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0.1 Abstract

The silicon nanoparticles has been extensively investigated after the discov-
ery of visible emission from porous silicon by Canham in 1990s [1]. The size
dependent optical property of this material has found its utility not only in
optoelectronics but especially in biomedical applications [2, 3, 4, 5, 6]. The
semiconductor like CdSe, GaAs etc. based quantum dots have been found
to be an ideal candidate in biological imaging but its toxicity towards biolo-
gical media limits its application in this fields [3, 7, 5]. Due to low biological
toxicity [8, 3|, high quantum yield [8, 9, 10] and stability in aqueous solution
[9, 10] the silicon nanoparticles found to be a good candidate as fluorescent
dyes in many biological assays for fluorescence imaging techniques. For this
we require synthesis techniques with minimum steps, large scale production
and having minimum usage of chemicals. In this work, we report the syn-
thesis of water dispersible silicon nanoparticles by one step procedure using a
(3-aminopropyl) trimethoxysilane (APTES), Venyltrimethoxysilane (VIMS)
as precursors and ascorbate sodium as a reducing agent. Also we report the
plant extract mediated green synthesis of silicon nanoparticles by replacing
ascorbate sodium with Citrus lemon extract as reducing agent. The syn-
thesis was performed at room temperature and pressure. The synthesized
silicon nanoparticles have been characterized using Photoluminescence (PL),
UV-Vis spectroscopy, FTIR and Transmission electron microscopy (TEM).
These silicon nanoparticles exhibit strong room temperature PL in blue re-
gion. The PL in blue region is mainly attributed to the oxide related defects

and an attempt has been made to study its optical properties. A compar-



ative study of both the samples prepared from APTES and VTMS using
chemical and green reduction techniques have been discussed. The synthes-
ized silicon nanoparticles has been studied as an antimicrobial agent. Also,
we checked the feasibility of silicon nanoparticles as fluorescence probe in

bio-cell imaging.
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Chapter 1

Introduction

The emergence of nanotechnology has put forward some new application
which has changed the lives of the people. This fact stimulates a consider-
able and detail investigation of nanoparticles as this unlock many potential
applications in the field of photonics, catalysis, biomarkers, single photon ap-
plication, solar cell, UV laser, surface enhanced raman spectroscopy (SERS),
chemical and biological sensor [14, 15, 16]. The optical, chemical, mechan-
ical and magnetic properties of nanoparticles as compared to that of its bulk
counterparts have led to the revolution especially in the field of biomedical
applications [17, 5]. The difference in their property is mainly due to in-
creased surface to volume ratio at nanometer scale [18, 19]. Nanoparticles
are basically a bridge between the bulk materials and quantum structure at
atomic level. Numerous studies on semiconductor and metal nanoparticles
especially silver (Ag) and gold (Au) nanoparticles have been done and de-
tailed investigation have been reported [20]. Semiconductor nanoparticles

have received much attention due to their size tunable photoluminescence

12



CHAPTER 1. INTRODUCTION 13

(PL) [21]. The size dependent optical properties of semiconductor has been
attributed to quantum confinement effect (QCE) [22]. The tunability of
emission in semiconductor nanoparticles favours its use in biological ima-
ging as a fluorescence probe. The other advantages are high quantum yield,
narrow emission band and high resistance to photobleaching as compared
to other organic dyes[10, 5]. Among various types of semiconductor based
quantum dots (QDs) such as Cadmium selenide (CdSe), Gallium arsenide
(GaAs) have been widely investigated [7, 23, 24]. But their toxicity in biolo-
gical medium limits their utility towards biomedical application [7]. Silicon
nanoparticles (Si-NPs) being abundant and less toxic is found to be potential
candidate to replace semiconductor based quantum dots like CdSe, GaAs etc
[25, 19, 26]. The discovery of room temperature PL in porous silicon by
Canham in 1990s has stimulates a lot of research work for the investigation
of the optical properties of Si-NPs [1, 27]. However, it has been identi-
fied that the origin of photoluminescence (PL) in Si-NPs are from different
sites such as oxide or surface related defect along with quantum confine-
ment effect[8, 9, 28, 22]. Si-NPs are biocompatible due to their smaller size
[8, 9, 10] but surface functionalization also enhanced its biocompatibility
8, 9, 10, 29, 26]. Therefore to fabricate the desired Si-NPs, numerous syn-
thesis route were developed as reported in the literature [30, 9, 10]. The well
established synthesis routes are electrochemical etching, chemical vapor de-
position, laser driven pyrolysis of silane, gas phase synthesis, wet chemistry
techniques etc [8, 9, 10, 31, 32, 33, 34, 35, 2, 25]. These synthesis techniques
produced hydrophobic Si-NPs which limits their usage in biological applica-

tion [8, 10]. For biological application, the synthesis of nanoparticles involves
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multiple steps such as synthesis, shell growth and surface functionalization
[11]. In this work we made an attempt to produce Si-NPs from simpler one
step synthesis route. The Si-NPs synthesized from this route are found to

have high quantum yield, water dispersible and biocompatible.

1.1 Objectives

So far different methods of synthesis have been reported including ultrasonic
dispersion of electrochemically etched silicon, laser-driven pyrolysis of silane,
gas phase synthesis, micro emulsion synthesis, wet chemical process, sol gel
method etc. which were found complicated which includes firstly synthesis
of, secondly coating and thirdly surface functionalization but the method
used for the study would be one of the novel method for synthesizing water
dispersible silicon nanoparticles with a simple one step procedure using a
mild reagents 3-aminopropyl trimethoxysilane (APTES) and ascorbate so-
dium (AS). The objectives are summerized below

1. Here we try to reproduce the work proposed by Jing et.al. The Si-NPs
can be synthesized using the same synthesis protocol and will also perform
the synthesis of different samples of Si-NPs using different silane precursor
and reducing agents.

2. The synthesized nanoparticles produced from different reagents are char-
acterized by different spectroscopic techniques like UV-Vis spectroscopy, pho-
toluminescence, FTIR and TEM as these techniques are essential to study
mainly its optical, electrical and morphological characteristics.

3. To see the effect of changing the precursor in the above proposed synthesis
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method.

4. Comparing the above synthesized nanoparticles by adopting the green
synthesis method.

5. To see the potential of Synthesized nanoparticles as an antimicrobial
agents.

6. Also, the effort will be made on seeing the nanoparticles as a fluorescence

probe in cell imaging.

1.2 Outline

The research work presented in this thesis gives a quick and reliable tech-
nique for the synthesis of silicon nanoparticles using both chemical and green

synthesis route. The structure of thesis is as follows:

Chapter 1 gives brief introduction of Si-NPs and various synthesis tech-
niques for the preparation of Si-NPs. It briefly describe the history of devel-
opment of Si-NPs where its studies and practical utility has grows exponen-
tially. It briefly explain the unusual physical and optical properties of Si-NPs
which has been drastically changed due to the quantum confinement effect
and defect centres. It highlighted their usefulness in the field of biomedical

applications. It also present objectives and brief outline of thesis.

Chapter 2 gives a detailed insight of semiconductor nanoparticles which
outlines the development in the research work done so far in this field. The

unusual optical properties of Si-NPs has been explain on the basis of its
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bandgap and try to explain the ambiguities in the emission process. It gives
some of the features of chemical and green reduction techniques employed for
the fabrication of Si-NPs. The current significance of Si-NPs in the context
of medical application such as antimicrobial agents and a promising fluores-

cence probe in biological imaging has been discussed.

Chapter 3 gives the details of materials and method used for synthesis
of Si-NPs. The characterization of Si-NPs has been performed using the ex-
perimental instrument which has been explain in the context of Si-NPs. In
addition the materials and method employed for performing the antimicro-

bial activity and cell imaging has been given.

Chapter 4 describe the details of results obtained for APTES and VTMS
silicon nanoparticles samples i.e. AA and AL. The time dependent studies
has been discussed in this chapter. A comparative approach between two

sets of samples has been done.

Chapter 5 discussed the application of Si-NPs as fluorescence probe and

antimicrobial agents in biomedical applications.

Chapter 6 summarised the whole thesis and also briefly discussed the future

prospects of Si-NPs.
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Chapter 2

Literature Review

2.1 Introduction

The new discovered properties of nanoparticles has pave the way for its de-
tail investigation in biological and medical applications. The fluorescence
imaging techniques is one such area where the study of nanoparticles have
found its profound significance in the last two decades. Fluorescence imaging
techniques utilize photoexcited fluorophores whose emission can be detected
[3]. The conventional fluorescent dyes like organic dye and fluorescent pro-
tein posses serious problem because of broad emission profile thus limiting
its usage in this fields [3, 4, 11]. Apart from that photostability is also an
issue [4, 3]. Because of this shortcoming of this conventional dyes a growing
demand of more robust, sensitive and photostable materials are required [36].
Semiconductor quantum dots has emerged as new class of fluorescent dyes in
bioimaging due to its various characteristics properties which are summar-

ised below [5, 3, 37, 24].

18
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1. A narrow emission spectrum reduces spectral overlap which can be set to
allows labelling and observation of detailed biological process [38, 3].

2. It offer broad absorption spectra which facilitates the emission of different
colors of QDs upon the use of single excitation wavelength [3, 11, 4, 39].

3. The large Stokes shift helps in collection of whole emission spectrum res-
ulting in improved sensitivity of detection [3, 11, 4].

