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PROLOGUE 

The interdisciplinary work presented in this Thesis concerns the chemical (bio)-

functionalization of micro- and nanoparticles for the preparation of micro- and nanotools, 

whose functionality targets towards cancer theranostics (sensing and therapy) in living cells. 

 

The Thesis is structured in 9 Chapters and one Appendix:  

 Chapter 1 shows a general Introduction to Nanoscience and the application of nanomaterials 

for sensing and therapy 

 Chapter 2 describes the Objectives of the Thesis.  

 Chapter 3 describes the Experimental section. 

 In Chapters 4-8, each chapter is related to each specific objective, and includes a brief 

introduction, followed by its Results and Discussion.  

 Chapter 9 shows the Conclusions.  

 The final Appendix contains the abbreviations and acronyms, fabrication process and the 

dissemination of the results. 
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CHAPTER 1 

Introduction 

With over 10 million new cases per year worldwide, cancer remains a difficult disease to treat 

and a significant cause of morbidity and mortality. It is a complex cluster of diseases that 

arise from DNA mutations impacting cell growth and cell cycle processes. The fact that 

cancer encompasses a heterogeneous spectrum of conditions and is highly unpredictable 

causes numerous challenges for early diagnosis and effective treatment. Current treatments 

include chemotherapy, radiation and surgery, but the effects of these procedures may damage 

not only the cancer tissue but also normal tissue. Researchers have been working on 

delivering chemotherapeutic agents selectively at the molecular level in the cancer tissue, 

developing a new approach for treating cancer 
1-3

.  

 

Nanomedicine, the use of nanotechnology for medical applications, offers great opportunities 

and challenges in both fundamental research and practical applications, such as therapy, 

diagnosis, imaging or tissue regeneration 
4-5

. Nanomedicine relies on the preparation and 

study of nanomaterials, structures with at least one of the three dimensions in the length scale 

between ~1 and ~100 nm 
6
. Some of the examples of nanomaterials are represented in Figure 

1-1 
7-12

.  

 

Figure 1-1. Examples of nanomaterials, a) nanoparticles, b) nanotubes, c) nanosheets, d) 

nanowires and e) quantum dots.  

 

Due to their small dimension, nanomaterials have high surface area to volume ratio, where 

the surface/interface states become important and even dominant compared to normal bulk 

materials 
13-15

. Nanomaterials exhibit many valuable properties such as high absorbance, 

NANOMATERIALS 

a) 

b) 

c) d) 

e) 
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bright fluorescence and catalytic activities, which can be modulated by their physical and 

chemical environment 
16

. In addition, these materials show plenty of intriguing phenomena 

and extraordinary electronic, optical, thermal, mechanical, and chemical properties 
17-20

, 

which provides a lot of fascinating research topics for both fundamental and applied research 

(Figure 1-2) 
21-29

. 

 

 
Figure 1-2. Schematic representation showing fields of application of nanomaterials. 

 

Nanomaterials can be obtained by two different approaches, named either the top-down or the 

bottom-up approach, (Figure 1-3). In the top-down, a block of material is taken and carved 

away until the object that is wanted is reached using techniques such as engraving, 

photolithography or milling. Thus, the top-down approach is based in using nano-engineering 

and erosion to form the nanomaterials 
30

. In the case of bottom-up approach, individual atoms 

and molecules are driven to or are placed precisely where they are needed by tools such as 

chemical synthesis, self-assembly or self-organisation 
31

. Therefore, the driving force in the 

bottom-up approach to the formation of nanomaterials is based on the supramolecular 

chemistry and the use of non-covalent interactions 
32

.  

 

 

Figure 1-3. Top-down and bottom-up approaches for the preparation of nanomaterials. 
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Recent years have witnessed a significant interest in biological applications of novel 

nanomaterials 
33-35

. The unique physic-chemical properties of nanomaterials when utilized in 

conjunction with the remarkable biomolecular recognition capabilities could lead to nano-

biological devices such as probes and sensors 
36-38

. Not only could these devices exhibit 

advantages over existing technology in size but also in performance 
39-40

. Several issues are 

important regarding nanomaterial/biosystems. One of them is biocompatibility, especially for 

in-vivo applications 
41-43

. Another is specificity that requires bio-functionalization of 

nanomaterials for recognition of only one type of target biomolecule and rejection of others 
44-46

. Central to tackling these issues is surface functionalization of nanomaterials and 

elucidating the interfaces and interactions between nanomaterials and biosystems 
474849

. 

Recent progress in nanomedicine has also stimulated the development of multi-functional 

nanomaterials, achieving a compound effect using one system in which each component has a 

specially designed function 
48,50-51

. Multi-functional nanomaterials provide a platform to 

integrate therapy and diagnostics “theranostics”, which is an emerging direction in 

nanomedicine 
52

. Beyond simply therapeutic functionality, theranostic nanomaterials have 

been designed to deliver multiple components and imaging agents, facilitating simultaneous 

and synergistic diagnosis and therapies 
53-55

.  

 

The design and preparation of such multi-functional materials for theranostics is a 

challenging task, guided by a careful precise complementary selection of relevant probes and 

carriers chosen for sensing specific parameters of a pathogenic cell or tissue, and delivering 

drugs that could rectify an anomalous condition. When these nanomaterials are designed to 

target cancer cells many different guiding principles may apply, such as sensing and 

modifying differences in cell adhesion, or acidity. 

 

Cell adhesion is an essential aspect for fundamental cellular processes such as cell 

proliferation, migration, differentiation, and survival 
56-57

. Finding innovative methods to 

probe the adhesion of cells in their native state can greatly advance the understanding of 

control and regulation of cellular behaviour, such as cell morphology, cell mechanics, cell 

motility and cell signalling 
58-62

, all of which can potentially be applied to medical diagnosis 

and/or pharmaceutical development. Abnormality in cell adhesion can result in various 

cellular disorder associated with a wide range of human diseases 
63-67

. Cell adhesion 

molecules play a significant role in cancer progression and metastasis. The alterations in the 

adhesion properties of neoplastic cells play a pivotal role in the development of recurrent, 

invasive and distant metastasis 
63,68-70

. Use of different nanomaterials with biological 

functionality to control the cell behaviour has been explored widely 
71-73

. Surface bio-

functionalization with cell-adhesion molecules has attracted significant interest of the 

surfaces with tailored properties, such as wettability, adhesion and biocompatibility 
74

.  In our 

group, we have successfully developed a device for individual embryo tagging 
58

. These 

devices are based on polysilicon substrates, microfabricated enclosing a characteristic pattern 

code, enabling individual external cell identification. Furthermore, bio-functionalization of 

these devices has driven their excellent adhesion ability to the zona pelucida of the mouse 

embryos (Figure 1-4), with extremely successful retention rates and high embryo survival. 
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Figure 1-4. Optical microscopy images of mouse embryos at different development stages 

tagged with polysilicon bio-functionalized devices, (A1−3) one-cell, (B) two-cell, (C) 

morula, and (D) blastocyst stage. Scale bar – 4 µm. 

 

On the other hand, intracellular pH is also one of the most important cellular parameters to be 

measured because cells change their intracellular pH depending on their environment, 

specific location or their development stage 
75

. For instance, different organelles such as 

endosomes or lysosomes, have a typically acidic pH between 4 and 5, in comparison on the 

pH of the cytosol and the nucleus that in normal conditions have a pH near 7.2-7.4 
76

. 

Furthermore, different kinds of cells such as apoptotic, inflammatory, or cancer cells also 

show changes in their intracellular pH, which normally become slightly more acidic 
77-78

. 

This dysregulated pH is emerging as a hallmark of cancer, which enables cancer progression 

by promoting proliferation, the evasion of apoptosis, metabolic adaptation, migration and 

invasion 
79-82

. In this context, tools with the capability to measure intracellular pH should be 

an important aim to study the cell stage, cell behaviour or processes involved with the cell’s 

death. Novel systems have been described recently, based in these fluorescent structures 

supported on polymeric or metallic nanoparticles in order to deliver the sensors inside the 

cells 
83-85

. However, despite the existence of even several commercially pH chemosensors to 

be used in solution, their toxicity for the cells hamper their use in long term studies in cell 

cultures. Immobilization of any of these systems in either micro- or nanoparticles would offer 

the advantage or increasing their specificity and reduce their toxicity. To the best of our 

knowledge, there are only a few examples of pH probes successfully incorporated on 

nanoparticles 
86

, and only one example on gold nanoparticles 
87

. Recently, our group has also 

successfully immobilized 3 different pH-dependent fluorophores using micro-contact printing 

on silicon oxide substrates, which sets the principle to identify and determine the 

physiological pH changes in HeLa cells 
88

.  

 

Moreover, the therapeutic properties of light have been known for thousands of years, but it 

was only in the last century that photodynamic therapy (PDT) was developed 
89-91

. At present, 

PDT is being used in the clinic for use in oncology - the head and neck, brain, lung, pancreas, 

breast, prostate and skin 
92-96

. PDT involves two individually non-toxic components that are 

combined to induce cellular and tissue effects in an oxygen-dependent manner. The first 

component of PDT is a photosensitizer -a photosensitive molecule that localizes to a target 

cell and/or tissue 
97

. The second component involves the administration of light of a specific 

wavelength that activates the sensitizer. The photosensitizer transfers energy from light to 

molecular oxygen, to generate reactive oxygen species (ROS) 
98-101

. Since 1993, Photofrin®, 

a commercially available hematoporphyrin derivatized photosensitizer, is used in patients 

with early and advanced stage of lung cancer 
102

. Additionally, most of the photosensitizers 

are also good for imaging 
103-105

. One of the problems encountered in administrating 

photosensitizers is their bad distribution inside the body, therefore, resulting in side effects 

and damaging nearby tissues. For this reason, there is a need of developing a target specific 
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drug delivering systems 
106

 which can be achieved using micro- and nanoparticles. In our 

group, we have prepared novel porphyrin derivatives and have immobilized them onto gold 

or iron oxide nanoparticles to build a suitable device for potential use in PDT, Figure 1-5 
107

-
112

.  

 

 
Figure 1-5. a) Schematic representation of gold nanoparticles functionalized with porphyrins 

for photodynamic therapy and (b-c) bright field and fluorescence image of SK-BR-3 cells 

loaded with functionalized gold nanoparticles. Scale bar – 20 µm. 

 

Over recent years, advancement in nanoparticles drug delivery is widely expected to change 

the landscape of pharmaceutical industries for the foreseeable future 
111-116

. Controlled drug 

delivery systems have several advantages compared to the traditional forms of drugs. A drug 

is transported to the place of action, hence, its influence on vital tissues and undesirable side 

effects can be minimized. Accumulation of therapeutic agents in the target site increases and, 

consequently, the required doses of drugs are lower 
117-119

. Nanoparticles, specially metallic 

or inorganic nanoparticles such as gold nanoparticles, have been extensively investigated 

thanks to their easy fabrication, biocompatibility and multi-functionalization capability 
120

. 

The two most widely used methods for the synthesis of gold nanoparticles are the citrate 

method, developed by Turkevich, and the Brust-Schiffrin method 
121-122

. Gold nanoparticles 

have been widely studied to be used in different types of applications, including catalysis, 

medical diagnosis, biological sensors and imaging 
123-128

. In particular drug delivery is one of 

the main biological applications of the gold nanoparticles because they are able to incorporate 

a particular bioactive molecule or drug and deliver it to a certain tissue or cell 
116

. Based on 

the Brust-Schiffrin method, our group has developed a novel method for obtaining gold 

nanoparticles, using bis-imidazolium or bis-pyridinium amphiphiles of gemini type 

synthesized in our laboratory. This method proved to be suitable for obtaining gold 

nanoparticles that are monodisperse, able to enter cells, with low toxicity, that furthermore 

could be loaded with model drugs such as, ibuprofen, piroxicam and also porphyrin-based 

photosensitizers, pursuing its delivery, Figure 1-6 
109,129-131

.  

 

a) b) c)
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Figure 1-6. Schematic representation of gemini pyridinium based gold nanoparticles for drug 

delivery and its image obtained using Transmission Electron Microscopy (TEM). 

 

This thesis has its main focus on developing multi-functional nanomaterials, that we called 

nano- and microtools through two different approaches, top-down to provide support and 

bottom up to give functionality to prepare nanomaterials for diagnosis and therapy in cancer 

cells (theranostics). It includes functionalization of inorganic and or metallic nano- and 

microparticles with natural and synthetic receptors capable of acting as sensors to monitor 

different cellular parameters in living cells and deliverers. 

 

Self-assembled monolayers (SAMs) are the functional component of the nano- and 

microtools described in this thesis. It is a process based on the spontaneous assembly of 

molecules forming a well ordered structure on a surface. The activity and the utility of the 

SAMs depend on the molecule that will be immobilized into the SAMs using the reactivity 

between the functional group of the SAMs and the desired molecule 
132

. Functional 

nanomaterials are formed by three main elements (Figure 1-7):  

 a metallic or inorganic substrate, in particular polysilicon and gold surfaces or gold 

nanoparticles. 

 a self assembled monolayer as linker and 

 a bioactive molecule 

 

 
Figure 1-7. Schematic representation of elements of a microtool. 

 

Bioactive molecule or 
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CHAPTER 2 

Objectives 

The main objectives of this thesis are to develop novel multifunctional micro- and 

nanoparticles for intra- and extracellular sensing for cancer theranostics, through different, 

but complementary approaches: 

 

 Functionalization of polysilicon microparticles of different shapes and sizes, targeting 

membrane receptors to induce cell adhesion of the microparticles (described in Chapter 4 

and Chapter 5): 

 

1. To optimize the immobilization of lectins and boronic acids on polysilicon surfaces 

and microparticles using self-assembled monolayers. 

2. Characterization of (bio)-functionalized surfaces and microparticles. 

3. To assess the ability of bio-functionalized microparticles to adhere to cell membranes 

of Dictyostelium discoideum (Dicty) and HeLa cells. (Figure 2-1) 

 

 

Figure 2-1. Representation of cell adhesion using (bio)-functionalized microparticles of 

different shapes and sizes. Scale bar – 20 µm. 
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 Preparation of microparticles for pH sensing in cells based on hexahedral bi-functionalized 

fluorescent probes (described in Chapter 6): 

 

1. Selection of suitable pH dependent fluorescent dyes. 

2. To immobilize pH dependent fluorescent dyes on polysilicon surfaces and 

microparticles. 

3. To immobilize pH dependent fluorescent dyes on gold surfaces. 

4. Bi-functionalization of hexahedral bi-functional (polysilicon-gold) microparticles 

using pH dependent fluorescent dyes. (Figure 2-2) 

 

Figure 2-2. Representation of hexahedral bi-functionalized microparticles either for pH 

sensing or Photodynamic Therapy (PDT) in cells. Scale bar – 3 µm. 

 

 Preparation of microparticles for intracellular sensing of Reactive Oxygen Species (ROS) 

using hexahedral bi-functionalized fluorescent probes for Photodynamic Therapy (PDT) 

(described in Chapter 7):  

 

1. Selection of suitable ROS producer and a sensor.  

2. To assess the production of ROS using a bio-photosensitizer. 

3. To immobilize the bio-photosensitizer on polysilicon surfaces and microparticles. 

4. To immobilize a suitable ROS sensor on gold surfaces. 

5. Bi-functionalization of hexahedral bi-functional (polysilicon-gold) microparticles 

using bio-photosensitizer (ROS producer) and a ROS sensor. (Figure 2-2) 

 

 Synthesis and characterization of gold nanoparticles based on imidazolium macrocycles to 

incorporate anionic drugs for drug delivery (described in Chapter 8): 

 

1. To study the anionic binding properties of imidazolium macrocycles. 

2. Synthesis and characterization of gold nanoparticles using imidazolium macrocycles. 

3. To study the incorporated release of anionic drugs from the macrocyclic-imidazolium 

based gold nanoparticles. (Figure 2-3)  

 

Polysilicon

Gold

=

Fluorescent probe

Fluorescent probe
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Figure 2-3. Representation of gold nanoparticles as drug delivery agents. 

 

 

 

- Drug
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CHAPTER 3 

Methodology 

3.1. Materials 

Solvents and reagents  

Absolute ethanol (99.8%), sulphuric acid (H2SO4, 98%), hydrogen peroxide (H2O2, 30%), 

ammonium hydroxide (NH4OH, 20%) and acetic acid (99.8%) were purchased from Sigma–

Aldrich. Water used in the experiments was HPLC grade produced by a MilliQ plus system 

from Millipore (Milli-Q water). Phosphate buffered saline (PBS), sterile (pH 7.4) and 

Sorensen buffer (pH 5.5) was purchased from Scharlab. 

 

The dialysis membrane, Cellu·Sep T3, MWCO12000-14000Da was brought from Membrane 

filtration products international (MFPI). 

 

Commercial compounds 

3-minopropyltriethoxysilane (99%) (APTES), 2-(2-aminoethoxy)ethanol, N-

acetylglucosamine (GlcNAc), triglycolamine, Tween
®
 20, Tween

®
 80,  sodium 

cyanoborohydride, 4-formylphenylboronic acid, cysteamine, 11-amino-1-undecanethiol 

hydrochloride,  cytochrome c from equine heart (Cyt c), hydrogen tetrachloroaurate(III), 

sodium borohydride and ibuprofen sodium salt were purchased from Sigma–Aldrich. 11-

(Triethoxysilyl)undecanal (TESUD) was purchased from ABCR. Texas red-X conjugate 

Wheat germ agglutinin (WGA), Concanavalin A, Texas red conjugate (Con A) and Oregon 

green
™

 488 carboxylic acid, succinimidyl ester, 6-isomer (Oregon green), pHrodo
™

 red, 

succinimidyl ester (pHrodo), SNARF
™

-1 carboxylic acid, acetate, succinimidyl ester 

(SNARF), Alexa fluor™ 647, succinimidyl ester (Alexa fluor) and BODIPY™ 581/591, 

succinimidyl ester (BODIPY) were purchased from Thermofisher Scientific. 2-(1-

Hydroxy)ethoxyeth-1-yl methanesulfonate (EG2OMs) was purchased from ProChimia 

Surfaces.  

 

Compounds 

1·2Br, 2·2Br and 3·2Br were synthesized according to literature 
129,133

. 

 

Substrates 

The silicon and silicon/gold substrates for this work were provided by our collaborators. They 

were manufactured in the group of Prof. J. A. Plaza using semiconductor microtechnologies 

based on photolithographic processes at the Centro Nacional de Microelectrónica (CSIC-

CNM) in Barcelona, Spain. The fabrication processes of the substrates are explained in the 

Appendix, Section II. 

 

Two different types of substrates were used for the functionalization process.  

 

1. Surfaces. They were selected initially due to the feasibility of carrying out the preliminary 

experiments and for the optimization of the functionalization protocol. The surfaces (0.5 cm
2
) 

used incorporated patterns of polysilicon microparticles with different morphologies.  

2. Microparticles. After the optimization of the protocol on surfaces, polysilicon 

microparticles with different morphologies were used as the substrates. The polysilicon 

microparticles were etched from the above mentioned surfaces and were collected in an 

eppendorf with 1 mL of absolute ethanol. The dimension of these microparticles permits their 
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easy detection, even while using an optical microscope. Two different shapes of 

microparticles, Star shaped (Batch 1-Batch 4) and Disc shaped (Batch 5-Batch 6) 

microparticles were used, Figure 3-1 (a-f) respectively. 

 

Additionally, a microparticle of 3 x 3 µm
2 

and
 
500 nm thickness, made up of two different 

materials (polysilicon and gold) for bi-functionalization of the microparticles were also 

fabricated, Figure 3-1 (g). 

 

 

Figure 3-1. Star shaped polysilicon microparticles, a) Batch 1 (20 µm, 500 nm thick), b) 

Batch 2 (10 µm, 500 nm thick), c) Batch 3 (20 µm, 50 nm thick), d) Batch 4 (10 µm, 50 nm 

thick), Disc shaped microparticle e) Batch 5 (20 µm, 500 nm thick), f) Batch 6 (10 µm, 500 

nm thick), g) Bi-functional microparticle. Scale bar – 30 µm (a-f) and 3 µm (g). 

3.2. Characterization techniques and instruments 

Fluorescence microscopy 

Fluorescence images were obtained with OLYMPUS-DP 20 (BX51) microscope at the 

Institut de Ciència de Materials de Barcelona (ICMAB) equipped with a fluorescence setup 

using mercury lamp. The samples were observed in fluorescence and transmitted light 

simultaneously.  Samples emitting green fluorescence were excited using a blue excitation 

filter (460 - 490 nm) and emission wavelength ≥ 515 nm. In the case of red fluorescence 

a) b)

d)

c)

f)e)

g)

Polysilicon

Gold
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emission, the samples were excited using a green excitation filter (530 - 550 nm) and 

emission wavelength ≥ 590 nm.  

 

Additionally, the fluorescence images were also obtained using OLYMPUS-IX73 at 

GlaxoSmithKline-Carbon Neutral Laboratory (GSK-CNL), University of Nottingham. 

Samples emitting green fluorescence were excited using a blue excitation filter (470 - 495 

nm) and emission filter (510 - 550 nm). In the case of red fluorescence emission, the samples 

were excited using a green excitation filter (540 - 550 nm) and emission filter (575 - 625 nm). 

 

The samples surfaces were analyzed together with control surfaces (without any fluorophore). 

The control surfaces were analysed first and the resulting auto fluorescence from the surface 

was made to zero by adjusting the exposition time and the aperture of the excitation filter. 

The sample surfaces were then analyzed and captured using the similar settings adjusted for 

control surfaces. 

 

Super Resolution Microscopy: 

The fluorescence images using super resolution microscopy were obtained from a Zeiss 780 

high resolution confocal microscope combined with a Zeiss Super resolution system with full 

environmental control at the Centre for Biomolecular Sciences (CBS), University of 

Nottingham. 

 

Total Internal Reflection Fluorescence (TIRF) microscopy 

TIRF microscopy exploits the unique properties of an induced evanescent wave or field in a 

limited specimen region immediately adjacent to the interface between two media having 

different refractive indices. In practice, the most commonly utilized interface in the 

application of TIRF microscopy is the contact area between a sample and a glass coverslip.  

 

HiLo microscopy 

HiLo microscopy involves ‘structured illumination’ which means projecting a pattern of 

illumination (usually a grid-like pattern) onto the sample. The pattern is projected with the 

same lens used for imaging, resulting in an illumination pattern which is in focus at the 

imaging focal plane, and blurred everywhere else. This provides a way of distinguishing 

between the in-focus and out-of-focus components of the image. The in-focus parts of the 

image are illuminated with a high fidelity pattern, while the out-of-focus parts are illuminated 

by a blurred pattern. For layers of the sample which are sufficiently far from the focal plane, 

this blurring will be so severe that the illumination is essentially uniform. Thus, HiLo 

microscopy is used to eliminate the out-of-focus contributions. 

 

Stochastic Optical Reconstruction Microscopy (STORM) Imaging 

STORM imaging improves the resolution by ~10 times over conventional imaging systems in 

that it does not observe all the fluorescently labelled molecules on the sample at the same 

time, but activates only a low percentage at any given time. At each time point/frame, 

Gaussian fitting enables precise localization of the centroid of each activated molecule image. 

By repeating this process and acquiring multiple frames, thousands of molecules in the field 

of view can be localized with nanometer accuracy. Combining these localizations results in 

the final super-resolution image. 

 

Fluorescence spectroscopy 

Fluorescence spectroscopy was performed using a FLS980 spectrometer from Edinburgh 

Instruments at the Carbon Neutral Laboratory for Sustainable Chemistry (CNL), University 
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of Nottingham. The samples were excited using a 450 W ozone free xenon arc lamp that 

covers a range of 230 nm to 1000 nm using right-angle geometry. 

 

Ultraviolet-Visible absorption spectroscopy (UV-Vis) 

UV absorption spectra were obtained on UV-1800 Shimadzu UV spectrophotometer present 

at the ICMAB. 

 

Contact angle measurements 

The contact angles were measured in air inside a clean room with high-purity deionized water 

by a 3 μL drop using a contact angle measuring system (DSA 100, KRUSS) from Nanoquim 

platform of the ICMAB to determine the hydrophobicity of the modified surfaces. Values of 

the contact angle on at least three samples were measured to give statistical significance. 

 

Raman spectroscopy 

All spectra were acquired using the Horiba LabRAM HR Raman Microscope available at the 

Nanoscale and Microscale Research Centre (nmRC), University of Nottingham. The spectra 

were collected with 532 nm excitation at either (i) 1% laser power for 10 seconds per spectral 

window (10s) or (ii) 100% laser power for 0.1s per spectral window (1s). In either case, 2 

accumulations per window were required to remove spectral artefacts. 

 

Atomic Force Microscopy (AFM) 

Topographic AFM images were acquired using Keysight 5100 AFM in the dynamic tapping 

mode using a Si tip at the ICMAB using a PicoSPM (Molecular Imaging) microscope. 

 

Scanning Electron Microscopy (SEM) 

SEM samples in Chapter 4 were measured on QUANTA FEI 200 FEG-ESEM microscope at 

the nmRC, University of Nottingham. The samples were measured at high and low vacuum 

conditions where the electron beam acceleration voltage was set between 10 kV and 20 kV. 

The microscope was equipped with a field emission gun (FEG) for optimal spatial resolution.  

 

In the case of AuNP (Chapter 8), the SEM images were obtained using a JEOL JSM-7100F 

field emission scanning electron microscope at 5 kV, at CCiTUB. Samples were mounted on 

microscope holders using carbon tabs and then they were coated with a thin film of 

amorphous carbon. The images were captured using the software PC-SEM version 5.1. 

 

X-ray Photoelectron Spectroscopy (XPS) 

XPS measurements in Chapter 4 were performed with Kratos Liquid Phase Photoelectron 

Spectroscopy Machine (LiPPS) at the nmRC, University of Nottingham, in ultra-high 

vacuum conditions (base pressure 5E
-10

 mbar). XPS measurements were performed with a 

monochromatic X-ray source Al Ka emission at 1486.6 eV.  

 

XPS measurements in Chapter 5 were performed with a Phoibos 150 analyzer (SPECS 

GmbH, Berlin, Germany) at the Institut Català de Nanociència i Nanotecnologia (ICN2), in 

ultra-high vacuum conditions (base pressure 5E
-10

 mbar). XPS measurements were performed 

with a monochromatic Kalpha X-ray source (1486.74 eV). The pass energy values used was 

20 eV for the high resolution spectrum and the energy resolution as measured by the FWHM 

of the Ag 3d5/2 peak for a sputtered silver foil was 0.6 eV. 
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Matrix-Assisted Laser Desorption and Ionization - Time-of-flight - Mass Spectrometry 

(MALDI-TOF-MS) 

MALDI-TOF-MS analysis were performed using a Voyager-DE-RP mass spectrometer 

(Applied Biosystems, Framingham, USA) from Centres Científics i Tecnològics de la 

Universitat de Barcelona (CCiTUB). A 3 ns pulse nitrogen laser (337 nm) was used for 

desorption and ionization with an accelerating voltage of 20 kV. Positive ions were detected 

in a time-of-flight mass detector in the reflector mode. The matrix used was 2, 5-

dihydroxybenzoic acid (DHB). 

 

Transmission Electron Microscopy (TEM) 

TEM images were obtained with a JEOL JEM-1010 transmission electron microscope at 80 

kV, from CCiTUB. The images were captured by a Megaview III Soft Imaging System 

camera and the size of the nanoparticles was measured with Analysis software (Olympus). 

 

Dynamic Light Scattering (DLS) 

The hydrodynamic size of the gold nanoparticles (AuNPs) was determined by Dynamic Light 

Scattering using a Malvern Zetasizer Nano ZS series from Malvern Instruments at Universitat 

de Barcelona. 

 

Thermogravimetric Analysis (TGA) 

TGA was performed on a Mettler Toledo TGA/SDTA 851e, at CCiTUB, with a temperature 

ramp from 30°C to 600°C and a heating rate of 10°C min
-1

. 

 

Neubauer Chamber  

Particle counting was performed by adding 5 μl of microparticle suspension into a Neubauer 

Chamber and counting the particles using an optical microscope. 

 

3.3. Experimental section 

3.3.1. Optimization of functionalization protocols: 

3.3.1.1. Activation of the surfaces 

The surfaces (0.5 cm
2
) were submerged in a freshly prepared mixture of H2SO4 (98%) and 

H2O2 (30%) (piranha solution), at a volume ratio of 7:3 (1 mL) for 1hr, and then rinsed with 

Milli-Q water (5×3 mL). The surfaces were then submerged in a solution of NH4OH (20%), 

H2O2 (30%) and Milli-Q water, at a volume ratio of 1:1:5 (1 mL) for 30 mins. The freshly 

hydroxylated surfaces were then rinsed abundantly with Milli-Q water (5×3 mL) and dried in 

a stream of nitrogen gas.  

 

Silanization step 

1. Using different concentrations of linker (TESUD) 

The hydroxylated surfaces were then submerged with different solutions of 11-

(triethoxysilyl)undecanal (TESUD) of concentration 67.5, 135, 200 mM in 1 mL of  absolute 

ethanol. To this solution, 50 µL of acetic acid (0.05 mmol) was also added maintaining the 

final volume up to 1 mL.  

2. Using different incubation times in linker (TESUD) 

The hydroxylated surfaces were then submerged in a solution of TESUD in absolute ethanol 

(135 mM, 1 mL). To this, 0.05 mM of acetic acid was also added. The solution was then 

made to stir using an orbital shaker at 600 rpm for different time periods such as 3 hrs and for 

overnight. 
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WGA immobilization 

1. Using different concentrations of lectin (WGA) 

After the incubation, the surfaces were rinsed abundantly with absolute ethanol (5×3 mL) and 

dried with nitrogen. TESUD functionalized surfaces were later immersed in PBS with 

different concentration of WGA lectin (15, 35, 70 and 120 µg/mL) and were left for 

overnight stirring in dark on an orbital shaker at 300 rpm. A solution of sodium 

cyanoborohydride (5 mM, 0.25 mL) in PBS was also added. Next, to cover the unreacted 

active groups on the surface, a PBS solution of 2-(2-aminoethoxy)ethanol (15 mM, 1 mL) 

was added. After 30 mins, the surface was rinsed with PBS (5×3 mL), to eliminate unspecific 

protein adsorption. 

