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INTRODUCTION

Mesoporous silica nanoparticles (MSNs) have been known to be widely
studied materials for biomedical applications, especially drug delivery due to their
suitable properties such as high surface area, large pore volume, adjustable pore size,
high biocompatibility and easy surface modification. As a member of the MSN
family, hollow mesoporous silica nanoparticles (HMSN) consisting of two main
parts, the outer mesoporous shell and the inner hollow cavity. Therefore, besides the
characteristic properties of MSN, HMSN also has another outstanding advantage that

IS its superior drug carrying capacity compared to MSN thanks to the hollow cavity.

HMSNSs can be synthesized by different methods, of which hard templating is
known as the most popular method thanks to the following advantages: (1)
Predictable particle morphology, (2) narrow size distribution and uniform product
morphology, (3) good control and high repeatability. With this hard templating, three
common characteristics of HMSNSs that can be adjusted are hollow cavity volume,
mesoporous shell thickness and mesopore diameter. The volume of hollow cavity
has been reported to be adjusted through controlling the hard template size. However,
the mesoporous shell thickness and mesopore diameter - factors that have important
influence on drug loading and drug release properties of the materials have not been
thoroughly studied yet. Moreover, HMSN particles with open pores would cause
drug leakage during transportation. To overcome this drawback, several studies have
modified the HMSNSs’ surface with different agents to form the caps for the open
pores were conducted. Even though, other approaches which denatured the HMSNs’
surface with targeting and stimulus response agents seem to be better for not only
enhance drug loading capacity and controlled drug release, but also improve the

targeting ability, thereby increasing the therapeutic effect of the nanocarriers.

In this study, in order to produce a silica-based nanocarrier system for anti-
cancer drug delivery, the thesis focused on synthesizing spherical HMSN particles
with the desired size in the range of 100 nm. The mesoporous shell thickness and

mesopore diameter of HMSNs would be controlled using different polymers in the



shell coating step to accommodate the delivery and release of therapeutic agents with
different sizes. In addition, different pluronics and targeting agents would be
modified on HMSNs’ surface for the enhancement of their drug loading capacity,
encapsulated drug storage ability, drug release controllability and targeting ability.
From the above analysis, the thesis “Structure-adjustable synthesis of hollow
mesoporous silica nanoparticles and its surface modification for anti-cancer drug
delivery” would contribute to perfecting the drug carrier system based on HMSN.

Objectives of the thesis

Research on synthesis of hollow mesoporous nanostructured drug carrier
materials based on silica (HMSN) with the size of about 100 nm, and controllabe
thickness of mesoporous shell and mesopore diameter, along with surface
modifications with Pluronics to improve the cancer treatment efficiency of the drug

carrier system.
Main contents of the thesis

1. Synthesis of HMSN with a diameter of less than 100 nm.

2. Investigate the influence of molecular weight and concentration of polyethylene
glycol (PEG) on the mesoporous shell thickness of HMSNS.

3. Investigate the influence of different non-ionic surfactants on the mesopore
diameter of HMSNSs.

4. Modify HMSNs’ surface with different Pluronics, evaluate physico-chemical and
biological properties of HMSN-Plu systems in the improvement of drug delivery
and drug release control.

5. Investigate the encapsulation and release profiles for dual drugs of HMSN-Plu.

6. Evaluate cytotoxicity of HMSN, HMSN-P, HMSN-S and HMSN-Plu and cancer
cell killing efficiency of drug loading HMSN-Plu.

The thesis was presented in seven parts including:
Chapter 1: Literature Review

Chapter 2: Materials and Experimental Methods



Chapter 3: A Modified Hard-Template Method for Hollow Mesoporous Silica

Nanoparticles Synthesis with Suitable Particle Size and Shortened Synthetic Time

Chapter 4: Simply and Effectively Control the Shell Thickness of Hollow
Mesoporous Silica Nanoparticles by Polyethylene Glycol for Drug Delivery
Applications

Chapter 5: Non-ionic Surfactants as Co-Templates to Control the Mesopore
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CHAPTER 1. LITERATURE REVIEW

1.1. Overview of cancer and cancer treatment

1.1.1. Overview of cancer

Cancer ranks as the leading cause of death and detrimental to life expectancy in
every country in the world. According to the Global Cancer Registry (Globocan) in
2020, it is estimated that 19.3 million new cancer cases and nearly 10 million deaths
caused by cancer. Female breast cancer has surpassed lung cancer to be the most
commonly diagnosed cancer, with an estimated 2.3 million new cases accounting for
11.7%. This is followed by lung cancer (11.4%), colon cancer (10.0%), prostate
(7.3%) and stomach (5.6%). Lung cancer remains the leading cause for cancer death,
with an estimated 1.8 million deaths accounting for 18%, followed by colorectal
cancer (9.4%), and liver cancer (8.3%), stomach (7.7%) and breast cancer in women
(6.9%). The global cancer burden is forecasted to be 28.4 million cases by 2040,
increase by 47% from 2020, which is dominated by the increase in developing
countries (from 64% to 95%) compared to the figure for developed countries (from
32% to 56%). Therefore, it is crucial to build sustainable infrastructure for the
dissemination of cancer prevention measures and the delivery of cancer care in
developing countries for the global cancer control (Figure 1.1) [1].

In Vietnam, the most common cancers in male consist of liver, lung, stomach,
colorectal, and prostate cancers (accounting for 65.8%). Meanwhile, common
cancers in female include breast, lung, colorectal, stomach, and liver cancers
(accounting for 59.4%). For both sexes, the most common cancers are liver, lung,
breast, stomach and colorectal cancers. In 2020, Globocan announced that Vietnam
ranked 91/185 in terms of new incidence and 50/185 in mortality rate per 100,000
people. The corresponding ranking in 2018 is 99/185 and 56/185 respectively. There
Is an estimated 182,563 new cases and 122,690 cancer deaths. For every 100,000

people, 159 people are newly diagnosed with cancer and 106 people die from cancer.



Thus, it can be seen that the figures for the new cases and the deaths of cancer in

Vietnam are increasing rapidly.
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Figure 1.1. Global cancer data in 2020: a) Female, b) Male [1]

1.1.2. Common cancer treatment therapies

According to the US National Cancer Institute's Dictionary of Cancer Terms, a
tumor is defined as an abnormal mass of tissue that occurs when cells divide more
than normal or do not die. Tumors can be benign (non-cancerous), or malignant
(cancerous). The main difference between benign and malignant tumors depends on
their ability to detrimental affect other cells, tissues, and organs. Malignant tumors
grow rapidly, enter the blood vessels and then spread into and invade other tissues
and organs, this process is called metastasis. Cancer treatment has become difficult
when the tumor metastasizes through different organs in the patient's body, and the
possibility of recurrence after treatment. In contrast, benign tumors only form and do
not spread to other tissues or organs. Therefore, these tumors can be removed, and

no further treatment is required.

Cancer is caused by a series of gen mutations that change cell functions, in which
proto-oncogenes are activated and tumor suppressor genes are inactivated. Proto-

oncogenes include a group of genes that transform normal cells into cancer cells



when they are mutated. When proto-oncogenes’ expression inappropriately rises,
such genes turn into oncogenes. Proto-oncogenes encode proteins which involved in
processes stimulate cell division, inhibit cell differentiation, and reduce apoptosis
cell death. These processes (including stimulation of division, differentiation, and
apoptosis) encourage normal human development and ensure the maintenance of
tissues and organs. However, oncogenes that regulate the production of these
proteins are elevated, induce cell division, reduce cell differentiation, and inhibit
apoptosis cell death. All these effects induce the phenotype of the cancer cells. Thus,
oncogenes are considered as potential molecular targets for anticancer drugs
development

Cancer treatment depends on the type and origin of the cancer. Common cancer
treatments include surgery, radiation therapy, immunotherapy, chemotherapy, and
targeted therapy. In addition, there are some latest therapeutic approaches such as
hormone therapy, stem cell transplantation and precision medicine (Figure 1.2) [2].

Hormone therapy has a strong association with breast cancer. Breast cancer was
one of the first tumors found to be dependent on hormones (estrogens) and estrogen-
lowering regulators. For example, tamoxifen, a selective estrogen receptor modulator
(SERM), improved 10-year survival by 11% in patients with estrogen-positive
cancer (ER+).

Non-metastatic solid tumors, such as skin tumors, can easily be treated by
surgery. Surgery, compared with other treatments, is the only one with a cure rate
close to 100% because all tumor cells are removed from the body and removed.
However, surgery only applies to solid, non-metastatic tumors, and cannot be used
for diffuse type such as blood cancer (leukemia). This is the most invasive method
to treat cancer, but due to the removal of entire tumor tissue from the body, the risk

of recurrence is low.
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Figure 1.2. Common treatments for cancers [2]

For tumor tissues that metastasize to other tissues or organs, immunotherapy is
used to utilize the body's immune system to defeat the cancer.

Radiation therapy uses doses of radiation to kill cancer cells and shrink tumors.
With about 45% of new cancer cases receiving radiation therapy, it is mainly used
for prostate, neck, breast, cervical and thyroid cancers because of their good
accessibility. Due to the side effects consist of destruction of surrounding tissue,
radiation therapy is often used with other cancer treatments.

The most prominent cancer treatment is chemotherapy. Small molecules are
introduced into the stroma and exploited to destroy rapidly dividing cells. The drugs
used in chemotherapy can be given by several methods such as oral, intravenous and
other methods, making chemotherapy the least invasive cancer treatment available.
However, this therapy causes some side effects, including killing healthy cells,
fatigue and hair loss. Despite the severe side effects, chemotherapy can be used for
all types of cancer with the highest success rate of treatment.

The latest cancer therapy is targeted therapy. Cancer cells are identified by several
specific properties. Targeted therapy uses drugs that target these properties, resulting

in less damage to surrounding healthy tissue and thus fewer side effects.



As can be seen, the priorities in cancer research are finding new drugs that are
more effective against cancer cells or developing and improving drug delivery
systems to reduce the effects side effects on healthy cells and increase the

effectiveness of drugs against cancer cells.
1.2. Nanomaterials in cancer treatment

1.2.1. Nanomaterials in anti-cancer drug delivery applications

In the effort to develop drug delivery systems, nanotechnology has been explored
as one of the main platforms and nanomaterials used as drug delivery agents are often
referred to as nanomedicines. Nanomaterials can be defined as materials that are
between 1 and 100 nanometers in size. However, nanodrugs’ diameter can be up to
several hundred nanometers. Nanodrugs were first developed in the early 1960s with
liposomes served the function as carriers. Since then, different carriers have been
developed to enhance the effectiveness of the treatment.

One of the advantages of nanodrugs is their ability to passively accumulate in
solid tumor tissue due to their Enhanced Permeability and Retention (EPR) effects.
In most healthy tissues, the size of the gaps in the endothelial lining is usually less
than 2 nm. Meanwhile, since the growth of tumor requires angiogenesis, new blood
vessels are formed near the tumor with sizes ranging from 100 to 800 nm [3-5].
Therefore, some free drug molecules can penetrate the endothelial gaps and be toxic
to healthy cells. In contrast, drug-carrying nanosystems are large enough that they
cannot penetrate the endothelial gaps of healthy cells but can easily penetrate tumor
tissues, concentrating in the intercellular fluid surrounding the cancer cells and exert
therapeutic effects on these cells.

Various nanomaterials have been researched and developed for drug delivery
applications. Figure 1.3 presents the schematic diagram of different types of nano-
carriers with diferente sizes commonly used in drug delivery, including inorganic
nano-carriers (gold nanoparticles, mesoporous silica, carbon nanotubes, calcium
phosphate), polymer nano-carriers (nano gels, solid lipid nanoparticles, micelles,

dendrimers) and vesicular carriers (liposomes, nisosomes) [6].



Calcium

Inorgamc phosphate
Gold >carr|ers
nanoparticles =
/ h \\

Mesoporous

sifica Carbon ’

\\ nanotube / J

~
‘~~-----___------_-----_----------_____---_--___-__--_—"

Figure 1.3. Popular nanomaterials applied in drug delivery [6]

1.2.2. Silica nanomaterials in anti-cancer drug delivery applications

One of the common inorganic materials in the development of chemotherapeutic
agents delivery systems is silica nanoparticles, especially MSN. Silica nanoparticles
are the amorphous white powder, composed of siloxane groups (Si — O — Si) inside
and silanol groups (Si — OH) on the surface [7]. Meanwhile, MSN can be defined as
silica nanoparticles containing pores with diameters from 2 to 50 nm.

The first mesoporous silica material, M41S, was discovered in 1990s by a
researcher from the Mobil Oil company. The M41S family has three main members,
Mobil Composition of Matter No. 41 (MCM-41), Mobil Composition of Matter No.
48 (MCM-48) and Mobil Composition of Matter No. 50 (MCM-50). They can be
distinguished by their pore geometry, while MCM-41 has a hexagonal pore structure,
MCM-48 has cubic shape and interwoven, continuous 3-D pore system, and MCM-
50 has lamellar structure, consisting of silica sheets or porous aluminosilicate layers

separated by surfactant layers (Figure 1.4). Among the three, MCM-41 is the most
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widely studied because MCM-48 and MCM-50 are difficult to synthesize and
thermally unstable.

amorphous
silica

Figure 1.4. Members of the M41S family [8]

Due to the flexibility in synthesis, many different types of MSN have been
developed. According to structure, MSN can be classified into conventional
mesoporous particles, hollow mesoporous silica nanoparticles, core-shell
mesoporous silica nanoparticles and yolk-shell mesoporoussilicananoparticles
(Figure 1.5) [9].
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Figure 1.5. Structural classification of Mesoporous Silica Nanoparticles [9]

In 2001, MSN was first successfully applied as an ibuprofen carrier by Vallet-
Regi and colleagues. The FDA (Food and Drug Administration) has recognized silica

as "generally recognized as safe" (GRAS) for more than 50 years and it has been
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used in pharmaceutical formulations as an excipient. The most promising
development is when silica nanoparticles as imaging agents have been approved by
the FDA for clinical trials in humans. This advance offers the hope that MSNs as
drug delivery agents can be applied in clinical practice.

The popularity of MSN in drug delivery system development is due to its
uncomplicated synthesis; particle morphology, particles size, and pore diameter can
be adjusted through synthesis, particles’ surface and pores’ surface can be easily
modified with functional groups, the porous structure of MSN can improve the
loading capacity for poorly soluble drugs, and silica has been shown to protect the
drug from enzymatic degradation [10, 11]. In particular, the pore diameter can be
adjusted through synthesis making MSN selectively loaded with drugs. Finally,
MSNs were well tolerated in vitro (at doses <100 pg/mL) [12-14] and in vivo (at
doses <200 mg/kg) [13], their good compatibility has also been proven.
Biocompatibility is considered as outstanding advantages of silica nanoparticles in
drug delivery applications [15, 16].

Being a member of MSN family, HMSN, with a large cavity inside each particle,
not only possess the advantages of MSN, but also show better drug loading capacity
compared to the original non-hollow particles [17-20]. As the result of this, more and
more research has been focused on the application of HMSN-based systems in drug

delivery.
1.3. Recent progress of nano silica particle applications in drug delivery

1.3.1. International research

Since the first introduction of MSN as drug delivery systems in 2001, many
scientists have attempied to improve the effectiveness of MSN in drug delivery. The
number of studies on MSN drug-carrying applications has been constantly increasing

[21], indicating that MSNs have always been attractive materials.

MSNSs with adjustable shapes (sphere, rod, oval), particle size (from 20 to 50 nm)
and pore size (from 2 to 6 nm) were successfully synthesized, mainly using sol-gel

methods [22]. For example, Ya-Dong et al. reported the control of MSN particle size
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using Taguchi statistical design method. The pH value, reaction time and silica
precusor concentration were investigated. Results have shown that pH value of the
reaction solution strongly effected the particle size as compared to the other two
factors [23]. Naiara et al. synthesized MSN from Tetraethyl orthosilicate (TEOS)
and Cetrimonium bromide (CTAB) as silica precursor and pore template,
respectively. The particle morphology varied from spheres to rods increasing particle
porosity in the presence of CTAB [24]. Kusum et al. prepared MSN by the sol-gel
method using hexane/decane as pore expanders. The pore size of the obtained MSN
increased from 2.5 to 5.2 nm, which was able to effectively deliver anticancer drug

gemcitabine [25].

In addition, MSNs have been modified with a variety of ligands for better
biocompatibility and effective delivery of different treating agents. For example,
Chia-Hui et al. modified the surface of MSN with carboxylate groups via hydrazine
bonds to improve the efficacy of Cisplatin in cancer treatment [26]. In another study,
Anna and co-workers successfully modified the MSNs’ pore walls with surface-
hyperbranching polymerized poly(ethyleneimine) and used the obtained system as
vectors for sSiRNA delivery [27]. Sahar et al. directly modified the surface of MSN
with dielectric barrier discharge plasma in order to deliver Doxorubicin (DOX) in a

dual-responsive behavior (pH and temperature) [28].

In 2004, the first hollow versions of MSN have been introduced. Zhu-Zhu et al.
successfully prepared hollow porous silica nanoparticles via sol-gel method. CaCOs
nanoparticles were used as the hard templates and Na,SiOz was used as silica
precursor. Brilliant Blue F was proved to be loaded in the hollow of the particles,
resulting a better loading capacity and releasing controllability [29]. A similar
approach was conducted by Jian-Feng et al. to fabricate porous hollow silica
nanoparticles [30]. The hollow@shell structures of the particles in the two studies
were illustrated by Transmission electron microscopy (TEM) images. Since then, a
lot of research has been done to develop and create an ideal system based on HMSN

for drug delivery.
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1.3.2. National research

In recent years, research and development of silica nanomaterials has received
much attention in Vietnam, including the research groups of Phan Bach Thang, Vong
Binh Long and Nguyen Dai Hai.

The research group of Phan Bach Thang has successfully developed a
biodegradable tetrasulfide-based organosilica nanomaterial BPMO (Biodegradable
periodic mesoporous organosilica) for drug delivery applications in cancer treatment.
The BPMO system was used to encapsulate daunorubicin (DNR) [31], reduced its
size to enhance the loading efficiency of curcumin [32], and surface modified the
surface to improve drug loading capacity and controlled release of cordycepin [33,
34].

Since 2014, Vong Binh Long has studied the synthesis of silica-containing redox
nanoparticles (SiRNP) for oral drug delivery and improved anti-inflammatory effects
[35]. In 2017, the team continued to develop siRNPs loading BNS-22, a hydrophobic
anti-cancer compound, with the ability to collect reactive oxygen species (ROS) to
treat colitis-associated colorectal cancer [36]. In 2020, the team successfully
developed siRNPs with a diameter of 50-60 nm to improve the bioavailability of
silymarin (SM@siRNP). The results from the study indicated that SM@siRNP was
a promising nanomedicine to enhance the anti-inflammatory activity of silymarin and
had high potential in the treatment of inflammatory bowel disease [37].

Since 2013, the research team of Nguyen Dai Hai has taken the lead in
researching and developing silica nanomaterials for biomedicine in Vietnam. The
team successfully synthesized solid silica nanoparticles dSiO-, then developed MSN
and HMSN for anti-cancer drug delivery. The research team also successfully
modified silica nanoparticles with active groups (amine) and polymers (PEG,
heparin-PEG, chitosan-PEG and Pluronic F127) to increase the stability, improve
drug capacity and drug release controlability of the carrier system [19, 38-44].

In this chapter, popular techniques in the synthesis and enhancement of HMSN
for application in chemopeutic agents delivery were presented. The tunable

properties of HMSNSs, hybridized HMSNs and multidrug-carrying HMSNSs was also
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discussed. During the research and development of MSN carrier system, the

achievements and the challenges were presented.

1.4. Hollow mesoporous silica nanoparticles (HMSN)

1.4.1. Structure of HMSN

As a member of MSN family, HMSN’s structure consists of two main parts, the
outer mesoporous shell and the inner hollow cavity (Figure 1.7). Therefore, beside
the specific properties of MSN, HMSN exhibits excellent drug loading capacity

thanks to the hollow cavity inside.

a) b) c)

Figure 1.6. Structure of Hollow Mesoporous Silica Nanoparticle (HMSN): a) 2D
radial section; b) 3D model; and ¢) Mesoporous structure of the shell

The template could be carbon nanoparticles, polystyrene nanoparticles,
ferromagnetic nanoparticles, silica nanoparticles, .... After forming the shell, the
template will be removed by physical methods or chemical methods to create the
hollow cavity [45]. Meanwhile, the mesoporous shell covering the outside of the
template is synthesized similar to synthesis procedure of MSN. The porous shell is
made up of two main components, silica precursor and surfactant. The surfactant
micelles act as the pore-template, the silica precursor is hydrolyzed and condensed
on the template surface and around the micelles, forming the shell. The surfactant is
then chemically or physically removed to form the shell with porous structure [46-
48].
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1.4.2. Synthesis methods of HMSN

HMSN synthesis followed a generally typical process:
(1) Prepare the template;

(2) Coating the shell over the template surface and thus creating a core@shell

structure;

(3) Remove the template to obtain a hollow structure.

Hollow mesoporous silica nanoparticle synthesis methods can be divided into

three methods including hard template method, soft template method and self-

template method (Figure 1.8). Accordingly, HMSN is classified into hard template

HMSN, soft template HMSN and self-template HMSN.

Synthesis Methods of HMSN

Figure 1.7. Synthesis methods of HMSN
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1.4.2.1. Hard-template method

Hard-template HMSN is formed by using hard templates from inorganic

compounds such as amorphous silica, metal carbonates, or polymers latex [49, 50].

The advantages of such type including the narrow size distribution, variety of sizes

and configurations. When shell is formed on the template, the shape and size of the

cavity are the same as the template used. Thus, the final morphology, structure and

size of the particles after coating can be predicted. However, hard templates require
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multi-step synthesis process as well as difficult thermal or chemical removal process,
which is time-consuming and labor-intensive.

The synthesis of HMSN by hard template method consists of several main steps
starting with forming a hard core compatible with the shell material, then creating
mesoporous shell condensed on the core, and finally selectively removing the inner
core to obtain HMSN.

