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Thesis Abstract 
 

Small extracellular vesicles (sEVs) hold immense significance as potential biomarkers for 

cancer-specific diagnosis due to their role in intercellular communication and the transport of 

bioactive molecules. Their unique cargoes, comprising proteins, nucleic acids and lipids, reflect 

the originating cells' status, providing valuable insights into the disease microenvironment. 

Harnessing sEVs as biomarkers offers a minimally invasive approach for early cancer detection 

and a deeper understanding of disease progression. 

Nanoparticle-assisted technologies play a crucial role in sensitively detecting sEVs. Their 

unique physicochemical properties enhance the sensitivity and specificity of detection 

methods, allowing for precise identification of sEV-associated biomolecules. 

In Chapter 1, we present a comprehensive review of novel approaches involving nanoparticle-

assisted and integrated strategies for the sensitive detection and characterisation of sEV 

markers. Chapter 2 summarises the experimental methodologies implemented during the 

course of the PhD study. In Chapter 3, we summarise the structural and functional 

characterisation of the AuNPs and UCNPs and their conjugation to signalling and/or detector 

antibodies for use in the AuNP-ELISA, UCNP based microplate immunoassasy and UCNP-

LFA analytical systems as probes.  

For Chapter 4, we functionalised AuNPs and UCNPs with relevant antibodies to use as probes 

in a nanoparticle-modified ELISA format. The aim was to leverage the high loading capacity 

and biocompatibility of these nanoparticles to enhance the detection sensitivity of target 

analytes in a standard microplate immunoassay format with potential POC applications. In the 

study, we performed colorimetric ELISAs in a hand-held, portable plate reader, with the AuNP-

ELISA achieving a ~2-fold improvement in the detection limit of CD63 compared to the 
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conventional ELISA. Concurrently, the UCNP immunoassasy was performed in a customised 

bench-top plate reader and achieved a ~10-fold enhancement in the detection limit of CD63 

compared to the AuNP-ELISA. The findings of this results chapter establish the utility of 

nanoparticles in enhancing the sensitivity of conventional immunoassay formats that can 

potentially be implemented in POC settings to detect cancer-specific sEV markers.  

In Chapter 5, we introduce a novel quantitative lateral flow assay (LFA) for sensitively 

detecting CD63 and PD-L1 using highly doped up-conversion nanoparticles (UCNPs). sEV-

PD-l plays a significant role in tumour progression, particularly in immune response, and the 

UCNP-LFA successfully detected sEV-CD63 and sEV-PD-L1 from multiple cell-derived 

sEVs with its detection performance being comparable to sEV marker detection using 

commercial ELISA kits. In Chapter 6, we extend the use of the UCNP-LFA to sensitively detect 

GPC-1 and PD-L1 in sEVs isolated from relevant cell lines. sEV-GPC-1 has significant clinical 

significance, with studies establishing its role in promoting cancer-promoting behaviour. The 

study was the first of its kind that used an LFA technology to quantitatively detect sEV-GPC-

1, which it did at an improved sensitivity compared to a commercial ELISA kit. The findings 

of these two result chapters advance the implementation of quantitative UCNP-LFA systems 

towards sensitive and accurate detection of cancer-specific sEV markers, specifically in POC 

settings. Finally, in Chapter 7, we summarise the overall findings of the PhD thesis, discuss 

technical limitations and highlight the future research directions to enable the implementation 

of rapid, reliable and sensitive detection of sEV markers in diagnostic settings.  
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1. Literature Review 
 

1.1. Liquid Biopsy in Cancer Diagnosis 
 

Cancer diagnostics remains to be one of the biggest challenges of the healthcare industry, being 

one of the leading causes of mortality worldwide [1]. Cancer cells exhibit a wide degree of 

morphological and phenotypical heterogeneity, which limits the improvement of cancer 

management strategies (Fig 1). The gold standard for cancer diagnosis has traditionally been 

tumour biopsy and targeted therapies, which provide insight into tumours' morphology and 

gene expression profile. Assessments are performed after detecting a mass lesion that is 

normally evident long after the onset of cancer. Patients usually miss the chance for treatment 

at this stage [2]. Moreover, biopsies are generally invasive, requiring physical sampling of a 

segment of the tumour for pathologic analysis and resection of primary tumour tissues, and do 

not represent the real-time status of molecular markers and tumour heterogeneity that are 

altered in the process of tumour progression and evolution [3-5]. Additionally, single biopsies 

do not represent the overall genomic landscape of a tumour and bring evaluation bias due to 

intertumoral and intertumoral heterogeneity [6]. For effective early-stage cancer diagnosis, 

platforms that allow for multiple and serial sampling for the dynamic monitoring of cancer 

progress is highly desirable.  
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Fig 1: Global age-standardised cancer incidence and mortality rates in 2022. Cancer continues to be a 
leading cause of mortality globally, mainly due to the absence of rapid, reliable, and sensitive early-
stage detection systems. Data generated from Global Cancer Observatory, International Agency for 
Research on Cancer 2022 [1]. 

 

Liquid biopsy facilitates dynamic analyses of molecular or cellular biomarkers and holds great 

potential for the diagnosis, prognosis, monitoring of disease progress and treatment efficacy, 

understanding of disease mechanisms, and identification of therapeutic targets for drug 

development [7]. It offers several advantages over conventional tissue biopsies by focusing on 

minimally invasive analyses of analytes that are released from the primary tumour sites and 

circulated elsewhere through body fluids. Moreover, liquid biopsy has been shown to reflect 

intratumoral heterogeneity better than tissue biopsies and are suitable for longitudinal 

monitoring of cancer evolution and detection of resistance-conferring tumor cells [8]. Liquid 

biopsy analysis of tumours presents an ideal diagnostic and prognostic option for molecular 

diagnosis of cancer. This promises a shift in medical paradigms towards personalised medicine 

and show promise of revolutionising diagnostic and disease monitoring applications [9, 10].  

Multiple studies have shown that some unique components sourced from biofluids are 
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favourable for early stage cancer detection [11-14]. These include circulating tumour cells 

(CTCs), extracellular vesicles (EVs) and circulating tumour DNA (ctDNA) (Fig 2) [11, 15, 

16]. Systems that characterise and analyse these components in the biofluids of patients, 

facilitate the monitoring of cancer development [17].  

1.1.1. Circulating Tumour Cells (CTCs) 

CTCs are tumour derived cells that have separated from the tumour and entered biofluids like 

blood [18]. CTCs contribute to the spread of metastasis and subsequent growth of tumour cells 

at distant sites within the body. The presence and frequency of these rare cells are pivotal to 

early cancer detection and monitoring and their isolation and retrieval is pivotal in furthering 

our understanding of cancer biology [19]. The inherent rarity and fragility of CTCs in biofluids 

like blood, makes existing technologies like fluorescence-activated cell sorting (FACS), laser 

capture microdissection (LCM), etc. suffer from low yield, damage of cell viability and poor 

repeatability. The techniques are also constrained by total input cell number and do not allow 

for the collection of live cells for further analysis [20].  The key priorities for progress in CTC 

enrichment are efficiency and high-volume sample throughput, minimising bias and capturing 

viable CTCs for live analyses. Most CTC enrichment methods cannot meet one or more of 

these criteria. For instance, the most common method for CTC enrichment- 

CELLSEARCH®Veridex LLC (FDA approved CTC-based diagnostic) relies on positive 

immunogenic selection with antibodies against EpCAM [21]. This biases against CTCs that 

have undergone partial or complete epithelial-mesenchymal transition (EMT), which has a 

significant role in metastasis, but is still poorly understood [22]. Some other CTC enrichment 

methods include immunogenic negative selection, density-based filtering, and microfiltration  

all have their own limitations [23]. Apart from this, to be able to sample and decode cancer 

heterogeneity, CTC analyses must also occur at the single cell level [24]. Traditional methods 
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for single cell isolation are not able to track single cells over time and therefore is not feasible 

for establishing the association of cell biomarkers with dynamic cell behaviour.  

1.1.2. Circulating Tumour DNA (ctDNA) 
 

Circulating cell-free DNA (cfDNA) are shed both actively and passively from cells and are 

detected in biofluids like plasma, urine. These are double-stranded small extracellular DNA 

(~70-200 base pairs) [25-27]. A small fraction of cfDNA (<0.01% of the total non-cell DNA), 

called circulating tumour DNA (ctDNA) specifically in cancer samples contain tumour specific 

molecular alterations and have been studied for detection of cancer specific markers [28, 29]. 

ctDNA is highly fragmented, associated with nucleosomes and are released into circulation 

through apoptosis, necrosis, secretion of tumour cells and circulating tumour cells (CTCs) or 

metastatic lesions [28, 30, 31]. The type of cancer and the staging of disease progression are 

prominent determinants of the ctDNA levels in circulation. Studies have established that 

ctDNA levels is significantly higher in cancerous samples compared to healthy populations 

and it varies with different cancer progression stages. Additionally, factors like tumour size, 

metabolism and proliferation also correlate with the amount of ctDNA in plasma [32-34]. 

Despite this, the implementation of ctDNA analyses in clinical settings experience some critical 

challenges including very low concentrations and differentiation from cfDNA to allow for 

accurate detection of rare mutations. The ratio of ctDNA is as low as 1-10% of cfDNA at 

advanced diseased stages and < 0.1% at early stages [29, 35]. The variability in concentrations 

of ctDNA in circulation also hinder the definition of a concentration range for detection [30, 

36, 37].  
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1.1.3. Extracellular Vesicles (EVs) 
 

EVs are lipid bilayer encapsulated bodies released from most mammalian cells. They can be 

broadly classified into three subsets based on their size and biogenesis, which include apoptotic 

bodies (>1000 nm), microvesicles (100-1000nm) and small extracellular vesicles (~30-150nm) 

(previously named as exosomes) [38]. Small extracellular vesicles (sEVs) are formed by 

inward budding of late endosomes and are enriched sources of biomolecules like proteins, 

mitochondrial/nuclear DNA, mRNA/microRNA, lipids and other metabolites, which contain 

molecular information about their tissue of origin [39]. These vesicles impact physiological 

and pathological processes, including cancer metastasis, tumour progression and intercellular 

communication [40, 41]. sEVs are secreted by cells and are present in all bodily fluids (plasma, 

saliva, urine, ascites, cerebrospinal fluid, etc.) and can induce different molecular pathways 

and act as potent biomarkers of early diagnosis of cancers. sEV proteins associated with 

endosomes typically provide generic markers or disease-specific signatures that shed light on 

the biological status of their parental cells in clinical diagnosis (Fig 2) [42].  
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Fig 2: Significance of liquid biopsy: Liquid biopsy allows for detection of cancer related biomarkers in 
body fluids, eliminating the need for invasive tissue samples and facilitating early-stage cancer marker 
detection across diverse sample types. Liquid biopsy aids in monitoring the effectiveness of treatments 
and identifying genetic changes during the course of therapy. The common cell components exploited 
for liquid biopsy include CTCs, ctDNA and sEVs. In contrast to CTCs and ctDNA, sEVs exhibit distinct 
advantages. sEVs are secreted by living cells existing in large quantities, and maintaining stable 
circulation. 

 

1.2. Significance of sEVs in Liquid Biopsy 
 

sEVs are promising biomarkers with superiority in several aspects compared to the other liquid 

biopsy targets, specifically for tumour detection and screening. In contrast to the inherent rarity 

of CTCs in biofluids, sEVs are relatively abundant with concentrations being >109 vesicles/mL 

[43]. Moreover, sEVs play a significant role in intercellular communication and molecular 
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exchange and reflect valuable information about the genetic and epigenetic alterations of the 

cells of origin, making them more representative than ctDNA. The liposome-like membrane 

structures of EVs also give them inherent stability and protects them from degradation and 

maintain the integrity of EV associated molecular cargoes (Fig 3) [44, 45].  

For clinical sEV analysis, a wide range of associated proteins have been identified as potential 

biomarkers for various diseases, among which cancer is a pivotal target [46]. These protein 

biomarkers are engaged in either capture or detection processes of sEVs from different biofluid 

samples. While sEVs exhibit broad diversity in their origin, they are made of some common 

structural and functional proteins, which include tetraspanins (CD9, CD63 and CD81), heat 

shock proteins (HSP60, HSP70) and endosomal sorting complex for transport (ESCRT) 

associated components (Alix and TSG101) (Fig 3) [47]. Apart from these, cancer-specific sEV 

markers like HER2, CEA, GPC-1, EGFR, EpCAM, and PD-L1 have been implicated in 

hepatocellular carcinoma (HCC), pancreatic ductal adenocarcinoma (PDAC), non-small cell 

lung cancer (NSCLC), breast and prostate cancers [11, 48-50] (Table 1). Other than proteins, 

associated nucleic acids like miRNA, mRNA, lncRNA and DNA are also detected in tumour-

derived sEVs [51]. sEV-associated nucleic acids are transferred cell-to-cell by membrane 

fusion, spreading cancer-promoting cellular contents to surrounding cells, thus facilitating 

cancer progression [52, 53]. sEV miRNAs are conspicuous cancer biomarkers because of their 

stability against RNase-dependent degradation [54, 55]. Studies have implicated the expression 

of miRNAs like miR-21, miR-10b, miRN-378, miR-139 and miR-222 in multiple cancer types, 

including HCC, PDAC, NSCLC and breast cancer [56-59]. sEV glycans and lipids also mediate 

vesicle biogenesis, intercellular recognition, communication and disease progression [60, 61]. 

Glycans have structural and compositional diversity, and their varied incorporation leads to 

different biophysical properties and functionalities [62]. Studies have also shown a 2-3-fold 

enrichment of lipids in sEVs compared to cells, with select lipids like phosphatidylserine (PS) 
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being highly expressed in cancer cell-derived sEVs [63, 64]. Strategies that allow sensitive and 

multiplexed profiling of EV glycans and/or lipids have been explored for a better understanding 

of EV mechanisms for application in diagnostics [46, 65, 66].  

 

Fig 3: sEVs originate from the endosomal membrane, forming through inward budding, resulting in 
multivesicular bodies (MVB). When MVBs fuse with the plasma membrane, sEVs are released into the 
extracellular space. The molecular content of sEVs encompasses proteins, miRNA, mRNA, DNA, and 
lipids. sEVs are characterised by surface markers, including tetraspanins CD9, CD63, and CD81, 
termed “sEV structural markers," as well as adhesion molecules like intercellular adhesion molecule 
ICAM, and, in the case of tumour-derived sEVs, tumour-associated antigens (TAA) specific to the cell 
of origin. sEVs play a pivotal role in tumorigenesis, tumour progression, and metastasis, and their 
enrichment in body fluids renders them key players in these processes. Identifying specific molecules 
within sEVs presents a novel approach for cancer diagnosis, monitoring progression, and predicting 
prognosis. Reproduced with permission from [67]. 
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Table 1: Significance of cancer-specific sEV markers in Liquid Biopsy 

 

Cancer types sEV 
sources sEV biomarker Clinical significance Ref

. 

Gastric Cancer 
Serum lnc HOTTIP Early diagnosis [68] 
Serum miR-15b-3p Early diagnosis [69] 

Hepatocellular Carcinoma (HCC) Serum miRNA-21; lncRNA-A TB Prognostic significance [70] 
 Serum miR-21 Early diagnosis [71] 
 Serum miR-92b Early recurrence diagnosis after LDLT [72] 
  Serum CEA; GPC-3 and PD-L1 Early diagnosis and progression monitoring [73] 

Pancreatic Cancer (PDAC) 

Plasma miRNA-10b Early diagnosis and progression monitoring [74] 
Plasma miRNA-10b Early diagnosis [75] 
Serum Glypican1 Early diagnosis [76] 
Plasma Glypican1 Stage classification [77] 
Serum EpCAM, Glypican1 Early diagnosis [78] 

Colorectal Cancer (CRC) 
Serum hsa-circ-0004771 Early diagnosis [79] 
Plasma EpCAM-CD63 Early diagnosis; prognosis prediction [80] 
Serum GPC-1 Early diagnosis; prognosis prediction [81] 

Non-small cell lung cancer (NSCLC) 

Plasma miRNA-21 Early diagnosis and drug resistance in advanced 
cancers [79] 

Plasma CD63; EGFR; EpCAM Early diagnosis and therapeutic effect evaluation [82] 
Serum PD-L1 Early diagnosis [83] 

Malignant Pleural Mesothelioma 
(MPM) 

Serum miR-16-5p Early diagnosis; prognosis prediction [84] 
Serum PD-L1 Early diagnosis; prognosis prediction [85] 

Breast Cancer 
Plasma EpCAM Early diagnosis [86] 
Plasma HER2 Early diagnosis [87] 
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Serum PD-L1 Prognosis prediction and progression monitoring [88] 
Blood CA153 Differential diagnosis [89] 

Serum miR-21; miR-222; miR-
200c Classification of molecular subtypes of breast cancer [90] 

Plasma CA153; CEA, EGFR, Her-2 Differential diagnosis of BC and healthy donors [91] 
    

Prostate Cancer 

Serum GPC-1 Prognosis [92] 
Plasma miR-217; miR-23b-3p Early diagnosis [93] 
Serum EphrinA2 Early diagnosis; distinguish PCA from BPH patients [94] 
Serum EpCAM and PSMA Early diagnosis [95] 
Serum TUBB3 mRNA Prognosis [96] 

Ovarian Cancer 

Ascites EpCAM; CD24 Early diagnosis [97] 
Plasma CA125; EpCAM; CD24 Early diagnosis [98] 
Plasma CD24; FRα Early diagnosis [99] 
Plasma miR-4732-5p Early diagnosis [100] 
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1.3. Isolation and Characterisation of sEVs 
 

In recent years, studies have developed several approaches towards the isolation and 

characterisation of sEVs. Most conventional strategies exploit either the physical 

characteristics like size, density and surface charge or biological characteristics like sEV 

surface markers to facilitate the separation and identification of sEVs [101]. sEVs are isolated 

from body fluids like blood and urine, with the former being the most abundant source of sEVs, 

with the average concentration being between 5 - 15 × 1018 particles per mL [102, 103]. 

Conventional strategies like ultracentrifugation [104], size exclusion chromatography (SEC) 

[105], EV filtration, polymer precipitation and microfluidics have been implemented towards 

sEV isolation [106, 107]. These techniques have their advantages and disadvantages with 

regard to purity and sample recovery, all of which have been extensively reviewed in multiple 

published works. Among these, ultracentrifugation is the most common technique, relying on 

the sequential separation of particles by sedimentation based on size and density by a series of 

centrifugal forces and duration [108]. Additionally, techniques like transmission electron 

microscopy (TEM) have been used to investigate the morphology of sEVs and dynamic light 

scattering (DLS) and NTA (Nanoparticle Tracking Analysis) is implemented to assess the 

concentration and size distribution of sEVs (Fig 4) [109].  

Following the extraction process, sEV proteins are identified and quantified by Enzyme Linked 

Immunosorbent Assay (ELISA), Flow Cytometry, while sEV nucleic acid content is analysed 

by PCR and sequencing techniques [110-113]. Immunoaffinity-based methods rely on the 

identification of specific sEVs based on the surface proteins; this includes the common surface 

markers (CD63, CD9 and CD81) as well as disease-specific markers like epithelial cellular 

adhesion molecule (EpCAM), Programmed death-ligand 1 (PD-L1), glypican 1 (GPC-1) or 

heat shock protein and heparin [114]. Flow-cytometry has also proven to be advantageous for 

the analysis and characterisation of particles, including sEVs attached to microbeads [115, 116] 
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and has been used effectively to characterise sEVs from multiple cell types, including Mel526 

melanoma cells [117], K562 human erythromyeloblastoid leukemia cells [63] and PC3 prostate 

cancer cells [118]. 

