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ABSTRACT
The research work concentrated on the design, synthesis and biological application of functional
mesoporous silica nanoparticles. Through novel functionalization, several mesoporous silica
nanoparticle (MSNP) based systems aiming at different biological applications, including
drug/gene co-delivery, photodynamic therapy (PDT) and bio-image, are designed and fabricated.
A variety of techniques of both materials and chemical science are used to fully characterize the
functional MSNP before application in the biological system. By in vitro and in vivo
experiments with cancer cell lines and zebra fish, the effectiveness of these functional MSNP
based nano-systems are verified.
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Chapter 1. Research Background and Motivation
Mesoporous silica nanoparticle (MSNP)and its related applications have been developed for almost two
decades ever since its discovery. But the story is not ending. On the contrary, sharp increasing number of
publications about MSNP indicates its importance and great potentials in materials science and
engineering.In the first part, a general introduction to MSNP is given, covering basic knowledge of
MSNP, the chemical functionalization and related applications focusing on biological area. Then, based
on the current research progress of MSNP, specifically its biological applications, several novel designs
were enspired, which would be illustrated in the part of the research motivation.And thus the scientific
contributions of this work are highlighted.

1.1 Research Background of MSNP
1.1.1Synthesis, Structure and Property of MSNP
Ever since the invention of ordered mesoporous silica nanoparticle (MSNP) by two research groups
independently,1, 2 this kind of material has attracted significant attentions. The preparation of new types of
ordered mesoporous silica based nanostructure has been significantly advanced and various families of
MSNP have been developed, including MCM-n mentioned before, SBA-n (Santa Barbara amorphous
silica),3,
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MSU-n (Michigan State University silica),5 KIT-1(Korean Institute of Technology),6 IBN

(Insitute of Bioengineering and Nanotechnology)7 and FDU-n (Fudan University).8During the past two
decades, the application of these mesoporous silica nanoparticleshave been developed and extended into
many other fields except for its original intention in the catalyst industry. The unique structure of each
type of mesoporous silicais the critical factor that determines the specific application of these novel
materials.
1

Figure 1.1. The mechanism of surfactant directed MSNP synthesis with cetyltrimethylammonium
bromide (CTAB) and tetraethylorthosilicate (TEOS) in aqeous solution.9
The synthesis of ordered MSNP is usually based on the template directed hydrolysis of silica precursor,
tetraethylorthosilicate (TEOS). Cationic surfactant or block polymers that can form micelles are
employed as the template for the mesoporous structure formation. Base-catalysed sol-gel process leads to
the nanoparticles growth on the micellar template. The formation process should include at least
nucleation and self assembly of silica precursor. The morphology of formed particles is determined by the
type of catalyst. For example, using NH4OH will produce rod-like structure, while using NaOH will give
smaller size nanospheres. The surfactant can be further removed by refluxing in methanol or ethanol
solution containing hydrochloride, in which process the electrostatic interaction between the cationic
surfactants and the anionic silicate will be broken and thus the mesopores will be obtained. Obviously, the
pore diameter is directly determined by the length of surfactant used in the synthesis process. For example,
in MCM-41 type MSNP, cetyltrimethylammonium bromide (CTAB) with 16 carbon containing alkyl
chain would yield pore size around 2-3nm,10 while SBA-15 type MSNP whose formation is directed by
block polymer such as pluronic P10411 or P12312 has much larger pore size. Besides using different
surfactant to achieve different pore size, the mesopore diameter can also be varied through addition of
pore swelling agent, like trimethylbenzene (TMB). The morphology and particle size of MSNP can be
controlled through adjusting the reaction conditions, such as stirring speed, surfactant concentration, pH
conditions.13
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The most characteristic properties of MSNP are the porosity structure which give high specific surface
area, large pore volume, and uniform pore size. The porosity of MSNP is normally characterized by N2
adsorption/desorption.The BET (Brunauer-Emmett-Teller) surface area of MSNP can reach up to as high
as 1000m2/g for MCM-41 type MSNP or slightly lower surface area for SBA-15 type MSNP. Due to
highly porous structure, the pore volume of MSNP is around 1 cm3/g which is favorable for cargo
molecules loading.14 In the N2 adsorption/desorption test, the BJH (Barrett-Joyner-Halenda) method
reveals the internal pore size of the mesopores. The MSNP possesses extremely uniform pore diameter.
For example, the pore diameter distribution is usually sharply focused on 2-3nm for MCM-41 type and 69nm for SBA-15 type MSNP.15-17 Because of such uniform pore size, the MSNP can orderly pile up in 2D
hexagonal structure with p6mm space group, even though they might have different pore size.18-20 The
hexagonal structure can be characterized by powder X-ray diffraction and demonstrated by the
characteristic (001) peak at extremely low angle.10 The exact value of 2 theta is determined by the pore
size and the relationship based on the classic Bragg’s Law. Moreover, the particle size is also a critical
factor in the application of MSNP. For MCM-41 type MSNP, the particle size can range from 50nm to
300nm. Through conditions controlling, such as pH values of the reaction system, the particle size
distribution can be effectively focused on certain range and uniform nanospheres can be obtained.
As mentioned before, the morphology and mesoporous structure of MSNP are tunable during the
synthesis process. Except for the size and shape of MSNP, the surface area, pore size, and pore volume
are all tunable in the synthesis of MSNP. It is easily to expect that the surface area and pore volume are
closely related with the pore size. Usually, smaller pore size means higher porosity and thus higher
surface and pore volume. The mesoporous structure with smaller nanopores is more stable than that of
larger pores, which also contributes to such relation. In order to meet different application purposes, the
variation of the particle size or pore diameter have been studied by several research groups. They
developed several effect methods or synthesis procedures to control the MSNP’s morphology,14, 17, 21
size22-25, pore size.26, 27 In fact, it is great interest to tune the morphology or mesoporous structure of
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MSNP. For instance, the enlargement of the pore size allows for the loading of high molecular weight
bio-molecules, such as DNA, RNA, protein, and enzyme.28-31 It is also reported that the particle size of
MSNP directly affect the cellular uptake of MSNP in the drug delivery experiment in vitro.32

1.1.2 Functionalization of MSNP
The specific application of MSNP is always directly related with the functionalization of MSNP.
Different surface functional groups can be linked on the MSNP in order to realize different purposes.
Therefore, functionalization of MSNP together with its unique structure imposes a variety of functions of
MSNP, which is also the major reason for the fast development and numerous reports on MSNP during
recent years. For example, the functional groups on MSNP surface can bring hydrophobic or hydrophilic
property to the surface of MSNP, which will greatly affect the guest molecules loading property.33,
34

Moreover, in catalyst industry the MSNP serves as the scaffold for the catalytic species which are

usually functionalized on the mesoporous structure.35

Figure 1.2. Distribution of functional groups depending on the addition timeof the organosilane
component during synthesis.36(Copyright 2008 American Chemical Society)
Another reason for the wide application of MSNP is the ease of functionalization on MSNP. Chemically,
the presence of Si-OH groups on the surface or inside the internal pores of the MSNP provides the
possibility of attaching intended functional groups. Alkoxysilanes with different organic groups are used
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to initially modify MSNP with expected groups through interaction with Si-OH groups, which can give
great diversity to MSNP, impose distinguished surface property and thus completely different usage of
this material.37, 38Typically, there are two major routes for the initial functionalization of MSNP, cocondensation method and post-syntheticgrafting method. For the co-condensation method, the functional
silence molecules are mixed with silica precursor like TEOS, and MSNP nanoparticles are directly
formed through the base-catalyzed nucleation and growth process. As the functional groups are
homogeneously mixed with the silica precursor, the formed nanoparticles have uniform distribution of
functional groups both on the MSNP surface and inside the mesopores. 37, 39, 40 However, in the postsynthetic grafting method, the MSNP nanoparticles are prepared first, and the functional groups are linked
onto MSNP through refluxing in alkoxysilanes containing solvent. This process can be conducted either
before or after removal of the surfactant inside the mesopores, in which way the functional groups can be
only attached on the outside surface of MSNP or both outside surface and internal pores. 41, 42Hence, postsynthetic grafting is used to selective functionalization the MSNP, which can even functionalize different
groups outside the MSNP surface or inside mesopores.36, 43-45The drawback of post-grafting method is the
possibility of non-uniform distribution of functional groups. It is apparent that co-condensation method
shows superiority in the aspect of efficiency, as the functionalization procedure is completed together
with the MSNP synthesis.
With the initial functionalization, a variety of functional groups, such as primary amine, thiol, phosphate,
etc., can be introduced to the MSNP, which allows for the further linkage or modification of required
molecules or functional groups. The further linkage or modification on the initial attached functional
groups can be performed by various chemical reactions. For example, amidationreaction is one of the
most commonly used methods to link additional moiety onto MSNP.46-48 Such reaction is completed in
heterogeneous system, and therefore the molecules that will be attached on MSNP are usually added in
excessive amount in order to completely convert the initial functional groups on MSNP. So, chemical
reactions with high efficiency like “click chemistry” are favorable in the functionalization of MSNP,495

51

which can ensure that more than 90% or even 100% of the initial functional groups react with additional

moiety.
In addition to linking functional groups or small molecules on MSNP, the MSNP based nano-hybrids
have been widely explored for different application purposes. For example, the combination of MSNP
with bio-molecules double layer lipid with either positive charge or negatively charge on the hybrid
surface has been designed by researchers for the drug and gene delivery purpose.52, 53Besides, cationic54, 55
or degradable polymer56, 57 coating on MSNP is also developed for drug/gene delivery. Chemically linked
ssDNA,58, 59 antibody,60, 61 or enzyme62 on MSNP surface can serve as target or detection probes for the
MSNP based nano-hybrid. Moreover, MSNP based nano-hybrid with other smaller nanoparticles
decoration were prepared by many research groups, in which a variety of nanoparticles were employed,
including to gold nanoparticles,63-66 iron oxide,67-70quantum dots,71-73 zinc oxide,74-77 and so forth. Most of
these modifications or decorations on the MSNP were either prepared by chemical reactions or
electrostatic interaction, which impose different functions to the original material of MSNP.

1.1.3 Cytoxicity and biocompatibility of MSNP
As this research work mainly concerns on the exploration of the biological application of MSNP, an
introduction on the current progress in this specific research area is given in the following.
When applying MSNP into the biological system, the first issue needs to be considered is the safety issues,
including toxic effect and biocompatibility of MSNP. The first point considered is the chemical
composition of MSNP. Amorphous silica is usually treated as non-toxic and even bio-degradable in living
biological system,78 and it was widely used in the pharmaceutical industry. Such fact is rather favorable
when considering the toxic effect of ordered mesoporous silica nanoparticles.And initial studies also came
to similar conclusion that MSNP is generally accepted as low toxicity and regarded safe in biological
application when used in low dosage.79For example, early studies compared the cytotoxicity of MSNP
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with solid silica spheres, and it was delighted to find that mesoporous structure resulted in much less
cytotoxicity than solid silica.80 And recently, many more reports about the detailed study on the
interaction between mesoporous silica nanoparticles and different cell lines by in vitro experiments,
including human colon carcinoma (Caco-2),81 glioma cells,82 and HeLa cells.83-85 Although MSNP has
been widely accepted as non-toxic or low-toxic material, which is favorable for biological application,
still concerns on its toxic effect and safety in biological applications have been raised recently. And it has
been reported that several factors significant affect its cytotoxicity and biocompatibility.
The most apparent factor affecting MSNP’s toxic effect is its dosage administered. As mentioned before,
MSNP was found to be low toxic as lower concentration in vitro. However, when increasing the
concentration of MSNP used in the biological application, obvious toxic effect was observed. For
example, study by Radu group found dosage dependent toxic effect of MSNP and high toxicity was
observed at higher concentration86.
Then, size-dependent toxic effect is even more interesting. When the size of MSNP is relatively larger
and located in the micron range (2.5μm), much higher toxicity was found when comparing to the same
amount of MSNP with a smaller size (270nm).87 However, smaller is not always the better. When the size
of MSNP decreased to be smaller than 20nm, they are much more toxic than those with size around 104
and 335nm.88 For the intracellular delivery purpose, sub micron size, like 100nm below 500nm, was
reported to be easily uptaken by cells without any obvious cytoxicity effect at relatively high dosage. 89, 90
The surface functionalization is expected to directly affect the toxicity of MSNP, as the surface moieties
or organic groups directly interact with the living tissues.91, 92 María Vallet-Regí’s group studied the effect
of surface modification of MSNP on its biocompatibility with osteoblastic cell cultures. They found that
after coated with osteostatin, a positive effect on the biocompatibility of MSNP was found.93 Besides,
surface modification with poly-ethylene glycol (PEG) polymer could enhance the biocompartibility, such
as decreasing the non specific serum binding and reducing haemolysis rate. 94, 95
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In vivo study of the biocompatibility of MSNP has been limited to small rodents animals up to now.
Though the biocompatibility of MSNP was demonstrated at low dosage by subcutaneous injections into
mice, however deaths were found when treated at high dosage (1.2g kg-1 formice) by intrperotoneal
injection.96Bio-degradation of MSNP was studied by using simulated biological fluid and textural
properties of the mesoporous systems losing after one month incubation was found.97 Souris’ group
studied the hepatobiliary excretion of MSNP with different charge density on MSNP surface in their
study.98 However, up to now, the biocompatibility of MSNP is still a barrier for its further in vivo
application or even clinic test for biological application.

1.1.4 Biological application of MSNP
Due to its unique structure of MSNP, the most widely application in the biological field isto serve as
delivery carrier.99 The delivered cargos includevarious therapy drugs, DNA or RNA, protein, enzyme and
so forth. Because of its tunable pore size, cargos with different size can be easily encapsulated inside the
mesopores. The ease of surface modification with organic groups allows for delivery of either
hydrophobic or hydrophilic drugs into target tissue or cells. The high surface area and pore volume
provide large delivering capability of MSNP.

Figure 1.3. Schematic representation of nanopistons on mechanized phosphonate-covered silica
nanoparticles. 100(Copyright 2010 American Chemical Society)
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Among numerous delivery systems designed based on MSNP, on-demand drug release is the major target,
as non-specific drug release would cause unwanted side-effect and decrease the drug efficacy. Therefore,
stimuli-responsive drug delivery systems based on MSNP have been studied by many research groups
during the past decades. The pioneering work was conducted by Tanaka group who usedUltraviolet (UV)
sensitive coumarin substitute to graft at the orifice of MCM-41silica nanoparticles and act as the
controllable gate. Photo-irradiation could induce the photocleavage and formation of the dimers, which
controlled the access to the internal pore cavity of MSNPs.101 Since then, many stimuli-responsive drug
delivery systems based on MSNPs have been developed. The main focuses are (a) the design of
controllable “gate keeper” in order to keep the cargos trapped inside before reaching target biological
region and (b) stimuli-responsive opening to release the drugs inside. The “gate keeper” selections
include various functional groups that are sensitive to pH,102-104redox potential,42, 105-108photo-irradiation,41,
109, 110

or thermal change.111The pore opening is dependent on the cleavable covalent bonds, ionic

interaction, or competitive binding. Among these on-demand delivery system, one hot topic is
mechanized MSNPs. Rotaxanes or pseudorotaxanesare were employed to act as the controllable gatekeepers. These mechanically interlocked molecular machines can be functionalized on the MSNP surface,
and guest molecules are employed to “close the door”. The bistable characteristic of the rotaxanes or
pseudorotaxanes allows reversibly controlled open-close behavior of such drug delivery system.112, 113Dr.
Stoddard and Dr. Zink have contributed many excellent works on the mechanized silica nanoparticles for
stimuli-responsive drug delivery.100, 109 A good review paper on this topic was published by his group
recently.9, 114
Besides relatively small organic groups or molecules, researchers have begun to use biomaterials as gate
keepers. For example, Dr. Luo used collagen to cap the pores and then to realize cell-specific targeting
and redox-responsive controlled drugs.115 Proteins were also utilized to carry out the controlled drug
release based on MSNPs. Specific interaction between biotin and avidin was employed to cap the pores
by biotin, and such delivery system is protease-responsive.116 Another work by the same group used click
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chemistry to covalently link biotin labeled double strand DNA on the pore orifices of MSNPs in order to
block the cargo molecules inside by interaction with avidin and achieve controlled release by thermal
induced DNA denaturization.111 Single strand DNA binding on the MSNP surfaces by charge-charge
interaction through functionalized amine groups could also block the pores and the complementary DNA
strand acts as the key to open the pores and release internal trapped cargo molecules.117This new trend has
opened a direction for the drug delivery application of MSNPs, which can increase the biocompatibility or
target drug delivery with specific biomaterials as “gate keeper” and multi-functional agent. Introduction
of biomaterials in the drug delivery system can also promise a good prospect for the future in vivo
investigation due to special properties brought by the attached biomaterials. However, at present, these
novel designs are not quite feasible in the practical applications. More research work needs to be done in
this direction.
Another important biological application of MSNPs is non-viral gene delivery. As apromising candidate
for non-viral delivery, MSNPs show obvious superiorities over viral gene delivery systems.118Various
non-viral gene delivery systems have been developed based on MSNP. Cationic polymer is one of the
major ways in non-viral gene delivery. The application of silica nanoparticles in gene delivery has been
investigated by some researchers. The early work used amine group-modified solid silica nanospheres to
form complex with negative charge DNA for gene delivery purpose.119-121The work by He etc. showed
that bioconjugated amino-modified silica nanoparticles with DNA can protect DNA from cleavage by
HindIII and proved GFP plasmid DNA expression in COS-7 cells.122Similar work was completed by
Pearce etc., who proved that non-viral gene delivery method with amine group-functionalized silicate
nanoparticles could increase the transfection efficiency by 230% compared to non-functionalized silicate
nanoparticles and also enhance pDNA-PEI complex induced transfection by over 150%.123 Apart from
surface modified silica nanoparticles for gene delivery by charge-charge interaction between positive
charge silica nanoparticle surface and negative charged DNA chain, some researchers studied on the
possibility of adsorption or encapsulation of DNA chains into the mesopores of MSNPs for gene delivery
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purposes.124-127Porous silica nanoparticles with extremely large poreswere fabricated to encapsulate DNA
or siRNA for gene delivery in vitro and in vivo.128, 129
Apart from drug or gene delivery, MSNP also utilized for many other biological applications. As the
MSNP is easily to covalently link fluorescence dyes130 or bio-imaging reagent

131

for bio-labeling or bio-

image purposes in vitro or in vivo. Besides, MSNP was also employed as the scaffold for bone tissue
regeneration, as the surface silanol groups on MSNP impose similar chemical property to bio-classes, so
researchers even tried to develop functional MSNP for bone regeneration.132, 133 Enzyme immobilization
on MSNP aims to achieve high enzyme stability, including both operational stability and storage
stability.134 The enlargement of pore size is necessary in order to encapsulate biomolecules such as
enzymes with larger molecular size. Thus SBA-154, 135 or FDU-12136 with larger pore size, ranging from
5nm to 30nm, caneffectively encapsulate proteins, as well as facilitating the mass transfer within the
porous structure. Positive results were found for enzyme immobilization on MSNP, as higher enzyme
activity was observed than free enzyme only.137-139 Through combination with other nanomaterials, such
as gold nanoparticles, MSNP based nanohybrid could be used for synergetic cancer treatment by
photothermal therapy and chemotherapy therapy simultaneously.140-144 In addition, MSNPs were also
used to immobilize the photosensitizer for photodynamic cancer therapy. Several research groups have
successfully prepare photosensitizer modified MSNP through co-condensation method with addition of
photozensitizer modified silane.145,

146

Post-grafting method was also used to covalently link

photosensitizer (protoporphyrin IX) onto the mesoporous structure of MSNP.147 Effective reactive oxygen
species were generated by corresponsive light irradiation and thus cancer cell killing effect was achieved.

1.2Research Motivation and Scientific Contribution
In fact, numerous scientific reports based on the MSNP have been published, especially for its biological
application, such as serving as drug, gene, or protein delivering carrier, bio-imaging and biochemical
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detection. Several excellent review articles summarized the current biological application of MSNP very
well.148-154On the one side, it seems that this material has been extensively developed. However, on the
other side, the fact of exponentially increasing publication numbers about MSNP indicates its great
potentials in material science and engineering. Therefore, this research work dedicated to explore new
application of MSNP in biological field through novel functionalization. It is expected that this research
work would convey a concept of bringing new insight or new life to the traditional materials, which might
be taken as the theme of this research work from a philosophical view. Based on the previous research
background of MSNP, this research work brought up several proposals that aim at biological
problemresolving or improvement on the current systems through novel functionalization on MSNP.
Therefore, this work mainly focuses on the design, preparation, and characterization of the novel
functional MSNP or MSNP based nano-hybrid. More importantly, the biological applications of these
new functional MSNP materials would be well investigated in vitro or even in vivo.Based on the
conventional material that was invented about twenty years ago, several novel functional mesoporous
silica nanoparticles based nano-delivery systems or nano-hybrids were successfully designed (Figure 1.4),
fabricated and characterized. The hypothesis of these proposals was successfully certified through various
measurements or biological tests in vitro or in vivo.

Figure 1.4. Biological applications of functional mesoporous silica nanoparticle (MSNP).
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This research work managed to develop several useful biological functions, such as effective drug/gene
co-delivery for enhanced cancer therapy based on MSNP. In addition to novel design of the functional
MSNP for the controlled drug/gene delivery, through structure evolution of mesoporous silica, enhanced
delivering property was achieved by hollow mesoporous silica nanoparticles. Besides, this research work
successfully combined with other scientific disciplines to conduct interdisciplinary research work. In the
current research work, MSNP was employed to resolve some critical scientific bottleneck in the
biological area through novel functionalization or delicate nano-hybrid design. For example, this research
work successfully solved the aggregation problem of the secondary generation photosensitizer zinc
phthalocyanine in aqueous solution, and thus extended its effective application in photodynamic therapy
for cancer treatment. The success of this research not only provides scientific references for future study
in related fields, but also delivering a research concept of developing novelty on conventional materials
through structure or morphology evolution.
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Chapter 2. Drug/Gene Co-delivery by MSNP
2.1 Research Background
The significance of gene delivery has been widely studied since the discovery of DNA and gene
therapy.155, 156 DNA, small interfering RNA(SiRNA), microRNA and short hairpin RNA (shRNA) are
major types of gene delivered in gene therapy research.157 The main function of delivered gene is to
enhance the expression of therapeutic proteins by exogenous plasmid DNA encoding a specific gene; or
on the contrary, to silence certain protein expression to achieve specific biological effects. Due to
different working locations inside cells, DNA and siRNA are required to deliver into nucleus or
cytoplasm. The sufficient internalization of target gene is the first step for successful gene delivery.
The challenges of gene delivery mainly focus on two issues: efficient delivery/expression and
applicability in research and clinical situation. Traditional gene delivery carriers are viral vector-mediated
systems, which are the most common and successful methods for gene delivery. However, the limitations
of the systems, like toxicity, limited DNA capacity, packaging and recombination issues, as well as high
costs, greatly hamper their applications in research work and large scale gene delivery. 158, 159 Therefore,
non-viral delivery systems become increasingly desirable considering their superiorities over the stated
limitations in viral gene delivery systems.160Various non-viral gene delivery systems have been developed
in the past decade. Cationic polymer is one of the major ways in non-viral gene delivery. Biocompatible
cationic polymers, like chitosan,161 PEI,162-164 as well as their derivatives, were widely studied for gene
delivery. However, such systems usually lack effective release mechanism. After internalization, release
of target gene mainly depends on the uncontrolled diffusion, which might decrease the expression
efficiency due to the strong affinity of gene to its carriers.
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Previous research has indicated the superiority of silica nanoparticles in non-viral gene delivery
applications as described before. Meanwhile, the idea of drug/gene co-delivery systems sheds light on the
treatment of cancers. In addition to delivering anti-cancer drugs for apoptosis, specific genes can be
simultaneously delivered in order to promote or silence certain protein expression for gene therapy. [9a]
MSNPs possess apparent advantages in the aspect of drug/gene co-delivery, due to (a) their large pore
volume for high drug storage capacity and (b) ease surface functionalization for the gene attachment.

2.2Redox-responsive Drug/ssDNA co-delivery by functional MSNP
2.2.1 Research scope and motivation
Current research normallyutilizes cationic polymer coated MSNPs for binding with genes through
electrostatic interactions.165-168For example, Nel group successfully delivered siRNA/DNA and
Doxorubicin into a cancer cell line and studied the effects.166Bhattarai etc. used PEG and PDMAEMA or
PDEAEMA modified MSNPs to simultaneously deliver chloroquine and siRNA to increase the
transfection and silencing activity.167Dendrimer-capped MSNPs showed drug/gene co-delivery capability
due to the large amount of amine groups on the dentrimer 1 . Another drug/gene co-delivery system
fabricated by dentrimer and MSNPs even showed sustained release profile of carried drugs as well as
active function of Bcl-2 siRNA.168Lin group utilized gold-capped silica nanoparticles to delivery
chemicals and plasmid DNA into plant cells.169However, these co-delivery systems generally cannot
deliver genes and drugs in a controlled release manner. The release mechanism still depends on physical
diffusion or dissociation of nanoparticle/ssDNA complex. Since there is such a vacancy of controlled
release for the drug/gene co-delivery using the MSNP carriers, we designed and fabricated a MSNP-based
drug/ssDNA co-delivery system capable of delivering simultaneously drugs and ssDNA triggered by
redox.
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The preparation of the novel functionalized MSNPs is illustrated in Scheme 2.1.Amino-terminated alkyl
chains containing disulfide bondswere functionalized onto the nanoparticle surface by the reaction
between S-(2-aminoethylthio)-2-thiopyridine hydrochloride (SATH) and thiol-modified nanoparticles
(MSNP-SH). Since the amino groups on the surface can be easily protonated to be ammoniums in
aqueous solution at neutral or acidic pH,negatively charged ssDNA chainswere introduced onto the
surface through electrostatic interactions with the ammoniums. Thus, the ssDNA network at the orifice of
mesopores serves as “gatekeepers”, blocking the mesopores in order to avoidthe pre-release of the loaded
drugs inside the mesopores. The controlled release is based on the redox-triggered disulfide bond
cleavage. Addition of the reduction agent such as dithiothreitol (DTT) or glutathione (GSH) can
effectively break the disulfide bond and thereby collapse the “gatekeepers” provided by the gene network,
leading toa simultaneous drug/ssDNA co-delivery.

