing ligand has a functionality that is the
same as that of one or more than two, the coordination polymers can be developed by including
the metal centers or the oxo metallic clusters, where the latter can be developed by hydrolytic
or non-hydrolytic procedures. In a similar way, hybridization of other inorganic compounds
(nanometals, nanophosphides etc.) can be carried out by functionalization of their surfaces with
ligands that have a good affinity (such as thiol on gold, phosphate or carboxylate on metal oxide).
In the present times, these techniques are quite popular and majority of the materials scientists
and engineers can tune them. In addition, these chemistries can be coupled with several
processing techniques so that a hybrid material can be developed using a specified targeted
group of properties.4, 41-46
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Figure 1-5. Synthetic strategies to combine inorganic and organic components at the nanoscale
or at the molecular level.
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1.1.2

Advantages of Combining Organic and Inorganic Species in One Material

The most prominent benefit of organic-inorganic hybrids is that they can optimistically
combine the mostly-different attributes of organic and inorganic components in one material.
Due to the multiple probable combinations of components this is a very diversified field, since it
offers the favor to initiate a nearly infinite pile of fresh materials with a huge spectrum of
acknowledged and yet to be known properties. One more driving force in the field of hybrid
material is the probability to develop multifunctional materials. For example, the unifying of
organic clumps or nanoparticles with particular ocular, digital or magnetic attributes in organic
polymer matrices. These opportunities lucidly prove the capability of hybrid materials to produce
complex systems out of simpler building blocks similar to the LEGO approach.
The most fascinating characteristic could be hybrid contents that develop this material
category engrossing for majority applications during their progression. Dissimilar to genuine
solid-state organic materials that mostly demand a high temperature atmosphere for their
operations, hybrid materials reveal a more polymer-like controlling, maybe due to their large
organic context or because of the structure of cross-linked inorganic channels via small molecular
precursors exactly same as polymerization reactions Thus, these materials could be molded in
bulk and in films.41
There are different types of organic or inorganic responsive materials such as smart
polymers (poly(propyl acrylic acid), poly(ethacrylic acid), Polysilamine and poly(4-vinylpyridine))
or metallic/metallic oxides (gold and iron oxide nanoparticles). Each of which has shown
advantages and disadvantages. The combination of both moieties could overcome these
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limitations. For example gold nanoparticles have an increased impact for biomedical applications
such as sensing, imaging, and drug delivery. Their success relies on the ability of these particles
to target specific cells followed by internalization after the modification by organic molecules.

2. Stimuli Responsive Materials

Stimuli-responsive materials or generally termed as “smart materials” are macromolecules
that are responsive to particular triggers from the exterior environment. These external triggers
can be classified as physical, like temperature, light, electrical or magnetic fields, and chemical,
like redox, pH and so on. The operative molecules generate noticeable or discoverable micro- or
nanoscale alterations, such as morphology, molecular bond realignment/ cleavage and molecular
locomotion, which possibly impose shifts in their macroscopic attributes like color, shape and
performance. The basic similitudes of stimuli-responsive mechanisms and categorize these into
dual classes: intrinsic (pH, redox state, biomolecules) and extrinsic (temperature, light irradiation,
magnetic field and ultrasound) ones.47-51

1.1.3 Light-Responsiveness

The incursive nature of light triggers is the basic reason behind its retention as the most
famous stimuli-responsive mechanisms
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. The fundamental facility of light-responsive drug

delivery systems (DDSs) is their material and geographical controllability: the drug excreting
conduct can be accurately catered by adoption of certain light irradiation at a particular position.
Lights with diversified wavelengths comprise variant characteristics. By far, DDSs that reacts to
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ultraviolet (UV) light, visible light and near-infrared (NIR) light all have been created and
implemented. The light-actuated DDSs mostly function depending on three basic mechanisms:
light-induced isomerization, bond cleavage and separation of conductive materials.
The wavelength of ultraviolet (UV) light ranges from 10-400nm, short as compared to visible light
but longer than X-rays popular groups for UV light-responsive chromophores are azobenzene,
coumarin, spiropyran, pyrenylmethyl, o-nitrobenzyl and coumarin. In order to trigger
photochemical reactions UV occupy great power. For azobenzene and its subordinates, the
azobenzene unit mainly emerges in the cis form under UV light and projects the trans form under
visible light. This UV-induced isomerization permits azobenzene to work as a “stirrer” and ceasing
agent. Coumarin and its derivatives ensure reversible [2+2] photodimerization upon absorption
of UV light. The photodimerization causes the incorporation of two coumarin units, which is
generally structured as a photo-sensitive bridge gate on MSN platforms. Spiropyran experiences
a reversible conversion from the merocyanine state (under UV light) to the spirocyclic form
(under visible light). The charge dispersion and hydrophilicity attributes of these two states are
quite unique, offering opportunities to manufacture stimuli-responsive DDSs. Coumarin-, onitrobenzyl- and pyrenylmethyl-based molecules are UV-cleavable. By prefacing these units into
a light-responsive DDS, we can cater the principles of the conductive platform and their drug
molecule excretion manner.
Lu and collaborators built an azobenzene-containing “gate keeper” onto β-cyclodextrin
altered concave mesoporous silica nanoparticle exteriors (figure 1-6) 53.
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Figure 1-6. Schematic depiction of light-triggered drug release from HMS@b-CD@PPP.

Azobenzene units were implanted into the amphiphilic polymer poly(PPHM-co-PEGMEM)
through copolymerization. The on/off control function was perceived by UV irradiation. It is
reported that trans azobenzene can form a host guest complex with β-cyclodextrin while the cis
form cannot. Hence, when irradiated with UV light, azobenzene units secluded from the βcyclodextrin cavities, eliminating the shielding polymeric gate keepers. Ibuprofen (IBU) was
loaded in these hybrid vehicles and then eluded from the mesoporous networks upon UV light
irradiation. Enduring transition with UV light and visible light, the cargo molecule discharge
profile presented an on/off mode. Relying on a similar structure ideology, Wang et al. (figure 17) Constructed a UV-sensitive complex composed of a water-soluble pillar[6]arene (WP6) and an
azobenzene guest for photoinduced delivery of anticancer drugs. The amphiphilic
supramolecular complexes auto aligned into vesicles in water solution 54.
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Figure 1-7. Schematic illustration of the construction of supramolecular micelles (WP6_G1) or
vesicles (WP6_G2) and the application of supramolecular vesicles in drug delivery.

Upon UV irradiation, photoinduced E/Z isomerization attenuated the imperative connection
among the azobenzene guest and WP6 host, resulting in scattering of the supramolecular
complex and ultimate the disruption of the vesicle structure. Thus, the hydrophobic anticancer
drug MTX was discharged from the cavity of vesicles. Additionally, because of the acid-
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responsiveness of WP6, MTX would also be excreted when the DDS was revealed to an acidic
surrounding.
Anyhow, considering the fact human tissues immensely absorb UV light, the piercing potential of
UV light is comparatively low and generally, the penetration strength is no larger than 10 mm.
Moreover, UV light occupies relatively high power, which has revealed phototoxicity by
sabotaging cells. Currently, researchers have directed their attention to a safer light source. Nearinfrared (NIR) light relates to the light with wavelength between 780–2526 nm. The evolution of
dual photon excitation brought in limelight NIR light irradiation applications in restrained
transmission procedure. Compared to UV light, NIR light acquires facilities for instance zero
chances of side effects and high piercing potential (on the centimeter scale). Additionally, NIR
light could be transmitted into thermal power by noble metal nanoparticles, additionally
extending its clinical application area. Lately, with the introduction of upconversion
nanomaterials (usually lanthanide-based substances), the photon energy can be lifted from NIR
district to UV-vis wavelengths. This allows NIR to engage in photo responsive chemical reactions
55.

Zhang and his team exploited the NIR absorption of upconversion nanoparticles and
photoisomerization of azobenzene to design a NIR triggered liposome drug delivery system (DDS)
(figure 1-9) 56 .
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Figure 1-8. Schematic illustration of the NIR-triggered azobenzene-liposome/upconversion
nanoparticle hybrid vesicles for controlled drug delivery, depicting the phosphatidylcholine
coated UCNPs and anticancer drug DOX can be loaded together within the hydrophilic
compartment of the liposome, as well as the azobenzene amphiphilic derivatives are embedded
in the liposome bilayers consisting of phospholipid (DSPC and/or DOTAP).

Their system is based on liposome/upconversion nanoparticles (UCNPs) and consists of
Tm,Yb@NaGdF4

nanoparticles

coated

with

amphiphilic

1,2-distearoyl-sn-glycero

3-
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phosphocholine (DSPC) Phospholipids. Liposomes containing an azobenzene derivative in their
phospholipid bilayer were loaded with UCNPs and doxorubicin and the drug was released upon
980nm NIR irradiation of UCNPs that resulted in UV light emission responsible for
photoisomerization of azobenzene units. This resulted in sabotaging the lipid bilayer structure of
vesicles and allowed doxorubicin delivery. The efficacy of NIR reactivity was revealed upon
implementation of pulsed NIR irradiation and observing a systematic discharge profile existence.