 

2. Lectin immobilization on surfaces using mixed monolayers 

The activation step was performed as indicated in the previous section. 

 

The TESUD functionalized surfaces were obtained using the optimized conditions, 135 mM 

of TESUD incubated for 3 hours. 

 

To the TESUD functionalized surfaces, 2-[2-(2-aminoethoxy)ethoxy]ethanol (TGA) was 

added with the WGA lectin (35 µg/mL) in PBS in order to form mixed monolayers on the 

surfaces. Different ratios of WGA lectin to TGA were studied, such as (1:1, 1:3 and 3:1). A 

solution of sodium cyanoborohydride (5 mM) in PBS was also added. The surfaces were then 

left for overnight stirring in dark on an orbital shaker at 300 rpm. The surfaces were then 

rinsed with PBS (5×3 mL), and dried under nitrogen flow. 

 

3.3.1.2. Lectin immobilization on microparticles 

Initially, the microparticles from the surfaces were collected in an eppendorf and were 

suspended in 1 mL of ethanol solution. The microparticles were then centrifuged for 3 mins 

at 13,000 rpm forming a pellet of the microparticles. The supernatant (ethanol) was removed 

and the microparticles were again suspended in a freshly prepared 100 µL of piranha 

solution, H2SO4 (98%): H2O2 (30%) in the ratio 7:3 for surface activation and hydroxylation. 

The microparticles were mixed well using a micropipette (×3) and were ultrasonicated for 5 

sec to remove any aggregates of microparticles. The eppendorf was then left for stirring in a 

thermoshaker for 1 hour. The microparticles after the hydroxylation step were then 

centrifuged for 10 mins at 13,000 rpm. The supernatant (piranha solution) was removed, and 

the pellet was washed with Milli-Q water (3×100 µL), by centrifuging for 10 mins at 13,000 

rpm.  

 

The freshly activated microparticles were incubated in a basic solution: 100 µL of basic 

solution containing, NH4OH (20%), H2O2 (30%) and Milli-Q water in the volume ratio of 

1:1:5 was added to the eppendorf. The microparticles were mixed using the micropipette (×3) 

and ultrasonicated for 5 sec. The eppendorf was then left for stirring in a thermoshaker for 30 

mins. The microparticles after the basic treatment were centrifuged for 10 mins at 13,000 

rpm. The supernatant (basic solution) was removed, and the remaining pellet of the 

microparticles was washed with Milli-Q water (3×100 µL), centrifuged for 10 mins at 

13,000. An additional washing step with 100 µL of absolute ethanol was performed.  

 

After the basic treatment, the hydroxylated microparticles were incubated in a solution of 

TESUD in absolute ethanol. The solution of 135 mM TESUD was prepared separately by 

mixing, 50 µL of TESUD, 50 µL of acetic acid (0.05 mM) and 900 µL of absolute ethanol. 

100 µL of this solution was added to the microparticles containing eppendorf and was mixed 
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well using a micropipette (×3) and ultrasonicated for 5 sec. The eppendorf was then stirred 

for 3 hrs on a thermoshaker at room temperature. After this step, the eppendorf was 

centrifuged for 5 mins at 13,000 rpm, and the supernatant (TESUD in ethanol) was removed. 

The microparticles in the pellet were washed with absolute ethanol (6×100 µL), centrifuged 

for 5 mins at 13,000 rpm.  

 

TESUD functionalized microparticles were then incubated with 100 µL of lectin, WGA/Con 

A (35 µg/mL) in PBS in an eppendorf. To this, 5 mM of sodium cyanoborohydride was also 

added, ultrasonicated (5 sec) and stirred in a thermoshaker for overnight in dark at room 

temperature. The following day, the lectin functionalized microparticles were washed with 

PBS (3×100 µL), by centrifuging for 10 mins at 13,000 rpm. Next, to cover the unreacted 

active groups on the microparticles, a PBS solution of 2-(2-aminoethoxy)ethanol (15 mM, 

100 µL) was added. After 30 mins, the microparticles were washed with PBS (3×100 µL), by 

centrifuging for 10 mins at 13,000 rpm to eliminate unspecific protein adsorption. The 

microparticles were finally resuspended in 100 µL of PBS solution.  

 

1. Lectin immobilization on microparticles using different washing treatments 

The protocol remains the same as above. But, an additional washing step at the end of the 

protocol is performed. In order to remove WGA/Con A aggregates, the microparticles were 

treated with Tween solution. Two different Tween solutions were tested (Tween 20 or Tween 

80). The microparticles were incubated in a PBS solution of Tween (0.5 %, 100 µL) for 15 

mins. After, the microparticles were washed with PBS (3×100 µL), by centrifuging for 10 

mins at 13,000 rpm. 

 

2. Lectin immobilization on microparticles using mixed monolayers 

The TESUD functionalized microparticles were obtained as described before.  

 

TESUD functionalized microparticles were then incubated in 100 µL PBS solution of 

WGA/Con A lectin (35 µg/mL) and 5 mM of sodium cyanoborohydride. To this, a PBS 

solution of TGA was added in different ratios such as lectin: TGA (1:1, 1:3 and 3:1). The 

microparticles were mixed well using ultrasonication (5 sec) and were left for stirring in a 

thermoshaker for overnight in dark at room temperature. The following day, the lectin 

functionalized microparticles were washed with PBS (3×100 µL), by centrifuging for 10 mins 

at 13,000 rpm.  

 

Next, to remove the WGA/Con A aggregates, the microparticles were incubated in a PBS 

solution of Tween 20 (0.5 %, 100 µL) for 15 mins. After, the microparticles were washed 

with PBS (3×100 µL), by centrifuging for 10 mins at 13,000 rpm. The microparticles were 

finally resuspended in 100 µL of PBS solution. 

 

Boronic acid (BA) immobilization on surfaces 

The surfaces were activated as described before.  

 

The activated surfaces were then treated with 2% (v/v) of (3-aminopropyl)triethoxysilane 

(APTES) in 1 mL of absolute ethanol. The surfaces were incubated for 3 hours stirring on an 

orbital shaker at 600 rpm. The amino functionalized surfaces were then washed using ethanol 

(5×3 mL) to remove the excess APTES solution and then dried under nitrogen. Finally, the 

surface was incubated in a solution of absolute ethanol of 4-formylphenylboronic acid (BA) 

(5 mg/mL) and sodium cyanoborohydride (5 mg/mL) for overnight. The next day, the 

surfaces were washed with ethanol (5×3 mL) and dried with nitrogen. 
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Boronic acid (BA) immobilization on microparticles 

The microparticles were activated as described before. 

 

After the basic treatment, the hydroxylated microparticles were incubated in a 100 µL 

solution of APTES (2% v/v) in absolute ethanol. The solution was mixed well using a 

micropipette (×3) and ultrasonicated for 5 sec. The eppendorf was then stirred for 3 hrs on a 

thermoshaker at room temperature. After this step, the eppendorf was centrifuged for 5 mins 

at 13,000 rpm, and the supernatant was removed. The microparticles in the pellet were 

washed with absolute ethanol (3×100 µL), centrifuged for 5 mins at 13,000 rpm.  

 

APTES functionalized microparticles were then incubated with 100 µL of absolute ethanol 

solution of 5 mg/mL of both 4-formylphenylboronic acid (BA) and sodium 

cyanoborohydride. The microparticles were ultrasonicated (5 sec) and were left for overnight 

stirring in dark on a thermoshaker at room temperature. Next, the BA functionalized 

microparticles were washed with absolute ethanol (3×100 µL), by centrifuging for 5 mins at 

13,000 rpm.  

 

Immobilization of pH dependent fluorophores (Oregon green/ pHrodo/ SNARF/ Alexa 

fluor) 

Polysilicon surfaces: The surfaces were initially activated using the protocol described 

before. The APTES functionalization was carried out following the protocol described in BA 

immobilization. The APTES functionalized polysilicon surfaces were finally treated with the 

fluorophore solution (17 µM, 1 mL) in anhydrous DMSO and left for overnight stirring in 

dark on an orbital shaker at 300 rpm. Next, the surfaces were rinsed using DMSO (5×3 mL), 

and dried with nitrogen. 

 

Polysilicon microparticles: The functionalization protocol remains the same, but final 

volume of the solution was made to 100 µL. Also, at every step of functionalization, the 

microparticles were washed using centrifugation for 5 mins at 13,000 rpm. 

 

Gold surfaces: The gold surfaces were firstly cleaned using 1 mL of piranha solution, H2SO4 

(98%): H2O2 (30%) in the ratio 7:3 and stirred for 30 mins on an orbital shaker at 300 rpm. 

The surfaces were then rinsed using milli-Q water (5×3 mL). The freshly cleaned surfaces 

were then incubated with cysteamine (25 mM, 1 mL) in absolute ethanol solution, stirred for 

3 hrs on an orbital shaker at 300 rpm. After, the surfaces were rinsed using ethanol (5×3 mL) 

and dried with nitrogen. The cysteamine functionalized gold surfaces were finally incubated 

with the fluorophore (17 µM, 1mL) in anhydrous DMSO for overnight in dark on an orbital 

shaker at 300 rpm. Next, the surfaces were rinsed using DMSO (5×3 mL), and dried with 

nitrogen. 

 

Bi-functionalization of bi-functional (polysilicon-gold) surfaces with Oregon green-pHrodo 

The bi-functional surfaces were treated with piranha solution, H2SO4 (98%): H2O2 (30%) in 

the volume ratio of 7:3 respectively and were stirred for 1 hr to clean and activate the surface. 

The gold surface was functionalized prior to the polysilicon surface. Therefore, the freshly 

cleaned surfaces were treated with cysteamine (25 mM, 1 mL) in absolute ethanol and stirred 

for 3 hours in an orbital shaker at 300 rpm. After, the surfaces were rinsed using ethanol (5×3 

mL) and dried with nitrogen. The amino functionalized surfaces were then incubated in 

pHrodo (17 µM, 1 mL) in anhydrous DMSO and stirred in dark for overnight using an 

orbital shaker at 300 rpm. The following day the surface was washed with DMSO (5×3 mL) 

in order to remove the unbounded fluorophore. A blocking agent, 2% solution of 2-(1-
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hydroxy)ethoxyeth-1-yl methanesulfonate (EG2OMs) for 30 mins in absolute ethanol to 

block the unreacted amino groups on the gold surface. The surface was again rinsed using 

ethanol (5×3 mL) and dried with nitrogen. The next step was to functionalize the polysilicon 

surface and thus incubated in 1 mL of 2% APTES solution in absolute ethanol for 3 hours 

under stirring. Later, the surface was rinsed with ethanol (5×3 mL) to remove the excess 

unbounded silane from the surface. The final step was to functionalize the polysilicon surface 

with Oregon green (17 µM, 1 mL) in anhydrous DMSO and incubated overnight in dark 

under stirring. Next day, the surface was rinsed using DMSO (5×3 mL) and dried under 

nitrogen. 

 

In the case of hexahedral bi-functional microparticles, the bi-functionalization follows a 

similar protocol, but the final volume used was 100 µL. Also, the microparticles were washed 

at every step using centrifugation for 5 min at 13,000 rpm. The microparticles were finally 

stored in PBS solution. 

 

Functionalization of polysilicon surfaces with Cytochrome c (Cyt c) 

The surfaces were initially activated using the similar protocol as described before. 

 

TESUD functionalized surfaces were later immersed in PBS with different concentration of 

Cyt c (35 µg/mL). To this, a solution of sodium cyanoborohydride (5 mM, 0.25 mL) in PBS 

was also added) and were left for overnight stirring in dark on an orbital shaker at 300 rpm. 

Next, to cover the unreacted active groups on the surface, a PBS solution of 2-(2-

aminoethoxy)ethanol (15 mM, 1 mL) was added. After 30 mins, the surface was rinsed with 

PBS (5×3 mL), to eliminate unspecific protein adsorption. 

 

In the case of bi-functional microparticles, the functionalization protocol remains the same, 

but final volume of the solution was made to 100 µL. Also, at every step of functionalization, 

the microparticles were washed using centrifugation for 5 mins at 13,000 rpm. 

 

Immobilization of BODIPY on gold surfaces 

The surfaces were cleaned and functionalized using cysteamine as described before.  

 

The amino functionalized gold surfaces were finally incubated with BODIPY (20 µM, 1mL) 

in anhydrous DMSO for overnight in dark on an orbital shaker at 300 rpm. Next, the surfaces 

were rinsed using DMSO (5×3 mL), and dried with nitrogen. 

 

In the case of bi-functional microparticles, the functionalization protocol remains the same, 

but final volume of the solution was made to 100 µL. Also, at every step of functionalization, 

the microparticles were washed using centrifugation for 5 mins at 13,000 rpm. 

 

Anion exchange protocol of bis-imidazolium salts 

A solution of silver hexafluorophosphate (0.11 g, 0.42 mmol) in dry acetonitrile (2 mL) was 

added to a solution of 2•2Br (0.13 g, 0.14 mmol) in dry acetonitrile (54 mL) at 40°C. The 

stirring was continued in darkness for 1 hour. A yellow solid precipitated, which was filtered 

off and the solvent was evaporated. The white residue was washed with water (10 mL) and 

filtered off to give 2•2PF6 as a pale brown solid (0.13 g, 93 %). The same protocol was 

followed for compound 4•2Br. 
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Anion binding properties of bis-imidazolium salts 

Titration experiments were carried out as follows. First, the 
1
H NMR spectra were acquired 

for the bis-imidazolium salts 2·2PF6, 3·2Br (0.5 mM in 0.7 mL of (CD3)2SO) and 4·2PF6 

(0.5 mM in 0.7 mL of CDCl3). Consecutive additions of 10 µL of tetrabutylammonium salts 

(TBA·X, X= Cl
-
, H2PO4

-
, AcO

-
) corresponding to 1 equivalent were done to the initial 

solutions, with bis-imidazolium:TBA·X ratios of 1:0, 1:1, 1:2, 1:3, 1:7, 1:10, 1:13, 1:15, 1:20. 

The spectra were interpreted and the increment in chemical shifts was plotted as a function of 

salt concentration. The degree of anion binding was determined by nonlinear curve-

regression fitting using Origin 7.0 software. The fitting procedure allowed the calculation of 

the stability constant (Ka) from the best approximation curve for experimental points, which 

corresponded to a one-site binding model. Additionally, the complexation free energy (∆G°) 

was deduced using the equation: ∆G° = - RTlnKa.  

 

Synthesis of AuNPs 

For the preparation of the AuNPs, a solution of HAuCl4.H2O (0.12 g, 0.32 mmol) in 10 mL of 

water was added to an extraction funnel containing 10 mL of a chloroform solution with 0.24 

mmol of the imidazolium derivatives 3·2Br - 5·2Br. The organic phase was separated and 

collected in a round bottom flask to which a freshly prepared solution of NaBH4 (1.28 g, 6.40 

mmol) in water (5 mL) was added drop wise under constant stirring. The stirring continued 

for 4 hours in the dark at room temperature. Later, the organic phase was separated using an 

extraction funnel and the solvent were evaporated in a rotary evaporator. The residue was 

washed with ethanol (2 x 1 mL), and with acetone (2 x 1 mL) and centrifuged at 13400 rpm 

for 10 minutes after each washing. 

 

Drug incorporation with 5·AuNP and in vitro release study 

The drug incorporation and release was done following a previously published protocol 
129

. 

Briefly, to 5 mL of 5·AuNP solution in chloroform, 5 mL of an aqueous solution of 10 mM 

sodium ibuprofenate were added and mixed in an extraction funnel. The organic phase was 

collected and was extracted with water (2 x 5 mL) to remove the excess ibuprofenate. The 

presence of ibuprofenate was determined in aqueous and organic phases through UV/Visible 

absorption spectroscopy. The release of the drug incorporated in the AuNPs was performed in 

a Microette transdermal diffusion system with vertically assembled Franz-type diffusion 

cells. The dialysis membrane (Cellu·Sep T3 dialysis membrane, MWCO12000-14000Da, 

MFPI, USA) was treated overnight in a solution of water:methanol 2:1 to hydrate the 

membrane and remove grease prior to the start of the experiment. The membranes were then 

placed in the Franz-type diffusion cells and 260 µL of the nanoparticle solution loaded with 

the drug was placed on top of the membranes. The solutions were air dried and resuspended 

with 250 µL of Sorensen buffer 1/15 M pH 5.5 that was used as the donor solution. NaOH 71 

mM solution was taken as a receptor solution. The Franz-type cells were connected to a 

controlled heating water bath set to 32°C. The cells were sealed and samples were taken 

along 2 weeks at 24 hours intervals. The same protocol was followed to study the release at 

the physiological pH 7.4 at 37°C. 

 

Drug determination in samples 

Drug determination in samples was done by HPLC in a Waters LC Module I. The column 

used was ODS-2 5 µm (4.6 mm x 150 mm) from Waters Spherisorb®. The mobile phase was 

acetonitrile-water pH 3, adjusted with orthophosphoric acid (65:35 v/v). The flow rate was 
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1.5 mL min
-1

 and the detection wavelength was 220 nm. The data was collected using the 

software Millennium 32 version 4.0.0 from Waters Corporation. 

 

3.3.2. Chemical characterization 

Quantification of immobilized lectin on polysilicon microparticles  

Using fluorescence spectroscopy, a calibration curve was achieved by recording the spectra 

of the lectin solution having different concentrations ranging from 5 µg/mL to 40 µg/mL. 

Then, the fluorescence of the supernatants from the functionalized microparticles before and 

after the functionalization was recorded. The amount of immobilized lectin was obtained 

calculating the difference between the initial and final fluorescence emission intensity and by 

using the obtained calibration curve, to relate the intensity with the lectin concentration. The 

spectra of fluorescence emission at 620 nm were recorded by exciting the samples at 595 nm. 

  

Similar protocol was adopted for quantifying immobilized pH-sensitive fluorophores on bi-

functional microparticles. Using fluorescence spectroscopy, a calibration curve was obtained 

between 0.2 µM to 17 µM. In the case of Oregon green, the excitation/emission wavelength 

at 496/520 nm was obtained. Whereas, for pHrodo, the excitation/emission wavelength at 

560/595 nm was obtained. 

 

Quantification of immobilized Cyt c on polysilicon microparticles  

Using absorbance spectroscopy, a calibration curve was obtained for different concentration 

of Cyt c ranging between 10 µg/mL to 75 µg/mL. Then, the absorbance of the supernatants 

from the functionalized microparticles before and after the functionalization was recorded in 

the range of 300 to 750 nm. The amount of immobilized Cyt c was obtained calculating the 

difference between the initial and final absorbance and by using the obtained calibration 

curve, to relate the absorbance intensity with the Cyt c concentration.  

 

Characterization of BA using ARS 

The BA functionalized substrates were treated with 10 µM solution of Alizarin Red S (ARS) 

in PBS at pH 7.4 for 5 mins. The substrates after incubation in ARS, were washed using PBS 

solution, dried under nitrogen and then characterized using fluorescence microscopy. 

Study of BA with GlcNAc 

The BA functionalized surfaces were incubated with 5 mg/mL of GlcNAc in PBS solution for 

5 mins. The surfaces were then rinsed, dried under nitrogen and characterized using 

fluorescence microscopy. 

 

Production and sensing of Reactive Oxygen Species (ROS) 

In order to measure ROS production by Cyt C, BODIPY was used for monitoring 

fluorescence spectroscopy changes after irradiation of a PBS solution containing Cyt c (10 

μM) and BODIPY (20 μM) in 2 mL of PBS. Samples were irradiated with Horiba-Jobin- 

Yvon SPEX Nanolog-TM spectrofluorometer at 408 nm (Soret band) with slit 5 for 5 min for 

exciting Cyt c. Then, immediately fluorescence emission from the BODIPY was measured 

after exciting the solution at 550 nm and monitoring the fluorescence emission decay of 

BODIPY at 590 nm every 5 mins for duration of 30 mins. 

 

3.3.3. In vitro experiments 

Bio-functionalized microparticles were further tested on Dictyostelium discoideum and HeLa 

cells in order to assess their behaviour in cell adhesion. The experiments were performed by 

the group of Prof. Teresa Suárez at the Centro de Investigaciones Biológicas (CIB-CSIC), 

Madrid. 
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CHAPTER 4 

Functionalization of star-shaped and discoidal polysilicon microparticles with lectins for 

their adhesion to cell membranes 

4.1. Introduction  

Immobilization of biomolecules or synthetic bioactive molecules onto solid supports is a key 

step in the assembly of biosensors 
134-137

. Since molecular recognition between protein 

receptors and their ligands is a central event in a wide variety of important biological 

processes, protein immobilization has become a fundamental tool to aid understanding of 

these interactions and in the search for applications of the phenomenon in many fields from 

bio-analytical chemistry to drug discovery 
138-141

. One of the most currently used methods to 

immobilize biomolecules to substrates is the formation of an organic monolayer that will act 

as a linker, the so called self-assembled monolayers (SAMs). This organized layer of 

molecules induced by the chemisorption between the substrate and a functional headgroup 

provides one of the most elegant approaches to making stable ultrathin organic films 

spontaneously 
142-148

. SAMs are also used as model substrates in biological studies because of 

their well-defined structure, controlled surface properties, and biocompatibility. SAM 

formation allows the possibility to change surface properties or add new characteristics to the 

materials. Different materials have been employed as substrates for the formation of 

monolayers, but gold and silicon are the most widely used and studied because of the ease of 

using thiol and silane chains, respectively, to be attached onto the corresponding surfaces; 

they form well-organized SAMs and they are biocompatible materials 
141-142

. Chemical 

immobilization methodologies are of determinant importance in preserving the activity of 

biomolecules, and covalent binding renders the most robust and reliable devices 
142,147

. 

Unfortunately, characterization of the monolayers is often not sufficiently thorough, which 

does not allow a direct relationship between chemical functionality and bioactivity 
149-151

. 

 

On the other hand, cell adhesion is a topic of interest in nanomedicine as a tool to evaluate 

cell behaviour. Cell adhesion plays a critical role in cells because it triggers signal 

transduction inside the cells, while affecting cellular growth, proliferation, and differentiation 
56-57

. The interactions between cells and surfaces have been the focus of studies in biological 

and medical research fields and many biocompatible materials having cell attachable or 

detachable properties have been developed 
60,72-73

. Because cells can be attached to a 

hydrophobic surface via extracellular matrix proteins, hydrophobic modification is a popular 

method for cell patterning, where cells can be positioned on a substrate 
152

. Different 

nanomaterials, such as quantum dots or metallic particles, introduced inside cells have been 

envisaged for numerous applications, but in general these materials are complex and could be 

harmful for living cells 
45,153

.  

 

Microfabrication opens up huge opportunities to obtain new materials for studying living 

cells 
154

. For instance, silicon substrates could offer cell adhesion, provided that the substrates 

are sufficiently small to be attached to the cell surface. To this end, it has been possible to 

adhere to Vero cells, through attachment of bio-functionalized materials to their plasma 

membranes 
155

. Additionally, in our group we have achieved specific adhesion of bio-

functionalized polysilicon encoded microparticles to the zona pellucida of mouse embryos. 

These bio-functionalized microparticles were found adhered to the embryos  for more than 96 

hrs, as well as resulted in high embryo viability, indicating the robustness of the bio-
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functionalization and therefore, the potential of these microparticles to be used for cell 

tagging 
156

.  

 

As a step forward, in this work cell adhesion of a particle to the cell membrane, using 

polysilicon microparticles of different shapes and sizes is targeted. In order to design a 

microtool which is biocompatible and has specificity to the cell membrane, bio-

functionalization of the polysilicon microparticles will become a decisive process to induce 

cell adhesion of the microparticles. Preparation of microtools for cell applications requires an 

extremely cautious and demanding selection of the components. Therefore, an accurate 

methodology to produce them, at the level of both microfabrication and chemical bio-

functionalization, must be established. 

 

To achieve our goal, lectins are initially regarded as optimal recognition to link a bio-

functionalized SAM with the cell surface, because of their ability to recognize saccharide 

structures (Figure 1-1) 
157-164

. Specific interactions between lectins and their complementary 

carbohydrates on cell surfaces have been thoroughly studied because of their importance in 

processes like cell−cell recognition or cellular adhesion.  

 

 

Figure 1-1. A model of a cell membrane, showing lectin-carbohydrate interaction. 

 

Wheat germ agglutinin (WGA) is one of the most widely characterized and least 

immunogenic lectins 
165-166

. WGA is a highly stable homodimer composed of subunits of 

35,000 Da 
167

. This lectin has been sequenced with 171 amino acids per polypeptide chain 
168

. 

WGA has four domains each with two unique carbohydrate binding site 
169-170

. Figure 4-2 a) 

shows the schematic representation of the WGA 
171

. The carbohydrate-binding specificity of 

WGA is higher towards N-acetylglucosamine (GlcNAc) and N-Acetylneuraminic acid 

(Neu5Ac) 
172-175

. Both carbohydrate residues are the key components on the surface of the 

cell membranes 
176-183

. The reactivity of agglutinin of WGA in normal cells and cancer cells 

has been also studied, which showed that the WGA has more affinity towards cancer cells 

than normal cells 
184-186

. Thus, WGA lectin was selected for functionalizing the 

microparticles to study their adhesion to cells. 

Additionally, Concanavalin A (Con A), has also been proven to be one of the most useful 

lectins for biological applications 
187

. Con A is a homotetramer composed of subunits of 

26,500 Da. Figure 4-2 b) shows the crystallographic structure of Con A 
188-190

. The 
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carbohydrate-binding specificity of Con A has been widely studied in great detail 
191

. It binds 

to D-glucose, D-fructose, D-mannose, GlcNAc and related monosaccharides 
192

. Therefore, 

the microparticles were also functionalized with Con A lectin to study the cell adhesion of the 

microparticles to the cell membrane. 

 

 
Figure 4-2. a) A schematic representation of the WGA lectin and b) Crystallographic 

structure of a tetramer of Con A lectin. 

  

In this context, the present interdisciplinary research involves the covalent bio-

functionalization of polysilicon microparticles of different shapes and sizes through synthetic 

organic moieties to obtain microtools designed for cell adhesion. In particular, in this work 

we aimed to use lectins such as WGA and Concanavalin A (Con A) as the key elements for 

adhesion to the cell membrane, once they have been covalently immobilized through SAMs 

to polysilicon substrates, to build up a device destined for cell adhesion.  

 

As a proof of concept, the cell adhesion of the microparticles was studied on two different 

biological models: the social amoeba Dictyostelium discoideum (Dicty) and human-tumor 

HeLa cells. Dicty is an important model organism for studies of fundamental features that are 

essential in multicellular organisms 
193-196

. On the other hand, HeLa is one of the most studied 

cell lines used for research. HeLa cells have the distinction of being the first immortal cell 

line, because of their remarkable ability to divide indefinitely 
197-198

. 

 

The commercially available lectins that we used were fluorescently tagged with Texas Red. 

This traditional red fluorescent dye that has been used extensively to label protein conjugates 

for cellular imaging applications 
199-200

.  

 

The following component was the fabrication of the microparticles, performed by our 

collaborators in the group of Prof. J. A. Plaza at CNM, explained in Appendix, Section 2.  In 

this work, microparticles made up of polysilicon material, because polysilicon is robust, 

biocompatible, and a common material in the semiconductor industry were selected 
58-59,88

. 

Different shapes and sizes of polysilicon microparticles were designed, star and disc shaped 

microparticles. The star shape was chosen due to the flexible arms of the stars which could 

favour the cell attachment, by having more points of contact with the cell membrane. In order 

to study cell adhesion on various cell lines, four different types of star shaped microparticles 

were fabricated. Large (20 µm in diameter) and small (10 µm in diameter) of 500 nm 

a) b)
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thickness, which we call Batch 1 and Batch 2 respectively. Also, with 50 nm thickness, 

which we call Batch 3 and Batch 4 respectively (Figure 4-3). In the case of disc shaped 

microparticles, two different types- Large (20 µm in diameter) and small (10 µm in diameter) 

of 500 nm thickness, which we call Batch 5 and Batch 6 respectively.  

 

 

Figure 4-3. Bright field images of different types of polysilicon microparticles on a silicon 

wafer and microparticles in suspension, with their micrometric dimensions. Scale bar – 30 

µm. 

For functionalization, two different substrates were used, Surfaces and Microparticles. a) 

Surfaces (approximately 0.5 cm
2
) were cut from wafers; incorporating polysilicon 

microparticles of size 20/10 µm and thickness 50/500 nm were used. Bio-functionalization 

was always attempted first using surfaces, mainly because they are easier to manipulate and 

characterize, and the synthetic methodology was then adapted to microparticle 

functionalization. b) Microparticles, the released microparticles were obtained by treating the 

silicon wafer using hydrogen fluoride solution to detach the polysilicon particles from the 

thermal oxide layer. Figure 4-4 shows surfaces from Batch 1, bearing polysilicon 

Batch a b c Surfaces Microparticles

1 20 μm 500 nm 1.5 μm

2 10 μm 500 nm 1.5 μm

3 20 μm 100 nm 1.5 μm

4 10 μm 100 nm 1.5 μm

5 20 μm 500 nm -

6 10 μm 500 nm -

a

b

c

a
b
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microparticles on silicon wafer, using a 100 nm thick silicon oxide layer and microparticles, 

released from the surfaces (Appendix, Section 2).  

 

 
Figure 4-4. Release of polysilicon microparticles of Batch 1 from the silicon wafer, using 

silicon oxide as a sacrificial layer. 