Mechanism 1.1. Illustrative mechanism of MSNP-based drug/gene co-delivery system.170(Copyright
2012Wiley-VCH Verlag Gmbh& Co.)
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2.2.2 Materials and Methods
Materials:Absolute ethanol (EtOH, >99.9%), acetic acid, 2-aminoethythiol hydrochloride, 3aminopropyltriethoxysilane (APTS),cetyltrimethylammonoium bromide (CTAB, 90%),4',6-diamidino-2phenylindole(DAPI), diethyl ether, dimethylformamide (DMF, 99%),(3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT),2,2-dithiodipyridine,dithiothreitol (DTT), doxorubicin (Dox),
dulbecco's modified eagle's medium (DMEM),5 end/Cy 5 modified 21-mer ssDNA (ssDNA/Cy5), fetal
bovine serum (FBS),fluoresceinisothiocyanate (FITC),formaldehyde,glutathione (GSH), hydrochloride
(HCl, assay 37%), 3-mercaptopyltrimethoxysilane(MPTMS), 21-mer ssDNA,methanol (MeOH,
99.5%),phosphate buffered saline (PBS) buffer, sodium hydroxide (NaOH), tetraethylorthosilicate (TEOS,
99%), and tris-ammonium acetate-EDTA buffer (TAE) were purchased commercially.
Instruments:TEM images were captured by JEOL 2010 TEM at 200kV. X-ray diffraction pattern was
collected by low-angle X’Pert XRD. Zeta potential was measured by Mavern Nanosizer and three
independent measurements were conducted for statistic analysis. Surface area and pore size distribution
characterization were performed by ASAP 2020Micromeritics. FT-IR spectra were collected through
Fouriertransformed infrared spectrometer. Solid state NMR spectra werecarried out by 400MHz Jeol
ECA400 with CPMAS probe. Release studies wereperformed by RF-5301 spectrofluorophotometer.
Nanodrop 1.0 was used to determine the ssDNA concentration. Agarose gel electrophoresis employs
ENDRO GEL XL E0160 electrophoresis system. The fluorescence microscopicimages were taken by a
confocal fluorescence microscope (Nikon, Eclipse TE2000-E, 60 × oil objective).
Synthesis:Mesoporous silica nanoparticles were prepared by a conventional sol-gel process in base
solution. Graftingmethod was used for the surface functionalization.
MSNP-SH:In a typical synthesis, CTAB (500mg) was dissolved in distilled H2O (250mL). NaOH aqueous
solution (1.75mL, 2M) was added into the above solution. The mixture solution was heated to 80 C
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under vigorous stirring. When the temperature was stabilized, TEOS (2.5mL) was slowly added into the
mixture solution and the solution was stirred at 80C for 2h. For the preparation of the FITC-labeled
nanoparticles, fluorescein isothiocyanate (1.3 mg) was dissolved in absolute ethanol (1.5 mL) and mixed
with APTES (3μL) for 2 h in the dark before adding into TEOS. Formed nanoparticles were collected by
centrifugation at 8000 rpm for 10 min and washed with MeOH and distilled H2O.The nanoparticles were
dried in vacuo at 80C for 24h. The introduction of thiol unitsthrough grafting method was conducted by
suspending as-prepared silica nanoparticles (500mg) in MeOH (50mL), followed by the addition of
MPTMS (0.5mL). The mixture solution was refluxed at 80C under N2 atmosphere for 24h. The thiol
group functionalized silica nanoparticles were collected by centrifugation and washed with MeOH and
distilled H2O. Surfactant was removed by suspending the thiol group functionalized silica nanoparticles in
MeOH (50mL) containing condensed HCl (3mL, 37%) and refluxing at 80C for 24h. MSNP-SH was
collected by centrifugation and washed thoroughly with MeOH and distilled H2O.
S-(2-Aminoethylthio)-2-thiopyridine hydrochloride:The preparation of the compound was based on a
literature report.171 Typically, thiopyridyldisulfide (4.41g) was dissolved in MeOH (20mL), and acetic
acid (0.8mL) was then added. MeOH solution (10mL) containing 2-aminoethylthiolhydrochloride (1.14g)
was dropwise added into the above solution within 30 min. After the mixture solution was stirred for 48 h,
the solventwas removed in vacuoleading toa yellow oil product. The oil was washed with diethyl ether
(50mL) and then dissolved in MeOH (10mL). The product was precipitated by the addition of diethyl
ether (200mL), chilled at 20C for 24h, and collected by filtration in vacuo. The product was reprecipitated in MeOH (10mL)in order to afford a pure compound.
MSNP-SS-NH3+: Disulfide bond formation and terminal ammonium introduction were realized by
suspending MSNP-SH (200mg) in MeOH (30mL) followed by the addition ofS-(2-aminoethylthio)-2thiopyridine hydrochloride (200mg). The mixture solution was stirred at room temperature for 24h.
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Thenanoparticles were collected by centrifugation, washed thoroughly with MeOH and distilled H2O, and
dried in vacuo at 80C for 24h.
Drug loading efficiency test: Suitable amount of FITC was added into EtOH (1mL), leading to different
concentrations of FITC (0.1, 0.3, 0.5, and 0.7 mgmL1). After the UV-vis absorption measurements,
MSNP-SS-NH3+nanoparticles (1mg) were added to each solution, obtaining various nanoparticle-to-FITC
loading weight ratios (10:1, 10:3, 10:5, and 10:7). The mixture solutions were sonicated for 15 minand
then stirred at room temperature for 24 h in order to fully disperse nanoparticles in the solutions. The
mixture solutions were centrifuged at 13,000 rpm for 5 min and the supernatants were collected for the
UV-vis measurements. The FITC loading amounts wereevaluated by the UV-vis absorption at 495 nm.
Three independent measurements for each loading weight ratio were conducted for statistic analysis. In
order to test the loading efficiency of the drug delivery system, doxorubicin-loaded nanoparticles were
prepared by mixing MSNP-SS-NH3+ (5mg) with doxorubicin (1mg) in distilled H2O (1mL, 1mg mL1)
and then stirring the mixture solution overnight. The doxorubicin loading capacity was determined by
measuring the UV-vis absorption at 485nm.
Agrose gel electrophoresis: Various nanoparticle-to-ssDNAweight ratios, ranging from 5:1 to 30:1, were
prepared by mixing 21-mer ssDNA solution (5μL100ngμL1) with proper amount of MSNP-SS-NH3+
solution (2μg μL1). Free ssDNA solution without silica nanoparticles was also prepared for the control
experiment. In order to demonstratethat the drug/ssDNA release is caused by the disulfide bond cleavage,
DTT (2.5μL300mM) was added into an extra lane with the nanoparticle-to-ssDNA weight ratio of 30:1.
Proper amount of distilled H2O was added to each lane in order to keep the concentration of ssDNA
constant. The agarose gel electrophoresis was carried out in agarose gel (1.5wt%) within TAE buffer at
100V for 15 min.
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DNA capping: MSNP-SS-NH3+ loaded with FITC (nanoparticle-to-FITC loading weight ratio of 10:3)
was suspended in distilled H2O (0.75mL). 21-mer ssDNA or ssDNA/Cy5 (250μL400 μgmL1) aqueous
solution was added into the suspension (nanoparticle-to-ssDNA weight ratio of 10:1). The mixture
solution was mildly stirred at room temperature for 3 h in order to formthe nanoparticle/ssDNA complex.
The product was collected by centrifugation and washed with distilled H2O. The ssDNA-capped
nanoparticles were suspended in PBS buffer (1mL, pH=7.36) as a stock solution for further tests.
Drug/ssDNAco-delivery test: The drug/ssDNA co-delivery test of the nanoparticles was conducted by
adding as-prepared stock solution (300 μL,nanoparticle-to-FITC-to-ssDNA/Cy5 weight ratio of 10:3:1)
into PBS buffer (700 μL, pH=7.36) with or without the reduction agent GSH or DTT. The mixture
solution was centrifuged at 13,000 rpm for 3 min,and supernatant (10μL) was then collected and diluted
bydistilled H2O (3mL)in order to monitor the kinetic release process by fluorescent measurements.
Excitation wavelength at 450 nm was used for the FITC detection, and the emission wavelength at 516
nm was observed. The emission wavelength of ssDNA/Cy5at 660nm was recordedwith the excitation
wavelength at 620 nm. Released FITC and ssDNA amounts wereevaluated from their fluorescence
intensities. Three independent measurements were conducted for statistic analysis.
Cell Culture: HeLa cells were cultured in DMEM containing 10% FBS and nonessential amino acids (0.1
mM). Cells were maintained at 37 C in a humidified atmosphere containing 5% CO2.
MTT cytotoxicity assay: The cytotoxicity of the nanoparticles was evaluated byemploying the MTT assay.
Equivalent amount of free Dox for each drug-loaded nanoparticle samples was used as control in the
cytotoxicity test. Hela cells were seeded into 96-well plate at a density of 1 × 104 cells/well in DMEM
medium. After 24 h exposure, the medium in the wells was replaced with fresh medium (100 μL)
containing MSNP-SS-NH3+, ssDNA-coated MSNP-SS-NH3+, or Dox-loaded and ssDNA-coated MSNPSS-NH3+with different concentrations. After incubation for another 24 h, the medium was removed and
medium (100 μL) containing MTT (0.5mg mL1) was added. After further incubation for 4 h, the medium
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was replaced with DMSO (100μL). The plate was gently shaked for 15 min. Then, the absorbance at 560
nm was recorded using a microplate reader (infinite 200 PRO, Tecan). The cell viability related to the
control wells that only contain cell culture medium was calculated by [A]test/[A]control, where [A]test and
[A]control are the average absorption intensities of the test and control samples, respectively.
Fluorescence microscopic images: HeLa cells were seeded in plastic-bot-tomed -dishes (35 mm) and
grown in the DMEM medium for 24 h. After Hela cells were exposed to MSNP-SS-NH3+ (50μgmL1),
ssDNA-coated

MSNP-SS-NH3+

(50μgmL1),

Dox-loaded

and

ssDNA-coated

MSNP-SS-NH3+

(50μgmL1),or free Dox (0.5 μgmL1) for 24h, the medium was removed and dishes were washed three
times with PBS and fixed with 4.0% formaldehyde at room temperature for 15 min. After washing with
PBS, the cells were stained with DAPI (1 μg mL1) for 15 min.

2.2.3 Results and Discussion
MSNP preparation and characterization
The thiol modified MSNP was prepared by post-synthetic grafting method. The thiol functionalized
MSNP (MSNP-SH) were successfully prepared and fully characterized before further application for
drug/ssDNA delivery

Figure 2.1. (a,b) TEM and(c) HR-TEM images of MSNP-SH.(Copyright 2012Wiley-VCH Verlag
Gmbh& Co.)
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Highly ordered mesoporous structure was clearly observed by TEM. For example, the mean nanoparticle
size of MSNP-SH (Figure 2.1a) is calculated to be 120nm in diameter by counting 30 nanoparticles from
the TEM images,the nanoparticle size which is suitable for intracellular drug delivery.90,

172, 173

The

maximum and minimum diameters of the observed nanoparticles are about 144nm and 95nm respectively,
indicating a relatively narrow size distribution. The HR-TEM image shows that the nanoparticles possess
hexagonal mesopore arrays (Figure 2.1c). Counting 10 independent inter-plane distances by Nano
Measure 1.2 reveals that the average inter-plane space (d100) of the mesopores is 3.8nm.

Figure 2.2. (a) BET isotherm and BJH pore size distribution of MSNP-SH and (b) powder XRD pattern
of MSNP-SH and illustration of a mesoporous structure. (Copyright 2012Wiley-VCH Verlag Gmbh& Co.)
Surface area of MSNP-SH was characterized by N2 adsorption/desorption measurement(Figure 2.2a).
MSNP-SH presents a typical type-IV isotherm, indicating its mesoporous structure. The BET (BrunauerEmmett-Teller) surface area of MSNP-SH is 738m2g1 and its pore size distribution of BJH (BarrettJoyner-Halenda) desorption sharply focuses on 3.05nm. Powder XRD further confirms the well-ordered
hexagonal structure of MSNP-SH (Figure 2.2b). The distance of d100space is 3.92nm, calculated by
Brag’s law from the (100) position at 2θ=2.25, which is consistent with the value observed fromthe HR22

TEM image. Thus,the thickness of mesoporous wall can be estimated from the difference (3.92  3.05 =
0.87 nm) between the internal average pore size given by BJH method and external average pore size
calculated from XRD or TEM.

Figure 2.3.(A) FT-IR spectraof silica nanoparticles under indicated conditions: (a) silica nanoparticles
containing surfactants,(b) MSNP without the surfactants,(c) MSNP-SH, and(d) MSNP-SS-NH3+,
and(B)13C CP MAS NMR spectrum of MSNP-SS-NH3+.(Copyright 2012Wiley-VCH Verlag Gmbh& Co.)
After further fictionalization on MSNP, the surface functional groups were characterized by FT-IR and
solid state NMR. As seen from FT-IR spectra (Figure 2.3A), the peak around 1092cm1is attributed to
asymmetric stretching of Si-O-Si bond in the silica nanoparticles. The surfactant removal process (from a
to b inFigure 2.3A)was confirmed by the disappearance of peaks around 2850 and 2924cm1, which are
attributed to the vibration of the long carbon chains on the surfactant cetyltrimethylammonoium bromide
(CTAB). Introduction of the thiol groups on MSNP-SH (from b to c in Figure 2.3A)were certified by the
appearance of the minor peak around 2560cm1. After MSNP-SH reacts with SATH (from c to d in
Figure 2.3A), the peak around 1530cm1, characteristic ofthe amino groups,is present, while the minor
peak around 2560cm1 for the thiol groups disappears,108indicating the formation of MSNP-SS-NH3+. The
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C CP MAS NMR spectrum (Figure 2.3B)of MSNP-SS-NH3+exhibits strong carbon signals at 11.5, 22.8,

27.9, 34.5, 39.5, and 51.3 ppm, attributing to the aliphatic secondary carbon atomsas assigned in Figure
3A. These results indicate the successful introduction of amino-terminated and disulfide bond-bridged
alkyl chains on the nanoparticle surface.

Figure 2.4. Zetapotential values of silica nanoparticles: (a) MSNP-SH,(b) MSNP-SS-NH3+,(c) MSNPSS-NH3+ coated with ssDNA(nanoparticle-to-ssDNAloading weight ratio of 10:1),(d) MSNP-SS-NH3+
loaded with FITC (nanoparticle-to-FITC loading weight ratio of 10:3), and(e) MSNP-SS-NH3+ loaded
with FITC, followed by coating ssDNA (nanoparticle-to-FITC-to-ssDNA loading weight ratio of 10:3:1).
(Copyright 2012Wiley-VCH Verlag Gmbh& Co.)
21-mer ssDNA was employed as a model gene for complexation with MSNP-SS-NH3+. The chain length
of 21-mer ssDNA is suitable for capping the mesopores.174Zetapotential results (Figure 2.4) indicate the
succesful transformation of the thiol groups on MSNP-SHtothe amino-terminated and disulfide bondbridged alkyl chains on MSNP-SS-NH3+. MSNP-SH shows a negative zetapotential value of 34.6mV on
account of the Si-O groups on the surface. After the formation of MSNP-SS-NH3+, the surface charge
turns to a highly positive value of 35.6mV, because of the introduction of the positively charged NH3+
units on the surface. Upon the coverage of the negatively charged ssDNA on the surface, a negative
zetapotential value of 35.7mV was observed. The reversion froma positive value to a negative one
proves the ssDNA coating on the nanoparticle surfacethroughthe electrostatic interaction between
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negatively charged ssDNA and positively charged ammonium group. After the mesopores of MSNP-SSNH3+ were loaded with a model drug,fluorescein isothiocyanate (FITC), the zetapotential value decreases
from 35.6mV to 4.66mV due to the existence of carboxylic group on the FITC molecule. Higher
negative value of 37.3mV was measured when MSNP-SS-NH3+ was loaded with FITC followed by
capping with ssDNA,indicating that the presence of loaded FITC will not affect the ssDNA binding on
the nanoparticle surface.
ssDNA capping on functional MSNP

Figure 2.5. TEM images of (a) MSNP-SS-NH3+, (b)MSNP-SS-NH3+coated with 21-mer ssDNA, and (c)
MSNP-SS-NH3+ loaded with FITC. (Copyright 2012Wiley-VCH Verlag Gmbh& Co.)
By comparing TEM images (Figure 2.5) of MSNP-SS-NH3+ before and after capping with ssDNA, the
ssDNA coverage on the nanoparticle surface can be estimated. TEM image of MSNP-SS-NH3+ before the
ssDNA binding clearlyshows hexagonally mesoporous structures. After MSNP-SS-NH3+ binds with
ssDNA, the mesoporous structures can be barely observed on account ofthe surface masking of the
ssDNA network. Thus, the successful binding of ssDNA on the nanoparticle surface is fully demonstrated
by zeta potential measurements and TEM images. After mesoporous nanoparticles were loaded with FITC,
mesoporous structures were also blurred due to the occupation of loaded FITC molecules inside the
mesopores (Figure 2.5c).
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Figure 2.6. Agarose gel electrophoresis of MSNP-SS-NH3+capped with an increasing ssDNA ratio.Lanes
from left to right are free ssDNA, MSNP-SS-NH3+, nanoparticle-to-ssDNA weight ratios of 5:1, 10:1,
20:1, 30:1, and 30:1 containing 50mM DTT, respectively.Agarose gel electrophoresis was carried out at
100V for 15 min using 1.5wt% agarose gel in TAE buffer. (Copyright 2012Wiley-VCH Verlag Gmbh&
Co.)
The formation of the nanoparticle/ssDNA complex and the gene delivery capacity of the nanoparticles
were estimated by agarose gel electrophoresis(Figure 2.6). As expected, free ssDNA clearly shifts in the
first lane, while nothing moves out in the second lane for MSNP-SS-NH3+. Upon the increase of the
nanoparticle-to-ssDNA weight ratios, the shifted ssDNA amount becomes less and less as indicated by
the brightness in the lanes with the nanoparticle-to-ssDNA weight ratios of 5:1 and 10:1. When the
weight ratio is over 10:1, the ssDNA shift cannot be observed and ssDNA was completely trapped on the
nanoparticle surface. Therefore, the nanoparticle-to-ssDNA weight ratio of 10:1 is suitable for the gene
delivery, and was chosen as the experimental condition for the ssDNA delivery in our studies. In the lane
7 (from left to right), when adding 50mM of DTT to the ssDNA-coated MSNP-SS-NH3+, clear ssDNA
shift was observed, indicating that ssDNA is released from the nanoparticle surface on account of the
disulfide bond cleavage induced by DTT.
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Figure 2.7. Fluorescence spectra of FITC-loaded MSNP-SS-NH3+ and equivalent amount of free FITC in
PBS buffer. (Copyright 2012Wiley-VCH Verlag Gmbh& Co.)
In order to further prove that the FITC molecules are loaded inside the mesopores, fluorescent intensity of
well-suspended FITC-loaded nanoparticles was compared with that of equivalent amount of free FITC in
PBS buffer (Figure 2.7). Much low fluorescent intensity was observed for the case of the FITC-loaded
nanoparticles. The significant fluorescence quenching from the FITC-loaded nanoparticles indicates that
the FITC molecules are mainly loaded inside the mesopores of the nanoparticles.

Figure 2.8. Agarose gel electrophoresis of FITC-loaded MSNP-SS-NH3+ (nanoparticle-to-FITC loading
weight ratio of 10:3) capped with an increasing ssDNA ratio.Lanes from left to right are free ssDNA,
FITC-loaded MSNP-SS-NH3+, nanoparticle-to-ssDNA weight ratios of 5:1, 10:1, and 10:1 containing
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50mM DTT, respectively. Agarose gel electrophoresis was carried out at 100V for 30 min using 1.5wt%
agarose gel in TAE buffer. (Copyright 2012Wiley-VCH Verlag Gmbh& Co.)
As discussed before, the zeta potential of MSNP-SS-NH3+ loaded with FITC has positive high value and
would not affect the ssDNA binding. To further confirm this point, agarose gel electrophoresis was
performed with FITC-loaded MSNP-SS-NH3+ (nanoparticle-to-FITC loading weight ratio of 10:3) capped
with an increasing ssDNA ratio relatively. ssDNA binding on MSNP was clearly observed (Figure 2.8).
In addition, DTT can also effectively cleave disulfide bond and release ssDNA from MSNP. During the
binding and dissociation processes of ssDNA on FITC-loaded MSNP-SS-NH3+, some of the FITC
molecules were observed to be released,which was indicated by the relatively less bright band.
Drug load capacity study

Figure 2.9. FITC loading capacity of MSNP-SS-NH3+ under different nanoparticle-to-FITC loading
weight ratios. (Copyright 2012Wiley-VCH Verlag Gmbh& Co.)
In order to measure the drug delivery capacity of MSNP-SS-NH3+, different loading weight ratios of
nanoparticle-to-FITC were mixed in absolute EtOH and stirred at room temperature for 24 h. The loading
capacity was obtained by comparing the UV-vis intensities of original and supernatant absorptions of
FITC at 495 nm. The FITC loading capacity of MSNP-SS-NH3+ was calculatedto be around 12~15 µg per
1 milligram of nanoparticles (Figure 2.9). The nanoparticle-to-FITC loading weight ratio of 10:3 was

28

found to be the most suitable loading ratio with the least drug waste during the loading process, since
there is no significant loading amount increase observed when increasing the FITC amount.
Controlled drug/ssDNA co-release

Figure 2.10. Controlled drug/ssDNA co-releasefromMSNP-SS-NH3+ in the addition of reduction agent
DTT or GSH in PBS buffer (pH = 7.36).(a) Cy5 labeled ssDNA release profile and (b) FITC release
profile. Curves ◆ indicate the release profiles of FITC-loaded and ssDNA-coated MSNP-SS-NH3+ upon
time without any reduction agents. Curves ■, ▲, and ▼ indicate the release profiles of FITC-loaded and
ssDNA-coated MSNP-SS-NH3+ in the addition of 50mM DTT, 50mM GSH, and 10mM GSH at the
beginning, respectively. Curves ● indicate the release profiles of FITC-loaded and ssDNA-coated MSNPSS-NH3+ in the addition of 50mM DTT at 60 min. (Copyright 2012Wiley-VCH Verlag Gmbh& Co.)
The controlled drug/ssDNA co-delivery of MSNP-SS-NH3+ was investigated by monitoring the
fluorescent intensity changes of both model drug FITC and Cy5 labeled ssDNA in PBS buffer (pH =
7.36). Without the addition of any reduction agent, FITC-loaded and ssDNA-coated MSNP-SS-NH3+does
not exhibit obvious cargo leakage (curves ◆ in Figure 2.10), indicating that the ssDNA network on the
surface can well block FITC inside the mesopores. With the introduction of different amount of reduction
agent DTT or GSH, obvious FITC and ssDNA releases wereobserved. The ssDNA release rate was well
controlled by the concentration of the reduction agent, i.e.,the released ssDNA amount is proportional to
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the concentration of thereduction agent under current experimental conditions. As compared with one
GSH molecule containing one thiol groupthatis responsible for the disulfide bond cleavage, one DTT
molecule has two thiol groups. Thus, 50mM of DTT could lead to double amounts of ssDNA release from
the nanoparticlesthan that of 50mM GSH under the same conditions. The addition of 10mM GSH showed
an even low ssDNA release amount. Theobservations furtherdemonstratethat the ssDNA release is
controlled by the disulfide bond cleavage. Since each ssDNA chain may interact with multipleammonium
linkers on the nanoparticle surface, the ssDNA chain can be released only whenall the disulfide bonds of
the ammonium linkers associated with the ssDNA chain are cleaved.
The addition of 50mM DTT to the FITC-loaded and ssDNA-coated MSNP-SS-NH3+ leads to a high FITC
release rate as compared with that of 50mM GSH.The addition of 10mM GSH also exhibitsa considerable
FITC release rate. FITC is initially blocked within the mesopores by the ssDNA networkassociated with
the ammonium linkers.Once a part of the ssDNA networkis dissociated from the nanoparticle surface on
account of the redox-triggered disulfide bond cleavage, some of themesopores are open, causing the
release of loaded FITC.
In vitro drug/ssDNA co-delivery and cytotoxicity study

Figure 2.11. Fluorescence microscopic images of Hela cells after being treated with 50μg mL1 of Doxloaded and ssDNA/Cy5-coated nanoparticles (MSNP-SS-NH3+ + Dox + ssDNA/Cy5) for 24h. (a) Bright
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field, (b) DAPI (4,6-diamidino-2-phenylindole) stain channel, (c) FITC channel, (d) Dox channel, (e)
merged image of b, c, and d, (f) Cy5 channel, and (g) merged image of b, c and e. (Copyright 2012WileyVCH Verlag Gmbh& Co.)
Since a certain amount of GSH is present inside a variety of cancer cells, 175, 176 drug-loaded and ssDNAcoated MSNP-SS-NH3+ within cells is expected to release both drug and ssDNA triggered by the GSHinduced disulfide bond cleavage. The ssDNA-coated nanoparticles can be effectively endocytosed by
Hela cancer cells and be focused in the cytoplasm as shown from the green fluorescence of FITC-labeled
nanoparticles in Figure 2.11c. The ssDNA-coated nanoparticles show an appealing property in the
Dox/ssDNA co-delivery. Dox fluorescence from both the cytoplasm and nucleus indicates the successful
drug release inside the HeLa cells (Figure 2.11d). The drug delivery efficacy of the delivery system was
demonstrated by comparing to free Dox treatement. Dox delivered by the ssDNA-coated nanoparticles in
Hela cells presents much higher fluorescence intensity (Figure 2.11d) than that treated with equivalent
amount of free Dox (Figure 2.12c).

Figure 2.12. Fluorescence microscopic images of Hela cells after being treated with free Dox (0.5μg
mL1). (a) Bright field, (b) DAPI (4,6-diamidino-2-phenylindole) stain channel, (c) FITC channel, (d)
Dox channel, (e) merged image of b, c. (Copyright 2012Wiley-VCH Verlag Gmbh& Co.)
Red fluorescence intensity of Cy5 on ssDNA excited by 647nm was also observed in the cytoplasm,
indicating a successful delivery of ssDNA into Hela cells (Figure 2.11f). Interestingly, the functional
nanoparticles without the ssDNA coating show a low cellular internalization when compared to that of the
ssDNA-coated nanoparticles (Figure 2.13).
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Figure 2.13. Fluorescence microscopic images of Hela cells after being treated with (a) ssDNA/Cy5coated MSNP-SS-NH3+ (50μgmL1) or (b) MSNP-SS-NH3+ (50μgmL1) for 24h. (Copyright 2012WileyVCH Verlag Gmbh& Co.)
It is obvious that the ssDNA coating on the nanoparticles can enhance the cellular uptake of the
nanoparticles. This enhanced cellular internalization may be due to the biocompatibility of ssDNA. The
improved cellular uptake efficiency of the ssDNA-coated nanoparticles is beneficial to the enhanced
cytotoxicity of Dox delivered by the nanoparticle-based carrier in vitro.

Figure 2.14. Viabilities of Hela cells after being treated with indicated nanoparticles and equivalent
amount of free Dox for 24h. Curves ■, ●, ▲, and ▼ indicate the cell viabilities in the presence of MSNP32

SS-NH3+, ssDNA-coated MSNP-SS-NH3+ (MSNP-SS-NH3+ + ssDNA), Dox-loaded and ssDNA-coated
MSNP-SS-NH3+ (MSNP-SS-NH3+ + Dox + ssDNA), and free Dox, respectively, under the concentrations
measured. (Copyright 2012Wiley-VCH Verlag Gmbh& Co.)
Anticancer drug Doxorubicin (Dox) was employed in order to investigate the cytotoxicity and co-delivery
capacity of the functional nanoparticles. The Dox loading capacity of the nanoparticles was determined to
be 9.97 µg per 1 milligram of nanoparticles by measuring the UV-vis absorption intensities of original
and supernatant Dox at 485nm. The MSNP-SS-NH3+ nanoparticles have no obvious cytotoxicity towards
Hela cells, since the cell viability shows no significant decrease with increasing the nanoparticle
concentrations (Figure 2.14). The ssDNA coating on the nanoparticles (MSNP-SS-NH3+ + ssDNA) has
no obvious effect on the cytotoxicity of the nanoparticles. Relatively high cell viabilities (over 80%) were
observed for both samples even at a high nanoparticle concentration of 200µg mL1, indicating that the
nanoparticles as a co-delivery system are biologically benign. The cytotoxicity of the Dox-loaded and
ssDNA-coated nanoparticles (MSNP-SS-NH3+ + Dox + ssDNA) displays clearly a dependence on the
nanoparticle concentration. The IC50 (drug concentration killing 50% of cells) was determined to be 43µg
mL1 for the drug-loaded nanopaticles, equivalent to a Dox concentration of 0.43µg mL 1. On account of
the drug resistance of Hela cells, equivalent amount of Dox cannot actually lead to the efficient apoptosis
of cancer cells as compared with that of Dox-loaded nanoparticles, a fact which demonstrates the
superiority of the nanoparticle-based co-delivery system.