1.1.4 Thermo-Responsiveness

Multiple controlled release systems, their thermo-responsibilities are attained via shaping
thermo-responsive polymers in the means of micelles, hydrogels, liposomes, or dendrimers .57
Thermo-responsive polymers usually have a crucial performance temperature, above which the
polymers exhibits eminently diversified characteristics than those found under this temperature.
If soluble polymers become insoluble upon heating to certain temperature, this temperature is
termed as lower critical solution temperature (LCST) of thermo-responsive polymers; on the
other hand, if insoluble polymers become soluble upon heating to specific temperature, this
temperature is known as upper critical solution temperature (UCST) of polymers.58 LCST and UCST
are not constrained to an aqueous solvent surrounding, but only the aqueous systems are of interest
for biomedical applications. These alterations in polymer solubility are caused from the rivalry
between intra- and inter-molecular H-bonds of the polymer molecules enduring variant
temperatures. That is, if inter-molecular H-bonding is preferred under particular temperature, the
polymers tend to be soluble because of the solubilizing action exerted by the solvent; alternatively,
they tend to be insoluble when intra-molecular H-bonding is favored. When linear thermo-responsive
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polymers are additionally cross-linked in channels, such as hydrogel, their constitutive attributes can
endure the network system with volume phase transition (VPT) capability under certain temperature.

Ordinary LCST polymers depend on N-isopropylacrylamide (NIPAm). N,N- diethylacrylamide
(DEAM), methylyinylether (MVE) and N-vinylcaprolactam (NVCl) as monomers, while general
UCST system relies on amalgamation of acrylamide (Aamm) and acrylic acid (AAc)58 in multiple
biomedical applications poly(N-isopropylacrylamide) (PNIPAm) and its imitative are entirely
consumed (figure 1-10). They could be mono linear or chained by grafting with other polymers
or channeled by polymerizing with cross linkers, variant kinds of polymers may be available, but
the thermo-response is based upon hydrophilicity surrounding of amides in PNIPAm.

Figure 1-9. Typical molecular structure of linear PNIPAm.

The thermo-responsive polymers PNIPAm can be included in controlled release systems be it in
pristine configuration or by grafting on other conductors. In both situations, the heat-induced
disintegration of polymer chain volume dwindling of hydrogels is always indulged to enable
payloads. An example of consuming pristine PNIPAm is the task from the Yuqiang Ma group
where PNIPAm micro gel particles were groomed to load and discharge calcein while heating. 59
It was perceived that zero calcein was discharged at room temperature and that the body
temperature (37°C) boosted the discharge process substantially. They claimed that the discharge
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at high temperature was ascribable to the volume minimization of PNIPAm micro gel upon
heating.

PNIPAm could be implemented more vastly with diversified conductors or systems, by
functionalization or transplantation. One excellent method is grafting PNIPAm on mesoporous
silica nanoparticles (MSNs) as the gatekeepers to manage the opening/closing of pores (Figure 111). The Oupicky group have proposed one sample work.60 It was noticed that the discharge of
dyes from MSNs was extensively hampered after heating over LCST of grafted PNIPAm. They
declared this attributed to the pore-closing on MSNs by insoluble PNIPAm upon heating.
Excluding the grafting on nanoparticles, a further functionalization strategy is incorporating
PNIPAm in copolymers with other polymer moieties (i.e., hydrophilic PEG), and consuming the
copolymers to substantiate intermediating conductors. Applying this concept, various systems
have been synthesized like polymeric micelles,61-62 liposomes,63-64 hydrogels,65-67 and core/shell
microparticles68 or nanoparticles.69

Figure 1-10. Schematic illustration of PNIPAm grafted on MSNs for thermos-responsive release
of payloads.
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Materials having sheet-like design can also be polished or grafted with PNIPAm to become
thermo-responsive. For instance, porous silicon films 70, polymeric films,71 and graphene sheets72
have been reported by adoption of this method for restrained discharge. Whatever substances
are adopted as conductors, PNIPAm or its hydrogel can perform better as thermo-responsive
covering or shade of cavities. The opening/closing manner may be attained upon heating or
cooling operation in sensitive structured system.

1.1.5 Magnetic Field Responsiveness

As a non-invasive trigger, magnetism has lured great engagement in establishing advanced
DDSs. At the introductory level, magnetism was exposed into DDSs to offer hold over DDS motion
by implementing an external magnetic field. Magnetic nanoparticles such as Fe3O4 nanoparticles
also act as contrast agents, playing an essential part in magnetic vibration imaging diagnosis.
Recently, DDSs that react to magnetic fields have been fruitfully established. Magnetism facets
are no longer constrained to supplementary functionalities in cancer operation. Tseng et al.
Encapsulated magnetic nanoparticles (adamantane-grafted Zn0.4Fe2.6O4) into DOX-embedded
supramolecular nanoparticles which comprised polymeric blocks (β-cyclodextrin modified PEI,
adamantine modified PEG, adamantine modified polyamidoamine) (figure 1-12) 73.
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Figure 1-11. Molecular design, self-assembly, and function of magnetothermally responsive
doxorubicin (Dox)-encapsulated supramolecular magnetic nanoparticles (Dox_SMNPs). 1)
The self-assembled synthetic strategy is employed for the preparation of Dox_SMNPs, which is
made from a fluorescent anticancer drug (Dox) and four molecular building blocks: Ad-PAMAM,
6 nm Ad-grafted Zn0.4Fe2.6O4 superparamagnetic nanoparticle (Ad-MNP), CD-PEI, and Ad-PEG. 2)
The embedded Ad-MNP serves as a built-in heat transformer that triggers the burst release of
Dox molecules from the magnetothermally responsive SMNP vector, achieving on-demand drug
release upon the remote application of an alternative magnetic field (AMF).
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The magnetic nanoparticles transformed the applied alternative magnetic field (AMF) into heat.
As the self-assembly of supramolecular hydrogel network is driven by noncovalent π–π stacking
interactions, this dynamic crosslinking system could be agitated under AMF-induced heat,
discharging encapsulated DOX molecules. As the consequence of AMF pulsing, the drug excrete
profile displayed a stepped aspect. After the modification of the control parameters (DDS size
and AMF intensity), potent tumor vanquishing was observed for in vivo examination.
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Chapter 2

2

Anisotropic Self-Assembly of Organic-Inorganic Hybrid Microtoroids
2.1 Introduction

Self-assembly provides a general and effective strategy for generating nano- and microstructures.
It is one of the most important strategies used in biology for the development of complex,
functional structures. The importance of this “bottom-up” approach is that it follows nature’s
way of building up complexes through self-organization. The arrangement of lipid bilayers1 and
colloids2 and the organization of nucleic acids3 are all examples of self-assembly. Non-covalent
forces such as metal coordination,4 hydrogen bonding,5 van der Waals forces,6 and hydrophobic7
and/or electrostatic interactions8 encompass the driving force for the formation of these welldefined structures. Such structures are valuable when employed for biomedical applications, 9
catalysis,10 electronics,11 and photonics.12 Numerous architectures have been designed through
self-assembly, with nanoparticles,13 micelles,14 vesicles,15 and filaments16 being the most
common.
Recently, a doughnut-shaped or toroidal self-assembled structure generated by a closed plane
curve rotating about an axis but not intersecting it, has been reported. 17−19 Toroids have
interesting geometrical properties that are topologically distinctive from those of cylinders,
micelles, and spheres. In certain types of viruses, bacteria, and sperm cells, DNA and proteins are
organized in a toroidal shape.20−22 Most importantly, toroids are found in the self-assembly of
transmembrane proteins and lipids such as β-barrels and α- helical bundles that lead to
membrane pore formation.23−26 Other published examples of organic toroids include the
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formation of toroidal nanostructures from the directed selfassembly of block copolymers 18,27−29
and of monomers with anisotropically predisposed alkene groups as building blocks. 30
Inorganic toroidal nanocrystals have been synthesized from lithium peroxide, 31 silica,32 titanium
disulfide exposed to copper ions,33 and magnetite.34 Metal−organic framework (MOF) toroids
were obtained by metal−organic coordination of oligo(phenylene ethynylene) dicarboxylic acid
(OPEA) with zinc acetate (Zn(OAc)2).35 Toroids were also reported via the self-assembly of an
amphiphilic copolymer (PDMA-rac-PLA) with an organosilicate precursor for preparation of
mesoporous films on Si wafers.36,37 Although many techniques have been invested in the
preparation of such structures, employing predesigned building blocks to direct the assembly was
always the indispensable factor.

2.2

Design
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Coordination-driven assembly constitutes a straightforward approach to spontaneous selfassembly.38−42 Some assemblies have interesting structures, such as the hybrid nanoflowers
reported by Zare and co-workers.43 Spontaneous assembly is also found extensively in poreforming toxins, where their monomeric forms undergo self-organization based mainly on
hydrophobic followed by electrostatic interactions to complete the pore formation. 24 Using a
similar approach, we report the supramolecular preparation of microtoroids by spontaneous selfassembly of amphiphilic molecules (saponin) and a hydrophilic polymer (chitosan) in the
presence of iron(III) chloride (FeCl3). Coordination-driven assembly of saponin, chitosan, and
FeCl3 resulted in the formation of starlike nanostructures within minutes. A spontaneous selforganization of these nanostructures was then prompted to form hybrid microtoroids (Figure
1a). We hypothesize that the assembly occurs as follows: (i) coordination-mediated bonding of
iron with hydroxyl groups of chitosan and saponin to form starlike nanostructures; (ii) further
coordination of starlike nanostructures aided by the high valency of the multiple edges; (iii)
hydrophobic interactions of the lipophilic component of the starlike nanostructures in a
“micellar-like” curved assembly; (iv) repulsive electrostatic interactions and steric hindrance of
the protonated hydrophilic polymer, finally leading to the toroidal ring closure. The as-prepared
toroids were very stable and mechanically robust with sizes ranging from 3.9 to 4.8 μm.
Moreover, the microtoroids showed an anisotropic hierarchical growth affording a layered
structure with a height of 1.86 μm after 2 h of assembly. We believe that the starlike coordination
complexes provide a location for nucleation of iron chloride crystals and subsequent anisotropic
growth. The gap size of the microtoroids can be reproducibly controlled by adjusting the
stirring/assembly time. Because of their adjustable nanogap and anisotropic architecture, the
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microtoroids were used as templates to host metallic nanoparticles (Au and Ag) for possible
future applications in catalysis and separation.

