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Abstract

Nowadays, nanoscale drug/gene delivery systems have formed great platforms for modern
cancer therapy. Since many nanocarriers were employed for intracellular delivery applications,
the potential cytotoxicity of these very small inorganic nanocarriers has raise worldwide
considerations. In that case, the intracellular imaging and trace of nanocarriers’ delivery

performance became of utmost importance.

Different analytical techniques have been developed for bio-imaging and tracing
applications. Among them, fluorescence imaging is the widely applied one. Although the
detecting and analyzing technologies of fluorescence imaging are almost mature, there still
existing certain inevitable issues. The fluorescent agents have rapid photo-bleaching properties,
so that the fluorescence trace is far away from nondestructive method. Moreover, the auto-
fluorescence of cells can get rise to background interruptions during detecting procedure. On
the contrary, the intensities of Raman spectrum are more photo-stable and the Raman signals
are easier to separate. The only disadvantage of Raman is that the low Inherent intensity. In
that case, surface enhanced Raman scattering (SERS) technology is employed as a solution to

that problem. That is why certain part of our research focus on SERS traceable delivery.

The aim of this research project is to design and discover a serial of novel functional
composite nanocarriers based on conventional silica and emerging graphitic carbon nitride
materials with favourable size, morphology, structure and surface modifications, which can be
applied for Raman or Surface-enhanced Raman scattering (SERS) traceable drug/gene delivery.

The works included in this thesis are listed as the following,.

1) A new smart DDS with 5-10 nm gold nanoparticles aggregated on the surface of silica
nanoparticles with an average particle diameter of ca. 80-100 nm was designed through
SERS-traceable nanocarriers baring carboxylic hydrazone-conjugated. This design

IX



2)

3)

4

displays a sesame-bread structure to stimulate SERS effects by the aggregation of small
exposed gold seeds. It is evident that the nanocarriers have adequate biocompatibilities,
while the smart DDS exhibits selective cytotoxicities between cancer and healthy cells. In

here, we confirm the feasibility of SERS traceable drug delivery nanocarriers.

A novel stellate porous silica based delivery system was designed for SERS trace
purpose. This stellate porous silica particles with an average particle size of 80-120
nm and center-radial pores of 10-30 nm were coated with in-site reduced gold
nanoparticles and could materialise SERS trace after grafted SERS reporters. The
trace results show high sensitivity and non-invasive features, which makes the
constructed delivery system have considerable potentials to discover the dynamic delivery
performances in living cells. In this work, another structured silica-gold composite
nanocarrier has been constructed for SERS traceable gene delivery. We prove the SERS

traceable nanocarriers could apply for gene delivery.

A novel ultrathin graphitic carbon nitride (g-C3Na4) based system with small sheet size of
100-150 nm and thickness of nearly 0.6 nm was developed for small interfering RNA
(siRNA) delivery. The g-C3N4 materials were surface modified with low molecular weight
branched polyethylenimine (PEI) to obtain the capabilities of siRNA loading. The simple
and label-free siRNA delivery system, which avoid possible interactions of artificial labels,
shows cytotoxicity in KHOS cancer cells and good biocompatibility in HEK293 normal
human cells. As g-C3N4 is Raman-active, the intracellular uptake performances of the label-
free delivery system have been directly traced by Raman spectroscopies. In this work, we
figured out a new material g-C3Ny that can be used for making Raman trace delivery
carriers.

Advanced label-free g-C3Ns composite nanocarriers were designed for surface enhanced

Raman scattering (SERS) imaging applications, and smart three-dimensional
X



nanocarriers were constructed for fluorescence imaging applications. By the aggregations
of small gold nanoparticles on ultrathin PEI-g-C3N4s nanosheets, the spontaneous Raman
intensity of g-C3N4 can be enhanced up to 5 orders of magnitude, which makes it possible
for high sensitive SERS imaging. On the other hand, by using redox-sensitive non-
fluorescent cross-linker to form three-dimensional smart cross-linked-g-C3Ng (CL-g-C3Ny)
nanocomposites, the fluorescence imaging of the designed nanocomposites can be specific
and show selectivity between healthy and cancer cells. In this work, we find that advanced
modified g-C3N4 materials have the potentials to be used for the applications of SERS and

smart fluorescence traceable delivery.

All in all, this project combines the branches of material chemistry, surface chemistry,
analytic technology, biology and nano-medicines together. The introduction of emerging
SERS imaging and traceable methodology will give certain new knowledge and ideas of
nanotechnology and bioengineering. The completion of this project will become the
foundation of a series of novel inorganic nanocarriers for drug/gene delivery with
outstanding performances like targeting, controllable stimuli-responsive release and higher
therapeutic efficiency to against cancers and other human diseases threating on the human
health. That is why this project will finally contribute to increase the health and welfare

levels of individuals, society and the whole human beings.
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Chapter 1 Introduction

1.1. Background and Significance

Cancer is becoming one of the greatest enemies of the human race. On account of
millions of individuals are diagnosed with cancer each year, and this number is
predicted to increase due to the scarcity of effective medical treatments and therapeutics.
This is easily trigger the ever-elevated requirements of patients for high effective
therapeutics. However, most of the anticancer drugs and genes of poor solubility and
stability carry a substantial risk of systemic toxicity and have low therapeutic efficacy.["
2l Although certain anticancer drugs have potent chemotherapeutic features, their
applications are limited by the serious side effects caused by lethal dose and the rapid
resistances of cancer cells. In that case, controlled drug/gene delivery systems based on

biocompatible nanocarriers are constructed to address the problems of free cargos.

To trace the delivery profiles, a series of optical bio-imaging methods can be used,
such as single fluorescence, two-photon fluorescence, Raman scattering and surface-
enhanced Raman scattering(SERS). SERS enjoys high detection sensitivity, good
stability, high resolution, water-free interfering and still available if fluorescence
quenching, to name but a few. Since Fleischmann et.al first observed the clearly sharp
Raman characteristic band on a rough silver electrode with pyridine adsorption in 1974,
SERS technology has been rapidly developed.’®) But at that time, the reason of the
SERS phenomenon was not sure and many researches on SERS mechanism were in the
downturn in the later 10 years. Until the late of 20™ century, owning to the researches
and developments of nanotechnology, SERS technique was revived. In 1997, the SERS

phenomena of single molecule can be regarded as a milestone, which demonstrated that



the detected signal intensity of Raman scattering spectrum was not inferior to those of
fluorescence.™! SERS technique is widely applied to the surface studies, the orientation
of biological macromolecules and interface configuration, conformational studies,

structural analysis as well as tracing delivery.

This project combines the branches of material chemistry, surface chemistry, SERS
analytic technology, biology and nanomedicines together. The introduction of novel
SERS imaging traceable methodology will give certain new knowledge and ideas of
nanotechnology and bioengineering. The completion of this project will be the
foundation of a series of novel inorganic nanocarriers for drug/gene delivery with
outstanding performances like targeting, controllable stimuli-responsive release and
higher therapeutic efficiency to against cancers and other human diseases threating on

the human health.

1.2. Objective and Outline of Thesis

The aim of this research project is to design and discover a serial of novel functional
composite nanocarriers based on conventional silica and emerging two dimensional
graphitic carbon nitride materials with favourable size, morphology, structure and
surface modifications, which can be applied for Raman, surface-enhanced Raman
scattering (SERS) and smart fluorescence traceable drug/gene delivery. The main
achievements acquired in this thesis are presented in the form of one published paper
in peer-reviewed journals and three unpublished and unsubmitted works written in
manuscript style. The following chapters in this thesis are organized in accordance with

the order below:

In chapter 2, a literature review regarding to the developments from controlled

2



drug/gene delivery systems, nanoparticle based delivery systems, all the way narrow to
inorganic silica, carbon, two dimensional nanocarriers like graphitic carbon nitride. In
addition, this section will also review the optical bio-imaging or analytical technologies

of tracing delivery.

In chapter 3, smart drug delivery systems (DDSs) were constructed for non-
destructive SERS tracing and targeted cancer-cell cytotoxicities. The 5-10 nm gold
nanoparticles aggregated on the surface of silica nanopatticles to form hot spots and
enhanced general Raman signals of the attached SERS reporter, while the covalent pH-
cleavable linkage between drugs and carriers provided the DDSs with targeted
cytotoxicities of cancer cells. The excellent and strong integration of gold and silica
nanoparticles ensured that the designed DDS have the capability to be traced by SERS
during delivery processes in certain severe environments, especially blood circulations.
The feasibility of SERS trace is validated. This work has been published in Nanoscale,

2016, 8, 12803-12811.

In chapter 4, a novel stellate porous silica based delivery system with an average
particle size of 80-120 nm and center-radial pores of 10-30 nm was designed for
SERS trace purpose. The results show that designed stellate porous silica-gold
composite delivery system could materialise SERS trace, and show high sensitivity and
non-invasive features, which makes the constructed delivery system have considerable
capabilities to discover the delivery performances in vitro. This work was prepared as

manuscript to be submitted.

In chapter 5, graphitic carbon nitride (g-C3N4) and Low molecular weight
polyethylenimine (PEI) composites were constructed as novel small interfering RNA
(siRNA) delivery systems. The novel ultrathin graphitic carbon nitride (g-C3sNas) with

small sheet size of 100-150 nm and thickness of nearly 0.6 nm was surface grafted with
3



PEI to ensure loading siRNA. As g-C3N4 is Raman-active, the intracellular uptake
performances of the label-free delivery system can be directly traced by Raman
spectroscopies. The Raman spectrum of g-CsNs was also further validated by
theoretically calculation via a Gaussian 09 software. Raman traced images
demonstrated higher sensitivity and resolution than common fluorescence traced results,
which showed Raman is a better method for real-time tracing and revealing nano-

toxicity of delivery carriers. This work was prepared as a manuscript to be submitted.

In chapter 6, advanced label-free g-C3N4 composite nanocarriers were designed for
surface enhanced Raman scattering (SERS) imaging applications, and smart three-
dimensional nanocarriers were also constructed for fluorescence imaging applications.
By modification of small gold nanoparticles on ultrathin PEI-g-C3N4 nanosheets, the
spontaneous Raman intensity of g-C3N4 can be enhanced up to 5 orders of magnitude,
which makes it possible for high sensitive SERS imaging. Three-dimensional g-C3Ny
structure shows fluorescence quenching (static quenching), where a single fluorescent
PEI-g-C3N4 nanosheet makes a ground state complex with the fluorophore so that it
becomes nonfluorescent. Later, based on thiol-disulfide exchange reaction of
glutathione (GSH) and disulfide cross-linker, higher concentration of GSH in
cancer cells could easily cut the linkage between PEI-g-C3N4 nanosheets. By using
redox-sensitive non-fluorescent cross-linker to form three-dimensional CL-g-C3Ng
nanocomposites, the fluorescence imaging can be specific and show selectivity between
healthy and cancer cell. The decrease in the quantum yield of fluorescence intensity
caused by quenching can be recovered. This work was prepared as a manuscript to be

submitted.

In chapter 7, the general concluding remarks of this thesis and perspective on the

future directions of the research are proposed.
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Chapter 2 Literature Review

2.1. Introduction

2.1.1. Controlled Drug/Gene Delivery System

Cancer is regarded as a serious threat on the human health, because millions of human
beings are diagnosed with cancer every year, and the number is predicted to increase
due to the scarcity of effective medical treatments and therapeutics. Consequently,
cancer may in all probability become one of the greatest enemies against the human
race. Currently, most of the anticancer drugs and gene medicines such as small molecule
anticancer drugs, proteins, siRNA, and DNA have severe issues, which may be caused
by poor solubility and stability, high dosage, in vivo degradation, short circulating half-
life, poor pharmacokinetic profiles, lack of selectivity of cancer cells and non-specific
target delivery. These medicines carry a substantial risk of systemic toxicity and have
low therapeutic efficacy!"?! Under that situation, numerous cancer patients are urged
for the treatments of high effective therapeutics formulations. Alarmingly, although
certain anticancer drugs have potent chemotherapeutic features, these ‘free’ cargos
applications are limited by the serious side effects caused by lethal dose and the rapid
resistances of cancer cells.**) That is why drug/gene delivery system has been
established. A drug delivery system can be recognized as a formulation, which controls
the time-release dosage of drug delivery and targets specific areas of the body (like
cancer cells). As a result, the last decade has witnessed an exponential increase in the

researches on the formulation manufactures of controlled drug/gene delivery.
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Figure 2.1. The examples of anticancer nanocarriers. Reproduced with permission.

Copyright (2007) Nature Publishing Group.

2.1.2. Nanoparticles based Delivery Carriers

Nowadays, nanoscale drug/gene delivery systems (Figure 2.1) such as immune-
toxin/drug fusion protein, carbon nanotube, micelles, polymer-conjugate drug/protein,
dendrimers, nanoshells, liposomes, polymeric carriers and nano-capsules have formed
great platforms for modern cancer therapy.[ 7 However, there are still several hurdles
in the developments of drug/gene delivery systems. It was hard to let the nanocarriers
encapsulate adequate drug or control the drug directly release to the target positions in
human vivo environment!®l. What is worse, the issues like the toxicity of applied
nanomaterials as well as the high expenses and costs of procedures are still in the way
of the fabrication of drug/gene delivery systems. All in all, an excellent delivery system
is expected to widely distribute in nature and safe to human beings, no burst or

premature release, efficient cellular uptake and controlled cargo release. Controlled
7



drug delivering to targeted cells is still one of the challenges of contemporary medical
treatments. This review will focus on the developments of certain inorganic
nanoparticle based carriers like silica, carbon nanotubes and graphene as well as the

emerging two dimensional graphitic carbon nitride nanocarriers.

2.2. Silica Nanocarriers Developments

Unlike the carrying materials such as polymeric carriers (nanogel and micelle) and
liposome delivery vectors, inorganic silica has excellent properties such as high
stability for mechanical and thermal changes, high biocompatibility, efficacious

[9-14

fabrication cost and low toxicity.”-'*) In addition, the silica particles may avoid non-

specific and deleterious changes to the human body in vivo circumstance.!!*)
2.2.1. Structural Developments of Silica Nanoparticle

In accordance with structures and particle morphologies, the silica nanoparticle
developments can be divided into three generations!'?, In 1968, Stéber and co-workers
first fabricated solid silica spheres by adding silica precursor tetraethyl orthosilicate
(TEOS) in a mixed solution of ethanol, aqueous ammonia and water.['®! These one level
structural solid silica spheres shown in Figure 2.2a are regarded as the first generation

of spherical silica nanoparticles.

Then after 24 years later in 1992, silica nanoparticles with hexagonal arrays of
uniform sized mesochannels, so called Mobil composite material number 41 (MCM-
41), had been synthesized from cetyltrimethylammonium bromide (CTAB) template
and first reported by Mobil Oil Company.!'”l Hollow spherical silica nanoparticles had
been synthesized by numerous approaches like colloidal template!'®!, sol-gel, hard-

template with sol—gell'), hard-template with layer-by-layer assembly, soft-template

8



methods®’, Mesoporous silica nanospheres such as MCM-41(hexagonal), MCM-48
(cubic), and MCM-50(lamellar) are solid materials, and their internal porous structure
is like a honeycomb which consists of a great many empty channels (mesopores) ,
which are used to load the molecules of guest drugs. When the concentration of
mesoporous silica nanospheres is adequate, they have greater biocompatibility than
amorphous silica materials.*!! These mesoporous silica nanoparticles with an average
diameter pore size ranging from 2 to 50 nm have been regarded as the second

generations. Two-level-structure silica is shown in Figure 2.2b.

hollow mesoporous spheres

core-in-(hollow porous shell)
spheres

sphericalsilica micro/nanomaterials @

hollow spheres

recas
solid spheres O
(a)

mesoporous spheres

(b)

hollow spheres with multiple
porous shells

radially porous spheres

porous spheres with
hierarchical pores

Figure 2.2. Structural developments of spherical silica nanoparticles, a) first generation
of solid spheres, b) second generation structures of silica and c) third generations of

silica. Reproduced with permission. Copyright (2011) The Royal Society of Chemistry.

Finally, spherical silica nanoparticles with hierarchical structures are recognized as
the third generations shown in Figure 2.2¢. Firstly, hollow mesoporous spherical silica

nanoparticles (HMSNs) are consisted of thin nanoshells with ordered mesochannels

9



penetrating from outside to the interior cages, and they could be fabricated by multi-
phase polymerization, emulsion or interface assembly, active surfactant polymerization
assembly, self-assembly as well as electrostatic interaction layer assembly methods
etc.®] And among them, one of the effective and efficient way is the template method,
which can be categorized into three classifications, which are soft (oil-in-water
emulsion, surfactant vesicles)??], hard (hard spherical particles)?’ and self-template
(solid silica sphere itself)?* approaches. Additionally, core-in-hollow porous shell
sphere or the so-called rattle-type structure or yolk/shell structure silica has a core in
the cage of the mesoporous shell. The preparations of yolk/shell silica are including
core—vesicle complex fabrication from surfactant, mesostructured silica shell
deposition, TEOS hydrolysis and condensation and surfactant removal under
calcination.?>?8] In addition, hollow porous silica spheres with multiple concentric
shells are a combination of several HMSNs, and they are usually synthesized by dual-
template or co-surfactants methods.?**?1 The last but not the least third-generation
structure are porous silica spheres with hierarchical pores or dendritic nanoparticles.
They are silica nanoparticles, which are consisted of center-radial large pores structures

with mesochannels on the wall of pores.[]
2.2.2. Multifunctional Mesoporous Silica Nanoparticles

Non-invasive and biocompatible mesoporous silica nanoparticles (MSNs) have
fundamental features like large specific surface area, good porosity and high chemical
and thermal stabilities. Since the Mobil composite material number 41 (MCM-41)
mesoporous silica materials was first involved in DDS by Vallet-Regi and co-workers
in 200184, an overwhelming majority of research breakthroughs and advances of
mesoporous silica nanoparticles (MSNs) have been made in nanotechnologies areas to

benefit biomedicine and clinical trials significantly over the past few decadesl*> 3¢,
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Based on specific structures and morphologies, MSNs can be independently medicated
on particle framework, outer particle shells and inter surface mesochannels to obtain
multifunctional MSNs platform. As concluded in Figure 2.3, after functionalized by
tracking marker, spacer, targeting ligands, gatekeeper and endosomal escape triggers,
MSNs can also be given additional properties like traceable features, dispersibility,

targeting specificity, stimuli-responsive and release-control possibilities!'?.

Currently, these inorganic nanocarriers can be further functionalized and equipped
with several desired functional groups like amino (-NH,)P7), phenyl (-CsHs)1*8l, thiol (-
SH)B9, and vinyl (-CH=CH2)""! to synthesize a multifunctional composite for the
specific stimuli-controls of delivery profiles. The modification of -Si-OH groups can
be both on the particle surfaces and pores. In addition, certain polymers such as
polyethylene glycol (PEG), polyethylene imine (PEDMY, poly-vinyl pyrrolidone
(PVP)*and poly-L-lysine (PLL)“} can change the surface charge of nanoparticles and
therefore provide them with high capacity of loading large molecules and high
biocompatibility in vitro circumstance. To date, considerable amounts of studies have
been researched on inorganic nanomaterials with stimuli-responsive functions such as
temperaturel* 41, pHH6-81 [ight9, external magnetic fields®- as well as enzymes®
31, In addition, a series of targeting ligands such as small molecules like folic acid
(vitamin B9)P**, biotin (vitamin B7), peptides and proteins like octreotide!®®, RGD
peptidest®”), and antibody fragments are grafting on the surface of drug vehicles to

enhance nanocarriers specific delivery to targeted cells!!% 58],
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Figure 2.3. The illustration of multifunctional MSNs for stimuli-responsive controlled
release. SPION: superparamagnetic iron oxide nanoparticle; QD: quantum dot; PEG:
poly (ethylene glycol); Au-NP: gold nanoparticle; RGD: Arg-Gly-Asp amino acid
sequence; EGF: epidermal growth factor; PEIL: poly (ethylene imine); HSWYG:
endosomolytic peptide. Reproduced with permission. Copyright (2014) American

Chemical Society.