2.2.4 Conclusion
A functional mesoporous silica nanoparticle carrier forcontrolled drug/ssDNA co-delivery has been
developed. Ammonium units containing cleavable disulfide bond has been introduced onto the
nanoparticle surface. Thus, ssDNA has been immobilized onto the nanoparticle surface through
electrostatic interactions, blocking the pre-loaded drugs inside the mesopores. The drug/ssDNA co33

delivery can be realized as soon as the nanoparticle system is treated with the reduction agent for the
disulfide bond cleavage. The drug/ssDNA release rate is dependent on the concentration of the reduction
agent. Relatively abundant presence (up to 10mM) of glutathione in the cells provides an excellent
opportunity for the disulfide bond cleavage, while extracellular concentrationof glutathione is less than
10μMincapable of triggering the disulfide bond cleavage.Therefore, the redox-controlled drug/ssDNA codelivery system presents promising applications in biological systems, on account of the fact that when
the nanoparticle system is internalized inside certain cancer cells, the disulfide bonds can be automatically
cleaved by intracellular glutathione for the drug/ssDNA release. The invitro investigations have shown
that the current nanoparticlesystem has a very low cytotoxicity with an enhanced cellular internalization
capacity. The nanoparticles can successfully deliver both anticancer drug and ssDNA into Hela cells for
an improved apoptosis as compared with that of equivalent amount of free drug. The obtained results shed
light on further applications of the nanoparticle-based co-delivery system for in vivo cancer treatment.
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2.3 Controlled Drug/siRNA Delivery by Ethylenediamine
Modified β-cyclodextrinCapped MSNPin Vitro and in Vivo
2.3.1 Researchscope and motivation
An effective siRNA/drug co-delivery carrier offers great promise to cancer treatment on account of the
synergistic effect provided from cancer-associated genes and anticancer drugs.177-179 Ever since the
discovery of RNA interference (RNAi),180 gene-specific inhibition has been proposed in cancer treatments
to overcome multiple drug resistance (MDR) and to inhibit expression of up-regulated oncogenes that
result in un-regulated tumour growth.181-184 In fact, RNAi-based treatments are regarded as a new class of
therapeutics for human diseases, including cancer. A hurdle to widespread use of free siRNA-based
therapeutics is their inefficient intracellular uptake (1,10).185,

186

The use of non-viral siRNA-based

carriers is an attractive strategy for RNAi therapeutics. Issues, including how to enhance the efficiency of
cellular uptake and how to carry out the controlled release of siRNA from carriers, need to be addressed
in the design of such technology. Both criteria are essential for effective targeted gene silencing to be
achieved in vivo.155 Such non-viral-based drug carriers can be used concomitantly to improve the delivery
of pharmacological anticancer drugs into cancer cells thereby minimizing undesirable side effects of such
drugs.
Although we successfully fabricated a functional MSNP for controlled drug/ssDNA co-delivery in vitro,
still no function of the delivered gene was demonstrated. Furthermore, as the MSNP based drug delivery
system was used for the cancer treatment, the siRNA based gene therapy is favorable for the application
of co-delivery system. Therefore, we aim to design and fabricate a drug/siRNA co-delivery system,
aiming to overcome the multiple drug resistance in cancer treatment. In order to study the individual
effect of chemotherapy, gene therapy, and synergetic therapy effect respectively, a delivery system
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capable of delivering drug/gene individually or delivering both simultaneously is necessary.Thus, we here
would like to employ multifunctional MSNPs as carrier for effective co-delivery of siRNA and drug in a
controlled-release manner. Such desirable traits will minimize adverse side effects that result from
uncontrolled release of both siRNA and drugs. A detailed study of the efficacy of the co-delivery system
would be evaluated both in intro and in vio.

Scheme 3.1. Schematic representation of MSNP based siRNA/drug co-delivery system.
Thisstudyaimed to the efficacy of siRNA/drug co-delivery system based on multifunctional MSNPs,
where the mesopores of the nanoparticles are capped by redox-responsive nano-gates, i.e.
ethylenediamine modified β-cyclodextrin (CD-2NH2) rings. The application of CD-2NH2 nano-gate
provides more options in future delivery application, such as individual drug or siRNA delivery, or
delivery drug and siRNA simultaneously, which would assist the study on the chemotherapy or gene
therapy effect in vitro and in vivo. In this study, the Intracellular efficacy was first evaluated in HeLa
cells, where siRNA against Bcl-2 (B-cell lymphoma 2) was employed. Bcl-2 was targeted since this
protein promotes tumor formation by preventing cellular apoptosis187 and contributes to the resistance to
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anticancer drugs.188-190 This co-delivery approach would lead to increased level of apoptosis of HeLa cells
treated with CD-2NH2-capped MSNPs containing Bcl-2 siRNA and doxorubicin (Dox). In vivo siRNA
delivery would be further tested in transgenic zebrafish larvae expressing the GFP reporter in the choroid
plexus.191 The anti-cancer efficacy was further confirmed in a liver tumor model using transgenic
zebrafish that express the oncogenic EGFP-krasv12.192 This work would use multifunctional MSNP for the
drug/siRNA delivery in vitro with HeLa cell line, but also validate the use of transgenic zebrafish larvae
as a well-controlled reporter system to develop the formulations of siRNA/drug complexes and to identify
those with the highest in vivo potency.

2.3.2 Materials and Methods
Materials: Absolute EtOH (>99.9%), acetic acid, adamantane-1-carboxylic acid (AD-COOH), 2aminoethythiol hydrochloride, 3-aminopropyltriethoxysilane (APTS), Bcl-2 primary antibody (Mouse),
bovine serum albumin (BSA), cetyltrimethylammonoium bromide (CTAB, 90%), 4',6-diamidino-2phenylindole (DAPI), dicyclohexylcarbodiimide (DCC), diethyl ether, dimethylformamide (DMF, 99%),
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide

(MTT),

2,2’-dithiodipyridine,

dithiothreitol (DTT), doxorubicin (Dox), Dulbecco's modified Eagle's medium (DMEM), fetal bovine
serum (FBS), fluorescein isothiocyanate (FITC), formaldehyde, glutathione (GSH), hydrochloride (HCl,
assay 37%), N-hydroxylsuccinimide (NHS), Lipofectamine®RNAiMAX reagent (Invitrogen), 3mercaptopyltrimethoxysilane (MPTMS), methanol (MeOH, 99.5%), phosphate buffered saline (PBS)
buffer, siRNA duplex against Bcl-2 protein, sodium hydroxide (NaOH), tetraethylorthosilicate (TEOS,
99%), tris-borate-EDTA buffer (TBE), β-tubulin primary antibody (Rabbit) and secondary antibody (goat
anti-mouse and goat anti-rabbit), and universal siRNA negative control were purchased commercially.
Instruments: FESEM and TEM images were captured by FESEM 6340 at 5kV and JEOL 2010 TEM at
200kV, respectively. X-Ray diffraction pattern was collected by low-angle X’Pert XRD from 2θ=1.5 to 8.
Zeta potential value was measured by MavernNanosizer and each sample was measured three times for
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statistic analysis. Surface area and pore size distribution of the MSNP-SH nanoparticles were
characterized by ASAP-2020 Mircomeritics. FT-IR spectra were measured through Fourier transformed
infrared spectrometer. 13C Solid state NMR spectrum of MSNP-SS-AD was carried out by 400MHz
JEOL ECA400 with CPMAS probe. In vitro release test was monitored by RF-5301 fluorophotometer.
Nanodrop 1.0 was used to determine the SiRNA concentration. UV-vis absorption was measured by UVvis 2501 Spectrometer. Agarose gel electrophoresis was performed by ENDRO GEL XL E0160
electrophoresis system. A microplate reader (infinite 200 PRO, Tecan) was used for the MTT assay.
Fluorescence images of transfected HeLa cells were taken by a confocal fluorescence microscope (Nikon,
Eclipse TE2000-E, 100 × oil objective). In vivo images of transgenic zebrafish larvae were acquired with
an upright Zeiss Axiovert 200M laser scanning microscope (LSM) Meta 510 (Carl Zeiss), equipped with
a × 40 numerical aperture (NA) 0.75 W Achroplan long working distance dipping objective. Bright field
zebrafish images were acquired with Olympus AX70 upright compound microscope attached to a
ProgRes C10plus digital camera (JENOPTIK Laser, Optik, Systeme GmbH, Germany).
Synthesis of MSNP-SH: MSNP-SH nanoparticles were prepared by a co-condensation method in base
solution in order to obtain uniform surface distribution of the functional groups. In a typical synthetic
procedure, CTAB (500 mg) was dissolved in distilled H2O (250 mL). NaOH aqueous solution (1.75 mL, 2
M) was added into the above solution. The mixture solution was heated to 80 C under vigorous stirring.
When the temperature was stabilized, TEOS (2.5 mL) was slowly added into the mixture solution.
MPTMS (0.5 mL) was added dropwise after 15min. The mixture solution was stirred at 80 C for another
2 h. As for FITC labeled nanoparticles, FITC (1.3 mg) was dissolved in absolute ethanol (1.5 mL)
containing APTES (3μL), and the mixture solution was gently stirred for 2 h in the dark before adding
into the TEOS (2.5 mL). Then, the formed nanoparticles were collected by centrifugation at 8000 rpm for
10 min and washed with MeOH and distilled H2O. Surfactant was removed by suspending the thiol group
functionalized silica nanoparticles in MeOH (50 mL) containing condensed HCl (3 mL, 37%) and
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refluxing at 80 C for 24h. MSNP-SH was collected by centrifugation and washed thoroughly with
MeOH and distilled H2O. The nanoparticles were dried in vacuo at 80 C for 24h.
S-(2-Aminoethylthio)-2-thiopyridine hydrochloride: The preparation of the compound was according to a
previous literature report.171
MSNP-SS-NH2: Disulfide bond formation on the nanoparticle surface was realized by suspending MSNPSH (200 mg) in MeOH (30 mL) followed by the addition of S-(2-aminoethylthio)-2-thiopyridine
hydrochloride (200 mg). The mixture solution was stirred at room temperature for 24h. The MSNP-SSNH2 nanoparticles formed were collected by centrifugation, washed thoroughly with MeOH and distilled
H2O, and dried in vacuo at 80 C for 24 h.
MSNP-SS-AD: Adamantane-1-carboxylic acid (225 mg) was dissolved in DMF (10 mL) containing DCC
(645 mg) and NHS (360 mg). After the mixture solution was stirred for 2 h, a DMF (5mL) solution
containing fully suspended MSNP-SS-NH2 (100 mg) was added. After the reaction for 24 h, MSNP-SSAD nanoparticles were collected by centrifugation and washed with DMF, MeOH, and distilled H2O
extensively.
CD-2NH2:Ethylenediamine modified β-CD derivative was prepared according to a previous
report.100Seven ethylenediamine groups were covalently linked at the primary side of the β-CD ring.
Drug Loading and Controlled Release Test: RhB or Dox was loaded into the nanoparticles by stirring
aqueous solution (1 mL) containing either RhB or Dox (1 mg) and MSNP-SS-AD (10 mg) at room
temperature for 24 h. Then, -CD or CD-2NH2 (5mg) was added into the solution in order to cap the
mesopores by forming the host-guest complex between AD and -CD on the nanoparticle surface. After
stirring the solution for 5 h, the nanoparticles were collected by centrifugation at 13,000 rmp for 10 min
and washed with distilled H2O for three times. The collected nanoparticles were suspended in PBS buffer
(5mL, pH 7.4) as stock solution (2mg mL-1) for future tests. The loading amount of the drugs was
calculated by comparing the UV-vis absorption at 553 nm for RhB and 485 nm for Dox. Controlled
release experiments were conducted by adding as-prepared stock solution (500 μL) into PBS buffer (500
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μL, pH 7.4) with or without the reducing agent GSH or DTT. The solution was centrifuged at 13,000 rpm
for 3 min, and fluorescence intensity (λex/em = 510/572 nm for RhB, λex/em = 485/553 nm for Dox) of the
supernatant was recorded in order to monitor the kinetic release process of each sample. The final
fluorescence intensity after 24 h was regarded as complete release (100%). For each sample, three
independent experiments were carried out for statistic analysis.
Agarose Gel Electrophoresis: MSNP-SS-AD (1 mg) was mixed with CD-2NH2 (1 mg) in aqueous
solution, and the mixture was stirred for 5h. CD-2NH2 capped MSNP-SS-AD (MSNP-SS-AD+CD-2NH2)
was collected by centrifugation and excess CD-2NH2 was removed by washing the nanoparticles with
distilled H2O for three times. Then, the MSNP-SS-AD+CD-2NH2 nanoparticles were suspended in
distilled H2O (1mL, 2 mg mL-1). siRNA duplex against Bcl-2 protein, Bcl-2 siRNA, was used in agarose
gel electrophoresis. Proper amounts of Bcl-2 siRNA solution (0.2 μg μL-1) and MSNP-SS-AD+CD-2NH2
solution (2 mg mL-1) were mixed to obtain different nanoparticle-to-siRNA(+) weight ratios. Free Bcl-2
siRNA without the nanoparticles was placed in the first lane as the control. In the second line, only
MSNP-SS-AD+CD-2NH2 was added. In order to demonstrate that the siRNA(+) release is induced by the
disulfide bond cleavage, DTT (50 mM) was added into the last lane with the highest nanoparticle-tosiRNA(+) weight ratio of 110:1. Proper amount of distilled H2O was added into each lane in order to keep
the concentration of siRNA(+) constant. The MSNP-SS-AD+CD-2NH2 nanoparticles were incubated
with siRNA(+) for 1 h before running the electrophoresis. The agarose gel electrophoresis was carried out
in agarose gel (1.5 wt%) within TBE buffer at 100V for 15 min.
Bcl-2 Gene Knockdown and Western Blot Assay: siRNA duplex sequence against Bcl-2 protein, noted as
siRNA(+),

was

presented

as

follows:

rGrUrArCrArUrCrCrArUrUrArUrArArGrCrUrGrUrCrGrCdAdG-3’,

sense
antisense

strand
strand

5’5’-

rUrGrCrGrArCrArGrCrUrUrArUrArArUrGrGrArUrGrUrArCrUrU-3’. Non-targeting siRNA duplex,
noted as siRNA(-), was used as the negative control. HeLa cells were seeded into 6-well plate at a density
of 20 × 104 cells/well in complete DMEM medium and grown for 24 h. Fresh DMEM medium without
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any antibiotics and FBS was used for the gene knockdown experiments. MSNP-SS-AD capped with CD2NH2 (MSNP-SS-AD+CD-2NH2, 50 μL, 2 mg mL-1) was mixed with either siRNA(+) or siRNA(-) (5 μL,
0.2 μg μL-1), and the mixture was incubated for 2 h with gentle stirring every 20 min. The MSNP-SS-AD
capped with the CD-2NH2/siRNA complex (MSNP-SS-AD+CD-2NH2+siRNA) with an MSNP-SS-ADto-siRNA weight ratio of 110:1 was stabilized by BSA (1mg mL-1) before adding fresh medium (445μL).
For siRNA transfection by Lepofectamine as the positive control, same amount of siRNA(+) was used
according to the product instruction of Lipofectamine®RNAiMAX reagent. Free siRNA(+) (5μL, 0.2μg
μL-1) and MSNP-SS-AD+CD-2NH2 (50 μL, 2 mg mL-1) were added into fresh medium (495μL and
450μL), respectively. In total, each sample was prepared in the same volume (500 μL). The cell culture
medium in the 6-well plate was removed and the prepared sample (500 μL) was added. After 16 h
exposure, the medium in each well was replaced by fresh complete DMEM medium (2mL), and HeLa
cells were incubated for another 56 h. Then, the cell culture medium was removed and the cells were
washed with chilled PBS buffer (pH 7.4) for three times. After adding lysis buffer (500μL), the plate was
shaken at 4 C for 30 min in order to break cell membranes. The lysis buffer was collected and
centrifuged (13 rpm, 4 C) for 10min, and the supernatant was then collected. The protein concentration
was quantified by Pierce® BCA Protein Assay Kit according to its product instruction. Relative Bcl-2
protein expression level was checked by western blot assay using β-tubulin as internal standard, which
was performed according to its standard protocol.
MTT Cytotoxicity Assay: The cytotoxicity was evaluated by employing MTT assay. Equivalent amount of
free Dox was used in the cytotoxicity experiments as the control. HeLa cells were seeded into 96-well
plate at a density of 1 × 104 cells/well in complete DMEM medium and grown for 24 h. Then, each
medium was changed into complete DMEM medium containing free Dox, MSNP-SS-AD capped with
CD-2NH2 (MSNP-SS-AD+CD-2NH2), Dox-loaded MSNP-SS-AD capped with CD-2NH2 (MSNP-SSAD+Dox+CD-2NH2), Dox-loaded MSNP-SS-AD capped with the CD-2NH2/siRNA(+) complex (MSNPSS-AD+Dox+CD-2NH2+siRNA(+)) with a nanoparticle-to-siRNA weight ratio of 110:1, and Dox-loaded
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MSNP-SS-AD capped with the CD-2NH2/siRNA(-) complex (MSNP-SS-AD+Dox+CD-2NH2+siRNA(-))
with a nanoparticle-to-SiRNA weight ratio of 110:1, respectively. An equivalent amount of MSNP-SS-AD
concentration (50μg mL-1) was used in each sample. After 16 h exposure, the medium in each well was
replaced by fresh complete DMEM medium (100 μL). MTT assay was conducted after 56 h incubation.
The medium in each well was changed into medium containing MTT (100 μL, 0.5 mg mL -1). After
incubation for 4 h, the medium was removed and DMSO (100 μL) was added into each well. The plate
was gently shaken for 15 min and absorbance intensity at 560 nm was recorded using a microplate reader
(infinite 200 PRO, Tecan). The relative cell viability related to control wells that were only treated with
medium was calculated by [A]test/[A]control, where [A]test and [A]control are the average absorbance of the test
and control samples, respectively.
Confocal Laser Scanning Microscopy (CLSM): HeLa cells were seeded in 35 mm plastic-bot-tomed dishes and grown in complete DMEM medium for 24 h. Then, HeLa cells were treated with FITC labeled
MSNP-SS-AD, MSNP-SS-AD capped with CD-2NH2 (MSNP-SS-AD+CD-2NH2), and Dox-loaded
MSNP-SS-AD capped with CD-2NH2 (MSNP-SS-AD+Dox+CD-2NH2) under an equivalent amount of
MSNP-SS-AD concentration (50μg mL-1). After 24 h incubation, the medium was removed and the cells
was washed three times with PBS buffer (pH 7.4) and fixed with 4.0% formaldehyde at room temperature
for 15 min. After removing 4.0% formaldehyde and washing with PBS buffer (pH 7.4) for three times, the
cell nucleus was stained with 4’,6-diamidino-2-phenylindole (DAPI, 1 μg mL-1) for 15 min and washed
with PBS buffer (pH 7.4) for three times before capturing the CLSM images using a confocal microscope
(Leica TCS SP5， 60× oil objective).
Flowcytometry Analysis: HeLa cells were seeded in 6-well palte and grown for 24h. Then, the cells were
treated withFITC labeled MSNP-SS-AD, MSNP-SS-AD capped with CD-2NH2 (MSNP-SS-AD+CD2NH2), Dox-loaded MSNP-SS-AD capped with CD-2NH2 (MSNP-SS-AD+Dox+CD-2NH2) under an
equivalent amount of MSNP-SS-AD concentration (50μg mL-1), and equivalent free Dox. After 24h
incubation, the cells were washed by PBS three times and collected by trypsin. The flowcytometry
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analysis was performed after washing the collected cells with PBS by centrifugation. The flowcytometry
data was collected by BD FACSCalibur Flow Cytometer.

Zebrafish Care and Maintenance: Wild type and transgenic zebrafish lines TG(fli1:EGFP),
SqKR19, Et(krt4:EGFP)sqet33e20 (or SqET33-e20) and Krasv12were maintained in the IMCB
zebrafish facility. The embryos were obtained and experiments were carried on according to the
IACUC rules and regulations (the Biopolis IACUC application #090430). To prevent the
formation of melanin and ensure optical translucence of transgenic larvae for confocal imaging,
1-phenyl-2-thiourea (PTU) was added to zebrafish embryos at 22 hpf.
Brain Targeted Microinjection of CD-2NH2 capped MSNP-SS-AD: 36 hours post fertilization or 3 days
old transgenic larvae were first immobilized, dorsal side up, in 1% UltraPure™ low melting point agarose
(Invitrogen). CD-2NH2 capped MSNP-SS-AD (6 nL, 0.4 µg µL-1) was then microinjected into the brain
ventricle. Microinjected zebrafish larvae and non-injected control were grown in 28.5 °C incubator.
Pericardial Microinjection of Free Dox or Dox loaded in CD-2NH2 capped MSNP-SS-AD: For
microinjection into the zebrafish circulation, 3 days old TG(fli1:EGFP) larvae193 were mounted ventral
side up in 1% molten low melting agaroseand 250 µg ml -1 DOX or 10 mg mL-1 Dox loaded in CD-2NH2
capped MSNP-SS-AD were injected into the sinus venosus of transgenic zebrafish larvae.
Abdominal Microinjection of Dox loaded in CD-2NH2 capped MSNP-SS-AD: For microinjection into the
vicinity of liver tumor

192

4 days-old transgenic zebrafish experiencing liver hyperplasia were mounted

ventral side up in 1% UltraPure™ low melting point agarose (Invitrogen) and 10 mg ml -1 Dox loaded in
CD-2NH2 capped MSNP-SS-AD were injected into the site of the abdomen near the liver without injuring
the tissue.
Whole Mount In Situ Hybridization: Embryos at 3dpf were processed for whole-mount in situ
hybridization using a technique that was described previously.194 Dig-labelled (Roche Applied Science,
Mannheim, Germany) antisense EGFP RNA probe was used for this analysis. Images were taken using
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Olympus AX70 upright compound microscope attached to a ProgRes C10plus digital camera (JENOPTIK
Laser, Optik, Systeme GmbH, Germany), and the stained EGFP-positive area was quantified using the
Image J software. A quantitative measurement of interference with GFP expression was assessed using
WISH to detect choroid plexus expressing EGFP. The stained EGFP-positive area was quantified using
the Image J software.
Formulations of CD-2NH2 Capped MSNP-SS-AD Complexed with siRNA for Brain Targeted Injections:
siRNA duplex targeting EGFP (CAA GCU GAC CCU GAA GUU CTT) was purchased from Integrated
DNA technologies Inc. Condition 1 (C1): 0.04 µg µL-1 of siRNA against GFP; Condition 2 (C2): 0.12 µg
µL-1 CD-2NH2 capped MSNP-SS-AD with 0.04 µg of siRNA against GFP, 3:1; Condition 3 (C3): 0.2 µg
µL-1 CD-2NH2 capped MSNP-SS-AD with 0.04 µg of siRNA against GFP, 5:1; Condition 4 (C4): 0.4 µg
µL-1 CD-2NH2 capped MSNP-SS-AD with 0.04 µg of siRNA against GFP, 5:1.
In Vivo Imaging of Transgenic Zebrafish Larvae: Transgenic larvae were mounted in 1% UltraPure™ low
melting point agarose prior to imaging. Confocal microscopy images of living transgenic larvae were
acquired with an upright (Zeiss Axiovert200M) laser scanning microscope (LSM Meta 510, Carl Zeiss)
using two laser lines (30 mW Argon and 1 mW HeNe) as the excitation source to visualize GFP and
internalized doxorubicin and using the 505/530 nm and 560/615 nm emission band-pass filters,
respectively. Images were acquired under the same acquisition settings, for all imaged larvae.

2.3.3 Results and Discussion
MSNP preparation and characterization
In order to develop a viable carrier for controlled siRNA/drug co-delivery, the mesopores of the
mesoporous nanoparticles are capped by redox-responsive nano-gates, i.e. CD-2NH2 rings. As shown in
Scheme 3.1, the disulfide bond-containing amino groups were initially attached to the MSNP surface. The
adamantane (AD) units were then introduced onto the surface through the amidation between the amino
groups and adamantane-1-carboxylic acid. Then, AD units on the nanoparticle surface formed stable host44

guest complexes with CD-2NH2 under the association constant of 104-105 M-1.195 In addition to capping
drug molecules inside the mesopores, the second role of CD-2NH2 is to bind siRNA through electrostatic
interactions. The mechanism of controlled siRNA/drug release within cancer cells can be realized by the
cleavage of redox-responsive disulfide bonds triggered by intracellular glutathione (GSH),108,

196-198

leading to the uncapping of the β-CD rings followed by the drug release from the mesopores. siRNA can
also be dissociated from CD-2NH2 on account of intracellular acidic pH, thereby achieving high RNA
interference at the level required for targeted gene knockdown.

Figure 3.1. a) X-ray diffraction pattern, b) N2 adsorption/desorption isotherms, and c) BJH pore size
distribution of MSNP-SH prepared by the co-condensation method.
Thiol group-containing MSNPs (MSNP-SH) were prepared through the co-condensation reaction of
tetraethylorthosilicate (TEOS) and 3-mercaptopyltrimethoxysilane (MPTMS) followed by the removal of
structure-directing agent cetyltrimethylammonoium (CTAB). The MSNP-SH was characterized by
powder X-ray diffraction (XRD) and N2 adsorption/desorption measurements in order to confirm the
mesoporous structure. In the powder XRD pattern (Figure 3.1a), the sharp peak at 2θ = 2.12,
corresponding to (100) plane, along with two minor peaks at 2θ = 3.96 and 2θ = 4.60 for (110) and (200)
planes respectively, clearly prove the hexagonal structure of MCM-41 type MSNPs. In addition, a typical
type-IV isotherm was obtained (Figure 3.1b), indicating that the MSNP-SH possesses a high BET surface
area of 730 m2 g1 and a narrow BJH pore size distribution focusing on 2.7 nm.

45

Figure 3.2. a) FESEM and b) TEM images of MSNP-SH, c) FT-IR spectra of MSNP-SH, MSNP-SS-NH2,
and MSNP-SS-AD, and d) 13C CP MAS NMR spectrum of MSNP-SS-AD.
The surface of MSNP-SH was further treated with S-(2-aminoethylthio)-2-thiopyridine hydrochloride
(SATH) for the formation of the disulfide bonds, leading to amino group-terminated nanoparticles
(MSNP-SS-NH2). AD-functionalized MSNPs (MSNP-SS-AD) were finally prepared by the amidation
between MSNP-SS-NH2 and adamantane-1-carboxylic acid (AD-COOH) in the presence of
dicyclohexylcarbodiimide in DMF. The morphology of the MSNP-SS-AD nanoparticles was
characterized by Field Emission Scanning Electron Microscopy (FESEM) (Figure 3.2a) and
Transmission Electron Microscopy (TEM) (Figure 3.2b), showing uniform nanoparticle size with a mean
diameter of 150 nm and well-ordered mesoporous structure with the pore diameter of 2-3 nm. The surface
modifications of MSNPs were determined by the FT-IR analysis (Figure 3.2c). After converting thiol
groups into the disulfide bond-bridged amino groups on the nanoparticle surface, a minor peak at 2560
cm-1 corresponding to the thiol group115disappeared, while a new peak observed at 1530 cm-1 is assigned
to the primary amine. After the amidation for the formation of MSNP-SS-AD, the peak of the amino
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group centered at 1530 cm-1 disappeared. Signals for the AD units on the nanoparticle surface cannot be
well identified, since they overlapped with the broad peak from 1100 to 1300 cm-1. MSNP-SS-AD was
further characterized by solid-state

13

C cross polarization and magic angle spinning nuclear magnetic

resonance (CP MAS NMR) spectroscopy. The 13C CP MAS NMR spectrum (Figure 3.2d) of MSNP-SSAD exhibits strong signals at 11.3, 23, 28, 49.5 and 51.5 ppm, which are attributed to the aliphatic
secondary carbon atoms. Signals ranging from 34 to 41 ppm in the spectrum are ascribed to the carbon
atoms of the AD units, and the signal at 174 ppm is assigned to the carbonyl carbon of the newly formed
amide bond. These observations indicate successful preparation of MSNP-SS-AD.
Table 3.1.Zeta potential values of functional mesoporous silica nanoparticles.
Sample

Zeta Potential in H2O(AVE±STD, mV)

MSNP-SS-NH2

32.5±5.3

MSNP-SS-AD

16.7±3.7

MSNP-SS-AD +CD

-36.7±5.1

MSNP-SS-AD +CD-2NH2

29.7±5.5

MSNP-SS-AD +DOX+CD-2NH2

32.2±5.2

Moreover, zeta potential measurements further support the successful surface functionalization of MSNPs.
A negative zeta potential of -24.4 mV for MSNP-SH was converted to a positive value of 22.5 mV for
MSNP-SS-NH2, which can be attributed to the positively-charged ammonium species on the surface of
MSNP-SS-NH2. After the introduction of the neutral AD units on the surface, a zeta potential decrease
from 22.5 to 12.7 mV was observed in the case of MSNP-SS-AD. The zeta potential measurements also
provide clear evidence for the formation of the host-guest complex between AD and CD-2NH2 on the
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nanoparticle surface. When MSNP-SS-AD was capped with β-CD through the complexation, the surface
charge of the nanoparticles was reversed from a positive value of 12.7 mV to a negative one of -26.7 mV,
on account of the presence of the hydroxyl groups from β-CD. However, when CD-2NH2 was used to cap
the nanoparticles, a highly positive surface charge of 19.7 mV was observed because of the protonated
amino groups of CD-2NH2. A positive value of 22.2 mV was observed when MSNP-SS-AD was loaded
with Dox followed by the capping of CD-2NH2, indicating that the presence of Dox inside the mesopores
would not affect the complex formation. Highly positive surface charge provided by CD-2NH2 can be
employed to bind with negatively-charged siRNA through electrostatic interactions, so that the CD-2NH2
capped MSNP-SS-AD nanoparticles serve as an excellent carrier for the siRNA/drug co-delivery.