Figure 2-1. Preparation of hybrid microtoroids. (a) Picture illustrating the steps in the preparation
of the microtoroids. (b) TEM and (c) SEM images at each stage of assembly: Adding amphiphilic
saponin to an aqueous solution of FeCl3 and chitosan results in the formation of starlike
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nanostructures; reorganization and growth of the starlike nanostructures mediated by attractive
interactions (coordination and hydrophobic interactions) and relief of electrostatic repulsion and
steric hindrance results in the formation of toroidal structures.
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2.3 Experimental section
2.3.1 Materials
The mixtures were prepared using high-molecular weight chitosan (MW = 310000-375000;
Aldrich), poly(Nisopropylacrylamide) (PNIPAm) (Mn = 560 000; Polymer Source, Inc.), saponin
(Alfa Aesar), anhydrous iron(III) chloride (Riedel-de Haën), and glacial acetic acid (Panreac
Sintesis). All of these reagents were used without further purification. The deionized water
utilized in the experiments was purified by a Milli-Q system (Millipore).
2.3.2 Methods: Synthesis and Characterization
Preparation of microtoroids using chitosan: A 1 mL aliquot of amphiphilic solution (7 mg/mL)
dissolved in Milli-Q water was transferred to a vial fitted with a magnetic stirring bar, after which
0.5 mL of iron(III) chloride solution (20 mg/mL) was slowly added dropwise under stirring. Finally,
1 mL of a freshly prepared stock solution of polymeric chitosan, corresponding to Rchitosan = 0.74
(20 mg/mL, dissolved in 1% (v/v) acetic acid for 2 h), was added to the stirred solution. The
mixture was allowed to self-assemble under a stirring speed of 250 rpm for 4.5 h, and the pH was
kept at 1.8. Rchitosan is defined as the ratio of the weight of chitosan polymer to the total weight
of saponin and chitosan. To obtain a rodlike microstructure, 38.5 μL of chitosan was added,
corresponding to Rchitosan = 0.1. To obtain separated rodlike microstructures, 87.5 μL of chitosan
was added, corresponding to Rchitosan = 0.2.
Preparation of microtoroids using PNIPAm: Similarly, 1 mL of saponin solution (7 mg/mL) in
Milli-Q water was transferred to a vial fitted with a magnetic stirring bar, and 0.5 mL of iron(III)
chloride solution (20 mg/mL) was slowly added dropwise under stirring. Finally, 1 mL of a freshly
prepared solution of PNIPAm in Milli-Q water (20 mg/mL; solubilized for several hours in Milli-Q
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water) was added to the stirred solution. The mixture was allowed to self-assemble under a
stirring speed of 250 rpm for 6.5 h.
Synthesis of light-responsive microtoroids: To a solution of high-molecular-weight chitosan
polymer (monomer MW = 188 g/ mol; 0.106 mmol, 20 mg) in 1 mL of Milli-Q water (1% acetic
acid) was added 0.5 mL of a solution of iron(III) chloride (162 g/mol; 61.7 μmol, 10 mg) followed
by dropwise addition of a 1 mL PEGanthracene solution (9 mg). The mixture was stirred at room
temperature at a low stirring speed (250 rpm) for 4 h.
Synthesis of gold-decorated microtoroids: Gold nanoparticles were produced by dissolving
chloroauric acid (HAuCl4) (1.7 mg, 10−4 M) in 50 mL of Milli-Q water and then reducing it with 5
mg of sodium borohydride (NaBH4) in an ice bath followed by dialysis in Milli-Q water (molecular
weight cutoff = 12−14 kDa). To functionalize toroids with gold nanoparticles, 200 μL of the
previously synthesized solution and the other components of the toroid mixture were added in
the following order: saponin, iron(III) chloride, chitosan, and finally AuNPs. The mixture was
allowed to self-assemble under a stirring speed of 250 rpm for 4.5 h.
Synthesis of silver-decorated toroids: Following the same procedure as described above, silver
nitrate (AgNO3) (0.85 mg, 10−4 M) was reduced with 5 mg of NaBH4 and then functionalized with
toroids.
Transmission Electron Microscopy (TEM): TEM was used to observe the self-assembled
structures using a Tecnai bio T12 microscope operating at an accelerating voltage of 120 kV and
equipped with an EDAX accessory. A drop of mixture solution was placed directly on the grid and
then dried at room temperature. Selected-area electron diffraction (SAED) was performed on the
same TEM machine.
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Scanning Electron Microscopy: Surface profiles of the aggregates were analyzed by SEM using a
Nova Nano microscope with an accelerating voltage of 5 kV. A drop of mixture solution was
placed directly on a carbon-coated copper grid and dried at room temperature. Before the
analysis, samples were sputtered with iridium (2 nm). It is worth noting that no defined toroidal
structures could be seen when gold grids were employed. This could be explained in terms of the
importance of the metallic grid surface for electrical bias purposes, which helps in reducing SEM
charging. This could subsequently affect the stability of the toroids, so a copper surface could
promote or stabilize the assembly.
Dynamic Light Scattering: The aggregate sizes were examined using a Zetasizer Nano ZS
instrument (Malvern). In all of the DLS analyses, three measurements were performed, and the
values were then averaged.
Fourier Transform Infrared Spectroscopy: The spectra were recorded with a Nicolet iS10
spectrometer (Thermo Scientific) in KBr pellets.
X-ray Photoelectron Spectroscopy (XPS): XPS studies were carried out on a Kratos Axis Ultra DLD
spectrometer equipped with a monochromatic Al Kα X-ray source (hν = 1486.6 eV) operating at
150 W, a multichannel plate, and delay line detector under a vacuum of 1.0 × 10−9 Torr.
Measurements were performed in hybrid mode using electrostatic and magnetic lenses, and the
takeoff angle (i.e., the angle between the sample surface normal and the electron optical axis of
the spectrometer) was 0°. All of the spectra were recorded using an aperture slot with
dimensions of 300 μm × 700 μm. The survey and high-resolution spectra were collected at fixed
analyzer pass energies of 160 and 20 eV, respectively. Samples were mounted in floating mode
in order to avoid differential charging. Charge neutralization was required for all of the samples.
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Binding energies were referenced to the C 1s peak (set at 284.8 eV) of the sp3-hybridized (C−C)
carbon from saponin and chitosan. The data were analyzed with commercially available software
(CasaXPS).
Powder X-ray Diffraction (XRD): XRD was performed on Bruker D8 Advance diffractometer (40
kV, 40 mA, 1.54058 nm). A 2 mL aliquot of the solution was freeze-dried and analyzed at low scan
speed (increment, 0.06; scan type, Locked Coupled; Discr. Lower Level, 0.18 V).
Steady-State Photoluminescence (PL): The PL spectra were recorded with a LabRAM ARAMIS
(Horiba Scientific) microphotoluminescence (μPL) spectroscopy system at room temperature. All
of the samples were excited with a 475 nm laser excitation source. To achieve reliability,
measurements were collected at five different positions for each sample. The results shown are
the averaged spectra.