 
Fig 4: Techniques for isolation, characterisation and functional analysis of sEVs. Ultracentrifugation is 
the current gold standard method for isolation of sEVs. Following isolation, sEVs are typically 
characterised for their size, morphology and functional expression using techniques like NTA, TEM 
and Flow Cytometry, respectively. Reproduced with permission from [119]. 

 

1.4. Limitations in sEV Analysis 
 

The small size, low density, and heterogeneity of sEVs significantly hinder the application of 

standardised methods for sEV characterisation. Most conventional sEV isolation methods 

require large sample consumption and tedious isolation steps [10]. Concurrently, conventional 

sEV analysis techniques necessitate sophisticated instrumentation and complex multi-step 

workflows that restrict the implementation of these sEV-based detection strategies in clinical 

settings [120]. The other major complexity is the existing heterogeneity in sEV populations, 
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where sEVs isolated from the same batch of cells vary extensively regarding size, morphology, 

lipid, protein and nucleic acid composition. This heterogeneity disrupts the reproducibility of 

sEV studies and limits their application in diagnostic settings [121]. While immune-isolation 

methods can selectively isolate specific sEV subpopulations, the biogenesis of EV subsets 

involves the same plasma membrane and endocytic pathways that prevent the identification of 

a specific marker for particular EV subpopulations [122]. To address this, there has been a push 

to develop more accessible cancer diagnostic technologies, including novel assay formats that 

are integrated with miniaturisation, automation and advanced engineering operations [123]. 

Most liquid biopsy platforms require the enrichment of limited target analytes from body fluids 

such as blood, urine, saliva, and subsequent analysis and characterisation of the isolated 

components [124]. Towards this, micro-scale materials have been combined with emerging 

engineering tools to create integrated diagnostic platforms, among which microfluidic systems 

have had the biggest impact [125, 126]. Microfluidics have been rapidly developed over the 

past few decades and have significant potential for application in biological analysis. They 

offer several advantages over conventional diagnostic strategies, including minimal 

consumption of samples and reagents, high resolution and sensitivity, low cost and significant 

reduction in assay time [127, 128]. These platforms allow for better control over multiple 

aspects of assays, including sample filtration, analyte transport, mixing, heating and analysis 

through integrated optical and electrical sensors, with most of these microfluidic devices 

allowing for automation and parallelisation [129, 130]. These features potentiate the 

development of ultrasensitive integrated bio-sensing platforms that can run multiple analytical 

processes. 
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1.5. Nanoparticle integrated biosensors 
 

Advantages of using nanoparticles in biosensors: In the context of biosensor development, 

nanomaterials play a pivotal role, characterised by their unique properties on the nanoscale. 

Nanomaterials are natural or manufactured particles in unbound or aggregate states, where 

>50% of the particles are in the size range of 10-100nm [131]. These materials have unique 

optical, electronic and magnetic properties that are different from the bulk material. Moreover, 

their physico-chemical properties can be changed by tuning the shape and size of the 

nanoparticles (NPs) (Fig 5) [132, 133]. NP-based biosensors offer numerous advantages, 

including high specificity, enabling the precise detection of target analytes [134]. They also 

facilitate label-free detection, thereby streamlining assay procedures and reducing functional 

complexity. NP-based sensors typically require small sample volumes, making them suitable 

for applications where sample availability is limited [135, 136]. Studies have leveraged the 

large surface area to volume ratio of nanoparticles, to enhance the sensitivity and improve the 

detection limit of sEV based biosensors that have potential to be implemented in clinical 

diagnostics [133, 137]. 

The evolution of NP-based sensor technologies also holds the potential to revolutionize point-

of-care (POC) diagnostic applications [138]. POCs aim to remove processing times that is 

caused by the conventional workflow, where samples are collected and transported to central 

labs for testing [139]. POCs offer an excellent solution for accurate, quality-assured tests that 

allow for rapid detection and expedite diagnosis and treatment initiation in resource poor 

settings [140, 141]. These systems allow for reduced consumption of power and expensive 

reagents, while offering multiplexed ultrasensitive analysis of diseased samples in an 

economical and portable setting [142, 143]. The move to POC systems represents a paradigm 

shift from conventional diagnostic methods to personalised diagnostics that allow for rapid, 
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low cost, reliable quantitative analysis of biomarkers. For the development of reliable POC 

cancer diagnostic platforms, devices need to meet the ASSURED criteria outlined by WHO, 

i.e. these systems must be affordable, sensitive with minimal false negative rates, specific with 

minimal false positive rates, user friendly, rapid and robust operation process and equipment 

free which can operate without the need for extensive instruments and is easily accessible in 

resource-limited settings [144, 145].  

 
Fig 5: Bioconjugation of target recognition molecules on nanoparticles: Nanoparticles serve as versatile 
probes in biosensors due to their unique properties and adaptability. Through bioconjugation with a 
diverse array of target recognition molecules such as antibodies, aptamers, or enzymes, nanoparticles 
can selectively bind to specific analytes, enabling highly sensitive detection. Reproduced with 
permission from [146]. 
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For use in bio-sensors, NPs are typically functionalised with target analyte recognition 

molecules like antibodies, aptamers, molecular beacons, etc. to selectively recognise target 

analytes with improved sensitivity compared to conventional strategies without the integration 

of nanoparticles. Recognition molecules are typically functionalized on nanoparticle surfaces 

through methods such as physical adsorption, covalent binding, or the use of specific adaptor 

molecules. The choice of strategy during nanoparticle functionalization must prioritise 

achieving optimal orientation of the recognition molecule on the nanoparticle surface with the 

aim to enhance the functionality of the molecule in a biosensor, serving as an effective probe 

for the detection of sEVs [147, 148]. The most common strategies for functionalisation are 

physical adsorption and covalently link antibodies to nanoparticles to the former’s amine 

group. However, these approaches often block the antigen binding sites that reduce the 

recognition efficacy of the target moieties [148]. To resolve this, alternate conjugation 

approaches have been studied, which include bio-orthogonal chemistry and use of coupling 

between avidin modified antibodies with biotin conjugated nanoparticles, to amplify signal 

intensity. Additionally, the density/concentration of the target molecule is also critical to ensure 

the best bio-analytical performance of the functionalised nanoparticles [148, 149]. This is most 

relevant in conjugation protocols like passive adsorption which exploits the electrostatic and 

hydrophobic interactions between the protein and the surface layer of the nanoparticles, only 

at an optimised pH and protein amount to generate stable nanoparticle probes. The same is true 

for functionalisation of nucleic acid recognition molecules like aptamers, which are synthetic 

single-stranded oligonucleotides to target nucleic acids with high selectivity and sensitivity 

[150]. The most commonly implemented nanoparticles, particularly in sEV detection sensors 

include magnetic nanoparticles, carbon nanostructures, gold nanoparticles, quantum dots and 

upconversion nanoparticles.  
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Magnetic Nanoparticles (MNPs): Magnetic Nanoparticles (MNPs) are nanoscale aggregates of 

iron oxide or ferrite particles that are valuable in biosensing due to their ability to concentrate 

analytes or recognition molecules on them [151]. When modified with receptor units, MNPs 

can either interact with the analyte or, under the influence of an external magnetic field, 

agglomerate for easy separation [152]. MNPs are ideal for biosensing because they ensure 

minimal interference during signal capture, and their transportability to microfluidic 

transduction platforms enables complex multiplexed analyses for simultaneous detection of 

diverse analytes [153]. 

Carbon Nanostructures: Nanostructured carbons like carbon nanotubes (CNTs) and graphene 

are widely employed as electrochemical transducers in biosensor devices, given their beneficial 

properties [154, 155]. CNTs, in particular, with their nanowire morphology, biocompatibility, 

and electronic properties, enhance capacities such as approaching active sites of redox enzymes 

and facilitating their wiring to the bulk electrode [156]. Their easily functionalised organic 

nature introduces new features to nanostructured electrodes, including specific docking sites 

for biomolecules and redox mediation of bio-electrochemical reactions [157], while the 

formation of highly porous three-dimensional networks in CNT films provides a large 

electroactive surface area, enabling high sensitivities [158, 159]. 

Gold Nanoparticles (AuNPs): AuNPs are the most extensively utilised in biosensors due to 

their biocompatibility, optical and electronic properties, and uncomplicated production and 

modification processes [160, 161]. Notably, their optical behaviour involves surface plasmon 

resonance (SPR), where irradiation induces electron oscillation, resulting in a colour change 

observable with the naked eye upon recognition events in bioanalytical applications [162, 163]. 

Additionally, AuNPs are a robust transduction platform for single-molecule detection, 

demonstrated through refractive index sensing of localised surface plasmon resonance (LSPR) 

coupled with enzyme-linked immunosorbent assay (ELISA). For instance, Chen et al. utilised 
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60 nm gold nanoparticles, immobilising the model enzyme horseradish peroxidase (HRP) via 

biotin-streptavidin linkage. HRP catalysed the oxidation of soluble monomer 3,3'-

Diaminobenzidine (DAB), forming coloured polybenzimidazole that aggregated around the 

enzyme, leading to an additional shift in LSPR scattering wavelength and enabling the 

detection of few or even single HRP proteins attached to the AuNPs [164]. The advantages of 

AuNPs in high-sensitivity biosensing were further validated through surface-enhanced Raman 

spectroscopy (SERS), achieving detection limits down to the single-molecule level [165-167]. 

Quantum Dots (QDs): QDs are luminescent semiconducting nanocrystals, which are a 

prominent nanomaterial in bio-analytics. Predominantly composed of cadmium chalcogenides 

(S, Se, Te), QDs exhibit a broad absorption spectrum and a size-dependent, narrow emission 

spectrum, offering diverse emission wavelengths for multiplexed analysis [168]. The distinct 

emission wavelengths result from the varying band gaps of the semiconductor material with 

different nanocrystal sizes, facilitating efficient optical transduction in bioanalytical 

applications [169]. QDs are commonly integrated in Fluorescence Resonance Energy Transfer 

(FRET)-based biosensors, which involves a non-radiative energy transfer between the excited 

QDs (donor) and a quencher (acceptor) like organic fluorophores [170]. This FRET quenching 

technique is notably applied in optical DNA and oligonucleotide sensors [171, 172], with QD 

fluorescence reappearing upon quencher removal, achieved through strategic approaches like 

hybridization with gold nanoparticles [173, 174]. Moreover, QDs possess high quantum yields, 

ensuring efficient signal generation in bio-analytical assays and can be easily functionalized 

with various biomolecules, enabling targeted binding to specific molecular targets and facilitate 

precise and selective bio-sensing applications [169]. 

Luminescent Nanoparticles: 
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Luminescent nanoparticles have attracted significant attention in biosensor development due 

to their superior optical properties, including high brightness, photostability, and tunable 

emission [175-179]. Inorganic nanoparticles, such as quantum dots, dye-loaded silica 

nanoparticles, and up-converting nanoparticles, have largely dominated this field [180-182]. 

However, to achieve greater control over properties such as emission behaviour, size, and 

surface chemistry, recent advancements have focused on organic materials, particularly dye-

loaded polymer nanoparticles [183]. These nanoparticles encapsulate large quantities of small 

organic dyes within lipid or polymer matrices, offering advantages over both free dyes and 

traditional inorganic nanoparticles like quantum dots. Specifically, dye-loaded nanoparticles 

exhibit higher brightness, broader absorption and emission spectra, and biodegradability, 

making them particularly appealing for biological applications [181]. Dye-loaded nanoparticles 

are synthesised using strategies such as emulsion polymerisation or the assembly of pre-formed 

polymers. Achieving superior brightness often requires high dye loading, which can lead to 

aggregation-caused quenching (ACQ) [184]. To address this, recent innovations in dye design 

have incorporated strategies such as aggregation-induced emission (AIE), dye modifications 

with bulky side groups, and the use of bulky hydrophobic counterions [185, 186]. These 

approaches mitigate ACQ and produce brighter nanoparticles with emerging applications in in 

vitro and in vivo bioimaging. 

Lanthanide-doped (in)organic nanoparticles have also gained prominence for their unique 

optical properties, which stem from their 4f electronic configurations and intraconfigurational 

4f-4f transitions [177, 187]. Incorporating lanthanide ions such as Eu³⁺, Tb³⁺, and Er³⁺ into 

inorganic matrices (e.g., oxides or fluorides) or organic frameworks stabilises the ions and 

enhances their luminescent characteristics [188]. Lanthanide-doped nanoparticles exhibit 

several advantages, including narrow and long-lived luminescence, high photostability, large 

Stokes or anti-Stokes shifts, and tunable emission wavelengths, making them highly valuable 
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in bioimaging and biosensing applications [178]. Lanthanide-doped NPs typically rely on 

direct excitation, but this approach is often inefficient due to lanthanide ions' inherently low 

absorption cross-sections. This limitation is particularly significant in aqueous or in vivo 

environments, where autofluorescence and photobleaching can further reduce emission 

intensity [189]. To overcome this, lanthanide ions are often indirectly sensitised using 

coordinated aromatic ligands, known as antenna molecules [190]. These antennas efficiently 

absorb light and transfer the energy non-radiatively to the lanthanide ions, significantly 

enhancing excitation efficiency and luminescence intensity. The antenna effect not only boosts 

brightness but also allows excitation with lower-energy light, which reduces tissue absorption 

and scattering in biological settings [191, 192]. 

Down-shifting photosensitised lanthanide nanoparticles represent an important refinement, 

wherein high-energy photons absorbed by photosensitisers are converted to lower-energy 

emissions via energy transfer to lanthanide ions [193]. This process improves excitation 

efficiency and reduces issues caused by autofluorescence and photobleaching in biological 

environments, as it allows excitation in shorter wavelength regions while emitting in the near-

infrared or visible spectrum [194]. Down-shifting mechanisms are particularly advantageous 

for biological imaging applications, as they enable deep-tissue penetration and improved signal 

clarity by minimising scattering and attenuation at higher wavelengths [195]. Furthermore, this 

approach enhances compatibility with multiplexed detection systems by reducing spectral 

overlap and facilitating simultaneous monitoring of multiple targets [196]. 

Recent advances have also integrated organic dyes with lanthanide-doped nanoparticles, 

creating hybrid nanosystems with improved light absorption efficiency and efficient energy 

transfer [197, 198]. This integration considerably enhances the emission brightness of 

lanthanide nanoparticles and enables fine-tuning of excitation ranges while maintaining a large 

separation between excitation and emission wavelengths [177]. Such hybrid systems have 
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shown promising potential in photonic materials and emerging biomedical applications, 

offering versatility and functionality for imaging, biosensing, and other cutting-edge 

technologies [199, 200]. 

Up-conversion Nanoparticles (UCNPs): Among luminescent nanoparticles, lanthanide doped 

upconversion nanoparticles (UCNPs) have gained significant importance in biosensing 

applications due to their unique optical properties. Unlike conventional luminescent systems, 

UCNPs can convert low-energy near-infrared (NIR) light into high-energy visible or ultraviolet 

light. This capability provides key advantages for biological applications, including deeper 

tissue penetration and reduced background interference, making them highly effective in 

complex biological environments [201, 202]. UCNPs find utility in bioimaging and biosensing 

applications, offering enhanced sensitivity and specificity. Their ability to emit distinct and 

tunable colours enhances multiplexed detection capabilities, enabling simultaneous analysis of 

multiple analytes [203]. Additionally, the biocompatibility and low cytotoxicity of UCNPs 

contribute to their suitability for various biomedical applications, making them promising tools 

in the field of biosensing [204]. 

1.6. Nanoparticle-based and Integrated sEV-detecting sensors 
 

Tumour-derived sEVs are promising liquid biopsy markers owing to the abundant molecular 

information they contain from tumour cells, including proteins and nucleic acids. The overall 

sEV levels or their associated contents have a strong correlation with tumorigenesis and disease 

progression [205, 206]. The common target includes structural sEV markers, including CD63, 

CD9, CD81, ALIX or TSG101. Apart from these, the functionalised nanoparticle also targets 

sEV nucleic acids, specifically miRNA, that can be used as disease-specific biomarkers [207-

209]. 
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Challenges of NP-based biosensors towards sEV detection: The limited availability of tumour 

derived sEVs in peripheral biofluids like blood, urine, and saliva makes it difficult to develop 

highly sensitive sEV detection platforms for cancers. Moreover, the inherent heterogeneity of 

sEVs hinders a comprehensive understanding of the molecular messaging machinery of sEVs 

[210, 211]. While NP-based technologies offer numerous advantages, they are not without their 

constraints. One such challenge is the detection of sEVs at the single vesicle level [212]. The 

inherent heterogeneity of sEVs hampers accurate disease analysis, as patient samples typically 

exhibit a mixture of tumour-derived and non-tumour sEVs. Conventional bulk analytical 

methods struggle to discern disease-specific sEVs amidst the background of non-target sEVs 

in typical clinical samples, thereby compromising sensitivity in detection [213]. Analysing 

sEVs at the single vesicle level allows for enhanced sensitivity and accuracy in detection of 

sEV markers. Most NPs are relatively large (< 20nm), and when functionalised with target 

recognition ligands (e.g. antibodies) their effective dimensions further expand. This is 

problematic due to the diverse size variations of sEVs, and achieving high detection sensitivity 

becomes challenging when the dimensions of nanoparticles and the sEVs are not comparable 

[214]. Beyond size-based limitations, the effectiveness of NP-based biosensors is contingent 

upon their unique structural and functional attributes. For e.g. NPs like QDs, MNPs, UCNPs 

are intricate and demand specialised expertise for operation; similarly, certain sensor 

technologies like electrochemical sensors are operationally complex and necessitate very 

specific technical proficiency [134]. On the other hand, methods like colorimetric detection 

technologies may offer simplicity and cost-effectiveness but are not as sensitive at detecting 

target analytes [212, 214]. 

Despite these limitations, NP-based biosensors have immense research interest, specially 

towards the development of highly sensitive sEV detection platforms facilitating improved 

detection limits [215]. The biggest advantage of NPs is their large surface area to volume ratio, 
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allowing the attachment of an enhanced number of biomolecules. Moreover, the comparable 

size variations between NPs and biomolecules, allow them to interact more effectively [133]. 

Moreover, the advantages of miniaturization, automatization and enhanced sensitivity offered 

by integrated sensor systems, have prompted innovation towards developing total sEV analysis 

systems that incorporate both sEV isolation systems with downstream analytical systems to 

form highly sensitive integrated sEV sensor platforms. These integrated systems are an 

improvement over conventional techniques and allow for high throughput analysis of small 

sample volumes and achieve detection of low concentrations of sEVs and associated proteins 

and nucleic acids [99, 216]. Advancements in NP-based and novel integrated systems can 

facilitate the development of highly sensitive, ‘sample-to-answer’ sEV detection and analysis 

systems that allow high-throughput platforms that can detect low concentrations of sEVs from 

minimal sample volumes. Moreover, integrated systems can also be used to perform 

multiplexed detection of multiple sEV markers thereby improving the diagnostic accuracy of 

EV detection platforms [217-220]. The evolution of NP-based/integrated sEV sensor 

technologies holds the potential to revolutionize point-of-care (POC) diagnostic applications. 