Figure 3.3Photos of MSNP-SS-AD capped with β-CD (left) and MSNP-SS-AD capped with CD-2NH2
(right) in aqueous solution (1 mgmL-1) after a) 5 min sonication and b) stabilized at room temperature for
24 h. Well dispersed sample for MSNP-SS-AD capped with CD-2NH2 even after 24 h indicates its good
stability in aqueous solution.
In addition, the introduction of CD-2NH2 onto the MSNP-SS-AD surface enhances the stability of the
nanoparticles in both distilled H2O and cell culture medium DMEM (Figure 3.3). After complex with
CD-2NH2, the nanoparticle suspension did not precipitate within 24hour, which might be attributed to the
surface change and water solubility imposed by the CD-2NH2 molecules.
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Table 3.2.DLS size of MSNP-SS-AD-CD-NH2 and MSNP-SS-AD+CD-NH2+SiRNA in both distilled
water and DMEM cell culture medium.
Size in H2O (nm)

Size in DMEM (nm)

MSNP-SS-AD+CD-NH2

1349±22

561±74

MSNP-SS-AD+CD-NH2+SiRNA

1492±40

334±9.0

From the hydrodynamic size measurement, inside the DMEM cell culture medium, the nanoparticles
exhibited smaller hydrodynamic size. It could be explained by binding of the small biomolecules inside
the DMEM, such as protein, on to the nanoparticle surface, which enhanced the dispersity of
nanoparticles futher. So, we expect that the surface coverage of CD-2NH2 on MSNP-SS-AD plays a
crucial role in cellular internalization, as it can prevent nanoparticles from aggregation and maintained its
sub micron size in the cell culture medium, which is an essential step for intracellular siRNA/drug codelivery of nanoparticles.
Redox-controlled Drug/siRNA release

Figure 3.4.Controlled drug release profiles in PBS, pH=7.4 for a) RhB release from β-CD capped MSNPSS-AD, b) RhB release from CD-2NH2 capped MSNP-SS-AD, and c) Dox release from CD-2NH2 capped
MSNP-SS-AD. d) Agarose gel electrophoresis of the siRNA complexation with CD-2NH2 capped
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MSNP-SS-AD under different nanoparticle-to-siRNA weight ratio. Lanes from left to right are free
siRNA, CD-2NH2 capped MSNP-SS-AD, and CD-2NH2 capped MSNP-SS-AD/siRNA complexes under
the nanoparticle-to-siRNA weight ratios of 10:1, 30:1, 50:1, 70:1, 90:1, 110:1, and 110:1 containing
50mM DTT, respectively.
In order to prove that the drug release was controlled by redox-responsive nano-gates provided by the CD
rings, β-CD without any modification was used to complex with MSNP-SS-AD for capping the
mesopores. Rhodamine B (RhB) was employed as a model drug, and the loading capacity of MSNP-SSAD towards RhB was calculated to be 41 µg of RhB per 1 mg of nanoparticles (4.1 wt%), by comparing
UV-vis absorption intensities of RhB solution before and after adding MSNP-SS-AD. As seen from
Figure 3.4a and 2.4b, the leakage (black curve) of RhB from β-CD capped MSNP-SS-AD in the absence
of reducing agent was negligible, whereas a significant release profile (red curve) of RhB from β-CD
capped MSNP-SS-AD was observed upon the addition of reducing agent dithiothreitol (DTT). The
observation can be explained by pre-installed disulfide bond cleavage on the nanoparticle surface induced
by DTT. This cleavage resulted in the dissociation of the β-CD ring, which in turn led to the release of
previously loaded RhB. In comparison, the CD-2NH2 capped MSNP-SS-AD exhibits slower RhB release
after the addition of DTT, which may be attributed to stronger blockage caused by the amino groupcontaining β-CD ring. Similarly, the RhB release profiles in the presence of GSH (25 mM) can also be
observed. In order to understand the release mechanism of real anticancer drugs, similar experiments were
carried out using Dox-loaded MSNP-SS-AD capped with CD-2NH2. The loading capacity of MSNP-SSAD for Dox was 25 µg of Dox per 1 mg of nanoparticles (2.5 wt%). Similar redox-controlled Dox release
profiles (Figure 3.4c) were observed under the same experimental conditions.
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Figure 3.5. Photos of small amount of sampleforRhB-loaded MSNP-SS-AD capped with β-CD in PBS
buffer (pH7.4) a) before DTT addition and b) 5 min after DTT (50 mM) addition. Red RhB release was
observed 5min after DTT addition, indicating the redox-triggered RhB release.
In fact, redox-controlled release process could even be monitored by eye (Figure 3.5). A sample of RhB
loaded MSNP-SS-AD capped with β-CD was placed at the bottom of a fluorescence cuvette containing
phosphate buffered saline (PBS) buffer (3mL, pH 7.4). After stabilized for 1 h, 50mM DTT was added
into the solution. Obvious RhB release in red was observed at the bottom of the cuvette after 5min.
An essential prerequisite in the design of siRNA delivery vehicle is the ability to form stable complexes
with free siRNA. In the case of CD-2NH2 capped MSNP-SS-AD, complex formation is mediated by
electrostatic interaction between negatively-charged siRNA and positively-charged diamino groups of
CD-2NH2 on MSNP-SS-AD. The electrostatic interaction was demonstrated by the retarded siRNA band
mobility in agarose gel electrophoresis, which was not observed with free siRNA. Bcl-2 siRNA was used
in this electrophoresis experiment. As shown in Figure 3.4d, free siRNA in the first lane has the highest
mobility. Upon increasing the nanoparticle-to-siRNA weight ratios (lanes 3-8, Figure 3.4d), a gradual
decrease in the band mobility and intensity was observed. siRNA concentration was kept constant in all
lanes, except in lane 2, where no siRNA was loaded. siRNA became fully condensed on the nanoparticle
surface when the nanoparticle-to-siRNA weight ratio reached 110:1. When DTT (50 mM) was added into
a sample with a nanoparticle-to-siRNA weight ratio of 110:1 (last lane, Figure 3.4d), the recovery of
siRNA band intensity was detected. This result demonstrates that previously attached siRNA can be
released from the nanoparticle surface by redox-triggered disulfide bond cleavage. GSH (25 mM) can
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also be used to induce the disulfide bond cleavage on the nanoparticle surface, releasing both drug and
siRNA for synergistic chemotherapeutic therapy.
In vitro drug/siRNA delivery

Figure 3.6. CLSM images of HeLa cells treated with a-c) equivalent free Dox, and d-i) FITC-labeled
MSNP-SS-AD loaded with Dox and capped with CD-2NH2 (50μg mL–1) for 24 h. a) blue fluorescence
from DAPI, b) red fluorescence from Dox, c) overlay of bright field, image a) and b); d) blue
fluorescence from DAPI, e) green fluorescence from FITC-labeled MSNP-SS-AD, f) red fluorescence
from released Dox, g) overlay of image e) and f), h) overlay of image d) and f), g) overlay of bright field,
image d), e, and f).
In order to trace the location of the nanoparticles in cells, green fluorescent FITC (fluorescein
isothiocyanate) was embedded inside the silica nanoparticles during the fabrication process. Cellular
uptake of FITC-labeled MSNP-SS-AD loaded with Dox and capped with CD-2NH2 was investigated by
Confocal Laser Scanning Microscopy (CLSM) using HeLa cells as the cancer cell model. The nuclei in
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HeLa cells were stained blue by DAPI (4',6-diamidino-2-phenylindole). Green fluorescence (Figure 3.6e)
was detected around the cell nucleus, indicating effective nanoparticle internalization by HeLa cells. No
green fluorescence was detected outside the cancer cells. In comparison, less green fluorescence was
detected in HeLa cells, when cellular uptake of FITC-labeled MSNP-SS-AD was assessed (Figure 3.7).
Hence, FITC-labeled MSNP-SS-AD capped with CD-2NH2 presents much higher cellular internalization
capacity, confirming its potential for intracellular therapy (Figure 3.7). Flow cytometry analysis also
supports the cellular uptake enhancement by CD-2NH2 capping (Figure 3.7g).

Figure 3.7.CLSM images of a-c) FITC-labeled MSNP-SS-AD, d-e) FITC-labeled MSNP-SS-AD capped
with CD-2NH2. From left to right: blue color from DAPI, green color from FITC labeled MSNP-SS-AD,
and overlay images of bright field, blue and green images; g) flowcytometry result (FL1: FITC
fluorescence intensity) of HeLa cells treated with 1) control, 2) FITC-labeled MSNP-SS-AD, 3) FITClabeled MSNP-SS-AD capped with CD-2NH2; h) flowcytometry result (FL2: Dox fluorescence intensity)

53

of HeLa cells treated with 1) control, 2) equivalent free Dox , 3) FITC-labeled MSNP-SS-AD+Dox+CD2NH2+siRNA complex.
The CLSM image demonstrated successful release of Dox from MSNP-SS-AD within HeLa cells induced
by endogenous GSH (Figure 3.6d-i), as shown by the presence of red fluorescent Dox in both cytosol and
nucleus. These observations indicate effective redox-triggered intracellular release of Dox from the
nanoparticles and successful delivery of Dox into the nucleus, where the anticancer activity of Dox is
executed by its interactions with DNA.199 In addition, the detection of FITC-labeled and CD-2NH2 capped
MSNP-SS-AD containing Bcl-2 siRNA/Dox in perinuclear regions of cytoplasm suggests that the codelivery carrier could bypass the efflux pump resistance observed in HeLa cells,200, 201 thereby enhancing
Dox-mediated cytotoxicity. To summarize, Dox delivered by CD-2NH2 capped MSNP-SS-AD is
protected from degradation by extracellular enzymes and exhibits enhanced cellular uptake.202

Figure 3.8. Protein concentration collected from HeLa cells after being treated with indicated samples.
To assess the efficacy of gene knockdown mediated by Bcl-2 siRNA delivered by CD-2NH2 capped
MSNP-SS-AD,the level ofBcl-2 protein expression in transfected HeLa cells was evaluated by western
blot. After disrupting the cell membrane with lysis buffer, the protein concentration of each sample was
quantified by Pierce® BCA Protein Assay Kit. Protein concentration of all the six samples was around
1000μg mL-1 (Figure 3.8). No obvious cell death was detected in HeLa cells transfected with CD-2NH2
capped MSNP-SS-AD alone, CD-2NH2 capped MSNP-SS-AD/Bcl-2 siRNA complex, or free siRNA.
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Commercially available Lipofectamine® RNAiMAX reagent (Invitrogen) was used as a positive siRNA
delivery control (siRNA(+)). Non-binding siRNA duplex was used as a negative control (siRNA(-)) to
exclude non-specific cytotoxic effect of siRNA. Protein expression results show that Bcl-2 protein was
not detected in cells transfected with the Lipofectamine® RNAiMAX reagent, confirming the silencing
efficacy of the chosen siRNA(+) sequence against Bcl-2 protein (Figure 3.8a, lane F). Transfection of
cells with CD-2NH2 capped MSNP-SS-AD/Bcl-2 siRNA complex resulted in 70% reduction of Bcl-2
protein expression (lane C). Delivery of CD-2NH2 capped MSNP-SS-AD alone (lane B) did not interfere
the expression of endogenous Bcl-2 protein. These observations indicate that no obvious cytotoxicity was
associated with the siRNA carrier and that the protein silencing observed in transfected HeLa cells was
attributed to siRNA(+) electrostatically associated with the surface of nanoparticles. No Bcl-2 protein
knockdown was detected in cells transfected with CD-2NH2 capped MSNP-SS-AD/siRNA(-) complex
(lane D), where siRNA(-) was represented by the non-binding siRNA duplex. Free siRNA alone also
failed to decrease the expression of endogenous Bcl-2 protein (lane E). Thus, the transfection studies in
HeLa cells demonstrate the efficacy of CD-2NH2 capped MSNP-SS-AD as a siRNA carrier to mediate
intracellular silencing of expression of targeted protein.

Figure 3.9. a) Bcl-2 protein knockdown by CD-2NH2 capped MSNP-SS-AD/siRNA(+) complex (MSNPSS-AD+CD-2NH2+siRNA) in HeLa cells (nanoparticle-to-siRNA weight ratio of 110:1). Gene
expression was evaluated by the ratio of intensity of the Bcl-2 band to that of the internal standard, βtubulin. The ratio of each sample was normalized to the value of the sample without any treatment; a-1)
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control, a-2) MSNP-SS-AD+CD-2NH2, a-3) MSNP-SS-AD+CD-2NH2+siRNA(+), a-4) MSNP-SSAD+CD-2NH2+siRNA(-), a-5) free siRNA, a-6) Lipofectamine+siRNA(+). b) Relative cell viability of
HeLa cells treated with indicated samples under an equivalent amount of nanoparticle concentration and
equivalent amount of Dox; b-1) MSNP-SS-AD+CD-2NH2+siRNA(-), b-2) free Dox, b-3) MSNP-SSAD+Dox+CD-2NH2, b-4) MSNP-SS-AD+Dox+CD-2NH2+siRNA(+); Nanoparticle-to-siRNA weight
ratio is 100:1.
Synergistic anticancer effect caused by simultaneous delivery of anticancer drug Dox and Bcl-2 siRNA
was investigated using the MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
cytotoxicity assay. MSNP-SS-AD+CD-2NH2+siRNA complex alone exhibited little cytotoxic effect,
since relative cell viability in transfected cells remains about 80% until extremely high nanoparticle dose
(Figure 3.9b-1) and the IC50 value was determined to be 600 µg mL-1. A significant increase in
cytotoxicity was detected in HeLa cells exposed to Dox-loaded and CD-2NH2 capped MSNP-SS-AD
(Figure 3.9b-3), when compared to the exposure with equivalent amount of free Dox (Figure 3.9b-2).
The results further confirm enhanced cellular uptake and intracellular redox-triggered release of Dox from
CD-2NH2 capped MSNP-SS-AD nanocarrier. The IC50 value of MSNP-SS-AD+Dox+CD-2NH2 is 37.2
µg mL-1. Simultaneous co-delivery of Dox and Bcl-2 siRNA (siRNA(+)) further enhances the cytotoxic
effect, as overall cell viability further decreased and IC50 value was estimated to be 17.5 µg mL -1 (Figure
3.9b-4).Thus, CD-2NH2 capped MSNP-SS-AD presents itself as a multifunctional nanocarrier with
enhanced chemotherapeutic efficacy mediated by improved cellular uptake and co-delivery of
drug/siRNA complexes.

56

GFP silence and tumor inhibition study with zebra fish in vivo

Figure 3.10. Zebrafish transgenic lines sqKR19 and GW(sq33-e20) are two transgenic lines with
fluorescent reporter expression in the choroid plexus, a thin ependymal outgrowth dorsal to the ventricle
cavity. GFP expression in this tissue is the readout to address the efficiency of siRNA mediated
knockdown in the living animal model. As it is predominantly a single layer of cells at 3-4 dpf, next to the
ventricular cavity, it should be the most sensitive readout for interference with GFP expression mediated
by EGFP siRNA. (a and b) Dorsal view of 4dpf transgenic zebrafish larvae. (c and d) Common expression
domains in the choroid plexus between membrane-localized KillerRed (c) and cytoplasmic GFP (d). (f-g)
Immuno-staining of a section of Et(krt4-EGFP) sq33-e20 brain showing how the choroid plexus flank the
ventricle cavity. All cells were stained blue with TOPRO3, and the ventricle cavity, demarcated by the
absence of cells, is marked by an arrow (f).
In vivo chemotherapeutic efficacy of CD-2NH2-capped MSNP-SS-AD was further analyzed in transgenic
zebrafish larvae. The body plan and most of internal organs of vertebrates are conserved in evolution and
many diseases of zebrafish are similar to that in human. The transparent zebrafish larvae with
comparatively short development ex-utero represent an attractive and rapid system to validate novel
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therapeutic agents.203 Externally developing zebrafish larvae are amendable to microsurgical
manipulations. Bioimaging of tissues expressing a fluorescent protein reporter can be easily achieved with
a standard confocal laser scanning microscope (CLSM) due to optical translucence of the relatively small
developing larvae, which at 5 days is 4 mm long. We make use of the similarity in high rate of cellular
proliferation during embryonic tissue growth to model unregulated proliferations in cancer cells.204 More
than 80% of human cancers (skin cancer, lung, stomach and mammary tumors) derive from epithelial
tissues.205 The choroid plexus, a tissue of epithelial origin is selected to model primary tumor growth. Two
zebrafish transgenic lines with GFP (Et(krt4:EGFP)sqet33e20 or SqET33-e20) and membrane localized
KillerRed (SqKR19) expression in the choroid plexus are selected as the in vivo epithelial tissue model to
assess cellular uptake of drugs delivery by nanoparticles and their impact on choroidal epithelial cell
proliferation. Imaging in these optically transparent transgenic larvae provides initial assessment of antiproliferative therapy mediated by Dox-loaded MSNP-SS-AD in vivo.

Figure 3.11. In vivo uptake of CD-2NH2 capped MSNP-SS-AD inhibits transcription of GFP in the
epithelial cells of choroid plexus at the 4th ventricle of zebrafish larval brain. (a and b) Brain-targeted
delivery of FITC labeled and CD-2NH2 capped MSNP-SS-AD resulted in uptake into some cells largely
in peripheral areas of the choroid plexus, highlighted by white boxes. (c-g) Specific weight ratios of CD58

2NH2 capped MSNP-SS-AD/GFP siRNA complexes (C2 and C3) enhance inhibition of GFP transcription
in vivo. The area (µm2) of GFP expression detected by whole mount in situ hybridization in the choroid
plexus is quantified by the Image J software. (h) The average size of the choroid plexus is presented in a
bar chart as mean ± standard error of mean. Formulations for various weight ratios of nanoparticle/siRNA
complexes used for this experiment are as follows: WT (without any treatment), C1 (0.04µg µL -1 siRNA
only), C2 (0.12 µg µL-1 nanoparticle with 0.04µg µL-1 siRNA, 3:1), C3 (0.2 µg µL-1 nanoparticle with
0.04 µg µL-1 siRNA, 5:1), and C4 (0.4 µg µL-1 nanoparticle with 0.04 µg µL-1 siRNA, 10:1).
We first verified in vivo cellular uptake of CD-2NH2 capped MSNP-SS-AD. Passive targeting was
conducted by microinjecting 0.4 µg µL-1 FITC loaded and CD-2NH2 capped MSNP-SS-AD into the brain
ventricle of SqKR19 transgenic zebrafish larvae206 at 36 hours post fertilization (hpf). Being located
dorsal to the IV ventricle cavity and immediately under the skin the choroid plexus is an easily accessible
site. The morphology of choroidal epithelial cells was highlighted by membrane-localized KillerRed in
SqKR19 transgenics (Figure 3.11b). The fluorescent signal of internalized FITC from MSNP-SS-AD was
observed inside choroidal epithelial cells two days after injection. Cells that internalized FITC-loaded
nanoparticles were predominantly found in peripheral regions of the choroid plexus defined by white
serrated boxes (Figure 3.11b).
Table 3.3. Formulations of MSNP-SS-AD+ CD-2NH2+siRNA complex for brain-targeted injections.

siRNA (0.2 µg µL-1)

CD-2NH2 capped MSNP-SS-AD

C1

C2

C3

C4

1 µL

1 µL

1 µL

1 µL

1 µL

1 µL

2 µL

(0.6 µg µL-1)

(1 µg µL-1)

(1 µg µL-1)

0
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Texas Red (250 ng µL-1)

1 µL

1 µL

1 µL

1 µL

H2O

3 µL

2 µL

2 µL

1 µL

Total

5 µL

5 µL

5 µL

5 µL

Figure 3.12. Reduction of EGFPtranscript in the choroid plexus of 3dpf GW(sq33-e20) transgenic larvae
demonstrates the need to formulate specific weight ratio of CD-2NH2 capped MSNP-SS-AD complexed
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with siRNA in order to enhance the efficiency of siRNA mediated GFP knockdown. Area of the EGFP
stained choroid plexus was quantified after whole mount in situ hybridization. Formulations for various
weight ratios of nanoparticle/siRNA complexes used for this experiment are WT (no treatment); C1
(0.04µg µL-1 siRNA only); C2 (0.12 µg µL-1 nanoparticle with 0.04µg µL-1 siRNA; 3:1); C3 (0.2 µg µL-1
nanoparticle with 0.04µg µL-1 siRNA; 5:1); C4 (0.4 µg µL-1 nanoparticle with 0.04µg µL-1 siRNA; 10:1).
In total, 8 samples were analyzed for each experimental set. Area of the choroid plexus outlined in blue is
stated in µm2.
Next, the efficiency of in vivo anti-GFP siRNA interference was assessed using the SqET33-e20
transgenic zebrafish larvae191 expressing cytosolic GFP in the choroid plexus. Briefly, GFP-positive
choroidal cells were first detected at 28 hpf in the layer of neuroepithelial cells, and at 36 hpf they formed
a cellular sheet representing the roof of the IV ventricle. These cells then converged towards the midline
to form the button-like choroid plexus represented by 2-3 layers of cells at 3 days post fertilization (dpf).
Microinjection of siRNA-containing nanoparticles into the brain ventricle was conducted at 36 hpf.
Injected larvae were grown for two days before being processed for analysis of GFP RNA expression by
whole mount in situ hybridization (WISH). siRNA duplex targeting EGFP (CAA GCU GAC CCU GAA
GUU CTT; IDT) was used for this experiment. To minimize potential off-target effect of GFP siRNA
reported in cell lines,207 a standardized low dose of 0.04µg/µL GFP siRNA was used in all brain ventricle
injections to knockdown GFP transcripts in the choroid plexus. The experiment compared the efficacy of
GFP knockdown mediated by free GFP-siRNA and increasing concentration of CD-2NH2 capped MSNPSS-AD when complexed to the same amount of GFP-siRNA. Formulations were prepared and incubated
for two hours on ice before brain ventricle injection. Free GFP siRNA at 0.04 µg µl-1 was inefficient in
decreasing GFP transcripts (Figure 3.11d). Enhanced GFP knock down was detected when 3:1 or 5:1
weight ratio of MSNP-SS-AD was complexed to 0.04 µg µl-1 siRNA (Figure 3.11e-f). Increasing the
weight ratio to 10:1 reversed this trend (Figure 3.11g). CD-2NH2 capped MSNP-SS-AD/GFP siRNA
complexes with weight ratios of 3:1 (C2) and 5:1 (C3) inhibit GFP transcription more efficiently than that
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caused by injection of free GFP siRNA alone (C1). Interestingly, the ability to inhibit GFP transcription
was lost when the weight ratio of CD-2NH2 capped MSNP-SS-AD was increased to 10:1 (C4 in Figure
3.11h). This observation suggests that an excess of positively charged CD-2NH2 capped MSNP-SS-AD
interferes with intracellular release of GFP siRNA. This in turn impedes GFP silencing mediated by the
RNA-induced silencing complex that results in inefficient GFP knockdown.

Figure 3.13. Significant decrease of GFP expression was observed after two reiterative injections of Doxloaded and CD-2NH2 capped MSNP-SS-AD complexed with GFP siRNA. (a-e) Same weight ratio of
Dox-loaded nanoparticle/GFP siRNA complex injected into the brain ventricle on two consecutive days.
The impact on GFP expression in the choroid plexus was assessed two days later. Barely visible GFP
expression in the choroid plexus was detected in all transgenic larvae exposed to the highest weight ratio
(C4) of Dox-loaded nanoparticle/GFP siRNA complex. (f) The average GFP intensity quantified in the
boxed area of the choroid plexus is presented in a bar chart with values stated as mean ± standard error of
mean. Values are compiled from three separate injections. The same acquisition setting was used for
image capture using LSM510 META confocal microscope. Image intensity was assessed using the Image
J software.
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In vivo release of internalized Dox mediated by redox-responsive CD-2NH2 capped MSNP-SS-AD
nanocarrier was then investigated. We performed localized delivery of Dox loaded MSNP to sites
flanking the choroid plexus to mimic localized delivery of anti-cancer drug into the vicinity of tumor cells.
The effect of internalized Dox was assessed based on inhibition of tissue proliferation in choroidal
epithelial cells that internalized Dox loaded MSNP. Again, transgenic larvae were injected at 36 hpf and
the effect on choroid plexus growth and GFP intensity was assessed. Different weight ratios of injected
Dox-loaded nanocarriers complexed with GFP siRNA were evaluated. Six transgenic larvae were imaged
two days post injection for each formulation. Untreated transgenic larvae were used as a control of normal
growth of choroid plexus and intensity of GFP expression (Figure 3.13).

Figure 3.14. A single brain targeted injection of Dox loaded and CD-2NH2 capped MSNP-SS-AD/GFP
siRNA complex is sufficient to decrease GFP expression in the choroid plexus of GW(Sq33e20)transgenic zebrafish larvae. (a-e) Representative live images of the choroid plexus after exposure to
varying weight ratios of Dox-loaded and CD-2NH2 capped MSNP-SS-AD/GFP siRNA complexes.
Uptake of Texas Red dextran in embryos injected with free GFP siRNA (b) or different weight ratios of
Dox-loaded MSNP-SS-AD/GFP siRNA complexes can be detected in the choroid plexus after two days
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post injection (c-e). (f) The Average GFP intensity quantified in the boxed area of the choroid plexus are
presented in a bar chart with values stated as mean ±standard error of mean. The same acquisition setting,
using a LSM510 META confocal microscope, was employed for in vivo imaging. Image intensity was
assessed using the Image J software.
In larva exposed to C3 (0.2 µg µL-1 Dox-loaded nanoparticle with 0.04µg µL-1 siRNA, 5:1) and C4 (0.4
µg µL-1 Dox-loaded nanoparticle with 0.04 µg µL-1 siRNA, 10:1) formulations, the shape of the choroid
plexus has changed and GFP fluorescence was reduced (Figure 3.14d-e). These changes were noticed
upon single injection of the formulation with concentration above 0.2 µg µL-1 of Dox-loaded and CD2NH2 capped MSNP-SS-AD nanocarrier. A second set of experiments was conducted in 3-day-old
transgenic larvae, where reiterative injections of the same formulation were made into the brain ventricle
on two consecutive days. The impact on choroid plexus was then assessed at 7 dpf. When compared to
uninjected controls, the injection of free anti-GFP siRNA decreased the mean GFP intensity by 45%
(Figure 3.14b) without any effect on tissue morphology, i.e. the cellular uptake of GFP siRNA had no
effect on maintenance of already formed choroid plexus. Injecting increasing weight ratio of Dox-loaded
and CD-2NH2 capped MSNP-SS-AD/GFP siRNA complex caused defect of the choroid plexus. This
phenomenon correlated with the internalization of Dox-loaded nanocarrier and appearance of clones of
GFP-negative choroidal epithelial cells (Figure 3.14c-d). The most significant effect was detected upon
injection by two consecutive doses of C4 formulations (0.4 µg µL-1 Dox-loaded and CD-2NH2 capped
MSNP-SS-AD with 0.04µg µL-1 siRNA, 10:1), the highest concentration of Dox used for this set of
experiment. Here, the GFP expression was lost not only in epithelial cells of the midline cluster, but also
in glial cells of the choroid plexus located in rhombic lips (i.e., adjacent walls of hindbrain, HB; Figure
3.14e). Thus, a positive correlation was observed between disturbed morphology of choroid plexus and
the amount of injected Dox-loaded and CD-2NH2 capped MSNP-SS-AD.
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Figure 3.15. Injection of Dox loaded MSNP-SS-AD into the zebrafish circulation elicits less
developmental side effects than injection of free doxorubicin when adjusted to the same concentration. 5
out of 6 injected larvae exposed to free doxorubicin elicit developmental defects of reduced growth and
edema (a-c; e-f) whereas only 1 out of the 6 larvae exposed to Dox loaded MSNP develop this toxicity
associated pehneotyp (e). Each image is a composite of 3 images that span the anterior-posterior length of
the larva. Left: Free Dox 250 µg/ml; approximate injection volume is 6 nl; 3days post injection; right:
10mg/ml MSNP-SS-AD loaded with Dox and capped with CD-2NH2; approximate injection volume is 6
nl; 3days post injection.
Although the drug carrier, CD-2NH2 capped MSNP-SS-AD, is designed for tumor-targeted delivery we
proceed to compare tissue distribution of free Dox (250 µg ml -1) or Dox-loaded MSNP (10 mg ml-1),
when introduced into systemic circulation by pericardial injection. The dose for this experiment was
adjusted 10 fold higher for whole larvae detection by CLSM. Transgenic zebrafish that express EGFP in
all blood vessels Tg(fli1:GFP) is used as the reporter line in this experiment. Larvae toxicity was detected
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in the group injected with free Dox. In this group, reduced larval growth and concurrent fluid
accumulation in the body (edema) were observed in 5/6 injected larvae 3 days post injection. The
developmental defect was only observed in 1/6 larvae injected by Dox-loaded MSNP (Figure 3.15).
Hence redox triggered release of Dox in CD-2NH2 capped MSNP-SS-AD causes less side effects then
free Dox.