 

The external dimensions of the microparticles were 10/20 µm in diameter and 50/500 nm 

thickness. In the case of star shaped microparticles, the centre of the star and the width of the 

arms of the stars were 1.5 µm.  

  

-Silicon -Polysilicon-Silicon Oxide

a) b)

3 μm

15 μm
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Results and Discussion 

4.2. Functionalization and characterization of star shaped polysilicon particles on 

surfaces 

The functionalization protocol was initially optimized on Batch 1 surfaces, bearing 

polysilicon microparticles of 20 µm in size with 500 nm thickness, using the lectin WGA 

conjugated with Texas Red (WGA-TR).  

 

4.2.1. Chemical functionalization 

Initially, the previously established protocol for bio-functionalizing polysilicon substrates 

with WGA lectin by our group was tested on these surfaces 
156,201

. The bio-functionalization 

consists of three steps, as seen in Scheme 4.1:  

1. Activation: The surfaces were first cleaned and activated using piranha solution, 

increasing the amount of hydroxyl groups on the surfaces. In order to increase the 

activation, the surfaces were treated with a basic piranha solution to achieve complete 

hydroxylation.  

 

2. Silanization: The hydroxylated surfaces were then made to react with a silane 

coupling agent as a linker molecule for the surfaces. The silanes have the ability to 

form covalent bond with the inorganic surface, which is essential to achieve a stable 

functionalization 
202-204

. 

  

In our case we used as linker 11-(triethoxysilyl)undecanal (TESUD), the triethoxy silane 

moiety as the reactive group with the activated polysilicon surface, and an aldehyde as the 

organic functional group to bind the protein at a later step. The triethoxy group of the TESUD 

reacts with the hydroxylated polysilicon surface forming a stable covalent bond between the 

linker and the surface. The surfaces after the treatment results in a uniform layer of an 

aldehyde, which we call CHO self-assembled monolayer (CHO-SAM). 

  

3. WGA immobilization: The final step was the immobilization of the lectin, WGA on 

the surfaces through a reductive amination process. Thereby, treating the CHO-SAM 

on the surface with the WGA lectin in the presence of a reducing agent, sodium 

cyanoborohydride (NaBH3CN). The reaction between the aldehydes and the amino 

group would result in the formation of an imine bond, which was further reduced to 

form a stable secondary amine bond on the surface.  

 

Scheme 4-1, shows the schematic representation of the bio-functionalization of star patterned 

surfaces.  
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 Scheme 4-1. Schematic representation of bio-functionalization of WGA on surfaces. a) 

Activation, b) Silanization, using 135 mM of TESUD for 3 hrs to form CHO-SAM and c) 

WGA immobilization, incubated in 35 µg/mL of WGA for overnight forming WGA-SAM 
156

. 

 

The functionalized surfaces were characterized using fluorescence microscopy along with a 

control (non-functionalized surface). The control surfaces were characterized after the 

activation step. Figure 4-6 shows the control and WGA functionalized surface, an optical 

image taken in bright field and fluorescent image excited using a green filter (λ= 530-550 

nm) in fluorescence microscopy. The control surface did not show any fluorescence; on the 

other hand, the fluorescence image of WGA functionalized surface shows uniformity in the 

functionalization. 

 

It is also observed that the fluorescence is higher on the background (SiO2) layer than on the 

microparticles (polysilicon). This could be attributed to the difference in the surface reactivity 

between the silicon oxide and the polysilicon. The fluorescence image clearly shows higher 

functionalization on silicon oxide than polysilicon, thus making the polysilicon microparticle 

on the top appear darker. This difference in surface has been further studied (Section 4.6). 
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Figure 4-6. Bright field and fluorescence microscopy images of control (non-functionalized) 

surface a) in bright field, b) excited using green filter and WGA immobilized surface, c) in 

bright field, d) excited using green filter. Scale bar – 20 µm 

 

4.2.1.1. Influence of TESUD concentration 

Functionalization was further studied using different concentrations of TESUD, to see the 

influence on the monolayer formation and to the final bio-functionalization. The 

concentration of WGA (35 µg/mL) was kept constant for all experiments. The difference in 

the homogeneity of functionalization was compared using fluorescence microscopy. The 

fluorescence microscopy images of WGA functionalized surfaces using 67.5, 135 and 200 

mM solutions of TESUD, to prepare the CHO-SAM respectively are shown in Figure 4-7. 

The fluorescence microscopy images obtained after the WGA immobilization on the different 

CHO-SAMs resulted in homogenous functionalization of the silicon oxide. In the silicon 

oxide, this could be confirmed by the plot profile of the Figure 4-7. The surface with 67.5 

mM of TESUD showed lower fluorescence intensity. This could be due to the presence of 

lower aldehyde groups immobilized on the surface. On the other hand, in the case of higher 

concentration of TESUD (200 mM), the fluorescence intensity increased, due to the presence 

of more aldehyde groups. But the fluorescence intensity observed was not uniform when 

a) b)

c) d)
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compared to that of other TESUD concentrations. This could be due to the non-specific 

functionalization or polymerization of the CHO-SAM in some regions of the surface. Non-

specific functionalization refers to the immobilization of more number of aldehyde groups on 

the surface which resulted in higher fluorescence intensity. Whereas, polymerization of the 

CHO-SAM in some region resulted in non-uniform fluorescence, due to the blocking of the 

terminal aldehyde group to react with the WGA lectin. The CHO-SAM formed using 135 

mM of TESUD showed homogenous and uniform functionalization and therefore, this was 

the concentration selected for further CHO-SAM formation. 

 

 

Figure 4-7. Fluorescence microscopy images of WGA functionalized surfaces using a) 67.5 

mM, b) 135 mM and c) 200 mM of TESUD followed by treatment with WGA (35 µg/mL) 

and their plot profiles. Scale bar ‒ 30 µm. 

 

4.2.1.2. Influence of TESUD incubation time 

Additionally, the influence of the incubation time for TESUD immobilization was also 

studied. The surfaces were incubated in the TESUD solution for 3 hours or overnight and the 

corresponding fluorescence, after WGA treatment, images are shown in Figure 4-8. As 

observed, there is a slight increase in the fluorescence intensity in the case of overnight 

a)

b)

c)
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TESUD immobilization, but no other significant difference was seen between the two 

surfaces. This result suggests that the CHO-SAM was formed uniformly within 3 hours.  

Therefore, the final optimized conditions were 135 mM of TESUD for 3 hours.  

 

 

Figure 4-8. Fluorescence microscopy images of WGA functionalized surfaces incubated in 

TESUD for a) 3 hours and b) overnight, with their plot profiles. Scale bar ‒ 30 µm. 

 

4.2.1.3. Influence of WGA concentration 

On the other hand, different concentrations of WGA were tested on the surfaces in order to 

monitor any changes in the homogeneity or the fluorescence intensity of the immobilized 

WGA. Various concentrations such as 15, 35 and 70 µg/ mL of WGA on surfaces were 

studied. From the fluorescence images observed in Figure 4-9, the fluorescence intensity 

increased with the increase in the concentration of the lectin.  

 

Though, in the first case, 15 µg/mL of WGA, the surfaces were not homogenous and some 

dark patches could be observed. That could be due to the lack of fluorescent WGA molecules 

on the surface. Whereas, in the other two cases, it resulted in homogenous functionalization.  

As shown in the plot profiles, the difference in the fluorescence intensity between 35 and 70 

µg/mL was not very significant. To avoid later the formation of multilayers of WGA on to 

the microparticles, 35 µg/mL of WGA was selected as an optimized concentration for the 

bio-functionalization of WGA on surfaces. Therefore, the final optimized conditions to 

achieve homogenous bio-functionalization on star shaped microparticles were, using TESUD 

(135 mM) for 3 hours followed by immobilizing WGA (35 µg/mL). 

 

All the functionalized surfaces were further characterized using contact angle measurements, 

and values obtained for the different steps of the functionalized protocol are tabulated in 

a)

b)
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Table 4-1, which informs about the degree of hydrophobicity and the hydrophilicity of the 

surface, after each step of functionalization. 

 

 

Figure 4-9. Fluorescence images of surfaces functionalized with a) 15 µg/mL, b) 35 µg/mL 

and c) 70 µg/mL of WGA, with their plot profiles. Scale bar ‒ 30 µm. 

 

The contact angle value of before the activation treatment was found to be 38°. This higher 

contact angle can be due to the presence of dirt from the atmosphere; this is partially why we 

need the cleaning step before starting the functionalization. After the piranha treatment, the 

contact angle of the hydroxylated surface was notably decreased making the surface more 

hydrophilic, thereby confirming the formation of hydroxyl groups on the surface. A further 

decrease in the contact angle to 10° was observed after the basic treatment indicating 

activation of the surfaces. 

 

 

a)

b)

c)
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Table 4-1. Contact angle measurements Ɵ (⁰) for the different chemically modified 

polysilicon/ silicon oxide surafces (Batch 1) 

 

Sample Name Contact angle Ɵ (⁰) 

Initial surface  

(before cleaning) 

38 ± 4 

After Piranha 12 ± 3 

After Basic 10 ± 2 

TESUD-SAM 87 ± 1 

WGA-SAM 45 ± 3 

 

After treatment with TESUD, a significant increase in the hydrophobicity of the surface to 

87° was observed, due to the presence of the hydrophobic TESUD-SAM (11 carbon atoms) 

in its alkyl chain indicating the success of the silanization step. This value also corresponds to 

the value of immobilized TESUD found in the literature 
201,205-207

. The contact angle after the 

immobilization of lectin decreased to 45°, this is due to the presence of various hydrophilic 

amino acids. The value observed after WGA immobilization is also similar to the value 

reported in the literature 
156

. 

 

4.2.2. Characterization using AFM 

In order to study the topography and the thickness of the functionalized surfaces, these were 

analyzed using Atomic Force Microscopy (AFM) at each step of the functionalization 

protocol. Figure 4-10 shows three surfaces analyzed using AFM, after activation, after 

TESUD immobilization and after WGA immobilization.  

 

From the above micrographs, it is seen that the functionalization at each step is uniform and 

homogenous. An increase in the intensity profile of the micrographs is seen at each step of 

the functionalization, indicating the formation of layers after every treatment. It is observed 

that the height in each plot profiles of the surface is similar i.e., 500 nm. This is because the 

thickness of a layer is very small. Thus, only seeing the topography and the uniformity of the 

layers formed on the surface at each step of functionalization. 
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Figure 4-10. Micrographs of surfaces treated with a) piranha and basic solution, b) TESUD 

and c) WGA, with their plot profiles respectively. 

 

In order to measure the thickness of the functionalized layer, a scratch was made on the 

surface using the AFM tip. For this experiment, the thickness of the microparticle (500 nm) 

and the silicon oxide layer (100 nm) below the microparticle was also taken into account. 

This experiment shows that the surfaces were very rough. Figure 4-11 shows the 3-D image 

of the surface before any treatment (Control) and after the WGA immobilization.  

 

 
Figure 4-11. 3-D images of the surfaces a) control and b) after WGA immobilization, 

obtained using AFM 
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As shown in Figure 4-11, due to the roughness and hardness of the surface, it was very 

difficult to perform a scratch, as the tips of the AFM were breaking. This could also suggest 

that the monolayers after the functionalization are of few nanometers, thus not being able to 

scratch only the monolayers but the silicon layer as well. Since, the AFM tips were breaking, 

a manual scratch was made on the functionalized surface. Figure 4-12 shows the 

micrographs obtained after the manual scratch, topographic image, 3-D image from the top 

and from the side of the WGA functionalized surface. 

 
Figure 4-12. Micrographs obtained after the manual scratch showing a) topographic image, 

3-D image b) from the top and c) from the side of the WGA functionalized surface. 

 

From the above micrograph, it is clearly seen, that the manual scratch resulted in the removal 

of silicon layers. Which could be seen on the sides, and thus, some bits/fragments of silicon 

were seen on the topographic image of the surface. This was confirmed, when a scan was 

performed on a single star microparticle having a scratch. Figure 4-13 shows the topographic 

image, 3-D image and step height profile of a single microparticle. From the 3-D image, it is 

clear that the manual scratch resulted in the removal of not only the polysilicon layer (500 

nm) but also the silicon oxide layer (100 nm). As we know the size of each layer, the step 

height profile acquired does not correspond to the same value.  
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Figure 4-13. Micrographs obtained for a single microparticle with a scratch, a) its 

topographic image, b) 3-D image and c) step height profile of the microparticle. 

 

Finally implying, the AFM results for these functionalized surfaces do not allow an 

estimation of the thickness of each monolayer, because is lower than the roughness of the 

polysilicon. However, the plot profiles of the topographic micrographs demonstrate the 

uniform and homogeneous functionalization on the surfaces. 

 

4.2.3. Surface functionalization with mixed monolayers 

Surface functionalization by forming mixed monolayers of WGA and Triglycolamine (TGA) 

were also analyzed (Figure 4-14), with the idea to compare the uniformity and the 

homogeneity of functionalization of the surfaces 
208-211

. TGA was selected to enhance the 

water dispersability of the microparticles.  

 

Figure 4-14. Surface functionalization with a) monolayers and b) mixed monolayers. 
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In order to form mixed monolayers, the surfaces were incubated in WGA with 

Triglycolamine (TGA) and were left for overnight. TGA is a molecule bearing functional 

groups, amino group and an alcohol on its terminal end. The amino group of the TGA reacts 

with the CHO-SAM competing for the aldehyde groups with the amino groups of the protein, 

as shown in Scheme 4-2. Different ratios of WGA: TGA were tested on the surfaces such as 

1:1, 1:3 and 3:1, keeping the concentration of WGA as 35 µg/mL.  

 

 
Scheme 4-2. Schematic representation of surface functionalization using mixed monolayers 

of WGA. 

 

The functionalized surfaces were characterized using fluorescence microscopy, and Figure 4-

15 shows the fluorescence images of the surfaces functionalized with different ratios of 

WGA: TGA. The images obtained clearly showed significant difference between the different 

mixed monolayers of WGA and TGA. In the first case, 1:1 of WGA: TGA, the fluorescence 

intensity was less and non-homogenous. Areas around the star microparticles were lower in 

fluorescence intensity than the rest of the surface. This could be due to the faster kinetics of 

the TGA molecule. TGA being much smaller in size than WGA could get immobilized first 

blocking the aldehyde groups for further WGA immobilization, thus explaining the dark 

patches around the star microparticles. Also, the functionalization was not homogenous as 

shown in the plot profile, Figure 4-15 a). 
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Figure 4-15. Fluorescence images of the surfaces functionalized with different ratios of 

WGA: TGA a) 1:1, b) 1:3 and c) 3:1, with their plot profiles. Scale bar ‒ 30 µm. 

 

On the other hand, in the case of WGA: TGA (1:3), the fluorescence intensity was lower 

when compared to the rest of the ratios. This could be due to the equal competition between 

the two molecules. Dark non-uniform patches were observed, explaining higher reactivity of 

TGA when compared to WGA. This is in agreement that the TGA molecule immobilizes 

prior to the WGA molecule.  

 

The results obtained using the ratio 3:1 (WGA: TGA) indicate that the surfaces were very 

uniformly functionalized, and there was an increase in the fluorescence intensity than the rest 

of the cases. Thus, the ratio 3:1 was considered the best ratio for the functionalizing the WGA 

using the mixed monolayers. 

 

a)

b)

c)
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Although, when the functionalization using mixed monolayers (3:1) was compared with the 

monolayers (1:0), no significant difference was observed on the surface. Both the surfaces 

were uniformly and homogenously functionalized. The fluorescence intensity of both the 

surfaces was similar. Thus, no enhancement in the functionalization was seen. 

 

4.2.4. Elimination of silicon oxide layer from the surfaces 

As mentioned earlier, there is a difference in the surface reactivity between the polysilicon 

(microparticles) and silicon oxide (layer below the microparticles). The surfaces 

characterized until now using fluorescence microscopy, showed high fluorescence in the 

background than on the microparticles which indicates that the functionalization on silicon 

oxide competes with that the polysilicon. Therefore, the silicon oxide layer was removed 

below the microparticles in order to characterize the functionalization on polysilicon 

microparticles. Thus, resulting in polysilicon microparticle on silicon wafer (Figure 4-16 b)). 

This step was done in order to study the functionalization on the microparticles. The silicon 

oxide from the surface was etched on time dependent basis using HF, explained in the 

Appendix, Section 2. 

 

 

Figure 4-16. Bright field images of Batch 1 surface a) with silicon oxide and b) without 

silicon oxide layer below the microparticles. Scale bar ‒ 10 µm. 

 

The previously optimized protocol for the CHO-SAM was used, using 135 mM of TESUD 

and 3 hours respectively. Different concentrations of WGA and mixed monolayers were 

studied.The different concentrations of WGA were tested on the surfaces were 15, 35 and 70 

µg/mL. The functionalized surfaces were then characterized using fluorescence microscopy. 

Figure 4-17 shows the 3-D fluorescence image of the surfaces functionalized with WGA at 

different concentrations with their plot profiles.  

 

a) b)
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Figure 4-17. 3-D fluorescence image of surfaces functionalized with different concentrations 

of WGA a) 15 µg/mL, b) 35 µg/mL and c) 70 µg/mL, and their plot profiles. Scale bar ‒ 10 

µm. 

 

As observed the fluorescence intensity increases with the increase in the concentration of the 

WGA. In the first case, surfaces functionalized with 15 µg/mL of WGA, the functionalization 

was not homogenous as indicated by the plot profile on the microparticles that was non-

uniform. Whereas, in the case of 35 µg/mL, the surfaces showed uniform and homogenous 

functionalization. On the other hand, in the case of 70 µg/mL, the fluorescence intensity was 

much higher. However, the functionalization was similar on the whole surface (below and on 

the microparticles), this could be due to the formation of multilayers of WGA and/or 

functionalization of silicon.  

 

a)

b)

c)
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Analysing the plot profiles for all the cases, it is observed that in the first two cases, there is a 

10 fold increase in the fluorescence intensity on the microparticle than on the silicon wafer. 

Whereas, in the case of 70 µg/mL, not much difference was observed. This could be due to 

the excess of WGA molecules sitting on the silicon wafer, thus making it difficult to analyse 

the functionalization on the top of the microparticle. Therefore, the concentration 35 µg/mL, 

was chosen to work with surfaces. These results are also in agreement with the results 

obtained previously (see previous section). 

 

Furthermore, functionalization using mixed monolayers was also analyzed on these surfaces. 

Similarly, the surfaces were incubated in WGA: TGA with ratios (1:1, 1:3 and 3:1). Figure 

4-18 shows the fluorescence images of functionalized surfaces by forming mixed monolayers 

of WGA: TGA at different ratios. On comparing the plot profiles, the fluorescence intensity 

on top of the microparticles was around 50 units (in gray scale value), in all the cases. The 

functionalization on the surface was uniform, homogenous and similar in all the cases.  

 

From the images, all the surfaces showed similar fluorescence, implying that no significant 

difference in functionalization is observed on the polysilicon surfaces. Whereas, in the case 

of surfaces with silicon oxide layer, there was a significant difference observed in the 

functionalization using different ratios of WGA:TGA. This also suggests the difference in the 

surface reactivity between polysilicon and silicon oxide surfaces. 
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Figure 4-18. Fluorescence images of the surfaces functionalized with different ratios of 

WGA: TGA a) 1:1, b) 1:3 and c) 3:1, with their plot profiles. Scale bar ‒ 30 µm. 

 

 

  

a)

b)

c)
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4.3. Functionalization and characterization of star shaped polysilicon microparticles in 

suspension with lectins 

The optimized bio-functionalization protocol on surfaces was applied to bio-functionalize the 

released microparticles in suspension. The polysilicon microparticles were etched from the 

silicon wafer by dissolving the underneath silicon oxide layer using HF, as explained in 

Appendix, Section 2. The etched polysilicon microparticles were then collected in 1 mL of 

ethanol and were stored in an eppendorf. Figure 4-19 shows the four different batches of star 

shaped microparticles, Batch 1 (20 µm, 500 nm thick), Batch 2 (10 µm, 500 nm thick), 

Batch 3 (20 µm, 50 nm thick) and Batch 4 (10 µm, 50 nm thick).  

 

 

Figure 4-19. Bright field images of microparticles of a) Batch 1, b) Batch 2, c) Batch 3 and 

d) Batch 4. Scale bar ‒ 30 µm. 

 

4.3.1. Initial experiments of bio-functionalization in suspension 

All the four Batches were bio-functionalized with WGA lectin following the previously 

optimized protocol, see Scheme 4.1. It is important to mention that all the functionalization 

steps were carried out (in an eppendorf). During the functionalization, at each step the 

microparticles were centrifuged in order to change the previous solution to a new one. The 

time and the speed of centrifugation varied between the different batches. In the case of 

Batch 1 and Batch 2, a 10 mins centrifugation at 13,400 rpm was sufficient enough to form 

the pellet, microparticles sedimented at the bottom of the eppendorf, whereas in the case of 

Batch 3 and Batch 4, the microparticles could not withstand the mechanical force during the 

a) b)

c) d)
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centrifugation and were breaking easily. This is due to the lower thickness (50 nm) of the 

Batch 3 and Batch 4 microparticles. When the speed of the centrifugation was reduced, the 

microparticles did not form any pellet, suggesting that the microparticles were still in the 

supernatant solution. The inability to form the pellet was also resulting in the high loss of 

microparticles at each step of the functionalization.   

 

The bio-functionalized microparticles were characterized using fluorescence microscopy. In 

the case of Batch 1, Control (non-functionalized) microparticles were also characterized 

using fluorescence microscopy (Figure 4-20 b), which showed no fluorescence. On the other 

hand, the functionalization on the WGA functionalized microparticles was homogenous; 

there were also microparticles which had aggregates of WGA on them (Figure 4-20 d). 

Aggregates of WGA were also seen in the suspension. Therefore, the microparticles needed 

more washing after the functionalization step with WGA. On the other hand, more washes of 

the microparticles also resulted in the loss of microparticles (see Section 4.5).  

 

 

Figure 4-20. Optical microscopy images of Batch 1 non-functionalized microparticles a) 

bright field, b) fluorescence image and WGA functionalized microparticles c) bright field and 

d) fluorescence image. Scale bar ‒ 20 µm 

 

Similar results were obtained in the case of Batch 2 as shown in Figure 4-21. 

Functionalization appeared homogenous in most of the microparticles, but there were many 

with WGA aggregates. Also in the case of Batch 2, an increase in the WGA aggregates in the 

suspension was seen when compared to Batch 1. In this case, the bigger aggregates are due to 

an error while fabricating the microparticles. These aggregates were the remains of the silicon 

wafers, which were also functionalized during the process.   

c) d)

a) b)
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Figure 4-21. WGA functionalized Batch 2 microparticles a) bright field and b) fluorescence 

image. Scale bar ‒ 10 µm 

 

On the other hand, in the case of Batch 3 as shown in Figure 4-22, the functionalization was 

homogenous. But, very few functionalized microparticles were seen. As explained before, the 

microparticles of 50 nm thickness were not forming a good pellet during the centrifugation, 

resulting in the loss of microparticles at each step of the functionalization. Moreover, in some 

of the microparticles, the arms of the stars were broken, suggesting the microparticles of 

Batch 3 were not able to withstand the mechanical force during the centrifugation. 

 

 

Figure 4-22. WGA functionalized Batch 3 microparticles a) bright field and b) fluorescence 

image. Scale bar ‒ 30 µm 

 

Similar results were obtained in the case of Batch 4. As shown in Figure 4-23, very few 

functionalized microparticles and with broken arms were seen. 

 

a) b)

a) b)



75 

 

Figure 4-23. WGA functionalized Batch 4 microparticles a) bright field and b) fluorescence 

image. Scale bar ‒ 10 µm 

 

After observing the preliminary results of the functionalized microparticles, Batch 3 and 

Batch 4 were discarded due to the loss in the number of microparticles after the 

functionalization process, and also due to its morphology, 50 nm thickness, which resulted in 

the breakage of the microparticles. The final aim was to achieve cell adhesion, which 

required mechanical force. Therefore, Batch 1 and Batch 2 were selected for further 

experiments. The microparticles of these batches were stable and could withstand the 

mechanical force needed for the functionalization.  

 

The results obtained on WGA functionalized microparticles of Batch 1 and Batch 2 using the 

fluorescence microscope showed the need of improvement in functionalization. It was 

evident that the optimization on surfaces was not sufficient to achieve a uniform and 

homogenous functionalization on microparticles. As the microparticles are in suspension, 

additional parameters such as volume of each solution, microparticle aggregation, speed and 

time of centrifugation needed optimization.  

 

4.3.2. Optimization of the functionalization in suspension 

Batch 1 was selected for optimizing the WGA functionalization on the microparticles. 

During the functionalization, the microparticles were washed 5 times at each step with the 

solutions used. The washing step after the CHO-SAM formation was a crucial step, to 

achieve uniform monolayers of CHO-SAM thereby resulting in uniform and homogenous 

monolayers of WGA. This was performed in order to avoid the TESUD polymerization on 

microparticles as well as in the solution containing microparticles. Therefore, an additional 

wash was performed after the CHO-SAM formation. Figure 4-24 shows the WGA 

functionalized microparticles characterized using fluorescence microscopy. 

a) b)
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Figure 4-24. Fluorescence image of WGA functionalized Batch 1 microparticles with an 

additional wash after the CHO-SAM formation. Scale bar ‒ 10 µm 

 

From the results obtained, there was a significant difference in the functionalization of the 

microparticles. The WGA aggregates in the suspension had significantly decreased, but 

Though, the WGA aggregates on the microparticles were still present. As shown in the 

fluorescence image of the microparticles, the aggregates were found mostly on the arms of 

the microparticles. After performing several washes of the bio-functionalized microparticles, 

there were still some visible WGA aggregates. Also, the loss of the microparticles after each 

wash was taken into consideration, which will be discussed in the Section 4.5. Therefore, 

decreasing or eliminating the formation of WGA aggregates and achieving a homogenous 

functionalization was a great challenge with the microparticles.  

 

Use of TWEEN 

The WGA aggregates on the microparticles could also be due to the protein-protein 

electrostatic interaction 
212-214

. Immobilized WGA molecule could be electrostatically bound 

to another WGA molecule in solution. For avoiding this behaviour of the WGA molecule, the 

functionalized microparticles were washed with a surfactant solution.  

 

In this case, surfactants such as TWEEN solutions were used, in order to remove the 

physisorbed WGA molecules from the microparticles 
215-218

. Two different solutions, 

TWEEN 20 and TWEEN 80, were used to incubate the bio-functionalized microparticles, 

TWEEN 20 showing improved and better results. There was a significant decrease in the 

number of WGA aggregates on the microparticles. Figure 4-25 shows the microparticles 

after the treatment with TWEEN 20 solution.  
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Figure 4-25. Fluorescence image of WGA functionalized microparticles washed with 

TWEEN 20. Scale bar ‒ 10 µm 

 

TWEEN 80, due to its higher molecular weight, was highly viscous and was difficult to 

remove from the microparticles suspension. To do so, more washes were required, resulting 

in the loss of microparticles (explained in Section 4.5). Therefore, once bio-functionalized the 

microparticles were washed using TWEEN 20 solution. 

 

4.3.3. Bio-functionalization of Batch 1 microparticles using mixed monolayers 

Functionalization using mixed monolayers was also tested on the microparticles of Batch 1. 

The microparticles were incubated with similar concentrations of WGA: TGA solutions, as 

used for the surfaces (1:1, 1:3 and 3:1). Figure 4-26 shows representative fluorescence 

microscopy image of the microparticles bio-functionalized with different ratios of WGA: 

TGA. 
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Figure 4-26. Fluorescence image of microparticles functionalized with different ratios of 

WGA:TGA, a) 1:1, b) 1:3 and c) 3:1. Scale bar ‒ 20 µm 

 

As observed in the case of the ratio WGA:TGA, (1:1) and (1:3), the particles were not 

homogenously functionalized. There were WGA aggregates on the microparticles, more on 

the arms of the stars than the centre area of the particle. Also, after the washes of the 

microparticles with TWEEN 20 solution, the suspension did not show much WGA 

aggregates. On the other hand, there is a significant improvement in the case of the ratio 

a)

c)

b)
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WGA: TGA (3:1). The microparticles are homogenously functionalized. Small aggregates of 

WGA are visible on the arms, but are relatively, smaller in size. Also the fluorescence 

intensity on the microparticles in this case of WGA: TGA (3:1) is higher when compared 

with (1:1) and (1:3). Also, the functionalization observed was uniform and homogenous. 

Thus, the functionalization using the ratio WGA: TGA (3:1) was selected as an optimized 

protocol for WGA functionalization on microparticles. This result is in agreement with the 

results obtained in the case of surface immobilization. On the other hand, aggregation of the 

microparticles was also seen while characterizing these microparticles. This could be due to 

the interlocking of the arms of the stars of the microparticles, thereby making again the 

functionalization more challengeable.  

 

4.3.4. Bio-functionalization of Batch 2 microparticles  

Bio- functionalization of Batch 2 microparticles was performed using the optimized mixed 

monolayer protocol of WGA: TGA (3:1). Figure 4-27 shows the fluorescence image of 

WGA functionalized microparticles using mixed monolayers. The functionalization on the 

microparticles was homogenous. There was some presence of WGA aggregates on the 

microparticles. The fluorescence intensity is similar to that in the case of Batch 1. 

 

 

Figure 4-27. Batch 2 microparticles functionalized using mixed monolayers of WGA. Scale 

bar ‒ 10 µm 

 

4.3.5. Bio-functionalization of microparticles using Concanavalin A (Con A) 

The optimized protocol for immobilization of WGA was used for lectin, Concanavalin A 

(Con A), using Batch 1 and Batch 2 microparticles.  