Typical hard templates are inorganic compounds such as amorphous silica, metal
carbonates, or polymers (latex) that can be chemically etched in the next step. Several
methods, such as the sol-gel process, hydrothermal reaction, electrostatic assembly,
and the chimie douce route have been used to agglomerate shell materials onto the
surface of the template. Depending on the template and shell material, an additional
surface modification step could be required to create compatibility between them.
Template surface modification is usually chemical modification, which can improve
compatibility with the shell by providing specific functional groups or by altering the
charge distribution and template polarization, thereby efficiently condensing the
shell material onto the template surface. To remove the template, the three main
methods commonly used are chemical etching, heat treatment, or dissolution of the
template in a suitable solvent based on the difference in composition between the
template and the shell. Regardless of the approach, a reasonable choice of
experimental conditions is necessary to prevent shell collapse during template
removal process, by considering the properties of the hard template.

a) Hard template method based on polymer latex

Polymer latex particles are good option for the synthesis of HMSNs because they
are uniform in size, and their size and surface properties can be easily adjusted during
the synthesis. Polymer latex is also a common material, available and economical.
After the silica shells are formed, they can be removed by heating or dissolving.
Several types of latex polymers have been used as templates to synthesize HMSN
such as polystyrene (PS), polyvinylpyrolidone (PVP), poly (acrylic acid) (PAA),
polymethylmethacrylate (PMMA).

b) Hard template method based on carbon and metal oxides
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Unlike polymer latex templates, metal oxide and carbon templates have several
advantages because they are polymorphic, organic solvents are not required during
preparation, and surface properties are not needed to adjust prior to silica coating.
Fuji et al. stated the ability to control the shape of hollow silica, using CaCOs as the
template with various shapes such as cubes, rough surface spheres and rod-like
particles. The internal size and shape of the synthesized hollow silica particles
accurately reflect the outer size and shape of the template used [51].

¢) Hard template method based on silica

Amorphous silica particles have been widely used as hard templates because they
are available with high morphological uniformity and tunable particle size
distribution at low cost. Typically, single-dispersed SiO; particles in the micrometer
size range are synthesized by a classical sol-gel method (also known as Stober's
method) involving hydrolysis and condensation of silicon alkoxides in the mixture
of water and alcohol and in the presence of a catalyst.

Homogeneous HMSNs could be synthesized from TEOS precursors by the silica-
based hard-template method and etched by Na>COs through three main steps: (1)
synthesis of homogenous dSiO2 using the improved Stober method; (2) synthesis of
dSiO.@MSN, in which cetyltrimethylammonium chloride (CTAC) is used as the
porous template and triethanolamine (TEA) serves as the catalyst; (3) etching process
to remove solid template of dSiO.@MSN with Na>COz and removed CTAC with
1% NaCl solution in methanol to obtain HMSN [52].

1.4.2.2. Soft template method

Soft template HMSNSs are synthesized using liquid or gaseous soft templates such
as emulsions, micelles and air bubbles [53, 54]. These soft templates help fill the
template with dispersed functional groups or encapsulate guest molecules during
shell formation process. However, it is more difficult, compared with hard-template
HMSNS, to control the particle shape of soft-template HMSNs.

Using amphiphilic molecules containing both hydrophilic and hydrophobic part
as templates for direct synthesis is known as the soft template method. This method

Is also known as the in situ template method because it takes only a short time to
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prepare the soft template just before the silica coating process. In recent years, the
soft template strategy has attracted reseachers’ attention due to the fact that the
templates are relatively easy to prepare and remove. However, the hollow silica
particles prepared by this method often have irregular shape and wide particle size
distribution due to the malleability of the soft template.

a) Soft template method using emulsion

The emulsion method is one of the most classical soft-moulding methods and has
a long history in the preparation of hollow silica. It is based on the formation of
stabilized emulsion droplets by two or more incompatible solvents in the presence of
a stabilizer. The dispersion of such immutable liquids by the emulsification step leads
to a dispersed phase and a continuous phase, where the boundary of the two phases
Is defined by an interface. Due to the low thermodynamic stability of these
dispersions, amphiphilic molecules (surfactants) are used to reduce the interfacial
tension. Depending on the composition of both phases, an emulsion can be defined
as oil in water emulsion or water in oil emulsion. Similar to the hard template method,
hydrolysis and condensation of the precursor occurs at the interface of the emulsion
droplets to form a core@shell structure (emulsion@silica gel). Then, the soft
templates are selectively removed and hollow silica spheres are formed.

Because of the agglomeration, it is difficult to obtain uniform droplets less than
100 nm in diameter by conventional emulsion methods. Meanwhile, the
microemulsion method offers an advantage in producing homogeneous hollow silica
spheres less than 100 nm in size because the microdroplets are thermodynamically
stable and therefore being homogeneous [55].

b) Soft template using micelle

For the micelle soft template method, micelles can be formed by self-assembly
of amphoteric molecules in a single-phase solvent. Self-assembly is occurred when
the concentration of these molecules exceeds the critical micelle concentration
(CMC). Through this method, hollow materials can be obtained by direct assembly
of the precursors or through chemical interactions between the precursors molecular

and the surface of the template. Similar to the emulsion method, depending on the
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type of solvent, the micelle template can also be divided into water in oil or oil in
water. Several reaction parameters can be investigated to prepare micelles/particles
of variable shape, such as surfactant concentration, ionic strength, temperature, pH
or chemical admixture.

Amphibian block copolymers can easily self-assemble into spherical, cylindrical
micelles or many other shapes when the concentration is above CMC. One of the
important examples is pluronic poly- (ethylene oxide)-poly (propylene oxide)-poly
(ethylene oxide) (PEO-PPO-PEOQ). In aqueous solution, the hydrophobic PPO blocks
will gather together as the micelle template, while the hydrophilic PEO blocks form
a hydrated corona around the PPO. This template-corona-type structure formed from
diblock-AB or triblock-ABA copolymers can be used as a soft template in hollow
silica particle synthesis. Mandal et al. synthesized a family of hollow organosilica
spherical particles and nanotubes using spherical and cylindrical micelles from
Pluronic F127 and Pluronic P123 as the soft template, respectively. The internal
cavity size of the obtained hollow silica particles is as small as 20 nm with a uniform
cavity diameter [56].

c) Soft template using gaseous bubble

In the gaseous bubble soft template method, the dispersed air bubble in the liquid
phase can be used as a soft template for the synthesis of hollow materials. This
process involves the formation of bubble emulsions with subsequent
deposition/adsorption of the precursor at the surface of the air bubbles. The template
effect of the bubbles is affected by several parameters such as surface charge, particle
size or hydrophilicity. Air-bubble emulsion systems can be obtained by several

methods such as ultrasound, air blowing or chemical reaction [57].

1.4.2.3. Self template method
HMSNs can be synthesized directly by its self, independent of external template-
generating agents, and thus the synthesis process is more concise. This method is
often utilized to reduce production costs and facilitate large-scale synthesis. Several
self-template methods can be used for direct synthesis of hollow structures including:

surface protected etching, Ostwald ripening, Kirkendall effect, and ionic exchange
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[49, 54]. In general, most of these methods are based on a two-step approach: (1)
synthesis of a non-hollow material, (2) conversion of this material into a hollow
structure. Direct synthesis (self-template) has several advantages over template-
based synthesis, such as reproducibility and superior control over shell thickness and
particle size distribution.

The self-template method is a process used to synthesize hollow silica
nanoparticles without using another template. Several self-template methods that can
be used for direct synthesis of hollow structures include: protective surface etching,
Ostwald ripening, Kirkendall effect, and ionic exchange.

a) Protective surface etching

Surface protection etching is one of the popular self-template synthesis methods.
The surface of the particles is covered with a protective layer that keeps the original
particle size, while the sol-gel-derived porous structure allows etching agents to
move inside and create cavity. This strategy allows fine control of the synthesis of
complex hollow materials with enhanced catalytic performance [58].

b) Ostwald ripening method

For this method, the Ostwald ripening process in colloidal systems involves a
heterogeneous structural change over time, that is the dissolution of small crystals or
sol particles and the re-condensation of the sol particles these soluble fractions on
the surface of larger crystals or sol particles. This thermodynamic process occurs
because larger particles have an energetic advantage over smaller particles and
increase the latter solubility. Under different experimental conditions for sol-forming
particles in solution, many reversible chemical reactions take place on the
solid/liquid boundary. Due to the variation in particle size, there is variation in the
amount of solute. The uniformity of these concentration gradients will lead to
complete dissolution of small particles and the growth of large particles, thereby
forming voids as Ostwald ripening continues. This Ostwald ripening process is used
under different conditions to synthesize hollow materials with variable shell
thickness [59].
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Through literature search on 3 different methods used to synthesize HMSN, the

characteristics and limitations of each method group are summarized and presented
in Table 1.1 below.
Table 1.1. Advantages and limitation of different HMSN synthesis methods

Method

Advantages

Limitations

Hard template

Particle morphology can be
predicted

Narrow size distribution,
homogeneous particles’
morphology

Good control, high
repeatability

The most commonly used in
synthesis of HMSN

The synthesis process is time
consuming, going through many
steps

Hard templates are difficult to
remove and require additional

processing steps

Soft template

Simple technology
The soft template is easy to

prepare and remove

Irregular particle shape
Wide particle size distribution

The structure is less stable

Self template

The synthesis process is
shortened because no template
preparation is required

The shell thickness and grain

size can be controlled

There are few studies applied this
method in synthesis of HMSN.
More research data is required to
verify the success and

repeatability of the method

The hard template method shows advantages in terms of good synthesis control,

predictable and uniform particles morphology, and highly reproducible results. This

method has been verified for HMSN particles through many studies by scientists

around the world. Department of Biomedical Materials - Institute of Applied

Materials Science has succeeded in synthesizing HMSN by hard template method on

SiO; template. The synthesis begins with the preparation of hard templates dSiO-

spherical particles through the Stéber method with some modifications. In the second
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step, a layer of mesoporous silica is coated on the surface of the SiO> particles using
CTAB as the organic template. In the third step, the reaction solution was mixed with
Na>COs solution to remove the sSiO2 template, followed by CTAB removal by
repeated washing with water to obtain HMSN particles [42].

From the above information, the silica-based hard-template method will be used
to further study the synthesis of HMSN, in which the reaction mechanisms take place
in each stage, including forming a hard template of silica, coating with silica
mesoporous shell on the hard template surface, etching to remove the hard template
to create a hollow mesoporous structure which will be presented in more detail in the

next section.

1.4.3. Reaction mechanisms in the synthesis of HMSN by silica based hard-

template method

1.4.3.1. Sol-gel process

The synthesis of dSiO2 hard template or MSN porous shell was initiated by Stober
with the formation of single-dispersed spherical silica particles with sizes in the
micrometer range. Stober synthesis consists of four main components: water, base,
alcohol and silica source. Particle dispersion is controlled through hydrolysis of alkyl
silicates and subsequent condensation in the presence of alcohol [60]. To reduce the
particle size to the nanometer range, various adjustments were made. The process of
synthesis dSiO> hard template and MSN porous shell through the improved Stéber

method (also known as the sol-gel method) is presented in Diagram 1.1.
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precursors = Formation of silica sol precursors = Formation of silica sol
Silica sol aging Silica sol aging
Formation of silica gel Formation of silica gel
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Diagram 1.1. Sol-Gel synthesis of a) hard template dSiO, and b) mesoporous shell
MSN

The formation of silica particles from a metal alkoxide (Si(OR)4) source such as
TEOS in alcohol-water-ammonia medium can be described as follows: initially,
ammonia and alcohol are added to the water reaction mixture. In particular, ammonia
creates a base environment that catalyzes the hydrolysis and condensation of TEOS
precursors, and alcohol helps to increase the solubility of TEOS and control the rate
of hydrolysis. When TEOS is added to the mixture, TEOS molecules in a basic
medium will be hydrolyzed to form silanol groups, followed by polymerization and
agglomeration between the silanol groups or between the silanol groups and the

epoxy group which produced siloxane bridges (Si — O — Si) (Figure 1.9) [61].

Hydrolyzation
Si(0C,Hs), + H,0 ——— Si(OC,H;),0H + C,H;OH

Alcohol condensation

=8i-0C,H; +H-O-Si= =8i-0-Si= + C,H,;OH

Water condensation

=Si-O-H +H-O-Si= ——— =Si-0O-Si=+ H,0

Figure 1.8. Hydrolysis and condensation of TEOS precursors in alcohol-water-
ammonia medium
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Silica particle growth can be explained by the multi-stage SFB method (Stober-
Fink-Bohn), including nucleation stage, growth stage and shell development stage
(Figure 1.10) [62].

1-ststage of growth :

hydrolysis, polymerization, Stage of regrpwth
| nucleation, aggregation | Stage of regrowth l (shell formation) |
I | |
TEOS addmonal TEOS addmonal TEOS

Polymer Nuclei

pon e €0 @

anary
particle
| | |
1 5 350 D (nm)

Figure 1.9. Multistage growth diagram of silica particles by hydrolysis of TEOS in
alcohol-water-ammonia medium [62]

Grun et al. modified the Stober method by using additional surfactants to
synthesize porous silica particles. Accordingly, the generated MSN has a spherical
shape with MCM-41 properties [63]. Porosity patterning agents are usually cationic
surfactants such as CTAB, CTAC or uncharged surfactants such as pluronics, PEG.
Surfactants at higher concentrations than their CMC will form tubular micelles with
the hydrophilic end facing outwards and the lipophilic end facing inward. In the
reaction mixture with the presence of a positively charged CTAB surfactant micelle
and a negatively charged dSiO> hard template, these micelles will link on the surface
of the hard template by electrostatic attraction. When precursors are added to the
reaction mixture, they are hydrolyzed and the siloxane bridges will condense around
the CATB micelles to gradually form an entire mesoporous shell surrounding the
hard template. The formation mechanism of MSN mesoporous shell is described in
Figure 1.11 [18].
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Figure 1.10. Hlustration of the formation mechanism of the mesoporous shell
(MCM-41) [18]

1.4.3.2. Etching of hard template and the role of CTAB in etching process

The hard template of the core@shell structure is etched using an alkaline etching
agent in agueous medium (Na2COs). The etching process will occur through 2 stages
(Figure 1.12).

Step 1 Step 2
,4"... 4-1.. 4".'
(/
TEOS/CTAB Naz(j()3 a Etching :‘ a
— =
ammoma Calcining ‘¢ s
ll U
SiO,@MSN Rattle 1 Hollow 2

Figure 1.11. Etching process of hard template dSiO2 by Na,CO3 [64]
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Etching will begin when the water-soluble alkaline etching agent approaches the
region near the template surface and the etching reaction occurs that forms rattle balls
with a double shell structure (Rattle 1). Then the etching process will expand on both
sides to continue to demolish the inner shell and rattles parts (both are belong to hard

templates), forming a hollow structure (Hollow 2) [64].

The role of CTAB in the pores is illustrated in Figure 1.13. During the porous
shell coating process, the tubular micelles of CTAB with outward-facing hydrophilic
ends and inward-facing hydrophobic tails bond to the template surface. After
hydrolysis and deposition of TEOS on the surface of the hard silica template as well
as around the CTAB micelles, capillary mesopores are formed. At this time, CTAB
presencing in the pores forms hydrophobic pore walls. Therefore, the etching agent
will first pass through these capillary channels and the inner template will be etching

first without appreciable effect on the porous silica shell.

g§§§§§§§§§§§§§§§§

T

Hollow Cavity

b)
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Figure 1.12. Etching mechanism of hard template dSiO> to form HMSN by
Na>COs: a) Etching process with the presence of CTAB micelles, and b) Etching
process without CTAB micelles [64]

After the hard template is completely etching, the CTAB in the capillary tubes
can be removed by calcination or washing, forming HMSN particles with a hollow
template and porous shell structure (Figure 1.13a). In contrast, if CTAB in the
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capillary channels is removed first, then the etching agents not only directly contact
with the surface of the hard template, but also directly contact with the surface of the
capillary channels. As a result, both the capillary channels wall and template surface
are etched, where the porous shell with many capillary tubes carrying the etching

agent will collapse more rapidly (Figure 1.13b) [64].
1.4.4. Modular factors in HMSN fabrication

One of the outstanding advantages of HMSN, making them versatile and potential
in biomedical applications is their feasibility and ease of tuning. The three most
commonly adjustable properties of HMSNs are particle size, cavity volume, porous

shell thickness, and pore diameter (Figure 1.14).

Figure 1.13. Modular factors of the HMSN

1.4.4.1. HMSN particle size and hollow cavity volume

HMSN particle size is one of the most important characteristics that need to be
considered in synthesis process for drug delivery applications. It has been shown that
particles with a diameter less than 10 nm tend to be rapidly eliminated by the kidneys,

meanwhile particles 200 nm or larger tend to be removed from circulation quicker
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[65]. There have been several reports about the successful synthesis of spherical
HMSN with diameter around 134 to 150 nm [40, 52]. However, 100 nm
nanoparticles exhibited the greatest uptake compared to larger diameter particles
[66]. Therefore, the optimum size for HMSN should be nearly 100 nm. At this size,
HMSN could not only load a sufficient amount of drug, but also prolong the

circulation time during the administration.

In addition, it can be said that the hollow cavity of HMSN is the place to store the
drug and the pores are the ways to help drugs released from the hollow cavity to the
outside environment. Thus, adjusting the cavity volume will directly affect the drug
loading capacity of HMSN. Based on the synthesis method presented in the previous
section, the cavity volume of HMSN synthesized by the hard template method can
be controlled through adjusting the size of the hard template (dSiO2). There are
different approaches to control dSiO> particle size, which mainly focused on the
parameters in the sol-gel reaction and were well investigated by Nguyen Thi Ngoc
Tram. The factors affecting the size of dSiO, were determined as: (1) concentration
of silica precursors, (2) concentration of ethanol, (3) concentration of ammonia, (4)
reaction time, and (5) reaction temperature. Based on these survey results, a
parameter adjustment in the synthesis of dSiO2 particles was made to reduce dSiO:
size, thereby indirectly reducing the HMSN size to the desired size.

Furthermore, besides the well-known advantages of the hard-template synthesis
method, time consuming is one of its drawbacks that need to be improved. For
example, HMSN was prepared with the published hard-template method in about 21
hours for the main reactions (6 hours for dSiOz preparation, 6 hours for dSiO>@MSN
preparation and 9 hours for dSiO; etching) [42, 67]. Therefore, a modified method
shortening the synthetic time would be meaningful for scientists who study on silica

nanoparticles as well as for industrial scale production.

Interestingly, Feng et al. have published a hard-template method for HMSN
synthesis with the main reaction time shortened to only 3 hours [52]. The hard

template dSiO, with a diameter of 100 nm was prepared in 1 hour, the core@shell
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structure dSiIO.@MSN was prepared in 1 hour more, and the etching step was
conducted in 30 minutes to obtain the HMSN particles with a diameter of 150 nm.
This publication is an important reference in modifying the synthesis process to

shorten the HMSN synthetic time in the current doctoral thesis.

From the above reviews, a modified synthesis process is proposed with the
expectation to generate HMSN particles with size less than 100 nm in a shorter time,
including: (1) synthesis of dSiO. according to the adjusted process surveyed by
Nguyen Thi Ngoc Tram [42, 67], (2) create core@shell structure dSiO.@MSN
according to Feng's published process [52], and (3) hard template etching to obtain
HMSN according to Feng's published process [52]. The methods used to carry out
this study are described in detail in Chapter 2 and the corresponding results are

presented in Chapter 3.
1.4.4.2. Mesoporous shell thickness
a) Research status of controlling mesoporous shell thickness of MSN

The mesoporous shell thickness has been reported to be one of the main factors
affecting the drug release profile of HMSN particles. Therefore, modulating the
mesoporous shell thickness is a potential approach to be able to fabricate HMSN
materials with desired drug release profiles [68, 69]. Basically, the adjustment of
mesoporous shell thickness is similar to the control of diameters of dSiO2 and MSN

particles through the reaction parameters during the sol-gel process.

D. Deepika et al. synthesized hollow template — mesoporous shell silica
nanoparticles with size of 230 + 30 nm based on soft templates of PS (150 £ 20 nm)
(Figure 1.15). The mesoporous shell was synthesized by the sol-gel method, using
CTAB as a structural guide for the shell. The results showed that the meso porous
shell thickness could be adjusted from 15 to 30 nm through adjusting the

concentration of silica precursor TEOS [70].
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Figure 1.14. Adjustable shell thickness of microporous hollow core@shell silica
nanoparticles for controlled release of doxorubicin [70]

The size of MSN particles was controlled by varying the amount of TEA, where
a decrease in the amount of TEA resulted in a decrease in the MSN particle diameter
[71, 72]. Yismaw and colleagues studied the effect of the catalyst by comparing
MSNs generated using ammonia and TEA. MSN particles synthesized using
ammonia have a larger diameter than TEA synthesis. This suggested that TEA acted

as both a catalyst and a grain growth control additive [73].

Mai Ngoc Xuan Dat and his co-workers reduced the particle diameter of a
biodegradable periodic mesoporous organosilica (PMO) called E4S through
adjusting the amounts of the alkaline catalyst. E4S particle size decreased to less than
50 nm (Figure 1.16) [74].

The particle size of MSN can also be controlled using particle growth inhibitors.
Pluronic P123 was added to the reaction solution as a growth inhibitor. By increasing
its concentration from 0 to 0.1 mol, the MSNs particle size decreased from 200 nm
to 40 nm [75]. The synthetic temperature also affects the particle size of MSNs,

where larger particles were produced at higher synthetic temperatures [76].
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Figure 1.15. The size of biodegradable silica nanoparticles was reduced for
efficient curcumin loading [74]

In general, there are approaches that have been used to control the particle size of
HMSN such as varying the concentration of synthesis components (silica precursors
and catalysts), changing reaction conditions (temperature, pH), and addition of
dispersing agents or capping agents [70, 73, 75, 76]. Among these, capping agents
seems to be a simple and effective method where molecules are added into the
synthesis mixture to absorb selectively onto particles’ surface, decrease the particle

surface energy and consequently promote the growth of the particles [77].
b) Polyethylene Glycol (PEG) as a dispersant in nanoparticle synthesis

PEG is a synthetic polyether compound with the structural formula
H—(O—CH2>—CH2)n—OH. PEG is colorless, inert, odorless and non-volatile, and can
dissolve extremely well in water and organic solvents such as benzene, carbon
tetrachloride and chloroform. Thanks to its good biocompatibility, hydrophilicity and
rapid degradability, PEG has been commonly used as a capping agent in colloidal

syntheses to control the size of nanoparticles [78-81].

PEG molecular weight and concentration were reported to have a complex effect
on the nanoparticle synthesis [82]. For example, Francesco et al. used PEG 600 as a

shape and size control agent of SrTiOs3 particles synthesized by hydrothermal method
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(Figure 1.17). The study showed that PEG 600 had a great influence on the
morphology of SrTiOs crystals, which changed both shape and size, depending on
its concentration during hydrothermal synthesis. A low amount (5g) facilitates the
growth of large particles with sizes above 800 nm and a clear cubic shape. As the
PEG concentration increased (10 g and 20 g), the crystals decreased in size to 570
and 175 nm, respectively, and a linear dependence of size was observed on the PEG
600 concentration [83]. In another study, Miao Yu and co-workers successfully
synthesized finely dispersed Mg(OH). nanoparticles by direct precipitation method
using PEG 6000 as a dispersant with the optimum concentration of 1.5 g/mol [84].
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Figure 1.16. The effect of polyethylene glycol on shape and size of SrTiO3

nanoparticles [83]

Dispersibility and stability of nanopartciles are also related to the molecular
weight (corresponding to different lengths of the molecular chain) of PEG. For
example, Li Chao et al. investigated the effect of PEG on the stability of nano SiO>
particles in aqueous suspension by settling experiment, a well dispersed solution was

obtained by adding a mixture of high molecular weight PEG and low molecular
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weight PEG, as a complete and dense adsorption layer has been formed on the surface
of the nanoparticles [85]. Vidyasagar et al. prepared ZnO powder by solid
mechanical method in the presence of PEG 400. The study showed the size, structure,
crystallinity and to some extent morphology of the nanoparticles. ZnO depends on
the nature of the surfactant used. PEG 400 helped to improve the crystallinity and

increase the particle size of ZnO powder [78].