POCs aim to remove processing time that is caused by the conventional workflow, where 

samples are collected and transported to central labs for testing [139]. POC systems offer an 

excellent solution for accurate, quality-assured tests that allow for rapid detection and expedite 

diagnosis and treatment initiation in resource poor settings [140, 141]. These systems are 

ideally. POC testing systems allow for reduced consumption of power and expensive reagents, 

while offering multiplexed ultrasensitive analysis of diseased samples in an economical and 

portable setting [142, 143]. The move to POC systems represents a paradigm shift from 

conventional diagnostic methods to personalised diagnostics that allow for rapid, low cost, 

reliable quantitative analysis of biomarkers. For the development of reliable POC cancer 

diagnostic platforms, devices need to meet the ASSURED criteria outlined by WHO, i.e. these 
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systems must be affordable, sensitive with minimal false negative rates, specific with minimal 

false positive rates, user friendly, rapid and robust operation process and equipment free which 

can operate without the need for extensive instruments and is easily accessible in resource-

limited settings [144, 145].  

Despite numerous studies extensively reviewing nanoparticle-assisted and microfluidic sEV 

isolation strategies, there is a notable gap in the literature concerning a comprehensive review 

of novel approaches that involve nanoparticle-based/integrated strategies to facilitate sEV 

detection and analysis. These strategies aim to provide heightened sensitivity for the detection 

of both structural and cancer-specific sEVs along with their associated cargoes. In this chapter, 

we present a broad comparison of novel integrated sEV detection strategies and discuss their 

operational principles and efficiency at detection of sEVs and their associated proteins and 

nucleic acids. Additionally, we highlight emerging opportunities to enable ultrasensitive 

detection and analysis of sEVs and facilitate the development of rapid, reliable and sensitive 

sEV-based diagnostics. The strategies involved in the detection and quantification of sEV 

cargoes discussed in this study include Fluorescence Detection, Colorimetric Detection, 

Electrochemical Detection, Surface Enhanced Raman Spectroscopy (SERS), Surface Plasmon 

Resonance (SPR), Single EV Analysis and Lateral Flow Immunoassays (LFAs) [137, 221].  

1.6.1. Fluorescence-based Detection 
 

Fluorescence-based detection strategies have been widely implemented towards sEV detection 

due to their compatibility with multiplexed sensing platforms and their integration with 

microfluidic systems [45, 104]. Generally, fluorescence detection approaches involve labelling 

the sEVs with fluorescent tags conjugated with antibodies or aptamers to improve the detection 

efficiency and analytical accuracy of EVs. The labelled sEVs are captured and detected in 

biosensor chips based on immunoaffinity, external force or nanostructure trapping strategies 
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[98]. Other strategies involve signal amplification, where the fluorescent substrate is catalysed 

by an enzyme, hybridisation chain reaction, etc., to enhance the signal intensity, thus improving 

the detection sensitivity [222].  

Immunoaffinity-based approaches, leveraging specific antibody interactions for highly 

sensitive and selective identification of sEV markers, are the most common methods for sEV 

detection. In that regard, Kanwar et al. designed a microfluidic “ExoChip’ device 

functionalised with anti-CD63 antibodies to allow on-chip capture of serum-derived sEVs 

within circular chambers. The detection was achieved through a fluorescent carbocyanine dye 

(DiO), and quantification was performed using a standard plate reader. The device 

demonstrated a substantial elevation (~ 2.34-fold) in sEVs among cancer patients compared to 

their healthy counterparts [223]. In a similar system, Fang et al. developed a microfluidic chip 

that allowed for immunocapture and quantitative analysis of EpCAM+ and HER2+ sEVs in 

small sample volumes isolated from breast cancer patients (Fig 6a, 6b) [224].  

The versatility and robustness of fluorophores offer an extensive array of labelling possibilities, 

paving the way for exploring diverse integrated strategies that facilitate precise targeting of 

sEV markers. Studies have implemented bead-based approaches in microfluidic systems to 

achieve integrated isolation and ultrasensitive detection of sEVs markers [225, 226]. In this 

regard, Gao et al. employed quantum dot (QDs) nanoprobes in a micro-chip to allow bead-

based isolation and multiplexed detection of sEV markers. The method employed anti-CD9-

labeled magnetic beads for sEV isolation and three QD probes labelled with antibodies in 

conjunction with fluorescence microscopy to enable the multiplexed detection of sEV surface 

markers, including carcinoma embryonic antigen (CEA), Cytokeratin 19, and Progastrin-

releasing peptide (proGRP) [227]. While CdSe-based QDs are the most commonly used 

fluorescent probes, studies have explored other QDs like InP/ZnS, silicon, and gold–carbon 

dots for sEV detection in similar platforms [228-230]. Expanding beyond the conventional 
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reliance on antibodies, studies have explored using sEV-targeting aptamers in combination 

with metallic NPs to quantify sEV markers. For instance, He et al. designed an assay for direct 

capture and rapid detection of sEVs, using a copper-mediated signal amplification strategy. It 

employed a three-step method, which involved cholesterol-modified magnetic beads (MBs) for 

initial sEV capture, aptamer-modified copper oxide nanoparticles (CuO NPs) to form sandwich 

complexes, and subsequent dissolution to generate fluorescent copper nanoparticles (CuNPs). 

The study enabled quantitative sEV analysis, with a detection limit of 4.8 × 104 particles/μL in 

biological samples (Fig 6c, 6d) [231]. In another aptamer-based strategy, Gao et al. employed 

rolling circle amplification (RCA) to generate an extended DNA hairpin structure with 

functional domains, including CD63 aptamer sequences, linker sequences, and spacer 

sequences with complementary base pairs, forming a dynamic hairpin structure. Upon binding 

to sEVs, the RCA product unravels its hairpin structure, exposing a linker sequence, and 

subsequent interaction with a fluorescent AuNP-linker/complementary bioconjugate (AuNP-

L/cL) through toehold-mediated strand displacement releases the fluorescent cL probe. The 

fluorescence signal directly correlated with sEV concentration, reaching a detection limit of 1 

× 108 particles/mL [232]. 

Fluorescence-based microfluidic strategies have also been explored towards the detection and 

characterisation of sEV-associated nucleic acids [233]. sEV-RNAs, specifically, are actively 

involved in tumorigenesis, angiogenesis, metastasis and drug resistance, making them 

promising cancer biomarkers for liquid biopsy. To address this, studies have explored the use 

of microfluidics-integrated cationic nanoparticle-based systems that can sensitively detect 

sEV-RNAs without requiring isolation procedures [234-236]. Cao et al. integrated the RCA 

process in a microfluidic platform for sensitive and specific detection of miRNAs directly in 

minimally processed samples. The system combined solid-phase miRNA isolation, miRNA 

ligation and a dual-phase exponential RCA assay in a unified workflow to enable the detection 
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of low-level sEV-miRNA in as few as 2 × 106 sEVs [237]. A number of fluorescence detection 

systems have also used molecular beacons (nano-sized, dual-labelled oligonucleotide hairpin 

probes with a fluorophore and a quencher at each end) to detect disease-specific sEV-nucleic 

acids in clinically diverse samples [234, 238-240]. Yang et al. developed an immune-biochip 

that selectively enriched EGFR+ and PD-L1+ sEVs using surface-tethered antibodies and 

achieved in-situ sEV RNA detection through electrostatic interactions with cationic lipoplexes 

containing RNA-target sensing molecular beacons. Utilising Total Internal Reflection 

Fluorescence (TIRF) microscopy, the system exhibited superior performance in related 

applications compared to traditional workflows, while consuming reduced sample volume (~30 

µL) and a shortened assay time (~24 hours to 4 hours) (Fig 6e, 6f) [241].  

 

Fig 6: Fluorescence-based sEV detection: (a.) Immunomagnetic capture and fluorescence-labelled 
detection of breast cancer-specific sEVs, integrated into a microfluidic chip. (b.) Images and 
quantification of total sEVs and sEV-MHC I isolated from control, MCF7 and M231 cells. Reproduced 
with permission from ref [86] (c.) Copper-mediated signal amplification strategy for sEV detection 
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involving cholesterol-modified magnetic beads, aptamer-modified copper oxide nanoparticles, and the 
dissolution process to generate fluorescent copper nanoparticles. (d.) Sensitivity of the assay for sEV 
detection: Emission spectra and linear plot of fluorescence intensity obtained at different concentrations 
of sEVs ranging from 8 × 104 to 1.6 × 107 particles/µL. Reproduced with permission from ref [231](e.) 
Immuno-biochip for detecting sEV-RNA. In the chip, sEVs are initially captured by specific antibodies, 
where CLP-modified magnetic beads (MBs) bind to sEV RNAs, and the resulting restored fluorescence 
is analysed for quantifying sEV-RNA biomarkers. (f.) Expression of sEV-miR-21 on EGFR+ sEVs at 
concentrations ranging from 105 to 1010 sEVs/mL. Detection sensitivity of the immunochip was 106 
sEVs/mL. The immunochip showed higher sensitivity than the conventional IMS-PCR workflow. 
Reproduced with permission from ref [241]. 

 

1.6.2. Colorimetric Based Detection 
 

Colorimetric detection platforms are the most straightforward methods to determine target 

analyte concentration, making them desirable for developing highly sensitive POC devices 

[242]. However, colorimetric sensors often suffer from low sensitivity and necessitate the 

development of integrated sensor setups to enhance the signal intensity and detection 

sensitivity. These integrated approaches rely on chemical reaction-based colour changes to 

nanoparticle aggregation or on the peroxidase (HRP)- like activity that catalyses a colorimetric 

signal in the presence of a relevant chromogenic substrate [104, 242]. For instance, Xia et al. 

incorporated water-soluble single-walled carbon nanotubes (s-SWCNTs) and CD63-specific 

aptamers, which, when absorbed into s-SWCNTs enhance their peroxidase activity and 

facilitate the oxidation of TMB from colourless to blue. In the presence of sEVs, the aptamers 

bind with CD63, causing a conformational change in s-SWCNTs and altering the solution’s 

colour from deep to moderate, detectable by the naked eye or spectrometry. Under optimal 

conditions, the system achieved a detection limit of 5.2×105 particles/μL [243]. A similar 

aptamer-based approach was explored using graphitic nitride nanosheets to establish the 

differential expression of CD63 in sEVs from breast cancer cells compared to controls (Fig 7a) 

[244].  

AuNPs are the most frequently employed NPs in colorimetric biosensors since they undergo a 

shift in their extinction coefficient upon aggregation, leading to a noticeable change in colour 
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[245]. In this context, Jiang et al. created a multiplexed sensor platform by constructing AuNPs 

with a range of aptamers targeting surface proteins on sEVs. Upon sEV binding to CD63 

aptamers, ligands were displaced from the AuNP surface, inducing destabilisation and 

subsequent AuNP aggregation. This colour change, from red to blue, was measured via UV-

vis spectroscopy, and when integrated with a microfluidic chip featuring gold pattern arrays, 

the system enabled both visual and quantitative detection of multiple proteins on sEVs derived 

from cancer cells [246]. Aggregation of AuNPs have also been combined with other processes, 

like DNA hybridisation chain reaction (HCR), to amplify the signal in colorimetric bio-sensors 

[247]. For instance, Zhang et al. used aptamer-conjugated MNPs to isolate sEVs from cell 

culture media. Subsequently, a bivalent-cholesterol-labelled DNA probe was hydrophobically 

incorporated into the sEV membrane, initiating an enzyme-linked HCR involving alkaline 

phosphatase (ALP). The ALP-mediated reduction of ascorbic acid 2-phosphate to ascorbic acid 

facilitated Ag+ reduction, resulting in silver shell formation on gold nanorods (AuNRs) and a 

colour change from pink to brown, green, or purple with increasing sEV concentration, offering 

a visually distinguishable sEV detection system [248].  

Studies have explored integrating on-chip systems with colorimetry detection platforms to 

detect sEVs sensitively [249-251]. One such application is integrated ELISA, which offers 

efficient, miniaturised platforms, enabling rapid and sensitive analyte detection, making them 

suitable for high-throughput screening and POC applications [10]. For instance, Woo et al. 

designed an 'Exodisc' platform that allowed on-chip ELISA for the detection of bladder cancer-

associated sEVs in urine. The system integrated nano-filters for sEV isolation, followed by on-

disc ELISA and absorbance measurement at 450nm using a customised detection system. The 

analysis revealed elevated CD9 and CD81 expression in diseased sEV samples compared to 

healthy controls (Fig 7b) [252]. In a similar approach, Liang et al. engineered a dual-filtration 

microfluidic device featuring two distinct membranes (200nm and 30nm pores) to effectively 
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isolate and enrich sEVs from bladder cancer urine samples. The integration of a smartphone 

camera interface facilitated sEV quantification through a microchip-based colorimetric ELISA. 

The system demonstrated a notable sensitivity of 81.3% and specificity of 90% in discerning 

sEVs originating from bladder cancer patients and those from healthy controls (Fig 7c) [218]. 

The utilisation of nanoparticles and on-chip immunoassays enables the development of highly 

sensitive and specific sEV detection systems.  
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Fig 7: Colorimetric sEV detection strategies: (a.) (left) Colorimetric Detection of sEVs based on single-
stranded DNA (ssDNA) accelerating the peroxidase-like activity of graphitic nitride nanosheets (NS). 
The ssDNA-NSs hybrid demonstrated a catalytic efficiency facilitated by robust interactions with TMB, 
resulting in a minimum fourfold increase in the reaction rate compared to unmodified NSs. (Top right) 
UV-vis absorption spectra at different concentrations of sEVs (a-k: 0, 0.19, 0.48, 0.97, 1.45, 1.93, 2.41, 
2.89, 3.38, 3.86, 4.35 × 107 particles/μL). (Bottom right) Linear relationship between net absorbance 
(652nm) and concentration of sEVs; the system achieved a LOD of 13.52 × 105 particles/μL. 
Reproduced with permission from ref [244] (b.) Exodisc is a rapid, label-free, and highly sensitive 
approach for isolating and quantifying sEVs), where it is integrated with two nanofilters, enabling 
automated sEV enrichment from both cell-culture supernatant or cancer-patient urine within 30 minutes 
using a compact centrifugal microfluidic system. Reproduced with permission from ref [253] (c.) 
Double-filtration integrated microfluidic device for efficient isolation and detection of sEVs. By 
employing size exclusion, this device selectively captures sEVs with sizes ranging from 30 to 200 nm, 
facilitating on-chip direct ELISA for efficient sEV detection and imaging using a smartphone, 
potentiating future POC applications. (Bottom right) Standard curve of microchip ELISA for detection 
of sEVs and the images of colorimetric signal at each concentration. Reproduced with permission from 
ref [254]. 

 

1.6.3. Electrochemical-based Detection 
 

Electrochemical detection involves the detection of target analytes as a result of changes in 

electrical signals like potential, current and impedance [255]. Electrochemical assays have 

shown excellent sensitivity and specificity for detecting biomolecules within complex 

matrices. These sensors allow for affordable, label-free, miniaturised sEV detection, thereby 

showing promise for potential POC systems [242]. Moreover, electrochemical sensors can be 

conveniently integrated with other systems for rapid and real-time analysis of sEV markers.  

Nanomaterials like metal oxides, QDs, and CNTs have unique properties that make them 

appealing to incorporate into these biosensor systems [256, 257]. For instance, Boriachek et al. 

reported a voltammetric immunoassay for the detection of disease-specific sEVs using 

quantum dots for signal amplification. The method involved initial magnetic capture of sEVs 

with a CD63/CD9 antibody and subsequent identification of breast and colon cancer-specific 

sEVs using quantum dots functionalised with the corresponding antibodies. Anodic stripping 

voltammetric quantification was employed to enable the sensitive detection of sEVs with a 

detection limit of 100 sEVs per μL (Fig 8a, 8b) [258]. In a more recent study, the same group 
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developed an integrated sEV isolation and electrochemical detection system using gold-loaded 

ferric oxide nanocubes (Au-NPFe2O3NCs) functionalised with CD63 antibodies. sEVs were 

initially isolated using placental choriocarcinoma cells using the magnetic nanocubes, 

following which the sEVs were transferred to screen-printed electrodes, functionalised with 

anti-placental sEV antibody. The HRP-like activity of Au-NPFe2O3NCs facilitated TMB 

oxidation, resulting in diimine formation for both visual and electrochemical detection, 

achieving a low detection limit of 103 sEVs per mL [259].  

The flexibility and simplicity of electrochemical sensors, along with their adaptability to 

miniaturised and automated systems, have driven the advancement of modified versions of 

traditional bio-analytical techniques. For instance, Dodan et al. integrated a sandwich ELISA 

format with an electrochemical immunosensor to detect and quantify sEV-associated CD9 

based on the electrochemical reduction of TMB after the addition of HRP-conjugated 

antibodies. The system operated with a minimal sample volume (1.5 µL) and achieved a LOD 

of 200 sEVs/µL [260]. In another study, Zhou et al. modified an apatsensor by immobilising 

CD63 binding aptamers onto a gold electrode within a microfluidic system. Redox labelled 

probing strands were then hybridised onto aptamer molecules on the electrode surface, and in 

the presence of sEVs, the released probing strands with redox reporters led to a diminished 

electrochemical signal. The system was successful at detecting sEVs at concentrations as low 

as 1 × 106 particles/mL, and a ~100-fold improved sensitivity compared to analogous 

immunoassays [261]. The ease of engineering aptamers to emit specific signals upon analyte 

binding allows for designing easy-to-operate detection systems that can be used in resource-

limited settings as a reliable and sensitive sEV-based diagnostic. Wang et al. leveraged the 

strengths of advanced aptamer technology, DNA-based nanostructures, and portable 

electrochemical devices to develop a nano tetrahedron (NTH)-assisted aptasensor that 

facilitates the direct capture and detection of hepatocellular sEVs. The oriented immobilisation 
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of aptamers enhanced the accessibility of a nucleobase-containing aptamer to sEVs, resulting 

in a ~100-fold higher sensitivity compared to the single-stranded aptamer-functionalized 

aptasensor (Fig 8c, 8d) [262].  

While a majority of the sEV detection strategies target sEV surface protein markers, 

electrochemical sensor strategies can also be implemented to detect sEV-associated nucleic 

acids sensitively. In that context, Wang et al. developed a highly integrated enzyme-based 

electrochemical platform using a metal-organic framework (MOF)-based sensing interface for 

comprehensive profiling of tumour-specific sEVs. The multifunctional sensing interface, 

created through MOF self-assembly on DNA-modified electrodes, efficiently collected sEVs 

from biofluids and simultaneously detected sEV-associated proteins and RNA molecules on a 

single sensor chip. The platform successfully detected sEV-miRNA-21 at concentrations as 

low as 3.6 fM in a 10 µL sample and outperformed traditional immunoassays by enabling 

multiparametric analysis of breast cancer [263] (Fig 8e, 8f). The continuous development of 

electrochemical sensors equipped with robust design architecture will allow for reliable 

profiling and sensitive detection of tumour-specific sEVs in clinical settings. 
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Fig 8: Electrochemical-based sEV detection: (a.) QD-based electrochemical detection of sEV markers. 
sEVs were first magnetically captured using a general antibody (CD63 or CD9), and subsequently, 
cancer-specific sEVs were isolated through CdSeQD-functionalized specific antibodies (FAM134B for 
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colon and HER2 for breast cancer). The quantification of disease-specific sEVs was accomplished by 
acid dissolution of CdSeQDs and subsequent anodic stripping voltammetric measurement of Cd2+. (b.) 
Square-wave anodic stripping voltammetry (SWASV) current densities at different concentrations of 
sEVs isolated from BT474 breast cancer cells. The system achieved a detection limit of 100 sEVs/µL. 
Reproduced with permission from [258] (c.) DNA-NTH assisted electrochemical aptasensor-based 
detection of EVs. The electrochemical aptasensor employed NTHs for immobilising aptamers onto gold 
electrodes, allowing the direct capture of sEVs in suspension. The facile self-assembly of DNA NTH 
and subsequent redox signal changes after aptamer immobilisation and incubation with sEVs 
demonstrated effective signal generation and amplification on the electrode. (d.)(Top right) 
Electrochemical current collection of a single-stranded aptamer and NTH-assisted aptasensor for 
detection of 1013 sEVs/mL and current signal before and after aptamer capture of sEVs for each 
electrode. (Bottom right) Calibration curve of the NTH-assisted aptasensor with sEV concentration 
ranging from 105 to 1012 sEVs/mL, achieving a LOD of 2.09 × 104 sEVs/mL. Reproduced with 
permission from ref [264] (e.) MOF functionalised sensing electrochemical interface designed to 
analyse both sEV protein and RNA markers on a single integrated chip. The study leveraged the bio-
analytical applications of ZIF-8-Modified Gold Electrode (ZIF-8/AuE) for sEV Capture and Analysis. 
(f.) (Top right) Calibration curves for quantifying MCF-7 sEVs with the dashed line (inset) indicating 
the LOD of the sensor and profiling of four protein markers on multiple cell-derived sEVs. (Bottom 
right) Calibration curve of quantifying miR-21 and detection of sEV-miR-21 in MCF-7 and MCF-10A 
sEVs at different concentrations. Reproduced with permission from ref [263].  