2.3. Developments of Carbon and Two-dimensional Nanocarriers

2.3.1 Carbon Nanocarriers

Nanoscale carbon materials are also considered as one of the promising carriers. On
account of their small size and unique structures, they are possibly be used to probe,

adjust and control drug/gene delivery at the intracellular and subcellular levelst™,

According to the difference of dimensions (Figure 2.4)[%°], manufactured Sp2-carbon
nanomaterials are divided into three types, which are fullerene (zero dimensional, 0D),
carbon nanotubes (one dimensional, 1D) and graphene (two dimensional, 2D).
Functionalized fullerenes were reported as delivery carriers of the green fluorescent

protein gene in vitro and in vivo to get higher gene expression(®!l, Carbon nanotubes(¢%
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31 a5 well as carbon nanohorns!®! were also employed as carriers for controlled drug
delivery and release, which achieved high drug-loading capacity and stabilities in blood
circulation. Carbon nanotubes (CNTs) are cylindrical nanostructures of carbon sheets.
They are classified as single-walled carbon nanotubes (SWNTs) and multi-walled
carbon nanotubes (MWNTSs) based on the number of the carbon sheets formed the CNTs.
Since 2004, there are certain successful applications of using CNTs into biomedicine
and drug delivery fields 6% %] which promote the developments of graphene used in
drug delivery. As an emerging class of manufactured nanocarbon materials, two
dimensional graphene also exhibits their possibility in drug delivery fields. Because

o [66-68]

every atom of graphene is exposed on the surfac , it has large surface area, which

in turn contributes to ultra-high drug loading capability and efficiency.

Although SWNTs and graphene have promising features like extremely high drug
loading efficiency and little cytotoxicity after surface modification, they have adverse
problems. They are by no means biodegradable, and the long-term toxicity of carbon
nanotubes and graphene are still need to be seriously considered. What is even worse
is that the shortage of active sites and steric hindrances of SWNTs and graphene limited
the further functionalization of functional groups on them. That is to say, after surface
functionalized with linkers, they are difficult to further graft targeting ligands and
traceable labels. As an advanced of graphene, subsequently in 2008, graphene oxide
(GO) was first applied by Dai and co-workers [ 7% as drug nanocarriers for anticancer
drugs SN38 and doxorubicin. GO has many oxygen-containing functional groups, so
the targeting ligands can be directly functionalized, which offer GO flexibility in
drug/gene delivery. In terms of toxicity analysis, non-functionalized GO has high
cytotoxicity and unstable in physiological circumstances. (¥ To address that problem,
polyethylene glycol (PEG) was used to modify GO surface and to decrease the toxicity
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of many cells in vitro.[6% 7

Fullerene (0D) Carbon nanotubes (1D) Graphene (2D)
Smalley ef al. (1985) lijima et al. (1991) Geim et al. (2004)
Nobel Prize (1996) Nobel prize (2010)

Source. Nanomedicine © 2011 Fulure Medicine Ltd

Figure 2.4. Three major types of Sp?-nanosized carbons. Reproduced with permission.

Copyright (2011) Future Medicine Ltd

2.3.2 Two Dimensional Nanocarriers-especially Graphitic Carbon Nitride

The successfully isolation and investigation (2010 Nobel Prize) of the graphene
motivated and sparked the search of a series of new two-dimensional materials (2DMs)
with unique optical, electrical and thermal features.[’!"”3 Based on the previous studies
of mesoporous nanoparticles, the large surface area of mesopores highly contribute to
efficient cargo loading!™. In that case, 2DMs with ultrathin thickness and two
dimensional morphologies, which provide ultrahigh surface-area for loading and
adsorbing guest cargos, could be ideal carriers for drug/gene delivery system. Another
benefit of the thin 2DMs is the rapid-response of stimuli like light and laser, which
contribute to effectiveness of optical therapies such as photo-thermall”™ 76 and

photodynamic therapy!” 781,

As summarized in Figure 2.5, 2DMs such as layered double hydroxides (LDHs)™,
ultra-thin black phosphorous (BP)#% 81l graphitic carbon nitride (g-C3Ng)77> 82 831
hexagonal boron nitride (hBN, so called ‘white graphene’)®* transition metal
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dichalcogenides like MoS>®* and WS,*¢! have been used in numerous bio-applications
including cancer theranostics, antimicrobial activity, tissue engineering, bio-sensing,

and bio-imaging and tracing applications.

: Tk;l_.li!nslnnlnl '

Figure 2.5. Molecular structures and bio-applications of 2DMs. Reproduced with
permission. Copyright (2016) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Unlike other 2DMs, g-C3Ns has promising water dispersibility without further
surfactants or oxidation treatments, and that is why it can be easily direct-exfoliated in
aqueous solutions like water.[””-8"1 In addition, g-CsN4also hold great features like small
sheet size, high hydrophilicity and low toxicity, which makes it as a wonderful material
for forming delivery vehicles. For instances, a kind of water-dispersed exfoliated g-
C3Ns nanosheets with pH-dependent photoluminescence (PL) was reported as
fluorescence nanocarriers for imaging within HeLa cells (Figure 2.6)!**]. Ultrathin g-
C3N4 nanocarriers with an average hydrodynamic diameter of 55 nm and 1.1 nm
thickness were fabricated for anticancer drug (doxorubicin, Dox) delivery and

photodynamic therapy!’”. Graphene-like g-C3N4/Fe3Os nanocomposites were
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synthesised for controlled magnetically targeting drug delivery!®?. Graphitic hollow
carbon nitride nanospheres were constructed as photochemical internalization photo-
sensitizers, imaging agents and drug carriers to conquer endo/lysosomal restriction(’8].
Single-layered biocompatible g-C3N4 quantum dots (QDs) were introduced to two-
photon fluorescence imaging applications, for it has large two-photon absorption, high
photo-stability and great photo-thermal effect®), The tunable large band-gaps and good

fluorescence properties of g-C3Ng have made it suitable for fluorescence-based bio-

imaging and tracing applications.

Figure 2.6. The image of g-C3N4 nanosheets dispersed in water. From left to right are
optical image under nature-light, under UV-light and bio-image of g-C3N4 nanosheets
in HeLa cells. Reproduced with permission. Copyright (2013), American Chemical
Society.

2.4. Optical Bio-Imaging and Tracing Delivery

Optical imaging is a non-invasive, low cost and high sensitivity technique with short
acquisition time and multiplexing capability, which uses special properties of visible
light or photons to achieve detailed images of organs, tissues, and smaller structures
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such as cells and even molecules® Y, The common chemically-selective optical
imaging methods are mainly including fluorescence (FL) imaging, two-photon FL
imaging (TPFI) and Raman imaging, to name but a few. In addition, using imaging
method in drug/gene delivery field, the imaging reporters, no matter fluorescence or
Raman, can conjugated with either nanocarriers or guest cargos to enable tracing

delivery.
2.4.1 Fluorescence Imaging and Two-Photon Fluorescence Imaging (TPKI)

Non-destructive fluorescence imaging is based on photons emitted from fluorescent
reporters, which play a crucial role in a variety of biological areas such as drug/gene
delivery. However, there still exists a great many problems to conduct safe and effective
imaging processes. The issues are including but not limited by photo-bleaching, photo-
toxicity and photo-thermal effects of fluorescence reporters®!l. Despite that, optical
fluorescence bio-imaging method also has certain inevitable limitations (Figure 2.7).
In the region of 257-280 nm, due to tissue auto-fluorescence and light absorption by
proteins, the imaging results could be interrupted by the backgrounds. While in the
visible light region of 395-600 nm, the imaging may also be influenced by strong tissue
scattering of photons such as heme groups with absorbance maximum at 560 nm® %31,
To overcome these barriers, near-infrared window (NIR, 650-900 nm) and second NIR
window (NIR-II, 1000-1700 nm) imaging approaches have been established with the
advantages of reduced auto-fluorescence, and tissue scattering for optical-imaging.
Compared with single-photon excitation using one continuous-wave lasers, two-photon
nonlinear excitation requires high reflux of excitation photons, usually by a
femtosecond laser. These nonlinear excitation generates relatively high level of spatial
resolution and decreases photo-bleaching. Because of low Rayleigh scattering and low

tissue absorption of NIR light, two-photon fluorescence imaging (TPFI) approach could
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reduce the influence of background, get larger imaging depth, reduced low photo-
damages!® %Y. Additionally, the two-photon excitation wavelength is regarded as the

range of 700-1350 nm, which is great for imaging biological agents in deep areas.

noise

|
Heme, 560 NIR, 650900

Background % tissue scattering of photons
% 395-600 NIR-II, 1000-1700

257-280

Absorbance (nm)

Figure 2.7. Barriers of optical imaging.

2.4.2 Raman Imaging

Raman scattering (RS) imaging technology is based on the inelastic scattering of
photons. When a beam of light illuminates the substance, most photons are elastically
scattered (Rayleigh scattering) from an atom or molecule. Due to the conservation of
energy, scatted photons have the same energy as the incident photons. For RS, small
fractions of photons are inelastically scattered, so the energy of these photons are
different from the incident photons. If the vibrational quantum is excited, the scattering
is called Stokes Raman scattering. However, when the vibrational quantum is
annihilated, it is an anti-Stokes Raman scattering. Raman spectroscopy is a real-time
characterization and detection of molecular structures based on the polarizability of
samples. That is why Raman can provide more information than Infrared spectroscopy
based on the dipole moment of samples.”®! Unlike fluorescence which has problems
such as rapid photo-bleaching properties of fluorescent agents and the background

interruptions from auto-fluorescence of cells, the intensity of Raman spectra are more
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photo-stable and Raman spectra are not easily influenced by the auto-fluorescence
background.®® Moreover, Raman scattering can be processed in aqueous conditions.
As high polarity water is a very weak Raman scatterer and strong Infrared absorber,

Raman related technologies are superior for biological based characterizations.

The Raman spectrum can be divided into three parts, which are fingerprint region
below 1800 cm™, the silent region of 1800-2800 cm ! and the high frequency region
above 2800 cm '®”1, To imaging a single cell is to define the Raman spectrum of major
building block molecules of a cell comprise proteins, nucleic acids, lipids as well as
phospholipids, and carbohydrates among others. Raman spectra of cells®® and an
overview of important band positions®®! in regions <1800 cm™ and >2800 cm ™' mainly

contains proteins, nucleic acids, and lipids. (Figure 2.8.and Table 2.1)

Admittedly, although Raman has the above merits, conventional spontaneous Raman
has a great problem of low intensity. In order to obtain the Raman spectra for
nanocarriers with low inherent Raman intensity, the high laser irradiation and long
acquisition times are inevitably required. But they could trigger serious heat problems
and damage the detecting cells. In order to address that problem, the solutions can be
clarified into two major methods. One is increasing the intensity and energy of incident
light, and the other one is using alternative analytical method based on the localized
surface plasmon resonance, which triggers the emergence of surface-enhanced Raman

scattering (SERS)!1%%,
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Figure 2.8. Raman spectra of important cellular molecules, protein, nucleic acid and

lipid. Reproduced with permission. Copyright (2014) The Royal Society of Chemistry

Table 2.1. An overview of important band positions and cell related functional groups.

Reproduced with permission. Copyright (2015) Elsevier B.V.

Band position [cm-1] Assignment
785-788 Pyrimidine bases Ringbreathing Nucleic acid
1002-1005 Phenylalanine Symmetric stretch Proteins
1092-1095 O-P-O Symmetric stretch  Nucleic acid backbone, phospholipids
1254-1255 Amide 11 CH/NH deformation Proteins
1425-1475 CHaz, CH3 Deformation Proteins, lipids
1655-1662 Amide [ C=0 stretching mode Proteins
2800-3020 CHs, CH2,CH Stretching Lipids, proteins,other
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2.5. Surface-Enhanced Raman Scattering (SERS) Traceable Delivery

2.5.1. The SERS Developments

In the year 1974, scientists observed that adsorbed pyridine on a roughened silver
electrode has remarkable sensitivity of Raman spectroscopy, and this is the first
published record of surface-enhanced Raman scattering (SERS)!'?!. However, the
reason of this SERS phenomenon was not sure for years. Until 1977, the first correct
interpretation of this SERS phenomenon was proposed as an electric field enhancement
effect (191, At the beginning, SERS technology was applied by limited amount scientists
from electrochemistry and Raman spectroscopy, small research community with
sufficient knowledge of optics and lasers. Then time comes to the late of 20" century
in 1997, the observation of single-molecule or single-nanoparticle SERSH?: 104

contributes a lot to the boom of SERS used in various disciplines chemistry, physics,

materials science, surface science, nanoscience, especially life science.

Based on rapidly developing nanotechnology, surface preparation and modification
techniques, scientists have capabilities to control the material, size, and shape of a
nanostructured surface or nanoparticle to form the SERS hot spot, which is the
dominated factor of SERS phenomenon. Since then, SERS has been recognized as a
competitive analytical method as conventional fluorescence, as the strength of SERS
spectrum was not inferior to that of fluorescence one. Unlike fluorescence which has
problems such as rapid photo-bleaching properties of fluorescent agents and the
background interruptions from auto-fluorescence of cells, SERS method, which is
similar to Raman technique, is more photo-stable and the Raman scattering signals are

not influenced by the auto-fluorescence interruptions of cell background.”®!
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2.5.2. Two Enhancement Mechanisms of SERS

Although an overwhelming majority of researches and studies have been carried out
and a great many concepts and disciplines between light, molecules and nanoscale
metal have been formed to establish the SERS theory and technique, until now the
consensus understanding of SERS has been still failed to achieved. Two common
accepted explanations of enhancement are electromagnetic and chemical enhancement
mechanism!*197, The compounds adsorbed on roughened metal surfaces can trigger
electromagnetic and physical enhancement, due to the excitation of Plasmon on the
localized surface. When excite the localized surface plasmon resonance (LSPR) of a
nanostructured or nanoparticle noble metallic structures surface, the local
electromagnetic field is enhanced. As the strength of Raman scattering is proportional
to the magnitude of the incident electromagnetic field, electromagnetic enhancement is
one reason for SERS phenomenon. Surface-Enhanced Raman scattering (SERS) is
equal to high molecular specificity of Raman spectroscopy plus metal nanostructures

supporting localized surface plasmon resonances plus high sensitivity.

Towards chemical enhancement mechanism, the atomic clusters on rough metal
surfaced and the molecules adsorption on the surface can form active chemical sites
and excite localized electronic resonances or metal-to-adsorbate charge-transfer
resonances, which also contributes to Raman scattering signal enhancements. Moreover,
the electromagnetic enhancement is regarded as the major confribution, while the
chemical one is acted as the minor contribution. When the distance of two near
nanoparticles is close enough (<Inm), the electromagnetic field strength can
significantly increase, which can possibly rocket the intensity of SERS signal to

approximately 10°!! times higher than normal Raman one. In addition, the
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electromagnetic enhancement is regarded as the major contribution and the chemical

one is acted as the minor contribution.
2.5.3. Single Molecule SERS

SERS tracing demonstrate high sensitivity and resolution features, as the strengths of
original Raman peak can be theoretically enhanced to 8-11 orders of magnitude by
SERSIO8-110] - Enhancement of fingerprint Raman signals, which are 10-100 times
narrower than fluorescence!!!!l] can materialise the navigation pathway of a single
molecule from samples, cells, or even intracellular compartments. The high sensitivity
of detecting a single molecule has transferred SERS form a surface phenomenon to an
emerging analytical approach for life and biological science researches on the
interaction between drugs and body activities and the occurrence and development of
diseases. In addition, Raman spectroscopy is a real-time characterization of molecular
structures based on the polarizability of samples, and it can be processed in aqueous
conditions, as high polarity water is a very weak Raman scatterer and strong infrared
absorber.”®) SERS analytical technologies are superior for biological based research

fields like drug/gene delivery.
2.5.4. SERS Tags and Reporters

When the distance of two near metallic nanoparticles are close enough (<lnm), the
electromagnetic field strength can significantly increase and caused the SERS
enhancement, which can rocket the Raman signal. These metallic nanostructures could
be silver, gold, copper as well as platinum/'?, Among those metallic materials, only
gold can be utilized for living cell SERS studies!"'*!"%), The most common metallic
[116-120]

nanostructure is nanoscale sphere. However, other structures such as nanorods

nanoflowers!'?!"?* and nanostars!!?>1?7] have also been reported as SERS tags. Those
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probes can be directly linked to the sample molecule or be applied together with the
sensing analyte. For no analyte available cases, the metallic nanoparticles are usually
aggregated with SERS reporters to realize SERS imaging. The common SERS reporters

(119,128, 121 4.mercaptopyridinel'?¥  and  4-

are 4-mercaptobenzoic  acid
aminothiophenol*%, to name but a few. In addition, outer-layer coatings such as

silica” or polymer!3! can improve stability and biocompatibility of SERS tags and

reporters.

2.6. Summary

The common analytical technique of tracing drug/gene delivery is the fluorescence
based evaluation approach. Although the detecting and analyzing technologies are
almost mature, there still existing certain inevitable issues. The fluorescent agents have
rapid photo-bleaching properties, so that the fluorescence trace is far away from
nondestructive method. Moreover, the auto-fluorescence of cells can get rise to
background interruptions during detecting procedure. The overlap of fluorescence
spectra is hardly distinguished. On the contrary, Raman labels are more photo-stable
and the Raman signals are easier to separate, as Raman spectra is finger-printed. In
addition, Raman analysis can operate in aqueous condition, as the high polar water is a
very weak Raman scatterer and strong Infrared absorber. Raman related technologies
are superior for biological based characterizations. The significant disadvantage of
Raman is the low inherent intensity. In that case, surface enhanced Raman scattering
(SERS) technology is proposed to address that problem. Currently, very few research
is related to using SERS technology to trace drug/gene delivery. That rise my interests

on designing functional composite nanocarriers for traceable drug delivery, especially
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based on SERS technology.

Nanoscale drug/gene delivery systems have been regarded as great platforms for
modern cancer therapy. After a series of functionalization, these systems are given
capabilities to widely distribute in nature and safe to human beings, obtain efficient
cellular uptake, control time-release dosage of drug/gene delivery and target specific
areas of the body. Although nanoscale drug/gene delivery systems have a large majority
of types including organic and inorganic nanomaterials, this thesis only focus on
inorganic based silica and graphitic carbon nitride (g-C3N4) nanoscale delivery systems.
This is because that simple and facile silica synthesis method is mature enough to obtain
high biocompatibility, high stability for mechanical and thermal changes, high
biocompatibility, low fabrication cost and time-saving silica nanoparticles. It is crucial
to explore the feasibility of novel SERS traceable delivery systems on easy-obtained
platforms. In addition, the reason of choosing g-C3N4 is because of the SERS-active
properties of g-C3N4 materials, which avoids further artificially functionalized SERS

reporters.