4. QDs provide an efficient platform for drug delivery where it can be incor-
porated with antibodies to diagnosis and treatment of cancer [38, 30, 26].
5. Photobleaching in organic dyes has found to be eliminated in semicon-
ductor quantum dots [3, 24].

But the toxicity of semiconductor QDs is still an issue. QDs synthesis for bio-

core o
I shell ;c :__5
BB coating —0 _.___‘_.? \
> biorecognition ] o B—5i \/\/ NH,
element \ -~
2 \

<, \0 (:
|
SN Si— 0 — Si N SH
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Figure 2.1: Four basic step for QDs synthesis for biological applications [11].

logical application has four basic steps: core synthesis, shell growth, aqueous
solubilization and biomolecular conjugation [11]. QDs cores are composed of
semiconductor of groups II-VI (CdSe, CdS, CdTe), group IV-VI (PbS, PbSe,
PbTe, SnTe) and group III- V (InP) [11]. The performance of Semiconductor

QDs as fluorescence probe get enhanced by the surface modification of the
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core with organic ligands [40, 3]. To render semiconductor QDs aqueous solu-
bility, coating with hydrophilic polymer like Thiolate ligands(carboxylic acid,
amine) or silica is necessary [11, 41, 24]. Thiolate ligands coated Si-NPs found
to have better quantum yield and photostability along with narrow emission
profile. In particular the QDs functionalized with amine-terminal ligand
showed less toxicity than other ligands [11]. The terminal ligand like poly-
ethyline glycol (PEG) QDs showed low level of toxicity but also diminished
uptake by cells [11]. The biomolecular conjugation is the crucial step towards
checking its applicability in biological imaging [5]. Covalent attachments of
biomolcules to QDs is achieved through direct linkages or via small molecule
cross linkers. But the QDs coated with silica or silane derivatives during
synthesis include functional groups (thiolate ligands) which automatically
impart direct conjugation. Most of the core-shell structure like CdSe-ZnS
nanoparticles have been investigated for this application [31]. The surface
oxidation of CdSe quantum dots release the free radical Cd%* leading to its
toxic behavior [3, 7, 5] but capping with ZnS particles found to exhibit less
toxicity [7]. The semiconductor QDs is incompatible with polar solvents and
have limited utility in biological application.But this multilayered synthesis
approach has two limitation. First, it was found to have larger size than
standard organic dyes [11] and the second is the optical properties originating
from this materials is the consequence of its complex structure [31, 7, 3, 11].
Not only its toxicity but its complex nature inhibits its usage as a probe in
bioimaging application. In addition, orange-red emitting labels are desirable
[24, 7] since these wavelength are not strongly absorbed by cells and the cells

themselves fluoresces at shorter wavelength [3].
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2.2 Silicon nanoparticles

Silicon nanoparticles (Si-NPs) are important nanomaterials both for opto-
electronics as well as model system for the study of quantum confinement
effect (QCE)[42]. The poor light emitting Silicon had seen major setback
in many application due to its indirect nature of bangap. The report of
visible red luminescence from silicon quantum wire synthesized by electro-
chemical dissolution of wafers by Canham in 1990s [1] revolutionised it ap-
plicability. He attributed the PL origin to two dimensional quantum size
effect. This created tremendous studies through investigation about the op-
tical properties of Si-NPs. Wolkin et.al. (1999) [43] prepared porous Si
quantum dot samples by electrochemical etching and concluded that the
PL of Si quantum dots can be tuned when the surface was passivated with
Si-hydrogen (Si-H) bonds. The Si-NPs prepared from thermal evaporation
by Chen et. al. (2001) [35] suggested that the PL in particle larger than
9nm is due to surface state induced defects while PL for smaller particle is
from quantum confinement effect. Ledoux et. al. (2002) [44] also gives the
similar interpretation for smaller particles size of 2nm and 8nm produced by
pulsed COs laser pyrolysis of silane. The morphology and different functional
groups based optical properties was performed simultaneously and serially by
Makino. et.al (2003) [33], Zhu et.al.(2005) [45], Rogozhina et.al(2006) [46],
Eckhoff et.al.(2005) [31], Hyun et.al.(2007) [47], Nelles et.al.(2009), Dorofeev
et.al.(2009), Eckhoff et.al.(2005) etc. and considerable work was done in this
field. Cedrik et.al.(2007) [48] synthesized Si-NPs in gas phase and conducted

a study whether the SI-NPs is a direct or indirect bandgap. They concluded
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that the Si-NPs has indirect bandgap and the optical properties can also be
shown by the indirect bandgap. Parallel studies of Si-NPs in optoelectronics
as well as in biomedical application were investigated. The red or orange
emission was observed from luminescent colloidal Si-NPs by pyrolysis of sil-
ane (Fojtik et.al, 1994 )[49]. Their studies bring to light the luminescence
quenching phenomena in different solvents. They showed that the quenching
was observed in polar solvents (alcohol, ether, chloroform) but mixing with
non polar solvents (cyclohexane, CCly) does not show any quenching. Similar
studies was performed in low polar solvents by Ryabchikov et.al. (2013) [15],
where efficient dispersion and excellent stability was achieved [50]. Nirmal
ct.al. (1999) conducted an experiment both on Si-NPs and CdSe and both
materials found to have high quantum yield only if the surface chemistry
can be controlled. But the surface chemistry and trapping dynamics in Si-
NPs was not understood or uncontrollable. This results encourages further

research to achieve better or perhaps ideal fluorophores.

2.3 Electronic structure of silicon nanoparticles

The bandgap between valence band and conduction band is of the funda-
mental importance to understand the properties of solids. Any change in the
gap may significantly alter its physical and optical properties. The bandgap
for semiconductor QDs is usually describe by an extended effective mass ap-
proximation model (EMA). EMA model demonstrate size dependence of en-
ergy level in nanoparticles by assuming particle in a square well potential. In

this model, the motion of electron and hole is confide in one or more direction
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by potential barriers. Based on the confinement direction, a quantum confide
structure are classified into three categories (a) quantum well, (b) quantum

wire and (¢) quantum dots or nanocrystals. Semiconductor material are

(= .
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= 212 @[ 1D 2t oo
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Figure 2.2: A schematic diagram showing density of states (DOS) as a func-
tion of the energy for four different types of structures viz. bulk, quantum
well, quantum wire and quantum dots [12].

classified into two types on the basis of its energy bandgap in the energy-
momentum space as direct and indirect bandgap. In direct bandgap, the
transition between valence and conduction band took place between the state
with same k-values thereby conserving momentum. But semiconductor with
indirect bandgap, the momentum is conserved via the interaction hetween
the phonon and the system. The transition in indirect bandgap is of two step
event therefore the optical excitation has very low probabilities. In indirect
bandgap the valence band (maximum) and the conduction band (minimum)

are misaligned with respect to each other. Hence, the efficiency factor of dir-
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ect bandgap is much more than that of the indirect bandgap semiconductor.

Bulk silicon has indirect bandgap with no optical property. The empirical

direct bandgap indirect bandgap y
. ® eleciron
cB (B O hole
w=photon
v phonon
Aaaaad

Figure 2.3: Direct and indirect bandgap [13]

relation between a size and clectronic bandgap of Si-NPs based on PL results
and simulation using linear combination of atomic orbitals (LCAO) has been
suggested by Delerue et. al [2, 48, 42].

a

E,=Eot 3

(2.1)

Where FEj; is the Si-NPs bandgap, Fj is the bandgap of bulk silicon and a
and b are parameters which depends on morphology of Si-NPs and d corres-
ponds to the size. This relation is valid for small (<10nm).For this a and
b are calculated to be 3.73 and 1.39 respectively [2, 48, 42]. The spectral
shifts observed in porous silicon and later for Si-NPs, suggests that the size
dependent optical properties are also present in indirect bandgap semicon-
ductors which has been confirmed from spectral and ellipsometric studies [16].

Semiconductor nanoparticles and clusters are optically active even though its
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bulk materials are not [38]. This is because the energy bandgap and phonon
distribution is entirely different for nanoparticles than for crystalline bulk.
Nanoparticles have localized states which are not present in bulk materials.
The transition between this localized may or may not be radiative. Yet they

found a profound effect on the actual efficiency of the radiative transition.

2.3.1 Chemical synthesis

To find its application in biological utility, it is imperative to have complete
understanding about the optical properties of nanoparticlesi as smaller the
particle size, high the surface to volume ratio which is suitable for surface
modification. To use Si-NPs practically, the modification of their surface with
some functionalized molecules or ligands is essential. The functionalization
of Si-NPs with different ligands especially with organic molecules in order to
prevent it from agglomerations has been reported using different techniques
[21, 32].But however manipulation of surface of Si-NPs ultimately changes
the observed optical properties. Therefore chemical route provide the surface
modification and till date its a desirable techniques for the Si-NPs fabrication.
The amount of chemical utilization in this process is comparably more leaving

with some toxic byproduct.

2.3.2 Green synthesis

While most of the chemical synthetic routes are at least two-step methods in-
volving core synthesis and surface-capping steps, but laser ablation of Si-NPs

in different liquid environment have received much attention as an effective
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and simple one step technique for producing nanoparticles [51, 42, 2]. This
technique will render luminescent surface capped Si-NPs as a consequence
of ablating in the desired solvent. The fabrication of Si-NPs with tuning of
particle size is the main advantages associated with this technique [52, 53].
Vacuum deposition techniques generally involve high temperatures produ-
cing nanoparticles in small amount [3]. But this kind of techniques produces
Si-NPs suitable for physical and electronic applications. Therefore the study
of Si-NPs usable in biological application with this techniques found to have
restriction.