 

1.6.4. Surface-Enhanced Raman Scattering (SERS) based detection 
 

SERS is a spectroscopic technique based on plasmonics that employs a laser and leverages the 

optical properties of metallic nanostructures to extract detailed chemical information from 

molecules adsorbed or attached to them. SERS strengthens Raman scattering by molecules 

adsorbed on rough metal surfaces or by nanostructures [265, 266]. There are two main 

enhancement modes of SERS, namely electromagnetic enhancement and chemical 

enhancement. The former is attributed to a local increase in the electromagnetic field induced 

by surface plasmon resonance; the latter is achieved by charge transfer between a metal 

nanoparticle and target molecule [267]. SERS is a highly effective and selective analytical 

method and has attracted attention in sEV detection due to its high sensitivity and multiplex 

detection capability [268, 269]. SERS detection strategies, with robust Raman spectra and 

customisable nanostructured substrates, are well-suited for obtaining high-quality signals from 

sEV-associated surface proteins and internalised nucleic acids, enabling comprehensive 
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diagnostic information extraction through single-molecule detection and efficient multiplexing 

capabilities [267].  

SERS biosensors achieve high performance when integrated with nanomaterials and 

nanostructures. Zong et al. was the first study to report a SERS-based approach to detect 

tumour-specific sEVs. Utilising magnetic beads and SERS functionalised with specific 

antibodies targeting CD63 and the tumoral marker HER2, the method formed a sandwich-type 

immunocomplex in the presence of sEVs. Employing magnetic beads to separate sEVs from 

the cell media facilitated the detection of SERS signals in the isolated sEVs, achieving specific 

detection of sEVs at a detection limit of 6 × 104 sEVs per mL [270]. In a more recent study, 

Wang et al. integrated aptamers instead of antibodies in a SERS platform to simultaneously 

detect multiple sEVs. Silica-coated magnetic beads functionalised with CD63 aptamers 

captured sEVs, while SERS probes (AuNP@aptamer) with different reporters were synthesised 

for multiplexing. The sensor achieved a detection limit of ~103 sEVs across multiple sEV types 

and successfully distinguished cancer-specific sEVs from healthy patient sEVs (Fig 9a, 9b) 

[271]. 

SERS based sensors have also explored the detection of sEVs in a label-free approach without 

using antibodies or aptamers to recognise sEVs. For instance, Lee et al. designed a 3D nano 

bowl SERS system based on the thin silver film for time-dependent detection of SKOV3-

derived EVs [272]. In a more recent study, Dong et al. designed a bee-hive resembling an Au-

coated TiO2 macroporous inverse opal (MIO) structure, leveraging a tailored "slow light effect" 

for enhanced SERS performance. This MIO structure enabled label-free capture and analysis 

of sEVs from cancer patients' plasma, with the SERS intensity of the 1087 cm–1 peak serving 

as a diagnostic criterion for tumor liquid biopsies. The system achieved at least a twofold 

increase in the 1087 cm–1 SERS peak intensity for sEVs from cancer patients compared to 

healthy patients, establishing the method's simplicity and versatility in cancer diagnostics 
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[273]. Apart from sEV surface protein markers, the clinical significance of sEV-nucleic acids 

has also inspired the application of SERS sensors towards the sensitive detection of sEV-

miRNAs [75, 79]. 

SERS systems have also been combined with microfluidic platforms in integrated sensors to 

facilitate the separation and detection of sEVs, while ensuring high purity, high efficiency and 

sensitive detection of sEVs [99, 274, 275]. Integrated SERS systems have applied both label-

based and label-free approaches to detect sEV markers [251-253] sensitively. Recently, Zhao 

et al. targeted sEV-miRNA to develop an integrated SERS sensor, which employed an RCA 

and tyramine signal amplification (TSA) strategy. The system integrated a magnetic 

enrichment chamber, a serpentine fluid mixer, and a plasmonic SERS substrate with capture 

probes. In the presence of target miRNA, the capture probes triggered RCA, leading to 

tyramine cascade amplification, generating multiple 'hot spots' and significantly enhancing 

SERS signals. The system successfully detected miR-21 in breast cancer cell-derived sEVs, 

with a detection limit of 1 pmol/L (Fig 9c, 9d) [276].  
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Fig 9: SERS based sEV detection: (a.) Screening and detection of multiple cancer specific sEVs using 
a SERS based sensor. The study used magnetic substrates and SERS probes for the simultaneous and 
multiple detection of sEVs. The gold shell magnetic nanobeads modified with aptamers served as 
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capturing substrates, recognising sEV through the surface protein CD63, while gold nanoparticles with 
specific aptamers acted as SERS probes for different sEVs types, generating a decreased SERS signal 
intensity in the presence of the target sEVs. (b.) (Top) SERS spectra of the supernatant after adding 
SKBR3 sEVs at different concentrations. (Bottom) The change in intensity of the 1326 cm-1 band of 
the spectra was recorded at different sEV concentrations; the system achieved a detection limit of 32 
SKBR3 sEVs/µL. Reproduced with permission from ref [271] (c.) Schematic of an integrated SERS 
sensor for detecting sEV miRNA with nucleic acid-tyramine cascade amplification.  The chip integrated 
a magnetic enrichment chamber, a serpentine fluidic mixer, and a plasmonic SERS substrate with 
capture probes. The released miRNA initiated a cascade, including RCA reaction and catalyzed nanotag 
deposition via TSA, creating abundant "hot spots" to amplify SERS signals. (d.) (Left) SERS 
measurements of DmiR-21 at various concentrations. (Right) Linear relationship between signal 
intensity of the band at 1583cm-1 and DmiR-21 concentrations, achieving a detection limit of 1pmol/L. 
Reproduced with permission from ref [276]. 

 

1.6.5. Surface Plasmon Resonance (SPR) Detection 
 

SPR is a resonant oscillation of conduction electrons at the interface between a negative and a 

positive dielectric constant material under stimulation by incident light. This oscillation is very 

sensitive to changes resulting from the interaction of molecules on the conductive surface, 

making them suitable for application in biosensors [277, 278]. The high sensitivity and rapid 

label-free detection of sEVs using SPR-based methods make them suitable for implementation 

in sEV-based liquid biopsy systems [279]. One of the best examples of an SPR-based platform 

employed towards sEV detection was a nanoplasmonic sEV (nPLEX) sensor designed by Im 

et al., where the sensor featured periodic nanohole arrays in a gold film strategically designed 

for matching sEV dimensions (<200 nm) and facilitating enhanced sensitivity. Employing a 

multichannel microfluidic system, the sensor integrated PEG passivation and anti-CD63 

antibody functionalisation, enabling high-throughput analyses. The sensor was successful at 

detecting CaOV3 sEVs at a detection limit of ~3000 sEVs, which was a ~102-fold 

improvement over parallelly conducted ELISA analyses. The study also demonstrated a ~300% 

enhanced signal intensity by using AuNPs as secondary labels [97]. In another study, Zhu et 

al. designed an integrated microfluidic chip that facilitated real-time quantitative detection of 

tumour derived sEVs. The system combined SPR imaging with antibody microarrays specific 
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to the extracellular domains of sEV markers and accurately quantified multiple sEV markers, 

reaching a detection limit of ~4.87 × 107 sEVs/cm2 with a throughput of 300µL/min [280]. 

Similar systems combining antibody immunoaffinity approaches within SPR-based detection 

platforms have proven successful in detecting both structural and disease-specific surface 

markers on sEVs with high sensitivity [278, 281-283].  

1.6.6. Single EV analysis 
 

The identification of sEV subpopulations in a background of heterogenous EVs is difficult by 

analytical methods relying on bulk EV measurements for EV analysis. Intrinsic heterogeneity 

is one of the main hindrances to sEV analysis in biofluids. Single EV detection allows for more 

accurate information on tumour progression and would be immensely valuable for early 

detection and assessing tumour heterogeneity and phenotypic variations [45]. Microfluidics 

have permitted automated and integrated systems to compartment samples into single EV 

resolution, minimising sample consumption and enhancing sensitivity [284]. Several 

microfluidic applications have been implemented towards EV analysis both at the single-cell 

and single-vesicle level, including microwell/chamber-based systems [192, 260-262], 

microchannel-based systems [263, 264] and droplet-based-microfluidics [205, 285].    

Digital techniques like digital PCR (dPCR) and digital ELISA have enabled ultrasensitive 

digital detection of single molecules, making them suitable for single EV analysis. These 

methods generally quantify the fluorescence signals from spatially isolated labelled beads [286-

289]. However, these strategies individually are unable to achieve the sensitivity to detect single 

EVs and the specificity to differentiate specific/rare EV subsets based on their surface protein 

expression. Lin et al. integrated digital droplet PCR with aptamer-based proximity ligation 

assay for digital quantification of sEV-associated PD-L1. The study exploited the high binding 

affinity and selectivity of aptamers combined with the sensitivity of droplet digital PCR 
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(ddPCR) to sensitively quantitate tumour-derived sEV-associated PD-L1 at a detection limit of 

0.0735 pg/mL [290]. Integrated ELISA strategies have also been explored to achieve 

ultrasensitive detection of sEVs and specific EV subpopulations. Liu et al. developed an 

immunomagnetic droplet system to quantify the number of sEVs (ExoELISA). EVs were 

anchored to the magnetic micro-beads through a sandwich ELISA with a fluorescent enzymatic 

reporter. The fluid volume in a droplet was enough to encapsulate a single bead. The droplet-

based digital ELISA system allowed for very accurate sEV detection and could detect as low 

as 10EVs/µL. The study also accurately quantified GPC-1+ sEVs in plasma samples in breast 

cancer samples and differentiated them from healthy controls (Fig 10a) [205]. More recently, 

a droplet-based optofluidic digital ELISA system was reported to quantify specific EV 

subpopulations at a throughput 100 times greater than typical microfluidics (~20 million 

droplets/minute). The system implemented parallelisation of droplet generation, processing 

and analysis to achieve an ultrasensitive detection limit of 9EVs/µL, which is ~100 times more 

sensitive than conventional gold standard methods (Fig 10b) [291]. These studies demonstrate 

the potential of microfluidics to develop a powerful single EV analysis approach to investigate 

the heterogeneity of EVs. Single-molecule arrays (SiMoA) have established themselves as an 

ultrasensitive digital ELISA platform that can detect single protein molecules in complex 

samples [289, 292] and has been implemented to sensitively detect EVs in cell-derived and 

plasma samples at single EV resolutions [80]. Future studies should explore the integration of 

the SiMoA technology with EV separation strategies to achieve integrated sEV isolation from 

complex sample types that facilitate enhanced detection sensitivity of sEVs. 

Integrated digital systems have also been combined with microfluidic systems to facilitate the 

detection of EVs at the single vesicle resolution [293, 294]. Lee et al. integrated an inverted 

microscope setup with a scientific complementary metal oxide semiconductor (sCMOS) 

camera in a microfluidic chip to facilitate multiplexed profiling of single sEVs. The system 
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allowed for stable capture of EVs and on-chip immune-staining and imaging of immobilised 

EVs in the microfluidic chamber. The imaging cycles were repeated for multiple target 

biomarkers over multiple rounds and was successful at realising multiplexed analysis of 11 

different surface proteins on individual EVs derived from a glioblastoma cell line [295]. Raghu 

et al. implemented a similar imaging setup in an SPR-based microfluidic chip to achieve label-

free and multiplexed single sEV detection. The study implemented a nano-sensing array 

tailored towards single sEV detection and achieved three orders magnitude of improved 

sensitivity compared to previously reported real time, multiplexed platforms [296]. The major 

hindrance in single EV detection systems is the relatively low abundance of specific surface 

proteins. Since amplification of the target protein in single EVs is not possible, studies have 

explored strategies where protein profiles are transformed to DNA sequences followed by 

sequencing to characterise proteins of EVs [285, 294]. Ko et al. devised an antibody-based 

immune-sequencing system that facilitated multiplexed analysis of proteins from individual 

EVs. The study incorporated droplet microfluidics to compartmentalise and individual EVs. 

Following this, the barcodes/antibody-DNA are sequenced to profile protein composition 

allowing for highly sensitive, multiplexed detection of specific proteins at the single EV 

resolution [285]. The system provides an improvement in throughput compared to analogous 

approaches and can be implemented to profile large numbers of EVs, making them scalable 

and applicable in the profiling of rare proteins in diverse nanoparticles [294].  
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Fig 10: (a.) Schematic of the droplet digital ExoELISA for sEV quantification. Magnetic beads 
construct a single sEV immunocomplex and the microdroplets encapsulate both the substrate and beads. 
The ExoELISA chip employs droplet digital technology to counting positive droplets with target sEVs 
is achieved through fluorescent readout. The calibration curve shows the dynamic range of sEV 
concentrations across 5 orders of magnitude. The system achived a detection limit if 10 sEVs/µL 
(indicated by red dash line). Reproduced with permission from ref [205]. (b.) High throughput droplet 
digital ELISA for sEV analysis. The platform parallelised droplet generation, detection and digital 
analysis to achieve an ultrasensitive detection limit of 9EVs/µL, a ~100× improvement over gold 
standard methods. Reproduced with permission from [297]. 
 
 

1.6.7. Lateral Flow Immunoassays for sEV detection 

 

Lateral flow assays (LFAs) have emerged as a widely recognised and adaptable technology for 

rapidly identifying target analytes. Particularly well-suited for point-of-care diagnostics (POC), 

they offer numerous benefits in contrast to alternative analytical approaches. Notably, their 
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rapid and economical characteristics make them advantageous, requiring no sophisticated 

equipment [298]. In a typical LFA setup, the sample is introduced onto the sample pad and 

moves through capillarity to the conjugate pad. At this stage, the analyte in the sample interacts 

with a conjugate consisting of a detection antibody linked to relevant nanoparticles (Fig 9a) 

[299, 300]. The resulting complex travels across the nitrocellulose membrane, where the 

analyte is recognised by the capture antibody immobilised at the test line. Simultaneously, any 

excess substance reaches the control line, where a secondary antibody is immobilised to 

confirm the proper functioning of the test. In summary, the test and control lines display 

positive results if the target analyte is present in the sample. Conversely, if the analyte is absent, 

only the control line registers a positive outcome (Fig 11a). The most prominent illustration of 

this bioanalytical approach is demonstrated by the human pregnancy test, which operates by 

detecting human Chorionic Gonadotropin (hCG) in urine [301, 302]. 

The simplicity in operation and rapid identification of target analytes have motivated the 

implementation of LFAs towards the detection of sEV markers. Oliveira-Rodriguez et al. was 

among the earliest to facilitate LFA-based detection of tetrasparins as targets from purified 

sEVs from cell culture supernatants of Ma-Mel-86c melanoma cells. The study used 40nm gold 

nanoparticles (AuNPs)-conjugated anti-CD63 as detection antibody and a combination of anti-

CD9 and anti-CD81 as capture antibodies to detect 8.54 × 108 sEVs per mL. The study was 

also successful at sEV markers on sEVs isolated from plasma and urine samples [215]. Cobo 

et al. demonstrating a similar strategy of AuNP-labelled LFAs, to detect the tumour-derived 

antigen MICA in sEVs, marking a novel application in LFA. The study highlighted crucial 

optimisation strategies in the context of LFAs, including addressing competition events and 

steric effects, to target scarce proteins like MICA with the detection antibodies on AuNPs, and 

facilitate improved detection limits [303]. Studies have also assessed the comparative 

performance of diverse nanoparticles in LFAs, including AuNPs, Carbon Black dots and 
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magnetic nanoparticles (MNPs), with the AuNPs showing superior performance, specifically 

in the context of ease of functionalisation and better linear range fitting [304, 305]. The 

sensitivity of LFAs can also be improved by signal enhancement of the nanoprobes. Towards 

this, Dong et al. combined the simple, rapid quantification of LFAs with a membrane 

biotinylation strategy by labelling sEVs with a biotin-tagged DSE-PEGbiotin, forming a 

complex with streptavidin-conjugated fluorescent nanospheres (FNs-SA) for detection. 

Streptavidin deposition at the LFA test strip's test line facilitated the interaction, enabling the 

testing of Cal-27 cell-derived sEVs with a minimal detectable concentration of 2.0 × 106 

particles per mL (Fig 11b) [306]. In another signal enhancement technique, Wang et al. 

integrated Fe3O4 nanozymes in an LFA format to detect sEVs. Iron oxide superparamagnetic 

nanoparticles (Fe3O4 MNPs), known for their peroxidase-like capabilities, were coated with 

oleic acid and employed as colorimetric labels and LFA strips were immersed into TMB and 

H2O2 mixed solution to facilitate signal amplification. This strategy significantly enhanced 

visual signals and reduced the detection limit from 5.73 × 107 EVs/μL to 2.49 × 107 EVs/μL 

[307]. 

Apart from optimising assay and nanoparticle-probe conditions and chemical/signal 

enhancement used in LFAs, studies have also implemented pre-concentration and pre-

amplification steps to facilitate sample enrichment and enhanced detection sensitivity. While 

pre-concentration steps have facilitated improved detection of sEV-proteins [308], the pre-

amplification step is more relevant for detection of sEV-nucleic acids. In that context, Kim et 

al. presented a DNA barcode-based nucleic acid LFA (NALFA) for the identification of 

colorectal cancer-specific sEV-miRNA. The study integrated reverse transcription with a stem-

loop primer to amplify the target RNA, and the technology generated a colorimetric signal 

exclusively in the presence of target sEV-miRNA. The system also achieved 95.24% sensitivity 

and 100% specificity in the detection of target miRNA in sEVs isolated from plasma samples 



 

60 
 

(Fig 11c) [309]. As an alternative to traditional LFAs, Wang et al. developed a competitive 

LFA that relies on a CD63 aptamer-functionalised AuNP format, where in the presence of sEV-

CD63, the interaction between the aptamer on AuNPs and sEV-CD63 prevented binding to the 

test line. In the absence of sEV-CD63, the AuNPs@aptamer interacted with the complementary 

aptamer present at the test line to generate a positive signal. The system achieved a detection 

limit of 6.4 × 108 particles per mL for lung carcinoma A459 cell-derived sEVs, but further 

refinement is needed, such as validating with a control line on test strips, managing AuNP 

aggregation, and enhancing reproducibility during strip assembly [310].  