Figure 3.16. The liver tumor in the inducible krasv12 transgenic zebrafish model is reduced after exposure
to MSNP-SS-AD loaded with Dox and capped with CD-2NH2 when compared to untreated control. (a) A
view of transgenic zebrafish larvae Krasv12 experiencing liver hyperplasia at 10 days post fertilization. (b)
A view of transgenic zebrafish larvae experiencing liver hyperplasia 6 days post injection of MSNP-SSAD loaded with Dox and capped with CD-2NH2, 10 days post fertilization. (c) A magnified view of liver
tumor cells exposed to MSNP-SS-AD loaded with Dox and capped with CD-2NH2. Free released Dox
(red) can be seen inside liver tumor cells in green. (d) The average area of liver tumor between noninjected control (n =8) and siblings injected with MSNP loaded Dox (n=10) quantified 6 days post
injection is presented as a bar chart with values stated as mean liver area ± standard error of mean. Liver
size from each specimen was quantified using the associated software in LSM510 META.
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Area of non-injected liver tumor control (n =8), 10dpf

Area of liver tumor injected with MSNP-SS-AD loaded with Dox (n=10), 10dpf
Figure 3.17. Individual liver tumor area of non-injected control (n =8) in the inducible krasv12 transgenic
zebrafish model is bigger when compared to transgenic zebrafish larvae experiencing liver hyperplasia
but treated with MSNP-SS-AD loaded with Dox and capped with CD-2NH2 (n =10). Each specimen was
imaged 6 days post injection. The area of the GFP-positive liver is computed with the Zeiss software in
LSM510 META.
We proceed to verify the anti-cancer property of MSNP-SS-AD loaded with Dox and capped with CD2NH2 with a zebrafish mifepristone-inducible liver tumor model that expressed oncogenic EGFP-krasv12.
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Hyperplastic growth of liver tumors is induced in larvae from 4 days post fertilization. The advantage of
this model is a possibility to visualize and quantify changes in liver with CLSM. We injected 5 nl of
MSNP-SS-AD loaded with Dox and capped with CD-2NH2 at a concentration of 10mg/ml into the
abdomen of inducible krasv12 transgenic zebrafish larvae at 4 days post fertilization. The anti-cancer
property of Dox loaded in MSNP was assessed 6 days post injection using LSM510 META.
Representative images of non-injected transgenic larvae (Figure 3.16a) and MSNP loaded Dox-injected
transgenic larvae (Figure 3.16b) experiencing liver hyperplasia, are presented. All supporting materials
that contributed to the bar chart in Figure 3.16d are presented in Figure 3.17. On average the liver tumor
area was 35.5% less in transgenic larvae exposed to MSNP-SS-AD loaded with Dox and capped with
CD-2NH2 (n =10), when compared to non-injected transgenic zebrafish experiencing liver hyperplasia
(n=8). Two-tailed T test confirmed that the reduction of liver is statistically significant (P=0.0291). A
magnified view of GFP-positive liver tumor cells with internalized Dox (red fluorescent compound;
Figure 3.16c) further supports the idea that reduction of hyperplastic liver is due to successful
internalization and release of Dox from of MSNP-SS-AD+CD-2NH2.

2.3.4 Conclusion
In conclusion, we have successfully fabricated a redox-responsive drug/siRNA co-delivery system based
on mesoporous silica nanoparticles (MSNP-SS-AD). Ethylenediamine-modified β-cyclodextrin (CD2NH2) rings have been introduced onto the nanoparticle surface as smart nano-gates to: (1) block drug
molecules within the mesopores and (2) provide a platform for the complexation with siRNA through
electrostatic interactions. Controlled drug/siRNA release from multifunctional nanoparticles by redoxtriggered disulfide bond cleavage has been demonstrated in solution. Successful RNA interference using
siRNA to target two different genes has demonstrated the efficacy of CD-2NH2 capped MSNP-SS-AD as
a delivery vehicle for siRNA at a broad range of temperatures. First, the inhibition of Bcl-2 expression has
been detected in Bcl-2 siRNA transfected HeLa cell lines maintained at 37oC. Second, the in vivo
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experiment carried out in transgenic zebrafish larvae (maintained at 28.5 oC) has showed that CD-2NH2
capped MSNP-SS-AD/GFP siRNA complex injected into the brain ventricle decreases GFP transcription
in two different populations of cells of the choroid plexus. This multifunctional nanoparticle could be
used as a carrier for simultaneous anticancer drug (Dox) and siRNA delivery. Enhanced cytotoxicity
caused by simultaneous delivery of Dox/Bcl-2 siRNA has been demonstrated in HeLa cells. Enhanced
cytotoxicity has not been observed upon the injection of Dox-loaded nanoparticle/GFP siRNA complex
since GFP mRNA represents physiologically benign target. In contrast, not only Dox-loaded and CD2NH2 capped MSNP-SS-AD has been internalized by cells in vivo, but the development of choroid plexus
and progression of liver hyperplasia were also inhibited by Dox-loaded nanoparticles in dose-dependent
manner. Lack of inhibition of GFP transcripts by high weight ratio formulations of nanoparticle/siRNA
complex (≥10:1) has indicated that the activity of formulations of drug/siRNA needs to be rigorously
tested in vivo before optimal effect of synergistic formulation could be achieved.
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2.4 Target Drug/siRNA Co-delivery by pH-responsive
Hollow Mesoporous Silica Nanoparticles (HMSNP)
2.4.1 Research Scope and Motivation
Although MSNP is thought to be biocompatible with low cytotoxicity, reports about its dosage dependent
toxic effect on biological system still arouse the concern on its safety. 96, 208, 209In the introduction part, we
also introduced the dosage dependent cytotoxicity effect of MSNP. Thus, it is of great significance to
increase the drug and gene delivery capacity of MSNP, which means that required therapy effect can be
achieved by much lower amount of silica with negligible toxic effect. And hollow mesoporous silica
nanoparticle (HMSNP) stands out as an excellent solution to this problem for its void core can serve as an
extra reservoir for drug storage.210-212Besides, for the same amount of silica, HMSNP can provide larger
outside shell surface area for nucleic acid attachment, leading to enhanced gene delivery capacity.

Scheme4.1. Illustration of target drug/siRNA co-delivery by pH-responsive HMSNP.
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Another critical issue in cancer treatment is side effect due to non-targeting delivery. Therefore, cancertarget delivery and controlled intracellular drug release are rather essential for successful cancer treatment.
The folic acid receptor meditated endocytosis is manipulated by the high affinity between the folic acid
molecule and folic acid receptor over-expressed by most cancer cells.213-215 And folic acid has been
widely used as an effect targeting ligand for target cancer therapy and image. 216-218 In order to realize
enhanced chemotherapy efficacy via target drug/siRNA delivery, we have designed a HMSNP based
target drug/siRNA co-delivery vehicle. As showed in Scheme4.1, the as-prepared HMSNP was initially
functionalized with phosphate groups which has higher affinity of anti-cancer drug Dox and thus can
further increase the Dox loading amount.166 It is also expected that the coating of folic acid conjugated
polyethyleneimine (PEI-FA) on HMSNP surface can wrap the particle and block the nano-size channels
to prevent stored drugs from pre-releasing. Folic acid molecules conjugated on PEI polymer work as
target ligand, resulting in selectively internalization by target cancer cells. HeLa cell lines with significant
higher folic acid receptor expression and MCF-7 with low folic acid receptor expression were chosen as
the positive and negative models for the investigation of target drug/siRNA delivery. 219-222 Before
internalization into cancer cells, anti-cancer drug Dox can be retained inside the HMSNP with negligible
pre-release. Besides, the positive charge given by amine groups of PEI-FA can bind negatively charged
siRNA, in which way the nanoparticle serve as siRNA delivery vehicle at the same time. As most cancer
cells have acidic intercellular environment,223,

224

many researchers focus efforts on the design and

fabrication of pH-controlled delivery system.100, 225-228 And pH-responsive release property of our codelivery vehicle ensures the “zero release” before reaching target cancer cells. We suppose that upon the
cellular uptake, the acidic intercellular environment leads to the protonization of amine groups on PEI-FA
and thus the polymer shell dissociation due to positive charge repelling between polymer chains, leading
to release of siRNA and the free Dox diffusion out from the internal core of HMSNP.
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2.4.2 Materials and Methods
Materials:Absolute ethanol (EtOH, >99.9%), hydrochloride (HCl, assay 37%),

methanol (MeOH,

99.5%), 3-aminopropyltriethoxysilane (APTS), sodium hydroxide (NaOH), tetraethylorthosilicate (TEOS,
99%), 3-(trihydroxysilyl)pro-pylmethylphosphonate monosodium (TPMP), cetyltrimethylammonoium
bromide

(CTAB,

90%),

N-hydroxysulfosuccinimide

(NHS),

1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide) (EDC), HMSNP+DOX+PEI-FA +siRNA(Bcl-2) polyethyleneimine
(PEI) with molecular weight 1.8kDa, folic acid, 4',6-diamidino-2-phenylindole (DAPI), (3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), fluorescein isothiocyanate (FITC),
doxorubicin (Dox), dulbecco's modified eagle's medium (DMEM), fetal bovine serum (FBS),
formaldehyde, phosphate buffered saline (PBS) buffer, siRNA duplex against Bcl-2 protein, β-actin
primary antibody (Mouse) and secondary antibody (goat anti-mouse and goat anti-rabbit), and universal
siRNA negative control (scrambled), 660nm protein assay kit, western blot assay kit, apoptosis assay
reagent annexin V and tris-borate-EDTA (TBE) buffer were purchased commercially.
Instruments: Transmission electron microscopy (TEM) images were captured by JEOL 2010 TEM at
200kV. Specific surface area and pore size distribution of the as-prepared hollow mesoporous silica
nanparticles were measured by ASAP-2020 Mircomeritics. X-Ray diffraction pattern was collected by
X’Pert powder XRD. Zeta potential value was measured by Mavern Nanosizer. FT-IR spectra were
measured through Fourier transformed infrared spectrometer. Thermogravimetric analysis (TGA) was
completed by Thermogravimetric Analyzer Q500 (TGA Q500). Nanodrop 1.0 was used to determine the
SiRNA concentration. UV-vis spectra and related absorption intensity was recorded by UV-vis 2501
Spectrometer. Agarose gel electrophoresis was performed by ENDRO GEL XL E0160 electrophoresis
system. A microplate reader (infinite 200 PRO, Tecan) was employed for the MTT assay. Western blot
assay was completed with Invitrogen's Western Blotting Kits. Confocal microscopy images were taken by
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a confocal microscope (Leica TCS SP5， 40× oil objective). Flowcytometry data was collected by BD
FACSCalibur Flow Cytometer.
MSNP and HMSNP synthesis:Mesoporous silica nanoparticle (MSNP) was prepared by a conventional
sol-gel process in base solution and phosphate group was initially functionalized by co-condensation
method.In a typical synthesis, CTAB (500mg) was dissolved in deionized H2O (250mL). NaOH aqueous
solution (1.75mL, 2M) was added into the above solution. The mixture solution was heated to 80 C
under vigorous stirring. When the temperature was stabilized, TEOS (2.5mL) was slowly added into the
mixture solution. After 15min, 0.5ml TPMP was slowly added to modify the MSNP with phosphate
groups and the solution was stirred at 80C for 2h. Formed nanoparticles were collected by centrifugation
at 8000 rpm for 10 min and then washed with MeOH and deionized H2O thoroughly.Surfactant CTAB
was removed by suspending the nanoparticles in MeOH (50mL) containing condensed HCl (3mL, 37%)
and refluxing at 80C for 24h. The nanoparticles were collected by centrifugation and washed thoroughly
with MeOH and deionized H2O. The nanoparticles were dried in vacuo at 80C for 24h.
HMSNP: Hollow meosporous silica nanoparticle (HMSNP) was prepared by selective etching method.
First, solid silica spheres were prepared by modified Stober method 229. Typically, ethanol (142.8mL),
deionized water (20mL) and ammonium aqueous solution (25-28%, 4mL) were mixed and under stirring.
After the mixture solution was heated to 30C, TEOS (6mL) was rapidly added to the mixture and the
solution was stirred at 30C for 2h. The formed solid silica spheres were collected by centrifugation and
washed with deionized water and ethanol thoroughly. Then, the solid silica spheres were dried in vacuo at
80C for 24h. Then, mesoporous silica shell was coated on the solid silica spheres. 100mg of solid silica
spheres were homogenously dispersed in 20mL deionized water by ultrasonication for 15min. The
prepared solution containing CTAB (150mg), deionized water (30mL), ethanol (30mL), and ammonia
solution (0.55mL), was added. The mixture solution was stirred at room temperature for 5min; then
TEOS (0.25mL) was added quickly to the mixture. For the preparation of the FITC-labeled HMSP,
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fluorescein isothiocyanate (1.3 mg) was dissolved in absolute ethanol (1.5 mL) containing APTES (3μL)
and mildly stirred for 2 h in the dark before adding into the 0.25mL TEOS. 2h after the addition of TEOS,
TPMP (0.05mL) was added into the mixture which was kept stirring for another 4h. The formed
mesoporous silica shell coated nanoparticles were collected by centrifugation and washed by deionized
water and ethonal before redispersed in 15mL of deionized water. The solid silica sphere was removed by
selective etching. With vigorous stirring, 5mL aqueous solution containing Na2CO3 (424mg) was slowly
added into the well-sonicated water suspension of the above suspension. After stiring at 50C for 8h, the
product of hollow mesoporous silica nanoparticle was collected by centrifugation and extensively washed
with deionized water and ethanol. The last step of surfactant CTAB removal was completed by
suspending the hollow mesoporous silica nanoparticle in 50mL methanol containing 3mL condensed HCl.
The suspension was refluxed under stirring at 80C for 24h. The as-prepared HMSNP was collected by
centrifugation and washed with deionized water and ethanol thoroughly; then dried in vacuo at 80C for
24h.
PEI-FA conjugate synthesis: 100mg folic acid was dissolved in 5ml DMSO; then 5ml DMSO solution
containing 60mg EDC and 180mg NHS was added into the folic acid solution. The mixture was kept
stirring for 2h in the dark before added to 15ml aqueous solution containing 700mg PEI (1.8 kDa). Then,
the pH value was adjusted to 8 by adding proper amount of 0.2M NaOH. The mixture solution was kept
stirring for 3 days and then dialysis against deionized water was performed in a dialysis membrane (1K)
for 5 days to remove excess folic acid and byproducts. The PEI-FA conjugate was collected by freeze
drying and characterized by FT-IR.
Drug loading efficiency test: Suitable amount of Rhodamine B and 1mg NP(HMSNP or MSNP) at
various weight ratios were added into 1 mL deionized water. The mixture solutions were stirred for 24h to
allow drug loading into nanoparticles. Then, 4mg PEI-FA was added into the mixture solution and
continue the stirring for another 4h. The, RhB loaded HMSNP with PEI-FA coating (HMSNP+RhB+PEI74

FA) was collected by centrifugation and washed with PBS for three times. Then, the HMSNP+RhB+PEIFA complex was suspended in PBS buffer and the pH was changed to 4.5. After extensively sonication
for 30min, the suspension was centrifuged. The released RhB amount was quantified by measuring the
UV-vis absorbance intensity of RhB in the supernatant of the suspension. For Dox loading capacity
determination, 1mg HMSNP was suspended in 1ml aqueous solution of Dox (1mg/mL) and the mixture
was stirred for 24h for the Dox loading. And similar method was employed for the loading capacity
determination. For all the experiments, three duplicates were completed for statistic analysis.
Agrose gel electrophoresis: NP(HMSNP or MSNP)+PEI-FA complex was formed by mixing 1mg
NP(HMSNP or MSNP) and 4mg PEI-FA in 1ml PBS buffer (pH 7.4), and the mixture was stirred for 4h.
The formed complex was collected by centrifugation and washed with PBS (pH 7.4) for three times. Then,
the formed NP(HMSNP or MSNP)+PEI-FA complex and siRNA at various NP-to-siRNAweight ratios
were mixed and incubated for 2h for the complex formation. Free siRNA and nanoparticles only were
also loaded in the first lane and second lane respectively ascontrol. Proper amount of deionized H2O was
added to each lane in order to keep the concentration of siRNA constant. The agarose gel electrophoresis
was carried out in agarose gel (1.5wt%) within TBE buffer at 100V for 30 min.
pH-responsive Doxreleasetest: The prepared HMSNP+DOX+PEI-FA+siRNA complex (containing
0.5mg HMNP) was suspended in PBS buffer (1mL, pH=4.5, 6 or 7.4 respectively). For pH=4.5 and 6,
appropriate amount of 2M HCl was added to change the pH value of PBS buffer to expected value before
using. With certain time interval, the mixture solution was centrifuged and the UV-vis absorbance
intensity of Dox (485nm) in the supernatantwas recorded to monitor the Dox release process. For pHstimuli release test, proper amount of 2M HCl was added to the sample of pH=7.4 after the previous
experiment. The Dox release was then monitored by similar method. Three independent duplicates were
completed for statistic analysis.
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Cell Culture: HeLa and MCF-7 were cultured in DMEM containing 10% FBS and nonessential amino
acids (0.1 mM). The culture was maintained at 37C in a humidified atmosphere containing 5% CO2.
Bcl-2 protein expression silence and western blot assay: siRNA duplex sequence against Bcl-2 protein,
noted

as

siRNA(Bcl-2),

was

presented

as

follows:

rGrUrArCrArUrCrCrArUrUrArUrArArGrCrUrGrUrCrGrCdAdG-3’,

sense

antisense

strand
strand

5’5’-

rUrGrCrGrArCrArGrCrUrUrArUrArArUrGrGrArUrGrUrArCrUrU-3’. Negative control siRNA duplex
(Scrambled Negative), noted as siRNA(scrambled), was used as the negative control. Fresh DMEM
medium without any antibiotics and FBS was used for the gene knockdown experiments. Both HeLa and
MCF-7 cells were seeded into 6-well plate at a density of 20 × 104 cells/well in complete DMEM medium
and grown for 24 h respectively. Then, both cells were treated with HMSNP+PEI-FA+siRNA (Bcl-2)
complex with various HMSNP-to-siRNA weight ratios, including 10:1, 20:1, and 30:1. The content of
siRNA is 1μg/well; and the content of HMSNP is 10, 20, and 30 μg/well respectively. The medium
volume of each well is 1mL during the treatment. After 24h treatment, the culture medium was changed
into new medium and the cells were cultured for another 48h. Then, the cells were washed by cold PBS
and collected by cell scraper. Then, the protein of each sample was collected by lysis buffer and protein
concentration was measured by 660nm protein assay kit in order to ensure the protein loading is equal in
the western blot assay. Then, western blot assay was performed according to standard procedures with
western blot assay kit.
MTT cytotoxicity assay: The cytotoxicity of the nanoparticles was evaluated byemploying the MTT assay.
HeLa and MCF-7 cells were seeded into 96-well plate at a density of 1 × 104 cells/well in DMEM
medium. After 24h incubation, the medium was changed with new medium which containing
HMSNP+PEI-FA+siRNA(scrambled), HMSNP+DOX+PEI-FA or HMSNP+DOX+PEI-FA+siRNA(Bcl2) complex, with HMSNP-to-siRNA weight ratio 20:1. After 24h treatment, the culture medium was
changed into new medium and the MTT assay was performed after another 48h. For the MTT assay,
typically the old medium was removed and new medium (100 μL) containing MTT (0.5mg/mL) was
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added. After 4h incubation, the medium was replaced with DMSO (100μL) and the plate was gently
shaked for 15 min before measuring the absorbance at 565 nm using a microplate reader (infinite 200
PRO, Tecan). The cell viability related to the control wells that only contain cell culture medium was
calculated by [A]test/[A]control, where [A]test and [A]control are the average absorption intensities of the test
and control samples (n=8), respectively.
Cell apoptosis assay by flowcytometry: HeLa cells were seeded in 6-well palte and grown for 24h. Then,
the

cells

were

treated

with

10μg/ml

HMSNP+PEI-FA,

HMSNP+DOX+PEI-FA,

and

HMSNP+DOX+PEI-FA+siRNA(Bcl-2) complex with HMSNP-to-siRNA weight ratio 20:1 for 24h.
After the treatment, the medium was replaced with fresh medium. For the last two samples, 24h after the
addition of new medium, an extra 5μg/ml HMSNP+DOX+PEI-FA complex was added. Then,
flowcytometry assay was performed after at 72h. The cells was collected with trypsin and washed with
PBS. Then, the cells were stained by annexin V and flowcytometry assay was performed immediately
after the staining. HeLa cells without any treatment were also stained by annexin V as control. In order to
show the enhanced chemotherapy effect by the co-delivery system, experiments of HeLa cells only
treated with equivalent free Dox (1.5μg/ml), 10μg/ml HMSNP+DOX+PEI-FA, and HMSNP+DOX+PEIFA+siRNA(Bcl-2) complex with HMSNP-to-siRNA weight ratio 20:1 were performed. After 24h
treatment, the medium was replaced by new medium and the apoptosis assay was performed at 72h.
Confocal microscopic images: HeLa or MCF-7 cells were seeded in plastic-bot-tomed -dishes (35 mm)
and grown in the DMEM medium for 24 h. Then, the cells were exposed to HMSNP+PEIFA+siRNA(Bcl-2), and HMSNP+DOX+ PEI-FA+siRNA(Bcl-2) complex (10μgmL1) for 24h. The
medium was then removed and dishes were washed three times with PBS. The cells were fixed with 4.0%
formaldehyde at room temperature for 15 min. After washing with PBS, the cells were stained with DAPI
(30 nM) for 15 min. The cells were further washed with PBS for three times before observation with
confocal microscopy. The fluorescence of DAPI was excited by 405nm laser. And the fluorescence of
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FITC and Dox were both excited by 488nm laser. The fluorescence of DAPI, FITC, and Dox are collected
by 480±10nm, 520±10nm, and 580±10nm channel respectively.

2.4.3 Results and Discussion
HMSNP preparation and characterization
Selective etching method230 with modification was used for the preparation of HMSNP. As-prepared
HMSNP was initially functionalized with phosphate groups by directly addition of TPMP during the
formation of the mesoporous shell structure. To trace the intracellular location of HMSNP, as well as
allow the following flocytometry study of the cellular uptake of HMSNP, fluorescein isothiocyanate
(FITC) labeled HMSNP was also prepared in the study.

Figure 4.1. TEM images of HMSNP a) at low magnification, b) at high magnification, c) HMSNP+PEIFA complex, and d) MSNP.
The mesoporous structure of HMSNP was characterized by transmission electron microscope (TEM),
individual doughnut-like hollow particles with uniform particle size around 185nm were clearly observed
(Figure 4.1 a). Relatively higher brightness inside the darker outside circles is due to completely removal
of internal solid silica spheres, resulting in hollow cores. The thickness of the outside shell structure is
estimated to be 30nm. The mesoporous structure of the shell was formed by CTAB directed condensation
of tetraethylorthosilicate (TEOS). Clear perpendicular nano-channels heading the internal core was
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indicated by red arrow (Figure 4.1 b), which provides the nano-channels for the loading and releasing of
drug molecules. In order to compare with normal mesoporous silica nanoparticle (MSNP), phosphate
group modified MSNP was also prepared by co-condensation method.231

Figure 4.2. N2 adsorption/desorption isotherms of a) HMSNP, c) MSNP; and BJH pore size distribution
of b)HMSNP, d)MSNP.
Table 4.1.BET surface area, pore size, and pore volume of HMSNP and MSNP.
Surface area (m²/g)

Pore volume (cm³/g)

Pore size (nm)

MSNP

881.7

0.56

2.3

HMSNP

799.4

0.79

2.6

Similar BET specific surface and BJH pore size (Table 4.1) were found for both HMSNP and MSNP,
which means that the specific surface area is dominated by the mesoporous structure and pore size is
determined by the alkyl chain length of the surfactant CTAB. Type IV isotherm curves of both
nanoparticles also proves the successful formation of mesoporous structure. However, bigger hysteresis
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loop of the isotherm curve of HMSNP evidences the empty core inside HMSNP, which were also
reported by other researchers(Figure 4.2).230, 232Moreover, HMSNP has higher pore volume than MSNP,
indicating the presence of hollow core.

Figure 4.3. Powder X-ray diffraction pattern of HMSNP and MSNP.
In the XRD pattern, typical (100) peaks at low angle around 2θ=2.2° were found for both MSNP and
HMSNP, which is consistent with the hexagonal arrangement of the mesopores. However, due to
relatively short-ranged order of the mesoporous shell in HMSNP, the (100) peak of HMSNP is broader
than that of MSNP where the ordered region should be larger than HMSNP (Figure 4.3).
PEI-FA conjugates preparation and coating on HMSNP

Figure 4.4. FT-IR spectra of PEI, folic acid conjugated PEI (PEI+folic acid), and folic acid.
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Folic acid was conjugated on branched cationic polymer PEI (1.8 kDa) through EDC (1-ethyl-3-(3dimethylaminopropyl)carbodiimide)) chemistry to form amide bond between carboxylic group on folic
acid molecule and primary amine group on PEI. The PEI-FA conjugate was characterized by FT-IR
spectra (Figure 4.4). The presence of a new peak at 1640 cm-1 due to C=O amide bond233, 234 confirmed
the chemical linkage of folic acid onto PEI. PEI-FA conjugate is easily dissolved in deionized water, and
the UV-vis spectra of its aqueous solution presents characteristic peaks of folic acid molecules.220, 221

Figure 4.5. a) UV-vis spectra and b) Zeta potential measurement indicate PEI-FA coating on HMSNP.
All the samples are dissolved or suspended in deionized water.
The phosphate groups introduce negative surface charge on HMSNP surface, which allows charge
interaction with positively charged PEI-FA. Reversed zeta potential value of HMSNP+PEI-FA complex
indicates successfully coating of PEI-FA on HMSNP surface. With the PEI-FA amount increasing, the
HMSNP+PEI-FA complex shows increasing positive zeta-potential value (Figure 4.5 b), suggesting
accumulation of PEI-FA binding on the HMSNP surface. After PEI-FA coating, HMSNP+PEI-FA
complex has a broad UV-vis absorbance peak at 280nm indicating presence of folic acid molecule 220, 221,
233

. Besides, the mesoporous shell structure was blurred after the PEI-FA complex formation (Figure 4.5,

c), which future proves the surface coating of PEI-FA. The zeta potential value of Dox loaded
HMSNP+PEI-FA complex (HMSNP+Dox+PEI-FA) was determined to be 27.2mV similar to
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HMSNP+PEI-FA without Dox loading (28.4mV), which means the presence of Dox inside HMSNP
would not affect the PEI-FA coating.
Enhanced Drug and SiRNA delivery capacity

Figure 4.6. Rhodamine B loading capacity comparison of MSNP & HMSNP at different weight ratios.
To demonstrate that the enhanced drug loading capacity of HMSNP is due to the hollow structure, red
fluorescence dye rhodamine B (RhB) and HMSNP were mixed at various weight ratios in the same
volume of deionized water to perform the loading test. After 24h stirring, RhB was supposed to fully
diffuse into the hollow cores. Then, RhB loaded HMSNP was collected by centrifugation and then
suspended in deionized water. After 30min ultrasonic treatment to release all the loaded RhB molecules,
the supernatant was collected by centrifugation and the UV-vis absorbance intensity of RhB at 553nm
was recorded to determine the loading amount of RhB molecules. It is interesting to find that with the
portion of RhB increasing, the loading amount of RhB per mg nanoparticle keeps increasing for both
HMSNP and MSNP at the beginning (Figure 4.6). Then, the loading capacity of MSNP seems to be
saturated and no increase was observed with future increase of the RhB amount, but HMSNP remains the
increasing trend until the RhB amount was increased by 9 times. The RhB loading capacity of HMSNP
was found to be enhanced twice comparing to that of normal MSNP. Then, anti-cancer drug Dox was
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loaded in both HMSNP and MSNP at NP-to-Dox weight ratio 1:1. And Dox loading capacity of HMSNP
was estimated to be 15.6% which is enhanced by about 100% than MSNP as well (Figure 4.7 b).