2.4 Results and Discussion
Preparation and Characterization of Microtoroids. Chitosan has an excellent ability to chelate
different transition metal ions due to the presence of hydroxyl groups and extra electron pairs
located on nitrogen.44 Fe(III) can efficiently coordinate chitosan45 as well as amphiphilic ligands.46
The mode of metal binding in Fe(III)−chitosan is either penta- or hexacoordinate with nitrogen
and/or oxygen ligands, while it is expected that the coordination of iron with the amphiphilic
ligand, saponin, is through the hydroxyl groups of sugars.44 Saponin (7 mg) was first dissolved in
water, followed by dropwise addition of FeCl3 (61.7 μmol) and chitosan solution (106.4 μmol of
monomer; 20 mg/mL). The pH was kept at 1.8 during the reaction to avoid the formation of iron
hydroxides and precipitation of iron chloride. The Fourier transform infrared spectroscopy (FTIR)
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spectra of chitosan and saponin before and after the formation of the complex were compared
(Figure S1). The peak at 1592 cm−1 characteristic of the −NH2 stretching frequency of chitosan
disappeared after the formation of the complex, suggesting the implication of −NH2 in the
coordination with iron, while the peak at 3459 cm−1 characteristic of the −OH stretching
frequency of saponin relatively decreased because of the restricted movement of these bonds
after coordination to iron.
Morphological changes due to the coordination of FeCl3 with saponin and chitosan were closely
monitored by transmission electron microscopy (TEM) (Figure 1b) and scanning electron
microscopy (SEM) (Figure 1c). Starlike nanostructures with diameters ranging between 191 and
346 nm were assembled within minutes via coordination bonding. The gradual formation of a
curved rodlike microstructure was then monitored. Finally, by continuous assembly and
selfassociation of primary nanostructures, the curved rods formed toroids by end-to-end
connection. Energy-dispersive X-ray analysis (EDAX) verified the presence of iron ions in the
coordination network (Figure S2), and EDAX of the microtoroids showed an increased amount of
iron ions in the final structure (Figure S3). Elemental mapping verified the presence of carbon
and oxygen in addition to iron in the starlike nanostructures (Figure S4) and microtoroids (Figure
2a−c). X-ray photoelectron spectroscopy (XPS) analysis was performed to further characterize
the elemental composition of the sample. The survey spectrum shows that Fe, Cl, O, N, and C
were present in the microtoroids (Figure S5a). The highresolution spectrum of the N 1s region
from the same sample was also obtained and was fit using two components located at 399.8 and
402.0 eV, which correspond to amine and protonated amine (−NH3+) groups, respectively (Figure
S5b).47 This supports the protonation of chitosan under the acidic reaction conditions. In order
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to further verify the iron-coordinationdriven assembly, we compared the Fe 2p core-level spectra
of FeCl3 and the assembled microtoroids (Figure S5c,d). The Fe 2p core-level spectrum of FeCl3
was fit using four components located at 711.3, 717.8, 724.9, and 731.2 eV. The intense satellite
peak at 717.8 is a signature of the Fe−Cl bond. The Fe 2p core-level spectrum of the microtoroids
verifies the presence of iron ions as well as a decrease in the intensity of the Fe3+ satellite, which
is an indication of the conversion to mostly Fe− O/OH bonds (Figure S5c,d).48 From a comparison
of the Xray diffraction (XRD) patterns of the toroids, the saponin−Fe complex, and the
chitosan−Fe complex, the characteristic peaks of the toroid spectrum at 58.1°, 59.0°, 82.6°, and
119.1° can be assigned to the coordination of iron(III) to chitosan, while the coordination of
iron(III) to saponin could additionally contribute to the peak at 48.7°, as the coordination of
iron(III) to saponin showed two peaks at 49.1° and 49.8° (Figure S6). The strongest broad peaks
of the microtoroids observed at 39.3°, 40.4°, and 42.0° correspond to calculated d-spacings of
2.3, 2.2, and 2.1 Å, which agree with the d-spacing values of FeCl3 (PDF main database, tab 01078-2123).
Monitoring the assembly by dynamic light scattering (DLS) showed that the starlike
nanostructures were formed directly after mixing (peak a in Figure 2d). After 2.5 h, a second peak
with an average size of 5.06 μm was recorded (peak b in Figure 2e). Leaving the solution to stir
for extra 2 h resulted in a decrease in peak a and an increase in peak b (Figure 2f), supporting the
rapid assembly of microtoroids. It is worth noting that the microtoroids were uniformly dispersed
in solution and that no precipitation was detected throughout the assembly. We hypothesize that
this is due to the hydrophilic and positively charged nature of the polymer at acidic pH. The broad
and bulky XRD peaks support the poor crystallization of these complexes.
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Figure 2-2. Elemental mapping and monitoring of the formation of microtoroids by DLS. (a−c)
Elemental mapping of microtoroids: (a) carbon, (b) oxygen, and (c) iron ions. (d−f) DLS
measurements (d) after addition of saponin, chitosan, and FeCl 3, where only starlike
nanostructures were obtained with an average size of 340 nm; (e) after 2.5 h of assembly, where
starlike nanocrystals and toroids were obtained with average sizes of 326.4 nm and 5.06 μm,
respectively; and (f) after 4.5 h of assembly, where toroids were obtained predominantly with an
average size of 5.08 μm.

Mechanism of Microtoroid Formation. There are probably many interactions contributing to the
formation of these toroids, as they are made from different materials and with different
dimensions and phases. Therefore, we investigated many possible scenarios and deduced that
the experimental data primarily support the simplest, most effective and easy to upscale
mechanism. Metal coordination is the primary driving force for this assembly, but induction of
the interfacial curvature spontaneously without employing “preordered” building blocks is quite
remarkable. Lee and coworkers showed that interfacial curvature can be achieved when a bulky,
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flexible hydrophilic segment is attached to a rigid hydrophobic segment.17 As a result, curvature
at the interface of the building blocks can be induced to decrease steric repulsion between the
bulky hydrophilic segments. In our case, we hypothesize that the positively charged starlike
nanostructures (pKa of chitosan = 6.5) self-organize to promote favorable interactions
predominantly driven by further coordination, hydrophobic interactions, within the lipophilic
domains (Figure 1a), and relief of unfavorable steric and electrostatic interactions. This
eventually leads to a bent molecular architecture and a high interfacial curvature. To support our
proposed assembly mechanism, we replaced saponin with a light-responsive amphiphilic
molecule named PEG-anthracene (Figure 3a and Scheme S1) under the original reaction
conditions, which immediately resulted in the formation of microtoroids (Figure 3b). The
obtained microtoroids were very stable with an average size of 3 μm. However, direct UV
irradiation of the sample resulted in complete degradation of the microtoroids due to the lighttriggered dissociation of the incorporated photoresponsive amphiphile (Figure 3c and Scheme
S1).49 Gradual light-induced degradation was monitored as a function of time (Figure S7), which
suggests that these structures could be acting as a “glue” to bind the coordination complexes.
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Figure 2-3. (a) Structure of the light-responsive amphiphilic molecule PEG-anthracene. (b)
Formation of microtoroids employing PEG-anthracene as the amphiphilic building block. (c)
Degradation of the light-responsive microtoroids upon UV light exposure.

Chitosan was then replaced by another hydrophilic polymer, poly(N-isopropylacrylamide)
(PNIPAm), that is also protonated under the acidic assembly conditions and can coordinate iron
ions. Hollow toroidal structures were successfully and reproducibly prepared under the same
experimental conditions, as shown in Figure S8. Employing other types of polymers such as the
block copolymer polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) did not result in any
spontaneous self-assembly.
To develop a deeper insight into the mechanism of toroidal formation, we investigated the
effect of the amount of the hydrophilic polymer (chitosan) used on the self-assembled structure.
TEM images of the assembly at different ratios of chitosan (Rchitosan) critically influenced the selfassembled structure (Figure 4). At a low chitosan content (Rchitosan=0.1), a rodlike microstructure
with a diameter of 0.19 μm and a length of approximately 1.3 μm were seen (Figure 4a). When
Rchitosan was increased to 0.2, bent rodlike microstructures with a length of 3.3 μm were obtained
(Figure 4b). Finally, toroid microstructures with an average size of 4.45 μm appeared along with
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curved-rod aggregates when the chitosan content was further increased beyond 0.5 (Figure 4c,d).
This further supports our original claim that the metal-coordinated hydrophilic polymer is crucial
to evoke nucleation and assembly of the starlike nanostructures. Replacing iron chloride by
another trivalent cation salt such as indium chloride or aluminum chloride did not yield toroids
(Figure S9a,b, respectively). Employing other transition metal salts such as copper chloride also
did not produce toroidal structures (Figure S9c). A possible magnetization effect on the formation
was finally tested by using manganese chloride, but only spherical aggregates could be seen by
TEM (Figure S9d).
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Figure 2-4. TEM morphologies of microtoroids obtain using various chitosan ratios: (a) Rchitosan =
0.1; (b) Rchitosan = 0.2; (c, d) Rchitosan = 0.5.

Anisotropic Growth of Microtoroids. Investigating the formation process revealed a hierarchical
anisotropic growth of assembled layers (Figure 5a) with a height of 1.86 μm after 2 h of assembly
(Figure 5b,c). The anisotropic growth of microtoroids was followed by SEM over the course of 4
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h (Figure S10). The tilted side-view images of the microtoroids show a height of 313 nm after 30
min, which increased to 520 nm, 1.86 μm, and 3.92 μm after 1, 2, and 4 h, respectively. A
schematic representation of the proposed assembly mechanism is illustrated in Figure 5d. It is
plausible that the starlike coordination complexes form active nucleation sites for primary crystal
growth and thus further coordination. The anisotropic growth originates at the metal ion binding
sites, causing the appearance of separate layers.
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Figure 2-5. (a) Side-view SEM image of a toroid showing anisotropic growth. (b, c) The topology
of a toroid shows a height of 1.65 μm. (d) Proposed anisotropic growth mechanism.
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As FeCl3 can react easily with copper metal of the TEM/ SEM grid to give copper chloride, we
furthermore investigated the effect of copper ions on the microtoroid assembly, if any. Replacing
FeCl3 with CuCl2 did not produce toroidal structures (Figure S9c). Mixing the two salts also did
not yield any clear structures under SEM and TEM. A copper-free grid (Ti/Au/ Pt/AuGeNi) was
then employed to check the assembly, and uniformly dispersed microtoroids with an average size
of 4 μm were seen (Figure S11).
Microtoroid Stability and Intraspace Gap Size. The stability of toroids in their initial solution was
studied by TEM. After 1 month of preparation, a persistent toroidal shape was prevalent in the
prepared solution at room temperature. Mechanical stirring of the toroidal solution for more
than 5 h led to the disassembly and complete disappearance of the microtoroids. While assessing
the stability of toroids, we realized that the stirring time can affect the toroidal intraspace size.
Hence, we used the same ratio of our starting materials and stirred the mixture at high speed for
4.5, 2, and 1 h, and then the solutions were left to rest for 2−6 h. The toroidal aggregates had a
0.31 μm intraspace size after continuous stirring for 4.5 h (Figure 6a) compared with 0.65 μm
after 2 h (Figure 6b) and 3.11 μm after just 1 h (Figure 6c). Increasing the assembly time provides
more possibility for anisotropic growth which reaches a maximum after 4.5 h. Therefore, with
longer stirring time more compact toroids are formed.
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Figure 2-6. TEM morphologies of microtoroids with different gap sizes: (a) 0.31 μm; (b) 0.65 μm;
(c) 3.11 μm.

