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Abstract 

Lab-on-Chips for Capture, Detection, and Isolation of  

Cancerous Extracellular Vesicles 

 

Srinivas Bathini, Ph.D.  

Concordia University, 2021 

 

Cancer is a group of diseases involving abnormal growth of cells with a potential to spread 

to the other parts of the body. It is predicted that one in two will be diagnosed with Cancer by 2030 

and one in four would die. The continuous growth and metastasis of cancer cells depend upon cell-

to-cell communication. This communication largely involves the secretion of soluble factors by 

cancer cells within the tumor microenvironment, although these cell types have also shown to 

export membrane-encapsulated particles containing regulatory molecules that contribute to cell-

to-cell communication. These particles are known as extracellular vesicles (EVs) and include 

exosomes and microvesicles. EVs are a group of extracellular communication organelles enclosed 

by a phospholipid bilayer secreted by all types of cells throughout the animal kingdom. These 

vesicles are in the range of 30 to 1000 nm containing a myriad of substances like RNA, DNA, 

proteins, and lipids from their origin cells, offering a good source of biomarkers. Although their 

characteristics provide EVs great potential as biomarkers, efficient isolation and detection 

techniques are still challenging. Currently, the standard method for their isolation and 

quantification from body fluids is by ultracentrifugation, which is not a practical method to be 

implemented in a clinical setting. Thus, a versatile and cutting-edge platform is required to detect 

and isolate exosomes selectively for further analysis at a clinical level. 

This dissertation is focused on developing lab-on-chip devices for the capture, detection, 

and isolation of cancerous extracellular vesicles from MCF7 (breast cancer cell lines) culture 

media. Here, we have explored three platforms based on gold nanoparticles, namely, in-situ 

synthesized nanocomposites, gold nano-islands on a substrate, and colloidal platform with 

suspended gold nanoparticles (AuNPs).  

The first step was to identify the suitable platform for the capture and isolation of EVs, 

based on the sensitivity of the platform. Initially, gold – poly (dimethylsiloxane) (PDMS) 
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nanocomposites, were created by the in-situ synthesis of nanoparticles on the surface of PDMS 

substrate by reducing gold precursor solution with curing agent of PDMS. The Au-PDMS 

nanocomposites are a special category of composites, with gold nanoparticles segregated in a sub-

surface layer of the polymer. The second platform is the gold nano-island platform, where AuNPs 

are synthesized using Turkevich’s method and then deposited on a glass substrate by thermal 

convection. Then, the deposited nanoparticles are heat-treated at 560°C for an hour to form gold 

nano-islands. The refractive index sensitivity of nanocomposite and gold nano-islands is found to 

be around 50 and 111nm/RIU, respectively. The lower sensitivity in the nanocomposites as the 

nanoparticles are under the surface covered by a thin PDMS layer, whereas the in case of gold 

nanoislands, they are above the surface and available to interact directly with the analyte. 

Considering the sensitivities, the gold nano-island platform was utilized further for the capture and 

detection of EVs. The gold nano-islands on a substrate platform, where only half of the islands are 

available for sensing and capture, exhibited a better sensitivity meaning that utilizing the whole 

surface of nanoparticle would result in even better sensitivity as in the case of the third platform 

where gold nanoparticles suspended in a colloidal solution.  

This dissertation then focuses on the biosensing protocol developed based on localized 

surface plasmon resonance (LSPR) of gold nano-islands, for the detection of EVs. The protocol 

involves the adsorption or binding of multiple bio-entities to the gold nano-island and absorption 

spectrum measurement after each step. The molecular interactions shift the gold plasmon band in 

the visible spectrum toward longer wavelengths and the shift is proportional to the concentration 

of the entity. The sensing protocol utilizes the strong affinity between EVs, and polypeptide called 

Venceremin or Vn96, which is specifically designed to capture EVs by binding the heat shock 

proteins (HSPs) present on their surface. Physical modeling, based on the characteristics of the 

gold nano-islands and the bio-entities involved in the sensing, is developed to determine the 

detection capability of the platform, which is optimized experimentally at each stage of the sensing 

protocol. The results and modeling present a relationship between the plasmonic shift and the 

concentration of exosomes. Further, a simple microfluidic device is designed for detecting EVs 

consists of a glass substrate with gold nano-islands, sealed by a PDMS film that contains a 

microchannel with a collection chamber in between. The same biosensing protocol has been 

transferred to a microfluidic environment by infusing biosensing entities into the device and 

measurement of the spectrum after each step. The capture and detection ability of the device is 
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validated by Atomic Force Microscopy (AFM) and the measurement of gene copy numbers using 

droplet digital PCR (ddPCR). The results indicate that the developed device can capture and isolate 

the EVs from a very low sample volume, in less than 30 minutes, without affecting their size and 

shape, a major advantage compared to existing methods. Later, to increase the sensitivity, a two-

level microfluidic device is fabricated utilizing a double-sided gold nano-island substrate, where 

AuNPs are deposited on both sides. This technique can be extended to multi-level microfluidics 

by introducing an intermediate channel in between the nanoisland substrates.  

Parallelly, the gold nanoparticles suspended in a colloidal solution were utilized for the 

capture, detection, and isolation of EVs using the same protocol. Initially, this technique was 

studied at the cuvette stage by mixing the desired volume and concentrations of bio-entities 

manually and measuring the absorption spectrum at each stage for LSPR shift. As the nanoparticles 

are freely suspended in the solution, the binding of EVs on the entire surface area contributes the 

nanoparticles to sediment at the bottom of the cuvette. Thus, the precipitation method was used to 

isolate EVs. Then, a liquid biopsy chip is designed and fabricated using soft-lithography consisting 

of a 3D mixer, a collection chamber, and gravity assisted sedimentation unit. The streptavidin-

coated magnetic particles are utilized in the liquid biopsy chip for the isolation of EVs. The device 

consists of a 3D mixer to ensure capture efficiency and it also consists of a sedimentation unit, 

which allows EV-captured magnetic particles to settle in it. The sedimented EV-captured magnetic 

particles are then isolated from the chip for elution of EVs and their validation using Nanoparticle 

Tracking Analysis (NTA), AFM, and gene amplification. The results clearly show that the 

proposed liquid biopsy chip can isolate the EVs without affecting their morphology. Thus, this 

chip can be considered as a potential point-of-care device for diagnostics in a clinical setting and 

for the isolation of EVs for future therapeutics. 
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Chapter 1  

Literature Review and Scope  

 

1.1 Introduction to Extracellular Vesicles 

Cancer has a major impact on society across the world because it is among the leading 

causes of death worldwide. The progression of cancer to late stages without the appearance of 

symptoms is one of the main reasons for being the leading cause of death. There were 14.1 million 

new cases and 8.2 million cancer-related deaths worldwide in 2012, out of which, 57% of new 

cases and 65% of deaths occurred in less developed regions of the world that include Central 

America and parts of Africa and Asia; Based on the statistics, it was found that 1.73 million new 

cases were diagnosed in the United States in 2018 and the estimated number of new cases per year 

is expected to rise to 23.6 million by 2030. The number of new cases diagnosed in Canada is 

around 0.22 million in 2020.  According to Canadian cancer statistics: 2018 special report, 1 in 2 

Canadians is expected to be diagnosed with cancer in their lifetime, whereas 1 in 4 is expected to 

die. Figure 1.1 shows the common cancers including lung, breast, colorectal, and kidney cancers, 

and the Canadian cancer statistics. [1, 2].  

 

Figure 1.1: Common types of cancers and the Canadian cancer statistics [1, 2] 

 

Cancer is a group of diseases involving abnormal growth of cells with the potential to 

spread to the other parts of the body. The stages of cancer for each person are determined by 
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combining the Tumor, Node, Metastasis results and other factors specific to cancer. Most types of 

cancer have four stages: stages I (1) to IV (4) and some cancers also have a stage 0, which is still 

located in the place they started and have not yet spread to any nearby tissues. This stage of cancer 

is often highly curable by removing the entire tumor with surgery. Stage I is usually small cancer 

or tumor that has not grown deeply into nearby tissues. It also has not spread to the lymph nodes 

or other parts of the body. It is often called early-stage cancer. Stage II and Stage III indicate larger 

tumors that have grown more deeply into nearby tissue. They may have also spread to lymph nodes 

but not to other parts of the body. And Stage IV means that cancer has spread to other organs or 

parts of the body. It may also be called advanced or metastatic cancer [3, 4]. The continuous growth 

and metastasis of cancer cells depend upon cell-to-cell communication. This communication 

largely involves the secretion of soluble factors by cancer cells within the tumor 

microenvironment, although these cell types have also shown to export membrane-encapsulated 

particles containing regulatory molecules that contribute to cell-to-cell communication. These 

particles are known as extracellular vesicles (EVs) and include exosomes and microvesicles. 

EVs are spherical particles enclosed by a phospholipid bilayer, which are released from 

Eukaryotic and Prokaryotic cells. These EVs consists of DNA, RNA, mRNA, miRNA, proteins, 

nucleic acids and equipped with heat shock proteins (HSP70 and HSP90), the tetraspanins such as 

CD9, CD63, and CD81, RAB proteins that regulate docking and membrane fusion of EVs with 

recipient cells adhesion molecules (integrins and lactadherin). The cell-derived vesicles or the EVs 

are present in all biological fluids including blood, urine, saliva, breasts milk, and cultured media 

[5-7], play a key role in processes such as coagulation, inflammation, cellular homeostasis and 

survival, intercellular communication, waste management, and transport and delivery of cargo 

between cells [8, 9]. The typical diameter of exosomes, type of EVs, is between 30 and 100 nm, 

which is much smaller than that of red blood cells. Consequently, there is a growing interest in the 

clinical applications of EVs/exosomes. EVs can potentially be used for therapy, prognosis, and as 

biomarkers for disease diagnosis. Despite increasing scientific and clinical interest, no standard 

procedures are available for the isolation, detection, and characterization of EVs, because of their 

size, which is below the reach of conventional detection methods.  

EVs/Exosomes are released from the cell when multivesicular bodies fuse with the plasma 

membrane or they are released directly from the plasma membrane. There are two ways in which 

exosomes are released as shown in Figure 1.2. First, the “classic pathway” of exosome biogenesis, 
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which involves the formation of Intraluminal Vesicles (ILVs) within Multivesicular Endosomes 

(MVEs). In turn, the membrane of MVE fuses with, either lysosome for cargo degradation, or with 

the plasma membrane, resulting in the release of ILVs. Once secreted, ILVs are called exosomes. 

The second and much more immediate route of exosomes is the “direct pathway” in which, T cells 

and erythroleukemia cell lines release exosomes directly from the plasma membrane, both 

spontaneously and after cross-linking of surface receptors. These vesicles are indistinguishable 

from exosomes formed by the classic endosomal pathway because they are enriched in classic 

exosome markers such as CD63 and CD81 and have a similar diameter and density. The extent to 

which such exosomes are released from other cells or in vivo (e.g., in biological fluids) is unknown. 

 

Figure 1.2: Biogenesis of Extracellular Vesicles  

 

1.1.1 History 

Cell-derived vesicles were first discovered in 1940, addressing the biological significance 

of the thromboplastin protein of blood. After centrifugation at different speeds, plasma clotting 

times were determined and prolonged high-speed centrifugation (150min at 31,000g) was shown 

to significantly extend the clotting time of supernatant reported by Chargaff and West [10]. 

Furthermore, when the pellet was added to plasma, the clotting times shortened, indicating that 

cell-free plasma contains a subcellular factor that promotes the clotting of blood. More than 20 
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years later, in 1967, this subcellular fraction was identified by electron microscopy and was shown 

to consist of small vesicles, originating from platelets and termed “platelet dust” by Wolf [11]. 

These vesicles were reported to have a diameter between 20 and 50 nm and a density of 1.020 to 

1.025 g/ml. One decade later, fetal calf serum was also shown to contain “numerous microvesicles” 

ranging in diameter from 30 to 60 nm. 

The term “exosomes” was first used for the membrane vesicles exfoliated from various 

normal and neoplastic cell lines by Trams et. al. [12]. Then later, the vesicles formed in the 

multivesicular bodies by endocytosis pathway and released by fusion of multivesicular bodies with 

plasma membrane as “exosomes” was defined by Johnstone et al. in 1987 [13]. Meanwhile, within 

a completely different line of research, EVs were isolated from the conditioned culture medium of 

sheep reticulocytes. These EVs had several characteristic activities in common with the 

reticulocyte plasma membrane, including the presence of transferrin receptors, whereas cytosolic 

enzyme activities were not detectable. Therefore, it was concluded that “vesicle externalization 

could be a mechanism for the shedding of specific membrane functions, which are known to 

diminish during maturation of reticulocytes to erythrocytes”. Because these exosomes contained 

the transferrin receptor but expressed no lysosomal activities, it was also suggested that there may 

be a common mechanism to segregate and externalize specific membrane proteins. The formation 

of transferrin receptor-containing exosomes proved to be a major route for the removal of plasma 

membrane proteins. Because not only mammalian but also embryonic chicken reticulocytes were 

shown to produce transferrin receptor-containing exosomes, this may be a conserved and common 

pathway. It was then discovered that exosomes are formed within multivesicular endosomes 

(MVEs), also known as multivesicular bodies, and are being released when membranes of MVEs 

fuse with the plasma membrane. This pathway of protein sorting turned out to be highly selective, 

because other major transmembrane proteins, such as the anion transporter, are fully retained 

within the mature red cells and are absent within exosomes. Taken together, these early studies 

revealed that exosomes might be essential in a sophisticated and specific mechanism to remove 

obsolete transmembrane proteins. 

In 1996, Raposo et al. [14] discovered that immune cells such as B lymphocytes also 

secreted exosomes and that these EVs carry membrane-bound molecules essential for the adaptive 

immune response. Two years later, further research demonstrated yet another exosome-secreting 

cell type, whose exosomes carried functional immune agents that could promote induction of 
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antitumor responses in mice [15]. These results prompted explorations into their clinical 

applications and being tested as a new type of adjuvant therapy for the treatment of non-operable 

lung cancer. 

Over the past few years, the development of large-scale protein analysis techniques allowed 

researchers to detail the type of cargo transported by exosomes [16]. Different cell types secrete 

exosomes that carry specific sets of proteins that differ from the proteins contained in the 

membrane vesicles released by apoptotic cells, suggesting that exosomes are actively secreted by 

living cells. 

Exosomes purified in vitro showed that the EVs can be captured by other cells, thus 

transferring any information enclosed in/on the exosome. Exosome-bound molecules can induce 

the inactivation or even the death of the target cell they encounter. In 2007, Jan Lotvall [17] in 

Sweden discovered messenger RNA and microRNA inside the exosomes. Moreover, in vitro 

experiments showed that mRNA could be translated into proteins in target cells. This remarkable 

discovery not only indicates a new form of intercellular communication but suggests that exosomes 

could perhaps behave like viruses, meaning that they bring genetic material with them that is 

translated to proteins in the cells they “infect”. 

 

1.1.2 Other types of cell-derived vesicles or EVs 

The other types of cell-derived vesicles are microvesicles and apoptotic vesicles [18] as 

shown in Figure 1.3. 

  

Figure 1.3: Biogenesis of the various types of extracellular vesicles and size comparison with a 

cell [18] 
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Microvesicles are released from the plasma membrane during cell stress i.e., by budding 

and the subsequent fission of the plasma membrane into the extracellular space, due to the dynamic 

interactions between phospholipid redistribution and cytoskeletal protein contraction (due to the 

stimulus). These microvesicles, often called microparticles, are present in most if not all biological 

fluids and cell-conditioned medium (CCM). The typical diameter of these microvesicles is 

between 100 – 1000 nm and is heterogeneous. Their density is yet to be determined and is generally 

larger than exosomes. The size ranges of microvesicles and exosomes may overlap, especially 

when body fluids are used as a source for the isolation of vesicles. Although microvesicles and 

exosomes are distinct types of EVs, neither size, morphology, nor exposure of phosphatidylserine 

is a sufficient criterion to distinguish both types of EVs from each other. 

 Apoptotic bodies or vesicles are released when the cells undergo apoptosis, and they 

contain cell organelles and nuclear fractions. Their reported diameter ranges between 1 and 5 µm 

which is the major difference when compared with other cell-derived vesicles. The size of these 

vesicles is almost in the range of platelets in the human blood. Their density is ranging between 

1.16 – 1.28 g/ml, which is partly overlapping with the density of exosomes. When these vesicles 

are analyzed by electron microscopy, morphology is heterogeneous. Two immunologically distinct 

types of apoptotic vesicles are released by apoptotic cells. Apoptotic vesicles originating from the 

plasma membrane contain DNA and histones, whereas apoptotic vesicles originating from the 

endoplasmic reticulum expose immature glycoepitopes. The main characteristics of different types 

of cell-derived vesicles are summarized in Table 1.1. 

 

Table 1.1: Main characteristics of different types of cell-derived vesicles 

 Diameter 

(nm) 

Density 

(g/ml) 

Morphology 

(TEM) 

Cellular 

origin 

Composition 

Exosomes 50 – 100 1.13-1.19 Cup-shaped 
Most cell 

types 

Known composition, 

but most proteins and 

lipids are not unique 

Microvesicles 20-1000 Unknown Cup-shaped 
Most cell 

types 
Insufficiently known 

Apoptotic 

vesicles 

1000-

5000 
1.16-1.28 Heterogeneous 

All cell 

types 
Histones, DNA 
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1.1.3 Physiological and pathological functions 

It is known that, for cancer progression, the direct interaction between tumor cells and their 

environment is essentially required. Exosomes induce a pro-tumoral microenvironment for 

carcinogenesis regulating the immune response to promote tumor progression and survival by cell-

to-cell communication, which is an efficient information exchange. To do these tasks, exosomes 

are released into the extracellular environment to promote angiogenesis, thrombosis, and tumor 

cell proliferation [19]. Owing to their stability, the specific tissue uptake, and their ability to 

transfer microRNA and proteins to recipient cells, exosomes may travel to distant sites and 

promote a pro-tumor environment to harbor metastatic niches [20]. Exosomes may additionally 

exert an immune suppression profile, thus favoring a tumor escape mechanism to evade the 

immune attack. 

Exosomes can modulate nearby or distant target cells by direct contact of their surface 

molecules to activate intracellular pathways and also contribute to waste management and 

protection against stress. They have been associated with the coagulation process in the presence 

of calcium ions. They are also responsible for the vascular function and integrity for the 

pathological functions such as the transmission of viruses, prions, and β-amyloid in Alzheimer’s 

disease as well as in tumor pathogenesis. 

 

1.1.4 Clinical applications 

EVs are the membrane vesicles that are secreted by many cell types into the extracellular 

environment under normal and pathological conditions. Exosomes are recognized as a potential 

source of disease biomarkers as they are found in cell culture supernatants and different biological 

fluids. Hence, exosomes are being explored for their clinical applications. 

Immune properties of different types of EVs suggest that they could be used as vaccines 

for infectious diseases [21]. EVs derived from dendritic cells, tumor cells, and malignant effusions 

demonstrate immunomodulatory functions and can present antigens to T-cells and stimulate 

antigen-specific T-cell responses. They are also involved in the stimulation of the immune system 

and increased levels of antigen. Thus, EVs are now potential sources for anticancer vaccines and 

the elimination of infections [22]. EVs have also been examined for their clinical applications in 

the treatment of infections such as toxoplasmosis, diphtheria, tuberculosis, and a typical severe 

acute respiratory syndrome as well as autoimmune diseases. As EVs play a vital role in the drug 
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delivery system, researchers are trying to find applications in the treatment of cancers, 

autoimmune/inflammatory diseases [23]. Phase 1 clinical trials in human cancer evaluated the 

effectiveness of patient-specific exosomes released by dendritic cells and loaded with tumor 

antigen-derived peptides for melanoma and non-small lung cancer and showed that 

immunotherapy was feasible, safe, and led to the induction of both natural and adaptive immune 

responses, disease stabilization and patient’s long-term survival [24]. Also, ascites-derived 

exosomes from colorectal cancer patients were shown to be safe, non-toxic, and tolerable when 

used as a cancer vaccine [25]. 

 

1.1.5 Sample collection protocols 

Extracellular Vesicles are the critical components of intercellular communication and are 

capable of inducing local and systemic changes by promoting disease progression. The problem 

impeding the advancement of EV research is the standardization of sample collection protocols 

such as sample collection, sample processing, and sample analysis for translating EVs to suitable 

clinical biomarkers. 

EVs can be detected in a wide range of body fluids, but the discussion here is limited to 

the analysis of blood. Low-speed centrifugation is used to remove cells and large vesicles and 

high-speed ultra-centrifugation is used to pellet EVs is the current “gold standard” for the 

purification of EVs [26]. It has also been suggested that repeated ultracentrifugation steps can 

damage the EVs and reduce yield, thereby potentially impacting the proteomic and RNA analysis 

of their content [27]. Therefore, both the International Society for Thrombosis and Haemostasis 

(ISTH) and the International Society for Extracellular Vesicles (ISEV) have recently described the 

guidelines and recommendations regarding the standardization of sample collection and handling 

protocols [28] as shown in Figure 1.4. 

 

Figure 1.4: Critical standardization issues for EV analysis from blood samples [28] 
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During the collection of blood, the time of the day can influence the EV concentration in 

the collected sample. Physical forces can activate platelets and cause the release of platelet-derived 

EVs. Therefore, it is recommended to use the same puncture location and needle size (≥21-gauge) 

to collect blood and discard the first few milliliters of blood collected [29, 30]. A study by Gyorgy 

et al. [31] concluded that acid-citrate-dextrose (ACD) tubes are recommended for the assessment 

of plasma EVs as ACD does not interfere with protein or RNA analysis. Furthermore, the amount 

of times tubes inverted for mixing of the blood sample with anticoagulant, should be limited. 

The collected sample should be handled with care to avoid agitation. Depending on detection 

purpose, both plasma and serum can be used for measurements. Plasma is recommended for most 

purposes. Centrifugation is the predominant step that influences EV analysis [32]. Blood samples 

were centrifuged for 15 minutes at 2500g to obtain plasma, and by repeating, platelet-free plasma 

can be obtained and stored at -80°C. Then depending on the type of EVs, samples are analyzed 

using different types of beads such as polystyrene and silica beads by using synthetic lipid vesicles 

as calibration strategies. These may be more suitable due to the comparable refractive index with 

EVs [33]. 

 

1.2 Motivation  

To detect cancer, screening tests are performed, when they are most likely to be curable. 

The screening tests include imaging techniques, biopsy, and cytology tests. Imaging techniques 

are used for screening cancer in order to find the location of the tumors. Techniques such as 

Computed Tomography (CT) scan, X-rays, Magnetic Resonance Imaging (MRI), and ultrasound 

scan are currently used. Imaging techniques are useful only when the tumor is already too large. 

Tumors that can be imaged may contain already a few million cells and, at this stage, the disease 

would be too advanced for treatment. To have a better idea about the stage of the disease, a biopsy 

has to be performed. For this purpose, a small piece of tissue, skin, organ, or suspected tumor is 

surgically taken out and sent to a lab for testing. A biopsy is the only way to diagnose most cancers 

whereas imaging tests identify only the areas of concern as they cannot differentiate cancerous and 

non-cancerous cells. A biopsy is performed based on the symptoms associated with cancer [34]. 

The main drawback with these methods includes time consuming, painful, and can detect only 

very late. As cancer covers up the major percentage of the death rate and the early diagnosis of it 
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is challenging, any techniques for its early diagnosis non-invasively will have a major impact on 

the social and economic status. 

Despite the increasing scientific and clinical interests, no standard procedures are available 

for the isolation, detection, and characterization of exosomes, because of their size, which is below 

the reach of conventional detection methods. Given the growing evidence that exosomes may be 

a clinically-relevant biomarker source, there is a great demand for their simple and efficient 

detection from bio-fluids. Most affinity-based methods rely on antibodies directed against 

exosome surface markers [35]. Therefore, considering the potential and scope of EVs/exosomes, 

the whole motivation was to develop label-free methods or techniques to capture, isolation, 

detection, and characterization of EVs for early diagnosis of cancer. The isolation of EVs is by 

using a synthetic peptide called Vn96 [36], detection by localized surface plasmon resonance 

(LSPR), and the characterization using polymerase chain reaction (PCR). The platforms are 

developed by exploiting the properties of gold nanoparticles at the substrate and microfluidic level, 

nanocomposites, and in colloidal suspensions. Considering the developed platforms and protocols, 

multiple microfluidic devices and a liquid biopsy chip will be designed and fabricated which could 

potentially be used for point-of-care testing (POCT) applications.  

 

1.3 Thesis Objectives 

The purpose of this research is to capture, isolate, detect, and characterize the extracellular 

vesicles by designing and fabricating a microfluidic device. This device will use either gold nano-

islands on a glass substrate or colloidal platform with gold nanoparticles (AuNPs) or magnetic 

particles through the integration of a polypeptide-based affinity capture of EVs. The device could 

be potentially used as a point-of-care testing application. The scope and objectives of this research 

work can be outlined as follows: 

i. Designing and developing biosensing protocols to test on the substrates and microfluidic 

platforms. 

ii. Optimization of biosensing protocol with various concentrations of the entities involved in 

the protocol by utilizing LSPR. 

iii. Theoretical studies involving the design, modeling using COMSOL software, and analysis 

of a liquid biopsy chip for the capture, isolation, and detection of EVs. 

iv. Characterization of EVs from MCF7 cancer cell line through imaging (SEM and AFM). 
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v. Molecular analysis of isolated EVs by PCR-based amplification and sequencing for 

diagnostic purposes such as a point of care testing device. 

vi. Fabrication and testing of a liquid biopsy chip for the capture, detection, and isolation of 

EVs. 

 

1.4 Why EVs and why is it important to isolate them? 

Extracellular vesicles are spherical particles enclosed by a phospholipid bilayer [37, 38], 

present in all biological fluids [39]. EVs play a key role in intercellular communication by 

transport and delivery of cargo between cells promoting disease progression. Not only EVs, but 

also circulating tumor cells (CTC), and circulating tumor DNA (ctDNA) have attracted much 

attention in the past decades as biomarkers for early diagnosis of cancer. The major challenge in 

the isolation of CTCs and ctDNA is that the isolation and analysis of CTCs which are very difficult 

as they are extremely rare and heterogeneous [40] while the ctDNA is not stable in the blood or 

the other body fluids and highly fragmented [41, 42]. Because of these intrinsic limitations of 

CTCs and ctDNA, the definite isolation and precise detection of them remain challenging even 

though there are lot of advancements in the technology. Compared to CTCs and ctDNA, exosomes 

have a lot of advantages in terms of stability, quantity, and accessibility. Exosomes are released 

by cancerous and non-cancerous cells, but the concentration of exosomes increases tremendously 

(by many folds) as the tumor progresses when compared with the other biomarkers such as tumor 

antigen, CTC, and ctDNA.  For example, in the case of a glioblastoma (GBM) patient’s plasma 

study [43], the concentration of exosomes was found to be approximately 50 times higher than that 

of a healthy patient. As mentioned, Figure 1.5 shows that the expression level of exosomes is 

relatively higher than that of CTCs and tumor antigens in stage I, which is early-stage cancer [44]. 

Exosomes are highly stable and are capable of protecting nucleic acids and proteins that are closely 

related to cancer development. Many studies have shown that the cancer cell-derived EVs contain 

specific nucleic acids and proteins that reflect the origin of cancer cells, with which the type of 

cancer can be identified [45, 46]. Therefore, considering these merits, EVs/exosomes can 

potentially be used for therapy, prognosis, and as promising biomarkers for early diagnosis of 

cancer.  
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Figure 1.5: The circulating levels of Tumor antigens, CTCs, and exosomes in blood during the 

cancer progression [44] 

 

1.5 Isolation and detection techniques currently available  

The traditional methods for physical characterization and molecular analysis of EVs is 

presented in Figure 1.6(a). The techniques used to measure the physical properties such as 

morphology, size, and zeta potential or concentration of EVs are electron microscopy (EM), 

atomic force microscopy (AFM), nanoparticle tracking analysis (NTA), dynamic light scattering 

(DLS), tunable resistive pulse sensing (TRPS), or flow cytometry (FC). The biomolecular 

properties of EVs can be analyzed by conventional bioanalytical methods including bicinchoninic 

acid (BCA) assay, western blotting (WB), enzyme-linked immunosorbent assay (ELISA), liquid 

chromatography–tandem mass spectrometry (LC–MS/MS), nucleic acid extraction, polymerase 

chain reaction (PCR) amplification, and sequencing techniques. While the isolation methods are 

majorly classified into four types, namely density-based, size-based, surface component-based, 

and precipitation methods as shown in Figure 1.6(b). The methods that come under the density-

based separation of EVs are differential ultracentrifugation and density gradient centrifugation. 

These were developed during the very early research on EVs. In differential ultracentrifugation, 

the large cell debris and cells are removed at low speed around 20000xg, and further, the EVs are 

removed by precipitating them at higher speeds more than 100000xg [26] while in density gradient 

centrifugation, series of solutions with different densities are preloaded into a centrifugal tube 

before the addition of the sample. EVs can then be isolated due to differences in the densities once 
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the balance is achieved between centrifugal force and buoyancy via ultracentrifugation. The gold 

standard and the frequently used technique is the ultracentrifugation for the isolation of EVs. 

However, these techniques include multiple proceeding steps and take around 5 to 6 hours. To 

improve the purity, more centrifugation cycles need to perform, which might cause the loss of EVs 

[47]. Expensive equipment and larger duration limit the use of ultracentrifugation in a real clinical 

setting for early diagnosis of cancer.  

The isolation techniques based on size include membrane filtration, size exclusion 

chromatography (SEC), and other isolation methods in microfluidic chips. In filtration, the EVs 

are isolated based on the size differences of the bioparticles in the sample. It is a simple and high-

throughput method. Size exclusion chromatography (SEC) enables separation of polymer or 

proteins based on their size or hydrodynamic volume, where a porous matrix is usually packaged 

into a column as a stationary phase. When a sample passes, the components with a size smaller 

than the pore diameter can enter porous material, which takes a longer time to pass through the 

column, while the larger size components than the pore diameter will be excluded from the pores. 

Thus, different elution times can be used to separate the components. This method is extensively 

used for the isolation of EVs/exosomes [48, 49]. However, there is a high chance for EVs or the 

other contaminant aggregates to get trapped in the pores. Throughput can be greatly reduced with 

this unavoidable issue and consequently can damage the EVs because of the higher pressure that 

forces the sample through the filter.  

The polymer precipitation method for isolation EVs ensures high yield by simplifying the 

process and reducing the handling time. These polymer-based precipitation methods have been 

commercialized by some companies (ExoQuick, Total exosome isolation, and Exospin) because 

of their simple protocols and fast isolation. In this method, polymers are dissolved in the sample 

to reduce the solubility, because of which, low-speed centrifugation can precipitate EVs for 

isolation. Polyethylene glycol (PEG) has been used for the isolation of EVs as a precipitation agent 

[51]. Though this method is simple, fast, and with a high yield, it lacks purity as the protein 

aggregates and other contaminants may be coprecipitated by the added polymers. Besides, it may 

change the structure and cover the surface characteristics of the EVs [52]. These drawbacks can 

severely affect the further analysis of EVs. 
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Figure 1.6: Traditional methods for the characterization of EVs (A) Characterization techniques 

to measure physical properties (morphology, size, and zeta potential), concentration, and 

biomolecular properties (B) Classification of EV isolation strategies [50] 

 

The presence of a large number of proteins on the surface of EVs and lipid bilayer make 

the immunoaffinity-based methods highly suitable for their isolation. For specific capture and 

isolation of EVs, the frequently used method is affinity-based isolation. These methods are based 

B 

A 
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on the binding of antibodies and aptamers or by a lipid probe as shown in Figure 1.7. An antibody 

with affinity to EV proteins is usually modified on a solid surface such as magnetic beads and 

microfluidic chips to separate EVs from a culture media or nonspecific vesicles and other 

contaminants [53]. In addition to beads or microfluidic chips, nanoparticles or nanomaterials may 

provide more suitable substrates to capture EVs because of increased binding sites on the surface. 

