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AN ABSTRACT OF THE THESIS OF 
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Title: Developing a Multiplexing Platform for the Detection of Specific Biomarkers 

 

 

The development of simple, sensitive and multiplexed detection system is highly 

desirable in the field of clinical diagnostics. This is mainly due to the fact that 

multiplexed systems can reduce labor, time and cost while maintaining a higher 

accuracy of detection. In view of that, herein we report on the preparation of different 

sensing platforms for the detection of trace amounts of protein and DNA biomarkers. 

    

Using a chip-based electrochemical immunosensor, we were able to detect TBI 

biomarkers for lab purposes inside purified samples. The assay allowed us to investigate 

the microscale size regime of gold sensors and achieve sensitivity in the range of 

pg/mL. On the other hand, we described a fluorescent sandwich assay as an alternative 

method. The assay was built on gold coated polystyrene microspheres and visualized 

using flow cytometry with the aid of different labels. Out of three examined fluorescent 

tags, dye encapsulated liposomes gave the best enhanced sensitivity and allowed the 

detection of low biomarker levels that are clinically relevant.  

  Building upon our findings, we developed an ultrasensitive universal platform 

for the detection of oligonucleotide sequences. The basis of this scheme relied on 

immobilizing separately two DNA strands each complementary to a different portion of 

target analyte onto the surface of gold coated polystyrene microspheres and dye-

encapsulated liposomes. The hybridization event was recognized by an enhancement of 

the fluorescent signal recorded by flow cytometry.  The assay parameters were 

optimized so that the whole experiment can take less than 2 hours with a detection limit 

of 2.7 pM.  Furthermore, the proposed scheme was shown to perform well in complex 

matrices such as serum making it promising platform for fast multiplexing diagnosis. 
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CHAPTER I  

INTRODUCTION 

 

A. Biosensors 

Despite the remarkable advances in the prevention of certain diseases, the call 

for reliable, rapid and real-time diagnostic tools is swiftly escalating.
1
 Indeed, the 

interest in developing sensitive and specific point-of-care sensors has grown drastically 

due to their ability to outperform conventional methods in terms of speed, simplicity, 

portability, accuracy and cost.
2
 The life expectancy of modern societies has increased 

with our ability to detect and diagnose diseases at early stages which allowed us in 

return to control diseases before they invade the body or turn into a serious epidemic.
3
 A 

biosensor or a biological sensor is an analytical instrument composed of two main 

compartments, a bioreceptor that recognizes a specific target analyte and a transducer 

that converts and translates this recognition event into a readout signal (Figure I-1).
1-2

 

This combination facilitates the detection of molecules without the use of complex 

protocols and reagents.  As such, biosensors are critical for decentralizing clinical 

applications, easy disease monitoring and moving the advanced research into the 

patient’s bedside.
4
 The glucose sensor and the home pregnancy test are the best 

examples of such devices.  
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Figure I-1. Schematic diagram showing the components of a biosensor. The bioreceptor 

specifically recognizes the target analyte and induces an alteration in a physical 

parameter that can be impulsively detected by a transducer. The signal is then processed 

and displayed by a readout unit.  
 

B. Biomarkers 

A biomarker, as defined by the World Health Organization (WHO), is any 

substance that can be measured in the body and influence, characterize or predict a 

specific biological process.
5
  A variety of biomarkers are commonly used today 

including proteins, carbohydrates, short circulating DNA and miRNAs.
5
 
6
 
7
 The growing 

interest in studying these biomolecules in laboratory and clinical research is due to their 

significant ability to indicate the presence of a specific disease (eg. Diabetes, 

Cardiovascular, Alzheimer, Cancer etc…), distinguish and stage its severity.
8
 For 

instance the presence of islet cell antibodies (ICA) and biochemical autoantibodies 

(BAA) in the blood of a person is used as a primary indication of type1 diabetes 
9
  and 

this risk increases when Zinc Transporter-8 Autoantibodies (ZnTA8) are found as 

well.
10

 On the other hand, monitoring the level of biomarkers such as adiponectin, C-

reactive protein (CRP), ferritin, interleukin-2 receptor A (IL2RA) and insulin allows 

predicting and preventing type 2 diabetes.
11 
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1. Importance in Early Disease Detection 

The detection of these biological indicators at an early stage of the disease is a 

very important signal for early warning of the damage which can stipulate a quick 

preventive action leading to a better outcome of treatment.
12

 Moreover, it is critical for 

efficient diagnosis and clinical assessment to detect any infection at a low cost using 

rapid and highly accurate set of tools.
13

 In fact, biomarkers have shown significant 

potentials for improving the accuracy of diagnosis and raising the rate of treatment in 

two of the most common and major diseases, Alzheimer and Cancer. 
6
 

 

a. Alzheimer Disease 

Alzheimer disease (AD) is a chronic neurodegenerative disorder that affects 

aged people.
14

 Initial symptoms of the disease are rarely distinguished from normal 

aging, yet AD proceeds by short term memory loss, language disorientation, loss of 

motivation and so on. Due to the lack of proper treatment, disease prevention remains 

the ultimate focus of ongoing research.
15

 This essentially means that people at a high 

risk of the disease should be recognized before any of the early symptoms becomes 

certain and an effective intervention must be accompanied with to reduce the 

accumulation of neurofibrillary tangles, the hallmark of the disease.
16

 In several studies, 

Uberti et al. showed that blood  levels of conformationally distorted p53, a 

multifunction protein that functions as tumor suppressor and maintains genomic 

integrity, can be correlated to AD severity and even distinguish it from normal aging 

and other diseases (e.g,.Parkinson’s disease).
17

 Similarly, many studies demonstrated 

that elevated levels of cerebrospinal fluid tau (specifically p-thr231, p-ser199, and p-

thr181) can provide sensitivity and specificity of AD of 81% and 91%, respectively.
15a, 



4 
 

18
 This leads several groups to conduct a tremendous amount of studies on putative 

disease-modifying drugs (e.g., curcumin) that showed potential for disease prevention 

and thus could be implemented in a proper treatment before the clinical manifestation of 

the disease.
19

 

 

b. Cancer 

Cancer, a large family of diseases involving the uncontrolled growth of a tumor 

cell that might invade other parts of the body, is considered as one of the most 

dangerous threats for human’s lives.
20

 More than 14 million of deaths caused by cancer 

cases were recorded in 2014 by the WHO, and what is worse is that this number is 

expected to escalate in the coming years.
21

 Because of the critical role they play, 

biomarkers are currently used as part of the routine cancer diagnosis. Cancer biomarkers 

include a wide range of molecules such as DNA, RNA, microRNAs, sugars, proteins, 

lipids and others.
3, 20, 22

 The application of these biomolecules allows early stage 

diagnosis, prognosis of patients at high risk and deciding on and monitoring of the 

proper treatment. One example is prostate specific antigen (PSA) , a commonly used 

biomarker to screen healthy patients for prostate cancer.
22

 Furthermore, pre-

symptomatic detection can greatly increase survival rates (Figure I-2). For instance 

according to Jemal et al. prostate cancer patients survival rates is 100% if detected at 

early stages but this rate drastically decreases to 30% when it becomes at a distant 

stages.
23

 Likewise, biomarkers could be used to estimate the risk of developing a tumor 

for people with a strong family history of a specific sarcoma. As an example, Easton et 

al. and Hall et al. both demonstrated that women carrying germ line mutations such as 

BRCA1 have high potential of developing breast or ovarian cancer and so they need to 
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select a chemoprevention and a treatment method in order to decrease the risk of 

developing a malignancy.
24

 Nevertheless, Paik et al. utilized gene expression signatures 

to determine prognosis of breast cancer while Bang et al .and Piccart-Gebhart et al. 

showed that over expression of HER2 gene biomarkers in breast cancer are very good at 

predicting response to anti HER2 therapy.
25

 Also, biomarkers could be used to monitor 

for disease recurrence as in the case of serially screening alpha feto-protein (AFP), 

lactate dehydrogenase (LDH), and beta-HCG (bHCG) in germ cell tumor. 
26

 

 

 

Figure I-2. Five‐year relative survival rates among patients diagnosed with selected 

cancers by race and stage at diagnosis, united states, 1996 to 2003.* The rate for 

localized stage represents localized and regional stages combined. The standard error of 

the survival rate is between 5 and 10 percentage points. Note: Staging according to 
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Surveillance, Epidemiology, and End Results (SEER) historic stage categories rather 

than the American Joint Committee on Cancer (AJCC) staging system. Comparison of 

this data to that of previous years is discouraged due to the use of an expanded data set. 

Reprinted with permission from Jemal et al.
23 

 

C. DNA Biosensors 

DNA biosensors showed a revolutionary tool in fundamental research, diagnosis 

and environmental sciences. 
27

  Recently, the interest in detecting oligonucleotides has 

expanded due to the specific and robust base pairing between DNA target and its 

complementary DNA probe which could be used to obtain a quantitative identification 

of specific diseases.  

Oligonucleotide based assays are stable and have the potential to be designed 

into cheap, sensitive and specific assays while provide multiplexing capabilities.
28

 

Specifically, microRNAs are small non-coding oligonucleotides (22nt) endogenously 

expressed RNAs. They are frequently deregulated in tumors and are excreted into the 

serum.
29

 Contrary to synthetic DNA which degrade rapidly once injected in plasma, 

these miRNAs were shown to be stable in blood.
29a, 30

  They range at concentrations 

between 100 and 10 000 copies per microliter, highlighting them as great candidates for 

developing a novel and noninvasive diagnostic and prognostic tool for cancer in its 

early stages
29a

 and they are regarded as tissue-specific markers for cancer 

classification
31

 and detection.
32

 Only 200 different miRNA sequences are needed to 

accurately classify 17 human cancers.
31

 For instance, six specific miRNA biomarkers 

are over expressed in prostate cancer patients,
33

 another five in gastric cancer,
34

 and 

eleven in lung cancer.
30

 

 Conventional polymerase chain reaction (PCR) based methods which although 

offer ultimate sensitivities, 
35

 suffer from several drawbacks such as being very 
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expensive, labor demanding and requiring complex handling protocols. 
36

  Furthermore, 

these assays are subject to severe contamination, the involvement of time consuming 

thermal cycles and the lack of portability. 
37

 As such, researchers are putting an 

intensive focus on the development of reliable and ultrasensitive platforms that can 

perform PCR-free DNA analysis. The proposed biosensors are based on the detection of 

the hybridization between an immobilized oligonucleotides sequence and its 

complementary target probe and converting this event into an analytical signal. Hence, a 

tremendous amount of transducers has been established that are based on different 

techniques including colorimetric,
11 

optical 
38

 or electronic-transduction ones. 
39

 

 

1. Colorimetric Methods 

Mirkin et al.
40

 pioneered the use of colorimetric techniques for ultrasensitive 

nucleic acid detection. The basis of this method is the ability of modified gold 

nanoparticles to aggregate and change their color upon the interaction with nucleic 

acids. In their sensing strategy, the gold nanoparticles were modified with 3’ and 5’ 

(alkanethiol)oligonucleotides in order to complex a target DNA probe. Upon 

hybridization these modified nanoparticles can arrange in head-to-tail (Figure I-3.A) or 

tail-to-tail (Figure I-3.B) resulting in a red shift that is correlated with the amount of 

detected target.  
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Figure I-3. Different alignments of alkanethiol modified oligonucleotides upon 

hybridization with a target DNA probe. A) Head-to-tail (B) Tail-to-tail. Reprinted with 

permission from HONG et al. 
41

 
 

In fact, gold nanoparticles have been exploited in DNA sensing schemes 
42

 due 

to their signal-enhancing power resulting from having high extinction coefficients and 

their fast and simple synthetic procedures. For example, Xia et al. developed a DNA 

sensing strategy employing unmodified colloidal gold nanoparticles and the different 

affinity between a cationic conjugated polyelectrolyte and single or double-stranded 

DNA probes (Figure I-4).
43

  In this scheme, the conjugated polyelectrolyte only 

restrains the ability of single stranded DNA probes to stabilize gold nanoparticles 

against aggregation. This causes a characteristic color change and allows the visual 

differentiation of DNA strands at concentrations as low as 1.25pM, a 100 times lower 

detection limit than those reported by Mirkin et al. 
40, 42a

 However, a major limitation of 

this and other colorimetric methods is being not applicable for colored and opaque 

samples.
43 
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Figure I-4. Colorimetric assay for the detection of DNA. The color change is due to the 

ability of a conjugate polymer to interact with single stranded DNA rendering it 

incapable of preventing the aggregation of gold-nanoparticles while no such interaction 

and inhibition is observed with the double-stranded one. The assay is rapid and sensitive 

and even it requires less than 10 minutes to observe the color change with the naked 

eye. Reprinted with permission from Xia et al. 
43

 

 

2. Electrochemical Methods  

Alternatively, electrochemical based methods offer several advantages such as 

being simple, highly sensitive and inexpensive.
28b

 Indeed, they are much cheaper than 

conventional assays because they don’t require labeling or the use of expensive 

enzymes. But, electrochemical methods may require time consuming cleaning 

procedure of electrodes and complicated surface chemistry. In addition, most of the 

electrical assays can’t be implemented in a multiplex detection scheme.
44

 

Kelly et al. reported the use of nanomicrostructured gold microelectrodes for 

rapid and ultrasensitive detection of oliogonucelotides (Figure I-5).
45

 In this scheme, 
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gold was electroplated through apertures on the surface of the chip and the hybridization 

event was detected by differential pulse voltammetry (DPV) measured in solutions of 

hexaammineruthenium-(III) chloride. This approach allowed the achievement of an 

excellent detection limit of 2fM. 

Meanwhile, there are other signal transduction methods that avoid analyte 

tagging such as surface plasmon resonance (SPR) 
46

 or ones that offer a high sensitivity 

such as surface-enhanced Raman scattering (SERS)  
47

, yet these techniques are very 

complex and expensive. 

 

 

Figure I-5. Bacterial DNA sensing using hierarchical nanotextured microelectrodes. (A) 

Sensors of variable sizes. The sensors were electrodeposited on 5 μm apertures 

positioned at the ends of gold leads. (B) Functionalization and use of microsensors. the 

electrodeposited sensors were modified with probe molecules (red) complementary to a 

target bacterial gene (yellow). The current change corresponding to the hybridization 

event was assessed using differential pulse voltammograms and quantitating peak 

currents before (dotted line) and after (solid line) incubation. Reprinted with permission 

from Kelly et al.
45
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3. Fluorescent Methods 

Essentially, methods of detection need to be fast, precise, cost-effective, highly 

selective and sensitive.
48

 Also, it is admirable to implement an analytical device that 

requires a small amount of sample. Out of the various signal transduction methods, 

fluorescence seems to be the most reliable method that could satisfy these conditions. 