Templates for Metallic Nanoparticles. Because of their complex hierarchal structure and tunable
gap, the microtoroids were investigated as templates to host metallic nanoparticles. Such
structures could prove feasible in acting as catalytic pockets or selective adsorbents.50,51
Therefore, an aqueous solution of gold nanoparticles (AuNPs) was added during the assembly of
microtoroids, resulting in uniformly dispersed AuNP-doped microstructures. Elemental mapping
confirmed the presence of gold in the entire toroid (Figure 7a). The impregnation of toroids with
silver particles was also possible under the same conditions (Figure 7b).
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Figure 2-7. (a) Elemental mapping SEM-EDX of Au after doping microtoroids in gold nanoparticles
solution. (b) Elemental mapping SEM-EDX of Ag after doping microtoroids in silver nanoparticles
solution.
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2.5 Conclusion
Organic−inorganic hybrid microtoroids with anisotropic growth were produced by spontaneous
self-organization of coordination complexes comprising FeCl3, amphiphilic molecules, and
protonated hydrophilic polymers. These microstructures were prepared by coordination and
multiple noncovalent interactions, including micellar hydrophobic interactions. We hypothize
that the coordination complexes induce nucleation and subsequent growth to give an anisotropic
layered structure. This work provides new insights on the role of multiple non-covalent
interactions in directing the preparation of new hybrid structures with complex molecular
architecture.
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2.6 Supporting Information

Figure 2S- 1. FTIR spectra of chitosan (violet), saponin (orange)and chitosan/saponin/iron
complex (green).
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Figure 2S- 2. EDAX analysis of star-like nanostructures.
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Figure 2S- 3. EDAX analysis of microtoroids.

Figure 2S- 4. Elemental mapping of star-like nanostructures
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Figure 2S- 5. XPS data (a) elemental composition, (b) N 1s high resolution spectrum, (c) Fe 2p core
level spectrum of FeCl3, (d) Fe 2p core level spectrum of microtoroids.
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Figure 2S- 6. XRD spectrum of (a) microtoroids, (b) saponin-Fe, (c) chitosan-Fe complexes.

Figure 2S- 7. Light triggered degradation of microtoroids as recorded over 10 mins intervals
where complete degradation was detected after 30 mins under UV light irradiation (365nm).
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Figure 2S- 8. TEM images of (a) star-like nanocrystals, (b) microtoroids obtained by selfassembly
of PNIPAm with iron(III) chloride and saponin.S9
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Figure 2S- 9. TEM images of assembly with (a) indium chloride, (b) aluminum chloride, (c) copper
chloride, (d) manganese chloride.
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Figure 2S- 10. Anisotropic growth of hybrid toroids as followed by SEM over the course of 4
hours after which no further changes were detected and the toroids were stable.
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Figure 2S- 11. Assembly of microtoroids on (Ti/Au/Pt/AuGeNi) grid.

79

Figure 2S- 12. Synthesis and light-promoted degradation of PEG-anthracene amphiphilic
molecule.
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Chapter 3

3

Thermally Reversible Transmembrane Molecular Channels Formed by SelfAssembled Metal-Organic Complexes
3.1

Introduction

Chemists have made great efforts to develop synthetic analogues to biological membrane
channels with high efficiency and inherent selectivity for transporting ions and molecules.
Construction of completely new pore architecture with different materials can translate into
more functions and applications.1-3 Bottom-up and top-down methods can produce nanopores
with sizes that are comparable to that of endogenous protein channels, but reproducing their
selectivity and transport properties remains largely illusive.4 Moreover, a key challenge in the de
novo design of membrane channels is to achieve an atomistically defined structure of predictable
nanomechanical properties. Traditional building blocks such as polypeptides and organic
polymers have suffered from the inherent limitation of flexibility and unpredictable folding which
scientists have been trying to overcome with ß- Barrels configurations and pore containing helical
oligomers.5-6 More innovative designs relied on systems that will assemble into a pre-determined
structure such as DNA or employ a pore-like structure such as carbon nanotubes.1-7 Other
unimolecular pore forming structures include cyclodextrins, crown ethers, calaxirenes,
cucurbiturils, pillarenes and metal-organic polyhedra.8-15 However, these synthetic channels
mainly focused on ion transport particularly K+ and Na+ while transiting “bigger” cargo has been
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mainly dominated by pore-forming peptides and ionic surfactants.16-17 None the less, the high
concentration of the pore-forming peptide needed and possible cytotoxicity of surfactants limits
the use of these methods to permeabilize live cells.
Designing synthetic transmembrane molecular machines is facilitated by the lipid bilayers as they
permit self-assembly and spatial organization of discrete entities with specific orientation within
the membrane.18 This includes stimuli responsive channels that operate at equilibrium, as well
as active transmembrane pumps that operate far from equilibrium to transduce energy into
useful work.19
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3.2 Design
Herein we present a biocompatible supramolecular metal-organic complex (MOC) with intrinsic
pore-forming assembly that enables the formation of synthetic molecular channels for
transporting a cell-impermeable fluorescent dye. The MOC structure is dictated by coordination
followed by nucleation of FeCl3 with saponin and poly(N-isopropylacrylamide) PNIPAM in water
(Scheme 3.1). Saponin exhibits unique cell membrane interactions while PNIPAM affords a
reversible (ON/OFF) thermoresponsive molecular valve. To the best of our knowledge, this is the
first report on thermally reversible molecular channels based on self-assembling complexes with
intrinsic pore-forming architecture.

Scheme 3-1. Proposed assembly mechanism of MOCs.
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3.3 Experimental section
3.3.1 Materials
The mixtures were prepared using poly (N-isopropylacrylamide) (PNIPAm) (Mn: 560 000
Polymer Source, Inc.), saponin (Alfa Aesar), iron (III) chloride anhydrous (Riedel-de Haën). All
these reagents were used without further purification. The deionized water utilized in the
experiments was purified by Milli-Q (Millipore) system.
The Human colorectal cell line (HCT) was obtained from American Type Culture collection
(ATCC, USA). Fetal bovine serum (FBS), Eagle’s MEM medium (EMEM) and penicillin-streptomycin
antibiotic were purchased from Invitrogen (USA). Cell counting Kit-8 assay (CCK-8) was purchased
from Sigma Aldrich. LIVE/DEAD™ Viability/Cytotoxicity Kit was obtained from Invitrogen
(Carlsbad, CA, U.S.A.).
3.3.2 Methods: Synthesis and Characterization
Metal-organic complexes (MOCs) preparation: 1 mL of saponin solution (7 mg/mL) in Milli-Q
water was transferred to a vial fitted with a magnetic stirring bar, followed by adding slowly
dropwise 0.5 mL of iron (III) chloride solution (20 mg/mL) under stirring. Finally, a solution of 1
mL of PNIPAm in Milli-Q water (30 mg/mL; solubilized for several hours in Milli-Q water) was
added to the stirred solution. The mixture was allowed to self-assemble under medium stirring
speed (250 rpm) for 6.5 hours.
Reversible MOCs preparation: Similarly, 1 mL of saponin solution (7 mg/mL) in Milli-Q water was
transferred to a vial fitted with a magnetic stirring bar, followed by adding slowly dropwise 0.5
mL of iron (III) chloride solution (20 mg/mL) under stirring. Finally, a solution of 1 mL of PNIPAm
in Milli-Q water (30 mg/mL; solubilized for several hours in Milli-Q water) was added to the stirred
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solution. The mixture was allowed to self-assemble under medium stirring speed (250 rpm) for
6.5 hours. Then the temperature increased to 35oC for 10 min. After that the mixture stirred for
45 min at room temperature.
Transmission Electron Microscopy (TEM): TEM was used to observe the self-assembled
structures using Tecnai bio T12 operating at an accelerating voltage of 120 kV and equipped with
Energy-dispersive X-ray spectroscopy microanalysis (EDAX). Drop of mixture solution was placed
directly on a carbon-coated copper grid and then dried at room temperature.
Scanning Electron Microscopy (SEM): Surface profiles of the aggregates were analyzed from SEM
(Nova Nano) with an accelerating voltage of 5 kV. Drop of mixture solution was placed directly
on a carbon-coated copper grid and dried at room temperature. Before the analysis, samples
were sputtered by iridium (2 nm).
Dynamic Light Scattering (DLS) and zeta potential: The aggregates sizes and zeta potentials were
examined using Zetasizer Nano ZS (Malvern). For all the analysis, DLS and zeta potential analysis
were obtained for 5 measurements and the values were then averaged.
Fourier Transform Infrared Spectroscopy (FTIR): The spectra were recorded with a NICOLET- iS10
(Thermo Scinetific) spectrometer in KBr pellets.
Cell viability by CCK-8 assay: HCT cells were cultured in DMEM media supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin at 37 °C in a 5% C02 humidified
atmosphere. The cells were detached and its suspension was centrifuged at 1500 rpm for 5min.
After the pallet was collected, cells were counted for further plating. In 96 well plates, cells were
seeded at a density of 5 × 103 /well. Next day, eight different concentrations of MOCs were added
to the wells and left for 24h at 37 °C. The culture medium was then discarded and 100μL of CCK8

