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Abstract

The human body and many living organisms are comprised of very complex biological system with
distinct metabolism. In order to understand life activities, we need to monitor the individual
chemical interactions happening in vivo. Bioimaging with naked organic dye molecules always
suffers from drawbacks such as photobleaching and biocompatibility issues. Silica matrix protects
the fluorophores from external environment and provides hydrophilic shell, which improves the
photostability and biocompatibility of dye molecules. A nanocarrier, which is highly compatible
with the target metabolic system, may be beneficial for therapeutic and diagnostic applications in
living organisms. Mesoporous silica nanoparticles (MSNs) are highly biocompatible and safe for

biological applications and may provide the solution.

Therefore, this project focused on the synthesis of dye-doped mesoporous silica nanoparticles,
coupling them with various bioactive carbohydrate molecules, and investigation of these

nanoparticles for their potential biological applications in microorganisms.

Rhodamine B, fluorescein, and methylene blue dyes were employed for doping into amine
modified mesoporous silica matrix through covalent and non-covalent approaches. The results
revealed that all dyes were successfully doped into the silica matrix and showed bright fluorescence.
In the next stage, methylene blue encapsulated amine grafted mesoporous silica nanoparticles (MB
AMSNSs) were utilized for coupling with carbohydrates- glucose, maltose, ribose, and raffinose by
employing N, N'-carbonyldiimidazole as a coupling agent. The chemical and physical
characterization showed the successful conjugation of carbohydrates onto amine-modified silica

surface.

Finally, glucose conjugated methylene blue doped mesoporous silica nanoparticles (Glu-MB MSN)
were used in bioimaging and toxicity assessments. The as-synthesized nanoparticles were
investigated in E.Co/i and B.Subtilis bacterial samples. The characteristic results revealed bright
fluorescence in bacteria like formations via confocal microscopy. Therefore, Glu-MB MSN may
be useful for bioimaging purposes. SEM images showed bacterial aggregation after treatment with
nanoparticles. This interaction is relatively higher in the case of B.Subtilis. Moreover, the bacterial
cell structure appeared unaltered after incubation with the nanoparticles. This suggested that the
nanoparticles were not toxic to these specific bacteria. However, more studies need to be

performed to confirm these results.
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Chapter 1

Introduction

1.1 Significance of the work

Over the past two decades, mesoporous silica nanoparticles (MSNs) have attracted extensive
attention from the scientific community because of their intrinsic characteristics such as high
surface area, well-ordered porosity, and tunable geometry. These features put forward MSNs as an
excellent platform for many biomedical applications including bioimaging and drug delivery [[1],
[2] ]. Biomarkers with high biocompatibility, low toxicity, and dispersibility are essential for
understanding the biological processes impact and the activity of therapeutic compounds inside
biological systems [3]. Fluorescent MSNs shows excellent biocompatibility with low toxicity, high
hydrophilicity, optical transparency, and the silica surface can be functionalized with various
biomolecules. So far, a wide variety of fluorescent silica nanoparticles have been used as

bioimaging probes.

Use of naked organic dye molecules in imaging and detection of biomolecules can suffer from
several disadvantages such as photobleaching, aggregate formation, blinking, bio-incompatibility,
and low quantum yield. Fluorescent dyes protected by polymer coatings also have drawbacks such
as dye quenching and are highly unsuitable under physiological conditions. These limitations can
be overcome by encapsulating the dye molecules, which protects them from chemical reaction [4].
Among various kinds of nanomaterials, fluorescent silica nanoparticles have been extensively used
for imaging biological cells 7 vitro as well as in vivo |5]. Firstly, this is because silica nanoparticles
doped with fluorescent molecules are capable of carrying thousands of dye molecules in each silica
matrix [2]. For example, the emission and excitation wavelengths of each Rubpy dye-doped
nanoparticle are equivalent to thousands of naked dye molecules [[6], [7] ]. Secondly, the
incorporation of fluorescent molecules into the silica matrix protects the dye molecules from

external quenching and degradation in biological solutions while improving the chemical stability



and biocompatibility of the dye molecule. Therefore, the encapsulation of the dye molecule in a

silica matrix improves its photostability and meets the need for extended time tracking i vivo.

Furthermore, the rich silane chemistry of the silica nanoparticle surface facilitates a range of
biological applications, as the surface can be further functionalized with bioactive molecules such
as DNA, antibodies and therapeutic drugs [[8], [9], [10] ]. In addition to this, the dye-doped MSNs
are capable of carrying a huge load of therapeutic drug molecules inside the pores, which makes
them useful as theranostics. Since 2001, MSNs have been conjugated with various bioactive
molecules, glycans (free carbohydrates, glycoproteins, and glycolipids) which are important for
many biological events [[11], [12] ]. Carbohydrates and their conjugates play a crucial role in the
detection of bacterial infections and various complex biological processes such as cell
communication and trafficking, tumor genesis and progression, immune response, fertilization,
and cell apoptosis [[13], [14] ]. Therefore, carbohydrate conjugated nanoparticles can go close to
the cells and have applications ranging from bio-labeling, i vivo bioimaging, and glycan-protein
interactions [[15], [16] ]. Despite many applications, there are few reports on the synthesis of sugar-

coated MSNs, and no reports are available on maltose, ribose, and raffinose coated MSNs.

1.2 Aim of the research

The main aim of this research is to develop novel carbohydrate-conjugated dye incorporated
mesoporous silica nanoparticles and to investigate their uptake by bacterial cells for further
applications as theranostic agents. During this research work, a single pot synthesis method has
been developed for simultaneous incorporation of rhodamine B through covalent attachment into
the silica matrix and amine functionality on the surface of MSNs by slightly modifying the co-

condensation process. A brief outline of this project is described below.

1. Synthesis of dye encapsulated mesoporous silica nanoparticles with the dye molecule
incorporated into the silica matrix by covalent and non-covalent attachment approaches.
The effect of reagent concentrations on the surface properties of methylene blue doped
amine modified MSNs (MB AMSNs).

2. Synthesis of carbohydrate conjugated fluorescent mesoporous silica nanoparticles. The
carbohydrates conjugated to the amine grafted fluorescent MSNs by using carbonyl
diimidazole (CDI) as linker agent.

3. Investigation of the cell uptake of glucose conjugated methylene blue doped MSNs into

E.Coli and B.Subtilis by SEM and confocal microscopy.



1.3 Structure of the thesis

This thesis is written according to the guidelines of Murdoch University.

Chapter 1- Introduction: This chapter gives a brief introduction and significance of the present

work, followed by the aim of the research and structure of the thesis.

Chapter 2- Review of the Iiterature: This chapter reviews the literature regarding the invention
of MSNs, strategies, and mechanisms that have been described in the literature for the formation
of MSNs, the effect of synthesis parameters on the morphology, surface conjugation techniques,
and medical applications in the field of bioimaging and drug delivery. Finally, it will examine the

applications of glyconanoparticles in biomedicine.

Chapter 3- Synthesis and characterization of Dye-doped AMSNs: This chapter gives
information about the methods that were employed for the synthesis of the dye-doped AMSNs
by covalent and non-covalent approaches and discusses the characterization studies. It also
discussed the effect of reagent concentrations on the surface properties of non-covalently

incorporated MB AMSNSs.

Chapter 4- Synthesis and characterization of carbohydrate coated dye-doped MSNs: This
chapter presents the synthesis method of the glyconanoparticles by using zero crosslinking agents.
In brief, it deals with the conjugation of carbohydrates glucose (monosaccharide), maltose, ribose
(di-saccharide), and raffinose pentahydrate (trisaccharide) on to the methylene blue-doped MSNs

and presents the characterization of the glucose conjugated methylene blue doped MSNs.

Chapter 5- Nanoparticle uptake by bacterial cells: This section of the thesis focuses on the
investigation of the uptake of as-synthesized glucose coated MB doped MSNs by E.Co/i and

B.Subtilis bacterial cultures.



Chapter 2

Review of the Literature

This chapter reviews the existing studies on fluorescent mesoporous silica nanoparticles for
biomedical applications. It begins with a brief introduction to the synthesis of various types of

mesoporous silica nanoparticles (MSNs) that have been used in imaging and targeted drug delivery.

Porous materials

Porous materials are mainly classified into three categories according to their pore size (Fig

2.D)[17].
Microporous - pore diameter of < 2 nm.
Mesoporous - pore diameter of 2-50 nm.

Macroporous - pore diameter of > 50 nm.
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Figure 2.1: Classification of porous materials (Reproduced from Malgras et al., 2015) [17]



Mesoporous materials are of great interest because of their intrinsic characteristics such as narrow
pore size, uniform pore structure, large pore volume, high surface area, and easy surface
functionalization. These unique features make mesoporous materials potential candidates in

biomedicine, energy storage, and catalysis [[18],[19] ].

Since the first discovery of M41S family of nanostructured mesoporous material in 1992[20],
various types of mesoporous materials have been synthesized with many different compositions
including metal oxides[21], metal sulfides[22], polymers [23] and carbon[24] under a wide range of

pore geometries such as 2D hexagonal, cubic, and lamellar (Fig 2.2)[25].

Figure 2.2: Structure of mesoporous M41S materials (a) MCM-41 (2D hexagonal, space
group p6mm), (b) MCM-48 (cubic, space group Ia-3d) and (c) MCM-50 (lamellar, space
group p2) (Reproduced from Hoffmann et al., 2006) [25]

2.1 Background of Mesoporous silica nanoparticles (MSNs)

In 1971, V.Chiola et al. [26] reported the synthesis of “low bulk density silica” by hydrolyzing and
condensing tetraethylorthosilicate in the presence of a cationic surfactant. This was patented by
Sylvania Electric Products Inc., in the same year. However, the patent concerned only the bulk
density property of the precipitated product. It did not mention anything about the characteristic
properties such as geometry and porosity of the obtained material. Subsequently, the synthesis of
mesoporous silica nanoparticles from aluminosilicate gels, using a liquid crystal template
mechanism was reported by Mobil Research and Development Corporation in 1992 [20]. They
named the synthesized material as Mobil Crystalline Material or Mobil Composition of Materials
(MCM-41).

The invention of MCM-41 led to the synthesis of a wide variety of mesoporous silica materials
with various pore geometries and diameters (Fig 2.3)[19]. The change in the mesoporous nature

and their structural arrangement is due to the change in the metal precursor, reaction parameters
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and the type of structural directing agents that were used as a template. Moreover, the pore

structure and the order of the pores could be altered through the choice of the surfactant.

SBA-15

SBA-1and 6

&

Fm3m.

KIT-5

Figure 2.3: Various pore geometries (A) 2D hexagonal p6mm, (B) 3D cubic Pm3m, (C)
Pm3n, (D) Im3m, (E) Fd3m, and (F) Fm3m (Reproduced from Lu et al., 2016)[19]

MCM-41 is hexagonal with a pore diameter of 2.5 to 6 nm. The cationic surfactants used in the
synthesis act as structural directing agents. This type of mesoporous silica has been widely
investigated for biomedical applications. The other widely explored materials are MCM-48, which

has a cubic arrangement and MCM-50 that has a lamellar-like arrangement (Fig 2.2).

Subsequently, Zhao et al. from the University of California, Santa Barbara, synthesized a family of
highly ordered amorphous type mesoporous silicas with pore range 2-30 nm by the use of
commercially available non-ionic triblock copolymers such as alkyl poly(ethylene oxide) (PEO),
oligomeric surfactant and poly(alkylene oxide) block copolymer as the templates in the acidic
media. They named these as Santa Barbara Amorphous type materials (SBA) [27]. They obtained
a wide variety of mesoporous silica materials including SBA-11 (cubic), SBA-12 (3D hexagonal),
SBA-15 (hexagonal), and SBA-16 (cubic cage structure) with various geometries and pore
symmetries, by varying the ratio of ethylene oxide to propylene oxide (Fig 3). SBA-15 has been

widely used in biomedicine [28].

Some other widely studied mesoporous silica materials in the literature are FSM-16 [29], which
have a folded sheet type geometry synthesized by using quaternary ammonium surfactant as
template and layered polysilicate kanemite as silica source, TDU-1(Technical Delft University) [30],
HMM-33 (Hiroshima Mesoporous Material-33) [31], COK-12(Centrunvoor
Oppervlaktechemieen Katalyse), KIT-5(KKorea Advanced Institute of Science and Technology)
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[32], FDU-1 (Fundan University)[33]. The structural characteristics and applications of some
MSNSs are listed in Table 2.1.

Table 2.1: List of structural characteristics and applications of some MSNs.

MSN

Pore geometry Pore Pore Applications Reference
type size (nm) volume(cm’/g)

MCM-41 2D hexagonal P6nm 2-8 >1.0 Biomedicine, catalysis [34]
MCM-48 3D cubic la3d 2-5 >1.0 Biomedicine, catalysis [35]
MCM-50  Lamellar p2 2-5 >1.0 Adsorbent in catalysis [36]
SBA-11 3D cubic Pm3m 2-4 0.68 Adsorbent in catalysis [37]
SBA-12 3D hexagonal, p63/mme 3.1 0.83 Adsorbent in catalysis [38]
SBA-15 2D hexagonal pGmm 6 1.17 Biomedicine, catalysis [39], [40]
SBA-16 Cubic Im3m 5-15 0.91 Biomedicine, catalysis [41], [42]
FSM-16 Hexagonal 1.6-4.5 - Catalysis, adsorbent [43, 44]
KIT-5 Cubic Fm3m 9.3 0.45 Catalysis [45]
COK-12  Hexagonal P6m 5.8 0.45 Catalysis [46]
FDU-12 Cubic Fn3m 10-12.3 0.66-0.78 Catalysis [47]

2.2 Approaches for the synthesis of MSNs

Various synthesis methods have been reported in the literature [[25],[48] , [49], [50] ] to produce

mesoporous silica materials with high surface areas, large pore volumes, different particle sizes,

high thermal stability, and biocompatibility. The synthesis of MSNs is mainly based on using

surfactants as a structural directing agent with the most popular methods including the sol-gel

(1491, [51] ],

template-assisted [[52], [25] ], microwave-assisted [[53], [54], [55] |, and chemical
etching [[56], [57] | techniques.




2.2.1 Sol-gel technique

The sol-gel process is a wet chemical technique which is widely used in ceramic engineering. In
1968, Werner Stober developed a bottom-up method for producing nearly monodispersed silica
nanoparticles with a narrow range of sizes based on the sol-gel technique in basic media [58]. From
then on, the process was known as the Stober method and it became widely employed for
producing silica nanoparticles. A colloidal suspension, which is called a ‘sol’ is prepared for the
growth of the inorganic network, and then a gelation process of the sol is carried out to form a
continuous inorganic network in a liquid phase known as ‘gel’. The chemical reaction for the

synthesis of silica nanoparticles can be seen in Scheme 2.1.