Indeed, the fluorescent signal is better for sensing than any other signal as it can often 

reveal hidden information about the material concentration, confirmation and 

composition.
49

 Fluorescence due to its high sensitivity and versatility is widely used in 

olignucleotide detection schemes.
50

 As well, it offers several advantages over PCR 

based techniques in terms of visualization and multiplexing.
38

 In DNA detection, the 

signal is amplified by coupling the olignucleotide probe to a fluorphore such as organic 

dyes or quantum dots (QDs).
13b, 51

 This step is the most critical in the ultratrace analysis. 

In one example, Pang et al. established a DNA-sensing platform on the basis of 

fluorescence resonance energy transfer (FRET) between blue-luminescent CdTe 

quantum dots and dye-labeled single-stranded DNA (Figure I-6).
52

 In this scheme, a 

cationic polymer brings the donor into the proximity of the acceptor and the 

hybridization event is detected by the different FRET efficiencies resulting from 

different interactions between single or double stranded DNA and the polymer. This 

platform offered the advantage of solution based fluorescence detection of a specific 

DNA detection without the need of covalent immobilization. However, since a DNA 

probe is usually coupled to one fluorophore, it may result in low signal amplification in 

the case where target concentration is relatively low.  Moreover, the sensitivity and 

consistency of the detection scheme is limited by the fluorescence probe used. For 

instance some organic dyes share several drawbacks such as having poor photostability, 
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small stokes shifts, short lifetimes and easy photobleaching.
38

 On the other hand, 

quantum dots have high costs and high toxicity which makes them not suitable for 

biosensing applications.
53

 

 

 

Figure I-6. A DNA sensing platform based on the fluorescence resonance energy 

transfer (FRET) between blue-luminescent CdTe QDs and dye-labeled ssDNA. aA 

cationic polymer brings the donor into proximity of the acceptor and the hybridization 

event is recognized by different FRET efficiencies resulting from different interaction 

abilities of single stranded (before hybridization) and double stranded DNA (after 

hybrdiziation) with the polymer. Reprinted with permission from Peng et al. 
52

 

 

a. Liposomes  

A major enhancement of the fluorescent strategies could be the incorporation of 

many fluorophores together inside one larger molecule such as a liposome. Liposomes 

are spherical structures composed of amphipathic bilayers, usually phosophlipids, with 

an aqueous phase inside.
54

 They have a large internal volume which allows molecules to 

be encapsulated within the aqueous cavity or trapped within the lipid tails.
55

 Liposomes 

can be critical for signal amplification in the case of weak fluorescence signals as a 

large number of dyes can be trapped inside and then released under certain conditions. 

55b, 56
 

For instance, Kubo et al. proposed a novel method based on the use of dye-

encapsulating liposomes to detect endocrine disrupting chemicals (EDC).
57

 In this 
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platform, 1,2-dioleoyl-3-trimethylammonium propane (DOTAP) and 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) liposomes were encapsulated with a high 

concentration of carboxyfluorescein (CF) which would leak upon the penetration of 

EDCs inducing an enhancement of the fluorescence intensity proportional to the EDC 

concentration. Furthermore, this sensing strategy was done for four different EDCs 

allowing their detection at the 5ppm level, the required concentration for environmental 

measurements. This means that this liposomes’ strategy offered the advantage of a high-

throughput analysis system and an easy preparation and handling and hence it could be 

very practical as a universal platform to detect structurally diverse EDCs. Alternatively, 

the use of liposomes in various sensing platforms is possible because biomolecules such 

as oligonucelotides or proteins can be easily functionalized onto the surface of 

liposomes without any chemical modifications. 
54a

 

 

b. Flow cytometry 

Recently, many hospitals have been using flow cytometry as a routine technique 

to carry the analysis of blood samples.
58

 Indeed, flow cytometry is one of the most 

ultrasensitive fluorescent biophysical technologies techniques that provides rapid and 

simultaneous analysis of multiple quantitative and qualitative characteristics of single 

particles as they flow in a fluid stream past an excitation light source (Figure I-7).
59

 

Physical properties such as size and internal complexity are identified by the scattering 

of light at different angles. Light that is scattered axial to the laser beam (Forward 

scatter (FSC)) indicates the size of the population (0.5-120 µm range) whereas the 

perpendicularly scattered one (Side scatter (SSC) reveals the internal complexity or 

granularity. The flow cytometer consists of three main systems: fluidics, optics and 
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electronics. The fluidics stream transports and aligns the particles or cells so that they 

are individually interrogated through the laser beam. The optical system is made up of 

light sources (mainly lasers) to excite the particles in the sheath as well as filters and 

mirrors that isolate particular wavelengths and direct light to the appropriate detector 

(usually a photomultiplier tube). The electronic system converts the collected light 

signals into electronic ones that are digitized for computer analysis of the revealed 

physical and optical information.  

Flow cytometry does not only utilize signal per particle measurements to 

acquire multiple characteristics of the system but also it allows several analytes to be 

quantified and distinguished simultaneously using different labels. This makes it of 

higher sensitivity and versatility when compared to a regular spectrometer that bases its 

measurements on a bulk volume of sample and has no ability to multiplex.
60

 Moreover, 

the ability of flow cytometry to generate rapid clinical information from complex media 

such as human blood and to provide real time monitoring makes it a very interesting and 

powerful research tool that is frequently employed in hospitals and clinics. For instance 

it is now routinely used for immunophenotyping of a variety of specimens, diagnosis of 

health disorders such as blood cancer, DNA content analysis, quantification of soluble 

analytes and many more applications. 
50, 59a, 60

 Flow cytometry is becoming smaller, user 

-friendly and less expensive which makes it a promising device to be implemented in 

the point of care settings.
50

 
60
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Figure I-7.Schematic representation of the key features in a flow cytometer.Adapted 

from http://www.abcam.com/index.html?pageconfig=resource&rid=12405 

 

D. Multiplexing 

The current focus is to develop a universal sensor that can multiplex which 

means that it is capable of detecting a broad range of different target sequences 

simultaneously. 
42b, 61

 This is because a multiplexed detection of correlated multiple 

biomarkers of the same disease increases the accuracy and reliability of the detection. 
62

 

In addition, a multiplex detection would save time, labor and materials it 

allows the detection and analysis of all the targets of interest in a single run rather than 

doing each in a separate experiment. As a matter of fact, many techniques have been 

utilized in a multiplex detection of oligonucleotides. For instance, Wang et al. proposed 

the use of quantum dots nanocrystals for sensing different targets using stripping 

voltammetry measurements (Figure I-8).
63

 This sensing strategy incorporates the 

http://www.abcam.com/index.html?pageconfig=resource&rid=12405
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sensitivity and selectivity of nanoparticles along with the advantage of inherently 

amplified signal that results from pre-concentrating the target analyte. In this platform, 

multiple target DNA can be simultaneously detected by coupling each to a different 

inorganic colloidal tag.
63

 The high selectivity and remarkable sensitivity of the assay 

make it a promising candidate that could be adapted to other biological assays, 

especially immunoassays. However, most electrochemical methods, including stripping 

voltammetery, are not well devised for multiplex detection since they have a poor 

reproducibility and require an intensive experimental optimization. On the other hand, 

fluorescent techniques have higher versatility and thus they are exploited more in 

multiplexing detection. These techniques are usually based on the use of organic dyes 
64

 

or quantum dots.
65

 Nevertheless, they are still limited by multiple factors such as the 

degree of amplification and expensiveness. 

 

 

Figure I-8.  Multi-target electrical DNA detection protocol based on different inorganic 

tags. (A) Introduction of probe-modified magnetic beads. (B) Hybridization with the 

DNA targets. (C) Second hybridization with the QD-labeled probes. (D) Dissolution of 

QDs and electrochemical detection. Reprinted with permission from Wang et al .
63
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E. Traumatic Brain Injury  

Traumatic brain injury (TBI), an alteration to the brain caused by an external 

mechanical force, is considered as one of the foremost causes of deaths and disabilities 

among young adults and children.
66

  The symptoms of mild traumatic brain injury as 

determined by the American Congress of Rehabilitation Medicine can range from 

immediate loss of consciousness or memory to concussion and confusion.
67

 However, 

these symptoms might not directly appear after the injury and so TBI is usually 

described as an invisible wound and a silent killer.
68

 The global health impact of the 

“silent epidemic”, Centers for Disease Control and Prevention (CDC) description of 

TBI, is escalating as the number of victims induced mainly by motor vehicle use and 

military or blast activities is dramatically increasing.
69

 For instance, more than 500000 

cases sustaining permanent disability are reported each year associated with 300000 

deaths.
66b, 70

 Nevertheless, these numbers don’t include those who don’t seek medical 

treatments or are seen in private clinics and thus the danger of TBI seems to be 

underestimated.  

 

1. Diagnosis and Clinical Assessment 

Because the risk of a traumatic brain injury could get worse swiftly without 

treatment, it is vital for doctors to assess the situation and to grade its severity rapidly.  

 

a. Glasgow Coma Scale (GCS) 

Classically, assessing the situation has been done using the Glasgow Coma 

Scale (GCS) described in 1974 by Teasdale and Jennett.
71

  This 15 point-test (Table I-1) 

is a quick and simple tool to diagnose TBI and stage its severity based on the evaluation 
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of the eye opening, motor and verbal responses to stimulation.
69b

 The interpretation of 

the overall scores result in classifying TBI into 3 categories: mild (GCS 14-15) 

moderate (GCS 9-13) and severe (GCS <9). 
70b

 However, GCS scores are not always 

reliable as they depend on the user and the time of assessment as well as some 

symptoms might be confounded with other trauma and drug use.
70a, 72

 

 

Table I-1. Glasgow Coma Score (GCS). Reprinted with permission from Barlow.
69b

 

Eye opening 
Spontaneous 

To speech 

To pain 

Nil 

 

E4 

3 

2 

1 

Best motor response 

Obeys 

Localizes 

Withdraws 

Abnormal flexion 

Extensor response 

Nil 

 

M6 

5 

4 

3 

2 

1 

Verbal response 
Orientated 

Confused conversation 

Inappropriate words 

Incomprehensible sounds 

Nil 

 

V5 

4 

3 

2 

1 

Total E + M + V 3–15 

 

b. Image Testing 

Alternatively, image testing using conventional imaging techniques such as 

Computerized Tomography (CT) scan and Magnetic Resonance Imaging (MRI) is 

informative and can provide a detailed view of the brain.
73

 For instance, CT scan uses 

X-rays to quickly produce cross sectional images of the brain that could detect bleeding, 
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blood clots and battered brain tissues whereas MRI utilizes magnets and radio waves to 

image the anatomy of the brain. But, the expensiveness of these techniques and being 

not available in all medical centers, as well as its incapability to always detect mild 

brain injuries and provide information about the mechanism make them not practical for 

routine and clinical assessment.
66b

 

 

c. TBI biomarkers 

Interestingly, the use of biomarkers could circumvent the pitfalls of the 

available assessment tools and offer a great gain to specifically and sensitively diagnose 

TBI and evaluate neurological deficit.
67

 While the Cerebospinal Fluid (CSF), the fluid 

that bathes the central nervous system, serves as an excellent source of biomarkers, its 

acquisition is a relatively invasive one.
70a

 Hence, researchers focus on identifying 

biomarkers in the blood rather the CSF because acquiring a blood sample is much easier 

and clinically accepted.
67b, 70a

 As such, several blood biomarkers have been evaluated on 

their capability to provide substantial information and reveal the severity of the injury.
68

 

For instance, elevations in serum level of neuron specific enolase (NSE), a neuronal 

damage marker, have been correlated with severe TBI.
70a, 74

 However, it was found that 

this marker is not specific only for TBI as it is released into the blood stream as a result 

of hemolysis too and thus its accuracy in predicting the injury decreases.
75

 Likewise, 

Glial Fibrillary Acidic Protein (GFAP), a protein found in the astroglial skeleton, seems 

to be a promising biomarker because its serum levels increase within few hours of 

injury and are correlated with severe cases but still its lack of high specificity has 

limited its clinical uses.
74, 76

 On the other hand, Myelin Basic Protein (MBP) which is 



20 
 

released upon the injury of white matter offers high specificity for TBI but its delayed 

introduction intothe serum (2-3 days) makes it unfavorable. 
75, 77

 

 

i S100B 

Out of the various TBI biomarkers used, S100B, a calcium binding protein, 

remains the most studied one. S100B normal serum levels in a healthy individual is 

around 0.2 ng/mL, but an increased concentration in the CSF and serum can be detected 

within 6h of a mild traumatic brain injury.
78

 In one study, Korfias et al. stated that a cut-

off value of 0.5 ng/mL and higher is correlated to a severe trauma while values between 

0.2 and 0.5 ng/mL indicate the prescence of a mild TBI.
79

  Nevertheless, serum S100B 

levels were predictive of deaths at a cut-off value of 1.13 ng/mL. In fact, S100B is a 

highly sensitive protein and its level in the CSF were shown to be the foremost accurate 

evidence of an injury yet its specificity decreases when detected in serum as it can be 

released by cells outside the central nervous system.
70a, 78c

 This means that it can’t be 

used as a stand-alone biomarker for an accurate diagnosis and so a combination with 

other markers is necessary to be specifically and sensitively more informative about the 

injury. 
70a, 80

 

 

F. Infectious diseases: 

Infectious or transmissible diseases are the result of the invasion of one’s 

immune system by pathogenic organisms e.g., viruses, fungi, bacteria, parasites, etc...
81

 

Indeed, life-threatening infections have been the principal cause of deaths and 

disabilities in developing countries. 
82

 According to the WHO reports on infectious 

disease and poverty, more than 4.5 million people die each year from acute infections of 
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which 95% are caused by the absence of proper diagnostic and treatment tools.
7, 83

 

Nevertheless, these numbers are significantly boosted by the increased viral outbreaks 

(Zika, Ebola, H1N1 flu, SARS and others) and the capability of viruses to rapidly 

spread, multiply and turn into fatal diseases. As such there is a vast necessity for having 

reliable point of care devices that could quickly and accurately diagnose the disease at 

an early stage of infection and hence stimulating a higher rate of successful treatment. 

 

1. Hepatitis B Virus 

Hepatitis B virus (HBV) is considered as one of the most severe life-

threatening viruses that causes a serious global problem.
84

 It infects the liver leading to 

cirrhosis, heptocellular carcinoma and other decompensated liver diseases.
85

 According 

to the world health organization (WHO), it is estimated that more than 2 billion people 

has experienced past or current HBV infections and around 240 millions are chronically 

infected. Moreover more than 800000 die each year due to liver diseases caused by this 

infection. Despite that HBV vaccines are 95% effective in preventing infections, there is 

no specific treatment for acute HBV.
85b

 As such, the diagnosis of HBV at an early stage 

is vital since HBV is capable of escaping immune surveillance by mutating its structural 

genes as well as patients are at high risk of chronic development when their serum viral 

load is more than 10
5
copies/ml.