For silica nanoparticles, PEG also have been initially employed to create particles
with optimum size and good dispersion. Li Chao et al. studied the effect of PEG on
the stability of silica nanoparticles in aqueous suspension by settling experiment. A
well dispersed solution was obtained by adding a mixture of high molecular weight
PEG and low molecular weight PEG because a complete and dense adsorption layer
was formed on the surface of the nanoparticles [85]. Chapa-Gonzéalez and co-workers
reported that the presence of PEG 400 and fixed PEG/Na»SiOz ratio of 2:1(w/w) in
the synthesis of silica nanoparticles from Na,SiOs reduced the particle size and

narrowed the size distribution of the obtained silica nanoparticles [86].

Although there have been studies using PEG as capping agents in silica
nanoparticle synthesis to control the particle size, the number of these studies is very
limited. Moreover, PEG molecular weight and concentration were usually fixed in
each study. Importantly, to the best of the author knowledge, there has been no
publication on the use of PEG to control the shell thickness of HMSN. Therefore, the
research direction which uses PEG as a particle size controller in silica nanoparticle

synthesis still has great deal of work.

Through the above literature review, it can be seen that a complete and systematic
study on the influence of molecular weight and concentration of PEG on the
mesoporous shell thickness of HMSN particles will contribute scientific and practical
significance, providing more reference information for the desired processing of
mesoporous silica nanomaterials. The methods used to carry out this study are
described in detail in Chapter 2 and the corresponding results are presented in
Chapter 4.
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1.4.4.3. Mesopore diameter
a) Research status of controlling mesopore diameter of MSN

To be able to encapsulate desired agents with different molecular size such as
drugs, nucleic acids, polysaccharides and proteins ... into the hollow cavity, the
control of HMSN’s meso-chennal diameter is one of the pioneering and decisive
factors [65, 87-91]. Generally, synthesized MSN particles have a pore size of 2-3
nm, which is sufficient to transport through and carry small molecules [92].
However, this pore diameter cannot be applied for larger molecules (> 1000 Dalton),
thus limiting the applications of MSNs in general and HMSNSs in particular in drug
delivery field. Therefore, researchers have been devoting their efforts to enlarge the
pore diameter of these nanoparticles. Basically, the pore diameter of MSN can be

controlled by varying the synthesis parameters.

Xiaoyu Hong et al. reported that the pore size could be adjusted by varying the
concentration of TEOS in cyclohexane, and they controlled to obtain MSNs with
pore sizes from 7.8 nm to 12.9 nm [87]. In another study by Yongju He et al., MSNs
with larger diameter pores were obtained by varying the ratio of n-
octadecyltrimethoxysilane (C18TMS)/TEQS or the ethanol/water volume ratio in the
water-ethanol-ammonia system. In which, C18TMS serves as the structure-directing
agent, TEOS as the silica precursors, ammonia as the catalyst, EtOH and H20 as the
solvents. The results show that the synthesized MSN has a spherical shape with a
diameter ranging from 100 to 200 nm, and the pore size of MSN can be easily
adjusted from 2.4 to 6.5 nm by changing the ratio. Molar ratio C18TMS/TEOS from
0.32 to 0.74 and volume ratio ethanol/water from 3.6 to 7.5 [93].

Interestingly, the diameter of mesopores is dependent on its template size,
therefore, it is possible to control the MSN’s pore size by adjusting the diameter of
the soft template micelles. CTAB is the most commonly positively charged
surfactant used as a soft template for meso-channels in MSN synthesis [94, 95] [40].

Therefore, using another surfactant to form a mixed micelle with CTAB whose larger
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micelle diameter and then use this mixed micelle as a porous template in MSN

synthesis could be an potential approach to control the mesopore size.
b) Mixed micelles of CTAB as controller of MSN'’s mesopores

As previously mentioned, using a mixed micelle of CTAB with another surfactant
to increase the mixed micelle diameter, and then using this mixed micelle as a porous
template in MSN synthesis could be a potentially alternative approach to tune the
pore diameter of HMSN. With this idea, Xianbin Liu et al. reported a method to
synthesize Santa Barbara Amorphous-15 (SBA-15) silica nanoparticles with large
pore diameter using CTAB and pluronic P123 as porous co-templates. CTAB and
P123 self-assembled in aqueous medium, forming a tubular micelle with a larger
diameter than the original CTAB micelle. As a result, SBA-15 porous silica
nanoparticles with pore diameter can be enlarged up to 8.2 nm without affecting the
structural order of the particles (Figure 1.18) [96]. Even so, the approach to
controlling pore diameter of MSN by modulating the soft-template micelle seems not

to have been fully investigated. In addition, research on controlling mesopore

diameter of the hollow member of MSN family (HMSN) appear to be rare.

> =T
e N S
<\ “d’?ﬁb4 W

Condensation
of silica

foy o

CTAB  PI23  SiO2

Figure 1.17. Self-assembly of mixed micelle of CTAB and P123 used as
mesoporous templates in MSN particle synthesis [96]
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The stability of mixed micelles depends on two factors: (1) coulombic interaction
between ionic head groups and (2) chain length of the surfactant tail groups [97].
CTAB molecule is a positively charged surfactant, with a structure consisting of an
alkyl chain in the form of a hydrophobic tail (16C) and a hydrophilic positive
quaternary ammonium head. Moreover, the mixed micelle of CTAB should have a
positive charge to form an electrostatic attraction between the mixed micelle and the
hard template surface dSiO>, creating favorable conditions for the formation of the
mesoporous shell of the HMSN. As a result, non-ionic surfactants with a structure
consistent with the above two factors are expected to create a mixed micelle system
with CTAB being stable, positively charged and suitable for HMSN particle
synthesis. Sujan Chatterjee et al. prepared a mixed micelle of CTAB with non-ionic
surfactants including polyoxyethylene (20) cetyl ether (Brij 58), polysorbate 20
(Tween 20) and polysorbate 80 (Tween 80) in proportions in aqueous solution to
study their stability and ideality. The adsorption between surfaces, the minimum area
per surfactant molecule at the interface, the thermodynamics of the micelleization,
and the stability of the mixed micelles were investigated. The effect of hydrophobic
and hydrophilic chain lengths on the stability of mixed micelles was also included in
this study [97]. The results of this study have contributed useful basic information
for the development of mixed micelles of CTAB and non-ionic surfactants, which

could be applied in the HMSN synthesis process.

Through the above literature review, a complete and systematic study on the
influence of the type of non-ionic surfactant and its molar ratio to CTAB in the mixed
micelle system to the pore diameter of HMSN particles will have scientific and
practical significance, providing necessary and valuable information for the synthesis
of desired HMSNs. The methods used to carry out this study are described in detail

in Chapter 2 and the corresponding results are presented in Chapter 5.

1.4.5. Modifications of HMSN
Although different strategies have been conducted to exploit the applicability of

MSN in anti-cancer drug delivery, the clinical applications of MSN remain a
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challenge due to several limitations [21]. MSN particles have shown certain
limitations that need to be improved and overcome. In terms of particle structure, the
open pore of MSN causes the drug to be washed away after loading and leaked during
circulation. This leads to the decrease in actual drug delivery capacity and the rise of
side effects of the drug-carrying system when circulating in the body [40]. In term of
chemical properties, the silanol groups on the surface of MSN interact with the
phospholipids on the red blood cell membranes leading to hemolysis [98]. Therefore,
surface modification of HMSN with appropriate ligands would help to over come
these drawbacks. The modified ligands firstly would "cap" the openings pores,
thereby improving drug retention and limiting drug leakage of HMSN in circulation,
secondly eliminate the hemolytic effect of surface silanol groups.

The ability to modify HMSNSs is due to their surface chemistry with the silanol
groups present on the particle surface. These silanol groups can be modified with
various compounds to improve and expand the application of HMSN in the
biomedical field. Methods to modify silica nanosurface include co-condensation
method and grafting method [99]. Normally, modification of HMSN by grafting
method takes place through 2 steps: (1) denaturing HMSN surface with active
functional groups; (2) grafting the hybrid material to the surface of the activated
HMSNs through the functional groups. The advantage of this technique is the

specificity of modification sites such as particle surface and pore surface [99].

The amino group is the most commonly used functional group for surface
modification of HMSN. This group can be used as precursors to graft other
compounds. Nguyen Thi Ngoc Tram and her colleagues used (3-
Aminopropyl)triethoxysilane (APTES) with amine groups to denature HMSNSs. The
effect of APTES concentration on the properties of HMSN were also investigated,
founding that the particle size and amino group density increased with the
concentration of APTES. Moreover, DOX loading capacity and controlled release of

HMSN were well improved after the amination (Figure 1.19) [40].
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Figure 1.18. Aminated HMSN using 3-Aminopropyl)triethoxysilane for better
DOX loading capacity and controlled release [40]

Zaharudin N.S. et al. reported that the surface of MSN was successfully modified
with amino, thiol or carboxyl groups for application in hydrophilic and hydrophobic
drug delivery [100]. Besides, Yismaw and colleagues modified MSN with an
acrylate functional group [101]. The aldehyde functional group has been successfully
grafted onto the surface of dendritic MSNs using triethyoxysilyl butyraldehyde to
create a pH-responsive protein drug delivery system [102]. The disulfide group has
been successfully functionalized on MSN through co-condensation with
bis(triethoxysilylpropyl) disulfide (BTES) as the precursor of the functional group
[103].

For drug delivery applications, MSNs are often functionalized with the polymer
because it improves the drug carrier performance and the therapeutic effect of the
carrier. The polymer type is selected for hybridization with MSN based on desired
outcomes such as biocompatibility, specific targeting, ability to respond to stimuli or
controlled drug release [104]. Some common polymers used for hybridization with

MSN can be named such as PEG, Pluronic, dendrimer, chitosan, ...
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PEG is a biocompatible, non-toxic, water-soluble polymer that is most widely
used in biomaterials, biotechnology and drugs. PEG has been approved for use by
the FDA and is one of the most commonly used polymers for hybridization with
MSNs. When being PEGylated on the surface, the carrier can prevent nonspecific
protein adsorption, reduce renal excretion, reduce toxicity, change biodistribution,
improve stability and increase circulation time in blood. These factors are important
for effective drug delivery [105]. PEG can be hybridized onto the MSN surface
through previously modified MSNs with amino groups [105]. A modified system of
HMSNs with PEG through amino intermediates has been successfully synthesized
by Nguyen Thi Ngoc Tram et al. DOX was used as the model drug to evaluate the
effect of PEGylation on the loading capacity and release profiles of the systems. Due
to the capping effect of the PEG molecules on the pores of HMSN, the synthetic
system could carry a higher DOX amount and establish a better controlled drug
release profile [41].

Pluronics are amphiphilic tri-block copolymers which were FDA-approved and
have long been described in pharmaceutical and clinical applications [106]. Their
molecules compose of a central hydrophobic poly(propylene oxide) (PPO) template
flanked by hydrophilic poly(ethylene oxide) (PEO) chains (Figure 1.20). This
structure on the one hand makes pluronic good biocompatibility, on the other hand
can improve the solubility of encapsulated poorly soluble drugs [107]. Recently,
Pluronics have been modified with several nanoparticles for drug delivery
applications. These poloxamers have been studied to denature on the surface of
nanocarriers such as dendrimer or MSN to improve drug release profiles in cancer
treatment. In particular, for the carrier system with a open pore structure, pluronic is
expected to act as caps to keep the drug inside the pores after encapsulation, avoiding
drug leakage during transportation, and induce a controlled release of the drug [108,
109].
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Figure 1.19. Molecular structure of Pluronics

Adem et al. reported a modifying system between hydrophobic MSN (modified
with Octyl) with Pluronic F127. The modified MSN particles with F127 were
dispersible in both water and phosphate-buffered saline (PBS), while the
conventional MSNs readily agglomerated and precipitated. Improved
biocompatibility of F127 hybrid MSN has been demonstrated through assays for
cytotoxicity, hemolytic activity, and thrombogenic potential [110]. Besides, there
have been several studies using Pluronics to encapsulate poorly soluble drugs. Rajib
et al. reported the use of Pluronic F127 micelles for the encapsulation of hydrophobic
drugs including ibuprofen, aspirin, and erythromycin [111].

In another study, Nguyen Thi Tram Chau and her co-workers successfully
prepared pluronics-conjugated polyamidoamine dendrimer nanocarriers for
hydrophobic drugs (Figure 1.21) [108]. Four kinds of pluronics (P123, F68, F127
and F108) were conjugated on 4th generation of polyamidoamine dendrimer
(PAMAM G4.0). The results obtained from Fourier-transform infrared (FT-IR), H
NMR and Gel Permeation Chromatography (GPC) showed that the pluronics were
successfully conjugated on the dendrimer. The molecular weights of the four
PAMAM G4.0-Pluronics and their morphology are in the range of 200.15-377.14
kDa and the diameter is about 60-180 nm according to TEM, respectively. The
loading and release efficiency of the hydrophobic anticancer drug fluorouracil (5-
FU) was evaluated by HPLC. Interestingly, the G4.0-P123 system of dendrimer
PAMAM in combination with P123 exhibited a higher drug loading efficiency (up
to 76.25%) compared with other pluronics. The cytotoxicity test showed that all the

conjugated nanocarriers are highly biocompatible. The drug-loaded nanocarriers also
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showed inhibitory activity on MCF-7 breast cancer cells. The obtained results
demonstrate the great potential of nanocarriers conjugated with pluronics in general
and lipophilic pluronics specifically in hydrophobic drug delivery for biomedical

applications.

Nanocarrier conjugated a hydrophilic plaronic Nanocarrier conjugated a lipophilic plurenic exhibiting
exhibiting a low kydropbobic drugs leading eflicicacy an effectively hydrophobic drugs loading efliciency

Figure 1.20. Conjugation of polyamidoamine dendrimer and pluronics for
hydrophobic drug delivery [108]

1.4.6. Multiple-Drug Loading HMSN

Chemotherapy is a systemic treatment that has a therapeutic effect on tumors that
have a tendency to metastasize to advanced tumors. However, some problems such
as: (1) Side effects, (2) Low solubility and poor drug stability, (3) Poor distribution
and (4) Multidrug resistance (MDR), are the disadvantages of chemotherapy that
need to be overcome [112]. It has been reported that the use of multiple drugs in
combination can increase the effectiveness of treatment and inhibit tumor growth.
For example, co-distribution of Quercetin (QUE) with Doxorubicin (DOX) was
proved to not only reduce the required dose of DOX but also reduce the
cardiotoxicity produced by DOX [113, 114]. This combination has also been shown
to overcome multidrug resistance in the MDA-MB-231/MDR1 cell line [115].
Importantly, the specific distribution and adequate accumulation of drugs into tumor
by a nanocarrier could reduce the damage to normal organs and enhance the

antitumor efficiency [116].
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There have been several reports of using MSN as a carrier to deliver two
anticancer drugs for treatment. Zhang and colleagues reported the use of hollow
mesoporous organosilica nanoparticle (MON) for drug delivery of doxorubicin and
cisplatin. The results showed the enhanced antitumor activity when two drugs were
used [117]. For the treatment of acute myelogenous leukemia, MSN coated with the
folic acid modified PEGylated lipid bilayer to carry paclitaxel and tanshinone 1A
[118]. The MSN carrier system is composed of polydopamine, and the rattle-
structured upconversion nanoparticles are synthesized to deliver doxorubicin and
hydroxycamptothecin. This carrier can deliver both hydrophilic (doxorubicin) and
hydrophobic (hydroxycamptothecin) drugs, where MSN is used for doxorubicin and
polydopamine for the hydroxycamptothecin shell, respectively [119]. However,
studies on application of HMSN in dual drug delivery are still very limited.
Meanwhile, there have been no reports on dual-drug loading systems based on
HMSN modifying with Pluronic - a polymer with proven dual-drug encapsulating
potential.

Considering the above-mentioned issues, the development of a nano system
based on HMSN modifying with Pluronics for dual drugs loading would address the
obstacles of both HMSN and chemotherapy in cancer treatment. Modified Pluronic
firstly would "cap" the openings pores, thereby improving drug retention and limiting
drug leakage of HMSN in circulation, secondly eliminate the hemolytic effect of
surface silanol, and finally enhance the encapsulation of drugs with different
properties to increase the therapeutic effect. In this doctoral thesis, HMSN was
surface modified with different Pluronics including L64, F68 and F127 for the
investigation of dual drugs loading capacity, loading efficiency and in vitro release
behavior. The model drugs were DOX as a hydrophilic drug and QUE as a
hrdrophobic drug. The methods used to carry out this study are described in detail in

Chapter 2 and the corresponding results are presented in Chapter 6.

In conclusion, researching the best method to fight cancer is an ongoing process.
The approach is through finding a more effective drug or improving the carrier,

where the effectiveness of the drug would be worthless without the best transporter.
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Therefore, finding and improving delivery materials to increase the effectiveness of
drugs is very important. HMSN is one of the carriers that can overcome the problems
posed by current treatments. It has many desirable properties such as high surface
area, adjustable particle size and morphology and easy surface functionalization.
These properties may increase drug loading capacity, improve circulation time, and
develop multifunctional carriers. Although the application as an anticancer drug
delivery agent of HMSN is potential, the properties of HMSN materials such as
particle size, pore diameter, and shell thickness still need to be completed and
optimized with the desired drug/agent. Additionally, modified HMSN systems still
need more studies to verify their activities in vitro as well as expand understanding
of the behavior of drug carrier hybrid HMSN systems in vivo conditions in general
and humans in particular. Therefore, there is still a lot of work to develop HMSN
with the favorable properties for anti-cancer treatment. With the time and
improvement, HMSN is expected to become one of the most effective and potential

anticancer drug delivery systems.
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CHAPTER 2. MATERIALS AND EXPERIMENTAL
METHODS

2.1. Materials

2.1.1. Chemicals
The chemicals used in the study were analytical grade which are listed in Table
2.1.

Table 2.1. List of used chemicals

Order
No. Chemicals’ names Origin Purity
1 | Ammonia solution Merck 25-28%
2 Cetyltrimethylammonium bromide Sigma > 98%
(CTAB)
3 Ethanol Vietnam 96%
4 Absolute Ethanol Chemsol 99.5%
5 Deioned water (DI) Vietnam
6 Sodium carbonate Merck >99.9%
7 Tetraethyl orthosilicate (TEOS) Sigma >98%
8 Acid Acetic Fisher 99.5%
9 (3-aminopropyl)triethoxysilane Sigma >98%
(APTES)
10 | Triethanolamine (TEA) Merck >99%
11 | Polyethylene glycol 1000 (PEG 1000) Sigma
12 | Polyethylene glycol 1000 (PEG 2000) Sigma
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13 | Polyethylene glycol 1000 (PEG 4000) Sigma
14 | Polyethylene glycol 1000 (PEG 6000) Sigma
15 | Polyoxyethylene (10) stearyl ether (Brij Sigma
S10)
16 | Polysorbate 20 (Tween 20) Fisher >95%
17 | Polysorbate 80 (Tween 80) Fisher > 95%
18 | Pluronic F127 Sigma
19 | Pluronic F68 Sigma
20 | Pluronic L64 Sigma
21 | Dulbecco's Modified Eagle Medium Sigma endotoxin,
(DMEM) tested
22 | Fetal bovine serum (FBS) Sigma <10 EU/mL
endotoxin
23 | Penicillin-Streptomycin Sigma 1000 U/mL
24 | Thiazolyl Blue Tetrazolium Bromide Sigma
98%
(MTT)
25 | Doxorubicin (DOX) Sigma > 98%
26 | Rose Bengal (RB) Sigma 95%
27 | Quercetin (QUE) Sigma > 95%

2.1.2. Equipments
The equipments used in the study were at the Institute of Applied Materials

Science (IAMS) and other national research institutions which are listed in Table 2.2.
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Table 2.2. List of used equipments

Order No. Equipments’ name Origin
1 Refrigerated Centrifuge Hermle Z 32 HK Germany
2 Bench Top Freeze Dryer Eyela FDU-1200 Japan
3 Zetasizer Horiba SZ-100 Japan
4 Transmission electron microscopy Jeol JEM-1400 Japan
5 Field Emi_ssion _Scanning elc_ectron mic_roscope with Japen

Energy Dispersive X-ray microanalysis
6 NMR Spectrometer Bruker 500 MHz Germany
7 X-ray Diffractometer Bruker D2 Advance Germany
g Thermogravimetric Analyzer Mettler Toledo Switzerland
TGA-DSC 3*
9 Su_rface _Area _ and Porosime_try Analyzer USA
Micromeritics TriStar Il Plus (Version 3.03)
UV/Visible Scanning Spectrophotometer
10 Shimadzu UV/Vis-l%O(? i Japan
11 Bruker Equinox 55 FT-IR spectrometer Germany
12 CelCulture CO2 Incubators Japan
13 Tissue culture hood Japan
14 Confocal microscopy USA

2.2. Synthesis Methods

2.2.1. Synthesis of HMSN

HMSN were synthesized by hard-template method through three main steps,
including (1) the preparation of the hard template dSiO> using Stober method, (2) the
preparation of core@shell structure dSiO2@MSN using sol-gel technique, and (3)
the selective etching of dSiO.@MSN to form HMSN [52]. The synthesis processes
are presented in the following Diagram 2.1, Diagram 2.2 and Diagram 2.3.

In the first step, dSiO. as hard templates were prepared by a modified Stober
method [41]. To control the HMSN particle diameter below 100 nm, the particle size
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of dSiO was reduced through the synthesis components such as the concentration of
silica precursor TEOS, the concentration of catalyst agent NHs and the amount of
EtOH [42, 67]. Typically, 70.0 mL of absolute ethanol was mixed with 10.0 mL DI
and 3.0 mL of ammonia and stirred for about 15 minutes at 60 °C. Then 6.0 mL of
TEOS was added to the mixture and the reaction was allowed to happen for 6 hours.
After that, the time of mesoporous silica coating step and hard template silica etching
step would be shortened through reactional parameters such as temperature and

catalyst agent [52].