Peptides can also be used as affinity agents similar to antibodies for the isolation of EVs. The 

aptamer is a screened nucleic acid fragment with a specific sequence and has a high affinity 

towards the specific proteins on the surface of EVs with which it can bind to the target protein for 

the isolation of EVs. The usage of aptamers for the isolation of EVs has advantages such as low 

cost, high stability, and easy production [54]. Though aptamers have these advantages over 

antibodies, the major drawback is the availability of aptamers with specific affinity to EVs is still 

rare. To avoid this drawback, the other alternative approach for the isolation is to bind with the 

lipid bilayer by designing the lipophilic isolation probe. The capture efficiency can be improved, 

and full-scale extraction can be obtained by a lipid probe isolation method. Wan et al. [55] reported 

using the lipid probe for the isolation of EVs by using magnetic extraction and the purity of the 

EVs is higher than that of ultracentrifugation. This method of isolation can capture EVs regardless 

of size and their surface antigen avoiding the loss brought by the surface marker.  

 

Figure 1.7: Immunoaffinity-based isolation of EVs [50] 

 

An alternating current electrokinetic method was recently employed for the isolation of 

EVs. This method was fast but has less purity. To improve performance in EV isolation, several 

researchers have taken the advantage of combining different isolation methods, such as combining 

filtration with ultracentrifugation while some of them were integrating isolation methods into 
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microfluidic devices. Various microfluidic-based isolation techniques are tabulated in terms of 

their yield, sample capacity, and efficiency in Table 1.2. This table clearly shows that the 

developments in the microfluidic/LOC technology have enhanced the isolation of EVs in terms of 

their speed and efficiency compared to the gold standard ultracentrifugation. 

 

Table 1.2: Performance of various microfluidic techniques in the isolation of EVs [44] 

Techniques Sample & 

capacity 

Isolation 

speed 

Yield Advantages Disadvantages 

Microfluidic/LOC Technology 

Anti-CD63 functionalized 

surface with herringbone 

groves by Chen et al. [43] 

Serum, 

400μl 

16μl/min 

in 25 min 

42 –

94% 

High specificity, 

Isolation time(~1h) 

Specific for 

CD63 

Array of surface-

functionalized circular 

microchambers by Kanwar et 

al. [56]  

Serum, 

400μl 

8μl/min 

in 60 min 

15 –18 

μg of 

total 

proteins 

Easy scale up, On-

chip quantification 

Low capture 

capacity 

Online mixing in serpentine 

channel with 

immunomagnetic beads by 

Zhao et al. [57], He et al. [35] 

Plasma, 

Continuous 

flow, 10ml 

10μl/min 

in 100 

min 

42–

97.3% 

Isolation time(~1.5h), 

30µl of sample, 

higher capture 

efficiency 

Specific for 

CA125, EpCAM, 

and CD24 

Precaptured polystyrene 

beads with inertial solution 

exchange by Dudanie et al. 

[58] 

CCM, 

Continuous 

flow 

140μl/min n/a High throughput and 

processing volume 

(~70µl/min) 

Bead incubation 

(~4h), Not 

suitable for acute 

care 

Array of porous silicon 

nanowire-on-micropillar by 

Wang et al. [59] 

Standard 

liposome 

Sol., 100μl 

10μl/min 

in 10 min 

45 – 

60% 

Trapping is relatively 

fast (~10min), High 

purity exosomes 

Recovery time 

(~1 day) 

Filtration with 

photopolymerized 

nanoporous membranes by 

Davies et al. [60] 

Blood, 

Saturation 

100μl 

1μl/min 3% Shorter separation 

time, Performed 

directly on whole 

blood 

Low recovery, 

Saturation point 

(3-4 µl) 

Acoustic nanofilter chip by 

Lee at al. [61] 

CCM, 

Continuous 

flow, 50μl 

n/a >80% 90% separation yield, 

In-situ control of size 

Specific MV 

targets 

Obstacle arrays in 

deterministic 

lateral displacement by 

Santana et al. [62] 

CCM, 

170μl 

n/a  39% High purity - 98.5% Low recovery 

efficiency (39%) 

Ultracentrifugation 

 Bobrie, A et al [63], 

Tauro et al [64] 

Plasma,  

12ml 

≥600 min 5–25% 
  

 

Various research groups have used immunological approaches combined with different 

techniques in the past few years, permitting for enhanced isolation, or detection, or both. The 

sensing capability along with their sensitivity of the developed microfluidic devices are 
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summarized in Table 1.3. This table clearly shows that the microfluidic platforms showed a better 

performance when compared to conventional methods. Thus, these developments will certainly 

give solutions to the present hurdles in liquid biopsy of cancers. 

 

Table 1.3: Performance of exosomes detection – sensing technologies [44] 

Approaches Detection sensitivity Detection Multiplexity Markers detected 

ExoChip by Kanwar et 

al. [56] 

0.5 pM  Doi dye staining, 

No multiplexity 

CD63 capture exosomes and extract 

total RNA 

ExoSearch chip by 

Zhao, Z.et al. [57] 

750 particles/μl  Simultaneous detection 

of 3 markers 

CA125, EpCAM, and CD24 

nPLEX chip by Im et 

al. [65] 

1000 particles/μl  Parallel detection of 12 

potential exosomal 

markers 

EpCAM, CD24, CA125, CA19-9, 

HER2, MUC18, EGFR, CLDN3, 

CD45, CD41, D2-40 

GO/PDA nano-IMEX 

by Zhang, P et al. [66]  

50 particles/μl (80 

aM)  

Single-plex sandwich 

ELISA   

D9, CD63, CD81, EpCAM   

iMEX chip by Zhu et al 

[67] 

104 particles/μl 8 channels for 

simultaneous 

detection of 4 markers 

EpCAM, CD24, CA125, CD63, 

HER2, MUC18, EGFR 

μNMR chip by Shao, H 

et al. [68] 

2 × 106 particles/μl   Magnetic nanoparticle 

labeling  

EGFR, PDGFR-α, PDPN, EphA2, 

EGFRvIII6, IDH1, R132H, HSP90, 

CD41, MHCII 

ExoScreen plate by 

Yoshioka et al [69] 

ELISA grade  96-well plate  CD9, CD63, CD147, CEA, CA19-9 

Nanoshearing 

microfluidic Approach 

by Vaidyanathan et al 

[70] 

2760 particles/μl  Simultaneous detection 

of 3 markers 

HER2, PSA, CD9  

EV array by Jorgensen 

et al. [71, 72] 

5000 particles/μl  Simultaneous detection 

of 21 markers  

CD9, CD63, CD81, TNF RI, TNF 

RII, HSAP90, HLA-ABC, GRP78, 

Mucin16, PLAP, SPA, P53, EGFR, 

HER2, CD276, Osteopontin, SFTPD, 

Coilin, NYESO-1, EpCAM, PAX-8 

SPR approach by Zhu 

et al [67] 

4.87 × 104 

particles/μl,  

or low pM 

No multiplexity  CD63, CD9, CD24, CD44, EpCAM, 

HER2 

FLOWER/laser dark-

field Imaging by Akagi, 

T et al. [73] 

Single exosome  No multiplexity  N/A  

 

1.6 Why Lab-on a Chip (LOC)/Microfluidics? 

For an improved treatment and outcome, and to control the progression of the disease, a 

rapid and early diagnosis is required. Traditional biomarker detection methods such as polymerase 

chain reaction (PCR), enzyme-linked immunosorbent assay (ELISA) heavily depend on bulky, 

expensive, and sophisticated equipment. Therefore, quantification of specific proteins and genetic 
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biomarkers in blood or other fluids such as saliva or urine is needed. Thus, researchers have been 

driven to develop new diagnostic tools, suitable for rapid point-of-care (POC) applications. In the 

past two decades, Lab-on-a-chip (LoC) technology has drawn significant interest from the 

researchers and industries for biomedical applications. The lab-on a chip (LOC) or microfluidics 

integrates the conventional isolation methods or applies the principles of fluid dynamics. This is 

how LOC plays a very crucial role in advancing EV isolation technology. The development of 

LOC/microfluidics, nanomaterials, biomolecular probes, and the idea of using EVs as biomarkers 

for the detection of cancer, have greatly boosted the development of novel EV isolation 

technologies. The advantages of LOC include high throughput, low sample, and reagent 

consumption, short assay time, and multiplexed detection [74, 75]. The technology has shown the 

potential to improve molecular biomarker detection by offering sensitive and wide-ranging 

measurements in a compact format. Microfluidics-based platforms have been developed for the 

isolation and quantification of biomolecules and more complex entities that show potential for 

early cancer detection.  

 

1.7 Importance of liquid biopsy 

Tumor biopsy provides critical information on the diagnosis of cancer, its prognosis, and 

prediction of response to treatment. Biopsy has been and continues to be the standard procedure 

for decades. Moreover, tissue biopsy has been the only option to determine the origin and stage of 

cancer. Although surgical biopsies typically provide the highest amount of intact tumor tissue for 

analysis, the procedure is invasive, costly, and time-consuming. As the number of tests required 

for the diagnosis and genetic evaluation has grown, it needs more tumor tissue for additional 

testing. Current biopsy procedures are invasive and, often produce too few cells or tissue sections 

for broad analysis. So, multiple biopsies are not practical for many patients, such as the elderly 

and those with multiple diseases. The major limitation to any biopsy technique is that analysis of 

a single tumor may not capture all the mutations that are present. Cancer grows genetically over 

time, causing the tumors to metastasize and develop resistance to treatments that are initially 

effective. Therefore, improved biopsy methods that produce sufficient sample amounts that are 

reflective of the overall tumor and are flexible to frequent testing are undoubtedly needed. 

A liquid biopsy refers to the analysis of any tumor-derived material circulating in the blood 

or any other body fluid with a possibility of multiple analyses as shown in Figure 1.8 [76, 77]. 
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Liquid biopsies are performed on body fluid samples – blood being of most interest, other body 

fluids such as saliva, urine, spinal fluid, etc. are used, to look for a wide range of cancer biomarkers, 

starting from DNA and RNA fragments, to ‘vesicles’ containing tumor material, to whole cancer 

cells. Liquid biopsies can detect any targetable genomic modification and guide corresponding 

targeted therapy. Due to the non-invasive nature of the technique, liquid biopsy has the potential 

for frequent testing of multiple tumor sites and provides complete genetic signature with less risk 

to the patient while a single tumor biopsy may provide limited information invasively. 

 

 

Figure 1.8: Clinical applications of CTCs and ctDNA in liquid biopsy [77]  

 

Liquid biopsy techniques are based on either PCR amplification or next-generation 

sequencing (NGS) technology to maximize the sensitivity. Liquid biopsies use circulating tumor 

cells (CTCs) or EVs/exosomes as the source for tumor DNA along with circulating free DNA 

(cfDNA). CTCs are intact tumor cells released into the bloodstream that can provide a source of 
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tumor DNA. Many patients with early-stage cancer may not possess CTCs in their blood, making 

these cells a less reliable sample source for identifying genetic variations or assessing prognosis. 

But as seen in Figure 1.5, the expression level of exosomes at an early stage of cancer is quite high 

compared to CTCs, making the exosomes a reliable source for the early diagnosis of cancer. Liquid 

biopsy has the potential to help throughout all stages of cancer in general: screening, minimal 

residual disease detection to guide treatment, early detection of relapse, systemic treatment 

initiation and monitoring of response, and resistance genotyping [78, 79]. 

 

1.8 Why gold nanoparticles and LSPR?  

Gold is one of the first metals to have been discovered. The gold that was first obtained by 

Chinese, Arabian, and Indian scientists as early as in the V-IV centuries B.C, has been used for 

medicinal purposes. Colloidal gold was used in alchemist laboratories during the middle ages in 

Europe. The first book on colloidal gold was published by the philosopher and Doctor of Medicine 

Francisco Antonii in the year 1618 [80]. Earlier, colloidal gold was obtained by reducing the gold 

chloride by vegetable extracts in alcohols or oils. Later, Turkevich et al. [158] developed a method 

for the preparation of gold nanoparticles (AuNPs) by treating the hydrogen tetrachloroaurate 

(HAuCl4) with citrate acid in boiling water. Citrate acts as a reducing and stabilizing agent. Gold 

nanoparticles have unique properties and multiple surface functionalities. Due to these properties, 

they have been widely employed in bio-nanotechnology for diagnostics and are also used in the 

area of therapeutics. The versatility of AuNPs made them important components for biomedical 

applications. Functionalized AuNPs with controlled geometrical and optical properties are the 

current intensive studies and the subject of biomedical applications. These applications include 

biosensors, immunoassays, clinical chemistry, laser phototherapy of cancer cells and tumors, the 

targeted delivery of drugs, DNA, and antigens, optical bioimaging, and the monitoring of cells and 

tissues.  

In the last two decades, surface plasmon resonance (SPR) technology has revolutionized 

the biosensing field with the start of nanotechnology, especially in the field of plasmonics. A 

highly sensitive transducing mechanism is the primary for the major importance of SPR. 

Transducing mechanism is where surface plasmon polaritons (SPPs), which are the surface 

propagating EM waves show an extraordinary sensitivity to the refractive index interfacial 

changes. However, the activation of this mechanism in SPR requires complex supporting optics, 
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due to the inability of SPP excitation by freely propagating light [81]. The propagating nature of 

SPPs limits the miniaturization. To overcome this miniaturization and device bulkiness, metallic 

nanoparticles supporting localized surface plasmon resonance (LSPR) have been primarily 

identified as the next generation of optical label-free biosensors. The main reason behind this 

consideration is the extreme sensor miniaturization capability, to the scale of a single nanoparticle 

[82, 83].  

The sensitivity of the LSPR property of metallic nanoparticles such as silver and gold 

nanoparticles (AuNPs) to any change in their surrounding medium forms the basis for a label-free 

bio-sensing application [84-86]. Binding biomolecules to AuNPs or nano-islands immobilized on 

substrate results in a redshift of the LSPR bands or/and an increase in the absorbance of the band. 

The optical properties of AuNPs have been thoroughly studied and optimized for sensing 

applications, in terms of size and shape [87, 88]. LSPR sensors, based on plasmonic 

nanostructures, are now widely used to interrogate biomolecular interactions in real-time. Despite 

the increasing interest in the LSPR phenomenon and its applications, there is still little research 

going on with the integration of LSPR biosensing with a microfluidic platform, thereby, 

contributing to the emerging field of plasmofluidics [89]. In the past, for the detection of bovine 

growth hormone (bGH), also known as bovine somatotropin (bST), the label-free LSPR technique 

has been used and proved to be effective. It can be understood that the LSPR technique is best 

suited, because of its detection limit which is in the range of 1-5 ng/ml among the various LOC 

methods [90]. Vn96 is a synthetic polypeptide, specifically designed to captures exosomes by 

binding to the heat shock proteins (HSPs) present on their surface and the exosomes are complex 

vesicular cargo of proteins and other biomolecules, so, it seemed logical to use the nanoplasmonic 

platforms based on LSPR generated by metal nanoparticles, typically gold nanoparticles in the 

current studies.  

 

1.9 Organization and layout of the thesis 

This thesis has been organized as follows:  
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Chapter 2: Platforms for Capture, Detection, Isolation, and Characterization of 

Extracellular Vesicles: This chapter presents the detection sensitivities of the gold nanoparticles 

based on the refractive index of the solvents. The platforms discussed in this chapter are gold 

nanocomposites, gold nano-islands on a glass substrate, and the gold nanoparticles suspended in a 

colloidal solution. The part of the gold nanocomposites is duplicated from the paper published in 

the Journal of Nanoparticle Research. This paper discusses the gold-PDMS nanocomposites that 

were created by the in-situ synthesis of gold by using the gold precursor solution. The in-situ 

reduction and the subsequent diffusion of AuNPs into the PDMS matrix through heat treatment. 

The interplay between the reduction of gold ions and the continuous diffusion of the cross-linking 

agent toward the surface is also discussed in detail. Further, the effect of sub-surface segregation 

of AuNPs and their subsequent spatial distribution on the sensing capability of the nanocomposite 

are presented. Also, the ex-situ synthesis of gold nanoparticles using the Turkevich method and 

their deposition on a glass substrate to form gold nano-islands is discussed. Finally, the chapter 
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concludes with the identification of platforms based on their refractive index sensitivity for 

capture, isolation, and detection of EVs from MCF7 CCM. 

 

Chapter 3: Nano-Bio interactions of Extracellular Vesicles with Gold Nano-islands 

for Early Cancer Diagnosis: This is chapter is duplicated from the paper published in the Journal 

Research which presents the physical modeling based on the characteristics of the gold nano-

islands and the bio-entities to determine the detection capability of the platform, which is 

optimized experimentally at each stage. Preliminary results and modeling present a relationship 

between the plasmonic shift and the concentration of exosomes, and essentially indicate 

possibilities for label-free early diagnosis. 

 

Chapter 4: Plasmonic Detection of Extracellular Vesicles using a Gold Nano-island 

Integrated Microfluidic Platform: This chapter is duplicated from the paper published in the 

Journal of Biomedical and Biological Engineering from (WASET), which presents a microfluidic 

device, designed for sensing of exosomes on a glass substrate sealed by a PDMS layer that contains 

the channel and a collection chamber. When the biochemical entities were introduced, an Ocean 

Optics spectrometer was used to measure the position of the Au plasmon band at each step of the 

sensing. The experiments have shown that the LSPR shift is proportional to the concentration of 

exosomes and, thereby, exosomes can be accurately quantified.  

 

Chapter 5: Microfluidic Isolation of Extracellular Vesicles and Validation through 

AFM and DNA Amplification: This chapter is duplicated from the paper published in the 

European Journal of Extracellular Vesicles, which presents a microfluidic device containing 

multiple channels and a collection chamber to capture EVs. The capture and detection ability of 

the device is validated by AFM measurements and the measurement of gene copy numbers using 

droplet digital PCR (ddPCR). The results indicate that the developed device can be considered as 

a prospective point-of-care apparatus for diagnostics in a clinical setting. 

 

Chapter 6: Sensitivity Amplification by Multi-level Microfluidic Device for the 

Detection of Extracellular Vesicles: This chapter is duplicated from the manuscript prepared for 

the Journal of Advanced NanoBioMed Research, which presents a gold nano-islands integrated 
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multilevel microfluidic device for the amplification of detection sensitivity. This device contains 

consists of a glass substrate deposited with gold nano-islands on both sides, PDMS films 

containing microchannels one above the other in different levels, and a collection chamber on each 

level to capture, detect, and isolate EVs.  

 

Chapter 7: Methods for Detecting, Isolation, and Quantifying an Analyte in a Sample 

Based on Colloidal Suspension of Plasmonic Metal Nanoparticles: This chapter presents the 

details of the invention submitted, which discusses a colloidal platform for detection and isolation 

of biomolecules utilizing the gold or metal nanoparticles suspended in a colloidal solution. The 

precipitation method was used to isolate biomolecules by binding them to the metal nanoparticles 

in the colloidal solution and the usage of the supernatant as a biosensor for the diagnosis of cancer 

at an early stage is also proposed. 

 

Chapter 8: Liquid Biopsy Chip for Isolation of Extracellular Vesicles using Magnetic 

Particles by Gravity Assisted Sedimentation and Characterization by Gene Amplification: 

This chapter is duplicated from the manuscript prepared for the Journal of Biosensors and 

Bioelectronics, which presents a liquid biopsy chip for the capture and isolation of EVs from the 

MCF7 CCM using magnetic particles based on the colloidal platform. To ensure the capture 

efficiency by proper binding of the magnetic particles and the EVs, a split and recombination 3D 

mixer is integrated into the chip design and it also consists of a sedimentation unit, which allows 

EV-captured magnetic particles to settle in it. The captured EVs are then isolated from the chip 

based on gravity-assisted sedimentation technique for elution of EVs and their validation. The 

isolated EVs are characterized by the SEM measurements and the ability to capture and isolation 

of EVs is validated by the NTA and AFM measurements. Finally, the absolute quantification of 

RNase P gene copies from the isolated EVs are characterized using droplet digital PCR (ddPCR) 

 

Chapter 9: Conclusions and Future Works: This chapter presents the summary of the 

platforms discussed in the thesis for the capture, detection, and isolation of EVs from MCF7 

conditioned media, concluding remarks, and recommendations for future works. 
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To comply with the Concordia thesis regulations, figures, tables, and equation numbers 

may have been modified from the original submitted or published article. As such, the references 

of all the articles are combined and presented at the end of the thesis. 

 

1.10  The outcome from the thesis 

1.10.1. Patent 

1. S. Bathini, M. Packirisamy, “Methods for Detecting, Isolation and Quantifying an Analyte in 

a Sample Based on Colloidal Suspension of Plasmonic Metal Nanoparticles” (US provisional 

(63,084,960) filed in September 2020) 

 

1.10.2. Published/to be submitted/prepared journals 

1. S. Bathini, M. Packirisamy, “Synthesis of Gold Nanoparticles and the relation between 

Concentration and absorbance”, 2021 (To be prepared from Patent) 

2. S. Bathini, M. Packirisamy, “Detection of biotin tagged biomolecules using Free Suspended 

Gold Nanoparticles in a Colloidal Solution”, 2021 (To be prepared from Patent) 

3. S. Bathini, M. Packirisamy, “Detection of Bovine Growth Hormone using Gold 

Nanoparticles Suspended in Colloidal Solution”, 2021 (To be prepared from Patent) 

4. S. Bathini, M. Packirisamy, “Capture, Detection of Extracellular Vesicles using Gold 

Nanoparticles Suspended in Colloidal Solution”, 2021 (To be prepared from Patent) 

5. S. Bathini, A. Ghosh, M. Packirisamy, “Liquid Biopsy Chip for Isolation of Extracellular 

Vesicles using Magnetic Particles by Gravity Assisted Sedimentation”, 2021 (to be submitted 

to Journal of Biosensors and Bioelectronics) 

6. S. Bathini, A. Ghosh, M. Packirisamy, “Sensitivity Amplification by Multi-level Microfluidic 

Device for the Detection of Extracellular Vesicles”, 2021 (to be submitted to Journal of 

Advanced NanoBioMed Research) 

7. S. Bathini, D. Raju, S. Badilescu, S. Pakkiriswami, A. Ghosh, R. J. Ouellette, M. Packirisamy, 

“Microfluidic Isolation of Extracellular Vesicles and Validation through AFM and DNA 

Amplification”, Euro J. of Extracell. Ves., Vol.1, 3-10, 2020 

8. S. Bathini, D. Raju, S. Badilescu, M. Packirisamy, “Effect of Cross-Linking and Thermal 

Budget on Plasmonic Sensing and Sub-Surface Segregation of In-Situ Synthesized Gold in 

Polymer-Nano Composite”, J. Nanopart Res, 23, Article 21, 2021 
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9. S. Bathini, D. Raju, S. Badilescu, A. Kumar, R. J. Ouellette, A. Ghosh, M. Packirisamy, 

“Nano-Bio Interactions of Extracellular Vesicles with Gold Nanoislands for Early Cancer 

Diagnosis,” Research, vol. 2018, Article ID 3917986, 10 pages, 2018  

10. S. Bathini, D. Raju, S. Badilescu, M. Packirisamy, “Microfluidic Plasmonic Bio-Sensing of 

Exosomes by Using a Gold Nano-Island Platform”, Intl. J. of Biomed. Biol. Engg (WASET)., 

Vol. 12, No. 5, 226 – 229, 2018 

11. S. Badilescu, D. Raju, S. Bathini, M. Packirisamy, “Gold Nano-Island Platforms for 

Localized Surface Plasmon Resonance Sensing: A Short Review", Molecules, 25(20), 4661, 

2020 

12. D. Raju, S. Bathini, S. Badilescu, R.J. Ouellette, A. Ghosh, M. Packirisamy, “LSPR Detection 

of Extracellular vesicles using a silver-PDMS nano-composite platform suitable for sensor 

networks”, Enterprise Information System (EIS), 14(4), 532-541, 2020 

13. D. Raju, S. Bathini, S. Badilescu, R.J. Ouellette, A. Ghosh, M. Packirisamy, “Study of 
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Chapter 2  

Platforms for Capture, Detection, Isolation, and Characterization of 

Extracellular Vesicles 

 

The main objective of this dissertation is to develop lab-on-chip devices for the capture, 

detection, and isolation of cancerous extracellular vesicles from MCF7 culture media, which is the 

breast cancer cell line. To do this, three platforms have been explored using plasmonic of gold 

nanoparticles, namely, in-situ synthesized gold nanocomposites, gold nano-islands on a glass 

substrate, and the colloidal solution with suspended gold nanoparticles (AuNPs). The first step was 

to identify a sensitive platform which is suitable for the capture and isolation of EVs. Therefore, 

the sensitivity of the above-mentioned platforms is studied and discussed below. 

 

The nanocomposite part of this chapter is reproduced from the article published in Journal 

of Nanoparticle Research, 23, Article 21, 2021 

 

Surface gold – Poly (dimethyl siloxane) nanocomposites are a special category of 

composites, with gold nanoparticles segregated in a sub-surface layer of the polymer. In this work, 

sub-surface nanocomposites were created by in-situ synthesis of gold by using the solution of a 

gold precursor. The in-situ reduction of gold ions by the polymer’s cross-linking agent (a vinyl 

silicon compound) and the subsequent diffusion of gold nanoparticles into the PDMS matrix 

through heat treatment are investigated, principally, by UV-Vis spectroscopy, Scanning Electron 

Microscopy (SEM), Atomic Force Microscopy (AFM), X-ray diffraction (XRD) and X-ray 

photoelectron spectrometry (XPS). It is shown that the freshly formed gold nanoparticles are 

stabilized by the diffusion into sub-surface layer, where they form into small aggregates. The 

kinetics of the in-situ reduction reaction at the solution-film interface is studied. The interplay 

between the reduction of gold ions and the continuous diffusion of the cross-linking agent toward 

the surface are also discussed in detail. Further, the effect of sub-surface segregation of gold 

nanoparticles and their subsequent spatial distribution on the sensing capability of the 

nanocomposite are presented as well. 
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2.1. Introduction to nanocomposites 

 Nanoparticle-polymer composites are advanced functional materials, with nanoparticles 

integrated into a polymer matrix. In addition to the characteristics of polymers such as transparency 

and processability, nanocomposites may acquire outstanding electrical, optical, and magnetic 

properties of their metal components. Optical nonlinearities and/or infra-low/ultra-high refractive 

indices suitable for ultrathin color filters, UV absorbers, tunable optical filters [91], optical sensors, 

waveguides, optical strain detectors, thermo-chromic materials, are only some of the potential 

applications of nanocomposites that originate from the properties of nano-sized noble metals [92-

99]. The design, fabrication, and characterization of conducting polydimethylsiloxane (PDMS) 

with metallic powder for microheaters and temperature sensors have also been reported [100]. 

Stretchable PDMS structures, doped with gold nanoparticles have been prepared and suggested 

for strain sensors [101]. Gold (Au) and silver (Ag) nanocomposites have also been used for water 

purification, targeted drug release, antimicrobial coatings, and analysis of environmental 

pollutants [102-105]. 

 Because of the strong Localized Surface Plasmon Resonance (LSPR) bands of gold and 

silver nanoparticles in the visible spectrum, stemming from the excitation of plasmons by the 

incident light and giving rise to characteristic absorption, some gold-nanocomposites are 

appropriate for sensing applications. In general, the biosensing properties of nanocomposites 

depend on parameters related to the conditions of their preparation that are pivotal for the 

distribution of metal particles in the polymer matrix. Since the spatial distribution of the (AuNPs) 

determines the biosensing properties, it is important to develop mechanisms and methods to 

control it [106]. 

Nanocomposites can be synthesized either by in-situ method in which polymer reacts with 

precursor to create nanoparticles or by ex-situ method in which prefabricated nanoparticles are 

embedded. In addition, physical methods such as chemical vapor deposition, ion implantation and 

thermolysis have been successfully used to prepare nanocomposites having gold on the surface of 

the polymer [107, 108]. 

In some cases, depending on the softening temperature of the polymer, nanoparticles can 

be embedded just below the surface of the polymer, where they reach a metastable state with 

minimum Gibbs free energy [109]. The limited movement of nanoparticles (from the surface to 

the sub-surface layer) is accounted by the tendency to reduce their high surface energy. Despite 
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the efforts to prepare nanocomposites with appropriate morphologies and enhanced surface 

properties, the control of nanoparticles spatial distribution remains still at an emerging stage [110]. 

Generally, when nanoparticles are well-dispersed in the polymer matrix, in the absence of 

nanoparticle-nanoparticle interactions, the nanocomposite will have only the additive properties 

of the individual components. But, if the polymer is structured, entirely new properties would 

emerge. For example, in the case of PDMS that has a segregated layer, nanoparticles are formed 

and concentrated in the segregated layer(s) and the new properties originate from their closeness 

[111]. These special categories of nanocomposites, called surface nanocomposites, have a three-

dimensional distribution of the AuNPs and they were found suitable, especially, for Surface-

Enhanced Raman Scattering (SERS) applications [112-115]. 

An ordered structural design such as the segregated layer, in the case of PDMS, can be 

used to control the degree of nanoparticle aggregation within the polymer. PDMS is a polymer 

used for the fabrication of microfluidic devices. It has received utmost attention due to its ease of 

preparation, low cost, good transparency, and non-toxicity to biomolecules.  

The cross-linking of PDMS is obtained by hydrosilylation, where vinyl groups of one 

component (the pre-polymer) react with hydrosilane groups of the second component (the curing 

agent, a vinyl silicon compound) in a Pt-catalyzed reaction [116, 117] as shown in Eq. (1). 

(𝐶𝑟𝑜𝑠𝑠 − 𝑙𝑖𝑛𝑘𝑒𝑟) − 𝑆𝑖 − 𝐻 +  𝐶𝐻2  =  𝐻𝐶 − 𝑆𝑖 − (𝑝𝑜𝑙𝑦𝑚𝑒𝑟)
𝑃𝑡 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡

→
ℎ𝑒𝑎𝑡 

− 𝑆𝑖 − 𝐶𝐻2 − 𝐶𝐻2 − 𝑆𝑖 − (3𝐷 𝑛𝑒𝑡𝑤𝑜𝑟𝑘)   (1) 

Many authors [118, 119] have studied the kinetics of the hydrosilylation reaction catalyzed 

by a platinum complex but only for the case of bulk reaction between vinyl-terminated PDMS and 

silane cross-linkers. For thin films or coatings, the kinetics of the cross-linking reactions is 

different from the bulk behavior because of segregation, either at the interface with the atmosphere 

or at the substrate. In this way, the migration towards the surface decreases the concentration of 

the cross-linker and Pt catalyst in the bulk. 

Zhang et al., and Goyal et al., [120, 121] have suggested that, in the case of in-situ synthesis 

of gold, the excess of curing agent may act as a reducing agent of gold ions. Zhang [120] 

investigated the effect of changing the curing (cross-linking) agent to monomer ratio (η), that is, 

the curing agent concentration. The poor sensing performance was explained by the local 

deformation of the polymer surface due to nanoparticles growth and their partial embedding into 

the polymer. The optical and thermoplasmonic response of the in-situ reduced AuNPs have been 
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measured [122] and various applications of the in-situ prepared Au-PDMS nanocomposite have 

been reported [123, 124]. 