84
 Furthermore the detection needs to be confirmed 

inside laboratories so that hepatitis B can be differentiated from other hepatitis caused 

by different types of viral agents.
86
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2. Bacillus Anthracis 

Bacillus Anthracis (BA) is a rodshaped, gram-positive ,spore forming 

bacterium that causes anthrax, a lethal and acute infectious disease mainly for grazing 

and herbivore animals and potentially for humans.
87

 Despite that anthrax has been well 

known since the nineteenth century, the interest in studying it was renewed as of 

September 27, 2001, the date of the first USA anthrax attack.
88

 The toxins responsible 

for the disease symptoms are germinated by the spores formed when exposed to a 

nutrient-rich environment though these spores are inactive and persistent under extreme 

environmental conditions.
87b

 Besides, these spores could be resilenced by heat or 

radiation which makes BA suitable for the use as a biological warfare agent.
89

 In fact, 

during the fall of 2001, BA spores were sent to US organizations via public mail 

resulting in 19 infections and 5 fatalities and more than 10000 people to take antibiotics 

following their agent exposure possibility.
87c

 This experience raised the urgency of 

developing reliable methods that could detect this pathogen with high sensitivity and 

specificity. As such various detection techniques were developed ranging from culture 

based ones to DNA amplification devices.
87c

 However, the specificity of these methods 

remains tricky as other Bacillus species share similar phenotypic and genotypic 

characteristics.
87b 

 

G. Thesis Layout and Objectives  

This thesis work aims at developing potential biosensing platforms for the 

detection of trace amounts of specific biomarkers (proteins and DNA) using 

electrochemical and fluorescent approaches. Towards reaching our ultimate objective, 

we will test our sensing strategies using TBI protein biomarker (S100B) and then using 
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short oligonucleotide sequences specific for HBV and BA. In the electrochemical 

approach, we will utilize differential pulse voltammetery to monitor the faradaic current 

of fabricated gold microelectrodes whereas in the fluorescent approach we will use flow 

cytometry to visualize the fluorescence intensity of synthesized gold coated polystyrene 

microspheres. The thesis layout consists of 5 chapters. In chapter 1, we presented an 

overview of biosensors, biomarkers of the diseases of interest and the common 

detection methods. In chapter 2, we will detail the experimental procedures and all 

sensing protocols used in chapter 3 and 4. As such, two strategies for the sensing of 

S100B biomarker will be presented (electrochemical immunoassay and fluorescent 

sandwich assay) as well as a multiplexing fluorescent platform for the detection of trace 

amount of DNA.  In chapter 3, we will display the results of our proposed detection 

methods of TBI and discuss them. Likewise in chapter 4, we will show the results and a 

detailed discussion for the detection of DNA along with all different optimizations. Finally in 

chapter 5, we will compile the concluding remarks of all chapters and give future directions and 

implications.  
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CHAPTER II  

EXPERIMENTAL  

 

This chapter includes the synthesis and characterization procedures of all 

composites and materials used in the thesis as well as the different sensing protocols. 

 

A. Contribution to This Work  

Mr. Hassan Fakih performed the synthesis, optimization and characterization of 

the monodispersed micropolystyrene gold coated beads (PS-Au). 

 

B. Materials 

3,3′-Dithiodipropionic acid di(N-hydroxysuccinimide ester) (DSP), 

C14H16N2O8S2; Ethanolamine (C2H7NO); Potassium chloride (KCl); Gold(III) chloride 

trihydrate (HAuCl4.3H2O); Potassium ferricyanide (K3[Fe(CN)6]); Potassium 

ferrocyanide trihydrade (K2[Fe(CN)6 .3H2O ); Potassium phosphate monobasic (KH2 

PO4); Potassium phosphate dibasic (K2HPO4); Styrene (St), C6H5CHCH2 ; 

Polyvinylpyrrolidone powder (PVP , MW 55K); Sodium citrate dehydrate ≥ 99%, 

HOC(COONa)(CH2COONa)2.2H2O; Dithiothreitol (DTT); Tetraethyl orthosilicate reagent 

grade (TEOS), 98%,Si(OC2H5)4; 3-Aminopropyltrimethoxysilane97% 

(APTES),H2N(CH2)3Si(OCH3)3; Serum replacement (50x), Biotin;  4, 4′-Azobis (4-

cyanovaleric acid) (ACVA); 2-Methoxyethanol (Mtx); Ethanol (C2H5OH); Hydrochloric 

acid(HCl) and  Nitric acid(HNO3) were purchased from Sigma-Aldrich. EDC (1-ethyl-3-(3 

dimethylaminopropyl)carbodiimide hydrochloride) and Ammonium hydroxide, ACS reagent, 

28-30% solution in water (NH4OH) were purchased from ACROS Organics. All buffers were 
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prepared using deionized water (18µΩ-cm, Nanopure Diamond, CRSL, AUB). Gold 

coated polystyrene beads (PS-Au) were synthesized in our lab according to the protocol 

described in CHAPTER IIG.  

 

 

Figure II-1.Chemical Structure of Dithiothreitol (DTT) 

 

 
Figure II-2.Chemical structures of a) dithiobis(succinimidyl propionate) (DSP).b) 

Ethanolamine (C2H7NO). 

 

Streptavidin, Alexa Fluor® 647 conjugate , DiIC18 (5) solid (1,1’-dioctadecyl-3,3,3',3'-

tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt)( DiD ) and  4-Di-16-

ASP (4-(4-(dihexadecylamino)styryl)-N-methylpyridinium iodide) (DiA ) were 

purchased from  Molecular Probes,USA. 1-2dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) ,1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-n-[methoxy(polyethylene 

glycol)-1000] (ammonium salt) (18:1 PEG1000 PE) and 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(biotinyl) (sodium salt) (18:1 Biotinyl PE ) were purchased 

from Avanti polar (France).  
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Figure II-3. Chemical Structure of A) 1-2dioleoyl-sn-glycero-3-phosphocholine 

(DOPC). B) 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-n-[methoxy(polyethylene 

glycol)-1000] (ammonium salt)(PEG-PE).C) 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(biotinyl) (sodium salt) (18:1 Biotinyl PE) 
 

 

Figure II-4. Chemical structure of A) DiIC18 (5) solid (1,1’-dioctadecyl-3,3,3',3' 

tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt) (DiD). B) 4-Di-16-ASP 

(4-(4-(dihexadecylamino)styryl)-N-methylpyridinium iodide) (DiA) 
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2 mm diameter gold working electrode; Platinum wire counter electrode; Ag/AgCl 

reference electrode with porous teflon tip and Electrode polishing kit were purchased 

from CHI instruments. Anti-S-100(beta-subunit) antibody (monoclonal) detecting 

antibody was purchased from mybiosource. Rabbit Anti-Human S100B capturing 

antibody was purchased from DAKO. Anti-Mouse IgG (whole molecule) −Biotin 

antibody produced in goat secondary antibody and S-100B Protein from bovine brain, 

≥70% (HPLC) were purchased from Sigma-Aldrich. 

Illustra MicroSpin G-25 Columns were purchased from GE Healthcare. DNA sequences 

listed in Table II-1 were purchased from IDT DNA  

 

Table II-1.Oligonucelotides Sequences 

Name Sequence 

HVB-T 5'-TGG CTT TCA GTT ATA TGG ATG ATG TGG TA-3' 

HVB-P1 5'-/5ThioMC6-D/AA AAA AAA AAT ACC ACA TCA TCC AT-3' 

HVB-P2 5'-ATA ACT GAA AGC CAA AAA AAA AA/3CholTEG/-3' 

BA-T 5'-GAG GGA TTA TTG TTA AAT ATT GAT AAG GAT-3' 

BA-P1 5'-/5ThioMC6-D/AA AAA AAAAAA TCC TTA TCA ATA TT-3' 

BA-P2 5'-TAA CAA TAA TCC CTC AAA AAAAAA /3CholTEG/-3' 
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Figure II-5.Chemical structure of A) Cholesteryl-triethyleneglycol (CholTEG). B) 5' 

Thiol Modifier C6 S-S (5ThioMC6-D) 

 

C. Instrumantation 

The scanning electron microscopy (SEM) images were obtained using 

TESCAN MIRA3 LM SEM. The samples were prepared on a carbon conductive tape 

and dried overnight in a desiccator. The voltage used for acquiring all images was 15 

kV. Infrared Spectra were obtained using Nicolet 4700 FT-IR spectrometer.Dynamic 

Light Scattering (DLS) measurements were done using Brookhaven particle size 

analyzer.  

Electrochemical analysis: All electrochemical measurments were carried out 

using a CHI630E potentiostat with a three-electrode system consisting of an Ag/AgCl 

reference electrode, a platinum wire auxiliary electrode and standard gold substrate or 

fabricated gold microsensor as working electrode. Electrodeposition of the microsensors 
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was done using DC potential amperometry at varying voltages and durations in a 

solution containing 20 mM HAuCl4 in 0.5M HCl. Differential pulse voltammetry (DPV) 

signals were measured in a 10 mM phosphate buffer solution (pH = 7) containing 2.5 

mM K3[Fe(CN)6], 2.5 mM K2[Fe(CN)6], and 0.1 M KCl.  The signals were obtained 

from a range of 0 mV to 600 mV with a potential step of 5 mV, pulse amplitude of 50 

mV, pulse width of 50 ms, and a pulse period of 100 ms.  

Flow cytometry measurements were collected using BD SORP Aria II 5B-3R 

Flow cytometer; DiA and FITC-silica were excited at 488 nm whereas Streptavidin 

Alexa Fluor® 647 or DiD liposomes were excited at 633 nm. The emissions intensities 

were collected using 530/30 filter for FITC, 585/42 filter for DiA and 660/20 filter for 

DiD or Streptavidin, Alexa Fluor® 647. The size of the nozzle used was 70µm with a 

1.0 filter and the number of the recorded events was fixed at 10000. The voltages used 

were adjusted so that the blank sample had its peak at 10
2 
and then kept constant 

throughout the experiment. Steady state fluorescent measurements were collected using 

LUMINA Fluorescence Spectrometer. The samples were excited at 644 nm and the 

emission spectra were collected between 655 and 750 nm. 

 

D. Synthesis of Colloidal Silica Nanoparticles 

Monodispersed silica nanoparticles were prepared by a hydrolysis and 

condensation mechanism of TEOS in ethanol with the presence of ammonium 

hydroxide (Figure II-6). 
90

 Briefly, 140 mL of ethanol, 40 mL deionized water and 2.5 

mL ammonium hydroxide (30%) were mixed together and sonicated for 5 minutes. 

After that 5 mL of TEOS (99%) was added dropwise for an hour and a gradually opaque 

color started to appear indicating the formation of silica suspension. The reaction 
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mixture was left under stirring for 24 hours and then the obtained silica nanoparticles 

were stored at 4 °C for further use.  

 

 
Figure II-6.Schematic representation of the reaction of synthesis of colloidal silica 

nanoparticles 
 

E. Synthesis of FITC-doped Silica Nanoparticles (FITC-SNP) 

Colloidal fluorescent silica nanoparticles were prepared according to a 

previously reported two step method. 
91

 First a bright yellow precursor solution was 

prepared by dissolving FITC (39 mg, 0.10 mmol) and APTES (23 µL, 0.10 mmol) in 

100 mL ethanol and allowing them to react for 24 hours at 42 °C. In the next step, 8 mL 

of the precursor solution and 4.5 mL of TEOS were dissolved in 150 mL mixture 

solution (14.7 mL DIW, 134 mL ethanol and 1.3 mL ammonium hydroxide (30%)) and 

then left under stirring (500 rpm) for 6 hours at room temperature. The SEM image 

(Figure II-7) confirms that the synthesized nanoparticles are colloidal with an average 

size of 40 nm whereas DLS measurements (Table II-2) shows that the particles are 

monodispersed. 
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Figure II-7. Left, SEM image of FITC-doped silica nanoparticles. Right, Image analysis 

of the FITC-doped silica nanoparticles using ImageJ software. Average diameter = 

39.77 nm with standard deviation = 4.03 (N = 255). 
 

Table II-2.particle size identified by DLS measurements 

Sample Eff.Diameter(nm) Half-width(nm) Polydispersity 

Silica nanoparticles 118.5 21.4 0.031 

 

1. Calculating Number of FITC Molecules per Silica Particle 

Density of silica is  

 𝐷SiO 2
= 2.65

𝑔

𝑐𝑚3
 

Density of TEOS is  

𝐷𝑇𝐸𝑂𝑆 = 0.933 
𝑔

𝑐𝑚3
 

Radius of a silica particle as determined from SEM image is   

𝑅 = 20 𝑛𝑚 

= 20 × 10−7𝑐𝑚 
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Volume of a silica particle is  

𝑉 =  
4

3
 𝜋 𝑅3  

=
4

3
 𝜋  20 × 10−7𝑐𝑚 3 

= 3.35 × 10−17  𝑐𝑚3 

Mass of a silica particle is  

=  𝑉 ×  𝐷SiO 2
  

= 3.35 ×  10−17  𝑐𝑚3  ×  2.65
g

cm 3   

 = 8.88 × 10−17  𝑔 

Mass of TEOS is  

= 𝐷𝑇𝐸𝑂𝑆 × 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑇𝐸𝑂𝑆 𝑎𝑑𝑑𝑒𝑑 

= 0.933
𝑔

𝑐𝑚3
× 4.5 𝑚𝐿 

= 4.199 𝑔 

According to stoichiometry of the reaction: 𝑛𝑇𝐸𝑂𝑆 =  𝑛𝑆𝑖𝑂2
 

So total mass of SiO2 is    

=  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑇𝐸𝑂𝑆

𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑇𝐸𝑂𝑆
 × 𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑆𝑖𝑂2  

=
4.1985 𝑔

208.33 𝑔/𝑚𝑜𝑙
× 60.08 𝑔/𝑚𝑜𝑙 
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= 1.211 𝑔 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑖𝑙𝑖𝑐𝑎 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 =
total mass of SiO2

mass of a silica particle
 

=
1.211 𝑔

8.88 ×  10−17𝑔
 

= 1.364 × 1016  

In order to know how much the concentration of FITC inside the silica nanoparticles, a 

calibration curve (Figure II-8) was generated from triplicate measurements of FITC 

concentrations between 0.08 and 0.6 mM, Then 2 mL of the prepared FITC-SNP 

solution was centrifuged at 7000 rpm for 5 min in order to remove the excess FITC 

molecules and then redispersed in ethanol. This sample response was obtained using 

UV-Vis spectrophotometry and the concentration was then calculated at 𝜆𝑚𝑎𝑥  from the 

equation of the calibration curve. 