87
solution in DMEM media were added to each well and incubated for 3h in darkness. The
absorbance values were measured at 590 nm using the xMark™ microplate absorbance
spectrophotometer.
The evaluation of pore formation by confocal imaging: HCT cells were sub-cultured on a 40mm
glass bottom dish at a density of 5 × 104 /well. Next day, a combination of the two probes calcein
and ethidium homodimer was added to the cells medium and incubated for 15min at RT. Cells
were washed 3 times with 1ml of PBS buffer to remove the excess dye. Treated cells were fixed
with 4%paraformaldhyde and visualized by CLSM (Zeiss LSM 880 inverted confocal microscope
with Airyscan).
The evaluation of Reversible property of MOCs by confocal imaging: HCT cells seeded on a
40mm glass bottom dish at a density of 5 × 104 /well. 24h later, the two probes of calcein and
ethidium homodimer were incubated with cells for 15min at RT. MOCs were added to cells and
incubated for different temperatures over time. Images of live cells were taken at different time
points by CLSM (Zeiss LSM 880 inverted confocal microscope with Airyscan)

3.4

Results and discussion
The as-synthesized MOCs were prepared by dissolving saponin (7 mg/ml) in water

followed by dropwise addition of FeCl3 (20 mg/ml) and PNIPAM (40 mg/ml) solutions under
stirring at room temperature for 6.5 h. It is well-known that PNIPAM has an excellent ability to
chelate different transition metal ions due to the presence of hydroxyl groups and extra electron
pairs located on nitrogen.20 Consequently, Fe3+ ions could be efficiently fixed by PNIPAM in either
penta- or hexa-coordination modes. Meanwhile, the Fe3+ ions could further bridge the
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amphiphilic saponin via the hydroxyl groups of sugars. We previously reported the preparation
of anisotropic microtoroids by employing high molecular weight chitosan as the polymeric
component but we could not produce nanoscale assemblies.21 TEM (Figure 1a) and SEM (Figure
1b) images show the morphology of the obtained MOCs with sizes ranging from 300 to 350 nm
and the average diameter of ca. 300 nm (outer cycle) and ca. 130 nm (inner cycle). EDS elemental
mapping verified the presence of oxygen and nitrogen in addition to iron, which unequivocally
confirmed the existence of the three starting components (Figure S1). Fourier transform infrared
spectroscopy (FT-IR) supported the formation of these hybrid assemblies as the characteristic
peaks of both PNIPAM and saponin can be found in the spectrum of the MOCs (Figure S2).
Notably, the adsorption of −NH stretching of PNIPAM (1802 cm−1) disappeared in the final
product, suggesting the interaction of –NH groups with Fe3+ ions. In addition, the intensity of the
broad band centered at 2145 cm−1, which represents the bending modes of carboxyl groups of
saponin, was significantly decreased possibly due to its complexation with Fe3+ ions.
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Figure 3-1. (a) TEM and (b) SEM images of as-synthesized MOCs.
There are several interactions contributing to the formation of MOCs as they are made of
materials with different phases and dimensions.22 To gain a deeper insight into the formation
mechanism of such hierarchical nanostructures, different incubation times (30 min, 3.5 h, 5 h,
and 6.5 h) were examined while the PNIPAM concentration (40mg) was kept constant. The
assembly steps are believed to take place as follows (i) coordination-driven interactions of iron
with PNIPAM and saponin to form star-like nanostructures (Figure 2a); (ii) further coordination
of the star-like nanostructures aided by the high valency of the multiple edges (Figure 2b); (iii)
hydrophobic interactions of the lipophilic component of the star-like nanostructures forming a
“micellar-like” assembly (Figure 2c); (iv) repulsive electrostatic interactions and steric hindrance
of the protonated hydrophilic polymer, finally leading to the MOCs with a pore-like interior. We
believe that the star-like coordination complexes provide a location for nucleation of iron
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chloride crystals and subsequent anisotropic growth.21-22 The assembly process was followed by
TEM at different time points where MOCs were obtained in 6.5 h (Figure 2). Additionally, SEM
(Figure S3) images and DLS measurements (Figure S4) at each time point support the selfassembly process and the increase in size until it becomes constant after 6.5 h. The initial starlike nanostructures with an average size of 57 nm were formed directly after mixing all the
starting components (Figure S4a). After 3.5 h to 5 h, a second peak was recorded implying the
star-like moieties gradually grow into larger species (~226.4 nm, Figure S4b) and then MOCs with
small interspace (~290 nm, Figure S4c), respectively. After 6.5 h of assembly, the MOCs with
bigger interspace or pore-like structure were obtained predominantly with an average size of 385
nm (Figure S4d). It is worth noting that the MOCs were uniformly dispersed in solution and that
no precipitation was detected throughout the assembly process.
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Figure 3-2. TEM images of the self-assembly process of MOCs monitored at different time points:
(a) 30min, (b) 3.5 h, (c) 5 h, and (d) 6.5 h.

To optimize this method, the concentration of PNIPAM was varied in the self-assembly process.
In the absence of PNIPAM, no MOCs were formed. In sharp contrast, a wheel-like microstructure
emerged when PNIPAM (20 mg ml-1) was added. As the concentration of PNIPAM increased from
30 to 40 mg ml-1, the morphology of obtained particles gradually evolved from full to hollow
structures within the nanoscale. While addition of excess PNIPAM (e.g., 50 mg ml-1)
compromised the uniformity of the assembled structures (Figure S5). These results are in good
agreement with previous studies that the high organic concentration generally leads to more
nucleation sites thereby yielding hybrid nanomaterials with smaller dimensions.23-25 Replacing
FeCl3 with InCl3, AlCl3, CuCl2 and MgCl2 did not produce the desired assemblies with intrinsic porelike architecture (Figure S6).
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One of the most intriguing features of employing self-assembly to create synthetic molecular
channels is the ability to switch the system at the molecular level using different internal and
external stimuli.26 Incorporating thermoresponsive PNIPAM27 in MOCs afforded thermally
reversible assemblies as heating the system above 32 oC (LCST of PNIPAM) dismantled the MOCs
completely while cooling the system down to room temperature regenerated the MOCs with
intrinsic pore-like morphology in 45 min (Figure 3). This cycle was repeated 3 times and
monitored by DLS and TEM showing the complete thermal reversibility of MOCs in solution
(Figure S7).

Figure 3-3. TEM images of MOCs (a) before heating, (b) after heating for 10 min at 35oC, (c) after
heating for 30 min at 35oC, (d) after cooling down to RT for 5 min, (e) 15 min and (f) 45min.

After studying the nature of MOCs in solution, their biocompatibility was assessed for in-vitro
use. Human colorectal carcinoma cell line (HCT) cells were incubated with variable MOCs
concentrations (Figure S8). The results show that MOCs are safe to use with a similar cell viability
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profile to other hybrid frameworks such as the MOFs MIL family.28 Elevated cell toxicity was seen
after increasing the concentration of MOCs beyond 10 μg/mL.
Saponins are known to interact well with membrane cholesterol to form transient pores. The
membrane-permeabilizing activity of MOCs 10 μg/mL was studied and compared to saponin
(control) by using live/dead assay. Unlike calcein, ethidium homodimer (Eth) is a membrane
impermeable dye that is highly charged and relatively bulky. In the absence of any cell
permeabilizing agents, Eth did not go in the HCT cells and no red fluorescence was detected
(Figure 4a). On the other hand, saponin (same concentration found in MOCs) was used as a
control to verify that Eth can only be taken up in the presence of a cell permeabilizing agent.
Figure 4b shows the red fluorescence of Eth up-taken by cells after incubation with HCT for 15
min. Interestingly, pore-inducing MOCs allow more Eth to translocate into the cytosol and cross
the membrane through the synthetic transient pores (Figure 4c). For cells incubated with saponin
only, a slight fluorescence enhancement of Eth was observed however, MOCs showed a dramatic
increase in the red signal. This observation confirms the unique interaction of MOCs with cell
membrane as although Saponins are known to facilitate the interaction with the lipid bilayers,
we hypothesize that the unique intrinsic pore-forming assembly of MOCs affords effective
channels to transport cargo to the cell.
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Figure 3-4. CLSM images of HCT cells at RT for 15min. (a) control, (b) treatment with Saponin and
(c) treatment with MOCs 10 μg/mL .

The thermal reversibility of these synthetic channels was then tested to validate MOCs
propoposed interaction with the cell wall. The experiments were repeated 5 times to confirm the
reproducibility of the obtained results. Confocal images show a red fluorescence increase when
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HCT cells are incubated with MOCs for 15 mins at room temperature (Figure S9a). Heating the
sample to 37 oC showed no increase in the red fluorescence (Figure S9b). Cooling the sample back
to room temperature showed a noticeable increase in the red fluorescence signal (Figure S9c).
We believe that heating MOCs beyond PNIPAM LCST promotes their disassembly as it was proven
in solution. This will ultimately disassociate the synthetic channels and halt any transport through
the membrane. MOCs can simultaneously reassemble when the system is cooled down to room
temperature and thus fluorescence increases as more dye shuttles inward through the cell
membrane.
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3.5

Conclusion
In conclusion, biology not only inspired the development of synthetic channels, but also

provided insights into their proposed mechanism of action at the molecular scale. The present
studies show that MOCs are effective synthetic molecular channels that can successfully interact
with cell membrane to transport cargo into the cell. They simultaneously assemble at room
temperature and completely fall-apart when heated beyond 32 oC. Cooling the system back to
room temperature leads to the rebirth of MOCs in less than 1h. We envision that this work will
stimulate the use of hybrid complexes with different architecture as membrane bound molecular
machines. The supramolecular tool box can provide a myriad of switches or stimuli responsive
building blocks. This will pave the way for the next generation of smart systems that can operate
far from equilibrium tilting the balance in the favor of artificial intelligence.
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3.6 Supporting Information

Figure 3S- 1. EDS elemental mapping of MOC: (a)iron, (b)nitrogen, (c) oxygen and (d) merge.