H,0: 10.0 mL
Abs EtOH: =
70.0 mL

Magnetic stirring,
50 °C, 30 mins

A g

NH; 25%: 3.0 = Magnetic stirring,
mL 50 °C, 30 mins

dsio,

= Magnetic stirring,
50°C, 6 hrs

¢

= 12-14 kDa membrane
dialysis, 3 days

¢

dSi0, dispersed
solution

Diagram 2.1. The preparation of the hard template dSiO-

In the second step, mesoporous silica layer was coated on the hard-templates
using sol-gel method [52]. A solution including 3.0 g of CTAB, 50.0 mg of TEA and
20.0 mL of DI was prepared. Then, 10 mL of the dSiO> solution obtained in the first
step was added and stirred at room temperature for 1 hour. The mixture was
alternately heated to 80 °C, added 0.5 mL of TEOS and stirred for 1 hour to form
dSiO2@MSN.
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CTAB:3.0¢g
H,0:20.0 mL
TEA: 50.0 mg

= Magnetic stirring,
RT, 60 mins

¥

Magnetic stirring,
RT, 60 mins

$

Magnetic stirring,
80 °C, 30 mins dSiO,@MSN

$

Magnetic stirring,
= 80 °C, 60 mins

Ultrasonication,
20 mins

¥

dSiO,@MSN
dispersed solution

S10, disperse
solution: =
10.0 mL

Diagram 2.2. The preparation of core@shell structure dSiO.@MSN

In the third step, the hard-templates were removed via etching process using an
aqueous NaCOs solution [20, 62]. The mixture obtained in the second step was
cooled down to 50 °C before the addition of Na>CO3 (to reach the concentration of
21.2 mg/mL) and then stirred continuously to let the etching process happen. To
study the etching of silica hard-template over time, a certain volume of the reaction
mixture was aspirated every 30 minutes. The collected samples, named by the
etching time including HMSN 30, HMSN 60, HMSN 90, HMSN 120, HMSN 150
and HMSN 180, were dialyzed by 12 x 14 kDa membranes against ethanol and
distilled water in 3 days before lyophilized. After that, the particle size, morphology
and particle structure of the samples were evaluated via Scanning electron
microscope (SEM) and TEM images in order to choose suitable etching time. The
chosen HMSN (with suitable etching time) was characterized FT-IR,
Thermogravimetric analysis (TGA), Brunauer-Emmett-Teller (BET), Barret Joyner

and Halenda (BJH), Dynamic Light Scattering (DLS), zeta potential, X-ray
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Diffraction (XRD), Energy-dispersive X-ray spectroscopy (EDX) and MTT

analytical methods.

Magnetic stirring,
= 50°C

¥

Na,CO;: 21.2 = Magnetic stirring,
mg/mL 50 °C, 2 hrs

$

=) 12-14 kDa membrane
dialysis, 3 days HMSN

¢

HMSN dispersed
solution

Diagram 2.3. The selective etching of dSiO>@MSN to form HMSN

2.2.2. The effect of PEG on the mesoporous shell thickness of HMSN

To investigate the effects of PEG on the mesoporous shell thickness of HMSN,
PEG with difference molecular weight (1000, 2000, 4000 and 6000 g/mol) and
weight percentage (from 1% to 5%) was added into the reaction mixture in the second
step of the synthesis process of HMSN as described in Diagram 2.4.

A part of the achieved solution after the second step was dialyzed by 12 x 14 kDa
membranes against ethanol and distilled water in 3 days before being lyophilized to
obtain dSiO>@MSN. The post- lyophilized dSiO.@MSN samples were calcined at
600 °C for 2 hours to removal of residual organic components for further
experiments. These dSiO.@MSN samples were measured DLS and SEM to
determine the morphology and diameter of the particles. Based on the DLS particle
diameter of dSiO2 and dSiO.@MSN, the thickness of the mesoporous shell would

be calculated following the equation:

Tg= ddSiO2@M§N - dgsio2 (1)
Where:  TS: the thickness of mesoporous shell (nm)
dasio2@MSN: diameter of dSiO.@MSN particles (nm)

dasio2: diameter of dSiO; particles (nm)
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CIAB Magnetic Stirring,
H,0 = Room Temperature
TEA

= Magnetic Stirring,
Room Temperature
2 RN Magnetic Stirring,
[ 1 =N 3

(. PEG M 20 oC
Magnetic Stirring,

Sonicating
dSiO,@MSN

Diagram 2.4. Mesoporous silica layer coating step in HMSN synthesis process with
the presence of PEG

The rest of the dSiO.@MSN solution was continued to conduct the third step to
obtain HMSN. The post- lyophilized HMSN samples were calcined at 600 °C for 2
hours to complete removal of residual organic components for further experiments.

In order to better clarify the role of PEG in the HMSN synthesis, characteristics
of synthesized HMSNs with and without PEG named as HMSN-0 and HMSN-P,
respectively, were determined and compared via SEM, TEM, BET, FT-IR, EDX,
DLS and Zeta potential analysis.

The drug loading capacity (DLC) and drug loading efficiency (DLE) as well as
drug release profiles of HMSN-0 and HMSN-P were investigated using DOX as a
model drug and DOX amount was identified using UV-Vis spectrometer at 480 nm.
Finaly, cytotoxicity of the synthesized HMSN-0 and HMSN-P was evaluated
through the MTT assay on MCF-7 cell line.
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2.2.3. The effect of non-ionic surfactants on the mesopore diameter of HMSN

Non-ionic surfactants with different hydrophobic tails and hydrophilic heads
including Tween 20 (T20), Tween 80 (T80) and Brij S10 (BS10) (Figure 2.1) were
used as co-templates for mesopores in the preparation of HMSN. Tween 20 and
Tween 80 have similar hydrophilic heads and different hydrophobic tails, while Brij
S10 and Tween 80 have similar hydrophobic tails and different hydrophilic heads.
The use of these nonionic surfactants would help to evaluate the effect of their
structure on the formation of mixed micelles with CTAB, and accordingly on the

mesopore diameter of HMSN.

Hydrophobic Tail Hydrophilic Head
| Br
ﬁsc\';/CH!
CTAB: 16 C \/\/V\/\/\W NeH
3

MW 364.45 )
I
BrijS10: 18C :

MW 711 NN (0CH,CHy)100H

5=

Tween 80: 17 C =
MW 1310

£

0]

X
H H
0] 0 y 0 /\%ZO

X+y+z+w=20

o

o)
Tween 20: 11C PPN 0
MW 1227 1 0’6\/ d 3
| HO
: Eg\o X OH
: o o/\'}z
1

X+y+z+w=20

Figure 2.1. Molecular formulas of the used non-ionic surfactants versus CTAB

The mixed micelles of non-ionic surfactants at difference molar ratio with the
constant CTAB (0:1, 1:4, 1:3, 1:2 and 1:1) were used in the second step of the HMSN
synthesis process as co-templates to coat the mesoporous shell onto the hard template

dSiO2. The mesoporous shell coating process was described in Diagram 2.5.
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Diagram 2.5. Mesoporous silica layer coating step in HMSN synthesis process with
the presence of non-ionic surfactants as co-templates

A part of the achieved solution after the second step was dialyzed by 12 x 14 kDa
membranes against ethanol and distilled water in 3 days before being lyophilized to
obtain dSiIO2@MSN. These dSiO.@MSN samples were measured DLS size, BET
Surface Area Analysis and BJH Pore Size and VVolume Analysis to determine the
morphology and diameter of the particles as well as diameter of meso-pores.

The thickness of the mesoporous was calculated based on the particle diameter of
dSiO2 and dSiO@MSN and the Equation (1). Based on the BET and BJH analysis,
the meso-pore diameter of dSIO2@MSN samples were determined and compared.
The rest of the dSiO.@MSN solution was continued to conduct the third step to
obtain HMSN and the products were characterized via SEM, TEM, Zeta potential,
XRD and FT-IR analysis.

The DLC and DLE values as well as drug release profiles of HMSN and HMSN-
S (HMSN-BS10, HMSN-T20 and HMSN-T80) were investigated. To evaluated the
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ability of the particles to load cargos with bigger size, Rose Bengal (RB) (MW
1017.64 g/mol, as twice higher than that of DOX) was used as the model drug and
loaded into the particles using equilibrium dialysis method [120]. To quantify and
calculate the released drug in dialysis systems, the collected samples were subjected
to UV-Vis spectrophotometry at 546 nm [42]. Additionally, cytotoxicity of the
obtained HMSN and HMSN-S was evaluated using MTT assay on MCF-7 cell line.

2.2.4. Surface Modification Method of HMSNSs with Pluronics

To modify the surface of HMSN with Pluronic, HMSN and Pluronic molecules
need to be activated. For HMSNs, the nanoparticle surface was impregnated with a
more active amine group by modification with APTES to form HMSN-NH> [121,
122]. For pluronic, the -OH groups at the ending terminals were activated with 4-
Nitrophenyl chloroformate (NPC). Then, the two- activated terminals of Pluronic
were reacted with 3-amino-1-propanol to form an -OH group at one end and a nitro
group at the other end, forming NPC-Plu-OH [123, 124]. Finally, HMSN-NH> was
reacted with NPC-Plu-OH to form the product HMSN-Plu. The methodology of
modification HMSN with Pluronic was inherited from doctoral thesis of Nguyen Thi

Ngoc Tram.

2.2.4.1. Activation HMSNs’ surface with APTES

The prepared HMSN were functionalized its surface with amine groups by the
reaction with APTES. Firstly, 200 mg of the prepared HMSN was dispersed in 20
mL ethanol and sonicated for 20 min. The dispersion was then moved to a round
bottom flask and stirred for 15 min. A mixture of APTES : EtOH (1:1, v/v) was added
drop by drop into the HMSN dispersed solution. The reaction was carried out with
continuous stirring for 24 h at room temperature. Finally, the particles HMSN-NH>
were collected and washed by centrifuging with ethanol and water for 10 min at

10000 rpm. The HMSN activating process was shown in Diagram 2.6.
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Diagram 2.6. The surface activation of HMSN with APTES

2.2.4.2. Activation of Pluronic with NPC

Firstly, 5 g of Pluronic was heated in vacuum environment for 1.5 h in a 250 mL
round bottom flask to ensure that Pluronic was totally melted and dehumidified. After
that, a sufficient amount of NPC was added into the melted Pluronic and stirred at
the same temperature for 5 h in a nitrogen atmosphere. The mixture was then cooled
down to room temperature, added by 10 mL of THF and stirred for another 16 h.
Consequently, amino-1-propanol diluted in 10 mL of THF was dropped little by little
into the mixture and stirred slowly in 5 h more. The resulting solution was
precipitated in 250 mL of cold diethyl ether and vacuum-filtered. The product NP-
Plu-OH was evaporated to completely remove the remaining solvent [125]. The

activating process of Pluronic was shown in Diagram 2.7.
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Diagram 2.7. The activation of Pluronic with NPC

2.2.4.3. Modification of HMSN-NH> with NPC-Plu-OH

HMSN-Plu was synthesized by the reaction between the prepared HMSN-NH:
and activated NPC-Plu-OH [126, 127]. Firstly, 50 mg of HMSN-NH2 was dispersed
in 10 mL of DI, soicated in 15 min and moved to a round bottom flask, which was
named mixture A. For the moment, 100 mg of NPC-Plu-OH was dissolved in another
10 mL of DI, named mixture B. Then, B was added drop by drop into A under
continuous magnetic stirring for 2 h at 350 rpm. The product HMSN-Plu was
dialyzed by 12 x 14 kDa membranes against distilled water before lyophilized. The

process was shown in Diagram 2.8.
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Diagram 2.8. The preparation of HMSN-Plu from HMSN-NH: and NPC-Plu-OH

2.2.5. The effect of Pluronics on dual-drugs delivery characteristics of HMSN-

Plu

Pluronics with different number of hydrophilic blocks (PEO) and hydrophilic
blocks (PPO) including L64, F68 and F127 (Table 2.3) were activated and denatured
on the surface of HMSN particles. HMSN-Plu systems were then identified their
propeties including DLS, Zeta potential, morphology and porosity to evaluate the
influence of different types of Pluronic on the physico-chemical properties of HMSN
particles after the surface modification.

Moreover, DOX as hydrophilic drug and QUE as hydrophobic drug were used as
the model drugs in drug loading capacity, drug release profiles and cytotoxicity
experiments to evaluate the influence of these Pluronics on the biological properties

of the conventional HMSN. DOX was encapsulated first in HMSN-Plu systems using
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DI as the solvents. After that, QUE was loaded into the DOX@HMSN-PIlu using
DI:MeOH (1:1, v/v) as the solvents.

Table 2.3. Characteristics of the used Pluronics

_ Average number  Average number  Molar mass
Pluronics

of PEO units (x) of PPO units (y) (Da)
L64 14 31 2900 [128]
F68 82 31 8400 [129]
F127 95 62 12600 [129]

2.3. Physicochemical Analysis Methods

The particle size distribution was determined by DLS, meanwhile the zeta
potential ({) was determined through a Helium-neon (He-Ne) laser beam with the
setting detection angle of 90°, temperature of 25 °C and wavelength of 532 nm using
a Zetasizer Nano SZ (SZ-100, Horiba, Kyoto, Japan) at the Institute of Applied
Materials Science.

To evaluate the particle size, morphology and hollow@shell structure of the
synthesized samples, Scanning Electron Microscopy (SEM) and Transmission
electron microscope (TEM) images were taken on FE-SEM S-4800 (HITACHI,
Tokyo, Japan) and JEM-1400 (JEOL, Tokyo, Japan), respectively. Moreover,
Energy dispersive X-ray spectroscopy (EDX) analytical method was used for
chemical characterization using FE-SEM S-4800.

To study the components and evaluate the purity of the synthesized particles, FT-
IR and thermal gravimetric analysis (TGA) were carried out. FT-IR investigation
was performed on Bruker Equinox 55 FT-IR spectrometer (Bruker, Ettlingen,
Germany) using KBr pellet method. Additionally, TGA investigation was performed
with a TGA Analyzer (Mettler Toledo, Switzerland) under a nitrogen flow with

temperature program from 30 to 800 °C at the increasing speed of 10 °C/minute.
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XRD experiment was performed on a Bruker D2 Phaser diffractometer
(Germany) using mono-chromated CuKo radiation to investigate the molecular
structure of HMSN.

Brunauer-Emmett-Teller (BET) Surface Area Analysis and Barrett-Joyner-
Halenda (BJH) Pore Size and Volume Analysis were operated on TriStar Il Plus
(Version 3.03, Micromeritics, GA, USA).

Drug amount including Doxorubicin (DOX), Rose Bengal (RB) and Quecertin
(QUE) was determined by measuring the absorbance at 480, 546 and 380 nm,
respectively, using a UV/Visible Scanning Spectrophotometer UV/Vis-1800
(Shimadzu, Japan).

2.4. Drug loading and in vitro release study

The DLC and DLE values as well as drug release profiles of nano particles were
investigated. Model drug was loaded into the particles using equilibrium dialysis
method [120]. Initially, 20 mg of the nanocarriers was dispersed in 8 mL of
appropriate solvent (DI, EtOH, MeOH or DMSQO) and 2 mg of the drug was dissolved
in another 2 mL of the solvent. Then, drug solution was added into the mixture and
stirred at room temperature for 24 h. After that, the loaded particles were collected
by centrifuging at 10.000 rpm in 30 min. The supernantant was collected and checked
for unloaded drug by UV-Vis.

The free drug standard curves were established by measuring the absorbance of
known concentration drug solutions (5-50 ppm and 0-5 ppm) at corresponding
wavelength using a UV/Vis-1800 spectrophotometer (Jasco Co., Tokyo, Japan) [42].

DLE and DLC values for each drug were calculated using the equations below:

DLE (%) = ===2x100%  (2)

20 - Wyon.p
(Wparticles +20 - WhonD)

DLC (%) = x100% (3)

Where: 20 (mg) is the initial amount of drug used in the loading experiment
Whon-p the total amount of unloaded drug detected in the dialysis
solution

Wharticles 1S the dried weight of the carrier system
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The drug release profiles of free drug and loaded drug were assessed in PBS
buffer using dialysis method which was described in the previous study [41] . First,
1 mL of free drug or loaded drug suspended in PBS was transferred to a 12-14 kDa
dialysis bag and immersed in a vial containing 20 mL of the release medium. Then,
the vial was placed in an orbital shaker bath maintained at 100 rpm continuous
shaking. At the marked times, 2 mL of the release medium was collected and an
equal volume of fresh medium was added. The collected release medium was

analyzed by UV-Vis spectroscopy to determine the released drug [42].

2.5. Cell culture and MTT assay

Cytotoxicity of the synthesized particles and killing cancer cell effect of drug
loading particles was evaluated through the MTT assay. Human breast cancer (MCF-
7) cells and Human cervical cancer cells (Hela) were used as model cell lines. Both
MCF-7 and Hela cell lines were supplied by ATCC (Manassas, VA). The cells were
cultivated in complete DMEM (10% FBS, 100 IU/mL penicillin, and 0.1 mg/mL
streptomycin) in a 5% CO>2 humidified incubator. The cells were seeded into a 96-
well culture plate with a density of 3x10* cells/well. After 24 h being incubated with
the culture media, the cells were treated with the synthesized particles at different
concentrations from 10 pg/mL to 250 pg/mL, or were treated with free drug and
loaded drug at different concentrations from 0.1 to 50 pg/mL for 48 h. Then, 20 uL
of 5 mg/mL MTT solution were added to each well and incubated for 4 h more at 37
°C. The culture medium was discarded, DMSO was added with the amount of 100
uL/well and subsequently shaken for 2 min. Then the absorbance was measured in a
microplate reader at the wavelength of 570 nm [40]. The cell viability was calculated

using the following equation:

Abssample‘AbSblank

Cell viability (%)= x100% 4)

Abscontrol-AbSplank

2.6. Statistical analysis
Each experiment was performed in triplicate. The calculated results were

presented as mean * standard deviation (SD). Testing for significant differences
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between means was carried out using one-way ANOVA with Bonferroni's post-test
(p <0.05).
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CHAPTER 3. AMODIFIED HARD-TEMPLATE
METHOD FOR HOLLOW MESOPOROUS SILICA
NANOPARTICLES SYNTHESIS WITH SUITABLE

PARTICLE SIZE AND SHORTENED SYNTHETIC TIME

3.1. Synthesis of silica hard-template

The dSiO. particles were obtained after the first step of the HMSN synthesis
process. Characteristics of the obtained dSiO: including zeta potential and
hydrodynamic size were showed in Figure 3.1a and Figure 3.1b. The synthesized
hard-templates had a zeta potential of -45.8 + 0.4 mV, which was consistent with the
previous reports of silica nanoparticles [130]. The hydrodynamic size of dSiO2 was
determined as 96.8 £ 0.3 nm with polydispersity index (Pl) of 0.072. Low PI value
(< 0.1) indicated that the obtained dSiO2 was highly uniform with respect to the
particle size [131].
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Figure 3.1. Characterizations of the synthesized hard-template dSiO>: a) Zeta
potential; b) DLS particle size distribution; ¢) SEM image; d) TEM image
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The morphology of the dSiO- particles was presented via SEM and TEM images
in Figure 3.1c and Figure 3.1d. As can be seen from SEM and TEM images, the
dSiO; particles are mono-disperse spheres with particle diameter of 65.3 + 0.4 nm.
Compare to the previous studies, the hard template dSiO, diameter reduced from
more than 100 nm to about 65 nm [52, 67]. The reduction of the hard template

diameter is expected to lead to the reduction of the synthesized HMSN.

3.2. Etching over time of silica hard-template in the synthesis of HMSN

HMSN particles which was under different etching time from 30 to 180 minutes
were taken SEM and TEM image (Figure 3.2). SEM images presented the outside
appearance of HMSN, showing that the particles had non-hollow structure after 30
and 60 minutes of etching. The hollow structure of HMSN was visible after 90
minutes and most obvious after 120 minutes of etching. However, after 150 minutes
of etching, the shell appeared to have some holes in it, indicating that it had begun to
be corroded but the particles was still spherical. Finally, after 180 minutes of etching,
the particles lost their spherical shape and the shell was collapsed.

TEM images showed the status of the hard template which could help explain
how the etching process occurred. When the etching agent accessed the template, the
rattle-type spheres with double-shell structure would be first obtained (HMSN 30,
HMSN 60). After that, the cavity extended toward both sides and consequently the
hollow structure was formed (HMSN 90, HMSN 120). When the hard template was
totally corroded, the mesoporous shell would be corroded and destroyed by the
etching agent (HMSN 150, HMSN 180). This observed phenomenon was consistent
with the mechanism of selective etching in the previous report [64]. As previously
mentioned, CTAB at sufficient concentration (21.2 mg/mL) would acted as a
protector for the mesoporous shell and uniform HMSNs with clear hollow cavity
would be obtained when the etching process was done (in this case the suitable
etching time was determined as 120 min). However, too long etching time (150 and
180 min) would cause over-etching, leading to the etching of the shells and resulting
aggregated particles with rough surfaces. Gradually, the shell became thinner, was

destroyed and the particle structure collapsed as seen in Figure 3.2.
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These results suggested that the suitable etching time was 120 minutes,
consequently the HMSN 120 would used for further experiment. Importantly, the
synthetic time of HMSN for the main reactions in the current study decreased from
21 hours to 9 hours. In details, hard-template preparation time was remained for 6
hours, mesoporous shell coating time shortened to 1 hour and hard-template etching
time shortened to 2 hours [67]. This modified hard-template method with shorter
synthetic time would be meaningful for scientists who study on silica nanoparticles

as well as for industrial scale production.
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Figure 3.2. SEM and TEM images of HMSN over etching time.

3.3. Characterizations of synthesized HMSN

The synthesized HMSN particles were characterized via TEM, BET, BJH, FT-
IR, EDX, Zeta potential, DLS, XRD and TGA analysis whose results were showed
in Figure 3.3 and Figure 3.4.

TEM images of the synthesized dSiO.@MSN and HMSN 120 were presented in
Figure 3.3a and Figure 3.3b. Based on TEM image, dSiO.@MSN particles showed
core@shell structure: the inner dark region is the solid template and the surrounding
brighter region is the mesoporous shell. Meanwhile, HMSN’s TEM image clearly
showed the hollow@shell structure of the chosen HMSN 120 particles with the
particle diameter of 80.2 £ 1.3 nm, the hollow diameter of 65.3 + 0.9 nm, and the
mesoporous shell thickness of about 7.5 nm. Compare to the previous studies, the

particle size of the synthesized HMSN reduced from over 134 nm to about 80 nm
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[52, 67]. Recently, nanomaterials have been surface modified with different
polymers and functional groups to increase their biocompatibility, drug loading
capacity and targeting ability, the particle diameter consequently will increase after
being denatured [65]. Therefore, this obtained HMSN would be a appropriate
material for a complete nano-carrier preparation.

As a consequence, on the one hand, this study has reduced the hard tenplate size
dSiOz by changing the ratio of reactants including TEOS, EtOH and DI. On the other
hand, the study has determined the appropriate etching time of hard template for the
HMSNs synthesized from this reduced-size template. The highlight of this study was
that the modified synthesis process of HMSN particles by hard template method to
both achieve the desired HMSN particle size and shorten the time and corresponding
cost of synthesis.