Hydrolysis of tetraalkoxysilane (silica precursor)
Si (OR); + H,O «<» (OR)5-Si-OH + R-OH
Condensation of hydrolyzed silicate precursor

(OR)5-Si-OH + OH-Si-(OR); — [ (OR);Si-O-Si (OR);] + H,O
R= Methyl, Ethyl, Propyl, Butyl, etc

Scheme 2.1: Hydrolysis and condensation of tetra alkoxy silane precursor during the sol-

gel process

Usually, the hydrolysis and condensation procedures take place in the presence of an acid or base
catalyst. The mechanisms under acid and base-catalyzed reactions can be seen in Scheme 2.2.
However, the rate of hydrolysis is faster in the presence of a base catalyst. Furthermore, the rate
of condensation depends upon the degree of hydrolysis [59]. The sol-gel technique is simple,
effective and operates at ambient temperatures. Therefore, the control over the particle
morphology is relatively high when compared with other techniques. In addition to this, surface

functionalization of MSNs can take place in a single step.
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Scheme 2.2: Acid-catalyzed hydrolysis and condensation (A), base-catalyzed hydrolysis
and condensation (B) (Reproduced from Danks et al., 2016)[59]

2.2.2 Template assisted technique

The template-assisted technique is very easy and relatively cheap way of producing ordered
mesoporous materials. In this technique, the morphology of the nanocrystals can be changed by
controlling the nucleation and growth of the nanoparticle during the synthesis. This technique can
be divided into two categories. The first one is a hard-templating method, also known as an exo-
template method in which a solid is used as a structure directing agent. The other one is a soft-
templating method or endo-template method, in which a soft matter is used for the synthesis of

ordered mesoporous materials [[60], [52] |. For both approaches, there are three common steps.
Step 1: Preparation of the template

Step 2: Synthesis of targeted nanoparticles in the presence of the template by common synthetic

approaches (sol-gel, hydrothermal, or microwave-assisted).

Step 3: Careful removal of the template by extraction or calcination.



Hard template method:

A hard and rigid substance determines the pore size, particle size, and morphology of the
synthesized particle in the hard template (exo-template) method. A wide variety of hard templates
are reported in the literature[52]. In the typical procedure, the void spaces in the hard template
are filled with the silica precursor in the presence of a catalyst, which is then polymerized into silica
(Fig 2.4). The template is then removed by a physical or chemical process, which results in a
negative replica of the framework. Therefore, mesoporous nanoparticles with rigid pore size and
morphology can be obtained. Even though this method provides good control over particle
morphology, the resulting rigid sizes and geometries can be a limitation. In addition to this, the

removal of the template is difficult and may cause damage to the structure of the nanoparticles.

SOFT TEMPLATING

SURFACTANT COMPOSITE MESOPOROUS MATERIAL
17,
> o '
L o O &
SOLVENT(S) (X 3
. Sol-gel Assembly Template removal
" +s Aging - washing treatment

i - thermal treatment (calcination)
PRECURSOR(S

0 %e HARD TEMPLATING

COMPOSITE MESOPOROUS MATERIAL

HARD TEMPLATI
' 00
000
., 00

Template removal
- chemical treatment
thermal treatment (calcination)

Infiltration of
precursors

Figure 2.4: A schematic diagram of soft templating and hard templating methods
(Reproduced from Barbara et al., 2017 ) [61]

Soft template method:

Various types of surfactants, including cationic, anionic, and neutral, are reported in the literature
for use in the soft template method. The surfactant is used to form micelles that act as templates,
and the silica precursors are condensed around the micelles. Therefore, the structure of the
mesoporous material depends upon the structure of the aggregated micelles (Fig 2.4). This type of

template method is particularly important because of the reproducibility and simplicity of the
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process. Moreover, the removal of surfactant is simple (extraction or calcination), and it does not

cause any damage to the morphology of the obtained nanoparticle [[62], [63] ].

2.2.3 Microwave assisted (MW) technique

Microwave-assisted (MW) synthesis of MSNs is a relatively new technique that has many
advantages over other methods. In particular, the process is quick, and the temperature distribution
is uniform throughout the reaction mixture. Hydrothermal synthesis of inorganic materials using
MW heating promotes the nucleation and hence reduces the synthesis time as well as the particle
size[064]. The synthesis of MCM-41 and SBA-15 type of MSNs via MW heating and CTAB
surfactant have been reported [[53], [54] |. Nur et al. [65] synthesized MSNs via the MW method
for drug delivery applications. They found that the crystal growth was enhanced if the power of
the MW increased from 100 — 450 W

Furthermore, the MW technique can be used in conjugation with other techniques [[66], [67] ].
For example, Shan et al. [67] used MW assisted aerosol technique for the fabrication of silica
hollow spheres (SHS). They stated that this was an efficient way for the fabrication of SHS and
the morphology of the SHS could be easily tuned by varying the ratio of precursors. Although the
MW technique has advantages, the control over the particle size and morphology is poor and the
reaction monitoring is difficult. In addition to this, the equipment for this process is quite

expensive and is not suitable for scale-up[68].

2.2.4 Chemical etching

In the chemical etching approach, nanoparticles can initially be synthesized by any of the
previously mentioned techniques such as sol-gel or microwave methods. The resultant particles
are then chemically etched to remove specific chemical structure or elements using chemical or

physical treatments. This method is widely employed for producing hollow mesoporous silica

nanoparticles (HMSNSs).

Liu et al. [69] synthesized rattle-like MSNs (RMSNs) with a pure silica core, a hollow cavity, and
mesoporous shell via a “surface-assisted selective etching” strategy. The obtained RMSNs had an
average diameter of 290 nm, shell thickness 35 nm, and solid core size about 90 nm. They found
that using a surfactant with different length of alkyl chain C,TAB in the outer shell plays an
important role in the formation of rattle-like structure. Wu et al. [70] proposed a salt-assisted acid

etching (SAAE) strategy for the construction of RMSNs. They named them as hollow mesoporous
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organosilica nano-vehicles (HMOVs). They found that SAAE overcomes the drawbacks of the
traditional silica etching methods such as alkaline etching, HF (hydrofluoric acid) etching, and
avoids by-products. HMOVs were suitable for high drug loading capacity and pH-responsive drug

releasing behavior.

Recently, Xu et al. [71] prepared multifunctional yolk-shell structured mesoporous silica
nanoparticles (YMSNS) suitable for fluorescence imaging, photothermal therapy (PTT), and drug
delivery. In the actual process, a fluorescein isothiocyanate dye-doped silica nanoparticle partially
covered by patchy gold as the core. The used “alkali etching strategy” selectively occurred in the
CTAB/silica hybrid layer, which creates void space in YMSNs. The obtained YMSNs showed
good biocompatibility, high drug loading capacity (8.04 wt %) and could be used for chemo- and
photothermic combination therapy as well as optical imaging. YMSNs can also be prepared by
cationic surfactant assisted selective etching. Fang et al. [72] have developed this strategy for the
synthesis of high-quality HMSNs with either wormhole-like or oriented mesoporous shell (Fig
2.5). They proposed the mechanism, which involves the etching of solid silica accelerated by
cationic surfactant followed by the redeposition of dissolved silica species directed by the cationic
surfactant. This method of approach can be a general strategy to produce yolk-like structures from
silica coated materials.
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Figure 2.5: Schematic illustration of cationic surfactant assisted selective etching

(Reproduced from Fang et al., 2011) [72]

Very recently, Tao et al. [73] also used a mild alkalescent solution such as sodium carbonate
solution as the etching agent for the synthesis of yolk-shell structured mesoporous organo-silica
nanoparticles. The obtained particles had monodispersed diameter (320 nm), large pore volume
(1.0 cm’/g), high surface area (1327 m*/g), and mesopores (2.4 nm). Additionally, the material
showed a high drug loading capacity up to 181 pg/mg. Adapting the above-mentioned strategies
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for the synthesis of HMSNSs has benefits over soft-templating methods particularly in the field of
biomedicine because the micelles formed in the soft-templating method are very sensitive to the

liquid environment [56].

In addition to the above-mentioned techniques, micro-emulsion, aerosol, and vapor deposition

methods [74] are also reported in the literature for the synthesis of MSNss.

2.3 Mechanism for the formation of MSNs

For MSNs to be ideal candidates for the biomedical applications, the particles should be
monodispersed with uniform pore size and large pore volume, which enables loading of a large
number of drug molecules into the pores. These attributes can be attained by controlling the
synthesis parameters such as pH, temperature, concentrations of reagents, and surfactant. The type
of surfactant used in the synthesis of MSNs plays an important role in directing the pore geometry,

size, and volume[49].

Grun et al. [75] reported the synthesis of spherical shaped MCM-41 rather than the standard
hexagonal shape by using a cationic surfactant as a structure directing agent. They observed that
the spherical-shaped MCM-41 particles showed similar properties to the hexagonal ones. Usually,
the formation of MSNs occurs by a ‘crystal template mechanism’ in which, hydrolysis and
condensation of silica take place on the surface of the surfactant micelles. [[76], [77], [78] ]

Therefore, the type of surfactant will determine both the pore size and structure of the MSNSs.

Surfactants have two main components; one end of the molecule is hydrophilic in nature and the
other end is hydrophobic (Fig 2.6). Owing to this amphiphilic character, surfactants can lower the

interfacial tension between the two phases.

Hydrophilic head

L ' J \
Hydrophobic rail

Figure 2.6: Structure of CTAB surfactant
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Based on the charge on the polar head, surfactants can be divided into four types.

(1) Cationic surfactants: These types of surfactants have a positively charged hydrophilic head
(polar group) and a large alkyl chain as the hydrophobic tail (non-polar group). A large
variety of this class of surfactants is based on nitrogen compounds such as quaternary
ammonium salts with a long alkyl chain. Some examples of cationic surfactants are CTAB,
CPC  (Cetylpyridinium  chloride), BZC  (Benzalkonium Chloride)), DODAB
(Dioctadecyldimethyl ammonium bromide).

(2) Anionic Surfactants: These types of surfactants have a negatively charged polar head and
long hydrocarbon tail which serves as a non-polar end. Mostly carboxylates, sulphates, and
sulfonates serve as the polar head. Anionic surfactants are usually cheaper than cationic
surfactants.

(3) Non-ionic surfactants: These types of surfactants do not ionize in aqueous solutions as
their hydrophilic head is of a non-dissociable type such as phenol, ether, or amide. These
surfactants are made hydrophilic by the presence of a polyethylene glycol chain. Poly
(propylene oxide) is the most commonly found non-polar group in this type of surfactants.
Low molar mass block copolymers composed of blocks of different polymerized
monomers are also members in this family of surfactants.

(4) Amphoteric or zwitterionic surfactants: These types of surfactant molecules can dissociate
into both anionic and cationic groups. In general, the positive charge is given by an

ammonium group and negative charge obtained by a carboxylate group.

Some surfactants can be soluble in water as a single molecule and others occur in the interface
between two phases (liquid-air or liquid-solid). Once a surfactant reaches saturation state, the
surfactant forms clusters called micelles. The point where the first micelle is formed is called the
Critical Micelle Concentration (CMC). The chemical structure and the length of the hydrophobic
tail, determine the CMC. CMC is inversely proportional to the length of the hydrophobic chain.
Many different mechanisms have been proposed in the literature to explain the formation of
MSNs, such as liquid crystal template mechanism (LCT) [77], cooperative self-assembly
mechanism [79], and synergistic mechanism [80],[81]. The common characteristic among these
mechanisms is that the surfactant activates the solvated silica precursor to form a mesoporous
structure. Time-resolved small-angle neutron scattering (SANS) was used to study the formation
of MSNs by the LCT mechanism [80]. This method helped to predict the changes occurring
simultaneously during the formation process. In the early hydrolysis, silicate ions adsorb around

the surfactant micelles during the nucleation. In the process of hydrolysis and condensation of the
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silica precursor, the charge around the surfactant micelles reduces and the inter-micellar repulsions,

allowing the further formation of small aggregates of silica

The synthesis of MSNs by CTAB surfactant via the liquid crystal template mechanism was first
proposed by Davis et al. [82] (Fig 2.7). According to this mechanism, the micelles formed in
aqueous conditions are further evolved into rod-like (2D hexagonal shape) micelles. The core of
the hexagonal micelles consists of hydrophobic tails and the surface consists of hydrophilic heads.
The silica precursor begins to hydrolyze and condense between these hexagonal micelles and is
deposited on the surface of the micelles. This is because the negatively charged silanolate ions (Si-
O") can electrostatically link to the positively charged CTAB-N "(CH3);. Finally, the removal of
the surfactant template by calcination or acidic ethanol extraction leaves the pores. These pores
mimic exactly the structure of the mesoscale soft template. This mechanism is simple and widely

accepted by many researchers.

Another mechanism known as the ‘synergistic mechanism’ was put forward by the MCM group
[21]. The main difference is that the synergistic mechanism considers the liquid crystal to be
produced after the addition of the silica precursor. Moreover, this mechanism can explain how
low surfactant concentrations could lead to the formation of MSN with different pore structures
and order. The ‘swelling-shrinking mechanism’ was recently proposed by Zhifeng Yi et al., [81] for
MSNs formation. This mechanism was studied by time-resolved synchrotron small-angle X-ray
scattering (SAXS). This mechanism is highly acceptable when tetraethyl orthosilicate (TEOS) is
used as the metal precursor in the absence of ethanol because TEOS is an oily like substance that
forms an emulsion-like system under vigorous stirring. When TEOS is added to the formed CTAB
micelles in an aqueous solution, it interacts with the hydrophobic end, which results in the
transformation of the ellipsoidal shape into spherical. During subsequent hydrolysis, the TEOS
becomes hydrophilic and released into the aqueous solution whereas the negatively charged
hydrolyzed monomers of TEOS adsorb onto CTAB micelles due to electrostatic attractions. The
micelles become small and shrink once TEOS is consumed completely. The process of getting

small continues until all the TEOS gets hydrolyzed which forms silica shell around the micelles.
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Figure 2.7: Formation of MCM-41 by Liquid Crystal Template (LCT) mechanism
(Reproduced from Davis et al., 1994) [82]

CTAB 1is a cationic surfactant and quaternary ammonium compound with bromide as the
counterion. Cationic surfactants with different hydrophobic chain lengths are available (Fig 2.8).
Usually, the particle size decreases as the chain length of the surfactant increases [83]. CTAB is

highly investigated for the synthesis of MSNs.

(A) (B) (C)
CHs Br ?H%H3 CHy Br
—N#- N = —N#-
CH3(CH2)1()CH2 ng CHs Hacm \CH3 Br H3C(HQC)15 g; CH3
3 3

Figure 2.8: Structures of series of cationic surfactants (A) Dodecyltrimethylammonium
bromide (DTAB), (B) Tetradecyltrimethylammonium bromide (TTAB), and (C)
Hexadecyltrimethylammonium bromide (CTAB).
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2.4 Effect of synthesis parameters on the characteristics of
MSNs

For the efficient application of MSNs in biomedicine, it is crucial to control the particle
morphology and pore geometry. Because several 7z vivo and in vitro applications of particles depend
on their size. The desired particulate diameter for the biomedical applications is less than 400 nm.
The size of the particle is highly correlated with their ease of uptake into the human vascular system
and ease of excretion out of the body [84]. Therefore, the precise control over particle size and
porosity is of great interest for high therapeutic efficacy. In addition to this, smaller size is highly
desired for usage at subcellular locations after crossing several physiological barriers such as BBB

(blood brain barrier)[85].