Our group has systematically studied the in-situ synthesis of gold and silver 

nanocomposites of PDMS, especially for microfluidic sensing applications [125-128]. In order to 

develop in-situ nanocomposite for various applications it is important to undertake a systematic 

investigation of the in-situ surface nanocomposites, prepared by the reduction of gold ions by the 

excess of cross-linking agent in thin self-standing PDMS films. We are especially interested in 

how (i) cross linking agent concentration influence the distribution and the in-situ synthesis of 

gold nanoparticles after a specific synthesis time as shown in the schematic of Figure 2.1(A), and 

(ii) how the thermal budget drives the sub-surface layers of the polymer deeper as shown in the 

schematic of Figure 2.1(B). In the case of free-standing films, the diffusion of the precursor 

molecules occurs simultaneously through all the six sides of the sample. Because the focus of the 

work is on sensing applications, we were interested in both the agglomeration state of AuNPs in 

the surface segregated layers due to cross linking agent and their diffusion into PDMS during the 

annealing process. This work represents an attempt to establish how the distribution of AuNPs 

affects the sensing capability of the nanocomposite. The work is also pertinent to the general topic 

of the diffusion of nanoparticles in polymer films (coatings) and its effect on the properties of 

nanocomposites.  

 

Figure 2.1: Illustration of diffusion of gold nanoparticles and effect of heat-treatment on a 

nanocomposite sample; (A) Schematic showing AuNPs in as-prepared sample. (B) Heat-treated 

sample (only the upper portion of the sample is shown for simplicity) 

 

2.2. Materials 

Gold (III) chloride trihydrate (HAuCl4.3H2O), isopropyl alcohol, dimethylformamide, 

chloroform, toluene, and anisole were purchased from Sigma-Aldrich. The Sylgard® 184 

elastomer kit for the PDMS fabrication was purchased from Dow Corning. De-ionized (DI) water 

with a resistivity of 18MΩ, used in all the experiments, was obtained from the NANO pure 

ultrapure water system (Barnstead). Ethanol was purchased from Fisher Chemicals. 
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2.3. In-situ synthesis of gold-PDMS nanocomposites 

The gold precursor solution is prepared by dissolving gold (III) chloride trihydrate 

(HAuCl4.3H2O) in ethanol. The concentration of the precursor solution was 0.6% (wt/v).  The 

PDMS samples were prepared with two concentrations of base to cross linking agent namely 4:1 

and 10:1. For the synthesis of Au-PDMS nanocomposites, the prepared PDMS films were 

immersed vertically in the gold precursor solution and incubated for around 48hrs. Figure 2.2(A) 

illustrates the immersed film in the precursor solution and Figure 2.2(B) shows the nanocomposite, 

after the completion of the reaction, (the PDMS film is shown slightly slanted for clarity). In the 

following sections, this nanocomposite will be referred as “as-prepared sample”, (meaning the 

sample was taken out after a synthesis time of 48hrs at room temperature and was not heat-treated 

(tsynth= 48hrs, no heat-treatment). After the in-situ synthesis, the morphology of formed gold 

nanoparticles aggregates in the as-prepared sample is altered by heat treating the Au-PDMS 

nanocomposite samples at 200°C for 30 minutes. These samples will be referred as “heat-treated 

samples” (tsynth= 48hrs, Temp = 200°C, 30min heat-treatment). 

 

Figure 2.2: In-situ synthesis and slicing of the sample: (A) Schematic of in-situ synthesis; the 

PDMS film, immersed in the gold precursor solution (B) Au-PDMS nanocomposite (red), after 

48 hrs.  

 

2.3.1. Sensitivity measurements of the platforms  

 The sensitivity of the synthesized nanocomposite for sensing was measured, using 

solvents with different refractive indices. The measurements were performed by measuring the 
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absorption spectra, after immersing the nanocomposite sample in a quartz cuvette, filled with the 

solvent, for 1 hour. The refractive index sensitivity of 1mm thick 10:1 and 4:1 nanocomposite 

sample for as-prepared treated and heat-treated at 200°C, measured using various solvents as 

mentioned in the experimental section. Figure 2.3 shows the corresponding sensitivity plots. From 

the plots, it can be clearly seen that the sensitivity of all the nanocomposite platforms is quite low.  

 

Figure 2.3: Sensitivity measurements of a 1mm thick 10:1 and 4:1 nanocomposite sample, as-

prepared (tsynth= 48hrs, no heat-treatment) and heat-treated (tsynth= 48hrs, T = 200°C, 30min heat-

treatment), (n=6) 

The low refractive index sensitivity found for the Au-PDMS nanocomposite samples 

confirms the presence of most nanoparticles under the surface, covered by a thin polymer layer, 

that is, not available for sensing. Gold nanoparticles, prepared by ex-situ synthesis, or physical 

deposition methods such as chemical vapor deposition, ion implantation and thermolysis are 

located on the surface of the film [107, 108], while, in the case of in-situ synthesis, the Au 

nanoparticles are submerged under the surface, surrounded by the polymer chains and, therefore, 

are not in direct contact with the analyte. Even after heat-treatment, when more nanoparticles 

diffuse into the polymer, there are not particles on the surface. This would explain the low 

sensitivity of the platform in the case of in-situ synthesized Au NP. 

 

2.4. Ex-situ synthesis of gold nanoparticles 

Spherical gold nanoparticles were synthesized by reduction of Gold (III) Chloride trihydrate 

(HAuCl4.3H2O) by sodium citrate, following Turkevich’s method. Briefly, 15mg of Gold (III) 

Chloride trihydrate (HAuCl4.3H2O) are added to 95 mL of DI water in a beaker and heated till it 
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reaches its boiling point. Then, 5ml of sodium citrate solution (2%), are added to the boiling 

solution. After the addition of sodium citrate, a change in color from the original yellow to a 

transparent purple can be clearly observed, showing the presence of gold nanoparticles. Parallelly, 

glass substrates of desired dimensions (37mmx12mm in this case) were cleaned with soap solution, 

DI water, and then rinsed with acetone, dried with 2-proponol (IPA) and air. Then the substrates 

were heated in an oven at 100°C for 1 hour to remove any moisture before the deposition process. 

 

2.4.1. Fabrication of gold nano-islands 

Fabrication of gold nano-islands on glass substrates includes the synthesis of gold nanoparticle 

(AuNPs) and, subsequently, their deposition on glass substrates by using the thermal convection 

method. The glass substrates were immersed at an angle of approximately 30° in a beaker 

containing the gold colloidal solution and kept in the oven at temperatures between 50 and 55 °C 

until the whole amount of the colloidal solution is evaporated, depositing the multilayers of gold 

nanoparticles on the glass substrate as shown in Figure 2.4. The glass substrate with gold 

multilayers was heat-treated at 560°C to form nano-islands. 

   

Figure 2.4: (A) Schematic of the convective assembly process (B) schematic of the 

morphological tuning of gold multilayers to gold islands by heat treatment 

 

2.4.2. Sensitivity of gold nano-islands on glass substrate platform 

The spectral sensitivity of the sensor can be calculated by using various solvents with 

different refractive indices. The spectral density denoted by S, for any sensor is defined as S= 

Δλ/Δn where Δλ is the shift of sensor resonance in nm, and Δn is the change of refractive index of 

the solution. In our experiments, we measured the sensitivity of the platform as a function of 

A 
B 
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refractive index of various solvents. The measurements were achieved by immersing glass 

substrate with gold nano-islands in a quartz cuvette filled with a solvent and measuring the 

absorption spectrum of the sample using the standard spectrophotometer from PerkinElmer 

(Lambda650). The shift of the resonance of the glass substrate with nano-islands as a function of 

the solvent filled allows us to determine the sensitivity of the substrate. The results of these 

measurements for all the solvents are as shown in Figure 2.5. The highest sensitivity was found to 

be 111.61 nm/RIU with a very good reproducibility (differences in the order of 5%) for the glass 

substrate with gold nano-islands. Table 2.1 below shows the solvents used for the sensitivity 

measurements.  

Table 2.1: Solvents used in the sensitivity measurements and their refractive indices 

Solvent RI (Refractive index) 

DI Water 1.33 

Ethanol 1.36 

IPA 1.8 

Dimethylformamide (DMF) 1.43 

Toluene 1.5 

Anisole 1.516 

 

   

Figure 2.5: Sensitivity of gold nano-islands on glass substrate as a function of the variation of 

refractive index (Δn) (n=3) 
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2.5. Conclusions 

The distribution of in-situ prepared AuNPs on the surface of PDMS self-standing films has 

been investigated by UV-Visible spectroscopy. It was found that nanoparticles are formed by in-

situ reduction of gold ions on the surface of the film by the curing (crosslinking) agent and, right 

after formation, they are segregated in the sub-surface layer of PDMS, and only a few nanoparticles 

in the depth. The pattern of distribution at room temperature and after heat-treatment at 200°C was 

studied in relation to the amount of the curing agent in the PDMS composition. It is inferred that 

in thin self-standing PDMS films, the excess of curing agent migrates toward the interfaces with 

the atmosphere and reduces the incoming gold ions. The influence of the amount and distribution 

of AuNPs in PDMS on the refractive index sensitivity of the nanocomposite platform is discussed. 

The results show that the sensing capability of Au-PDMS surface nanocomposite film is low due 

to the polymer layer covering the AuNPs. The formation of the sub-surface structure in a thin self-

standing nanocomposite film is accounted for by the weak Au-PDMS interfacial interactions, 

permitting the gold to sink under the surface and embed in the polymer. Because of which the 

sensitivity is found to be around 50nm/RIU. The gold nano-islands on a glass substrate platform, 

where synthesized AuNPs are deposited on a glass substrate by thermal convection and then heat-

treated at 560°C for an hour to form gold nano-islands. The refractive index sensitivity of gold 

nano-islands is found to be around 111nm/RIU. The sensitivity is higher in case of gold nano-

islands as the gold nano-islands are above the surface and are available to interact directly with the 

analyte. Considering the individual sensitivity of nanocomposite and nano-islands platforms, the 

gold nano-island platform was utilized further for the capture, detection, and isolation of EVs. The 

gold nano-islands on a glass substrate, where only half of the islands are available for sensing and 

capture, exhibited a better sensitivity meaning that utilizing the whole surface of nanoparticle 

would result in even better sensitivity as in the case of the third platform where gold nanoparticles 

suspended in a colloidal solution.  

Hence, the gold nano-island platform and the colloidal platform are utilized further for the 

capture, detection, and isolation of EVs from the MCF7 culture media. To optimize the bio-nano 

interactions, it is important to understand the limitations of binding between gold nanoparticles 

and EVs or exosomes. So, the next chapter (Chapter 3) will discuss the physical modeling that 

defines maximum numbers of EVs or exosomes that can be accommodated on any kind of 

nanoparticle or a nanoisland based on their surface area. 



38 
 

Chapter 3  

Nano-Bio Interactions of Extracellular Vesicles with Gold Nano-

Islands for Early Cancer Diagnosis 

 

This chapter is reproduced from the article published in Research, vol. 2018, Article ID 

3917986, 2018. 

 

Extracellular vesicles or Exosomes are membrane encapsulated biological nanometric 

particles secreted virtually by all types of cells throughout the animal kingdom. They carry a cargo 

of active molecules to proximal and distal cells of the body as mechanism of physiological 

communication, to maintain natural homeostasis as well as pathological responses. Exosomes 

carry a tremendous potential for liquid biopsy and therapeutic applications. Thus, there is a global 

demand for simple and robust exosome isolation methods amenable to point-of-care diagnosis and 

quality control of therapeutic exosome manufacturing. This can be achieved by molecular profiling 

of the exosomes for use with specific sets of molecular-markers for diagnosis and quality control. 

Liquid biopsy is undoubtedly the most promising diagnosis process to advance ‘personalized 

medicine’. Currently, liquid biopsy is based on circulating cancer cells, cell free-DNA or 

exosomes. Exosomes potentially provide promise for early-stage diagnostic possibility; In order 

to facilitate superior diagnosis and isolation of exosomes, a novel platform is developed to detect 

and capture them, based on localized surface plasmon resonance (LSPR) of gold nano-islands, 

through strong affinity between exosomes and peptide called Venceremin or Vn96. Physical 

modeling, based on the characteristics of the gold nano-islands and the bio-entities involved in the 

sensing is also developed to determine the detection capability of the platform, which is optimized 

experimentally at each stage. Preliminary results and modeling present a relationship between the 

plasmonic shift and the concentration of exosomes; and essentially, indicate possibilities for label-

free early diagnosis. 

 

3.1. Introduction 

Exosomes or Extracellular vesicles are vital sources of biomarkers for cancer and other 

pathological conditions such as inflammatory and neurodegenerative diseases, and also for clinical 
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diagnostics. They are membrane bounded nano-scale extracellular communication organelles that 

are released from almost all cell types to the extracellular space, transporting a cargo of active 

molecules (DNA, RNA, proteins/enzymes, lipid, and metabolites) to neighboring and distal parts 

of the body and represent real-time snapshots of the physiological/pathological status of the source 

cells. They are present in all body fluids, including urine, blood, ascites, and cerebrospinal fluid 

and semen. When cells are cultured in laboratory or bioreactor settings, the cells discharge their 

exosomes in the culture-media used, called conditioned media. Exosomes are mostly spherical and 

their diameter ranges from 30 - 100 nm, which is about hundred times smaller than the smallest 

cell [5-7, 37-39]. Exosomes are formed by inward budding of luminal membrane of multivesicular 

bodies and are constitutively released by fusion with the cytoplasmic membrane. Amongst the 

active molecules in the cargo, heat shock proteins (such as HSP70) are shown to be exosome 

membrane bound as well as inside [129-135]. It is evident in many cancers (for example breast 

and ovarian) that the concentration of the total cancer-cells and their exosome-bound HSPs are 

elevated [136] and implicated in various aspects of cancer biology.    

The detection, isolation and characterization of exosomes are still challenging due to the 

natural complexity of body fluids. For this reason, a versatile platform and an easy-to-use 

technique is required to detect adequately and selectively, isolate, quantify and characterize 

exosomes for clinical applications. Given the growing evidence that exosomes may be the best 

liquid biopsy source materials for biomarker identification and discovery, there is a great demand 

for their simple, robust, and efficient isolation/detection from bio-fluids. However, currently 

available exosome isolation methods are precipitation based (ultracentrifugation and using 

polyethylene glycol) which are not suitable for point-of-care (POC) clinical-diagnosis. 

Ultrafiltration yields relatively pure exosomes but is technically challenging.  For the development 

of routine exosome-based POC diagnostics, affinity-based exosome capture is technologically 

desirable. Most affinity-based exosome capture methods rely on monoclonal antibodies, directed 

against exosomes surface markers [35, 43, 56, 57], driving higher the cost of production and 

inconsistency in assays such as batch-to-batch variations of antibodies. Antibody-based affinity-

capture and all the other precipitation-based exosome isolation facilitate capturing all the 

exosomes present in the given fluid, without differentiating healthy and diseased (cancer) 

exosomes. Quite sophisticated micro- and nano systems have gained attention in recent years for 

their high sensitivity to detect exosomes. Among them are the electrochemistry-based approaches, 
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using electroactive molecules tagged with a detection antibody and the captured exosomes are 

detected by electrochemical sensing [137-139]. Nanoplasmonic sensors and microfluidic exosome 

analysis platforms having an antibody functionalized channel have also been reported [140, 141]. 

In spite of the advances in the exosome detection techniques, because of the complexity and 

heterogeneity of exosomes’ composition, none of the existing techniques can be considered as a 

general method to be used for the detection of exosomes for both clinical purposes and research. 

The challenges are both technical and biological and any step toward solving them is useful. The 

development of exosome detection methods is a continuous process and there is still a lot of room 

for improvement.  

We used a synthetic peptide (Venceremin or Vn96), having a high affinity for canonical 

HSPs [36, 142] as tool to capture exosomes for the platform described in this work. The rational 

to use Vn96 based affinity-capture of exosomes for POC diagnostic platform is that cancer cells 

and their exosomes over express HSPs in their lumen as well as on their surface [143], but only at 

a minimum level in healthy cells or their exosomes. It is also evident that cancerous cells release 

a higher number of exosomes, compared to normal cells implicated in tumor progression [43, 144, 

145]. Thus, Vn96 provide stronger affinity capture of canonical HSP-overexpressed (from cancer 

cells) exosomes from a given body fluid on Vn96 grafted nano-platforms and thus may provide 

superior diagnostic value for early cancer diagnosis [36].  

While it is important to characterize exosomes by their molecular composition, there is 

presently a growing demand for an accurate method to detect the absolute concentration of 

exosomes in body fluids for potential POC diagnosis. For this purpose, surface-based detection 

methods such as Surface Plasmon Resonance (SPR) and more recently, Localized Surface Plasmon 

Resonance (LSPR), have emerged, in addition to flow cytometry [146], Tunable Resistive Pulse 

Sensing (TRPS), and Nanoparticle Tracking Analysis (NTA).  

LSPR is one of the most important optical properties of gold and silver nanostructures. It 

occurs, when the oscillation of free conduction electrons of nanoparticles is resonant with the 

incident light. Both the position and intensity of LSPR band are dependent on the size and shape 

of nanoparticles and they are highly sensitive to dielectric properties of the surrounding medium.   

Platforms based on gold nano-islands and silver nano-islands were used for numerous 

sensing applications [91, 128, 147-151]. In this work, we have used a thermal convection method 

for the fabrication of nano-islands on glass substrates [128, 149]. We used a specific chemistry to 
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covalently attach streptavidin to nano-islands, followed by grafting of the biotinylated Vn96 

peptide to create a plasmonic surface where the exosomes will be captured. 

The objective of the present study is to determine the detection capability of the Vn 96- 

gold nano-islands platform by physical modeling. The density of Vn96- peptide molecules that 

can be accommodated on this platform has been evaluated and the concentrations of streptavidin, 

biotin-Vn96, and exosomes, have been estimated accordingly. At the same time, the different steps 

of the sensing protocol are discussed from the point of view of the successive binding events and 

their effect on the entire detection process. To the best of our knowledge, this is a new approach 

to evaluate the effectiveness of a nano-island sensing platform, designed for the multistep, 

exosome capture and detection. In an attempt to find new information that would be helpful for 

the exosome-based POC diagnosis, we tried to find a correlation between the experimental values 

of the Au-LSPR band shift and the amount of exosomes in the conditioned media of a breast cancer 

cell line. This modeling work is very useful in evaluating the morphology of new structures for a 

given size and concentration of exosomes or any other biomolecules.   

 

3.2. Materials and Methods 

3.2.1. Materials  

The substrates used in this experiment are the microscope glass slides purchased from 

Technologist Choice, Bio Nuclear diagnostics Inc., with a glass transition temperature, Tg = 820°C. 

Substrates are cut to the size of 37mm x 12.5mm x 1mm. Gold (III) chloride trihydrate 

(HAuCl4.3H2O) and sodium citrate were purchased from Sigma Aldrich. De-ionized (DI) water 

with a resistivity of 18MΩ, used in all the experiments was obtained from the NANO pure 

ultrapure water system (Barnstead). 11-mercaptoundecanoic acid in ethanol (Nano Thinks Acid 

11), N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and N-Hydroxy 

succinimide (NHS), phosphate buffered saline (PBS) were obtained from Sigma Aldrich, Canada. 

PBS tablets were dissolved in DI water at 0.1M concentration (pH = 7.2). Streptavidin was 

purchased from IBA GmBH. Biotin-PEG-Vn96 was purchased from New England Peptide. MCF7 

exosomes were purified from MCF7 cells conditioned media in a bioreactor, using 

ultracentrifugation (and re-suspended in fetal bovine serum free cell-culture media and the 

exosome concentration was determined by using NTA [36]. 
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3.2.2. Fabrication of the gold nano-island platform 

Three-dimensional (3D) gold (Au) nano-island structures on glass substrates were 

fabricated from gold colloidal solution that, subsequently, was deposited on glass substrates by the 

thermal convection method. The gold colloidal solution was prepared by the reduction of Gold 

(III) Chloride trihydrate (HAuCl4.3H2O) (chloroauric acid) by sodium citrate, following 

Turkevich’s method [158]. Briefly, 15mg of HAuCl4.3H2O were dissolved in 90 mL of DI water 

and heated until the solution reached its boiling point. Then, 5mL of 2% sodium citrate solution is 

added to the boiling solution. After the addition of sodium citrate, a change in color from the 

original yellow to a transparent purple (wine red) can be clearly observed, showing the presence 

of gold nanoparticles. Meanwhile, the glass substrates were cleaned with soap solution and DI 

water, then rinsed with acetone, 2-propanol (IPA) and dried. Further, the substrates were heated at 

100°C in an oven for 1 hour in order to remove the moisture and possible contaminants. The glass 

substrates were immersed in the beaker containing the gold colloidal solution at an angle of 

approximately 30° and kept at a temperature between 50 and 55°C. The Au nanoparticles from the 

colloidal suspension will slowly evaporate and deposit multilayers of Au particles on the substrate 

as shown in Figure 2.1 (A, B). Au nano-islands were fabricated by annealing the samples at 560°C 

for one hour and 10 hours. 

   

Figure 3.1: Fabrication of gold nano-island platforms (A) schematic of the convective assembly 

process (B) schematic of the morphological tuning of gold multilayers to gold islands by 

annealing 

3.2.3. Biosensing protocol 

The different steps involved in the biosensing protocol and their corresponding LSPR shifts 

are shown in Figure 3.1 (A, B). The first step consists of the functionalization of the Au 

nanoparticles by immersing the sample into the solution of 11-mercaptoundecanoic acid 

A B 
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(Nanothink) (5mM) for 3 hours and then allowing to dry. After this step, the absorption spectrum 

is measured using the Perkin Elmer spectrophotometer (Lambda650). The shift of the Au plasmon 

band towards longer wavelengths confirms the presence of the self-assembled monolayer of linker 

molecules on the surface of nano-islands. In the next step, the monolayer formed on the surface of 

Au nano-islands is activated by adding 200 µL of cross-linker, which is a mixture (1:1) of 0.1M 

N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and then incubated for 2 

hours. After drying, the spectrum is measured again. The next step is the immobilization of 

streptavidin to the activated linker layer. 200 µL of a 0.19 nM solution of streptavidin in PBS is 

added to the activated linker layer and incubated for an hour, left to dry before taking a spectral 

measurement. In the next step, 200 µL of a 0.87 nM of biotin-PEG-Vn96 solution is deposited on 

top of the streptavidin layer and incubated for 4 hours, dried and the spectral measurement is taken 

again. The final step of the biosensing protocol includes in the deposition of 200 µL of the MCF 

7 (breast cancer cell line) cell culture conditioned media, containing EVs/exosomes for their 

relative immobilization. 
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Figure 3.2: Biosensing protocol and their corresponding absorbance bands (A) Schematic of the 

bio-sensing protocol (B) Au nano-island plasmon band corresponding to the different steps of the 

protocol 

 

3.3. Results and discussions  

3.3.1. SEM characterization of gold nano-islands 

The gold nano-islands on glass substrates, formed after annealing, were characterized by 

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) images. 

Figure 3.3 (A, B) shows the SEM images of the gold aggregates, before annealing, and that of the 

nano-islands obtained after annealing, respectively. From the images, it can be seen that the 

annealing at 560°C for 1 hour, tunes the morphology from aggregates of gold nanoparticles into 

nano-islands. The TEM image shows that most of the islands have an ellipsoid shape and there is 

a wide size distribution.  

 

3.3.2. Image analysis of gold nano-islands 

The SEM image of nano-islands is analyzed using the ImageJ analysis software (Wayne 

Rasband, NIH, USA) to determine the dimensions of the islands and their surface density. An area 

of 3.2 µm x 2.4 µm with 20 nano-islands is considered for the analysis. The nano-islands were 

analyzed, and the average length and width were measured and also the average inter-island 

distances were calculated using the center-to-center distance between the nearest neighbor islands. 

The maximum and minimum lengths of nano-islands were found to be 450 nm and 60 nm, and the 

widths 200 nm and 60 nm. Figure 3.3 (C, D) show the image used for the analysis and Table 3.1 

summarizes the average values of major and minor axes of gold nano-islands, aspect ratios, inter-

island distances and calculated surface density.  

Table 3.1: Average physical characteristics of the gold nano-islands prepared by thermal 

convection 

Length 198.89 nm 

Width  146.67 nm 

Aspect ratio (Length/width) 1.37 

Inter-island distance 342.5 nm 

Surface density 3 nano-islands/µm2 
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Figure 3.3: Morphological tuning of gold aggregates to nano-islands shown by SEM images (A) 

SEM image of the large gold aggregates (B) nano-islands (after annealing at 560°C) (Inset: TEM 

image of nano-islands) (C) selected SEM image used for particle analysis (D) its binary image 

 

Table 3.1 shows that the nano-islands are quite large, far from one to the other and their 

surface density is low. The size distribution of the gold nano-islands was also calculated. These 

calculations were based on the lower magnification SEM image shown in Figure 3.4(A). To 

calculate the island size distribution, an area of 12.7µm x 9.52µm is considered as shown in the 

rectangle in the Figure 3.4(B). The histogram in Figure 3.4(C) clearly shows a wide size 

distribution (20 nm to approximately 350 nm diameter), all of the sizes having almost an equal 

contribution. The size distribution of nano-islands could be improved by annealing the deposited 

nanoparticles at the same temperature (5600C) but for a much longer time (10 h). The SEM image 

and the corresponding histogram are shown in Figure 3.4(D, F). 

 

A B 

D C 
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Figure 3.4: Size distributions of gold nano-islands under two different annealing times (A) Large 

area SEM image of gold nano-islands after 1-hour annealing (B) its binary image (C) and the 

histogram corresponding to their size distribution; (D) after 10 hours annealing (E) binary image 

(F) and the histogram corresponding to their size distribution 
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As the histogram shows, the sizes of the majority of islands are concentrated in the range 

of 20 nm to 80 nm.  In spite of a better distribution, we opted for a shorter annealing time, because 

the size of nano-islands under these conditions is larger. Taking into account the complex multi-

step sensing protocol, having large nano-islands with a large penetration depth of the plasmon field 

would be more suitable and advantageous for higher sensitivity in the case of exosomes which are 

generally large in size. 

 

3.3.3. Physical modeling of a gold nano-island 

In this section, we have built up a model based on the quantitative analysis of the nano-

islands shown in the previous section. Taking into account the average size and the surface density 

of nano-islands as found from the SEM data, we have calculated the number of the different entities 

involved in the bio-sensing process that can be immobilized on the surface of nano-islands. When 

immobilizing the successive layers on the surface of a nano-island, we have considered their 

dimensional sizes as known from the literature [37, 38]. A typical gold nano-island has the shape 

of an ellipsoid as shown in Figure 3.5(A) with average dimensions of 200 nm (L), 150 nm (W) 

and 50nm (T) obtained from the particle analysis. The maximum area available for immobilization 

with these ellipsoidal nano-islands is approximated as  

𝐴 ≈ 4𝜋 (
(𝐿𝑊)1.6+(𝐿𝑇)1.6+(𝑊𝑇)1.6

3
)

1

1.6
     (2) 

The surface area of nano-island limits the number of different ligands that can be 

immobilized on its surface. The surface area calculated using Eq. (2) was used for further 

evaluations. Figure 3.5(B) shows that, in spite of the larger size of the bio entities involved in the 

sensing process, the decaying plasmon field of a large nano-island reaches the exosomes that are 

the target of the detection process. Figure 3.5(C) shows the cross-section of one nano-island, 

carrying the successive layers of compounds involved in the detection of exosomes. As shown in 

the model (Figure 3.5(C)), the ligands consist of a linker and the streptavidin bound to biotin-

Vn96. The shape of the linker-streptavidin-biotin complex is assumed to be a rectangular body 

with the dimensions of 4.2 nm x 4.2 nm x 9 nm [152, 153]. The next layer consists of Vn96, a 

polypeptide specifically designed to capture exosomes, having a predictive spherical shape with a 

diameter of 2 nm and the exosomes are modeled as spheres with a diameter of 100 nm. Taking 

into account the available surface area, the numbers of Vn96 and exosomes that can be 
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accommodated per nano-island were estimated based on their physical dimensions and constraints 

and shown in Table 3.2. 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

 

 

   

Figure 3.5: Physical modeling of interactions (A) Gold nano-island in the shape of a half-

ellipsoid (B) decay of the plasmon field of a large nano-island (C) Cross-section of one nano-

island immobilized with the successive layers of bio-entities involved in the detection of 

exosomes; Exosomes captured by Vn96 molecules ((D) top view and (E) isometric view). The 

spheres in pink and blue represent the exosomes and the Vn96 molecules, respectively 
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Table 3.2: Surface area of a single nano-island and the maximal number of ligands that can be 

accommodated 

Streptavidin Biotin-PEG-Vn96 Exosomes 

Surface area of nano-

island (A1) 

No. of 

ligands 

Surface area for 

Vn96 (A3) 

No. of 

Vn96 

Surface area for 

exosomes (A4) 

No. of 

exosomes  

3.486 x104 nm2 1976 4.49 x104 nm2 12810 1.16 x105 nm2 9 

 

It can be seen from the Table 2 that each nano-island can accommodate a maximum of 

1976 ligand of streptavidin, 12810 Vn96 molecules and only 9 exosomes. In our experiments, each 

Vn96 molecule is linked with a biotin through a PEG linker; therefore, the number of Vn96 a nano-

island can accommodate is equal to the number of biotin complexes, that is, 12810 on each nano-

island. As streptavidin can bind to 4 biotin molecules, while only 7904 biotin-PEG-Vn96 

molecules can be bound to the maximum available streptavidin and the rest of the molecules will 

be washed away.  

Theoretically, each Vn96 molecule can latch onto the exosome by binding to one heat 

shock protein contained on the surface of the exosomes. From the physical modeling, it is clear 

that the number of Vn96 molecules available to capture the exosomes is much higher than the 

exosomes that each nano-island can accommodate. Hexagonal orientation of exosomes is 

considered, in order to understand how many Vn96 molecules could actually contribute to capture 

the exosomes. The percentage of Vn96 molecules involved in bonding of exosomes is very low, 

only around 5%. Figure 3.5(D, E) show the orientation of exosomes, while Figure 3.5(D) shows 

the top view and Figure 3.5(E), the isometric view of the exosomes captured by the Vn96 

molecules. The Vn96 molecules which actually contribute to the capture of exosomes are shown 

in orange as seen in Figure 3.5(D, E). 

The biosensing protocol, tailored to detect the exosomes, consists of immobilization of 

different compounds on gold nano-islands, by binding or by adsorption of layers with varying 

thicknesses. For the approach used here, it is important to optimize the two steps - the streptavidin-

biotin binding and the capture of exosomes, while the concentrations of Nanothink and EDC-NHS 

used here are similar to those used for biosensing of other biomolecules [126]. For this purpose, 

the concentration and the amount of the entities involved in biosensing protocol were varied, to 

maximize the shift of the Au plasmon band, at each of the important steps. As the main step in 
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deciding the outcome of the sensing process is the Vn96-exosome interaction, it seemed reasonable 

to optimize the formation of the streptavidin - biotin complex, in the specific case of biotin, 

connected to Vn96, through a PEG moiety. Because of the high affinity and the stability, the 

streptavidin-biotin model system and its structure and mechanism of formation have been 

thoroughly investigated [154-156]. This is not the case for the biotin-PEG-Vn96 complex, 

synthesized quite recently, with the only objective of binding the exosomes. 