 

The fluorescence images in Figure 4-28 show the microparticles of Batch 1 and Batch 2 

functionalized using either WGA or Con A. In both the cases, 80 % of the microparticles 

resulted in homogenous and uniform functionalization using the optimized protocol which 

had been a great challenge (discussed in Section 4.4).  
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Figure 4-28. Functionalized microparticles of Batch 1 a) WGA and b) Con A; and Batch 2 

c) WGA and d) Con A. Scale bar ‒ 20 µm 

 

Once the microparticles were bio-functionalized with both the lectins, we assessed their 

adhesion to cell membrane, and some preliminary results are shown in Section 4.7. 

 

 

 

  

a) b)

c) d)
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4.4. Functionalization and characterization of disc shaped polysilicon microparticles in 

suspension with lectins 

Different morphology of the microparticles was taken into account, from which the disc 

shape had similar surface area to the star shape, but was more compact. Therefore, disc-

shaped microparticles were considered in order to increase the surface contact with the cell 

membrane and the functionalized microparticle, and see the influence of morphology in cell 

adhesion (see before, Figure 4-3). Two different sizes of discs were fabricated with 500 nm 

thickness, Large - 20 µm, which we call Batch 5; and Small - 10 µm, which we call Batch 6. 

As mentioned before, also the disc shaped microparticles were microfabricated by Prof. J. A. 

Plaza explained in Appendix, Section 2.  

 

4.4.1. Bio-functionalization of disc-shaped microparticles  

For the functionalization of the disc shaped microparticles, the polysilicon microparticles 

were etched form the silicon wafer, and collected in suspension in an eppendorf. The 

functionalization was studied directly on the released microparticles using the experience 

obtained after the functionalization of the star shaped microparticles. Figure 4-29, shows the 

optical images of the surfaces and the corresponding etched polysilicon microparticles of 

Batch 5 and 6 respectively. The surfaces in the Figure 4-29, Batch 5 and Batch 6 consist of 

polysilicon microparticles on the silicon surface (without a silicon oxide layer). 

 

 

Figure 4-29. Bright field images of Batch 5 a) surfaces, b) microparticles; and Batch 6 c) 

surfaces and d) microparticles. Scale bar ‒ 30 µm. 

 

The bio-functionalization protocol of the microparticles was tested on Batch 5 microparticles 

using WGA. The microparticles were functionalized using two different previously optimized 

protocols: pure WGA and using mixed immobilization of WGA:TGA (3:1).  

a) b)

c) d)
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The disc shaped microparticles were treated with TESUD (135 mM) for 3 hours which was 

followed by WGA (35 µg/mL) immobilization overnight. The WGA functionalized 

microparticles were then washed with TWEEN 20 solution. Figure 4-30 a) shows 

fluorescence microscopy images of initial results of bio-functionalized microparticles using 

pure WGA. Here the microparticles shows homogenous and uniform functionalization. 

Though some aggregates of WGA were seen in the suspension. Also, we noticed, that in 

some case of the microparticles, the functionalization is not homogenous, due to the 

overlapping of the microparticles, and not exposing the microparticles completely for the 

WGA immobilization. Therefore, for the following functionalization, the initial concentration 

of the microparticles was reduced to half, in order to improve functionalization (Figure 4-30 

b) 

 

Figure 4-30. Fluorescence microscopy images of the WGA functionalized microparticles 

using pure WGA a) initial concentration and b) after reducing the concentration to half. Scale 

bar ‒ 10 µm. 

 

As shown in Figure 4-30 b), the functionalization is homogenous, and the aggregates of the 

WGA in the suspension were lower. However, there were still microparticles with partial 

functionalization. Though, the number of microparticles with partial functionalization has 

reduced, so had the final number of functionalized microparticles. Therefore, initial 

concentration of microparticles were selected for functionalization, as sufficient amount of 

microparticles are required for the biological studies. 

 

The microparticles were also functionalized using previously optimized protocol of mixed 

immobilization of WGA, where the microparticles were treated with 135 mM of TESUD for 

3 hours, followed by incubation in WGA:TGA in ratio of 3:1 for overnight. The 

functionalized microparticles were then washed with TWEEN 20 solution. Figure 4-31 

shows the fluorescence images obtained using both full monolayers of WGA and mixed 

monolayers of WGA:TGA (3:1). As observed in Figure 4-31, there is no significant 

difference in functionalization between the two protocols. The functionalization in both cases 

appears homogenous and uniform. The fluorescence intensity of the microparticles looks 

alike. Though there was a slight increase in the case of the microparticles functionalized 

using only WGA monolayers.  

 

a) b)



83 

 

Figure 4-31. Fluorescence microscopy images of Batch 5 microparticles functionalized 

using a) pure WGA and b) mixed immobilization of WGA:TGA (3:1). Scale bar ‒ 10 µm. 

 

Therefore, the optimized protocol selected for functionalizing the disc microparticles was 

using only WGA. This shows the influence of morphology of the microparticle in 

functionalization and therefore the necessary optimization for each batch of microparticles. 

 

4.4.2. Characterization of Batch 5 surfaces using AFM 

In order to study the homogeneity in the functionalization, silicon surfaces containing 

polysilicon microparticles were scanned using AFM. The Batch 5 surfaces were 

functionalized using the optimized protocol, and the WGA functionalized surfaces were 

characterized using fluorescence microscopy. Figure 4-32 shows the image obtained in 

bright field, and its fluorescence image respectively. The functionalization as seen in the 

figure looks homogenous, though some circular patterns in the centre of the microparticles 

was observed. But that was also visible on the optical image, thus it could be an error in 

fabrication process, but not in functionalization. 

 

 

Figure 4-32. Batch 5 WGA functionalized surface a) Bright field and b) fluorescence image. 

Scale bar ‒ 20 µm. 

 

a) b)

a) b)
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The functionalized surface was then characterized using AFM in order to study the 

topography of the surface. Figure 4-33 shows the micrographs of WGA functionalized 

surfaces obtained using AFM. The functionalization was found to be homogenous and 

uniform, though there were some aggregates present on the microparticles. These little 

aggregates were of the polysilicon crystals, which results in making the surface rough 
156,219

. 

The plot profile of the surface shown in the figure, confirms that the functionalization 

achieved is uniform.  

 

 

Figure 4-33. Micrographs of Batch 5 WGA functionalized surface a) topographic image, b) 

topographic image of a single particle and c) its plot profile. 

 

Due to the roughness of the surface, as explained in the case of star shaped microparticle, the 

thickness of the functionalized monolayers on the disc microparticle was not measured. 

 

4.4.3. Bio-functionalization of Batch 6 microparticles 

Microparticles of Batch 6 were functionalized with WGA using the optimized protocol, 

TESUD (135 mM) for 3 hours followed by incubation in WGA (35 µg/mL) for overnight. 

Figure 4-34 shows the fluorescence image of WGA functionalized microparticles obtained 

using fluorescence microscopy.  

 

0 20 40 µm

µm

0

10

20

30

40

50

um

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 20 40 µm

µm

0

10

20

30

40

50

um

0.0

0.5

1.0

1.5

0 20 40 µm

µm

0

10

20

30

40

50

um

0.0

0.5

1.0

1.5

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 µm

um

0.0

0.5

1.0

Parameters Value Unit

Length 29.1 µm

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 µm

um

0.0

0.5

1.0

Parameters Value Unit

Length 29.4 µm

0 10 20 µm

µm

0

5

10

15

20

25

um

0.0

0.5

1.0

1.5

0 20 40 60 80 100 120 140 160 180 200 220 µm

um

0.0

0.5

1.0

1.5

2.0

Parameters Value Unit

Length 231 µm

Scale 2.00 um

0 20 40 60 80 100 120 140 160 180 200 220 µm

um

0.0

0.5

1.0

1.5

2.0

Parameters Value Unit

Length 231 µm

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 µm

um

0.0

0.5

1.0

Parameters Value Unit

Length 30.7 µm

0 20 40 µm

µm

0

10

20

30

40

50

um

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 20 40 µm

µm

0

10

20

30

40

50

um

0.0

0.5

1.0

1.5

0 20 40 µm

µm

0

10

20

30

40

50

um

0.0

0.5

1.0

1.5

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 µm

um

0.0

0.5

1.0

Parameters Value Unit

Length 29.1 µm

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 µm

um

0.0

0.5

1.0

Parameters Value Unit

Length 29.4 µm

0 10 20 µm

µm

0

5

10

15

20

25

um

0.0

0.5

1.0

1.5

0 20 40 60 80 100 120 140 160 180 200 220 µm

um

0.0

0.5

1.0

1.5

2.0

Parameters Value Unit

Length 231 µm

Scale 2.00 um

0 20 40 60 80 100 120 140 160 180 200 220 µm

um

0.0

0.5

1.0

1.5

2.0

Parameters Value Unit

Length 231 µm

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 µm

um

0.0

0.5

1.0

Parameters Value Unit

Length 30.7 µm

0 20 40 µm

µm

0

10

20

30

40

50

um

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 20 40 µm

µm

0

10

20

30

40

50

um

0.0

0.5

1.0

1.5

0 20 40 µm

µm

0

10

20

30

40

50

um

0.0

0.5

1.0

1.5

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 µm

um

0.0

0.5

1.0

Parameters Value Unit

Length 29.1 µm

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 µm

um

0.0

0.5

1.0

Parameters Value Unit

Length 29.4 µm

0 10 20 µm

µm

0

5

10

15

20

25

um

0.0

0.5

1.0

1.5

0 20 40 60 80 100 120 140 160 180 200 220 µm

um

0.0

0.5

1.0

1.5

2.0

Parameters Value Unit

Length 231 µm

Scale 2.00 um

0 20 40 60 80 100 120 140 160 180 200 220 µm

um

0.0

0.5

1.0

1.5

2.0

Parameters Value Unit

Length 231 µm

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 µm

um

0.0

0.5

1.0

Parameters Value Unit

Length 30.7 µm

a) b)

c)



85 

 

Figure 4-34. Fluorescence image of WGA functionalized microparticle of Batch 6. Scale bar 

‒ 10 µm. 

 

The functionalization on the Batch 6 microparticles was not very homogenous. In spite of 

several washing treatment with TWEEN 20, some aggregates of WGA remain present on/ or 

in the suspension of the microparticles. This confirms that for each batch an optimization of 

the functionalization protocol is required. 

 

It has been observed, also in the case of Batch 2 (star shaped) that as the size of the 

microparticles decreases, the number of aggregates of WGA in the suspension increase. Due 

to the small size (10 µm) and therefore lower weight, the microparticles of these batches 

(Batch 2 and 6) during the centrifugation do not form the pellet easily. Thus, the 

microparticles in these cases have to be centrifuged for longer time, which could make the 

aggregates of WGA to settle down and form a pellet with the microparticles. This issue was 

tried to overcome by increasing the number of washes, but it always resulted in some WGA 

aggregates. Functionalization of disc-shaped microparticles (Batch 6) did not improve by 

using a mixture of WGA:TGA (3:1).  

 

Both functionalized and non-functionalized disc-shaped microparticles of Batch 5 were 

analysed. Figure 4-35 shows the micrographs of non-functionalized microparticle. As the 

microparticles were suspended in PBS solution, crystals of PBS were seen on the background 

of the microparticles while scanning the sample.  
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Figure 4-35. Micrographs of non-functionalized microparticles of Batch 5 obtained using 

SEM a-c) rough side and d-f) smooth side. Scale bar ‒ 1 µm (a-d), 100 nm (e-f). 

 

As noticed, from the micrographs, the two sides of the polysilicon microparticles are 

different. The side of the microparticle in contact with the silicon oxide was smoother, than 

compared to the side exposed to the air.  

 

As the polysilicon crystals are grown on the silicon oxide (Appendix, Section 2), the final 

layer of the microparticles have larger grain size of the polysilicon than the initial new layers. 

Therefore, having two different sides, the smooth and rough side, which could be clearly 

differentiated in the micrographs obtained from SEM. The grain size of the polysilicon on the 

rough side was analysed and they varied between 0.1 -  0.6 µm. 

 

On the other hand, Figure 4-36 shows the micrographs of the WGA functionalized 

microparticles, rough and smooth side respectively.  

 

Rough 
Side

Smooth 
Side

a) b) c)

d) e) f)
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Figure 4-36. Micrographs of WGA functionalized microparticles of Batch 5 obtained using 

SEM a) rough side and b) smooth side. Scale bar ‒ 1 µm. 

 

After comparing the micrographs of the functionalized and non-functionalized microparticles, 

the size of the aggregates found in the functionalized microparticles is similar to the 

polysilicon crystals found on the rough side of the non-functionalized microparticle. The 

calculated size of the WGA molecule is 5 nm 
220

. But as shown from the micrograph of the 

non-functionalized microparticle, the grain size of the polysilicon crystals are much bigger 

than the WGA molecule. And the resolution of the SEM did not permit to see the WGA 

aggregates which were much smaller in size (~ 5 nm).  

 

On the other hand, on the smooth side of the microparticles, there were some irregular 

patterns in the case of functionalized microparticles. Whereas in the case of non-

functionalized microparticles, no such behaviour was seen. Therefore, these patterns could be 

attributed to the immobilization of the WGA.  
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4.5. Characterization analysis 

WGA functionalized microparticles of Batch 1, Batch 2, Batch 5 and Batch 6 were selected 

to analyze parameter such as: uniformity of various particles for each Batch after 

functionalization, quantification of the number of particles at each step of functionalization, 

quantification of lectin immobilized on the microparticles and their stability after the 

functionalization.  

 

Additionally, it also important to mention that fluorescence microscopy was used as a 

primary characterization technique for both star and disc shaped microparticles. But, not 

much characterization was performed on the star shaped microparticles due to its shape and 

size (Figure 4-37). 

 

Figure 4-37. Optical microscope images of a) Batch 1 star and b) Batch 5 disc shaped 

microparticles on silicon surface. Scale bar ‒ 1.5 µm. 

 

On the other hand, disc shaped microparticles due to its larger surface area, were feasible to 

be characterized using Scanning Electron Microscopy (SEM), Stochastic Optical 

Reconstruction Microscopy (STORM) Imaging, X-ray Photoelectron Spectroscopy (XPS) 

and Raman scattering.  

 

4.5.1. Intensity profiles of WGA functionalized microparticles 

Characteristic microparticles of each Batch were selected and were analyzed by measuring 

the fluorescence intensity observed on each microparticle. 

 

In the case of Batch 1, Figure 4-37 shows 2D and 3D fluorescence images of five 

representative microparticles with their plot profiles. The majority of the microparticles are 

homogenously functionalized, in some cases, there are still some WGA aggregates in spite of 

washing them with TWEEN 20 solution. The aggregates are more seen on the arms of the 

microparticles. As seen in the case of Figure 4-37, b) and d) the microparticles were seen 

attached with one another. This also indicates the difficulty in functionalization the 

microparticles homogenously.  

a) b)
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Figure 4-37. Fluorescence image of Batch 1 WGA functionalized microparticles using 

mixed monolayers (WGA:TGA, 3:1), with their plot profiles, (a-e) respectively. Scale bar ‒ 5 

µm. 

 

The average fluorescence intensity profile of these functionalized microparticles is 

represented in the histogram, Figure 4-38. The microparticles of Batch 1 are mono-dispersed 

with fluorescence intensity around 40 ± 10 a.u.  

a)

d)

c)

b)

e)
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Figure 4-38. Histogram representing the fluorescence intensity of Batch 1 WGA 

functionalized microparticles. 

 

Similarly, Batch 2 was also studied at the microparticle level. Figure 4-39 shows the 

fluorescence image of each WGA functionalized microparticles. However, the fluorescence 

intensity in this case was lower when compared to Batch 1 microparticles. Here, the average 

fluorescence intensity was reduced to 35 a.u., from the plot profiles.  
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Figure 4-39. Fluorescence image of Batch 2 WGA functionalized microparticles with their 

plot profiles, (a-e) respectively. Scale bar ‒ 2 µm. 

 

Figure 4-40 illustrates the different fluorescence intensity of the Batch 2 WGA 

functionalized microparticles. The histogram in this case demonstrates a bimodal distribution, 

suggesting, different fluorescence intensities of the functionalized microparticles. This 

a)

d)

c)

b)

e)
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difference could also relate to the higher number of WGA aggregates on Batch 2 

microparticles. The average fluorescence intensity was calculated to be 40 ± 20 a.u. 

 

 

Figure 4-40. Histogram of the fluorescence intensity of Batch 2 WGA functionalized 

microparticles.  

 

Figure 4-41 shows the fluorescence image of disc-shaped Batch 5 WGA functionalized 

microparticles. As observed in the figure, the fluorescence is homogenous and uniform on the 

microparticle. From the plot profile, the average fluorescence intensity is around 40 a.u., 

similar to the case of Batch 1 microparticle. Some microparticles were spotted with WGA 

aggregates, as shown in Figure 4-41 b).  
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Figure 4-41. Fluorescence image of Batch 5 WGA functionalized microparticles with their 

plot profiles, (a-e) respectively. Scale bar ‒ 5 µm. 

 

Moreover, overlapping of the some microparticle as shown in Figure 4-41 e) resulted in non-

functionalization of some areas on the microparticles. But, this behaviour was eliminated 

while optimization protocol, and thus very few microparticles with such behaviour was 

observed. 

 

a)

d)

c)

b)

e)
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Different fluorescence intensity of the Batch 5 WGA functionalized microparticles is 

illustrated in the histogram, Figure 4-42. Here, the histogram demonstrates a plateau 

distribution, suggesting microparticles functionalized with different monolayers of WGA, 

thus different fluorescence intensity. The fluorescence intensity of the microparticles in this 

case ranges between 35 ± 10 a.u.  

 

 

Figure 4-42. Histogram of the fluorescence intensity of Batch 5 WGA functionalized 

microparticles.  

 

On the other hand, in the case of Batch 6, fluorescence image obtained with their plot profile 

is shown in Figure 4-43. The average fluorescence intensity was approximately 30 a.u., 

similar but lower to Batch 2 (35 a.u.). In this case, it is also observed, that the number of 

aggregates is much lower when compared to Batch 2. In Figure 4-43 d), we could see the 

presence of an aggregate on the side of the microparticle, thus exhibiting the possibility of the 

formation of aggregates all around the microparticles. This was a great challenge to overcome 

to achieve homogenous functionalization. 
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Figure 4-43. Fluorescence image of Batch 6 WGA functionalized microparticles with their 

plot profiles, (a-e) respectively. Scale bar ‒ 2 µm. 

 

The average fluorescence intensity of Batch 6 WGA functionalized microparticles is 

represented in the histogram Figure 4-44, indicating bimodal distribution. The average 

fluorescence intensity calculated was around 30 ± 20 a.u. 

 

a)

d)

c)

b)

e)
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Figure 4-44. Histogram of the fluorescence intensity of Batch 6 WGA functionalized 

microparticles.  

 

Hence, after analysing the results it is observed that functionalization on Batch 1 and Batch 5 

microparticles show similar results. On the other hand, Batch 2 and Batch 6 also shows 

similar results, both having bimodal distribution.  

 

4.5.2. Particle quantification 

The collection yield, number of microparticles collected after each step of functionalization, 

is a very important parameter especially when biological experiments are made. We observed 

that, microparticle functionalization in suspension induced a big loss of microparticles, at 

each chemical step. In order to improve the collection rate of microparticles, an accurate 

study of the amount of loss of the microparticles was done. The microparticles were counted 

at each step of the functionalization using a Neubauer Chamber. The collection rate after each 

step of functionalization is tabulated in Table 4-2 for all the four different batches, Batch 1, 

Batch 2, Batch 5 and Batch 6. 

 

From the results obtained, the overall particle yields for all the batches are very low. As 

observed the major loss of microparticles occur during the activation step. After the piranha 

treatment, when the microparticles are washed with milli-Q water, the hydroxylated 

microparticles are well suspended in water, and do not form a good pellet even after 10 mins 

of centrifugation. This could relate to the loss of microparticle after the piranha treatement. 

Additionally, when the microparticles are later treated with the basic solution, small air 

bubbles in the eppendorf are formed, inspite of ultasonication. Thus, the air bubble formation 

could also lead in the loss of microparticles. It is noted that the washes with milli-Q water 

results in high loss of microparticles. Whereas, when the microparticles are suspended in 

ethanol solution, the microparticles, form a very good pellet, and have a high collection rate 

from the previous functionalization step, as shown in the Table 4-2, after TESUD treatment. 
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Table 4-2. Number of microparticles per eppendorf collected after each step of 

functionalization 

 

Batch 

number 

No. of microparticles (x 1000) Global 

loss  

% 

Overall 

yield  

% 

Initial After 

Piranha 

After 

Basic 

After 

TESUD 

After 

Lectin 

After 

Tween 

20 

1 137 72 63 54 42 30 79 21 

2 346 200 174 153 70 48 87 13 

5 142 96 68 59 50 30 79 21 

6 356 273 222 182 95 45 88 12 

 

Similarly, when the microparticles were suspended in PBS, the loss of microparticles 

increased, which could be noted in Table 4-2, After WGA and TWEEN 20 step. This could 

be due to the hydrophilic nature after the WGA functionalization, by remaining in the PBS 

suspension and not forming a pellet during centrifugation, resulting in the loss of 

microparticles. 

 

Also, it is important to mention the necessity of washes in between every step is 3 times and 

after TESUD treatment, 5 times. These washes with milli-Q water, ethanol and PBS lead to 

loss of microparticles, but are an essential step to achieve homogenous functionalization.  

 

Also, it is observed that the loss of microparticles is higher in the case of Batch 2 and Batch 

6. The WGA functionalized microparticles of these batches were taking longer time to form a 

pellet. This could be due to their lower density of the microparticles when compared to Batch 

1 and Batch 5. In spite of having more number of microparticles at the beginning of the 

functionalization, the loss in the case of Batch 2 and Batch 6 is higher, 87 % and 88 % 

respectively. On the other hand, in the case of Batch 1 and Batch 5, the loss of microparticles 

is 79 % and 88 % respectively. 

 

Consequently, total number of WGA functionalized microparticles in the case of Batch 1 is 

30,000; Batch 2 is 48,000; Batch 5 is 30,000 and Batch 6 is 45,000, which should be enough 

for the biological experiments. When in need of more number of microparticles for certain 

biological experiments, the number of functionalized microparticles was increased by 

functionalizing more than one eppendorf simultaneously.  

 

4.5.3. Quantification of WGA immobilization by fluorescence spectroscopy 

Concentration of WGA immobilized on the microparticles can be quantified by fluorescence 

spectroscopy using the supernatant of the functionalization solution. Using WGA in PBS 

solution, a calibration curve was obtained following the peak at 620 nm (emission 

wavelength of WGA-Texas red), as shown in Figure 4-45. The WGA concentration range 
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used was between 5 and 35 µg/mL because it was the range of WGA used for the bio-

functionalization protocol. As noticed from the poor R
2
 of 0.97, the calibration curve 

obtained is not a straight line. This could be due to the aggregation of the WGA molecules 

with the increase in the concentration, forming dimers or trimers 
170

. 

 

 

Figure 4-45. Calibration curve of WGA at different concentrations obtained using 

fluorescence spectroscopy. 

 

To achieve a relative quantification of WGA bonding to the microparticles, CHO-SAM 

functionalized microparticles were kept overnight in a WGA solution (35 µg/mL). To obtain 

the number of WGA molecules immobilized on the microparticles, the WGA concentration 

in the starting solution and in the supernatant after the immobilization was determined by 

measuring the fluorescence at 620 nm, as shown in Figure 4-46. Interpolation of the 

fluorescence values in the calibration curve allowed the corresponding WGA concentrations 

to be calculated. Batch 1 and Batch 2, were functionalized using mixed monolayers of 

WGA, whereas Batch 5 and Batch 6 were functionalized using monolayers of WGA and 

TGA. The experiment was done in triplicate and the average value for the immobilized WGA 

is tabulated in Table 4-3.  

 

 

Figure 4-46. Fluorescence spectra of WGA supernatant in PBS solution, before (35 µg/ml) 

and after immobilization for Batch 1, Batch 2, Batch 5 and Batch 6. 
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WGA immobilization was higher for Batch 1 and Batch 5, when compared to Batch 2 and 

Batch 6. This difference also corresponds with the higher fluorescence intensity observed in 

the case of Batch 1 and Batch 5. On comparing, not much significance difference is 

observed for all the batches except for Batch 5. The higher immobilization could also be due 

to the higher surface area when compared to the rest of the batches.  

 

After quantifying the concentration of WGA on the functionalized microparticles (from 

Table 4-3), and knowing the total number of microparticles functionalized (from Table 4-2), 

we can calculate the number of molecules of WGA functionalized per particle and also µm
2
 

of the microparticle. The results are tabulated in Table 4-3.  

 

The average value for the immobilized WGA was similar for Batch 1 and Batch 2. Whereas, 

in the case of Batch 5, lower number of
 
molecules/µm

2
 of WGA was immobilized on the 

microparticle, half the number of molecules obtained for Batch 1 and Batch 2. In spite of 

lower number of WGA molecules per µm
2
,
 
the fluorescence intensity observed in Batch 5 

remains high (when characterized using fluorescence microscopy), due to the higher surface 

area (911.48 µm
2
) as compared to Batch 1 (358 µm

2
) and Batch 2 (197.99 µm

2
). On the 

other hand for Batch 6, the average value for the immobilized WGA was higher when 

compared to Batch 5, this high value could also result due to the aggregates of WGA present 

in the suspension.  

 

Table 4-3. Quantification of WGA lectin immobilized on the microparticles and number of 

WGA molecules per µm
2
 of a microparticle 

 

 

Batch 

 

Functionalization 

Conc. of  

supernatant 

 (µg/mL) 

Final Conc. 

on 

microparticles 

(µg/mL) 

No. of WGA 

functionalized 

microparticles 

No. of 

WGA 

molecules 

per µm
2 

1  

WGA:TGA 

 

23.0 12.6 30,000 1,954,693 

2 24.3 11.2 48,000 1,969,534 

5  

WGA 

21.0 14.6 30,000 893,147 

6 22.6 13.0 45,000 1,544,202 

 

4.5.4. Stability in suspension of microparticles (Batch 1 and Batch 2) 

The stability in suspension of PBS with time of the functionalized microparticles was 

examined by studying the fluorescence intensity of the microparticles. Figure 4-47 shows the 

fluorescence intensity of the functionalized microparticles of Batch 1 and Batch 2 in PBS, 

with respect to time. The stability of the microparticles was studied for duration of three 

weeks. It is noticed from the graph below (Figure 4-47), that the fluorescence of the 
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functionalized microparticles for both the batches, were stable. After the first week, when 

characterized, there was presence of WGA aggregates in the suspension, which relates to the 

loss of 5 a.u. of the fluorescence intensity from the functionalized microparticles. Though, 

this decrease in the intensity was not observed later on. The WGA functionalized 

microparticles were found stable enough for the duration of next two more weeks. 

 

 

Figure 4-47. Stability study of WGA functionalized microparticles of Batch 1 and Batch 2 

in PBS. 

 

4.5.5. Characterization of Batch 5 using confocal microscopy 

On the other hand, while characterizing the Batch 5 WGA functionalized microparticles 

using fluorescence microscopy, some unexpected patterns of fluorescence were noticed on 

the microparticles, as shown in Figure 4-48. The functionalization was repeated again 

numerous times, in order to see the reproducibility of these patterns. Therefore, this 

morphology of functionalization on the microparticles encouraged us to explore them further 

using super resolution microscopy.   
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Figure 4-48. Fluorescence microscope images of Batch 5 WGA functionalized 

microparticles. Scale bar ‒ 5 µm. 

 

The Batch 5 WGA functionalized microparticles were characterized using different 

techniques, such as Stochastic Optical Reconstruction Microscopy (STORM), Total Internal 

Reflection microscopy (TIRF) and HiLo microscopy, in order to analyse the ring shape 

patterns (Figure 4-49).  
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Figure 4-49. Fluorescence image of Microparticle 1 obtained using a) confocal, b) TIRF and 

c) HiLo microscopy; and Microparticle 2 obtained using d) confocal, e) TIRF and f) HiLo 

microscopy. Scale bar ‒ 5 µm. 

 

When the microparticles were analyzed using the super resolution microscopy, we did not 

observe any ring shape patterns. Using confocal microscopy, we have the advantage of 

studying the fluorescence of different planes (in z axis) of the microparticles, using TIRF, we 

could study the fluorescence of the microparticle at the interface (first layer of the 

microparticle in contact with the objective lens), while using HiLo, we could focus the 

fluorescence only from the microparticles, and reject the out-of –focus regions. With all the 

above mentioned benefits of the super resolution microscope, we found that the patterns 

observed using normal fluorescence microscopy were just an interference pattern, called 

Newton’s Rings 
221-222

. 

 

As observed from the Figure 4-49, the confocal microscopy image shows the top of the 

microparticle, whereas, the TIRF gives the fluorescence of bottom of the microparticle. 

Characterizing both sides of the functionalized microparticles. From the image it was evident 

that the microparticles were homogenously functionalized. Though, there were some 

microparticles with small WGA aggregates.  

 

In order to characterize these aggregates, the functionalized microparticles were analyzed 

using STORM. This technique improves the resolution by ~ 10 times over conventional 

a)

d)

b)

e)

c)

f)
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imaging systems by providing nanometer accuracy. Figure 4-50 shows the fluorescence 

image of a microparticle characterized using wide field and using STORM.  

 

 

Figure 4-50. Fluorescence microscopy images of Batch 5 WGA functionalized microparticle 

obtained using a) wide field and b) STORM. Scale bar ‒ 2 µm. 

 

There is a clear difference observed in the fluorescence of the microparticle for both the 

cases. The WGA aggregates on the left image appear more blurred, while on the right image, 

the aggregates have more resolution and can be differentiated from the adjacent aggregates.  

 

Figure 4-51 shows the fluorescence images of a quadrant of a microparticle reconstructed 

after the STORM imaging analysis. Figure 4-51 b) shows the super resolution image. As 

observed in Figure 4-51 c), the aggregate of WGA ranges from ~ 50-200 nm. The size of the 

WGA molecule is ~ 5 nm. By analyzing the size of the WGA aggregates from the super 

resolution image, it is evident that there is a presence of more than one monolayer of WGA 

on the microparticle. 