Tetraethyl orthosilicate (TEOS) is widely used as the metal precursor in the synthesis of MSNs.
Tetramethyl orthosilicate (TMOS) [806], tetramethoxy vinylsilane (TMVS) [87], sodium metasilicate
(Na,S105) [88], tetrakis (2-hydroxyethyl) orthosilicate (THEOS) [89], and some natural sources
such as renewable biomass (42), pumice rock, and rice husk [90] have also been explored for
synthesis of MSNs. The present review focuses on the MSNs synthesized from TEOS. TEOS is
the preferred silica precursor rather than TMOS and Na,SiO; because the pores obtained from
TEOS based aerogels show a narrow size and the particles have high hydrothermal stability, which
is highly regarded in biomedicine. Additionally, TMOS is more reactive than TEOS. Therefore,

the control over the particle morphology is much lower [91].

According to literature, the geometry of the pores is largely decided by the surfactant’s
properties[83]. Additionally, customizing the synthesis parameters including the rate of hydrolysis,
the ratio of surfactant to silica source, pH of the reaction media, and the type of catalyst (acid or

base) significantly affect the nanoparticle morphology.

2.4.1 Control of Particle Size

Careful tuning of the particle size is highly regarded because the size of the nanoparticle
significantly affects its applications in biomedicine, such as the efficacy of endocytosis, biosensing,
and drug loading and release. For example, MSNs with a particle size of 50 nm exhibited more
cellular uptake than other particles in the range 30-280 nm [92]. He et al., [93] reported that MSNs
with particle sizes in the range 190-420 nm, exhibited high cytotoxicity (at concentrations above

25 pg/ml) compared with the particles 1220 nm (at a concentration range of 10-480 pg/ml.
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Extensive research has been performed by varying synthesis parameters to get the desired particle

size.

Lv et al. [94] have studied systematically the effect of the reaction parameters (stirring rate, base
concentration, and reaction temperature) on the particle size. They found that increasing the
temperature (from 40 to 95" C) increased the particle size (from 21 nm to 38 nm). Conversely, a
slight increase in the base concentration and a significant increase in the stirring rate resulted in a
decrease in the particle size (Fig 2.9). They found that the concentration of the surfactant micelles
also plays an important role in size reduction because a low reaction temperature and rapid stirring
rate will give a low concentration of silica-surfactant micelles. This minimizes the growth of particle

size, which results in MSNs with small diameters.

>
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Figure 2.9: Graphical abstract of the effect of synthesis parameters on particle size (TEA-
Triethanolamine (Base))(Reproduced from Lv et al., 2016) [94]

Moreover, replacing base catalysts such as sodium hydroxide (NaOH) and ammonium hydroxide
(NH,OH) with TEA (triethanolamine) also resulted in smaller particles as TEA can act as a surface
capping ligand and suppress the particle growth and prevent particle agglomeration [95]. Use of
L-lysine as a base-catalyst could also result in a decrease in particle size because of the delayed
condensation due to the electrostatic interaction between the protonated amine group of L-lysine
and deprotonated hydroxyl groups on the silica surface [96]. Ya-Dong et al. [97] studied the effect
of reaction parameters on the size of the nanoparticles by Taguchi method. They found that the
pH of the reaction medium had great influence (57%) on the particle size followed by the amount
of precursor (13%) and reaction time (29%). Additionally, they found that the pH significantly
affected the mesopores structural order. In addition to this, longer reaction times in basic medium

caused erosion of the MSNs silica frame.
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2.4.2 Control of pore size, pore volume, and meso-structural ordering

Control over pore size and pore volume is crucial for drug loading and drug release. The pore size
depends on the type of surfactant. Surfactants with long chain lengths result in MSNs with large
pores [98]. Gu et al. [99] have synthesized well-ordered MSNss with a large pore size (diameter up
to 4.6 nm) by using CTAB surfactant, N, N-dimethylhexadecylamine (DMHA) as a pore size
mediator and tri-block copolymer of Fiy (EO;cPO-EO;) as a particle growth inhibitor. The
concentration of the surfactant also has a significant impact on the order of mesopores. A higher
concentration of CT'AB surfactant leads to disordered pores, whereas lower concentrations fail to
form micelles which result in template deficiency in the reaction medium. The concentration of
TEOS also shows the same influence on mesoporous order [97]. A higher concentration of TEOS
leads to disordered pores whereas lower amounts are insufficient to form mesoporous orders.
Effect of different reaction parameters on the particle size can be seen in Fig 2.10. Therefore, an

optimal balance must be maintained between the reagents.
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Figure 2.10: SEM images of samples designed by the Taguchi method. The amount of
TEOS added, pH, and reaction time represented respectively in each image (Reproduced

from Yao Dong et al., 2011) [97].
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2.5 MSNs in bioimaging and drug delivery

Bioimaging is an effective method to reveal many biological processes, including enzymatic
reactions and disease progression that occur in the biological state. Recent developments in the
synthesis of various fluorescent compounds for bioimaging improve our understanding of the

complex biological systems at the molecular level.

Fluorescent dyes, also known as fluorophores, have been widely used in bioimaging for decades,
but their applicability is still limited. This is because of aqueous insolubility, aggregate formation,
high reactivity in physiological conditions which result in rapid photobleaching, and small Strokes
shifts, which may result in excitation and scattered light interferences. In some cases, the large
molecular weight of the dye molecule may interfere with the biomolecules and cause precipitation,
which can cause severe side-effects. To overcome these limitations, the surface of the fluorophore
must be covered to protect it from the external environment and photobleaching. Out of many
kinds of dye encapsulation approaches, doping of dye molecules inside nanoparticles has many

benefits. Silica nanoparticles have become an attractive choice for this application.

Firstly, silica nanoparticles show high biocompatibility and low cytotoxicity [100]. Secondly,
control over the particle size and surface modification is relatively simple [101]. Thirdly, the silica
matrix is transparent. In addition to this, the silica surface is chemically stable and easily water
dispersible. Therefore, the chemical stability and biocompatibility of the dye molecule can be

significantly enhanced without affecting its fluorescence properties.

Traditional fluorescent dye molecules such as fluorescein and rhodamine as well as their amine
derivatives FITC and RITC have been encapsulated into the silica matrices. Van et al. [102] have
synthesized colloidal silica spheres with a covalently incorporated fluorophore, FITC by using the
sol-gel method. Later, many researchers tried to enhance the fluorescence of dye-doped silica
nanoparticles. Metal-enhanced fluorescence (MEF) is a simple method which improves the
brightness and photo-stability. The basic phenomenon of MEF arises from the intensification of
the incident light caused by exciting surface plasmons of metal nanoparticles or from an increase
of the radiative rates of the dye molecule [103]. The plasmonic effect caused by metal
nanostructures is mainly dependent on the surface distance between dye and metal [104]. Recently,
Luigi et al. [105] investigated the fluorescence behavior of two dyes (Rhodamine B and 9-
aminoacridine), which have different spectral properties in the presence of gold nanoparticles with
diameters of 2 or 26 nm. First, they encapsulated the covalent dye adduct into the silica matrix by

a modified Stéber method to produce the two types of dye-doped silica nanoparticles. Then they
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further grew another layer of the silica shell. After that, the silica surface was amine functionalized
by APTES. Then the gold colloids were adsorbed on the amine-coated silica surface. Using steady-
state and time-resolved fluorescence measurements, they found that despite the distance of metal
and dye, a drastic quenching of the dye emission was observed in the presence of 2 nm gold

nanoparticles.

Very recently, Ricco et al. [58] synthesized ultra-small fluorescent silica nanoparticles with particle
diameter as low as 10 nm by using the classical Stober method. They have obtained dye-doped
silica nanoparticles in size range from 10-70 nm by modifying reaction parameters and molar ratios.
Porosity is not a key factor in biosensing, but a porous nature is highly significant for theranostic
applications. Cai et al. [106] synthesized dendrimer-like MSNs with hierarchical pores (HPSNs)
for imaging as well as pH-responsive nanocarriers for targeted drug delivery using N, N-phenylene
bis(salicylideneimine)dicarboxylic acid (Salphdc) as gatekeeper, -COOH of Salphdc and In’" ions
as a fluorescence imaging agent, and folic acid (FA) as the targeting unit. Since the HPSN has
gradually decreasing pore sizes from the surface to the center of the particle, it facilitates easy drug
loading when compared to MSNs. The detailed schematic analysis is represented in Scheme 2.3.
The synthesized HPSNs were modified by using amino and carboxyl groups. Then in the presence
of dimethylformamide (DMF), Salphdc and In(NOj);. xH,O were added. The formed
coordination molecules were deposited onto the HPSN-COOH. The bond between Salphdc and
HPSN was sensitive to acid, which made the complex pH-responsive. Finally, FA was grafted to
the Salphdc for targeting tumor cells. Generally, FA receptors are overexpressed in many cancer

tumors, while healthy body cells have no FA receptors [107].
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Scheme 2.3: Construction of pH-Responsive HPSN-Salphdc—FA System: (A) Chemical
reaction routes and (B) Drug-loaded HPSN-Salphdc—FA system for tumor therapy and
bioimaging in vivo (Reproduced from Cai et al., 2015) [106]

Recently, aptamers have been widely used in the detection of cancer cells. Aptamers (peptides or

oligonucleic acid molecules) have various benefits such as easy modification, high stability at high
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temperatures and low pH values, and economical production over antibodies[108]. Jo et al., [109]
developed dual aptamer-modified silica nanoparticles to target two types of breast cancer cells,
MUC-1(+) and HER-2(+) cell lines simultaneously. They first synthesized the Ru(BPY);
encapsulated silica nanoparticles by reverse microemulsion method. The surface was then grafted
by PEG (polyethylene glycol). Further, the PEG-coated silica nanoparticles (PEG-SNPs) were
modified by avidin (Avi-PEG-SNP) by cyanogen bromide activation method[110]. Finally, the two
aptamers were conjugated to Avi-PEG-SNP by using bovine serum albumin (BSA). The resultant

particles showed a robust fluorescent signal, but the study was limited to 7 vitro diagnosis only.

Application of silica nanoparticles in photodynamic therapy (PDT) has increased tremendously
[[111], [112] ]. Photosensitizers (PS) loaded into nanoparticles can reduce nonspecific damage to
healthy cells over free photosensitizers [113]. Recently, scientists tried to incorporate fluorescent
contrast agents or magnetic resonance imaging (MRI) contrast agents along with photosensitizers
for simultaneous imaging and therapy [114]. Based on this, Wang et al. [115] developed
phosphonate terminated methylene blue incorporated silica nanoparticles (MB-PSiNPs) for
simultaneous zz vio imaging and PDT. They first synthesized the methylene blue (MB)
encapsulated silica nanoparticles with the use of TEOS and trihydroxylsilylproply methyl
phosphonate (THPMP) by employing W/O microemulsion method. They found that the MB-
PSiNPs can effectively induce HelLa cancer cell death in 7 vitro studies. MB-PSiNPs can also be
used for 7 vivo optical imaging due to induced fluorescence to accurate site-directed irradiation
and effective PDT. The efficiency of PDT mainly depends on the photosensitizer (PS) efficiency,
oxygen concentration, and light characteristic. Recently, Li et al. [116] loaded MB as PS in the silica
nanoparticles and the surface was covered by coordination complexes tannic acid (T'A) and Fe(I1I)
ions, which formed a core-shell structure. This type of encapsulation helped to delay the thermal
degradation of MB and modulated the release behavior of MB when compared with uncovered
MB-silica. The efficacy of singlet oxygen ('O,) generation by MB released from the silica-MB@TA

was higher than that from uncovered silica-MB.

Interestingly, most of the dye-doped mesoporous silica nanoparticles in the literature are based on
using reactive dyes such as fluorescein isothiocyanate (FITC) and rhodamine isothiocyanate
(RITC) which are expensive. No significant literature is available on methylene blue (MB) doped
MSNs, which is widely used in many biological applications for imaging purpose and relatively

cheap among the commercially existing Near Infra-Red (NIR) fluorescent dyes [117].
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2.6 Glyconanoparticles

Carbohydrates are crucial in many biological applications, such as new therapeutic drugs and
vaccines to treat human diseases [13]. Many viral infections, immune system, and disease
progressions such as cancer metastasis are because of carbohydrate-protein interactions occurring
at the cell surface. The presence of carbohydrate molecules on the surface of the nanoparticles

provides wide scope to reach into biological cells.

Glyconanoparticles (GNPs) have their reduced end attached to an inorganic nanoparticle core by
a linker molecule. The first synthesis of GNPs occurred in 2001 by Penades and co-workers [118].
They synthesized the carbohydrate linked to gold nanoparticles to investigate the influence of the
carbohydrate on interactions with specific receptors. From then, GNPs became quite significant
in biological research. The main types of nanoparticles functionalized with carbohydrates are gold
and silver GNPs [[118],[119], [120], [121] ] magnetic GNP [122], and semiconductor GNPs [123].
Nonetheless, the advantage of silica nanoparticles high biocompatibility and low cytotoxicity make

them also suitable for GNPs.

Mesoporous silica nanoparticles with carbohydrates as targeting ligands can be used as efficient
drug delivery systems. Molecules such as mannose [124], arginine-glycine-aspartate (RGD)[125],
hyaluronic acid [126] and lactobionic acid [127], have been used to conjugate MSNs to enhance
the antitumor efficiency. Wu et al. have synthesized lactose covered MSNs (Lac-MSNs) with an
average particle diameter of 100 nm [128]. The obtained particles possessed highly ordered
hexagonal symmetry with an average pore size of 3.7 nm. The results showed that Lac-MSNs could
be used as an efficient carrier system for targeted intracellular anti-cancer drug delivery. They have
loaded the drug docetaxel (DTX) into the mesopores using the wetness impregnation method.
The DTX transported by Lac-MSNs has effectively inhibited the growth of HepG2 and
SMMC7721 cancer cells.

Carbohydrate-protein interactions at a cell surface play a crucial role in some biological events such
as bacterial and viral infections [129]. Arabinose is the main compound that is present in the walls
of mycobacteria, Jayawardhana and group [130] have developed D-arabinose functionalized
fluorescein doped silica nanoparticles (Ara@FSNP) for the detection of Mycobacterium smegmatis
bacteria which is widely found in the sputum of tuberculosis patients. Firstly, they have synthesized
the fluorescent nanoparticles by using FITC-silane adduct in the co-condensation method. Then
the FSNP was functionalized with perfluorophenyl azide silane (PFPA-silane). Finally, arabinose

(Ara) was conjugated on the surface by photocoupling chemistry. The density of arabinose on the

24



nanoparticle surface was determined by thermogravimetric analysis (TGA) as 3.8 x 10 " ug/nm.

An illustration of this synthesis can be found in Scheme 2.4.
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Scheme 2.4: (a) Synthesis of FSNP and (b) Conjugation of arabinose on to FSNP by PFPA -
Silane intermediate (Reproduced from Jayawardhana et al., 2015) [130]

Also found that nanoparticles conjugated with Ara had higher interactions with the bacteria than
the nanoparticles functionalized with glucose, galactose or cyclodextrin. TEM of this observation

can be seen in Fig 2.11.