However, a majority of the LFA strategies involve colorimetric interpretation, which have 

limited sensitivity in the absence of pre-treatment and/or signal enhancement and do not allow 

quantitative detection of target analytes [311, 312]. Overcoming these constraints can be 

achieved by incorporating highly stable and sensitive fluorescent nanoparticles into LFAs, 

facilitating the development of robust quantitative analytical assays. Lanthanide-doped 

upconversion nanoparticles (UCNPs) are especially valuable in this context, exhibiting the 

ability to merge lower-energy photons into a higher-energy photon, making them well-suited 

for single-molecule biosensing and bioimaging applications [177]. The nonbleaching, 

nonblinking, and anti-Stokes emissions of UCNPs, along with their adjustable colours, position 

them as ideal probes for multiplexed assays. The application of UCNP-based LFAs in various 

studies has demonstrated improved accuracy and sensitivity in detecting disease-specific target 

biomarkers, showcasing significant potential for point-of-care testing applications [313-317].  

The application of UCNP-based LFAs in various studies has demonstrated improved accuracy 

and sensitivity in detecting disease-specific target biomarkers, showcasing significant potential 

for POCT applications [318-321].  
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Fig 11: LFA based detection of sEV protein markers or nucleic acids (a.) Schematic representation of 
a sandwich LFA. Approaches aimed at enhancing the sensitivity of LFAs include sample enrichment 
techniques, allowing for preconcentration and amplification of analytes to improve detection limits, as 
well as signal amplification methods, involving chemical enhancements or the incorporation of readers 
to directly enhance LFA signals. Reproduced with permission from ref [322] (b.) Combining membrane 
biotinylating strategy and FNs-based LFA for simple and rapid sEV. T line and C line were immobilised 
with streptavidin (SA) and biotin respectively. Reproduced with permission from ref [306] (c.) 
Schematic illustration of the DNA barcode-based nucleic acid LFA (NALFA) for the analysis of 
multiple sEV miRNA markers on a single LFA strip. The system successfully identified miR-92a and 
miR-141 in colorectal cancer sEVs, generating a colorimetric signal discernible to the naked eye only 
in the presence of the target sEV miRNA. Reproduced with permission from ref [309]. 
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Table 2: Summary of nanoparticle-based and integrated sEV detection platforms  

 

Methods sEV sources sEV targets Sensing mechanism Detection limit Ref. 

Fluorescence 
Detection 

Cell culture 
supernatant/pancreatic 
cancer serum CD63 

CD63 antibody-functionalized EXOchip; 
Fluorescent carbocyanine dye (DiO) Not Specified  [223] 

Breast Cancer Cell 
culture 
supernatant/Samples EpCAM, Her2 

Microfluidic Immunomagnetic Capture and 
Fluorescent Detection Not Specified  [224] 

Cell culture 
supernatant/clinical 
samples PD-L1 

Magnetic Beads Isolation and Fluorescence 
Detection 10.76 sEVs/μL [226] 

Cell Culture 
Supernatant CD63 Copper-mediated Signal Amplification 4.8 × 104 particles/μL [231] 
Cell Culture 
Supernatant CD63 

DNP-AuNP Satellite Network and aptamer-
based Rolling Circle Amplification ∼105 particles/μL [232] 

Cell Culture 
Supernatant sEV-miR-21 

Microfluidic Exponential Rolling Circle 
Amplification <10 zeptomole; 2 × 106 sEVs [237] 

Cell Culture 
Supernatant 

sEV-miR-21, sEV-
miR-375, sEV-miR-
27a 

Molecular beacons and fluorophore-based 
multiplexed detection of sEV-miRNAs Not Specified  [238] 

Cell Culture 
Supernatant/Pancreatic 
Cancer Serum sEV-GPC-1 mRNA 

Signal-amplifiable biochip based on Lipid-
Polymer Hybrid NPs (LPHNs) containing 
catalysed hairpin DNA Circuit (CHDC) 0.01 pg (0.46 amol) [240] 

Cell Culture 
Supernatant/Lung 
Cancer Sera 

sEV-miR-21, sEV-
TTF-1 mRNA 

Immuno-biochip-based isolation of sEVs 
and quantification of sEV-RNA using 
cationic lipoplexes containing molecular 
beacons Not Specified  [241] 
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Colorimetric 
Detection 

Cell Culture 
Supernatant CD63 

Aptasensor based on DNA-capped single-
walled carbon nanotubes catalysing H2O2-
based TMB oxidation 5.2 × 105 particles/μL [243] 

Cell Culture 
Supernatant CD63 

ssDNA-based enhancement of peroxidase-
like activity (TMB oxidation) of graphitic 
carbon nitride nanosheets 13.52 × 105 particles/μL [244] 

Cell Culture 
Supernatant/Breast 
Cancer Samples CD63 

Dual Signal Amplification Strategy of 
Enzyme-Catalyzed Metallization of Au 
Nanorods and Hybridization Chain Reaction 9 × 103 particles/μL [248] 

Cell Culture 
Supernatant/Bladder 
Cancer Samples CD9, CD81 

ExoDisc: On-Chip TMB-based ELISA 
detection of sEV Not Specified  [253] 

Electrochemical 
Detection 

 

Cell Culture 
Supernatant CD63 

Direct Isolation and Sensitive Detection of 
sEVs using Gold-Loaded Nanoporous 
Ferric Oxide Nanozymes 103 sEVs/mL [249] 

Cell Culture 
Supernatant CD9 

Electrochemical Sandwich Immunosensor 
Based on Surface Marker-Mediated Signal 
Amplification 103 particles/μL [260] 

Cell Culture 
Supernatant CD63 Aptamer based electrochemical detection 106 particles/mL [261] 

Cell Culture 
Supernatant EpCAM 

Aptasensor with Expanded Nucleotide 
Using DNA Nanotetrahedra for 
Electrochemical Detection 2.09 × 104 sEVs/mL [262] 

Cell Culture 
Supernatant/Breast 
Cancer Samples 

Her-2, EpCAM; 
sEV-miR-21 

Metal–Organic Framework-Based Sensing 
Interface and an Enzyme-Based 
Electrochemical Logic Platform 2.3 × 106 sEVs/mL; 3.6 fM [263] 

SERS based 
detection 

Cell Culture 
Supernatant CD63, Her-2 

Magnetic nanobeads and SERS probes 
based sEV detection ~1200 sEVs [270] 

Cell Culture 
Supernatant CD63 Magnetic substrates and SERS probes ~203 sEVs/µL [271] 
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Plasma of cancer 
patients 

Label-free sEV 
detection 

Beehives-like Au-coated TiO2 macroporous 
inverse opal Not Specified  [323] 

Cell Culture 
Supernatant/Lung 
Cancer Samples sEV-miR-21 

Combination of SERS reporter element and 
duplex-specific nuclease (DSN)-
assisted signal amplification ~5 fM [79] 

Cell Culture 
Supernatant sEV-miR-21 

Microfluidic SERS sensor for miRNA in 
sEVs with nucleic acid-tyramine cascade 
amplification 1 pmol/L [276] 

SPR Detection 

Cell Culture 
Supernatant CD24, EpCAM 

Nano-plasmonic exosome (nPLEX) assay 
based on transmission surface plasmon 
resonance through periodic nanohole arrays ~3000 sEVs (670 aM) [97] 

Cell Culture 
Supernatant/Breast 
Cancer Samples Her-2 

Label-free approach for on-chip profiling of 
sEVs using a SPR sensor 2070 sEVs/μL [281] 

Multiple Myeloma 
Patient Samples 

Label-free sEV 
detection 

Merging colloidal nanoplasmonics and 
surface plasmon resonance spectroscopy ~10 pM [283] 

Single EV 
Detection 

Cell Culture 
Supernatant/Breast 
Cancer Samples GPC-1 Droplet Digital ExoELISA ∼10 sEVs/μL [205] 
Cell Culture 
Supernatant/Human 
Plasma Samples CD81 

Droplet-based optofluidic platform for 
single sEV detection 9 EVs/μL [297] 

Cell Culture 
Supernatant 

CD9, CD63, CD81, 
EGFR, PD-L1, PD-
L2 

Microfluidic multiplexed profiling of single 
Evs Not Specified  [295] 

Lateral Flow 
Assay based sEV 

detection 
Cell Culture 
Supernatant CD9, CD81, CD63 Gold Nanoparticle based Lateral flow Assay 8.54 × 105 sEVs/µL [215] 
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Cell Culture 
Supernatant MICA, CD9 Gold Nanoparticle based Lateral flow Assay Not Specified [303] 

 

Cell Culture 
Supernatant CD63, CD147 

Magnetic Nanoparticle based Lateral Flow 
Assay ~107 EVs/µL [324] 

Cell Culture 
Supernatant Biotin tagged EVs 

Membrane biotinylation strategy coupled 
with fluorescent nanospheres-based lateral 
flow assay 2 × 103 particles/μL [306] 

Plasma Samples CD63, CD9 
Nanozyme-Based Lateral Flow 
Immunoassay 2.49 × 107 EVs/μl [325] 

 

Cell Culture 
Supernatant/Colorectal 
Cancer Samples 

sEV-miR-345, sEV-
miR-92a, sEV-miR-
141 

DNA barcode-based nucleic acid lateral 
flow assay Not Specified [309] 
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Table 2 comprehensively compares nanoparticle-based and integrated platforms for sEV 

detection, showcasing their strengths and applications (Table 2). Fluorescence-based detection 

remains one of the most widely employed approaches due to its high sensitivity and versatility, 

particularly for multiplexed analyses of sEV proteins and nucleic acids. Colorimetric strategies, 

while practical and cost-effective, can achieve comparable sensitivity through advanced signal 

amplification strategies. Electrochemical platforms demonstrate enhanced sensitivity, with 

detection limits as low as ~10³ sEVs/mL, offering robust quantification and suitability for 

profiling low-abundance sEV markers. Similarly, SERS-based methods exhibit exceptional 

sensitivity (~10² sEVs/μL) and enable detailed molecular profiling, though their reliance on 

specialized equipment limits their clinical implementation. Single sEV detection platforms are 

particularly valuable for characterising the heterogeneity of sEV populations, achieving 

unparalleled sensitivity (~10 sEVs/μL) and enabling detailed molecular analysis at the single-

vesicle level. Among these methods, LFAs and nanoparticle-based immunoassays stand out 

for their potential to be developed into POC sEV diagnostic systems. Their rapid, user-friendly 

design and compatibility with minimal instrumentation make them particularly suitable for 

integration into clinical settings, offering a promising pathway for accessible and reliable sEV 

detection systems. 

1.7. UCNPs in bio-sensing applications 
 

UCNPs, recognised as a prominent luminescent nanomaterial in biomedicine fields, offer 

unique advantages for fluorescence detection (Fig 12) [326, 327]. The anti-Stokes process of 

upconversion luminescence (UCL), converting longer-wavelength light into shorter-

wavelength light through photon energy transfer, particularly stands out [328, 329]. 

Lanthanide-doped UCNPs, especially under near-infrared (NIR) light, exhibit distinctive UCL 

properties such as sharp emission lines, substantial anti-Stokes shift, extended lifetimes, non-
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blinking, and remarkable photostability. The NIR light used for UCNPs excitation has 

advantages like low phototoxicity, deep penetration, minimal photobleaching, and weak 

autofluorescence [202, 328]. These outstanding features make NIR-excited UCNPs highly 

sought-after in fluorescence detection, garnering substantial research interest. 

Comparatively, UCNPs offer unique advantages over other approaches like small molecules 

and gene coding. While small molecules have been used to detect biomarkers, their stability in 

the physiological environment is often compromised due to a lack of biocompatibility [330, 

331]. In contrast, UCNPs, with reasonable modification, remain biocompatible and can 

effectively carry small molecules, making them suitable for constructing highly stable and 

sensitive biosensors [332]. Moreover, UCNP-based sensing devices can identify analytes by 

detecting luminescence intensity, offering ease of manufacturing and adaptability to various 

scenarios. Additionally, UCNPs, being biocompatible, can enter various cell types, making 

them a focus of research for nanocarriers loaded with components that facilitate precise tumour 

targeting [201, 333]. 
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Fig 12: Range of potential applications of UCNPs in bioanalytical and medical sciences. Reproduced 
with permission from [334]. 

 

1.7.1. UCNP Mechanism and Synthesis 
 

The lanthanide (Ln) ions in UCNPs arise from electronic transitions within the 4f orbitals. 

These transitions are intraconfigurational (4f-4f) and are shielded from external influences by 

the outer 5s and 5p orbitals, giving rise to highly distinctive and stable emission characteristics 

[188, 335]. Each Ln ion has a ‘signature’ emission spectrum defined by its specific electronic 

energy levels, making them highly valuable in diverse applications like bioimaging, sensing, 

and photonics [336-338].  

Lanthanides exhibit sharp, narrow emission peaks due to discrete 4f electronic transitions, with 

highly specific spectra for each ion, such as Eu³⁺ (~615 nm) and Tb³⁺ (~545 nm), enabling 
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precise multiplexing in imaging and biosensing [339]. Their long-lived excited states, lasting 

milliseconds to microseconds, facilitate time-resolved fluorescence techniques, reducing 

background interference in biological assays [340]. Lanthanides also feature anti-Stokes 

emission, minimising spectral overlap and converting low-energy NIR light to higher-energy 

visible or UV light for applications like deep-tissue imaging [341]. Additionally, their high 

photostability, resulting from the shielding of 4f orbitals by outer 5s and 5p orbitals, makes 

them suitable for long-term and consistent performance [342]. 

UCNPs are composed of multiple integral elements, among which is a host lattice that serves 

as a conducting structure, doped with activator and sensitiser ions for the transfer of energy 

[202]. The UCNP-emitted light can also be customised by altering the dopants, thus 

potentiating the development of multiplexing assays. In contrast to luminescence processes 

typically involving a single electron transitioning from the ground state to the excited state, 

UCNPs employ multiple low-energy photons to produce high-energy emissions [343].  

Signature Emission Spectra of Key Lanthanide Ions in UCNPs 

Eu³⁺ (Europium): Eu³⁺ is known for its bright red luminescence and exhibits sharp emission 

lines, the most prominent being at ~615 nm (5D₀ → 7F₂). This transition is hypersensitive to 

the surrounding environment, making Eu³⁺ a valuable probe for monitoring chemical changes 

or binding events [339, 344]. 

Tb³⁺ (Terbium): Tb³⁺ emits intense green luminescence, with the most prominent transition at 

~545 nm (5D₄ → 7F₅). Its high quantum efficiency makes it suitable for applications requiring 

bright and stable green emission [345, 346]. 
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Er³⁺ (Erbium): Er³⁺ is commonly used in upconversion applications, emitting green (~525 nm, 

2H₁₁/₂ → 4I₁₅/₂; ~550 nm, 4S₃/₂ → 4I₁₅/₂) and red light (~655 nm, 4F₉/₂ → 4I₁₅/₂) upon NIR 

excitation. These emissions are useful in bioimaging and photonics [341, 347]. 

Tm³⁺ (Thulium): Tm³⁺ also features prominently in upconversion systems, emitting blue (~450 

nm, 1D₂ → 3F₄) and NIR light (~800 nm, 3H₄ → 3H₆). Its distinct emission peaks make it ideal 

for multiplexed imaging [348, 349].  

Yb³⁺ (Ytterbium): Yb³⁺ is primarily used as a sensitiser in upconversion processes due to its 

strong absorption of NIR light (~980 nm, 2F₇/₂ → 2F₅/₂) and efficient energy transfer to activator 

ions like Er³⁺ or Tm³⁺. While its own emission is weak (NIR ~1000 nm), it plays a crucial role 

in driving upconversion luminescence [340, 350].  

Lanthanide-doped nanoparticles undergo upconversion primarily through excited state 

absorption (ESA) and energy transfer upconversion (ETU). Activators such as Er3+, Tm3+, and 

Ho3+ are commonly utilised for their capacity to produce visible optical emissions at low 

excitation power densities, with Yb3+ serving as a widely employed sensitiser due to its 

straightforward two-energy level system and significant absorption cross-section at ~ 980 nm 

(Fig 13) [351]. Lanthanide-doped UCNPs can be synthesised using various methods, each 

offering specific advantages in controlling size, morphology, and luminescent properties. 

Thermal decomposition involves the thermal breakdown of lanthanide precursors with 

surfactants, producing highly monodisperse nanoparticles with controlled sizes [352, 353]. 

Hydrothermal synthesis uses lanthanide salts in an aqueous solution under high temperature 

and pressure, resulting in nanoparticles with uniform morphology and crystalline phases [354]. 

Coprecipitation involves mixing lanthanide chlorides with sodium hydroxide and ammonium 

fluoride in methanolic solutions, precipitating UCNPs with desirable structural and optical 

characteristics [355]. 
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Fig 13: The diagram illustrates the anti-Stokes processes in UCNPs of NaYF4: Yb,Er/Tm, depicting the 
absorption of near-infrared (NIR) light by the sensitizer ion Yb3+ and the subsequent emission of visible 
or NIR light by the activator ions Er3+ or Tm3+. These ions are incorporated within a hexagonal 
nanocrystal structure of NaYF4, with full arrows representing radiative transitions, dotted arrows 
indicating non-radiative energy transfer, and curled arrows denoting multiphoton relaxation. 
Reproduced with permission from ref [356]. 

 

Achieving high upconversion efficiency in UCNPs requires co-doping sensitiser and activator 

ions with closely matched intermediate-excited states [357, 358]. Increasing the doping 

concentration can initially enhance emission brightness and luminescence by shortening the 

sensitizer-to-activator distance and increasing the number of photon sensitisers and emitters 

[359]. However, surpassing a critical concentration threshold leads to concentration quenching, 
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where excessive dopant levels disrupt the cascade energy transfer process. This results in 

energy migration among closely spaced ions and significant non-radiative losses, ultimately 

reducing luminescence efficiency [359-361]. Several strategies have been developed to 

overcome concentration quenching [361, 362]. One approach involves coating the luminescent 

core of UCNPs with an inert shell to shield it from surface quenchers, effectively minimising 

energy loss and preserving emission intensity [360]. Another method is increasing excitation 

power density, where high-power lasers or focused photon flux are used to excite more ions, 

reducing energy loss to ground-state ions and enhancing luminescence in highly doped UCNPs 

[363, 364]. The third strategy targets uniform dopant distribution to prevent local concentration 

quenching from clustering [365]. Techniques like layer-by-layer hot injection ensure precise 

dopant placement, optimise spacing, enhance energy transfer, and minimise non-radiative 

losses, enabling brighter, more efficient UCNPs [359, 365]. 

In this thesis, we synthesised core and core-shell NaYF₄:40%Yb³⁺, 4%Er³⁺ nanoparticles using 

a standard co-precipitation procedure, allowing for cost-effective, straightforward synthesis 

while facilitating the consistent production of uniformly sized nanoparticles. The high doping 

concentration of Yb³⁺ is critical, as it serves as an efficient sensitiser, absorbing near-infrared 

(NIR) light at approximately 980 nm and transferring energy to Er³⁺ ions. This energy transfer 

process underpins the strong upconversion luminescence of the system [366]. Yb³⁺ possesses 

a high absorption cross-section in the NIR region, enabling effective excitation and enhancing 

overall luminescence performance [367]. Early work, such as that by Li et al., demonstrated 

the synthesis of Yb/Er-doped UCNPs, highlighting the importance of high Yb³⁺ and moderate 

Er³⁺ doping levels for optimal upconversion luminescence [368]. These doping concentrations 

have been successfully employed in various studies as luminescent probes for precisely 

detecting specific analytes [366, 369]. The exact composition of NaYF₄:40%Yb³⁺, 4%Er³⁺ has 
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previously been synthesised within our group and applied specifically in UCNP-LFA systems, 

demonstrating its utility in biosensing platforms [370, 371]. 