 

Figure 4-51. Fluorescence image of a quadrant of a microparticle obtained using a) confocal 

microscopy, b) super resolution image using STORM and c) magnified region of Figure-b. 

Scale bar ‒ 1 µm (a-b) and 0.2 µm (c). 

a) b)

a) b) c)
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Consequently, using this technique, an improvement in the resolution of functionalization on 

the microparticles is seen. It is also noticed that the periphery of the microparticles are redder. 

Additionally, the functionalization is also higher in the middle of the microparticle. A further 

study has to be done in optics in order to study the functionalization better per each 

microparticle.  
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4.6. Difference in surface reactivity between polysilicon and silicon oxide 

As mentioned before, we observed a big difference in the extent of functionalization between 

silicon oxide and polysilicon surfaces. Therefore, this difference was studied and 

characterized using different techniques such as X-Ray Photoelectron Microscopy (XPS). 

 

Since most of the surface characterization techniques have the limitation to reach at the 

microparticle level, surfaces of Batch 5, 20 µm polysilicon microparticles on silicon oxide 

surface, were selected as shown in Figure 4-52. This Batch was selected due to the presence 

of larger surface area and the ease to analyze the functionalization, when compared to the rest 

of the batches.   

 

 

Figure 4-52. Bright field image of Batch 5 surface. Scale bar ‒ 5 µm. 

 

Initially, we looked at the difference in the activation step in the different materials 

(polysilicon and silicon oxide) of the surface and both polysilicon and silicon oxide were 

analyzed using XPS 
223-224

. Table 4-4 shows the quantification of different elements present 

on the surface. 

 

Table 4-4. Quantification of different elements on the surface of Batch 5. 

 

 

Area 

Surface 

Activation 

Quantification (%) 

O C Si 

Polysilicon 

 

Before 55.5 12.2 32.3 

After 57.1 12.3 30.6 

Silicon 

oxide 

Before 50.0 20.4 29.5 

After 56.3 13.3 30.5 

 

Polysilicon

Silicon 

oxide
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It was observed that the value for quantified oxygen after the activation step has increased 

significantly in the case of silicon oxide, but a very small change is observed in the case of 

polysilicon. Thus, implying more hydroxylation on the silicon oxide surface thereby 

explaining the higher fluorescence intensity in silicon oxide than polysilicon. The rest of the 

elements such as carbon and silicon were quantified equally. But, a remarkable difference in 

the initial value of the quantified oxygen in the case of silicon oxide (before activation) was 

found to be much lower than that for polysilicon.  

 

This lower value of oxygen on silicon oxide was unreasonable, and therefore, this experiment 

was again characterized on non-patterned surfaces (either polysilicon or silicon oxide). Two 

different surfaces of polysilicon and silicon oxide were selected and analyzed using XPS. 

Table 4-5 shows the quantification of elements on polysilicon and silicon oxide surfaces.  

 

Table 4-5. Quantification of different elements on polysilicon and silicon oxide surface. 

 

Surface Surface 

Activation 

Quantification (%) 

O C Si 

Polysilicon 

 

Before 22.3 10.6 67.1 

After 22.1 11.2 66.6 

Silicon 

oxide 

Before 62.4 5.6 32.0 

After 62.0 6.0 32.0 

 

An increase in the quantified oxygen was expected for both the cases. But, the values of 

quantified elements before and after the activation step gave similar values. No difference 

was observed for both the surfaces. This either implies that the degree of hydroxylation is 

very low, therefore the difference could not be measured. Or, the activation of the surface, is 

not stable enough, therefore, the surface again reaches to the state of atmospheric oxidation. 

Thus, resulting in similar values for, before and after the activation step. 

 

Batch 5 surfaces were further characterized using Raman Spectroscopy in order to see the 

different vibrational modes from the different monolayers formed on the surface of both 

polysilicon and silicon oxide 
225

. The surfaces were excited with wavelength 550 nm laser on 

the top of the disc microparticle to analyse the behaviour on polysilicon, and below the disc 

microparticle in order to focus the silicon oxide. The surfaces were analysed at each step of 

the functionalization. Three different surfaces, after activation, after TESUD treatment and 

after WGA treatment were characterized respectively. In the first case, after the activation 

step, as shown in Figure 4-53, the difference in the vibrational band of hydroxylation in 

polysilicon and silicon oxide was expected, but no significant difference was observed in 

both the cases. Only a shoulder at 450 cm
-1

 was observed in the case of polysilicon. This 

could mean that the technique was not sensitive enough to differentiate the hydroxylation 

between the two surfaces (polysilicon and silicon oxide). 
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Figure 4-53. Raman spectra of activated polysilicon and silicon oxide surface. 

 

Fuerthermore, the surfaces functionalized with TESUD did not show any stretching for the 

terminal aldehyde groups in both the cases, polysilicon and silicon oxide. This confirmed that 

the instrument was not sensitive enough in order to detect the molecules functionalized on the 

surfaces.  The surfaces functionalized with the WGA showed high fluorescence band, due to 

the Texas Red, in both the cases (polysilicon and silicon oxide), as shown in Figure 4-54. 

Though, we noticed a shift in the fluorescent band in the case of polysilicon from 2842 to 

2094 cm
-1

 and, an additional peak at 3490 cm
-1

. This difference in the fluorescence band, 

between the polysilicon and silicon oxide was interesting. Thereby, emphasizing the 

difference in the surface reactivity between polysilicon and silicon oxide. 

 

 

Figure 4-54. Raman spectra of WGA functionalized polysilicon and silicon oxide surface. 
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4.7. Biological Results 

The biological experiments were performed by the group of Prof. Teresa Suárez at the CIB-

CSIC. 

 

The fully characterized and homogenously functionalized microparticles were then tested on 

cells in order to assess their adhesion to cell membranes. For this reason, the bio-

functionalized microparticles with WGA and Con A were tested on two different cell lines: 

Dictyostelium discoideum (Dicty) and HeLa.  

 

4.7.1. Cell adhesion of Star shaped bio-functionalized microparticles 

Dicty is a unicellular amoeba and is a powerful system for basic biomedical research in cell 

biology 
226-227

. This organism has been used widely for studying fundamental cellular 

processes. The life cycle of Dicty is rapid and easy to understand 
227

. 

 

4.7.1.1. Study of cell adhesion on Dicty 

The microparticles of both Batch 1 and Batch 2 functionalized using WGA and Con A, were 

tested initially on Dicty. In order to study the behaviour of cell adhesion of the functionalized 

microparticles, the Dicty were also simultaneously incubated with non-functionalized 

microparticles as a control experiment. In the case of Batch 1 (20 µm) functionalized 

microparticles, it was observed that the microparticles were big for the size of the Dicty, and 

therefore was not suitable to study the cell attachment of the microparticles. Therefore, Batch 

2 (10 µm) functionalized with WGA and Con A was further chosen to study the cell adhesion 

behaviour. 

 

In the case of Batch 2 WGA functionalized microparticles, there was no difference observed 

in the cell adhesion behaviour when compared with the control. The functionalized and the 

non-functionalized microparticles, both behaved in the similar fashion. The microparticles in 

both the cases were seen attached to the cell surface, but then due to the rapid movement of 

the Dicty, the microparticles were not adhered to cell membranes of Dicty longer period (they 

attached and dettached).  

 

Whereas, in the case of Batch 2 functionalized with Con A, the microparticles were seen 

attached to the cell membrane of the Dicty, for longer time periods when compared with non-

functionalized microparticles. Thus, showing a positive result for the cell attachment of the 

microparticles functionalized with Con A. Figure 4-55 shows the Batch 2 Con A 

functionalized microparticle attached on the cell membrane of the Dicty. 
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Figure 4-55. Optical images of Batch 2 Con A functionalized microparticles attached to 

Dicty cell membranes at various positions, Dicty 1 (a-d) and Dicty 2 (e-h). Scale bar ‒ 10 

µm. 

 

The difference in the binding affinity between different lectins could also be due to the 

presence of difference membrane receptors for the lectins present on the cell membrane of a 

cell. It is known that the Dicty has higher binding affinity to Con A than WGA 
210,228-231

. 

Thus, explaining the difference in the cell attachment behaviour of the functionalized 

microparticles. 

 

4.7.1.2. Study of cell adhesion on HeLa cells 

The second cell line used for testing the cell attachment was on HeLa cells. In the case of 

HeLa cell line, the Batch 1 and Batch 2 WGA functionalized microparticles did not show 

any significant increase in adhesion time in the cell attachment when compared to the non-

functionalized microparticles. Some of the microparticles were found attached to the cell 

membrane, but not for long duration. 

 

As, the WGA functionalized microparticles did not show any significant improvement in 

both the above cells lines, Dicty and HeLa, the functionalized microparticles were further 

tested on human derived cell lines, such as neuroblastoma (SH-SSSy) and breast cancer cells 

(MCF-7). These experiments are still under progress. 

 

4.7.2. Cell adhesion of Disc shaped bio-functionalized microparticles 

The cell adhesion behaviour of the functionalized disc shaped microparticles, Batch 5 and 

Batch 6 on Dicty and HeLa cells was investigated. The WGA functionalized microparticles 

did not show any change with disc shaped microparticles. The binding behaviour of the 

a) b) c) d)

e) f) g) h)
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functionalized microparticles to the cell membrane was same as observed for the non-

functionalized microparticles. These results imply that the lectin WGA does not promote cell 

adhesion for the specific, Dicty and HeLa cell lines.  
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CHAPTER 5 
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CHAPTER 5 

Functionalization of star-shaped and discoidal polysilicon microparticles with Boronic 

Acids (BAs) for their adhesion to cell membranes  

5.1. Introduction 

Many efforts have been dedicated to exploit artificial materials with specific sugar-binding 

capability to mimic and replace lectins. The lectin-mimics include two major categories 

based on their binding forces with carbohydrates: (1) noncovalent systems such as 

supramolecules; (2) covalent systems mainly represented by boronate affinity-based covalent 

systems. The noncovalent systems often require complicated designs such as hydrogen bond 

groups, while the boronate affinity-based covalent systems possess known and strong binding 

forces as the straightforward design basis, represented in Scheme 5-1 
232-235

. The boron–diol 

interaction enables elaborate design of Boronic acid (BA) based saccharide sensors. Over the 

last decade, this research topic has been well developed thanks to the integration of BA 

chemistry with a range of techniques, including supramolecular chemistry, materials 

chemistry, surface modification, and nanotechnology 
236-237

. New sensing strategies and 

platforms have been introduced and remarkable progress has been achieved to fully utilize 

the unique property of boron–diol interaction and to improve the binding affinity towards 

different targets, especially under physiological conditions. 

 

 
Scheme 5-1. Schematic representation of BA-diol interaction. 

 

BAs are well known for their ability to reversibly interact with the diol groups, a common 

motif of biomolecules including sugars and ribose 
238

. Due to their ability to interact with 

carbohydrates, they can be regarded as synthetic mimics of lectins. They are very important 

in synthetic organic, materials, bioorganic, medicinal chemistry and as well as chemical 

biology 
239-241

. They are important in functionalization of nanostructures, separation and 

purification of glycosylated products and controlled drug delivery 
242

. They are also 

commonly used as recognition moieties for the design and synthesis of sensors for 

carbohydrates, amino acids and amino alcohols 
243-246

. In medicinal chemistry, they are 

important for the preparation of inhibitors of hydrolytic enzymes 
247

. Among all the 

biologically active BAs, bortezomib is an FDA-approved anticancer agent 
248

. Additionally, 

they have been exploited extensively as chemo/biosensors in the detection of carbohydrates, 

anions, and reactive oxygen and nitrogen species (ROS/RNS) through electrochemical, 

fluorescence, and colorimetric measurements 
249-251

. Notably, over the physiological pH 

range, BAs are ideal molecular receptors for monosaccharides since BA derivatives rapidly 

and reversibly interact with carbohydrates in aqueous media, and thus importantly the method 

does not consume the analyte 
236,252

. Because of the tremendous importance of BAs, there is 

interest in finding ways to increase their structural diversity and to tether them to other 

scaffolds. In terms of common cell attachment and detachment protocols, thus BA derivatives 

can be utilised to bind with native oligosaccharides which are present in the outer cellular 

wall or membrane. It is worth noting that the boronate anion in general has stronger binding 
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strength towards diol. Therefore, higher pH is favorable in sugar binding as most of the 

boron-containing species will then exist in their anion form. For practical application, it is 

required that the sensing system should perform well under physiological conditions (pH 7.4) 
236

.  

 

Based on the well known interaction between BA and carbohydrates, BA could be a plausible 

alternative to induce adhesion of microparticles. We selected 4-formylphenylboronic acid, for 

it contains a formyl group for chemical attachment onto the microparticles 
253-256

. Figure 5-1 

shows the chemical structure of 4-formlylphenylboronic acid (PBA). The affinity of this BA 

towards the carbohydrates is well known 
233,237

. For instance, PBA containing polymer 

brushes on different surfaces have been fabricated for sensor chips of glycoproteins, glucose 

detection, and controllable cell adhesion, depending on the fast and stable formation of 

boronate esters between PBA and diols 
256

.  

 

 
Figure 5-1. Chemical structure of 4-formylphenylboronic acid (PBA). 
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Results and Discussion 

5.2. Functionalization and characterization of polysilicon microparticles on surfaces 

using BA 

5.2.1. Functionalization of polysilicon microparticles on Surfaces using BA 

The functionalization of polysilicon microparticles with BA was initially optimized on 

surfaces and then carried out on the polysilicon microparticles in suspension. For this 

purpose, Batch 5 surfaces (20 µm in diameter, 500 nm thickness) as shown in Figure 5-2 

were selected. These surfaces were chosen due to their large surface area and their feasibility 

in characterization upon functionalization.  

 

 

Figure 5-2. Bright field image of 20 µm polysilicon microparticles on silicon surface (Batch 

5). Scale bar ‒ 30 µm. 

 

First, the surfaces were cleaned and activated using piranha and basic solution, increasing the 

amount of hydroxyl groups on the surfaces. Then, the hydroxylated surfaces were then made 

to react with aminopropyltriethoxy silane (APTES). The triethoxy group of the APTES reacts 

with the hydroxylated polysilicon surface forming a stable covalent bond between the linker 

and the surface. The surfaces upon immobilization of APTES resulted in a uniform layer of 

primary amines, which we call (NH2-SAM). The NH2-SAM on the surface reacts with the 

formyl group of PBA in the presence of sodium cyanoborohydride (NaBH3CN) through 

reductive amination process resulting in the formation of an amine bond.  

 

Scheme 5-2, shows the schematic representation of the functionalization of polysilicon 

microparticles on surfaces. The activated surfaces were treated with 2 % of APTES and were 

incubated for 3 hours to form the NH2-SAM. The APTES functionalized surfaces were then 

incubated in BA (5 mg/mL) overnight. 
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Scheme 5-2. Schematic representation of functionalization of polysilicon surfaces with BA. 

 

5.2.2.Characterization of BA functionalized surfaces 

The BA functionalized surfaces were characterized using various techniques such as contact 

angle measurements, Fluorescence microscopy and X-ray Photoelectron Spectroscopy (XPS). 

 

Contact angle measurements for each step of functionalization are tabulated in Table 5-1. 

The contact angle value before the activation treatment was found to be 38°. This higher 

contact angle can be due to the presence of dirt from the atmosphere and because polysilicon 

is not so hydrophilic. After the piranha treatment, the contact angle value decreased to 12° 

indicating that the surface hydrophilic, implying the formation of hydroxyl groups on the 

surface. A further decrease in the contact angle value to 10° after the basic treatment confirms 

the increase in the hydroxylation of the surface. These values were similar to the contact 

angle values obtained in Chapter 4.  

 

Table 5-1. Contact angle values obtained after each step of functionalization on Batch 5. 

 

Sample Name Contact angle (Ɵ) 

Initial surface 38 ± 3 

After Piranha 12 ± 2 

After Basic 10 ± 2 

NH2-SAM 40 ± 2 

BA-SAM 49 ± 3 

 

After immobilizing APTES, the contact value of the surface increased to 40° indicating the 

surface is more hydrophobic. This increase in the hydrophobicity is due to the formation of 

NH2-SAM, which agrees to the values reported in the literature 
257

. The further increase in the 

contact angle value to 49° after the BA treatment confirms the immobilization of BA on the 

surfaces 
249

.  
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Fluorescence microscopy was used to monitor the homogeneity of BA-SAMs. BA 

functionalized surfaces were incubated with Alizarin Red S (ARS) solution in PBS at pH 7.4. 

ARS produces a strong fluorescent signal in response to the binding of a boronic acid, as 

shown in Scheme 5-3 
236,258-261

.  

 

 
Scheme 5-3. Schematic representation of binding of BA with ARS. 

 

Thus three surfaces, control (without SAM), NH2-SAM and BA-SAM were incubated in the 

ARS solution, and were then characterized using fluorescence microscopy. Figure 5-3 shows 

the fluorescence microscopy images of surfaces characterized using ARS. 

 

 

Figure 5-3. Fluorescence microscopy images of surfaces characterized using ARS, excited 

using a green filter (λ= 530 - 550 nm), a) Control (without SAM) b) NH2-SAM, c) BA-SAM, 

their 3-D surface plots and plot profiles respectively. Scale bar – 20 µm. 

b)

c)

a)



118 

Control surface was analyzed after the activation treatment, no fluorescence was observed as 

shown in Figure (Figure 5-3 a). In the case of NH2- SAM, as no fluorescence was expected, 

it was observed that ARS in spite of several washes showed affinity towards the NH2-SAM 

(Figure 5-3 b). The immobilization of ARS on to the NH2-SAM at pH 7.4 could have 

protonated the NH2-SAM, resulting in an electrostatic interaction with the ARS, making the 

surface fluorescent 
262

. In any case, the fluorescence intensity in BA-SAM treated with ARS 

was 10 times higher than NH2-SAM, which could be confirmed from the plot profiles 

(Figure 5-3 c). Thus, confirming the immobilization of BA on surfaces and the higher 

binding affinity of ARS with the BA.  

 

The BA functionalized surfaces were further characterized using XPS at each step of 

functionalization. Figure 5-4 (a-c) shows the most characteristic peaks of the activated 

surfaces, from which the following composition is obtained: C-13.92 %; O-18.07 %; Si-68.01 

%. The presence of carbon is due to contamination of the surface, on the other hand, given 

the nature of the sample, the main element is silicon, for which two peaks are observed, one 

corresponding to oxide form of silicon at 99 eV and another at 104 eV corresponding to the 

element silicon. Finally, in the case of oxygen, a smaller amount than expected is obtained, 

but this could be due to the activation of the surfaces 24 hrs before the characterization.  

 

On the other hand, Figure 5-4 (d-g) shows the most characteristic peaks of the NH2-SAM, 

from which the following composition is obtained: C-43.69 %; O-27.59 %; Si-18.71 %; N-

10.02 %. There is a considerable increase in the amount of carbon, this is due to the alkyl 

chain of APTES; the amount of oxygen is lower as it is the point of interaction between the 

triethoxy group of the APTES and the surface; one of the peaks corresponding to the silicon 

element at 99 eV disappears, which also shows the coverage of the activated surface with the 

NH2-SAM. Furthermore, the characteristic peak of nitrogen from the amino group of APTES 

is also observed at 403 eV.  

 

Finally, Figure 5-4 (h-l) shows the most characteristic peaks of the BA-SAM on surfaces, 

from which the following composition is obtained: C-51.81 %; O-3.53 %; Si-15.13 %; N-

8.49 %; B-3.53 %. A significant increase in the amount of carbon is observed due to the 

phenyl group of the BA and an appearance of a new peak for nitrogen at 400 eV is observed, 

which indicates the change from being primary amine to secondary amine by the reaction 

with the BA 
263

. Finally, a peak of Boron at 187 eV is also seen confirming the 

immobilization of BA on to the surfaces.  
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 Figure 5-4. XPS spectra obtained after analysing the activated surface (a-c), NH2-SAM (d-

g) and the BA-SAM (h-l) on surfaces. 

 

 

 

 

e) 

c) a) 

l) k) j) 

d) 

g) i) h) 

f) 

b) 
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5.3. Functionalization and characterization on polysilicon microparticles in suspension 

using BA 

After optimization and characterization on surfaces of Batch 5 functionalized with the BA, 

functionalization of the released polysilicon microparticles of different shapes and sizes. In 

the case of star-shaped microparticles, Batch 1 (20 μm in diameter, 500 nm thickness) and 

Batch 2 (10 μm in diameter, 500 nm thickness) were selected. Whereas in the case of disc-

shaped microparticles, Batch 5 (20 μm in diameter, 500 nm thickness) and Batch 6 (10 μm 

in diameter, 500 nm thickness) were selected. All the four batches were functionalized with 

BA following the previously optimized protocol on surfaces.  

 

Fluorescence microscopy was chosen as a main technique to characterize the BA 

functionalized microparticles, after incubation in ARS solution. Figure 5-5 shows the 

fluorescence microscopy images of BA functionalized microparticles characterized using 

ARS. From the images, it is certain that the microparticles are functionalized with BA, 

although the functionalization appears to be non-homogenous. Aggregates of ARS were 

observed on the microparticles, more on Batch 1 microparticles. The aggregates of ARS 

were seen more on the arms of the star microparticle. Even after extensive and thorough 

washing of the microparticles from all the batches, some aggregates remained.   

 

On comparing the fluorescence images obtained using ARS to lectin functionalized 

microparticles, the functionalization of microparticles using lectin was more uniform and 

homogenous. The aggregates in the case of ARS functionalized microparticles are seem 

bigger to lectin functionalized microparticles. The BA functionalized microparticles were 

further tested for carbohydrate interaction in solution. 

 

Figure 5-5. Fluorescence images of BA-ARS functionalized surfaces of Batch 1, Batch 2, 

Batch 5 and Batch 6. Scale bar ‒ 10 µm. 

a) b)

c) d)
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5.2.3. Study of BA-Carbohydrate interaction on polysilicon microparticles on surfaces 

ARS is widely used for the evaluation of the interactions between BAs and cisdiol-containing 

compounds. In this method, two competing equilibrium between three species are involved. 

One is the equilibrium between a BA and ARS, which reports the binding through apparent 

changes in fluorescence intensity and colour. The other is between the BA and a cis-diol 

compound (such as carbohydrates), which competes with the former equilibrium. Thus this 

approach provides a strong fluorescence signal from the ARS when binding to a BA and 

weak fluorescence signal when dissociated, as represented in Figure 5-6 
259-261

.  

 

Therefore, keeping this approach in mind, interaction of BA functionalized surfaces with 

carbohydrates was studied. The carbohydrate, N-acetylglucosamine (GlcNAc) was selected 

to study the interaction with BA, as shown in Figure 5-6 c) 
264-265

. It is a key component 

present in most of the cell membranes, such as bacteria, fungi and the extracellular matrix of 

animal cells 
177,183

. The carbohydrate binding study was performed on surfaces due to their 

easy handling and manipulation than BA functionalized microparticles. In this case, surfaces 

from Batch 1 and Batch 5 were selected as a representative surface of each shape of the 

microparticles, both having 20 µm in diameter and 500 nm thickness.  

 

 

 

Figure 5-6. Displacement of ARS due to BA-Carbohydrate binding a) turn-on state, b) turn-

off state and c) chemical structure of GlcNAc. 

 

The BA-ARS functionalized surfaces were incubated in GlcNAc (5 mg/mL) in PBS at pH 7.4 

for different time intervals and were later characterized using fluorescence microscopy. 

Figure 5-7 shows the fluorescence images of Batch 1 BA-ARS functionalized surfaces 

without GlcNAc incubation, after 5 mins, after 10 mins and overnight incubation in GlcNAc. 

As observed from the Figure 5-7, the average fluorescence intensity of the BA-ARS 

functionalized surfaces, without the GlcNAc treatment was higher, whereas after 5 mins of 

GlcNAc incubation, the average fluorescence intensity decreased. But this decrease was 

found at the top of the microparticles, mainly on the centre of the star shaped microparticle. 

As, the fluorescence was not completely turned-off, the surfaces were left in incubation for 

10 mins in GlcNAc, and the fluorescence intensity observed for this surface was similar to 

the previous case. Thus, the BA-ARS functionalized surfaces were left for overnight 

a) b) c)
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incubation in GlcNAc. The following day, the surface was characterized, which showed 

resembling results as before.  

 

 
Figure 5-7. Fluorescence image of Batch 1 BA functionalized surface a) without GlcNAc 

incubation b) after 5 mins in GlcNAc, c) after 10 mins in GlcNAc and d) overnight 

incubation in GlcNAc; and their plot profiles. Scale bar ‒ 30 µm. 

 

The fluorescence microscopy images before and after incubation with GlcNAc were studied 

carefully as shown in Figure 5-8 (Zoom out of Figure 5-7 a) and d)). In the case of surfaces 

before GlcNAc incubation showed fluorescence on all the surface of the microparticle 

a)

b)

c)

d)
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(Figure 5-8 a). Whereas, in the case of after GlcNAc incubation, it can be observed that the 

fluorescence was on the perimeter of the microparticles, implying that the ARS was still 

bonded to the sides of the microparticles, as shown in Figure 5-8 b). This could suggest that 

the BA was not functionalized homogenously on the sides of the star microparticles, and thus, 

ARS was electrostatically bonded to the surface (NH2-SAM). Thus, when this surface is in 

contact with the carbohydrate, there is no displacement of the ARS, hence, remaining in turn-

on state only on the sides of the microparticles. The 3-D surface plot shows a slight decrease 

in the fluorescence on the sides of the microparticles can be seen from the 3-D surface plots. 

 

 
Figure 5-8. Fluorescence image of Batch 1 BA functionalized surface a) without GlcNAc 

and b) overnight incubation in GlcNAc; with their 3-D surface plot profiles. Scale bar ‒ 10 

µm. 

 

Another interpretation could also be due to the unavailability of the BAs on the sides of the 

microparticles for the ARS displacement when in contact with the carbohydrates, thus 

showing fluorescence by existing in the turn-on state.  

a)

b)
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On the other hand, in the case of Batch 5 BA-ARS functionalized surfaces were treated with 

the carbohydrate, GlcNAc. Figure 5-9 shows the fluorescence images of the surfaces before 

and after treatment with GlcNAc. Here, the displacement of ARS from the BA was noticed 

distinctly. The average fluorescence intensity before the GlcNAc treatment was higher which 

was reduced 10 times, after 5 mins of incubation in GlcNAc. The system fluorescence was 

turned-off successfully, implying the bonding of the carbohydrate with the BA functionalized 

surface. 

 

 

Figure 5-9. Fluorescence images of Batch 5 BA functionalized surfaces a) before and b) 

after 5 mins of incubation in GlcNAc; with their 3-D surface plots and plot profiles. Scale bar 

‒ 20 µm. 

 

This difference in interaction observed between the case of Batch 1 and Batch 5 shows the 

influence of morphology of the microparticles in functionalization. 

 

Consequently, after demonstrating the interaction of BA functionalized surfaces with 

carbohydrates, GlcNAc in solution, the final step was to assess the cell adhesion of BA 

functionalized microparticles with the cell membranes of specific cell lines.  

a)

b)
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5.4. Biological Results 

The optimized BA functionalized microparticles of different batches; Batch 1 (20 μm in 

diameter, 500 nm thickness), Batch 2 (10 μm in diameter, 500 nm thickness), Batch 5 (20 

μm in diameter, 500 nm thickness) and Batch 6 (10 μm in diameter, 500 nm thickness) were 

tested on HeLa cells, together with the non-functionalized microparticles, in order to evaluate 

their attachment to the cell membrane.  

 

In the case of star-shaped Batch 1, BA functionalized microparticles were seen attached to 

the cell membrane of the HeLa cells. Figure 5-10 shows an optical image of a microparticle 

attached to the cell membrane of a cell at various positions. On comparing the non-

functionalized and BA functionalized microparticles, the functionalized microparticles were 

adhered to the cell membrane for longer duration. From the images below, it is certain, that 

the microparticle, in spite of a moving cell, was attached to the cell membrane. Similar results 

were noted in the case of Batch 2 BA functionalized microparticles. Figure 5-10 (e-h) shows 

a microparticle attached to a cell membrane at different positions. Regardless of the smaller 

size of Batch 2 to the HeLa cells, the microparticles were seen well adhered to the cell 

membrane.  

 

 

Figure 5-10. Various positions of BA functionalized microparticles attached to the cell 

membrane of HeLa cells, Batch 1 (a-d) and Batch 2 (e-h). Scale bar ‒ 10 µm. 

 

Furthermore, identical behaviour was observed in the case of disc shaped microparticles. 

Batch 5 and Batch 6 BA functionalized microparticles as shown in Figure 5-11, were found 

well attached to the cell.  

 

e) f) g) h)

a) b) c) d)
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Figure 5-11. Various positions of BA functionalized microparticles attached to the cell 

membrane of HeLa cells, Batch 5 (a-d) and Batch 6 (e-h). Scale bar ‒ 20 µm. 

 

Thus, these positive results demonstrate a successful functionalization of the microparticles 

with different shapes and sizes using BA to achieve cell adhesion.  

a) b) c) d)

d) e) f) g)
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CHAPTER 6 
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CHAPTER 6 

Functionalization of hexahedral bi-functional microparticles using fluorescent probes 

for pH sensing in cells 

6.1. Introduction 

pH sensing is of importance for the diagnosis of insidious pathologies such as cancers 
266-268

. 

Cancer cells have a reversed pH gradient compared with normal differentiated cells, as shown 

in Figure 6-1. The extracellular pH (pHe) of a cancer cell is more acidic than of normal cells, 

whereas the intracellular pH (pHi) is neutral or slightly alkaline 
268-269

. A combination of poor 

vascular perfusion, regional hypoxia, and increased flux of carbons through glycolysis leads 

to extracellular acidosis in cancer cells; with pHe values as low as 6.5 
270-271

. Low pHe and 

high pHi are crucial for cancer cell proliferation, invasion, metastasis, drug resistance, and 

apoptosis 
272-274

. 