Some of the chemical and green synthesis techniques are listed in Table 2.1.

2.4 Silicon nanoparticles as a fluorescence probe
in biological imaging

Si-NPs in range 1-100nm recently being exploited as a potential fluores-
cence probe for diagnostics purposes [37, 8, 9, 10]. The Si-NPs are expected
to become new class of fluorescence probe for many biological applications
[8, 9, 55]. The surface functionalization can play a major role in interac-
tion with the biological system which defines whether it is biocompatible in
nature or not. Previous studies has been done on the alkylated Si-QDs which
arc hydrophobic [10, 15] and are not soluble. But the recent development in
this kind of studies has render them soluble in water which has increase the
utilization of Si-NPs in biological imaging. Warner et.al.(2005) [41] crafted

a room temperature water soluble silicon QQDs using hydride as a reducing
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agents that exhibit strong blue PL with rapid rate of recombination. The
silicon QDs modified by allylamine showed better photobleaching stability
than rhodamine 6G in water and demonstrated the suitability of this Sil-
icon QDs as chromophore in biological imaging performed in cytosol of HeLa
cells. Wang et.al.(2009) [10] report a synthesis of acrylic acid-grafted water
dispersible Si-NPs by electrochemical etching with hydrofluoric acid (HF).
The novel features of this fabrication is that they obtained strong red PL at
room temperature which is the major requirement in the biological imaging.
Following the same, Manhat et.al(2011) synthesized glutaric acid-grafted Si-
NPs which exhibit blue green emission with short fluorescence lifetime (ns)
[9]. Wang et.al(2014) [8] presented his paper with the first report of green
synthesis of Si-NPs on large scale and at low cost. They synthesis Si-NPs
with a simple one step procedure using APTES as a precursor and ascorbate
sodium as a reducing agent. The Si-NPs prepared from this method are water
dispersible and hydrophilic (prevents aggregation) due to the kind of func-
tionalized groups present in it. They demonstrated the effective imaging of
Si-NPs with the fluorescence lifetime imaging microscope (FLIM) techniques
which suppressed the autofluorescence of cellular fluorophores. Thus making
it promising probes for cell imaging. The most important features of Si-NPs
is that it does not show any morphological damage to the cell upon staining

which is the greatest achievement in the biological application [10, 30].
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2.5 Silicon nanoparticles as an antimicrobial
agents

Recently it has been found that the certain strain of bacteria has developed
a resistance against common antibiotics which has led to find the novel
strategies for the treatment of infections associated to antimicrobial res-
istance in affected patients [56, 29]. Due to high thermal and chemical
stability, high surface arca and good biocompatibility, silica nanoparticles
are a good option to deliver drugs such as antibiotics [56]. It has been
demonstrated recently that highly reactive metal oxide nanoparticles ex-
hibit excellent efficacy against gram positive bacteria and gram negative
bacteria [29]. The biocidal effects of copper and silver nanoparticles have
been widely reported [56]. They are very effective in reducing the microbial
density in vitro, but their cytotoxicity towards mammalian cells has also
been found to be high. Therefore the incorporation of silver and copper into
silica nanoparticles has allow the reduction of concentration of metal ions
needed to achieve antimicrobial activity [57]. The antimicrobial performance
of silica nanoparticles have been greatly improved with the functionaliza-
tion of N-halamine polymer with core shell nanoparticles which displayed
better efficacy against gram positive bacteria and gram negative bacteria
[58]. The mesoporous silica nanospheres modified with nanocrystalline ti-
tanium dioxide were successfully fabricated and used as a photoactivated
antibacterial agent. Nitric oxide releasing silica nanoparticles which has
been prepared from N-Methylaminopropyltrimethoxysilane (MAP3) and N-

(6-inohexyl) aminopropyltrimethoxysilane (AHAP3) have shown its efficacy
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against the microorganisms such as Pseudomonas aeruginosa and Escheri-
chia coli [59]. The MAP3 silica nanoparticles had 1000-fold greater efficacy
against P. aeruginosa than the AHAP3 nanoparticles due to the smaller size
of MAP3 nanoparticles that allow them to penetrate biofilm matrix more

effectively [59].
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Table 2.1: Overview of synthesis of Si-NPs by chemical and green reduction

techniques
Chemical synthesis Protocol for synthesis NPs size References
Wet chemistry Reduction of silicon ~4nm 132]
tetrachloride(SiCls)
with sodium napthalide
Electrochemical Porous silicon obtained ~5nm [10]
etching by electrochemical
etching with HF ~Inm [31]
Sol gel techniques It involves the centrifuge 10-100nm [54]
assisted size-selective
deposition of NPs from a
colloidal solution (sol)
containing nc-Si powders.
Green synthesis Features
Laser ablation in Ablation of silicon ~5nim [33]
gaseous phase H, target in and 1-10nm (34]
Ar gas 2.5 and 8nm [44]
Laser ablation in Ablation of silicon ~20nm(5-200nm) [42]
liquid media wafer in different 2-5nm [51]
solvent.
Vapour deposition Thermal evaporation 3-50nm [35]
of silicon chip ~20nm [45]
Spark discharge Electrical spark discharge 3-8nm 2]
between two plane 3-5nm [25]

silicon electrodes immersed)

in deionized water(DI)
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Chapter 3

Materials and Method

We investigate Si-NPs prepared from one step procedure where the syn-
thesis protocol have been adopted from Wang et al [8]. The samples were
synthesized with two different techniques i.e. chemical and green reduction

techniques.

3.1 Chemical reagents

3-aminopropyltrimethoxysilane (APTES 97%) and Venyltrimethoxysilane (VTMS
98%) were purchased from Sigma Aldrich. The Ascorbate sodium (AS 99-
101.0%) was purchased from Loba Chemie. Citrus Lemon was purchased
from local shop. The glassware were thoroughly washed, cleaned with eth-
anol/acetone and rinsed thoroughly with deionised water. The materials

required for the synthesis of Si-NPs are given in detail in Table 3.1.
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Table 3.1: Materials required for the synthesis of silicon nanoparticles.

| Sample | Precursor | Reducing agents |
APTES AS(AA) Aminopropyl Ascorbate
trimethoxysilane sodium(AS)
(APTES)
APTES CITRUS Aminopropyl Lemon
LEMON(AL) | trimethoxysilane | (Ascorbic acid)
(APTES)
VTMS AS (VA) Venyltri- Ascorbate
methoxysilane Sodium(AS)
(VTMS)
VTMS CITRUS Venyltri- Lemon
LEMON (VL) methoxysilane | (Ascorbic acid)
(VTMS)

3.2 Preparation of silicon nanoparticles

The synthesis were carried out by adding 1mL of aminopropyltrimethoxysil-
ane (APTES) to 4mL of aqueous solution. Then 1.25mL of 0.1M ascorbate
sodium (AS) was added. After this the solution was stirred for 25 minutes
in magnetic stirrer (700 rpm). The whole procedure was completed in 35

minutes. Now the second synthesis was carried out using the same protocol

Figure 3.1: Synthesis of Si-NPs using APTES and ascorbate sodium.
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as above by just substituting the silane materials with venyltrimethoxysialne
(VTMS) instead of aminopropyltrimethoxysilane (APTES). The green reduc-
tion techniques was actualized using an extract from Citrus lemon which act
as a reducing agents and using same silane materials as above. Altogether, we
have synthesized four different Si-NPs namely: Aptes + AS (AA), APTES +
Citrus lemon (AL), VTMS + AS (VA) and VIMS + Citrus lemon (VL). The

synthesized Si-NPs were confirmed by observing them under uv irradiation.

Figure 3.2: Si-NPs under uv irradiation.

3.3 Characterization of silicon nanoparticles

3.3.1 UV-Vis absorption spectroscopy

In absorption spectroscopy, the process of absorption of energy required for
the transition from lower energy state to higher energy state is exactly equi-
valent to the energy of electromagnetic radiation that causes the transition.
The absorbtion spectrum contain all possible transition [60]. UV-Vis spec-
troscopy studies the changes in electronic energy levels within the molecule

arising due to transfer of electrons from 7 or non-bonding orbitals to an-
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tibonding orbitals. The absorption spectroscopy was performed using a Per-
kin Elmer made Lambda 750 spectrophotometer which was equipped with
Deuterium and Tungsten lamps as the light source emitting in the range of

190nm to 380nm and 380nm to 800nm respectively.