The researches in this thesis is aimed to fabricate novel inorganic silica and g-C3N4
nanocarriers conducted as delivery vehicles of anticancer drugs/genes to improve the
therapeutic efficiency and reduce the side effects of hard-to-cure human diseases like
cancers. In the meanwhile, SERS analytical techniques conducted by a high sensitive
confocal Raman Spectroscopy are employed to trace the delivery profiles of the

controllable synthesized systems to get background-noise-free SERS mapping images.
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Chapter 3 The Feasibility of Constructing Surface-Enhanced

Raman Scattering (SERS) Traceable Drug Delivery Systems

3.1. Introduction, Significance and Commentary

Smart drug delivery systems (DDSs) have been constructed for non-destructive surface-
enhanced Raman scattering (SERS) tracing and targeted cancer-cell cytotoxicities.
SERS tracing based on the designed DDSs have higher sensitivities and resolutions
than conventional fluorescence tracking, which provide the DDSs with great autonomy
and potentials to discover the dynamic processes of general drug delivery performances

in living cells. The highlights of this work include:
1. Smart SERS traceable DDSs system

The covalent pH-cleavable linkage between drugs and carriers provides the DDSs
with targeted cytotoxicities of cancer cells. Our work finds that this “smart” function

can work independently and harmoniously with SERS tracing.
2. Small gold nanoparticles based SERS used in tracing DDSs

The 5-10 nm gold nanoparticles aggregate on the surface of silica nanoparticles to
form hot spots, in which Raman signals can be greatly enhanced. It has seldom

employed for DDSs tracing.
3. Wide range feasibility and higher sensitivities of SERS trace

The feasibility of SERS trace is validated by the fluorescence approach. New
approach might be widely used to evaluate other general drugs without fluorescence.
As SERS trace has higher sensitivities than fluorescence ones, it could effectively
replace the latter in tracing.
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4. Excellent stabilities of gold-silica integration to guarantee SERS trace

The integrated gold nanoparticles can still be observed after a series of complex
modifications which are important for SERS trace. The excellent and strong integration
ensures the designed DDS can be traced by SERS during delivery processes in certain

severe environments, especially blood circulations.

3.2. Smart SERS Traceable Drug Delivery System

This section is included in the thesis as it appears as a paper published by L. Liu, Y.
Tang, S. Sheng, F. Kleitz and S. Z. Qiao. Smart Surface Enhanced Raman Scattering

Traceable Drug Delivery System, Nanoscale, 2016, 8, 12803-12811.
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Smart surface-enhanced Raman scattering
traceable drug delivery systemst}

Lei Liu, Yonghong Tang,? Sheng Dal,*® Freddy Kleitz® and Shi Zhang Qiao*®

A novel smart nanoparticle-based system has been developed for tracking intracellular drug delivery
through surface-enhanced Raman scattering (SERS). This new drug delivery system (DDS) shows targeted
cytotoxicity towards cancer cells via pH-cleavable covalent carboxylic hydrazone links and the SERS tracing
capabillity based on gold@silica nanocarriers. Doxorubicin, as a model anticancer drug. was employed to
compare SERS with conventlonal fluorescence tracing approaches. It Is evident that SERS demonstrates
higher sensitivity and resolution, revealing Intracellular detalils, as the strengths of the original Raman slgnals
can be amplified by SERS. Importantly, non-destructive SERS will provide the designed DDS with great
autonomy and potential to study the dynamic procedures of non-fluorescent drug delivery into living cells.

Introduction

Most of the small-molecule anticancer drugs have potent
chemotherapeutic characteristics, but their therapeutic
efflcacy is often limited by severe side ‘effects caused by sys-
temic toxicity and rapid resistance or aggregation issues
caused by poor solubility, low stability and unsuitable pharma-
cokinetic profiles as well as the lack of selectivity.'® For the
improvement of the practical and clinical performances of
drugs to combat human cancer, hanoparticle-based drug deliv-
ety systems (DDSs) have, over the recent years, drawn worldwide
attention in the field of anticancer research. For example,
impressive efforts have been made to construct physical feature-
controlled," highly biocompatible® and multifunctional® DDSs.
Among those nanoparticles applied for drug delivery, silica
nanoparticles (SNs) possess the excellent properties of high
stability against chemical, mechanical and thermal changes, as
well as high biocompatibility and straightfoiward surface
functionalisation,”"® thus they are considered as an ideal plat-
form for functional DDSs. Unlike physical adsorption and
diffusion, which may lead to premature, burst drug release and
ultimately severe side effects, smart covalent linkages between
the drug and carrier, especially carboxylic hydrazone links,***?
could bring effective impacts on sustainable drug release and

school of Chemical Engineering, The University of Adelaide, Adelaide, SA 5005,
Ausiralia, E-mail: s.qiao@adelalde.edu.au, s.dai@adelaide.edu.au

bCentre for Nano Scale Science and Technology, School of Computer Science,
Englneering, and Mathematics, Flinders University, Adelaide, SA 5042, Australia
“Department of Chemistry and Centre de Recherche sur les Matériaux Avancés
(CERMA), Université Laval, Quebec City, QC G1 V 0A6, Canada

tElectronic supplementary Information (ESI) available. See DOI 10.1039/
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reduce side effects, making the development of such smart
DDSs a high priority.

When it comes to tracking the intracellular performance of
DDSs, the conventional widely implemented approach is fluo-
rescence evaluation, However, it has certain inevitable limit-
ations, In general, DDSs require artificial labelling, which
might change physicochemical properties, uptake pathways
and pharmacological effects of the loaded drugs. Moreover,
photo-bleaching fluorophores and the fluorescent background
interruptions from cells tend to limit long-term tracing.’® As
the characteristic peak in the fluorescence spectra is very
broad, it raises the difficulty of distinguishing overlapping
spectra from multi-fluorescence labelled tracing systems,™
Conversely, surface-enhanced Raman scattering (SERS) has
been introduced into life science research,’*™* where these
fluorescence barriers could be mitigated and crossed. The
results of SERS tracing demonstrate high sensitivity and
resolution features, as the strength of the original Raman peak
can be theoretically enhanced to 8-11 orders of magnitude by
SERS.!”"'® Enhancement of fingerprint Raman signals (10-100
times natrower than fluorescence®) can materialise the navi-
gation pathway of a single molecule from samples, cells, or
even intracellular compartments. However, only limited work
has been performed in the area of SERS-tracking drug delivery.
For instance, single metal nanoparticles with a silica coating
of size larger than 100 nm were reported,®® as this size of
noble metal patticles is acceptable for SERS tracing. However,
clusters of small (5-10 nm) metal nanoparticles can also form
hot spots in the junctions between them to enhance Raman
signals,’® which could make them suitable to replace larger
single nanoparticles as the most effective SERS traceable
agents. However, to date, DDSs based on small metal nano-
particle-induced SERS have remained largely unexplored.,

Nanoscale, 2016, 8, 12803-12811 | 12803
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Paper

Hereln, a smart SERS traceable drug delivery system (DDS)
has been constructed, in which the drug-carrier linkages are
pH-cleavable, Silica nanoparticles (SNs) are viewed as the
framework, and small exposed gold particles with SERS repor-
ters are settled on SNs, Owing to the covalent pH-cleavable
drug-carrler links, the chosen anticancer drug (DOX) will
remain conjugated into the DDS to avoid premature and
uncontrolled drug leakage in healthy cell regions. As shown in
Scheme 1, when delivered to cancer cells, the chemical links of
the DDS will be cleaved by the more acidie surroundings of the
cancer cells, and DOX will be dissociated and released into the
cells to perform its pharmacological purpose. Therefore, this
smart DDS design will offer targeted cytotoxicity while being
efficiently tracked by SERS.

Experimental
Chemicals

Fetal bovine serum (FBS), Dulbecco's modified eagle medium
(DMEM), pH = 7.4 phosphate buffered saline (PBS), antibiotic-
antimycotie (Anti-antl, 100x), 0.25% (w/v) trypsin-0,03% (w/v)
ethylenediaminetetraacetic acld (EDTA) solution, 3-(4,5-dl-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and LIVE/DEAD® viability/cytotoxicity kit (calcein-AM/ethi-
dium homodimer-1) were purchased from Life Technologles
Australia Pty Ltd, Doxorubicin hydrochloride (DOX), which is
selected as a model drug for cancer therapy, was purchased
from Beljing Huafeng United Technology Co Ltd. Gold(in)
chloride trlhydrate (HAuCl;-3H,0) and aqueous ammonia
(NH,0H, 25%) were purchased from Chem-Supply Australia
Pty Ltd. Sodium borohydride (NaBH,), N-hydroxysuccinimide
(NHS), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide
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Scheme 1 Schematic dlagram representing the synthesis of doxo-
rubicin-conjugated SERS nanocomposites and the pathway of Intra-
cellular drug release,
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hydrochloride (EDC), 4-mercaptobenzole acid (4-MBA), tetra-
ethyl orthosilicate (TEOS, >98%), (3-aminopropyl)triethoxy-
silane (APTES, >98%), sodium citrate (Na,Ct), trifluoroacetic
acid (TFA), N,N-dimethylformamide (DMF), tert-butyl carbazate
(Boc-NHNH,), succinic anhydride, dimethyl sulfoxide (DMSO)
and other chemicals were purchased from Sigma Aldrich. All
materials were of analytical grade and used as received
without further purlfication. Millipore water was obtained
from a three-stage Millipore Mill-Q plus 185 purified cation
system (Academic) with a resistivity higher than 18,2 MQ em,

Characterisation

Scanning electron mieroscopy (SEM) observations were carried
out on an FEI Quanta 450 FEG environmental emission scan-
ning electron microscope operated at 10 kV. A 5 nm platinum
layer coating by ion sputtering was required for each specimen
before SEM observation, For obtaining transmission electron
microscopy (TEM) images, an FEI Teenai G2 Sphit trans-
mission electron microscope at an acceleration voltage of
120 kv was employed. Fourler transform infrared (FTIR)
spectra were recorded at room temperature on a Thermo Scien-
tific NICOLET 6700 FTIR spectrometer. The hydrodynamic
sizes and zeta-potentials of different products dispersed in de-
fonized water were determined at room temperature by using a
Malvern Zeta-sizer Nano ZS (Malvern Inst. Ltd, UK) equipment.
The concentration of particles in water was kept at 0.1 +
0.05 mg mL™* for particle size analysls, while the zeta potential
results were calculated based on the statistical analysis of 10
parallel runs. The pH values were measured by using a pH
meter (EL20, METTLER TOLEDO). UV-Vis absorption spectra
were recorded on a UV-2600 spectrophotometer (Shimadzu Cor-
poration). X-ray diffraction (XRD) patterns were obtained on a
powder X-ray diffractometer at 40 kV and 15 mA using Co-Ka
radiation (Miniflex, Rigaku). In addition, an Axis Ultra (Kratos
Analytical, UK) XPS spectrometer equipped with an Al Ka source
(1486.6 V) was used for X-ray photoelectron spectrum (XPS) col-
lection. Fluorescence excitation and emission images were
obtained on a ZEISS Axio Vert. A1 inverted microscope equipped
with 488 nm and 530 nm lasers. A HORIBA Lab RAM HR Evol-
ution equipped with a 785 nm laser was employed for obtaining
Raman spectra and SERS mapping images.

Synthetic procedures of SN-NH,

The SN-NH, were fabricated by a modified direct Stdber
approach.' In a typical synthesis run, TEOS (2.3 mL) was
quickly added to a mixed solution of 25% aqueous ammonia
(3.0 mL), deionized water (1.0 mL), and ethanol (60 mL). The
magnetic stirring rate is ca, 800-1000 rpm. The mixture was
stirred at 40 °C for 4 h, and then 0.1 mL APTES was added Into
the system. After 800-1000 rpm stirring for another 2 h at
40 °C and washing with ethanol, the aminated silica nano-
spheres, labelled as SN-NH,, were obtained.

Synthetic procedures of Au-SN-NH,,

The gold nanoparticles were prepared by the NaBH, and Na,Ct
reduction method.***' 1,0% HAucCl,:3H,0 (0.1 mL) and de-

This journal Is © The Royal Soclety of Chemistry 2016
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fonized water (9 mL) were stirred for 1 min with 800-1000 xpm
stitring rate at room temperature, and then 38.8 mM Na,Ct
(0.2 mL) was added into the system. After adding 0.075%
NaBH, (0.1 mL), gold nanoparticles of ca. 5-10 nm were syn-
thesised. Subsequently, these gold nanoparticles were attached
to the SN-NH, with a gold nanopatticle-to-SN molar ratio of 4,
under 30 min sonication in deionized water, The resulting Au-
SN-NH, nanoparticles were centrifuged and then washed with
ethanol, and the final precipitates were dried in an oven at
60 °C for 24 h,

Synthetic procedures of 4-MBA-Au-SN-NHNH,

As illustrated in Scheme 1, 100 mg Au-SN-NH, particles were
dispersed in DMF (12 mL) by ultrasonic treatment. 900 mg
suecinic anhydride was dissolved in DMF and then added into
the prepared Au-SN-NH, suspension. After stirring for 6 h at
room temperature, the products were centrifuged, washed with
ethanol and water and dried to obtain Au-SN-COOH powder.
Then, Au-SN-COOH particles were added In DMF (20 mL), and
stitred with 54 mg EDC and 32 mg NHS for 1 h at room tem-
perature, before 37 mg Boe-NHNH, were finally added into the
system. The mixture was further stirred at room temperature
for another 24 h. The products were centtifuged, washed with
ethanol and water and dried to yield Au-SN-NHNH-Boc. To
remove the protective Boe group, Au-SN-NHNH-Boc particles
were dispersed in a mixture of DMF (10 mL) and TFA (5 mL).
The system was stirred at room temperature for 24 h, before
the final products Au-SN-NHNH,; were centtifuged, washed
with ethanol and dried in an oven at 60 °C. 1 mM 4-MBA was
added to the Au-SN-NHNH, aqueous suspensions with a
molar ratio of 1100, After stirrlng for 24 h at room tempera-
ture, the SERS tag 4-MBA was Integrated onto the gold nano-
particles, The 4-MBA-Au-SN-NHNH, nanocarriers were
centrifuged and then washed several times with ethanol to
remove any unreacted 4-MBA, and the final precipitates were
dried in an oven at 60 °C for 24 h.

DOX conjugation and in vitro release

Regarding doxorubicin conjugation (Scheme 1), 1.0 mg of
dried 4-MBA-Au~-SN-NHNH, nanocartiers was added into ca.
0.5 mg mL™" DOX/PBS solution, and stirred at 1000 rpm at
room temperature for 24 h in a dark environment. After
washing with ethanol 3 times, the final 4-MBA-Au-SN-hydra-
zone-DOX products were collected by centrifugation, washed
with standard pH 7.4 PBS and dried in an oven at 60 °C for
24 h. The supernatant of the initial DOX/PBS solution and all
the washing supernatants were collected for the evaluation of
the DOX conjugation efficiency. The corresponding DOX doses
were estimated by using 480 nm UV-vis adsorption values and
a standard DOX calibration curve.

The release profiles of DOX from 4-MBA-Au-SN-hydra-
zone-DOX were evaluated Independently in three PBS media
with different pH values 5.0, 6.0 and 7.4, The pH value of each
system was adjusted using acetate buffer and PBS, and
measured by using a pH meter, For each release investigation,
5 mg DOX-conjugated particles were added into the buffer

This journal Is @ The Royal Soclety of Chemistry 2016
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solution (5 mL), and continuously stirred with a rate of
100 rpm at 37 °C under dark conditions. 1 mL of release
medium was removed at selected time intervals, The super-
natant was centrifuged for drug release analysis, and the
residual parts together with an identical amount of fresh
buffer solution were put back into the system, The released
amounts of DOX were analysed by using 480 nm UV-vis
adsorption values and a standard DOX calibration curve,

Cytotoxicity studies

The cell viability results obtained by MTT assays against
human cervical cancer HeLa cells and human embryonic
kidney HEK 293 cells were used to investigate the cytotoxicities
of the fabricated nanocarriers 4-MBA-Au-SN-NHNH, before
and after DOX conjugation. Both HeLa and HEK293 cells were
incubated in cell culture medium (DMEM, 10% FBS and 1x
Anti-anti) at 37 °C in a 5% CO, humid environment. For MTT
assays, cells were seeded into a 96-well plate at a denslty of 5 x
10* cells per mL, and incubated for 24 h in cell culture
medium (0.1 mL), Subsequently, an identical volume of cell
culture medium (0.1 mL) containing different particles (nano-
catriers, DOX-conjugated products and free DOX) was replaced
by the previous medium and further incubated for 24 h, Then,
0.5 mg mL™* MTT (0.01 mL) was added to each well, and after
incubation for 4 h, DMSO (0.15 mL) was used to replace the
medium and dissolve formazan crystals. The MTT assays were
conducted in quadruplicate for each sample, and the final
absorbance of formazan crystals was measured by using an
ELx808 Absorbance Microplate Reader (Biotel, USA) at a wave-
length of 595 nm,

The cytotoxicity results of 4-MBA-Au-SN-hydrazone-DOX
were further confirmed by using fluorescence LIVE/DEAD® vla-
bility/cytotoxicity studies, HEK293 and HeLa cells were added
into a 24-well plate at 5 x 10" cells per mL seeding density, and
incubated In cell culture medium (1 mL) for 24 h, Later,
0.2 mg mL~! DOX-conjugated produets in cell culture medium
(1 mL) were replaced and incubated for another 24 h, After
removal of the medium and PBS washing, the cells were
harvested by using EDTA and resuspended in PBS solution.
0.4 mL LIVE/DEAD® viability/cytotoxicity kit (2 pM calcein-AM
and 4 pM ethidium homodimer-1) was added in a dark
environment, and then incubated for 30 min. The cells were
gently washed with PBS to remove excessive dyes, The final
cytotoxicity results were checked by using images obtained
with a fluorescence microscope,

SERS tracking of 4-MBA-Au-SN-hydrazone-DOX

HeLa cells were seeded at a concentration of 2 x 10° cells per
mL with 2 mL cell culture medium per well into a 6-well plate
with 22 mm cover-glass slides inside, and incubated for 24 h
at 37 °C under 5% CO,, The fresh medium (2 mL) containing
0.4 mg DOX-conjugated products was replaced and incubated
for another 4 h. Subsequently, the glass substrate with cells
and DOX conjugated products was collected after three times
of gentle washing with PBS, The Raman study was conducted
with a 785 nm laser and 100x objectives, The area is 30 x

Nanoscale, 2016, 8, 12603-12811 | 12805
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30 pm with a resolution of 961 data points for mapping. The
acquisition time for each data point is 1 s.

Flow cytometry analysis of 4-MBA-Au-SN-hydrazone-DOX

In terms of flow cytometry analysis, 0.2 mg mL™" DDSs were
dispersed in cell culture medium (DMEM with 10% FBS and
1% PS). HeLa cells were added Into’a 24-well plate at 2 x 10
cells per mL seeding density, and incubated in 1 mL cell
culture medium for 24 h at 37 °C under 5% CQ,, Fresh media
(1 mL) contalning 0.2 mg mL™ 4-MBA-Au-SN-hydrazone-
DOX was Incubated for different time periods, The cells were
harvested by the digestion of EDTA solution, and gently
washed with PBS twice. With a 200-600 cells per second flow
rate, ca. 1 % 10" cells were analysed by using a FACS Calibur
flow cytometer (Becton Dickinson). The testing result of
healthy HeLa cells was selected as a negative control, and the
red fluoreseence intensities of DOX were directly measured by
cytometry, The data were analysed using Cell Quest 3.3 soft-
ware, while one-color flow cytometry was used to evaluate cel-
lular uptake.