Figure 4.7. a) Agarose gel electrophoresis of NP(HMSNP or MSNP)+PEI-FA+siRNA(Bcl-2) complex; b)
Dox loading capacity of HMSNP and MSNP.
In order to prove the superiority of HMSNP over normal MSNP, the drug loading and siRNA binding
capability were demonstrated in figure 4.7. Although both HMSNP and MSNP have similar BET surface
area which is mainly contributed by the mesoporous structure, however the outside shell surface of
HMSNP should be much larger than that of MSNP because of weight decrease by the removal of the
internal solid silica sphere. Thus, for the same amount of both nanoparticles, after coating with the same
amount of PEI-FA, the outside shell surface of HMSNP should be larger than that of MSNP, providing
more positively charged area to attach siRNA molecules. The agarose gel electrophoresis results certified
the hypothesis as well. For HMSNP, when the weight raio of HMSNP-to-siRNA increases to 12, almost
all the siRNA was restrained on nanoparticle’s surface, while only the weight ratio of MSNP-to-siRNA
was increased to 20 fully binding of siRNA can be achieved (Figure 4.7 a). From TGA results, the
weight loss of as-prepared HMSNP(Figure 4.8 b) that was initially functionalized with phosphate groups
increased about 5% when comparing with basre HMSNP(Figure 4.8 a).Considerable increase of weight
loss (about 20 wt%) was observed for HMSNP+PEI-FA complex (Figure 4.8 c), comparing to as
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prepared HMSNP only (Figure 4.8 b), which proves the coating of PEI-FA conjugate on HMSNP. And
extra weight loss (6 wt%) in Figure 4.8 d was due to the decomposition of loaded Dox in the
HMSNP+Dox+PEI-FA complex.

Figure 4.8. Thermal gravimetric analysis (TGA) results of (a) bare HMSNP; (b) as-prepared HMSNP; c)
HMSNP+PEI-FA complex; d) HMSNP+Dox+PEI-FA complex.
Moreover, the loading of anti-cancer drug Dox should not affect the siRNA binding capability. Thus, we
performed agarose gel electrohporesis experimentwith HMSNP+Dox+PEI-FA+siRNA(Bcl-2) and similar
result was observed (Figure 4.9). When the HMSNP-to-siRNA weight ratio was higher than 8, all siRNA
was effectively binded on the HSMNP and restrained inside the well. Such result allows the drug/siRNA
co-delivery simultaneously in the following study.

Figure 4.9. Agarose gel electrophoresis of HMSNP+Dox+PEI-FA+siRNA(Bcl-2) shows that the loading
of Dox inside HMSNPs would not affect the siRNA binding capability of the co-delivery system.
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pH-responsive drug release

Figure 4.10. a) pH-controlled Dox release, and b) stimuli-responsive (by changing pH value) Dox release
from HMSNP+Dox+PEI-FA+siRNA(Bcl-2) complex in PBS buffer.
The pH-controlled drug delivery system has attracted considerable attentions recently, because the acidic
intercellular environment of most cancer cells223,

224

provides natural triggers for drug release inside

cancer cells. It is delighted to find that our co-delivery vehicle exhibits pH-responsive drug release
property as expected. As showed in Figure 4.10 a, both the release rate and release amount of Dox are
pH-dependent and responsive to acidic condition. The Dox release at neutral condition (pH 7.4) is less
than 10% and no further release was observed for more than 30 hours, which means the PEI-FA coating
on HMSNP can effectively block the nano-channels and prevents Dox from leaking. The pH-responsive
release can be explained by the protonation of the amine group on PEI-FA conjugate. At acidic condition,
PEI-FA polymer chain would be positively charged due to protonation of amine groups and thus repels
each other, which would lead to the swelling and dissociation of the surface PEI-FA polymer layer. Then,
the access to the nanochannels and further internal core of HMSNP is available. To certify this hypothesis,
another experiment was conducted. After 2 days’ release at pH 7.4, appropriate hydrochloride acid was
added into the solution to change the pH from 7.4 to 4.5, and then Dox release sharply increased again as
showed in figure 4.10 b. Previous study also successfully employed protonation of amine groups to
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control the open-close of the mesopores of the mesoporous silica nanoparticles.102 What’s more, the
dissociation of PEI-FA coating layer in the acidic intercellular environment would also lead to escape of
siRNA molecules that attached on HMSNP surface, delivering siRNA into cytoplasm where RNA
interference takes place. 235-237 The pH-responsive release property of the HMSNP based drug/siRNA codelivery vehicle is rather promising in the following cell study in vitro.
Target drug deliveryand intracellular drug release

Figure 4.11. a) Confocal microscopy images of a) HeLa(FA+) and MCF-7(FA-) cells after treated with
10μg/ml HMSNP(FITC)+Dox+PEI-FA+siRNA(Bcl-2) complex for 24h. From left to right are images
under bright field, green channel (FITC: 488/520nm±10nm), red channel (Dox:488/580nm±10nm), and
merged channel (Bright field+FITC+Dox+DAPI), respectively; b) merged image of FITC+Dox channels
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(top), and Bright Field+DAPI+FITC+Dox channels (bottom); c) Flowcytometry results of HeLa(FA+)
and MCF-7 (FA-) cells after treated with HMSNP(FITC)+DOX+PEI-FA+SiRNA(Bcl-2) complex for 24h.
Folic acid receptor has much higher expression level in many cancer cells than that of normal cells 213-215
and specific affinity between folic acid and folic acid receptor can help the cellular uptake of HMSNP
through folic acid receptor meditated endocytosis. Thus, PEI-FA coated HMSNP can selectively bind and
enter into cancer cells that have high folic acid receptor expression, resulting in target drug/siRNA
delivery. The target effect was first tested in vitro via observing nanoparticle’s uptake by confocal
microscopy. To trace the location of HMSNP, green fluorescence dye FITC labeled HMSNP was
prepared for the experiment. And HeLa cells with high folic acid receptor expression was chosen as the
positive control (FA+), while MCF-7 cells with low folic acid receptor expression was taken as the
negative control (FA-). Both cells were treated with the same concentration (10μg/ml) of
HMSNP+DOX+PEI-FA+siRNA(Bcl-2) complex for 24h. The cell nucleus was stained by DAPI. The
cells were washed three times by PBS to remove nanoparticles not taken by the cells before confocal
microscopy observation. In figure 4.10 a, it can be seen that much more green fluorescence (FITC) dots
indicating the presence of HMSNP are inside the HeLa cells. Meanwhile, only few green fluorescence
dots were found in MCF-7 cells, suggesting much less cellular uptake of HMSNP. To further confirm the
targeting effect of the drug/siRNA co-delivery system, HeLa cells (FA+) and MCF-7 cells (FA-) were cocultured and treated with 10μg/ml HMSNP(FITC)+PEI-FA+siRNA(Bcl-2) complex. After 24h, cells
were washed by PBS three times and observed by confocal microscopy.

Figure 4.12. Confocal microscopy image of co-cultured HeLa (FA+) and MCF-7 (FA-) cells treated with
10μg mL-1 HMSNP+PEI-FA+siRNA(Bcl-2) complex at HMSNP-to-siRNA weight ratio 20:1 for 24h.
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Selectively cellular uptake is clearly showed, as many more FITC (green) fluorescence dots were
observed in HeLa (FA+) cells than MCF-7 (FA-) cells (Figure 4.12). Flowcytometry results confirmed
the target delivery effect of the HMSNP statistically (Figure 4.11, c), as only 66.31% of MCF-7 cells
have HMSNP uptake indicated by FITC fluorescence intensity while almost all the HeLa cells (99.98%)
have much higher FITC fluorescence intensity. As expected, its higher FITC fluorescence intensity
suggests that folic acid receptor meditated endocytosis indeed happened, resulting in enhanced cellular
uptake of HMSNP and thereby target delivery.
Drug release triggered by intracellular acidic pH was quite obvious from the red fluorescence channel
indicating the location of anticancer drug Dox (Figure 4.11, b). The red fluorescence dots overlapped
with green dots suggest residual Dox inside the HMSNP, inside the cytoplasm red color from Dox also
observed outside the green dots, which means that considerable amount of Dox released from HMSNP.
Besides, purple color from the nucleus due to the overlay of red (Dox) and blue (DAPI) suggests that the
released Dox further diffused into the cell nucleus.

Figure 4.13. a) Merged (Bright field+DAPI+FITC+Dox channels) confocal microscopy image of HeLa
cells after treated with 10μg/ml HMSNP+DOX+PEI-FA+siRNA(Bcl-2) complex for 24h; b) fluorescence
intensity reading of DAPI (blue), FITC (green), and Dox (Red) along the dashed arrow in a).
The intercellular Dox release was further confirmed by fluorescence intensity reading under confocal
microscopy (Figure 4.13). Green peaks around the nucleus represented by blue curve (DAPI) indicate the
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location of HMSNP in the cytoplasm. And high fluorescence intensity of red curve overlapped with blue
curve suggests presence of considerable Dox in the cell nucleus. Dox is an anti-cancer drug which mainly
interacts with the DNA of cancer cells to induce cell apoptosis and finally cell death 199, so it is favorable
to find Dox molecule inside cell nucleus. However, much less red fluorescence was found in MCF-7 cells,
which is due to less HMSNP uptake and thus less Dox delivery into the MCF-7 cells. The difference of
Dox fluorescence intensities of MCF-7 and HeLa in flowcytometry results also agrees with the confocal
microscopy results.
Bcl-2 protein silence and synergetic therapy effect

Figure 4.14. a) Western blot assay of protein in HeLa and MCF-7 cells; both cells were treated with
HMSNP+PEI-FA+siRNA(Bcl-2) complex with HMSNP-to-siRNA weight ratio 10:1, 20:1, and 30:1; b)
Relative Bcl-2 protein expression of HeLa and MCF-7 cells. The content of siRNA is 1μg/well; and the
content of HMSNP is 10, 20, and 30μg/well respectively; the volume of culture medium in each well is
1ml during the treatment. After 24h treatment, the medium was changed into new medium and the protein
was collected after the cells were cultured for another 48h.
The knockdown of the expression of anti-apoptotic protein Bcl-2 is the prerequisite of enhanced
chemotherapy. To rule out the possibility of cytotoxicity of the co-delivery vehicle and unequal protein
loading, β-actin protein was chosen as the internal standard, and all the results were normalized to the
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protein expression of the control group without any treatment. As for HeLa cells, obvious silence of Bcl-2
protein was indicated by the decreasing darkness of the band (Figure 4.14, a). In order to clarify the
knockdown of Bcl-2 is due to the specific sequence of siRNA against Bcl-2 protein. Universal siRNA
duplex (scrambled) which is non-targeting was used as negative control, and no protein silence effect was
observed by delivering siRNA(scrambled) (Figure 4.15). Besides, equivalent amount of free siRNA
(Bcl-2) cannot silence the Bcl-2 protein expression, which certifys the siRNA delivery efficacy of the
HMSNP based delivery system (Figure 4.15). It is interesting to find that commercialized siRNA
tranfection reagent, Lepofectaine cannot effectively perform siRNA transfection in MCF-7 cells.
However, with the same amount of siRNA, by increasing the HMSNP’s amount to 30μg/well, Bcl-2
protein expression was succsfully suppressed in MCF-7 cells (Figure 4.14 a), which indicated the
superiority of the HMSNP’s delivery efficacy.

Figure 4.15. Western blot assay of protein in HeLa and MCF-7 cells; lane 1: control (without any
treatment); after treated with 2: HMSNP+PEI-FA+siRNA(scrambled), 3: free siRNA(Bcl-2), 4:
Lepofectamine+siRNA(Bcl-2), and 5: 10μg/ml HMSNP+PEI-FA+siRNA(Bcl-2).
The targeting effect was also demonstrated in the western blot assay. The knockdown of Bcl-2 protein
expression was effective at low amount of HMSNP (10μg/well) for HeLa cells, while for MCF-7 cells the
knockdown effect can be only found when the amount of HMSNP was increased to 30μg/well. This result
could be explained by target delivery, which causes higher cellular uptake of HMSNP and siRNA as well
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in HeLa cells. Thus, more siRNA can be delivered into HeLa cells comparing to the case of MCF-7 cells,
resulting in higher efficacy of protein expression silence.

Figure 4.16. a) MTT cytotoxicity assay of MCF-7 and HeLa cells; both cells were treated with
HMSNP+Dox+PEI-FA or HMSNP+Dox+PEI-FA+siRNA(Bcl-2) complex with HMSNP-to-siRNA
weight ratio 20:1; After 24h treatment, the culture medium was changed into new medium and the MTT
assay was performed after another 48h. b) MTT cytotoxicity assay of MCF-7 and HeLa cells; both cells
were treated with HMSNP+PEI-FA+siRNA(scrambled) complex.
We further conducted the MTT cytotoxicity assay and enhanced chemotherapy by co-delivery of Dox and
SiRNA(Bcl-2) was found. First, the toxic effect of the co-delivery vehicle was tested. The HMSNP+PEIFA+siRNA(scrambled) complex shows minor toxic effect even at rather high nanoparticle concentration
(100μg mL-1). Furthermore, no concentration-dependent relationship was found, which means the toxicity
of the carrier and siRNA molecule is negligible (Figure 4.16, b). Then, HeLa(FA+) and MCF-7(FA-)
cells was treated with HMSNP+Dox+PEI-FA or HMSNP+Dox+PEI-FA +siRNA(Bcl-2) complexes at the
same nanoparticle concentration. For MCF-7 cells, both groups have similar cell viability and no
enhanced chemotherapy was found (Figure 4.16, a), which is reasonable since Bcl-2 protein knockdown
does not work at nanoparticle concentration less than 30μg/well (Figure 4.14). On the other hand, for
HeLa cells, cells treated with HMSNP+Dox+PEI-FA +siRNA(Bcl-2) have much lower cell viability than
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that treated with HMSNP+DOX+PEI-FA at the same nanoparticle concentration of 10μg mL-1 or 20μg
mL-1(Figure 4.16, a). It is clearly that the enhanced chemotherapy is due to combined therapeutic effect
of gene therapy by Bcl-2 protein silence and chemotherapy by Dox. Our finding is consistent with
previous study which proved the Bcl-2 protein silence induced apoptosis in HeLa cells

238

. We suspect

that the silence of Bcl-2 protein improved the sensitivity of HeLa cells to conventional anti-cancer drug
Dox, which is further proved by the apoptosis assay by flowcytometry. It is worth noting that in the
current drug/siRNA co-delivery study, we used relatively much lower amount of mesoporous silica than
the previous drug/gene co-delivery system based on mesoporous silica with CD-2NH2 capping.

Figure 4.17.Flowcytometry data of cell apoptosis assay by annexin V staining of HeLa cells. Cells were
treated with a) 1.5μgmL-1free Dox, b) 10μg mL-1 HMSNP+Dox+PEI-FA, and c) 10μg mL-1
HMSNP+DOX+PEI-FA+siRNA(Bcl-2) for 24h; then the culture medium was changed into fresh medium
and cultured for another 24h before the flowcytometry assay.
The enhanced chemotherapy through the co-delivery of Dox and siRNA(Bcl-2) was further confirmed by
cell apoptosis assay. The HeLa cells treated with equivalent free Dox and HMSNP+Dox+PEI-FA
complex have similar apoptotic cell population indicated by fluorescence intensity of Annexin V, 17.39%
and 14.13% respectively. However, for the HeLa cells treated with HMSNP+Dox+PEI-FA+siRNA(Bcl-2)
complex, much higher apoptotic cell population(42.19%) was observed, suggesting that silence of Bcl-2
protein would promote the cell apoptosis and improve the efficacy of traditional anti-cancer drugs. Even
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though it is widely accepted that the delivery carrier of nanoparticles can enhance the drug uptake and
thus obtain higher therapeutic effect, here similar apoptotic population was found for cells treated with
equivalent free Dox and HMSNP+Dox+PEI-FA. Such result can be explained by the imcomplete release
of Dox from HMSNP. We used the same amount of free Dox with loaded Dox in the HMSNP+Dox+PEIFA complex, but not all the Dox can be released from HMSNP inside cells. As shown in Figure 4.10 a,
when the pH value is 6.0, only 50% Dox was released from HMSNP after 24h incubation. HeLa cells
without any treatment were also stained with Annexin V as control (3.18). Negligible toxic effect of the
co-delivery vehicle and siRNA molecule is also certified by the apoptosis assay, as only 3.88% apoptotic
cells were recorded for HeLa cells treated with 20μgmL-1HMSNP+PEI-FA+siRNA(scrambled).

Figure 4.18. Flowcytometry result of apoptosis assay by annexin V staining of HeLa cells. HeLa cells a)
without any treatment, and treated with b) 20μg/ml HMSNP+PEI-FA+siRNA(scrambled), c) 10μg/ml
HMSNP+DOX+PEI-FA, d) 10μgmL-1HMSNP+DOX+PEI-FA+siRNA(Bcl-2) complex with HMSNP-tosiRNA weight ratio 20:1 for 24h; the medium was replaced with fresh medium after the treatment. For c)
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and d), extra 5μg/ml HMSNP+DOX+PEI-FA complex was added after 48h incubation. The apoptosis
staining and flowcytometry assay was performed after at 72h.
In order to better show that the Bcl-2 protein knockdown would overcome multidrug resistance and result
in higher sensitivity to anti-cancer drugs, extra amount of 5μg mL-1 HMSNP+Dox+PEI-FA was added
24h after the delivery of only Dox or co-delivery of Dox and siRNA(Bcl-2) respectively. It was found that
the apoptotic cell population for the co-delivery group is 80.75%, while that of only delivering Dox is
33.87% (Figure 4.18). Therefore, we conclude that our co-delivery system based on HMSNP can
effectively deliver Dox and siRNA simultaneously into target cancer cells, resulting in enhanced
chemotherapy by synergetic treatment effect of chemotherapy and gene therapy.

94

2.4.4 Conclusion
In summary, we have successfully fabricated a HMSNP based pH-responsive target drug/siRNA codelivery vehicle which is capable of simultaneously delivering Dox and siRNA against Bcl-2 protein into
target cancer cells. The hollow structure not only improves the Dox loading capability, but also enhances
the siRNA binding ability. Selectively target effect by folic acid receptor meditated endocytosis was
certified by confocal microscopy and flowcytometry with HeLa (FA+) and MCF-7 (FA-) cells. Effective
silence of anti-apoptotic protein Bcl-2 in HeLa cells help to enhance chemotherapeutic efficacy by
simultaneously delivery of Dox and siRNA.This work further improved the MSNP based drug/gene codelivery system from the view of carrier materials’ usage and effective targeting capacity, both of which
aimed at minimizing the side-effect of the cancer treatment.
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Chapter 3. Monomeric Zinc Phthalocyanine inside Spacer
Modified Nano-channels of MSNPs:A Nanohybridfor Target
Photodynamic Cancer Therapy
3.1 Research Scope and Motivation
Photodynamic therapy (PDT) is a relatively inexpensive and non-invasive method for cancer
treatment.239-242 It has been proved to be an ideal approach for the treatment of skin cancer 243 and also
found effective for the treatment of early lung cancer,244 bladder cancer,245-247as well as head and neck
cancer.248-250 In PDT based treatment, tumor cells are destroyed by light irradiation on photosensitizersthat
induce the production of reactive oxygen species, primarily cytotoxic singlet oxygen ( 1O2), in a localized
area. Thus, an ideal photosensitizer should possess high absorption coefficient, high quantum yield of the
triplet state, and low dark cytotoxicity in physiological conditions. Although carriers such as polymer
conjugates,251 liposomes,252,

253

and metal nanoparticles254-256 have been developed to enhance the

solubility and targeted therapy of photosensitizers, the quest for a versatile and safe nanocarrier is still
challenging.
As a promising photosensitizer carrier for PDT, the advantages of MSNPs,such as large internal surface
area, uniform mesopores, and easy chemical functionalizations, open up new pathways to develop new
materials for functional applications. In general, the internalization of nanoparticle-based photosensitizer
hybrid demands the optimization of few parameters including the maximum cell targeting, the maximum
photosensitizer loading without aggregation, the maximum photodynamic toxicity, and the minimum dark
cytotoxicity. Among these parameters, the tumor targeting can be achieved by passive targeting owing to
the enhanced permeability and retention (EPR) observed in tumor sites. 257,
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Zinc(II) phthalocyanine

(ZnPc) is a second generation photosensitizer, which suffers severe aggregation, thereby losing its singlet
oxygen (1O2) generation efficiency in aqueous environment. The easy aggregation significantly limits its
application potential in physiological environments. Thus, several efforts have been directed forwards
developing alternative strategies for using ZnPc effectively as photosensitizer.259, 260 For example, recently
a report demonstrates the development of a gold nanoparticle/ZnPc conjugate to address this issue by
separating ZnPc molecules by akyl groups on gold nanoparticle surface.261

Scheme 5.1.Schematic illustration for the preparation of hybrid of zinc phthalocyanine (ZnPc) loaded
MSNP-Ad and inclusion of CD-2NH2, 1 for photodynamic singlet oxygen generation. Enlarged area
represents a nano-channel modified with adamantane spacer which prevents aggregation of ZnPc.
Herein, we describe hitherto unreported method for controlling the self-assembly of ZnPc inside
nanochannels of MSNPs (Scheme 5.1). We anticipated thathydrophobic spacers such as adamantane (Ad)
inside mesopores of MSNPs could intervene between ZnPc, thus instantly preventing the aggregation of
ZnPc.Concurrently, the modified Ad units on the surface of MSNPs complexed with amino substituted βcyclodextrin (CD-2NH2) would enhance the dispersion of the hybrid in aqueous conditions. Hence, in
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our experiments, we synthesized Ad functionalized triethoxy silane (i.e., N-(3-triethoxysilyl)propyl)
adamantaneamide) and employed it to prepare Ad-incorporated MSNPs (MSNP-Ad) via co-condensation
method. Thus, Ad was coupled onto both the nanoparticle surface and nanochannels. We then loaded
hydrophobic ZnPc inside nanochannels of MSNP-Ad in DMF (N,N’-dimethyl formamide), followed by
the complex formation between Ad on the nanoparticle surface and CD-2NH2 in aqueous solution,
affording the hybrid 1 for further experiments (Scheme 5.1).

3.2 Materials and Methods
Materials:Adamantane-1-carboxylic

acid

(Ad-acid),3-aminopropyltriethoxysilane

(APTS),

cetyltrimethylammonoium bromide (CTAB, 90%),dicyclohexylcarbodiimide (DCC), diethyl ether,
dimethylformamide (DMF, 99%), (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), fluorescein isothiocyanate
(FITC), formaldehyde, hydrochloride (HCl, assay 37%), N-hydroxylsuccinimide (NHS), methanol
(MeOH, 99.5%), phosphate buffered saline (PBS, pH 7.2) buffer, sodium hydroxide (NaOH), and
tetraethylorthosilicate (TEOS, 99%)were purchased commercially.
Instruments: FESEM and TEM images were captured by FESEM 6340 at 5kV and JEOL 2010 TEM at
200kV, respectively. X-Ray diffraction pattern was collected by Shimazu Powder XRD from 2θ = 1.6 to 8.
Zeta potential and hydrodynamic size value were measured by Mavern Nanosizer and each sample was
measured three times for statistic analysis. Surface area and pore size distribution of the nanoparticles
were characterized by ASAP-2020 Mircomeritics. FT-IR spectra were measured through Fourier
transformed infrared spectrometer. UV-vis absorption was measured by UV-vis 2501 Spectrometer.
Fluorescence emission spectra were collected by RF 5301 Spectrofuorophotometer. A microplate reader
(infinite 200 PRO, Tecan) was used for the MTT assay. Fluorescence images were taken by a confocal
fluorescence microscope (Nikon, Eclipse TE2000-E, 60 × oil objective). Flow cytometry data was
collected by BD FACS Calibur Flow Cytometer.
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MSNP-NH2:Amino group functionalized silica nanoparticles (MSNP-NH2) were prepared by a cocondensation method in base solution in order to obtain uniform distribution of the functional groups both
inside the mesopores and on the nanoparticle surface.1 In a typical synthesis, CTAB (500 mg) was
dissolved in distilled H2O (250 mL). NaOH aqueous solution (1.75 mL, 2 M) was added into the above
solution. The mixture solution was heated to 80 ℃ under vigorous stirring. When the temperature was
stabilized, TEOS (2.5 mL) was slowly added into the mixture solution. APTES (0.5 mL) was added
dropwise after 15min. The mixture solution was stirred at 80 ℃ for another 2 h. As for FITC labeled
nanoparticles, FITC (1.3 mg) was dissolved in absolute ethanol (1.5 mL) containing APTES (3μL), and
the mixture solution was gently stirred for 2 h in the dark before adding into the TEOS (2.5 mL). Then,
the formed nanoparticles were collected by centrifugation at 8000 rpm for 10 min and washed with
MeOH and distilled H2O. Surfactant was removed by suspending the obtained nanoparticles in MeOH
(150 mL) containing condensed HCl (9 mL, 37%) and refluxing at 80 ℃ for 24h. MSNP-NH2 was
collected by centrifugation and washed thoroughly with MeOH and distilled H2O. The nanoparticles were
dried in vacuo at 50 ℃ for 24h.
MSNP-Ad: Adamantane-1-carboxylic acid (225 mg) was dissolved in DMF (10 mL) containing DCC (645
mg) and NHS (360 mg). After the mixture solution was stirred for 2 h, a DMF (5mL) solution containing
fully suspended MSNP-NH2 (100 mg) was added. After reacting for 24 h, MSNP-Ad nanoparticles were
collected by centrifugation and washed with DMF, MeOH, and distilled H2O extensively.
CD-2NH2: Ethylenediamine modified β-cyclodextrin derivative (CD-2NH2) was prepared according to a
previous report.2 Seven ethylenediamine groups were covalently linked at the primary side of the βcyclodextrin ring.
ZnPc Loading and CD-2NH2 Capping to MSNP-AD (Hybrid 1): MSNP-Ad (1 mg) was suspended in
DMF solution (1 mL) containing ZnPc (0.1 mg/mL). After stirring for 24 h, ZnPc loaded MSNP-Ad was
collected by centrifugation at 13,000 rpm for 3 min. After washing with PBS, CD-2NH2 (1 mg/mL) was
added and then stirred for another 12 h to complete the complex formation, which was then centrifuged at
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8000 rpm followed by washing with PBS to obtain hybrid 1. ZnPc loaded and FITC labeled MSNP-Ad (2)
and its CD-2NH2 complex (3) were prepared using a similar procedure.