The N2 adsorption—desorption isotherms and the pore size distributions of HMSN
were shown in Figure 3.3c and Figure 3.4d. As can be seen, the HMSN’s isotherms
was classified as Langmuir type IV isotherm curve and type H. hysteresis loop
according to IUPAC, proving mesoporous nature of the synthesized HMSN [132,
133]. Additionally, the surface area and the pore diameter of HMSN were determined
as about 767.2 m?/g and 2.5 nm, respectively. These results are in relative agreement
with the previous publications [68, 134].

As seen from the FT-IR spectrum (Figure 3.4a), the strong absorption bands at
1103 cm, 814 cmand 467 cm™ were attributed to the anti-symmetric stretching
vibration, symmetric stretching vibration and bending vibration of Si-O-Si,
respectively. The characteristic absorption peaks at 3500 cm™? and 951 cm*
corresponded to the bending vibration of Si-OH [135]. The elemental composition
on the surface of HMSN was identified via EDX analysis (Figure 3.4b). The EDX
pattern showed the presence of oxygen and silicon elements with the atomic
percentages of 68.82 and 31.18, respectively, predicting that CTAB and other reacted

reagents were well removed [136].
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Figure 3.3. a) TEM image of dSiO.@MSN; b) TEM image of HMSN, c) N2
adsorption-desorption isotherms of HMSN and d) Pore size distributions of HMSN

The synthesized HMSN had a zeta potential of -46.6 + 0.7 mV (Figure 3.4c),
which was other than —30 mV to +30 mV, would help prevent agglomeration and
kept the particles dispersed well [137]. DLS analysis determined the hydrodynamic
size of HMSN was 108.2 £ 1.8 nm and Pl was 0.083 (Figure 3.4d). Low PI value (<
0.1) indicated that the obtained HMSN was highly uniform with respect to the
particle size [131]. Figure 3.4e showed the XRD pattern of HMSN with un-sharp
peak at 20 =23.9°, confirming the amorphous nature of silica particles [138]. Figure
3.4f presented the TGA graph HMSN. The initial weight loss at temperature below
200 °C, which was about 4.6%, could be attributed to the physically adsorbed water.
In the range of 200 — 800 °C, no loss of weight was observed, indicating that CTAB

and other reacting reagents were well removed.
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Figure 3.4. Characterizations of the synthesized HMSN: a) FT-IR spectrum; b)
EDX parttern; c) Zeta potential; d) DLS particle size distribution; ) XRD pattern;
and f) TGA graph

3.4. Cytotoxicity of synthesized HMSN

MTT assays on MCF-7 cell line were carried out to evaluate the cytotoxicity of
the synthesized HMSN and the results were shown in Figure 3.5. As can be seen
from the figure, the cell viability was 100% when being treated with 10 pg/mL
HMSN. When the treated concentration of HMSN increased to 250 pg/mL, the cell
viability gradually decreased but remained higher than 80%. This meant the
synthesized HMSN had no obvious toxicity on MCF-7 cells in a range of
concentrations from 10 to 250 pg/mL, demonstrating that the synthesized HMSN in

the current study could be regarded as a biocompatible nanocarrier.
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Figure 3.5. a) Cell viability assay by MTT assay with variable concentrations of
HMSN on MCF-7 cells; b) Morphology of MCF-7 cells treated by HMSN at
different concentrations

3.5. Summary

The HMSN particles with an optimal diameter were successfully prepared by the
modified hard-templating in a shortened synthetic time. The obtained HMSN
particles showed high uniform morphology as spheres with hollow core-mesoporous
shell structure, having the particle diameter of about 80 nm, the hollow diameter of
about 65 nm, and the mesoporous shell thickness of about 7.5 nm. The observation
via SEM and TEM images of hard-template etching over time in the hollow
mesoporous silica nanoparticle synthesis has shown that the suitable etching time has
been determined to be 120 minutes. The synthetic time for the main reactions was
shortened by more than half from 21 hours to 9 hours. Moreover, the synthesized

HMSN performed as a biocompatible material with no in vitro toxicity at the
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concentration up to 250 pg/mL. This modified hard-template method with shorter
synthetic time and nearly 100 nm obtained particle diameter would be meaningful
for scientific research and industrial scale production.

The research results of this content have been accepted for publication in Vietnam
Journal of Science and Technology, ISSN 2525-2518, 0866-708X with the title “A
Modified Hard-Templating for Hollow Mesoporous Silica Nanoparticles
Synthesis with Suitable Particle Size and Shortened Synthesis Time”. Accepted
notification in 20 August 2022.
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CHAPTER 4. SIMPLY AND EFFECTIVELY CONTROL
THE SHELL THICKNESS OF HOLLOW MESOPOROUS
SILICA NANOPARTICLES BY POLYETHYLENE GLYCOL
FOR DRUG DELIVERY APPLICATIONS

4.1. Effect of PEG molecular weight on the mesoporous shell thickness of

dSiO.@MSN

To investigate the effect of molecular weight of PEG on the mesoporous shell
thickness of dSiO.@MSN, PEG with molecular weights of 1000, 2000, 4000 and
6000 g/mol was added at a concentration of 3% (w/v) into the reaction mixture. The
obtained samples were designated as dSiO.@MSN-P1k, dSiO.@MSN-P2k,
dSiO.@MSN-P4k and dSiO@MSN-P6k and their DLS size and FE-SEM images

were shown in Figure 4.1.
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Figure 4.1. Size dispersion by DLS measurement and field-emission scanning
electron microscopy (FE-SEM) images of (a, a’)dSiO, (b, b”) dSiO2@MSN, (¢, ¢”)
dSiO>@MSN-P1k, (d, d’) dSiO.2@MSN-P2k, (e, ¢”) dSiO2@MSN-P4k and (f, )

dSiO2@MSN-P6k
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First, all the samples including hard template dSiO2 and mesoporous shell-coated
particles samples dSiO.@MSN and dSiO.@MSN-Pxk (x was 1, 2, 4 and 6) were
obtained with spherical shape, monodisperse, and highly narrow size distribution
(polydispersity index (PI) ranged from 0.072 to 0.123). In addition, the FE-SEM
images showed that dSiO. particles had clear boundaries and fine surface.
Meanwhile, dSiIO,@MSN and dSiO@MSN-Pxk particles performed less clear
boundaries and slightly rough surface. This suggested that mesoporous shell had
been successfully coated on the hard template dSiOo.

The particle diameter of dSiO., dSIO.@MSN and dSiO@MSN-Pxk samples
was calculated from FE-SEM images using ImageJ. Subsequently, the mesoporous
shell thickness was calculated using the equation (1). The results are presented in
Table 4.1.

Table 4.1. Effect of PEG molecular weight (1000, 2000, 4000 and 6000) at 3% (w/v)
on the particle diameter and mesoporous shell thickness of dSiO@MSN samples
(based on FE-SEM images). Means with the same upper letters (3, °, ) are not
statistically different based on the least significant difference at p < 0.05

Particles Diameter (nm) Shell thickness (nm)
dSio. 65.3+1.99 -
dSiO2@MSN 75.8+1.83% 5.25
dSiO2@MSN-P1k 79.1+1.93aP 6.90
dSiO.@MSN-P2k 85.2+0.65° 9.95
dSiO2@MSN-P4k 94.1+3.87°¢ 14.40
dSiO2@MSN-P6k 97.7x4.77° 16.20

The results showed that at the same concentration of 3% (w/v) in the reaction
mixture, when PEG molecular weight increased from 1000 to 6000 g/mol, the
mesoporous shell thickness gradually increased from 6.90 nm to 16.20 nm,

respectively. ANOVA analysis and Bonferroni Correction showed that there was no
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statistically significant difference between the pairs dSIO.@MSN versus
dSiO2@MSN-P1k, dSiO.@MSN-P1k versus dSiO>@MSN-P2k, and dSiO.@MSN-
P4k versus dSiO2@MSN-P6k (p < 0.05).

For HMSNs with the same cavity volume, the one has a thicker mesoporous shell
(means longer meso-channels) is expected to have more space for drug encapsulation
and more sustained drug release profile. Moreover, in order to ensure a certain
mechanical stability for HMSNs, they should have a sufficiently thick mesoporous
shell so as not to break during handling and administration. Mechanical stability of
HMSN was studied and proved to depend on the thickness of the mesoporous shell
by Lasio et al. [139]. Accordingly, HMSNs with shell thickness from 14 to 18 nm
with complete shells were broken under pressure from 103.0 to 123.6 MPa.
Therefore, HMSN particles in the current study with mesoporous shell thickness in
the range of 14.40 to 16.20 nm, which were obtained in the presence of 3% (w/v)
PEG 4000 and PEG 6000, were expected to meet the above mentioned
characteristics. PEG 6000 was chosen to prepare HMSN for further studies.

4.2. Effect of PEG weight percentage on the mesoporous shell thickness of
dSiO.@MSN

To investigate the effect of PEG weight percentage on the mesoporous shell
thickness of dSiO.@MSN, PEG 6000 was added to the reaction mixture at difference
concentrations from 1% to 5% (w/v). The obtained samples were named as
dSiO2@MSN-Py% (y was from 1 to 5) and their DLS size and FE-SEM images were
shown in Figure 4.2.

Similar to the previous experiment on the effect of PEG molecular weight on the
mesoporous shell thickness, the dSiO.@MSN-Py% samples were spherical,
monodisperse, and highly uniform in particle size (Pl ranged from 0.062 to 0.133).
The mesoporous shell was successfully coated onto the hard template dSiO> particles
with unclear boundaries and slightly rough surface. Based on the particle diameter
of dSiO,, dSIO,@MSN and dSiO.@MSN-Py% determined from FE-SEM images,
the mesoporous shell thickness was calculated using the equation (1). The results are

presented in Table 4.2.
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Figure 4.2. Size dispersion by DLS measurement and field-emission scanning
electron microscopy (FE-SEM) images of (a, a’) dSiO>2@MSN-P1%, (b, b’)
dSiO2@MSN-P2%, (c, ¢’) dSiO2@MSN-P3%, (d, d’) dSiO.@MSN-P4% and (e,
e’) dSiO2@MSN-P5%

When the concentration of PEG 6000 increased from 1% to 5% (wi/v), the
mesoporous shell thickness corresponding increased from 10.45 to 18.25 nm. These
results once again confirmed that the presence of PEG in the reaction system would
increase the mesoporous shell thickness of HMSN particles. However, ANOVA
analysis and Bonferroni Correction showed no statistically significant difference
between the samples dSiO.@MSN-P2%, dSiO,@MSN-P3%, dSiO.@MSN-P4%
and dSiO2@MSN-P5%.

It was reported that in aqueous solution, ether oxygen atoms of PEG (—O-)
formed hydrogen bonds with water molecules. Therefore, separate zigzag chains of
PEG (Figure 4.3a) through hydrogen bonds with water molecules would form an
ordered net structure (Figure 4.3b) [140-142]. At the same concentration in the

reaction system, the high PEG molecular weight resulted in enlarged the PEG net
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structure horizontally. Meanwhile, when the concentration in the reaction system of

the same PEG increases, its ordered net structure will expand vertically.

Table 4.2. Effect of weight percentage of PEG 6000 (1% - 5%) on the particle
diameter and mesoporous shell thickness of dSiO.@MSN samples (based on FE-
SEM images). Means with the same upper letters (3, ®, ©) are not statistically different
based on the least significant difference at p < 0.05

Particles Diameter (nm) Shell thickness (nm)
dSiO> 65.3+1.99 -
dSiO.@MSN 75.8 £1.83 5.25
dSiO2@MSN-P1% 86.2+1.01 10.45
dSiO2@MSN-P2% 943+0.87°2 14.50
dSiO.@MSN-P3% 97.7x4.772 16.20
dSiO2@MSN-P4% 99.8+2.46°2 17.25
dSiO2@MSN-P5% 101.8+1.68° 18.25

When the amount of PEG added is greater than the saturation adsorption of the
nanoparticles in solution, this ordered net structure could change the particle growth
Kinetics which promotes nucleation and facilitates the particle agglomeration [143].
Therefore, growing the PEG network in the solution either vertically (increase the
PEG concentration) or horizontally (increase the PEG molecular weight) could
promote the nucleation and agglomeration of silica nanoparticles. In addition, as an
inert polymer, PEG has been commonly used to reduce surface intension [144]. The
reduced surface intension of the shell coating solution might contribute to the
promotion of nucleation and condensation of silica nanoparticles. For these reason,
the mesoporous shell thickness increased as the PEG molecular weight or the PEG
concentration in the reaction system increased. However, with a specific amount of
TEOS precursors under a determined reaction conditions, to a certain limit,

continuing to increase PEG molecular weight or PEG concentration could not further
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enhance the nucleation and agglomeration of the nanoparticles. This result was
consistent with the previous publications about the role of PEG on nanoparticle
crystallization [78, 83].
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Figure 4.3. The structure of PEG changes from a) zigzag chains to b) ordered net
structure in the solution

Based on the calculated mesoporous shell thickness in Table 4.2 and statistical
analysis, PEG 6000 at the concentration of 2% (w/v) was selected to synthesize
HMSN for further experiments. In order to better evaluate the role of PEG on the
properties of the synthesized HMSN materials, the obtained particles with the
presence of PEG in the synthesis — HMSN-P2% would be characterized in the
comparison with HMSN-O0.

4.3. Characterizations of the synthesized HMSNSs
The synthesized HMSN particles with and without the presence of PEG were
characterized via TEM, Zeta potential, FT-IR and EDX analysis. The

characterization results were showed in Figure 4.4 and Figure 4.5.
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In Figure 4.4, both dSiO2@MSN and HMSN samples with and without PEG were
morphologically monodispersed spherical particles. Statistical results based on TEM
images showed that the HMSN-0 particles had a diameter of 80.2 nm and a
mesoporous shell thickness of 7.5 nm, and HMSN-P had a diameter of 94.3 nm and
a 14.5 nm-thick mesoporous shell. This result was relatively consistent with the
results presented in section 3.2, which was calculated based on DLS size and
Equation (4). In addition, zeta potential of both HMSN-0 and HMSN-P had negative
values near -50 mV, indicating that PEG was well removed from the synthesized
HMSN-P samples.
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Figure 4.4. Characterizations of the synthesized silica nanoparticles: a) TEM
images of dSiO2@MSN-0 and a’) dSiO.@MSN-P; TEM images of b) HMSN-0
and b’) HMSN-P; Size distribution of ¢) HMSN-0 and ¢’) HMSN-P; Zeta potential
of d) HMSN-0 and d’) HMSN-P

BET and BJH analysis were conducted to evaluate the surface area and mesopore
diameter of the two samples. The results were presented in Figure 4.5. According to
IUPAC classification, the adsorption isotherms of both dSiO@MSN-0 and
dSiO2@MSN-P were Langmuir type 1V isotherm curve and type H> hysteresis loop,
which is characterized by mesoporous materials [132, 133]. This result suggested

that the presence of PEG in the reaction mixture during the mesoporous shell coating
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step did not alter the nature of the nitrogen adsorption-desorption isotherms of the

original particle [40].
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Figure 4.5. The N2 adsorption-desorption isotherms and pore size distributions of
dSiO,@MSN (a and b) and dSiO2@MSN-P (a’ and b’)

The mesopore diameter of dSiO2@MSN-0 and dSiO.@MSN-P were determined
as 2.5 nm, which was in agreement with the previous reports using CTAB micelle as
soft template for mesochannels [145, 146]. Meanwhile, the N> adsorption capacity
and BJH Adsorption dV/dD pore volume of dSiO2@MSN-P were higher than those
of dSiO2@MSN-0. Corresponding to these, the surface area of dSiO>@MSN-P was
76.1 m?/g, higher than that of dSiO.@MSN-0 (67.2 m?/g). The increase of the N
adsorption capacity and BJH Adsorption dV/dD pore volume as well as surface area
of dSIO2@MSN-P compared to dSiO@MSN-0 was due to the increase of its
mesoporous shell thickness. Together with the result of DLS, SEM and TEM, it can
be concluded that the presence of PEG in the shell coating step of HMSN synthesis

helped increase the mesoporous shell thickness.
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The elemental composition on the surface of HMSN-O and HMSN-P was
identified using EDX analysis (Figure 4.6a). The EDX patterns showed the presence
of oxygen elements at 0.53 keV and silicon elements at 1.75 keV. The atomic
percentages of oxygen and silicon were 70.6 and 29.4 for HMSN-0 and were 74.2
and 25.8 for HMSN-P, respectively. These results were consistent with the atomic
ratio of silicon dioxide (SiO2) molecular, proving that CTAB, PEG and other reacted
reagents were well removed [136]. It could be seen from the FT-IR spectra (Figure
4.6b) that the strong absorption bands at 1103 cm™, 814 cm™ and 467 cm™ were
assigned to the anti-symmetric stretching vibration, symmetric stretching vibration
and bending vibration of Si-O-Si, respectively. Moreover, two characteristic
absorption peaks for the bending vibration of Si-OH were witnessed at 3500 cm*
and 951 cm™* [135].
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Figure 4.6. Characterizations of the synthesized HMSN-0 (square dot) and HMSN-
P (solid): a) EDX patterns; b) FT-IR spectra.

4.3.1. Drug loading and in vitro drug release study of the synthesized HMSN

DLE and DLC values for DOX of HMSN-0 and HMSN-P were measured and
presented in Figure 4.7a. The results showed that DLE and DLC values of HMSN-P
slightly lower than those of HMSN-0. This might be due to the fact that although
HMSN-0 and HMSN-P had the same hollow cavity volume, HMSN-P had a thicker
shell than HMSN-0. Therefore, HMSN-P had a smaller number of particles in the
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same particle mass than HMSN-0. This meant that for the same mass of particles,
HMSN-0 had more space for DOX to be loaded than HMSN-P, leading to slight
decrease in DLC and DLE values of HMSN-P. However, there was no statistical
difference of DLC and DLE between the two samples (p < 0.05). This result showed
that although the mesoporous shell thickness increased in the presence of PEG, the

drug loading capacity of HMSN materials was still maintained.
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Figure 4.7. DOX loading capacity (DLC - grey) and DOX loading efficiency (DLE
- black) of HMSN-0 and HMSN-P (a); In vitro release profile of Dox@HMSN-0
(empty circle) and Dox@HMSN-P (solid circle) (b). The marked points correspond
t00,1,3,6,9, 12, 24, 36 and 48 h, respectively

The drug release profile of Dox@HMSN-0 and Dox@HMSN-P in
microenvironmental conditions was presented in Figure 4.7b. Both HMSN-0 and
HMSN-P showed sustainable release profiles with no more than 35% of the initial
DOX was released by each within 48 h. However, from the 12-hour mark onwards,
the amount of drug released from HMSN-P was about 4-5% lower than from HMSN-
0. This suggested that with similar drug loading, HMSN-P had longer meso-channels
and exhibited better controlled release pattern than HMSN-0. The reason for this
might be that the drug took longer to pass through the longer meso-channels to the
outside [68, 69].
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4.4. Cytotoxicity of the synthesized HMSN

The cytotoxicity of the synthesized HMSN-0 and HMSN-P were evaluated by
MTT assays on MCF-7 cell line. The results were illustrated in Figure 4.8. As can be
seen from the figure, the cell viability remained 100% when being treated with 10
ug/mL of both synthesized materials while the cell viability witnessed a gradual
decrease, yet it still remained higher than 80% in the cell viability when the treated
concentration was increased to 250 pg/mL. This indicated that there was no
cytotoxicity from the synthesized nanocarriers was observed on MCF-7 cell in the
range of concentration from 10 to 250 pg/mL, therefore emphasizing that HMSN-0
and HMSN-P in the current study could be recognized as a biocompatible

nanocarriers.
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Figure 4.8. Cell viability by MTT assay with variable concentrations of HMSN-0
and HMSN-P on MCF-7 cells (a); MCF-7 cells treated by HMSN-0 and HMSN-P
at different concentrations (b)
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4.5. Summary

This study reported the synthesis of HMSN by hard template method with the
presence of PEG in the mesoporous shell coating step as the capping agent. PEG with
different molecular weights and concentrations showed notable influence on the
HMSN’s size. As the PEG molecular weight increased from 1000 to 6000 g/mol at
the concentration of 3% or the PEG 6000 concentration increased from 1% to 5%
(w/v), the mesoporous shell thickness gradually raised from 6.90 to 16.20 nm and
from 10.45 to 18.25 nm, respectively (based on FE-SEM image size). dSiO.@MSN-
P synthesized in the presence of 2% PEG 6000 retained the monodispersed spherical
morphology with a particle diameter of 94.3 nm and a mesoporous shell thickness of
14.5 nm, which was about 7.0 nm thicker than that of dSiO,@MSN-0. The pore size
and surface area of dSiIO2@MSN-0 and dSiO2@MSN-P were determined as 2.5 nm,
67.2 m?/g and 2.5 nm, 76.9 m?/g, respectively. HMSN-P showed a slightly lower
drug loading capacity but exhibited a better controlled drug release profile than
HMSN-0. In addition, both HMSN-0 and HMSN-P performed no in vitro
cytotoxicity at the concentration up to 250 pg/mL, demonstrating that they were
biocompatible materials. These results contributed useful and meaningful
information to the basic theory of hollow mesoporous silica nanoparticle synthesis
for drug delivery applications.

The research results of this content have been published in the Journal of Applied
Polymer Science, SCIE/SSCI, Q2, H index 175, IF 3.125, ISSN 0021-8995 (print);
1097-4628 (web) with the title “Simply and Effectively Control the Shell
Thickness of Hollow Mesoporous Silica Nanoparticles by Polyethylene Glycol
for Drug Delivery Applications”. DOl:
https://doi.org/10.1016/j.colsurfa.2022.130218.
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CHAPTER 5. NON-IONIC SURFACTANTS AS CO-
TEMPLATES TO CONTROL THE MESOPORE DIAMETER
OF HOLLOW MESOPOROUS SILICA NANOPARTICLES
FOR DRUG DELIVERY APPLICATIONS

5.1. Preparation of mixed micelles of non-ionic surfactants with CTAB

The non-ionic surfactants Brij S10, Tween 20 and Tween 80 were used to prepare
mixed micelles with the constant amount of CTAB so that the molar ratio of the
surfactants and CTAB (nS:nCTAB) gradually increased. The obtained mixed
micelles were determined viscosity and DLS diameter. The results were presented in
Figure 5.1.