First, only the concentration of streptavidin solution was varied to find the concentration 

that will result in the maximal shift of the Au LSPR band. The dependency of ∆λ on the 

concentrations of streptavidin is shown in Figure 3.6(A). The highest shift (4.5 nm) is seen when 

the concentration of streptavidin is around 0.04 nM. From the experimental results, it has been 

observed that at lower concentrations of streptavidin, the LSPR shift values are more stable, 

compared to those corresponding to higher concentrations. Therefore, instead of considering 

concentrations with the highest LSPR shift, the concentration with a more stable LSPR shift is 

considered for further optimization of the biosensing protocol. The streptavidin concentration of 

0.19 nM is considered and the concentration of Biotin-PEG-Vn96 is varied to study the effect of 

the ratio of streptavidin to Biotin-PEG-Vn96. Figure 3.6(B) shows the dependency of the average 

LSPR shift when different ratios of biotin-PEG-Vn96 to streptavidin are used, keeping streptavidin 

concentration constant at 0.19 nM. 

It is well-known that one streptavidin molecule can bind to four biotin molecules and the 

LSPR shift corresponding to this ratio is maximal [154, 157].  Hence, if the ratio of biotin to 

streptavidin is maintained around four, the LSPR shift of Au has to be the largest. It is noticeable 

from Figure 3.6(B) that, as expected, the maximum shift is obtained when the ratio of biotin to 

streptavidin is maintained around four. This corresponds to 5.23 x1014 biotin-PEG-Vn96 

complexes containing 1.14 x1014 molecules of streptavidin. Further, the LSPR shift decreases with 

the increase in ratio of the complex. The results have shown that, working with lower 

concentrations of biotin-PEG-Vn96 to streptavidin, the LSPR shift values show a poor 

repeatability. This might be because of less available biotin-PEG-Vn96 molecules, compared to 

those that may be accommodated by the streptavidin molecules and, in this situation, the binding 

is random. Comparing this number with the one calculated theoretically, it can be seen that, under 

the conditions of the experiment, a considerably higher number of complexes were formed. 

However, if we consider the removal of the non-bound complexes through the washing process, 
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the number of molecules from the experimental results matches those from the physical modeling, 

validating the model. 

The results show that the surface density of nano-islands, fabricated through the thermal 

convection method, is high enough to accommodate the biotin-PEG-Vn96 complex molecules, 

involved in the experiment. The optimized concentrations of all the entities used in the biosensing 

protocol and the corresponding LSPR shifts are summarized in Table 3.3. The amount (volume) 

of each entity in the biosensing protocol is chosen to cover the whole sensing area. 

 

Table 3.3: Concentrations and volume of the entities used in the biosensing protocol with their 

corresponding average LSPR shift  

Entity Optimized concentration Avg. Δλ (nm) 

11-MUA* 5mM 6 

EDC + NHS 0.1M+0.05M 4.8 

Streptavidin 0.19 nM 3.1 

Biotin-PEG-Vn96 0.87 nM 5.7 

Exosomes (MCF7)  2%, 4%, 10%, 20%, 100% - 

*11- Mercaptoundecanoic acid (the samples are immersed in the solution) 

 

The dependency curve, showing the shift of the Au LSPR band for different concentrations 

of exosomes, namely, corresponding to dilution factors of 50x, 25x, 10x, 5x, 1x is shown in Figure 

3.6(C). The Figure 3.6(D), represents the size distribution and counts of exosomes corresponding 

to different dilutions of MCF7 exosomes, quantified using the Tunable Resistive Pulse Sensing 

(TRPS) (qNano from iZON science) instrument. The dependency curve (Figure 3.6(C)) is built by 

using the concentration of MCF-7 exosomes, containing 1.33 X 1010 particles/ml. From this plot, 

it can be seen that the average shift increases as the dilution factor decreases and reaches the 

highest shift for the undiluted sample. It has to be noted that the equation of the curve reflects a 

non-linear trend in the form of LxM where x corresponds to the number of exosomes-Vn96 

interactions. It can be observed from the experimental results that the LSPR shift has a non-linear 

dependency on binding to the Vn96 and that the curve is not saturated, which clearly shows that 

the capacity of the nano-island platform is still high enough to capture more exosomes than the 

actual number of exosomes in the culture media used in this experiment. 
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Figure 3.6: Plasmonic shift due to streptavidin and Biotin-PEG-Vn96 interactions (A) 

Dependency of ∆λ on the concentration of streptavidin only (B) Ratio of Biotin-PEG-Vn96 to 

Streptavidin (C) Dependency of the shift of Au LSPR band on the concentration of MCF-7 

exosomes; (D) Size distribution of MCF7 exosomes as obtained by Tunable Resistive Pulse 

Sensing (TRPS) measurements.  (E) Exosomes with different sizes and shapes captured by Vn96 
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molecules (F, G) SEM images of exosomes captured by gold nano-islands during the last step of 

the biosensing (exosomes are marked in circles) 

For modeling purposes, exosomes were considered spherical and having a uniform size 

(100 nm) but, actually, their size varies from 30 - 100 nm and the shape may not be exactly 

spherical as shown in Figure 3.6(E). An exosome, captured by a gold nano-island is shown in 

Figure 3.6(F), whereas Figure 3.6(G) shows a cluster of exosomes, captured by a larger gold nano-

island as depicted in the modeling. This can be clearly seen in the in Figure 3.7(A, B). The number 

of available HSP on the surface of exosomes varies depending on the size of exosomes and the 

stage of the disease. When exosomes are captured by Vn96, the interactions could result in a 

deformation due their elastic nature. Hence, the binding of HSP to the Vn96 molecules (protein – 

protein binding) will result in a non-linear behavior. The dependency curve allows the estimation 

of the concentration in terms of the number of exosomes in the sample. 

Figure 3.7: SEM image of gold nano-islands with and without exosomes (A) SEM image of the 

gold nano-islands without exosomes (B) SEM image of the gold nano-islands with exosomes 

 

Particle analysis has shown that the density of nano-islands is around 3 nano-islands/µm2. 

As found by modeling, each of them can accommodate 9 exosomes, that is, a total of 27 exosomes 

on an area of 1µm2 of the developed platform. A Previous study has indicated that the average 

number of exosomes that can be captured from a glioblastoma patient’s plasma on anti-CD63 

monoclonal-antibody grafted 2D planner surface of the chip, is 9 microvesicles/µm2 [43], whereas 

our platform is able to accommodate a much higher number of exosomes. As the sample used in 

this work corresponds to the cell culture of a breast cancer cell-line, the concentration of exosomes 

A B 
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in the undiluted sample may be attributed to a cancerous condition as shown in Figure 3.8(C), 

where the total number of exosomes in the unit volume of plasma is noticeably higher than in the 

normal plasma [43]. Alternatively, the concentration of exosomes corresponding to a 50x dilution 

would mean a non-cancerous situation or a very-early stage of the disease. Hence, the tested range 

of concentrations covers a wide range, starting with concentrations of exosome present in a given 

body-fluid, simulating a non-cancerous, early-stage disease, to a fully developed cancerous 

condition. Thus, one can infer that the nano-island platform developed in this work, based on 

LSPR, can effectively detect from early stage to advanced stages of cancer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: SEM, AFM images of exosomes and the relationship between the plasmonic shift and 

concentration (A) SEM image of the MCF7 exosomes (B) AFM image of the MCF7 exosomes 

(C) The relationship between plasmonic shift and concentration of exosomes during cancer 

progression 

SEM and AFM images of exosomes from the breast cancer cells (MCF7) are shown in 

Figure 3.8(A, B) respectively. The relationship between the LSPR shift and the concentration of 

exosomes during cancer progression is schematically shown in Figure 3.8(C). It is known that the 

concentration of exosomes present in the body fluids increases tremendously (by many folds) in a 

cancer patient, compared to a healthy patient. For example, in the case of a glioblastoma patient’s 

plasma study mentioned above [43], the concentration of exosomes was found to be approximately 
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50 times higher than that corresponding to a healthy patient. Hence, we could envisage that the 

concentration of exosomes, detected by measuring the LSPR plasmonic shift, will reflect the 

progression of cancer as shown in Figure 3.8(C).  

 

3.3.4. Physical modeling for colloidal platform in Liquid biopsy 

 The physical modeling approach that is discussed previously can be applied to any situation 

where molecular quantification is required. For instance, if we consider the spherical gold 

nanoparticles suspended in a colloidal solution, the diameter of nanoparticles can be modified 

based on the Turkevich’s method of gold nanoparticles synthesis. In the biosensing protocol, the 

number of EVs that can be accommodated on each nanoparticle depends on the surface area of 

that nanoparticle. Therefore, the number of EVs accommodated by each nanoparticle can be 

determined by calculating the surface area of a nanoparticle when attached with the ligands, 

streptavidin and Vn96 molecules as shown Figure 3.9(A). Hence, it clearly shows that the number 

of EVs that could be accommodated on a nanoparticle is highly dependent on the diameter of a 

nanoparticle. This approach is not just limited to gold nanoparticles, as it could be applied to any 

metallic nano/microparticles or magnetic particles by evaluating their surface area. 

 With this approach, for a given number of EVs/Exosomes, the concentration of gold 

required to capture all the EVs can be calculated by evaluating the mass of each nanoparticle. The 

mass of each nanoparticle can be calculated by knowing its diameter and the density of gold, which 

is 19.32 g/cc. The concentration of MCF7 culture media was measured to be around 1.33x1010 

particles/mL, as shown previously, corresponds to a cancerous condition. As mentioned, dilution 

of this sample by 50x would correspond to a non-cancerous situation. Therefore, with a known 

number of EVs corresponding to cancerous and non-cancerous condition, a relation can be plotted 

between the diameter of gold nanoparticle and the concentration of gold required to capture all the 

EVs present in the culture media for liquid biopsy as shown in Figure 3.9(B) and the calculation 

of mass of each nanoparticle and the concentration of gold required to capture EVs in cancerous 

and non-cancerous condition are tabulated in Table 3.4. In Table 3.4, the number of EVs per 

nanoparticle are evaluated in a similar way as mentioned earlier, by calculating the surface area of 

the nanoparticle to find the number of ligands and then number of EVs subsequently. From the 

plot in Figure 3.9(B), it can be interpreted that the area between the cancerous and the non-

cancerous condition can be used for the early diagnosis of cancer. 
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Figure 3.9: Physical modelling of a spherical particle (A) Cross-section of one nanoparticle 

immobilized with the successive layers of bio-entities in the protocol (B) Relation between 

diameter of a AuNP and the concentration of gold required to capture EVs in a cancerous and 

non-cancerous condition 

 

Table 3.4: Calculation of mass of each nanoparticle and the concentration of gold required to 

capture EVs in cancerous and non-cancerous condition 

Diameter 

(nm) 

Mass of one 

AuNP (µg) 

No. of EVs 

each NP can 

accommodate 

Total no. of 

NPs req. in 

cancerous 

Gold conc. 

correspond to 

cancerous 

(µg/mL) 

Total no. of 

NPs req. in 

non-cancerous 

Gold conc. 

correspond to 

non-cancerous 

(µg/mL) 

D M=Vol*Density N T1= 1.33E10/N =M*T1 T2= 2.66E8/N =M*T2 

10 1.01E-11 4 3.33E+09 0.0336 6.75E+07 0.0007 

20 8.09E-11 4 3.33E+09 0.2691 6.75E+07 0.0055 

30 2.73E-10 4 3.33E+09 0.9082 6.75E+07 0.0184 

40 6.47E-10 6 2.22E+09 1.4351 4.50E+07 0.0291 

50 1.26E-09 9 1.48E+09 1.8686 3.00E+07 0.0379 

60 2.19E-09 9 1.48E+09 3.2290 3.00E+07 0.0656 

70 3.47E-09 9 1.48E+09 5.1275 3.00E+07 0.1041 

80 5.18E-09 9 1.48E+09 7.6539 3.00E+07 0.1554 

90 7.37E-09 12 1.11E+09 8.1734 2.25E+07 0.1659 

100 1.01E-08 12 1.11E+09 11.2120 2.25E+07 0.2761 
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3.4. Conclusion 

In this work, the sensing protocol for the LSPR detection of extracellular vesicles, based 

on their high affinity to the Vn96 polypeptide was optimized. A simple physical model was 

developed by analyzing the characteristics of gold nano-islands, calculating their surface area and 

the number of the different species that can be successively immobilized on the surface of a nano-

island. It is estimated that the most important step in the protocol, deciding the outcome of the 

overall sensing process, is the formation of the streptavidin-biotin-PEG-Vn96 complex. Therefore, 

the concentrations of streptavidin and biotin-PEG-Vn96 complex were optimized experimentally 

and the maximum LSPR shift was found for the ratio of 1 to 4 in agreement with the physical 

modelling. Particle analysis performed on SEM images has shown that the density of nano-islands 

is about around 3 nano-islands/µm2. By modelling, it was found that each of the nano-islands can 

accommodate 9 exosomes, that is, a total of 27 exosomes per µm2. Practically, it means that the 

developed Au nano-island platform can capture a much higher number of extracellular vesicles 

than that present in the MCF7 sample used for this study, providing a very broad detection range 

covering from early stages to advanced stages. Based on our preliminary results, the novel LSPR 

detection method of extracellular vesicles could be used as a tool to diagnose cancer at an early 

stage of the disease. 

The concept of physical modeling has been developed for gold nano-island or nanoparticle 

platforms for quantification of number of particles or concentration required to capture all or most 

of the EVs from the conditioned media. Based on the fabrication limitations, one can select 

different platform based on application, which could be used for various types of microfluidic 

devices. So, the next chapter (Chapter 4) discusses a gold nano-island integrated microfluidic chip 

based on the optimized concentrations of biosensing entities for the capture, isolation and 

plasmonic detection of EVs from the MCF7 CCM. 
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Chapter 4 

Plasmonic Detection of Exosomes using a Gold Nano-Island 

Integrated Microfluidic Platform  

 

This chapter is reproduced from the article published in International Journal of Biomedical 

and Biological Engineering (WASET)., 12(5), 226 – 229, 2018 

 

A bio-sensing method, based on the plasmonic property of gold nano-islands, has been 

developed for detection of exosomes in a clinical setting. The position of the gold plasmon band 

in the UV-Visible spectrum depends on the size and shape of gold nanoparticles as well as on the 

surrounding environment. By adsorbing various chemical entities, or binding them, the gold 

plasmon band will shift toward longer wavelengths and the shift is proportional to the 

concentration.   Exosomes transport cargoes of molecules and genetic materials to proximal and 

distal cells. Presently, the standard method for their isolation and quantification from body fluids 

is by ultracentrifugation, not a practical method to be implemented in a clinical setting. Thus, a 

versatile and cutting-edge platform is required to selectively detect and isolate exosomes for 

further analysis at clinical level. The new sensing protocol, instead of antibodies, makes use of a 

specially synthesized polypeptide (Vn96), to capture and quantify the exosomes from different 

media, by binding the heat shock proteins from exosomes. The protocol has been established and 

optimized by using a glass substrate, in order to   facilitate the next stage, namely the transfer of 

the protocol to a microfluidic environment. After each step of the protocol, the UV-Vis spectrum 

was recorded, and the position of gold Localized Surface Plasmon Resonance (LSPR) band was 

measured. The sensing process was modelled, considering the characteristics of the nano-island 

structure, prepared by thermal convection, and annealing. The optimal molar ratios of the most 

important chemical entities involved in the detection of exosomes were calculated as well. Indeed, 

it was found that the results of the sensing process depend on the two major steps: the molar ratios 

of streptavidin to biotin-PEG-Vn96 and, the final step, the capture of exosomes by the biotin-PEG-

Vn96 complex. The microfluidic device designed for sensing of exosomes consists of a glass 

substrate, sealed by a PDMS layer that contains the channel and a collecting chamber. In the 

device, the solutions of linker, cross-linker, etc., are pumped over the gold nano-islands and an 
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Ocean Optics spectrometer is used to measure the position of the Au plasmon band at each step of 

the sensing. The experiments have shown that the shift of the Au LSPR band is proportional to the 

concentration of exosomes and, thereby, exosomes can be accurately quantified. An important 

advantage of the method is the ability to discriminate between exosomes having different origins. 

 

4.1. Introduction 

Exosomes are a group of nano-scale extracellular communication organelles released by 

all cells, which transports cargoes of molecules and genetic materials to proximal and distal cells 

and are enclosed by a phospholipid bilayer. They are in the size range of 50 nm to 120 nm and are 

homogenous in nature. Exosomes are found abundant in all biological fluids, including urine, 

blood, ascites, and cerebrospinal fluid fractions of body fluids such as serum and plasma, as well 

as in the cultured medium of cells [22, 26, 39]. They are the intercellular communicators, which 

transport cargos between cells as shown in Figure 4.1 and spread proteins, lipids, mRNA, DNA, 

and are involved in the progression of diseases. Thus, they have the potential to be used for 

minimal-invasive molecular diagnostics. 

 

Figure 4.1: Schematic of intercellular communication and transportation of cargo between cells 

Presently, very few methods are available for the isolation and detection of exosomes.  The 

golden standard method that is widely used for their isolation and quantification is 

ultracentrifugation. This method is time consuming, laborious, infrastructure intensive, may lack 

specificity so it may not be a practical method to be implemented in a clinical setting. Hence, an 
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adaptable platform is required to selectively detect and isolate exosomes for further analysis at 

clinical level.  

To capture EVs, a synthetic polypeptide called Vn96, specifically designed and validated 

to capture exosomes, is used [36]. The detection methods were initially carried out on a self-

standing substrate level, by performing the sensing protocol in a discontinuous manner. Further, 

to enhance the sensitivity of the detection and to accomplish the molecular profiling of the captured 

exosomes, microfluidic devices were designed, developed, and tested. The concentrations of the 

chemical and biological entities at each stage of biosensing were optimized to facilitate the transfer 

to the microfluidic stage.   

The optical properties of noble metal nanostructures are extensively adapted for biological 

detection. Predominantly, the localized surface plasmon resonance (LSPR) property of noble metal 

nanoparticles is widely used as a highly sensitive label-free technique for the detection of chemical 

and biomolecular binding events [159, 160]. The sensing mechanism consists of monitoring the 

change in the position of the LSPR band, change due to the binding of chemical entities and bio-

molecules immobilized onto the nanoparticles. The shift of the band towards longer wavelengths 

is due to the change of the refractive index of the surrounding media. [147, 161-165]. The aim of 

the present work is the detection of exosomes, based on the change in the position of Au-LSPR 

band corresponding to different binding events.  

 

4.2. Materials and methods 

The substrates used in this experiment are microscope glass slides from Technologist 

Choice, Bio Nuclear diagnostics Inc. with a glass transition temperature, Tg = 820°C. Gold (III) 

chloride trihydrate (HAuCl4.3H2O), sodium citrate was purchased from Sigma Aldrich. 

Polydimethylsiloxane (PDMS) is from Dow Corning. De-ionized (DI) water with a resistivity of 

18MΩ, used in all the experiments was obtained from the NANO pure ultrapure water system 

(Barnstead). 11-mercaptoundecanoic acid in ethanol (NanoThinks Acid 11), N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide 

(NHS), phosphate buffered saline (PBS) were obtained from Sigma Aldrich, Canada. PBS tablets 

were dissolved in DI water at 0.1M concentration with a pH of 7.2. Streptavidin was purchased 

from IBA GmBH and biotin-PEG-Vn96 and MCF7 CCM EVs were supplied by the Atlantic 

Cancer Research Institute (ACRI) in Moncton, New Brunswick, Canada. 
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4.2.1. Cell culture and Sample preparation (EVs from Bioreactor and UCF isolated EVs) 

Breast cancer cell line (MCF7) was purchased from the American Tissue and Culture 

Collection (ATCC) and adapted for continuous long-term conditioned cell culture media harvest 

in Two-Compartment Bioreactor (CELLine, AD 1000 bioreactor) as shown in Figure 4.2.  

 

Figure 4.2: Schematic and mechanism of medium and cell compartments in the Bioreactor [166] 

 

The efficient cultivation of cells relies on maintaining an optimal supply of nutrients and 

oxygen, along with the effective removal of inhibiting metabolic waste products. These are the 

primary factors that limit achieving a high expression levels of proteins. The Bioreactor from 

CELLine is designed with two compartments to overcome such limitations. These compartments 

separate the bioreactor into a medium and cell compartment using a 10 kDa cutoff dialysis 

membrane, which allows a continuous diffusion of nutrients into the cell compartment with a 

simultaneous removal of any inhibitory waste product. The compartment separation and individual 

accessibility allows to supply cells with fresh medium without interfering with the culture. There 

is a silicone membrane placed at the bottom of cell compartment to ensure efficient gas transfer 

by providing optimal oxygen and control of carbon dioxide levels. Altogether, the compartmental 

cultivation conditions in the CELLine bioreactor leads to a high density of cells.  
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 The cell culture media prepared with exosome free (Exo-Free) Fetal Bovine Serum (FBS) 

were added to the cell growth chamber. The Exo-free FBS was prepared by centrifugation of FBS 

(100,000xg, 2h, 4°C) prior to use in the bioreactor. The conditioned media were harvested once a 

week from the cell-growth chamber only. The harvested cell culture media were centrifuged at 

1,800 x g for 5 minutes to remove the floating cells, followed by 17,000 x g for 15 minutes to 

remove cellular debris, followed by syringe filtration through a 0.22 µm membrane. The filtered 

solution was then immediately added with preservatives such as 5 ml of protease inhibitor cocktail-

III (EDM-Millipore) and 0.1% (v/v) ProClin300 (Sigma) and then stored at 4°C [167].  

The CCM of 10 ml which was precleared for cellular debris at 17000 x g was loaded into 

UCF tube and 0.1µ filtered sucrose (30%) of around 600-700µl was added to the bottom of the 

same tube. Then, the tubes were placed in the UCF rotor and spin at 130,000 x g for 2hrs at 4°C. 

After the first round of spinning, around 650ul of sucrose was collected and transferred to a new 

UCF tube and 10ml of 0.1µ filtered 1X PBS was added to the same tube. Then, spinning was 

repeated at 130,000 x g for another 1.5 hours at 4°C. After the second spin, the supernatant was 

removed by aspiration, and 1X PBS was added to the UCF pellet to re-suspend the EVs by gently 

vortexing. 

 

4.3. Experimental results and discussion 

This section discusses the simulation of microfluidic structures, fabrication of microfluidic 

device and it is testing using an Ocean Optics spectrometer for detection of exosomes. A scheme 

of the microfluidic devices designed and simulated in COMSOL Multiphysics 5.2 is shown in 

Figure 4.3. The design shows the inlet and outlet, connected to a microfluidic channel, containing 

a collection chamber. The designs are mainly analyzed for the streamline contours of fluid flow. 

The rhombic and triangular designs have some unused portions of space in the collection chamber, 

where the velocity of the fluid is so low that it might not cover that region. The fluid covers the 

entire region in the collection chamber of the circular design. Therefore, the circular design is 

selected for the fabrication of the device. The channel is 500 µm wide, its depth is 200 µm, and 

the collection chamber has a diameter of 5 mm. This diameter is considered relatively large, so 

that the fluid covers the entire region with considerably low velocity, enabling the binding of the 

compounds flowing in the channel to the gold nano-islands.  
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Figure 4.3: Designed microchannel and predicted streamline contours (A) Rhombic design (B) 

Triangular design (C) Circular design 

 

The device contains a wide opening around the middle of the channel which is a collection 

chamber where the chemical and biochemical entities will be collected during the biosensing 

protocol. The exosomes will be captured and isolated in this chamber. A mold for this design is 

fabricated on a silicon wafer, using a standard fabrication process [126] with a negative 

photoresist. The same concept can be used to create more designs for a better flow pattern in the 

channel.  

The PDMS base (pre-polymer) and curing agent are mixed in the ratio of 10:1 by weight. 

The PDMS mixture was placed in a vacuum desiccator and degassed to remove the air bubbles. 

Then, the PDMS was casted onto a mold on a silicon wafer made with a standard fabrication 

process to make the PDMS microfluidic channel. Prior to PDMS casting, the mold was silanized 

by using few drops of the trichlorosilane at 60°C for 1 hour on a hot plate and covering it with a 

Petri dish. Then, the mold was placed in a Petri dish and the PDMS mixture was poured on the 

wafer to a thickness of ~2mm and baked at 60°C for 10 hours. On the wafer containing the 

microfluidic channel, the PDMS layer was then cut into individual samples of predefined size.  

The microfluidic device is illuminated with a UV/visible light source through a 600µm 

optical fiber. The transmitted light from the device is collected through another 600µm optical 

fiber, which is linked to an Ocean Optics USB2000 spectrometer. This spectrometer is connected 

to a computer using Spectrasuite software to measure the absorption spectra. The schematic of the 

microfluidic device used with the Ocean Optics spectrometer setup for absorbance measurement 

is shown in Figure 4.4. 

A B C 
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Figure 4.4: Schematic of microfluidic device used in the Ocean Optics spectrometer setup for 

absorbance measurement 

 

 

Figure 4.5: Schematic of biosensing protocol used for detection of exosomes 

 

4.3.1. Biosensing protocol 

The biosensing protocol shown in Figure 4.5 used to capture the exosomes is an affinity-

based approach [151] developed in our laboratory. The chemical compounds were first 
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immobilized on a glass substrate with gold nano-islands to optimize the molar concentrations at 

each stage. They were optimized based on the stability of the LSPR shift. The optimal 

concentrations of streptavidin and the biotin-PEG-Vn96 complex were found to be 0.19nM and 

0.87nM, respectively. After all the parameters were optimized, the whole protocol was transferred 

to a microfluidic environment.  

In a typical experiment, initially, the absorption spectrum of the gold nano-islands in the 

collection chamber are measured. Then, a Nano Thinks 11 solution is passed through the 

microfluidic channel at the flow rate of 10 µl/min continuously for 30 minutes and next incubated 

for 3 hours for the formation of hydroxyl bonds. Then the spectrum is measured, and EDC-NHS 

mixture is infused at same flow rate and the device is incubated again for 4 hours for the amidation. 

The same procedure is repeated with the streptavidin, biotin-PEG-Vn96 and the exosomes. With 

the adopted procedure, a shift in the peak of the Au LSPR in each spectrum is observed at every 

stage, confirming the binding of each compound. 

 

Figure 4.6: Absorption spectra measured from Ocean optics spectrometer for last three stages 

 

The Au-LSPR band is recorded at each stage of the biosensing protocol using an Ocean 

optics 2000 USB series spectrometer, with a fiber of 600μm diameter. The Au-LSPR band is 

recorded after the functionalization of the nano-islands with the linker, followed by binding of the 

cross linker, the streptavidin, Vn96-linker-biotin and MCF7 exosomes. The observed spectra 

showed a shift towards longer wavelength of Au LSPR band. The shift upon the interaction of 

biotin-PEG-Vn96 and exosomes is found to be around 6 nm as shown in Figure 4.6. For detection 

purposes, only the shift due to the final capture step is considered. 
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4.4. Conclusion 

In this work, a microfluidic method for the isolation and detection of exosomes has been 

developed. The detection is based on the sensitivity of the LSPR property of gold nano-islands to 

any change in the surrounding environment. The biosensing protocol is carried out in a 

microfluidic device, specially designed for the collection and detection of exosomes. The detection 

of exosomes in this work is possible because of the high affinity of Vn96 toward the proteins 

located at the periphery of exosomes. This results in a red shift of the Au LSPR band and allows 

the quantification of exosomes. The results indicate that label-free technique, based on the 

sensitivity of the Au-LSPR band to the surrounding environment is promising for the detection of 

MCF-7 exosomes by the immune-affinity approach using the Vn96 polypeptide. This approach 

seems to be better than the previous approaches. Thus, this technique may lead to the 

miniaturization of device for point of care application. 

Using the optimized protocols and the concentrations of the entities, the capture and 

isolation of EVs from MCF7 CCM using gold nano-island enabled microfluidic chip has been 

proved using plasmonic technique, localized surface plasmon resonance (LSPR). Therefore, now 

it is important to characterize the isolated EVs using mechanical and biological techniques. So, the 

next chapter (Chapter 5) discusses another gold nano-island enabled microfluidic device utilized 

to capture and isolate the EVs from MCF7 CCM and validating the measured plasmonic shift with 

the AFM and DNA amplification. 
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Chapter 5  

Microfluidic Isolation of Extracellular Vesicles and Validation 

through AFM and DNA Amplification  

 

This chapter is reproduced from the article published in European Journal of Extracellular 

Vesicles (EJEV). 2020, Vol.1, 1-10. 

 

Extracellular vesicles (EVs) or exosomes are nano-sized particles containing lipids, 

proteins, mRNAs, and microRNAs from their origin cells, playing thus a critical role in cell-to-

cell communication. The currently existing detection methods are expensive, time consuming and 

lack in yield and purity. Here, we present a simple microfluidics-based method to capture EVs by 

a novel affinity-based approach, using, instead of antibodies, a synthetic polypeptide, Vn96, that 

binds to the heat shock proteins (HSPs) present on the surface of EVs/exosomes. The captured 

EVs are detected by using the high sensitivity of the Localized Surface Plasmon Resonance 

(LSPR) property of gold nano-islands to any changes in their local environment. The microfluidic 

devices developed for the isolation of exosomes, contain multiple channels and a collection 

chamber to capture EVs. The capture and detection ability of the device is validated by AFM 

measurements of isolated EVs from the device and the measurement of gene copy number using 

droplet digital PCR (ddPCR). The results indicate that the developed device can capture and isolate 

the EVs from a very low sample volume, in less than 30 minutes, without affecting their size and 

shape, a major advantage compared to existing methods. Thus, the device can be considered as a 

prospective point of care apparatus for diagnostics in a clinical setting. 

 

5.1. Introduction 

Cancer has a major impact on societies across the world because it is among the leading 

causes of death. There were 14.1 million new cases and 8.2 million cancer-related deaths 

worldwide in 2012, out of which, 57% of new cases. 65% of deaths occurred in less developed 

regions of the world that include Central America and parts of Africa and Asia. Based on the 

statistics, it is estimated that 1.73 million new cases were diagnosed in United States in 2018 and 

the number of new cases per year is expected to rise by 23.6 million by 2030 [1]. 
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With the increasing need of improved disease treatment and to control the progression of 

the disease, rapid and early diagnosis is required.  Thus, researchers have been driven to develop 

new diagnostic tools, suitable for rapid point-of-care (POC) applications. In the past two decades, 

Lab-on-a-chip (LoC) technology has drawn significant interest from the researchers and industries 

for biomedical applications. The advantages of LOC include high throughput, low sample and 

reagent consumption, short assay time, and multiplexed detection [74, 75]. The technology has 

shown potential to improve molecular biomarker detection by offering sensitive and wide-ranging 

measurements in a compact format. 

Microfluidics-based platforms have been developed for the isolation and quantification of 

biomolecules and more complex entities that show potential for early cancer detection. Among 

them are the EVs shed from cells, carrying invaluable information about the parent tumor, 

especially, and its state of malignancy. Therefore, EVs are a potential source of cancer biomarkers 

as they carry proteins and nuclei acids from the host cell. Current protocols, commonly used for 

isolation and quantification of EVs involve filtration, ultra-centrifugation steps, followed by NTA, 

DLS and AFM analysis etc.  The procedure is time consuming and the recovery of EVs through 

these techniques, is relatively low. 