Figure 2.11: TEM images of M. smegmatis strain mc2 155 after incubating for 6 h with (a)
Ara—FSNPs, (b) Glc-FSNPs, (c) Gal-FSNPs, (d) CD-FSNPs (Reproduced from
Jayawardhana et al., 2015) [130]

In another experiment, the same group found that MSNss functionalized with o, a-trehalose and

loaded with antitubercular drug isoniazid had higher antimicrobial activity than the free drug [131].
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Specific carbohydrate-protein interactions are highly useful in detecting cancer cells and tumor
progression. For example, lactose conjugated fluorescent silica nanoparticles have shown higher
affinity than cellulose conjugated nanoparticles in binding to galectin-1, an overexpressed
galactose-selective lectin at prostate cancer cell surfaces [132]. The presence of carbohydrate is
crucial in targeted drug delivery as well. Veronika et al. [133] used the glucose functionalized MSNs
loaded with a y-secretase inhibitor in the mesopores for inhibiting notch activity in breast cancer
stem cells. Cancer stem cells (CSCs), which are also known as tumor-initiating cells are also linked
to metastasis. The glucose functionalized MSNs specifically deliver the notch signaling inhibitors
to CSCs because the breast CSCs show enhanced glucose uptake as compared to normal breast
cancer cells. In vitro and in vivo trials on chick embryo showed that glucose functionalized

nanoparticles target and reduce the CSC pool and suppress the tumor growth.

The condition of certain tumor cells such as acidified environment and secretion of certain
enzymes at the tumor site provides an opportunity to design pH and enzyme responsive drug
carriers by conjugating them with relevant stimuli-responsive materials. For instance, Xia and
group [134] produced MSNs carrying anticancer drug doxorubicin (DOX) inside their pores, then
the outer sutface was conjugated by cellulose through an EDC/NHS (1-ethyl-3(3-
dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide) coupling treaction. The cellulose
modified surface of MSNs controlled the drug release because of its cationic characteristics.
Therefore, the loaded anticancer drug DOX was released by cellular internalization responses
using cellulase glycosidase enzyme and pH triggers. The surface-coated cellulose breaks into small
glucose units or cello-dextrin units by cellulase enzyme. This process helps to open the sealed
pores of MSNs while the ester linkage breaks by acid catalyzed hydrolysis and the anticancer drug
(DOX) is released.

The conjugation of specific sugar molecules such as glucose to drug-loaded silica nanoparticles
increases the solubility and target selectivity of the therapeutic drug. For instance, John et al. [135]
conjugated glucose to MSNs as an affinity ligand to deliver an anticancer drug, celastrol to cancer
cells. They have conjugated sugar with MSNs with two different anchor molecules and CDI as a
linking agent. Hyperbranched poly (ethylene imine) (PEI) anchored MSNs increases the cellular
uptake relative to APTES anchored MSNs. This is because of the overall positive surface charge
of the PEI layer, which increases the reaction sites for sugar conjugation. The analysis of cell uptake
in HelL.a and A549 type cancer cells showed that glucose coated celastrol loaded MSNs showed
high specificity to cancer cells and minimal off-target effects in healthy cells when compared to

mouse embryonic fibroblast as a representative for healthy cells. Various carbohydrate
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functionalized mesoporous silica nanoparticles and their biological applications can be found in

Table 2.2.

Table 2.2: Carbohydrate functionalized silica nanoparticles and their respective

bioapplications.

Sugar- Sugar-Structure Biological application Ref
coated
Glucose OH Increases binding affinity and specificity = [133],[135],

O~ ﬂg‘ 0 of therapeutic molecule. [136],[137]

How Helped in study interactions with cell-
OH surface receptors.
OH .
Improved drug uptake into tumor cells.
Galactose —— To study carbohydrate lectin [138],[139]
interactions, carbohydrate-carbohydrate ,[140]
interaction.

Fructose To study glycan-lectin interactions [141]
Lactose o Targeted drug delivery in prostate cancer | [132],[128]

LOH GHOH
Arabinose OH Specifically targeted to mycobacterium [130]

-0
HO
OH OH
Mannose OH 54 To study carbohydrate-lectin = [138, 140]
.0 interactions
HO
HO OH

Trehalose T, ™o Targeted drug delivery to treat [131]

"o o tuberculosis, which is caused by

OH o] .
© mycobacteria
Fucose OH To study lectin-glycan interactions [142]
. OH
OH
H
GlcNAc i a To study lectin-glycan interactions [142]
and HOHO OH
HN.__-CHs

GalNAc N
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From the literature, it is evident that glycan-protein interactions play a crucial role in disease
development and progression. Therefore, a wide variety of glyconanoparticles are used to study
these interactions as well as for targeted drug delivery as glycans can specifically interact with
receptors of choice. However, research focused on the usage of glycan conjugated silica
nanoparticles for biological applications is still developing. In this regard, conjugation of various
types of carbohydrate molecules with silica nanoparticles and the study of their interaction in

simple bacteria such as E.Co/i and B.Substilis has a lot of interest.

2.7 Conclusion

The study of multiple biological processes simultaneously is crucial in biomedicine. In this context,
sugar-coated dye-doped MSNs have excellent potential. They are highly regarded tools in
biological research because of their high biocompatibility and low-toxicity. Fluorescent probes
encapsulated into the highly stable silica matrix, exhibit improved stability and sensitivity in
physiological conditions and enhance the emission spectrum. Moreover, MSNs are optically
transparent, highly hydrophilic, and size-tunable. In addition to this, the sugar coating on the

surface of the MSNs can improve targeted delivery of the nanoparticle.

Even though MSNs have wide scope in imaging and targeted drug delivery, some limitations
inhibit their applications in biomedicine. Firstly, dye leakage under physiological conditions could
reduce their fluorescence intensity over time and increase the background signal. This requires
further investigation. Secondly, the control over the non-specific binding during the targeted drug
delivery is not yet fully attained. Thirdly, control over their functionality and hydrodynamic size
are pivotal which needs standardization of synthesis procedures because the hydrodynamic size
for physiological applications is = 100 nm. Nanoparticles with theranostic properties are
important, as they can image and treat the targeted site simultaneously. However, until now only
one silica nanoparticle-based drug, Cornell dots (c-dots) have reached the clinical trials phase. This
is a fluorescent mesoporous silica nanoparticle invented by Ulrich B. Wiesner in the late 1990s.
Ultra-small c-dots (10 nm), can reach the tumor sites and illuminate them and weaken the tumor
by releasing the therapeutic drug. This invention revealed that silica nanoparticles have significant

potential in various clinical applications in the near future.
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Chapter 3

Synthesis and characterization of dye-doped
amine modified mesoporous silica nanoparticles

This chapter comprises the details of synthesis methods and methodologies of dye-doped AMSNs
and discusses the results of dye-doped AMSNs as well as the effect of reagent concentrations on

the surface properties of MB AMSN:Ss.

3.1 Introduction

Mesoporous silica nanopatticles (MSNs) usually have high surface area (400-1000 m?/g), high
thermal and chemical stability, hydrophilicity, and a surface enriched with silanol groups. These
features make MSNs applicable for a wide range of applications such as catalysis, adsorption,
adhesives, and in biomedicine [[143], [144], [145], [146] ]. Studies have shown that MSNs are highly
biocompatible and biodegradable. Further, silica is accepted in the “Generally Recognized As Safe”
category by the US Food and Drug Administration (FDA). As a result, it is widely used in
cosmetics, food, and drug industries [147]. Modification of surface silanol groups enhances its

scope of application in biology.

Among various applications, bio-imaging using MSNs has received significant attention. So far, a
wide variety of dye molecules including FITC (fluorescein isothiocyanate) and RITC (thodamine
isothiocyanate) have for encapsulated into the silica matrix. These dye molecules can form an
adduct with APTES (3-aminopropyltriethoxy silane) through their chemically reactive
isothiocyanate group. However, these fluorophores are quite expensive. Conventional dyes such
as thodamine B (RB), fluorescein, and methylene blue (MB) dyes show high fluorescence intensity,
are widely available and relatively cheap. The structure and absorption spectra of each are shown

in Fig 3.1. Therefore, these dyes were chosen for encapsulating into the silica matrix.
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Conventionally, two chemical approaches were available for dye encapsulation into silica
nanoparticles. The first approach consists of using covalent bonding of dye molecule with silica
matrix and the second approach has been described as a non-covalent approach. It is obvious that
the best method for the dye encapsulation is covalent approach, but it requires certain functional
groups to react with silicate precursor which needs special preparation of dye molecules.
Consequently, non-covalent approach is the promising way that can employ for any type of dye
and exhibits a low-cost method. Therefore, a methodology was developed for simultaneous dye
doping via non-covalent approach into MSNs and introducing amine functionality on the surface
[149]. The dye molecules can trap inside the mesopores due to the interaction with negatively
charged silanol groups of the silica matrix. Previously, rhodamine B has been doped into a silica
matrix by a multi-step synthesis through covalent approach [148]. In this study, a synthesis
approach was developed for the entrapment of RB into the silica matrix by covalent attachment
in a one-pot synthesis. Furthermore, the more hazardous chloroform solvent typically used was

replaced with less harmful alcohol for the dye-APTES adduct formation.
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Figure 3.1: Structure and absorption (solid line) and fluorescence (dotted line) spectra of
rhodamine B, fluorescein, and methylene blue, respectively (Reproduced from google

images).
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3.2 Experimental details

3.2.1 Details of the reagents

Tetraethyl orthosilicate (TEOS) (Sigma-Aldrich, 78-10-4, 98%), Cetrimonium bromide (CTAB)
(Sigma-Aldrich, 57-09-0, = 99%), 3-aminopropyl triethoxysilane (APTES) (Sigma-Aldrich, 919-
30-2, = 98%), Rhodamine B (RB) (Sigma-Aldrich, 81-88-9, = 95%), Fluorescein (free acid) (Sigma-
Aldrich, 2321-07-5, 95%), Methylene Blue (MB) (Sigma-Aldrich, 122965-43-9, = 97%), and
Ammonium Hydroxide (NH,OH) 25% w/v were used as received. Absolute ethanol (Ajax Fine

Chem, 99.5%) and Millipore filtered deionized water was used throughout the experimental work.

3.2.2 Characterization techniques

JEOL-JCM-6000 scanning electron microscopy (SEM) was used to measure particle size and
shape. Nanoparticle surface area and porosity were measured with Micromeritics Tristar IT Surface
area and Porosity analyzer. X-ray diffraction (XRD) measurements were recorded with EMMA
(Enhanced Multi Materials Analyser). Ninhydrin assay and PerkinElmer Attenuated Total
Reflectance Fourier Transform Infrared (ATR-FTIR) was used for functional group analysis and
characterization. PerkinElmer Lambda 650 UV-Vis spectrometer was utilized to measure the
absorbance of the solid compounds. UV-lamp was used to check the fluorescence, and liquid-state

ultraviolet-visible spectra were recorded on HP 8453 UV-Vis.

3.2.3 Experimental procedures

Mesoporous silica nanoparticles (MSNs)

Mesoporous silica nanoparticles were synthesized by slightly modifying the procedure developed
by Venkatathti et al. [150]. In a typical process, 0.4 ml of NH,OH (25% w/v) was added to 6.3
mM (0.27 gin 117 ml D.H,O) CTAB solution. After 30 min, 1.1 ml of TEOS was added dropwise
(0.3 ml/min) and maintained at 70 °C for two hours, with constant stirring at 700 rpm to produce
the nanoparticles. The resulting synthesis mixture had a molar ratio of 1 TEOS: 0.15 CTAB: 1.1
NH,OH: 1300 H,O. The nanoparticles were separated from the reaction medium by
centrifugation at 10000 rpm for 10 min, washed with deionized water then ethanol and dried under

vacuum.
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The structural directing agent CTAB was removed by dispersing the resultant nanoparticles into

acidic ethanol (1 g / 10 ml) at 60 "C overnight.

Amine-modified mesoporous silica nanoparticles (AMSNs)

Amine-modified MSNs (AMSNs) were synthesized in a single step using the co-condensation
technique according to the procedure reported by Jayawardhana et al. [130]. In brief, a mixture of
1 ml TEOS, and 0.26 ml APTES was added to an aqueous CTAB solution (6.4 mM, 0.246 g in
105.3 ml of D.H,O) at R.T. Then 0.94 ml of NH,OH (25% w/v) was added to initiate the
hydrolysis and condensation reactions. The reaction mixture had a molar ratio of 1 TEOS: 0.25
APTES: 0.15 CTAB: 3 NH,OH: 1300 D.H,O. After maintaining stirring at 700 rpm for 5 hrs at
R.T., the mixture was centrifuged (10000 rpm, 10 min) and the resultant nanoparticles washed with
deionized water and then ethanol. The surfactant, CTAB was removed by extracting it into acidic

ethanol for 12 hrs at 60 "C. The nanopatticles were dried under vacuum at 40 °C.

Synthesis of RB-APTES adduct

RB-APTES adduct was synthesized by employing the following method. In a typical procedure,
one mmol of RB was dissolved in the 10 ml of ethanol. One mmol of APTES was added at 40 °C
and stirred for 4 hrs. The molar ratio obtained was 1: 1 for RB and APTES respectively. The

solvent was removed by rotavapor under vacuum at 60 "C. Bright red crystals were obtained.

MB-APTES and fluorescein-APTES adducts could not be formed since they have no reactive

amine groups present.

Synthesis of the dye-doped amine grafted mesoporous silica nanoparticles (Dye-
AMSN)

For producing the dye-doped amine grafted MSNs (dye-AMSNSs), two types of protocols were
used. One was dye incorporation into the silica matrix by covalent attachment, and the second was
physical entrapment of dye molecules into the mesopores. Rhodamine B (RB) was encapsulated
by employing both of these two protocols, but fluorescein and methylene blue were doped via

physical entrapment only.
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Encapsulation of dye into AMSNs by covalent attachment

Rhodamine B was employed for the covalent encapsulation because of the availability of the amine

reactive carboxylic group.

RB-AMSNs were synthesized by slightly modifying the multi-stage procedure into a single step
[148]. In a typical synthesis process, 0.3 ml APTES, was added to 0.1 mmol RB in 58.3 ml ethanol
at 40 °C and maintained for 4 hrs. To this reaction mixture, was added 0.1 M aqueous CTAB (0.9
g in 25.2 ml D.H,0). This was followed by the addition of 1.1 ml TEOS, and 0.75 ml NH,OH
(25% w/v). The molar ratio obtained was 1 TEOS: 0.25 APTES: 0.5 CTAB: 1 NH,OH: 144
D.H,O: 50 EtOH. The reaction was stirred at 800 rpm for 15 hrs. The mixture was then
centrifuged and washed with copious deionized water and then ethanol. The pore-generating

agent, CTAB, was removed by acidic ethanol treatment.

Non-covalent encapsulation of dye molecules into AMSNs

RB, fluorescein, and methylene blue (MB) were employed to synthesize dye-doped AMSNs

through the non-covalent approach.