Results and discussion

Characterization of the smart drug delivery system

The 4-MBA-Au-SN-hydrazone-DOX smart DDS was prepared
followlng the procedure illustrated in Scheme 1. The amino-
functionalized silica nanoparticles (SN-NH,) were synthesized
in one pot by a modified Stéber method.*! The scanning elec-
tron microscopy image (SEM, Fig. 1a) and transmission elec-
tron microscopy image (TEM, Fig. 1b) demonstrate that SNs
are uniform nanospheres with an average particle diameter of
ca, 80-100 nm, The size results are further verified from

Flg.1 Electron microscopy Images, (a) SEM, (b) TEM Images of
SN-NH_, {c]) gold hanoparticles, and (d) Au—SN-NHNH.
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dynamic light scattering (DLS) measurements (Table 1 and
Fig. 2a), where the average hydrodynamic diameter of SN-NH,
is 91 nm with an average zeta potential of +18.3 mV. In the
FTIR spectra (Fig. 811) of SN-NH3, the typical silica Si-O-8i
asymmetric stretching, Si-OH and Si-O symmetric stretching
vibrations can be observed at around 1066, 945 and 795 em™,
respectively,** The ~OH stretching vibration at approximately
1635 em™ may be the deformation band of physically
absorbed H,O. The 3357 em™ peak is the signature of N-H
stretching vibrations, and N-H bending bands appear around
1500 em™, The existence of amino groups is crucial for
further anchoring of gold nanoparticles,

Gold nanoparticles (Au NPs) were synthesised by sodium
borohydride reduction and sodium citrate stabillzation,***!
Sphere-like Au NPs with an average 5-10 nm diameter can be
observed in the high resolution TEM images (Fig. 1c). The
hydrodynamie size of Au NPs measured by DLS (Table S1t1 and
Fig. 2a) is around 12 nm with a negative average zeta potential
of —33.1 mV, which is in line with the TEM size results. As dis-
played in the enlarged image (inset of Fig. 1c), the average dis-
tance of the lattice fringes is approximately 0,23 nm, which is
evidence of the presence of the (111) crystallographic
planes, 21?5 As shown in Fig. S2a,} the surface plasmon reson-
ance (SPR) of the synthesised Au NPs, collected by UV-vis
measurements, can be clearly visible as a peal at 520 nm In
the UV-vis spectra. According to the reference experimental
data,*?¢ this SPR peak fits the behaviour of spherical Au NPs
with the particle size range of 5-10 nm, In addition to the
theoretical calculation, the measured ratio of the absorbance
at the SPR peak to the absorbance at 450 nm is 1.20, and
according to the size in dependence of the particle diameter
data of spherical Au NPs,* the particle diameter can be esti-
mated as 4-5 nm,

Au-SN-NH, was formed by attachment of Au NPs on
SN-NH, based on selective bonding between gold atoms and
the amine groups.”” From the DLS data (Table $1f and
Fig. 2a), the hydrodynamic diameter of Au-SN-NH, s around
103 nm with an average zeta potential of +9,4 mV. The
decrease of zeta potential from SN-NH, to Au-SN-NH, may be
attributed to the presence of Au NPs linked to SN-NH,. Fur-
thermore, in Fig. 82a,} the SPR peak shifts from 520 nm to
535 nm, which might be due to the Au NP aggregation on the
silica particle surfaces. According to the wide-angle XRD
pattern (Fig. 2b) and standard pattern JCPDS card no, 04-0784,
the first broad diffraction pattern from the 20 range 10 to
30° can be assigned to the amorphous silica component,
while the peaks at 26 = 38,18°, 44.39°, 64.58° and 77.55°
correspond to the (111), (200), (220) and (311) planes of Au
NPs, respectively. The estimated average size of Au NPs cal-
culated using the Scherrer formula is about 55 nm, in
accordance with the full width at half maximum of the
intense (111) reflection of Au NPs. Furthermore, the FTIR
spectroscopy result (Fig. S11) of Au-SN-NH, is almost identi-
cal to SN-NH,, with signals at 1066, 945 and 795 ecm™" con-
firming the presence of silica, while 3357 and 1500 em™
are evidence of the amino groups.

This journal is © The Royal Society of Chemistry 2016
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Flg. 2 (a) Zeta potentials of different products at different synthesls stages, (b) XRD patterns of SN-NH2 and Au-SN-NH, (c) XPS spectra of DOX-

conjugated composites, and (d) the enlarged C 1s region.

Towards surface modification, two intermediate products,
Au-SN-COOH and Au-SN-NHNH-Boc, were synthesised, From
the DLS data (Table S11 and Fig. 2a), the hydrodynamic size of
Au-SN-COOH is about 115 nm with an average zeta potential
of —24.6 mV, while Au-SNsNHNH-Boc with a hydrodynamic
size of ¢a, 174 nm has an average zeta potential of +2.3 mV,
The negative-positive change of the zeta potentials could be
attributed to the conversion of surface groups from ~COOH to
-NHNH-Boc, From the FTIR spectra (Fig, S1t), the peal at
1720 em™ is attributed to the symmettic stretching of ~-C=0,
which confirms the presence of carboxyl groups, while the
1657 em™ pealk indicates the existence of -NH-C=0 stretch-
ing vibrations,

After removing Boce groups using TFA,'® Au-SN-NHNH, was
obtained. From the TEM Image (Fig, 1d), the average particle
size is about 150-170 nm, combined with the ~5-10 nm dark
spots recognized as Au NPs. By further characterization by DLS
(Table Sif and Fig. 2a), the hydrodynamic size of Au-
SN-NHNH, is about 167 nm with an average zeta potential of
+15.4 mV., This size of nanocarriers is believed to be superior
for drug delivery applications not only for favouring the
enhanced permeability and retention effects (EPR), but also
for limiting non-targeted cellular uptake and undesired cyto-

This journal Is © The Royal Society of Chemistry 2016

toxleity,*® The zeta potential increase from Au-SN-NHNH-Boc
to Au-SN-NHNH, is attributed to the surface hydrazine groups
on Au-SN-NHNH,. The presence of hydrazine groups was also
confirmed by FTIR, The 3357 ecm™ N-H stretching and
1500 em™ N-H bending vibration peaks can be clearly identi-
fied in Fig. S1.}

4-MBA-Au-SN-hydrazone-DOX DDSs were created by
attaching 4-MBA as SERS tags,*®* and DOX conjugation was
realized via a pH-cleavable carboxylic hydrazone linkage,*®**

In the FTIR spectra (Fig. 51f), the peak at 1734 em™ Is
attributed to the ~-C=0 symmettic stretching vibrations from
4-MBA, The signal at 1657 cm™ represents the hydrazone
bonds, which arise from the reaction between hydrazine and
the carbonyl groups from DOX, Characterlstic peaks at 1540,
1467 and 1412 ecm™ belong to the skeleton vibrations of the
ring of DOX,** which proves the presence of DOX on the DDS
particles, The 2850 and 2917 em™ bands are attributed to C-H
vibrations.

The DOX conjugation was also verified by testing the fluo-
rescence of the well-washed DDS composites, From Fig. S2b,}
the 503 nm excitation and 557 nm emission peaks are evi-
dence of DOX linked to DDSs. Moreover, the X-ray photo-
electron spectroscopy results shown in Fig. 2c¢ illustrate that

Nanoscale, 2016, 8,126803-12811 | 12807
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DDSs contain G, O, N and Si elements, However, the presence
of 8§ from 4-MBA and Au element could not be detected plausi-
bly because of their too low surface contents. The enlarged C
1s region (Fig. 2d) demonstrates the presence of C-8i, C-C,
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Flg. 3 Raman spectra of bulk 4-MBA and the SERS spectra of 4-MBA-
Au-SN-NHNH,.
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C-N, C=N, and C=0 groups. These high resolution XPS
results confirm the occurrence of hydrazone bonds, which is
also proof of the DOX-hydrazone conjugations.

SERS effective enhancement factor

The Raman spectra of bulk 4-MBA and 4-MBA-Au-SN-NHNH,
(Fig. 3) are compared to estimate the SERS effective enhance-
ment factor (EEF).

For 4-MBA, the Raman peaks at 1099 em™ and 1595 cm™
are attributed to v8a and v»12 aromatic ring vibrations of
4-MBA.* However, for 4-MBA-Au-SN-NHNHS,, these two peals
shift to 1078 em™" and 1580 em™, respectively. The oceurrence
of such blue shifts confirms the interaction between 4-MBA
and Au NPs. The EEF can be estimated based on the calcu-
lation result using the 1078 em™ band with the following
equation:

_ IsersNoutk

EEF =
TpulkNsgrs

where Jggps and Jfyy are the intensities of SERS and bulk
Nbulk

is the molar ratio
Nsgrs

spectra at the 1078 em™ band, and

b EEEH] DOX-8ERS composites-Hela
1o+ [ DOX-SERS composltes.HEK20)
100 - - 7 1{ree DOX-Hela
P [ free DOX-HEK203
80 4
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Flg. 4 Cytotoxlcity data of (a) SERS traceable nanocarrlers, (b) DDSs and free DOX, and LIVE/DEAD® analysis of 24 h DDS Incubation of {c) HEK293,

and (d) Hela cells.
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between the bulle and SERS sample.2** Thus, the EEF of
4-MBA-Au-SN-NHNH, is approximately 1.7 x 10",

Biocompatibility and targeted cytotoxicity of DDSs

The biocompatibility of the nanocarrlers (4-MBA-Au-
SN-NHNH,) and the cytotoxicity of the DDS, and free DOX as a
reference, were determined and compared for the HeLa
(cancer) and HEK293 (healthy) cell lines. As shown in Fig. 4a,
the nanocarrlers demonstrate great biocompatibility in both
cell lines. After 24 h of incubation at 37 °C under 5% CO,, cell
viabilities remained above 85%, for particle concentrations
below 200 pg m1™,

For the DDS particles and free DOX, the results, shown in
Fig. 4b, reveal that cell viabilities are decreasing with the
increasing DOX equivalent concentration in both cell lines.
For free DOX, no distinet differences of cytotoxicity are
observed between the cell lines. However, for DDSs, the toler-
ability of HEK 293 cells is much better than that of HeLa cells
at high particle dosage. At 6.4 pg ml™ of DOX equivalent con-
centration, the cell viability of HEK 293 is around 70%, which
is higher than the 30% in HeLa. This difference could be
attributed to the acidic-cleavage of the carboxylic hydrazone
bond existing between DOX and nanocarrlers, which acceler-
ated the release of DOX from the nanocarrlers in the cancer
cells, The difference in DDS cytotoxicitles between cancer and

— position 2
b —— posltion 1
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healthy cells evidences the feasibility of a pH-smart DDS, Fur-
thermore, the SERS tracing agents seem to exert little influence
on cellular selections. In addition, DDS cytotoxicities in both
HEK 293 and HeLa cell lines were investigated by LIVE/DEAD®
viability/cytotoxicity measurements, For this, 6.4 pg mI™ DOX
equivalent concentration of DDS partieles was incubated for
24 h in both the cell lines. Living cells were stained fluorescent
green with Calcein AM, while the dead cells were stained red
with ethidium homodimer-1. Fig. 4c and d show the merged
optical-fluorescence images of the HEK293 and HeLa cells. For
HEK293, the amount of fluorescent green live cells is more
than red ones with an estimated cell viability of 70%. While
for the HeLa cells, the amount of green living cells is lower
than that of the red dead cells, where the cell viability might
be estimated to be about 25%,

Cellular uptale using SERS tracing

The cellular uptake performances of the DDS in the HeLa cell
lines were analysed by SERS mapplng and compared with the
fluorescence method, The DDS-treated cells were placed on a
microscopy glass substrate and directly observed by Raman
microscopy.

Fig, 5a shows the bright field image of the HeLa cells with a
30 x 30 pm mapping area (red square marked). This area
demonstrates a single-cell, and its enlarged image with 2

Raman Intensity (a.u.)

LI DS SRS O | 1 | S I S S e A NS L
300 400 500 600 700 BOO 900 1000 44004200 1300 1400 1500 1600 1700 1800
Raman Shift (cm”)

Flg. 5 (a) Optical image of Hela cells with a red rectangle mapping area, optical Images of the enlarged mapplng area from the upper Inset of (a)
fluorescence, and the lower Inset of (a) Raman microscopy with two selected positions 1 and 2, (b) Raman spectra of selected positions, (c) SERS
mapping Image, (d) fluorescence Image, (e) merged optical-fluorescence-SERS Images, and (h) flow cytometry results with different DOX Incubation

times.
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selected positions is shown In the lower inset of Fig., 5a, These
testing positions 1 and 2 are selected to represent the signal
obtained from the substrate and that from the cell, respect-
ively, Their corresponding SERS spectra ave depicted in
Fig. 5b. Although there are background fluorescence interrup-
tions of the glass substrate around 400 and 1400 cm™, the
narrow 1078 and 1580 em™ SERS peaks are readily distin-
guished. Thus, the SERS approach offers a certain competitive
advantage over the fluorescence method, such as a finger-print
narrow band, high sensitivity and easily distinguished slgnals,
Tig. 5¢ shows the tracing image by SERS mapping, in which
the intensities of the 1078 em™ band are demonstrated by the
brightness of green cursors. The possibility of obtaining an
SERS traclng image of DDS intracellular performances vali-
dates the feasibility of the SERS tracing method. The fluo-
rescence tracing image of DOX (Fig. 5d) was obtained from the
same sample used in SERS mapping. Also, the DOX fluo-
rescence tracing was further checked by fn vitro flow cytometry
analysis. DOX fluorescence is tracked from different incu-
bation time points from 2 to 24 h. As demonstrated in Fig. 5f,
the DOX fluorescence intensity is proportional to the incu-
bation time, which is indicating the cellular uptake of DOX
molecules,™ To compare the SERS and fluorescence tracing
results, the fluorescence image was captured at the same posi-
tion of the same sample tested, and the enlarged optical
Image obtalned from fluorescence microscopy is shown in the
upper inset of Fig. 5a. This single-cell image is identical to the
optical image obtained from Raman microscopy shown in the
lower inset of Fig. 5a. The merged image in Fig. 5e demon-
strates the overlapping area of the optical, SERS and fluo-
rescence images. As the fluorescence tracing result agrees well
with the SERS one, efficient SERS tracing {s further confirmed,
Interestingly, the single-cell SERS tracing image exhibits high
resolution and reveals more intracellular details than the red
fluorescence one. The black area in the SERS image might
demonstrate the position of the cell nucleus, where the DDS
particles could not be delivered Into,

Conclusions

A new smart DDS was designed through SERS-traceable nano-
carriers bearing a carboxylic hydrazone-conjugated DOX anti-
cancer agent, The SN platform contributes to the aggregation
of small exposed gold nanoparticles on their surfaces, which
benefits SERS tracing. The smart DDS is almost biocompatible
in healthy cells, while exhibits targeted cytotoxicities in cancer
cells. By choosing DOX as an anticancer model drug, intra-
cellular uptake of DDS particles could be traced by comparing
the SERS and fluorescence approaches, As SERS signals have
higher sensitivities than the fluorescence ones, it could effec-
tively replace the fluorescence method in tracing. With further
consideration of the non-destructive features of SERS
methods, these designed DDSs might be implemented to
evaluate other general drugs without fluorescence analysis.
This point is also valid for general drugs without inhibiting
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cell funetions, In that case, we envision that these structured
nanocarriers might have the capability to unveil dynamic pro-
cesses of drug delivery in living cells.
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Table S1. DLS data for the different products obtained from the synthesis procedure.

Sample Name

Zeta Potential (mV)

Hydrodynamic Size (nm)

Au NPs
SNs-NH2
Au-SNs-NH?2
SNs-Au(-COOH)
SNs-Au(-NHNH-Boc)

SNs-Au(-NHNH2 )

-30.1

+18.4

+9

-24.6

+2.3

+15.4

12

91

103

115

174

167
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Fig. S1. FTIR spectra of the different products from the synthesis procedure.
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Fig. 82. a) SPR of Au NPs and Au-SNs-NH3, b) DDS fluorescence spectra.
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Fig. 83. EEF results of nanocarriers with different gold to silica molar ratios.
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Fig. 85 The fluorescence images of LIVE/DEAD® Analysis of a) nanocatriers and b) DDSs
incubated in HeLa cells for 24 h.
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Chapter 4 Advanced Silica based Surface-Enhanced Raman
Scattering (SERS) Traceable Gene Delivery Systems

4.1. Introduction, Significance and Commentary

A novel stellate porous silica based delivery system has been designed for SERS frace
purpose. The results show that designed stellate porous silica delivery system could
materialise SERS trace, and show high sensitivity and non-invasive features, which makes
the constructed delivery system have considerable potentials to discover the dynamic delivery

performances in living cells. The highlights of this work include:
1. Novel stellate porous silica-gold structure as SERS tag

Stellate porous silica nanoparticles with in-site reduction gold nanoparticles are
demonstrated as a novel SERS tag. The morphologies and structures can be controlled with
small consumptions of gold. The unique stellate porous structures make it easy for gold

aggregation on silica skeleton by electrostatic and capillary adsorptions.
2. SERS trace for siRNA delivery

Most of the SERS trace applications in delivery fields is based on drug delivery, this
work is designed based on gene delivery. The results prove the feasibility of SERS

traceable gene(siRNA) delivery system.
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4.2. Stellate Porous Silica based Surface-Enhanced Raman Scattering

(SERS) Traceable Delivery Systems

This section is included in the thesis as it appears as an unpublished and unsubmitted work

written in manuscript style.
4.2.1. Abstract

Currently, numerous nanocarriers have been developed for intracellular delivery, and the
potential cytotoxicity of these very small inorganic nanocarriers has raise great considerations.
Consequently, the intracellular trace of nanocarriers became of utmost importance for
investigate the delivery performance of nanocarriers. Among different analytical techniques,
surface enhanced Raman scattering (SERS) is one of the current state-of-the-art method
for cell visualization and trace. In this work, a novel stellate porous silica based delivery
system was designed for SERS trace purpose. The results show that designed stellate
porous silica delivery system could materialise SERS trace, and show high sensitivity
and non-invasive features, which makes the constructed delivery system have considerable

capabilities to discover intracellular delivery performances in vitro.
4.2.2. Introduction

A large majority of chemotherapy anticancer drugs and gene medicines are limited by
serious side effects caused by lethal dose and the rapid resistances of cancer cells. In that
situation, nanoscale drug/gene delivery systems have been employed to overcome these
limitations, which caused by poor solubility and stability, high dosage, in vivo degradation,
short circulating half-life, poor pharmacokinetic profiles, lack of selectivity of ‘free’
therapeutic cargos!!%). Currently, numerous nanocarriers have been developed for intracellular
delivery. Despite the therapeutic purpose of these small systems like high stability for

mechanical and thermal changes, high biocompatibility, efficacious fabrication cost and low
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toxicity!®!!], the potential cytotoxicity of these very small inorganic nanocarriers has raise great
considerations. For these purpose, the trace of inorganic nanocarriers has been established to

evaluate the delivery performance of nanocarriers in vitro.

For intracellular trace, a lot of different analytical techniques has been developed. The
easiest method is light microscopy, which offers a quick scan of cell morphology and
quantity. But this visual resolution is not suitable for specific cell study. Then certain
advanced analytic approaches such as electron microscopy and atomic force microscopy
are used for a higher resolution bio-image and subcellular structure observation.
However, with the limitation of their working principles, these methods can only collect
the image of sample surfaces. The inside of cells cannot be observed without killing and
sectioning cells. Nevertheless, the above techniques are not sufficient for chemically
selective visualization. In that case, external fluorescent labels are used for specifically
grafting on the cell structures of interest. Fluorescence microscopy has been introduced
for chemically selective trace. In addition, confocal laser scanning fluorescence
microscopy is utilized as conventional widely implemented technique for visualizing
intracellular uptake. However, as each fluorescence reporter can only excited by one
distinct wavelength of laser, simultaneously trace of different structures has great
limitations!"”. The artificial fluorescence labelling altered the physic-chemical
characteristics of the analyzed system, which might give rise to destructive problems of
the system. Alarmingly, photo-bleaching features of fluorophores, and the fluorescent
cell background noises might also interrupt the intracellular trace of carrier and drug
fate!®l. In order to circumvent these issues, vibrational microscopy like surface
enhanced Raman scattering (SERS) technique has been used for non-destructive trace.
Unlike fluorescence, Raman reporters are more photo-stable, and the fingerprint Raman
signals are not easier interrupted by the auto-fluorescence of cell background.['¥ All in
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all, the high sensitive and high resolution SERS method is one of the current state-of-

the-art technique for bio-imaging, visualization and trace.