1.7.2. Surface Modification of UCNPs 
 

Most UCNPs are prepared in organic solvents and capped with hydrophobic ligands, such as 

oleic acid, which render them hydrophobic and dispersible only in solvents like chloroform 

and hexane. A crucial step to render them suitable for biomedical applications involves surface 

modification to achieve a hydrophilic composition [372, 373]. This modification introduces 

functional groups or imparts a strong charge to the nanoparticle surface, allowing conjugation 

with antibodies, aptamers and other target recognition molecules. The ideal surface 

modification should ensure colloidal stability in water and provide functionality for the 

covalent attachment of biomarkers, facilitating active targeting [374]. The most common 

surface modification strategies include ligand oxidation, ligand exchange, ligand removal, lipid 

encapsulation, and polymer/silica encapsulation (Fig 14). 

Ligand exchange is the most common method employed to displace the original oleate ligands 

on the surface and allow them to be coated with a hydrophilic organic ligand [375]. This project 

mainly employed this surface modification procedure to facilitate the replacement of 

hydrophobic ligands with bifunctional polymers. Various ligands, such as polyethylene glycol-

phosphate ligand, polymers like polyacrylic acid (PAA), acid derivatives such as 3-

mercaptopropionic acid, and certain amine derivatives like cysteine, are suitable for ligand 

exchange [376-380]. This approach holds significant advantages as it is a straightforward 

method that does not impact nanoparticle size, owing to the minute size of the exchange agent 

[381]. 

Ligand oxidation is a relatively new, versatile technique to convert the hydrophobic UCNPs to 

hydrophilic by oxidising the ligand into functionalised derivatives [374, 382]. In employing 
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this approach, the Lemieux-von Rudloff reagent (aqueous mixture of KMnO4 and NaIO4) 

selectively oxidizes carbon–carbon double bonds, converting them into carboxylic groups for 

enhanced reactivity. The resulting oxidized UCNPs, featuring free carboxylic groups, enable 

direct conjugation with proteins, and other recognition molecules [382].  

Ligand removal serves as a direct approach to acquire water-soluble UCNPs by eliminating 

oleate ligands that coat the surfaces of the nanoparticles. This elimination process can be 

carried out through either treating UCNPs with excess ethanol under sonication or exposing 

them to strong acid [383, 384]. This method aims to ease the conjugation of electronegative 

ligands without encountering steric hindrance. Consequently, the nanoparticles acquire a 

negative charge and colloidal stability through electrostatic forces, although this approach falls 

short in conferring enduring colloidal stability in water or buffers [385]. 

Lipid encapsulation involves the linkage between the oleate ligands and the hydrophobic tail 

of the lipids driven by hydrophobic interactions [386, 387]. This configuration results in the 

formation of stable aqueous dispersions for lipid-coated UCNPs, preventing any undesirable 

aggregation. This facilitates an effective shielding of the UCNP surface by the lipids when 

exposed to water and enhances the accessibility of the platform for conjugating diverse 

functional groups, such as with dyes, maleimide, or carboxylic groups [388]. This adaptability 

allows the UCNPs to be readily employed in various bioanalytical applications. 

Polymer/Silica Encapsulation: Amphiphilic copolymers, featuring both hydrophobic and 

hydrophilic components, have proven effective in stabilizing OA-capped UCNPs [389]. The 

nanoparticles find stability as the hydrophobic ligand component interacts with the oleates, 

while the hydrophilic ligand component ensures colloidal stability in water. Notably, this 

method offers the benefits of maintaining the native ligands without causing surface disruptions 

[390]. Silica coatings have also been employed as a means to confer water dispersibility upon 
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UCNPs [391, 392]. Silica's chemical inertness and hydrophilicity create stable, water-

dispersible coated nanoparticles. The biocompatible and non-toxic nature of silica shells makes 

them ideal for optical bioanalytical applications, which not only facilitates additional surface 

functionalisation but also allows application in biosensors [393, 394].  

 

Fig 14: Illustration of the various techniques employed for modifying the surface chemistry of UCNPs. 
These modifications enhance the stability and biocompatibility of UCNPs, rendering them suitable for 
bio-conjugation with target recognition molecules such as antibodies and aptamers. Consequently, this 
enhances their performance as bioanalytical probes. Reproduced with permission from ref [395]. 

 

1.7.3. UCNP Application in sEV detection/analysis 
 

The continuous synthesis and utilisation of UCNPs have enabled the development of reliable 

sensors tailored for the highly sensitive and specific detection of tumour biomarkers in cancer 

cell components like CTCs, ctDNA and sEVs [396]. The significance of sEV markers in 

disease-specific clinical diagnosis has prompted the utilisation of UCNP sensors for sensitively 

detecting relevant sEV markers. UCNPs serve as efficient energy donors, contributing to the 
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success of fluorescence/luminescence resonance energy transfer (FRET/LRET) assays with 

significantly reduced detection limits. Chen et al. exploited LRET from UCNPs (NaYF4:Yb3+, 

Er3+ synthesised by thermal decomposition) to gold nanorods (AuNRs) to develop a paper-

based biosensor for detecting sEV-specific markers. The sensor employed a CD63 aptameric 

sequence, split into two parts—one bound to UCNPs (energy donors) and the other to Au 

nanorods (energy receptors). In the absence of sEVs, UCNPs exhibited green fluorescence 

upon excitation at 980 nm. However, in the presence of sEVs, the formation of complexes led 

to fluorescence quenching proportional to the concentration of sEVs. The system achieved a 

LOD of 1.1 × 103 particles/µL within ~ 30 mins [397]. In a similar strategy, Wang et al. used 

a FRET-based aptasensor using UCNPs (NaYF4:Yb3+, Er3+ synthesised by thermal 

decomposition) as donors and tetramethyl rhodamine (TAMRA) as acceptors for detecting 

EpCAM+ sEVs with high sensitivity. Under excitation by NIR light at 980nm, TAMRA emitted 

yellow fluorescence at 585nm, exhibiting linear correlation with sEV concentration. This 

system achieved a notably low LOD of 80 particles/µL for EpCAM+ sEVs (Fig 15a, 15b) [398]. 

UCNPs have also integrated more robust bio-analytical strategies like inductively coupled 

plasma mass spectrometry (ICP-MS) to analyse cancer-related sEV biomarkers quantitatively. 

Zhang et al. designed DNA-programmed UCNP–AuNP nanosatellite assemblies, where 

AuNPs, coupled with aptamers targeting tumour-associated proteins (CD63, HER2, and 

EpCAM), acted as cores linking different elements (Y, Tb, and Eu) doped UCNPs 

(NaYF4:Yb,Er, NaEuF4:Yb,Er and NaTbF4:Yb,Er synthesised by co-precipitation). Upon 

encountering target sEVs, specific aptamers recognised surface proteins, releasing 

corresponding UCNPs, enabling simultaneous and accurate differentiation of sEVs from 

various cell lines through ICP-MS detection [399].  

The superior bio-analytical performance offered by UCNPs has prompted their application in 

diverse point-of-care testing (POCT) formats, including paper-based analytical devices 
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(PADs), lateral flow assays (LFAs), microfluidic devices, and microarrays. PADs incorporate 

3D networks of cellulose fibres, where PAA-modified UCNPs have been used as nanoprobe 

elements for detecting target DNA sequences, allowing for sensitive assays that can be 

recorded using a cell phone camera or even by naked eye observation, post-irradiation with a 

handheld NIR laser [400, 401]. Our group have previously reported the use of a UCNP-LFA 

system (core/core-shell NaYF4:2%Er/20%Yb, NaYF4:8%Er/60%Yb@NaYF4, 

NaYF4:0.5%Tm/20%Yb and NaYF4:8%Tm/60%Yb@NaYF4 nanocrystals) for the sensitive 

detection of prostate-specific antigen (PSA) and ephrin type-A receptor 2 (EphA2) biomarkers, 

providing a rapid and accessible platform for analyte detection [402]. Wang et al. incorporated 

magnetic UCNPs (NaYF4: Yb, Er; Y:Yb:Er = 69:30:1) in a microfluidic nanoplatform to enable 

the detection of CTCs [403]. Microarray technology has facilitated high-throughput and 

multiplexed detection from small sample volumes by utilising two different UCNPs 

(NaYF4:Yb3+,Er3+ and NaYF4:Yb3+,Tm3+ synthesised by thermal coprecipitation) to create a 

spectrally and spatially multiplexed serological assay for detecting various viruses and antigens 

[404]. These applications showcase the adaptability and efficacy of UCNP nanoprobes in 

enhancing diagnostic capabilities, particularly in resource-limited settings. 

UCNP-based sEV detection has also been implemented in ELISA-like sandwich 

immunoassays to detect sEV markers. Lan et al. synthesised NaYF4:Yb3+, Er3+ nanoparticles 

through the thermal decomposition of rare earth stearates. They designed a VEGF-specific 

aptamer with functionalised and fixed portions, forming a complex in the presence of the target 

protein, and achieved a remarkable LOD of 6pM for VEGF in breast cancer patient samples by 

measuring the intensity of the luminescent signal produced at 540nm upon 980nm laser 

excitation [405]. Similarly, Farka et al. introduced a single molecule upconversion-linked 

immunosorbent assay (ULISA) for the detection of PSA in prostate cancer patients, 

synthesising β-NaYF4: 18 mol % Yb3+, 2 mol % Er3+ type UCNPs through high-temperature 
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coprecipitation. Silica-coated and anti-PSA antibody-functionalized particles were 

implemented in a sandwich immunoassay format, and the resulting complexed UCNPs were 

quantified using upconversion epiluminescence microscopy, achieving a remarkable LOD of 

42 fM for PSA in prostate cancer patient samples [406].  

In a previous study from our group, lanthanide-doped UCNPs were used in conjunction with 

TIRF microscopy imaging to enable the detection of single sEVs. In the study, sEV-specific 

tetraspanin antibodies (CD63, CD81, CD9) are functionalised on the surface of glass slides to 

first capture sEVs, which were subsequently detected by UCNP conjugated anti-EpCAM 

antibodies. The uniformity, brightness, and photostability of highly doped UCNPs 

(NaYF4:20%Yb3+,2%Er3+ nanocrystals) significantly enhance the optical signal of individual 

molecules, enabling the counting of single sEVs based on the presence of bright spots. The 

assay achieved a detection limit of 1.8 × 106 EVs/mL, surpassing the standard ELISA by 

approximately three orders of magnitude (Fig 15c, 15d) [407]. More recently, the group further 

improved imaging resolution by using a strategy of stimulated emission depletion (STED)-like 

super-resolution microscopy of UCNPs (NaYF4:20%Yb3+,2%Er3+, NaYF4:40%Yb3+,4%Tm3+ 

and NaYF4:20%Yb3+,6%Tm3+ nanocrystals) to characterise the expression of surface markers 

on single EVs. In contrast to traditional fluorescence microscopy, the super-resolution method 

attains imaging resolutions finer than 50 nm, enabling the detailed examination of individual 

sEVs, facilitating the visualisation of singular EVs, and identifying distinct surface-marker 

subgroups within diverse EV populations [408]. These studies underscore the significant 

potential of UCNPs towards quantitatively assessing the expression of surface antigens on 

single sEVs. The strategies offer a means to digitally monitor EV heterogeneity digitally, 

presenting a means for tracking development.  
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Fig 15: (a.) An aptasensor that employed luminescence resonance energy transfer (LRET) between rare-
earth doped UCNPs and TAMRA for highly sensitive sEV detection. The system utilized EpCAM-
coupled aptamers, allowing the UCNPs-TAMRA to emit yellow fluorescence at 585 nm upon near-
infrared light excitation at 980 nm, providing a linear correlation between fluorescence intensity and 
sEV concentration for effective detection and quantification. (B.) Linear Curve for fluorescence 
intensity (585nm) at different concentrations of sEVs (d to k: 0, 103, 104, 105, 106, 107, 108 sEVs/µL), 
with the assay achieving a detection limit of 80 sEVs/µL. Resulting fluorescent intensity from the 
UCNPs-TAMRA system for MCF-10A (b), MCF-7 (c), MDA-MB-231 (d) cell-derived sEVs. 
Reproduced with permission from ref [398] (C.) Quantitative analysis of single sEVs isolated from 
cancer cells using UCNPs as a luminescent probe in a TIRF microscopy setup. (D.) (Top right) Single-
molecule quantification of CD9+EpCAM+EVs at a range of EV concentrations. (Bottom right) Comparative 
analysis of calibration curves for detecting CD9+EpCAM+EVs between the UCNP-based assay (red) and 
ELISA (blue). The LOD of the UCNP-assay was 1.8 × 106 sEVs/mL, which is ~3 orders of magnitude 
lower than the ELISA. Reproduced with permission from [407].   
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1.8. Aim, Hypothesis and Expmerimental Results Chapters Outline 
 

The diverse applications discussed in the literature highlight the versatility and effectiveness 

of integrated sensor technologies and nanoparticles, including UCNP nanoprobes, in advancing 

diagnostic capabilities, inspiring the goals of this thesis. The aim of my thesis was to leverage 

the superior bio-analytical performance of nanoparticles, specifically UCNPs and AuNPs, to 

facilitate enhanced detection sensitivity of sEV markers. I hypothesise that the unique physio-

chemical properties of the nanoparticles and the optimised functionalised strategies 

implemented in the study will allow improved detection sensitivity of target analytes, 

specifically sEV markers and contribute towards the continuous development of sEV-based 

sensor technologies.  

The experimental results are summarised as follows. Chapter 3 discusses the results that 

validate the structural and functional characterisation of the nanoparticles for effective probes 

in the immunoassays to detect sEV surface markers sensitively. Chapter 4 explores two 

nanoparticle-modified microplate ELISA formats using AuNPs and UCNPs to enhance the 

detection sensitivity of CD63 with potential POC applications. In Chapter 5, I introduced a 

quantitative UCNP-LFA with potential POC applications to detect sEV-CD63 and sEV-PD-

L1 in sEVs isolated from H1975, MM05 and MSTO-211H cells. Chapter 6 uses the UCNP-

LFA to detect sEV-GPC-1 and sEV-PD-L1 from sEVs isolated from LnCap, DU145 and 

HCT116 cell lines. The overall objective of the experimental work in the PhD was to introduce 

nanoparticle-based systems to enable improved detection of sEV surface markers with potential 

applications in diagnostic settings. 
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2. Methodology  

2.1. Cell Culture and conditioned medium  
 

H1975, MSTO-211H (Asbestos and Dust Diseases Research Institute, Sydney, Australia), 

MM05 (University of Queensland Thoracic Research Centre, Prince Charles Hospital, 

Brisbane, Australia), LnCap (American Type Culture Collection, CRL-1740), DU145 

(American Type Culture Collection, HTB-81) and HCT116 (American Type Culture 

Collection, CCL-247) cells were cultured in RPMI 1640 (Gibco, UK) supplemented with 10% 

(v/v) fetal bovine serum (FBS, Gibco, UK), 100 U/mL penicillin and 100 mg/mL streptomycin 

(Gibco, UK) in T175 culture flasks (Thermofisher, USA) and incubated at 37°C in a 5% CO2 

humidified incubator. Once the cells reached 70% confluency (~ 3 × 107 cells), the supernatant 

was carefully discarded, and the cells were washed twice with phosphate buffer saline (PBS). 

Then, the cells were cultured in an FBS-free medium under hypoxic condition for 48 h at 37°C 

in a 5% CO2 humidified incubator and the culture medium was collected for subsequent 

isolation of sEVs. 

2.2. Isolation of extracellular vesicles by ultracentrifugation 
 

The media containing the released EVs was collected and subjected to multiple centrifugation 

steps including 300 × g for 10 min and 2000 × g for 10 min followed by 10,000 × g (R18A 

rotor, HITACHI CR22N, Japan) for 30 min to remove cells, dead cells and cell debris, then 

filtrated through a sterile 0.22 µm syringe filter (Merck Millipore, USA). The conditioned 

medium further underwent ultracentrifugation at 100,000 × g for 120 min (F37L carbon fiber 

rotor, Sorvall WX ultra series, Thermofisher, USA). The supernatant was removed, and pellets 

that contained EVs were re-suspended in a separate ultracentrifuge tube in PBS (previously 

filtered through a 0.22 µm syringe filter) and centrifuged a second time at 100,000 × g for 120 



 

82 
 

min. The supernatant was removed, and the sEV pellet was re-suspended in ~100 µL filtrated 

PBS. The sEVs were stored at -80°C until use. All centrifugation steps were performed at 4°C. 

For the plasma samples, sEVs were isolated using a similar protocol. Briefly, 500µL of plasma 

was subjected to multiple centrifugation steps, 2,000 ×g (19776 rotor, Sigma, USA) for 10 min 

to remove any cell debris and larger protein aggregates. The supernatant was centrifuged at 

10,000× g (19776 rotor, Sigma, USA) for 20 min to pellet out microvesicles. The Supernatant 

was transferred to fresh polycarbonate UC tubes and further centrifuged at 100,000 ×g (TLA 

55 S/N15U1275 rotor, Optima MAX-XP ultracentrifuge, Beckman Coulter, USA) in 70 min 

to pellet out sEVs. The supernatant was discarded, and the pellet was resuspended in 500 

filtered PBS and further centrifuged at 100,000 ×g for 70 min. All centrifugation steps were 

performed at 4 ºC. The sEVs were stored at -80°C until use. 

 

2.3. Nanoparticle tracking analysis 
 

Nanoparticle tracking analysis (NTA) was performed on a ZetaView ® PMX-420 QUATT 

system (Particle Metrix, Germany) equipped with a 532nm green laser for determining the sEV 

concentration and size distribution. 100µL of isolated sEV samples were diluted to 500µL with 

freshly filtered PBS (0.22µm filter) and loaded into the detection chamber by syringe. The 

camera was manually set and kept the same for all samples with a slider shutter 650 and slider 

gain 50. 30s videos were recorded, and the number of captures was 5. The detection threshold 

was set to 6, and blur and max jump distance were automatically set. The temperature was 

maintained at 25ºC. The data were processed by the NTA software (8.05.14 SP7 version). 
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2.4. Western Blotting 
 

The isolated sEVs were lysed by adding an equal volume of RIPA lysis and extraction buffer 

(Cat#89900, Thermofisher, USA). The protein concentration of the sEVs was measured using 

a Pierce BCA protein assay kit (Cat#23227, Pierce Biotechnology, CT, USA) as per the 

manufacturer’s instructions. For Western Blot analysis, sEV proteins (2 × 108 particles; 5µg) 

were resolved using BoltTM 4-12% Bis-Tris Plus Gels (Cat#NW04120BOX, Invitrogen, USA). 

Samples were diluted in 4 X BoltTM LDS Sample Buffer (Cat#B0007, ThermoFisher, USA) and 

heated up to 70°C for 10 min, then transferred on polyvinylidene difluoride (PVDF) 

membranes (Cat#88585, ThermoFisher, USA). The PVDF membrane was blocked for 30 min 

at room temperature at 5% non-fat powdered milk in PBS-T (PBS and 0.5% Tween-20) and 

incubated overnight at 4°C with the following primary antibodies: anti-human CD63 (Cat# 

353004, Biolegend, USA), anti-human CD9 (Cat# 312106, BioLegend, USA) and anti-human 

CD81 (Cat# 349506, BioLegend, USA). Then, the blots were incubated with an appropriate 

HRP-conjugated IgG secondary antibody (1:2000) (Cat# 405306, BioLegend, USA) in PBS-T 

for 1 h at 37°C. The blot was washed three times with a PBS-T buffer for 14 min after each 

incubation step. It was then visualised under SuperSignalTM West Dura Extended Duration 

Substrate (Cat#37071, ThermoFisher, USA). The mentioned proteins were resolved under non-

reducing conditions. 