 

 
Figure 6-1. Reversed extracellular and intracellular pH in cancer cells compared to normal 

cells. 

 

The importance of sensing many biological processes has led to the development of 

fluorescence based receptors which can be used as chemosensors exhibiting a variation on 

their intrinsic fluorescence. Supramolecular chemosensors are composed of a binding moiety 

-to guest the anabolite-, and a sensing moiety -to read information about the complexation, 

linked through a connector to the surface (Figure 6-2) 
275

. Immobilized chemosensors have 

been studied in the last years for sensing important biological parameters at cellular level 

such as biological ions or radicals as well as enzyme activity, using fluorescence changes 

because it is one of the preferred methods for detection in living organisms 
276-281

.  

 

In particular, fluorescent chemosensors for biologically and/or environmentally, cations, 

anions, small neutral molecules as well as biomacromolecules (such as proteins and DNA) 

have been developed along with a rapid advancement in microscopic imaging technologies 
278,282-285

. Analyte detection by a fluorescent chemosensor is usually achieved through one or 

more common photophysical mechanisms, including chelation induced enhanced 

fluorescence, intramolecular charge transfer, photoinduced electron transfer, aggregation 

induced emission and the number of approaches is still expanding 
286-289

. 

 



130 

 

Figure 6-2. Model of fluorescence chemosensor. 

  

Additionally, due to the high levels of sensitivity and in particular their ability to be used for 

temporal and spatial sampling for in vivo imaging applications, fluorescent chemosensors 

have been widely applied in a variety of fields 
290

. With the advent of two or multi-photon 

excitation and high and super-resolution fluorescence microscopy, there will be an ever 

increasing need for highly sensitive and selective chemosensors for in vivo biological 

applications 
291

. 

 

In this context, tools with the capability to measure these pH differences should be an 

important aim to differentiate between the normal and cancer cells (diagnosis) and also to 

exploit these differences therapeutically. However, despite the existence of many pH sensors 

to be used in solution, their toxicity for the cells hamper their use in long term studies in cell 

cultures 
292

. Immobilization of any of these systems in either micro- or nanoparticles would 

offer the advantage of increasing their specificity and reduce their toxicity.  

 

Keeping this as our main challenge we aim in developing a novel microtool for sensing pH. 

For accomplishing this goal, we envisaged the use of bi-functional hexahedral microparticles. 

Bi-functional microparticles allow avoiding the inconvenience of applying multi-

functionalization procedures to a single material, which could ruin the efficient control on the 

immobilization of different molecules. Therefore, polysilicon and gold material was selected 

because of their well known chemistry and biocompatibility 
113,156,219,293-296

. The selected 3x3 

µm
2 

bi-functional hexahedral microparticles had dimensions in micrometric scale, Figure 6-

3. These microparticles were made up of 400 nm thick polysilicon and 100 nm thick gold, 

fabricated by our collaborators, explained in Appendix, Section 2.  

 

 
Figure 6-3. Conceptual representation of a hexahedral bi-functional microparticle. 

 

The next step was to bi-functionalize these microparticles using pH dependent fluorophores. 

Different types of pH dependent fluorophores were selected and were studied in solution. As 

the final step was to immobilize these pH dependent fluorophores on to bi-functional 

microparticles, fluorophores bearing linking functional groups were chosen. Most commonly 

used functional groups are activated esters, carboxylic acids (COOH) or primary amines 

(NH2). These functional groups make it feasible to immobilize the fluorophores on the 

microparticles, without influencing the pH sensitivity.  
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The majority of the selected fluorophores we selected was with NHS ester group. NHS esters 

are reactive groups formed by carbodiimide-activation of carboxylate molecules 
297298

. They 

provide an efficient and convenient way to selectively link to primary amines (R-NH2) 

forming a stable amide bond. Hence, four different commercially available pH dependent 

fluorophores were selected, Oregon green
™

 488 carboxylic acid, succinimidyl ester, 6-isomer 

(Oregon green); pHrodo
™

 red, succinimidyl ester (pHrodo); Alexa fluor™ 647, 

succinimidyl ester (Alexa fluor) and SNARF
™

-1 carboxylic acid, acetate, succinimidyl ester 

(SNARF), (Figure 6-4).  

 

The amine reactive Oregon green can be used to create green fluorescence with 

excitation/emission wavelength at 488/520 nm. This fluorinated analogue of fluorescein 

overcomes some of the key limitations of fluorescein, including greater photostability and a 

lower pKa (~ 4.7), making its fluorescence essentially less pH sensitive in the physiological 

pH range. On the other hand, pHrodo is an amino rhodamine that increases in fluorescence 

intensity as the pH of its surroundings becomes more acidic 
299-300

. pHrodo has an excitation 

and emission maxima of 560 and 595 nm, respectively. Whereas, Alexa fluor is a bright and 

photostable far-red fluorophore with excitation and emission maxima at 651 and 672 nm, 

respectively. The NHS ester of Alexa fluor is the most popular tool for bioconjugation. It is 

pH-insensitive from pH 4 to pH 10, and therefore we selected it in order to use as a reference 

fluorophore. SNARF, on the other hand has two fluorescence emission wavelength (590 and 

650 nm), in which one of the emission peak decreases (590 nm) whereas the other increases 

(650 nm) with the increase in pH, hence ratiometric fluorescence pH indicator. It is typically 

used by exciting at 488 nm. The selected NHS ester of SNARF as shown in Figure 6-4 bears 

an additional functional acetate group (CH3COO-R) which is designed to exhibit 

fluorescence upon hydrolysis only when inside a cell. 
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Figure 6-4. Chemical structures of a) Oregon green (with NHS derivative), b) proposed 

structure of pHrodo, c) proposed structure of Alexa fluor and d) SNARF (with NHS 

derivative). 

 

Subsequently, the second step was to study the behaviour of these pH dependent fluorophores 

in solution. The fluorescence intensity of the selected fluorophores, 17 µM each in 1 mL of 

PBS solution was characterized using fluorescence spectroscopy at different values of pH 

ranging from pH 5-8, as illustrated in Figure 6-5. As observed in the case of Oregon green 

(excited at 488 nm), the fluorescence emission intensity at 524 nm increases as the pH 

increases (Figure 6-5 a), whereas for pHrodo (excited at 560 nm) there is a decrease in the 

fluorescence emission intensity at 585 nm with the increase in pH (Figure 6-5 b). In the case 

of Alexa fluor (excited at 651 nm), there is no variation in the fluorescence emission (672 

nm) at this pH range (Figure 6-5 c). On the other hand, SNARF (excited at 488 nm) with two 

fluorescence emission wavelength (590 and 650 nm), one of the emission peak decreases 

(590 nm) whereas the other increases (650 nm) with the increase in pH, resulting in 

ratiometric fluorescence (Figure 6-5 d). 

 

a) b)

c) d)
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Figure 6-5. Fluorescence emission spectra of a) Oregon green, b) pHrodo, c) Alexa fluor 

and d) SNARF at pH range (5-8). 

 

After examining the behaviour of these fluorophores in solution, the next step was to 

immobilize them on to the microparticles. 
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Results and Discussion 

6.2. Functionalization of polysilicon surfaces using pH dependent fluorophores 

Before using the bi-functional (polysilicon and gold) microparticles, the functionalization 

was optimized on only polysilicon materials, first surfaces (Figure 6-6 a) and then 

microparticles in suspension (Figure 6-6 b). For this reason, silicon surfaces bearing 

polysilicon microparticles, 3 x 3 µm
2
 in size with 500 nm thickness was used, as shown in 

Figure 6-6. These polysilicon microparticles were attached to the silicon surface using a 100 

nm thick silicon oxide layer (Figure 6-6 a) 

 

 

Figure 6-6. Ideal representation of a) surfaces incorporating polysilicon microparticles, b) 

microparticles, and bright field images of the polysilicon microparticles c) before and d) after 

release from the surface. Scale bar ‒ 5 µm. 

 

Thus, the following step was to immobilize and optimize the pH dependent fluorophores on 

surfaces. Due to the selection of amino reactive fluorophores, incorporating NHS moieties, 

the surfaces with primary amines were synthesized. Therefore, in order to achieve a 

monolayer of primary amines, the freshly hydroxylated surfaces using a similar protocol as 

described (Chapter 5), were treated with an amino silane, 2 % of 3-

Aminopropyltriethoxysilane (APTES) for 3 hrs in absolute ethanol. The amino functionalized 

surfaces were then treated with the NHS ester derivative fluorophores (17 µM in 1 mL of 

anhydrous DMSO) in order to form stable conjugate amide bond. The hydrolysis of the NHS 

ester competes with the primary amine reaction. Therefore, all the reactions were performed 

a) b)

c) d)

5
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in anhydrous conditions. Scheme 6-1 shows the sequence of surface chemistry followed for 

the immobilization of the pH dependent fluorophores. The functionalized surfaces were 

finally washed with anhydrous DMSO and dried under nitrogen. 

 

 

Scheme 6-1. Stepwise immobilization of pH dependent fluorophores. 

 

The functionalized surfaces were initially characterized using contact angle measurements in 

order to differentiate the monolayers formed at each step of the functionalization. Table 6-1 

shows the contact angle values obtained after every treatment. The surfaces initially provided 

had a higher contact angle value of 39 ° due to the adsorption of dust particles on to the 

surfaces. This value after hydroxylation decreased to 8 ° confirming the existence of 

hydroxyl groups on the surface and resulting in a hydrophilic surface. These surfaces when 

treated with APTES solution became more hydrophobic, 45 ° due to the formation of 

monolayers of primary amines, which corresponds to the value reported in the literature 
257

. 

The contact angle value increased to 75 ° due to the increase in the hydrophobicity of the 

surface on immobilization of the pH dependent fluorophores. A similar contact angle value of 

75 ° was obtained for all the fluorophores 
301-303

. 

 

Table 6-1. Contact angle values obtained after each step of functionalization. 

 

Sample Name Contact angle Ɵ (⁰) 

Initial surface 39 ± 2 

After Activation 8 ± 1 

After APTES 45 ± 3 

After Fluorophore 

NHS 

75 ± 1 

 

The functionalized surfaces were further characterized using fluorescence microscopy. 

Figure 6-7 shows the fluorescence images of the surfaces functionalized with a) Oregon 

green, b) pHrodo, c) Alexa fluor and d) SNARF. As observed from the figure, the 

fluorescence was brighter on the silicon oxide base rather than the polysilicon microparticles. 

This is due to the difference in the surface reactivity between the two different materials, 

polysilicon and silicon oxide, as explained in Chapter 4. As the reactivity of silicon oxide is 
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higher than polysilicon, the fluorescence from the microparticles is lower when compared to 

the background.  

 

In the first case (Figure 6-7 a), surfaces functionalized with Oregon green, showed 

homogenous fluorescence. The average fluorescence intensity was about 40 a.u.(gray value) 

on silicon oxide and 15 a.u. on polysilicon. Whereas, in the case of pHrodo (Figure 6-7 b), 

the fluorescence intensity observed was very low, 20 a.u. on silicon oxide and 4 a.u. on 

polysilicon. This decrease in the fluorescence intensity could be due to the lower fluorescence 

emission of pHrodo at higher pH. This correlates as the surfaces were last washed with 

DMSO (> pH 6). Inspite of having lower fluorescence, the functionalization was uniform and 

homogenous. 

 

In the case of Alexa fluor (Figure 6-7 c), due to its far red emission wavelength, the 

functionalized surfaces were characterized using confocal microscopy. From the fluorescence 

image, we could see that the average fluorescence intensity on silicon oxide is much higher 

(60 a.u.) when compared to the first two cases. From the surface plot, as shown in Figure 6-7 

d), the functionalization on the surfaces was not homogenous. Also, no fluorescence was 

observed from the polysilicon microparticles. 

 

On the other hand, surfaces functionalized with SNARF showed homogenous fluorescence 

(Figure 6-7 d). The average fluorescence intensity observed on silicon oxide was about 60 

a.u. and 20 a.u. in the case of polysilicon microparticles. Although it is important to note that 

this ratiometric fluorophore consists of an additional acetate functional group, which shows 

fluorescence only on hydrolysis of the acetate group. Nevertheless we observe high 

fluorescence emission from the functionalized surface, illustrating the unstability of these 

acetate groups upon immobilization on surfaces. This implies that these groups can be easily 

hydrolyzed.  
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Figure 6-7. Fluorescence images of surfaces functionalized with a) Oregon green, b) 

pHrodo, c) Alexa fluor and d) SNARF with their 3D surface plot and plot profiles. Scale bar 

‒ 3 µm. 

 

On analysing these results, it shows that Oregon green and pHrodo were the most suitable 

pH dependent fluorophores for immobilization. And thus, were further selected for 

functionalization on the microparticles. 

 

Functionalization on polysilicon microparticles 

The polysilicon microparticles in suspension were functionalized using the protocol 

established on surfaces, for immobilizing Oregon green and pHrodo. As the microparticles 

are in suspension, it is important to mention that all the functionalization steps were carried 

out in an eppendorf. During the functionalization, at each step the microparticles were 

a)

b)

c)

d)
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centrifuged in order to change the previous solution to a new one. Thus, additional 

parameters such as volume of each solution, microparticle aggregation, speed and time of 

centrifugation were taken into account. Figure 6-8 shows bright field and fluorescence 

images of microparticles treated with 2 % APTES for 3 hours in 100 µL of absolute ethanol, 

followed by overnight incubation in 17 µM of Oregon green/pHrodo in 100 µL of 

anhydrous DMSO, which were characterized using fluorescence microscopy.  

 

 

Figure 6-8. Microparticles functionalized with Oregon green at pH 7 a) bright field and b) 

fluorescence image; and pHrodo at pH 5 c) bright field image and d) fluorescence image. 

Scale bar ‒ 10 µm. 

 

In order to analyze the homogeneity in functionalization, the microparticles were suspended 

in corresponding pH solutions in order to see the enhancement of the fluorescence. Therefore, 

Oregon green functionalized microparticles were suspended in PBS (pH 7) and pHrodo 

functionalized microparticles in PBS (pH 5) solution, both exhibiting maximum fluorescence. 

Figures 6-9 illustrates the 3D surface plot and mean plot profile of the microparticles 

functionalized with Oregon green and pHrodo. The mean plot profile was measured by 

always taking into account 10 representative functionalized microparticles. From the graphs 

below, the functionalization on the microparticles appears to be non-homogenous. The 

average fluorescence intensity in the case of Oregon green is about 40 a.u. (grey value), 

a) b)

c) d)
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which is similar to pHrodo 45 a.u. (grey value). Thus, both displaying maximum 

fluorescence intensity at their respective pHs. 

 

 

Figure 6-9. 3D surface plot and mean plot profiles of microparticles functionalized with a) 

Oregon green at pH 7 and b) pHrodo at pH 5.  

 

Consequently, after establishing a successful protocol to functionalize the polysilicon 

microparticles with both the pH dependent fluorophores, the next step was to study the 

behaviour of the fluorophores on the gold surface.  

6.3. Functionalization of gold surfaces using phrodo 

We attempted the immobilization of pHrodo on gold surfaces (1x1 cm
2
 in size) 

304
. In this 

case, thiols were used as a linker molecule to immobilize the amine reactive pHrodo on to 

the gold surface. Two different thiols with primary amine in its terminal groups were 

selected: cysteamine, having short chain length (2 C) and 11-amino undecanethiol (AUT) 

with longer alkyl chain length (11 C). These two thiols were selected in order to study the 

influence of the chain length on the gold surfaces upon functionalization. Thus, the surfaces 

were first treated with either of the two thiols cysteamine and AUT (25 mM, 1 mL) in 

absolute ethanol for 3 hrs, resulting in the formation of a monolayer of primary amines, 

Scheme 6-2. Amino functionalized gold surfaces were then treated with the NHS ester 

derivative of pHrodo in order to form a stable amide bond.  

a)

b)
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Scheme 6-2. Stepwise immobilization of pHrodo on a gold surface using a) cysteamine and 

b) AUT. 

 

The functionalized surfaces were then characterized using fluorescence microscopy on the 

pH range (5-7). Figure 6-10 shows the fluorescence images of pHrodo functionalized 

surfaces using cysteamine as a linker molecule. 

 
Figure 6-10. Fluorescence images of pHrodo functionalized gold surfaces using cysteamine 

at a) pH 5, b) pH 6 and c) pH 7; with their plot profiles and histogram. Scale bar ‒ 30 µm.  

a)

b)

c)
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From the images acquired, there is a noticeable difference in the fluorescence intensity with 

respect to pH. The surface at pH 5 shows higher fluorescence correlating to the behaviour of 

pHrodo exhibiting higher fluorescence emission at lower pH value. From the plot profiles, 

the functionalization on the surfaces appears to be uniform and homogenous. Additionally, 

the measured mean fluorescence intensity of the surfaces is also demonstrated in the 

histogram, a decrease in the mean fluorescence intensity is observed from pH 5 to pH 7.  

 

On the other hand, Figure 6-11 shows the fluorescence images of gold surfaces 

functionalized with pHrodo using AUT at pH 5, 6 or 7. Similar to what it was observed in 

the previous case, the fluorescence intensity was higher at pH 5, which decresed with the 

increase in the pH, although no much significant difference was observed at pH 6 and pH 7. 

The functionalization using AUT was as well homogenous and uniform, as shown in the plot 

profiles.  

 
Figure 6-11. Fluorescence images of pHrodo functionalized gold surfaces using AUT at a) 

pH 5, b) pH 6 and c) pH 7; with their plot profiles and histogram. Scale bar ‒ 30 µm. 

 

Considering the results obtained, there is an influence in the chain length of the linker used to 

immobilize the pHrodo on to the gold surface. This could be due to the entanglement of the 

pHrodo molecule between the chains of the AUT and therefore, not being available for 

protonation or deprotonation with respect to different pH. Hence, exhibiting similar 

fluorescence. 

Consequently, the linker cysteamine was selected for functionalization of gold of bi-

functional microparticle. 

a)

b)

c)
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6.4. Functionalization of bi-functional surfaces and microparticles using Oregon green 

and pHrodo 

After studying the different strategies to immobilize the pH dependent fluorophores on both 

polysilicon and gold surfaces, the next step was to examine the bi-functionalization of the pH 

dependent fluorophores. Bi-functionalization was first tested on surfaces and then carried out 

on microparticles. Figure 6-12 shows the SEM micrographs of bi-functional surface and 

microparticles made up of polysilicon and gold. 

 

 

Figure 6-12. SEM micrographs of bi-functional a) surface and b) microparticle. Scale bar ‒ 5 

and 1 µm, respectively. 

 

Figure 6-12 a) shows the silicon oxide surface bearing bi-functional microparticles, gold 

(top) and polysilicon (bottom) microparticles, linked by a thin layer of chromium. Here only 

the side of gold microparticle is visible, whereas the polysilicon side is hidden below the gold 

surface, explained in Appendix, Section 2. Thus, while characterizing the functionalization 

on bi-functional surfaces, the fluorescence on silicon oxide layer was studied, below the 

microparticles rather than the polysilicon surface. On the other hand, Figure 6-12 b) shows 

the image of released bi-functional microparticles from the surface. The different regions 

(polysilicon and gold) of the bi-functional microparticle are indicated in the Figure 6-12 b). 

 

Scheme 6-3 shows the stepwise immobilization of two selected fluorophores on a bi-

functional surface. After cleaning and activation of the silicon surface, the gold surface is 

functionalized prior to the silicon surface. This step is preferred due to the high reactivity of 

the gold surface than silicon surface. Thus, by functionalizing the gold surface already with a 

desired molecule will avoid the contamination of the gold surface during the functionalization 

procedure. pHrodo was chosen to be immobilized first, due to the rhodamine derivative 

which is highly stable and thus can withstand the mechanical stress that the microparticle 

undergoes during functionalization 
295-296

. On the other hand, Oregon green, a fluorescein 

derivative was chosen to be immobilized on to the silicon surface. Therefore, the freshly 

cleaned surfaces are treated with cysteamine solution to form a monolayer of primary amines 

to react with the NHS esters of the pHrodo. The next step was to functionalize the silicon 

oxide surface, by treating with APTES. This step resulted in the formation of free terminal 

amino groups ready to bond with the reactive group, NHS ester derivative of the Oregon 

green.   

a) b)

Au

Cr

Si

Au

SiO2
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Scheme 6-3. Stepwise representation of bi-functionalization of pHrodo and Oregon green 

on a bi-functional surface.  

 

Characterization of the functionalized surfaces was achieved using fluorescence microscopy. 

Figure 6-13 shows the fluorescence image of a surface, green emission from Oregon green, 

red emission from pHrodo and their superimposed images showing fluorescence from both 

Oregon green and pHrodo. From the plot profiles of the bi-functionalized surfaces, 

functionalization of gold surface using pHrodo appeared uniform and homogenous. 

Whereas, in the case of Oregon green immobilization, some aggregates of the fluorophore 

were seen.  

 

Despite of homogenous fluorescence observed from Figure 6-13 (a) and (b) the 

superimposed image (c) shows the overlapping of the two fluorescence, green and red. This 

could be due to the immobilization of the fluorophores on the non-desired surface. As both 

the surfaces, polysilicon and gold is functionalized with identical functional group (NH2), the 

fluorophores might get immobilized on the non-desired surface. This also correlates with the 

higher fluorescence intensity observed on the gold surface. The higher value of the intensity 

could be contributed from the Oregon green functionalized on the gold surface instead of the 

silicon oxide. Therefore, resulting in lower fluorescence intensity on the silicon oxide 

surface. 

 

 

a) b) c)

d)

e)f)

-Silicon -Polysilicon-Silicon Oxide -pHrodo -Oregon green
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Figure 6-13. Fluorescence images of bi-functionalized surface washed in DMSO, and dried 

with nitrogen a) excited using blue filter (Oregon green), b) excited using green filter 

(pHrodo) and c) superimposed image of (a) and (b); with their plot profiles. Scale bar ‒ 10 

µm. 

 

This interchange of the fluorophores could result only if there were still unreacted amino 

groups after the pHrodo immobilization. Thus, in order to avoid this problem, the surfaces 

were treated with a blocking agent to block the unreacted amino groups after the pHrodo 

immobilization. In this case we used an oligo ethylene glycol, 2-(1-hydroxy)ethoxyeth-1-yl 

a)

b)

c)
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methanesulfonate (EG2OMs) 
88

. The chemical structure of the EG2OM is shown in Figure 6-

14.  

 

 
Figure 6-14. Chemical structure of 2-(1-hydroxy)ethoxyeth-1-yl methanesulfonate 

(EG2OMs). 

 

Subsequently, Figure 6-15 shows the fluorescence image of a bi-functional surface with 

pHrodo on gold and Oregon green on silicon oxide surface, using EG2OMs after the 

functionalization step of both, pHrodo and Oregon green. The functionalization appears 

homogenous; the mean average fluorescence intensity for both the cases is around 70 a.u. 

(grey value). Here, we could still observe some regions with both the fluorescence, but this 

could be also due to the overpacking of the fluorophores on the surface arising due to the 

similar chain lengths of the linker on gold and silicon oxide surface. 

 

After these preliminary experiments, the functionalization was tested on the bi-functional 

microparticles. 
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Figure 6-15. Fluorescence images of bi-functionalized surface a) excited using blue filter 

(Oregon green), b) excited using green filter (pHrodo) and c) superimposed image of (a) 

and (b); with their plot profiles. Scale bar ‒ 10 µm. 

  

a)

b)

c)
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Bi-functionalization on microparticles 

The functionalization was performed on bi-functional microparticles, made up of polysilicon 

and gold, following a similar protocol used for bi-functional surfaces. Primarily, the bi-

functional microparticles were functionalized only on one side of the microparticle, in this 

case gold, using pHrodo. Here, the microparticles were treated with the blocking agent, 

EG2OMs after the pHrodo immobilization. The polysilicon surface of the microparticles was 

also functionalized with APTES, in order to eliminate any auto fluorescence from the 

polysilicon surface of the microparticle. The mono-functionalized microparticles were 

suspended in pH 5 solution and were characterized using fluorescence microscopy, as shown 

in Figure 6-16. It is worth mentioning that as these microparticles consists of two surfaces, 

either polysilicon or gold on each side, it becomes a challenge to characterize the 

functionalization on both the sides at the same time using optical fluorescence microscopy.  

 

 

Figure 6-16. Fluorescence images of bi-functional microparticles functionalized only with 

pHrodo, a) in bright field, b) fluorescence from pHrodo using green filter and c) excited 

using blue filter, at pH 5. Scale bar ‒ 10 µm.  

 

Here we could see the red fluorescence from the pHrodo immobilized on the gold surface of 

the microparticles. The functionalization appeared uniform. Whereas, in Figure 6-16 c) when 

excited using a blue filter, no green fluorescence was observed, confirming zero auto 

fluorescence. On the other hand, we could also observe some microparticles in Figure 6-16 

b) without any fluorescence. This could be either due to the silicon side of the microparticle 

facing upwards, thus not being able to see the fluorescence from the gold surface. The 3D 

surface plot in Figure 6-17 clearly shows the non-homogenous functionalization on the 

microparticles. The functionalization appears to be higher on the centre of the microparticle.  

a) b) c)
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Figure 6-17. 3D surface plot and mean plot profile of bi-functional microparticles 

functionalized using only pHrodo. 

 

The next step was to study the functionalization on the polysilicon surface of the 

microparticle. In this case, first, the gold surfaces after the cysteamine treatment were 

blocked using EG2OMs, and then were incubated in the APTES solution to create primary 

amines on the polysilicon surface. Finally, the microparticles were functionalized with 

Oregon green, as following a sequence schematized in Scheme 6-4. 

 

 
Scheme 6-4. Schematic representation of bi-functionalization of microparticles with only 

Oregon green.  

 

The Oregon green mono-functionalized microparticles were suspended in pH 7 in order to 

acquire maximum fluorescence intensity from the functionalized microparticles. The 

fluorescence image below, Figure 6-18, confirms the functionalization of the polysilicon side 

of the microparticle with Oregon green. The fluorescence on the microparticles appeared 

homogenous, although in some microparticles, some aggregates of Oregon green were also 

seen. There was no red fluorescence observed from the microparticles when excited using the 

green filter. 

a) b)
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Figure 6-18. Fluorescence images of bi-functional microparticles functionalized only with 

Oregon green, a) in bright field, b) excited using green filter and c) fluorescence from 

Oregon green, at pH 7. Scale bar ‒ 5 µm.  

 

On comparing the 3D surface plot of Oregon green functionalized microparticle, Figure 6-

19 to pHrodo, the functionalization was more homogenous and uniform throughout the 

microparticle.  

 

 

Figure 6-19. 3D surface plot and mean plot profile of bi-functional microparticles 

functionalized using only Oregon green. 

  

Consequently, the final step was to bi-functionalize these microparticles with two pH 

dependent fluorophores, pHrodo and Oregon green. Scheme 6-5 below shows the 

sequential steps of modifying the surface chemistry at each step of the bi-functionalization.  

 

a) b) c)

a) b)
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Scheme 6-5. Schematic representation of bi-functionalization of microparticles with Oregon 

green-pHrodo.  

 

The bi-functional microparticles were initially treated with the piranha solution. Thus, the 

microparticles were treated with cysteamine solution in order to form monolayers of primary 

amines. The amine functionalized gold microparticles were then immobilized pHrodo, due to 

its higher stability than the Oregon green molecule. Therefore, the microparticles were 

further immobilized with pHrodo followed by blocking of the unreacted free amino groups 

on the gold surface with EG2OMs. After this step, the polysilicon surface was functionalized 

using APTES creating monolayers of amino groups, which was finally incubated in Oregon 

green.  

 

Finally, the bi-functionalized microparticles were suspended in PBS solution (pH 7) and were 

characterized using fluorescence microscopy. Neutral pH 7 was chosen, to acquire sufficient 

fluorescence from both pHrodo and Oregon green immobilized on the microparticle. From 

Figure 6-20, we observe fluorescence in both red and green, there are some red and some 

green. There were some microparticles which had higher fluorescence in red, implying the 

gold surface of the microparticle on the top. Whereas, some microparticles showed higher 

fluorescence in green, suggesting the polysilicon surface of the microparticle on the top. As 

these microparticles (3 µm in size) were in suspension, they float around, and were not in 

contact with objective lens while characterizing in optical fluorescence microscopy. 

Therefore, sometimes microparticles were not visible in the bright field, but showed 

fluorescence. Similar case was noted in Figure 6-20 a). No microparticle was observed in the 

bright field but showed fluorescence in red. Additionally, we could also see some aggregation 

of the microparticles, which increased the complexity in characterizing these bi-

functionalized microparticles. 
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Figure 6-20. Fluorescence images of bi-functional microparticles functionalized with 

pHrodo and Oregon green, a) in bright field, b) fluorescence from pHrodo using green 

filter and c) fluorescence from Oregon green using blue filter. Scale bar ‒ 5 µm. 

 

The bi-functional microparticles were further characterized using confocal microscopy, 

Figure 6-21. From the image, the intensity between both the fluorophores can be clearly 

diffrentiated, suggesting which side of the microparticle was on the top.  

 

 

Figure 6-21. Confocal fluorescence images of bi-functionalized microparticles functionalized 

with pHrodo and Oregon green, a) in bright field, b) fluorescence from pHrodo and c) 

fluorescence from Oregon green.  Scale bar ‒ 10 µm. 

 

3D surface plot of the bi-functionalized microparticles, as shown in Figure 6-22 depicts the 

non-homogenous functionalization for both the cases pHrodo and Oregon green. The 

functionalization appears to be more on the centre of the microparticle. From the plot profile, 

it is noted that the average fluorescence intensity is higher for Oregon green than pHrodo. 