4-MBA-AU-ST-SI0, @siRNA

D, "Z"\ZE-\
——> R

Load siRNA i

AR .
e
ST-Si0,

Endocytosis

Scheme 4.1 Fabrication of silica nanoparticles with stellate pores based SERS traceable

delivery systems and their possible intracellular delivery performances.

In general, SERS is materialized by the combination of SERS tags and SERS
reporters. When two SERS tags are in the close vicinity, the electromagnetic field
strength can significantly increase and caused the SERS enhancement, which can rocket
the Raman signal!’®l. The common SERS tags are metallic nanoparticles such as silver and
gold, and general structures are nanospheres. However, other structures such as nanorods!'¢2%,
nanoflowers!24 and nanostars>*?7 have also been reported. The synthesis of the above
metallic SERS tags is complex and limited by high time, cost and energy consumptions. The
search for an alternative SERS tag for delivery system could be a good research topic. Only a

few work has been reported in this area. In that case, as shown in Scheme 4.1, silica-gold

composite nanocarriers are designed as novel SERS tags with stellate porous silica platform
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together with outside surface aggregation of gold nanoparticles. The possible delivery

pathways of the designed delivery systems were also illustrated in Scheme 4.1.
4.2.3. Experimental Section
4.2.3.1. Chemicals and Reagents

Triethanolamine (TEA), cetyltrimethylammonium bromide (CTAB),
cetyltrimethylammonium tosylate (CTAT), agarose, Human Kinase PLKI small
interfering RNA (siRNA), oligo DNA with same quantity of the bases of siRNA, 4-
mercaptobenzoic acid (4-MBA), tetracthyl orthosilicate (TEOS, >98%), (3-
Aminopropyl) triethoxysilane (APTES, >98%), ethanol solution, dimethyl sulfoxide
(DMSO) and other chemicals were purchased from Sigma Aldrich. Human
osteosarcoma cell line KHOS was purchased from American Type Culture Collection.
Fetal bovine serum (FBS), Dulbecco’s modified eagle medium (DMEM), sodium
pyruvate (NaP, 100mM), L-Glutamine (200 mM), HEPES (1M) buffers, phosphate
buffered saline (PBS), Tris Acetate-EDTA (TAE) buffers, 3-(4,5-Dimethylthiazol-2-y1)-
2,5-diphenyltetrazolium bromide (MTT) and trypsin (0.25%) were purchased from Life
Technologies Australia Pty Ltd. Gold (III) chloride trihydrate (HAuCls'3H20) were
purchased from Chem-Supply Australia Pty Ltd. All materials were of analytical grade
and used as received without further purification. Millipore water was obtained from a
three-stage Millipore Mill-Q plus 185 purified cation system (Academic) with a

resistivity higher than 18.2 MQ-cm.
4.2.3.2. Material Characterisation

Transmission electron microscopy (TEM) images were obtained by a FEI Tecnai G2
Spirit transmission electron microscope at an acceleration voltage of 120 kV. Scanning

electron microscopy (SEM) observations were carried out on a FEI Quanta 450 FEG
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environmental emission scanning electron microscope operated at 10 kV. A Malvern
Zeta-sizer Nano ZS (Malvern Inst. Ltd, U.K.) equipment was used to measure the
hydrodynamic sizes and zeta-potentials of different products dispersed in deionized
water. The concentration of particles in water was kept at 0.1 & 0.05 mg/mL for particle
size analysis, while the zeta potential results were calculated based on statistical analysis
of 10 parallel runs. Fourier transform infrared (FT-IR) spectra were collected at room
temperature on a Thermo Scientific NICOLET 6700 FTIR spectrometer with a Diamond
ATR (attenuated total reflection) crystal. X-ray diffraction (XRD) patterns were
obtained on a powder X-ray diffractometer at 40 kV and 15 mA using Co-Ka radiation
(Miniflex, Rigaku). A HORIBA Lab RAM HR Evolution confocal Raman microscopy

equipped with 785 nm laser took Raman spectrum and SERS mapping images.
4.2.3.3. Preparation of Stellate Porous Silica (ST-SiO2)

The formation of stellate porous silica (ST-SiO2) was carried out by TEOS as the silica
source, TEA as catalyst and CTAT as pore-makers. According to pervious research
reports?® 2% ST-Si0, were synthesized at 65 °C. In a typical run, 1.92 g CTAT, 0.347 g
TEA first dissolved in 100 mL H>O at 65 °C, and then 14.58 g TEOS was quickly added
to the system. After stirring with 1200 rpm for 2 h at 65 °C, the products were centrifuged
at 16000 rpm, washed with deionized water and dried in a 60 °C oven overnight. In order
to remove surfactants, the products were calcined at 550 °C for 6 h by a Muffle furnace with a

ramp rate of 0.5 °C min ! in air.
4.2.3.4. Preparation of Gold Nanoparticles aggregated Stellate Porous Silica

0.01 g calcined ST-SiO2 were dispersed in 40 mL ethanol, and then 0.05 mL. APTES
was added into the solution. After 800~1000 rpm stirring at 80 °C for 24 h, centrifuged

and washed by water, amino functionalized ST-SiO2 were obtained. The gold nanoparticles
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aggregated stellate porous silica (Au-ST-Si02) were synthesized by the deposition—
precipitation method. Typically, 0.01 g of amino functionalized ST-SiO2 was dispersed in
10 mL H>O, the color of the solution turned from white to yellow after addition of 2mL
of HAuCl4 (2 mM). Then under 30 min sonication in deionized water, certain amount
of 0.075 wt % fresh aqueous NaBH4 was added dropwise until the solution color turned
pale red. The precipitate Au-ST-SiO> was centrifuged at 16000 rpm, washed with

deionized water, and dried in a 60 °C oven for 24 h.
4.2.3.5. Preparation of SERS Reporters attached Nanocarriers

I mM 4-MBA was added to Au-ST-SiO2 with molar ratio at 1:100. After stirring for 24
h, centrifuged at 16000 rpm, washed with deionized water and dried in a 60 °C oven for
24 h, the SERS reporter 4-MBA was aggregated on silica nanoparticles and formed 4-

MBA-Au-ST-SiOa.
4.2.3.6. Loading Capacity of small interfering RNA (siRNA)

Agarose gel electrophoresis was used to obtain the loading capacity of siRNA on 4-MBA-Au-
ST-Si0; nanocarriers. An oligo DNA with same quantity of the bases of functional siRNA
was employed as model gene for electrophoresis. Different weight ratios from 10:1 to 200:1 of
various weight of nanocarriers to 0.2 pg model DNA together with a naked model DNA as a
control were incubated at room temperature for 30 min before adding gel loading dye blue.
Samples were electrophoresed through a gel red stained 0.8% agarose gel in TAE buffer
solution at 90 V for 90 min. The gene migration patterns were recorded and collected by UV

irradiation (G-BOX, SYNGENE).
4.2.3.7. Cell Culture and Cell Viability

Human osteosarcoma cell line KHOS were incubated in cell growth medium (90% (v/v)

DMEM, 10% (v/v) fetal bovine serum (FBS) and 1% Anti-anti) at 37 °C, 5% CO and
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humidified atmosphere. While in the same incubation environment, human embryonic
kidney cell line HEK 293T were incubated in cell growth medium containing (90% (v/v)
DMEM, 10% (v/v) fetal bovine serum (FBS), 0.1% sodium pyruvate (NaP), 0.1%L-
Glutamin, 0.15% HEPES and 1% Anti-anti. MTT assay was used to evaluate cell
viabilities of 4-MBA-Au-ST-SiOz in each cell line. KHOS and HEK 293T cells were seeded
into a 96-well plate at a density of 5x10* cells mL™!, and incubated in 100 pL cell culture
medium for 24 h. After that, the previous medium was replayed by 100 pL of fresh cell culture
medium containing selected concentrations of different particles (4-MBA-Au-ST-SiOs,
siRNA @ 4-MBA-Au-ST-SiO; and free siRNA). After incubation for 24 h, 10 L of 0.5 mg
mL ™™TT was added to each well and further incubated 4 h. Later, the medium in each well
was replaced by 150 pL. DMSO to dissolve formazan crystals. The MTT assays were conducted
in quadruplicate for each sample, and the absorbance of formazan crystals was measured by an

ELx808 Absorbance Microplate Reader (Biotek, USA) at 595 nm.
4.2.3.8. Cell Uptake Traced by Confocal Raman Microscopy

Cellular uptake of 4-MBA-Au-ST-SiO2@siRNA was observed with a confocal Raman
laser scanning microscopy. In a 6-well plate, 2x10° KHOS cells were seeded at a quartz
slide with 2 mL growth medium inside each well. After cultured for 24 h, the medium
was replaced by 1 mL of 1 pg mL™ 4-MBA-Au-ST-SiOx@siRNA /fresh growth medium
solution. After 4 h incubation, the quartz slide with cells and composites were softly
washed by PBS buffer twice. The Raman mapping images of cellular uptake were
collected by a HORIBA Lab RAM HR Evolution Raman laser scanning microscope

under 785 nm laser.
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4.2.4. Results and Discussion

The 4-MBA-Au-ST-SiOx@siRNA delivery system was constructed following the procedures
and their possible intracellular delivery performances were also illustrated in Scheme 4.1. As
shown here, when the 4-MBA-Au-ST-Si0»@siRNA are delivered to cancer cells, endocytosis
phenomena and endosome escape will occur and siRNA molecules will release to the

cytoplasm to carry out their pharmacological and anti-cancer functions.
4.2.4.1. Synthesis and Characterization of nanocarriers

Stellate porous silica (8T-SiO2) was synthesized by TEOS, TEA and CTAT sol-gel

el?® 291 Scanning electron microscopy (SEM) and transmission

synthesis procedur
electron microscopy (TEM) images show that ST-SiO2 (Figure S4.1a and b) with an
average particle size of 80-120 nm can be synthesized. After removal of surfactants, the
uniform morphology of ST-SiO is clearly demonstrated as nanospheres (Figure S4.1¢
and Figure S4.2a) with center-radial pores of 10-30 nm (Figure S4.1d and Figure
S4.2b). The size is further verified from dynamic light scattering (DLS) measurements
(Table S4.1). The average hydrodynamic size of ST-SiO2 is 97.2 nm with an average
zeta potential of - 30.5 + 0.7 mV. In FT-IR of ST-SiO; (Figure 4.2b), peaks centre at
1068 cm™, 945 cm™ and 800 cm™' can be attributed to the typical silica Si-O-Si
asymmetric stretching, Si-OH and Si-O symmetric stretching vibrations. In the wide-

angle XRD pattern of ST-SiO2 (Figure 4.2a), the broad diffraction peak around 20 =

22.8° demonstrates the evidence of the amorphous silica.

The NH2-ST-Si0, nanospheres were synthesized by APTES post-graft amino groups,
and their existence were measured by DLS (Table S4.1), where an average hydrodynamic
size is 105 nm with an average zeta potential of 27.1 + 1.2 mV. From ST-SiO2to NH2-ST-

Si0a, the zeta potential change from negative to positive, which is the evidence of successful
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amino groups functionalization. In FT-IR(Figure 4.2b), typical silica vibrations at 1068
cml, 945 cm™ and 800 em™! can be found, while 3350 cm™ is attributed to the vibrations

of amino groups.

Au-ST-Si0; was fabricated by in-situ reduction of HAuCls*3H2O on amino functionalized
ST-Si0; using deposition-precipitation method®?., In TEM images (Figure 4.1a and b),
fresh prepared Au-ST-SiOz are uniform nanospheres with an average particle diameter around
100 nm, and gold nanoparticles with varied small sizes ranging from 2 - 20 nm are aggregated
on the surfaces of ST-SiO; skeletons. The surrounding background is clear compared to TEM
images (Figure 4.1¢, d and Figure S4.2¢ and d) taken from Au-ST-SiO2 stored in ethanol
solutions several days later. In high magnitude images (Figure 4.1d and S4.2d), it can be
noticed that small gold nanoparticles are distributed inside stellate pores and stable
around ST-SiO,. From DLS (Table S4.1), Au-ST-SiO> composites have an average
hydrodynamic size of 198.2 nm with zeta potential of 8.7 = 0.6 mV. The large increase
of size may be due to two or several particle aggregations. The decrease of zeta potential
value from NHz-ST-SiOz to Au-ST-SiO2 may be attributed to the electrostatic adsorption
between gold and amino groups. In addition, the capillary adsorption of stellate pores
can be another contribution to gold-silica aggregations. From the wide-angle XRD
pattern of Au-ST-SiO: (Figure 4.2a), diffraction angle 20 = 22.8° is attributed to
amorphous silica existence, while 26 =38.18°, 44.39°, 64.58° and 77.55° can match the
standard gold planes of (111), (200), (220) and (311) from JCPDS card. The intensity
proportion of the tested sample can also match the standard one shown by red vertical

line.
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Figure 4.1. TEM images of fresh prepared Au-ST-SiO; (a, b) and Au-ST-SiO; stored several
days (c, d).

4-MBA-Au-ST-Si02 nanocarriers were fabricated by attaching SERS reporter 4-
MBA on Au-ST-SiO; B! 32 FTIR spectroscopy (Figure 4.2b) shows peaks centre at
3350 cm™, 1068 cm™!, 945 em™ and 800 em™! for -NHa, Si-O-Si, Si-OH and Si-O groups
vibrations, while peak centres at 1735 cm™ may be the evidence of ~-COOH group
vibrations from 4-MBA. The 4-MBA attachments were also verified by SERS spectra

(Figure 4.2d). For pure SERS reporter 4-MBA, obvious Raman peaks at 1099.1 cm™
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Figure 4.2. a) XRD pattern of Au-ST-Si0O; and ST-Si02 with standard gold intensity obtained
from JCPDS card no. 04-0784, b) FTIR of 4-MBA-Au-ST-Si0,, ST-SiO2 -NHaz and ST-SiO3,
¢) agarose gel retardation assay of materials/siRNA at different weight ratios, d) Raman spectra
of SERS reporter 4-MBA and nanocarriers 4-MBA-Au-ST-SiO; together with the calculated

effective enhancement factor (EEF).

and 1595.5 cm™! are due to v8a and v12 aromatic ring vibrationsP®!. While in SERS
spectrum of 4-MBA-Au-ST-Si0», the dominate peaks are centered at 1073.3 cm™ and
1585.5 cm™, these blue shift can be attributed to the interactions between 4-MBA and
gold nanoparticles. Effective enhancement factor (EEF) of 4-MBA-Au-ST-SiO3 can be

roughly calculated by the following equation.
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SERS

As shown in Table from Figure 4.2d, EEF of 4-MBA-Au-ST-SiO; is calculated as
approximate 1.35%10°, based on 1099.1 cm™ Raman peak as reference. That means the
constructed 4-MBA-Au-ST-SiOz nanocarriers can really trigger SERS phenomenon and

SERS technique has high sensitivity.
4.2.4.2. Binding capabilities of small interfering RNA

The Binding capabilities of small interfering RNA (siRNA) on 4-MBA-Au-ST-SiO»
nanocarriers was measured by agarose gel electrophoresis. For economic reason, a
model oligo DNA instead of expensive siRNA with same quantity of the bases of
functional siRNA was applied for experiments. As shown in Figure 4.2¢, the weight ratio
of nanocarriers to model DNA is range from 10 to 200 with a naked oligo DNA as a control.
The brightness of binding DNA occurs and increases from weight ratio 50 to 200, showing
the 4-MBA-Au-ST-SiO2 nanocarriers have binding capabilities of gene. In addition, the
brightness decrease of escaped DNA also verified gene binding. The designed delivery
nanocarriers can load siRNA at the weight ratio of nanocarriers to siRNA of 200, and

that value was used for cell viability studies.
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Figure 4.3. a) The biocompatibility and b) cytotoxicity studies in healthy human cell
line HEK 293T and human osteosarcoma cell line KHOS.

4.2.4.3. cell viability studies

For cell viability studies, the biocompatibilities of 4-MBA-Au-ST-SiO2 nanocarriers and
the cytotoxicities of 4-MBA-Au-ST-SiOr@siRNA were investigated by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays against human
embryonic kidney (HEK 293T) and human osteogenic sarcoma (KHOS) cell lines. As
illustrated in Figure 4.3a, cell viabilities of both HEK 293T and KHOS cells remain
above 85% with 4-MBA-Au-ST-SiO2 nanocarriers concentration increase from 10 to
200 ug mLL It is evident that 4-MBA-Au-ST-SiO2 nanocarriers are biocompatible in

both healthy and cancer cells.

Based on the binding 200 weight ratio of nanocarriers to siRNA, 4-MBA-Au-ST-
SiO@siRNA were synthesised, while an equivalent concentration of 1 pg mL! free
siRNA/cell growth medium and 4-MBA-Au-ST-SiOx@siRNA/ cell growth medium
mixtures were prepared for MTT assays. As demonstrated in Figure 4.3b, free siRNA
and 4-MBA-Au-ST-SiO;@siRNA have little toxicity in HEK 293 cells with cell

viabilities around 98.2 and 85.7 %. However, the results in KHOS cell line are different.
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1 pg mL™! free siRNA is a bit cytotoxic in KHOS cells with 81.6 % cell viability, but
siRNA @ 4-MBA-Au-ST-SiO2 with equivalent concentration demonstrate higher anti-
cancer abilities with corresponding cell viability of 57.7 %. In consequence, delivery

systems could make the siRNA have better pharmacological treatment performance.
4.2.4.4. SERS traced cellular uptake

Cellular uptake of 4-MBA-Au-ST-Si0O; carriers were observed with confocal Raman
laser scanning microscopy. The traced SERS mapping image were taken based on the

intensity of SERS spectra peak centred at Raman shift of 1073.3 cm™.

Figure 4.4a shows the optical image of KHOS cells containing 4-MBA-Au-ST-Si02
nanocarriers which taken photo after SERS tracing. The mapping area with approximate
6 cells is shown by red rectangle frame and enlarged in the right corner with each tested
mapping point shown by green cursor. The cell morphologies are good for well-growth
cells, which means they are healthy and alive at the moment of taking photo. The
selected points 1 and 2 are represented the signal obtained from the cell and that from
the quartz background (Figure 4.4b). Their corresponding SERS spectra are
demonstrated in Figure 4.4¢, while the original mapping data is shown in Figure S4.3 and
S4.4. The 1260 cm™ peak is attributed to quartz substrates, while SERS peak centred at
1073.3 em™ can be obviously noticed in the SERS spectrum of point 1 (Figure 4.4c). The
SERS mapping images illustrated in Figure 4.4d. The brightness of red cursor is reflected
the intensity of 1073.3 cm™ SERS peak. Figure 4.4e is the merged image, which shows that
the SERS mapping image and optical image are identical and can match successfully. This
performance can confirm the feasibility of SERS tracing 4-MBA-Au-ST-SiO2. As the
morphologies of cells were not change or damaged after SERS trace, it means that cells

are non-destructive during trace procedure.
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Figure 4.4. a) Optical image with marked selected mapping area (the inset shown the enlarged
mapping area with each tested point), b) optical image of the selected points, ¢) SERS spectrum
of points 1 and 2, d) SERS image and ¢) the merged image.