2.5. Transmission electron microscopy (TEM)  
 

To investigate the morphology of the sEVs isolated by ultracentrifugation, TEM was used. 

Briefly, 5 μl of sEV sample (~106 particles) was fixed with 2.5% formaldehyde and applied to 

300-square mesh copper grids coated with a thin formvar carbon film. The grids were 

subsequently negatively stained with 1% UAR-EMS Uranyl acetate replacement stain and 

https://www.thermofisher.com/order/catalog/product/23227
https://www.thermofisher.com/order/catalog/product/37071
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incubated for 30 minutes. Grids were then washed with PBS and dried with filter paper. The 

sEV samples were observed using a TEM JEOL F200 microscope operating at 200 kV.   

 

2.6. Synthesis of upconversion nanoparticles 

 

NaYF4:40%Yb3+,4%Er3+ nanocrystals were synthesized according to our previously reported 

method [409]. In a typical experiment, 1 mmol RECl3·6H2O (RE = Y, Yb, Er) with the desired 

molar ratio was added to a flask containing 6 mL OA and 15 mL ODE. The mixture was heated 

to 160°C under argon flow for 30 min to obtain a clear solution and then cooled down to ~50°C, 

followed by adding 5 mL methanol solution of NH4F (4 mmol) and NaOH (2.5 mmol). After 

stirring for 30 min, the solution was heated to 150°C under argon flow for 20 min to expel 

methanol, and then the solution was further heated to 310°C for another 90 min. Finally, the 

reaction solution was cooled down to room temperature. The products were precipitated by 

ethanol and centrifuged (9000 rpm for 5 min), then washed three times with cyclohexane, 

ethanol and methanol to get the nanoparticles. 

To get the nanoparticles with the core-shell structure, layer-by-layer epitaxial growth was 

employed. The shell precursor’s (NaYF4) preparation was similar to that for the core 

nanoparticles synthesis except the step where the reaction solution was slowly heated to 150°C 

for 20 min. Instead of further heating to 300 °C to trigger nanocrystal growth, the solution was 

cooled down to room temperature to yield the shell precursors. For epitaxial growth, 0.15 mmol 

as-prepared core nanocrystals were added to 6 mL OA and 6 mL ODE. The mixture was heated 

to 170 °C under argon for 30 min, and then further heated to 300°C. Next, 0.25 mL as prepared 

shell precursors were injected into the reaction mixture and ripened at 300°C for 4 min, 

followed by the same injection and ripening cycles several times to get the nanocrystals with 
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the desired size. Finally, the slurry was cooled down to room temperature and the formed 

nanocrystals were purified according to the same procedure used for the core nanocrystals.  

The morphological characterisation of the nanoparticles was performed by transmission 

electron microscope (TEM). The FEI Tecnai T20 microscope was operated under an 

accelerating voltage of 200 kV. The UCNPs in cyclohexane were dropped onto carbon-coated 

copper grids and dried.  

 

2.7. Surface modification of UCNPs  

 

As UCNPs with tuneable optical properties were synthesized at high temperatures with oleic 

acid (OA) as a surface ligand, surface modification was required to transition UCNPs from 

hydrophobic to hydrophilic state. Polymers containing multiple anchoring ligands were 

extensively used to modify the as-synthesized UCNPs with improved colloidal stability, 

biocompatibility and immunogenicity. In this project, we modified the UCNPs with tri-block 

polymer.  

Tri-block copolymers were synthesized by photo-induced RAFT polymerization using a blue 

LED strip (460 nm) based on a previously established protocol [410]. Briefly, a 25 mL Schleck 

tube was charged with 4-((((2-carboxyethyl) thio) carbonothioyl) thio)-4-cyanopentanoic acid 

(CTCPA), 0.1g, 0.33 mmol, 0.35 g MAA (4 mmol) and with 5.0 mL DMF. The mixture was 

degassed through a three-cycle freeze-pump-thaw. The LED light was then ‘turned on,’ 

marking the start of the polymerization reaction. After 12 hours of irradiation, the 

polymerization was stopped at a monomer conversion of 70 %. The synthesis of the di-block 

copolymer was continued by adding 5 g of OEGMA-500 (10 mmol). The mixture was 

degassed, reacted for 10 hours, and at 80 % monomer conversion, the reaction was stopped. 

The polymer was precipitated in diethyl ether, and the tri-block copolymer was synthesized by 
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taking 1.5 g (0.21 mmol) of obtained di-block with 0.3 g (1.4 mmol) MOEP in 5.0 mL DMF. 

After degassing, the reaction was carried out for 11 hours, and the final tri-block polymer was 

purified via precipitation in diethyl ether.  

Then, 500 µL of OA-coated UCNPs (20 mg/mL) kept in cyclohexane were centrifuged and re-

dispersed in 1 mL tetrahydrofuran (THF), followed by the addition of 1 mL THF solution with 

10 mg copolymer. The resulting dispersion was sonicated for 1 min followed by incubation in 

a shaker overnight at room temperature. The polymer-coated UCNPs were purified four times 

by washing/centrifugation at 14860 rpm for 30 min. The supernatant was removed and the 

nanoparticles were re-dispersed in water and stored at 4 ºC for further use. The Polymer 

modified UCNPs were characterised using Dynamic Light Scattering (DLS) and Zeta Potential 

to determine the hydrodynamic sizes and the surface charge of the modified nanoparticles. 

These measurements were performed on a Malvern Instruments Zetasizer Nano ZS instrument 

equipped with a 4 mV He-Ne laser operating at 633 nm with a 173º backscatter measurement 

angle. All measurements were done in triplicates to determine the reproducibility and standard 

deviation of the data. The modified nanoparticles were also subjected to Fourier Transform 

Infrared Spectroscopy (FTIR), where the samples were dried in a 60ºC in a vacuum oven 

overnight and the spectral data was obtained within the range 4000 to 500 cm-1 with 64 scans. 

The FTIR spectra was performed using a Nicolet 7650 system. The upconversion emission 

spectra were measured using a custom-built spectroscopic system equipped with a 980 nm 

continuous-wave diode laser. 

 

2.8. Bioconjugation of UCNPs with antibody using conjugation kit  
 

Paired capture and detector antibodies and proteins for CD63 (capture antibody: Cat# 11271-

T16; detector antibody: Cat# 11271-R142; CD63 protein: Cat# 11271-H08H, SinoBiological, 
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China), PD-L1 (capture and detector antibody pair: Cat# ab253485, PD-L1 protein: ab280943, 

Abcam, UK) and GPC-1 (capture antibody: Cat# ab283523; detector antibody: Cat# ab272300; 

GPC-1 protein: Cat# ab114484, Abcam, UK). Bioconjugation of UCNPs with antibody was 

done using the Particle Conjugation Kit (Cat# A-PCKS-10, AnteoTech, Queensland, Australia) 

as per the manufacturer’s protocol with minor modifications. Briefly, 10 µL of UCNPs-

Polymer (20 mg/mL) were mixed with 190 µL activation buffer containing 5 mM sodium 

fluoride and incubated on a shaker (500 rpm) for one hour at room temperature. Following this, 

the activated nanoparticles were washed with particle washing and conjugation solutions by 

centrifugation at 15,000 rpm for 40 minutes at 4℃. Subsequently, 40 µL of activated UCNPs-

Polymer were mixed with 108 µL of conjugation buffer containing 5 mM sodium fluoride and 

2 µL of 1 mg/mL detector antibody. The mixture was incubated on a shaker (500 rpm) for one 

hour at room temperature. Next, 20 µL of BSA solution (20% w/w) was added to the mixture, 

followed by another one-hour incubation. The UCNPs-Polymer-Antibody were then 

centrifuged at 15,000 rpm for 40 minutes at 4°C and washed with the storage buffer. Finally, 

the antibody-modified nanoparticles were resuspended in 200 µL of storage buffer and stored 

at 4°C for further use.  

2.9. Bioconjugation of gold nanoparticles (AuNPs) with antibodies using conjugation 
optimisation kit  

 

The AuNPs were conjugated to IgG-HRP antibody (Cat# 31431, Thermofisher, USA) using 

the Gold Nanoparticle (50nm) Conjugation Optimisation Kit (Cat# 50-100 Cytodiagnostics, 

USA). The kit included citrate-capped 50 nm AuNPs and a range of buffers with pH values 

from 5.7 to 10, designed to determine the optimal pH and antibody loading amount for forming 

stable AuNP-antibody conjugates. The passive adsorption technique was employed to 

conjugate antibodies to the AuNPs. Since this process is highly sensitive to factors such as pH 
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and antibody loading, a standardised commercial optimisation kit was used to improve the 

likelihood of developing stable and functional conjugates. 

A titration experiment was performed to find the optimal pH and protein concentration to 

ensure colloidal stability, as per the manufacturer’s instructions. At the optimised pH and 

protein concentration, AuNPs were incubated at room temperature for 30 minutes with 

continuous stirring. The AuNPs were centrifuged at 2000 × g for 30 minutes, after which the 

pellet was resuspended in conjugate resuspension buffer (0.1 mM PBS, 1% BSA) and stored 

at 4ºC until further use. The AuNP-antibody conjugates were characterised using UV-vis 

spectroscopy, dynamic light scattering (DLS) and zeta potential, to determine the 

hydrodynamic diameter of AuNPs before and after conjugation with antibody. Additionally, 

the functionality of the AuNP@IgG-HRP conjugates was validated using a Conjugation QC 

Lateral Flow Dipstick kit (Cat# LF-018-10, Cytodiagnostics, USA). The dipstick is a rapid 

immunochromatographic test for quality control of gold nanoparticle-antibody conjugation, 

with IgG antispecies antibodies immobilised on the test lines of the strip membrane. A red line 

at the test site indicates successful conjugation, while its absence confirms that the conjugation 

was unsuccessful. The HRP functionality of the AuNP-antibody conjugates was assessed by 

adding 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (Cat# TO440, Sigma Aldrich, 

USA). The characteristic blue colour, produced when HRP catalyses the oxidation of TMB in 

the presence of hydrogen peroxide, confirmed that the HRP functionality was retained in the 

conjugates, whereas the absence of colour indicated that the HRP antibody conjugation was 

unsuccessful. 

2.10. Lateral Flow Strip Design 
 

The UCNP-LFAs were fabricated based on a previous protocol [402]. While detector 

antibodies were conjugated with surface-modified UCNPs to make detection probes, the 
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capture antibodies were immobilised on the surface of NC membranes. Capture antibodies 

were prepared at 0.3 mg/mL in buffer (50mM Tris-HCl, 1% w/v BSA, 0.5% w/v sucrose). The 

test line was fabricated by dispersing the capture antibodies through Dispenser HM3030 

(Goldbio Co., China) on separate NC membranes and dried in an oven at 37ºC for 30 minutes. 

Then, the sample pad, conjugate pad, NC membrane and absorption pad were assembled and 

mounted on an adhesive backing pad with 1-2mm overlap between two adjoining pads. Finally, 

the assembled pads were cut into 6 cm × 2.73 mm (length × wide) strips and loaded into plastic 

cartridges.  

2.11. Operational procedure of the UCNP Lateral Flow Assay 
 

We used a double-antibody sandwich-format LFA strip to detect corresponding antigens and 

sEV markers in samples. For the test, 3 μl antibody-coated UCNP were transferred to 177 μl 

running buffer (20 mM Tris·HCl buffer, pH 7.6, with 1% BSA and 1% Tween-20) with 0.01-

100 ng/mL of the antigens. The same procedure was followed for preparing the sEV samples 

with concentrations between ~102 – 107 sEVs/µL. After incubation on a shaker (800 rpm) for 

10 min at 30°C, 50 μL of sample solutions were added onto the sample pad of the strip. After 

10 min, the strip was detected at the test line by our strip reader (designed by UTS team and 

engineered previously by Lastek Photonic Technology Solutions, Australia) equipped with 980 

nm laser and emission intensity of the nanoprobes at the testline area of nitrocellulose 

membrane was analysed. In the presence of target epitopes in the samples, the UCNP probes 

complexed with the targets, which were recognised by the immobilised antibodies in the 

membrane. The UCNP emission signal peaks at 654nm is proportional to the concentration of 

the target analytes present in the sample, thus enabling the detection and quantification of target 

epitopes. 
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2.12. Operational Procedure of the AuNP ELISA and UCNP-based Microplate 
Immunoassays 

 

We used a sandwich format ELISA system and a paired antibody set for CD63 to sensitively 

detect target analytes. High-binding microplates (Cat#655061, Greiner Bio-One, Germany) 

were coated with the optimised concentration of capture antibody in PBS (pH 7.4) and 

incubated at 4ºC overnight. Plates were washed three times with washing buffer (PBS, 0.05% 

Tween 20) and blocked using a buffer with an optimised concentration of BSA. After rinsing 

the wells with washing buffer, 100µL of CD63 antigen (Cat# 11271-H08H, Sino Biological, 

China) at varying concentrations (0.39-50ng/mL) or 50 µL sEV samples at different 

concentrations (~105 – 107 sEVs/µL) were added to the wells and allowed to incubate at 4ºC 

overnight. After incubation, wells were washed with washing buffer, and 100µL of detector 

antibody was added to wells and allowed to incubate at room temperature for 2 hours. The 

washing step was repeated, and 100µL of anti-IgG-HRP antibody and/or 100µL of AuNP 

conjugated IgG-HRP was added to each well and allowed to incubate at room temperature for 

1.5 h. Wells were washed five times with PBS and patted dry. 100µL of TMB substrate solution 

was added to each well and allowed to develop colour for 15-30 minutes, after which 100µL 

of stop solution (2M H2SO4) was added to the wells to stop the reaction. After stopping the 

reaction, optical density of the well plates was measured at 450nm in a conventional microplate 

(Varioskan LUX Reader, Thermofisher, USA) and/or a portable microplate reader 

(Absorbance 96 plate reader, Byonoy, Germany). 

Black walled-clear bottomed high binding microplates (Cat# 655097 Greiner Bio-One, 

Germany) were used for the UCNP microplate immunoassasy format and the capture antibody 

coating and blocking steps followed were identical to the AuNP-ELISA format. Following this, 

50µL of antigen (0.1-1000ng/mL) or sEV samples (~105 – 107 sEVs/µL) were added to wells 

and incubated at 4ºC overnight. The washing steps were repeated and the UCNP probes 
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conjugated to the detector antibody were added to the wells and allowed to incubate for 2h at 

room temperature. Wells were washed five times with 10mM Tris-HCl buffer (pH 7.4) and 

patted dry. Once dry, the UCNP luminescence signals in the wells were recorded in our 

customised UCNP 96-well microplate reader (designed by UTS team and engineered by Lastek 

Photonic Technology Solutions, Australia) equipped with a 980nm laser.   

2.13. Enzyme-Linked Immunosorbent Assay (ELISA) for detection of CD63, PD-L1, 

GPC-1 and PSA on the surface of sEVs 

 

The concentration of CD63, PD-L1, GPC-1 and PSA on the surface of sEVs isolated from the 

cell lines- H1975, MM05, MSTO-211H, LnCap, DU145 and HCT116- were quantified using 

the following commercial ELISA kits - Human CD63 SimpleStep ELISA (Cat# 275099, 

Abcam, UK), Human PD-L1 SimpleStep ELISA (Cat# 277712, Abcam, UK), Human GPC-1 

ELISA (Cat# ab270217, Abcam, UK) and Human PSA ELISA kits (Cat#264615, Abcam, UK) 

as per the manufacturer’s protocol with minor modifications. Briefly, 50 µL of standard or 

sample were added to wells of the provided 96-well plate. To this, 50 µL of antibody cocktail 

consisting of capture and detector antibody were added to the wells and incubated at room 

temperature for 1 hour. Following this, the wells were aspirated and washed three times with 

Wash Buffer, and 100 µL of TMB Solution was added and incubated for 10 minutes to develop 

colour. Finally, 100 µL of Stop Solution was added to the wells and the optical density was 

measured at 450 nm using a microplate reader (Varioskan LUX Reader, Thermofisher, USA).  

2.14. Data and Statistical Analysis 
 

Calibration curves were generated by plotting the signal intensity ratios against the 

concentration range. The limit of detection (LOD) was defined as the sum of the signal at blank 

concentration and three times the standard deviation of the blank measurements.  
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The data were reported as mean ± standard deviation (SD). Two-tailed unpaired T-test or one-

way ANOVA with post hoc multiple comparison tests were applied for normally distributed 

data. Statistical analysis was performed using OriginLab (version 2020b) and GraphPad Prism 

(version 8.4.3 Software, USA). P-values <0.05 were considered statistically significant. 
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3. Design and Characterisation of Nanoparticles 
 

Abstract  
 

This chapter focuses on the design, synthesis, and characterisation of two key types of 

nanoparticles — AuNPs and UCNPs — engineered for bioanalytical applications. Citrate 

capped AuNPs were conjugated to HRP tagged antibodies for use as colorimetric signal 

enhancing probes in the AuNP ELISA format. The AuNP-IgG-HRP conjugates were prepared 

using passive adsorption at optimised pH and antibody loading concentration determined by 

successive titration experiments, which was critical for maintaining colloidal stability and 

preventing aggregation. The conjugates were functionally characterised to ensure they 

successful use in the AuNP ELISA to amplify detection signals.  

Highly doped (NaYF₄:40%Yb³⁺,4%Er³⁺) core and core@shell UCNPs were synthesised, 

leveraging their unique upconversion luminescence properties for biosensing applications in 

the UCNP microplate immunoassay and the UCNP-LFA. Surface modification with tri-block 

copolymers transitioned the UCNPs from hydrophobic to hydrophilic states, enhancing their 

colloidal stability and biocompatibility. Structural characterisation of the UCNPs were done 

using TEM, DLS, and zeta potential measurements, demonstrating the uniformity and stability 

of the nanoparticles. The nanoparticles exhibited sharp and stable emissions at ~540 nm and 

~654 nm under 980 nm excitation. These luminescent properties, combined with inert shell 

passivation to mitigate surface quenching, ensured the UCNPs were well-suited for 

applications requiring high sensitivity towards detection low abundancxe sEV target analytes.  

This chapter underscores the importance of systematic nanoparticle design and characterisation 

in developing robust bioanalytical platforms. The integration of optimised AuNPs and UCNPs 

into their respective immunoassay systems provides a strong foundation for the sensitive 

detection of sEV surface markers, as detailed in subsequent chapters. 
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3.1. Introduction 
 

The synthesis, bioconjugation, and characterisation of nanoparticles form a pivotal component 

of this thesis, as their structural and functional integrity directly underpin the experiments and 

results presented in subsequent chapters (Chapters 4, 5, and 6). Nanoparticles have emerged as 

powerful tools in bioanalytical systems, particularly for enhancing the sensitivity and 

specificity of immunoassay platforms, including LFAs and ELISAs. This chapter details the 

synthesis, surface functionalisation, and characterisation of two key types of nanoparticles—

UCNPs and AuNPs—for use as probes in UCNP-LFA, UCNP microplate immunoassay and 

AuNP ELISA, respectively. 

In this thesis, UCNPs and AuNPs were synthesised and/or bioconjugated to act as highly 

efficient and stable probes within their respective assay systems, ensuring optimal sensitivity 

and specificity in detecting low-abundance sEV surface markers. The integration of these NPs 

into the assays was tailored to achieve reliable signal amplification and to address challenges 

associated with detecting low-abundance target analytes.  