3.3.2 Photoluminescence

Photoluminescence is by far the most widely used optical characterization
method in Si-NPs investigations. For this technique, light of sufficient en-
ergy is incident on a material which creates electrons and holes [27]. These
excess carriers subsequently recombine radiatively and some of them non
radiatively. In the case of radiative emission, the emitted light is called
PL. This light can be collected and analyzed to obtained the information
about the photoexcited material. The PL spectrum provides the transition
energies, which can be used to determine electronic energy levels. The PL
intensity gives a measure of the relative rates of radiative and nonradiative
recombination. The PL depends on the optical excitation. The PL spectra
of bulk semiconductor is rather impossible as they have indirect bandgap but
however dangling bonds at a semiconductor nanoparticles surface or interface
give rise to electronic states within the bandgap. The PL measurement in our
samples were recorded in Perkin Elmer LS55 fluorescence spectroscopy with
300nm-400nm applied excitation wavelength and the emission were recorded

between 320nm-800nm.
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3.3.3 Fourier transform infrared spectroscopy

To examine the nature of the Si-NPs surface more closely, Perkin Elmer FTIR
spectroscopy was used in the scanning range from 700 cm™1 to 4000cm™1.
An infrared spectrum is a fingerprint of a materials. Because each different
materials is a unique combination of atoms, no two compounds can have ex-
act same infrared spectrum. Therefore infrared spectroscopy gives a positive
identification (qualitative analysis) of every different kind of materials. The
total internal energy of a molecule are the sum of rotational, vibrational and
electronic energy levels. Infrared spectroscopy is the study of interactions
between matter and electromagnetic fields in the IR region based on the mo-
lecular vibration. The molecule are excited to higher vibrational state by
absorbing IR radiation. In general, a frequency is strongly absorbed if its
photons energy matches with the vibrational energy levels of the molecule.
The original infrared spectroscopy is of dispersive type and fourier transform
infrared spectroscopy (FTIR) was developed in order to overcome the limit-
ation encountered with dispersive instruments. The main difficulty was the
slow scanning process. A method for measuring all of the infrared frequen-
cies simultaneously, rather than individually, was needed which employed
an optical device called an interferometer in place of prism or grating. The
use of interferometer results in extremely fast measurements. The measured
frequency spectrum cannot be interpreted directly. A means of decoding
the individual frequencies are required. This can be accomplished with a

well-known mathematical technique called the Fourier transformation and
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its mathematical expression can be written as

Fw) = [ swes (3.1)

and the reverse fourier transform is

Fw) =5 [ s@e (3.2)

where w is an angular frequency and x is the optical path difference in our

case. F(w) is the spectrum and f(x) is called the interferogram.

3.3.4 Transmission electron microscopy

The TEM technique has been used to provide the detailed information on
the internal structure of Si-NPs. The images of Si-NPs were obtained with
resolution upto atomic scale. To apply this method of analysis, a high energy
beam of electrons is fired in vacuum through a thin, electron-transparent
region of the sample of interest. An image of the sample is impressed into the
transmitted electron beam and is magnified by subsequent electromagnetic
lenses. The image, with a magnification of up to or beyond a million times,
is finally displayed on a fluorescent screen for recording on photographic film
or on a TV monitor using an appropriate pick-up system [27]. TEM images
were obtained using technai equipped with thermo-ionic electron gun working

at 200 kV.
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Table 3.2: Media and test pathogens

Media | Test pathogens
Gram Gram Fungi
positive negative
bacteria bacteria
NA Bacillus Escherichia Candida
subtilis coli albicans
MTCC MTCC MTCC
441 739 227
PDA Bacillus Escherichia  Trichophyto
subtilis coli rubrum
MTCC MTCC ANTRO1
2757 10312

3.4 Antimicrobial studies using disc diffusion

method

The antimicrobial experiment was performed in the Regional Research Centre
of Biotechnology, Tadong, under the supervision of Dr. L. S. Singh. The an-
timicrobial susceptibility testing was carried using the disc diffusion method
according to standard method to assess the presence of antimicrobial activ-
ities of the silicon nanoparticles. The details of the media and test organism
used are given in Table 3.2.

Nutrient agar (NA) and Potato Dextrose Agar (PDA) from HiMedia, Mum-
bai were used to study the antimicrobial properties of the silicon nano-
particles.Bacterial and fungal pathogens were used for screening the anti-
microbial efficacy of the test samples. Bacterial strains viz. Escherichia coli
MTCC 739, Escherichia coli MTCC 10312, Bacillus subtilis MTCC 441, Ba-
cillus subtilis MTCC 2757 and fungal strains viz. Candida albicans MTCC
227 and Trichophyton rubrum ANTRO1.
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Bacterial and fungal suspension with 1x10® cfu/mL and 3.15x107 cfu/mL re-
spectively were used to lawn NA and PDA plates evenly using sterile swabs.
The plates were dried for 15 minutes and then used for the sensitivity test.The
discs which had been impregnated with a series of silicon nanoparticles were
placed on the NA and PDA surface.Each test plate comprised of two discs
where one was negative control and other was a treated disc. sterile water
was used as a negative control.The plates were then incubated at 37°C and
28°C for bacterial and fungal cultures respectively for 24 to 48 hours.After
the incubation, the plates were examined for inhibition zone.The diameter of
inhibition zone were measured and recorded.The minimum inhibition concen-
trations (MICs) was determined using Inhibitory concentration in Diffusion
(ICD) method. It is done by carrying out the diffusion test with three discs
of different concentration of silicon nanoparticles similar to the concentration
used in the sensitivity tests against bacterial and fungal cultures. The low-
est, concentration of sample that inhibits the growth of test organisms was

considered as the MIC value for each of the bacterial and fungal organism.

3.5 Biological imaging of living cell

3.5.1 Cell treatment and imaging experiment

The cell imaging experiment using fluorescence microscopy was performed
under the supervision of Dr. Amlan Gupta, Sikkim manipal institute of med-
ical sciences (SMIMS). The human white blood cells (WBCs) were provided

by the Department of pathology, (SMIMS). The fluorescence imaging of hu-
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man WBCs were performed with two different concentration of Si-NPs viz.
6.16 pgml~! and 1.54pgml~!. The cells were seeded in dishes containing
DMEM medium and from each concentration a 50microlitre per mL was ad-
ded to dishes and incubated in a fully humidified incubator at 37°C with
5% COy for 1.5 h. After the incubation the cell were ready for imaging
measurements. The fluorescence images of cellular Si-NPs were acquired
with a fluorescence inverted microscope with leica DFC camera (make-leica),

model-Dmil led fluo with 50 W Hg and 100W Hg as a light source.
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Chapter 4

Chemical and Green synthesis

using APTES.

In this thesis Si-NPs are synthesized using the techniques adopted by Wang
et al [9] where APTES acts as a precursor and ascorbate sodium as a re-
ducing agent. The synthesized Si-NPs are abbreviated as AA and synthesis
route is considered as chemical synthesis. In addition we have modified this
synthesis route by replacing the reducing agent with Citrus lemon extract.
The synthesized Si-NPs are abbreviated as AL and this synthesis route is
considered as green synthesis. The synthesized Si-NPs have been character-
ized by using UV-Vis spectroscopy, photoluminescence spectroscopy, FTIR
spectroscopy and micrographs TEM. In this chapter the obtained results are

discussed for sample AA and AL.
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4.1 Spectroscopic characterization of silicon

nanoparticles

4.1.1 UV-Vis spectroscopy
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Figure 4.1: UV-Vis spectrum of (a) AA and (b) AL at room temperature in
the range from 200nm to 800nm on the freshly prepared samples.

Si-NPs synthesized using the chemical and green route which under the
UV irradiation exhibit green fluorescence confirming the synthesis of Si-NPs
[8]. These Si-NPs are water dispersible, hydrophilic and stable in aqueous
solution . For reference see Figure 3.2 in chapter 3 : Materials and Method .
The UV-Vis measurement were done on the freshly prepared samples. Figure
4.1 (a) shows the UV-Vis spectra of (a) AA and and Figure 4.1(b) of AL at
room temperature in the range from 200nm to 800nm.

In the sample AA, the spectrum shows a gradual increase in absorption



CHAPTER 4. CHEMICAL AND GREEN SYNTHESIS USING APTES.44

below 450nm with peak appearing at 265 corresponding to reducing agent
i.e. ascorbate sodium. The gradual increase in the absorption at lower
wavelength is the characteristics absorption spectrum of Si-NPs [8, 10, 2].
The same trend in the absorption spectrum is being observed in AL. In both
cases the absorption tail in the visible region is associated with indirect trans-
itions in bulk silicon [2]. As compared to AA, in AL the band edges is shifted
towards lower wavelength. This indicates the Si-NPs in AL are smaller in
size as compared to AA. From this we can conclude that Citrus lemon is a

good reducing agent as compared to ascorbate sodium.

4.1.2 Photoluminescence

As observed from UV-Vis spectra of AA and AL that both samples ab-
sorbs the wavelength below 450nm. In addition, an UV irradiation on these
Si-NPs also exhibit green fluorescence which can be observed through naked
eye. In order to elucidate the PL properties of AA and AL, several excitation
wavelength ranging between 300nm to 400nm are used. The same solution
used in UV-Vis spectroscopy were subsequently used for the PL measure-
ment.

The PL spectra for AA is shown in Figure 4.2 (a) and for AL in Figure 4.3
(a). For AA, the PL have broad disturbed gaussian profile ranging from
440nm and 495nm. By varying the excitation wavelength no shift is been
observed. After 370nm, no contribution in PL is seen from the particle emit-
ting at 440nm. The broad distribution of emission from 400nm to 600nm

mainly covers the blue green region. Emission in blue green region may be
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attributed to the oxide related defects giving rise to numbers of metastables
excitonic levels in between the main absorption band [45, 35, 51, 61, 62].