For the viscosity, each mixture was kept at their prepared concentration and
measured the viscosity by Brookfield DV IlIlI Rheometer using spindle CP40 at 250
rpm. There was a similarity in the viscosity change of the mixed micelle solution
T20-CTAB and T80-CTAB. The viscosity of the micelle solutions decreased from
the origin when one of these two surfactants was added. Although the viscosity of
the mixed micelle solution polysortbate-CTAB increased as the molar ratio
nS:nCTAB increased, ranging from about 3 to 30 cP, this increase was not significant
compared to the viscosity of the original CTAB micelle solution (57.1 cP). In contrast
to the polysortbates, the presence of high molar ratio of BS10 markedly increased its
mixed micelle solution viscosity, raising from 57.1 to 484.0 cP. Viscosity is one of
the factors that reflect the mechanical and physical properties of the medium that can
affect the reaction process. Therefore, the information of the viscosity of mixed

micelle solutions explains the results of the synthesis.
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Figure 5.1. a) Viscosity of mixed micelles versus molar ratio of non-ionic
surfactants and CTAB. Molar concentration of CTAB remained constantly at 0.02
M. b) Hydrodynamic diameter of mixed micelles versus molar ratio. Molar
concentration of CTAB in each mixture was 50 mM in the presence of 1 mM KBr

At the concentration of 0.02 M, much higher than CMC of CTAB and its binary
combinations with non-ionic surfactants [75], these mixed micelles had cylindrical
forms [147]. To simply estimate the correlation between the cylindrical micelle
diameters with molar ratios of non-ionic surfactants with CTAB, each solution was
diluted to the CTAB concentration of 50 mM, at which they form spherical micelles
[148, 149], and measured their hydrodynamic size of formed spherical micelles by
Horiba SZ-100. In general, the mixed micelle diameter was significantly higher than
that of micelle CTAB (Figure 5.1b). For each binary combination, the micelle
diameter increased by the increasing of the molar ratio nS:nCTAB. There was a
similarity in micelle size change by the molar ratios nS:nCTAB between the mixed
micelle T20-CTAB and T80-CTAB. When the nS:nCTAB ratio increased from 1:4
to 1:2, the diameter of T20 and T80 mixed micelles increased gradually from 3.1 nm
to 4.0 nm, while those of mixed micelle BS10-CTAB increased from 3.2 nm to 4.2
nm. The above results on the spherical mixed micelle diameter would help predicting
the mesopore diameter of the synthesized hollow mesoporous materials using mixed

micelle as soft-templates.
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5.2. Effect of non-ionic surfactants on the mesoporous shell thickness of
dSiO.@MSN

To investigate the effect of Tween 20, Tween 80 and Brij S10 in mixed micelles
on the mesoporous shell thickness of dSiO.@MSN, mixed micelles of the three non-
ionic surfactants with CTAB at different molar ratios were used as co-templates in
the shell coating step. The obtained samples dSiO.@MSN-S were determined DLS
size (Figure 5.2).
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Figure 5.2. Size distribution by DLS measurement of a) dSiO>@MSN-T20, b)
dSiO,@MSN-T80, and c) dSiO.@MSN-BS10

The DLS diameter of dSiO2@MSN and dSiO.@MSN-S samples were higher

than that of dSiO, proving that the mesoporous shell was successfully coated onto
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the hard templates dSiO. and the obtained particles were spherical, monodisperse,
and highly uniform in particle size (Pl ranged from 0.062 to 0.133). Based on the
DLS diameter of dSiO> (reported as 96.8 £ 1.99 nm in Chapter 3), dSiO.@MSN and
dSiO.@MSN-S, the mesoporous shell thickness was calculated using the equation
(4) and presented in Table 5.1.

Table 5.1. The mesoporous shell thickness (hnm) of dSiO.@MSN particles versus the
molar ratio of non-ionic surfactants with CTAB in mixed micelles

Surfactants
Tween 20 Tween 80 Brij S10
Ns:NcTAB
0:1 4.65 4.65 4.65
1:4 9.45 10.45 18.70
1:3 13.60 13.80 20.50
1:2 16.70 17.45 21.10

For each non-ionic surfactant, the mesoporous shell thickness gradually increased
when its molar ratio with CTAB increased. This suggested that the higher the
presence of non-ionic surfactants in the mixed micelle, the larger the mixed micelle
diameter and the thicker the mesoporous shell. This phenomenon could be explained
through the model in Figure 5.3 as follow: when the diameter of micelles used as co-
templates of mesopore increased, the residual surface area as well as the space around
the dSiO> templates for the siloxane bridges to condense was narrowed, leading to
the increase in the thickness of the mesoporous shell.

For further investigation on the influence of non-ionic surfactants on mesopore
diameter of HMSN, three synthesized dSiO.@MSN samples using mixed micelles
of T20, T80 or BS10 with CTAB at the molar ratio nS:nCTAB of 1:2 was determined

their surface area and mesopore diameter.
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Figure 5.3. Illustration of the effect of non-ionic surfactants in mixed micelles on
the mesoporous shell thickness of dSiO>@MSN

5.3. Effect of non-ionic surfactants on the mesopore diameter of dSiO,@MSN
As mentioned in the previous section, the mesopore diameter could be predicted
based on the diameter of mixed micelle S-CTAB. However, to be certain about the
mesopore size distribution, the BET method and BJH model are useful tools. The N2
adsorption—desorption isotherms and the pore size distributions of dSiO2@MSN
samples were shown in Figure 5.4. According to IUPAC classification, the
adsorption isotherms of the four samples were Langmuir type IV isotherm curve and
type H> hysteresis loop. This type of pathway is characterized by mesoporous
materials [132, 133], suggesting that the presence of non-ionic surfactants in the
mixed micelle during the mesoporous shell coating step did not change the nature of

the nitrogen adsorption-desorption isotherms of the original particle [40].
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Figure 5.4. The N2 adsorption-desorption isotherms and pore size distributions of
a) dSiIO.@MSN, b) dSiO2@MSN-T20, c¢) dSiO.@MSN-T80 and d) dSiO.@MSN-
BS10

It was found that the N. adsorption capacity and the pore size of the samples
gradually increased when the micelles CTAB, T80-CTAB, T20-CTAB and BS10-
CTAB as soft templates were used. With the presence of the non-ionic surfactant in
the micelle as soft template, the pore diameter significantly increased from 2.5 nm to
more than 4.0 nm, of which, there was no notably different between the two samples
dSiO.@MSN-T20 and dSiO.@MSN-T80 (4.1 nm and 4.0 nm), meanwhile
dSiO2@MSN-BS10 owned the biggest mesopores (4.5 nm). Corresponding to the
increase in pore diameter, the surface area of dSiO.@MSN, dSiO.@MSN-T20,
dSiO,@MSN-T80 and dSiO.@MSN-BS10 samples were 67.2, 91.8, 92.2 and 106.7

m?/g, respectively. The pore diameter results are in relative agreement with the mixed
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micelle diameter results. Together with the illustration in Figure 5.3, the influence of
non-ionic surfactants on mesopore diameter and mesoporous shell thickness has been
clarified.

5.4. Characterizations of the synthesized HMSNs

The synthesized HMSN particles with and without the presence of non-ionic
surfactants (at the molar ratio nS:nCTAB of 1:2) were characterized via SEM, TEM,
particle size distribution, Zeta potential (Figure 5.5), XRD and FT-IR (Figure 5.6).
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Figure 5.5. SEM images, TEM images, Size distribution and Zeta potential of
HMSN, HMSN-T20, HMSN-T80 and HMSN-BS10



88

As could be seen, all the synthesized HMSN samples with and without non-ionic
surfactants were morphologically monodispersed spherical particles. SEM images
confirmed the spherical, monodisperse and narrow size distribution of the formed
particles. Beside, they the showed that the particles HMSN, HMSN-T20, HMSN-
T80 and HMSN-BS10 had diameters, respectively, of 80.2, 99.3, 100.8 and 110.4
nm, which were consistent with the size of TEM images. Moreover, TEM images
suggested that the synthesized HMSN with the presence of non-ionic surfactants
remained its hollow@shell structure. Additionally, zeta potential of the four samples
HMSN, HMSN-T20, HMSN-T80 and HMSN-BS10 had negative values around -50
mV, indicating that CTAB and other non-ionic surfactants were well removed from
the synthesized HMSNSs.

The XRD patterns in Figure 5.6a showed un-sharp peaks at about 26 = 23°,
confirming that after being synthesized with and without non-ionic surfactants, the

obtained HMSN samples remained the amorphous nature of silica particles [41] .

a) b) HMSN-BS10 ,
L N VN
I\ <} _ HMsN-T80 \ L ‘J
3. ."M"’“\\.‘\ :‘ \\ . gttt ,‘\\I"” ‘j
- v

-.E'- “- oy - 2 \ |'
2 Mot N -~ \lwnwmnlr-l\“eqsvy‘B ;I..Q. g ...... HM_§N-T20 |\ :- ‘
2 ; E| - ¥ i
c e e, £ 3
3 \‘s.." \ -u....._-.-..\.!'I.Mg.t‘:-‘[gq 2 HMSN :
£ ™~ o

HMSN-T20 =

HMSN

10 30 50 70 3600 2800 2000 1200 400
2 theta (degrees) Wavenumber (cm)

Figure 5.6. a) XRD patterns and b) FT-IR spectra of HMSN, HMSN-T20, HMSN-
T80 and HMSN-BS10

In addition, the lack of other peaks in the XRD patterns proving that the
synthesized HMSNs were highly pure. FT-IR spectra in Figure 5.6b provides
information about the involved functional groups. The strong absorption bands at
1098-1105 cm?, 807-811 cm™* and 466-468 cm™ were attributed to the presence of

anti-symmetric stretching vibration, symmetric stretching vibration and bending
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vibration of Si-O-Si, respectively. In addition, two characteristic absorption peaks
for the bending vibration of Si-OH were witnessed, as respective wavelengths at
3430-3440 cm™* and 955-963 cm™ [135].

5.5. Drug loading and in vitro drug release study of the synthesized HMSNs

DLE and DLC values for RB of HMSN, HMSN-T20, HMSN-T80 and HMSN-
BS10 were measured and presented in Figure 5.7a. The results showed that both DLE
and DLC values of HMSN were significant lower than those of HMSN-S. This might
be due to the difference between the mesopore diameter and the cargo size. In the
previous report, with Doxorubicin (DOX) (MW of 543.52 g/mol and molecular size
of 1.5 nm [94]), HMSN (mesopore diameter of 2.5nm) performed relative good DLE
and DLC values of 5.87% and 11.09%, respectively. In contrast, RB used in the
current study had MW of 1017.64 g/mol, which was twice higher than that of DOX,
would therefore own larger molecular size compared to DOX and be hard to pass
through the mesopores of the original HMSN. The low values DLC and DLE of
HMSN, which were 1.95% and 3.82%, respectively, were mainly the amount of RB
adsorbed on the surface of the particles. Meanwhile, thanks to the presence of non-
ionic surfactants, the mesopore diameter of HMSN-T20, HMSN-T80 and HMSN-
BS10 were enlarged up to more than 4.0 nm, leading to an easy passage of RB
through the mesoporous channels and higher amount of cargos loaded inside the
hollow cavity. The similarity of DLC and DLE between HMSN-T20 and HMSN-
T80 was explained by the fact that they had mesopores with similar diameters while
HMSN-BS10 performed the best DLE and DLC because it had the largest
mesoporous channels (as presented in the BET and BJH results).

For the drug release profiles (Figure 5.7b), RB@HMSN-S showed similar
cumulative amount of released drug over the time, suggesting better control release
profiles compared to that of RB@HMSN. The burst release of RB@HMSN might
be due to RB was absorbed on the surface but unloaded inside the particles.
Meanwhile it took time for the loaded RB in RB@HMSN-S to be released from the
hollow through longer meso-channel to the outside [68, 69]. Among the three
systems RB@HMSN-S, RB@HMSN-BS10 showed slightly faster release profile
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compared to the others. This phenomenon was consistent with the largest mesopore

diameter of HMSN-BS10 which was reported in the previous section.
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Figure 5.7. (a) Rose bengal (RB) loading capacity (DLC - grey) and loading
efficiency (DLE - black) of HMSN, HMSN-T20, HMSN-T80 and HMSN-BS10;
(b) In vitro release profile of RB from HMSN, HMSN-T20, HMSN-T80 and
HMSN-BS10. The marked points correspond to 0, 1, 3, 6, 9, 12, 24, 36, 48, 60 and
72 h, respectively

5.6. Cytotoxicity of the synthesized HMSNs

The cytotoxicity of the synthesized HMSN and HMSN-S were evaluated by MTT
assays on MCF-7 cell line. The results were illustrated in Figure 5.8. As can be seen
from the figure, the cell viability remained 100% when being treated with 10 pg/mL
of both synthesized materials. Although the cell viability witnessed a gradual
decrease, it still remained higher than 80% in the cell viability when the treated
concentration increased to 250 pg/mL. Such observation states that there was no
cytotoxicity recorded from the synthesized nanocarriers on MCF-7 cell in the
aforementioned range from 10 to 250 pg/mL, and emphasizes that HMSN
synthesized with or without the presence of non-ionic surfactants in this study could

be both recognized as biocompatible nanocarriers.
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Figure 5.8. a) Cell viability by MTT assay on MCF-7 cells; and b) MCF-7 cells
treated by HMSN, HMSN-T20, HMSN-T80 and HMSN-BS10 at different
concentrations

5.7. Summary

Three non-ionic surfactants including Tween 20, Tween 80 and Brij S10 were
successfully used as co-templates with CTAB at different molar ratios to adjust the
mesopore diameter through the synthesis of HMSN by hard template method. The
HMSN-S synthesized with mixed micelles S-CTAB owned significantly larger
mesopores, of which, at the molar ratio nS:nCTAB of 1:2, HMSN-T20 and HMSN-
T80 had 4.0 nm diameter meso-channels and HMSN-BS10 had 4.5 nm diameter

meso-channels, compared to the original HMSN with mesopore diameter of 2.5 nm.
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Besides, the increase in mesoporous shell thickness of the corresponding HMSN as
its mesopore diameter increased was proved and explained. In addition, all the
synthesized HMSNs were characterized and could be regarded as biocompatible
materials. These results contributed useful and meaningful information to the basic
theory of hollow mesoporous silica nanoparticle synthesis for drug delivery
applications.

The research results of this content have been published in the journal Colloids
and Surfaces A: Physicochemical and Engineering Aspects, SCIE/SSCI, Q2, H index
179, IF 5.518, ISSN 0927-7757 with the title “Non-ionic Surfactants as Co-
Templates to Control the Mesopore Diameter of Hollow Mesoporous Silica
Nanoparticles for Drug Delivery Applications”. DOI:
https://doi.org/10.1016/j.colsurfa.2022.130218.
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CHAPTER 6. SURFACE MODIFICATION OF HOLLOW
MESOPOROUS SILICA NANOPARTICLES WITH
PLURONICS FOR DUAL DRUGS DELIVERY

6.1. Activation Pluronic with NPC

Three Pluronics including L64, F68 and F12 were activated with NPC. The FT-
IR spectra (Figure 6.1) of the activated NPC-Plu-OH samples appeared the
absorption signals at 2878 cm, 1468 cm™, and 1109 cm™, which attributed to the
characteristic oscillations of -OCH2-CHz-, -NOz2, and C-O, respectively. This result

proved that the three Pluronic were successfully activated with NPC [150].

NPC-F127-OH
NPC-F68-OH

NPC-L64-OH

RAEERC

4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm-)

Figure 6.1. FT-IR spectra of NPC-Plu-OH

The structures of the NPC-Plu-OH samples were analyzed via *H-NMR analysis
(Figure 6.2). The spectra had chemical shift signals at 3H = 3.34 ppm of HC—O- (d),
0H = 3.80 — 3.35 ppm of -O-CH>—CH- (OCH2>-)(CHs3) (¢), 6H = 3.83 — 3.82 ppm of
—O-CH>-CH>-0OCOO- (¢), 6H = 4.46 — 4.44 ppm of -O-CH,-CH>-OCOO- ( c',
c"), 0H = 7.47 — 7.45 ppm (b), and 6H = 8.33 — 8.31 ppm (a). These signals were
consistent with the structure of NPC-Plu-OH, once again confirming the successful
activation of Pluronics by NPC [151, 152].
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6.2. Amination of HMSNs’ surface

The HMSN particles after being surface modified with APTES were
characterized to demonstrate successful amination through zeta potential, total
amount of amine groups, DLS, FT-IR and EDX analysis.

The surface charge of HMSNSs was identified as -46.6 mV (Figure 6.3a). This
negative charge value was due to the presence of hydroxyl groups on the HMSNs’
surface. After the amination, amine groups were protonated into NHs", a positive
charge group, thereby resulting in a positive charge value of the obtained particles as
49.6 mV. The switch from negative value to positive value of the particles’ surface
charge demonstrated that APTES was successfully denatured on the HMSNs’

surface.
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The amount of amine groups on the surface of HMSN-NH2 was determined by
conducting a Kaiser test. The distinctive pink complex produced by the reaction
between ninhydrin and -NH2 was formed and then measured its UV absorbance at
570 nm and calculated against a standard curve to quantify the surface -NH> groups
[40, 153]. The result of the analysis was identified 78.62 pg per 100 mg of HMSN-
NH2, which was consistent with the previous publication [40].

The hydrodynamic diameter of HMSN and HMSN-NH. were determined as
108.2 nm and 109.6 nm, respectively (Figure 6.3b). The similarity of the
hydrodynamic diameter of HMSN and HMSN-NH> was thought to be due to the
small molecular weight of APTES (221.37 g/mol).
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Figure 6.3. Characterizations of HMSN and HMSN-NH:: a) Zeta potential; b)
Hydrodynamic particle diameter; ¢) FT-IR spectra; and d) EDX patterns
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The FT-IR spectra of HMSN and HMSN-NH> both showed adsorption bands at
1090 cm?, 952 cm™ and 801 cm™*, which were regconized as the stretching vibrations
of Si-O-Si, asymmetric bending and stretching of Si-OH (Figure 6.3c). In addition,
broad bands at about 3300 - 3500 cm™ presented the OH stretching of the silanol
groups, meanwhile peaks at 1629 cm™ corresponded to the OH stretching of water.
These signals indicated the presence of silicon in the two samples. Moreover, the FT-
IR spectrum of HMSN-NH: appeared new signals at wavenumbers of 2925 cm™ and
1416 cmt, which were signals of C-H tensile and bending vibrations of aminopropyl
group. Besides, the amine group were also determined through a weak absorption
peak at wavenumber 1547 cm presenting the bending vibration of NH2 group. The
FT-IR results demonstrated that the HMSN surface has been successfully aminated
[154-156].

The EDX pattern (Figure 6.3d) of HMSNSs showed the presence of only silica and
oxygen elements with the atomic percentages of 68.82 and 31.18, respectively [136].
Meanwhile, carbon and nitrogen were the two more elements observed in the EDX
pattern of HMSN-NH sample. The atomic percentages of Si, O, C and N on the
surface of HMSN-NH: were determined as 22.96, 53.85, 16.19 and 7.00%,
respectively, confirming the success of the modification of APTES on HMSNs’

surface.

6.3. Modification of HMSNs’ surface with Pluronics via amine intermediate

The modification of HMSNSs’ surface with 3 types of Pluronics including L64,
F68 and F127 were conducted by the reactions of HMSN-NH: with the activated
NPC-Plu-OH. The obtained samples HMSN-L64, HMSN-F68 and HMSN-F127
were characterized using zeta potential, DLS size, FT-IR and TGA analysis. The
results were presented in Figure 6.4.

Zeta potential of the three samples HMSN-L64, HMSN-F68 and HMSN-F127
were identified as 37.8 mV, 30.2 mV and 20.2mV, respectively (Figure 6.4a). They
were all positive but lower than that of HMSN-NHo>. This could be due to the reaction
between the activated Pluronics with amine groups on the surface of HMSN-NHz,

leading to a decrease in the amount of amine groups on the obtained nanoparticles’
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surface. Moreover, zeta potential of the three HMSN-Plu were more than 15 mV,
these particles, therefore, were expected to be stable from electrostatic consideration
[157].

Hydrodynamic diameter of HMSN-PIu samples was measured and presented in
Figure 6.4b. There was a gradual increase in DLS size from 127.9 nm to 142.1 nm
and 172.7 nm when HMSN particles were conjugated to Pluronics of increasing
molecular weight (from 2900 kDa to 8400 kDa and 12600 kDa). This was thought to
be due to the corresponding increase of the chain length of Pluronic molecules. The
results of zeta potential and DLS suggested that Pluronics were successfully

denatured on HMSNSs’ surface.
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Figure 6.4. Characterizations of HMSN-L64, HMSN-F68 and HMSN-F127: a)
Zeta potential; b) Hydrodynamic particle diameter; ¢) FT-IR spectra; and d) TGA
graphs
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To better confirm the successful Pluronics denaturation on HMSN surface, FT-
IR and TGA experiments were performed. In Figure 6.4c, the FT-IR spectra of
HMSN-Plu appeared the absorption signals of both naked HMSN particles by amine
group (Figure 6.3c) and activated NPC-Plu-OH (Figure 6.1). The absorption peaks
at 3300-3500 cm™ and 1089 cm™* corresponded to the -OH and Si-O-Si groups of the
naked HMSN. Meanwhile, the three FT-IR spectra of HMSN-Plu also had absorption
peaks at 2888 cm™ and 1111 cm™* which together attributed to the group -OCH2-CH-
of the Pluronics [133, 158, 159].

Figure 6.4d showed the TGA graphs of HMSN and HMSN-Plu. The initial mass
loss at temperature below 200 °C could be ascribed to the removal of humidity and
to the condensation of surface silanols. Meanwhile, the loss of weight at temperature
above 200 °C could be directly related to the extent of surface functionalization
[160]. From the TGA data, the weight loss values of HMSN and HMSN-Plu in the
temperature ranges of 0-200 °C and 200-800 °C were calculated and presented in
Table 6.1. The weight loss values at the temperaute range 200-800 °C of HMSN-
L64, HMSN-F68 and HMSN-F127 were determined, respectively, as 14.56, 17.61
and 19.05%, hence, could be ascribed to amount of the corresponding Pluronic
modifying in the HMSNs’ surface. TGA result, together with FT-IR, zeta potential
and DLS results, demonstrated that the three Pluronics were successfully modified
on the HMSNs’ surface.

Table 6.1. Weight loss (%) of HMSN and HMSN-Plu by temperature ranges through
thermogravimetric analysis

Temperture range 0-200°C 200 - 800 °C
Particles Weight loss (%)

HMSN 4.62 -
HMSN-L64 3.33 14.56
HMSN-F68 2.23 17.61

HMSN-F127 491 19.05
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6.4. Dual-drug loading capacity and in vitro release behavior of HMSN-Plu

DOX and QUE were respectively encapsulated into the conventional HMSN and
the modified HMSN-Plu. Their loading capacity and loading efficiency were
presented in Table 6.2 as follow:

Table 6.2. Loading capacity (DLC) and loading efficiency (DLE) for Doxorubicin
(DOX) and Quecertin (QUE) of HMSN and HMSN-Plu

DLC (%) DLE (%)
Particles
DOX QUE DOX QUE
HMSN 5.87 £ 0.64 2.34 +1.03 15.15+0.94 9.60 £0.78
HMSN-L64 7.04 +£0.81 9.80+1.16 19.88 + 1.02 43.44 +1.18
HMSN-F68 6.79 + 0.59 9.83+0.79 19.28 + 0.87 43.82 + 1.05
HMSN-F127  6.97 £0.97 17.80 £ 0.85 19.50+1.13 86.83 + 0.98

From the results in Table 6.2, it could be seen that the loading capacity for DOX
of the three samples HMSN-Plu slightly increased compared to that of HMSN. The
difference could be due to the ability of DOX to bind with the remaining amine
groups on the HMSN-Plu surface via imine forming reaction [40].