4.2.5. Conclusion

The novel surface-enhanced Raman scattering (SERS) traceable delivery system has been
synthesized under a stellate porous silica platform. In here, gold nanoparticles were obtained
by in-site reduction of HAuCls'3H20, and aggregated on silica skeleton by electrostatic
and capillary adsorptions. The special gold-silica structure can give the delivery system
SERS active effects and form SERS tags, which allows the SERS trace to be possible. In

addition, SERS trace is great for delivery performance, as it has high sensitivity and non-
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invasive features, which makes the constructed delivery system have considerable capabilities

to discover real-time delivery performances in living cells.
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4.2.6. Supporting Information

Stellate Porous Silica based Surface-Enhanced Raman Scattering (SERS)

traceable delivery systems

Figure S4.1. SEM images of silica with stellate pores with (a, b) and without (¢, d) surfactants
in low magnitude (a, ¢) and high magnitude (b, d).
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Figure S4.2. TEM images of ST-SiOx(a, b) and Au-ST-SiO; (¢, d) in low magnitude (a, c)
and high magnitude (b, d).
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Figure S4.3. Original mapping data, SERS image and optical image of 4-MBA-Au-ST-Si0;
in HeLa cells and SERS spectrum of selected point 1.
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Figure S4.4. Original mapping data, SERS image and optical image of 4-MBA-Au-ST-SiO:

in HeLa cells and SERS spectrum of selected point 2.
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Table S4.1 Hydrodynamic sizes and zeta potential of samples measured at pH=7.

Sample Name Zeta Potential (mV) Size (nm) PDI
ST-SiO2 -30.5+0.7 97.2 0.34
NH2-ST-Si02 27:1% 1.2 105 0.31
Au-ST-Si02 8.7+0.6 198.2 0.36
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Chapter 5 Novel Graphitic Carbon Nitride Platform for Raman

Traceable Delivery System

5.1. Introduction, Significance and Commentary

Graphitic carbon nitride (g-CaN4) composites have been constructed as gene delivery systems.
As g-C3Ns has self-fluorescence and Raman-active features, intracellular delivery
performances of delivery systems can be dual traced without labels. The highlights of this

work include:
1. g-C3Nsnanosheets based gene delivery system

Although graphitic carbon nitride materials have been introduced to drug delivery
areas, g-C3N4 nanosheets are seldom reported for delivering gene or siRNA in cancer

cells.
2. Novel low molecular weight PEI system

Low molecular weight polyethylenimine (PEI) is a well-known biocompatible component
for gene delivery system, this work is the first low molecular weight PEI combined with

emerging g-C3N4 composite system.
3. Label-free tracing

Self-fluorescence and Raman-active g-C3N4 nanosheets facilitate direct tracing materials
without artificial labels that might change physicochemical properties, uptake pathways and
pharmacological effects of the delivery systems. This designed PEI-g-C3N4 systems are label-

free.
4, Raman traceable delivery system

The intracellular performances of siRNA delivery system were traced by novel Raman
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methods. As Raman trace results have higher sensitivities than common fluorescence ones, it

could effectively replace widely implemented fluorescence tracing.

5.2. Graphitic Carbon Nitride Composites: Label-free Direct Raman

Traceable siRNA Delivery System

This section is included in the thesis as it appears as an unpublished and unsubmitted work

written in manuscript style.
5.2.1. Abstract

A novel ultrathin graphitic carbon nitride (g-C3N4) based system with small sheet size of 100-
150 nm and thickness of nearly 0.6 nm has been developed for small interfering RNA (siRNA)
delivery. The g-C3Ng materials was surface modified with low molecular weight branched
polyethylenimine (PEI) to obtain the capabilities of siRNA loading. The simple and label-free
siRNA delivery system, which avoid possible interactions of artificial labels, shows clear
cytotoxicity in KHOS cancer cells and good biocompatibility in HEK293 normal human cells.
As g-C3N4 is Raman-active, the intracellular uptake performances of the label-free delivery
system have been directly traced by Raman spectroscopies. Since Raman signals have finger-
print pattern and are not interrupted by background noises, Raman traced images demonstrate
higher sensitivity and resolution than common fluorescence traced results, which makes it as a

better method for real-time tracing and revealing nanotoxicity of delivery carriers.

80



5.2.2. Introduction

Cancer is one of the most life-threatening diseases against human race. Gene therapy has been
considered as an alternative to chemotherapy in treating acute or chronic, acquired and
inherited cancers I>2, However, successful gene therapy needs to across multiple extracellular
and intracellular barriers, such as poor gene stability caused by enzymes in human blood and
serum, low rates of cellular uptake and endosomal escape ). To overcome these obstacles,
numerous efforts on viral and polymeric carriers have been made, and nanoparticles have been
introduced as promising carriers with good biocompatibilities and well-controlled gene
delivery efficiency. Among gene treatments, small interfering RNA (siRNA) interference
therapeutic play a critical and irreplaceable role in anticancer therapy, and the developments of
nanoparticle-based siRNA delivery vehicles are strongly required for successful siRNA

therapy!® 7).

Due to unique structural, optical, biocompatible and physicochemical properties like high
degree of specific surface areas, anisotropy and in thus high surface functionality, two-
dimensional (2D) ultrathin materials have recently draw the numerous attentions from
researchers *13], Graphitic carbon nitride (g-C3N4), which was only synthesised in recent years
[1421] " is an emerging member of the 2D layered nanomaterials for photochemical and
electrochemical catalysis. However, for biomedical fields such as cancer cell diagnostics,
biosensor, biomedical and drug/gene delivery applications, these g-C3N4 has been required
having specific features like photoluminescence?> 23, self-fluorescence®* and high stability*>
28] but having small size (100-200 nm), and great biocompatibility as well. Although many
efforts, as the liquid or water ultrasonic exfoliating method for example!*), has been made for

producing g-C3N4 with uniform small sheet size, the efficient large-scale synthesis is still in its

infancy.
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Scheme 5.1 a) synthesis process of low molecular weight PEI-g-C3sN4@siRNA system and b)

their possible intracellular delivery performances.

Since nanotoxicity of delivery carriers has raise world-widely awareness, it is important to
trace their intracellular performances, investigate their potential internalizations and uptake
visualizations. The common applied approach is fluorescence-based trace, which required
inevitable artificial labelled fluorescent probes, which may probably change physicochemical
and pharmacological effects of RNA, and may cause problems like peak overlapping in
complex bio-systems and photo-bleaching 2331, Alarmingly, labelling might also cause
several problems such as lower biosafety and higher cost in practical applications. In that case,

label-free delivery carrier materials are highly recommended for drug/ gene delivery. On the
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contrary, Raman is great for biological based characterizations. Signals of Raman methods are
easier to separate, as Raman spectra is finger-printed and photo-stable. Similar to fluorescence,
traditional Raman trace also needs labels like Raman reporters to give the delivery system

Raman-active capabilities.

Interestingly, g-C3Ns nanosheets have been proved having Raman-active features under
near-infrared (NIR, 785 nm) light scattering 234, which makes them possible for using as
label-free Raman traceable delivery carriers. Since single g-C3Ns materials could hardly
loading siRNA, this design selected biocompatible low molecular weight branched
polyethylenimine (PEI) and g-C3Ns to conjugate the siRNA delivery system. Low molecular
weight polyethylenimine (PEI, ~ 800Da) is a well-known biocompatible component>-3#, so
it is great to form non-toxic nanocarriers. In this study, low molecular weight PEI combined g-
C3Ng4 nanosheets composites were synthesised, and used as a novel siRNA delivery system
(Scheme 5.1a). Based on Raman-active features, the cellular uptake results of PEI-g-
C3N4@siRNA composites can be directly obtained by non-invasive Raman spectroscopies

(Scheme 5.1b).
5.2.3. Experimental Section
5.2.3.1. Chemicals and Reagents

Tris Acetate-EDTA (TAE) buffers, fetal bovine serum (FBS), Dulbecco’s modified
eagle medium (DMEM), antibiotic-antimycotic (Anti-anti, 100X), phosphate buffered
saline (PBS, pH=7.4) and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Life Technologies Australia Pty Ltd. Human
osteosarcoma cell line KHHOS were purchased from American Type Culture Collection.
N-(3-Dimethylaminopropyl)-N’-ethyl carbodiimide hydrochloride (EDC), Human

Kinase PLK1 small interfering RNA (siRNA), oligo DNA with same quantity of the
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bases of siRNA, agarose, branched polyethylenimine (PEIL, M.W: ~ 800 Da), melamine
(99%), dimethyl sulfoxide (DMSO), N-hydroxysuccinimide (NHS) N, N-
dimethylformamide (DMF) and other chemicals were purchased from Sigma Aldrich.
Concentrated sulfuric acid (H2SO4, 98.0%) and sodium hydroxide (NaOH, pellets) were
purchased from Chem-Supply Australia Pty Ltd. All materials were of analytical grade
and used as received without further purification. Millipore water was obtained from a
three-stage Millipore Mill-Q plus 185 purified cation system (Academic) with a

resistivity higher than 18.2 MQ-cm.
5.2.3.2. Material Characterisation

A FEI Tecnai G2 Spirit transmission electron microscope at an acceleration voltage of
120 kV was employed to take transmission electron microscopy (TEM) images.
Scanning electron microscopy (SEM) observations were carried out on a FEI Quanta
450 FEG environmental emission scanning electron microscope operated at 10 kV. A
Malvern Zeta-sizer Nano ZS (Malvern Inst. Ltd, U.K.) equipment was used to measure
the hydrodynamic sizes and zeta-potentials of different products dispersed in deionized
water. Fourier transform infrared (FT-IR) spectra were collected at room temperature
on a Thermo Scientific NICOLET 6700 FTIR spectrometer_with a Diamond ATR
(attenuated total reflection) crystal. The pH values were measured by a pH meter (EL20,
MET-TLER TOLEDO). Atomic force microscope (AFM) data was processed by NT-
MDT Ntegra Solaris Atomic Force Microscope, and the figures were produced by the
Nova software. A Mettler Toledo Thermogravimetric Analyser with an air atmosphere

! was used for thermogravimetric

(60 mL min-1) and a heating ramp of 20 "C min
analysis (TGA). A HORIBA Lab RAM HR Evolution equipped with 785 nm laser was

employed for Raman spectrum and SERS mapping images
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5.2.3.3. Preparation of Low Molecular Weight PEI conjugated g-C3N4 Nanosheets

The bulk graphitic carbon nitride (g-C3N4) powder was prepared by thermal condensation of
melamine.! Melamine powder in a covered crucible was heated at 600 °C for 2 hours with a
ramp rate of 3 °C min™ in a muffle furnace. The obtained yellow product bulk g-C3N4 was

grinded into fine powder for further use.

Acidified soluble g-C3N4 nanosheets was synthesised in large-scale preparation methods (39-
411 g of bulk g-C3N4 powder was dissolved in 20 mL concentrated HaSO4 at 100 °C for | hour,
as the colour of solution gradually transferred from yellow to clear pale yellow. The obtained
solution was natural cooled before it carefully injected into 80 mL 70 °C ethanol under 1000
rpm stirring. The obtained white precipitate acidified g-C3Ns was filtered, washed repeatedly
by deionized water and ethanol and dried at 60 °C. Graphite-phase layered g-C3N4 nanosheets

was obtained after 2 hour sonication of 100 mg acidified g-C3Ny4 into 100 mL water.

After adjusted the pH value of g-C3N4 nanosheets suspension to 7 by NaOH, 50 mg EDC
and 50 mg NHS was added into 10 mL the above suspension under stirring at room
temperature. 1 h later, 1 mL 100 mg mL™"' 800 Da PEI was added into the suspension, and after
another 24 h, PEI-g-C3N4 composites were centrifuged, washed repeatedly and re-dispersed in

water for further use.
5.2.3.4. Binding Ability and Preparation of siRNA Delivery System

The binding ability of siRNA to PEI-g-CisN4 composites was investigated by agarose gel
electrophoresis. An oligo DNA with same quantity of the bases of functional siRNA was
employed as model gene for electrophoresis. Various weight of PEI-g-C3N4 composites and
0.2 pg model DNA were mixed at different weight ratios from 5:1 to 200:1 with naked model
DNA and a real functional sample with PEI-g-C3N4 composites: siRNA weight ratio of 200: 1

as two controls. Gel loading dye blue was added in each sample, after 30 min incubation at
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room temperature to form PEI-g-CsN4@siRNA composites. The resulting gene migration
patterns were recorded by UV irradiation (G-BOX, SYNGENE), after the composites

electrophoresed in TAE buffer through a gel red stained 0.8% agarose gel at 90 V for 60 min.
5.2.3.5. Cell Culture and Biocompatibility Studies

Human osteosarcoma cell line KHOS and human embryonic kidney cell line HEK 293 were
incubated in cell growth medium (90% (v/v) DMEM, 10% (v/v) fetal bovine serum (FBS) and
1% Anti-anti) at 37 °C, 5% CO; and humidified atmosphere. Cell viabilities of PEI-g-C3Ny
composites and cell cytotoxicities of PEI-g-C3N4 composites @ siRNA in every cell line were
evaluated by MTT assay. KHOS and HEK 293 cells were seeded into a 96-well plate at a
density of 5x10* cells mL™!, and incubated in 100 pL cell culture medium for 24 h. After that,
the previous medium was replayed by 100 pL of 1 pg mL"! fresh cell culture medium
containing different particles (PEI-g-C3N4 composites, PEI-g-C3Ny composites @ siRNA and
free siRNA). After incubation for 24 h, 10 pL of 0.5 mg mL'MTT was added to each well and
further incubated 4 h. Later, the medium in each well was replaced by 150 pL. DMSO to
dissolve formazan crystals. The MTT assays were conducted in quadruplicate for each sample,
and the absorbance of formazan crystals was measured by an ELx808 Absorbance Microplate

Reader (Biotek, USA) at 595 nm.
5.2.3.6. Cell Uptake Traced by Fluorescence and Raman Methods

Cellular uptake of PEI-g-CsN4@siRNA composites were observed with confocal laser
scanning microscopy. KHOS cells were seeded at a density of 2x10° cells per well in 6-well
plates with 2 mL growth medium and a cover glass (for fluorescence) or quartz slide (for
Raman) inside each well. After cultured for 24 h, the medium was replaced by | mL of | pg
mL™"! fresh medium containing PEI-g-CsN4@siRNA composites. After 4 h incubation, the glass

or quartz slide with cells and composites were softly washed twice by PBS. The cellular uptake
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by fluorescence visualization were obtained by a Leica Confocal 1P/FCS laser scanning
microscope and cellular uptake by Raman mapping were collected by a HORIBA Lab RAM

HR Evolution Raman laser scanning microscope.
5.2.4. Results and Discussion
5.2.4.1. Synthesis of PEI-g-C3N4 Composites and Characterization

As shown in Figure S5.1, acidified g-C3Ns were prepared by acidifying bulk g-CiNg

powder, 39411

Photographs (Figure S5.1a) and scanning electron microscopy (SEM, Figure $5.2a)
demonstrate that bulk g-C3Na is yellow powder-like amorphous materials. After acidifying, the
yellow bulk materials could be soluble in acid, and finally formed nearly transparent
suspension in ethanol (Figure S5.1b to d). SEM (Figure S5.2b) and transmission electron
microscopy (TEM, Figure S5.2d) show that the morphology of acidified g-C3Na is layered
nanosheets with an average size of 80-120 nm. PEI-g-C3N4 composites were synthesized by
low molecular weight branched polyethyleneimine (PEI, M.W: ~ 800 Da) grafted onto layered
g-C3N4 nanosheets. As demonstrated in Figure S5.2¢ and Figure 5.1a, PEI-g-C3Ns composites
are nanoscale sheet-like waved materials with an average size of 100-150 nm. The sizes were
confirmed by dynamic light scattering, and the results show that the average hydrodynamic
size of g-C3N4 nanosheets is 118.4 nm with zeta potential of -32.2 + 1.5 mV, while the
hydrodynamic size of PEI-g-C3N4 composites is 122.1 nm with an average zeta potential of
425 £ 0.1 mV (Figure S5.3 and Table S5.1). From g-C3N4 nanosheets to PEI-g-C3N4
composites, the morphologies and average sizes remain little change, but the surface zeta
potentials transfer from negative to positive, which makes them available as gene delivery

carriers.
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Figure 5.1 a) TEM image of PEI-g-C3N4 composites, b) AFM image of PEI-g-C3Ny with a
randomly selected line, b) the g-C3Na4 model for Gaussian calculations (arrows indicting the of
488 cm™! (red) and 528 cm™ (white) vibration directions), d) the surface height curve of PEI-g-
C3N4, and e) Measured Raman spectra of bulk g-CsNg4, g-C3N4 nanosheets and PEI-g-C3Ny4

composites with compared calculated Raman spectra of g-C3N4 model.

The atomic force microscopy with taping mode was also used to evaluate the size of PEI-g-
C3N4 composites. As shown in Figure 5.1¢, the sizes of composites are in a range of 80-120
nm with an average thickness around 0.6 nm. As g-C3Ny has graphite-like layered structure,
and the distance between layers is about 3.3 nm U* 2% 421 the synthesized PEI-g-C3Ny

composites can be considered as single layered nanosheets,

FT-IR (Figure S5.4a) was used to verify the graphite-like structure of materials. The typical
stretching vibration modes 1623, 1537, 1462, and 1410 cm™ of heptazine-derived repeating
units and the absorption peak at 803 cm™' of the breathing mode of the triazine units can be

observed in bulk g-C3N4, g-C3N4 nanosheets and PEI-g-C3Na compositest®® 4> 44, which show
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that graphite-like structure had not been destroyed during synthesis processes. The absorption
peak at 1087 cm™ can be attributed to -C~O stretching vibration, and the peak at 1710 cm™ are
representing the symmetric stretching of -C=0, which may be attributed to the hydrolysis and
oxidation of g-C3N4 and confirm the presence of carboxyl groups. Peaks around 3000-3500

cm! can be attributed to N-H stretching vibrations.

As shown in Figure S5.4b, a fluorescence peak centred at 445 nm can be noticed when g-
C3N4 nanosheets excited at 350 nm, which is similar to the photoluminescence intensity peak
in pervious literatures* 2% 44, In addition, the strong fluorescence peak centred at 401 nm of
PEI-g-C3N4 composites was obtained by 300 nm excitation. The results show that both g-C3Na
nanosheets and PEI-g-C3N4 composites have photoluminescence properties, and the strong

fluorescent PEI-g-C3N4 composites may be attributed to the single layered structure.

The thermogravimetric analysis result (TGA) was another evidence of successfully grafted
PEI onto g-C3Ns nanosheets. As demonstrated in Figure S5.5, the weight loss percentages
from 25 to 500 °C of 800 Da PE], PEI-g-C3N4 composites and g-C3N4nanosheets are 77.7, 27.5
and 21.5%. Pure 800 Da branched PEI starts losing weight around 200 °C, and g-CsN4
nanosheets demonstrate slight weight loss during the calcination processes. The weight loss of

PEI-g-C3Ns composites is greater than g-C3N4 nanosheets, which prove the existence of PEL

Raman measurements (Figure 5.1e) were taken under a 785 nm excitation laser. For bulk g-
C3N4 powder, Raman peaks centred at 707 and 980 cm™! can be attributed to different types of
s-triazine ring breathing modes®*). However, this two peaks are not obvious in Raman spectrum
of g-C3Nananosheets. To investigate the Raman spectrum of nanosheets, a g-C3N4 model with
a tri-s-triazine (melem) unit (Figure 5.1d) was constructed. The Raman activity spectrum of
this model was theoretically calculated by a Gaussian 09 software. The results (Figure S.1e
and Figure S5.8) show g-C3N4 model have two dominated Raman peaks centred at 448 and

528 cm’!, which represent bending (red arrows in Figure 5.1d) and stretching (white arrows in
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Figure 5.1d) vibrations of the model. The animated video of these vibrations are demonstrated
in supporting information video 1 and 2. For real tested Raman spectra of g-C3N4 nanosheets
and PEI-g-C3N4 composites, two Raman peaks centred around 448 and 528 cm! can be clearly
observed in Figure 5.1e. As 528 cm™ Raman peak has high intensity in the Raman shift range

of 400-1800 cm™,, it is selected as the signal for Raman mapping trace.