Along with PL, the photoluminescence excitation spectroscopy (PLE) were
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Figure 4.2: (a) PL of AA at room temperature at different excitation
wavelength from 300nm to 400nm on the freshly prepared sample, (b) nor-
malized PL and PLE spectra of AA.

also performed to understand the energy level diagram of Si-NPs more pre-
cisely. The normalized PL and PLE spectra are shown n Figure 4.2(b).
The PLE spectra was recorded while monitoring a fixed emission wavelength
at 495nm which is also the most intense peak in PL spectrum of AA. The
PLE spectrum shows the absorption peak at 409nm with FWHM of 72nm.
The stokes shift between the emission and absorption band is found to be
0.53eV. The existence of stokes shift between PL and PLE indicates that
PL in visible region has been originated from the radiative recombination of
electron-hole pair from the defect states at the surface of the Si NPs [63]. The
smaller particles have very large stokes shift as compared to large particle
and stokes shift become zero for infinite particle size [19]. The reduction in

size of nanoparticles create disorder and strained bond at the surface and
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as consequences we see large stokes shift in smaller particles [63]. Therefore
the origin of PL is attributed to oxide related defects which may have arise
because of the creation of oxide layers on the surface of Si-NPs due to the
reaction between the Si-NPs and water in the solution.

Similarly to AA, we have also performed the PL measurement for AL. In
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Figure 4.3: (a) PL of AL at room temperature at different excitation
wavelength from 300nm to 400nm on the freshly prepared sample, (b) nor-
malized PL and PLE spectra of AL.

AL, PL have been also recorded for excitation wavelength ranging between
300nm to 400nm. The emission profile over all the excitation wavelength
shows broad gaussian profile in blue green region. The normalised PL and
PLE spectra are shown in Figure 4.3(b). The PLE spectra shows the absorp-
tion peak at 364nm with emission wavelength fixed at 473nm. Contrary to
AA/ the PL spectrum of AL shows that emission shifts from 450nm to 485nm
(redshift of 35nm) when the excitation wavelength is varied from 300nm to
400nm. This tunability can be attributed to the inhomogeneity of the size
distribution of synthesized Si-NPs. Another possible reason may be the syn-

thesized Si-NPs are not stable in solution and they are all agglomerating
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giving rise to large size. The stokes shift between the emission and absorp-
tion band is found to be 0.79eV. The stokes shift is large in AL as compared

to AA which confirmed the formation of smaller sized nanoparticles in AL.

4.2 Fourier transform infrared spectroscopy

To examine the main chemical bonds present in Si-NPs, the FTIR spectrum
was obtained and measured. Figure 4.4 shows the FTIR spectrum of (a)
AA and (b) AL on the freshly prepared samples in the scanning range from
700cm ™! to 4000cm~!. The sharp absorbance peak at 1018cm™' is ascribed
to Si-O-Si bonding in AA and AL [64, 65]. The broad absorbance peak at
around 1410cm ™! is due to N-H bending vibration[8]. The absorbance in the

range from 2870cm™! to 2960cm ™! is attributed to O-H bond [8].
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Figure 4.4: FTIR spectrum of (a) AA and (b) AL in the scanning range from
700cm ™! to 4000cm ™! on the freshly prepared samples.



CHAPTER 4. CHEMICAL AND GREEN SYNTHESIS USING APTES.48

4.3 Transmission electron microscopy

Transmission electron microscopy (TEM) was performed in the Department
of physical sciences, Hyderabad Central University under the supervision
of Dr. A. P. Pathak. The measurement were recorded for the month old
samples. Figure 4.5 shows the TEM images of (a) AA and (b) AL. It can
be seen that the shape of the particles are nearly spherical. The size of the
Si-NPs were obtained by using the ImageJ software. The average diameter
of particles are found to be 34nm (+ 8nm) for AA and 48nm (£ 10nm) for
AL.

Figure 4.5: Particle sizes analysis histogram of (a) AA and (b) AL calculated
from TEM images.

4.4 Ageing effects on the optical properties
of silicon nanoparticles

We have studied the optical property of synthesized Si-NPs as function of

reduction time in order to check the stability of Si-NPs in aqueous solution.
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4.4.1 UV-Vis spectroscopy

The interesting optical properties of Si-NPs may find potential applications in
the biological systems. The broad absorption spectrum of Si-NPs is desirable
in bioimaging application. The stability of Si-NPs in an aqueous solution
over a period of time is important for such applications. Therefore we have
performed a time dependent study of the optical properties as a function of
reduction time. The absorption data for samples of Si-NPs viz. AA and AL
were recorded for two subsequent weeks i.e. on the 1st, 7th and 14th day of

synthesis. On the freshly prepared sample of AA, there is a gradual increase
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Figure 4.6: UV-Vis spectra of (a) AA and (b) AL on 1st, 7th and 14th day
in the scanning range from 200nm to 800nm.

in absorbance at lower wavelength with a peak at 265nm. In the spectra
recorded on the 7th and 14th day the peak at 265nm disappears and band
edge shifts towards shorter wavelengths. Similar trend is been observed in
AL. But contrary to AA no peak has been observed. Like in AA, band edge
shifts towards shorter wavelengths. The shift of band edge towards shorter

wavelength in both AA and AL with time can be attributed to reduction
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of large sized Si-NPs to the smaller size nanoparticles [19]. The blueshift in

both the samples of Si-NPs may be attributed to the surface oxidation [66].

4.4.2 Photoluminescence

The lack of PL stability (photostability) of Si-NPs is been the major con-
straints in their biological applications [4]. To investigate the photostability
of Si-NPs in aqueous solution, time dependent PL studies were also per-
formed. For AA and AL, the PL spectra were recorded from 400nm to
600nm using an excitation wavelength of 370nm. The PL spectra for the 1st,
7th and 14th day of synthesized AA are shown in Figure 4.7 (a) and for AL
in Figure 4.8 (a). In AA the curve fitting of PL spectra gives two decon-
vulated peaks P1 (centered at 495nm) and P2 (centered at 440nm). With
increasing ageing times the increase in intensity of peak P2 observed. The
PL spectra for 1st, 7th and 14th day with two deconvulated peaks are shown
in Figure 4.7 (b). On the first day of synthesis, the relative intensity ratio,
I,y /1,2 comes out to be 2.39. This ratio gradually drops and on 14th day
the recorded ratio is found to be 1.67. After 14th day the recorded intensity
ratio shows no variation indicating the stable configuration of AA. The PL
mechanism in AA using an electronic bandgap is shown in figure 4.7 (¢). On
the 1st day of synthesis, the particles emitting at longer wavelength (495)
having smaller bandgap are maximum with respect to the particles emitting
at shorter wavelength (440nm) having larger bandgap which indicates the
formation of larger particle. On the 7th day from the synthesis, the intensity

of particles emitting at longer wavelength remains more or less same and
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Figure 4.7: PL spectra of (a) AA on 1st, 7th and 14th day in the scan-
ning range from 200nm to 800nm at an excitation wavelength of 370nm, (b)
PL spectra of AA with two deconvoluted gaussian band of P1 and P2 as a
function of reduction time and orange and blue line are the envelope of de-
convulated peaks (c¢) The proposed PL mechanisms of the predominant P1
emission and P2 emission in AL with green and blue line are the envelope of
deconvulated peaks.
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particles emitting at shorter wavelength are increasing. This suggest that
with ageing, smaller size Si-NPs are getting synthesized along with remain-
ing large sized nanoparticles which explains the small shift towards shorter
wavelength in the sample AA.

In AL, the peak centered at 473nm on the 1st day of synthesis has been
blueshifted to 450nm on the 7th and 14th day of synthesis. The peak pos-
ition has been blueshifted by 23nm towards shorter wavelength. The curve
fitting of PL spectra shows the presence of two deconvulated peaks having
centered at 473nm (P1) and 450nm (P2) are shown in Figure 4.8 (b). On
the 1st day of synthesis, the PL is dominated by emission centered at P2
with small contribution from P1. The observed relative intensity ratio I,
/I, comes out to be 14.4 but with ageing of the solution the ratio drops to
1.22 on the 7th day and remain same on 14th day. There after no change has
been observed in the intensity ratio. This results suggest that the reduction
process in AL is fast as compared to AA and also completed by 7th day of
synthesis. The PL mechanism for this sample have been also explained on
the basis of electronic bandgap as shown in Figure 4.8 (c¢). Here the particles
emitting at shorter wavelengths having larger bandgap are very few in num-
ber as compared to particles emitting at longer wavelengths having smaller
bandgap. This suggest that the larger particles have been synthesized on the
first day of synthesis and with reduction, the number of particles emitting
from defect centres at longer wavelength are decreasing.

The emission peak of AA and AL at 495nm and 473nm suggest the forma-
tion of smaller particles in AL as compared to AA. With ageing, the emission

spectra of AA shows negligible shift towards shorter wavelength which indic-
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Figure 4.8: PL spectra of (a) AL on 1st, 7th and 14th day in the scanning
range from 200nm to 800nm at an excitation wavelength of 370nm, (b) Curve
fitting of PL spectra of AL with two deconvoluted gaussian band of P1 and
P2 as a function of reduction time and orange and blue line are the envelope
of deconvulated peaks (¢) The proposed PL mechanisms of the predominant
P1 emission and P2 emission in AL with green and blue line are the envelope

of deconvulated peaks.
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ates the broad distribution of nanoparticles sizes. But contrary to AA, in AL
there is a blueshift in emission peak which suggest the formation of even smal-
ler particles with ageing [67]. With ageing, the blueshift in Si-NPs is mainly
caused from the reduction in sizes which may be attributed to surface oxida-
tion of sample [35]. The surface oxidation creates metastables states leading
to an obvious redshift in the sample spectrum but this same metastable
states are also responsible for the blueshift seen in our sample spectrum as
well [45, 66, 47]. The sample AA prepared using ascorbate sodium as redu-
cing agent leads to broadening of PL whereas the sample AL prepared from
Citrus lemon as reducing agent resulted in blueshift. These results suggest

that the Citrus lemon is a better reducing agent than ascorbate sodium.