Scheme S5. Scheme showing preparation of MSNP-Ad. APTES: (3-aminopropyl) triethoxy silane, CTAB:
cetyltrimethylammonium bromide, DCC: dicycle hexylcarbodiimide, NHS: N-hydroxysuccinimide.
Folic acid (FA) conjugation: Folic acid was conjugated on MSNP by EDC/NHS chemistry. ZnPC loaded
MSNP with CD-2NH2 capping was suspended in aqueous solution containing FA, EDC and NHS. After
reaction for 24h, the nanoparticles were collected by centrifugation and washed by distilled water.
Cell Culture:HeLa, MCF-7 and MB231 cells were cultured in DMEM containing 10% FBS and
nonessential amino acids (0.1 mM). The culture was maintained at 37 ℃ in a humidified atmosphere
containing 5% CO2.
MTT Cytotoxicity Assay:The photodynamic cytotoxicity effect was evaluated by MTT assay. The cells
under study were seeded into 96-well plate at a density of 1 × 104 cells/well in complete DMEM medium
andgrown for 24 h. Then, ZnPc-loaded MSNP-AD capped with CD-2NH2or CD-FA was added into each
well at different concentration. After exposure to the nanoparticles for 24 h, the medium in each well was
removed, and the cells were washed by PBS twice to remove free nanoparticles in the medium. Fresh
complete DMEM medium (100 μL) was added into each well. After 4h incubation, the cells were exposed
to 675 nm laser light for certain period of time. The MTT assay was then conducted after another 48h
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incubation by changing the medium in each well into medium containing MTT (100 μL, 0.5 mg mL-1).
After incubation for 4 h, the medium was removed and DMSO (100 μL) was added into each well. The
plate was gently shaken for 15 min and absorbance intensity at 565 nm was recorded using a microplate
reader (infinite 200 PRO, Tecan). The relative cell viability related to control wells that were only treated
with medium was calculated by [A]test/[A]control, where [A]test and [A]control are the average absorbance of
the test and control samples, respectively.
Fluorescence Microscopy Images:The cells were seeded in 35 mm plastic-bot-tomed -dishes and grown
in complete DMEM medium for 24 h. Then, HeLa cells were treated with ZnPC-loaded and FITC labeled
MSNP-Ad capped with CD-2NH2or CD-FA (3, 20 μg mL-1). After 24 h incubation, the medium was
removed, and the cells was washed three times with PBS buffer (pH 7.4) and fixed with 4.0%
formaldehyde at room temperature for 15 min. After removing 4.0% formaldehyde, the cells were washed
with PBS buffer (pH 7.4) three times before capturing the fluorescence images using a fluorescence
microscope.
Flow Cytometry Data Collection:The cells were seeded in 6-well plates and grown in complete DMEM
medium for 24 h. The cells were treated with ZnPC-loaded and FITC labeled MSNP-Ad capped with CD2NH2or CD-FA (20 μg mL-1). After 24 h incubation, the cells were washed by PBS three times and
harvested by trypsin treatment. Then, the cells were centrifuged and washed by PBS twice before
conducting flow cytometry detection on BD FACS Calibur Flow Cytometer.
Cell TEM: HeLa cells were first treated with hybrid 1 for 24h and then the mecium was removed. The
cells were washed three times before adding new medium. After 4h incubation, the cells were exposed to
674nm light irradiation for 20min. Then, the cells were further cultured for 24h. Afterwrd, the cells were
washed thrice with PBS then fixed with 2.5% glutaraldehyde (SPI, USA) at 4°C overnight. Hereafter,
cells were washed with 0.1% phosphate buffer and post-fixed with 1% osmium tetraoxide (SPI, USA) for
1 h at room temperature. Fixed cell pellets were further washed and performed dehydration in the
increasing grades of ethanol (25%-100%) and pure acetone. Infiltration in SPI-PonTM-Araldite® (SPI,
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USA) resin started at room temperature overnight and followed with pure resin embedding at 60°C for 72
h. Blocks were sectioned by an ultramicrotome (Leica Ultracut UCT) and ultrathin sections were stained
with lead citrate. Grids were viewed under a Philips EM 208 (write your viewed TEM machine name)
100 kV transmission electron microscope.

3.3 Results and Discussion
MSNP preparation and characterization
Amino functionalized MSNPs (MSNP-NH2) were prepared by co-condensation method in a basic
solution in order to endow uniform distribution of the functional groups both inside mesopores and on the
nanoparticle surface. Then, the prepared MSNP-NH2 was further reacted with Ad-COOH to yield MSNPAd which was first characterized by powder X-ray diffraction and N2 adsorption/desorption measurement.

Figure 5.1. a) X-ray diffraction pattern, b) N2 adsorption/desorption isotherms, and BJH pore size
distribution (inset) of MSNP-Ad.
Clear (100) peak at 2θ = 2.14 in the Powder X-ray diffraction (PXRD) pattern of MSNP-Ad demonstrates
hexagonal packing of MCM-41 type mesoporous structures (Figure 5.1a).A typical type-IV isotherm
(Figure 5.1b), indicative of mesoporous structures, was observed with a BET (Brunauer-Emmett-Teller)
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surface area of 852.58m2 g-1. The mesoporous size distribution of BJH (Barrett-Joyner-Halenda)
desorption sharply focuses at 2.7 nm.
Figure 5.2a shows the HR-TEM image of MSNP-Ad with clear mesoporous structures. Inset is the
photograph of MSNP-Ad under visible light. After loading with ZnPc, the nanoparticles exhibit blue
color due to the presence of ZnPc molecules inside the mesopores. And in the TEM image of ZnPC
loaded MSNP-Ad, the mesoporous structure was completely blured due to the ZnPc loading insde the
mesopores. While preparing ZnPc loaded MSNP-Ad in order to keep ZnPc mostly in its monomeric state
inside the mesopores, an optimized solution of ZnPc with 0.1mg mL-1 was used.

Figure 5.2.HR-TEM images of a) MSNP-Ad and b) MSNP-Ad loaded with ZnPc and capped with CD2NH2, hybrid 1. Insets are the photographs of corresponding nanoparticles under visible light. c) UV-Vis
absorption spectra of ZnPc loaded MANP-Ad complexed with CD-2NH2 (1) in PBS buffer pH 7.2 (red
curve), and ZnPc alone in DMF (black curve, 1 × 10-6 M). d) Emission spectrum of hybrid 1in PBS
buffer at pH 7.2.
The dispersion of ZnPc in MSNP-Ad was monitored through UV-Vis spectrum. ZnPc in DMF has a
characteristic absorption maximum at 669 nm (Figure 5.2c, black curve). Loading of ZnPc inside the
mesopores of MSNP-Ad exhibits a slight bathochromic shift of absorption maximum to 672 nm with a
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shoulder at 615 nm that is attributed to dimers (Figure 5.2c, green curve). The Ad spacers prevent the
aggregation of ZnPc inside the mesopores in PBS buffer to a great extent. The amount of ZnPc loaded in
MSNP-Ad was determined spectrophotometrically as 0.6 wt%, by sonicating ZnPc loaded MSNP-Ad in
DMF in order to extract out all ZnPc molecules.

Figure 5.3. a) FE-SEM image of hybrid 1, b) FT-IR spectra of MSNP-NH2 (black curve), MSNP-Ad (red
curve) and hybrid 1 (blue curve), and c) Values of ζ potential for MSNP-NH2, ZnPc loaded MSNP-Ad,
and hybrid 1.
The hybrid 1 possesses uniform and spherical shape which was observed under FE-SEM and no irregular
chunks was found(Figure 5.3a), which indicates that the ZnPc molecules were indeed loaded inside the
mesopores and no aggregation was formed. The linkage of Ad molecules through amide bond was
confirmed by the FT-IR specatra. The peak at 1520 cm-1 due to primary amine disappeared after the
reaction with Ad-COOH. The presence of ZnPC was further certified by the FT-IR spectra, since
fingerprints of ZnPc molecule at 1388 cm-1 and 667 cm-1 were find the the spectra of ZnPc loaded MSNPAd. (Figure 5.3b). The hybrid 1 was prepared by making use of the strong inclusion complexation
between Ad and β-CD. MSNP-Ad loaded with ZnPc was stirred with CD-2NH2 in aqueous solution for
12 h to obtain hybrid 1. Then, hybrid 1 was collected by centrifugation and washed with PBS buffer twice
to remove excess CD-2NH2. Zeta-potential measurement indicates that, after the Ad functionalization, the
nanoparticle surface charge was decreased from 24 mV to 6.7 mV owing to the replacement of amino
groups with AD units (Figure 5.3c). A successful complex formation within 1 between Ad and CD104

2NH2was evidenced from enhanced surface charge to 23.3 mV. The HR-TEM of 1 (Figure 5.2b) provides
evidence for ZnPc loading, as the mesopores occupied by ZnPc cannot be clearly seen when compared to
that of MSNP-Ad. Inset of Figure 5.2b shows the photograph of 1 under visible light. As compared with
ZnPc loaded MSNP-Ad, hybrid 1 in PBS buffer exhibits a bathochromic shift of the absorption maximum
to 675 nm (Figure 5.2c, red curve, Δλ = 3 nm), a characteristic monomer signature of ZnPc inside the
mesopores. The emission spectrum of 1 (0.5 mg mL-1) was recorded in PBS buffer at pH 7.2. When
excited at 610 nm, 1 shows an emission of ZnPc with a maximum at 680 nm (Figure 5.2d). The
absorption and fluorescence properties of 1 provide clear evidence for the monomeric existence of ZnPc
inside the nano-channels with adamantane spacers.
Singlet oxygen (1O2) generation

Figure 5.4.UV-Vis absorption changes (between 340-420 nm) showing photobleaching of the 1O2
molecular probe, ADMA upon irradiation of hybrid 1 with 675 nm laser light for 40 min. Inset shows
enlarged area corresponding to absorption of monomeric ZnPc loaded in 1.
We then investigated the photoinduced 1O2 generation capability of 1 through an indirect chemical method
using ADMA (9,10-anthracenediyl-bis(methylene)dimalonic acid) as the 1O2 trap. ADMA reacts with 1O2
to produce corresponding endoperoxide that can be followed by absorption changes of ADMA. 262 To
hybrid 1 (0.5 mg mL-1) in PBS buffer at pH 7.2, ADMA (6 × 10-5 M) was added with stirring. A typical
absorption spectrum of the mixture shows two signature regions (Figure 5.4), i.e., absorption
corresponding to ADMA is at 350-415 nm region and ZnPc from 650 to 690 nm. The absorption of
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ADMA was decreased continuously; as the mixture was irradiated using 675 nm light for 40 min.
Photobleaching of ADMA confirms efficient generation of 1O2 from ZnPc inside mesopores. The
effective 1O2 generation of 1 in aqueous conditions provides a proof of concept for our strategy of
preventing ZnPc from aggregation inside the nanochannels of MSNPs with the adamantane spacers.
Cellular uptake of hybrid 1

Figure 5.5.a) Fluorescence microscopy images of HeLa cancer cell lines incubated with 2 and 4,
respectively. b) Flow cytometric analysis of HeLa cell lines incubated with and without 2 and 3.
To prove that the introduction of CD-2NH2 leads to enhanced cellular internalization of hybrid 1, we
carried out parallel in vitro experiments using FITC (fluorescein isocyanate) labeled MSNPs. ZnPc loaded
and FITC labeled MSNP-Ad (2) and its CD-2NH2 complex (3) were prepared accordingly for detailed
investigations.Hybrids2 and 3 containing both ZnPc and FITC dyes with different excitation wavelengths
can be easily traced in vitro through green (FITC) and red (ZnPc) excitation channels. We incubated HeLa
cells with 2 and 3, respectively. Figure 5.5 shows the images of HeLa cell lines incubated with either 2
(Figure 5.5a-d) or 3 (Figure 5.5e-f) for 24 h before observation.
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Intracellular localization and accumulation experiments conducted using 2 and 3 under the same
conditions provide unambiguous evidence for enhanced internalization of3that is capped with CD-2NH2.
As seen from row 1 offigure 5.5a, much less fluorescence intensity was observed for both green and red
channels, indicating no or low cellular uptake of 2. While under the same conditions, significantly
fluorescent signals from both channels (row 2 ofFigure 5.5a)demonstrate high cellular uptake of hybrid 3.
Merged image shows no leakage of ZnPc from the mesopores of hybrid 3, since the green (FITC labeled
nanoparticles) fluorescence and red (ZnPc) fluorescence are completely overlapped. In addition, we
studied the effect of the CD-2NH2 complexation in the cell uptake of 2 and 3 using flow cytometry by
monitoring the fluorescence intensity of FITC. The flow cytometric analysis in figure 5.5b provides
further proof for the enhanced uptake of hybrid 3, since the intracellular fluorescence intensity with 3 is
much more significant as compared that with 2. Thus,the enhancement in cellular uptake via the CD2NH2 complexation offers high nanoparticle concentration inside the cell lines, capable of leading to
apparently high photodynamic toxicity.
Photocytotoxicity study in vitro

Figure 5.6. Schematic diagram showing the PDT experimental setup for light irradiation.
In order to examine the PDT efficiency of hybrid 1, MTT (3-(4,5-dimethylthiazolyl-2)-2,5diphenyltetrazoliumbromide) viability assay on HeLa cancer cell lines incubated with 1 was performed.
The in vitro photodynamic toxicity of hybrid 1 was investigated by using a monochromatic light with a
power of 2.5 mWcm–2. HeLa cells were first incubated with hybrid 1 for 24 h, and then washed with PBS
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buffer twice to remove residual nanoparticles that were not consumed by cells. Light irradiation
experiments were carried out using an in-house developed experimental setup (Figure 5.6).

Figure 5.7. MTT viability assay of HeLa cells incubated with 1 for 4 h. Cell viability is expressed as
percentage of untreated cells. The concentration refers to the amount of 1 used for the incubation. Green
bars indicate control experiments using cells treated with 1 in the dark. Red and blue bars refer to cells
treated with 1 under irradiation for 30 and 60 minutes, respectively.
After 48 h incubation followed by irradiation, the cell viability was examined by MTT. Control
experiments were also conducted by keeping the samples in the dark. Figure 5.7 shows the results of the
MTT viability assay using different amount of 1.Even at the maximum possible concentration of 1 in the
dark, relatively low cytotoxicity (green bars) of hybrid 1 was observed. Efficient photodynamic
cytotoxicity was observed in the cases of irradiating the samples (100 µg mL–1) for 30 and 60 min. Thus,
ZnPc photosensitizer loaded hybrid 1 clearly exhibits effective 1O2 generation, showing obvious
cytotoxicity dependence on irradiation time and concentration.
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Figure 5.8. Apoptosis/death cell analysis by flowcytometry. From left to right: HeLa cells without any
treatment, HeLa treated with hybrid 1 for 24h and kept in dark, and HeLa cells treated with hybrid 1 and
exposed to 674nm irradiation for 20min.
To further prove photocytotoxicity induced cell apoptosis and thus cell death, Annexin V/Propidium
iodide (PI) dual staining was performed on HeLa cells and statistic analysis by flowcytometry was
completed. As shown in figure 5.8, it is reasonable that the HeLa cells without any treatment have low
fluorescence intensity of both Annexin V and PI, which means few cells were apoptotic or dead. Then, the
cells treated hybrid 1 but kept in dark conditions also mainly concentrated at the same region with low
flurescence insentiy of both staining dyes. However, after treated with hybrid 1 and followed light
irridation, there populations of cells present. The normal cells account for 58.67% have lower
fluorescence intensity and locate in the same region with the previous two cells. And the population
taking 26.43% with high fluorescence intensity of both Annexin V and PI can be attributed to dead cells
which were stained with both dyes, while the 12.87% cells only stained with Annexin V was apoptotic
cells but still alive.
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Figure 5.9. Fluorescence image of HeLa cells after apoptosis/death cells staining; a) control, b) treated
with hybrid 1 for 24h and kept in dark, and c) treated with hybrid 1 for 24h and exposed to 674nm
irritation for 20min; 1) bright field channel, 2) DAPI channel, 3) Annexin IV channel, 4) PI channel, 5)
overlay of 2 and 4, and 6) overlay of 2 and 3.
The apoptosis/death cells analysis by flowcytometry was confirmed by fluorescence images. The same
groups of HeLa cells were stained and observed by fluorescence microscopy. Few green dot and red dots
were observed in figure 5.9a-b, suggesting almost no cells were apoptotic or dead. The photocytoxicity
induced cell apoptosis were found in figure 5.9 c, as considerable green dots indicating apoptotic cells and
red dots indicating dead cells were observed. By merging image figure 5.9 c-3) and c-4), the individual
green dots (Figure 5.9d-6) represent the apoptotic cells while yellow dots indicat dead cells which
experienced the apoptosis and death process.
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Figure 5.10.a-f) Fluorescence microscopic images of HeLa cancer cells treated with 1. Images a-c) before
light irradiation, and d-f) after irradiation showing completely damaged cells.
Simultaneously, HeLa cells that were incubated with 1 were imaged with fluorescence microscope. The
intracellular localization and accumulation of 1 were visualized by monitoring red fluorescence from
loaded ZnPc. Figure 5.10 shows fluorescent microscopic images of HeLa cells (60  oil objective) treated
with 1 for 24 h. Figures 4.8a-c are the images of cell lines kept in the dark. Overlay image (Figure 5.10c)
indicates the enhanced internalization of hybrid 1.

Figure 5.11. Ultrastructural analysis using TEM. HeLa cells were treated with hybrid 1 for 24 h and
exposed to 674nm light irradiation before processed for TEM analysis. (a) A dying cell showed
nanoparticles uptake and cellular vacuolization (arrows). (b) Cells experienced PDT displayed the
appearance of an apoptotic cell with apoptotic bodies and membrane blebbing. (c) HeLa cells treated with
hybrid 1 showed nanoparticles uptake. Some vacuoles evidently contained nanoparticles (arrows). (D, E,
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F) High magnification images of HeLa cells treated with hybrid 1, ntaining vacuoles within the cytoplasm
(arrows). Images were acquired at original magnifications of 5,000 – 40,000.
Figures 5.8d-f are the images of cell lines incubated with 1 for 48 h followed by exposure to light at 675
nm for 30 min. After irradiation, the morphology of HeLa cells was significantly changed, which
demonstrates that hybrid 1 brings heavy photodynamic damage to cells for eventual apoptosis. When the
cells without the treatment of 1 were irradiated by light under the same conditions, no detectable damage
was observed. It was confirmed that photodynamic action of hybrid 1 under the defined conditions can be
employed for efficient cancer treatment.In-depth study on the photodynamic therapy induced cell damage
was performed by cell TEM. HeLa cells treated with hybrid 1 for 24h and then exposed to light
irradiation for 30mins. First of all, we clearly found the presence of MSNP inside the cells as indicated by
the arrows in figure 5.11c-f, which proves that the hybrid 1 was indeed uptaken by HeLa cells through
endocytosis. Furthermore, the clear damage induced by photodynamic therapy was observed (Figure
5.11a-b), as apoptotic bodies and membrane blebbing were clearly observed. Thus, we can reach to the
conclusion that the designed system based on MSNP can effectively encapsulate ZnPc molecule and
prevent it from aggregation, in which way we achieved high efficacy of its singlet oxygen generation
property. Then, succesuflly endocytosis of the hybrid 1 can effectively induce cell apoptosis and cancer
cells killing by PDT process which are fully proved by various techniques.
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Target PDT by FA-meditated endocytosis

Figure 5.12. a) UV/vis spectrum of ZnPC loaded MSNP+CD-FA; b) Absorption changes showing singlet
oxygen (1O2) generation from ZnPc loaded MSNP complex with folic acid attached β-CD.
In order to expand the application of the PDT system, we further modified the hybrid 1 with folic acid
molecule as a targeting ligand, noted as hybrid 4 (ZnPc loaded MSNP-Ad+CD-FA). Hybrid 1 was reacted
with folic acid by EDC/NHS chemistry and washed by PBS three times to remove excessive folic acid
molecules. Then, the hybrid 4 was characterized by UV/vis specatrum, extra peak at 280nm due to folic
acid molecules was found, while the peak at 674nm due to monometric ZnPc still presented in the
spectrum. The singlet oxygen generation of hybrid 4 was confirmed by using ADMA as the 1O2 probe.
And the same efficacy of singlet oxygen generation was found for hybrid 4 (Figure 5.12b).
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Figure 5.13. Fluorescence microscopy image of various cells treated with hybrid 5 (ZnPC loaded
MSNP(FITC)-Ad+CD-FA); Channels from left to the right: bright field, DAPI, FITC, ZnPc, overlay of
DAPI, FITC and ZnPc.
To trace the location of MSNP, FITC labeled MSNP was used for the flurescence image observation. And
the ZnPC loaded MSNP(FITC)-Ad+CD-FA complex was noted as hybrid 5. The targeting effect of hybrid
5 was tested with three kinds of cells. HeLa cells and MB231 breat cancer cells have high folic acid
receptor expression were used as positive control, while MCF-7 cells with few folic acid receptor
expression was used as negative control. Much more green fluorescence dots indicating the presence of
hybrid 5 were found in both HeLa and MB231 cells when comparing to MCF-7 cells where few green dot
was observed, suggesting effective targeting cancer cells with high folic acid expression. Then, HeLa and
MCF-7 was co-cultured and treated with hybrid 5. It is interesting to find that the hybrid 5 selectivley
bind and enter to HeLa cells, as the MCF-7 colony has few nanoparticle uptake.
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Figure 5.14. a) flowcytometry result of cells without any treatment (red) and treated with hybrid 5 for
24h (green peak); b) MTT assay of photocytotoxicity test of cells treated with hybrid 5 and kept in dark or
exposed to 674nm light irridation for 20min.
We continued our study by flowcytometry analysis of various cells treated with hybrid 5, much higher
FITC fluorescence intensity was found for both HeLa and MB231 cells, which is indicated by the green
peak by comparing to the control cells indicated by read peaks in each cell’s histogram (Figure 5.14a).
However, MCF-7 has lower FITC fluorescence intensity after treated with hybrid 5, which means much
less nanoparticles uptake. The current results prove that the hybrid 5 selectively enter cancer cells through
folic-acid meditated endocytosis, which certify the targeting effect of hybrid 5. Then, photocytoxicity test
confirmed the selecitvly endocytosis. From Figure 5.14b, MCF-7 cells still have relatively higher cell
viability after the PDT process, while both HeLa and MB231 was effectively killed by PDT process under
the same treatment conditions.
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3.4 Conclusion
In conclusion, we have developed and demonstrated a novel strategy for preventing aggregation of ZnPc
inside the nanochannels of silica nanoparticles. ZnPc existing in its monomeric state inside the pores
shows efficient singlet oxygen generation in aqueous environments, leading to significant photodynamic
damage. Owing to the complexation of CD-2NH2, the ZnPc-loaded hybrid exhibits remarkable stability in
aqueous solution and low cytotoxicity. Through further linkage of targeting liand on the CD-2NH2 caps,
target PDT process was achieved. This novel hybrid is expected to serve as a platform for developing next
generation photodynamic therapeutics for specific cancer treatment.

116

Chapter 4. Graphene Oxide Wrapping on Squaraine
Entrapped MSNPs for Bio-imaging
4.1 Research scope and motivation
Graphene oxide (GO) is an oxidized derivative of graphene which has a 2D carbon honeycomb lattice.263
The presence of functional groups and sp2-conjugated bonds on the surface of GO provides strong
hydrophilic characteristics and feasibility of π-π interactions with aromatic molecules, providing excellent
capacities for further functionalizations on the GO surface.264, 265 Such chemical property has endosed
numerous possibilities of various applications. In particicular, owing to the biocompatibility and low
cytotoxicity of GO,266 GO-biomolecule conjugate and GO-nanoparticle hybrids were recently used for
biological applications such as DNA detection,267, 268cell imaging,269, 270and drug loading/delivery.271-274
On the other hand, MSNPs have been studied extensively as drug delivery platforms due to their
versatility and low cytotoxic features, as we discussed in detail in previous chapters. Advantages of
MSNPs, such as large internal surface area and uniform mesopores, have attracted tremendous attention
towards their applications for controlled drug delivery, gene delivery, as well as protein or enzyme
delivery. Accordingly, significant research effort has centered on developing multifunctional mesoporous
nanoparticles for bio-labeling and therapeutic uses, which is also the major target of this research work.
Thus, we anticipated that the combination of excellent properties from GO and MSNPs may generate a
new research avenue for biological applications.
Squaraine dyes are a class of extensively studied zwitter ionic dyes which exhibit excellent photophysical
properties in near-IR (near infrared) region.275-277 Squaraines were proved to be suitable for many
biological applications, such as metal ion sensors,278,

279

NIR fluorescent labels,280,

281

two-photon

absorbers,281 and detection and estimation of thiol containing amino acids.282, 283Recently, these dyes were
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proved as second generation of photosensitizers for photodynamic therapy (PDT). 284 However, there are
two major challenges in using these dyes for biological applications, especially for PDT and imaging
applications. One is how to prevent easy formation of dye aggregates in aqueous environments and the
other one is how to protect their photophysical characteristics from nucleophilic attack to the squaryl
rings. Although several approaches previously reported, such as (i) supramolecular encapsulation using
macrocyclic host molecules (e.g. β-cyclodextrin285, 286 and serum albumins287) and (ii) the formation of
squaraine derived rotaxanes,288-290 can enhance their stability and prevent chromophore interactions, the
real bottle neck in maintaining the photophysical characteristics of these dyes in aqueous environments
remains unresolved. In this work, we aimed to utilize MSNP to accomplish a design of a suitable vessel
that can completely prevent squaraine dyes from aggregation and nucleophilic attack.

Scheme 6.1.Schematic illustration for preparation of GO enwrapped dye loaded MSNPs (GOMSNP1).Stage 1: loading of 1 in APTES modified MSNP vessel, stage 2: electrostatic wrapping of GO
sheets on the surface of the nanoparticles loaded with 1.291(Copyright 2012 American Chemical Society)
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Herein, a novel strategy was demonstrated for the fabrication of GO enwrapped MSNPs as protective
vessel for squaraine dyes. A model squaraine dye, bis(2,4,6-trihydroxyphenyl)squaraine dye (1), was
chosen for this work. The present strategy involves loading of 1 into MSNPs followed by the
encapsulation of GO on the surface of MSNPs via electrostatic interaction (Scheme 6.1). The electrostatic
interaction of GO with metal nanoparticles was utilized for the preparation of fluorescent hybrids and
anode materials, which procedure was utilized by other report. For example, S. Yang et al. recently
reported the fabrication of GO encapsulated metal oxide nanoparticles as high performance anode
materials through the co-assembly between GO sheets and positively charged oxide nanoparticles.292
Although it is challenging, it was envisioned that the immobilization of GO sheets onto MSNPs might
completely cover the mesopores with GO coating. This approach opens up a novel methodology for the
protection of dyes such as squaraines from self-aggregation and nucleophilic attack. We expected that, the
resulting hybrid GO-MSNP1 has remarkable stability and complete resistance towards nucleophiles such
as cysteine (Cys) and glutathione (GSH) in aqueous environments, which could allow the biological
imaging application of the chemical sensitive dye.