In a typical process, dye-doped MSNs were synthesized based on the protocol reported for
preparing MSNs doped with inert dyes [151]. In general, 0.01 mmol dye was added to 30 ml of
ethanol. After complete dissolution, CTAB aqueous solution (1.8 g in 25.2 ml of D.H,0) was
added. Then 0.75 ml of NH,OH (25% w/v), 2.2 ml of TEOS were added and allowed to stir for
2 hrs. Then 0.592 ml of APTES was added and allowed for stirring at R.T for 18 hrs. The molar
ratio of reagents obtained as 1 TEOS: 0.25 APTES: 0.5 CTAB: 1 NH,OH: 144 H,O: 50 EtOH.
The obtained nanoparticles were centrifuged and washed several times with water and then ethanol
for the complete removal of excess dye molecules. The surfactant was removed by extraction with

acidic ethanol solution at 60 °C for 12 hrs.

Dye-leakage studies

The leakage of dye molecules from the dye-doped AMSNs was performed by dispersing the

nanoparticles into an aqueous solution containing 10: 1 ratio of D.H,O and ethanol.

In general, one milligram of each dye-doped AMSN sample was taken into a McCartney tube

containing 2 ml of D.H,O-ethanol mixture. Then the samples were incubated at 37 °C for 2 hrs
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on an orbital shaker at 200 rpm. The nanoparticles were separated by centrifuging at 10000 rpm

for 5 min. UV absorbance of supernatant was measured.

Ninhydrin assay for the determination of the degree of amine grafting

The ninhydrin assay was employed for the determination of the number of amine molecules

grafted on to the surface of MSNs.

A stock solution, was prepared by dissolving the 0.1 ml of APTES in 10 ml of ethanol, making a
0.0426 M solution. From the stock solution, 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2ml were taken to react

with ninhydrin reagent. 10.4 mg of AMSN and 13 mg of MB-AMSN samples were taken for the

determination of the number of amine groups coupled on the silica surface.

In a typical assay procedure, the amine-containing compounds were added to a test tube containing
one ml of acetate buffer, pH 5.5, (0.77 g CH;COONa, 0.178 g CH;COOH in 100 ml D.H,O) and
2 ml of 3% ninhydrin agent (3 g in 100 ml D.H,0O). The resulting mixture was heated for 15 min
over a steam bath. The colour of the solution changed to blue-purple. Then the test tubes were
cooled to R.T., in a cold-water bath. 7 ml of ethanol was added to each test tube, and the resultant
solution was centrifuged at 7000 rpm for 7 min. The absorbance of the supernatant was measured
at 570 nm on HP 8453 UV-Vis spectrometer. A standard curve was prepared from the absorbance
values. The concentration of the amine compound in the samples was determined from the

standard curve.

3.3 Results and discussion

Dye encapsulation into the amine modified mesoporous silica matrix can be employed via two
mechanisms. Chemical binding through covalent attachment (Fig 3.2A) and physical adsorption
by electrostatic interactions (Fig 3.2B) [[102], [152], [153], [154] |. However, in most cases, covalent
attachment is preferred because it can reduce the dye leakage and hence increase the photostability

of the dye molecule.
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Figure 3.2: Diagrammatic illustration of (A) covalently attached RB and (B) physically
entrapped MB.

Covalent attachment is achieved via synthesis of dye-APTES adducts using dyes with highly
reactive groups such as isothiocyanates. For example, rhodamine isothiocyanate (RITC) has been
used for making adduct with APTES. However, there is only one article [154] reporting the
synthesis of RB-APTES adduct (RBS) with, in the presence of chloroform (CHCI;) solvent. The
reaction between the carboxylic acid group of rhodamine with amines has been mentioned in the
literature [[155], [156] |. Therefore, we slightly modified the synthesis process of RBS by replacing
the more hazardous CHCI; with ethanol (Scheme 3.1) and proceeded to the next stage (i.e., the

formation of silica matrix) without isolation of RBS at this stage.

L 2o
NH i
. H=NM IO\._‘_ Ethanol & N~
4 hrs, 40 °C L J
N (o) )
K o M

Rhodamine B APTES Silanized rhodamine B (RBS)

Scheme 3.1: Protocol for the synthesis of Rhodamine-APTES adduct (RBS)

The progress of the formation of RBS was monitored by TLC (Fig 3.3A). Usually, acid compounds

show a tailing effect on silica gel TLC. This effect occurs because of hydrogen bond formation
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between carboxylate and Si-OH of silica. The absence of this tail is due to the conversion of the
carboxylic group to the amide. RBS formation was further confirmed by FT-IR (Fig 3.3B). The
vibration of the C=0O bond of RB was observed at 1680 cm™. After the condensation reaction
with APTES, the C=0 bond vibration shifted to 1758 cm™, which indicated the conversion of the
carboxylic acid group in RB to an amide group in RBS. Peaks at 1007 cm™ and 1106 cm™ came

from APTES, assigned to Si-OEt vibrations.
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Figure 3.3: (A) Progress of reaction monitored by TLC after 1 hr and 2:30 hrs (under
normal light and UV lamp), (B) FT-IR spectra of RB and RBS.

On the other hand, in the non-covalent approach, dye molecules were doped into the pores by
electrostatic interaction with surfactant molecules. After the removal of surfactant, dye molecules
reside inside the mesopores due to the interaction of the positively charged dye with negatively

charged silanol groups which were present on the surface (Fig 3.2B).

The co-condensation method was modified slightly for simultaneous dye encapsulation and amine

surface grafting. This technique is also termed direct synthesis or single-pot synthesis, in which
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condensable organosilane of the type R-Si (OR'); is added to the reaction mixture during the

formation of MSNs (Fig 3.4).

1
S'(?R)J
Si(OR)g “ “ extraction .
R il Q —_— Co-condensation process

surfactant micelles

Figure 3.4: Diagrammatic representation of the co-condensation method (Reproduced

from Bruhwiler et al., 2010) [157].

An organic alkoxysilane, 3-aminopropyltriethoxysilane (APTES) was used for amine surface
grafting (Scheme 3.2). This reagent is generally used for amine modification of MSNs because it
forms strong covalent linkages with the surface silanol groups. The amine functional group is

highly desirable for further coupling of selected bioactive molecules.

However, the addition of organo-alkoxy silanes during the MSNs synthesis process has a
significant effect on the particle morphology and pore ordering [[158], [159] |. The distribution of
functional groups in the final product is mostly homogeneous, but the high functionalization
degree may lead to disordered mesopores. The structural directing agent was removed by

extraction as calcination may affect the porous morphology of the MSNs.
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Scheme 3.2: Schematic illustration of the synthesis of amine-modified MSNs (AMSN) by

co-condensation method.

3.3.1 Physiochemical characterization of MSNs and AMSNs
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The morphological and surface characteristics of MSNs and amine-modified MSNs (AMSN) were
investigated by JEOL-JCM-6000 SEM, which operated at 15 kV and the surface properties, N,
sorption measurements were measured by Micromeritics Tristar IT at liquid N, temperature (~ 77
K). The samples were weighed and degassed at 323 K for 18 hrs on a Micromeritics VacPrep 061

sample degas system.

Surface properties of MSNs and AMSN

The surface area and mesoporous nature of MSNs and AMSNSs characterized by N, sorption
analysis and XRD measurements. The sorption curves revealed type-1V adsorption-desorption
isotherms, indicating the presence of mesopores according to the specifications of TUPAC
nomenclature[160]. The isotherm curves showed the same behavior to p/p0 = 0.4. From then
onwards, there was a slight difference between the isotherms obtained with two different
concentrations of CTAB. This indicated a difference in pore distributions. Both isotherms showed

a bimodal pore distribution (Fig 3.5).
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Figure 3.5: N, sorption isotherms and corresponding pore size distributions (inset) of
MSNs synthesized at CTAB molar ratio of (A) 0.075, (B) 0.15, (C) 0.3, and (D) Amine
modified MSN.
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The BET surface analysis showed the particle surface area varied from 994 to 417 m*/g for MSNis
according to the surfactant molar ratio. The effect of surface area at different CTAB molar ratios
was studied during this analysis (Table 3.1). Results obtained for sample 2 & 3, showed good
agreements with previously reported studies [161]. The surface area of the nanoparticle decreased
with increase in the CTAB concentration because the nanoparticles might be agglomerated due to
the variation in the hydrolysis and micellization of CTAB. In addition to this, the increased
surfactant concentration resulted in increase in average particle size, disordered structure, pore
size, and pore volume. There was a slight difference in the BET results for AMSNs from MSNs
synthesized at same CTAB molar ratios. The decrease in the surface area of AMSNs may be due
to the presence of amine functionality on the surface. These amine groups may form weak
hydrogen bonding with adjacent silanol groups. On the other hand, CTAB concentration below

CMC resulted the macro-porous material (Table 3.1 (Num 1)).

Table 3.1: Physical characteristics of MSNs and AMSNs synthesized at different CTAB

concentrations.
Num Type of CTAB/TEOS Avg Size Avg SpeT Total BJH Avg
Sample of NP crystallite (m?/g) pore pore

from size from volume  diameter
BET XRD (A) (cm’/g)  (nm)
(nm)

1 MSN 0.075: 1 6.03 - 994.3 2.1 69

2 MSN 0.15:1 7.03 10.8 852.48 1.11 25.8

3 MSN 0.3:1 14.38 - 417.2 0.31 6.5

4 AMSN  0.15:1 8.21 10.6 730.2 0.98 4.6

XRD was performed on EMMA diffractometer. The typical wide-angle XRD diagram of the
MSNs and AMSN showed a broad peak at 20 = 23.7, is the characteristic peak for silica
nanoparticles. The XRD pattern obtained confirmed the formation of silica nanoparticles when

compared with existing data for MCM-41 material [162]. The broad pattern of the peak revealed
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the amorphous nature of the nanoparticles (Fig 3.6). However, a narrow peak at 26 = 37.5 resulted
due to the minute crystalline nature of the sample. The average crystallite size was calculated by

using the Debey-Scherrer equation (Eq 1).
D = K\/(d cos0) (Eq 1)

D is the crystallite size, A is the wavelength which is 1.54060 A for Cu-ka, K is the crystallite shape
factor (~ 0.9), d is the full width at half maximum (FWHM) of the XRD peak, and 0 is the angle
(calculated from angle of diffraction, 26). FWHM is a crucial factor to measure the crystallite size.
This value was measured by using OriginPro software. The obtained crystallite sizes are tabulated

in Table 3.1.
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Figure 3.6: XRD diffractograms of (A) MCM-41 (reproduced from ].S.Bceck et al., 1992),
(B) MSN and (C) AMSN’s

Chemical Characterization of MSNs and AMSNs

FT-IR spectral analysis studied were performed to identify the functional groups in the sample
(Fig 3.7). The intense peak at 1051 em™ corresponds to the asymmetric stretching vibrations of Si-
O-Si and the peak at 800 cm™ is due to the symmetric stretching vibration of Si-O-Si. The
broadband at 3300-3400 cm™ and 1620-1640 cm™ arise from stretching and bending vibrations of
aliphatic amine (N-H) groups, respectively in the amine-modified MSNs.
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Figure 3.7: FT-IR spectral patterns of (A) MSN and (B) AMSN.

Determination of amine surface grafting by ninhydrin assay

The surface functionalized amines were quantified by ninhydrin assay. Ninhydrin is widely used
for the detection of primary amine groups in biochemistry [163]. Therefore, ninhydrin reagent was
used to determine the degree of amine grafting on MSNs as well as dye-doped MSNs [164].
ninhydrin reagent reacts with primary amine groups on the surface of AMSNs to form

Ruhemann’s purple (Scheme 3.3).

MNH, . -
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silica-MNH4 ninhydrin Ruhemann’s purple

Scheme 3.3: Formation of Ruhemann's purple by the reaction of amine-modified MSN

with ninhydrin reagent (Reproduced from Hsu et al., 2013).

The amount of APTES grafted on the surface of the AMSNs was calculated from Eq 2. A standard

curve was drawn (Fig 3.8) to determine the unknown concentration. The number of moles of
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amine grafting on AMSNs was calculated to be 2.91 mmol/g. The surface density of amine groups

was calculated by Eq 3.

Molar quantity of grafted amine = M/W, (mol/g) Eq 2.
Number of molecules = (Eq 2/Sgrr) x 6.023 x 10° (molecule/nm?) Eq3
where M = The molarity obtained when compared with the standard curve

Ws = The amount of sample taken for analysis (g).

Seer = The specific surface area (nm2 /).

Absorbance
()

y =3.8275x + 0.6703
R2=0.9578

0 0.2 04 0.6 08 1

Concentration

Figure 3.8: Ninhydrin assay standard curve

3.3.2 Physiochemical characterization of dye-doped AMSNs

The physical characteristics including size, morphology, and porosity were studied for all three

types of dye-doped AMSNs and covalently incorporated RB-AMSNSs.

Structure, size, and morphology of the particles characterized by SEM, BET, and XRD. JEOL-
JCM-6000 Scanning electron microscopy (SEM) operated at 5 kV and 10 kV was used to measure

the size and shape of the nanoparticle.

For SEM studies, a small amount of sample was dispersed on to the carbon tab, then covered with
a 12 nm gold layer. The results showed that the nanoparticles were roughly spherical, smooth, and
monodispersed (Fig 3.9). No significant change was observed in the size of the particles doped
with different types of dyes. The average size of the particle ranged from 300-350 nm observed
for MB and fluorescein doped AMSNs whereas, RB doped AMSNs were in the range of 350 —

400 nm. The exact size of the nanoparticle could not be determined.
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In SEM, when the specimen was bombard with electrons (negatively charged particles), some of
them get reflected (backscattered), some of them create secondary electrons, but some passed
through the specimen and impart a negative charge. In silica nanoparticles, the surface silanol
groups are negatively charged. Therefore, when the negatively charged electron beam reaches the

negatively charged silica surface, they are repelled by each other and the beam of electrons change

their trajectories resulting in ablurred image.

Figure 3.9: SEM images of RB, fluorescein, and MB doped AMSNs, respectively.

The surface area and porosity results revealed type IV isotherms for all three samples. This

indicated that the obtained dye-doped AMSNs were mesoporous materials.

The XRD diffractograms for all three types of dye-doped AMSNs showed the same pattern with

broad curves with 26 at around 23.7, indicating the three samples have amorphous nature (Fig

3.10).
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Figure 3.10: X-ray diffractograms of (A) RB- AMNS, (B) Fluorescein AMSN, and (C)
MB-AMSN respectively
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FT-IR was used to determine the amine functionality on the surface (Fig 3.11). The intense peaks
observed at 110- 450 cm™ are the characteristic peaks for the silica nanoparticles and the small
peaks appeared at 1615-1620 cm™ resulted from the N-H bending. Therefore, the FT-IR spectra

confirms the presence of amine group on the surface.

The amine surface grafting was further confirmed by ninhydrin assay for MB-AMSN. This
coloured reaction is the characteristic for reaction of primary amines with ninhydrin. The assay
resulted in a blue-purple coloured solution after reaction with ninhydrin. The amount of amine
grafted was measured by the previously mentioned equation (Sec 3.3.1). The result indicated the

presence of one molecule on each square nanometer.
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Figure 3.11: FT-IR spectra of (A) RB-AMSN, (B) Fluorescein AMSN, and (C) MB-AMSN

The fluorescence of the dye-doped nanoparticles was observed by illuminating the samples under
UV light (fig 3.12 A). All three samples showed fluorescence in the presence of UV light. Similarly,
the nanoparticles dispersed into ethanol solvent also resulted in bright fluorescence under UV light

(Fig 3.12 B).
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Figure 3.12: The fluorescence of the RB, fluorescein, and MB doped AMSNSs under normal

light and UV lamp in solid and dispersion state respectively.