4.5 Fourier transform infrared spectroscopy
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Figure 4.9: FTIR spectra of (a) AA and (b) AL on the 1st, 7th and 14th day
in the scanning range from 700cm™1 to 4000cm™1.

To see the changes in the chemical bonding with ageing we also performed

a time dependent studies in FTIR spectroscopy. The FTIR spectrum were
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obtained for two subsequent weeks. Figure 4.9 shows the time dependent
FTIR spectrum of (a) AA and (b) AL on the 1st, 7th and 14th day from
700cm ™! to 4000cm~'. The sharp absorbance peak 1018cm™! which was
ascribed to Si-O-Si bonding in AA and AL [64] does not change with ageing.
The broad absorbance peak at around 1410cm ™' due to N-H bending vibra-
tion and the absorbance in the range from 2870cm ™! to 2960cm ™! attributed
to O-H bond [8] does not show any change with ageing in both the samples.
It suggest that the oxidation is the main reason behind its optical properties
but with ageing in both the samples, none of the peak show any changes in

the bond.



Chapter 5

Chemical and Green synthesis

using VTMS.

In this chapter we have explore the synthesis of Si-NPs using silicon pre-
cursor namely VTMS. The synthesis protocol remain the same as before.
For chemical synthesis, we have used ascorbate sodium as reducing agent
and the Si-NPs prepared using this method is called VA. For green synthesis,
we have used Citrus lemon as reducing agent and synthesized Si-NPs is ab-
breviated as VL. The synthesized Si-NPs have been characterized by using
UV-Vis spectroscopy, photoluminescence spectroscopy, FTIR spectroscopy

and micrographs TEM. In this chapter the obtained results are discussed.
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5.1 Spectroscopic characterization of silicon

nanoparticles

5.1.1 UV-Vis spectroscopy

The UV-Vis measurement were performed similar to AA and AL. Si-NPs
prepared using both chemical and green route were characterized on the
freshly prepared samples. The sample solution exhibit green fluorescence
under UV irradiation which confirms the synthesis of Si-NPs. These Si-

NPs are water dispersible, hydrophilic and stable in aqueous solution. To
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Figure 5.1: UV-Vis spectrum of (a) VA and (b) VL at room temperature in
range from 200nm to 800nm on the freshly prepared samples.

compare the optical properties of VA and VL with that of AA and AL,
we performed the same experiment on these two samples viz. VA and VL
as well. Figure 5.1 (a) shows the normalized UV-Vis spectrum of VA and
Figure 5.1(b) for VL at room temperature in the range from 200nm to 800nm.

The spectrum of VA shows the increase in absorption below 250nm. The
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prominent absorption peak at 265nm corresponding to reducing agent i.e.
ascorbate sodium overshadow the absorption due to Si-NPs. In VL, there
is a gradual increase in absorption with decreasing wavelength from 250nm.
In both VA and VL, the band edge is towards shorter wavelength indicating

that we have synthesized smaller particles.

5.1.2 Photoluminescence
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Figure 5.2: (a) PL of VA at room temperature at different excitation
wavelength from 300nm to 400nm on the freshly prepared samples, (b) nor-
malized PL and PLE spectra of VA.

As observed from UV-Vis spectra of VA and VL, that both sample ab-
sorbed the wavelength below 250nm. In addition, UV irradiation on these
Si-NPs also exhibit green fluorescence and can be observed with naked eye.
In order to understand and compare the PL properties of VA and VL as
well, same excitation range i.e. from 300nm to 400nm were used. The same
solution used in the UV-Vis spectroscopy were subsequently used for the PL
measurement.

The PL spectra for VA are shown in the Figure 5.2 (a) and for VL in Figure
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5.3 (a). In VA, we observed the emission consist of several peaks with two
prominent peak centered at 455nm and 485 which can be attributed to pres-
ence of various sized nanoparticles in the sample. The PL exhibit blue green
emission and the maximum emission was centered around 455nm at an excit-
ation wavelength of 380nm. At lower wavelength excitation i.e. from 300nm
to 320nm the shift in the PL spectra were observed from 425nm to 455nm and
thereafter no shift in the spectra were observed. The sharp peak at 485nm
does not show any shift but however the peak intensity is diminishing with

longer wavelength excitation. Along with PL, PLE spectra was recorded by
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Figure 5.3: (a) PL of VL at room temperature at different excitation
wavelength from 300nm to 400nm on the freshly prepared samples, (b) nor-
malized PL and PLE spectra of VL.

monitoring the emission wavelength fixed at 455nm. The normalized PL and
PLE spectra are shown in the Figure 5.2 (b). The PLE spectrum in VA has
three absorption peaks at 278nm, 325nm and 385nm where we see the max-
imum absorption. The maximum emission peak at 455nm for VA is due to
the PLE peaks at 385nm. The appearance of different emission peak in VA

may attributed to three different electronically excited states existed in the
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sample and as shown in the PLE spectra [68, 69]. The stokes shift between
the emission and absorption band is found to be 0.5eV which indicates that
PL in visible region has been originated from the radiative recombination of
electron-hole pair from the defect states at the surface of the Si-NPs [63].

Similarly to VA, we have also performed the PL. measurement for VL. The
PL in VL have been also recorded for excitation wavelength ranging between
300nm to 400nm. The PL spectra of VL shows a gaussian profile in blue
green region as well and the maximum emission was centered around 445nm
under the excitation wavelength of 330nm. At higher excitation wavelength
above 370nm, we observed the shift in the peak position. The normalized
PL and PLE spectra are shown in the Figure 5.3 (b). The PLE spectrum in
VL has two absorption peaks at 256nm and 335nm. The maximum emission
peak at 445nm for VL is the contribution from the PLE peak at 335nm. The
stokes shift between the emission and absorption band is found to be 0.92eV.
The stokes shift in VL is much larger than VA, therefore we can conclude
that the nanoparticles formed in AL are smaller in size as compared to VA.
The blue-green emission in both the sample VA and VL is attributed to the

same oxide related defect [45].

5.2 Fourier transform infrared spectroscopy

To examine a main chemical bond in these samples, the FTIR spectrum
were obtained and measured as well. Figure 5.4 shows the FTIR spectrum

of VA and VL in the scanning range from 700cm™1 to 4000cm~1. The sharp

1

absorbance peak at 1018cm™" is ascribed to Si-O-Si bonding in the samples
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[65]. The broad absorbance peak at around 1410cm ™! is due to N-H bending
vibration [8]. The absorbance in the range from 2870cm ™! to 2960cm ™ is
attributed to O-H bond [8]. The broad peak at 920cm ! is ascribed to Si-OH
bonding [65, 64, 70]. The less prominent peak at 1111cm ' is ascribed to
Si0, [64, 70].
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Figure 5.4: FTIR spectrum of VA and VL in the scanning range from
700cm ™1 to 4000cm™1 on the freshly prepared samples.

5.3 Transmission electron microscopy

Figure 5.5 shows the TEM images of two samples of Si-NPs viz. VA and VL.
It can be seen that the shape of the particles are spherical in VA and nearly
spherical in VL. The average diameter of particles are found to be 243nm (4
13nm) for VA and 47nm (£ 18nm) for VL. The TEM images were obtained
for months old samples and therefore the large sized nanoparticles in VA is

due to the agglomeration of synthesized nanoparticles which happens over a
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Figure 5.5: Particle sizes analysis histogram of (a) VA showing agglomeration
indicated by circle and (b) VL calculated from TEM images

time period. In order to explore its optical behavior we performed the time

dependent studies which is detailed in next section.

5.4 Ageing effect on the optical properties of
silicon nanoparticles

To check their aqueous stability over a time period we have try to study their

optical property of synthesized Si-NPs as function of reduction time.

5.4.1 UV-Vis spectroscopy

Figure 5.6 shows the UV-Vis spectra of (a) VA and (b) VL on 1st, 7th and
14th day of the synthesis in the scanning range from 200nm to 800nm. In VA,
the absorption peak at 265nm corresponding to ascorbate sodium decreases
but overall the absorption band below 250nm onwards shows small increase

in absorption. This may be attributed to the slow reduction process which is
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Figure 5.6: UV-Vis spectra of (a) VA and (b) VL on 1st, 7th and 14th day
in the scanning range from 200nm to 800nm.

undergoing. In VL, we see the maximum absorption below 250nm on 1st and
7th day of synthesis. On the 14th day enhancement in absorption can be seen
from 250nm to 400nm. This may be due to synthesis of more nanoparticles

over a time.

5.4.2 Photoluminescence

A time dependent PL studies were performed for these sample VA and VL to
investigate their photostability in aqueous medium. For VA and VL, the PL
spectra were recorded from 390nm to 600nm using an excitation wavelength
of 370nm. The PL spectra for the 1st, 7th and 14th day of synthesized VA
arc shown in Figures 5.7 (a) and for VL in Figure 5.8 (a).