This behaviour corresponds to higher fluorescence emission of Oregon green at pH 7. 

a) b) c)

b)a) c)
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Figure 6-22. 3D surface plot and mean plot profiles of microparticles bi-functionalized with 

a) Oregon green and b) pHrodo.  

 

Additionally, the in 3D plot profiles of the bi-functional microparticles were also analyzed in 

order to study simultaneously both the sides of the functionalized microparticle. Figure 6-23 

shows the fluorescence images obtained using confocal microscopy. Figure 6-23 a) shows 

fluorescence from the pHrodo, whereas b) shows fluorescence from Oregon green. Figure 

6-23 c) and d) shows the fluorescence from the selected microparticles from top and the 

bottom, respectively. From the 2D image of the selected microparticles (e-f), it shows that the 

microparticles show higher green fluorescence intensity. This result also correlates to the fact 

that Oregon green shows higher fluorescence intensity at pH 7 rather than pHrodo. Another 

hypothesis for showing higher green fluorescence intensity could be due to the density of the 

microparticles. Polysilicon layer which is 400 nm thick, whereas gold is 100 nm thick. This 

difference of the density in the microparticles, could result in the polysilicon side of the 

microparticle to be on the bottom. Thus, when characterized in confocal microscopy, the 

sample is excited from below, hence showing higher fluorescence from the Oregon green 

immobilized on the polysilicon side of the microparticle. 

 

a)

b)
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Figure 6-23. Confocal fluorescence images of bi-functional microparticles functionalized 

with pHrodo and Oregon green, a) fluorescence from pHrodo, b) fluorescence from 

Oregon green and magnified region from figure a-b; fluorescence of the microparticle c) 

from the top, d) from the bottom, e-f) 2D fluorescence from the either sides of the 

microparticles. Scale bar ‒ 5 µm. 

 

  

a) b)

c) d) e) f)
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6.5. Quantification of Oregon green and pHrodo on bi-functional microparticles 

Quantification of the functionalized fluorophores (Oregon green and pHrodo) on the bi-

functional microparticles were estimated using fluorescence spectroscopy. The supernatants 

of the both the solutions were measured before and after the step of immobilization of the 

fluorophore on the microparticles. 

 

A calibration curve was obtained for Oregon green by measuring the fluorescence intensity 

at different concentrations as shown in Figure 6-24. It was found that 9.5 µM of Oregon 

green was immobilized on the polysilicon microparticles, whereas, 7.6 µM of Oregon green 

was functionalized on the bi-functional microparticles. This difference corelates due to the 

difference in the surface area of both the microparticles. In the case of only polysilicon 

microparticles, the surface area of the polysilicon is 24 µm
2
.  

 

 

Figure 6-24. Different concentrations of Oregon green characterized using fluorescence 

spectroscopy a) Fluorescence spectra and b) calibration curve.  
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On the other hand, in the case of bi-functional microparticle, the surface area of polysilicon is 

22.8 µm
2
. Thus correponding to higher degree of functionalization in the case of only 

polysilicon microparticles. 

 

Similar procedure was performed in order to quantify the functionalized pHrodo on the bi-

functional microparticle, as shown in Figure 6-25. In this case, it was found that only 1.0 µM 

of pHrodo was functionalized on the bi-functional microparticles. This lower degree of 

functionalization could also contribute to the lower fluorescence observed earlier, from the 

fluorescence images. Also, the surface area of the gold surface in the bi-functional 

microparticle was taken into account, which is 19.2 µm
2
.  

 

 

Figure 6-25. Different concentrations of pHrodo characterized using fluorescence 

spectroscopy a) Fluorescence spectra and b) calibration curve.  

 

Finally, the percentage of microparticles bi-functionalized with two pH dependent 

fluorophores was calculated to be 30 %. This low yield is due to the loss of microparticles at 

each step of the functionalization. As, here the functionalization is performed twice, the loss 

of microparticles was also higher. Although, the initial number of microparticles when 

compared with Chapter 4, were much higher. In the case of bi-functional microparticles, the 
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functionalization was started using 1,500,000 number of microparticles. Additionally, 

number of molecules of each fluorophore functionalized on the either side of the bi-

functional microparticles was also calculated. Table 6-2 summarizes the values obtained in 

the case of each fluorophore.  

 

Table 6-2. Calculation of no. of molecules of Oregon green and pHrodo immobilized / µm
2
 

 

 

Fluoro-

phore 

 

Function-

alized 

surface 

 

No. of 

microparticles 

Conc. of 

immobil-

ized 

fluoroph-

ore  

(µM) 

 

Molecul-

ar weight 

(g/mol) 

 

Surface 

area 

(µm
2
) 

No. of 

molecules/ 

µm
2 

(x 10
8
) 

 

Initial 

 

Final 

Oregon 

green 

Poly-

silicon 

1,500,000 450,000 7.6 509.4 22.8 8.8 

pHrodo Gold 1,500,000 450,000 1.0 659.8 19.2 1.0 

 

As observed from Table 6.2, no. of molecules of Oregon green/ µm
2 

of polysilicon 

microparticle is about 8.8 x 10
8
 molecules/ µm

2
. On the other hand, in the case of pHrodo, 

1.0 x 10
8
 molecules/ µm

2
 of pHrodo is functionalized on the gold microparticles. Which is 

found to be 9 times lower than the functionalized Oregon green on the polysilicon surface. 

 

In the end, after analysing the obtained results it confirms the bi-functionalization of the 

microparticles with two pH dependent fluorophores, Oregon green on polysilicon and pHrodo 

on gold surface.  
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CHAPTER 7 
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CHAPTER 7 

Functionalization of hexahedral bi-functional microparticles using Reactive Oxygen 

Species (ROS) generator and ROS sensor for Photodynamic therapy (PDT) 

7.1. Introduction 

PDT is an approach of cancer treatment based on the use of specific drugs, called 

photosensitizers, which can induce cell death after irradiation, due to the formation of ROS, 

Figure 7-1 
107,305-306

. PDT has several advantages in the treatment of cancer, since it is less 

invasive, minimizes the secondary effects and allows more localized areas of the body to be 

treated. The major drawbacks of PDT are the non-specific distribution of the photosensitizer 

into the body, and the water-solubility of the photosensitizer, which can be low and thus 

requires a formulation to improve the administration.  

 

In particular, porphyrins are one of the most studied photosensitizers in the last years, to be 

applied in PDT 
107,110,307-309

. One of the main characteristics of the porphyrin’s structure is the 

possibility to incorporate a metal into its core, in particular bivalent cations such as Fe
2+

, 

Zn
2+

, Mg
2+

 or Co
2+

. These metalloporphyrins are intensely investigated for their ability to 

form ROS and thereby their interest as potent photosensitizers for use in PDT 
308,310-312

[11]. 

Furthermore, metalloporphyrins have shown to be more efficient as photosensitizer in PDT 

than the metal-free porphyrin 
313

. However, they frequently present low water solubility, 

which results in low distribution and consequently low efficiency. For this reason, there have 

been a need of developing a target specific drug delivering system which could be achieved 

using nanomaterials micro- and nanoparticles 
108,111,113,052

. On the other hand, the detection of 

ROS in biological systems is one of the major problems due to its high reactivity, which 

results in extremely short single oxygen lifetimes of about 200 nsec 
89

. 

 

 
Figure 7-1. Schematic concept of the procedure involved in PDT. 

 

As a step forward to the therapy of cancer treatment, our aim was to develop a microtool that 

is capable of simultaneously generate (therapy) and sense (diagnosis) the production of ROS, 

for cancer theranostics. Therefore, our approach was to prepare and optimize a protocol for 

bi-functionalizing hexahedral microparticles made of polysilicon and gold, with both ROS 

producer and a ROS sensor, as suggested in Figure 7-2.  
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Figure7-2. Representation of a bi-functional microtool for PDT. 

 

7.1.1. Selection of the ROS generator 

The first objective was to select a suitable species acting as a photosensitizer for PDT. The 

use of different molecules containing heme rings or similar derivatives, such as porphyrins or 

phtalocyanines, have been described in PDT 
314,315

. On this context, we selected a bio-

photosensitizer, Cytochrome c (Cyt c), a heme containing protein, Figure 7-3 
316

. It is 

localized in the compartment between the inner and outer mitochondrial membranes where it 

functions to transfer electrons between complexes in the respiratory chain. Cyt c is a redox-

active molecule consisting of 104 amino acids, and with a molecular weight of about 12 kDa 
316-320

. It is also known to have peroxidase activity 
321-324

. The iron in Cyt c is bound above 

and below the plane of the porphyrin ring by proteins on one side while the other side is free 

for oxygen to bind. Thereby, switching the state of iron between Fe
2+

 (reduced) and Fe
3+

 

(oxidized) 
325-326

.  

 

 

Figure 7-3. Chemical structure of heme fragment of Cyt c. 

 

Furthermore, Cyt c is proposed as a promising target to induce apoptosis in cells 
325,327-328

. 

Recent works have explored the possibility of apoptotic induction by direct microinjection of 

different concentrations of Cyt c in cancer cells 
329-330

. On the other hand, the production of 

ROS by Cyt c, remains controversial 
331-333

. Some studies have reported a late increase of 

ROS levels during apoptosis after Cyt c release 
318

. Therefore, our idea was to study Cyt c’s 

capability as a bio-photosensitizer for ROS production.  

ROS sensor

ROS producer
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Primarily, the selected photosensitizer, Cyt c (Fe
3+

) was characterized in solution using UV-

Visible absorption and fluorescence spectroscopy respectively. Figure 7-4 a) shows the 

absorption spectrum of Cyt c in phosphate buffered saline (PBS) solution. There are two 

absorption bands, one at wavelength 408 nm called soret band and the other at 520 nm called 

the Q band 
334

. Figure 7-4 b) shows the fluorescence emission of Cyt c in PBS. As noticed 

from the graph below, Cyt c is very low in fluorescence 
335

. This is due to the presence of the 

paramagnetic Fe 
(2+/3+)

 ion. This iron enhances the intersystem crossing which results in the 

decrease of the fluorescence.  

 

 

Figure 7-4. Spectra of Cyt c in PBS characterized using a) absorption and b) fluorescence 

emission. 

 

7.1.2. Selection of the ROS sensor 

To monitor the generation of ROS, BODIPY was selected as a ROS sensor 
336

. In the 

presence of ROS, this fluorescent dye shows a shift in its fluorescence emission peak from 

red (590 nm) to green (520 nm) fluorescence, as shown in Scheme 7-1. The oxidation of the 

phenylbutadiene of the BODIPY in the presence of ROS results in the change of fluorescence 

emission from red to green 
337-340

. This ratiometric shift in the fluorescence emission is of use 

to detect and quantify the production of ROS. 

 

 
Scheme 7-1. Mechanism for the change of fluorescence emission in a BODIPY derivative 

(NHS-BODIPY). 

 

Figure 7-5 shows the spectra of BODIPY in DMSO solution characterized using both 

absorption and fluorescence spectroscopy. In the case of absorbance spectrum, a sharp band 
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was observed at 581 nm with an additional band at 550 nm. Whereas in the case of 

fluorescence emission spectrum, a sharp emission peak at 590 nm with two additional peaks 

at 542 and 626 nm was observed 
341

. Due to the absence of ROS, the fluorescence emission 

peak at 520 nm is not visible. 

 

 

Figure 7-5. Spectra of BODIPY in DMSO characterized using a) absorption and b) 

fluorescence spectroscopy (λexc = 581 nm). 

 

The consequent step was the ability of BODIPY using fluorescence spectroscopy to analyze 

the ROS sensing system in solution. 

 

Results and Discussion 

7.2. Testing the pair of ROS producer and BODIPY sensor: Controls in solution  

The stability of BODIPY was analyzed by irradiating a solution of BODIPY in PBS at 408 

nm to excite Cyt c (soret band) and the fluorescence emission spectra was measured at 590 

nm (fluorescence emission of BODIPY), after 30 mins of irradiation. Figure 7-6 below 

shows the kinetic behaviour of the fluorescence emission at 590 nm for duration of 30 mins. 

As noticed, there is no influence of the irradiation at 408 nm on the fluorescence emission 

peak of the BODIPY. 

 

 

Figure 7-6. Kinetic study of fluorescence emission from BODIPY at 590 nm. 

 

Cyt c, in the presence of BODIPY, were irradiated at 408 nm (soret band of Cyt C) for 30 

mins in order to generate ROS, as shown in Figure 7-7.  
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Figure 7-7. Representation of irradiating the ROS sensing system in solution. 

 

The more intense peak at λem 590 nm was selected for monitoring the production of ROS, 

upon irradiation of Cyt c at λexc 408 nm following its intensity decay for a period of 30 mins 

(Figure 7-8 a) and Figure 7-8 c) shows the fluorescence decay of BODIPY at 590 nm. As 

noticed a sharp decay of the fluorescence is observed during the first 10 mins. Whereas, after 

20 mins of irradiation the fluorescence decay is slowed. This corresponds to the shorter 

lifetimes of the ROS 
89

.  

 

 

Figure 7-8. a) Emission fluorescence spectra of BODIPY at λ 590 nm after addition of Cyt c 

(10 µM) in PBS at λ 408 nm at 0 – 35 mins and b) enlargement of a) and c) fluorescence 

emission of BODIPY at 590 nm after irradiation of Cyt c. 

 

After analyzing the successful ROS production and sensing system, the subsequent step was 

to immobilize these selected molecules.  
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7.3. Functionalization and characterization of Cyt c and BODIPY: Controls on surfaces  

As the final goal is to bi-functionalize the ROS producer and sensor on a bi-functional 

microparticle, made up of gold and polysilicon. Cyt c was chosen to be immobilized on 

polysilicon surface whereas, BODIPY on gold surfaces. This selection was done, in order to 

avoid the denaturation of the Cyt c protein during the process of bi-functionalization and 

thus, was chosen to functionalize as the last step of the functionalization.  

 

The surfaces used here for studying Cyt c and ROS functionalization were flat polysilicon 

and gold surfaces. 

 

7.3.1. Immobilization of Cyt c on polysilicon surfaces 

The functionalization strategy used in order to immobilize Cyt on polysilicon surfaces was 

based in our previous experience with immobilization of lectins. Scheme 7-2 shows the 

stepwise immobilization of Cyt c on polysilicon surface, consisting of 3 steps: activation of 

the surfaces, surface functionalization with TESUD (135 mM in absolute ethanol) and Cyt c 

(35 µg/mL in PBS) immobilization through a reductive amination protocol. 

 

Scheme 7-2. Immobilization of Cyt c on polysilicon surfaces. 

 

The Cyt c functionalized surfaces were then characterized using contact angle measurements. 

Table 7-1 shows the contact angle values measured at each step of the functionalization. The 

initial surfaces had a higher contact angle of about 52 °. This higher degree of value was due 

to the adsorption of dust particles making the surface hydrophobic. The surfaces after the 

hydroxylation step resulted in hydrophilic surfaces, thus decreasing the contact angle value 

upto 8 °. After TESUD immobilization, the surfaces again became hydrophobic (80 °) due to 

the formation of aldehyde monolayers. This value corresponded to the values obtained in 

literature 
206-207

. On immobilization of Cyt c, the contact angle value again decreased to 54 °, 

due to the presence of abundant amino acid residues present in the Cyt c, making the surface 

hydrophilic. This contact angle value measure for Cyt c also corresponds to the value 

obtained in literature, suggesting the presence of homogenous formation of Cyt c on 

polysilicon surfaces. 
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Table 7-1. Contact angle measurements on polysilicon surface functionalized with Cyt c  

 

Sample Name Contact angle Ɵ (⁰) 

Initial polysilicon 

surface 

52 ± 4 

After Piranha 12 ± 3 

After Basic 8 ± 2 

After TESUD 80 ± 1 

After Cyt c 54 ± 2 

 

On the other hand, it is clear that the Cyt c exists in both oxidized and reduced form, 

depending upon the oxidation state of the Fe ion present in its core. Generally, the Cyt c is in 

the oxidized form (due to the oxidizing environment) and is known to show no or very low 

fluorescence due to the presence of paramagnetic Fe ion. But it was found in literature that 

the reduced form of Cyt c exhibits higher fluorescence than oxidized form 
342

. Therefore, the 

Cyt c functionalized surfaces were treated with sodium ascorbate solution in order to change 

the state from oxidized to its reduced form and its fluorescence was characterized using 

fluorescence microscopy 
343

. Figure 7-9 shows the fluorescence images obtained for Cyt c 

functionalized surfaces b) without sodium ascorbate (oxidized form) and c) with sodium 

ascorbate (reduced form). As observed in the first case, surfaces treated with sodium 

ascorbate shows very low fluorescence. This implies that there is no influence in the 

fluorescence from the sodium ascorbate. On the other hand, a very low fluorescence observed 

in for Cyt c immobilized on the surfaces. The mean intensity plot profile was around 22 a.u. 

(grey value) and the mean intensity from the histogram observed was 58 a.u. Upon treatment 

with sodium ascorbate, there was no observed change in the fluorescence emission from the 

Cyt c. The fluorescence intensity observed in this case was similar to the previous results, 

without the treatment of sodium ascorbate. Inspite of keeping the surfaces with reduced form 

of Cyt c in anhydrous conditions, the Cyt c must have been oxidized while characterizing the 

surfaces. And therefore, showing similar values in the fluorescence intensity. 
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Figure 7-9. Fluorescence image of polysilicon surfaces functionalized with a) with only 

sodium ascorbate, b) with Cyt c oxidized form and c) Cyt c oxidized treated with sodium 

ascorbate, with their corresponding mean plot profile and histograms. Scale bar ‒ 30 µm. 

 

Thus, the results obtained from the fluorescence microscopy demonstrate the limitation in 

characterizing the functionalized surfaces using fluorescence. 

 

7.3.2. Immobilization of Cyt c on polysilicon microparticles in suspension 

As the final goal was to functionalize the microparticles with Cyt c, another strategy was 

adopted to characterize the functionalized Cyt c. The strategy was to measure and quantify 

the Cyt c immobilized on microparticles using absorbance spectroscopy.  

 

Polysilicon microparticles of 3 x 3 µm
2  

and 500 nm thickness were used. 

 

In order to quantify the Cyt c functionalized on microparticles, a calibration curve was 

plotted by measuring the absorbance of Cyt c at various concentrations as shown in Figure 7-

10. 

 

a)

b)

c)
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Figure 7-10. a) Absorbance spectra of Cyt c in PBS solution at different concentrations and 

b) calibration curve obtained for Cyt c in the same condition. 

 

The Cyt c was immobilized on the polysilicon microparticles in suspension using the similar 

approach (Scheme 7-2) as for surfaces. For quantifying the Cyt c on the microparticles, the 

absorbance of the Cyt c of solutions, before and after functionalizing on the microparticles 

were measured and recorded as shown in Figure 7-11. 

 

 

Figure 7-11. UV spectra of Cyt c solutions before and after functionalization. 

 

There is a decrease in the absorbance of the supernatant after the Cyt c functionalization on 

microparticles.  This decrease in absorbance corresponds to the Cyt c functionalized onto the 

microparticles. 
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Using the equation obtained from the calibration curve, it was found that concentration of Cyt 

c immobilized onto the microparticles was about 4 µg/mL containing 75,000 microparticles.  

 

It is important to comment about the limitation in quantifying the amount of Cyt c using 

absorbance spectroscopy. This technique is not as sensitive as fluorescence spectroscopy. 

Therefore, various absorbance spectra were obtained multiple times for the same solution. 

  

7.3.3. Immobilization of BODIPY on gold surfaces 

The next step was to immobilize BODIPY onto the gold surfaces. The selected BODIPY is 

derivatized as N-hydroxysuccinimide (NHS) ester group in order to allow reaction with an 

amino functionalized gold surface, creating amide bonds with the linker on gold surface. 

Scheme 7-3 shows the stepwise protocol for the immobilization of BODIPY on gold surfaces 

using cysteamine as a linker molecule. 

 

 
Scheme 7-3. Stepwise immobilization of cysteamine (25 mM in absolute ethanol) followed 

by BODIPY (20 µM in anhydrous DMSO) on gold surfaces. 

 

The surfaces were initially treated with piranha solution in order to clean them, which were 

then incubated in cysteamine in absolute ethanol solution to form a self-assembled 

monolayer. The amino functionalized surfaces were then treated with the reactive NHS-

BODIPY forming strong amide bonds. In this case, an additional buffer was required during 

the immobilization of the BODIPY. This step was performed to make sure that the amino 

groups remains in the non-protonated form for interacting with the NHS ester group.  

 

The BODIPY functionalized surfaces were further characterized using fluorescence 

microscopy and Figure 7-12 shows the fluorescence images of surfaces functionalized 

without BODIPY, as a control surface and with NHS-BODIPY. 

 

The images acquired suggest successful immobilization of BODIPY onto the gold surfaces. 

The control surface, without BODIPY, shows some fluorescence, whereas, the surfaces 

functionalized with NHS-BODIPY shows a mean fluorescence intensity of about 35 units 

(grey value) from the plot profile and 99 a.u. (grey value) from the histogram, confirming the 

immobilization of BODIPY. The fluorescence from the plot profile appears to be uniform and 

homogenous. 
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Figure 7-12. Fluorescence image of gold surfaces functionalized a) control and b) with NHS-

BODIPY; with their corresponding mean plot profile and histograms. Scale bar ‒ 30 µm. 

 

 

  

a)

b)
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7.4. Bi-functionalization and characterization of hexahedral bi-functional 

microparticles (polysilicon-gold) with Cyt c and BODIPY  

Ater establishing the protocols for functionalizing the ROS producer Cyt c on polysilicon and 

ROS sensor BODIPY on gold, the subsequent step was to functionalize them on bi-functional 

microparticles.  

 

The surface chemistry involved in the bi-functionalization of the microparticles was carried 

out following the sequential steps described in Scheme 7-4. 

 

 

Scheme 7-4. Stepwise representation of orthogonal functionalization of bi-functional 

microparticles with BODIPY on the gold face and Cyt c on polysilicon face. 

 

The microparticles were initially treated with piranha solution in order to clean the gold 

surface and activate the polysilicon surface. After which, they were treated with cysteamine 

solution in order to form amino terminated self-assembled monolayers. The amine 

functionalized surfaces were then treated with NHS-BODIPY in the presence of sodium 

tetraborate to form stable amide bond conjugates. The next step was to block the unreacted 

amino group after the BODIPY immobilization. Thus, treated with 2-(1-hydroxy)ethoxyeth-

1-yl methanesulfonate (EG2OMs). The BODIPY functionalized microparticles were then 

treated with TESUD solution in order to form a monolayer of aldehyde functional groups. 

Aldehyde functionalized microparticles were then incubated in Cyt c solution to form stable 

secondary amine groups.  

 

These bi-functionalized microparticles were characterized using confocal scanning 

microscopy. Figure 7-13 shows the fluorescence images obtained for bi-functionalized 

microparticles with BODIPY on gold and Cyt c on polysilicon face.  
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Figure 7-13. Bright field and fluorescence microscopy images of microparticles bi-

functionalized with BODIPY on gold and Cyt c on polysilicon face and their 3D plot profiles. 

Scale bar ‒ 3 µm. 

 

As noticed, we could observe fluorescence only from the functionalized BODIPY face. 

Although, there were areas without fluorescence from Cyt c functionalized on the polysilicon 

face. From the 3D surface plot, it is observed that the functionalization is higher in the centre 

of the microparticles. 

a)

b)

c)

d)
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CHAPTER 8 

Delivery of anionic drugs using macrocyclic-imidazolium based gold nanoparticles 

8.1. Introduction 

Drug delivery systems (DDS) provide positive attributes to a ʻfreeʼ drug by improving its 

pharmacokinetic properties, controlling its sustained release and, very importantly, lowering 

its systemic toxicity. The ideal nanoscale DDS ensures that the conjugated or bound drug–

carrier complex arrives and acts specifically at the selected target 
344-345

. The field of particle-

based drug delivery is currently focused on two chemically distinct colloidal particles: 

liposomes and drug conjugated nanoparticles. Although liposomes have been studied for 

longer, AuNPs have been widely explored in recent years, especially in the context of 

emerging biomedical nanotechnology 
346

. AuNPs, due to their unique physical and chemical 

properties, could be used in almost all medical applications 
115,347

 such as biosensors 
348

, 

target-specific drug delivery 
114,349

, immunoanalysis 
350

, clinical chemistry 
351-352

, 

photothermolysis of micro-organisms and cancer cells 
118,353

 and optical bioimaging 
354

. 

AuNPs are also highly stable metal nanoparticles 
355

. Together with their unique subcellular 

size, that allows them to enter human cells by endocytosis, and good biocompatibility, their 

low toxicity 
356

 and reduction of the level of reactive oxygen species 
357

, makes them 

promising drug delivery vehicles 
116-117,358-359

.  

 

Numerous methods can be found in the literature for the synthesis of AuNPs, among which 

the Brust-Schiffrin biphasic methodology 
360

 is commonly used. The gold precursor is 

transferred from an aqueous phase to an organic phase – using a surfactant such as 

tetraoctylammonium bromide – where the gold is reduced and the newly formed AuNPs are 

frequently stabilized by a thiolate. Examples are also found in literature of imidazolium-

based ionic liquids being able to stabilize AuNPs through coordination with the imidazolium 

cation 
122

. 

 

Among all the potential surfactants one could consider for AuNPs synthesis, the gemini-type 

amphiphiles possess at least two hydrophobic chains and two ionic or polar groups, linked 

through spacers of varied flexibility 
361

. The gemini structure presents some advantages when 

comparing to a simpler amphiphile structure, such as lower Critical Micelle Concentration 

(CMC) 
362-363

, higher capacity for reducing oil/water surface tension, and better wetting, 

solubilizing and foaming properties, which makes them attractive for drug entrapment and 

release applications. 

 

Our group has developed a family of gemini-type imidazolium-based amphiphiles formed by 

two imidazolium rings linked by a 1,3-dimethylenebenzene spacer, and having an open chain 

structure 
129

 or cyclic structure 
133

. This family of imidazolium-derived ligands are known to 

have the ability to recognize anions and also to behave as ionic liquid crystals 
133

. The 

propensity of the imidazolium moiety to anion coordination has been studied by the ability of 

forming weak hydrogen bonds with their corresponding counterions 
133,364-365

. This is 

important since anions are ubiquitous throughout biological systems, for example nucleic 

acids and also, the majority of enzyme substrates and co-factors are anionic 
366

. Furthermore, 
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from the synthesized compounds, the open chain structures 1·2Br was found to interact with 

valproate and ibuprofenate, two model drugs used to assess their possible use in DDS 
129

.  

 

We have previously developed AuNPs synthesis based on a modified Brust-Schiffrin method 

using the open chain bis-imidazolium amphiphile 1·2Br, as shown in Figure 8-1 where the 

imidazolium rings bear alkyl chains of 18 carbon atoms. In the reported synthesis of the 

AuNPs, the bis-imidazolium 1·2Br amphiphile played two roles: transfer agent and stabilizer 

of the AuNPs, which resulted in the advantageous simplification of the synthetic process and 

subsequent purification 
129

. Furthermore, our group successfully developed water soluble 

gold nanoparticles using the same ligand, that formed a double layer around the gold core 
367

. 

Finally, in order to study their potential application as DDS, different anionic drugs such as 

sodium ibuprofenate and piroxicam were incorporated in the bis-imidazolium amphiphile 

particles 
129-130

. Successful incorporation and release of the anionic drugs from different 

nanostructured particles with this imidazolium ligand confirms their possible use as DDS for 

anionic compounds. 

 

Now we are going to explore how structural variations could affect their behavior as 

ionophores and in the synthesis of AuNPs. For this purpose, macrocyclic analogues 2·2Br - 

4·2Br (Figure 8-1), with benzene rings bearing alkyl chains of either 1, 10 or 18 carbon 

atoms respectively, were used to study the influence of the polar head and the length of the 

alkyl substituent. 3·2Br and 4·2Br are known to behave as macrocyclic ionic liquid crystals 
133

.  

 
Figure 8-1. Structure of bis-imidazolium derivatives a) 1·2Br and b) 2·2Br - 4·2Br. 

  

a) b)
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Macrocycles have more rigid conformations than open chain compounds and in principle 

could be useful for DDS because it is more likely to show slow and sustained drug release 

due to its stronger affinity with the drug. The aim of this work was to prepare AuNPs coated 

with bis-imidazolium amphiphilic macrocycles, in order to explore the ability of the colloids 

towards anion recognition, and their potential use in nanomedicine.  

 

Thus, we describe the anion binding studies of the bis-imidazolium compounds 2·2Br - 

4·2Br, and the synthesis and characterization of AuNPs using imidazolium macrocyclic 

compounds 2·2Br - 4·2Br. The successfully synthesized AuNPs were characterized using 

UV-Visible Absorption Spectroscopy, X-ray Photoelectron Spectroscopy (XPS), Matrix 

Assisted Laser Desorption Ionization – Time-of-Flight Mass Spectrometry (MALDI-TOF-

MS), Thermogravimetric Analysis (TGA), Dynamic Light Scattering (DLS), Transmission 

Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM). We also report on 

the molecular recognition ability towards sodium ibuprofenate, a model anionic drug, which 

could be successfully incorporated in the synthesized AuNPs, and the in vitro release studies 

of the incorporated drug. 
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Results and Discussion 

 

8.2. Anion binding properties of bis-imidazolium salts 

We have previously reported the anion binding properties of bis-imidazolium based open 

chain compounds, revealing the importance of weak hydrogen bonds (C-H···X
-
) controlling 

the anion binding specially for organic carboxylates 
129

. Here, we study the binding affinity in 

solution of the bis-imidazolium salts for three different anions (chloride, dihydrogen 

phosphate and acetate) to have general data on the affinity for different anions found in 

biological systems. To do so, titration experiments were performed and the solutions were 

analyzed using 
1
H NMR spectroscopy. It is possible to determine the anion complexation 

with the bis-imidazolium salts through this technique by observing changes in the chemical 

shifts (∆δ) of the acidic protons that are more involved in the anion binding. Different bis-

imidazolium salts were chosen for the study, 2·2Br, 3·2Br and 4·2Br in order to determine 

how the structural differences in the alkyl chain length can affect the compound’s affinity. 