Figure 3S- 2. FT-IR spectra of PNIPAM (blue), saponin (orange), and MOC (red).
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Figure 3S- 3. SEM images of the self-assembly process of MOCs monitored at different time
points: (a)30min, (b) 3.5 h, (c)5 h, and (d) 6.5 h.

Figure 3S- 4. DLS measurements of the self-assembly process of MOCs monitored at different
time points: (a)30min, (b) 3.5 h, (c)5 h, and (d) 6.5 h.
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Figure 3S- 5. TEM images of assembled MOCs with different concentration of PNIPAM: (A) 20 mg
ml-1; (B) 30 mg ml-1; (C) 40 mg ml-1; (D) 50 mg ml-1.

Figure 3S- 6. TEM images of assembly with (a) indium chloride, (b) aluminum chloride, (c) copper
chloride, (d) manganese chloride.
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Figure 3S- 7. (a)DLS measurements of MOCs before heating, (b) heating at 35 oC for 10 min and
(c) stirring at rt for 45 min. TEM images of the reassembled MOCs after heating at 35 oC: (d)first
cycle, (e) second cycle, and (f) third cycle.

Figure 3S- 8. Cell viability of HCT cells incubated with different concentrations of MOCs for 24h
by using CCK-8 assay
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Figure 3S- 9. CLSM images of live HCT cells incubated with MOCs at different temperatures.
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Chapter 4
4

Synthesis of Periodic Mesoporous Organosilica Coated Superparamagnetic
Nanoparticles for Biomedical Applications
4.1

Introduction

All over the world, a good percentage of deaths result of cancer. Cancer metastasis is the
reason for considerable mortality and cancer can only be effectively managed if it has been
detected earlier. There are a lot of side-effects of regular cancer treatments, like chemotherapy,
surgery and radiation therapy. Most normal anticancer agents distribute randomly in the body
after administration, therefore they have a narrow therapeutic window. Accordingly, severe sideeffects result as both normal and cancer cells experience cytotoxicity because of this non-specific
distribution1.

Cancer can be imaged and treated simultaneously through theranostic nanoparticles, which
can be developed by combining nanomedicine and theranostic approach combined with
nanotechnology. Nanoparticles can possess different diagnostic or therapeutic agents through
chemical conjugation or physical encapsulation due to their high surface area to volume ratios.
Enhanced permeation and retention (EPR) effect, which is the process in which there is
accumulation of nanoparticles preferentially in tumor niche devoid of any impact to the
surrounding tissue and unwanted side-effects, can take place as nanoparticles are tiny in size2-5.

105
There have been great developments in diagnosis, biological detection, and therapy and drug
delivery as a number of applications in the medical field have benefitted from the development
of nanotechnology6-9. Similarly, different biomedical applications, such as magnetic resonance
imagining (MRI)10, cell separation and detection11, hyperthermia

12

and drug delivery13, can

benefit from magnetic nanoparticles as they consist of relevant useful properties. Nevertheless,
MNPs colloidal stability, physico-chemical properties, and biological behavior fate are greatly
dependent on synthesis conditions and surface functionalization. As of late, there has been an
enhancement in their dispersibility and stability in liquid suspensions through the application of
innovative methods14,15. Furthermore, natural (chitosan, dextran) and synthetic (PEG, PEI, PVA)
polymers, silica and gold are some of the various biocompatible coatings, which have been
suggested. Periodic mesoporous organosilica (PMO) is chemically stable and can improve the
stability and dispersion of MNPs in solution, therefore it was chosen out of the different
nanoparticle formulations and hybrid materials. Hybrid materials acquire exclusive features for
biomedical applications due to the combination of organic and inorganic frameworks 16. Tunable
mesopores and morphology, large surface area, high stability, optical transparency,
biodegradability and biocompatibility are the different properties of periodic mesoporous
organosilica (PMOs)17-21. Additionally, they have space for various cargos, like proteins, nucleic
acids, drugs and fluorophores, with an exceptional loading capacity because of the versatile
chemistry (hydrophobicity/hydrophilicity) and size of the pores. Moreover, functionalization of
PMO-coated nanoparticles can be easily done and the chemistry of PMO surface is wellrecognized22-24. Bio-applications could benefit a lot from coating MNPs with PMO as extended
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modification of the PMO shell could be done for better conjugation with different biological
molecules, like antibodies, proteins and targeting ligands25.
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4.2

Design

This study involved the utilization of thermal decomposition method and EPMO via
hydrolysis and condensation of tetraethylorthosilicate and 1,2-bis-(triethoxysilyl)ethylene for
synthesizing and coating the Fe3O4 nanoparticles, respectively. The biodegradability,
biocompatibility and ease to functionalize can be improved through the utilization of EPMO shell.
Furthermore, nano-system perfectly carried different cargos because of the high surface area of
EPMO. However, magnetic resonance imaging (MRI) agents are provided with the strong
magnetic properties of iron oxide nanoparticles.
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4.3 Experimental section
4.3.1 Materials
Standard airless methods and commercially available reagents were used for conducting the
synthesis. No changes were made to the absolute ethanol and chloroform. From Sigma-Aldrich,
we bought docosane C22H46, iron oxide hydroxide FeO(OH), oleic acid (90%), pentane and diethyl
ether, acetone, ammonium nitrate, sodium hydroxide, 1,2-bis-(triethoxysilyl)ethylene,
cetyltrimethylammonium bromide (CTAB), and tetraethylorthosilicate (TEOS). No further
purification was done to the chemicals for using them. All procedures made use of deionized
water.

4.3.2 Methods: Synthesis and Characterization
Synthesis of Fe3O4 Nanocrystals:
Iron oxide hydroxide was thermally decomposed for synthesizing iron oxide nanocrystals. A 100
mL two neck round bottom flask was used for preparing a mixture of docosane (C22H46, 5.016 g),
iron oxide hydroxide (FeO(OH), 0.183 g) and oleic acid (3.189 g). At room temperature, stirring
of the mixture was done for 30 minutes. Then, there was application of an argon atmosphere
and refluxing of the mixture was done at 340°C. The reaction was carried out for 1 and a half
hours after the temperature of the mixture reached 340°C. Afterwards, the solution was stirred
for an hour while letting it cool down. 14 mL of pentane was used to dissolve the resulting black
solid, which was afterwards sonicated. There was precipitation of iron oxide nanocrystals as there
was addition of 30 mL of diethyl ether/ethanol solution (2:1, v:v) and centrifugation of the
mixture was done for 15 minutes at 20,000 rpm. Removal of decomposed organic black solution
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was done and 2 mL of pentane and 30 mL of diethyl ether/ethanol solution were used for
redispersing nanocrystals. Another centrifugation of mixture was carried out at 20,000 rpm for
15 minutes. Removal of the supernatant was done, 15 mL of chloroform was used for dissolving
nanocrystals and stabilization was achieved through the addition of 200 μL of oleylamine.
Synthesis of Fe3O4 Nanocrystals@ EPMO:
Using an iron oxide core and 1,2 – bis(triethoxysilyl)ethylene as organosilica precursor, sol-gel
process was conducted for synthesizing magnetic EPMO nanoparticles. A 250 mL three-neck
round bottom flask was used for stirring a mixture of 250 mg of cetyltrimethylammonium
bromide (CTAB), 115 mL of deionized water and 874 μL of sodium hydroxide (NaOH, 2M) at 80°C
and 1000rpm for 40 minutes. Afterwards, the mixture acquired 4x1 mL of iron oxide nanocrystals
dissolved in chloroform for 15 minutes. The chloroform was evaporated as the mixture was
heated by elevating the temperature to 90°C. Iron oxide nanocrystals were made stable through
the addition of 200 μL of tetraethylorthosilicate (TEOS) to the mixture. After 30 minutes, the
condensation process was done for 2 hours and there was addition of 1 mL of 1,2bis(triethoxysilyl)ethylene. Then, the solution was stirred at room temperature for 20 minutes to
cool it down. A solution of ammonium nitrate in ethanol (6g/L, NH4NO3) was used for extracting
the sample twice and afterwards, the surfactant (CTAB) was removed from the pores through 25
minutes of sonication. Then, ethanol was used for washing the sample twice and centrifugation
of the sample was done at 20,000 rpm for 8 minutes. Ultimately, acetone was used for washing
the sample, which was also centrifuged for 5 minutes and afterwards dried under vacuum for a
couple of hours.
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Transmission Electron Microscopy (TEM): The self-assembled structures were observed through
TEM. There was utilization of a Tecnai bio T12 microscope, which consists of an EDAX accessory
and operates at an accelerating voltage of 120 kV. The grid was where a drop of mixture solution
was placed, which was afterwards dried at room temperature. The same TEM machine was used
for performing selected-area electron diffraction (SAED) on.
Dynamic Light Scattering and Zeta Potential Analyses: A Malvern Nano ZS instrument at 25 ⁰C
was used for carrying out Dynamic Light Scattering and zeta potential measurements. For
validation of the results, each measurement was performed thrice.
Powder X-ray Diffraction (XRD): Bruker D8 Advance diffractometer (40 kV, 40 mA, 1.54058 nm)
was used for performing XRD on. The processes of freeze-drying and analysis were conducted on
a 2 mL aliquot of the solution at low scan speed (increment, 0.06; scan type, Locked Coupled;
Discr. Lower Level, 0.18 V).
Nitrogen Adsorption-Desorption Analysis: With the utilization of a Micromeritics ASAP® 2420
instrument, the mesoporous structures of PMO NPs were characterized by acquiring N2 sorption
isotherms and corresponding pore size distributions.
Superconducting Quantum Interference Device: Magnetic Property Measurement System
(MPMS® SQUID VSM) was used for measuring magnetization.
4.4