The emission peak on the 7th and 14th day are red shifted to 485nm by 30nm
as compared to 1st day of synthesis. This can be attributed to agglomeration
which is happening over a time period in the solution. The same can be seen
in the images of TEM for VA (see section 1.3). On fitting the PL spectra,

we get two deconvulated gaussian peaks P1 (centered at 455nm) and P2
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Figure 5.7: PL spectra of (a) VA on 1st, 7th and 14th day in the scanning
range from 200nm to 800nm at an excitation wavelength of 370nm, (b) PL
spectra of VA with two deconvoluted gaussian band of I,,; and I as a func-
tion of reduction time and pink and blue line are the envelope of deconvulated
peaks (c¢) The proposed PL mechanisms of the predominant Ip; emission and
Ips emission in AL with green and blue line are the envelope of deconvulated
peaks.



CHAPTER 5. CHEMICAL AND GREEN SYNTHESIS USING VTMS.65

(centered at 485nm). With ageing, the increase in intensity of peak P2 were
observed whereas the intensity of P1 peak remains almost constant. The PL
spectra for the 1st, 7th and 14th day with two deconvulated peaks are shown
in Figure 5.7 (b). On the first day of synthesis, the relative intensity ratio,
I,y /1,2 comes out to be 4.62. The ratio gradually drops and on 14th day the
recorded ratio is found to be 1.03. The enhancement in the intensity of P2
which is at longer wavelength reveals the agglomeration process in the solu-
tion. PL mechanism in VA using an electronic bandgap is shown in Figure 5.7
(c). On the 1st day of synthesis, the particles emitting at longer wavelength
(485nm) having larger bandgap with respect to shorter wavelength (455nm)
are minimum in number. With ageing, the particles emitting from defect
centres at longer wavelength are increasing. This results indicates the form-
ation of larger particles or possibly the agglomeration were happening over
a time period which clearly explain the observed redshift in the spectrum.
The PL spectra in VL. were recorded for two different excitation wavelength
i.e. 370nm and 300nm. The PL spectra for an excitation wavelength 370nm
has been shown in the inset of Figure 5.8 (b). At the excitation wavelength
of 370nm, part of emission peak could not be explored for 7th and 14th day.
Therefore in order to study the time dependent optical property we have
monitor the emission spectra at an excitation wavelength of 300nm. In VL,
the peak centered at 445nm on the 1st day of synthesis has been blueshif-
ted to 350nm on the 7th day of synthesis. The blueshift of 95nm can be
attributed to synthesis of smaller sized nanoparticles with ageing. On 14th
day, no significant change is observed revealing the stability of synthesized

nanoparticles. The curve fitting of PL spectra shows the presence of two
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Figure 5.8: PL spectra of (a) AL on 1st, 7th and 14th day in the scanning
range from 200nm to 800nm at an excitation wavelength of 370nm, (b) PL
spectra of AL with two deconvoluted gaussian band of I,; and I, as a func-
tion of reduction time and pink and blue line are the envelope of deconvulated
peaks (c¢) The proposed PL mechanisms of the predominant [ p; emission and
Ipy emission in AL with green and blue line are the envelope of deconvulated
peaks.
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deconvulated peaks having centered at 445nm (P1) and 350nm (P2). On the
1st day of synthesis, the PL is wholly contributed from the emission centered
at P1. The observed relative intensity ratio I,y /I, found out to be 8.18.

With ageing, the relative intensity rapidly drops to 0.13 on the 7th and re-
main same for 14th day. The rapid fall in the relative intensity ratio and
the ratio remaining same on the 7th and 14th day indicates the fast and
complete reduction process that has taken place. The PL mechanism for this
sample have also been explained on the basis of electronic bandgap as shown
in Figure 5.8 (c). As seen from the figure, the particles emitting at longer
wavelength (445nm) having smaller bandgap on the 1st day are huge in num-
ber with respect to particles emitting at shorter wavelength (350nm) having
larger bandgap. On Tth day, the particles emitting at shorter wavelength
has increased rapidly and proportionally with respect to the decreased in the
particles emitting at longer wavelength. This results clearly indicates the
formation of smaller sized nanoparticles from larger sized nanoparticles with
ageing time. This results explain the shifting of PL peak in VL with ageing.
The two samples VA and VL shows opposite behavior with ageing. With
ageing in VA, we can see redshift because of synthesis of nanoparticles which
are not stable in the solution and shows agglomeration verified by PL and
TEM images. In contrary in VL, we see blueshift because of reduction of
large Si-NPs (emitting at 445nm) to small sized nanoparticles (emitting at
350nm). The sample AA and VA prepared using reducing agents ascorbate
sodium lead to the redshifted and the sample AL and VL prepared using
Clitrus lemon extract were seen to be blueshifted. This analysis strongly

support that Citrus lemon is a better reducing agent than ascorbate sodium.
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5.5 Fourier transform infrared spectroscopy

Figure 5.9 shows the FTIR spectrum of (a) VS and (b) VL on 1st, 7th and
14th day of synthesis. The absorbance peak at 1018cm ™! which has been
ascribed to Si-O-Si bonding has become enhanced with ageing and become
a sharp peak by the 7th day in both samples. The broad peak at 920crm ™!
which is ascribed to Si-OH bonding disappeared completely by the 14th day.
The less prominent peak at 1111em ! ascribed to SiO, remained over a time
period in both the samples. The absorbance at around 1410cm ™! which is

due to N-H bending vibration remain the same over a time period.
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Figure 5.9: FTIR spectra of (a) VA and (b) VL on the 1st, 7th and 14th day
in the scanning range from 700cm™1 to 4000cm™1.
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Chapter 6

Silicon nanoparticles as a

fluorescence probe

In this chapter we have try to explore the efficiency of the synthesized Si-NPs
as a fluorescence probe in bioimaging techniques. The fluorescence imaging
were performed on human WBCs using Si-NPs viz. VA and VL. The ma-
terials and methods adopted for this experiment have been detailed in the
chapter materials and method. The cells which were seeded in dishes con-
taining DMEM medium stained with two different concentration Si-NPs viz.
6.16 pgml ! and 1.54ugml ™! were incubated in a fully humidified incubator
at 37°C with 5% CO, for 1.5 h. After the incubation the cell were ready
for imaging measurements. The cells stained with different concentration of
Si-NPs were used for cell imaging. The concentration of silicon precursor
were calculated assuming that there is a complete reduction of silicon pre-
cursor. The fluorescence imaging were performed with two different light

illumination viz. green and UV light. Figure 6.1 shows the controlled cell
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Figure 6.1: Controlled cell images at an excitation wavelength (a) green
and (al) UV light. Red fluorescence emission (b,c) using green excitation
wavelength and green fluorescence emission (bl,cl) using UV excitation of
human WBCs cell stained with VA at two different concentration. CTCF
graph for VA for (d) red fluorescence and (d1l) green fluorescence at two
different concentration

images of human WBCs without staining under (a) green and (al) UV illu-
mination. Here under both the illumination, no fluorescence can be seen. By
staining human WBCs cell with Si-NPs (VA) and illuminating with green
light, we see the fluorescence in red region. The images obtained are shown
in the Figure 6.1 (b) and (c) for two different concentration of Si-NPs. In
the inset of each figure we have shown the fluorescence intensity profile taken
across the cross section of the fluoresced cell as indicated by the circle in the
images. By illuminating the same sample with UV light, we see the green
fluorescence. The images are shown in the Figure 6.1 (bl,cl) obtained for
two different concentration. Here we try to measure the level of cell fluores-
cence in a given region. For measurement we have used Imagej software and
the following steps were as followed [71].

1. Selected the fluoresced cell stained with nanoparticles.
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2. From the selected area we have determine integrated density and mean
gray value.

3. Then we select the region next to fluoresced cell with no fluorescence for
background.

4. Then we used the following formula to calculate the corrected total cell
fluorescence (CTCF).

CTFC=Integrated density - (area of selected cell- mean fluorescence of back-
ground readings).

The Figure 6.1 (d) and (d1) shows the CTCF of cell with two different con-
centration and at two different light illumination. As seen from the Figure,
the fluorescence intensity increases with increase in concentration in both the
sample.

Similarly for VL, the fluorescence imaging were performed with two different

Figure 6.2: Controlled cell images at an excitation wavelength (a) green
and (al) UV light. Red fluorescence emission (b,c) using green excitation
wavelength and green fluorescence emission (bl,cl) using UV excitation of
WBC stained with VL at two different concentration. CTCF graph for VA for
(d) red fluorescence and (d1) green fluorescence two different concentration

L EETTERELD

d1
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Table 6.1: Red and green CTCF at two different concentration for VA and
VL

Sample Red CTCF Green CTCF
6.16 pgml ' [1.564pgml~! | 6.16 pgml ™" [L.54 pgml ™!

VA 438151 301383 125302 17905

VL 419190 [65285 236772 59611

light illumination viz. green and UV light. Figure 6.2 shows the controlled
cell images of human WBCs without staining under (a) green and (al) UV
illumination. Similar to VA, in this case also under green illumination we
see the red fluorescence. The images obtained are shown in the Figure 6.2
(b) and (c) for two different concentration of Si-NPs. In the inset of each
figure we have shown the fluorescence intensity profile taken across the cross
section of the fluoresced cell as indicated by the circle in the images. By
illuminating the same sample with UV light, we see the green fluorescence.
The images are shown in the Figure 6.2 (bl,cl) obtained for two different
concentration. In this case also we see the same trend as VA. With increase
in concentration, fluorescence is increasing in both the sample i.e. VA and
VL as shown by red and green CTCF data which are given in the Table 6.2.