The solid-state UV-Vis spectral studies revealed absorption values around 562 nm, 484 nm and
634 nm for RB-doped AMSNS, fluorescein doped AMSN and MB-doped AMSNS, respectively
(Fig 3.13). These spectral values are equal to the absorption frequency values of the naked dyes

which suggested the successful doping of dye molecules.
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Figure 3.13: Solid-state UV-Vis spectra for RB, fluorescein, and MB doped AMSNSs,

respectively.

Dye-leakage studies

The leakage of dye molecules from the dye-doped MSNs in aqueous solution (9:1, D.H,O and
ethanol) was investigated by measuring the UV absorbance value. No significant amount of dye

leakage was observed even after 30 min of nanoparticles dispersion in D.H,O. Furthermore, the
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dye-doped nanoparticles exhibited bright fluorescence under UV light. However, dye leakage
studies under various pH conditions are still required to confirm the stability of the dye within the

nanoparticle matrix.

Characteristic results of chemically bonded RB AMSNs and comparison with non-
covalently doped RB AMSNs

Rhodamine B (RB) dye was entrapped into the MSN matrix by covalent attachment as well as via
the non-covalent approach. Both approaches resulted in smooth spherical and monodispersed

particles with ordered mesopores. The diameter of the nanoparticles was around 450 nm in SEM

(Fig 3.14).

Figure 3.14: SEM of (left) covalently encapsulated RB doped AMSNSs, (right) physical
entrapped RB doped AMSNSs.

However, a slight difference was observed in the FT-IR spectra (Fig 3.15A). Both spectra showed
the peaks corresponding to Si-O-Si stretch and bending frequencies at 400-1050 cm™". The intensity
of the broad peak at 3300-3500 was higher in RB MSNs prepared by the non-covalent approach.
This might be due to the density of amine modification being higher via the non-covalent
approach. Further, the crystal structure was compared with XRD measurements. The sharp peak
appeared in covalently incorporated RB AMSNs suggested that compound has little crystalline
nature, but the RB doped by non-covalent approach appeared in pure amorphous form. The XRD
characteristic peak for both compounds obtained at 26 = 23.7° and two sharp and narrow peaks

at 2 theta 37" and 43" degrees were observed in covalently doped RB AMSN sample. The average
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crystallite size measured by Scherrer equation as 10.8 and 13.6 A in covalent and non-covalent

approaches respectively.
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Figure 3.15: (A) FT-IR spectrum and (B) XRD comparison of RB-AMSNs synthesized by

covalent and non-covalent approaches.

Conversely, the solid-state UV-Vis spectral studies showed higher UV absorption for physically
entrapped dye molecules (Fig 3.16). Using the covalent approach, only a specific number of dye
molecules can be entrapped inside the silica matrix whereas, in non-covalent approach, a large
numbers of dye molecules are trapped inside the mesopores that might contribute to the high UV

absorption values. Both compounds showed fluorescence under UV light.
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Figure 3.16: Solid-state UV-Vis absorption spectra for RB AMSN doped by covalent and

non-covalent approaches respectively (inset- compounds under UV lamp)
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3.3.3 Effect of synthesis parameters on MB doped AMSNs

The characteristic properties of MSNs such as particle size, morphology, and porosity are greatly
affected by the reaction parameters[50]. This project investigated how various reagent
concentrations affect the particle morphology and size distributions, using the SEM, and BET,

measurements. MB doped AMSNs were chosen for these studies.

Results showed that the size of particles decreased with decrease in CTAB molar ratio from 0.5 to
0.15, whereas surface area increased. Further decreased CTAB ratio resulted the macro-porous
material (pore size - 60 nm). The concentration of surfactant molecules plays a significant role in
controlling the particle shape and morphology. Higher surfactant concentrations lead to a greater
number of micelles in the aqueous solution. When the surfactant concentration reaches more than
the CMC, this led to disordered pore structure. These results had good agreement with the

reported literature [165].

Table 3.2: Effect of various reagent concentrations on the morphology of MB doped

AMSNss

TEOS APTES CTAB NH,OH H,O EtOH Sggr BJH Pore SEM
(m’/g) pore volume (~

size (cm’/g nm)

(nm) )
1 0.25 0.5 1 144 50 6.83 19.4  0.03 400
1 0.25 0.15 0.2 144 50 149.15 3.9 0.1 350
1 0.25 0.1 0.5 800 50 175.57 149 04 200
1 0.25 0.1 1 144 50 149.14 4 0.13 300
1 0.25 0.1 0.2 144 50 11.24 60 0.06 450
1 0.25 0.1 0.2 800 50 227.9 3 0.2 -

The pH of the reaction medium controls both the hydrolysis of silane and condensation of

siloxane. Therefore, the effect of base catalyst NH,OH was also studied in this project. The results
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observed as the surface area decreased drastically by decreasing the concentration of the base
catalyst (Table 3.2). Usually, during the synthesis of MSNss, the reaction was performed at pH >
10.806, where silicate condensation reaches maximum, and they can possibly dissolve in aqueous
solution. However, due to the strong interaction between CTAB and silicates, the formed
composites were stable enough at higher pH (pH = 12) [166]. In addition to the concentration of
NH,OH, the amount of solvent also played crucial role in determining the particle morphology.
It was observed that an increase in the quantity of water present resulted in the increase of surface
area while the size of the nanoparticle decreased. The SEM results (Fig 3.17) also confirmed the

same change in the particle size distributions.

1:0.25:0.5:1: 144: 50 1:0.25:0.15:0.2: 144:50 1-0.25: 0.1:0.5: 800: 50

1:0.25:0.1:1: 144: 50 1:0.25:0.1:0.2: 144: 50

Figure 3.17: SEM images obtained for MB AMSN samples at various reaction parameters
(molar ratios indicated as TEOS: APTES: CTAB: NH,OH: H,O: EtOH)

3.4 Conclusion

In summary, during this section of the project, the effect of various synthesis parameters on the
surface properties of MSNs and MB doped AMSNs were studied. The size of the nanoparticle
regulated between 150-400 nm by varying the concentrations of reagents, including CTAB, base,

and solvent ratios. The obtained results showed a good correlation with literature values [97]. The
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size of the nanoparticle increased while increasing the CTAB concentration, whereas the pore
volume decreased. A single-step synthesis procedure was developed for the covalent encapsulation
of RB into the MSNs matrix by modifying the existing methodology[148]. The physical and
chemical characteristics for the RB, fluorescein, and MB doped mesoporous silica nanoparticles
were investigated by various characterization techniques including SEM, BET, XRD, FT-IR, and
UV.
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Chapter 4

Synthesis and characterization of carbohydrate
coated fluorescent MSNs

This chapter presents the synthesis methodology for coupling the carbohydrates with amine

modified dye-doped MSNs and discusses the characteristic results.

4.1 Introduction

Lately, targeted drug delivery has received immense interdisciplinary attention from chemistry to
medicine. Nanocarriers, which are highly biocompatible with the metabolic system and
biodegradable, are the prime focus in this context [167]. The surface coating of nanoparticles with
biomolecules such as carbohydrates, lipids, proteins, and nucleic acids has been the main focus.
Glycol-nanoparticles  (sugar-coated nanoparticles) have several advantages, including
hydrophilicity, dispersibility, bio-availability, protein-repellent, and chemically well-defined
structures [168],[169].

So far, carbohydrates have been used to couple with quantum dots [170](QDs), magnetic
nanoparticles [171] (MNPs), inorganic nanoparticles [172],[173] (Cu, Au, carbon, etc.), and silica
nanoparticles [174] for various biomedical applications. However, studies on glycans conjugated
to mesoporous silica nanoparticles are relatively limited. Therefore, the present project focused on
the development of various carbohydrate conjugated dye-doped mesoporous silica nanoparticles

for investigation of their applicability in the field of bioimaging.
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4.2 Experimental details

4.2.1 Details of Reagents

MB AMSNSs, N, N'- carbonyl diimidazole (CDI) (Sigma-Aldrich, 530-62-1, = 90%), D-(+)-
Glucose monohydrate powder (Thermo Fisher Sci), D-(+)-Maltose monohydrate, D-(-)-Ribose
(Sigma-Aldrich, 50-69-1, 98%), and D-(+)- raffinose pentahydrate (Sigma-Aldrich, 17629-30-0, =
99%) were used as received without further purification. Millipore deionized water and ethanol
were used throughout the project for washing the nanoparticles after centrifugation. A Vacuum

oven was used for drying the synthesized nanoparticles.

N, N'- dimethylformamide (DMF) (99.5% Assay, 0.15% moisture) was dried with molecular sieves

to ensure a moisture content < 0.15%.

4.2.2 Characterization techniques

The phenol-sulfuric acid assay method was used to determine the degree of carbohydrate coupling.
PerkinElmer ATR FT-IR is used to characterize the functional groups. Fluorescence of the
samples observed through UV-lamp, whereas HP 8453 UV-Vis spectrometer was used to measure
the absorbance of liquid samples. JEOL-JCM-6000 scanning electron microscope (SEM) was
operated at 5 kV for measuring the size and shape of the sugar-coated nanoparticles. EMMA
(Enhanced multi-materials analyzer) X-ray diffractometer (XRD) with Cu-Ka (\=1.5418A) at a
scanning rate of 2° min" from 26, 15" — 45" were used for characterizing the particle size and
morphology. Micromeritics Tristar I Surface area and Porosity analyzer was used at liquid N,
temperature (~ 77K) to measure the surface area and porosity of the nanoparticles, and CHNS
elemental analyzer was used for measuring total carbon and nitrogen percentages before and after

sugar conjugation.
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4.2.3 Experimental procedures

Sugar molecules were conjugated onto the surface of amine functionalized fluorescent MSN's with

CDI as linking agent, according to the protocol mentioned in the literature [133],[175].

Methylene blue doped mesoporous silica nanoparticles were used for the functionalization with
sugars including glucose, maltose, ribose, and raffinose pentahydrate. Glucose functionalized
MSNs without dye-doping were also synthesized for measuring the degree of glucose

functionalization by colorimetry and elemental analysis (EA).

Synthesis of carbohydrate coated methylene blue-doped mesoporous silica

nanoparticles

In a typical synthesis, 5 ml CDI solution (10 mg/ml in DMF) was added to 11 ml carbohydrate
solution (10 mg/ml in DMF) under an inert atmosphere (N,) while maintaining the mole ratio of
1: 1 of CDI to carbohydrate. This mixture was allowed to stir for 3 hrs at 60 °C to achieve
formation of the active imidazole intermediate. Then 5 ml MB AMSN solution (10 mg/ml in
DMF) was added at R.T. and the reaction mixture allowed to stir overnight under inert atmosphere
(N,). After completion of the reaction, the particles were centrifuged and washed with a generous
amount of D.H,O and ethanol. The resultant particles were dried under vacuum at 30 'C overnight

(Scheme 4.1).

The same method of synthesis was applied for the conjugation of glucose, maltose, ribose, and

raffinose to the amine functionalized MB-doped silica (MB AMSN) surface.
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Scheme 4.1: Schematic illustration of carbohydrate functionalization on dye-doped MSN.
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Glu-MB MSN, Rib-MB MSN, Mal- MB MSN, and Raffi-MB MSN were synthesized during this
project. (Glu- glucose, Rib- ribose, Mal- maltose, Raffi- raffinose, and MB- methylene blue).

Synthesis of glucose coated mesoporous silica nanoparticles

Glucose functionalized mesoporous silica nanoparticles were synthesized by taking amine

functionalized MSNs without dye-doping.

In a typical process, 5.5 ml of a solution containing CDI (10 mg/ml DMF) and 62 mg of glucose
monohydrate was stirred under inert atmosphere (N) for 3 hrs at 60 "C for the activation of
glucose molecule. To the solution containing activated glucose, 50 mg of amine functionalized
MSNss was added and stirred overnight at R.T., in an inert atmosphere. The resultant nanoparticles
were separated by centrifugation and washed with D.H,O then ethanol and dried under vacuum

at 40 °C. The vacuum dried samples were used for the colotimetric analysis and elemental analysis.

Phenol-sulfuric acid method for measuring carbohydrate conjugation

The amount of glucose coupled to the amine grafted mesoporous silica nanoparticles was

determined by the phenol-sulfuric acid method.

In a typical assay procedure, 1 mM stock solution of glucose was prepared by dissolving 18 mg of
glucose monohydrate in 100 ml of D.H,O. A standard curve was generated using glucose in
concentrations of 20, 40, 80, 160, and 320 uM which were prepared by diluting 0.5, 1, 2, 4, and 8
ml stock solution to 25 ml with D.H,O. For the detachment of a-D-glucose moiety from the
glycol-MSNs, one ml of respective nanoparticle sample (10 mg/ 1ml) was treated with 200 uL. of
concentrated hydrochloric acid for 15 hrs. at 60 "C. After HCl treatment, the solution was
centrifuged at 4000 rpm for 7 minutes (C-28A, Boeco centrifuge machine) and the supernatant
was treated with one ml of 5 wt% phenol (5 g in 100 ml D.H,O) and 5 ml of concentrated sulfuric
acid. After vigorous mixing of the reaction mixture, it was incubated at room temperature for 30
min. The absorbance of the resulting mixture was measured at 490 nm on HP 8453 UV-Vis
spectrometer. D.H,0 was used as a blank. The same procedure was repeated with standard

solutions.
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Elemental analysis

Elemental analysis was used to determine the percentage of carbon and nitrogen present in the

sample, before and after the carbohydrate conjugation on the silica surface.

A CHN analyzer (carbon, hydrogen, nitrogen analyzer) was used to measure the elemental
concentrations in a given sample. A known amount (micrograms) of the sample was weighed into
a tin (Sn) container using a high precision balance. The percentage of elemental concentrations
were calculated by flash combustion of the sample to cause instantaneous oxidation of the sample
and detected with a thermal conductivity detector. The analysis was done by taking the glucose
conjugated MSNs without dye doping and comparing the results with the precursor, amine

modified MSNs. Each analysis was done in triplicate.

Dye leakage studies

To investigate any leakage of dye from the sugar-coated dye-doped MSNs, the samples were
dispersed into the PBS (phosphate buffered saline, at pH 7.4) solution at 37 "C, stirred at 400 rpm
for one hour. The solution centrifuged, and supernatant was taken to measure the UV absorbance

measure at 634 nm. PBS was used as a blank.

4.3 Results and discussion

Conjugation methodology

Various conjugation techniques are mentioned in the literature for reacting amine-modified
surfaces of  MSNs. EDC/NHS  (1-ethyl-3(3-dimethylaminopropyl)carbodiimide/N-
hydroxysuccinimide) coupling is the conventional way for coupling acids or alcohols with amines.
This method is widely employed by many researchers for coupling silica nanoparticles with
bioactive molecules[174]. Photocoupling chemistry based on click chemistry is also
mentioned[130]. However, using CDI (N, N'-Carbonyl diimidazole) for coupling has advantages
over other techniques. Firstly, the synthesis process involves a single step. This is not the case for
the other techniques, which involve multiple stages for coating the sugars on the NPs surface.
Multi-step synthesis required processing at each stage that consumes more chemicals and time.