The sensitivity of the LSPR property of silver and gold nanoparticles (AuNPs) to any 

change in their surrounding medium forms the basis for label-free bio-sensing applications [84-

86]. Binding biomolecules to AuNPs or nano-islands immobilized on a substrate, results in a red 

shift of the LSPR bands or/and an increase in the absorbance of the band. The optical properties 

of AuNPs have been thoroughly studied and optimized for sensing applications, in terms of size 

and shape [87, 88]. LSPR sensors, based on plasmonic nanostructures, are now widely used to 

interrogate biomolecular interactions in real time. Despite the increasing interest in the LSPR 

phenomenon and its applications, there is still little research going on regarding the integration of 

LSPR biosensing with a microfluidic platform. Work to this purpose has been reported by our 

group [126, 168] and others [147, 169] thereby, contributing to the emerging field of 

plasmofluidics [89]. 

Extracellular vesicles (EVs), known also as shedding vesicles ranging from 30 to 1000nm, 

are potential sources of biomarkers for the diagnosis of cancer and other pathological conditions 

such as inflammatory and neurodegenerative diseases. They are membrane bounded nano-scale 
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extracellular communication organelles that are released from all cells [170] to the extra cellular 

space, transporting the identity of their mother cells.  

For the capture, quantification, and characterization of EVs, several LSPR-based 

microfluidic approaches have been developed [65, 171, 172]. These approaches are attractive for 

clinical applications because of the requirement of low amounts of sample and reagents, and 

shorter reaction times. From small volumes of serum and cell culture medium, using anti-CD63 

capture antibody coated on the surface of micro channels serum vesicles were captured and from 

them RNA was extracted [43].  A similar immune-affinity approach was used for the capture of 

exosomes [56]. The microfluidic platform, ExoChip, developed by the authors, enables the 

isolation and, at the same time, visualization, and molecular profiling of the captured exosomes. 

Visualization and quantification of exosomes is done by using an on-chip fluorescent assay. On-

chip molecular profiling of the isolated exosomes, especially, the isolation of total RNA was also 

demonstrated. Further advancing of microfluidic technology for the detection and molecular 

profiling of exosomes was done [65] who designed a SPR-based nano-plasmonic exosomes sensor 

(nPLEX) for quantitative analysis of exosomes. To improve the sensitivity and enable portable 

operation, the authors used periodic nanohole arrays, patterned in a gold film, functionalized with 

antibodies for sensing the surface proteins of exosomes from ovarian cancer cell lines.  

Recently, our group developed a LSPR method to capture EVs, by using a small synthetic 

polypeptide called Vn96 [36] instead of antibodies, on a gold (Au) nano-island sensing platform 

that has a high affinity toward exosomes [151, 173].The method was first validated at the macro 

level, by using gold nano-islands on glass substrates and carrying out the sensing protocol in a 

discontinuous manner. At each step, the spectral shift of the Au LSPR was measured and the one 

corresponding to the binding of exosomes to the biotin-Vn96 was used for calibration purposes. 

In order to enhance the sensitivity of the detection and to accomplish the molecular profiling of 

the captured EVs, a novel microfluidic device was designed. In this paper, we report on the design 

and fabrication of the microfluidic device, isolation of EVs captured using the synthetic 

polypeptide Vn96, in the device and the validation of the isolated EVs through droplet digital PCR 

gene amplification. 

 

5.2. Materials and Methods  
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This section describes the fabrication of the three-dimensional (3D) gold nano-islands on 

a glass substrate by the thermal convection method. The self-assembly of gold nanoparticles to 

form the 3D nanostructure is based on the flow of colloidal solution, induced by evaporation at the 

interface of the substrate and solution.  

 

5.2.1. Materials 

Gold (III) chloride trihydrate (HAuCl4.3H2O) and sodium citrate were purchased from 

Sigma Aldrich. The Sylgard® 184 elastomer kit for the PDMS fabrication was purchased from 

Dow Corning. De-ionized (DI) water with a resistivity of 18MΩ, used in all the experiments was 

obtained by using the NANO pure ultrapure water system (Barnstead). 11-mercaptoundecanoic 

acid in ethanol (Nano Thinks Acid 11), N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC) and N-Hydroxysuccinimide (NHS), phosphate buffered saline (PBS) were 

obtained from Sigma Aldrich, Canada. PBS tablets were dissolved in DI water at 0.1M 

concentration with a pH of 7.2. Streptavidin was purchased from IBA GmBH and biotin-PEG-

Vn96 and MCF7-CCM EVs were supplied by the Atlantic Cancer Research Institute (ACRI), 

Moncton, N.B., Canada. 

 

5.2.2. Fabrication of gold nano-islands 

Fabrication of gold nano-islands on glass substrates includes the synthesis of gold colloidal 

solution (AuNPs) and, subsequently, the deposition of Au multilayers on glass substrates by using 

the thermal convection method. Spherical gold nanoparticles were prepared by reduction of Gold 

(III) Chloride trihydrate (HAuCl4.3H2O) (chloroauric acid) by sodium citrate, following 

Turkevich’s method. Briefly, 15mg of Gold (III) Chloride trihydrate (HAuCl4.3H2O) are added to 

95ml of DI water in a beaker and heated till it reaches its boiling point. Then, 5ml of sodium citrate 

solution (2%) are added to the boiling solution, reducing ions to nanoparticles. Then, the reduced 

gold nanoparticles are deposited on a glass substrate and the morphology was tuned to form gold 

nano-islands [174]. 

 

5.2.3. Design, simulation, and fabrication of microfluidic device 

Microfluidic channel architectures were designed and simulated in COMSOL Multiphysics 

5.2. The architecture scheme shows an inlet and outlet connected with a microfluidic channel, 



71 
 

containing a collection chamber. The designs were analyzed for the streamline contours of fluid 

flow in the channel. The architecture of the channel is designed in such a way that the fluid covers 

the entire region of the collection chamber where the absorption spectra corresponding to the 

molecular interactions will be measured. The channel is 500µm wide with a depth of 150µm. The 

EVs collection chamber in the device is designed with a diameter of 5mm and a thickness of 

approximately 150µm and can hold a maximum of 3µl of sample. The predicted streamline 

contours of the design are shown in Figure 5.1(A). 

 

 
Figure 5.1: Predicted streamline contours in the designed microfluidic channels (A) streamline 

contours showing the magnitude of fluid velocity in the microfluidic channels (B) Schematic of 

the fabricated microfluidic device 

 

The microfluidic device with the channel of 200µm wide and 200µm depth consists of an 

inlet and outlet connected to a collection chamber of 5mm diameter where the EVs captured by 

Vn96 are collected. A mold for this design fabricated on a silicon wafer, using the standard 

fabrication process with a negative photoresist.  

A 

B 

200µm 

18mm 
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The PDMS base (pre-polymer) and curing agent are mixed in the ratio of 10:1 by weight. The 

PDMS mixture was placed in a vacuum desiccator and degassed to remove the air bubbles. Then, 

to make the PDMS microfluidic channel, PDMS was casted onto a mold on a silicon wafer made 

with a standard fabrication process. Prior to PDMS casting, the mold was silanized by using 100µl 

of trichlorosilane at 60°C for 1hr on a hot plate, by covering it with a petri dish. Then, the mold 

was placed in a petri dish and the PDMS mixture was poured on the wafer to a thickness of ~2mm 

and baked at 60°C for 10hr. On the wafer containing the microfluidic channel, the PDMS layer 

was then cut into individual samples of predefined size. To form a microfluidic device, a PDMS 

slice cut from the mold is bonded with the glass substrate containing the gold nano-islands, using 

plasma bonding. Figure 5.1(B) shows the schematic of the microfluidic device. 

 

5.2.4. Microfluidic setup for spectral measurements 

The microfluidic device is illuminated with a UV/visible light source through a 600µm 

optical fiber. The transmitted light from the device is collected through another 600µm optical 

fiber, which is connected to the Ocean Optics USB4000 spectrometer. This spectrometer is linked 

to a computer through Spectrasuite software to measure the absorption spectra at each stage of the 

biosensing protocol. This spectrometer is custom built, and the arrangement can be modified as 

per requirement. In this setup, the optical fibers are placed vertically in such a way that the 

microfluidic device is placed in-between the optical fibers aligned with the collection chamber. 

The light from the optical fiber is shined on the device through a collimator to cover the entire area 

of the collection chamber. Then, the transmitted light is collected through another collimator, 

connected to the optical fiber that leads to the spectrometer. An attenuator was used in the setup 

to adjust the intensity of the light received from the device. 

The biosensing protocol used to capture the EVs, an affinity-based approach developed in 

our laboratory, was published recently [173]. The EVs from the MCF7 CCM were used for 

microfluidic isolation and their size distribution was measured by nanoparticle tracking analysis 

(NTA) using NanoSight LM20 Nanoparticle Analysis System. The CCM was diluted by 100x for 

the measurement purposes and the size is around 100nm as shown in Figure 5.2.  The schemtaic 

of the biosensing protocol and the schematic of the experimental setup including the Ocean Optics 

spectormeter, showing the flow of compounds using a syringe pump involved in the detection 

through the microfluidic device is shown in Figure 5.3(A, B). 
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Figure 5.2: Representative figure that displays the size distribution of 100x diluted MCF7 CCM 

measured by NTA (NanoSight LM20 Nanoparticle Analysis System) with identical settings. The 

measurements were done in triplicate and the mean was calculated. 

 

 
Figure 5.3: Microfluidic setup for the measurement of LSPR spectra. (A) Schematic of the 

biosensing protocol used for the capture and isolation of EVs using Vn96 peptide, (B) Schematic 

of microfluidic device used in an Ocean Optics spectrometer setup for the detection of isolated 

EVs using LSPR 

A 

B 
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5.2.5. Elution and characterization of EVs 

The microfluidic devices were washed with PBS at a flow rate of 10µl/min to remove any 

unbound EVs from the collection chamber and the channel. Proteinase K (PK), which is a robust 

protein/peptide digesting enzyme, was prepared using PBS with a concentration of 20µg/ml and 

12µl of proteinase K was used to elute EVs from the chip. PK was infused into the device to digest 

the protein/peptides bridging gold nano-islands and EVs so that the liquid flown out of the device 

will contain the EVs captured on the sensing platform. Proteinase K was flown to fill the entire 

channel and collection chamber and then the device was incubated at 37°C for 1hr. After 

incubation, ~15µl of PK was eluted from the device, called eluent. The eluent, containing EVs, 

was characterized by Atomic Force Microscopy (AFM), and by gene copy number estimation 

amplification using ddPCR. 

The size of the EVs from the eluent measured using a Park Systems XE-100 atomic force 

microscope by scanning in a non-contact mode, equipped with a silicon cantilever (f0~300 kHz, 

Park Systems). Topographic and phase images were recorded simultaneously at a scan rate of 1Hz 

and then processed using the Park Systems XEI software.  

The ddPCR analysis has been recently developed as an accurate way for absolute 

quantification of nucleic acids present in a very few numbers in the target samples. It has been 

used for absolute copy number quantitation and was shown to be more reliable than other digital 

PCR methods or any other conventional copy number determination methods. A droplet digital 

PCR was performed, according to manufacturer’s instructions using the QX200™ Droplet 

Digital™ PCR System (Bio-Rad Laboratories) to determine the number of copies of RNAseP gene 

present in the EV-samples that is eluted from the microfluidic chips. For the ddPCR reactions 2µl 

of collected eluent from the chips was used as template. The ddPCR reaction mixture consists of 

10µl of Taqman probe assay (no dUTP) (Bio-Rad Laboratories) for a gene amplification, in the 

total volume to 20μl reaction mix. Then, this 20µl volume of mixture is further mixed with 70μl 

of droplet generation oil and loaded onto a disposable plastic cartridge, covered with a specific 

gasket, and placed in the droplet generator. For control, the eluent was replaced with PBS buffer. 

After droplet generation, samples were transferred to a 96-well PCR plate and then, sealed, using 

the PX1 PCR plate sealer. Then, the PCR amplification was carried out in C1000 Touch™ Thermal 

Cycler (Bio-Rad laboratories) as per the protocol provided by the manufacturer. After PCR 
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amplification, the plate was shifted to the QX200™ Droplet Reader (Bio-Rad Laboratories), and 

the droplets from each well were automatically read for fluorescent signal detection. The Quanta 

Soft™ analysis software (Bio-Rad Laboratories) was used to analyze the data and quantify the 

copy numbers. A threshold signal value was set based on the resolution of positive and negative 

droplets to eliminate background noise. 

 

5.2.6. AFM and ddPCR techniques for characterization 

Atomic Force Microscopy (AFM) consists of a cantilever with sharp tip at its end that scans 

a sample surface. By using the movement of tip, a three-dimensional image is created by software. 

AFM was developed in 1986 by Binnig et al. [175] provides lateral resolution of 3 nm and vertical 

resolution <0.1 nm. Yuana et al. [176] showed that AFM can be used to measure the relative size 

of microvesicles in their physiologic state. To have a high resolution, EVs or microvesicles must 

be bound to an extremely flat surface.  

PCR is Polymerase Chain Reaction, or it can be simply called as "molecular 

photocopying". It is one of the most important scientific advances in the molecular biology for 

which its creator, Kary B. Mullis was awarded the Nobel Prize for Chemistry in 1993. It has 

revolutionized the study of DNA as studying isolated pieces of DNA for molecular and genetic 

analyses are next to impossible without PCR. It is a fast and inexpensive technique used to 

"amplify" small segments of DNA. Once the DNA is amplified, it can be used in different 

laboratory and clinical techniques such as detection of bacteria or viruses, DNA fingerprinting, 

and diagnosis of genetic disorders.  

PCR technique is based on the natural processes a cell uses to replicate a new DNA strand. 

To perform a PCR, few biological ingredients are required such as template DNA, primers, DNA 

polymerase, and nucleotides. The template DNA is the integral part that contains the region to be 

amplified. Even a single DNA molecule can serve as a template. To initiate the copying, two DNA 

primers that are complementary to the 3’ (three prime) ends of each of the template are required. 

They bind, or anneal, to the template at their complementary sites and serve as the starting point 

for copying. Then, the DNA polymerase, an enzyme that does the building of the new DNA strand 

by sequentially adding on free nucleotides (subunits of DNA), according to the instructions of the 

template. DNA synthesis at one primer is directed toward the other, resulting in replication of the 

desired sequence. The common DNA polymerase is the heat resistant Taq polymerase.  
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It majorly involves three steps for amplification of DNA fragments, i.e., denaturation, 

annealing, and synthesizing as shown in Figure 5.4, which are carried out in repeated cycles. To 

amplify a DNA target, first, the sample is heated around 95°C so the DNA denatures or separates 

into two pieces of single-stranded DNA by breaking the hydrogen bonds between the 

complementary bases. Next, the temperature is lowered to about 55°C so that the primers can 

anneal to each of the single-stranded DNA templates. Then in the last step, the temperature is 

raised about 72°C, and an enzyme called Taq polymerase begins to synthesize the new strands of 

DNA by adding nucleotides onto the ends of the annealed primers, using original strands as 

template. With this process, the original DNA has been duplicated with each of the new molecules 

including one old and one new strand of DNA. Similarly, each of these new molecules can be used 

to create two new copies, and so on, and so on. The whole cycle is repeated around 40 to 45 times, 

resulting in more than a billion exact copies of the original DNA fragment. This whole cycle is 

directed by thermocycler, which is programmed to change the temperature of the reaction after a 

set time to allow denaturing and synthesis of new DNA strands. This entire process is automated 

and can be completed in just a few hours.  

 

Figure 5.4: The three steps involved in the DNA amplification process by PCR [177] 

 

Droplet Digital PCR (ddPCR) is a digital PCR technique that is used for the absolute 

quantification of DNA molecules based on water-oil emulsion droplet technology. Unlike regular 
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PCR, as discussed earlier, a sample is fractionated into 20,000 droplets, and the amplification of 

the template DNA molecule occurs within each individual droplet that is generated. The reagents 

and workflows used in the ddPCR technology are similar to those used for most standard TaqMan 

probe-based assays. The droplet generation is a crucial aspect of the ddPCR technique as each of 

the droplet serves basically the same function as the individual test tubes. The partition means that 

a single sample can generate tens of thousands of measurements rather than a single result. This 

technique requires a smaller sample volume around few microliters compared to other digital PCR 

commercially available, reducing the cost while maintaining the sensitivity and precision, and the 

preserving the precious sample.  

 

Figure 5.5: Steps involved in the absolute quantification of gene using ddPCR (A) Preparation of 

PCR ready sample (B) Droplet generation using QX100 Droplet Generator (C) PCR 

amplification in C1000 Thermal cycler (D) Reading and analyzing each droplet individually to 

determine the concentration of target DNA in the sample (E) Visualization of the analyzed data 

and determining concentration in copies/µl 

 

A 

B 

C 

D 
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The workflow of ddPCR is quite simple as shown in Figure 5.5. First, the sample is 

prepared by mixing the DNA sample with the primers, fluorescent probes, and proprietary ddPCR 

supermix developed specifically for droplet generation. The prepared sample is loaded into QX200 

Droplet Generator to partition the sample into 20,000 monodispersed nanoliter-sized droplets. The 

generated droplets are then transferred to a 96-well plate and the plate is sealed using a PX1 PCR 

plate sealer before the DNA amplification in each droplet using C1000 thermal cycler for about 

40 to 45 cycles. Once the PCR amplification of the DNA target in the droplets has be done, the 

samples are placed in the QX200 Droplet Reader to analyze each droplet individually using a two-

color detection system. Then the QuantaSoft™ software is used to count the positive and negative 

reactions in the droplets. The number of positive reactions determines the absolute quantification 

or the concentration of target DNA in the sample and the software allows to visualize the analyzed 

results in several ways and determine the concentration in copies/µl. 

 

5.3. Results and Discussion 

The absorption spectra were measured at each stage of the biosensing protocol using the 

Ocean Optics USB4000 spectrometer. As per the biosensing protocol, the volume, and 

concentrations of all the entities remain the same, except the concentration of MCF7 EVs. The 

LSPR shift corresponds to the molecular interactions, i.e., it quantitatively represents the number 

of EVs captured by the Vn96 in the microfluidic device. The LSPR shift (Δλ) has been measured 

at each stage of the protocol and the shift corresponding to various concentrations of extracellular 

vesicles is plotted in Figure 5.6. As expected, the shift is increasing as the concentration of EVs is 

increasing.  
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Figure 5.6: LSPR shift measured from the microfluidic device using the adopted biosensing 

protocol corresponding to various dilutions of MCF7 CCM EVs (D is dilution factor: 50x, 20x, 

5x, and undiluted). Each data point can be tagged to identify the corresponding dilution of the 

sample (n=6) 

 

5.3.1. AFM-analysis of the eluted EVs  

To validate the shifts in the LSPR spectral measurements of the microfluidic device, the 

eluent from the device was further analyzed by AFM. The samples were diluted to 1:100 with de-

ionized water and adsorbed onto freshly cleaved mica sheets to perform AFM scanning. The 

topographic and phase images and line profiles of the EVs and control eluent are shown in Figure 

5.7. It is noticeable from the image and line profile of the MCF7-CCM EVs eluent that the 

spherical particles are in the height and width of around 15nm and 60 – 80nm respectively (Figure 

5.7(A)). This size is within the size range of EVs published in the literature [178, 179]. The control 

eluent did not show any spherical particles, but mostly irregular shapes of heights around 1-2 nm, 

without any phase contrast (Figure 5.7(B)). The morphology of isolated EVs can be seen as 

spherical in shape from the line profiles with a diameter of around 80nm while the control shows 

irregular shapes of around 2nm. The size of isolated EVs is almost in agreement with the size 

shown by the NTA measurements. Therefore, the AFM measurements confirm that the proposed 

microfluidic devices have successfully captured and isolated the EVs from the CCM, validating 

the shift in the LSPR spectral measurements. 
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Figure 5.7: Morphology of isolated EVs by AFM phase images and line profiles. (A) Phase 

image of the Vn96 peptide-precipitated (Proteinase K digested) EVs and its line profile, (B) 

Phase image of the control sample, which is EV-free media, that was used for culturing MCF7 

cells and its line profile. A differential size distribution pattern is observed between EVs. The 

marked spots in the image are used to measure the width and thickness of two individual EVs 

 

5.3.2. RNase P gene copy number quantification by ddPCR 

To further validate and find out whether the gold-LSPR red shift observed is due to the 

high affinity binding of EVs to Vn96, droplet digital PCR (ddPCR) analysis was performed on the 

eluted fraction of EVs collected from the chips to quantitate the RNAseP DNA copy numbers as 

a reference gene. It has been shown that RNase P DNA sequence is present in the EVs and can be 

used as a reference gene in ddPCR reactions [180]. In this work, undiluted and 5x times diluted 

MCF7-CCM was used to run through the chips to capture EVs. Initially, the concentration of 

undiluted MCF7-CCM EVs was measured by NTA and found to be 6x109 particles/ml and as per 

the designed protocol, only 100µl was used to run through the device. The number of RNase P 

gene copies from the eluent of undiluted and 5x diluted CCM infused microfluidic devices were 

found to be 3.66 and 1.08 copies/µl, respectively. As expected, the eluent collected from the 

microfluidic devices (MF-isolated EVs) showed an appreciable number of RNAseP gene copies 

B A 



81 
 

amplified by ddPCR reactions as shown in Figure 5.8(A). This data validates that the red shift seen 

in the LSPR spectra is primarily due to the binding of EVs to the Vn96 in the devices. 

 

   

Figure 5.8: Quantification of isolated EVs by using droplet digital PCR (A) Number of gene 

copies amplified from microfluidic device eluent corresponding to undiluted and 5x diluted 

infused CCM (B) Number of RNase P gene copies amplified from various dilutions of UC-

isolated EVs (n=3) 

 

In parallel, for comparison and as a positive control, EVs isolated through gold standard 

ultracentrifugation (UC-isolated EVs), whose concentration was 8x109 EVs/ml, was used for 

RNAseP gene amplification in ddPCR. Figure 5.8(B) shows the number of RNase P gene copies 

amplified with various dilutions of UC-isolated EVs. For negative controls, PBS buffer or EV-free 

CCM was used, and no amplification of RNase P DNA fragment was observed. By keeping the 

UC-isolated gene copies data as a reference, the 3.6 copies/µl determined through MF-isolated 

EVs corresponds to a concentration of 1.6x108 EVs/ml approximately. It means such a number of 

EVs should be captured in the collection chamber of the chip. On the other hand, in our recent 

work [181], the physical modelling of Vn96-chip of the nano-island-EV interaction has shown that 

the collection chamber of 5mm diameter in a microfluidic device can accommodate up to a 

maximum of 5.3x108 EVs. As per the protocol, only 100µl of undiluted CCM, which corresponds 

to almost 6x108 particles, was infused into the microfluidic device. However, the chip was able to 

capture only ~1.6x108 EVs by Vn96 present in the collection chamber. Similarly, with the 5x 

diluted CCM, only ~1x108 EVs, got captured out of 1.2x108 particles that were infused. It is 
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interesting to note that capture capacity of Vn96 chip is better with diluted (5x) CCM compared 

to undiluted CCM. In 5x diluted CCM infused into the device, around 83% of the EVs infused 

were captured while in undiluted CCM, only 25% of the infused EVs got captured. This difference 

in the EVs captured and isolated, and the number of gene copies amplified from the eluent of 

microfluidic devices can be attributed to (1) the efficiency of the Vn96 capture in the collection 

chamber and their specific binding with the HSP heavy EVs; (2) the loss of EVs that could have 

occurred during the Proteinase K mediated elution of EVs from the chip; (3) the presence of RNase 

P gene in the EVs as the this DNA fragment of the genome may not be present in all the EVs; (4) 

the number of gold nanoislands formed in the collection chamber; and (5) aggregated EVs in 

highly concentrated CCM could prevent its binding with Vn96. Therefore, this data clearly shows 

the capability of the microfluidic device for the isolation of extracellular vesicles from a very low 

sample volume in less than 30 minutes. In this study, we have demonstrated the capability of Vn96 

enabled gold nanoisland-based microfluidic platform for capture and isolation of EVs originating 

from cancer cells and their DNA analysis through ddPCR reactions after eluting from the device.  

 

5.4. Conclusions 

In the present study, the capture and detection ability of the developed microfluidic device 

were examined using the EVs from the breast cancer cell-line (MCF7) conditioned media, grown 

in a small bioreactor. To evaluate the performance of the device, two different concentrations of 

EVs, the undiluted and 5x diluted MCF7-CCM were flown through the Vn96 functionalized 

microfluidic devices at a flow rate of 10µl/min. The LSPR measurements at each stage were 

performed after the incubation as per our developed biosensing protocol. To validate the measured 

Au-LSPR shift, the CCM was eluted from the device and then analyzed for size and shape by AFM 

and their RNase P gene amplification by ddPCR. The RNase P gene amplified from the undiluted 

and 5x diluted CCM infused microfluidic devices were in the order of 3.66 and 1.08 copies/µl 

respectively. The gene amplification from the device and AFM data further validate that the 

developed microfluidic devices have the ability to bind, capture and isolate EVs from the CCM, 

resulting in higher efficiency, without affecting their size or shape. The major advantages of this 

label-free microfluidic technique include isolation of EVs from a very low sample volume starting 

from 3µl, in less than 30 minutes using a simple device, when compared with the traditional 

techniques. In addition, as the standard protocol for the detection and isolation was optimized, the 
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inconsistencies caused by the procedure can be reduced and the detection reproducibility 

improved. Isolation and analysis of EVs are the cornerstones of any technique for EV-based 

diagnosis and therapeutic applications. The microfluidic technology empowers the capture, 

isolation, and analysis of EVs. In conclusion, the gold nanoisland-based microfluidic technique, 

with vn96-peptide functionalization can be a reliable tool in the EV-based diagnosis in a real-life 

clinical setting. 

With the proposed the gold nano-island enabled microfluidic device, the EVs from the 

MCF7 CCM have been isolated. The measured plasmonic shift has been compared and validated 

using the morphology of isolated EVs by AFM measurements and the absolute quantification of 

RNase P DNA from the isolated EVs using ddPCR. So, now it is important to improve the 

sensitivity of detection in the microfluidic environment. So, the next chapter (Chapter 6) discusses 

more sensitive gold nano-island integrated microfluidic device, which is a multi-level microfluidic 

device for the amplification of the sensitivity of detection. 
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Chapter 6 

Sensitivity Amplification by Multi-level Microfluidic Device for the 

Detection of Extracellular Vesicles 

 

This chapter is reproduced from the manuscript prepared for the Journal of Advanced 

NanoBioMed Research. 

 

Extracellular Vesicles (EVs) are nano-sized particles containing lipids, proteins, mRNAs, 

and microRNAs from their origin cells, playing a critical role in cell communication. Although 

their characteristics provide EVs great potential as biomarkers, efficient isolation and detection 

techniques are still challenging. In this work, we present a two-level microfluidic technique to 

capture EVs by an immuno-affinity-based approach, using a synthetic polypeptide, Vn96, that 

binds to the heat shock proteins (HSPs) present on the surface of EVs. The captured EVs are 

detected using the high sensitivity of the Localized Surface Plasmon Resonance (LSPR) property 

of gold nano-islands to any changes in their local environment. The microfluidic devices 

developed for exosomes' isolation contain multiple channels and collection chambers to capture 

EVs. In order to increase the sensitivity, the gold nanoparticles are immobilized by thermal 

convection on both sides of a thin glass substrate, contrary to our earlier work, where the 

nanoparticles were deposited only on one side. A two-level device is fabricated for the isolation 

and detection of EV, utilizing this double-sided gold nano-island substrate; the detection sensitivity 

of the platform has been increased due to the increased molecular interactions in the collection 

chambers. This technique can be extended to multi-level microfluidics by introducing an 

intermediate channel in between the nanoisland substrates. The preliminary results suggest that the 

multi-level microfluidic device can be used for a high sensitivity detection of EVs.  

 

6.1. Introduction 

Extracellular Vesicles (EVs) are the vital sources of biomarkers for cancer, other 

pathological conditions such as inflammatory and neurodegenerative diseases, and for clinical 

diagnostics. EVs are the shedding vesicles with sizes ranging from 30 to 1000nm. They are 

membrane-bounded nano-scale extracellular communication organelles that are released from all 
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cell types to the extra cellular space, transporting the identity of their mother cells. Therefore, for 

an early diagnosis of cancer and improved treatment, the isolation, and detection of EVs is of 

utmost important [5, 37]. 

In recent years, microfluidics has boomed as an emerging technology due to its benefits 

such as miniaturization, smooth integration with optical components, and the ability to perform 

fast detection [182]. Microfluidics has been addressing applications in a wide range of fields [183, 

184]. Especially, it has shown considerable potential in the biomedical field [185, 186]. Several 

researchers have reported hybrid microfluidic devices by incorporating integrated structures to 

enable complex lab-on-a-chip (LOC) research platforms and point-of-care testing (POCT) devices. 

Those structures are electrode arrays, permeable membranes, and other functional structures [187]. 

To realize these complex microfluidic devices, various fabrication techniques have been reported 

[188-191]. Polydimethylsiloxane (PDMS) is the most extensively used material for the fabrication 

of microfluidic devices due to its inherent biocompatibility with the samples, low cost, favorable 

chemical, and mechanical properties, and optically transparency in the frequencies range from 240 

nm to 1100 nm [192]. 

The microfabrication techniques reported in the literature to realize the above-mentioned 

complex microfluidics can be primarily categorized into three types. The first type depends on 

sequential traditional 2D microfabrication to achieve multi-layer structures [193]. This approach 

has been the foundation for a decade to realize complex microfluidic structures, however, as the 

complexity in the microfluidic devices kept on increasing, this technique has not evolved much 

[194]. The layering of 2D microfabricated structures is interesting as, due to its maturity, complex 

systems often require multiple manual alignments and bonding processes. The second type of 

fabrication is the casting of PDMS around a 3D sacrificial structure, which will be removed or 

dissolved later [195]. The layering approaches, including the alignment and bonding issues, are 

eliminated with this type of fabrication; however, this fabrication method often requires removal 

of the sacrificial structure, which can limit the geometry, impact yield, or again, require skilled 

manual processing because of the complex protocols mentioned. The third type of fabrication is 

the mold based ‘membrane sandwich’ approach, which has shown great potential [196]. As the 

PDMS pre-polymer is sandwiched between a patterned wafer-based mold and a passivated PDMS 

mold, the efforts in the fabrication of layered channel structures are reduced.  
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The most important parameter for the label-free biosensing applications is the sensitivity 

of the LSPR property of silver and gold nanoparticles (AuNPs) to any change in their surrounding 

medium [84]. The molecular interactions with the immobilized nanoparticles result in a redshift of 

the LSPR bands or/and an increase in the absorbance. The optical properties of AuNPs for sensing 

applications in terms of size and shape have been meticulously studied and reported in the past 

[88]. Presently, the plasmonic nanostructures based LSPR sensors are widely used to interrogate 

biomolecular interactions in real-time. Despite the increasing interest in the LSPR phenomenon 

and its applications, there is still little research on the integration of LSPR biosensing with a 

microfluidic platform [89]. In this paper, we report on the design and fabrication of a multi-level 

microfluidic device, isolation of EVs captured, using the synthetic polypeptide Vn96 [36], in the 

two-level microfluidic device, and the validation of the isolated EVs through LSPR detection 

technique.  

 

6.2. Materials 

The Sylgard® 184 elastomer kit for the PDMS fabrication was purchased from Dow 

Corning. Cover glasses of size 18mm x 18mm with a thickness of 150µm were purchased from 

VWR International company. Gold (III) chloride trihydrate (HAuCl4.3H2O) and sodium citrate 

were purchased from Sigma Aldrich. De-ionized (DI) water with a resistivity of 18MΩ was 

obtained by using the NANOpure ultrapure water system (Barnstead). 11-mercaptoundecanoic 

acid in ethanol (NanoThinks Acid 11), N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC) and N-Hydroxysuccinimide (NHS), phosphate-buffered saline (PBS) was 

obtained from Sigma Aldrich, Canada. PBS tablets were dissolved in DI water at 0.1M 

concentration, with a pH of 7.2. Streptavidin was purchased from IBA GmBH, and biotin-PEG-

Vn96 was purchased from New England Peptide, USA and MCF7 EVs were collected from a 

conditioned media.  