The red CTCF value obtained for VA and VL at higher concentration is
found to be 438151 and 419190 which shows that the level of cell fluores-
cence is almost same in VA and VL. But the level of red CTCF decrease in
VL at lower concentration by a factor of 5 than VA. The green fluorescence
in both the sample are less intensified compared with the red fluorescence.
But the level of green CTCF are not same in both the samples. The green
CTCF in VL are greater than by a factor of 2 than VA. A more number of

cell fluoresces under VL staining which is probably due to a number of cells
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Figure 6.3: CTCF graph representing the level of fluorescence in VA and VL
for two different concentration and at two different light illumination.

undergoing possible nucleated staining with VL than with VA. This suggest
that the efficiency of smaller Si-NPs as s fluorescence probe is better as com-
pared to larger one. This results indicate that VL is a better fluorescence

probe than VA for their use in biological imaging.



Chapter 7

Silicon nanoparticles as an

antimicrobial agent

7.1 Effect of silicon nanoparticles against Bac-
teria and Fungi

The antimicrobial activity of silicon nanoparticle samples viz. AA, AL, VA
and VL were assessed by disc diffusion method against following test organ-
isms: FEscherichia coli MTCC 739, Escherichia coli MTCC 10312, Bacillus
subtilis MTCC 441, Bacillus subtilis MTCC 2757, Candida albicans MTCC
227 and Trichophyton rubrum ANTROL. Inhibition zones of the test samples
are shown in Table 7.1.

Test samples, AA and AL were found to show antimicrobial activity against
both strains of gram negative bacteria viz. Escherichia coli MTCC 739 and

Escherichia coli MTCC 10312; both strains of gram positive bacteria viz.
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Table 7.1: Antimicrobial activity of silicon nanoparticles against various test
organisms at different concentration and their corresponding MIC values

Samples Conc.of Gram positive | Gram negative Fungi
samples bacteria bacteria
Bacillus |Bacillus | E.coli |E.coli | Candida |Tricho-
subtilis [subtilis | MTCC MTCC | albicans \phytan
MTCC MTCC 73910312 | MTCC |rubrum
441 2757 227 [ANTRO1
(mm)mm) | (mm)fmm) | (mm)jmm)
AA 7.61 pgml=? 21.3[20.0 16.6 [12.5 13.5 |Nil
3.8 pgml—! 15[15.5 12.6 |10.0 9.0Nil
1.90 pgml—1 12.5]10.5 Nil [Nil Nil |Nil
AL 7.61 pgml—t 13.5(16.0 10.0[12.5 9.0 [Nil
3.81 pgml™! 11.511.5 Nil [Nil Nil [Nil
1.90 pgml—1 NilNil NilNil NilNil
VA 6.16 pgml—! NilNil NilNil NilNil
3.08 pgml™! NilNil NilNil NilNil
1.54 pgml—1 NilNil NilNil NillNil
VL 6.16 pgml—! 11.5Nil NilNil NilNil
3.08 pgml—! 9.5Nil NilNil NilNil
1.54pgml ! NilNil Nil[Nil Nil [Nil

Bacillus subtilis MTCC 441 and Bacillus subtilis MTCC 2757; one strain of
Candida viz. Candida albicans MTCC 227. The Figure 7.1 and 7.2 shows
the antimicrobial activity exhibited by AA and AL in both strain of gram
positve and gram negative bacteria. The Figure 7.3 shows the antimicrobial
activity of AA and AL in Candida albicans. None of the test samples showed
inhibition against Trichophyoto rubrum ANTRO1. VL was found to show in-
hibition against only one strain of bacteria viz. Bacillus subtilis MTCC 441.
The Figure 7.4 shows the antimicrobial activity of VL in Bacillus subtilis
MTCC 442. VL and VA were found to be ineffective against rest of the test
The MIC values of AA is found to be 1.90g/mL in both strain

organisms.

of gram positive bacteria and 3.81g/mL in both strain of gram negative bac-
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Figure 7.1: Antimicrobial activity shown by AA in (a) Bacillus subtilis
MTCC 442, (b) Bacillus subtilis MTCC 2757, (¢) Escherichia coli MTCC
739 and (d) Escherichia coli MTCC 10312,

teria as well as in Candida albicans MTCC 227. Similarly, the MIC values
of AL is found out to be 3.81g/mL in both strain of gram positive bacteria
and 7.61g/mL in both strain of gram negative bacteria as well as in Candida
albicans MTCC 227. The MIC values of VL is found out to be 3.08g/mL in
Bacillus subtilis MTCC 44. The antimicrobial activity of four samples for
the test microorganism has been given in the following figures.

Among the four samples, AA and AL were found to show higher antimicro-
bial activity against test microorganisms. The zone of inhibition in case of
AA as shown in the table 2 as compared to other samples is twice as large as
in case of Bacillus subtilis MTCC 441 at a concentration of 7.61g/mL. The

most sensitive microorganism was Bacillus subtilis MTCC 441, which was
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Figure 7.2: Antimicrobial activity showed by AL in Bacillus subtilis MTCC
442, (b) Bacillus subtilis MTCC 2757, (¢) Escherichia coli MTCC 739 and
(d) Escherichia coli MTCC 10312.

susceptible to all the samples at various dilution except for VA. The samples
AA and AL showed higher efficacy against test pathogens is due to the fact
that the both samples have been prepared from 3aminopropyltrimethoxysil-
ane which has greater efficacy than VS and VL which has been prepared
from Venytrimethoxysilane. In addition, AA and AL has smaller particle
size than VA and VL as confirmed from TEM analysis that allows them to
disperse or penetrate in media more effectively. The faster rate of diffusion

of smaller particles allows for a more rapid association with bacteria.
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Figure 7.3: Antimicrobial activity shown by (a) AL and (b) AS in Candida
Albicans MTCC 227

Figure 7.4: Antimicrobial activity shown by VL in Bacillus Subtilis MTCC
442
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Conclusion and Future

prospects

8.1 Conclusion

The nobel features of Si-NPs such as large surface area, tunable PL and excel-
lent biocompatibility offer great advantage. The Si-NPs using functionalized
groups imparts desirable properties for the use in biomedical applications
especially as a fluorescence probe. Therefore numerous research has focussed
in studying its optical, physical and biological properties. Here we try to
study the optical and biological properties of four different samples of Si-
NPs. Herein we synthesized Si-NPs that are water dispersible, hydrophilic
and transparent aqueous solution and no turbidity were seen. The PL of all
four samples emit in blue-green region inspite having larger particles size as
confirmed by the TEM analysis. The FTIR spectra of all four samples shows

the formation of siloxane (Si-o-Si) and Si-O bond in the samples. These
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analysis confirms the origin of PL in our sample are not from the quantum
confinement effect but rather from the localized state induced by the surface
oxidation. The optical properties of sample AA and VA follows the sim-
ilar behaviour with ageing. The sample have been prepared from different
precursor but the reducing agents used is same which implies that the ap-
pearance of similar behaviour in both the samples are the consequences of
type of reducing agent. The spectrum shows broad distribution with ageing
in both the samples which does not make ascorbate sodium an effective re-
ducing agents. Similarly, the optical properties of sample AL and VL shows
the similar behaviour. The PL and absorption peak moves towards shorter
wavelength in both the samples with ageing which implies that Citrus Lemon
extract is a good reducing agents. Although, the PL shift in freshly prepared
AL with different applied excitation wavelength is also noticeable but with
ageing the sample show stability in PL as observed on the 7th day. The PL
spectrum are narrow in AL and VL as compared to AA and VA. The large
stokes shift in both the sample AL and VL further suggest the formation of
smaller sized nanoparticles in this case as compared to AA and VA. The large
stokes shift enables collection of whole emission spectra thereby improving
its sensitivity of detection for biological applications [3]. The bioimaging of
two samples of Si-NPs viz. VA and VL were performed on the human WBCs
cell. The cell stained with VL. and VA shows the same level of red CTCF in-
tensity but the smaller size of VL facilitates the fluorescence of more number
of cell. This is because the Si-NPs prepared using Citrus lemon are smaller
in size as compared to Si-NPs prepared using ascorbate sodium. This results

indicates that VL is the better fluorescence probe than VA. In addition we
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try to explore other medicinal uses of Si-NPs as antimicrobial agents. The
antimicrobial activity of all four samples were performed. The samples AA
and AL showed higher antimicrobial activity against test pathogens and VL
showed efficacy against one strain of bacteria. From this we find that AA

and AL are an effective antimicrobial agents.

8.2 Future prospects

Nanomaterials have become important materials in rapidly growing field of
nanotechnology [72]. The size dependent optical properties of Si-NPs finds
its application not only in optoelectronics but in biomedical applications.
They are basically considered as a new generation fluorescence probe by
replacing the conventional dyes used in diagnostics purposes in coming near
future. The numerous synthesis route for the preparation of Si-NPs has
improved significantly over the past 50 years [73].The synthesis method has
undergone major changes which focusses on the fast and high production of
nanoparticles useful in the biomedical application. There is an increasing
interest in nanomedicine due to their robust and biocompatible nature of Si-
NPs. The quantum yield (QY) in Si-NPs were found to be high as compared
to CdSe QDs but its surface chemistry and luminescence process is not yet
well understood to consider as ideal fluorophore [74]. Si-NPs are recently
using for drug and gene delivery due to its low inherent toxicity than their
counterparts QDs. Also due to their desired physiochemical property they

are considerably studying for their waste water treatment technology [75].
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