Q
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PEI-g-CsN,@DNA

Weight ratio
of PEI-g-C3N4: DNA

Free DNA
Branched PEI@DNA
PEI-g-CsN,@siRNA

10:1  20:1 50:1 100:1 200:1

Figure 5.2. a) Gene binding capability of PEI-g-C3N4 composites with different composites to
model DNA ratios and b) binding capability of same 200:1 weight ratio of PEI-g-C3N4 @DNA
composites, 800 Da branched PEI@DNA and the PEI-g-C3N4 @siRNA composites.

5.2.4.2. Binding Capabilities of siRNA Delivery System

Agarose gel electrophoresis was used to evaluate the binding ability of delivery carriers. A
model DNA with same quantity of the bases of functional siRNA was used to instead expensive
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siRNA, and the weight ratio of delivery carriers to model DNA increased from 10 to 200. For
g-C3N4 nanosheets, the brightness of escaped DNA remain similar with the increase of weight
ratio, which indicates g-C3Nananosheets have weak binding abilities (Figure S5.6). While PEI-
g-C3N4 composites show good binding capability of gene, as the brightness of escaped DNA
decrease and thoroughly disappear at weight ratio 200, which may be attributed to completely
binding DNA (Figure 5.2a). Figure 5.2b illustrates the binding capabilities of various samples
at the above complete binding weight ratio 200. Low molecular weight branched PEI
themselves cannot thoroughly bind gene, as the escaped model DNA can be observed. Neither
g-C3N4 nanosheets nor Low molecular weight PEI has great gene binding abilities, but PEI-g-

C3N4 composites show good binding abilities of both model DNA and real functional siRNA.
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Figure 5.3. a) Biocompatibility of PEI-g-C3Ns composites and b) cytotoxicities of 1pg mL
equivalent concentration of free siRNA and PEI-g-C3Ny @ siRNA against HEK 293 and KHOS

cell lines.

5.2.4.3. Biocompatibilities and Cytotoxicities Studies

Biocompatibilities of PEI-g-C3N4 composites were investigated by 3-(4,5-dimethylthiazol-2-

y1)-2,5-diphenyltetrazolium bromide (MTT) assays against human osteogenic sarcoma
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(KHOS) and human embryonic kidney (HEK 293) cell lines within material concentration
range from 10 to 200 pg mL!. In Figure 5.3a, cell viabilities remain above 85% at high
concentration 200 pg mL™', which means PEI-g-C3N4 composites have good biocompatibilities

in both cancer and normal cell lines.

Based on the complete binding weight ratio 200, cytotoxicities of free siRNA and PEI-g-
C3N4 composites @ siRNA were also investigated by MTT assays against KHOS and HEK
293 at 1 pg mL ' siRNA equivalent concentration. As demonstrated in Figure 5.3b, free siRNA
and PEI-g-C3N4 composites @ siRNA have no obvious cytotoxicity in HEK 293 cells, but
show clear cytotoxicity in KHOS cells with cell viabilities around 75 and 50%. By comparison,
the delivery system PEI-g-C3N4 composites @ siRNA has greater cytotoxicity in KHOS cells

than free siRNA.
5.2.4.4. Raman Traced Cellular Uptake

Since the designed PEI-g-C3N4 composites @ siRNA delivery systems have Raman-active
properties, their cellular uptake performances after 4 h incubations in the KHOS cells were

traced Raman methods without artificial labels.

Fluorescence trace was also conducted as comparing experiments (Figure S5.7). The
fluorescence results are demonstrated in low magnitude (a-c) and high magnitude (d-f). In
optical images (Figure S5.7a and d), healthy morphologies of KHOS cells can be observed.
With the limitation of instruments, the blue self-fluorescence trace pattern of delivery system
was obtained under 405 nm excitation, which may cause low collections of fluorescence signals.
That may be the reasons that the cellular uptakes of PEI-g-C3N4 composites, which are shown
as the brightness of blue colour in fluorescence-traced images, can hardly observed from low
magnitude image (Figure S5.7b). In high magnitude image (Figure S5.7¢), the existences of

PEI-g-C3N4 composites could be verified, but they are not shown clear cell morphologies. are
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the merged images Figure S5.7¢ and f show that high brightness of blue colour are inside
KHOS cells, which demonstrating these fluorescent delivery systems really delivery into cells
at traced time point, but low blue brightness caused by noises signals can also be seen in the
traced images. Although these PEI-g-C3N4 composites could be traced by fluorescence, the
traced results can hardly show clear cell uptake images and influenced by the cell background

noises.
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Figure 5.4. Raman mapping images of PEI-g-C3Nj composites @ siRNA with a) low
magnitude and b) single cell scale with 2 points, ¢) Raman spectra of two selected positions 1

and 2, d, f) Raman mapping image, and e, g) merged images.

Figure 5.4 are the low magnitude (several cells, a, d, €) and high magnitude (single cell, b,
f, g) Raman tracing results of PEI-g-C3N4 composites @ siRNA delivery systems under 785
nm excitation laser. Figure 5.4¢ shows the compared Raman spectra of position 1 in cell region
and position 2 in substrate. The dominated Raman peak centred around 550 cm! can be clearly
noticed. In Figure 5.4d and f, the traced pattern can demonstrate clear cell morphologies with
different red brightness representing different uptake amount of delivery systems, and dark

backgrounds also show little influenced on Raman trace. As Raman peaks are finger-print
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bands with high sensitivities, Raman traced images are of higher resolutions and sensitivities
with little affected background noises, compared with fluorescence ones (Figure S5.7). The
Raman method could possibly replace widely implemented fluorescence in tracing, and
these designed PEI-g-C3Ns composites make it possible to direct trace without further

labelling.
5.2.5. Conclusion

Novel designed low molecular weight branched PEI and almost single-layer g-C3N4 nanosheets
composite gene delivery systems with 100-150 nm in sheet sizes and 0.6 nm in thicknesses
were successfully used as Raman traceable gene carriers for the first time. Low molecular
weight branched PEI components with good cellular biocompatibilities are aimed to change
the zeta potentials of the system from negative to positive and offer the system higher siRNA
binding capabilities than 800 Da PEI themselves. The uniform layered g-C3N4 nanosheets,
which form the main part of delivery carriers, provide the system with high degree of surface
functionalities to conjugate PEI functional groups and with Raman-active features that
contributes to target direct-Raman tracing of the system without artificial labels. Raman tracing
shows several competitive advantages over fluorescence like higher resolution and low signal
to noise ratio, which makes it as a better method for real-time uptake visualizations and the

intracellular performances tracing of delivery system.
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5.2.6. Supporting Information

Graphitic Carbon Nitride Composites: Label-free Direct Raman Traceable

siRNA Delivery System

a
Tl neutralize to
bulk | Acid ®! | - pH=7, ~ layered
g-CsNy soluble ‘ sonication,  9-CiN,
g-C3N, | filtered

Figure S5.6. Synthesis process of acidified layered g-C3N4 nanosheets and photographs of a)
bulk g-CsNs powder, b) g-CisNs powder in HaSO4 before reaction, c) acidified g-CsNa
nanosheets soluble in HxSOs after reaction and d) suspension of acid-soluble g-CsNa4

nanosheets in ethanol.
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500

Figure S5.2. SEM images of a) bulk g-C3N4 powder, b) layered g-C3N4 nanosheets, ¢) PEI-g-

C3N4 composites and d) TEM image of layered g-C3N4 nanosheets with enlarged one inset.

96



20 —=—gCN,
—e—PElg-CN,
15 -
3
| .
2 10
E
=]
z
5 -
0 ¥ T T
0 100 200 300 400

Hydrodynamic Size (nm)

Figure S5.3. Hydrodynamic size distributions of g-C3N4 nanosheets and PEI-g-C3Na

composites in water at pH 7.
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Figure S5.4. a) FT-IR of bulk g-C3N4 powder, g-C3N4 nanosheets and PEI-g-C3N4 composites,
and b) Fluorescence excitation and emission spectra of g-C3Ns nanosheets and PEI-g-C3Ns

composites.
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Figure S5.5. TGA curves of the calcination processes of 800 Da branched PEI, g-C3Ny4

nanosheets and PEI-g-C3N4 composites.
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Figure S5.6. Agarose gel electrophoresis indicating the capabilities of g-C3N4 nanosheets
binding model DNA from materials to DNA weight ratio 10 to 200.
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Figure $5.7. Fluorescence images of PEI-g-C3Ns @siRNA composites with low magnitude (a-
¢) and high magnitude (d-f), a, d) optical images, b, ) fluorescence images and c, f) merged

images.
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Figure S5.8. The calculated Raman activity of g-C3N4 model at 785 nm incident light.
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Figure S5.9. The vibrations of g-C3N4 model at 448 cm™'Raman shift with arrows show the

directions of vibrations.

Figure S5.10 The vibrations of g-C3Ns model at 528 cm™'Raman shift with arrows show the
directions of vibrations.
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Table S5.1. Hydrodynamic sizes and zeta potential of g-C3N4 nanosheets and PEI-g-C3Ny

composites measured at pH=7.

Sample Name PDI  Hydrodynamic Size [nm]  Zeta Potential [mV])
g-C3Ny 0.25 118.4 322415
PEI-g-C3Ny 0.46 122.1 42.5+0.1
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Chapter 6 Advanced Label-free Graphitic Carbon Nitride

Nanocarriers for Traced Delivery

6.1. Introduction, Significance and Commentary

Two-dimensional graphitic carbon nitride (g-CsN4) materials of tunable large band-gaps and
good fluorescence properties have been regarded as one of suitable carriers for fluorescence-
based bio-imaging and tracing applications. In order to investigate and find out whether g-C3Na
can be used for surface enhanced Raman scattering (SERS) imaging applications or for
smart fluorescence imaging, g-C3N4 carriers with two advanced modifications have been

designed. The highlights of this work include:
1. Extend the application of g-C3N4 materials from spontaneous Raman to SERS imaging

By further modification of small gold nanoparticles on the surface of g-C3Ng, the new
structured materials can be used as SERS traceable nanocarriers, and it is evident that the

strength of Raman signal can be enhanced up to 4.57x10° times.

2. Transfer g-C3N4 materials from two dimension to three dimension and form smart

fluorescence nanocarriers

As glutathione (GSH) concentration in cytosol and the cell nucleus is quite higher than those
in body fluids like blood, while GSH concentration in cancer cells is higher than normal healthy
cells. In addition, GSH can cut the disulfide bond into thiol groups. The designed disulfide
bond cross-linked g-C3N4 nanocomposites might be separated into g-C3N4 nanosheets in the
cancer cells. As single layer g-C3Ny has higher strength fluorescence signals than those of the
cross-linked g-C3N4 nanocomposites, the designed cross-linked g-C3N4 nanocomposites

could show different imaging pattern between healthy and cancer cells.
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6.2. Advanced Label-Free g-C3N4s Composite Traceable Nanocarriers for

Bio-Imaging and Traceable Delivery Applications

This section is included in the thesis as it appears as an unpublished and unsubmitted work

written in manuscript style.
6.2.1. Abstract

Advanced label-free g-C3Ns composite nanocarriers were designed for surface enhanced
Raman scattering (SERS) imaging applications and smart three-dimensional nanocarriers for
fluorescence imaging applications. By modification of small gold nanoparticles on ultrathin
PEI-g-C3N4 nanosheets, the spontaneous Raman intensity of g-C3Nas can be enhanced up to 5
orders of magnitude, which makes it possible for high sensitive SERS imaging. As glutathione
(GSH) concentration in cytosol and the cell nucleus is quite higher than those in body fluids
like blood, while GSH concentration in cancer cells is higher than normal healthy cells. By
using redox-sensitive non-fluorescent cross-linker to form three-dimensional cross-linked g-
C3Ny (CL-g-C3N4) nanocomposites, the fluorescence imaging can be specific and show

selectivity between healthy and cancer cells.
6.2.2. Introduction

Since the successfully isolation and investigation of the graphene, which won the 2010 Nobel
Prize, was reported, two-dimensional materials (2DMs) with unique optical, electrical and
thermal features have attracted the world-wide research interests!'3), It is evident that the large
surface area of mesopores highly contribute to efficient cargo loading™, as 2DMs with ultrathin
thickness and two dimensional morphologies provide ultrahigh surface-area for loading and
adsorbing guest cargos. 2DMs could be ideal carriers for drug/gene delivery system. So far,

2DMs such as layered double hydroxides (LDHs)I), ultra-thin black phosphorous (BP) 7],
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graphitic carbon nitride (g-CsNg)® !9 hexagonal boron nitride!'] and transition metal
dichalcogenides like MoS,"?! and WS,!"3) have been used in numerous bio-applications
including antimicrobial activity, tissue engineering, bio-sensing, bio-imaging and tracing

delivery applications.

Among those materials, g-C3N4 has promising water dispersibility without further
surfactants or oxidation treatments, and that is why it can be easily direct-exfoliated in aqueous
solutions like water.!® 11 Tn addition, g-C3Ns also hold great features like small sheet size, high
hydrophilicity and low toxicity, which makes it as a wonderful material for forming delivery
vehicles. Water-dispersed exfoliated g-C3Ns nanosheets with pH-dependent
photoluminescence (PL) was reported as fluorescence nanocarriers for imaging within
HeLa cells!'?!. Ultrathin g-C3N4 nanosheets were fabricated and reported as nanocarriers
for anticancer drug (doxorubicin, Dox) delivery and photodynamic therapy®. Single-
layered biocompatible g-C3N4 quantum dots (QDs) were introduced to two-photon
fluorescence imaging applications, for it has large two-photon absorption, high photo-
stability and great photo-thermal effects!!*]. Consequently, g-C3N4 of tunable large band-
gaps and good fluorescence properties have been proved as suitable carriers for

fluorescence-based bio-imaging and tracing applications.

In order to investigate the potential cytotoxicity of these very small inorganic g-C3Ny
nanocarriers, the bio-imaging and carrier visualization studies have been put on the
researchers’ agenda. In our previous work, a kind of ultrathin PEI-g-C3N4 nanosheets has
been synthesised and confirmed that they have fluorescent and Raman-active properties, so it

can be used for spontaneous Raman imaging.

In order to investigate and find out whether g-C3N4 can be used for other bio-imaging
applications or synthesis smart nanocarriers for fluorescence imaging, g-C3Ns carriers with two

advanced modifications were designed in this work. The first one was coating small gold
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nanoparticles on the surface of PEI-g-C3Ns nanosheets, which formed SERS tags. The second
one was combined several PEI-g-C3N, nanosheets by non-fluorescent disulfide cross-linker to
construct a three dimensional structure, which is great for endocytosis, the major cellular
uptake mechanisms for pharmaceutics, and it is also a simulation to form static fluorescence
quenching and recovered design model. Cytosol and the cell nucleus have a high redox
potential with glutathione (GSH) concentrations ranging from 2 to 10 mM, while body
fluids like blood and normal extracellular matrices possess a low reducing power with
GSH concentration as low as 2 — 20 pM!!62% Tn addition, GSH concentration in cancer
cells is higher than normal healthy cells. Based on thiol-disulfide exchange reaction, the
disulfide bond can be cleaved into thiol by GSHU¢!'8 As shown in Scheme 6.1, the
synthesised three dimensional g-C3N4 nanocomposites could possibly be separated into single

layered nanosheets in cell cytosol.

SERS

(single layer) (2 or more layers)

Fluorescence Fluorescence quenching

4.,4'-Dithiodibutyric acid

o . _'.\._‘—_ P
= HO ,S\/-\)J\ GSHin cancercell‘ g \
\n/\/\s OH :\XS\ \
9] S o )
Scheme 6.1 Advanced g-C3N4 composites (Au-PEI-g-C3N4 nanosheets and 3D cross-
linked g-CsNs4 composites) synthesis processes and their possible fluorescence
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quenching and recover performances in cancer cells.

6.2.3. Experimental Section
6.2.3.1. Materials and Chemicals

Melamine (99%), branched polyethylenimine (PEIL, M.W: ~ 800 Da), Sodium
borohydride (NaBH4), sodium citrate (NasCt), N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 4,4’-
Dithiodibutyric acid (95%), ethanol solution, dimethyl sulfoxide (DMSO) and other
chemicals were purchased from Sigma Aldrich. Concentrated sulfuric acid (H2SOu,
98.0%), gold (III) chloride trihydrate (HAuCl4-3H20) and sodium hydroxide (NaOH,
pellets) were purchased from Chem-Supply Australia Pty Ltd. Fetal bovine serum (FBS),
Dulbecco’s modified eagle medium (DMEM), Minimum Essential Media (MEM),
sodium pyruvate (NaP, 100 mM), L-Glutamine (200 mM), HEPES (1 M) buffers,
phosphate buffered saline (PBS, pH=7.4), trypsin (0.25%) and 3-(4,5-Dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Life Technologies
Australia Pty L.td. Human osteosarcoma cell line KHOS were purchased from American
Type Culture Collection. All materials were of analytical grade and used as received
without further purification. Millipore water was achieved from a three-stage Millipore
Mill-Q plus 185 purified cation system (Academic) with a resistivity higher than 18.2

MQ-cm.
6.2.3.2. Characterisation

Scanning electron microscopy (SEM) observations were carried out on a FEI Quanta
450 FEG environmental emission scanning electron microscope operated at 10 kV. IN
addition, SEM observations were taken after each specimen coated 5 nm platinum layer

by ion sputtering. Transmission electron microscopy (TEM) images were obtained by a
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FEI Tecnai G2 Spirit transmission electron microscope at an acceleration voltage of 120
kV. Fourier transform infrared (FTIR) spectra were recorded at room temperature on a
Thermo Scientific NICOLET 6700 FTIR spectrometer. The pH values were measured
by a pH meter (EL20, MET-TLER TOLEDO). X-ray diffraction (XRD) patterns were
obtained on a powder X-ray diffractometer at 40 kV and 15 mA using Co-Ko, radiation
(Miniflex, Rigaku). Raman spectrum were collected by a HORIBA Lab RAM HR
Evolution equipped with 785 nm laser. Fluorescence emission and excitation spectra
were recorded on a RF-5301PC spectrofluorophotometer (Shimadzu Scientic
Instruments). Fluorescence traced images were taken on a ZEISS Axio Vert. Al inverted

microscope equipped with 370 nm laser.
6.2.3.3. Preparation of PEI-g-C3N4 Nanosheets

The bulk graphitic carbon nitride (g-C3N4) was prepared by 2 hours 600 °C thermal

l'in a muffle furnace. Then bulk

condensation of melamine with a ramp rate of 3 °C min”
g-C3N4 powder (1 g) was dissolved in concentrated H2SO4 (20 mL) at 100 °C for | hour,
natural cooled, and carefully injected into 70 °C ethanol (80 mL) with 800~1000 rpm stirring
during the process. The precipitate acidified g-C3Ns was centrifuged at 16000 rpm,
washed with deionized water and dried in a 60 °C oven for 24 h. Subsequently under
sonication, acidified g-C3N4 (100 mg) was dispersed in water (100 mL) and adjusted the pH
value to neutral by NaOH for further use. After the addition of EDC (100 mg) and HNS (100
mg) in the aqueous acidified g-C3Na4 suspension, 100 mg mL! 800 Da PEI (2 mL) was added
and then stirring for 24 h, PEI-g-C3Ns were centrifuged, washed and dried in a 60 °C oven

for 24 h. Then PEI-g-C3N4 was dispersed in water to form aqueous PEI-g-C3Ny solution (1

mM) for further use.