 

0.0 0.2 0.4 0.6 0.8

0.00

0.25

0.50
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A
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a
.u

)
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Figure II-8. Calibration curve of the FITC concentration measured between 0.08 and 

0.64 mM at 𝝀𝒎𝒂𝒙 = 488 nm. The equation of the line is 𝑦 = 1.483𝑥 + 0.033 with an r
2
 

value of 0.999. 
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𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑒 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 𝑖𝑠 𝑦 = 1.483𝑥 + 0.033 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐹𝐼𝑇𝐶 = 𝐶𝐹𝐼𝑇𝐶  

=
𝑆𝑎𝑚𝑝𝑙𝑒 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 − 𝑦𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

𝑆𝑙𝑜𝑝𝑒
 

=
0.8532 − 0.033

1.483
 

= 0.55 𝑚𝑀 

Number of FTIC moles =  nFITC  

= 𝐶𝐹𝐼𝑇𝐶 × 𝑉𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  

= 0.55 𝑚𝑀 × 162.5 𝑚𝐿 

= 8.94 × 10−5𝑚𝑜𝑙 

Number of FITC molecules = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐹𝐼𝑇𝐶 𝑚𝑜𝑙𝑒𝑠 × 𝐴𝑣𝑜𝑔𝑎𝑑𝑟𝑜′𝑠 𝑛𝑢𝑚𝑏𝑒𝑟 

=  8.94 × 10−3𝑚𝑜𝑙 × 6.022 × 1023𝑚𝑜𝑙−1 

= 5.38 × 1019 FITC molecules 

Number of FITC molecules per silica particle =
5.38 × 1019

1.364 × 1016
 

= 3946  FITC molecules/ silica particle 
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2. Grafting of NH2 Group onto Silica Nanoparticles 

This procedure was used for functionalization of both silica and FITC-silica 

nanoparticles with amine groups (Figure II-9).
92

 In a typical experiment, 1.5mL of 

APTES (97%) and 8.5mL DIW were added to 10 mL of the synthesized silica 

nanoparticles. The reaction mixture was vortexed for a couple of seconds and left for 5 

minutes at room temperature.  5 mL of HCl (37%) was added to protonate the amine 

groups and the mixture was again vortexed for 1 minute. The beads mixture was then 

isolated and purified by repeated centrifuge and washing cycles (8000 rpm for 5 

minutes, rinse with DIW (3x)) and the obtained pellet was freeze dried overnight. The 

functional groups on the silica nanoparticles were identified by FT-IR spectra shown in 

Figure II-10.The peaks observed at 1100 and 950 cm
-1 

revealed the SiO–H and Si–O–Si 

groups respectively while the hydrogen bonded silonol groups have peaks at around 

3300 and 500 cm
-1

. The amine functionalization was verified by the appearance of the 

broad band at 3400 cm
-1

corresponding to the N–H stretching vibration and the two 

bands at 1630 and 1430 cm
-1 

representing the N–H bending of the free NH2 group. 

Furthermore, the absorption bands at 2972 and 2852 cm
-1

 correspond to the asymmetric 

and symmetric stretching vibrations of the CH2 group respectively and hence are 

attributed to the anchored propyl group of APTES .
93 

 

 

Figure II-9.Schematic representation of the synthesis of FITC-doped silica nanoparticles 

and its functionalization with primary amine using APTES 
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Figure II-10.FTIR spectra recorded between 4000 and 400 cm
-1

 of FITC-silica and 

FITC-silica-NH2. The presence of peaks at 2972 and 2852 and 1430 cm
-1

confirms the 

amine functionalization. The peak at 3400 cm
-1

 corresponds to the N-H stretching 

vibration however it overlaps with the peak corresponding to the hydrogen bonded 

silonol group.  
 

3. Functionalization of Silica Nanoparticles with Biotin 

Silica nanoparticles were conjugated to biotin via EDC crosslinking 

mechanism shown in Figure II-11.
94

  In the first step, EDC reacts with the carboxylic 

group on the biotin to form an active ester. Next, the amine-functionalized silica 

nanoparticles display the ester by a nucleophilic attack and form an amide bond with the 

biotin and an EDC-by-product is released as soluble urea derivative. In a typical 

experiment, 7.5 mg of biotin and 1.8 mg EDC were dissolved in 7.5 mL of DIW and 

reacted for 4 hours at room temperature. To this solution, 0.016 g of amine 

functionalized silica nanoparticles dissolved in 2.5 mL of DIW was added and reacted 

with vigorous stirring at room temperature for 24 hours. The functionalization was 

confirmed by carrying a fluorescence biotin-streptavidin affinity test described below.  
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Figure II-11.EDC (carbodiimide) crosslinking reaction scheme.This mechanism 

involves two steps: the formation of an active ester of EDC and biotin followed by an 

amide bond formation between amine functionalized nanoparticles and biotin via a 

nucleophilic attack. 
 

a. Biotin- Streptavidin Affinity Test 

0.5 µL of alexa 546 fluoro (37.8 µM) was added to 1 mL of biotinlayted silica 

nanoparticles and left for 20 min at room temperature. The beads were then isolated by 

centrifugation at 7000 rpm for 6 min and the supernatant was replaced with DIW. The 

steady state fluorescence measurements shown in Figure II-12  showed that there is a 

fluorescence enhancement of the sample after the addition of labeled streptavidin 

confirming that the silica beads are functionalized with biotin.  
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Figure II-12.Emission spectra for biotinylated silica, supernatant and tested beads. 

Excitation was done at 546 nm and the emission was collected between 573 and 650 

nm. 

 

F. TBI Electrochemical Scheme: 

Electrochemical based techniques are widely applied in biosensor development 

due to its undisputable advantages.
95

 Contrary to ELISA methods 
96

, electrochemical-

based sensing methods are cheap, fast, user friendly and could be readily developed into 

small portable point of care (POC) device to perform electrochemical based sensing 

experiments for a price tag of as little as 500$. 
97

 As such, we are interested in this part 

of the chapter in developing an electrochemical immunosensor that allows direct and 

simple detection of clinically relevant concentrations (1 ng/mL) of the S100B biomarker 

with high sensitivity and specificity. The underlying principles of our sensing strategy 

include: 

 

1. Macro-electrode Preparation 

To ensure having a clean and uniform electrode surface, a standard 2 mm gold 

electrode was electrochemically pretreated by cycling between -1 and 2 V vs. Ag/AgCl 

reference electrode in 0.5 M sulfuric acid for 50 times and then mechanically cleaned by 

abrasive polishing using 0.05 micron Gamma alumina powder for couple of minutes. 



39 
 

The electrode was rinsed thoroughly with DIW and ethanol and then dried under 

nitrogen stream.  

 

2. Fabrication of Nanostructured Gold Microelectrodes 

The chips were first cleaned by rinsing with acetone, ethanol and DIW and 

then dried under a nitrogen stream.  Electrodeposition was performed at room 

temperature.  The apertures on the fabricated electrodes were used as the working 

electrorde, Ag/AgCl as a reference electrode and a platinum wire as an auxiliary 

electrode. Gold nanostructured microsensors of different sizes (10, 30, 60 μm) were 

formed by DC potential amperometry at 0 mV for 30 s, 150 mV for 200 s and 0 mV for 

200 s respectively and using a deposition solution containing 20 mM HAuCl4 in 0.5 M 

HCl .
98 The fabricated sensors were very reproducible with minor morphological 

differences (Figure II-14).  

 

 

Figure II-13. SEM images of three differently sized gold microsensors. All the sensors 

were fabricated using DC potential amperometry and a deposition solution containing 

20 mM HAuCl4 in 0.5M HCl. a) SEM image of 10 μm sensor; this structure was 

fabricated at 0 mV for 30s b) SEM image of 30 μm sensor; this structure was fabricated 

at 150 mV for 200s. c) SEM image of 60 μm sensor; this structure was fabricated at 0 

mV for 200 s. 
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Figure II-14.SEM images showing an example of similar morphology and 

reproducibility of 30 µm gold sensors. 

 

3. Formation of Immunosensor:  

This was done in two steps:  

 

a. DSP Modification and Formation of a Reactive Self Assembeled Monolayer (SAM): 

Gold electrode was immersed in 1mM DSP in DMF for 30 minutes at room 

temperature followed by rinsing with DIW and PBS to remove the unreacted and 

weakly adsorbed DSP molecules (Figure II-15.a).  

 

b. Immobilization of Antibodies 

After the removal of non-bonded thiols, antibodies were directly coupled to the 

DSP SAM via amide bond formation (Figure II-15.b). As such, 10µg/ml of anti-S100B 

antibodies was dropped onto the gold surface for 30 minutes at room temperature. Next 

the electrode was immersed in ethanolamine solution (1M, pH 8.1) for 15 minutes to 
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block the residual reacting sites. Finally, the immunosensor was washed 3 times with 

PBS prior to electrochemical readout.   

 

 

Figure II-15. Schematic illustration of the sensor functionalization with antibodies. a) 

Formation of self-assembled monolayer of DSP. b) Reaction mechanism of antibodies 

on DSP coated gold electrode. 

 

c. Detection of Antigen 

S100B antigen of desired target concentration was dropped onto the surface of 

the antibody-modified sensor for 1 hour at room temperature and the electrode was then 

rinsed thoroughly with PBS prior to DPV measurements. The detailed procedure for the 

detection scheme is illustrated in Figure II-16. The detection is based on the DPV 
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current change before and after the antigen–antibody interaction whereby the signal 

change corresponding to target protein binding to the antibody is calculated as follows  

ΔI% =
Current Antibody II − Current Antigen(IA)

Current Antibody  II 
× 100 

In fact, electrochemical blocking assays have been used for sensitive label free 

detection of a wide range of biomolecules including oligonucleotides and proteins. 
98-99

 

Kelley et al. have reported the detection of the cancer biomarker CA-125 using 

electrochemical blocking assays with low detection limit of 0.1 U/mL, a concentration 

that is 150 times better than the commercially available test. 
98

 Its simple working 

scheme relies on the steady diffusion of small electroactive molecules to a metal 

electrode where upon oxidation or reduction gives a detectable current. When the 

diffusion of the small molecules is hindered by the binding the specific biomarker, the 

current dramatically decreases. 
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Figure II-16. Overview of the chip-based biomarker detection. DPV measurments were 

taken after each modification step. A- generation of the Au sensors. Left, a schematic 

illustration of the sensor chip. Middle, fabrication of the Au nanostructured 

microelectrodes by Au electrodeposition on the apertures. Right, a photograph of a 

10µm fabricated gold microelectrode. B- Schematic of sensor functionalization. Left, a 

DSP SAM is formed on the Au structure . Middle, addition of the anti-S100B antibodies 

to prepare antibody-modified surface. Right, illustration of the detection of S100B 

antigen. C-Differential Pulse voltammetry demonstrating the electrochemical detection 

of biomarkers. The signal decrease is attributed to the hindrance of the interfacial 

electron transfer reaction of [Fe(CN)6]
3-/4-

.  

 

G. Polystyrene Microspheres Synthesis 

Monodisperesed micro-polystyrene beads were synthesized by a slight 

modification of a previously reported dispersion polymerization procedure.
100

 The 

reaction that governs the polymerization process is shown in Figure II-17 whereby the 

azo initiator 4,4’-azobis(cyanovaleric acid) (ACVA) was used to conduct the 

polymerization process. To obtain the desired size, we varied the quantities of the 

starting materials (monomer concentration, initiator concentration, stabilizer 

concentration and solvent). Briefly, as optimized, 0.5 g PVP stabilizer (Mw ~ 55 KDa) 

and 0.1 g ACVA initiator (Mw 280.27 g/mol), 1:39 molar ratio, were mixed in 24mL of 

the solvent mixture (65%Mtx, 27 % Ethanol, and 8% DIW) with vigorous stirring under 

nitrogen for 15 minutes. This is done to deprive the medium from oxygen and thus 

eliminating its inhibiting effect that might interfere in the polymerization. To the above 

mixture, styrene monomer (20mL, 3.95M) is added and the whole mixture is then 

allowed to react with 80rpm stirring at70 
o
C for 24 hrs. The obtained beads were 

isolated and purified from the small sized beads by repeated centrifugation (800rpm for 

8mins) and redispersion cycles. Finally they were diluted with DIW to 10wt% solid 

before use. Figure II-18 and Figure II-19 show a mono dispersed polystyrene population 
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with an average size of 4.72µm. This size is very well suited for consistent flow 

cytometry measurements. 

 

 

Figure II-17. Schematic representation of the reaction of polystyrene polymerization. 

The reaction starts from styrene monomer and 4, 4′-Azobis (4-cyanovaleric acid) 

(ACVA) as a free radical initiator and is performed at 70 °C under inert atmosphere and 

constant stirring (80 rpm). 
 

 

Figure II-18.SEM image of polystyrene beads obtained using 500:1 monomer: initator 

mole ratio. 
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Figure II-19.Image analysis of polystyrene beads using ImageJ software. Average 

diameter = 4.72µm with standard deviation = 0.48 (N = 235) 
 

1. Grafting of Gold Nanoparticles onto Polystyrene Beads (PS-Au) 

Gold nanoparticles coated polystyrene composite beads were synthesized by a 

redox mechanism using trisodium citrate as a reductant (Figure II-20). First, the 

polystyrene beads were washed with a mixture of ethanol and deionized water (2:1 

volume ratio) to make the PVP coated surface metastable for coating. Then 100mL of 

4.92x10
-4

 M HAuCL4 aqueous solution was heated to boiling in a silicon oil bath after 

which 1.2:1 volume ratio of PS beads:sodium citrate (8x10
-2

 M) suspension was added 

to the mixture and left for 30 minutes with vigorous stirring.  After cooling down, the 

residual free gold nanoparticles were eliminated from the sample via repeated 

centrifugation and redispersion cycles. Finally, the PS-Au (1x) concentration used in all 

of our experiments was prepared by four times washing of 4 mL functionalized beads 

solution resuspended in 4 mL of DIW. The figures below show size and particle 

analysis of the obtained composite beads.  The size of the grafted gold nanoparticles is 

equal to 24.74 nm which is admirable for a good packing of material (DNA strands, 

antibodies etc...).  
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Figure II-20. Schematic procedure for the formation of AuNPs-coated (Reprinted with 

permission from Wang et al. 
101

 
 

 

Figure II-21.SEM images of gold coated polystyrene beads (PS-Au).  The highlighted 

area in the right image is where the elemental analysis was performed. 
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Figure II-22. Elemental analysis of a gold coated polystyrene bead to confirm the 

coverage with gold nano-particles. Weight percentages are: 87.69 for Carbon, 8.21 for 

Oxygen, and 4.09 for Gold. 
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Figure II-23.Particle size analysis of gold nanoparticles on the surface of a PS bead. The 

average diameter was calculated to be 24.74 nm with a standard deviation of 14.36 nm 

(N = 729) 
 

H. Preparation of Fluorescent Liposomes  

Unilamellar liposomes were prepared by thin layer evaporation followed by 

polycarbonate membrane extrusion.
102

 DOPC powder prepared in chloroform (25 

mg/ml) was mixed in a vial with aliquots of DiD in ethanol and PEG-PE (200 mg/ml) to 

get a final molar ratio of 1:1592:270 DiD: DOPC: PEG-PE. The sample vial was then 

Au C O

0

20

40

60

80
W

e
ig

h
t 

(%
)

Atoms

Elemental Analysis of Gold-coated PS bead



49 
 

rotated and dried under nitrogen to form a thin film layer. After that the lipid film was 

hydrated to a final concentration of 20mM lipids using PBS (0.01 M, pH = 7.01) .The 

obtained lipid suspension was vortexed for 1 minute and then extruded 20 times through 

100nm pore size polycarbonate membrane, using an Avanti’s mini-extruder. 