 

6.3. Experimental procedures 

6.3.1. Deposition of AuNPs on both sides of a glass substrate 

A gold colloidal solution is prepared as per Turkevich’s method by dissolving 16mg of 

gold chloride trihydrate in 95ml of DI water and this solution is called the precursor solution. Then, 

the precursor solution is boiled until it reaches the boiling point and then 5ml of 2% sodium citrate 
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solution is added to the boiling solution. The glass substrate is 150µm thick, with a length and 

width of 18mm each. These thin glass substrates are habitually used as a micro cover glass under 

the microscope. The advantage of using thin glass substrates for the deposition of gold 

nanoparticles is that multiple substrates can be used in a single device, without making it bulky. 

The gold nanoparticles are deposited by the thermal convection method, based on the evaporation 

of gold colloidal solution at the interface of the substrate and solution. After this first deposition, 

the substrate was heat-treated at 560°C for an hour for morphology tuning, where the deposited 

gold nanoparticles turn into gold nano-islands. Once the substrate reaches room temperature, the 

same substrate was reversed and placed again in a beaker containing a gold colloidal solution for 

a second deposition on the other side of the substrate by the same method. After the second 

deposition, the substrate was heat-treated again at 560°C for an hour and allowed to cool to room 

temperature. The heat-treated glass substrate with gold nanoislands on both sides is further called 

double-sided gold nanoisland substrate (DS-AuNI substrate), and its absorption spectrum is shown 

in Figure 6.1. The spectrum indicates a high number of gold nano-islands available for interaction 

with the biochemical entities. 

    

Figure 6.1: DS-AuNI substrate with its absorption spectrum (a) Picture of an 18mm x 18mm 

glass substrate with AuNIs on both sides (b) Absorption spectrum of DS-AuNI substrate 

 

6.3.2. COMSOL simulation of microfluidic channels 

A symmetric structure of the microfluidic channel is designed so that the same channel can 

be utilized as a top and bottom channel just by reversing it. The microfluidic channel’s scheme is 

designed and simulated in COMSOL Multiphysics 5.5, as shown in Figure 6.2. The design shows 

the inlet and outlet connected to a channel, containing an extensive collection chamber. The 

designs are analyzed for the streamline contours to observe the magnitude of the fluid velocity 
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inside the channels, considering the water as a solvent with a flow velocity of 10µL/min. The 

channel's width is 300 µm, with a depth of 150 µm, and the collection chamber has a diameter of 

7 mm. This collection chamber is larger than the one in our previous microfluidic devices, enabling 

much higher interactions/binding of the entities to the AuNIs.  

 

Figure 6.2: COMSOL simulation for fluid flow pattern of top/bottom channel  

 

6.3.3. Fabrication of the device 

Unlike the other microfluidic devices [173, 197], a thick glass substrate is not used in these 

devices. Instead, a 150 µm thin glass substrate was utilized for the deposition of gold nanoparticles. 

Because of the very thin glass, the utmost care has to be taken while bonding and handling the 

devices. There are three layers for a two-level device microfluidic device. Therefore, there are 

individual masks for the fabrication of the mold for each layer. The schematic of the fabrication 

steps of the device is shown in Figure 6.3. The SU8 molds and their corresponding PDMS layers 

include top, spacer, and bottom layers. The top and bottom layers being symmetrical, only one 

mask or one mold is enough to make both the layers. The spacer layer is a mandatory thin layer to 

cover up space or the gap created due to the DS-AuNI glass substrate between the top and bottom 

PDMS layers. Standard patterning of SU8-2075 photoresist was used for the fabrication of these 

molds and the soft-lithography parameters are tabulated in Table 6.1. All the molds have been 

silanized for 2 hours after the fabrication to be used for PDMS fabrication.  

The proposed device was fabricated using poly (dimethylsiloxane) (PDMS) from Sylgard® 

184 elastomer kit from Dow Corning Corporation. The base polymer (pre-polymer) and the curing 

agent (crosslinking agent) from the kit are mixed in the ratio of 10:1 by weight for the fabrication. 

As shown in Figure 6.3(a), the proposed device includes two thick layers (top and bottom) having 

Ø7mm 

300µm 
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200 µm microchannels and a thin spacer layer with a thickness of 150 µm. The fabrication process 

of the thin spacer layer is schematically shown in Figure 6.3(b). For the fabrication of this layer, 

PDMS was poured onto the mold, and then a large glass slide was placed on PDMS and pushed 

gently to remove the excess of PDMS from the mold. While maintaining the same pressure on the 

glass slide with a hook, the PDMS was cured at 80°C for 2 hours. After curing, the PDMS spacer 

layer can be easily peeled off from the mold as the mold was already silanized [198]. The cross-

sectional and the exploded view of the two-level microfluidic device is shown in Figure 6.3 (c, d). 

 

Table 6.1: Soft lithography parameters for the fabrication of molds for the top/bottom, spacer, 

and the intermediate layers 

 Spin-coating Pre-bake UV Exposure Post-bake 

Top/bottom layer 
500rpm for 10sec 

1600rpm for 40sec 

65°C for 10 min 

95°C for 40 min 
90 sec 

65°C for 5 min 

95°C for 10 min 

Spacer layer 
500rpm for 10sec 

800rpm for 40sec 

65°C for 10 min 

95°C for 40 min 
80 sec 

65°C for 5 min 

95°C for 10 min 

 

The bonding strength of PDMS to glass is relatively stronger than that of PDMS to silicon. 

Therefore, when the spacer layer is peeled off the mold, it comes along with the supporting glass 

slide. As the spacer layer is very thin, of around 150 µm, leaving it on the supporting glass slide 

helps in keeping the structures intact. Then, the AuNI glass substrate was placed in the center of 

the spacer layer, as shown in Figure 6.3(d), and bonded with the bottom PDMS layer, using the 

oxygen plasma. Then, the top PDMS layer was bonded on the other side of the spacer layer with 

the nano-island substrate to seal the channels. The alignment of the three layers must be taken care 

of to match the outlet and the microchannels. The fabricated two-level microfluidic device is then 

used for biosensing experiments. An intermediate channel can be introduced multiple times to 

obtain a multi-level microfluidic device. 
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Figure 6.3: Fabrication process of the two-level microfluidic device; (a) SU8 molds used for 

fabrication of top/bottom and spacer layer (b) PDMS fabrication process to make the spacer layer 

(150 µm thick) (c) Schematic of the two-level microfluidic device (cross-section view) showing 

how the PDMS layers are aligned to form the device (d) Steps involved in fabrication (e) 

Exploded view of the two-level microfluidic device  

Top channel 

Bottom channel 

Inlet 

Outlet 
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6.4. Results and Discussion 

As discussed in the experimental section, the substrate with the gold nanoislands undergoes 

the process of heat treatment twice. The substrate is first heat-treated at 560°C for an hour when 

the nanoparticles are deposited on one side and it is heat-treated again at 560°C for another one 

hour when the nanoparticles are deposited on the other side. So, the morphology and the physical 

characteristics of the nanoislands deposited first are expected to be slightly different from that of 

the second deposition because of the two hours of heat treatment. Therefore, the gold nanoislands 

heat-treated for two hours were characterized by SEM as shown in Figure 6.4(a). 

 

 

Figure 6.4: Morphology of heat-treated gold nanoislands and its physical modeling (a) SEM 

image of the gold nanoislands (heat-treated at 560°C for 2 hours) and its binary image (b) 

Schematic of a cross-section view of a nanoisland immobilized with bio-entity layers involved in 

the detection of EVs captured by Vn96 molecules 

 

A 

B 
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As presented in our earlier paper [181], to determine the dimensions and the surface density 

of the nanoislands, the SEM image is analyzed using the ImageJ analysis software (Wayne 

Rasband, NIH, USA). An area of 2.1 µm x 1.8 µm with 35 nano-islands is considered for the 

analysis. The nano-islands were analyzed, and the average length and width were measured, and 

the average inter-island distances were calculated using the center-to-center distance between the 

nearest neighbor islands. Table 6.2 summarizes the average values of major and minor axes of 

gold nanoislands, aspect ratios, inter-island distances, and surface density. 

 

Table 6.2: Average physical characteristics of the gold nanoislands deposited by thermal 

convection and whose morphology was tuned by heat treatment for an hour and 2 hours  

 1-hr heat 

treatment [181] 

2-hrs heat 

treatment 

Length (nm) 198.89 153.64 

Width (nm) 146.67 107.59 

Aspect ratio 1.37 1.42 

Inter-particle distance (nm) 342.5 258.6 

Surface density (nanoislands/µm2) 3 9 

 

Table 6.3: Surface area of a single nano-island and the maximal number of ligands it can 

accommodate when the morphology was tuned by heat treatment for 1 hour and 2 hours 

 Streptavidin Biotin-PEG-Vn96 EVs 

Surface area of 

nano-island (A1) 

No. of 

ligands 

Surface area 

for Vn96 (A2) 

No. of 

Vn96 

Surface area 

for EVs (A3) 

No. of 

EVs 

1-hr heat 

treatment [181] 
3.48 x104 nm2 1976 4.49 x104 nm2 12810 1.16 x105 nm2 9 

2-hrs heat 

treatment 
2.26 x104 nm2 1283 3.08 x104 nm2 8787 9.23 x104 nm2 6 

 

The results obtained from the particle analysis of two-hour heat-treated gold nanoislands 

clearly shows that the size and inter-particle distance of the nanoislands have been reduced due to 

the increase in the time of heat treatment, resulting in increase in the surface density from 3 to 9 

nanoislands/µm2. In order to obtain the number of bio-entities each nano-island can accommodate, 

a similar physical model presented in [181], as shown in Figure 6.4(b), is built based on the 

quantitative analysis of the nanoisland with their average size and the surface density. Table 6.3 
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summarizes the surface area of a single nanoisland and the ligands it can accommodate and also 

the subsequent surface area when functionalized with different bio-entities and the number of bio-

entities it can accommodate. When the average size of EVs is considered as 100nm, the analysis 

shows that the nanoislands heat-treated for 1 hour can accommodate 9 EVs/nanoisland whereas 

the 2 hours heat treated can accommodate 6 EVs. But because of their surface densities, it can be 

clearly understood that the 1-hour heat treated can accommodate only 27 EVs whereas the 2-hours 

heat-treated platform can accommodate 54 EVs/µm2. As mentioned earlier, in this device, the 

nanoislands deposited on the substrate were heat-treated for 2 hours on the first deposited side 

while the second side for an hour. With this analysis, it is clear that the number of EVs that can be 

accommodated per µm2 have been doubled on 2-hour heat-treated side of the substrate. Therefore, 

the number of molecular interactions on the 2-hour heat-treated gold nano-islands are expected to 

increase, resulting in the amplification of the overall detection sensitivity.  
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Figure 6.5: The biosensing protocol using the fabricated device and spectral measurements (a) 

Fabricated two-level microfluidic device (b) Schematic of biosensing protocol (c) the LSPR 

spectra corresponding to the last three stages of the protocol where the concentration of EVs is 

undiluted (d) Comparison of LSPR shifts corresponding to various concentrations of EVs from 

the microfluidic devices, having gold nano-islands on one side and both the sides (D is the 

dilution factor: 50x, 20x, 5x and undiluted) (n=5) 

 

A biosensing protocol, where various biochemical entities are flown into the fabricated 

device, to functionalize the gold nanoislands to bind Vn96 to capture EVs. Specifically, the first 

step in any LSPR experiment is to measure the absorption spectrum of gold nano-islands in the 

collection chamber. Then, a NanoThinks11 solution is infused into the device at a flow rate of 10 

µl/min continuously for 10 minutes, and the spectrum is measured after incubation of 30 minutes 

to observe the shift (Δλ) in the LSPR peak. A positive shift in the spectrum confirms the molecular 

binding with the gold nano-islands. Then, the EDC+NHS mixture is passed at the same flow rate, 

and the spectrum is measured after incubation. The same procedure is repeated with the 

streptavidin, biotin-PEG-Vn96, and then EVs. With the adopted procedure, a shift in the peak of 

the Au LSPR is observed at every stage, confirming the molecular binding of each compound. The 

fabricated two-stage microfluidic device and the schematic of the biosensing protocol are shown 

in Figure 6.5(a, b). 

The concentration of all the entities in the biosensing protocol were maintained same for 

all the experiments, except for the EVs. The MCF7 EVs were diluted using PBS into various 

dilutions such as 50x, 20x, 5x, and undiluted were infused into the device and the LSPR shift was 

measured. The absorption spectrum was measured at all the stages and the Au LSPR spectra 

corresponding to streptavidin, biotin-PEG-Vn96, and undiluted EVs are shown in Figure 6.5(c). 

Only the shift due to the final capture step is considered for detection purposes. This spectrum 

clearly shows that the shift (Δλ) corresponding to the interaction of biotin-PEG-Vn96 and 

undiluted EVs is around 11nm, which is quite high compared to the single-sided gold nanoisland 

based microfluidic device. Similarly, other dilutions of EVs were flown through the microfluidic 

devices and the absorption spectrum was measured for each case to measure the LSPR shift. The 

LSPR shifts corresponding to various concentrations of EVs from the microfluidic devices having 

gold nano-islands on one side and both the sides of the substrate are shown in Figure 6.5(d). From 
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the plot, it can be clearly seen that the detection sensitivity of the double-sided gold nanoisland 

based microfluidic device has been increased by 1.54 times compared with that of a single-sided 

gold nanoisland based microfluidic device. This increase in the sensitivity of detection can be 

attributed to the two-hour heat treatment of gold nanoparticles on one side of the substrate utilized 

in the device. Thus, the physical modeling of the two-hour heat-treated gold nanoislands validates 

the increase in the sensitivity of detection.  

 

6.5. Conclusions  

A multi-level microfluidic device for the detection of Extracellular Vesicles is presented. 

The detection is based on the sensitivity of the LSPR property of gold nano-islands to any change 

in the surrounding environment. The optimized biosensing protocol is carried out in the 

microfluidic device, specifically designed for the isolation and detection of EVs. The detection of 

EVs is possible because of the presence of Vn96 functionalized gold nano-islands in the collection 

chamber. Vn96 has a high affinity towards the heat shock proteins present on the surface of EVs. 

This label-free technique is promising for the detection of EVs by the immuno-affinity approach 

using the Vn96 polypeptide. The absorption spectra shows that the EVs have been enriched and 

isolated in the collection chamber. The results indicate that the detection sensitivity of the two-

level microfluidic device has increased by 1.54 times when compared with the microfluidic device 

having a single-sided gold nano-island substrate as a sensing element. Thus, this technique can be 

used to build a multi-level microfluidic device by integrating the intermediate channel for the 

isolation and sensitive detection of EVs for point of care application. 

The proposed two-level microfluidic device has shown that the sensitivity of the detection 

can be increased by integrating double sided gold nano-island substrate in the device and a 

possibility to build a multi-level microfluidic device. In order to further improve the sensitivity, 

instead of gold nano-islands, the gold nanoparticles suspended in a colloidal solution can directly 

be used, by which the entire surface area of the particle can be utilized to capture and isolate EVs 

or any other biomolecules. So, the next chapter (Chapter 7) discusses methods for capture, 

isolation, detection, and quantification of biomolecules based on metal nanoparticles suspended in 

a colloidal solution.  
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Chapter 7  

Methods for Detecting, Isolation and Quantifying an Analyte in a 

Sample Based on Colloidal Suspension of Plasmonic Metal 

Nanoparticles 

 

This chapter is reproduced from the patent filed in September 2020 - US provisional 

(63,084,960) 

 

7.1. Introduction 

The colloidal gold was first obtained by Chinese, Arabian and Indian scientists as early as 

in the V-IV centuries B.C. This first data can be found in their writings, where they used it for 

medicinal purposes. During the middle ages, colloidal gold was used in alchemist laboratories in 

Europe. The first book on colloidal gold was published by the philosopher and Doctor of Medicine 

Francisco Antonii in the year of 1618 [80]. Earlier, colloidal gold was obtained by reducing the 

gold chloride by vegetable extracts in alcohols or oils. Later, Turkevich et al. developed a method 

for preparation of gold nanoparticles (AuNPs) by treating the hydrogen tetrachloroaurate (HAuCl4) 

with citrate acid in boiling water [158]. Citrate acts as reducing and stabilizing agent. Gold 

nanoparticles have unique properties and multiple surface functionalities. Due to these properties, 

they have been widely employed in bio-nanotechnology for diagnostics and are used in the area of 

therapeutics. The versatility of gold nanoparticles made them important components for 

biomedical applications. The functionalized AuNPs with controlled geometrical and optical 

properties are the current intensive studies and the subject of biomedical applications. These 

applications include biosensors, immunoassays, clinical chemistry, laser phototherapy of cancer 

cells and tumors, the targeted delivery of drugs, DNA, and antigens, optical bioimaging and the 

monitoring of cells and tissues.  

 Extracellular vesicles (EVs), known also as shedding vesicles or oncosomes, are vital 

sources of biomarkers for cancer, other pathological conditions such as inflammatory and 

neurodegenerative diseases, and for clinical diagnostics. They are membrane bounded nano-scale 

extracellular communication organelles that are released from almost all cell types to the extra 

cellular space, transporting the identity of their mother cells. These vesicles transport cargoes of 
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proteins and genetic information, from the parent cells to the recipient ones. They are present in 

all biological fluids, including urine, blood, ascites, and cerebrospinal fluid fractions of body fluids 

such as serum and plasma, as well as in cultured medium of cells. Exosomes are type EVs, which 

are cup-shaped and their diameter ranges from 30 nm to 100 nm, which is about hundred times 

smaller than the smallest cell [5, 6, 37-39]. Generally, they are released by inward budding of 

endosome membranes, followed by splitting of plasma membrane through the endocytic pathway. 

Exosomes carry membrane proteins and heat shock proteins such as HSP70. Thus, EVs are 

potential sources for liquid biopsy, a remote and minimally invasive technique for early-stage 

diagnosis of cancer and other diseases. Given the growing evidence that exosomes may be a 

clinically relevant biomarker source, there is a great demand for their simple and efficient detection 

in bio-fluids. Most affinity-based methods rely on antibodies directed against EV surface 

marker(s) [35, 56, 57]. 

 EVs are first discovered by Wolf in 1967 and referred to them as “platelet dust” in plasma 

as small lipid rich vesicles. From then on, different subtypes of EVs such exosomes and 

microvesicles have been reported and their biological functions and clinical values have been 

recognized gradually. Due to their loading capability of some specific proteins and nucleic acids 

that are closely associated with cancer states, EVs/exosomes have gained a lot of attention and 

emerged as promising biomarkers of cancer. When compared with circulating tumor cells (CTCs) 

and cell-free circulating tumor DNA (ctDNA), EVs/exosomes have lot of advantages in terms of 

stability, quantity and most importantly accessibility. That is, EVs/exosomes are abundantly 

released from cancer cells and are capable of protecting proteins and nucleic acids that are related 

to cancer development. In addition, they are very accessible because of their broad distribution in 

body fluids. Because of these merits, EVs/exosomes have gained much more attention in recent 

years as biomarkers of cancer. Therefore, detection, isolation and characterization of 

EVs/exosomes and their contents leads to the diagnosis of cancer at an early stage. 

Bovine Growth Hormone (BGH) is a natural growth hormone produced by the anterior 

pituitary glands in mammals, which is also known as bovine somatotropin (BST). Recombinant 

Bovine Somatotropin (rBST) is a synthetic hormone, which is used to increase the milk production 

in cows. Both the natural and recombinant hormones increase the levels of another hormone known 

as insulin-like growth factor (IGF-1) which stimulates the cow’s milk production. The biological 
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effects of rbST are associated with growth development and reproductive functions. The use of 

rbST is controversial because of its potential effects on animal and human health [126, 199].  

The most widely used methods to separate EVs/exosomes were ultracentrifugation, density 

gradient centrifugation, size exclusion chromatography, and immune based separation and the 

characterization techniques were electron microscopy, nanoparticle tracking analysis, flow 

cytometry and western blotting. In recent years, researchers have developed novel isolation and 

detection methods by taking the advantages of nanomaterials, biomolecule probes, microfluidics, 

optics, surface plasmon resonance and so on. While the methods for estimation of bST 

concentration were either radioimmunoassay (RIA) or enzyme-linked immunosorbent assay 

(ELISA) or bioassay. Recently, a method based on liquid chromatography-mass spectrometry 

combined with electrospray ionization has been developed, which allows the discrimination of 

recombinant from the endogenous forms of somatotropin. Later on, a surface plasmon resonance 

(SPR) biosensing method has been suggested. 

 Presently, the standard method for isolation of EVs from the body fluids is differential 

ultracentrifugation, based on their physical characteristics. This is usually followed by ELISA 

(enzyme-linked immunosorbent assay) or western blot. However, both the techniques are time 

consuming, thus requires large number of exosomes and results in low yield and therefore, not 

suitable for clinical applications. Thus, due to the natural complexity of body fluids, 

EVs/exosomes detection, isolation, and characterization is still challenging. For this reason, a 

versatile platform and an easy-to-use technique is required to detect adequately and selectively, 

isolate, quantify and characterize EVs/exosomes for clinical applications, which our proposed 

colloidal platform is capable of doing. And for the detection of bST, the principal drawbacks of 

liquid chromatography-mass spectrometry combined with electrospray ionization is the complex 

methodology with very expensive instrumentation, makes it difficult for a rapid detection. And the 

suggested surface plasmon resonance (SPR) measurement was carried out in Biocore 3000, which 

is an expensive plasmonic instrument. Therefore, it is extremely important that, a highly sensitive 

method that allows rapid and precise detection of growth hormones in milk are required to provide 

meaningful information about the rBST-treated animals to the consumers. 

 Considering the facts of the EVs/exosomes as biomarkers of cancer and the effects of rbST 

in the milk, the colloidal platform developed by utilizing the gold nanoparticles, is capable of 

carrying out multiple sensing mechanisms such as detection and isolation of biomolecules. First 
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of all, it can selectively and specifically detect and isolate EVs/exosomes from media. And the 

protocol in this platform can be very well adapted for the detection and isolation of biomolecules 

such as proteins or hormones. Specifically, the biosensing protocols are developed in such a way 

that the biomolecules tagged to biotin can be detected by the streptavidin-biotin interactions and 

the hormones such as bovine growth hormone (BGH) can be detected by the antigen-antibody 

interactions by binding to the AuNPs in the colloidal solution. 

 

7.2. Materials and Methods 

 The materials and chemicals used in this invention are Gold (III) chloride trihydrate 

(HAuCl4.3H2O) and sodium citrate were purchased from Sigma Aldrich. De-ionized (DI) water 

with a resistivity of 18MΩ, used in all the experiments was obtained by using the NANOpure 

ultrapure water system (Barnstead). Quartz cuvette purchased from Sigma Aldrich, 11-

mercaptoundecanoic acid in ethanol (NanoThinks Acid 11), N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide (NHS), Streptavidin was 

purchased from IBA GmBH and biotin-PEG-Alexa647 purchased from NANOCS. Antibody BGH 

and the BGH antigen were purchased from Cedarlane labs. Vn96-linker-biotin and MCF7 

exosomes were supplied by the Atlantic Cancer Research Institute (ACRI), Moncton, New 

Brunswick, Canada. 

 

7.2.1. Preparation of gold colloidal solution 

Gold (III) Chloride trihydrate (HAuCl4.3H2O) of 18 to 30mg is added to 95ml of DI water 

in a beaker and boiled till it reaches its boiling point (around 10minutes). Once the gold precursor 

solution reaches its boiling point, 5ml of 2% sodium citrate is added, to reduce the gold ions to 

gold nanoparticles, and the solution is further boiled for about 5 to 8 minutes and the change in 

color to transparent purple can be clearly observed. When the color is changed, the solution is 

taken out from hotplate and allowed it to reach room temperature. There will be reduction in the 

volume due to its boiling time. Therefore, add DI water to make it 100ml as final volume. 

 

7.3. Results and discussion 

The colloidal platform is a multi-functional sensing platform which is aimed to enhance 

the sensitivity of the plasmonic detection of biological entities by utilizing gold nanoparticles in a 
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colloidal solution. First part of this platform talks about detection of biotin by binding to the 

streptavidin. The intention of this part is to prove that, any biomolecule that is tagged to biotin can 

be detected and isolated using the streptavidin-biotin interaction by binding to the gold 

nanoparticles. The second part deals with the detection hormones by using antigen-antibody 

interactions by binding to the gold nanoparticles, specifically Bovine Growth Hormone (BGH) 

was detected, and the last part of the platform is the detection and isolation of exosomes by using 

Vn96 tagged with biotin. In the process of sensing protocol, when the colloidal solution gets 

precipitated, the how the isolated supernatant can be used as a biosensor for the early diagnosis of 

cancer is also discussed. 

 

7.3.1. Detection of biotin using streptavidin-biotin binding 

 The main aim of this study is to detect and isolate any biomolecules tagged to biotin by 

utilizing AuNPs from the gold colloidal solution. Here, in this case, Alexa647 fluorophore tagged 

to biotin using polyethylene glycol (PEG) is used. The following colloidal solution preparation 

and the biosensing protocol are used to detect biotin. 

 

7.3.1.1. Biosensing protocol 

 The biosensing protocol is a multilayer deposition on AuNPs by adding different chemical 

and bio-entities directly into the gold colloidal solution. Here in this case, the gold colloidal 

solution (GCS) is further diluted with DI water in a quartz cuvette to obtain 0.6A absorbance units 

measured using Perkin-Elmer UV-Vis spectrometer, which approximately corresponds to a gold 

concentration of 35µg/mL. First the absorption spectrum of colloidal solution is measured and then 

the linker (Nanothinks11) is added to the solution, which forms a self-assembled monolayer 

(SAMs) on the surface of the AuNPs and then after 30 minutes of linker addition, cross-linker 

(EDC+NHS compound) is added for amidification. Then after cross-linker, streptavidin is added 

to bind the biotin in the next stage. Absorption spectrum is measured at each stage of the biosensing 

protocol. A shift in the peak of Localized Surface Plasmon Resonance (LSPR) band is recorded 

after every stage and the red shift after addition of biotin-PEG-Alexa647 confirms the binding of 

biotin to the AuNPs in the colloidal solution. Typical absorption spectra of whole biosensing 

protocol are shown in Figure 7.1(A). When the bio-chemical entities are added to the colloidal 
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solution, there is a change in the color of the colloidal solution in the cuvettes as shown in Figure 

7.1(B-F). 

 

 

Figure 7.1: Spectral measurements at different stages; (A) Typical absorbance spectra of 

entities of the protocol; Color of the colloidal solution at various stages; (B) GCS (C) 

+Nanothink11 (D) +EDC+NHS (E) +Streptavidin (F) +Biotin-PEG-Alexa647 

  

 After the whole sensing protocol, shift in LSPR band is calculated at every stage. Table 

7.1 shows the concentration of the entities used and the average spectral shift at each step found 

experimentally by using colloidal platform. The volume of colloidal gold is around 2ml while 

all the other entities in the sensing protocol are of 0.2ml and incubated for 30 minutes after each 

stage. 
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Table 7.1: Shift of the Au plasmon bands corresponding to the different steps of the protocol 

Entity Concentration LSPR shift (Δλ) (nm) 

Nanothink11 5mM 3.25 

EDC+NHS 0.1M+0.05M 12.5 

Streptavidin 10 µg/ml 16.25 

Biotin-PEG-Alexa647 20 µg/ml 14.25 

 

7.3.1.2. Discussion 

 Here, colloidal platform for the detection of biotin is proposed by utilizing the AuNPs with 

the streptavidin-biotin binding. In this case, biotin was detected by the LSPR, and the fluorophore 

was tagged to the detected biotin through polyethylene glycol (PEG). With the results obtained 

using the colloidal platform, it can be proposed that any biomolecules tagged biotin can be detected 

using LSPR and also when biomolecules are tagged with fluorophores, the detected biomolecules 

can be viewed by a fluorescence microscope.  

 

7.3.2. Detection of Bovine Growth Hormones (BGH)  

 The main aim of this study is to detect and isolate the bovine growth hormone (BGH) or 

recombinant bovine growth hormone (rBGH) by antigen-antibody interactions by utilizing AuNPs 

from the gold colloidal solution. The following biosensing protocol is used to detect and isolate 

BGH or rBGH. 

 

7.3.2.1. Biosensing protocol 

 The biosensing protocol is similar to the protocol used in detection of biotin, except the 

streptavidin-biotin interactions is replaced with the antigen-antibody interactions. The colloidal 

solution is diluted as mentioned previously and the absorption spectrum is measured at each stage 

of the protocol. After EDC+NHS stage, instead of streptavidin, the antibody BGH is added to the 

colloidal solution and the spectrum is measured after incubation. The incubation time required for 

antibody to react with amine needs to be optimized separately. With the red shift after antibody 

binding, various concentrations of BGH antigen are added to the colloidal solution and absorption 

spectrum is measured at different times to see the shift in the spectra. A red shift in the LSPR band 

of gold after antibody stage confirms the BGH antigen binding to the AuNPs through antibody. 
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Typical absorption spectra of whole biosensing protocol are shown in Figure 7.2(A). and the color 

change of the colloidal solution in the cuvette when the biosensing entities are added is shown in 

Figure 7.2(B-F).  

 

 

Figure 7.2: Spectral measurements at different stages; (A) Typical absorbance spectra of entities 

of the protocol; Color of the colloidal solution at various stages; (B) GCS (C) +Nanothink11 (D) 

+EDC+NHS (E) +Antibody BGH (F) +BGH Antigen (1hr) 

 

 After the whole sensing protocol, shift in LSPR band is calculated at every stage. Table 7.2 

shows the concentration of the entities used and the average spectral shift at each step found 

experimentally by using colloidal platform. 

 

Table 7.2: Shift of the Au plasmon bands corresponding to the different steps of the protocol 

0

0.1

0.2

0.3

0.4

0.5

0.6

450 500 550 600 650 700 750

A
b

so
rb

an
ce

 (
A

)

Wavelength (nm)

A

GCS

Nanothink_30min

EDC+NHS_45min

Antibody_BGH_2000x_60min

BGH_Antigen_1ng/mL_60min

B C D E F 



104 
 

Entity Concentration LSPR shift (Δλ) (nm) 

Nanothink_30min 5mM 3 

EDC+NHS_45min 0.1M+0.05M 11 

Antibody_60min 2000x (dilution) 19.5 

Antigen_60min 1 ng/ml 9 

 

7.3.2.2. Optimization of binding time in the protocol 

 As mentioned in the above section, the incubation time of EDC+NHS and the antibody 

BGH needs to be optimized such a way that all or maximum molecules are bound to the preceding 

layer on AuNPs suspended in the colloidal solution. Formation of self-assembled monolayers on 

AuNPs using 11-mercaptoundecanoic acid (Nanothinks11) with a concentration of 5mM has 

standard LSPR shift around 4nm within 30 minutes. Therefore, the steps after nanothinks11 need 

to be optimized. EDC and NHS are added to the colloidal solution to form amine groups by 

reacting with carboxyl groups on the AuNPs. As the EDC+NHS compound bind to Nanothink, 

there will be a shift in the gold plasmon band. The absorption spectra were measured at different 

intervals of incubation time until the LSPR shift saturates, which means the active binding of 

molecules has stopped. The same procedure is repeated for antibody BGH with the optimized 

incubation time of EDC+NHS. Figure 7.3 (A, B) shows the change in LSPR shift with respect to 

incubation time of EDC+NHS and antibody BGH. From the plots it can observed that the binding 

of EDC+NHS compound is almost saturated after 45 minutes while the antibody BGH is after an 

hour.  