Meanwhile, there was a clearly noticeable difference between QUE loading
capacity values among the samples. HMSN owned the lowest DLC value (2.34%),
HMSN-L64 and HMSN-F68 showed better loading capacity for QUE with DLC
value of 9.80% and 9.83%, respectively, and HMSN-F127 performed the highest
DLC values of 17.80%.

The relative similarity in DOX loading capacity of the samples was due to the
fact that DOX was previously encapsulated, when the cavities and pores of the
materials were empty. Thus, DOX, a hydrophilic drug, could reside in these empty
spaces without any competition. QUE was then loaded into the DOX encapsulated
materials. At this time, the remaining space inside the materials for QUE was not as
much as for DOX. That was the reason why the DLC value for QUE of HMSN was

the lowest. Fortunately, hydrophobic blocks PPO of the Pluronic molecules on
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HMSN-Plu’s surface was the sites where QUE, a poorly soluble drug, could be
effectively encapsulated through physical interaction, resulting in marked
enhancement of QUE loading capacity of HMSN-Plu. When considering the
structure of L64, F68 and F127, it was possible to find a correlation between QUE
loading capacity and the number of PPO blocks. The more PPO units a Pluronic had,
the higher QUE loading capacity a HMSN-PIu showed. Consequently, HMSN-F127
performed the equivalent DLC value for DOX and the highest DLC value for QUE.

6.5. In vitro drug release behavior of HMSN-Plu

In vitro drug release behavior of free drugs and loaded drugs was investigated in
different conditions including [37 °C, pH 7.4], [18 °C, pH 7.4] and [37 °C, pH 5.5].
The results were showed in Figure 6.5. By comparing the percentage of cumulative
drug release in the two conditions [37 °C, pH 7.4] and [18 °C, pH 7.4], release
behavior in response to temperature of the samples could be assessed. In contrast,
the comparision of the cumulative drug release percentage in the two conditions [18
°C, pH 7.4] and [37 °C, pH 5.5] could support to judge the release behavior by pH
values of the samples.

For DOX release, at the three conditions, free DOX was released the fastest,
followed by DOX from HMSN, whereas HMSN-Plu showed better controlled DOX
release profiles. This proved that the modified Pluronics on HMSNs’ surface had
come into play as the caps to reduce the opening of the mesoporous channels, slowing
down the movement of DOX from the hollow cavity out to the environment.

After 72 h, although the released DOX amount from HMSN-Plu samples
generally increased when the temperature reduced from 37 to 18 °C (at the same pH
value of 7.4), the differences were not significant. Meanwhile, there were notable
increases in the amount of cumulative DOX release after 72 h at pH 5.5. This
phenomenon was attributed to the dimerization of DOX in PBS pH 7.4 where DOX
interacted with the buffer and formed covalently bonded DOX dimers [161]. The
results suggested that the three HMSN-Plu systems released DOX in response to pH,
in which HMSN-Plu systems performed slow DOX release rates in physiological

condition and higher rates in tumor microenvironment condition.
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For QUE release, HMSN showed burst release profiles at all tested conditions.
This was due to the loaded QUE was mainly adsorbed on the HMSNs’surface.
Meanwhile, the drug release rate (%) was calculated as the percentage of cumulative
released drug with the loaded drug. Therefore, although HMSN showed high
percentages of drug released, the absolute mass of drug released was very small.

Free QUE and loaded QUE from HMSN-Plu were released more slowly than
those from HMSN. This could be due to the high initial amount of QUE (free or
loaded in the materials) and its poor solubility. This is an advantage of the HMSN-
Plu loading QUE systems because they can limit the leakage of QUE when
circulating in the body under the physiological condition.

Besides, HMSN-Plu also showed improvement in drug release rate at low
temperature (18 °C). This phenomenon could be explained by the stretching of
Pluronic chains at low temperature, causing the encapsulated QUE molecules in the
hydrophobic PPO blocks to be released easily out to the environment by the
concentration difference. The results suggested that the three HMSN-Plu systems
released QUE in response to temperaure, in which HMSN-Plu systems performed
slow QUE release rates in physiological temperature and higher rates at cooler
temperatures. Among the three systems, HMSN-F127 showed relatively good
controllability of drug release and effective response to temperature and pH
compared to the other HMSN-Plu systems. The release behavior of HMSN-Plu in

different conditions was illustrated in Figure 6.6.



103

Fabrication Release
3 pH7.4
T18°C

)
Release 5 Release
pH 7.4 0 ' 5 pH 5.5

T37°C > J37C

Figure 6.6. Illustration of release behavior of HMSN-Plu in different conditions

6.6. Cytotoxicity of HMSN-Plu

MTT assays on Hela cell line were carried out to evaluate the cytotoxicity of the
nanocarriers HMSN-Plu. As shown in Figure 6.7, HMSN-L64, HMSN-F68 and
HMSN-F127 exhibited no obvious toxicity on Hela cells at the concentrations up to
250 pg/mL. Therefore, HMSN-Plu can be regarded as biocompatible nanocarriers.

In terms of zeta potential value, DLS size and biocompatibility, HMSN-L64,
HMSN-F68 and HMSN-F127 satisfy the required characteristics of a drug delivery
system. In terms of the ability to encapsulate dual drugs with different solubility,
HMSN-F127 showed as the most potential candidate among the three HMSN-Plu
samples when possessing the equivalent DLC value for DOX and the highest value
for QUE. Moreover, HMSN-F127 showed good controllability of drug release and
effective response to temperature and pH. Therefore, HMSN-F127 sample was

selected for further studies.
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Figure 6.7. a) Cytotoxicity by MTT assay of HMSN-PIu on Hela cells; b)
Morphology of Hela cells treated by HMSN at different concentrations

6.7. Characterizations of HMSN-F127

The synthesized HMSN-F127 was previously analyzed interms of zeta potential,
DLS size, FT-IR, TGA, loading capacity and release profile. After being selected as
the appropriate nanocarrier for dual-drug delivery, the morphology of HMSN-F127
was characterized through TEM images, porousity through BJH analysis, structure
through XRD analysis and cytotoxicity through MTT assay.

TEM images showed that both HMSN and HMSN-F127 were spherical
monodisperse particles (Figure 6.8). The particle diameters of HMSN and HMSN-
F127 were determined as 77.16 nm and 119.75 nm, respectively. The particles
HMSN-F127 with such an appropriate size could not only load a sufficient amount

of drug, but also prolong the circulation time during the administration.
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The isotherms of N2 adsorption—desorption and the distributions of pore diameter
were shown in Figure 6.9. The nitrogen sorption isotherms of HMSN and HMSN-
F127 were both Langmuir type IV isotherm curves, according to IUPAC
classification, which were characterized by mesoporous materials [132, 133]. In
addition, the large hysteresis loops in the relative pressure range (P/Po) of 0.5-1.0
suggested the hollow structure of the two particle systems [162]. HMSN possessed
a higher BET surface area (767 m?/g) compared to that of HMSN-F127 (446 m?/g).
Moreover, even though the pore diameters of HMSN and HMSN-F127 were similar
(2.5 and 2.2 nm, respectively), dVv/dD value of HMSN was significantly higher than
that of HMSN-F127. The decrease of BET surface area and BJH pore volume of
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HMSN-F127 was due to the fact that F127 molecules presented on HMSNs’ surface

and acted as capping agents of the open pores.
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Figure 6.9. The N2 adsorption-desorption isotherms and pore size distributions of
HMSN (a, a’) and HMSN-F127 (b, b’)

Figure 6.10a showed the XRD patterns of naked HMSN and HMSN-F127 which
were analyzed using the software OriginPro with the expected accuracy of £ 0.02°
throughout the entire measuring range and achievable peak width < 0.05° (Figure
6.10b and Figure 6.10c).
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The XRD patterns of HMSN and HMSN-F127 showed un-sharp peaks with 20
at 23.5° and 13.9°, resspectively. In the fitting XRD diffractogram of HMSN (Figure
6.10b), the fitting peak 2 with 20 at 23.18° could be ascribed to amorphous silica.
Meanwhile, the peak 3 with 20 at 23.35° in the fitting XRD diffractogram of HMSN-
F127 (Figure 6.10c), characterizing for HMSN, decreased the intensity. This might
be due to the intercalation of silane moieties on the surface of HMSN after the
activation of HMSN by APTES [163]. Additionally, the fitting peak 1 with 20 at
13.08° could be attributed for APTES and the fitting peak 2 with 20 at 15.89° could
be attributed for F127 [41, 164]. Both the XRD patterns with un-sharp peaks
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confirmed the amorphous nature of silica particles and revealed that the conjugated

F127 had no impact on the structure of the silica particles [138].

6.8. Cancer cell killing ability of DOX.QUE@HMSN-PIu

In vitro cancer cell killing ability of free DOX, free QUE and
DOX.QUE@HMSN-F127 against Hela cells was evaluated and presented in Figure
6.11.
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Figure 6.11. a) Cell viability and b) Mophorlogy of Hela cells treated by Free
DOX, Free QUE and DOX.QUE@HMSN-F127
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Overall, the free DOX, free QUE and DOX.QUE@HMSN-F127 samples
induced cell death in concentration-dependent manners. Free QUE showed the
lowest cytotoxicity on Hela cells with 1C50 value of 3.29 pug/mL, while free DOX
killed 50% of the cultured Hela cells at the concentration of 0.07 pg/mL.
DOX.QUE@HMSN-F127 performed the strongest effect on the cells. The IC50 of
DOX in DOX.QUE@HMSN-F127 was identified as 0.03 pg/mL, which was as half
as that of free DOX. Although DOX was released at a slower rate from the
nanocarrier HMSN-F127, the system simultaneously released QUE, which was
proved to reduce the required dose as well as the side effect of DOX [113, 114].
That’s the reason why the system DOX.QUE@HMSN-F127 showed the best cancer

killing effect against Hela cells.

6.9. Summary

Three nanocarrier systems based on HMSN modified with Pluronics including
L64, F68 and F127 have been successfully synthesized for dual drug delivery
application. HMSN-Plu samples, which were proved and characterized via specific
techniques, showed to be potential candidates for drug delivery with zeta potentials
over 20 mV, DLS diameters below 120 nm and no toxicity at concentrations up to
250 pg/mL. In addition, HMSN-PIu greatly enhanced loading capacity as well as
release controllability for DOX and QUE. Among them, HMSN-F127 showed as the
most potential candidate due to its great loading capacity for DOX and especially
QUE. Moreover, HMSN-F127 showed good controllability of drug release with
temperature responsive release for QUE and pH responsive release for DOX.
Importantly, DOX.QUE@HMSN-F127 demonstrated a strong killing effect against
Hela cell line. These findings suggested that HMSN-F127 would be a potential
nanocarrier for effectively dual drugs delivery in cancer treatment.

The physicochemical characteristics, drug loading capacity and drug release
properties of the synthesized carrier systems in this study were summarized in Table
6.3.
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Table 6.3. Summary of physicochemical characteristics, drug loading capacity and
drug release properties of the synthesized silica nanoparticles

Particles’ | Particles’ Mesoporous
: DLS TEM . Release
Particle . . diameter DLC (%) R
diameter | diameter rate” (%)
(nm)
(nm) (nm)
dSiO: 96.8 65.3 - - -
Single loading
DOX: 5.87
HMSN 1082 | 802 25 ot DOX: 34.9
Dual loading | RB:52.5
DOX: 5.87 QUE: 55.03
QUE: 2.34
. Single loading
HMSN-P 124.7 94.3 2.5 DOX: 5.13 DOX: 29.8
HMSN-T20 Single loading
sk 130.2 99.3 4.1 RB: 4.9 RB: 313
HMSN-T80 Single loading
- 18L.7 100.8 40 RB: 5.17 RB: 33.9
HMSN-BS10 Single loading
- 139.0 110.4 4> RB:5.41 RB: 37.6
Dual loading
HMSN-L64 127.9 - - DOX: 7.04 DOX: 12.62
QUE: 9.80 QUE: 9.96
Dual loading
HMSN-F68 142.1 - - DOX: 6.79 DOX: 11.59
QUE: 9.83 QUE: 17.37
Dual loading
HMSN-F127 172.7 119.7 2.2 DOX: 6.97 DOX: 7.94
QUE: 17.80 QUE: 19.82

“: Cumulative drug released after 48 hours at 37°C and pH 7.4
1 P was PEG 6000 kDa at 2% (w/v)

*kk

: The molar ratio of non-ionic surrfactants with CTAB was 1:2
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CONCLUSIONS AND FUTURE PERSPECTIVES

Conclusion
To sum up, the current thesis has completed the set objectives. HMSN materials

were firstly synthesized by hard-templating with shortened synthetic time and

optimal particle size, secondly modulated mesoporous shell thickness and mesopore
diameter, and finally surface modified with Pluronics for anti-cancer drugs delivery
applications. In detail:

- The synthesis method of HMSN was successfully modified to shorten the
synthetic time by more than half from 21 hours to 9 hours and reduce the HMSN
particle size to about 80 nm.

- Mesoporous shell thickness of HMSN was successfully controlled using PEG in
the shell coating step. As the molecular weight (1000, 2000, 4000 and 6000 Da)
or concentration (1, 2, 3, 4 and 5%) of PEG increased, the shell thickness tended
to increase. HMSN-P synthesized in the presence of 2% PEG 6000 has a particle
diameter of 94.3 nm and a mesoporous shell thickness of 14.5 nm, showing a
slightly lower DOX loading capacity but a better controlled DOX release profile
than the original HMSN.

- Mesopore diameter of HMSN was successfully controlled using non-ionic
surfactants (Tween 20, Tween 80 and Brij S10) as co-templates for mesopores in
the shell coating step. For each non-ionic surfactant, as the molar ratios S : CTAB
increased, the mesoporous shell thickness of HMSN gradually increased. HMSN-
T20, HMSN-T80 and HMSN-BS10 synthesized at the molar ratio S : CTAB of
1:2, respectively owned the enlarged mesopore diameters of 4.1, 4.0 and 4.5 nm,
performing significantly higher loading capacity and better release controllability
for Rose Bengal - a high molecular weight agent, compared to the original
HMSN.

- Three types of Pluronics including L64, F68 and F127 were successfully
modified on HMSNs’ surface. The obtained HMSN-Plu systems significantly
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enhanced loading capacity as well as release controllability for DOX and QUE.
HMSN-F127 showed great loading capacity for DOX (6.97%) and QUE
(17.80%) compared to those of HMSN (5.87% for DOX and 2.34% for QUE).
Moreover, HMSN-F127 showed good release controllability with temperature
responsive release for QUE and pH responsive release for DOX.

- HMSN, HMSN-P, HMSN-S and HMSN-Plu were biocompatible nanocarriers
with no observed cytotoxicity at concentrations up to 250 pg/mL, proved by MTT
assays. Moreover, the great inhibition activity against human cervical cancer Hela
cell line of the dual drug loading system DOX.QUE@HSMN-F127 was
illustrated with 1C50 value for DOX of 0.03 pug/mL, which was as half as that of
free DOX.

Novelty of the thesis

The hard-template synthesis method of HMSN was successfully modified to
reduce the particle size below 100 nm with shortened synthetic time.

PEG with different molecular weights and concentrations were investigated and
used as capping agents in the shell coating step to control the mesoporous shell
thickness of HMSN.

Mixed micelles of non-ionic surfactants and CTAB were investigated and used
as soft templates in the shell coating step to enlarged the mesopore diameter of
HMSN.

Pluronic with different numbers of PPO and PEO units were used to modify the
surface of HMSN particles for dual drug loading application. The loading capacity
of drug with different solubility (DOX and QUE) as well as the drug release profile
in response to temperature and pH of the HMSN-Plu systems were evaluated to select

the most effective dual drug delivery HMSN-Plu system.

Future perspective
Researching the best method to fight cancer is an ongoing process and HMSN
has been one of the carriers that can overcome the problems posed by current

treatments. A further research objective will include denaturing the HMSN-Plu
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system with ligands such as folic acid for active targeting. In addition, the
modification of HMSN with different stimulus-responsive agents to improve
stimulus-responsive delivery of the system. Furthermore, the in vitro activities as
well as in vivo behavior of the modified HMSN systems need to be verified and

expanded understanding.
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DLS size of dSiO2@MSN-P4k

HORIBA

Sclantific

SZ-100

2022.07.19 16:21:46
HORIBA SZ-100 for Windows [Z Type] Ver2. 20

MSN@dSiO2.PEG.4000.3%_003.nsz

Measurement Results
Date

Measurement Type

Sample Name

Scattering Angle

Temperature of the Holder
Dispersion Medium Viscosity
Transmission Intensity before Meas.
Distribution Form

Distribution Form(Dispersity)
Representation of Result

: Tuesday, July 19, 2022 16:19:23 PM
: Particle Size

: MSN@dSiIO2.PEG.4000.3%

: 90

: 249 °C

: 0.897 mPa-s

27T

: Standard

: Monodisperse

: Scattering Light Intensity

Count Rate : 1784 kCPS
Calculation Results
Peak No. | 5.P.Area Ratio Mean 5. D. Mode
1 1.00 136.0 nm 34.9 nm 126.4 nm
2 - == MM === [1M === [IM
3 --- — MNim - MM - MM
Total 1.00 136.0 nm 34.9 nm 126.4 nm
Cumulant Operations
Z-Average : 125.9 nm
Pl _ : 0116 _
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DLS size of dSiO2@MSN-P6k

HORIBA

Sclantific

SZ-100

2022.07.19 16:31:50
HORIBA SZ-100 for Windows [Z Type] Ver2.20

MSN@dSiO2.PEG.6000.3%_003.nsz

Measurement Results
Date

: Tuesday, July 19, 2022 16:29:39 PM

Measurement Type : Particle Size

Sample Name : MSN@dSiO2.PEG.6000.3%
Scattering Angle : 90

Temperature of the Holder : 25.0 °C

Dispersion Medium Viscosity : 0.895 mPa-s
Transmission Intensity before Meas. 1 27273

Distribution Form : Standard

Distribution Form(Dispersity)
Representation of Result

: Monodisperse
: Scattering Light Intensity

Count Rate : 1651 kCPS
Calculation Results
Peak No. | 5.P.Area Ratio Mean 5. D. Mode
1 1.00 137.4 nm 35.7 nm 126.5 nm
2 asn == MM wes THITI === THITI
3 == nm === im === im
Total 1.00 1374 nm 35.7 nm 126.5 nm
Cumulant Operations
Z-Average : 128.7 nm
Pl _ : D.092 —
= —g0 =
1) 1 =70 Y
g 1 =50 o
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ﬂ 1 L R R R | 1 LA I B (el s e e [ R | 1 T 'Z"u 5
0.1 1 10 100 1000 50
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DLS size of dSiO.@MSN-P1%

2022.07.19 16:51:04
HORIBA HORIBA SZ-100 for Windows [Z Type] Ver2.20
Sclentific
MSN@dSiO2.PEG.6000.1%_003.nsz
Measurement Results
Date : Tuesday, July 19, 2022 16:34:47 PM
Measurement Type : Particle Size
Sample Name : MSN@dSIO2.PEG.6000.1%
Scattering Angle : 90
Temperature of the Holder : 249 °C
Dispersion Medium Viscosity : 0.897 mPa-s
Transmission Intensity before Meas. : 28683
Distribution Form : Standard
Distribution Form(Dispersity) : Monodisperse
Representation of Result : Scattering Light Intensity
Count Rate : 2466 KCPS
Calculation Results
Peak No. | 5.P.Area Ratio Mean 5. D. Mode
1 1.00 126.0 nm 31.7T nm 112.5 nm
2 - === MM === MM we= UM
3 === 1111 === MM === M
Total 1.00 126.0 nm 31.7T nm 112.5 nm
Cumulant Operations
Z-Average ! 117.7 nm
Pl _ : 0120 .
= —g0 =
s 1 =70 o
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S
v eeipeaqeegae =10 E
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0.1 1 10 100 1000 00
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DLS size of dSiO.@MSN-P2%

2022.07.19 16:21:44
HOR'BA HORIBA 8Z-100 for Windows [Z Type] Ver2. 20
Sclantific
SZ-100
MSN@dSiO2.PEG.6000.2%_002.nsz
Measurement Results
Date : Tuesday, July 19, 2022 16:18:14 PM
Measurement Type : Particle Size
Sample Name : MSN@dSiO2.PEG.6000.2%
Scattering Angle : 90
Temperature of the Holder : 25.0 °C
Dispersion Medium Viscosity : 0.895 mPa-s
Transmission Intensity before Meas. : 27171
Distribution Form . Standard
Distribution Form(Dispersity) : Monodisperse
Representation of Result : Scattering Light Intensity
Count Rate : 1836 kCPS
Calculation Results
Peak No. | 5.P.Area Ratio Mean S.D. Mode
1 1.00 132.2 nm 32.5 nm 126.0 nm
2 === == nm === M === AM
3 e == MM === MM === [lIM
Total 1.00 132.2 nm 32.5 nm 126.0 nm
Cumulant Operations
Z-Average : 124.7 nm
Pl _ * D.079 _
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DLS size of dSiO.@MSN-P3%

HORIBA

sSclantific

SZ-100

2022,07.19 15:39:33
HORIBA SZ-100 for Windows [Z Type] Ver2. 20

MSN@dSiO2.PEG.6000.3%_003.nsz

Measurement Results
Date

Measurement Type

Sample Name

Scattering Angle

Temperature of the Holder
Dispersion Medium Viscosity
Transmission Intensity before Meas.
Distribution Form

Distribution Form(Dispersity)
Representation of Result

: Tuesday, July 19, 2022 15:33:45 PM
: Particle Size

: MSN@dSiO2.PEG.6000.3%

: 90
: 25.0 °C

: 0.895 mPa-s

: 29061

: Standard

: Monodisperse

: Scattering Light Intensity

Count Rate : 679 kCPS
Calculation Results
Peak No. | 5.P.Area Ratio Mean 3. D. Mode
1 1.00 138.2 nm 42.7T nm 126.0 nm
2 - == [T === MM we= UM
3 == nm === Nim -== MM
Total 1.00 138.2 nm 42.7 nm 126.0 nm
Cumulant Operations
Z-Average : 127.9 nm
Pl _ : 0129 —
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DLS size of dSiO.@MSN-P4%

HORIBA

Sclentific

SZ-100

2022.07.19 16:31:58
HORIBA SZ-100 for Windows [Z Type] Ver2. 20

MSN@dSiO2.PEG.6000.4%_002.nsz

Measurement Results
Date

Measurement Type

Sample Name

. 90

: Tuesday, July 19, 2022 16:28:29 PM
: Particle Size

MSN@dSIO2.PEG.6000.4%

Scattering Angle

Temperature of the Holder : 25.0 °C
Dispersion Medium Viscosity : 0.895 mPa-s
Transmission Intensity before Meas. 1 27273
Distribution Form : Standard