 

1. Number of DOPC Lipid Molecules per Liposome 
103

 

The surface area is defined as 4𝜋𝑟2, so for a typical liposome of 1 lipid layer 

with a radius of 50nm it will be 4𝜋 50 𝑛𝑚 2 = 31416 𝑛𝑚2. Considering that a DOPC 

lipid headgroup has an area of 0.82 nm
2 
and that two lipid layers would form a 

liposome,
104

 then the number of lipid molecules per liposome should be 

=  
2 ×  𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒

𝑎𝑟𝑒𝑎 𝑜𝑓 𝐷𝑂𝑃𝐶 𝑙𝑖𝑝𝑖𝑑 𝑒𝑎𝑑𝑔𝑟𝑜𝑢𝑝
  

=  
2 × 31416 𝑛𝑚2

0.82 𝑛𝑚2
  

= 76624 DOPC lipid molecule/ liposome 

 

2. Number of DiD Dyes per Liposome 

The molar ratio of DiD:DOPC as prepared is 1:1592 therefore the number of 

DiD dyes per liposome is equal 

(𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑝𝑖𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑝𝑒𝑟 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒)  ×  𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝐷𝑖𝐷:𝐷𝑂𝑃𝐶  

= 76624 ×  
1

1592
  

= 48 DiD molecule/ liposome 
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The distance between two DiD dyes on a liposome is 

= 2 × 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑎 𝐷𝑖𝐷 𝑠𝑝𝑒𝑟𝑒 

= 2 ×  
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐷𝑦𝑒𝑠 ×  𝜋
 

=  2 ×  
2 × 31416 𝑛𝑚2

48 × 𝜋
 

= 40.8 𝑛𝑚 

 

3. Number of PEG-PE per Liposome 

The molar ratio of PEG-PE: DOPC is 1:6.1, thus the number of PEG-PE per 

liposome is: 

=  𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑝𝑖𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑝𝑒𝑟 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒  ×  𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑃𝐸𝐺𝑃𝐸:𝐷𝑂𝑃𝐶  

= 76624 ×  
1

6.1
  

= 12561 PEG-PE molecule/ liposome 

 

I. Preparation of Biotinylated Fluorescent Liposome  

Unilamellar biotinylated liposomes were prepared using a slight modification 

of the protocol described above. Briefly DOPC powder prepared in chloroform (25 

mg/ml) was mixed in a vial with aliquots of DiD in ethanol and biotinyl-PE (50 mg/ml) 

to get a final molar ratio of 1:3180:252 DiD: DOPC: Biotinyl-PE. The rest of the 

preparation is exactly the same as before.  
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1. Number of DOPC Lipid Molecules per Biotinylated Liposome 

This number is 76624, calculated as in sectionCHAPTER IIH.1. 

 

2. Number of DiD Dyes per Biotinylated Liposome 

The molar ratio of DiD:DOPC as prepared is 1:3180 therefore using the same 

calculations as before, the number of DiD dyes per liposome is equal 24 and the 

distance between two DiD dyes on a liposome is 58 nm. 

 

3. Number of Boitinyl-PE per Liposome 

The molar ratio of Biotinyl-PE: DOPC is 1:12.6, thus the number of Biotinyl-

PE per liposome is 

=  𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑝𝑖𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑝𝑒𝑟 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒 

×  𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝐵𝑖𝑜𝑡𝑖𝑛𝑦𝑙𝑃𝐸:𝐷𝑂𝑃𝐶  

= 76624 ×  
1

12.6
  

= 6080 Biotinyl-PE molecule/ liposome  

 

J. TBI Fluorescent Scheme: 

Inspired by the use of ELISA, we aimed at developing a sandwich assay that 

allows us to detect clinically relevant concentrations of the biomarker (1 ng/mL). In this 

sensing scheme, we tried three approaches on the basis of the use of different 

fluorescent tags.   

The general scheme includes: 
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1. Preparation of DSP SAM 

Gold coated polystyrene beads (PS-Au) were incubated with DSP (1 mM) for 

30 min at room temperature to allow for the formation of a SAM. Next, the beads were 

freed from excess DSP by centrifugation at 900 rpm for 9 min and then re-dispersed in 

PBS buffer.   

 

2. Attachment of Capturing Antibodies  

The DSP modified PS-Au beads were incubated with primary 1 anti-S100B 

antibodies (10 µg/mL) for 30 min at room temperature to prepare the capturing antibody 

layer (Figure III-9.1). 

 

3. Blocking Any Non-specific Binding Site 

Ethanolamine (1M, pH 8.1) was added to the beads mixture for 15 min 

followed by the addition of BSA (1 mg/mL) for another 15 min to ensure all the residual 

reacting sites are blocked. The beads were then purified from the unbounded antibodies, 

BSA and ethanolamine by repeated centrifugation and redispersion cycles.  

 

4. Attachment of the Antigen 

S100B antigen of desired concentration was added to the antibody modified 

beads (Figure III-9.2) for 1 hour at room temperature and then the unbound antigen was 

removed by centrifugation again.  

 

 

 



53 
 

5. Attachment of Detecting Antibodies 

The antigen modified beads were incubated for 1 hour at room temperature 

with primary 2 anti-S100B antibodies (10 µg/mL) that bind different S100B epitope 

(Figure III-9.3). Hence the sandwich is formed; that is the antigen is stuck between two 

antibodies. The unbounded antibodies were then removed by centrifugation. 

 

6. Attachment of Biotin Labeled Secondary Antibodies 

Biotinylated secondary antibodies (10 µg/mL) that can specifically bind to the 

antibody's Fc region (non-specific) of the detecting anti-S100B antibodies (Figure 

III-9.4) were applied to the beads mixture for 30 minutes followed by a centrifugation 

step to remove the unbound conjugates from the system.  

 

7. Coupling of the Fluorphore 

The difference in the schemes corresponds to the use of 3 different fluorescent 

tags that will be discussed later. However, in all of them we used the streptavidin-biotin 

interaction illustrated below (Figure II-24) to couple the fluorophore to the sandwich 

assay. Streptavidin can bind up to four biotin molecules and thus serves as a bridge to 

combine several biotinylated parts in the surface layer. 

 

 

Figure II-24.Schematic of the avidin-biotin interaction. Avidin, streptavidin or 

NeutrAvidin Protein can bind up to four biotin molecules, which are normally 
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conjugated to an enzyme, antibody or target protein to form an avidin-biotin complex. 

Adapted from https://www.thermofisher.com/lb/en/home/life-science/protein-

biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-

methods/avidin-biotin-interaction.html 

 

K. DNA sensing Protocol  

1. DNA Assembly Onto the Fluorescent Liposomes  

Labeled liposomes were incubated with cholesterol-functionalized DNA 

probes as optimized in CHAPTER IVB.3 in a 1:1000 DNA: DOPC molar ratio for 30 

minutes at room temperature. 

 

a. Number of HVB-P2 DNA per liposome: 

The molar ratio of DNA: DOPC is 1:1000 therefore the number of DNA probes per 

liposome is 

=  𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑝𝑖𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑝𝑒𝑟 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒 ×  𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝐷𝑁𝐴:𝐷𝑂𝑃𝐶  

= 76624 ×  
1

1000
  

= 77 HVB-P2 / liposome  

 

2. DNA-cleaving  

To avoid lowering the efficiency of immobilization induced by the formation 

of DNA dimers, disulfide functionality on the oligonucleotides was cleaved by 

incubation with DTT (1:33 DNA: DTT mole ratio) for one hour.  The mechanism of the 

reduction of the disulfide bond by DTT is illustrated in Figure II-25 whereby it involves 

two sequential thiol-disulfide exchange reactions with the formation of a DTT ring 

(oxidized form). The cleaved oligonucleotides were then purified and separated from 

https://www.thermofisher.com/lb/en/home/life-science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/avidin-biotin-interaction.html
https://www.thermofisher.com/lb/en/home/life-science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/avidin-biotin-interaction.html
https://www.thermofisher.com/lb/en/home/life-science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/avidin-biotin-interaction.html
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DTT and small thiolated alkanes by size exclusion chromatography using Microspin G-

25 columns and centrifugation at 2360 rpm for 2 minutes. 

 

 

Figure II-25.DNA cleavage by DTT via two sequential thiol-disulfide exchange 

reactions. 

 

3. DNA Assembly Onto Gold-coated Polystyrene Beads (PS-Au) 

Cleaved DNA probes were directly immobilized onto the surface of PS-Au 

beads by a slight modification of a previously reported salting procedure. 
105

 Mirkin et 

al. used incremental additions of NaCl (2M) to increase the salt concentration of the 

mixture of gold nanoparticles and oligonucleotides to 1 M followed by an overnight 

incubation. However,  in our case the salting time was reduced to less than 2 hours 
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whereby the desired probe concentration was mixed with PS-Au bead solution in PBS 

(0.01M, pH=7.01) followed by incremental additions of NaCl (4M) every 15 minutes 

for one hour to reach a final concentration of 0.6M . This was done to prevent the 

electrostatic repulsions between DNA strands and thus ensuring the stability of 

oligonucleotides on the beads’ surface. Afterwards, the beads mixture was incubated at 

room temperature for around 15 minutes to assure that assembly took place .Excess 

oligonucleotides were then removed by centrifugation at 900 rpm for 9 minutes and the 

supernatantwas replaced by TEbuffer (5 mM Tris-HCl, pH 7.5, 1 

mMethylenediaminetetraacetic acid (EDTA), and 0.5 M NaCl, pH=7.01) to enhance the 

hybridization efficiency.
106 

 

4. DNA Hybridization 

Functionalized liposomes and desired target concentrations were added to the 

functionalized beads mixture and left for 30 minutes. After that the beads mixture was 

centrifuged at 900 rpm for 9 minutes, isolated and redispersed in 500 µL PBS(0.01 M, 

pH = 7). 
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Figure II-26.The hybridization scheme between HVB-P2 functionalizedDiD liposomes, 

HVB-P1 and HVB-T 

 

5. Flow Cytometry Sample Preparation 

To avoid clogging of the used nozzle, the mixture was diluted to a ratio of 0.2 

(200/1000 µL) with PBS (0.01 M, pH = 7). 
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CHAPTER III  

TRAUMATIC BRAIN INJURY 

 

A. Introduction 

TBI represents a global health concern affecting both civilians and military 

personnel during times of peace or war.  Statistically, around 2 million cases of TBI are 

reported annually in USA costing directly and indirectly a total of $ 76.3 billion per 

year. 
107

 Of these, more than 50,000 patients die and 80,000 sustain permanent 

disabilities. Nevertheless, it is estimated that TBI will be the leading cause of death and 

disability by year 2020 with over than 10 million cases. 
108

 The majority of TBIs result 

in diffuse and complex pathologies that progress over time causing neural damage that 

might not be reversible, yet the ability to accurately diagnose and monitor TBI is still 

lacking. This creates a need for identifying biomarkers capable of reflecting core 

elements of the severity, pathophysiology and pathotrajectory process of TBI. 
109

 

Depending on the type and severity of the injury, different cellular pathways are 

activated releasing hundreds of characteristic molecular products. 
110

 The current 

diagnostic immunoassay platforms such as enzyme linked immunosorbent assay 

(ELISA), under best performance, have an average detection limit of few nanograms 

(ng/mL). 
111

 As such, developing a robust, simple to use and sensitive platform to 

accurately diagnose and monitor TBIs is highly admirable in brain injury studies. 

Furthermore, there is no existing point-of-care (POC) device that can detect TBI 

biomarkers in human biofluid such as CSF and blood.  

In response to the needs presented above, the objective of this chapter is to build 

up an ultrasensitive and specific sensing scheme to detect a well characterized TBI 
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biomarker (S100B). The assay will be based on two different methods, electrochemical 

and fluorescence. However, in both cases we are only interested in qualitative and not 

quantitative testing of the S100B biomarker. The experimental procedures were all 

detailed in the previous chapter and so this chapter will only include the results and 

discussion of the proposed strategies. 

 

B. Results and Discussion 

1. Electrochemical Scheme 

a. Self-Assembled Monolayers (SAMs) 

In order to obtain a highly sensitive sensing surface of an immunosensor, the 

immobilized binding partner must be necessarily presented to its corresponding ligand 

so that they can bind without any steric hindrances. 
112

 This becomes more important 

particularly when antibodies are the ones attached to the solid support. Antibodies 

usually lose a part of their binding capability if they are randomly oriented on the 

surface (Figure III-1) .
113

 
114

 As such, the anchoring of the biocomponent should be 

constructed in a convenient way. Self assembled monolayers (SAMs) that 

spontaneously form from thiolated amphiphilic compounds in contact with gold offer 

several advantages over other approaches in terms of high reproducibility, accurate 

positioning of the bioreceptor on the surface of the transducer and proximity to its 

surface and thereby can be used in a miniaturized biosensor with a comparable size of a 

microelectronic device.
115

 
116

 In this work, we used DSP to crosslink the gold and 

antibodies as it is a homobifunctional N-hydroxysuccinimide (NHS) ester that can form 

a SAM on the gold electrode surface due to its disulphide group.
117

 The NHS group 

tends to couple primary amines as principle targets and hence it is widely used for 
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linking proteins through their terminal amines to gold surface.
118

 
119

 Under a suitable pH 

range (7-9), the succinimidyl ester of DSP, a very good leaving group, is replaced by the 

electron donating primary amines so that an amide bond is formed between DSP and the 

antibodies. Indeed, building a DSP SAM is much more advantageous over other 

conventional methods. It allows the covalent attachment of antibodies to the gold 

surface without requiring any chemical activation step. In addition, its short height (12 

or 8 atoms) makes the binding antibody-antigen pair in proximity to the sensing 

electrode which allows the direct electron/charge transfer from redox centers resulting 

in a more sensitive detection of the binding event.
120

 
121

   

 

 

Figure III-1. Schematic illustration of IgG different surface orientations (A) Typical 

structure of an antibody and its oriented positions that can affect binding affinity .(B) 

Scheme of the different types of immobilization of antibodies. Abbreviations:  IgG, 

immunoglobulin G; Fab, fragment antigen-binding; Fc, fragment crystallizable. 

Reprinted with permission from Jeong et al. 
122
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i Cross Linker Time Optimization 

Crosslinking time is a critical issue in the preparation of the SAM. Extensive 

cross linking leads to the formation of large protein aggregates that will decrease the 

detection sensitivity. To determine the minimum time required to get a consistent DSP 

monolayer, an optimization experiment was performed initially. The experiment was 

conducted spectroscopically rather than electrochemically given the nature of DSP 

which makes it difficult to detect using electrochemical methods. Gold nanoparticles 

were incubated with 1mM DSP solution in DMF at room temperature and the 

absorption spectrum was then monitored using UV-Vis spectroscopy.  As shown in 

Figure III-2, the gold nanoparticles absorbance spectrum shifts from having its 

maximum at 522 nm to a longer wavelength in the first 30 min of incubation whereby it 

becomes stable at 528 nm no matter how long the time of incubation increases. This 

indicates that only half an hour is needed to ensure an optimal and unvarying DSP SAM 

formation prior to any antibody functionalization setup. The 6 nm red shift is by the 

increased refractive index near the nanoparticle surface due to the presence of DSP 

molecules. 
123
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Figure III-2. Kinetics of the DSP SAM formation. Colloidal gold nanoparticles were 

incubated with 1mM DSP in DMF at room temperature. As the incubation time 
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increases, the nanoparticle aborbance spectrum shifts to a longer wavelength until it 

reaches a steady state at 528 nm after 30 minutes indicating the formation of an 

unvarying DSP SAM.  