   

Figure 7.3: Plot of LSPR shift with respect to incubation time in case of (A) EDC+NHS 

compound and (B) Antibody BGH 
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7.3.2.3. Discussion 

 Here, the colloidal platform for the detection of bovine growth hormone is proposed by 

utilizing the AuNPs with the antigen-antibody interactions. With the optimized concentration and 

incubation time of EDC+NHS and the antibody BGH, a sensitivity of <0.1ng/mL has been 

achieved. With above mentioned protocol and results, this platform could be used as a rbST 

detection kit. 

 

7.3.3. Isolation and detection of EVs 

The main aim of this study is to detect and isolate the EVs/exosomes from the MCF7 breast 

cancer cell line media using a polypeptide, Vn96. This peptide is specifically designed to capture 

EVs by binding to the heat shock proteins (HSPs) present on surface of them. The biosensing 

entities required and schematic of the sensing protocol are shown in Figure 7.4. 

 

Figure 7.4: Schematic of biosensing protocol for the plasmonic detection of exosomes 

 

7.3.3.1. Biosensing Protocol 

In a typical experiment, first, the absorption spectrum of gold nanoparticles in the colloidal 

solution is measured. Then subsequently, the spectrum is measured after each stage in the protocol 
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and the exact peak position of the LSPR band is recorded. The shift in the spectra band confirms 

the binding event. The absorption spectra of whole biosensing protocol are shown in Figure 7.5(A) 

and Table 7.3 shows the spectral shifts at each stage found experimentally by using colloidal 

platform along with the spectral shifts observed in case of gold immobilized on a glass substrate 

[181]. The data show that the extent of the shift of Au LSPR band is almost five times larger for 

each step when working with the proposed method than the shift found in case of the immobilized 

gold. As the biosensing protocol involves the addition of a chemical or bio-entities at each stage, 

the color of the colloidal solution changes at each stage as shown in Figure 7.5(B-G). 

 

 

Figure 7.5: Spectral measurements at different stages; (A) Typical absorbance spectra of entities 

of the protocol; Color of the colloidal solution at various stages; (B) GCS (C) +Nanothink11 (D) 

+EDC+NHS (E) +Streptavidin (F) +Vn96-linker-biotin (G) +MCF7 EVs (contains the 

precipitate formed after addition of EVs) 
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Table 7.3. Shift of the Au plasmon bands corresponding to the different steps of the protocol 

Entity Original 

Concentration 

Optimized 

Concentration 

Δλ (nm) 

(Gold on Glass) 

Δλ (nm) 

(Colloidal Platform) 

11-MUA* 
 

5mM 5 ± 0.5 4.62 ± 0.3 

EDC + NHS 
 

0.1M + 0.05M 4.82 ± 0.3 12.43 ± 1.5 

Streptavidin 1mg/mL 10µg/mL 3.08 ± 1 17.82 ± 4 

Vn96-linker-

biotin 

1.3mg/mL 13 µg/mL 5.67 ± 1.5 17.6 ± 3 

MCF7 EVs 1.19x1012/mL 2.38x1011/mL 4 ± 1 7.25 ± 2 

*11-Mercaptoundecanoic acid  

 

7.3.3.2. Role of gold nanoparticles 

 To understand the role of gold nanoparticles, two experiments were performed using the 

same biosensing protocol discussed above. First one is the same with gold colloidal solution while 

the other experiment where gold colloidal solution is replaced with the DI water (DIW) and rest 

of the protocol remains same. After finishing the biosensing protocol, sedimentation of MCF7 EVs 

was observed in both the cases. When the precipitant got settled down, the supernatant was 

isolated, and absorption spectrum was measured. The measured spectra showed a peak around 263 

nm, which is essentially a peak of a protein and also a peak around 560nm in the spectrum of 

supernatant from GCS. The absorption spectra of supernatant collected from gold colloidal 

solution and DI water are shown in Figure 7.6(A). After the isolation of supernatant, the precipitate 

was collected using a pipette and spread on a glass slide as shown in Figure 7.6(B, C) to measure 

their absorption spectrum. Figure 7.6(D) shows the absorption spectrum of the precipitate from 

GCS and DI water. The spectra show two peaks, one around 232nm, a protein peak and the other 

one is around 560nm, a gold peak. 

 From the experiments carried out using the gold colloidal solution and the DI water, it 

has been understood that the role of gold nanoparticles is very critical, and the results show that 

the presence of gold nanoparticles is mandatory. The major advantages of having the gold 

nanoparticles can be listed out as the concentration or the amount of gold required to capture the 

biomolecules can be tuned, the captured biomolecules can be completely isolated from the 

nanoparticles, and the isolation of exosomes/biomolecules is faster. 
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Figure 7.6: Spectra measurements; (A) Absorption spectra of supernatant collected from GCS 

and DI Water; Precipitate and their absorption spectra (B) Precipitate from GCS dried on a glass 

slide (C) Precipitate from DI Water dried on a glass slide (D) Absorption spectrum of precipitate 

from GCS and DIW 

 

7.3.3.3. Concentration of gold can be tuned as required 

 Gold (III) Chloride trihydrate (HAuCl4.3H2O) is a gold precursor used to prepare the gold 

colloidal solution. The nanoparticles in the colloidal solution will be the most important 

component of the biosensing protocol. The concentration of gold in the colloidal solution can be 

tuned depending on requirement of sensing. The gold precursor of 18mg, 23mg, and 30mg are 

used to prepare the gold colloidal solution with sodium citrate of 2% concentration. By varying 

the concentration of gold, the number of interactions between the gold nanoparticles and the 

biomolecules can be controlled. Figure 7.7(A) shows the absorption spectra corresponding to the 

colloidal solution prepared using 18mg, 23mg and 30mg of gold precursor.  
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 A relation has been established between the absorbance units and the concentration of gold 

present in the colloidal solution using the initial amount of gold precursor, its molecular weight, 

and the atomic mass of gold is as shown in Figure 7.7(B). The following formulae was used to 

find the concentration of gold present in the colloidal solution.  

Concentration of gold =  
atomic mass of gold alone

molecular weight
×

amount of precursor

final volume of colloidal solution
         (3) 

 As the amount of gold is varied in the preparation of colloidal solution, the absorbance value 

of gold in colloidal solution have changed accordingly. The as-prepared colloidal solution in each 

case is diluted with DI water to get the equal absorbance value. The plot shows that when the 

absorbance is maintained at almost same value, the amount of gold present in the solution is almost 

same. So, depending on the number of biomolecules to be isolated and detected, the concentration 

of gold in the colloidal solution can be tuned.  

 

Figure 7.7: Gold colloidal solution and absorption spectra (A) Absorption spectra corresponding 

to 18mg, 23mg and 30mg of gold precursor; (E) Relation between the absorbance units and the 

concentration of gold in the colloidal solution  
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presence of gold, the supernatant was isolated from the cuvette when the precipitate got settled 

down and its absorption spectrum was measured. The measured absorption spectra are shown in 

Figure 7.8(A) and it show peaks around 265nm and 570nm in each case. The first one corresponds 

to a protein peak which may belong to any unbound exosomes or to any other protein or molecule 

having a similar absorption peak and the later one corresponds to the gold nanoparticles. It can be 

observed from the spectra that the peak of gold has decreased compared to their initial absorbance 

value meaning, the excess AuNPs or nanoparticles that did not bind with EVs are still suspended 

in the supernatant. Also, the peak in the spectrum corresponding to 0.25A is almost flat compared 

to that of 1.0A spectrum meaning, for the concentration of EVs used, the amount of gold in the 

colloidal solution that is required to isolate all or most of EVs corresponds to an absorbance of less 

than 0.25A.  

 

  

Figure 7.8: Absorption spectra of supernatant from colloidal solution prepared using; (A) 23mg 

of gold precursor (B) 18mg of gold precursor (C) 30mg of gold precursor 
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 To validate and to see the repeatability, same experiments were carried out using the gold 

colloidal solution prepared using 18mg and 30mg with the absorbance values around 1.0, 0.5, and 

0.25A. The experiments have confirmed that the capture and isolation of EVs can be altered by 

tuning the concentration of gold nanoparticles suspended in the colloidal solution as shown spectra 

in Figure 7.8(B, C). From these results, it can be realized that, depending on the condition of the 

tumor, the concentration of gold required for the isolation and detection of EVs can be adjusted. 

 

7.3.3.4. Complete isolation of EVs/biomolecules 

 The number of molecular interactions depends on the concentration of gold present in the 

solution and the number of EVs available. In an ideal situation, if the number of molecular 

interactions takes place in such a way that all the gold and the EVs are bound to one another and 

settled down as a precipitate, then there will not be any EVs or gold left in the supernatant giving 

an absorption spectrum equivalent to that of water. Previously, when the supernatant was measured 

for its absorption spectrum, two peaks have been noticed which may belong to proteins and to 

gold. The intensity of the gold peak can be adjusted or reduced by considering the right the amount 

of gold in the precursor solution or by dilution, to bind to the available EVs. But, when the 

supernatant consisting of protein and gold was centrifuged at 10,000g for 2 minutes, the gold peak 

disappeared leaving the protein peak almost unchanged. Absorption spectra of the supernatant 

before and after the centrifugation is shown in Figure 7.9. From the spectra after the centrifugation, 

it can be concluded that the peak around 265nm may not be due to EVs but of some other protein 

from the MCF7 CCM. Therefore, when the right concentration of gold is considered, all the 

exosomes can be isolated.  

  

Figure 7.9: Absorption spectra of supernatant (A) after 8 hours of complete biosensing protocol 

(B) after centrifugation at 10000g for 2 minutes 
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7.3.3.5. Faster isolation of EVs 

 As mentioned, the adapted biosensing protocol was carried out using gold colloidal solution 

and DI water. The sedimentation in case of GCS and DIW at various intervals of time is shown in 

Figure 7.10(A, B) when the MCF7 EVs were added. The Figure clearly shows that the precipitate 

in GCS got settled in 2 hrs whereas in DI water, its floating even after 6 hrs of protocol. Therefore, 

the key advantage of using gold nanoparticles is that when the EVs are added, the gold result in a 

faster sedimentation compared to DI water. 

    

 

Figure 7.10: Sedimentation of MCF7 EVs (A) In GCS (B) In DI water (C) Colloidal solution 

after addition of Vn96 and corresponding schematic below (D) Colloidal solution after addition 

of EVs and corresponding schematic below 

 

A B 

C D 
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Sedimentation is the process of allowing particles suspended in a liquid to settle under the 

effect of gravity. There are two different types of sedimentation processes: Discrete settling and 

flocculent settling. Discrete settling happens with inert particles such as sand grains when the 

flocculation process is finished. The shape, size and weight of particles do not change anymore. In 

flocculent settling, particles clog together during the settling process, forming bigger flocs that 

settle faster. This process can be stimulated by a coagulant. With increasing time and depth, the 

frequency distribution of the settling velocities will change with flocculant settling. Flocculation 

is the process in which colloids come out of suspension in the form of floc or flakes, either 

spontaneously, or due to the addition of a clarifying agent. Colloidal solution is a mixture in which 

one substance of microscopically dispersed insoluble particles are suspended throughout another 

substance. Sometimes the dispersed substance alone is called the colloid. 

Here, the gold nanoparticles are suspended in the colloidal solution and when Vn96-linker-

biotin was added as per the biosensing protocol after the streptavidin stage, flocculation was 

observed, but floating on top of the liquid. This can be due to the low self-weight when Vn96 

molecules bound to the streptavidin through the biotin. The size of EVs range from 30nm to 

1000nm which are huge compared to gold nanoparticles. So, when EVs were added to the solution, 

there was a noticeable circular movement of colloids in the solution and the flacons gradually 

settling at the bottom of the liquid. Pictures of solutions at Vn96 stage and after addition of MCF7 

EVs illustrated with the schematics are shown in Figure 7.10(C, D). 

 

7.3.3.6. Supernatant as a biosensor 

 The diameter of gold nanoparticles can be modified based on the citrate method of 

synthesis of gold nanoparticles. As discussed in section 3.3.4 of physical modeling, the number of 

EVs that can be captured or accommodated on each nanoparticle depends on the surface area of 

that nanoparticle. Considering the same relation between the diameter of gold nanoparticle and the 

concentration of gold as shown in Figure 7.11, how supernatant could be used as a biosensor is 

shown below. As discussed earlier, the area between the cancerous (EVs-undiluted) and the non-

cancerous condition (EVs-50x diluted) [43] could be used for the early diagnosis of cancer. 
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Figure 7.11: Relation between diameter of an AuNP and the concentration of gold required to 

capture EVs in cancerous (undiluted EVs) and non-cancerous condition (EVs diluted by 50x) 

  

 For instance, consider the gold colloidal solution with nanoparticles of 80nm diameter with 

gold concentration of 3µg/mL (point ‘X’ marked in the plot) for the isolation and detection of EVs 

with the adopted protocol using the proposed bio-entities. Once the precipitate gets settle down 

after addition of EVs, the supernatant could be isolated and measured for its absorption spectrum. 

The cancer condition could be determined by analyzing the presence of gold peak or a strong 

protein peak in the measured spectrum of supernatant. If it is a gold peak, which means all the EVs 

got captured and settled down along with the precipitate showing a non-cancerous condition or if 

it is a strong protein peak without any gold peak, the EVs are much higher than the number of gold 

nanoparticles can capture showing a cancerous condition. Therefore, the supernatant from the 

proposed colloidal platform could be used as a biosensor for the early diagnosis of cancer.  

 

7.4. Conclusions 

 The colloidal platform for detection and isolation of biomolecules such as EVs, proteins, 

and/or growth hormones utilizing the gold nanoparticles in a colloidal solution. More 

significantly, a biosensing protocol is developed and further optimized to detect biomolecules 
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by using Localized Surface Plasmon Resonance (LSPR) detection technique. In this platform, 

the sedimentation method is used to isolate EVs/exosomes/biomolecules by binding them to the 

gold nanoparticles in the colloidal solution. The usage of supernatant from the colloidal solution 

as a biosensor for the diagnosis of cancer at an early stage is also proposed. 

 This platform could be used as a point-of-care testing device in several ways, such as an 

rBST detection kit, for the early diagnosis of cancer, etc. All the experiments discussed in this 

platform were performed in the laboratory using the 1cm path length standard quartz cuvettes. This 

mechanism could be converted to a microfluidic device for better sensing and the prototype device 

can be depicted as shown in Figure 7.12. This device consists of two inlets, two outlets, a 3D 

mixing chamber, and a gravity assisted sedimentation unit. First, the gold colloidal solution is 

treated with the entities of optimized concentration from the biosensing protocol until Vn96, and 

then that solution could be infused through one inlet and the EVs/biomolecules through another 

inlet. Both the solutions are directed through a 3D mixing chamber, where both the solutions get 

mixed, and the biomolecules could be captured by the gold nanoparticles. The number of turns in 

the serpentine microfluidic channel will be decided by the flowrate and the time required to form 

precipitate. Therefore, as the solution pass through the serpentine microfluidic channel, the 

biomolecules bound gold nanoparticles form precipitate depending on the concentration of the 

entities used in the protocol. The formed precipitate settles in the sedimentation chamber due to 

gravity leaving the supernatant in the serpentine channel. The supernatant can be collected from 

the outlet when the whole precipitate gets settled in the chamber. The precipitate can also be 

collected by detaching the device or by connecting to another outlet for further measurements. 

Also, a collection chamber could be included in the design for the LSPR measurements. The 

immediate uses of the proposed invention can be seen in the early diagnosis of Cancer, non-

invasive treatment, treatment monitoring, point-of-care testing device, rBST detection kit. 

 

Figure 7.12: Schematic of a microfluidic device for the colloidal platform to isolate and detect 

the biomolecules 
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 The colloidal platform has been developed for the isolation, plasmonic detection, and 

encapsulation of biomolecules such as extracellular vesicles from the MCF7 CCM, bovine growth 

hormone (BGH), or any entity that is attached to biotin. The platform is developed using the gold 

nanoparticles at cuvette level. The EVs sedimented along with the gold nanoparticles could be 

isolated by addition of proteinase K to the precipitate and a simple centrifugation will allow 

nanoparticles to settle at the bottom leaving the EVs in the supernatant. In order transform this 

colloidal platform from cuvette level to a microfluidic environment and to make the isolation 

easier, magnetic nanoparticles could be used for the isolation. So, the next chapter (Chapter 8) 

discusses about a liquid biopsy chip based on colloidal platform for the isolation of MCF7 EVs 

using magnetic particles and validation of the isolated EVs using mechanical and biological 

characterizations.  
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Chapter 8 

Liquid Biopsy Chip for Isolation of Extracellular Vesicles using 

Magnetic Particles by Gravity Assisted Sedimentation and 

characterization by gene amplification  

 

This chapter is reproduced from the manuscript prepared for the Journal of Biosensors and 

Bioelectronics. 

 

Extracellular vesicles (EVs) are the cell-derived vesicles which play a critical role in cell-

to-cell communication, normal homeostasis, and disease progression. These vesicles are the nano-

sized particles which contain a myriad of substances like RNA, DNA, proteins, lipids, and multiple 

metabolites from their origin cells, offering a good source of biomarkers. The existing methods for 

the isolation of EVs from cell culture medium (CCM) or the body fluids are time-consuming, lack 

yield and purity, and expensive. In this work, we present a magnetic particle based liquid biopsy 

chip for the capture and isolation of EVs. The EVs are  captured by an immuno-affinity-based 

approach, using Vn96. Vn96 is a synthetic polypeptide specifically designed to capture EVs by 

binding to the heat shock proteins (HSPs) present on the surface of EVs. To ensure capture 

efficiency by proper binding of the magnetic particles and the EVs, a split and recombination 3D 

mixer is integrated in the chip design and it also consists of a sedimentation unit, which allows 

EV-captured magnetic particles to settle in it. The captured EVs are then isolated from the chip 

based on gravity assisted sedimentation technique for elution of EVs and their validation. The EVs 

captured by the magnetic particles are characterized by the scanning electron microscopy (SEM) 

measurements and the ability of capture and isolation of EVs is validated by the nanoparticle 

tracking analysis (NTA) and atomic force microscopy (AFM) measurements of eluted EVs from 

the chip. The DNA content of the EVs isolated from the chip are further characterized by the 

absolute quantification of a housekeeping gene (RNase P) copies using droplet digital PCR 

(ddPCR). The results clearly show that the liquid biopsy chip can capture and isolate the EVs from 

the CCM, without affecting the morphology of the EVs. Thus, the liquid biopsy chip can be 

considered as a potential point of care device for diagnostics in a clinical setting.  
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8.1. Introduction 

In modern science, the human health is always considered as one of the more complex 

topics. So, the vital information regarding the human health represented by DNA, RNA, and cells 

have become the major focus for the researchers in the field of bioscience. Specifically, for the 

detection and diagnosis of cancer-causing mutation(s), the biomolecules like DNA and other 

physiological markers like proteins have proved helpful [200-202]. The biomarkers out of these 

biomolecules are believed to be a quantifiable entity which reveals some biological states of human 

health. So, the identification and quantification of these biomarkers has a great potential for the 

early diagnosis and personalized therapy [203, 204]. As the biomarkers also offer information 

about the underlying medical conditions, the analysis results between the samples of a normal 

person and diseased person will provide illness, sub-clinical status, and the other necessary 

biological information quickly. Therefore, for an early diagnosis and the disease monitoring, the 

detection and quantification of biomarkers is utmost important, and is of great significance to 

human health.  

Extracellular vesicles (EVs) are the membrane enclosed structures in the range of 30 to 

1000 nm, that are released from almost all cells in the body [205]. The EVs are also known as 

shedding vesicles, which are vital sources of biomarkers for cancer, other pathological conditions 

such as inflammatory and neurodegenerative diseases, and for clinical diagnostics. The EVs are 

mainly subcategorized as exosomes, microvesicles and apoptotic bodies, which vary in size, 

biogenesis, membrane composition, cargo, and function [7, 206]. These are the nano-scale 

communication organelles containing biomolecules such as RNA, DNA, proteins, and lipids, 

transports the identity of their mother cells to the other cells. Therefore, the isolation and analysis 

of the EVs has a huge potential in the early diagnosis and prognosis of cancer. 

A rapid and early diagnostic method is required for an improved treatment, and to control 

the progression of the disease. The conventional methods for the isolation and quantification of 

EVs are high-speed centrifugation and filtration steps, followed by ultracentrifugation. As the 

procedure of these methods is time consuming and resulting in low yield, researchers have been 

motivated to develop new diagnostic methods, suitable for rapid point-of-care (POC) applications. 

The new methods are required for the quantitative analysis of specific proteins and genetic 

biomarkers in blood or other fluids such as saliva or urine. For such analyses, Lab-on-a-chip (LoC) 

or microfluidic technology has drawn considerable attention in the past two decades, from the 
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researchers and industries for biomedical applications [74, 75]. The major benefits of using LOC 

devices are low sample volume, short assay time, high throughput, and multiplexed detection.  

There are several microfluidic-based platforms have been developed for the isolation and 

quantification of biomolecules, specifically for EVs. Most of the microfluidics platforms are based 

on the techniques such as  immunoaffinity capture by modifying the inner surface or by using the 

beads to capture EVs or based on specific size and density of the EVs. Several researchers have 

developed variety of methods for the capture and isolation of EVs, for example, employing a 

surface-modified microfluidic channel with “herringbone grooves” [43], designed an antibody-

coated mica surface [207], “ExoChip” platform [56] etc. Moreover, the sensitivity and specificity 

of microfluidic devices has been substantially improved with continual advances in 

nanotechnology [66, 70]. The microfluidics based on capture beads consist of binding EVs and 

capture beads in the device and then washing and separating the beads to isolate EVs for the 

analysis [57, 58, 208]. The primary advantage of microfluidics based on capture beads compared 

with inner surface modification is its relative convenience for follow-up analysis. 

The nanoparticles and various nanomaterials have attracted a growing attention with the 

rise of the LoC device and microfluidics technology in the scientific world. Particularly, the class 

of magnetic particles that consists of ferromagnetic particles of diameter in nanoscale range 

embedded in non-magnetic matrix such as polymer or quartz. The micro-sized particles created 

this way having superparamagnetic properties are normally in spherical shape, hence the beads or 

called as magnetic beads. Unless otherwise exposed to magnetizing field, these superparamagnetic 

particles show a non-magnetic behavior. The magnetic particles can be immobilized with a 

constant field while the field gradient effects the actuation or transportation. The distinctive 

characteristics of the magnetic particles is that the samples bound to these particles can be 

exploited by means of magnetic forces, independently of microfluidic, biological, or chemical 

processes [209, 210].  

The large surface-to-volume ratio of the magnetic particles provides the chemical bonding 

of target molecules by a specific surface modification, which can be achieved by surface 

functionalization with the necessary ligands. Several methods have been developed so far for the 

functionalization comprising the modification of their surface by changing the characteristics such 

as biocompatibility, reactivity, roughness, hydrophilicity, or surface charge. The magnetic beads 

or the surface modified magnetic particles have proven to be a standard tool for the detection, 
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analysis, and quantification of targeted biomolecules [211, 212]. Due to the versatile properties of 

the magnetic particles, several researchers have reported using them in their platforms for the 

isolation of EVs [213-215].  

Recently, our group developed a method for the capture and isolation of EVs from the 

MCF7 culture media, by using a small synthetic polypeptide called Vn96 [36] instead of 

antibodies, on a gold (Au) nano-island sensing platform that has a high affinity toward exosomes 

[151, 173]. To enhance the isolation and to accomplish the molecular profiling of the captured 

EVs, a novel magnetic bead based liquid biopsy chip integrated with a 3D mixer, collection 

chamber, and a sedimentation unit was designed. In this paper, we report on the simulation and 

design of split and recombine 3D mixer and fabrication of liquid biopsy chip, isolation of EVs 

captured on the surface of magnetic particles using the synthetic polypeptide Vn96, in the device 

and the validation of the isolated EVs through NTA, AFM and droplet digital PCR gene 

amplification. 

 

8.2. Materials and methods 

The Sylgard® 184 elastomer kit for the PDMS fabrication was purchased from Dow 

Corning. De-ionized (DI) water with a resistivity of 18MΩ was obtained by using the NANOpure 

ultrapure water system (Barnstead). Phosphate-buffered saline (PBS) was obtained from Sigma 

Aldrich, Canada. PBS tablets were dissolved in DI water at 0.1M concentration, with a pH of 7.2. 

Streptavidin coated magnetic particles of size 4.0-4.5µm and 8.0-9.9µm were purchased from 

Spherotech Inc. The Biotin-PEG-Vn96 was purchased from New England Peptide, USA and 

MCF7 EVs were collected from a conditioned media. 

 

8.2.1. Design and simulation of 3D mixer  

The proposed 3D mixer is designed to increase the surface contact between two fluids of 

interest based on the split and recombination of flow. The layered configuration of microchannels 

in the mixer is designed in such a way that they guide the fluids infused into the inlets to generate 

alternate layers at the outlet to maximize the diffusion. In the design, two simple T-type mixers 

are combined, where each inlet is dispensed into two sub-streams which will further be reunified 

in such a way that it maximizes the surface contact between the fluids to achieve complete mixing. 

To increase the diffusion of the fluids further, two mixing units are placed parallelly in the CAD 
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design. The dimensions of the mixer are optimized to have a better distribution of fluid in the 

channels and the design was simulated for the finite element (FE) analysis using COMSOL 

Multiphysics 5.5 MEMS module. The simulation of the mixer is performed to evaluate mixing by 

optimizing the dimensions under different inlet flow rates. The isometric and top view of the design 

simulated in COMSOL with a flow rate of 10µl/min is shown in Figure 8.1(A, B). To have 

normalized concentrations at the outlet, the water containing solutes with concentrations of C = 0 

and C = 1 are used as the fluids to be mixed. An initial study on the effect of element sizes, show 

that element sizes less than 0.07mm, with a maximum limit of 0.13mm, will not improve the 

precision of the results but the CPU time. So, the whole volume of 3D model was discretized with 

a maximum element size of 0.07mm. The diffusion coefficient of the water and the convergence 

limit for the normalized relative error was set to 2.5 x 10-10 m/s2 and 1 x 10-3, respectively. 

 

Figure 8.1: COMSOL simulation of split and recombine 3D mixer at a flow rate of 10µl/min; (A) 

Isometric view; (B) Top view 

 

8.2.2. Mixing performance of the proposed 3D mixer 

When the fluids infused into the mixer, the mixing happens at the molar concentration 

meaning, as the mixing starts by diffusion, the concentration of the solute starts decreasing from 

1, while on the other side it starts increases from 0. So, the complete mixing is achieved when the 

concentration reaches to 0.5. A method, which is mathematically simpler than the conventional 

methods described in the paper [198] was used to quantitatively assess the simulation results. To 

assess the mixing, the profile of concentration at various stages of the mixer is obtained through 

COMSOL by generating the cross-sectional profiles and the corresponding 1-D plot of the mixing 

ranging between 0 and 1. Figure 8.2(A) shows the performance of mixing with the variation of 

concentration at various stages of the mixer and the corresponding 1-D plot for a flow rate of 
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10µl/min. The variation of concentration in the cross-sectional images at various stages clearly 

shows a clear diffusion of fluids into each other to have better mixing. To assess the mixing 

efficiency of the mixer for a flow rate of 10µl/min, the 1-D plot corresponding to the last stage of 

the channel (section D-D) is considered for further analysis as shown in Figure 8.2(B). The real 

distribution of the concentration in the 1-D plots is presented in pink line and is represented by the 

function f(x), where x is the normalized width. In a worst-case scenario, when the infused fluids 

do not mix because of no diffusion between them, the plot looks like the line shown in blue in the 

figure, which is represented in as f1(x). And on the other hand, as mentioned before, if there is a 

perfect mixing, then the concentration corresponds to 0.5 as shown in the figure with a green line 

and it is represented as f2(x). The degree of diffusion of one fluid into the other is represented using 

the hatched area, which is the difference between actual distribution (f(x)) and no mixing (f1(x)) 

in Figure 8.2(B). So, the mixing efficiency, is therefore defined as the ratio between the hatched 

area corresponding to actual mixing, and the area between f2(x) and f1(x) corresponding to full 

mixing, as shown in equation (4) below: 

η =
area corresponding to actual mixing

area corresponding to full mixing
=

∫ |f1(x)−f(x)|
1

0 dx

∫ |f2(x)−f1(x)|dx
1

0

=
∫ |f1(x)−f(x)|

1
0 dx

0.5
     (4) 

The efficiency of the mixer corresponding to 10µl/min is calculated using the formula 

mentioned above and found to be around 90%. The same technique is applied to find the efficiency 

corresponding to various other flow rates and shown in Figure 8.2(C). From the plot it can be 

observed that the diffusion of fluids into the other fluid is higher as the flow rate reduces with a 

maximum mixing efficiency that could be obtained is around 96% with a flow rate of 1µl/min. As 

the simulation results shows that the fluids could be well mixed with the design proposed, the 

liquid biopsy chip was fabricated using soft lithography by integrating a sedimentation unit in the 

design for the isolation of EVs.  
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Figure 8.2: COMSOL simulation of 3D mixer at a flow rate of 10µl/min and mixing 

performance assessment; (A) The performance of mixing at various stages and their 

corresponding 1-D plot; (B) 1-D data plot of mixing at section D-D in the proposed 3D mixer; 

(C) Simulated mixing efficiency of the proposed 3D mixer at various flow rates 

 

8.2.3. Fabrication of Liquid biopsy chip 

The fabrication of the liquid biopsy chip is based on soft-lithography technique. There are 

three layers in fabrication of this chip, out of which top and bottom layers are both the standard 

microchannels on side of a PDMS layer whereas the middle layer or the layer that is connecting 

the both the top and bottom microchannels. So, it has to be a thin PDMS layer with the connecting 

points throughout the thickness of the layer. Therefore, there are individual mask for the 

fabrication of the mold for top/bottom and middle layer. The schematic of the fabrication steps of 
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the chip is shown in Figure 8.3. The SU-8 molds and their corresponding PDMS layers include 

top, middle, and bottom layers. Standard patterning of SU-82075 photoresist was used for the 

fabrication of these molds to obtain a SU-8 thickness of 150µm. All the molds have been silanized 

for 2 hours after the fabrication to be used for PDMS fabrication.  

The chip was fabricated using poly (dimethylsiloxane) (PDMS) from Sylgard® 184 

elastomer kit from Dow Corning Corporation. The base polymer (pre-polymer) and the curing 

agent (crosslinking agent) are mixed in the ratio of 10:1 by weight and the bubbles were removed 

using the desiccator. As shown in Figure 8.3(A), the proposed chip includes two thick layers (top 

and bottom) having 150 µm microchannels and a middle layer with a thickness of 150 µm with 

the connecting points throughout. The fabrication process of the middle layer is schematically 

shown in Figure 8.3(B). The PDMS was poured onto the mold, and then a large glass slide was 

placed on PDMS and pushed gently to remove the excess of PDMS from the mold. While 

maintaining the same pressure on the glass slide with a clamp, the PDMS was cured at 80°C for 2 

hours. As the mold was already silanized, the PDMS layer can be easily peeled off from the mold 

after curing. The exploded view schematic of the liquid biopsy chip is shown in Figure 8.3(C). 