Therefore, the CDI method is eco-friendly and economical. Secondly, there is no need for special
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synthesis conditions during the progress of the reaction. Finally, since only one solvent (IDMF) is
used during the entire synthesis protocol, it is possible to recover the solvent from water by

azeotropic distillation after separating the nanoparticles from the reaction mixture.

CDI contains two acyl imidazole leaving groups and is a highly active carbonylating agent. CDI
activates a hydroxyl group of the carbohydrate molecule for conjugation with an amine group,
creating a one-carbon length N-alkyl carbamate linkage (Scheme 4.2). Paul and Anderson [170]
first introduced this reaction to the synthesis of the peptides. However, CDI is highly sensitive to
water and can decompose to two molecules of imidazole in the presence of water. Therefore, a
polar aprotic solvent such as dimethylformamide (DMF) with moisture content less than 0.15 %

has been used in this reaction.
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Scheme 4.2: General schematic illustration of CDI mediated coupling reaction between
hydroxyl containing molecule and primary amine-containing molecule (Reproduced

from Bioconjugate techniques., 2013) [175].

Because of the 100 % reaction between CDI and carbohydrate molecules, regardless of yields the

type of the carbohydrate used, a 1: 1 molar ratio was maintained for all sugars used in this study.
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4.3.1 Physiochemical characterization of carbohydrate functionalized
fluorescent MSNs

Estimation of the amount of glucose conjugated by phenol-sulfuric acid assay

The phenol-sulfuric acid assay can be used to estimate the number of carbohydrate molecules
presented in a given sample [177],[178]. Therefore, this method was used for the determination of
the degree of functionalization of the glycol-MSNs by making slight modifications to the reported
procedure [179]. In this procedure, polysaccharides present in the sample are broken down to
monosaccharides. Then pentose sugars (5-carbon compounds) dehydrate to furfural and hexoses
(6-carbon compounds) to hydroxymethylfurfural. These compounds produce a yellow gold colour
on reaction with phenol (Fig 4.1). Glucose is usually used to create a standard curve for the

products that are high in hexose sugars. This method is accurate within *£2 %.

In the present study, this procedure was applied to glucose conjugated to the amine modified
MSNss without dye doping. This is because the harsh conditions such as reaction with hydrochloric
acid for the removal of the glucose moiety and addition of concentrated sulphuric acid during the
assay process may also release the dye from the mesopores. This in turn may affect the UV

absorbance value during the analysis.
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Figure 4.1: (A) Schematic illustration of the phenol-sulfuric acid method, (B) Coloured

compounds obtained during colorimetric analysis.
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The amount of surface-bound carbohydrate was computed by comparing the absorbance for the
treated glucose conjugated MSNs with the calibration curve. From the corresponding calibration

curve (Fig 4.2), the analysis revealed 0.23 glucose molecules/nm?’ grafted to the silica surface.
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Figure 4.2: Standard curve for the phenol-sulfuric acid method

Elemental analysis (EA)
The coupling of glucose with AMSNs was further investigated by elemental analysis (EA). EA
results for each of the samples tested are shown in Table 4.1 with calibration curve presented in

Fig 4.3. The results are consistent with a ~ 2.5 % more carbon recorded in glucose bound MSNs

compared with the AMSN.
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Figure 4.3: Carbon calibration curve using sulfanilamide as standard
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Table 4.1: Elemental composition resulted from AMSN and Glu-AMSN

Sample Mass(mg) CArea | CArea  Response %C N N Area Response %N
(ppb) Blanked Area | blanked
(ppb) (ppb)  (ppb)

Blank 0 1808 0 5301 O

AMSN | 0.976 124097 122289 @ 127149 6.91 16818 11517 17232 2.78
Glu- 0.914 161722 159914 176939 9.61 18791 13490 20559 3.32
AMSN

AMSN | 3.060 406992 405184 133004 7.22 | 42728 37427 13963 2.25
Glu- 3.105 551557 549749 177635 9.65 56582 51281 18223 2.94
AMSN

AMSN | 2.034 266179 264371 130865 7.11 27102 21801 13324 2.15
Glu- 2.027 371929 369821 183339 9.96 35718 3.417 17621 2.84
AMSN

Morphological characteristics of carbohydrate conjugated dye-doped MSNs

SEM images revealed that the obtained sugar-coated nanoparticles were roughly spherical and
uniform in diameter, approximately 525 nm (Fig 4.4). These images suggested that the size of the
nanoparticle was not affected by the type of the sugar used for the conjugation. However, a bigger
size of nanoparticle was observed for Glu-RB MSNs (more than 550 nm) when compared with
Glu-MB MSNs (~ 500 nm). The exact size of the nanoparticles could not be measured due to loss

of resolution as the organic coating broke down under electron bombardment.

Figure 4.4: SEM images of (A) Glu-MB MSN, (B) Mal-MB MSNs, (C) Rib-MB MSN, and
(D) Raffi- MB MSN.
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Precise information regarding the structural characteristics of porous nano-materials was obtained
for Glu- RB MSN:s. It revealed type-1V isotherm of MCM-41 type. This suggests that the sample
has uniform mesopores. It also suggested that the porous nature of the samples was not disturbed
during the coupling reaction and that the glucose molecules coupled only with surface amine
groups and were not absorbed into the pores. The BET surface area, pore size, and pore volume
were calculated as 454.9 m*/g, 9.4 nm, and 0.75 cm’/ g respectively. The BET analysis for other

sugar-coated MSNs were not performed due to insufficient amount of compound.

The XRD diffraction pattern resulted in a broad peak at the 26 value of 23.5". The nature of the
peak indicated the presence of amorphous silica nanoparticles (Fig 4.5). The average crystallite
sizes calculated from Scherrer equation for glu, mal, rib, and raffi conjugated MBMSNSs as 10.9,

11.9,14.7, and 10.99 A respectively.
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Figure 4.5: (left) N, sorption isotherms of glucose conjugated MB MNS (inset — pore size
distribution), (right) XRD diffractograms of (A) Glu-MB MSN, (B) Mal-MB MSN, (C)
Rib-MB MSN, and (D) Raffi-MB MSN, respectively

Nanoparticles were dispersed in ethanol for measurement of fluorescence properties. A bright
fluorescence illumination of the nanoparticles was observed under the UV light (Fig 4.6), which

suggested that the samples retained their fluorescence after conjugation with sugars.
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(A) (B)

Figure 4.6: (A) Glu-MB MSN dispersed in ethanol under normal light and UV light and
(B) powdered Glu-MB MSN under normal light and UV light.

Furthermore, dye leakage studies were investigated for carbohydrate functionalized MB doped
MSNs. Nanoparticles were dispersed in PBS solution for investigating dye leakage because the
interaction of nanoparticles with bacteria cells were studied in the presence of PBS. The low
absorbance values of supernatant (Table 4.2) suggested that the dye leakage from the nanoparticles

was negligible.

Table 4.2: Dye leakage studies on sugar-coated MB doped MSNss.

S.No Sample Name Absorbance (AU)
1 Glu-MB MSN 0.053029

2 Mal-MB MSN 0.089639

3 Rib-MB MSN 0.15030

4 Raffi-MB MSN 0.063903

Fourier-transform infrared (FT-IR) analysis was carried out to confirm the conjugation of the
carbohydrate molecule with AMSNs (Fig 4.7). The broad spectral peak at around 3500 cm™
corresponded to N-H stretching vibrations and the small peak at 1642 cm™ cotresponded to the
amide carbonyl (C=O) stretch suggesting the formation of an amide bond between the
carbohydrate molecule and AMSNSs. The intense characteristic peaks in the region of 400-1100

cm’] indicate the presence of silica in the sample.
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Figure 4.7: ATR FT-IR spectral studies for a) glucose, b) maltose, c) ribose, and d)
raffinose conjugated MB MSNs, respectively.

4.4 Conclusion

In summary, during this stage of the project, carbohydrate conjugated fluorescent mesoporous
silica nanoparticles have been developed for fluorescent labeling. MB doped AMSNs (MB
AMSNSs) were conjugated with four types of sugars, including glucose (Glu), maltose (Mal), ribose
(Rib), and raffinose (Raffi). Morphological features such as SEM showed that there wasn’t a
significant difference in the size of the nanoparticles conjugated with different sugars. BET
measurements showed that the surface area of the obtained sugar-coated nanoparticles was more
than 450 m*/g, with mesoporous nature. Chemical characteristics including the glucose surface
density were determined via phenol-sulfuric acid assay to be 0.23 glucose molecules/nm* The
formation of the amide linkage between sugars and AMSNs, was confirmed by the presence of
amide carbonyl stretching frequency in FT-IR spectra. Finally, the fluorescence properties of the
samples were confirmed by the observation of bright illumination under a UV light and the dye
leakage studies showed that there was negligible leakage of the fluorophore from sugar-coated

samples.
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Chapter 5

Investigations of Glu-MB MSN uptake by
bacterial cells

This chapter presents the results obtained by the interaction of glucose conjugated fluorescent

MSNs with Escherichia Coli (E.Coli) and Bacillus Subtilis (B.Subtilis) bacteria.

5.1 Introduction

Nanomaterials have been developed for delivering therapeutic agents to treat disease[180]. Due to
their unique properties, mesoporous silica nanoparticles (MSNSs) are the prime focus of this type
of research. MSNs with appropriate surface modification, can reach the target and enter into
pathological bacterial or cancerous cells, facilitating disease diagnosis and therapy [181]. Much of
this research has been aimed at diseased mammalian cells. However, studies focused on bacterial

interaction with nanoparticles are relatively few.

Bacteria are interesting and diverse. These tiny biological bodies make huge contributions to many

systems and cycles. Their diversity and ubiquity make them model organisms for research.

This project investigated Glu-MB MSNs (glucose conjugated methylene blue dope mesoporous
silica nanoparticles) interaction with E.Co/i and B.Subtilis bacterial cells. These initial results may

also indicate any cytotoxicity.
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5.2 Experimental details

5.2.1 Materials used

E.Coli Migula 1895) Castellani and Chalmers 1919) and B.S#b#ilis (BH 18 strain) bacterial strains
were used for investigating the interaction with nanoparticles. Sterilized phosphate buffered saline
(PBS) was used throughout the experiments with bacterial samples. Glycerol and p-
phenylenediamine (PDA) were used in the preparation of mounting media. Sterilized Millipore
deionized water was used for washing the samples throughout the experiments. 3.7%
paraformaldehyde (1 ml 37% formaldehyde added to 9 ml of 1xPBS) was utilized for fixing the
cells. All the glassware used were autoclaved at 121 °C for 15 min, before use. Glucose conjugated
methylene blue doped mesoporous silica nanoparticles (Glu-MB MSN) were synthesized in the
lab previously (Chapter 4). All bacterial samples were handled under Laminar flow hood to avoid

contamination.

5.2.2 Instrumentation

Sigma 1-14 microfuge machine was used to centrifuge the samples. Hitachi UV spectrophotometer
was used to measure the OD (optical density). Nikon (A1R MP) Confocal laser microscopy with
00x oil immersion object was used for observing the fluorescence of samples. JEOL-JCM-6000
Scanning Electron Microscopy (SEM) operated at 5-10 kV, and the samples were gold coated

before imaging.

5.2.3 Experimental setup

Preparation of nutrient broth (NB)

200 ml nutrient broth (NB) was prepared by mixing, 2.6 g of Oxoid and 0.8 g yeast extract with
200 ml D.H,O. The prepared NB was autoclaved at 121 °C for 15 min.
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Preparing bacterial culture

Initial cultures were prepared of each bacterium by inoculating one full loop from cold-stored agar
plates into 10 ml NB containing culture tubes. The culture tubes were grown overnight in a shaker

incubator, 150 rpm at 37 °C. The OD of each was measured after approximately 16 hours.

Measuring the concentration of bacteria

Bacterial growth rate measurement is a fundamental microbiological technique and widely used in
basic research. The concentration of the bacteria in experiments was determined in two ways, one

direct (CFU/ml) and one indirect (OD method).

The growth of the bacteria is affected by both physical factors including pH, osmotic pressure,
temperature, and moisture content in the medium as well as nutritional factors, including the
amount of carbon, sulphur, and other trace elements supplied by the growth medium. The
reproduction in bacterial samples occurs via binary fission. During this process, when a cell attains
full growth, it divides into two. The amount of time needed for cell division is known as the mean
generation time (MGT) or doubling time. This process continues in a geometric manner (Fig 5.1).

During the MGT, the bacteria known to be in the actively growing phase.

Bacterial Growth
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Figure 5.1: Exponential cell division (cell number increase explosively after n divisions

resulted in 2" cells) (Reproduced from Google images)

The growth curves of E.Co/i and B.Subtilis bacteria are measured under optimal conditions, at 37
’C, and neutral pH. The effect of other physical and nutritional factors was not studied as part of

this project. When a culture medium supplies all required nutrients and optimal conditions for
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growth, then the number of viable bacteria can be measured as a function of time to attain a growth

curve.

In a typical process for the determination of growth curve, the overnight E.Co/i and B.Subzilis
cultures were each re-inoculated into fresh 50 ml NB such that ODyy of the culture < 0.1. The
volume to achieve this was typically 1 ml. The cultures were well mixed and incubated at 150 rpm
and 37 "C. Regular sampling commenced immediately for measurements of ODygy for five hours.
Fresh NB was used for blank reading. A final ODg, reading was taken for each overnight bacterial
suspension. From the obtained values, a logarithmic growth curve was plotted to determine the
various growth phase lengths for each bacterium. ODy plotted against time typically yields a

sigmoidal growth curve. The log ODy can also be plotted for ease of MGT determination.

A typical growth curve contains three important components lag, log, and stationary phases (Fig
5.2). The lag phase occurs when the organisms introduced to the fresh NB medium. During this
phase, cellular metabolism is accelerated, and the size of each bacteria growing. However, the
bacteria are not able to replicate, which means no increase in the cellular mass. The length of the
lag phase depends upon the type of bacteria and the culture conditions. The growth curve is
showing that the lag phase of the E.Co// was shorter than for B.Subtilis. E.Coli appeared to adapt

to the new environment more quickly than B.Swubtilis.
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Figure 5.2: bacteria growth curve and mean generation time (MGT) curve respectively for

(A) E.Coli and (B) B. Subtilis.
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The doubling time or MGT is different for each organism. MGT is calculated from the growth
curve. The logarithmic absorbance values of log phase were taken, and the points were
extrapolated to meet the respective time axis. MGT was calculated from the following equation

(Eq 5.1), by substituting the values obtained from the MGT curve.

Ty =In2/p (Eq5.1)

where Tyis the doubling time or MGT and the value of u obtained from the MGT graph (Fig 5.2).
E.Coli doubled in 37 min, whereas B.Subtilis has taken 45 min to double.