 

b. Electrochemical Characteristic of Different Electrodes 

In our study, we aimed at developing a direct electrochemical immunoassay to 

detect S100B antigen on the basis of monitoring the faradaic current generated by a 

small redox active group before and after the antigen–antibody interaction. Among the 

various electrochemical techniques, we elected to utilize differential pulse voltammetry 

(DPV) due to its ability to minimize the charging current and extract only the faradaic 

one and thus ensuring the analysis of electrode reactions with high precision and 

sensitivity. DPV uses a series of increasing small amplitude potential pulses whereby 

the current is measured just before and near the end of each pulse allowing time for the 

decay of the non-faradaic current. 
124

 

In fact, when we monitored the currents generated by Fe(CN6)
4-

 at each time 

point, we noticed a clear correlation between the presence of  analytes and the decrease 

of the peak current. In other words, the current of the bare electrode is attenuated more 

and more after each modification step (Figure II-16). This attenuation is attributed to the 

obstruction of the access of the molecular reporter to the gold surface efficiently and 

thus hindering its electron transfer reaction.  

At first, we tested our sensing scheme using the regular gold electrodes. As 

shown in Figure III-3, the achieved sensitivity was a low one (21%) even when using 

the highest concentration of antigens (10 µg/mL). Therefore, in the rest of the 

experiments only gold micro-electrodes will be utilized because we want to decrease the 

background current which decreases as we decrease the electrode size.  
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Figure III-3. DPV showing signal attenuation after each modification of a standard 2mm 

gold electrode. 10µg/mL of anti-S100B antibodies was applied to the surface of the gold 

electrode for 30minutes. 10µg/mL of S100B antigen was applied to the antibody 

modified gold electrode for 1 hour.  The signal change corresponding to the antigen-

antibody interaction isΔI% = 21%. 
 

Next, we wanted to examine how the sensor footprint affects the sensitivity of 

the antigen detection.  As such, three different structures were made by manipulating 

the electrodeposition conditions (Figure II-13) and their responses to the 1µg/mL S100B 

concentration were evaluated (Figure III-4). We observed that the sensitivity increased 

as the size of the sensor decreased.  Indeed, the smallest sensor allowed the detection of 

around 10 times lower signal changes than the largest sensor and 5 times than the 

intermediate one. As the analyte concentration decreases, we would expect fewer 

antibody binding sites to be filled. These binding sites represent a larger fraction of the 

total sensor area and therefore a larger signal change is observed with the smallest 

sensor. This reflects that the smallest sensor has the best signal-to-noise ratio which 

allows for an improved sensitivity. Henceforth, all sensing experiments will be 

conducted using the smallest microelectrode size.  

 

Au electrode 

+antibodies 

+antigen 
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Figure III-4.  Electrochemical behavior of three differently sized sensors showing signal 

attenuation after each modification step, small (left), intermediate (middle) large (right). 

In all cases, 10µg/mL of anti-S100B antibodies was applied to the surface of the gold 

electrode for 30minutes after which 1µg/mL of S100B antigen was applied to the 

antibody modified gold electrode for 1 hour.  The best sensitivity was achieved using 

the smallest sensor .The signal changes corresponding to the antigen-antibody 

interactions areΔI% = 41%,ΔI% = 22% and  ΔI% = 14% for the small, intermediate 

and large sized sensors respectively.  
 

c. Antibody Concentration Optimization 

While we were trying to detect decreased concentrations of the antigen, the 

signal change started to diminish at 10 ng/mL and below. Given that the antibodies are 

in much excess at these antigen concentrations, we decreased the antibodies 

concentration from 10 µg/mL to 1 µg/mL to allow for a more exposed gold surface and 

therefore we can observe a clearer signal change for the antigen-antibody interaction. 

Figure III-5 shows that the sensitivity at analyte concentration of 10 ng/mL increases 

considerably from only 6% in the case of 10 µg/mL antibodies concentration to 52% in 

the case of 1 µg/mL. Therefore we decided to stick to the 1 µg/mL in further 

electrochemical experiments. 

+antibodies 

Au electrode 

+antigen 
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Figure III-5.DPV showing signal attenuation after each modification of a 10µm gold 

microelectrode. In both cases 10 ng/mL of S100B antigen was applied to the antibody 

modified gold electrode for 1 hour. Left, using 10 µg/mL of anti-S100B antibodies 

concentration ΔI% obtained was 6%. Right, using 1µg/mL of anti-S100B antibodies 

concentration ΔI% obtained was 52%. 
 

d. S100B Detection 

Using the immunosensor with 1 µg/mL antibodies concentration, detection of 1ng/mL, 

100 pg/mL and 10 pg/mL was attempted.  As Figure III-6 illustrates, even the lowest 

antigen concentration (10 pg/mL) was detectable with a sensitivity of 27%. This is 

already 100 times lower than the concentration that we wanted to detect (1 ng/mL). 

Therefore, we decided to stop at this limit and challenge our system with different fluids 

to check if it could be utilized in clinical applications.   

 

 

Figure III-6. DPV showing signal attenuation after each modification of a 10µm gold 

microelectrode with different antigen concentrations. For each case, 1µg/mL of anti-

+antibodies 

Au electrode 

+antigen 

+antigen 

+antibodies 

Au electrode 
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S100B antibodies was applied to the surface of the gold electrode for 30 min. The 

antigen concentration used was 1ng/mL (left); ΔI% = 46%, 100 pg/mL (middle); 

ΔI% = 30%, 10pg/mL (right); ΔI% = 27%.  
 

e. Negative Control 

Despite that “signal-off” approaches are sometimes problematic due to the risk 

of false positives, our chip-based scheme mitigates this risk because it allows the 

simultaneous measurements of a negative control and the designated samples. As shown 

in Figure III-7, the addition of buffer instead of antigen doesn’t induce any change in 

the peak current of antibody modified electrode. This confirms that any signal-change is 

specific for the antigen-antibody binding event only.  

 

 

Figure III-7. DPV showing the electrochemical behavior of a 10µm gold microsensor. 

Left , negative control showing no signal changes. Right, another negative control with 

no signal change but with a shift caused by the reference electrode. Middle, positive 

control (10ng/mL) showing ΔI% = 27%.  
 

f. Serum Testing 

To examine if the detection system is applicable with biological fluids, a 

standard gold electrode was incubated with serum replacement (1x) for half an hour 

after which a DPV measurement was taken.  Serum is an extremely complex biological 

fluid containing enormous amount of proteins and other interfering molecules.  

Unfortunately this complex fluid gave a false positive attenuation of the peak current 

+buffer 

+antibodies 

Au 

electrode 

+antigen 
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caused by the nonspecific attachment of its proteins to the gold surface (Figure III-8). 

This means that our proposed system performance is clinically-irrelevant and hence is 

only applicable for lab testing with clean buffers or on a purified serum sample which 

defies the main objective of this work.  
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Figure III-8.DPV showing the change of current with serum. ΔI% = 14% 

 

g. Inferences  

Herein we have described an electrochemical immunosensor for label-free 

detection of low levels of S100B, a well characterized TBI biomarker. Using sensors of 

different sizes, we showed that small surface area sensors are better for ultrasensitive 

protein detection and achieving high sensitivities. This chip-based scheme allowed the 

determination of targets in the pg/mL range. This sensitivity is better than that of 

common detection methods for S100B such as ELISA(5ng/mL), Immunoluminometric  

(110 pg/mL) and Immunoradiometric  assays (20pg/mL) .
125

 However this method was 

shown to be effective only with purified samples. This means that it couldn’t be 

implemented in a POC device and hence we shifted our aim towards developing an 

alternative method capable of detecting TBI biomarkers with higher specificity. In the 

Au electrode 

+serum 
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next parts of this chapter, we will be describing a fluorescent approach using gold 

modified polystyrene microbeads so that we can utilize the same modification 

procedures. 

 

2. Fluorescent Scheme 

The use of a sandwich assay offers the advantage of a high specificity because 

two antibodies are binding to the same antigen ensuring that it is specifically captured 

and detected. Nevertheless, the immobilization of the capturing antibody lessens the 

effect of nonspecific adsorption of any protein to the surface. Without this layer, any 

protein found in the system might competitively adsorb to the surface decreasing the 

amount of immobilized antigen.
126

 Moreover using purified antibodies to detect a 

specific antigen eliminates the need for further purification steps and thus ensuring a 

high sensitivity with a simplified assay.
127

 On the other hand, the visualization depends 

on the ability of the fluorophore used to reflect the amount of captured antigen.  

 

a. Use of Alexa Fluor 647 Tag 

Because Streptavidin-based detection techniques are commonly used in flow 

cytometry, we first tested our sensing scheme using Alexa Fluor 647 (AF 647) as a 

fluorphore (Figure III-9). In a typical experiment, steps 1-6 were done as described 

above for 3 samples of different antigen concentrations (10 µg/mL, 1 µg/mL and 0.1 

µg/mL) and a blank (no antigen) and then 0.5 µl of AF 647 (2 mg/ml) was added to 

each mixture for 15minutes followed by multiple centrifugation and redispersion cycles. 

The relative fluorescent intensities were then recorded using flowcytometry and 

compared to the blank. Results (Figure III-10) showed that the sensitivity (fluorescence 
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shift) decreases as the target concentration decreases whereby the shift appears to be 

statistically irrelevant at a concentration of 0.1 µg/mL. This means that the proposed 

system is still far away from our targeted limit of detection. In fact, AF 647 contains 6 

to 9 dye molecules per one streptavidin 
128

 so we speculated that if we use an alternative 

fluorescent tag that contains a greater number of dye molecules, we can improve the 

detection limit up to our prospects.    

 

 

Figure III-9. Schematic illustration showing the sandwich assay with the use of AF 647 

tag. 
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Figure III-10. Flow cytometry measurements for different S100B concentrations. The 

blue and red lines represent the blank and sample responses respectively. The 

experiment was done at room temperature with 10µg/mL anti-S100B capturing 

antibodies, 10µg/mL anti-S100B detecting antibodies, 10µg/mL anti-S100B secondary 

antibodies and 0.5µL of AF 647 (2mg/ml). 

 

b. Use of FITC-SNP 

Fluorescein derivatives are the most used fluorescent labels in biological 

applications due to their high extinction coefficients and excellent fluorescence quantum 

yield.
129

 
130

 As such, in an attempt to enhance the sensitivity, we decided on coupling 

biotinylated FITC-SNP to the sandwich assay as we can incorporate a huge number of 

FITC dyes per silica particle.
91

 In this experiment, a sample of 100 ng/mL antigen 

concentration and a blank were prepared by following the protocol described above with 

a slight modification in step 7 corresponding to the use of unlabeled streptavidin for 

bridging the biotinylated FITC-SNP and the sandwich assay (Figure III-11). 0.5 µl of 

unlabeled streptavidin was added to the beads for 15 min followed by multiple 

centrifugation and redispersion cycles and then biotinylated FITC-SNP were added for 

another 15 min after which the beads were washed again prior to the flowcytometric 

measurements. Unfortunately as can be shown from Figure III-12, the use of FITC-SNP 

didn’t enhance the sensitivity as the signal change is very similar to that in the case of 

labeled streptavidin. Therefore, this was statistically unsatisfying too.  We argued that 
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the antigen might be adsorbing on the SiO2 nonspecifically which might account for the 

low sensitivity of the assay. Hence we opted to use fluorescent liposomes as another 

substitute.  

 

 

Figure III-11.Schematic illustration showing the sandwich assay with the use of FITC-

SNP tag. 

 

 

Figure III-12. Flow cytometry measurement for 100 ng/mL S100B concentration. The 

blue and red lines represent the blank and sample responses respectively. The 

experiment was done at room temperature with 10 µg/mL anti-S100B capturing 
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antibodies, 10 µg/mL anti-S100B detecting antibodies and 10 µg/mL anti-S100B 

secondary antibodies. 

 

c. Use of Biotinylated DiD Liposomes 

Liposomes offer the advantage of incorporating many fluorophores together. 

This means that fluorescent intensity could be significantly enhanced. As such, we 

decided on embedding DiD dyes inside the hydrophobic membrane of biotin 

functionalized DOPC liposomes and test whether coupling these liposomes to the 

sandwich assay would improve the system’s sensitivity (Figure III-13). Again unlabeled 

streptavidin was used to bridge the sandwich assay and the fluorescent liposomes with 

the same incubation and washing steps that were done to the FITC-SNP case. Here, 

samples of decreasing concentrations (100 ng/mL, 10 ng/mL and 1 ng/mL) were tested 

and compared to a blank. As can be seen from Figure III-14, our system was able to get 

to the 1 ng/mL limit and significantly detect higher concentrations. In fact if we 

compare the sensitivities of the three approaches (Figure III-15), we see that liposomes 

allowed signal amplification with respect to other methods resulting in a huge 

improvement of sensitivity and hence the detection of lower concentrations.    
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Figure III-13.Schematic illustration showing the sandwich assay with the use of DiD 

encapsulated liposomes. 

 

 

Figure III-14. Flow cytometry measurments for different S100B concentrations. The 

blue and red lines represent the blank and sample responses respectively. The 

exeperiment was done at room temperature with 10 µg/mL anti-S100B capturing 

antibodies, 10 µg/mL anti-S100B detecting antibodies, 10 µg/mL anti-S100B secondary 

antibodies and 5 µL DiD liposomes(1x).The highlighted area in the right graph 

corresponds to the fraction that is higher than the background.   
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Figure III-15.Flow cytometry measurements for 100 ng/mL antigen concentration 

showing the different sensitivities using the three sensing schemes. The blue and red 

lines represent the blank and sample responses respectively. 

 

d. Inferences: 

In this fluorescent approach, the use of AF 647 or FITC-SNP didn’t ensure a 

good sensitivity whereas the use of liposomes enhanced the intensities because it 

allowed the coupling of many fluorophores rather than just one. 

Unfortunately, the project faced a major setback when the company producing 

the specific antibodies for the S100B discontinued the product. Producing the antibody 

in house is very expensive. This prevented us from further optimizing the sensitivity and 

tests the probe in serum samples. 