The fabricated chip shown in Figure 8.3(D) was then considered for the isolation of EVs from the 

CCM using the magnetic particles. 
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Figure 8.3: Fabrication process of the liquid biopsy chip; (A) SU-8 molds for fabrication of 

top/bottom and the middle layer; (B) Fabrication process to make the middle layer (C) Schematic 

of exploded view of the liquid biopsy chip; (D) Fabricated liquid biopsy chip; (E,F) Pictures of 
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color mixing at a flow rate of 10µl/min and 100µl/min; (G) Comparison of mixing efficiency 

from simulation and the pixel analysis by MATLAB (n=6). 

The fabricated liquid biopsy chip was tested to check the performance of mixing, before 

using the chip for the isolation of EVs. It is well known that the mixing of blue and yellow colors 

results in green, same strategy is used in this chip to check the performance mixing, by flowing 

the blue and yellow colors through the chip at a flow rate of 10µl/min and 100µl/min and the 

pictures were captured as shown in Figure 8.3(E, F). From the pictures, it can be seen visually that 

the infused colors have mixed and resulted in green, but to quantify the efficiency of mixing, pixel 

analysis was performed on the captured pictures. To do this, the picture was cropped for blue and 

yellow portions at various places of 15x15 pixels each. Then the cropped images were read through 

MATLAB to obtain individual RGB channels from the pictures and then fused at each pixel to 

obtain green color, which is a reference green. The reference green is the green color that could be 

obtained when the mixing efficiency is 100%. Each pixel of the image is normalized to one (0-255 

to 0-1) and then transformed to its associated wavelength in the spectra space by convolution, 

considering the standard wavelengths of RGB. The standard weights (Wr, Wg, Wb) used for RGB 

are 600nm, 550nm, and 450nm, respectively. The formula used to convert each pixel to its 

associated wavelength is as shown in equation (5): 

𝜆(𝑖,𝑗) =
𝑊𝑟×𝑅(𝑖,𝑗) + 𝑊𝑔×𝐺(𝑖,𝑗) + 𝑊𝑏×𝐵(𝑖,𝑗)

𝑊𝑟 + 𝑊𝑔 + 𝑊𝑏
     (5) 

The same procedure is repeated for all the green sample pictures (15x15 pixels cropped 

from the device picture as shown in Fig. 8.3(E, F)) and the reference green. Then the wavelengths 

of reference green and the sample green were compared to find the variation. This variation was 

used further to calculate the efficiency of mixing in percentage. The efficiency with the pixel 

analysis was found to be around 89% and 78% for a flow rate of 10µl/min and 100µl/min, 

respectively as presented in Figure 8.3(G). The efficiency found using pixel analysis is in a good 

match with that of the simulated mixing performance. Considering these results, further 

experiments were conducted for the capture and isolation of EVs from the MCF7 CCM using the 

functionalized magnetic particles at a flow rate of 10µl/min.  

 

8.2.4. Isolation of EVs using magnetic particles 

There are two sizes of magnetic particles, 4.0-4.5µm and 8.0-9.9µm that were used for the 

isolation of EVs from the MCF7 CCM. These particles were purchased from Spherotech Inc. The 
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magnetic particles are the polystyrene beads polymerized with magnetite and the percentage of 

magnetite varies based on the size of bead. These particles are stored with 0.02% Sodium Azide 

(NaN3) preservative. For better results, as recommended by the manufacturers, the particles should 

be washed to remove the preservative before using in any experiments. The washing procedure 

typically includes the centrifugation of particles at 1.5K RPM for 20 minutes, removal of 

supernatant without touching the pellet and the adding a buffer (PBS) to make the final volume 

same as before. Then the particles are ready to be used in the experiments. 

From the datasheet, mean size of the magnetic particles is known and the number of 

streptavidin molecules on each particle can be calculated as the particles obtained are already 

coated with streptavidin on their surface. As per literature, each streptavidin is a tetramer and each 

subunit can bind to biotin molecules with same affinity, but here in this case there are only two 

subunits that are available to bind to with the biotin as other two subunits were already bound with 

the magnetic particle. As the mean size of particles and number of streptavidin molecules available 

on each particle is known, number of other bio-entities it can accommodate was quantitatively 

analyzed by calculating the surface of area the particle [181] and presented in Table 8.1. This data 

is helps in improving the yield as it gives a clear understanding on what concentration of magnetic 

particles must be used in order to isolate all or maximum of the EVs from the culture media or any 

other body fluids, for instance. 

Table 8.1: Quantification of magnetic particles to find number of bio-entities each particle can 

capture/accommodate 
 

4.0 – 4.5 µm 8.0 – 9.9 µm 

Mean diameter (µm) 4.24 8.92 

Mass (g) 51.883 x 10-12 464.52 x 10-12 

No. of mag. particles/ml 1.93 x 108 2.15 x 107 

Streptavidin/particle 4.92 x 106 3.17 x 107 

Biotin-PEG-Vn96/particle 9.84 x 106 6.34 x 107 

Surface area (µm2) 59.3 255.8 

EVs/particle 6688 29256 

In a typical experiment, the streptavidin coated magnetic particles of size 4.0-4.5µm were 

diluted with PBS to 0.4mg/ml and mixed with biotin-PEG-Vn96 of concentration of 5µg/ml in a 
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centrifuge tube in the ratio of 1:1 by volume. After 30 minutes of incubation, the Vn96 bound 

magnetic particles were collected into a syringe and then the Vn96 bound magnetic particles and 

MCF7 CCM of 0.2ml each were infused into the liquid biopsy chip using a syringe pump at flow 

rate of 10µl/min simultaneously as shown in Figure 8.4(A). The same procedure was repeated with 

the particle size 8.0-9.9µm. In another experiment, the volume was increased from 0.2ml to 0.5ml 

and the same experiment was repeated using 4.0-4.5µm and 8.0-9.9µm particles.  

 

 

Figure 8.4: Isolation of EVs from the MCF7-CCM; (A) Schematic of the EV-isolation from the 

CCM when Vn96 bound magnetic particles and CCM were infused into the device; Trajectories 

of particles flowing in the sedimentation unit with a depth of 0.45mm at 0s, 1s, and 10s (left to 

right) (B) 4.24µm particles (C) 8.92µm particles 

The flow rate of 10µl/min allows magnetic particles and the CCM to mix well in the split 

and recombine mixture as shown in the color mixing. Meanwhile, the Vn96 bound magnetic 

particles are expected to capture the EVs from CCM as Vn96, a polypeptide which is specifically 
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designed to bind to the heat shock proteins (HSPs) present on the surface of EVs. The chamber 

after the mixing units facilitates further binding of the particles and the EVs. The dimensions of 

the sedimentation unit after the chamber are 7mm x 3mm (LxW) and has an overall depth of 

450µm. The sedimentation unit is simulated for the particle trajectories by considering the mean 

size of both the particles as shown in Figure 8.4(B, C). The trajectories of particles flown into the 

chamber clearly shows that the particles start to settle in within 0.5mm from the start of the 

chamber. As the chamber has a total length of 7mm, all or most of the particles flown will settle 

due to gravity. As seen in the particle’s trajectory simulation, the sedimentation of EVs-captured 

magnetic particles was seen in the chamber. The precipitate is collected from the chamber for the 

elution of EVs and their characterization. 

 

8.2.5. Elution and characterization of EVs 

The precipitate of the magnetic particles that was settled in the sedimentation unit when 

MCF7 CCM along with the Vn96 bound magnetic particles was infused into the liquid biopsy chip 

was collected with a pipette and transferred to a small centrifuge tube. Then the Proteinase K (PK), 

which is a robust protein/peptide digesting enzyme, with a concentration of 20µg/ml prepared 

using PBS was used to elute EVs from the magnetic particles. The proteinase K of 15µl and 20µl 

were added in the centrifuge tube with the precipitate collected where the initial volume of CCM 

was 0.2ml and 0.5ml, respectively. Then the centrifuge tubes were incubated at 37°C for 1hr and 

then heat inactivated at 98°C for 15min to avoid further chewing of EVs. Proteinase K was added 

to digest the protein/peptides bridging EVs and the magnetic particles so that when the magnetic 

particles are isolated from the tube using a magnet, the liquid remained in the tube consists of the 

EVs captured and isolated using the magnetic particles. After incubation and heat inactivation, 

~15µl and ~20µl of PK was collected from the tube, called eluent after removing the magnetic 

particles using a magnet. The eluent, containing EVs, was characterized by nanoparticle tracking 

analysis (NTA), scanning electron microscope (SEM), atomic force microscope (AFM), and by 

gene copy number amplification using ddPCR. 

For the physical characterization of the EVs isolated from the liquid biopsy chip, the size 

distribution from the eluent was measured by nanoparticle tracking analysis (NTA) using 

NanoSight LM20 Nanoparticle Analysis System. The scanning electron microscopy (SEM) 

images of magnetic particles were obtained using Hitachi S-3400N scanning electron microscope 
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at an accelerating voltage of 15kV. The eluent was characterized for the size of the EVs it contains 

using Park Systems XE-100 atomic force microscope by scanning in a non-contact mode (f0~300 

kHz, Park Systems). Topographic and phase images were recorded simultaneously at a scan rate 

of 1Hz and then processed using the Park Systems XEI software. 

For the absolute quantification of copy numbers of a specific gene present in isolated as 

quantifiable biomarker, we performed ddPCR. It has been used for absolute copy number 

quantitation and was shown to be more reliable than conventional PCR methods or any other 

conventional copy number determination methods. According to manufacturer’s instructions, a 

droplet digital PCR was performed using the QX200™ Droplet Digital™ PCR System (Bio-Rad 

Laboratories) to determine the number of copies of RPP30 gene which is a subunit of RNAseP 

present in the EV samples that is eluted from the chip. For the ddPCR reactions 5µl of collected 

eluent from the chips was used as template. The ddPCR reaction mixture consists of 10µl of 2x 

QX200TM ddPCR TM supermix for probe (Bio-Rad Laboratories), 0.05µl of 250nM final primer 

pair solutions (100µM-IDT), 0.025µl of 125nM final probe HEX (100µM-IDT), in the total 

volume to 20μl reaction mix [216]. Then, this 20µl volume of mixture is loaded in the droplet 

generator after mixing it with 70μl of droplet generation oil. The PBS buffer used for the negative 

control, in the measurements. Once the droplets are generated, samples were transferred to a 96-

well PCR plate and then, sealed, using the PX1 PCR plate sealer. Then, the PCR amplification was 

carried out in C1000 Touch™ Thermal Cycler (Bio-Rad laboratories) as per the protocol provided 

by the manufacturer. After PCR amplification, the QX200™ Droplet Reader (Bio-Rad 

Laboratories), was used for reading each droplet from the plate for fluorescent signal detection. 

Then the date was analyzed using Quanta Soft™ analysis software (Bio-Rad Laboratories) to 

quantify the copy numbers. The background noise was eliminated by setting a threshold signal 

value based on the resolution of positive and negative droplets.  

 

8.3. Results and discussion 

The eluent from the liquid biopsy chips was characterized for bio-physical properties of 

EVs. The physical characterization by nanoparticle tracking analysis and scanning electron 

microscopy while the biological characterization by the RPP30 gene copy number amplification 

using ddPCR. 
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8.3.1. Characterization of eluent by NTA 

The nanoparticle tracking analysis was performed using NanoSight LM20 Nanoparticle 

Analysis System. The automatic settings were selected for minimum expected particle size, blur, 

and minimum track length. The particles were tracked for a duration of 60 seconds with the camera 

shutter set to 450, camera gain to 300, and detection threshold to 3. Sample viscosity was linked 

to the corresponding viscosity for water at the given temperature. Then, the samples were loaded 

manually into the sample chamber using a 1 ml syringe. The microscopic field of view was 

positioned to the area where the particles were most clearly visualized. Samples were analyzed in 

triplicates and the size distribution of each sample was obtained [217]. 

The MCF7 CCM was first diluted by 100x using PBS for the measurement purposes and 

the concentration was found to be 5.65x109 particles/ml. Then, the eluent, corresponding to various 

dilutions of CCM, collected from the chip containing the EVs was measured for their size 

distribution with the optimized settings. The size distribution of EVs isolated using 4.0-4.5µm and 

8.0-9.9µm magnetic particles from 0.2ml infused CCM is shown in Figure 8.5(A) and 8.5(B), 

respectively. And the total concentration of EVs corresponding to different dilutions of CCM, 

isolated using the magnetic particles is shown in Figure 8.5(C). From the plot, it is clear that the 

8.0-9.9µm magnetic particles have captured a greater number of EVs when compared with the 4.0-

4.5µm particles. 

 As we know the volume and concentration of CCM before infusing it into the chip, and the 

number EVs in the eluent corresponding to each concentration of CCM were measured using NTA, 

the efficiency of the isolation ca be defined as the ratio of number of particles present in the CCM 

before infusion to the number of EVs present in the eluent after isolation as shown in equation (6): 

Isolation efficiency (%) =
No.of EVs in eluent after isolation

No.of particles in CCM before isolation
× 100     (6) 

The efficiency of the isolation using 4.0-4.5µm and 8.0-9.9µm magnetic particles 

corresponding to various concentrations of CCM is evaluated using the equation above and plotted 

in Figure 8.5(D). From the plot, it could be observed that the efficiency is higher as the rate of 

dilution increases, which clearly explains that the undiluted CCM have aggregated EVs which 

could have prevented its binding with the Vn96 resulting in lower efficiency [197]. As the CCM 

gets diluted using PBS, the EVs or the particles in the CCM are better distributed which has 

increased the efficiency of isolation.   
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Figure 8.5: Characterization of isolated EVs by NTA when the infused volume of CCM was 

0.2ml; (A) Size distribution of EVs isolated by 4.0-4.5µm magnetic particles; (B) Size 

distribution of EVs isolated by 8.0-9.9µm magnetic particles; (C) Total concentration of EVs 

isolated using 4.0-4.5µm and 8.0-9.9µm magnetic particles when the different dilutions of MCF7 

CCM was infused into the chip (Dilution factor (D): 50x, 20x, 5x, undiluted); (D) Isolation 

efficiency when various dilutions of EVs isolated using 4.0-4.5µm and 8.0-9.9µm magnetic 

particles (n=12) 

From physical modeling it is proved that the number of EVs/molecules that can be 

accommodated on a spherical particle is limited by its surface area. So, in another experiment, to 

understand the effect of volume/increasing the number of EVs, the volume of CCM is increased 

from 0.2ml to 0.5ml, keeping the number of magnetic particles and all the other experimental 

conditions same. The eluent from the chips containing EVs corresponding to all the dilutions of 

CCM was characterized for their size distribution using NTA. The size distribution of EVs isolated 

using 4.0-4.5µm and 8.0-9.9µm magnetic particles from 0.2ml infused CCM is shown in Figure 

8.6(A) and 8.6(B), respectively. And the total concentration of EVs corresponding to different 

dilutions of CCM and their isolation efficiency is shown in Figure 8.6(C) and Figure 8.6(D), 
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respectively. When the isolation efficiency plots of 0.5ml CCM is compared with that of 0.2ml, it 

can be understood that the number of EVs captured by the magnetic particles is reduced when 

compared to the number EVs that are available, resulting in lower isolation efficiency. These the 

results confirm and experimentally validates the physical modeling that the number of 

EVs/molecules that can be captured/accommodated on the surface of a particle are limited by its 

surface area and the number of such particles available. Therefore, when the volume of CCM is 

increased, the concentration of magnetic particles must be adjusted based on requirement, in order 

to isolate all or maximum of EVs that are present in the CCM.   

  

   

Figure 8.6: Characterization of isolated EVs by NTA when the infused volume of CCM was 

0.5ml; (A) Size distribution of EVs isolated by 4.0-4.5µm magnetic particles; (B) Size 

distribution of EVs isolated by 8.0-9.9µm magnetic particles; (C) Total concentration of EVs 

isolated using 4.0-4.5µm and 8.0-9.9µm magnetic particles when the different dilutions of MCF7 

CCM was infused into the chip (Dilution factor (D): 50x, 20x, 5x, undiluted); (D) Isolation 

efficiency when various dilutions of EVs isolated using 4.0-4.5µm and 8.0-9.9µm magnetic 

particles (n=12) 
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By analyzing the NTA characterization results corresponding to both the volumes, it can 

be clearly observed that the number of EVs captured by 8.0-9.9µm magnetic particles are relatively 

higher than that of 4.0-4.5µm particles. This could be due to the smaller size of magnetic particles, 

which probably is restricting the capture of EVs on their complete surface as they may start to 

aggregate with each other as the magnetic particles start binding to EVs.  

 

    

    

    

    

Figure 8.7: SEM images of streptavidin coated magnetic particles, Vn96 bound magnetic 

particles, EVs captured magnetic particles and the magnetic particles after EVs elution (left to 

right); (A-D) 4.0-4.5µm particles; (E-H) 8.0-9.9µm particles; SEM images of EVs-captured 

magnetic particles corresponding to undiluted, 5x diluted, 20x diluted, and 50x diluted CCM; (I-

L) 4.0-4.5µm particles; (M-P) 8.0-9.9µm particles. 
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8.3.2. SEM of the magnetic particles 

The images of the EVs-captured magnetic particles collected from the sedimentation unit 

were obtained by a scanning electron microscope for physical characterization. To understand the 

developments in the physical appearance of magnetic particles at various stages, the SEM images 

of streptavidin coated magnetic particles alone were obtained first, then the images of Vn96 bound 

particles, EVs-captured particles and the magnetic particles collected after EV elution using 

proteinase K were captured, subsequently. The SEM images of 4.0-4.5µm and 8.0-9.9µm 

streptavidin coated magnetic particles, Vn96 bound particles, EVs captured particles, and particles 

after EV elution are shown in Figure 8.7(A-H). Especially, comparing the image of the magnetic 

particle alone (Fig. 8.7(E)) to that of EV-captured magnetic particle (Fig. 8.7(G)) clearly shows 

that the number of biomolecules on the surface of magnetic particles have increased after the EVs 

were captured by Vn96 bound magnetic particles. Then the number of biomolecules on the 

magnetic particle’s surface have reduced after the elution of EVs using proteinase K (Fig. 8.7(H)) 

compared to EV-captured magnetic particle. Besides, the SEM images shown in Figure 8.7(I-P) 

clearly shows that the EVs from all the dilutions (undiluted, 5x, 20x, 50x diluted) of CCM were 

isolated by the 4.0-4.5µm and 8.0-9.9µm magnetic particles. Therefore, from these SEM images, 

it is evident that the EVs from the CCM were captured by the magnetic particles and the same EVs 

were isolated by proteinase K elution and were collected in the eluent. 

 

8.3.3. AFM analysis of the eluted EVs  

The eluent from the chip was analyzed by AFM to validate the EVs. The samples were 

adsorbed onto freshly cleaved mica sheets after diluting with de-ionized water to 1:100 to perform 

AFM scanning. The phase images and line profiles of the EVs from the eluent and the control 

eluent are shown in Figure 8.8(A, B). The particles from the EVs eluent seem to be spherical as 

shown in its line profile and are in the height of around 18nm and width of 70 – 80nm. The control 

eluent, which is from the EV-free media, did not show any spherical particles, but are some 

irregular shapes around 1-2 nm in height, without any phase contrast. Therefore, as the measured 

size of EVs from eluent matches with the one reported in the literature [178, 179], AFM 

measurements confirm the proposed chip has successfully captured and isolated the EVs using 

magnetic particles by binding to their HSPs using Vn96.  
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Figure 8.8: AFM measurements of the eluted EVs; (A) Phase image of the EVs (Proteinase K 

digested) isolated from the chip and its line profile; (B) Phase image of EV-free media as control 

and its line profile. The spot marked in the image was used to measure the width and thickness 

 

8.3.4. RNase P gene copy number quantification by ddPCR 

To further validate the EVs captured and isolated using Vn96 bound magnetic particles, 

droplet digital PCR (ddPCR) analysis was performed on the fractions of eluent corresponding to 

various concentrations of CCM, to quantitate the RNAseP DNA as a reference gene by the absolute 

quantification of its sub-unit, RPP30. It has been shown in the literature that RNase P can be used 

as a reference gene in ddPCR reactions as the sequence of this DNA is present in the EVs [180]. 

In this work, various concentrations of MCF7-CCM, namely, undiluted, 5x, 20x, 50x diluted was 

used to run through the chips to capture EVs on the surface of magnetic particles. The 

concentration of undiluted EVs was measured by NTA and found to be 5.65x109 particles/mL and 

as per the designed protocol, 0.2ml and 0.5ml was used to run through the chip in different 

experiments. The RNase P gene copies amplified by ddPCR corresponding to various 

concentrations of EVs isolated by 4.0-4.5µm and 8.0-9.9µm magnetic particles is represented in 

Figure 8.9(A-D). The EVs isolated from the CCM using magnetic particles of two different sizes 

show appreciable number of RNAseP gene copies amplified by ddPCR reactions. As the 

concentration of EVs decrease, the number of copies of RNAse P DNA segment amplified in both 

the cases are also decreasing, following the same trend. It is known from other reports that the 

concentration of EVs present in the body fluids increase tremendously (by many folds) in a cancer 

A B 
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patient, compared to a heathy person. This difference in the concentration was shown as 50x times 

less EVs in a non-cancerous condition when compared to a cancerous condition [43]. As shown 

here, the amplification of RNase P DNA can be done in 50x diluted CCM samples, this work 

clearly shows the potential of the chip and could be considered as a tool in the EV-based early 

diagnosis of cancer. 

  

  

Figure 8.9: RNase P gene amplified from the eluent using ddPCR; (A) Isolation using 4.0-4.5µm 

particles (CCM:0.2ml); (B) Isolation using 8.0-9.9µm particles (CCM:0.2ml); (C) Isolation using 

4.0-4.5µm particles (CCM:0.5ml); (D) Isolation using 8.0-9.9µm particles (CCM:0.5ml) (n=3) 

 

Therefore, the analysis data shows the capability of the liquid biopsy chip for the capture 

and isolation of extracellular vesicles using magnetic particles from a CCM. In this study, we have 

demonstrated the capability of magnetic particle based on liquid biopsy chip for the capture and 

isolation of EVs originating from cancer cells and their morphological characterization by NTA, 

SEM, AFM, and the absolute quantification of DNA through ddPCR reactions after eluting EVs 

from the chip. 
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8.4. Conclusions 

In the present study, the ability of the capture and isolation of the developed liquid biopsy 

chip were examined using the EVs from the breast cancer cell-line (MCF7) conditioned media, 

grown in a small bioreactor. The performance of the chip was evaluated by infusing various 

dilutions of MCF7 CCM, namely 50x, 20x, 5x and undiluted, into the chip at a flow rate of 

10µl/min and isolation of EVs using magnetic particles. The EVs isolated from the various 

dilutions of CCM were further validated by NTA, SEM, AFM and ddPCR. The efficiency of 

isolation was characterized by NTA, morphology of the EVs and the EV-captured magnetic 

particles by AFM and SEM and then the absolute quantification of RNase P gene copies using 

ddPCR. The quantification of RNase P gene from the isolated EVs using the chip and the NTA, 

SEM and AFM data further validate that the developed liquid biopsy chip has the ability to capture 

and isolate EVs from the CCM, resulting in higher efficiency, without affecting their morphology. 

The major advantages of this label-free technique using the magnetic particles include faster 

isolation of EVs from CCM, which is around 20 minutes and easy removal of magnetic particles 

using a magnet after elution, when compared with the traditional techniques. In addition, one can 

have better control on the concentration or number magnetic particles required for the isolation of 

all or majority of the EVs by quantifying the magnetic particles. In EV-based diagnosis and 

therapeutic applications, isolation and proving the EVs by various analyses are the cornerstones. 

With the development of the lab-on-a-chip technology, the capture, isolation, and analysis of EVs 

is enabled. In conclusion, the magnetic particle based liquid biopsy chip, with Vn96 

functionalization for the isolation of EVs from CCM or body fluids, can be considered as a 

potential device in the EV-based diagnosis in a real-life clinical setting. 
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Chapter 9 

Conclusions and Future work 

 

In this thesis, the biosensing protocols and the lab-on-chip devices were developed for the 

capture, isolation, and detection of extracellular vesicles from MCF7 (breast cancer cell line) 

culture media. In order to do this, three platforms based on gold nanoparticles, namely, in-situ 

synthesized gold nanocomposites, gold nano-islands on a substrate, and colloidal platform with 

suspended gold nanoparticles (AuNPs) were explored. Out of these platforms, based on the 

refractive index sensitivity, gold nano-island on a substrate and the nanoparticles suspended 

colloidal platforms were considered for the isolation and detection of EVs are summarized below.  

 

9.1. Summary and Conclusions 

The biosensing protocol for the LSPR detection of extracellular vesicles was developed, 

based on their high affinity to the Vn96 polypeptide. Vn96 is a synthetic polypeptide specifically 

designed to capture EVs by binding to the heat shock proteins (HSPs) present on their surface. The 

protocol was optimized experimentally using the gold nano-islands on a glass substrate platform 

at each stage for the concentration of the entities used. Particle analysis was performed on SEM 

images of the nano-islands whose morphology was tuned by heat treatment for an hour. The 

analysis has shown that the density of nano-islands is around 3 nano-islands/µm2. Then, a simple 

physical model was developed by the characteristics of nano-islands, calculating their surface area 

and the number of various biochemical entities that can be successively immobilized on the surface 

of a nano-island. This modeling has shown that each nano-island can accommodate about 9 EVs 

per nano-island. By modeling and the surface density, it was found that a total of 27 EVs per µm2 

can be accommodated. It means, compared to the concentration of MCF7 CCM used, the 

developed Au nano-island platform can capture a much higher number of EVs, providing a very 

broad detection range covering from early stages to advanced stages.  

Further, a simple microfluidic method for the capture, isolation, and detection of EVs has 

been developed, containing a glass substrate with gold nano-islands, sealed by a PDMS film that 

contains a microchannel with a collection chamber in between. The detection is based on the 

sensitivity of the LSPR property of gold nano-islands to any change in the surrounding 
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environment. The biosensing protocol was carried out in a microfluidic environment and the LSPR 

measurements were performed at each stage after the incubation. The results have shown that 

label-free technique is promising for the detection of EVs using the Vn96 polypeptide.  

Then, the microchannel was redesigned to have a better distribution of entities flown and 

the microfluidic device has been fabricated. To evaluate the performance of the device, two 

concentrations, the undiluted and 5x diluted EVs were flown at a flow rate of 10µl/min through 

the Vn96 functionalized microfluidic devices. The captured EVs were isolated from the devices 

using proteinase K elution and were characterized for physical characteristics by AFM and their 

RNase P gene amplification by ddPCR. The RNase P gene amplified were in the order of 3.66 and 

1.08 copies/µl for undiluted and 5x diluted EVs, respectively, validating the capture and isolation 

of EVs, without affecting their size or shape, from a very low sample volume around 3µl, in less 

than 30 minutes. As the protocol for the isolation and detection was optimized, the inconsistencies 

from the procedure can be reduced and the detection reproducibility improved. But, in order to 

increase the sensitivity of detection, the approach has to be modified. For which, a two-level 

microfluidic device is developed by incorporating gold nano-islands on both sides of the substrate 

sealed by PDMS films having microchannels with the collection chambers aligned one above the 

other. The first deposited gold nanoparticles go through 2-hour heat treatment for morphological 

tuning resulting in a higher density of gold nano-islands compared to 1-hour treatment. This 

increase in density increased the number EVs that could be accommodated per µm2, meaning, the 

molecular interactions per µm2 are increased. The results indicate that the detection sensitivity of 

the two-level device has been increased 1.54 times when compared with the device having a single-

sided gold nano-island substrate as a sensing element. Thus, this technique can be used to build a 

multi-level microfluidic device by integrating the intermediate channel for the isolation and 

sensitive detection of EVs for point of care applications. 

 In order to further improve the sensitivity, instead of gold nano-islands, the gold 

nanoparticles suspended in a colloidal solution could directly be used, by which the entire surface 

area of the nanoparticles is utilized to capture the biomolecules. In this study, the colloidal solution 

was used in a cuvette as a multi-functional sensing platform by mixing the biosensing entities for 

the capture, isolation, and detection of various biomolecules. This platform was presented in three 

cases by modifying the biosensing protocol depending on the requirement i.e., capture and 

detection of any biomolecule that is tagged to biotin, detection of bovine growth hormone, and 
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capture, isolation, and detection of extracellular vesicles. As the nanoparticles are freely suspended 

in the solution, the binding of EVs on the entire surface area contributes the nanoparticles to 

sediment at the bottom of the cuvette. Thus, the precipitation method was used to isolate EVs, and 

the platform was transferred to a microfluidic environment by developing a liquid biopsy chip.  

The performance of the liquid biopsy chip was evaluated by isolation of EVs using 

magnetic particles from various dilutions of MCF7 CCM, i.e., 50x, 20x, 5x and undiluted EVs 

flown at a rate of 10µl/min. The isolated EVs were eluted from the chip and were further validated 

by NTA, SEM, AFM and ddPCR. The efficiency of isolation was characterized by NTA, 

morphology by AFM and SEM, and then the absolute quantification of RNase P gene copies using 

ddPCR. The major advantages of using the magnetic particles include faster isolation of EVs, 

around 20 minutes and easy removal of magnetic particles using a magnet after elution, when 

compared with the traditional techniques. In addition, better control on the concentration of 

magnetic particles required for the isolation of all or majority of the EVs by quantifying the 

magnetic particles. Isolation and analysis of EVs are the cornerstones of any technique for EV-

based diagnosis and therapeutic applications. In conclusion, with the results obtained, the lab-on-

chips presented in the thesis based on the Vn96 functionalized gold nano-island platform and 

colloidal platform, could be used for the isolation of EVs from CCM or body fluids. Therefore, 

these devices could be considered as a potential device in the EV-based diagnosis in a real-life 

clinical setting. 

 

9.2. Future work 

 The objective of this thesis was to design and develop a cancer intervention chip to be able 

to isolate EVs from body fluids. Several steps have been accomplished in designing, fabrication 

and testing of a reliable platform with the liquid biopsy chip. However, as the research never ends, 

there are some recommendations for future investigations.  

• As the cell cultured media was used in the current thesis, future microfluidic designs can 

consider integration of a unit at the inlet to process the body fluids and a downstream 

analysis unit which can identify molecular, cellular, and/or biophysical features of the 

isolated EVs 

• Identification and expression levels of the surface proteins on the isolated EVs in the 

microfluidic platforms by using integrated micro photonics methods.  



142 
 

• Designing and developing of a device or protocols to identify good or bad cargos in the 

isolated EVs and also finding a way to put back good cargo EVs in the sample. 

• This research could be further extended to study the isolated EVs to be able to diagnose 

cancer at an early stage and purify the blood by removing the cancerous EVs. A system 

could be designed to diagnose cancer, which is inspired from the dialyzer used for the 

treatment of hemodialysis, as shown in Figure 9.1. 

 
Figure 9.1: Schematic of micro cancer dialysis system (futuristic vision) 

 

• In this futuristic vision of the system, the blood will be drawn from the patient’s arm 

through a hemo-compatible sterile tubing, connected to a blood pump at a controlled flow 

rate. The drawn blood will be flown through a filter, specifically designed to extract 

proteins, lipids, EVs (cancerous and non-cancerous) and any other particles that are present 

in the blood. The filtered media will be routed to the intervention chip, where it reacts with 

the Vn96 functionalized metal nano or microparticles to capture and isolate the EVs similar 

to the liquid biopsy chip presented or in a much more sophisticated way. Then the isolated 

EVs have to be passed to a characterization unit where the cancerous and the non-cancerous 

EVs will be separated. The non-cancerous EVs should be directed back to the blood, while 

the cancerous EVs will be removed after separation. Anti-coagulants should be added in 

the system to prevent blood from clotting.  
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