6.2.3.4. Preparation of Au-PEI-g-C3N4 Nanosheets
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Typically, 1 wt% HAuCly'3H20 (100 pl) and water (9 mL) were mixed under 800~1000 rpm
stirring at room temperature, and then 38.8 mM Na3Ct (200 pL) solution was injected. After
dropwise adding 0.075 wt% NaBH,4 (100 pL), gold nanoparticles were synthesised. Finally,
gold nanoparticles were aggregated on PEI-g-CaN4 nanosheets under sonication, and formed
purple solution containing Au-PEI-g-C3N4 nanosheets. The precipitate was centrifuged,

washed several times, and re-dispersed in water for further use.
6.2.3.5. Preparation of Cross-Linked g-C3N4 Nanosheets

4,4’-Dithiodibutyric acid was dispersed in water to obtain aqueous solution (2 mM). EDC
(100 mg) and HNS (100 mg) was added into 100 mL aqueous 4,4’-Dithiodibutyric acid
solution and stirred for 1 h. Then aqueous PEI-g-C3N4 solution (1 mM, 100 mL) was put into
the above system, after 24 h stirring, the products CL-g-C3Ny were filtered, centrifuged, washed

repeatedly and re-dispersed in water.
6.2.3.6. Cell Culture and Material Biocompatibility

Cells were cultured in growth medium at 37 °C, 5% CO; and humidified atmosphere. The
growth medium of human cervical cancer HelLa cells is 90% MEM, 10%FBS, 0.1% NaP,
0.1%L-Glutamin, 0.15% HEPES and 1% Anti-anti solution, while growth medium of human
embryonic kidney cell line HEK 293T is in the same prescription, expect the 90% MEM was
replaced by 90% DMEM. Material biocompatibility was measured by MTT assays, as MTT
could access cell metabolic activity. The cellular oxidoreductase enzymes in living cells can
reduce the tetrazolium dye MTT to formazan, which is a purple crystal and insoluble in cell
culture medium. In a 96-well plate, cells were seeded at a density of 5x10* cells mL™! in each
well with their growth medium (100 pL). Subsequently after 24 h incubation, the previous
medium was replayed by fresh medium (100 pL) together with various concentration of

materials (Au-PEI-g-C3Ny and CL-g-C3N4). After another 24 h incubation, 0.5 mg mL'MTT
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(10 pL) was added to each well and then incubated for a further 4 h. In the end, the medium in
each well was replaced by 150 pL DMSO to dissolve formazan crystals. In dark conditions,
the MTT assays were conducted in quadruplicate for each sample. The absorbance of formazan

crystals was measured by an ELx808 Absorbance Microplate Reader (Biotek, USA) at 595 nm.
6.2.3.7. Cell Uptake of CL-g-C3N4 Traced by Fluorescence Microscopy

In a typical run, 2x10° HeLa and HEK 293T cells were seeded separately on a cover-glass with
their own growth medium (2 mL) and in a well of the 6-well plates. After 24 h incubation at
37 °C, 5% COz and humidified atmosphere, the medium was replaced by fresh medium
containing CL-g-C3N4 composites. After another 4 h incubation, the cover-glass with cells and
composites were carefully washed by PBS twice. The fluorescence traced image was taken by

a ZEISS Axio Vert. Al inverted microscope equipped with ~370 nm DAPI fluorescent port.
6.2.4. Results and Discussion

As shown in Scheme 6.1, in order to find novel g-C3N4 based traceable delivery systems, single
layered low molecular weight PEI combined g-C3Ng4 nanosheets were post-functionalized in
two ways. One is using gold nanoparticles attaching the g-C3N4 nanosheets, and to discover
whether they are suitable for SERS tracing or not. The other one is using non-fluorescent
polymer linker to cross-link g-C3N4 nanosheets, and to investigate the fluorescence quenching

and recovery phenomena.
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—— 100 nm

Figure 6.1. TEM images of Au-PEI-g-C3N4 nanosheets with low magnitude (a) and high
magnitude (b) and TEM images of cross-linked g-C3Ns composites with low magnitude (c),

high magnitude (d-f).
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6.2.4.1. Synthesis of Au-PEI-g-C3N4 Nanosheets

Au-PEI-g-C3N4 nanosheets were synthesised by small gold nanoparticles attaching on PEI-g-
C3N4 nanosheets. Transmission electron microscopy (TEM, Figure 6.1a and b) shows that
small gold nanoparticles with size ranged from 2-20 nm were aggregated on layered PEI-g-
C3N4 nanosheets with an average size around 100 nm. In FT-IR spectrum (Figure 6.2), peaks
centre at 1620, 1562, 1470, 1404, 1318 and 1239 cm™ are due to the skeletal vibrations of
heptazine-derived repeating units of aromatic CN heterocycles, and peak-centre at 800 cm ™ is
because of the breathing vibration mode of the tri-s-triazine units. Peaks centre around 3100
em! are the results of N-H stretching vibrations from the absorbed H20 molecules and amino
groups. To verify the gold aggregation, wide-angle X-ray diffraction (XRD) analysis was
conducted for PEI-g-C3Ny and Au-PEI-g-C3Ngy, the XRD pattern is shown in Figure 6.3. For
both PEI-g-C3N4 and Au-PEI-g-C3Ns4, peaks centre at 13.3° and 27.4° can be considered
as the evidence of (100) in-plane repeating tri-s-triazine units and (002) interlayer
reflection of graphitic-like structures!. A standard XRD curve of the gold nanoparticle
from JCPDS card no. 04-0784 is shown by red vertical line, which represent (111), (200),
(220) and (311) planes. The diffraction angle of Au-PEIl-g-C3N4 20 =38.18°, 44.39°,
64.58° and 77.55° can match the standard data. It also confirms the attachments between
gold and PEI-g-C3Ny4 nanosheets. In addition, it can be noticed that there is a slight low
shift of peak (002) from PEI-g-C3N4 to Au-PEI-g-C3N4, which can be attributed to

interactions between gold and PEI-g-C3Ny.

In Figure 6.4, two dominated peaks centre at 448 and 550 cm!, which can be noticed
in the Raman spectrum of PEI-g-C3N4 nanosheets. While in the SERS spectrum of Au-PEI-
g-C3Ny, only peak centres at 559 cm™ can be easily observed. The shift from 550 to 559

ecm™! may be attributed to the interactions between gold and g-C3N4. Based on that 559
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cm™ band intensity, effective enhancement factor (EEF) of Au-PEI-g-C3Ny can be roughly

calculated by the following equation.

I N,
EEF — SERSNVbulk

IbquNSERS

Where Iggps and Ip,; are the intensities of SERS and bulk spectra at the 1078 cm™ band,

Npulk

is the molar ratio between bulk and SERS sample[?% 23],
NsErs

As demonstrated in the insect of Figure 6.4, EEF of Au-PEI-g-CsNg is calculated as
approximate 4.57x10%, based on 550 cm™ Raman peak and 559 cm™ SERS peak. As the EEF
is quite high, that means the Au-PEI-g-C3N4 nanosheets have the capability to conduct ultra-

sensitive SERS trace.
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Figure 6.2. FTIR spectra of cross-linked g-C3N4 composites and Au-PEI-g-C3Nynanosheets.
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Figure 6.3. XRD pattern of PEI-g-C3N4 and Au-PEI-g-C3N4 nanosheets with standard intensity
obtained from JCPDS card no. 04-0784.
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Figure 6.4 Raman spectra of PEI-g-C3N4 nanosheets, SERS spectra of Au-PEI-g-C3N4

nanosheets and the estimated effective enhancement factor.

6.2.4.2. Synthesis of CL-g-C3N4+ Composites

Cross-linked graphitic carbon nitride (CL-g-C3N4) composites were fabricated by using
115



non-fluorescence polymer linkers with disulfide (-S-S-) bonds, which transfers the two
dimensional materials to a three dimensional platform. 3D structure is great for endocytosis,
which is the major cellular uptake mechanisms for pharmaceutics. TEM images (Figure 6.1 c-
f) show that CL-g-C3N4 composites with an average size of 200 - 500 nm.are estimated as the
combinations of two and more layered g-C3N4 nanosheets. From FT-IR (Figure 6.2), typical
skeletal CN heterocycle vibration peaks centre at the range 1200-1600 cm ™! and the peak-centre
of tri-s-triazine unit breathing mode 800 cm™' can also be found, which confirms the structure
of g-C3Ny are not damaged by cross-linkage. In addition, 2173 cm™ peak-centre was attributed

to C=N and N=C=N groups® **1. Peaks centre around 3100 cm™ are the results of N—H

stretching vibrations.
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Figure 6.5. Fluorescence spectra of single layered PEI-g-C3N4 nanosheets, cross-linked g-C3Ny

composites and GSH added cross-linked g-C3N4 composites.

6.2.4.3. Fluorescence Quenching of CL-g-C3N4 Composites

As illustrated in Figure 6.5, single-layer PEI-g-C3N4 nanosheets display fluorescent feature

with maximum emission wavelength at 401 nm. However, CL-g-C3N4 composites have same
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fluorescence peak at 401 nm with quite lower intensity. This phenomenon is called
fluorescence quenching. Based on thiol-disulfide exchange reaction, the disulfide bond (-S-S-)
can be cleaved into thiol (-SH) by the glutathione (GSH)!*18], After add GSH into the CL-g-
C3N4 composites can cut the linkage between nanosheets. It can be found in Figure 6.5, there
is an increase of the intensity of 401 nm peak. The reduction of fluorescence intensity value
recovered a bit but still lower than single layer fluorescence value. Consequently, the

fluorescence quenching phenomenon is proved.
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Figure 6.6. Biocompatibilities of CL-g-C3N4 composites and Au-PEI-g-C3Nj nanosheets in
HEK 293T and HeLa cell line.

6.2.4.4. Biocompatibilities of Advanced Graphitic Carbon Nitride Nanocarriers

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays against
human cervix carcinoma (HeLa) and human embryonic kidney (HEK 293T) cell lines
were conducted to measure cell viabilities within material (CL-g-C3N4 composites and

Au-PEI-g-C3N4 nanosheets) concentrations ranging from 10 to 200 pg mL™'. As shown
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in Figure 6.6, cell viabilities of both HelLa and HEK 293T cells remain above 85% at
high material adding concentration 200 ug mL™, which means CL-g-C3N4 composites
and Au-PEI-g-CsN4nanosheets both have good biocompatibilities in cancer and normal

cell lines.

Optical
image

Fluorescence
image

Overlap
image

Figure 6.7. Fluorescence traced images of CL-g-C3N4 composites 4 h incubated in HEK293T
cells (a, ¢, €) and Hel.a cells (b, d, f) with scale bar of 50 um.

6.2.4.5. Fluorescence Based Cellular Uptake and Cell Specificity

Since the intracellular concentration of GSH is quite higher than extracellular ones, and
GSH concentration in cancer cells is also higher than health cells, the constructed CL-g-

C3sNy composites have capability to be traced by fluorescence and have cell selectivity between
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healthy and cancer cells. HEK 293 T cells were grown well at the traced moment (Figure 6.7a).
But the fluorescence intensity of CL-g-C3N4 composites is low and only display slight
brightness in the traced image (Figure 6.7¢). It can also be observed HelLa cells distributed in
Figure 6.7b, and by compared between traced images (Figure 6.7¢c and d), in Hel.a cells, the
reduction of fluorescence intensity could be recovered better than it in HEK 293T cells. The
merged images (Figure 6.7e and f) illustrate that the fluorescence traced result and optical
observed results can match well. The fluorescence signals were collected from intracellular
parts. The higher fluorescence in cancer than health cells demonstrated the designed
smart CL-g-C3N4 composites have specificity for tracing intracellular performance in

cancer cells.
6.2.5. Conclusion

Two kinds of novel advanced label-free g-C3N4 composite nanocarriers were designed
and successfully synthesized. One is Au-PEI-g-C3Ns nanosheets for ultra-sensitive SERS
analysis, as its EEF can reach as high as 4.57x10°. The attachments of small gold nanoparticles
on PEI-g-C3N4 nanosheets make it possible for SERS trace. The other one is cross-linked g-
C3N4 composites, which design idea is obtained from the combination of redox responsible and
fluorescence quenching. Interestingly, the fluorescence traceable CL-g-C3N4 composites is
specific for cancer cells, as the fluorescence traced cellular uptake image in cancer cells is

better than those in healthy cells.
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Chapter 7 Conclusion and Perspective

7.1. Conclusion

The works in this thesis are aimed to develop a serial of functional composite nanoscale carriers
for traceable drug/gene delivery based on conventional silica nanomaterials and emerging two
dimensional graphitic carbon nitride materials with favourable size, morphology, structure and
surface modifications, which can be used for fluorescence, Raman or surface-enhanced Raman
scattering (SERS) trace applications. Based on researches, the following conclusions have been

achieved:
1) Initially, we use easy accessed silica nanospheres to valid the feasibility of SERS trace.

A new smart DDS with 5-10 nm gold nanoparticles aggregated on the surface of silica
nanoparticles with an average particle diameter of ca. 80-100 nm was designed through SERS-
traceable nanocarriers baring carboxylic hydrazone-conjugated DOX anticancer agent. This
design displays a sesame-bread structure to stimulate SERS effects by the aggregation of small
exposed gold seeds. It is evident that the nanocarriers have adequate biocompatibilities, while
the smart DDS exhibits selective cytotoxicities between cancer and healthy cells. By choosing
DOX as anticancer model drug, intracellular uptake of DDS particles could be traced by
compared SERS and fluorescence approaches. As SERS signals have higher sensitivities than
fluorescence ones, it could effectively replace fluorescence in tracing. With further
consideration of the non-destructive features of SERS methods, these designed DDS might be
implemented to evaluate other general drugs without fluorescence. This point is also valid for
general drugs without killing cell functions. In that case, we envision that these structured
nanocarriers might have the capability to unveil dynamic processes of drug delivery in living

cells.
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2) Then we continued on developing advanced SERS tags based on silica materials, and

applied in gene delivery.

A novel surface-enhanced Raman scattering (SERS) traceable gene delivery system has been
synthesized under a stellate porous silica platform. In here, gold nanoparticles were obtained
by in-site reduction of HAuCls'3H20, and aggregated on silica skeleton by electrostatic
and capillary adsorptions. The special gold-silica structure can give the delivery system
SERS active effects, which allows the SERS trace be possible. In addition, SERS trace is great
for delivery performance, as it has high sensitivity and non-invasive features, which makes
the constructed delivery system have considerable capabilities to discover the real-tine delivery

performances in living cells.

3) Subsequently, we combined emerging two-dimensional materials and selected

graphitic carbon nitride (g-C3Ny) as new platform for traceable delivery studies.

Novel designed low molecular weight branched PEI and almost single-layer g-C3Ng4
nanosheets composite gene delivery systems with 100-150 nm in sheet sizes and 0.6 nm in
thicknesses were successfully used as Raman traceable gene carriers for the first time. Low
molecular weight branched PEI components with good cellular biocompatibilities are aimed to
change the zeta potentials of the system from negative to positive and offer the system higher
siRNA binding capabilities than 800 Da PEI themselves. The uniform layered g-C3Nj
nanosheets, which form the main part of delivery carriers, provide the system with high degree
of surface functionalities to conjugate PEI functional groups and with Raman-active features
that contributes to direct Raman tracing of the system without artificial labels. Raman tracing
shows several competitive advantages over fluorescence like higher resolution and low signal
to noise ratio, which makes it as a better method for real-time uptake visualizations and the

intracellular performances tracing of delivery system.
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4) Later, we developed advanced modified g-C3Ns nanocarriers for the purpose of
extending their use for other high-sensitive bio-imaging applications and combining with

stimuli-responsible linker to form smart nanocarriers.

Two kinds of novel advanced label-free g-C3N4 composite nanocarriers were designed and
successfully synthesized, One is Au-PEI-g-C3N4 nanosheets for ultra-sensitive analysis, as its
EEF can reach as high as 4.57x10°. The attachments of gold nanoparticles make it possible for
SERS trace. The other is a cross-linked g-C3N4 composite, which is designed by the
combination of redox responsible and fluorescence quenching. Interestingly, the fluorescence
traceable CL-g-C3Ng composites is specific for cancer cells, as the traced image of cellular

uptake in cancer cells is better than those in health cells.

5) Finally, the differences between mesoporous silica nanoparticles and graphitic carbon

nitride are summarized based on the advantages and disadvantages for used as nanocarriers.

mesoporous silica

. raphitic carbon nitride
nanoparticles o

Material Name

an emerging material, not
well-discovered synthesis
method, hard to control size,
require further steps to get
uniform size

mature and well-discovered
synthesis method, easy to get
uniform and control particle
size, pore structure, pore size

Structure Control

nanoparticles are spheres,

Morpholo i3 3 . two dimensional nanosheets
L which is great for endocytosis.
. functionalized based on stick
, o layer by layer functionalized, _
Functionalization layer to the surface, similar as

but the size may increase
layer to layer

photoluminescence,
fluorescent, can be used as
label-free carriers

non-fluorescent, need artificial

Fluorescence Trace
fluorescent-marker

) ; have spontaneous Raman
no Raman-active, require

i s spectrum, can be used as label-
artificial Raman-marker P

free carriers.

Raman Trace
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7.2. Perspective

Based on the conclusions and work presented in the thesis, we propose some further research

perspectives that can be possibly achieved in the following directions:
1) Multiple trace of nanocarriers and drugs/genes fate by SERS imaging.

In Chapter 3 and 4, it is evident that silica-gold nanocomposite carriers can successfully trace
the intracellular uptake of carriers by SERS imaging. In addition, SERS imaging have high
sensitivity and stability than fluorescence. As the fingerprint features of SERS signals, the
influence of different SERS reporters is distinct. If we select two different SERS reporters
grafted on carriers and drugs, it is possibly to trace their intracellular performances

simultaneously, which is good for analyzing multi-drug delivery systems.
2) Continue the studies of SERS traceable g-C3N4 nanocarriers.

In Chapter 5, we find the single-layer g-C3N4 have spontaneous Raman intensity, while in
Chapter 6, we confirmed that Au-PEI- g-C3N4 nanosheets have the possibilities for SERS
imaging. As SERS imaging approach is non-destructive, the real-time trace of SERS traceable
nanocarriers should have the possibility to figure out the dynamic intracellular performances

of the samples in living cells.
3) Discover novel biocompatible materials for SERS traceable nanocarriers.

In this project, biocompatible silica was used for synthesis SERS traceable nanocarriers, but it
required SERS reporter connections. Two dimensional g-C3N4 was used for constructing SERS
traceable nanocarriers as an advanced platform, for g-C3Ny4 has spontaneous Raman spectrum.
But g-C3Ny is not as good as silica to be easily biodegraded in vitro. In that case, both silica
and g-C3Ng have their merits and demerits, the search of novel favorable biocompatible

materials for SERS trace is still needed.
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4) In vivo SERS trace.

In this project, all the work is conducted in vitro. However, in order to further clinic applications,
the in vivo evolution is of great importance. The in vitro results can be different from in vivo
ones, as there are a large majority of biological barriers and complex bio-chemistry reactions
in the real body circumstances. The in vivo performances requires high resolution imaging

techniques like SERS for trace and evaluation.
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