Distribution Form(Dispersity)
Representation of Result

: Monodisperse
: Scattering Light Intensity

Count Rate : 1656 kCPS
Calculation Results
Peak Mo. | 5.P.Area Ratio Mean S. D. Mode
1 1.00 140.1 nm 33.3 nm 127.2 nm
2 === nm === M === 1M
3 === == MM === MM === [}
Total 1.00 140.1 nm 33.3 nm 127.2 nm
Cumulant Operations
Z-Average : 131.7 nm
Pl _ : 0.087 —
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51 70 g
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DLS size of dSiO.@MSN-P5%

2022.07.19 16:26:56
HOR'BA HORIBA 8Z-100 for Windows [Z Type] Yer2. 20
Sclentific
SZ-100
MSN@dSiO2.PEG.6000.5%_002.nsz
Measurement Results
Date : Tuesday, July 19, 2022 16:23:22 PM
Measurement Type : Particle Size
Sample Name : MSN@dSiO2.PEG.6000.5%
Scattering Angle : 90
Temperature of the Holder . 248 °C
Dispersion Medium Viscosity : 0.899 mPa-s
Transmission Intensity before Meas. 1 29217
Distribution Form : Standard
Distribution Form(Dispersity) : Monodisperse
Representation of Result : Scattering Light Intensity
Count Rate : 1621 kCPS
Calculation Results
Paak No. | 5.P.Area Ratio Mean 5. D. Mode
1 1.00 142.9 nm 37.0 nm 127.2 nm
2 === nm === MM === Nim
3 === == MM === [l === MM
Total 1.00 142.9 nm 37.0 nm 127.2 nm
Cumulant Operations
Z-Average : 1342 nm
Pl _ : D.DBG _
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o 1 =70 o
g 7 il
g o 3
a 1 o raeng ] L | 1l|r|1'“"l‘"'|"|'1‘l' g 1 T l__ g
0.1 1 10 100 1000 50

Diameter (nm)

R X E———— — s
e 0. —'-‘“‘\‘_P_”
o 0. NN RN [ RN | L R R L ' e i """l"'l"l“lflﬁl""F‘?l"l'\ﬂ”
1 10 100 1000 10000 100000
Delay Time (us)
@ 0.
=
E 0. "
L)
g -a' U RN L e R R o riinang F T Fiunmg I I Finnng i Frrneng
1 10 100 1000 10000 100000

Delay Time (us)

1/1



DLS size of HMSN

SZ-100
HMSN_002.nsz

Measurement Results
Date
Measurement Type

2022.07.19 15:58:21
HORIBA 5Z-100 for Windows [Z Type] Ver2.20

: Tuesday, July 19, 2022 15:55:21 PM
. Particle Size

Sample Name : HMSN
Scattering Angle : 90
Temperature of the Holder : 249 °C
Dispersion Medium Viscosity : 0.897 mPa-s
Transmission Intensity before Meas. : 25009
Distribution Form : Standard

Distribution Form(Dispersity)
Representation of Result

: Monodisperse
: Scattering Light Intensity

Count Rate : 1475 kCPS
Calculation Results
Peak Mo. | 5.P.Area Ratio Mean 5. D. Mode
1 1.00 116.3 nm 29.3 nm 111.3 nm
2 — == MM === TUM === TUM
3 == nm === im === im
Total 1.00 116.3 nm 29.3 nm 111.3 nm
Cumulant Operations
Z-Average : 108.8 nm
Pl _ : 0.069 _
= = =
s 1 =70 "
- L)
g T 20 g
7 S0 4
ﬁ 1 L A R R R | n L B R ) | s B e | L R | 1 Vo — 5
0.1 1 10 100 1000 00
Diameter (nm)
E 1. . —
w0 —‘*"‘\“‘_’
om 0. NN RN Vo g L I R | oo |ﬂ"‘"|"I"|“|'f|'F||"‘F1‘I"|'\|1||
1 10 100 1000 10000 100000
Delay Time {ps)
@0
B
- 0. ——
g -ﬂ LR} LI R R i T F ey i I Fionng i L R R LT i P Ennng
1 10 100 1000 10000 100000

Delay Time (ps)

Explore thwe future Autmmotve Tast Sysiems | Fioce

HORIBA

SEmHDIIUCTH | Skt

1/1



DLS size of HMSN-NH>

HORIBA

SZ-100
HMSN-NH2_1.nsz

Measurement Results
Date

Measurement Type

Sample Name

Scattering Angle

Temperature of the Holder
Dispersion Medium Viscosity

Transmission Intensity before Meas.

Distribution Form
Distribution Form(Dispersity)
Representation of Result

2022.09.12 09:56:02
HORIBA $Z-100 for Windows [Z Type] Ver2. 20

: Monday, September 12, 2022 9:39:54 AM
: Particle Size

: HMSN-NH2

: 90

: 248 °C

: 1.087 mPa-s

: 25101

: Standard

: Monodisperse

: Scattering Light Intensity

Count Rate : 1301 KCPS
Calculation Results
Peak Mo. | 5.P.Area Ratio Mean 5.D Maode
1 1.00 116.4 nm 29.5 nm 111.3 nm
2 -— Rl —- R — fim
3 -— Al —- i — nim
Total 1.00 116.4 nm 29.5 nm 111.3 nm
Cumulant Gperatiuns
Z-Average 109.6 nm
Pl __ : 0.064 -
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DLS size of HMSN-L64

HORIBA

SZ-100
HMSN-L64_5.nsz

Measurement Results

Date

Measurement Type

Sample Name

Scattering Angle

Temperature of the Holder
Dispersion Medium Viscosity
Transmission Intensity before Meas.
Distribution Form

Distribution Form(Dispersity)

an

2022.00.27 15:39:58
HORIBA SZ-100 for Windows [Z Type] Verl. 20

Tuesday, September 27, 2022 14:56:24 PM
Particle Size

HMSN-L64

a0

25.0 °C

0.694 mPa-s

20475

Standard

Monodisperse

Rﬂpfﬂ'ﬂ-ﬂﬂtﬁﬂﬂﬂ of Result H Scattaring L|ght In'mnsity
Count Rate : 988 KCPS
Calculation Results
Poak No. | S5.P.Area Ratio Mean 5. 0. Mode
1 1.00 134.3 nm 34.5 nm 126.2 nm
Z . — T — == [HITY
3 - — nm - M - I}
Total 1.00 134.3 nm 34.5 nm 126.2 nm
Cumulant Operations
Z-Average : 124.5 nm
Pl _ : D128 -
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DLS size of HMSN-F68

HORIBA
SZ-100

HMSN-F68 _14.nsz

Measurement Results
Date

Measurement Type

Sample Name

Scattering Angle

Temperature of the Holder
Dispersion Medium Viscosity
Transmission Intensity before Meas.
Distribution Form

Distribution Form(Dispersity)
Representation of Result

2022.00.27 16:40:14
HORIBA 8Z-100 for Windows [Z Type] Ver2. 20

: Tuesday, September 27, 2022 15:33:57 PM
: Particle Size

: HMSN-F&8

: 80

: 25.0 °C

: 0.692 mPa-s

: 25654

: Standard

: Monodisperse

: Scattering Light Intensity

Count Rate : 1458 kCPS
Calculation Results
Peak No. | S.P.Area Ratio Mean 5. D. Maode
1 1.00 148.2 nm 34.5 nm 142.4 nm
2 -— il —- fiffl — A
3 -— nAMm —- nAm — Aim
Total 1.00 148.2 nm 34.5 nm 142.4 nm
Cumulant Gparatiuns
Z-Average 142.1 nm
Pl _. : 0.001 -
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DLS size of HMSN-F127

2022.09.27 15:40:00
HOR.BA HORIBA SZ-100 for Windows [Z Type] Ver2. 20
HMSN-F127_3.nsz
Measurement Results
Date : Tuesday, September 27, 2022 15:08:52 PM
Measurement Type : Particle Size
Sample Name : HMSN-F127
Scattering Angle : 90
Temperature of the Holder : 25.0°C
Dispersion Medium Viscosity : 0.894 mPa-s
Transmission Intensity before Meas. 1 21051
Distribution Form : Standard
Distribution Form(Dispersity) : Monodisperse
Representation of Result : Scattering Light Intensity
Count Rate : 1284 kCPS
Calculation Results
Poak No. | S.P.Aroa Ratio Mean S.D. Mode
1 1.00 177.5 nm 53.4 nm 161.0 nm
2 - - M - M == UM
3 —- - M ~es AN we M
Total 1.00 177.5 nm 53.4 nm 161.0 nm
Cumulant Operations
Z-Average : 172.7 nm
Pl _ 7 : 0.240 o
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Zeta potential of dSiO;

HORIBA

Sciantific

SZ-100

dsio2_

003.nzt

Measurement Results

Measurement Results

Date

Measurement Type

: Tuesday, November 2, 2021 12:59:07 PM

: Zeta Potential

Sample Name : dsioz2
Temperature of the Holder : 250 °C
Dispersion Medium Viscosity : 0.895 mPa's
Conductivity : 0.068 mS/cm
Electrode Voltage : 38V

Calculation Results

Peak No.

Zeta Potential

Electrophoretic Mobility

Electrophoretic Mobility Mean

Intensity (a.u.)

1 -45.3 mV -0.000351 cm2/V's
2 === mV¥ == cm2V's
3 = m¥ - cmZVs

Zeta Potential (Mean) : =453 mV

: -0.000351 cm2/Vs

2021.11.02 13:04:01
HORIBA SZ-100 for Windows [Z Type] Ver2. 20
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Zeta potential of HMSN

HORIBA

Scientific

SZ-100

Measurement Results

HMSN_0003.nzt
Measurement Results

: Tuesday, February 15, 2022 17:10:57 PM

Date

Measurement Type : Zeta Potential
Sample Name : HMSN
Temperature of the Holder : 25.0 °C
Dispersion Medium Viscosity : 0.895 mPa-'s
Conductivity : 0.065 mS/cm
Electrode Voltage : 38V

Calculation Results

Poak No. | Zeta Potential | Electrophoretic Mobility
1 44.5 mV -0.000345 cm2V's
2 === mV == cm2Vs
3 - mV - cm2/Vs
Zeta Potential (Mean) : 445 mV

Electrophoretic Mobility Mean

Intensity (a.u.)

: -0.000345 cmZ/Vs

2022.03.02 16:45:37
HORIBA $Z-100 for Windows [Z Type] Ver2.20
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Zeta potential of HMSN-NH>

HORIBA

Sciaentific

SZ-100

2022.09.15 16:20:32
HORIBA SZ-100 for Windows [Z Type] Ver2.20

Measurement Results

HMSN-NH2_1.nzt
Measurement Results

Date : Thursday, September 15, 2022 16:03:11 PM
Measurement Type : Zeta Potential

Sample Name : HMSN-NH2

Temperature of the Holder : 250 °C

Dispersion Medium Viscosity : 0.896 mPa-s

Conductivity : 0.058 mS/cm

Electrode Voltage 138V

Calculation Results

Peak No. | Zeta Potential | Electrophoretic Mobility
1 49.6 mV 0.000384 cm2/Vs
F] e IV == CM2/Vs
3 = mV == CM2Vs
Zeta Potential (Mean) : 49.6 mV
Electrophoretic Mobility Mean : 0.000384 cm2/Vs
1.4+
1.2+
1.0+
=
i -
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A 4
0
5 0.6
L
£ 4
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Zeta potential of HMSN-L64

HORIBA

Sciantific

SZ-100

2022.09.15 16:20:30

HORIBA $Z-100 for Windows [Z Type] Ver2. 20

Measurement Results

HMSN-L64_2.nzt
Measurement Results

Date : Thursday, September 15, 2022 15:58:46 PM
Measurement Type : Zeta Potential

Sample Name : HMSN-L64

Temperature of the Holder : 25.0 °C

Dispersion Medium Viscosity : 0.894 mPa-s

Conductivity : 0.059 mS/cm

Electrode Voltage 138V

Calculation Results

Peak No.

Zeta Potential

Electrophoretic Mobility

1 37.8 mV 0.000293 cm2/V's
F] - Y == c2/V's
3 = mV - CM2Vs

Zeta Potential (Mean) : 37.8 mV

Electrophoretic Mobility Mean : 0.000293 cm2/Vs

Intensity (a.u.)
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Zeta potential of HMSN-F68

HORIBA

Scientific

SZ-100

2022.09.12 09:57:01
HORIBA $Z-100 for Windows [Z Type] Ver2.20

Measurement Results

HMSN-F68_3.nzt
Measurement Results

Date : Monday, September 12, 2022 9:46:06 AM
Measurement Type : Zeta Potential

Sample Name : HMSN-F68

Temperature of the Holder : 250 °C

Dispersion Medium Viscosity : 1.084 mPa's

Conductivity : 0.081 mS/cm

Electrode Voltage 138V

Calculation Results

Peak No. | Zeta Potential | Electrophoretic Mobility
1 2.3 mV -0.000005 cm2/Vs
2 59.8 mV 0.000121 cm2Vs

3 - mV —- cm2Vs
Zeta Potential (Mean) : 302 mV
Electrophoretic Mobility Mean : 0.000061 cm2/Vs

Intensity (a.u.)

2.04

1.5

1.0+

0.5+

a.o-l'lllll'|III|'|llll'|l R N N R N R RN RN NN RN

-150 -100 =50 0 50 100 150 200

Zeta Potential (mV)
HORIBA
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Zeta potential of HMSN-F127

HORIBA

Scientific

SZ-100

Measurement Results

HMSN-F127_1.nzt
Measurement Results

: Thursday, September 15, 2022 15:54:54 PM

Date

Measurement Type : Zeta Potential
Sample Name : HMSN-F127
Temperature of the Holder : 25.0°C
Dispersion Medium Viscosity : 0.896 mPa-s
Conductivity : 0.059 mS/cm
Electrode Voltage 138V

Calculation Results

Peak No. | Zeta Potential | Electrophoretic Mobility
1 20.2 mV 0.000157 cm2/Vs
2 = mVY --- cm2/Vs
3 == OV === cM2V's
Zeta Potential (Mean) : 20.2 mV

Electrophoretic Mobility Mean

Intensity (a.u.)

: 0.000157 cmi/Vs

2022.09.15 16:20:29
HORIBA SZ-100 for Windows [Z Type] Ver2.20
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-150 -100 =50 0 50
Zeta Potential (mV)

100

150

200

HORIBA

1/1



TGA graph of HMSN

Weight (%)

TGA graph

Weight (%)
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TGA graph of HMSN-F68

HMSN-FE&E
120
] L 07857140
L 084570
106 -
1 Waight Lass: 00021 mg
i . cE & Wiesght Less 0120 mg
| H’“H i Percenl Loss: 2055 % Wiesght Percent Loss 16 881 %
\‘-_.__ i O S000000
o7
— Cnset x 287 82 °C
£ ] L 03571430
2
- ]
&
= 1 --\_\-\""——._.__\_\_\—
78 L0 A2E50
L 00714288
54
] k0T 14286
0 100 200 300 400 S00 Gy 700 B0
Tamparature 7 {"C)
TGA graph of HMSN-F127
HMSN-F127
118.00 ] |
11375 ] L
109.50 ] F07
105.25 3 Weight Loss: 0.005 mg Weight Loss: 0.233 mg I
101.00 ] Weight Percent Loss: 0.544 % Weight Percent Loss 23417 % [
B | 1 L
9675 _ Onset x: 350.85 °C Los
92.50 ] b
g 88.25 r
£ 8400 I
D ] L03
S rs ]
75.50 3 L
71.25] H
67.00 ] 01
62.75 ] I
58.50 3 |
5425 7 L.-01
50.00 L B B e B S B B LA E e e
0 100 200 300 400 500 600 700 800

Temperature 7 (°C)

2

AL AL

FECCTEASET

o1 %) (L )P/ (uBismle uBism ‘Aueq

[
\



EDX pattern of HMSN

Spectrum 7

EDX pattern of HNSM-NH:

Sum Spectrum




Isotherm Linear Plot of HMSN

[M] micromeritics’

TriStar 1l Plus 3.03 TriSear Il Plus Version 3.03 Papge 7 of 55
Serial # 2090 Unit1 Port 1
Sample: HMSN
Operator:  Mr. Mouse
Sulbmitier:
File: CATriStar Il Flus\dataiMr Ty\Nguyen Thi Hol\HMSM. SMP
Stared: 9132022 5:16:40 PM Analysis adsorpive: M2
Completed: 91452022 9:36:47 AM Analysis bath ternp.: 77350 K
Report tire: 971452022 10:58:35 AM Thermal comection: Mo
Sample mass:  0.1116g Ambilent free space: 119593 em® Measured
Analysis free apace: 311547 em® Equilibration interval: 108
Low pressure dogse:  Mone Sample density: 1,000 glem?
Automalic degas: Mo

Commeenis: Deges: at 108, by N2 ges in My

|setharm Linear Plat

—f— HMSEN : HMESH : Adsorpton —g— HMSN : HMSM : Desorpton

600

\

400

|

Quartity Adsorbed {cmig STF)
']

0.4 0.5 0.5
Relative Pressure (P/Po)

oo 03 0.7 0.8 08




BJH Adsorption dV/dD Pore Volume of HMSN

TriStar Il Plus 3.03

[M] micromeritics

TriStar Il Plus Version 3.03
Serial # 2090 Unit 1 Port 1

Sample: HMSN
Operator: M. Mouse
Submitier:

Stared:

Compleled:

Report tirme:
Sample mass:
Analysis free space:
Low pressure dose:
Automaiic degas:

File: CATriStar Il PlusidatsiMr TyiNguyen Thi Hol\HMSMN SMP

91132022 5:16:40 PM Amnalysis adsorptive:
91142022 9:36:47 AM Analysis bath temp.:
911452022 10:58:35 AM Thermal comecton:
0.1116g Ambilent free space:
311547 em? Equilibration interval:
Mone Sample density:
i

Commenis: Degas: at 1030, by N2 gas, in 2h

dvidD Pare Volume (cmig-A)

e HMSM

BJH Adsorption dWidD Pore Volume

Haricirs: snd Jorn - Fass Conrection
HMSH

Page 24 of 55

N2
TI350K
Mo

119593 em® Measured

10s
1.000 giem?

0.035

0.030
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0.005
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Pore Diameter (&)
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Isotherm Linear Plot of HMSN-NH:

TriStar Il Plus 3.03

[Mj micromeritics’

TriStar |l Plus Version 3.03
Serial # 2090 Unit1 Port2

Sample:  HMSN-Plu
Operator:  Mr. Mouse
Submittes:

File: CATrStar || Plus\datsiMr TyiNguyen Thi Holt\HMSN-Flu SMP

Started: 9132022 5:16:40 PM

Completed

D 81472022 9:36:47 AM

Report time: 301452022 10:58:08 AM

Sample mass:

00864 g

Analysis free space: 304813 em®

Lo pressure dose:
Automatic degas:

Commeenis: Deges: ar 1050, by

i
Mo

M2 ges, im Mh

Analysis adsorptive:
Analysis bath temp.:
Thermal comection:
Ambient free space:
Equilibration interval:
Sample density:

|setharm Linear Plot

—f— HMEN-Flu | HMSMN-Flu : Adsonption

Page T of 52
N2
TI350 K
No

11.7803 em® Measured
10s
1000 giom?
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400
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8
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L Il
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Relative Pressure (P/Po)
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BJH Adsorption dV/dD Pore Volume of HMSN-NH>
[M] micromeritics’

TriStar Il Plus 3.03 TriStar |l Plus Version 3.03 Page 21 of 52
Serial # 2090 Unit 1 Port 2

Sample:  HMSN-Plu
Operator: M. Mouse
Submitter:
File: CATriStar Il Plus\date\Mr TyiNguyen Thi Hol\HMSMN-Flu SMP

Stared: 9132022 5:16:40 PM Analysis adsorptive: N2
Compleied: 91472022 9:36:47 AM Analysis bath terp.:  T7350 K
Report time:  9/1472022 10:59:08 AM Thermal comection:  No
Sample mass: 00864 g Ambilent free space: 117803 cm® Measured
Analysis free space: 304813 cm® Equilibration interval: 108
Low pressure doge:  Mone Sample density: 1,000 glem®

Automatic degas: Mo

Commenis: Deges: ot 103, by N2 gas in Mh

BJH Adsarption dWidD Pore Valume

Haricirs and Jara : Fass Conrection
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!H-NMR spectrum of NPC-L64-OH

NPCL640H-CDC13-1H
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Current Data Parameters
HAME 110HAT_NPCLA4OH
EXENO - 10
EROCNO 1
F2 - Acquisition Parameters
Date 201208
Time 16.20
INSTRUM spect
PROBHD 5 mm PARBO BR/
PULEROG 2g30
TD 65536
SOLVENT cDC13
NS 16
DS 2
sWE

FIDRES

aQ

RC

oW

DE

TE

D1

TDO

CHANNEL £1
500.2420892

MHz

ussc

22.00000000 W

]
w -

13 12 1 10 9 8 7 6 5 2 1 0 ppm
| |

22 818 2 [B[B[R(S3|S 8| [N
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'H-NMR f NPC-F68-OH
- spectrum o -F68-
NPCF680H-CDC13-1H
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F2? - Processing parameters

51 65536

SF 500.2390025 MHz

WDW EM

sSB 0

LB 0.30 Hz

GB 0

BC 1.00
EESZE)R

Current Data Parameters

NAME 110HAI_NPCF68OH

EXPNO - 10

PROCNO 1

F2 - Acquisition Parameters

Date 20201208

Time ™ 16.11

INSTRUM spect

PROBHD 5 mm PABBO BB/

PULBROG zg30

D 65536

SOLVENT coc13

NS

SFO1 500.2420892 MHz
NUC 1H

Fl 10.20 usec
PLW1 22.00000000 W
F2 - Processing parameters
81 65536

SF 500.2390037 MHz
WDW EM
SSB 0

LB 0.30 Hz
GB 0

PC 1.00



H-NMR spectrum of NPC-F127-OH

NPCF1270H-CDC13-1H

<)
B LR%R

2R ER ST ARIINC0YRYREI5R 52200258 CRATRERS  Cuzrent Data Pazameters
NNTMAM T T FAUNDO DO NN OO T T MO O DO AN A OO NAME 110HAT_NPCF1270H
PRI ok DO o O o O U O S SN Sk SN M SO S 19
Date 20201208
Time 16.07
INSTRUM spect
PROBHD 3 mm PABBO BE/
PULPROG zg30
TD 65536
SOLVENT CDC13
NS 16
Ds 2
SWH
FIDRES
AQ
RG
oW
DE
TE
D1
TDO
CHANNEL £1
S5F01 500.24208%2 MH=z
NUC1 1H
Pl 10.20 usec
PLW1 22.00000000 W
F2 - Processing paramsters
8I 65536
SF 500.2390076 MH=z
WDW EM
SSB 0
LB 0.30 Hz
GE (1]
PC 1.00
1 1 .
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