After the log phase, once all the nutrients are largely consumed by the bacteria, a slower cell
production rate is observed, and the number of cells produced is equal to the number of cells that
die is known as stationary phase. Finally, the bacteria stop growing, and this phase is known as the

death phase.

During the exponential or logarithmic (log) phase, the bacteria multiply rapidly. It is during the
growth phase that cultures should be used for studying interactions with nanoparticles as their

metabolic system is active and healthy.

The Miles and Misra method was employed for direct estimation of the number of viable E.Co//
and B.Subtilis bacteria in each of the samples during the growth phase. In brief, the method requires
serial dilutions of the bacterial suspension followed by the culture of aliquots on suitable agar
media. Because each single cell grows to form a colony on the agar plates, the method is called the
colony forming unit (CFU) determination. Ten-fold stepwise dilutions were employed in this

project.

Two sets of nine dilution blanks were set up by pipetting 900 uL. of autoclaved D.H,O into
Eppendorf tubes 100 pL. each of bacterial suspension during logarithmic growth phase (sampled
at ODy 0.462 for E.Coli and 0.427 for B.Subtilis), were pipetted into the first tube in each set, i.e.,
one in 10 dilution. After vortexing to mix, 100 uL of the prepared diluted culture was added to the
second tube in each set to create a 1 in 100 dilution of each culture. The process was repeated up

to 1 in 108, dilutions.

All diluted samples were vortexed, and from each dilution, 25 pl of E.Co/i and 20 uL. of B.Subzilis
were dropped onto the respective nutrient agar plate (supporting information (SI):1) and spread
with a sterile glass spreader. The nutrient agar plates were allowed to dry under laminar flow for

20 min before inversion and incubation overnight at 37 “C. The next day, the number of colonies
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that had grown were counted in order to calculate the number of CFU/ml in the original

suspension for each culture and compared to the ODy, (Fig 5.3).

Plates with high bacterial concentrations resulted in a large number of merged colonies. Therefore,
the colonies were counted where the highest number of discrete colonies can be seen (10°
dilutions). The number of CFU/ml present in the original aliquot is calculated Eq 5.2. There ate
several advantages of this method compared to OD method that includes non-hazardous, and

fewer bacteria contamination at the workplace.
At ODygy 0.45, E.Coli and B.Subtilis equated to 4 x 10° and 1.6 x 10" CFU/ml respectively.

CFU/ml = (Number of colonies x dilution factor)/volume of aliquot plated (Eq 5.2)

Figure 5.3: Serial dilutions of (A) E.Coli and (B) B.Subtlis

Incubating the bacterial cultures with nanoparticles

Glu-MB MSN, were used for investigating the nanoparticle interaction with E.Co/; (Migula 1895)
and B. Subrilis BH18) bacterial strains.

In a typical experiment, one milliliter each of the E.Co/, (approximately 4x10° CFU/ml) or
B.Subtilis (approximately 2.4x10” CFU/ml) bacterial cultures were transferred into 1.5 ml-
Eppendorf tubes and centrifuged at 10000 rpm for 10 min to make a pellet. The supernatant was
discarded, and the bacterial pellets were dispersed in one ml each of 1xPBS (SI:2) by vortexing.
From these suspensions, 500 pl. each of E.Co/i and B.Subtilis were transferred into sterile
McCartney tubes containing one milligram each of Glu-MB MSN in 5 ml of 1xPBS solution. The

resultant bacterial suspensions were incubated at 37 "C, for 3hr on a shaker at 200 rpm.
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Fixing the cells

The bacterial samples needed to be fixed to observe them microscopically. Paraformaldehyde was
used to fix the samples. A volume of 3.7% paraformaldehyde equal to the volume of bacterial

suspension was added directly to the suspension and allowed to settle for 20 min at R.T.

One ml each of bacterial suspension was then centrifuged for one min at 2000 rpm. The
supernatants were decanted, and the pellets were each resuspended into one ml of D.H,O for
washing off free nanoparticles and again spun down for one min at 2000 rpm. The supernatants

were discarded, and the resultant pellet dispersed into 50 ul of D.H,O.

Slide preparation

The following procedure was performed in triplicate to prepare the samples to observe under
confocal microscopy. First, glass slides were washed with 70% ethanol and dried. 50 pLL each of
the fixed and washed bacterial suspensions were dropped onto the slides for each bacterial sample

and dried under vacuum at 40 °C.

A drop of mountant 90 % glycerol mountant (preparation, SI:3) was added to each of the vacuum
dried slide. Then 22x22 mm disposable coverslips were mounted on to the slides. The mountant
dispersed without assistance between the slide and coverslip. Since the mountant does not dry, the
excess mountant was removed by absorbing it with Kim wipes. Finally, the sides of the coverslips
were secured with colourless nail polish. Slides prepared in this way can be stored at 4 "C up to 3

months.

5.3 Results and discussion

Basic cell wall structure of E.Coli and B.Subtilis

Bacteria are prokaryotes and they do not possess a nuclear membrane. Bacteria can be classified
as gram-positive or gram-negative. The cell wall structure is the major difference between the
gram-positive and gram-negative bacteria. Gram-positive bacteria such as E.Co/i possess an inner
and outer cytoplasm membrane, and the periplasmic space between the membranes contains one

ot two layers of peptidoglycan (Fig 5.4).
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On the other hand, B.Subtilis, a gram-positive bacteria, does not have an outer membrane. Instead,
it has 10-20 layers of peptidoglycan [182]. The structure of peptidoglycans is almost the same in
E.Coli and B.Subtilis [183]. Peptidoglycan is a polysaccharide. It is made of alternated chains of

glucose derivatives, N-acetylglucosamine, and N-acetylmuramic acid.
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Figure 5.4: Cell wall structures of a gram negative and gram positive bacteria, respectively

(Reproduced from Online textbook of bacteriology).

Bacteria-nanoparticle conjugation is not well explored and could be a new tool for diagnosis and
treatment for a disease like cancer. The bacteria carrying the nanoparticles containing the
therapeutic molecule can reach the targeted site effectively, which is difficult for conventional
chemotherapeutic drugs. In this scenario, it is essential to study the interaction and toxicity of
nanoparticles with both types of bacteria as the interaction might be different with a different outer

structure.

Interaction with and toxicity of nanoparticles to bacteria were investigated in JEOL-JCM-6000
scanning electron microscopy (SEM) which was operated at 5 kV. Glu-MB MSNs incubated with
each of E.Coli (4x10° CFU/ml) and B.subtilis (1.6x10" CFU/ml) for 3 hrs, were used for this

investigation.

SEM images showed that bacteria formed aggregates in the presence of the nanoparticles (Fig 5.5).
In addition, an increased bacerial density was observed after its incubation with nanoparticles. The
bacteria might be using the conjugated glucose component from the Glu-MB MSNss as a source
of food for binary fission. Note that NB was removed from the culture media before incubation

with nanoparticles and therefore the only carbon source present was that on the nanoparticle
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surface. This observation was supported by a previous study [184] where B.Sub#ilis aggregation was

also observed in the presence of glucose in a mineral salt medium.

A B

Figure 5.5: (A) and (B), SEM images of pure B.Subtilis E.Coli respectively. (C) and (D)
B.Subtilis and E.Coli cultures after 3 hrs incubation with Glu-MB MSNs.

An initial indication of toxicity of the Glu-MB MSNs nanoparticles towards bacteria was observed
by comparing the outer cell structure of the bacteria before and after the bacterial incubation with
nanoparticles. SEM images revealed that the outer cell wall structure did not appeared to be
damaged in either culture after 3 hrs of incubation. This suggests that the Glu-MB MSNs were not
toxic. Some researchers reported toxicity of APTES modified silica nanoparticles towards the
E.Coli and observed changes to cell structure as a result [185],[186]. These studies reported that
the bacteria outer cell membrane was damaged due to the contact with amine-functionalized silica
nanoparticles. They also mentioned that the lipid bilayer structures of the bacteria interact with
amine functionalities, which led to the death of cells. Studies based on the interaction of glucose
conjugated nanoparticles with either E.Coli or B.Subtilis were not found in the literature. Therefore,
to confirm the toxicity of the Glu-MB MSN on E.Co/i and B.Subtilis, more studies with different

incubation petiods and CFU/ml measurements with and without nanoparticles as well as with
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varying nanoparticle concentration need to be done to confirm the lack of toxicity suggested by

the SEM results.

Fluorescence studies

The interaction of Glu-MB MSNs with E.Co/ and B.Subtilis was further assessed based on the laser
confocal microscopy. As for the SEM, aggregated bacterial cells were observed under confocal

microscopy for B.Subtilis after 3 hrs of incubation with nanoparticles but not for E.Co/ (Fig 5.6).

Figure 5.6: Confocal microscopy images of B.subtilis and E.coli, respectively (after

incubation with Glu-MB MSNs for 3 hrs).

Confocal microscopy is a non-invasive optical imaging technique with minimal sample
preparation. It works on a principle of point excitation in the specimen and detection of resultant
fluorescence signal. Therefore, biological samples are often stained with fluorescent dyes to make
them visible in confocal imaging. However, in this study bacterial samples incubated with
nanoparticles were not stained for confocal imaging because the nanoparticles themselves have a
fluorophore. The bright illumination for the bacterial samples interacted with nanoparticles comes
from the MB which was doped inside the mesopores, not from the bacteria. The fluorescence
observed here is of a characteristic shape and size (approximately 3 um and rod-shaped) of
bacterial cells. Samples of bacteria that had not been incubated with nanoparticles exhibited no
fluorescence. To confirm that the fluorescent nanoparticles indeed associated with bacteria a

bacterial specific counterstain is required. There was insufficient time to perform this.
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Further supporting on interaction of the bacteria with nanoparticles, note the chemistry of
methylene blue (MB) dye in biological systems. Usually, the cationic biocompatible redox indicator
(Scheme 5.1), MB reacts immediately with biological components such as DNA, which is
negatively charged. Once this occurs, MB becomes nonfluorescent. Therefore, the fluorescence

observed in the confocal microscopy is not due to the leakage of MB.

H
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Methylene blue Blue colour Leucomethvlene blue
colourless

Scheme 5.1: MB redox reaction

At this point, it cannot be confirmed whether the nanoparticles are intra or extracellular. More
characterization is required for further confirmation of Glu-MB MSNs uptake into E. Co/ and B.
Subtilis bacterial cells. Fluorescence imaging is an important tool in biological research. Fluorescent
probes with good solubility, high stability, and a proper emission spectrum are highly desirable for
bio-imaging applications. These early results indicate that imaging is a possible application of these

Glu-MB MSNss.

5.4 Conclusion

The as-synthesized Glu-MB MSNs were investigated for interactions with the microorganisms, E.
Coli and B. Subtilis via SEM and confocal microscopy. The studies revealed that the nanoparticles
showed good interaction with B. Subtilis and suggested no toxicity for either bacteria. Confocal
microscopy results on bacterial samples revealed that the nanoparticles might be used for

bioimaging. To support these results, more toxicity and viability studies need to be performed.

Supporting information

1. Preparation of nutrient agar plates
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For preparing 20 nutrient agar plates, 11.2 g nutrient agar, 1.6 g agar, and 0.8 g yeast extract were
dissolved in 400 ml of D.H,O and mixed vigorously to dissolve. The resulting solution is sterilized

at 121 °C for 15 min and transferred into a petri dish and allowed to cool in a laminar flow hood.
2. Preparation of phosphate buffered saline (PBS)

One liter of 10xPBS was prepared by dissolving 80 g sodium chloride (NaCl), 2 g potassium
chloride (KCl), 14.4 g of disodium phosphate (Na,HPOy), and 2.4 ¢ KH,PO, in 1 liter of D.H,O.
The pH adjusted to 7.4 with 1 N sodium hydroxide (NaOH). The resultant solution sterilized in

an autoclave at 121 °C for 15 min.

1xPBS solution was prepared by adding 90 ml of D.H,O to 10 ml of 10xPBS solution and sterilized
at 121 °C for 15 min.

3. Preparation of Mountant

90 % glycerol mounting media prepared by adding one ml of 1xPBS to 9 ml of glycerol and
vortexed for mixing. To this solution, 10 mg of p-phenylenediamine (PDA) is added as an anti-

fading agent. The obtained solution is stored at 4 °C in the dark.
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Chapter 6

Summary and Future outlook

6.1 Summary

Mesoporous silica nanoparticles (MSNs) have gathered considerable attention in the field of
nanomedicine due to their distinctive features such as physiochemical stability, easy surface
functionalization, and biocompatibility. Dye-encapsulated fluorescent MSNs emerge with great
potential for theranostics. Fluorescent MSNs doped with organic dyes exhibit many advantages
such as high hydrophilicity and low toxicity. Therefore, organic dyes such as rhodamine B (RB),
fluorescein, and methylene blue (MB) fluorophores were used to encapsulate in the amine
modified MSNs by covalent and non-covalent approaches with the modified co-condensation sol-

gel technique.

RB entrapped into the silica matrix by both covalent and non-covalent approaches, whereas
fluorescein and methylene blue were doped via the non-covalent approach. The existing multi-
step process was modified into a single-step for the synthesis of RB doped AMSNs. Also, the
effect of reagent concentration on the particle size, surface area, and porosity was investigated in
the case of MB doped AMSNs and compared with literature findings. It was observed that the
particle size decreased with decreasing surfactant concentration up to the critical micelle

concentration.

Conversely, the particle size increased when the concentration of base catalyst (NH,OH) decreased
because ammonia protects the newly formed silica particles from aggregation. In addition to this,
comparative studies of RB doped AMSNs synthesized via covalent and non-covalent approaches
showed no significant difference in their characteristic SEM, UV-Vis, and XRD results. However,
turther characterization such as fluorescence spectra is needed to compare the fluorescent intensity

of the dye-doped nanoparticles via these approaches because

In the next stage, four different types of carbohydrate molecules (glucose, maltose, ribose, and
raffinose) were used to couple with MB doped AMSNs (MB AMSNs) by employing N, N'-

carbonyl diimidazole (CDI) as a coupling agent. The obtained particles were characterized by FT-
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IR, SEM, XRD, and UV-Vis. The degree of carbohydrate conjugation was determined by
calorimetry and elemental analysis showed that the coupling reaction was successful between sugar

and MB AMSN.

The potential uptake of glucose derivatized MB AMSNs by cells of E.Co/i and B.Subtilis was then
investigated. The SEM results suggested that there was a significant interaction of nanoparticles
with B.Subtilis compared with E.Co/i. In addition to this, no visible cell-wall structure damage was
observed in SEM images. The laser confocal microscopy images showed bright fluorescent
bacteria-like shapes, indicating that the nanoparticles may be useful as imaging agents — however,
more characterization is needed for evaluating the actual interaction of bacteria with Glu-MB

MSN.

6.2 Future outlook

The findings of this project suggest that the organic fluorophores without reactive groups can also
be employed for dye doping in MSNs and used for bio-imaging with suitable surface

functionalization.

In the future, we plan to

e Investigate more regarding the bacteria interaction with nanoparticles in particular,
whether the nanoparticles are intra or extracellular and confirm the apparent lack of
toxicity.

e Synthesis of MB doped MSNs loaded with therapeutic molecules for simultaneous

bioimaging and targeted delivery in mammalian cells.
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