 

C. Conclusion 

In the electrochemical scheme, we developed an immunosensor on the surface of 

gold microelctrodes for simple and direct detection of S100B biomarkers based on 



75 
 

monitoring the peak current using differential pulse voltammetry (DPV). The use of 

succinimide ester as a crosslinker rather than glutaraldehyde, carbodiimide, Protein A 

etc...  
9–11

 offered the advantage of having a robust attachment of protein and easy 

surface modification. We examined the effect of different electrode sizes on the 

sensitivity as well as the application of complex biological fluids and we were able to 

detect very low concentrations (pg/mL range). Whereas in the fluorescent scheme, a 

sandwich assay coupled to a fluorphore was built on polystyrene gold coated 

microbeads (PS-Au) and visualized using flow cytometry. We tried to optimize our 

sensing scheme by using three different fluorescence tags. Combining the advantages of 

flow cytometry (very sensitive fluorescent-based method), nanostructured gold 

nanoparticles (easy surface modification) and fluorescently labeled liposomes (bright 

fluorescent tags), we succeeded in getting to the limit of a clinically relevant 

concentration (1ng/mL). This is comparable to those obtained without the use of 

expensive intensification protocols such as the rolling cycle amplification or polymerase 

chain reactions. Gervais et al. developed a fluorescent sandwiched immunoassay using 

capillary-driven microfluidics and PDMS substrates to detect protein biomarkers with a 

detection limit of 1ng/mL .
131

 Sojka et al. also developed an immunoradiometric assay 

for the detection of S100B biomarkers with a detection limit of 1.8ng/mL.
132

 Therefore, 

our sensing strategy, although not optimized yet, has a clear advantage regarding the 

low detection limit.  

 

  



76 
 

CHAPTER IV  

DNA SENSING 

 

A. Introduction 

Building on the previous sensing, we aimed in this chapter at developing a 

multiplex sensing platform to detect trace amounts of short unique oligonucleotide 

sequences specific for Bacillus Anthrax (BA) and Hepatitis B Virus (HBV) using 

fluorescent methods. The assay was built on polystyrene-gold microbeads whereby a 

thiol modified DNA strand along with a cholesterol modified one were used to capture a 

target DNA sequence. The visualization was performed using flowcytometry with the 

aid of dye labeled liposomes. To improve the efficiency of our system, the different 

parameters were optimized separately before carrying statistical analysis and 

determining the limit of detection. Finally, we tested our sensing scheme for the ability 

to detect multiple DNA targets simultaneously. Accordingly this chapter includes the 

results and a detailed discussion of the DNA sensing protocol, statistical analysis and 

multiplexing experiment. 

 

B. Results and Discussion 

In order to get the best detection of our sensing system and carry out the 

statistical analysis and multiplexing, we first conducted optimization experiments for: 

1- Surface probe concentration on the PS-Au microspheres 

2- DNA probe- liposome composite concentration  

3- DNA to DOPC ratio 



77 
 

4- Dye Concentration inside the liposomes 

5- Hybridization buffer 

6- Hybridization time 

As well we tested the performance of our sensing scheme in a serum matrix.   

 

1. Optimization of Surface Probe Concentration on the Gold-Coated Polystyrene 

Beads  

Immobilization of the oligonucleotide probe is one of the most important 

aspects towards the development of a DNA biosensor. 
27

 The detection sensitivity is 

marked by the efficacy of capturing the target sequence by the surface oligonucleotides. 

This largely depends on the degree of DNA packing; high surface concentration renders 

the access to the target difficult due to steric hindrance while lower surface 

concentration result in collapsing of DNA probes and thus a lower chance of target 

catchment. To test for the best probe density at the surface of gold-coated polystyrene 

beads, we prepared five samples (10, 50, 100, 200 and 500 nM in probe solution 

concentrations) by mixing different amounts of HVB-P1 with the PS-Au beads. The 

five samples were then allowed to hybridize with a 1 nM HVB-T concentration and 

HVB-P2 functionalized DiD liposomes (1x dye concentration – 100 nM probe 

concentration) for 30 minutes after which flow cytometric measurements were carried 

out and compared to the blank sample. The later was prepared in the same manner but 

with no addition of targeted DNA. As shown in Figure IV-1, the fluorescent intensity 

increases as the concentration ofHVB-P1 decreases. This is attributed to having the 

oligonucleotides strands well separated on the surface of the PS-Au beads at a lower 

concentration which causes a lower degree of steric hindrance and therefore an 

improved sensitivity. Here we can see that in the case of 10, 50 and 100 nM 
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concentrations, the fluorescence enhancement is very similar. However, the 10nM 

concentration is optimal because oligonucleotides have a larger space between each 

strand resulting in a better packing of probes. This is in agreement with other reports 

such as those done by Georgiadiset al.
133

and Zhou et al. 
134

who showed that a high 

probe concentration assembled onto the surface is needed to enhance sensitivity as it 

increases the chance of capturing target DNA but highly packed surfaces result in 

higher degree of steric hindrance and electrostatic repulsions and thus limiting the 

probe-target association (Figure IV-2). Hence, the 10nM probe concentration was 

adopted for the rest of experiments. 

 

 

Figure IV-1. Flow cytometry measurements for 1nM HVB target with variations in 

HVB-P1 concentration. The experiment was done at room temperature with DiD 

liposomes (1x) functionalized by 100 nM HVB-P2, 10 mM PBS buffer (pH = 7.01), 

0.6M NaCl, 3 mM Tris-HCl and 0.6 mM EDTA 
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Figure IV-2. Schematic illustration of an upright conformation of DNA probes on a gold 

surface.  a) Ideally packed DNA probes;the large interprobe distance allows for 

complete hybridization. b) Densely packed DNA recognition layer; the steric hindrance 

and electrostatic repulsion of probes result in poor hybridization efficiency. 

 

2. Optimization of Solution Concentration of the Probe-Liposome Composite 

Likewise to examine the best DNA probe solution concentration assembled 

onto the fluorescent liposomes, different aliquots of HVB-P2 functionalized DiD 

liposomes (1x) (1:1000 DNA: DOPC molar ratio) were added to different beads mixture 

to yield probe solution concentrations of (10, 50, 100, 200 and 500 nM) respectively 

and a blank (100 nM). After that, each sample was allowed to hybridize for 30 minutes 

with the 10 nM HVB-P1 functionalized PS-Au beads and 1 nM HVB-T concentration. 

Flow cytometric measurements were carried out then and compared to the blank 

sample. As shown in Figure IV-3, although we can still detect the 1nM HVB-T while 

using a low (10 nM) or a high (500 nM) HVB-P2 concentration, the use of 100 nM 

HVB-p2 concentration showed the best sensitivity with around 6 times greater 

fluorescence enhancement and thus it was chosen to be optimal. This could be attributed 
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to having over-crowding of the surface of PS-Au with higher composite number 

rendering a low efficiency of hybridization. Accordingly, the 100nM HVB-P2 solution 

concentration was used for the remaining sensing experiments. 

 

Figure IV-3.Flow cytometry measurements for 1nM HVB target with variations in 

HVB-P2 concentration. The experiment was done at room temperature with DiD 

liposomes (1x), 10 nM HVB-P1, 10 mM PBS buffer (pH = 7.01), 0.6 M NaCl, 3 mM 

Tris-HCl and 0.6 mMM EDTA 

 

3. Optimization of DNA to DOPC Ratio 

Moreover, to investigate the DNA to DOPC optimal molar ratio, samples of 

ratios (1:200, 1:400, 1:1000, 1:2000 and 1:14000) and a blank (1:1000) were prepared 

by mixing different amounts of DiD liposomes and HVB-P2 DNA and then the same 

amount of the five samples were allowed to hybridize with 10 nM HVB-P1 

functionalized DiD liposomes and 1nM HVB-T concentration for 30 minutes. Results 

(Figure IV-4) showed that the sensitivity increases as the ratio of DNA to DOPC 
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decreases until reaching 1:1000 ratio whereby the sensitivity starts to decrease as the 

ratio decreases too.  As a matter of fact, excess DNA results in having bulky surface of 

the lipid membrane and thus an increase in electrostatic repulsions among 

oligonucleotides while excess DOPC results in having an insufficient amount of 

immobilized DNA strands/ liposome and hence in both cases we observed a decrease in 

sensitivity. Nevertheless these two parameters are best balanced in the case of 1:1000 

DNA: DOPC molar ratio which was chosen to be optimal. 

 

Figure IV-4.Flow cytometry measurements for 1nM HVB target with variations of 

DNA:DOPC ratio. The experiment was done at room temperature with DiD liposomes 

(1x), 10 nM HVB-P1, 10mM PBS buffer (pH = 7.01), 0.6 M NaCl, 3mM Tris-HCl and 

0.6 mM EDTA 
 

4. Optimization of Dye Concentration inside the Liposomes 

The number of dye molecules which are incorporated inside liposomes is 

critical for the purpose of visualization. In order to test for the best signal amplification 
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and thus having the ultimate sensitivity, we examined the effect of dye concentration 

inside the liposomes on DNA detection. Three DiD liposomes (0.1x, 1x, 100x) with 

1:15920, 1:1592 and 1:159 DiD to DOPC molar ratio respectively were prepared and 

mixed with 10µM HVB-P2 DNA each. Then they were allowed to hybridize with 

100nM HVB-P1 functionalized PS-Au beads and 1nM HVB-T concentration. Flow 

cytometric results (Figure IV-5) showed that the sensitivity increases as the dye 

concentration inside the liposomes increases and thus the number of fluorescent 

molecules per probes-target association becomes higher.  However, we need to avoid 

non-radiative decay such as Förster resonance energy transfer (FRET) which occurs at a 

certain distance (Förster radius) between dyes. The FRET efficiency is inversely 

proportional to the 6
th
 power of the radius; this means that it highly depends on the 

distance between the donor and acceptor.
135

 Nonetheless, most of fluorophore pairs 

have their Förster radii within the range of 1-10nm. 
136 Therefore in order to have the 

best fluorescence enhancement and to prevent self-quenching, the distance between the 

dyes needs to be greater than the Förster radius. In our case we aimed at having a 

reliable and cheap detection scheme knowing that the Förster distance of DiD is around 

5nm. Thus we chose to work with the 1x concentration because we wanted to decrease 

the cost of the setup by using less amount of the dye yet having a very good fluorescent 

enhancement. Nevertheless after we did the calculations we found that the distance 

between DiD dyes using 1:1592 DiD: DOPC molar ratio was 20.4nm. Hence, we still 

have a margin to increase the sensitivity if we want by increasing the DiD:DOPC molar 

ratio.  
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Figure IV-5.Flow cytometry measurements for 1nM HVB target with variations of DiD 

concentration inside the liposome. The experiment was done at room temperature for 

30minutes with 100nm HVB-P2 and 10nM HVB-P1 in 10mM PBS buffer (pH=7.01), 

0.6M NaCl, 3mM Tris-HCl and 0.6mMM EDTA 

 

In a similar experiment, we tested the signal amplification of another 

fluorescent dye (DiA) using the BA sequences and the same conclusions were drawn 

(Figure IV-6). 

 

Figure IV-6.Flow cytometry measurements for 1 nM BA target with variations of DiA 

concentration inside the liposome.The experiment was done at room temperature for 

30minutes with 100 nm BA-P2 and 10nM BA-P1 in 10 mM PBS buffer (pH = 7.01), 

0.6 M NaCl, 3 mM Tris-HCl and  0.6 mM EDTA 
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5. Optimization of Hybridization Buffer 

Without the use of proper buffer solution for DNA resuspension, the risk of 

damaging the oligonucleotides becomes high due to chemical processes such as 

depurination and deamination.
137

 Moreover, the interaction of nucleic acids with 

divalent or monovalent cations affects its physical properties.
138

 For instance, divalent 

cations such as Cu
2+

, Fe
2+

or Mg
2+ 

strongly stabilize the nucleic acids duplexes but it can 

serve as cofactors for enzymatic reactions that involves DNA degradation.
138-139

 On the 

other hand, it was shown by Peterson et al. that the yield of probe immobilization on the 

surface is enhanced by the use of monovalent cations in the hybridization buffer.
133

 

Actually, the concentration of these cations is critical while performing DNA detection 

as it affects both the efficiency and specificity.
138

 As such researchers tend to use 

hybridization buffers containing monovalent cations (eg. sodium) to minimize the 

electrostatic repulsion between the DNA strands and chelating agents to complex the 

divalent metal ions and thus suppressing the DNA degradation process they induce.
140, 

138, 139
 Herein we tested three previously reported buffers, EDTA-Tris-NaCl buffer (TE) 

106
,  citric acid buffer (SSC) 

139
 and magnesium buffer (Mg

2+
) 

138, 140
 to determine the 

optimal medium that we should use in order to maintain the best interaction between 

oligonucleotide sequences and that will allow an enhanced sensitivity. In a typical 

experiment, we measured the fluorescent intensity of three samples with different 

hybridization buffers but all containing 1nM HVB-T, 100 nM HVB-P2 functionalized 

DiD liposomes and 10nM HVB-P1 functionalized PS-Au. Results (Figure IV-7) showed 

that TE buffer allowed the detection with a slightly improved fluorescent signal when 

compared to either SSC or Mg
2+

 buffers. Indeed, TE buffer is optimal because it 

contains monovalent ions (Na
+
) that interact with DNA at the phosphate group leading 
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to a decrease in electrostatic repulsion between DNA strands and therefore an increase 

in the yield of DNA immobilization and EDTA which is known to be an efficient 

chelating agent for excess divalent ions that are cofactors for DNA degradation 

enzymes. Consequently, the TE buffer reagents are both contributing to a higher 

efficiency of hybridization and thus TE buffer was adopted for all the sensing 

experiments. 

 

Figure IV-7.Flow cytometry measurements for 1 nM HVB target with variations of the 

hybridization buffer. The experiment was done at room temperature with 10 nM HVB-

P1 and DiD liposomes (1x) functionalized with 100nm HVB-P2 in 10 mM PBS buffer 

(pH =7 .01) and 0.6 M NaCl 
 

6. Hybridization Time Optimization 

Furthermore, it is vital in any sensing scheme to reduce the experimental time 

without losing the accuracy of your system. Time is a critical issue in determining the 

usefulness of any sensing system. Short time schemes are much appreciated as they 



86 
 

facilitate fast onsite screening and real time monitoring and easier routine assessment. 

While several researchers reported DNA hybridization processes that required an 

overnight incubation 
106a,106b, 133

 our sensing strategy allowed minimizing the 

hybridization time into half an hour only and even a 2 hours for the whole experiment. 

In fact, to investigate the minimum time required to get a decent detectable signal,  

sample 1-4 containing same components (100 nM HVB-P1, 100 nM HVB-P2 and 1 nM 

HVB-T) were allowed to hybridize for 5, 15, 30 and 60 minutes respectively  and then 

compared to a blank. Results (Figure IV-8) showed that even a 5 minutes hybridization 

time was sufficient for getting a clear fluorescent signal increase that is way more than 

three standard deviations of the blank, and thus could be used to report 1nM detection 

with high confidence. However, the shift increased as hybridization time increased until 

it approached its maximum at 30 minutes after which there was no significant change in 

the signal and therefore 30 minutes was chosen to be the optimal hybridization time.  