4.2.Materials and Methods
Materials and instrument: All starting materials were obtained from commercial suppliers and used as
received. Electronic absorption spectra were recorded on a Shimadzu UV-3101 PC NIR scanning
spectrophotometer and the emission spectra were measured on a Shimadzu RF5301 spectrofluorimeter.
TEM images were captured by JEOL 2010 TEM at 200kV. SEM images were captured by Jeol-JSM7600F. X-ray diffraction pattern was collected by PANalytical X’Pert powder X-ray diffraction. Zeta
potential was measured by Mavern Nanosizer. Raman spectra of the particles on cleaned silicon substrate
were measured with a Raman microscope (LabRAM HR, Horiba Yvon). The excitation wavelength of the
irradiating light was 633 nm (He-Ne laser, Melles Griot) and signals were collected by using a × 100
objective lens. Surface area and pore size distribution characterization were performed by ASAP 2020
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Mircomeritics. FT-IR spectra were collected using Perkin Elmer FT-IR system (Spectrum GX).
Fluorescence microscopic images were captured using Nikon D-Eclipse C1 Microscope.
Fluorescence quantum yield was determined in spectroscopic grade methanol and millipore water using
optically matching solutions of Cresyl violet (Φr = 0.52) as standard. The quantum yield is calculated
using equation 1.
Φf = Φr (ArFs/AsFr) (ηs2/ηr2)……(1)
where, As and Ar are the absorbance of the sample and reference solutions, respectively at the same
excitation wavelength, Fs and Fr are the corresponding relative integrated fluorescence intensities and η is
the refractive index of the solvent.
Preparation of graphene oxide (GO): GO was prepared by a modified Hammer’s method.293Graphite (0.5
g) was suspended in concentrated H2SO4 (15 mL) under ice bath. KMnO4 (1.5g) was added gradually
with stirring. The mixture was stirred at 50 °C for 3h, followed by the addition of distilled water (35mL).
After stirring for 15min, distilled water (150 mL) was added to terminate the reaction. Then, H2O2 (10mL,
30%) was added and the solution color changed into bright yellow. The mixture was then washed by HCl
solution (250mL, 10%) and distilled H2O. In order to exfoliate the oxidized graphite, the product was
treated with an ultrasonic probe at 250W for 1h and centrifuged at 8000rpm for 30min. The supernatant
was collected. The process was repeated three times and the supernatant (600mL) was collected as GO
stock suspension. GO stock suspension (100mL) was mixed with NaOH (5g) and sodium monochloro
acetate (5g), and the mixture was sonicated for 2h to convert the OH groups into COOH groups. The
mixture was then washed by distilled water repeatedly until well dispersed GO-COOH suspension was
obtained. The solvent of GO-COOH suspension was changed into DMF by centrifugation and then the
solution was treated with ultrasonic probe at 250W for 1h in order to break GO sheets into a proper size
for the nanoparticle wrapping application.
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Synthesis of MSNP-NH2:Amine containing mesoporous silica nanoparticles (MSNP-NH2) was prepared
by co-condensation method. CTAB (cetyltrimethylamminium bromide, 500mg) was dissolved in distilled
H2O (250mL) followed by the addition of NaOH aqueous solution (1.75mL, 2M). The mixture was
heated up to 80 C under vigorous stirring. When the temperature was stabilized, TEOS (tetraethyl
orthosilicate, 2.5mL) was slowly added into the mixture solution. After 15min, APTES (amino propyl
triethoxysilane, 0.5ml) was added. The solution was stirred at 80 C for another 2h. Then, nanoparticles
were collected by centrifugation at 8000 rpm for 10 min. The product was washed with MeOH and
distilled H2O thoroughly. Surfactant (CTAB) was removed by suspending the nanoparticles in MeOH
(50mL) containing condensed HCl (3mL, 37%). The mixture was refluxed at 80 C for 24h. The product
MSNP-NH2 was collected by centrifugation at 8000 rpm for 15 min and thoroughly washed by MeOH
and distilled H2O. Collected nanoparticles were dried in vacuo at 80 C for 24h.
MTT Photocytotoxicity assay: The cytotoxicity test was performed by MTT assay. HeLa cells were
seeded into 96-well plate (1 × 104 cells/well) in DMEM (Dulbecco’s Modified Eagle’s Medium) cell
culture medium and grown for 24 h.Then, the medium was removed and DMEM medium (100 μL/well)
containing GO-MSNP1 at different concentrations was added to each well. After 24 h incubation, the
medium was changed into DMEM medium (100 μL/well) containing MTT (0.5mg/mL) followed by
incubation for another 4 h. DMSO (100μL) was then used to replace the previous cell culture medium.
The plate was agitated gently for 15 min, before the absorbance intensity at 560 nm was recorded by a
micro plate reader (Infinite 200 PRO, Tecan). Cell viability related to control wells without any
nanoparticles was calculated by [A]test/[A]control, where [A]test and [A]control are the average absorbance of
the test and control samples (n=8), respectively.
Fluorescence Microscopy Images: HeLa cells were seeded in 35 mm plastic-bottom -dishes and grown
in complete DMEM medium for 24 h before treated with GO-MSNP1 (50μgmL-1). After 24 h incubation,
the medium was removed and HeLa cells were washed with PBS (Phosphate buffered saline) buffer
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(pH=7.4) for three times to remove any free nanoparticles in the culture dish. Formaldehyde (4%, 1mL)
was used to fix the cells at room temperature for 15 min. After removing formaldehyde and washing with
PBS buffer (pH=7.4) for three times, the cell nucleus was stained with 4,6-diamidino-2-phenylindole
(DAPI, 1 μg/mL) for 15 min. Then, the cells were washed with PBS buffer (pH=7.4) for three times
before capturing images by using fluorescence microscope (100 × oil objective).

4.3. Results and Discussion
Materials Preparation and Characterization
GO was synthesized from natural graphite powder by a modified Hammer’s method and then then -OH
groups were further converted to GO-COOH (hereafter referred as GO sheets) based on previously
reported procedures.294

Figure 6.1. a) TEM image of multilayer GO sheets, b) selected area electron diffraction pattern (SAED)
of multilayer GO sheets, and c) FT-IR spectrum of GO sheets. (Copyright 2012 American Chemical
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Society)
The readily synthesized GO sheets were found dispersible in aqueous and organic solvents such as DMF.
The freshly prepared GO sheets were characterized using TEM (Figure 6.1a) and FT-IR (Figure 6.1c).
The TEM image shows multilayer GO sheets and the electron diffraction of a selected area (Figure 6.1b)
reveals patterns correspond to arranged multilayer GO sheets. Moreover, the presence of -COOH groups
on GO sheets is evident from the peaks corresponding to C=O stretching vibration at 1726 cm-1 and C–O
stretching vibration at 1060 cm-1.

Figure 6.2. UV/Vis (black curve) and emission (red curve) spectra of 1 in DMF/water (1:1) at pH 6.5.
Squaraine dye was prepared by the condensation of 1,2-dihydroxycyclobutenedione or squaric acid with
two-fold equivalents of pholoroglucinol in acetic acid. The dye was purified by repeated crystallization,
obtained in 58% yield and characterized by NMR, FT-IR, and mass spectrometry.295The UV/Vis spectrum
of 1 in DMF/water (1:1 v/v) solution at pH 6.5 shows two bands at 569 (ε = 1.3×105) and 502 nm,
respectively (Figure 6.2). The emission spectrum of 1 exhibits a maximum at 596 nm (λex = 580 nm).
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Figure 6.3. a)Powder XRD pattern of MSNP-NH2; b) BET isotherms and BJH pore size distribution
(inset) of MSNP-NH2.
APTES (aminopropyltriethoxysilane) modified MSNPs (MSNP-NH2) were prepared via co-condensation
method. Theformed nanoparticles were first characterized by powder X-ray diffraction (XRD) and N2
adsorption/desorption. XRD analysis reveals a hexagonal arrangement of the mesopores, and a distance of
d100 space is calculated to be 4.16 nm by Bragg’s law from the (100) position at 2θ = 2.11° (Figure 6.3a).
Surface area and porous nature of MSNP-NH2 were characterized by N2 adsorption/desorption
measurements. A typical type-IV isotherm (Figure 6.3b), indicative of mesoporous structures, was
observed with a BET (Brunauer-Emmett-Taller) surface area of 731.4 m2/g. The mesoporous size
distribution of BJH (Barrett-Joyner-Halenda) desorption sharply focuses on 2.71 nm. The thickness of
mesoporous walls can be estimated as 1.45 nm from the difference between internal average pore size
obtained from BJH method and external average pore size calculated from XRD.
Dye loading and graphene oxide wrapping
In the preparation of GO sheet encapsulated MSNPs (GO-MSNP), MSNP-NH2 (5mg) was suspended in
DMF (1 mL) by bath sonication. GO suspension in DMF (4mL) was added to the MSNP-NH2 solution
and the mixture was stirred at room temperature for 24 h in order to complete the electrostatic wrapping
process. The product GO-MSNP was then collected by centrifugation at 8000 rpm and thoroughly washed
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with DMF in order to remove any suspended GO residues. TEM analysis of GO-MSNP (Figure 6.4b)
reveals a successful wrapping of MSNPs with ultrathin GO sheets.

Figure 6.4. High resolution transmission electron microscopy (HR-TEM) images of (a) APTES modified
MSNPs (MSNP-NH2), (b) GO enwrapped MSNPs without dye loading (GO-MSNP), (c) GO enwrapped
squaraine loaded MSNPs (GO-MSNP1).The arrows indicate monolayer GO sheets, and (d) the selected
area electron diffraction pattern (SAED) of (c), showing ultrathin layer of GOsheets.
Inspired from the above mentioned process, we extended the wrapping process with 1 loaded MSNPs.
Well dispersed MSNP-NH2 suspension in DMF (1mL) was mixed with 1 (3×10-4M) in DMF/water (1:1,
0.5 mL) at pH 6.5 in a glass vial (5 mL). The mixture was stirred at room temperature for 24 h in order to
load 1 into mesopores of the nanoparticles. The suspension was then centrifuged twice at 8000 rpm and
the supernatant was removed accordingly to obtain 1 loaded MSNPs (MSNP1) (c. a. 2.5 wt% of 1 with
respect to MSNP’s). GO suspension (1 mL in DMF) was added to MSNP1 followed by a gentle bath
sonication for 2 min. The mixture was stirred for 24 h to ensure the completion of the wrapping process.
The product was then centrifuged at 8000 rpm for 30 min and washed by DMF five times to remove any
free dyes and GO residues. After centrifugation, GO-MSNP1 was well dispersed in water at pH 6.5. HR125

TEM image (Figure 6.4c) of GO-MSNP1 provides clear evidence for the encapsulation of the dye and
the complete wrapping of GO sheets around MSNPs. Apparently, when compared with the TEM image of
GO-MSNP, loading of 1 in the mesopores of MSNPs masks the visibility of the mesoporous structures of
GO-MSNP1. A selected area electron diffraction analysis (SAED) of GO sheets reveals the signature of
ultrathin layer of GO sheets coating over the nanoparticles (Figure 6.4d). This is evident from the
observation that, for ultrathin layer of GO sheets, the intensity of (0-110) spots appears to be more intense
relative to that of the (1-210) spots.296-298

Figure 6.5. Typical FE-SEM images (GB mode) of (a) MSNP-NH2 and (b) GO-MSNP1. (c) table
showing variation of zeta (ζ) potential values of GO sheets, MSNP-NH2, MSNP1, and GO-MSNP1 in
distilled water. (d) Raman spectra of MSNP-NH2 and GO-MSNP1. (Copyright 2012 American Chemical
Society)
The FE-SEM images recorded in gentle beam mode (GB-high) of MSNP-NH2 (Figure 6.5a) and GOMSNP1 (Figure 6.5b) reveal morphologies of GO sheet coated MSNPs loaded with 1. The surface
charges of GO sheets, MSNP-NH2, MSNP1 and GO-MSNP1 were examined using zeta (ζ) potential
measurements in distilled water in order to obtain more insights for GO sheet-covered nanoparticles.
Summary of ζ-potential measurements is shown in Figure 6.5 c and d. GO sheets show a negative ζ126

potential of -55.3±6.2 mV, indicating a negative charge over the surface of GO sheets. MSNP-NH2 gives a
positive ζ-potential of 28±4.2 mV due to the amine groups on the surface. Thus, strong electrostatic
interaction between oppositely charged GO sheets and MSNP-NH2 nanoparticles leads to the GO-MSNP
formation. Dye 1 loaded nanoparticles (MSNP1) exhibit a ζ-potential of 22±4.6 mV, which favours GO
wrapping by electrostatic interactions. GO-MSNP1 shows a negative ζ-potential of -39.9±6.5 mV, further
proving the surface coverage of MSNPs by negatively charged GO sheets. Figure 6.5 d shows the typical
Raman spectra (excitation wevelength 633 nm) of GO-MSNP1 and MSNP-NH2. MSNP-NH2 exhibits
peaks at 976 cm-1due to silica. GO-MSNP1 shows combination fingerprints of GO,299including G band at
1593 cm-1 and D band at 1332 cm-1respectively and MSNP peaks. So, Raman spectra of GO-MSNP1 also
support the wrapping of GO on MSNPs.

Figure 6.6. (a) UV/Vis and (b) emission spectra of GO-MSNP1 (black curve) and GO-MSNP (red curve)
in aqueous solution (1mg mL1) at pH 6.5. The excitation wavelength is 580 nm.(Copyright 2012
American Chemical Society)
The UV/Vis spectrum (Figure 6.6a, red curve) of GO-MSNP does not show an obvious absorption under
the range of 400-700 nm in aqueous solution at pH 6.5. Interestingly, the UV/ViS spectrum of GOMSNP1 (Figure 6.6a, black curve) presents a characteristic absorption maximum at 595 nm under the
same conditions, corresponding to the absorption of loaded dye 1. When compared to the characteristic
absorption maximum of free 1, ~25 nm of red-shift is observed in case of GO-MSNP1 in aqueous
conditions. The observed red-shift in the absorption maximum of GO-MSNP1 can be attributed to the
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encapsulation of 1 within the mesopockets of MSNPs, a phenomenon which is similar to the complex
formation of the dye with serum albumin.287
The emission spectra of GO-MSNP1 and GO-MSNP were recorded in aqueous solution at pH 6.5 (1mg
mL1). When excited at 580 nm, GO-MSNP1 exhibits an emission with the maximum at 607 nm, with a
fluorescence quantum yield Φf = 0.21 (Figure 6.6b, black curve), whereas the nanoparticles without the
dye (GO-MSNP) were found to be non-emissive (Figure 6.6b, red curve). The photophysical properties
of GO-MSNP1 provide a proof of concept for the encapsulation of 1 inside the mesopores of MSNPs. The
non-interfering absorption and emission bands of GO-MSNP1 in aqueous conditions make these novel
nanoparticles an excellent candidate for biological applications.
Squaraine dye protection inside MSNP

Figure 6.7.Changes in the (a) absorption and (b) emission of GO-MSNP1 and squaraine dye (1) upon
addition of 3 mM Cys or GSH in buffer aqueous solution at pH 7 at 24 °C; c) UV/Vis absorption changes
of 1 (6×106) in DMF/water (1:1) with the addition of Cysteine (3×103M) during 0-40 min. (Copyright
2012 American Chemical Society)
A detailed investigation on the chemical stability of the GO-MSNP1 was carried out by treating the
nanoparticles with thiol containing bio-relevant molecules such as Cys and GSH. Separate sets of
experiments were conducted on both free 1 (6×10-6M) and freshly prepared GO-MSNP1 (1mg mL1). The
corresponding time dependent absorption and emission changes are shown in Figure 6.7a and b,
respectively. Extremely high stability of the absorbance intensity and fluorescence emission were
observed for GO-MSNP1, while free 1 was quickly quenched by Cys and GSH.The reaction of either Cys
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or GSH with 1 results in complete bleaching of absorption and emission at 570 and 596 nm respectively,
whereas the photophysical characteristics (absorption maximum at 595 nm and emission maximum at 607
nm) of GO-MSNP1 were found unaffected in the presence of either Cys or GSH for a substantial period
of time. Furthermore, GO-MSNP1 is very stable and the dyes loaded do not leak out from the mesopores
since the nanoparticles can maintain all the photophysical characteristics in aqueous solutions for months.
Thus, these observed results stand as a proof of concept for the protection of 1 within the mesopores in
the presence of the GO sheet wrapping.
Biocompartibility and living cell image

Figure 6.8. MTT viability assay of HeLa cells that were incubated with MSNP and GO-MSNP1 for 24 h.
Cell viability is expressed as percentage of untreated cells. The concentration refers to the amount of
MSNP and GO-MSNP1 used for the incubation. (Copyright 2012 American Chemical Society)
In order to examine the potential of GO-MSNP1 for biological applications, the inherent cytotoxicity of
GO-MSNP1 was evaluated using the MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide)
viability assay with HeLa cancer cell lines for an incubation period of 24 h. As shown in Figure 6.8, GOMSNP1 has no considerable cytotoxicity at low to moderate concentrations.
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Figure 6.9.(a-d) Epifluorescence microscopic images of HeLa cancer cells labelled with GO-MSNP1.
The blue fluorescence is from the nuclear counter stain (DAPI, 1μg mL 1) and the red fluorescence is
from GO-MSNP1. (a) Image of nuclei, (b) fluorescence of GO-MSNP1 (dark field), (c) overlay of panels
a and b, and d) overlay of Figure c with the phase contrast image. (Copyright 2012 American Chemical
Society)
We next employed GO-MSNP1 for both cell surface and subcellular labelling in order to demonstrate
their bioimaging ability. In vitro fluorescence imaging studies were performed with HeLa cancer cell lines.
Figure 6.9 shows the fluorescent microscopic images of HeLa cells (100 x oil objective) treated with GOMSNP1 for 24 h. The blue fluorescence from the cell nucleus stained by DAPI (4,6-diamidino-2phenylindole) can be observed in Figure 6.9a. The red fluorescence of GO-MSNP1 is distributed inside
the cytoplasm as well as on the cell surface. Similarly, the overlay (Figure 6.9c) of fluorescence images a
and b indicates the accumulation of GO-MSNP1 in the cytoplasm of cell lines. The overlay (Figure 6.9d)
with the phase contrast image reveals both intracellular and cell surface labelling of GO-MSNP1. Thus,
the in vitro investigations demonstrate a great potential of the novel hybrid for bioimaging applications.
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4.4. Conclusion
In conclusion, we have developed a novel strategy for the protection of squaraine dyes by coating GO
sheet onto functional mesoporous silica nanoparticles, leading to a florescent hybrid for bioimaging
applications. The ultrathin layer of GO sheets coating over dye loaded nanoparticles prevent the dye from
aggregation and nucleophilic attack, successfully reserving the property of the dye. The hybrid exhibits a
remarkable stability in aqueous solution and relatively low cytotoxicity. Therefore, it is expected that the
novel hybrid can serve as a platform for a variety of biological applications including specific in vitro and
in vivo cellular imaging.

131

Chapter 5. Summary and Outlook
5.1 Summary of the Research Work
As a conventional material which has been invented for about 20 years ever since early 1990, mesoporous
silica nanoparticle has been widely developed in a variety of applications, includingheterogeneous
catalyst development for green chemistry, controlled drug/gene delivery, protein or enzyme delivery,
biological imaging and so forth. Among them, the application in biological system has attracted
significant attentions due to the lower cytotoxicity of silica to the physiological environment, as well as
ease of the chemical modifications. Moreover, the tunable mesoporous structure properties, such as pore
size, surface area, and pore volume, also provide lots of possibilities for biological applications. A
detailed introduction to mesoporous silica is presented in the first chapter, from which a clear route of the
developing of mesoporous silica in biological system can be found. Therefore, even though a
traditionalmesoporous material which has been extensively studied, mesoporous silica still exhibited great
potentials in developing its applications due to its versatile physicochemical properties, as well as
material structural variations. As a matter of fact, this special feature of mesoporous silica inspired the
author of this thesis to perform research work on the biological application of mesoporous silica
nanoparticles, focusing on the MCM-41 type nanoparticles, noted as MSNP in the thesis. Driven by
strong curiosity and academic interest, the author explored several possible applications of MSNP in
biological system. This research work was successfully accomplished with satisfying experimental results
and most of the work has been published on good journals.
In this research work, the author focused on the development of functional mesoporous silica nanoparticle
(MSNP) with specific novelty, in order to realize intended biological applications. Comprehensive
materials characterizations on the materials structure and chemical modifications were carried out. For
example, FESEM and TEM were used to observe the MSNP and determine its real size. BET and BJH
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methods were employed to find out the porosity information of the formed materials. The hexagonal
packing of mesoporous structure was confirmed by powder X-ray diffraction. FT-IR and NMR were
utilized in the tracking of chemical modifications on the MSNP surface. The hydrodynamic size and
dispersity of the novel functional MSNP were characterized by DLS, which provided guidance in the
preparation of functional MSNP for biological applications. In addition to materials characterizations,
extensive biological investigations have been carried as well. Several typical cancer cell lines, like HeLa,
MCF-7, and MB231, were chosen as the model for the in vitro study on the drug/gene co-delivery,
photodynamic therapy, and bio-imaging. Furthermore, in vivo study was completed with zebra fish which
is usually chosen as the primary study model for in vivo drug screening. In-depth biological study has
been conducted. For instance, confocal laser scanning microscopy was used to observe the intracellular
uptake of MSNP into cancer cells, as well as anti-cancer drug release inside the cells. Western blot assay
of Bcl-2 protein was performed to find out the gene delivery efficacy. Apoptosis staining and related
flowcytometry study was also completed in this work. Based on all the study, research conclusions of
scientific interest and significance were reached. And several complete research projects were
accomplished, which was further summarized briefly in the following paragraphs.
In the first work, a functional MSNP covalently conjugated with disulfide bond linked amino groups was
design and prepared. The positive surface charge due to protonation of amino groups was utilized to bind
negatively charged ssDNA chains at physiological pH. The attached ssDNA chains effectively capped the
pores inside which anti-cancer drug Dox was loaded. The formed nano-hybrid material is capable of
delivering both anti-cancer drug and ssDNA into cancer cells through endocytosis. It was found that the
surface coating of ssDNA could enhance the cellular uptake, which might be attributed to the
biocompatibility of ssDNA to the biological system. The controlled release mechanism was based on the
redox-responsive disulfide bond. Upon addition of redox reagent, such as DTT or GSH, the disulfide
bond could be cleaved, leading to dissociation of the surface coated ssDNA chains, as well as opening of
the mesopores from which the delivered drug Dox was released. By utilizing the natural redox potential
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given by higher concentration of GSH inside cancer cells, this system could effectively release both drugs
and ssDNA once entered into cancer cells. For this point, by using fluorescent dye Cy5 conjugated
ssDNA, the internalization of ssDNA was observed by fluorescence microscopy, meanwhile the uptake of
nanoparticles, as well as Dox release inside the cancer cells were observed. Enhanced cancer killing effect
was presented by the co-delivery system comparing to that of free Dox. Thus,this work clearly indicated
the feasibility of controlled drug/gene co-delivery. However, the previous work could not fulfill the
requirement of controlled release of drug or gene individually, which function can help to study the
chemotherapy and genetherapy deeply. Besides, the ssDNA used in the previous did notexhibit any
therapeutic function. Therefore, an improved co-delivery system was developed in order to satisfy such
requirement. And siRNA against anti-apoptotic protein Bcl-2 was chosen for the gene therapy purpose. A
new co-delivery system based on MSNP was developed. The MSNP was first functionalized with
disulfide bond linked admantane. By forming stable complex between the admantane and amino group
modified β-cyclodextrin, the drug molecules can be capped inside the pores without pre-releasing. The
positively charged amino groups modified on the CD rings can effectively bind negatively charged siRNA
for the gene delivery purpose. In this work, a synergetic therapeutic concept was employed in the cancer
therapy by combining the chemotherapy and gene therapy, in order to overcome the drug resistance in the
conventional cancer therapy by anti-cancer drugs. Through western blot assay, it was found that the codelivery system could effectivelydelivering siRNA into HeLa cells and resulted in Bcl-2 protein silence
which in return led to the increase of sensitivity to the anti-cancer drug Dox. In the co-delivery
experiment, enhanced chemotherapy effect was observed in HeLa cells tested by MTT assay. Then, the
co-delivery was applied for in vivo study with zebra fish. The siRNA against green fluorescence protein
was delivered and obviously decrease of GFP expression was observed. Furthermore, the co-delivery
system could also effectively suppress the proliferation of liver tumor planted in zebra fish. Thus, this
novel delivery system showed promising future application for cancer treatment by synergetic therapy.
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Even though MSNP was reported to be biological friendly, still considerable concerns are raised regarding
its safety. Based on the fact of dosage-dependent cytoxicity effect reported before. A novel structure of
MSNP, hollow mesoporous silica nanoparticles, was synthesized. The hollow structure could help
enhance the drug and gene delivery capability by about 100%, which were proved in the work. Moreover,
as target delivery is another main obstacle in cancer treatment. To address this issue, the co-delivery
system was coated with folic acid conjugated PEI polymer. Lower molecular weight PEI (1.8kDa) was
used to minimize the possible toxic effect brought by PEI. The strong positive charge given by PEI chains
could effectively bind siRNA, the hollow structure could hold much more anti-cancer drug Dox
comparing with previous works. Then, the folic acid conjugated on the PEI helped the hybrid
nanoparticles to selectively enter into cancer cells through folic acid receptor medicated endocytosis.
Target delivery of both drug and siRNA was found by using three kinds of cancer cells, HeLa, MB231
(high folic acid receptor expression) and MCF-7 (lower folic acid receptor expression). Much more
effective therapeutic effect was observed by the co-delivery system due to good target delivery and higher
delivery capacity, through which much less silica was used when similar therapy effect was achieved.
This work made progress in the decreasing of inorganic materials dosage for nanoparticle based delivery
system, which is helpful for the biological system as well as human healthy in future clinic application.
In the third chapter, a photodynamic system by using second generation photosensitizer ZnPc was
presented. Although ZnPc is proved to be a highly efficiency photosensitizer, the extremely lower
solubility in aqueous solution and lose of photodynamic property after aggregation limits its application
in biological system for PDT application. This work designed a novel functional MSNP with hydrophobic
groups Ad modified both inside and outside the nanochannels. After loading ZnPc inside DMF, it was
exciting to find a monodispersed state of ZnPc loaded inside MSNP-Ad in PBS buffer solution from the
UV-vis spectra, which suggested the nano-channels could prevent the ZnPc from aggregation. Then,
singlet oxygen generation capability was confirmed. By complexing with CD, the hybrid showed
enhanced stability and dispersity in aqueous solution, leading to increase in the nanoparticles’ uptake in
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cancer cells. Effective cancer cells killing by PDT induced apoptosis was confirmed by MTT assay and
apoptosis/necrosis staining. From cell TEM, presence of the hybrid inside cell cytoplasm was found, and
typical apoptosis evidence was also presented. By further reaction with folic acid on the CD ring, the
formed hybrid showed selectivity in cancer treatment, providing target PDT in future application. This
work managed to resolve the aggregation problem of the second generation photosensitizer ZnPc and
helped to improve its efficiency in aqueous environment, which allows this system for future application
in cancer treatment.
At last, a bio-imaging tags based on MSNP and GO nano-hybrid was developed. Squaraine dyes are
rather promising in bioimaging due to its emission in NIR region. However, this dye is sensitive to thiol
attacks, such as GSH and cysteine which are presented in biological system. In this work, the author
creatively combined GO sheet and MSNP to invent a new hybrid. The MSNP was initially functionalized
with amino groups and squaraine dye was further loaded inside. Through charge interaction, the GO could
closely coat on MSNP surface, which separate the dye from physical contact with external chemicals, in
which manner the chemical attacks by thiol containing chemicals were successfully avoid. Extremely
stable absorbance and emission were observed comparing to previous strategy used to preserve the dye.
MTT results indicated less toxicity of the hybrid material. In vitro imaging was performed in HeLa cell
lines and clear NIR fluorescence color was found from inside the HeLa cells where presented high
concentration of GSH. Basically, the last two projects managed to use traditional material MSNP to
resolve practical problems in biologicalapplications, which enlightened the future development direction
of this material.

5.2 Outlook and Future Development
On the basis of the current research work described in the thesis, plus previous studies on the biological
application of MSNP, an obvious progress can be concluded. Even though extensive studies on MSNP
have been conducted by many research groups, still tremendous possibility can be expectedin virtue of the
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versatile properties of MSNP, as well as creative minds employed in scientific research. Such concept will
continue to guide the future research of the author of this thesis.
As for the biological application of nanoparticles, a new concept, “theranostic” has attracted researchers’
interests, integrating multiple functions into one system. Novel nanoparticles capable of both performing
biological detection for disease diagnosis and carrying out drug/gene delivery purpose to complete the
therapeutic process, are designed and fabricated for theranostic applications. As an excellent candidate
nanoparticle in biological application, MSNP also comes into researchers’ vision for such application. A
new route for preparation of theranostic MSNP is to combine MSNP with other functional nanoparticles,
such as gold or iron oxide, to take advantage of their special properties for therapeutic or diagnostic
purpose. For example, surface plasma resonance (SPR) of gold nanoparticles is utilized in MSNP for
detection and synergetic photo-thermal therapy. Magnetic resonance of iron oxide nanoparticles is utilized
in the MSNP/Fe3O4 hybrid nanoparticles for magnetic resonance image, while accomplish drug delivery
by MSNP. And there are some excellent review articles describing such research subject.300, 301 But the
theranostic application of MSNP is still in the initial stage, there are many research topics that may result
in high performance nano-materials in bio-system. So, the combination of MSNP with other novel nanomaterials allows for many new applications in biological system, which can provide practical significance
in scientific research.
The most concerned issue for application of MSNP into biological system should be its safety. As known
to all, non-toxic to healthy tissue and excretion of carrier materials are critical factors in designing new
materials for biological application, especially for those with potentials in clinic applications. Using
inorganic materials in biological application always faces the issue of degradation. Although very recently
there have been reports regarding the degradation of MSNP,302-304 but still no strong evidence showed the
complete excretion of MSNP. Therefore, there is a new trend for developing biodegradable mesoporous
silica which can be completely “consumed” by the living body.Such requirement presents new research
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topics for mesoporous silica nanoparticles in order to extend its biological application intoclinic research,
which would be a great progress for this research field.
Again, the fundamental reason for the extremely wide application of MSNP should be attributed to its
unique mesoporous structure which dominates the versatility of MSNP, verifying the classic relation of
“structure” and “application” in materials science. The root of any novelty in MSNP can be traced back to
the invention of the brand new structure at early 1990. Therefore, any research in materials science should
stick to the rule and innovation in the novel structure might contribute a totally new world, like the case of
MSNP in the materials science.
In summary, MSNP is an interesting research subject which produces tremendous publications in the past
two decades. However, the story is not ending. Continuous efforts of researchers are being input into this
research field and a large number of publications on MSNP are reports every year, suggesting the vitality
and great potentials of this traditional material.
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