 

To study the anionic interaction, in some cases (2·2Br and 4·2Br), the first step was to 

replace the bromide counter ions in the molecules with hexafluorophosphate, as this anion 

associates weakly with the imidazolium units and therefore does not have a competitive 

binding scenario. TBA salts TBA·X (X= Cl
-
, H2PO4

-
, AcO

-
) were used as the source of the 

target anion. 
1
H NMR analysis of the bis-imidazolium salt solutions (0.5 mM) were 

performed in CDCl3 or (CD3)2SO, containing increasing concentrations of TBA salts and 

observing the chemical shifts of the acidic protons (C(2)-H and C(2)’-H) in the 
1
H NMR 

spectrum of the solution, selected examples shown in Figure 8-2.  

 

Figure 8-2. NMR spectra of a) 0.5 mM of 2·2PF6 solution in (CD3)2SO show the chemical 

shifts, depicting the downfield effect of the proton signals C(2)-H ( ) and C(2)’-H ( ), with 

increasing 2·2PF6: chloride ratio (from bottom to top: 1:0, 1:1, 1:2, 1:3, 1:7, 1:10, 1:13, 1:15 

and 1:20). Similarly, b) 2·2PF6: acetate ratio, c) 4·2PF6: chloride ratio and d) 4·2PF6: acetate 

ratio. 

a) b)

c) d)
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The chemical shifts were then plotted as a function of the anion concentration (Figure 8-3) 

and the stability constant (Ka) and complexation free energy (-ΔGº) were calculated. The 

results are included in Table 8-1. 

 

 
Figure 8-3. Experimental points and fitting (line) data from titrations with bis-imidazolium 

and TBA salts: a) 2·2PF6: chloride, b) 2·2PF6: acetate, c) 3·2Br: chloride, d) 3·2Br: acetate 

e) 4·2PF6: chloride and f) 4·2PF6: acetate. 

 

The first remark is that for the anions Cl
-
 and AcO

-
, upon addition of the inorganic salts a 

moderate to strong NMR shift of the protons corresponding to the imidazolium moieties 

C(2)-H and xylyl units C(2)’-H was observed. As shown in Table 8-1, it was found that 

4·2PF6 has more affinity for chloride. Regarding 3·2Br, the ligand shows more affinity for 

acetate than for chloride. When comparing the macrocycle compounds, we can see that there 

is a trend for the affinity to increase with increase in the alkyl chain. Although the constant 

a) b)

c) d)

e) f)
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for 3·2Br is lower than the one for 2·2PF6, one must take into account that the counterion is 

different. Also importantly, the solvent used for 4·2PF6 was CDCl3 and because 3·2Br and 

2·2PF6 were not soluble, (CD3)2SO was used. Finally, except 4·2PF6, which showed more 

affinity for chloride than for acetate, the remaining ligands showed more affinity for acetate 

than for chloride. 

 

On the other hand, in the case for dihydrogen phosphate, the 
1
H NMR spectra had no signal 

from the bis-imidazolium compound upon increasing additions of TBA·H2PO4
 
salt. The 

solution had a cloudy appearance as the concentration of the salt increased. One of the 

solutions, 4·2PF6, was further studied using DLS and particles with 2000 nm were detected in 

the sample, which might indicate the formation of solid particles thus explaining the absence 

of signal in the spectra. 

 

Table 8-1. Values of Ka and ∆G° from anion binding studies with chloride and acetate for 

bis-imidazolium salts 2·2PF6, 3·2Br and 4·2PF6 

 

 TBA Salts 

 Cl
-
 AcO

-
 

Ka / M
-1

 -∆G° /kJmol
-1

 Ka / M
-1

 -∆G° /kJmol
-1

 

2·2PF6
[a]

 C(2)-H 80.65 10.88 401.61 14.85 

C(2)’-H 92.42 11.21 389.11 14.78 

3·2Br
[a]

 C(2)-H 96.15 11.31 364.96 14.62 

C(2)’-H [a] [a] [a] [a] 

4·2PF6
[b]

 C(2)-H 11,308 23.1 752.4 16.4 

C(2)’-H 10,133 22.9 [c] [c] 

[a] solution in (CD3)2SO; [b] solution in CDCl3; [c] no significant shift is observed 
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8.3. Synthesis and characterization of AuNPs using imidazolium macrocycles 

The general protocol for the synthesis of AuNPs involved taking HAuCl4.H2O solution in 

water and mixing it with the solution of imidazolium salt in an extraction funnel. The organic 

phase is then separated and collected, and a solution of reducing agent, NaBH4, was added 

dropwise under constant stirring, and the solution was kept under stirring for 4 hours in the 

dark. The organic phase was then separated and the solvent was removed. The residue was 

then washed and characterized. 

 

We tested the macrocyclic gemini surfactants with different chain length: 2·2Br (1 carbon 

atom), 3·2Br (10 carbon atoms) and 4·2Br (18 carbon atoms). 

 

The solution obtained using 2·2Br did not present the typical red-colored solution of 

colloidal AuNPs; instead, a precipitate was formed. Presumably the lack of alkyl chains 

means that the colloids agglomerate to form higher aggregates. A possible explanation is that 

2·2Br has high CMC value 
133

, because of the shorter alkyl chain, and therefore lacks the 

needed amphiphilic character that allows it to stabilize the gold nanoparticles. On the other 

hand, synthesis of AuNPs using longer chain macrocycles 3·2Br and 4·2Br resulted in red-

colored solutions, and those nanoparticles were named as 3·AuNP and 4·AuNP respectively. 

 

UV-Visible absorption spectra were recorded for all the above solutions. The solution 

obtained for the synthesis using 2·2Br did not show any characteristic band of AuNPs, 

originated from Surface Plasmon Resonance (SPR) on the UV-Visible spectrum, confirming 

that no AuNPs were obtained. Consequently, the use of 2·2Br for the synthesis of AuNPs 

was not further studied. Instead, 3·AuNP solution in dichloromethane showed the 

characteristic SPR peak for AuNPs at 527 nm, the 4·AuNP solution in chloroform showed 

the peak at 524 nm (Figure 8-4). 

 
Figure 8-4. UV-Vis absorption spectra of 3·AuNP in dichloromethane and 4·AuNP in 

chloroform solution. 

 

MALDI-TOF-MS was used to study 4·AuNP. The data was obtained using 2,5-

dihydroxybenzoic acid (DHB) as matrix. The sharpest peaks were at m/z = 1073.7, 

corresponding to loss of two bromide [M+Au-2Br]
+
. A peak with very low intensity was 
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found corresponding to loss of one bromide ([M+Au-Br]
+
) at m/z = 1153.6, whereas in the 

case of 1·AuNP the peaks for loss of each bromide 
129

 were not present. Additionally, peaks 

corresponding to the macrocycle with gain of one hydrogen and loss of two bromides 

([M+H-2Br]
+
) at m/z = 877.7 was also observed with very low intensity (Table 8-2). The 

same peak did not appear in the 1·AuNP mass spectrum 
129

. We found therefore that the 

particles 4·AuNP show peaks corresponding to carbene species. 

 

Table 8-2. Values of peaks from MALDI-TOF mass spectrometry for 4·AuNP 

 

[M+Au-2Br]
+ 

(m/z) 

[M+Au-Br]
+ 

(m/z) 

[M-2Br+H]
+ 

(m/z) 

1072.7 

100% 

1153.6 

2% 

877.7 

2% 

                                      Matrix – DHB 

 

The oxidation state of gold in the synthesized nanoparticles was determined by XPS. 

Sputtering of the sample was necessary to identify clearly the peaks corresponding to gold 

(Au
0
) in the 4·AuNP. The obtained XPS spectrum (Figure 8-5) shows the binding energy of 

the typical peaks of 4f5/2 and 4f7/2 at 88.2 eV and 84.5 eV respectively for gold in the reduced 

state thereby confirming there are no residues of Au (III) precursor. 
 

 

Figure 8-5. XPS spectrum of 4·AuNP showing the Au 4f7/2 and 4f5/2 peaks with binding 

energies of 84.5 eV and 88.2 eV, respectively. 

 

The AuNPs solutions were further characterized using TEM, DLS, and SEM. Figure 8-6 

shows TEM micrographs obtained for 3·AuNP and 4·AuNP colloidal solutions. All the 

AuNPs are spherical, and present low dispersity. 3·AuNP shows an average size of 8.2 ± 3.7 

nm and 4·AuNP present an average size of 5.3 ± 3.0 nm. 
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Figure 8-6. TEM micrographs for a) 3·AuNP and b) 4·AuNP and their corresponding size 

distribution histograms. 

 

The size of 3·AuNP and 4·AuNP was also assessed by DLS at 25°C. Table 8-3 summarizes 

the hydrodynamic diameter and Polydispersity Index (PDI) of the AuNPs, and also the SPR 

absorption band determined by UV spectroscopy and gold core sizes determined by TEM. 

Regarding the sizes obtained by DLS, the average size in the case of 3·AuNP was 35 nm and 

for 4·AuNP was 74 nm.  

 

Table 8-3. Size of the gold core using TEM, and hydrodynamic size using DLS 

 

Sample λ (nm) Size/nm 

(TEM) 

Size/nm 

(DLS) 

PDI
[a]

 

3·AuNP 527 8.2  ± 3.6 34.8 0.1 

4·AuNP 524 5.3 ± 3.0 73.5 0.2 

                                                   [a]
 Polydispersity Index 

 

The sizes measured by DLS are higher than those observed by TEM because this technique 

gives the hydrodynamic size of the particles that includes not only the core but also the alkyl 

chains of the coating ligands; instead TEM only indicates the gold core size, because no 
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contrast agent was used. Knowing that the ligand 4·2Br has a longer chain, it is normal that 

the hydrodynamic diameter is higher in the case of 4·AuNP. On the other hand, in the case of 

1·AuNP the hydrodynamic diameter was around 20 nm, which is lower than that of the 

macrocycles. A possible explanation could be the structural orientation of the macrocycles 

that are more bulky than the open chain. 

 

SEM was used to study the topography and morphology of the AuNPs, through secondary 

electron image, as well as their composition, using the backscattered image, which allows 

detecting the presence of metals (in our case, the reduced gold from the core). Figure 8-7 

shows the SEM micrographs of 3·AuNP and 4·AuNP. The samples were drop casted on 

carbon tabs, and selective areas with good contrast were sampled to record both the 

secondary and the backscattered images. In Figure 8-7 a) spherical particles are visible, 

whereas in the backscattered image shown in Figure 8-7 b) the gold core is visible, 

confirming that gold is present in its reduced form, as seen by XPS, and that the gold core has 

a spherical shape, which is in agreement with the observed by TEM.  

 

Since in the secondary electron image the gold is not visible, the spherical particles seen 

correspond to the macrocycle layer around the gold core, thus confirming the presence of the 

coating. In the case 3·AuNP, it is visible that the nanoparticles show a spherical morphology 

but formed aggregates in these experimental conditions. However, it was also possible to see 

the presence of the macrocycle layer around the core in Figure 8-7 c), and the core of gold in 

reduced form with spherical shape in the backscattered image in Figure 8-7 d). 

 

 

Figure 8-7. SEM micrographs obtained for 3·AuNP of a) secondary electron image and b) 

backscattered electron image; and for 4·AuNP of c) secondary electron image and d) 

backscattered electron image. 

a) b)

c) d)
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4·AuNP was further analyzed using thermogravimetric analysis (Figure 8-8), in order to 

assess the amount of organic material present in the AuNPs sample. Together with the size of 

the gold core measured by TEM, is possible to calculate the amount of ligands per 

nanoparticles, N using the following formula: 

 

𝑁 =
𝜋

6

𝜌𝐷3

𝑀
 

 
Where, 

ρ = face centered cubic (fcc) density of gold (19.3 g cm
-3

),  

D = average diameter of the nanoparticles gold core and  

M = atomic mass of atomic gold (196.97 g mol
-1

). 

 

 

Figure 8-8. Thermogravimetry curve obtained for 4·AuNP. 

 

The calculated values are tabulated in Table 8-4. In the case of 4·AuNP the amount of 

ligands resulted in ca 3 ligand molecules per nm
2
. In the case of open chain 1·AuNP 

synthesized by the same biphasic method, ca 28 ligand molecules per nm
2 

were observed 
129

. 

The higher number of ligands can be due to the non-bulky and open chain structure of the 

ligand, since the open chain structure confers molecular flexibility and both must adopt 

similar conformations on the surface of the AuNPs. Instead, the number of ligand molecules 

in 4·AuNP is dramatically reduced to ca 3 ligand molecules per nm
2 

as a consequence of the 

conformational rigidity of the macrocyclic structures, as well as of the larger dimensions of 

the polar head on the amphiphilic macrocycle. 
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Table 8-4. Thermogravimetry results and calculations of amount of ligand per nanoparticle 

and per area of nanoparticle surface based on the ratio of ligand to gold present in the AuNPs 

and their gold core size obtained by TEM. 

 

Sample Total 

mass 

(mg) 

Ligand 

mass 

(mg) 

Ligand:Au 

(mmol) 

Average 

diameter
[a] 

(nm)
 

Au/NP
[b]

 

ratio  

(mol mol
-1

) 

Ligand/NP[b] Ligand/

nm
2
 

4·AuNP 1.5 0.3 0.05 5.3 7.6 x 10
-21

 242 2.7 

[a] measured by TEM; [b] Nanoparticle 
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8.4. Interaction of carboxylate incorporating drugs and AuNPs: loading and release of 

sodium ibuprofenate 

In vitro experiments were performed in order to study the interaction of an anionic drug with 

the AuNPs and to obtain the release profile of the drug incorporated in the AuNPs. The 

macrocycles used in the preparation of the AuNPs had already proven to have good 

recognition ability towards anions (see Section 8.2). Thus, to evaluate the anionic 

incorporation ability of the macrocycles, 4·2Br was chosen in order to compare with 1·2Br, 

that has the same alkyl chain present in the gold nanoparticles 
129

. Sodium ibuprofenate was 

used as a model drug because it has a carboxylate group, and also because previous reports 

showed that this drug could be successfully incorporated in AuNPs with imidazolium ligands 
129

. Sodium ibuprofenate dissolved in water could be successfully extracted from the aqueous 

phase into the organic phase containing the 4·AuNP. This was confirmed by the UV-Visible 

absorption spectrum of the organic phase (Figure 8-9).  

 

 
Figure 8-9. UV-Vis absorption spectrum of sodium ibuprofenate-4·AuNP from the organic 

phase 

 

The organic phase was then further washed twice with milliQ water in order to remove the 

free ibuprofenate molecules that were not incorporated in the 4·AuNP. Following each 

washing step, both the organic and aqueous phases were analyzed by UV-Visible absorption 

spectroscopy. In the organic phase there was a slight decrease in the absorption peak of 

ibuprofenate, whereas in the collected aqueous phases the peaks corresponding to 

ibuprofenate were visible, meaning recovery of unbound ibuprofenate from the organic 

phase. The total amount of ibuprofenate that was extracted into the aqueous phases during the 

washing steps allowed us to determine the amount of ibuprofenate that remained specifically 

bound in the ibuprofenate-4·AuNP complex. Since we know the initial mass of 

ibuprofenate, we can therefore say that we loaded 9.8 mg of ibuprofenate in the AuNPs, 

which was calculated to be ca 85 % of the total sodium ibuprofenate. 

 



188 

After it was confirmed that ibuprofenate could be incorporated in 4·AuNP, the release rate of 

ibuprofenate from the ibuprofenate-4·AuNP complex was assessed using Franz-type 

diffusion cells with dialysis membranes, as described previously [33]. The samples were 

tested at pH 7.4 and 5.5, the first one corresponding to physiological pH and the second one 

to simulate the human skin pH. The samples were resuspended in Sorensen buffer with the 

appropriate pH and the release took place at 32°C for pH 5.5 and at 37°C for pH 7.4. The 

receptor solution used was NaOH 71 mM to ensure the ibuprofenate solubility, thus 

complying with the SINK conditions, so that the rate of release and diffusion across the 

dialysis membrane was only due to the release from the AuNPs and not because of low 

solubility of the drug in the receptor solution. Figure 8-10 shows the plot of cumulative 

amount of ibuprofenate versus time, and Table 8-5 the respective dissociation constant KD 

and half life time t1/2. 

 

 
Figure 8-10. Release profile of ibuprofenate from sodium ibuprofenate-4·AuNP at (a) pH 

5.5 and at (b) pH 7.4. 

 

The kinetic profiles obtained in both cases are typical of a Fickian diffusion. Hence, they can 

be potentially used in local drug delivery system. When comparing with the previous work 

with 1·AuNP 
129

, in the same conditions, ibuprofenate release kinetics changed in function of 

the pH, which means that the interaction of the drug with the macrocyclic ligand is different. 

Thus, it is clear that the limiting factor in this case is the strong interaction of the macrocycle 

with the drug whereas in the case of the open chain analogue was the pH of the surrounding 

media. The fact that the pH does not significantly influences the release can be seen as an 

advantage, because although the skin pH is 5.5, it can present some variations that in the case 

of the macrocycle will not affect the release rate of the drug from the formulation.  

 

The analysis of the data showed that the release at pH 5.5 followed a first order kinetics, with 

a value of the dissociation constant KD of 0.0085 h
-1

. At physiological conditions, the same 

kinetics was observed, and the dissociation constant found was 0.0060 h
-1

. 

 

 

 

 

a) b)
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Table 8-5 Modelistic and amodelistic parameters for the release of ibuprofenate from the 

ibuprofenate-4·AuNP. 

 

 Modelistic Amodelistic 

pH KD
[a]

 

(h
-1

) 

t1/2
[b]

 

(h) 

MRT
[c]

 

(h) 

Efficiency 

(%) 

5.5 0.0085 82.8 72.9 72.4 

7.3 0.0060 116.3 108.5 67.7 

[a] Dissociation constant; [b] Half life time; [c] Mean Release Time 

 

Additionally, the amodelistic parameters were calculated and are also shown on Table 8-6. 

The calculated half life time and mean release time (MRT) were lower in the case of the 

release at pH 5.5 (82.8 h and 72.9 h respectively at pH 5.5 versus 116.3 h and 108.5 h at pH 

7.4). The release efficiency shows similar results in both cases. Therefore, Student´s t-test 

analysis was performed and no significant differences were found between the release at pH 

5.5 and 7.4 (Table 8-6). 

 

Table 8-6. Results obtained from Student´s t-test 

 

 KD
[a] MRT[b] Efficiency 

N[c]  3 3 3 

P[d]  0.37 0.06 0.2 

Mean ± SEM[e] 

(pH 7.4) 

0.01 ± 0.002 72.9 ± 12.12 72.40 ± 3.00 

Mean ± SEM[e] 

(pH 5.5) 

0.01 ± 0.0004 108.5 ± 5.77 67.70 ± 1.04 

Significant 

difference 

No No No 

[a] Dissociation constant; [b] Mean Release Time; [c] Number of replicates; [d] probability; 

[e] Standard error of the mean (SEM) 
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CHAPTER 9 
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CHAPTER 9 

Conclusions 

 Functionalization of star-shaped and discoidal polysilicon microparticles with lectins for 

their adhesion to cell membranes (Chapter 4) 

 

 An optimized protocol for bio-functionalization of polysilicon microparticles with lectins 

(WGA and Con A), both on surfaces and in suspension, has been developed. The best 

chemical conditions to afford well-organized self-assembled monolayers (SAM) were 

found to be using the silane (TESUD) concentration of 135 mM in absolute ethanol for 3 

hours and 35 µg/mL of lectin in PBS overnight.  

 Influence of different shapes in bio-functionalization of the microparticles was also 

observed. In the case of star shaped microparticles, mixed-monolayers of lectins and 

triglycolamine (TGA) in the ratio (3:1) showed improved functionalization, whereas, in 

the case of disc shaped microparticles, no improvement was observed. 

 The final yield of the number of bio-functionalized microparticles was between 12-21 % 

with a major loss of approximately 50 % of microparticles during the activation step. 

These bio-functionalized microparticles in suspension were stable for three consecutive 

weeks, stored in PBS at room temperature. 

 Con A bio-functionalized Batch 2 microparticles adhered to the membrane of the 

Dictyostelium discoideum (Dicty) whereas, WGA bio-functionalized microparticles did 

not adhere to the cell membrane of Dicty or HeLa cells. 

 

 Functionalization of star-shaped and discoidal polysilicon microparticles with Boronic 

Acids (BAs) for their adhesion to cell membranes (Chapter 5) 

 

 An optimized protocol for functionalization of polysilicon microparticles with 4-

formylphenylboronic acid (PBA), through stable secondary amine bonds has been 

developed. The best chemical conditions to afford well-organized self-assembled 

monolayers (SAM) were found to be using the 2 % silane (APTES) solution in absolute 

ethanol for 3 hours followed by overnight incubation in 5 mg/mL of PBA in absolute 

ethanol.  

 Interaction of BA functionalized surfaces with carbohydrate, N-acetylglucosamine 

(GlcNAc) was studied on Batch 1 and Batch 5 surfaces using ARS, which indicates 
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stronger interaction between BA and GlcNAc (5 mins of interaction time between BA 

and GlcNAc was sufficient to displace the ARS molecule).  

 Star and disc shaped polysilicon microparticles of different sizes (Batch 1, Batch 2, 

Batch 5 and Batch 6) functionalized using BA showed adhesion to the cell membranes of 

Dicty and HeLa cells.  

 

 Functionalization of hexahedral bi-functional microparticles using fluorescent probes for 

pH sensing in cells (Chapter 6) 

 

 Immobilization of pH dependent fluorophores, Oregon green, pHrodo, SNARF and 

Alexa fluor on to polysilicon surfaces was achieved successfully using 2 % silane 

(APTES) solution in absolute ethanol for 3 hours followed by overnight incubation in 17 

µM of the fluorophores in anhydrous DMSO.  

 Immobilization of pHrodo on gold surfaces was achieved using 25 mM of thiols with 

two different chain lengths (2 C and 11 C) in absolute ethanol for 3 hrs, followed by 17 

µM of pHrodo in anhydrous DMSO for overnight. From which 2 C thiol showed 

improved and homogenous functionalization. 

 An optimized protocol for the bi-functionalization of two pH dependent fluorophores, 

Oregon green (on polysilicon) and pHrodo (on gold) on to a hexahedral bi-functional 

microparticle (polysilicon-gold) was achieved. 

 

 Functionalization of hexahedral bi-functional microparticles using Reactive Oxygen 

Species (ROS) generator and ROS sensor for Photodynamic therapy (PDT) (Chapter 7) 

 

 The selected bio-photosensitizer, Cytochrome c (Cyt c) showed generation of ROS in 

solution. BODIPY was able to sense the production of ROS from the Cyt c in solution. 

 An optimized protocol for immobilizing Cyt c on to the polysilicon surfaces and 

BODIPY on gold surfaces and microparticles was achieved. The best chemical conditions 

for Cyt c immobilization was 135 mM of silane (TESUD) in absolute ethanol followed by 

overnight incubation of 35 µg/mL of Cyt in PBS and to immobilize BODIPY, 2 % silane 

(APTES) solution in absolute ethanol for 3 hours followed by overnight incubation in 20 

µM of BODIPY in anhydrous DMSO.  

 Protocol for bi-functionalization of ROS generator: Cyt c and ROS sensor: BODIPY on 

hexahedral bi-functional microparticles was developed.  
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 Delivery of anionic drugs using macrocyclic-imidazolium based gold nanoparticles 

(Chapter 8) 

 

 Macrocyclic-imidazolium based compound’s ability to recognize anions was studied, 

3·2Br has more affinity towards acetate (AcO
-
), whereas 4·2PF6 has more affinity for 

chloride (Cl
-
).  

 The influence of the chain length of the imidazolium based macrocycles in the 

stabilization process of the AuNPs was also studied: 2·2Br, which has a shorter chain 

length, does not have the amphiphilic character required to form AuNPs, while 3·2Br and 

4·2Br, that have longer chains, could be successfully used in the synthesis and 

stabilization of the 3·AuNP and 4·AuNP respectively.  

 The ability of 4·AuNP to extract and incorporate ibuprofenate from an aqueous phase 

was calculated to be ca 85 %. The release of ibuprofenate from ibuprofenate-4·AuNP 

complex follows Fickian diffusion, which can be potentially used in local drug delivery 

applications. The release is slower, indicating that this new AuNPs could be used as 

vehicle for delivery that requires long-term release.  
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I Abbreviations and acronyms 

 

1
H NMR – Proton Nuclear Magnetic Resonance Spectroscopy  

AFM – Atomic Force Microscopy  

APTES – Aminopropyltriethoxysilane  

AuNP – Gold Nanoparticles 

DLS – Dynamic Light Scattering  

EDC –N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride  

HRTEM – High Resolution Transmission Electron Microscopy  

Cyt c – Cytochrome c 

EtOH – Ethanol 

DMSO – Dimethylsulfoxide 

NHS –N-Hydroxysuccinimide  

PDT – Photodynamic Therapy  

ROS – Reactive Oxygen Species  

SAM – Self-Assembled Monolayer  

SEM – Scanning Electron Microscopy  

SPR – Surface Plasmon Resonance  

TEM – Transmission Electronic Microscopy  

TESUD – 11-(Triethoxysilyl)undecanal 

XPS – X-ray Photoelectron Spectroscopy  

EG2OMs – 2-(1-Hydroxy)ethoxyeth-1-yl methanesulfonate 

WGA – Wheat Germ Agglutinin 

Con A – Concanavalin A 

TGA – Triglycolamine 

Dicty – Dictyostelium discoideum 

BA – Boronic Acids 

PBA – 4-Formylphenylboronic acid 

STORM – Stochastic Optical Reconstruction Microscopy 

TIRF – Total Internal Reflection Fluorescence 

GlcNAc – N-acetyl-D-glucosamine 

TBA salts – Tetrabutylammonium salts 
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II Fabrication of the microparticles 

 

Fabrication process of the polysilicon microparticles 

The initial substrates were 100 mm in diameter and 300 μm thick p-type (100) silicon wafers 

(Figure A1). First, a 1 μm thick thermal silicon oxide (SiO2), layer was grown by thermal 

oxidation (1100°C) on top of the wafer. Second, 0.5 μm thick layer of polysilicon was 

deposited using low pressure chemical vapour deposition (LPCVD). Third, a 1 μm positive 

photoresist was spun onto the polysilicon layer. Then, exposure to UV light was performed 

through the photomask to define the lateral dimensions of the chips and their shape. The 

resist was developed and baked (30 min, 200 °C). Fourth, the top 0.5 μm thick polysilicon 

layer was dry-etched with C2F6 and CHF3 mixture. The polysilicon etching was stopped at 

the silicon oxide layer and the photoresist was removed by plasma etching. Finally, the chips 

were released by a sacrificial etching of the silicon oxide layer in vapors of 40% HF for 40 

min. The polysilicon microparticles were suspended by ultrasound in absolute ethanol (1mL), 

centrifuged, and collected at 14,000 rpm for 5 min. 

 

Fabrication process of the bi-functional (polysilicon-chromium-gold) microparticles 

A p-type silicon wafer of 100 mm in diameter was chosen for the fabrication process. On top 

of this wafer, a 1 μm thick silicon oxide was deposited as a sacrificial layer (Figure A2). 

Then, a 400 nm thick polysilicon layer using SiH4 was deposited with a flow rate of at 40 

sccm (580 °C, 350 mTorr) as a first layer using LPCVD. Then, a photolithographic step was 

performed which created a photoresist inverse pattern. The next step was the deposition of a 

30 nm thick chromium layer as an adherent interlayer and then, a 100 nm thick gold layer 

was deposited as the second layer, both layer were deposited by evaporation method. Next, a 

lift-off process was carried out for 2 min in an acetone solution. A polysilicon dry etching 

was performed for 25 s using the gold as a mask defining the microparticles. Finally, the 

microparticles were released by a sacrificial etching of the silicon oxide in vapors of HF (49 

%) for 40 min. The microparticles were then suspended in 96 % of absolute ethanol, 

centrifuged at 14,000 rpm for 5 min and were collected in eppendorfs for further studies.  
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Figure A1. Detailed sequence of steps for the fabrication of the microparticles (barcodes) 
156

. 

Similar protocol was adopted for the fabrication of star and disc shaped microparticles. (a) 

Silicon wafer as initial substrate, (b) thermal growth of a silicon oxide as a sacrificial layer, 

(c) deposition of a polysilicon layer, (d) covering of the wafer with photoresist by spin 

coating, (e) photolithographic step, (f) polysilicon patterning by dry etching, (g) removal of 

photoresist by plasma etching, (h) release of microparticles by HF etching of the silicon 

oxide sacrificial layer, and finally, (i) centrifugation and collection of the barcodes inside an 

eppendorf (not showed in the figure). Similar steps were performed to fabricate the following 

polysilicon microparticles, star shaped, disc shaped and 3 µm square shaped microparticles. 
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Figure A2. Detailed sequence of steps for the fabrication of the bi-functional (polysilicon–

chromium–gold) microparticles 
296

. (a) microparticles were fabricated using a silicon wafer 

as a starting material. (b) a 1 µm silicon oxide as a sacrificial layer and (c) a 400 nm 

polysilicon as a first layer was deposited. (d) A photoresist layer was spun and exposed to 

UV light to define the dimensions of the microparticles. (e) A 30 nm thick chromium and (f) 

a 100 nm thick gold layers were deposited by sputtering process as an adherent and second 

layer, respectively. (g) A lift-off process was performed and (h) the polysilicon layer was 

patterned using the chromium and gold layer as masks. Finally, (i) the bi-functional 

microparticles were released in HF vapours and suspended in ethanol.  
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