Results and Discussion

Synthesis of Fe3O4@EPMO nanoparticles and characterization
Scheme 1 presents a conventional way for synthesizing Fe3O4@EPMO. The surfactant
CTAB couples its alkyl chain to that of oleic acid through the hydrophobic van der Waals
interactions for serving as a phase transfer agent for oleic acid-capped Fe3O4, while the aqueous
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dispersion of Fe3O4 NCs acquire thermodynamically defined bilayer structures because of the
hydrophilic head group of CTAB26. For the acquired water-dispersible Fe3O4–CTAB NCs to be free
of clustering, chloroform has to be fully removed at the time of the phase transfer process.
Subsequently, the role of an organic template for growing EPMO on the Fe 3O4 core is played by
CTAB.
In the synthetic process, the role of the catalyst is played by sodium hydroxide and a
mixture of water/ethanol containing CTAB is involved. For acquiring the NPs of desired size and
morphology, the precursors were solubilized and the sol-get condensation was controlled
through the presence of EtOH. Only 2 hours were taken for preparing core-shell Fe3O4@EPMO
NPs at 80 °C in one pot. Firstly, situ was used for the production of Fe 3O4 NCs and afterwards,
condensation of bis(triethoxysilyl)ethylene was done. Once more, the precursors were
solubilized and the reaction was controlled using EtOH. Additionally, only two hours were taken
for synthesizing PMO NPs, which remarkably took lesser time in comparison to the few reported
methodologies (2−6 h of reaction alongside an additional 24 h of aging)27-28.
By means of thermal decomposition of iron oxide hydroxide (FeO(OH) with docosane and
small amount of oleic acid, the X-ray diffraction (XRD) pattern of the as-synthesized Fe3O4
nanocrystals can be seen in figure 4-1. The purity of compound has been made certain as each of
the diffraction peaks of the XRD pattern were directly related to the inverse cubic spinel phase
Fe3O4 structure (JCPDS, 01-075-0449, Inorganic Crystal Structure Database). The synthesized
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material has good crystallinity, as per the dominant sharp diffraction peaks (220), (311) and (440).

Figure 4-1. The powder X-ray diffraction pattern of Fe3O4 NCs.

The Fe3O4 NCs were mono-dispersed with an average diameter of 20 nm, as it can be seen
from figure 4-2. (a) Transmission electron microscopy (TEM) images. Furthermore, the silica shell
is greatly biocompatible, non-toxic, stable and further functional, thus it has been widely studied
for various biological applications29-30. Here, the as-synthesized Fe3O4 NCs was made more stable
for further applications through the utilization of EPMO for surface modification. A TEM image
of a uniform silica coating on Fe3O4 NCs can be found in figure 4-2 (b). Through dynamic light
scattering (DLS) in aqueous solution, measurement of the hydrodynamic diameter of the
Fe3O4@EPMO nanoparticles took place. 100 nm was the average size of Fe3O4@EPMO
nanoparticles, according to Figure 4-2 (c).
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Figure 4-2. TEM images of a) monodispersed Fe3O4 NCs. b) core-shell nanoparticles of
Fe3O4@EPMO. c) size distribution of Fe3O4@EPMO nanoparticles.
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Fe3O4@EPMO contains 2.7 nm mesopores and the BET surface area of EPMO and
Fe3O4@EPMO were 798 m2/g and 718 m2/g, respectively, according to the N2
adsorption/desorption isotherms (Figure 4-3. b) and the relevant BJH pore size distribution (inset
of Figure 4-3. b). The high surface area experienced no changes before and after coating and is
perfect for drug delivery applications, as per the suggestion of the result.

Figure 4-3. N2 adsorption-desorption isotherms of a) EPMO and b) Fe3O4 @EPMO.
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Magnetic properties of Fe3O4 NCs
A superconducting quantum interference device (SQUID) was used for conducting
magnetic characterization. Fe3O4 NCs possess a desirable property for T2 MR contrast agents,
that is, being superparamagnetic, as their field-dependent magnetism at 300 K exhibit no
hysteresis (Figure 4-4.)31. Experiment demonstrated that saturation magnetization of Fe3O4 NCs
is 60 emu/g at 2K and 43 emu/g at room temperature. The absence of the loop in hysteresis line
demonstrated the absence of remanence and coercivity, which means that material is
superparamagnetic.

Figure 4-4. a) Field-dependent magnetization at 300K and 2K. b) temperature dependent
magnetization at 1000 Oe for Fe3O4 NCs.
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4.5 Conclusion and future plans
An iron oxide hydroxide was thermally decomposed in organic solvent for the preparation
of homogeneous and mono-dispersed super-paramagnetic iron oxide nanocrystals with
diameters of 20 nm. Moreover, ethylene mesoporous organosilica shell was used for their
functionalization through sol-gel method. If the conditions are below 100 nm, control over the
size of the mesoporous organosilica NPs is given. Core–shell NPs that have hydrophobic
nanocrystal core and mesoporous organosilica shell can be produced through the generalization
of the resent synthetic protocol. Surprisingly, high surface areas were demonstrated by the PMO
nanomaterials. The core–shell NPs have the potential to be used for future cancer diagnosis and
therapy because they can be used both as MRI and fluorescence imaging agents and for loading
different anticancer drugs into the mesoporous organosilica shell. For confirming whether this
system can be used in biomedical applications, it is necessary to study the XRD, SQUID and
cytotoxicity of Fe3O4@EPMO.
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Chapter 5
5

Summary

Hybrid materials represent an interesting development in the field of materials chemistry
during the past few years. Due to the myriad possibilities of mixing various properties in a single
material, a variety of ideas regarding possible materials and uses emerged. However, at times,
there is a lack of understanding on the basic science, and so, it is critical to carry out studies in
this field, especially to understand the structure–property relationships.
In this dissertation, three different organic-inorganic hybrid stimuli responsive systems
and their formation mechanism with their possible applications were discussed.
Chapter 2 explains how organic-inorganic hybrid microtoroids with anistropic growth
were generated through spontaneous self-organization of coordination complexes including
FeCl3, amphiphilic molecules, and protonated hydrophilic polymers. The creation of these
microstructures involved coordination and multiple noncovalent interactions, such as micellar
hydrophobic interactions. It is postulated that the coordination complexes prompt nucleation
and subsequent growth to create an anisotropic layered structure. Light irradiation can cause the
assembling and disassembling of the microtoroids due to the photo reaction of anthracene
derivatives. From the mechanical perspective, these microstructures are robust and can function
as templates to include metallic nanoparticles like gold and silver. This work provides new insights
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in the role of multiple non-covalent interactions in directing the preparation of new hybrid
structures with complex molecular architecture.
Chapter 3 explained how the microtoroids could be bio applicable by regulating the size
and decreasing it to nanometers, leading to the second system known as metal organic
complexes (MOCs). These complexes are effective synthetic molecular channels that allow
successful interaction with cell membranes to permit entry of cargo into the cell. They gather at
room temperature at the same time and are fully disintegrated when provided heat greater than
32 oC. When the system is cooled back to room temperature, there is reproduction of MOCs in
less than an hour. It is believed that this study will encourage the use of hybrid complexes having
distinct architecture as membrane bound molecular machines. A variety of switches or stimuli
responsive building blocks can be offered by the supramolecular tool box. This will lead to the
emergence of subsequent generation of smart systems that can function away from equilibrium,
making artificial intelligence more favorable.
Chapter 4 involved the designing and formation of magnetic responsive core-shell
nanoscale system. To produce homogenous and mono-dispersed super-paramagnetic iron oxide
nanoparticles having diameters of 20 nm, thermal decomposition of iron oxide solvent took place
in an organic solvent, which was functionalized with ethylene mesoporous organosilica shell
using the sol-gel technique. It is possible to regulate the size of the mesoporous organosilica NPs
to keep it less than 100 nm. The existing synthetic protocol can be extended to create core-shell
NPs made up of hydrophobic nanocrystal core and mesoporous organosilica shell. Considerably
high specific surface areas were exhibited by the EPMO nanomaterials. Because of the integrated
capacity of the core-shell NPs to function as MRI and fluorescence imaging agents and loading
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various anticancer drugs into the mesoporous organosilica shell, they can possibly be used in
cancer diagnosis and treatment in the future. The XRD, SQUID and cytotoxicity of Fe 3O4@EPMO
need to be studied to ensure that this system can be utilized for biomedical purposes.
To sum up, when organic and inorganic materials are mixed, new materials having
promising properties are created, including the presence of a variety of functions in one material
and better stability in contrast to the organic components on their own. These materials are going
to create a whole new domain of promising applications in various fields including production of
smart membranes, novel sensors and catalysts, production of photovoltaic and fuel cells, smart
microelectronic, micro-optical and systems, or intelligent therapeutic vectors that mix the
properties of targeting, imaging, therapy and controlled release.