 

Figure IV-8.Kinetics of fluorescence enhancement using flow cytometry measurements 

for 1 nM HVB target. The experiment was done with10 nM HVB-P1 and DiD 
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liposomes (1x) functionalized with 100nm HVB-P2 in 10mM PBS buffer (pH = 7.01), 

0.6 M NaCl, 3 mM Tris-HCl and 0.6 mM EDTA 

 

7. Serum Effect 

The detection of biomarkers in their native environment has gained a lot of 

interest in the last decades. Following the advent of molecular biology and glucose 

biosensor breakthrough ,the development of blood biosensors for clinical assessment 

has expanded as it facilitates the real time monitoring of biomarkers level of specific 

diseases in the serum without complex purifying procedures .
141,142

 For instance, Lee et 

al. 
85a

and Iloeje et al.
85b

 showed that elevated levels of HVB biomarkers inside the 

serum directly correlates with increasing risk of cirrhosis whereby patients showed 

potential high risk of developing the diseases when their serum viral load was greater 

than 10
5
copies/ml. However bioanalyis in complex fluids still presents a critical and a 

challenging task because of the high background signals coming from the probe itself 

and proteins inside the fluids. Therefore, having a set of tools to detect serum DNA 

level with high performance is crucial for easy diagnosis and risk monitoring. As a 

proof of concept, we investigated the sensitivity of our sensing scheme by carrying tests 

in an artificial serum matrix. Samples of blank and 1nM HVB-T concentrations were 

allowed to hybridize in TE buffers spiked with artificial serum replacement (Figure 

IV-10) and compared to non-spiked samples (Figure IV-9).Results showed that the 

serum matrix didn’t alter the molecular recognition property between DNA strands as 

we can still see a clear shift between the blank and the target indicating the occurrence 

of the hybridization event. This confirms that our system is still efficient even in 

complex matrices and so it has the potential to be implemented in the point of care 

settings. However, like the majority of fluorescent sensors, it works better in clean 



88 
 

buffers. The serum matrix has an increased viscosity of the flow sample which induces 

a lower flow rate of particles and an attenuation of the fluorescence shift and thus a 

decrease the sensitivity.
50

 This could be also accompanied by the non-specific serum 

protein adsorption onto the PS-Au microbeads surface resulting in lowering the 

hybridization efficiency between DNA probes and therefore weakening of the 

fluorescent signal. Furthermore, the population of low fluorescent particles increases 

because serum contains protein aggregates and cell debris that are non-fluorescent yet 

may have the same size as the microbeads used. 

 

Figure IV-9.Detection of 1 nM target concentration inTE buffer. The experiment was 

done with10nM HVB-P1 and DiD liposomes (1x) functionalized with 100 nm HVB-P2 

in 10 mM PBS buffer (pH = 7.01), 0.6 M NaCl, 3 mM Tris-HCl and 0.6 mM EDTA. 
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Figure IV-10.Detection of 1 nM target concentration in serum. The experiment was 

done with10 nM HVB-P1 and DiD liposomes (1x) functionalized with 100 nm HVB-P2 

in 10 mM PBS buffer (pH = 7.01), 0.6 M NaCl, 3 mM Tris-HCl and 0.6 mM EDTA, 1x 

serum replacement 
 

8. Detection Limit Determination and Statistical Analysis 

Although in our study we are only interested in developing a yes/no sensing 

scheme for HVB DNA, we tried determining the detection limit of our sensing strategy. 

In 3 titration experiments, replicate samples containing different target concentrations (1 

pM to 10 nM) were tested separately under the optimized conditions and using the 

flowcytometer the relative fluorescent intensities were recorded (Figure IV-12, Figure 

IV-13 and Figure IV-14).  Results (Figure IV-15) showed that there was a linear 

response between 1 and 500 pM concentrations after which we started to see the 

formation of a plateau indicating fluorescent saturation and complete hybridization of 

HVB-P2 oligonucloetides. In fact, this plateau can be overcome by increasing the 
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concentration of HVB-P2.Table IV-1 shows statistical values for the three titration 

experiments. The Fluorescent intensities are subtracted from the blank intensities which 

are 69.3, 69.4 and 70.4 for trials 1, 2 and 3 respectively. The limit of detection (LOD) 

was calculated using the 
3𝑠

𝑚
 formula; s is the standard deviation of the 10pM 

concentration and is equal to 1.54 whereas m is the slope of the calibration curve of 

equation 𝑦 = 1.61𝑥 + 18.7(Figure IV-16). Therefore it was determined as 𝐿𝑂𝐷 =  
3𝑠

𝑚
=

3×1.54

1.61
= 2.87 𝑝𝑀. This DNA detection sensitivity is better than many of the PCR free 

reported ones (Table IV-2). 

 

Table IV-1.Statistical data of flow cytometry measurments for HBV replicates. 

HBV concentration 

(pM) 

Mean Fluorescent intensities 

Trial 1 Trial 2 Trial 3 

1 12 9.3 4.8 

5 31.7 38.6 42.6 

10 47.7 48.6 45.6 

50 95.7 96.6 96.6 

100 176.7 173.6 168.6 

500 825.7 818.6 831.6 

1000 1531.7 1463.6 1474.6 

5000 3613.7 3537.6 3487.6 

10000 3859.7 3797.6 3891.6 

 

As well, as a proof of concept we carried out steady state fluorescent 

measurements on the same replicate samples however results (Figure IV-11) showed 

that the fluorometer was not sensitive enough to sufficiently detect and differentiate 
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very low concentrations. The signals were mostly noise and there was no significant 

variation between signals obtained from any sample (1 pM -10 nM concentrations) and 

the blank and therefore they were all considered as non-signal responses. Nevertheless, 

the cuvette based measurements required around 1.5 mL sample volume rendering this 

method not practical for biosensing applications whereby it is desirable to lower the 

sample volume to the few microliters level (eg. glucose biosensor). As a result, we 

chose to implement only flow cytometry in any further experiment because it didn’t not 

only require less sample volume but also provided ultimate sensitivity when compared 

to the fluotometric cuvette based measurements 
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Figure IV-11.Steady state fluorescent measurements with variation in target 

concentration. All target concentrations were hybridized independently for 30 minutes 

at room temperature with10 nM HVB-P1 and DiD liposomes (1x) functionalized with 

100 nm HVB-P2 in 10 mM PBS buffer (pH = 7.01), 0.6 M NaCl, 3 mM Tris-HCl and 

0.6 mM EDTA. 
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Figure IV-12. Flow cytometry measurements with variation in target concentration. All 

target concentrations were hybridized independently for 30 minutes at room temperature 

with 10 nM HVB-P1 and DiD liposomes (1x) functionalized with 100 nm HVB-P2 in 

10 mM PBS buffer (pH = 7.01), 0.6 M NaCl, 3 mM Tris-HCl and 0.6 mM EDTA. Trial 

1  

 

Figure IV-13. Flow cytometry measurements with variation in target concentration. All 

target concentrations were hybridized independently for 30 minutes at room temperature 

with 10nM HVB-P1 and DiD liposomes (1x) functionalized with 100nm HVB-P2 in 

10mM PBS buffer (pH=7.01), 0.6M NaCl, 3mM Tris-HCl and 0.6mMM EDTA. Trial 2 
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Figure IV-14. Flow cytometry measurements with variation in target concentration. All 

target concentrations were hybridized independently for 30 minutes at room temperature 

with 10nM HVB-P1 and DiD liposomes (1x) functionalized with 100nm HVB-P2 in 

10mM PBS buffer (pH=7.01), 0.6M NaCl, 3mM Tris-HCl and 0.6mMM EDTA. Trial 3 
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Figure IV-15.Steady state fluorescent measurements as a function of HBV target 

concentration. The error bars represent the standard deviation of three independent 

measurements. 
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Figure IV-16. Calibration curve of the system measured between 1 and 500 pM HVB-T 

concentration. The equation of the line is 𝒚 = 𝟏.𝟔𝟏𝒙 + 𝟏𝟖.𝟕 with an r
2
 value of 0.998. 

 

Table IV-2. Comparison of the PCR free DNA analysis methods 

Method Detection limit (nM) 

Fluorescence Near Gold Nanoparticles for DNA Sensing 
106a

 0.1 

Molecular beacon-functionalized gold nanoparticles as probes 

in dry-reagent strip biosensor for DNA analysis 
143

 
0.05 

Graphene Oxide/Nucleic-Acid-Stabilized Silver Nanoclusters: 

Functional Hybrid Materials for Optical Aptamer Sensing and 

Multiplexed Analysis of Pathogenic DNAs
144

 

1 

Fluorescence Resonance Energy Transfer between Quantum 

Dots and Graphene Oxide for Sensing Biomolecules 
145

 
12 

multi-walled carbon nanotube-based multicolor nanobeacon 

for Multiplexed analysis of DNA 
146

 
0.042 

DNA-Templated Silver Nanoclusters for Multiplexed 

Fluorescent DNA Detection
147

 
25 

 

9. Multiplexing 

In an attempt to sense different targets in the same sample, simultaneous 

detection of HBV and BA targets was done under optimized conditions (10nM probe1, 

100nM probe2,1:1000 DNA :DOPC molar ratio) and by coupling probe 2 of each 

sequence to a different fluorescent dye (DiD for visualizing HBV and DiA for BA). 

Results (Figure IV-17) show that it is possible to detect each target without affecting the 
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sensitivity for the other because no interferences were observed and each target DNA 

only hybridized with its specific dye labeled probe. When each target is present 

separately, a dramatic enhancement of the fluorescent signal of its corresponding dye 

label was only observed accompanied with no increase of that of the other dye. Besides, 

in the presence of both target, the fluorescent signals overlapped with those obtained 

from the single target measurements and hence demonstrating the ability to distinguish a 

specific sequence from the other.     

 

Figure IV-17. Multiplex detection of 1nM target DNA of BA and HBV sequences. The 

experiment was done at room temperature for 30 minutes with 10nM HVB-P1 and DiD 

liposomes (1x) functionalized with 100nm HVB-P2 and 10nM BA-P1 and DiA 

liposomes (1x) functionalized with 100nm BA in 10mM PBS buffer (pH=7.01), 0.6M 

NaCl, 3mM Tris-HCl and 0.6mMM EDTA. 
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C. Conclusion 

We report a novel and universal sensing method for the detection of 

oligonucleotide sequences based on the use of liposomes and flow cytometry. The 

proposed scheme is very good in terms of simplicity, speed and sensitivity (only 5 min 

is sufficient for sensing the hybridization event with a 2.7 pM limit of detection). This is 

much better than previously reported fluorescent methods. For instance, Zhang et al. 

reported a detection limit of 25 nM and an incubation time of 24 hours for sensing DNA 

sequences of H1N1 an H5N1 using silver nanocluster based molecular beacon 

probes.
147

 Liu et al. also developed a fluorescent detection method using graphene oxide 

and silver nanocluster composites with a detection limit of 1 nM and 1 hour 

hybridization time.
144

 On the other hand, there are other methods that may outperform 

our assay (attomolar range) but these are normally based on PCR which makes them 

labor demanding, very expensive and prone for easy contamination. 
148

 Our system is 

also capable of multiplexing and performing in complex matrices. This is an advantage 

over colorimetric techniques that can multiplex with high sensitivity as our assay (pM 

range) but suffer from the applicability for colored and opaque samples. 
43

  
40, 42a

  As 

such, our proposed scheme offered several improvements over other DNA detection 

techniques and thus can serve as a promising platform for fast on-site monitoring and 

easy and reliable routine clinical assessment. 
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CHAPTER V  

CONCLUSION AND FUTURE IMPLICATIONS 

 

In this work, we have successfully developed different platforms for the 

detection of ultra-trace amounts of protein and DNA biomarkers using electrochemical 

and fluorescent approaches.  

In chapter III, we described a chip-based approach for label-free detection of 

S100B biomarkers. By tuning the size of the micro-sensors, we achieved high levels of 

sensitivity. But this method was not valid when used with complex biological fluids. 

Therefore, we studied the use of fluorescent scheme as an alternative. We presented a 

sandwich assay that was built on PS-Au microspheres and visualized using flow 

cytometry. We used three different fluorescent tags to reflect the amount of captured 

analyte. The coupling of AF 647 or FITC-SNP to the system didn’t ensure a high 

sensitivity whereas the coupling of labeled liposomes enhanced the sensitivity and 

allowed the detection of low antigen concentrations that are clinically relevant. 

However, due to the lack of materials we weren’t able to perform further optimizations 

and serum testing. For future directions we can  

 Optimize dye concentration inside the liposomes. In this sensing strategy we 

have used only 24 DiD molecules per liposome. We suspect that by increasing this 

number, we will get enhanced sensitivities.  

 Use PEG-biotin in the preparation of the liposomes. This will make it easier for 

coupling the liposome to the sandwich assay. 
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 Replace antibodies by aptamers. Aptamers are synthetic oligonucleotides that 

can specifically bind to molecular targets just as antibodies do but with higher 

specificity and selectivity.  Aptamers are much easier to obtain as well as they are more 

stable than antibodies. This makes them a promising tool that could be implemented in 

immunosensing applications. 

In chapter IV, we developed an ultrasensitive universal platform for the 

detection of oligonucleotide sequences on the basis of our findings in chapter III. The 

mode of operation is summarized by the immobilization of two DNA strands 

complementary to the target of interest onto the surface of PS-Au microspheres and dye 

encapsulated liposomes and then visualization of the hybridization event using flow 

cytometry.  After carrying optimization experiments, the proposed scheme was proven 

to have an excellent sensitivity (pM range) and alacrity and can be easily modified to 

detect any sequence of interest. Furthermore, it can perform well in complex matrices 

which makes it a promising platform for fast multiplexing diagnosis.  

As for the future directions we can carry on continued optimization of parameters. 

These include: 

 Use of Backfillers. It is common for thiolated DNA to lay down on the gold 

surfaces in a disordered array due to nonspecific binding.
149,150

 Several studies reported 

the use of backfillers to improve DNA accessibility by erecting the bounded DNA 

against the gold surface and preventing nonspecific adsorption.
27,134, 151

 Therefore, as a 

future experiment we can test the sensitivity of the sensing scheme using long chain 

thiols such as mercaptohexanol or a thiolatedoligoethylene glycol.  These molecules 

were shown to prevent multipoint attachment between nucleobases and protect the 
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surface from nonspecific adsorption of oligonucleotides 
133, 152

 and thus they should 

increase the hybridization efficiency.  

 Manipulating the liposome curvature and dye to lipid ratios.  

 Investigating the effect of gold nanoparticle sizes on the PS beads. 

 Checking the use of lipids with different viscosities.   

 Coupling an array of liposomes rather than one.  

 Implementing Smart phone based techniques. Inspired by Ozcan et al.  
48

  who 

reported the use of a smart phone based colorimetric detection for mercury 

contamination in water, our ultimate objective will be to translate the developed sensing 

platforms into POC testing using smart phones.    

 

 

 

Figure V-1. Smart phone based optical reader. Reprinted with permission from Ozcan et 

al.  
48

 

 

In fact, we have currently started exploring some of these experiments and will continue 

the process in order to apply our systems in laboratory, clinical, and point-of-care 

settings. 
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