The use of AuNPs in this nanoparticle-based ELISA platform aimed to develop a simple, 

enhanced sandwich ELISA for detecting low-abundance sEV surface markers, potentially in a 

POC setting. AuNPs offer highly versatile surface chemistry, enabling stable and efficient 

functionalisation with recognition molecules like antibodies [411]. Compared to other 

nanoparticles, such as silica or polymer-based NPs, AuNPs provide stronger and more stable 

conjugations, which are critical for preserving functional integrity during the repeated washing 

and incubation steps inherent in ELISA protocols [411, 412]. Their unique SPR property 

enhances localised electromagnetic fields, improving HRP catalytic activity for substrate 

conversion (e.g., TMB in ELISA), an advantage not shared by silica or polymer NPs [413]. 

AuNPs are also highly biocompatible and oxidation-resistant, unlike silver or iron oxide NPs, 
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which degrade in biological buffers, ensuring stability and reproducibility in ELISA systems 

[414, 415]. Additionally, AuNPs are widely used in immunoassays, with established protocols 

minimising the need for extensive optimisation. While other NPs could theoretically function 

as HRP carriers, AuNPs uniquely combine optical properties, biocompatibility, and stability, 

making them the ideal choice for enhancing detection sensitivity in this system. In this thesis, 

commercial citrate-capped AuNPs (50 nm) were included in a Conjugation Optimisation kit 

(Cytodiagnostics, USA), and titration experiments were performed to determine optimal pH 

and antibody loading capacity for use as conjugates in the AuNP ELISA format. These 

experiments aimed to achieve the highest sensitivity and specificity possible, with a focus on 

low-abundance sEV surface markers. 

The rationale for choosing UCNPs (NaYF₄:40%Yb³⁺, 4%Er³⁺) lies in their superior 

upconversion luminescence properties, which are particularly well-suited for detecting low-

abundance sEV surface markers. These UCNPs efficiently convert NIR light (~980 nm) into 

visible emissions, enabling highly sensitive detection with minimal background interference 

[416, 417]. Yb³⁺ ions, present at a high doping concentration (40%), act as efficient sensitisers 

with a strong NIR absorption cross-section, while Er³⁺ ions serve as activators to facilitate 

energy transfer and produce sharp, bright emissions [321, 418]. This doping combination is 

optimised for strong luminescence and robust performance in biosensing applications [419]. In 

this project, UCNPs (NaYF₄:40%Yb³⁺, 4%Er³⁺) were integrated into a UCNP-based lateral 

flow assay (UCNP-LFA) and a UCNP-based microplate immunoassay, both aimed at detecting 

low-abundance sEV surface markers. The bright and stable luminescence of these UCNPs 

improved the sensitivity and reliability of these systems, enabling effective signal amplification 

[419, 420]. Their high photostability, biocompatibility, and ability to support functionalisation 

with recognition molecules such as antibodies made them an ideal choice for detecting low-

abundance biomarkers in complex biological samples [421, 422]. 
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A critical factor in these NP-based assays was the size variability of NPs employed in the 

immunoassays. Given the heterogeneous nature of sEVs, in the context of size, morphology 

and composition, it was important to ensure that the size of the NPs was appropriately 

considered to allow for effective marker detection. Larger NPs restrict access to smaller sEVs, 

affecting binding kinetics, while smaller NPs exhibit reduced loading capacity of capture 

antibodies, thus compromising capture efficiency [214, 423]. sEVs range in size from 30 to 

150 nm in diameter, and NPs in the size range of ~ 40–60 nm strike an ideal balance, being 

large enough to provide sufficient surface area for functionalisation while remaining small 

enough to ensure effective interaction with sEVs [424, 425]. This size range enhances the 

binding efficiency of NPs to sEVs, thereby improving detection sensitivity. The appropriate 

NP size depends on the specific application, particularly the targeted sEV cargo. In this thesis, 

the focus was on sEV surface markers, making NPs in the 40–60 nm range especially suitable. 

These NPs provide adequate surface area for loading recognition molecules, such as antibodies, 

while minimising steric hindrance commonly associated with larger NPs [426]. Additionally, 

NPs of this size have been shown to enhance signal amplification, particularly for AuNPs, 

which exhibit strong SPR and this property amplifies signals in SERS and colorimetric assay-

based detection systems, significantly improving the sensitivity of sEV detection [427]. 

Specifically, in the context of sEVs, NPs within this size range have demonstrated efficacy in 

nanoparticle-based immunoassays for detecting sEV surface markers [215, 303, 428]. 

Additionally, it was crucial to ensure that the NPs possessed the appropriate chemistry for high 

stability, biocompatibility and immunogenicity, facilitating the formation of 

immunocomplexes with target analytes on sEVs and serving as sensitive probes in the 

immunoassays. 

The synthesis, surface modification and bioconjugation of UCNPs and the assembly of LFA 

strips for the UCNP-LFA were conducted under the expert guidance and direction of Dr Shihui 
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Wen, Dr Libing Fu and Dr Jiayan Liao, whose invaluable assistance was instrumental in the 

successful execution of these endeavours. 

3.2. Results and Discussion 
 

3.2.1. Structural and Functional characterisation of AuNPs and AuNP-HRP conjugates 
 

AuNPs are highly stable and have well-defined surface chemistry, allowing for functionalising 

sEV-specific capture antibodies. These properties make AuNPs ideal for use as probes that can 

amplify signal output in colorimetric detection methods like ELISA, leading to enhanced 

sensitivity and detection limits of sEV markers [429, 430]. In Results Chapter 4, commercial 

citrate-capped AuNPs (50nm) were used to bioconjugate to HRP antibodies, which increases 

the availability of HRP for catalysing the TMB substrate, resulting in amplified colorimetric 

signals and markedly improved detection sensitivity for sEV surface markers. The absorbance 

spectra and average hydrodynamic size of the AuNPs were analysed by UV-Vis spectroscopy, 

Dynamic Light Scattering (DLS) and Zeta Potential measurements, respectively. The 

absorbance spectra peak was found at 523.3 nm, the average hydrodynamic size of AuNPs was 

found to be 53.61 ± 1.29 nm and the zeta potential was found to be -36.4 mV (Fig 16).  

 

Fig 16: (a.) UV-Vis spectra of AuNPs (b.) Dynamic light scattering (DLS) measurements of the average 
hydrodynamic diameter of AuNPs (c.) Zeta Potential measurements of AuNPs 
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Passive adsorption was employed to conjugate AuNPs to the HRP-Antibody using a Gold 

Nanoparticle (50 nm) Optimisation kit. The passive adsorption method was selected to prepare 

AuNP-antibody conjugates over methods like covalent bonding because multiple studies 

indicated that the former achieved the most effective enhancement of colorimetric signal 

intensities in ELISA setups [429-431]. This is because covalent-based conjugation methods 

target the constant region of the antibody where the HRP is located, creating more bulk around 

the HRP, making it less likely to respond to its substrates and generating a colorimetric signal. 

The passive adsorption conjugation process exploits the electrostatic and hydrophobic 

interactions between the protein and the surface layer of the AuNP at an optimised pH and 

protein amount to generate stable AuNP complexes. Titration experiments were performed to 

determine the optimal pH and antibody concentration to ensure the highest level of nanoparticle 

surface coverage by the antibody and generate stable AuNP-antibody conjugates. The results 

indicated that a pH of 5.7 and an antibody concentration exceeding 10 µg were the optimal 

conditions for maintaining the colloidal stability of the AuNPs (Fig 17). At non-optimal pH 

levels or lower antibody concentrations, the insufficient surface coverage of the AuNPs by the 

antibody resulted in aggregation, leading to a loss of the characteristic red colouration of the 

colloidal AuNPs and reduced stability. Additionally, functional characterisation of AuNP-HRP 

conjugates was conducted using a QC Conjugate Lateral Flow Dipstick kit, with test strips pre-

coated with the corresponding antispecies IgG antibody on the test line. The AuNP-HRP 

complexes recognised the epitope on the test line where the AuNPs aggregated, yielding a 

positive result (red line) and indicating stable functional integrity of the conjugates; upon 

adding TMB substrate to the AuNP-IgG-HRP complexes, an immediate colorimetric product 

was generated due to the catalytic activity of HRP. In the presence of hydrogen peroxide, HRP 

oxidizes TMB, producing a distinct blue-colored product, which is characteristic of HRP-

tagged antibodies. This reaction contrasts with the unchanged color of unconjugated AuNPs, 
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confirming the successful conjugation and functional activity of the AuNP-IgG-HRP 

complexes (Fig 18).    

 

Fig 17: Titration experiments to determine the optimal pH (a.) and antibody-HRP concentrations (b.) 
for passive adsorption of HRP-Antibody to gold nanoparticles. At pH 5.7 and at antibody concentrations 
> 10 µg, the AuNP-HRP complexes maintained good colloidal stability and did not aggregate. At 
suboptimal pH levels or lower antibody concentrations, inadequate antibody coverage on the AuNP 
surface caused aggregation, which led to the loss of the colloidal AuNPs' characteristic red coloration 
and reduced their stability. 
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Fig 18: (a.) Functionality of AuNP-HRP conjugates: AuNP-HRP complexes were mixed with a running 
buffer and introduced into QC Conjugate Lateral Flow Dipsticks, which were pre-coated with the 
corresponding antibody on the test line. The AuNP-HRP complexes recognised the epitope on the test 
line where the AuNPs aggregated, indicating stable functional integrity of the conjugates. (b.) 50 µL of 
TMB substrate was added to 10 µL of AuNPs and AuNP-HRP conjugates, with the latter immediately 
generating a colorimetric product, while the former maintained an unchanged colour. 

 

While titration experiments were performed to determine the optimal antibody loading amount 

required to generate stable and functional AuNP-antibody conjugates via passive adsorption, 

ensuring sufficient coverage to prevent aggregation and maintain assay functionality, another 

important parameter to consider was the equivalent number of antibodies conjugated per 

nanoparticle, as this plays a key role in the performance of the AuNP-ELISA. 

The estimated number of antibodies conjugated per AuNP was calculated based on the 

commercial 50 nm citrate-capped AuNPs used in this study. The surface area of a spherical 

AuNP was determined using the formula: 

Surface Area = 4𝜋𝑟2, where 𝑟 is the radius of the AuNP, 

For a 50 nm AuNP, the radius is 𝑟=25 nm, 

Surface Area = 4 × 𝜋 × (25)2 nm2 = 7.85 × 103 nm2 
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The footprint of an untagged IgG antibody is approximately 123 nm², derived from its 

dimensions (14.5 nm × 8.5 nm) [432]. The addition of an HRP enzyme increases steric 

hindrance and the effective footprint of each IgG antibody. This increase arises from the 

bulkiness of HRP (~ 40–44 kDa) and the random orientation inherent to passive adsorption 

[433, 434]. Practically, this spatial footprint can increase by ~30–50%, depending on the size 

of HRP and its orientation on the IgG molecule. For HRP-tagged IgG antibodies, the effective 

footprint is estimated to be 160–185 nm². 

The maximum number of antibodies conjugated per AuNP can be calculated by dividing the 

total AuNP surface area by the antibody footprint: 

Number of antibodies per NP= Total Surface Area / Antibody Footprint 

Number of antibodies per NP= 7854 / 160 – 185 ≈42–49 

Passive adsorption introduces randomness in antibody orientation, unlike covalent conjugation, 

which enables more controlled orientation and efficient surface coverage. In passive 

adsorption, antibodies may bind through various regions (e.g., Fc or Fab), reducing functional 

binding capacity [435]. HRP-tagged antibodies are bulkier than regular IgG due to the enzyme 

attachment. This bulk creates additional steric hindrance, preventing efficient packing on the 

nanoparticle surface [436]. Given these factors, a reduction of 20–30% in the theoretical 

antibody number is expected under realistic conditions. 

Adjusting the upper limit values: 49–42 × 0.7 ≈ 29–34 antibodies per AuNP. 

This estimation aligns with the observed colloidal stability and functionality of the AuNP-

HRP conjugates, validated through the QC lateral flow dipstick test and functional HRP 

enzymatic activity. 
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3.2.2. Synthesis, Surface Modification and Characterisation of UCNPs 
 

The luminescent properties of NaYF₄:40%Yb³⁺,4%Er³⁺ UCNPs, including quantum yield (QY) 

and brightness, are key factors contributing to their suitability for biosensing applications 

[437]. Yb³⁺ ions act as efficient sensitisers due to their strong absorption cross-section in the 

near-infrared (NIR) region (~980 nm), facilitating energy transfer to Er³⁺ activators and 

resulting in visible emission [438]. The brightness of these UCNPs, defined as the product of 

QY and absorption cross-section, is significantly influenced by the high doping concentration 

of Yb³⁺. Studies indicate that Yb³⁺ doping at 40% achieves an optimal balance, enhancing 

brightness while avoiding concentration-quenching effects commonly observed at higher 

dopant levels [439, 440]. Quantum yields for NaYF₄:Yb³⁺,Er³⁺ UCNPs are often reported in the 

range of 0.1–5% under continuous-wave excitation at 980 nm, depending on synthesis 

conditions, particle size, and the use of core-shell structures [359, 441]. For instance, the 

incorporation of an inert shell, such as NaYF₄ or NaGdF₄, passivates surface quenching sites 

and improves QY by reducing non-radiative energy losses, with some studies reporting up to 

a twofold increase in QY for core@shell UCNPs compared to core-only counterparts [439, 

442]. These enhancements are particularly critical for applications requiring high signal-to-

background ratios, such as biosensing in complex biological environments [441].  

Brightness, defined as the product of QY and absorption cross-section, is another critical 

parameter for evaluating the performance of UCNPs. Yb³⁺ ions act as efficient sensitisers, with 

a high absorption cross-section for NIR light (~980 nm) [443]. This energy is transferred non-

radiatively to Er³⁺ ions, resulting in sharp dual-band emissions (~540 nm and ~654 nm), 

corresponding to the 4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions, respectively [193, 444]. 

Notably, the brightness of NaYF₄:40%Yb³⁺,4%Er³⁺ UCNPs is significantly higher under NIR 

excitation, offering distinct advantages, particularly in biological imaging where NIR 
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excitation reduces tissue autofluorescence and scattering [440, 442]. The doping concentration 

of Yb³⁺ (40%) is carefully optimised to achieve maximum brightness while avoiding 

concentration quenching, which occurs when excessive dopant levels lead to energy migration 

to quenching sites. This balance ensures efficient energy transfer to Er³⁺ activators while 

minimising non-radiative losses [359, 441]. The addition of an inert shell further enhances 

brightness by mitigating surface quenching effects, which can otherwise compromise 

luminescence. This shell also improves QY, contributing to overall brightness improvement 

[202]. Moreover, tailoring nanoparticle size is another critical factor influencing brightness. 

Smaller nanoparticles exhibit higher surface-to-volume ratios, which increases the likelihood 

of surface quenching. Therefore, optimised core sizes, typically in the range of 30–40 nm, 

combined with an inert shell thickness of ~3–5 nm, have been shown to maximise 

luminescence, striking a balance between reducing surface quenching and maintaining efficient 

luminescent properties [441, 445].  

While the absolute values of QY and brightness can vary depending on experimental 

conditions, the selection of NaYF₄:40%Yb³⁺,4%Er³⁺ UCNPs in this thesis is consistent with 

their demonstrated performance in our previous studies [359, 439, 442]. This includes the use 

of the exact composition of these UCNPs in our group’s UCNP-LFA studies [370, 371], where 

they have proven to be highly sensitive, photostable, and efficient luminescent probes for the 

detection of low-abundance analytes.  

Core and core@shell UCNPs were synthesised following a previously published co-

precipitation method [409, 446]. The morphology of the synthesised UCNPs was characterised 

using TEM, showing that the NaYF4:40%Yb3+,4%Er3+ core nanocrystals had a size of 

approximately ~34 nm and exhibited a high degree of homogeneity with a narrow size 

distribution (Fig 19a). The growth of inert shells was used to passivate non-radiative pathways 

to surface quenchers, forming core@shell nanoparticles. The passivation of non-radiative 
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pathways to surface quenchers through shell coating is crucial for maximising upconversion 

luminescence and improving sensitivity for detecting target analytes. Following the shell 

coating, the size of UCNPs increased from 34 nm to 40 nm (Fig 19b), indicating the addition 

of a 3 nm thick inert shell. The observed narrow size distribution, with a coefficient of variation 

(CV) below 5%, signifies the uniformity of the as-synthesized core@shell nanocrystals. This 

uniformity ensures consistency in size, rendering them suitable for subsequent surface 

modification. 
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Fig 19: TEM of the core (A) and core@shell UCNPs (B), size distribution diagram 

 

Surface modification of UCNPs is a vital step in making the particles suitable for use as probes 

in biomedical applications. The surface of as-synthesized UCNPs is hydrophobic and requires 

surface modification to make them hydrophilic [447, 448]. Polymers containing multiple 

anchoring ligands have been extensively used to modify the as-synthesized UCNPs and 

improve colloidal stability, biocompatibility and immunogenicity [410, 449]. In this project, 
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we modified the UCNPs with copolymers (Fig 20a) to form UCNPs with surface carboxyl 

groups based on a previously optimised protocol [410]. Fourier transform infrared (FTIR) 

spectroscopy also confirmed the successful coating of copolymer on the surface of UCNPs, as 

evidence by the absorption bands of copolymer at 1638 cm–1 (asymmetric stretching vibrations 

of CO2), and 1048 cm–1 (stretching vibrations of CH2O) (Fig 20b). When excited at 980 nm, 

UCNPs display two prominent emission bands, located at ~540 nm and ~654 nm. These bands 

correspond to the 4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 electronic transitions of Er³⁺, respectively (Fig 

20c). 

 

Fig 20: The structure (A) and Fourier transform infrared spectra (FTIR) (B) of as-synthesized polymer, 
UCNP without OA and UCNPs modified with polymer (C) Luminescence spectra of UCNPs under 
excitation at 980 nm. 

 

For bioanalytical applications, the UCNPs were transitioned from an oil phase to an aqueous 

phase, using a ligand exchange strategy to replace OA with a co-polymer, as discussed 

previously. DLS measurements were employed to validate that the successful surface 

modification of the as-synthesised UCNPs. As illustrated in Fig. 21a, the size of the UCNP-

Polymer was found to be 69 nm, which indicates a uniformly distributed hydrodynamic size 

without aggregation. Zeta potential was used to assess the surface charge of polymer-modified 

UCNPs. The carboxylic functional group on the polymer surface, when in an aqueous medium, 

is deprotonated, generating a negative charge. The zeta potential of the UCNP-Polymer was 
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found to be -24.5 mV (Fig. 21b), confirming the successful modification of the UCNPs with 

the polymer. These modified UCNPs were further utilised for bioconjugation with CD63 and 

PD-L1 detector antibodies, employing the AnteoTech Nano kit to generate probes for 

subsequent use in the UCNP microplate immunoassay (Results Chapter 4) and the UCNP-LFA 

(Results Chapters 5 and 6). 

 

Fig 21: Characterisation of surface-modified UCNPs (diluted in ultra-pure water, pH 7). Dynamic light 
scattering CONTIN plot (a.) and Zeta potential (b.) measurements were performed on Malvern 
Zetasizer Nano ZS equipped with 633nm laser and 173° backscattering detector. The size of the 
UCNPs-Polymer was found to be 69 nm, and the zeta potential measurement was found to be -24.5 mV. 

 

Following surface modification, antibodies for CD63, PD-L1, and GPC-1 were conjugated to 

UCNPs using a Particle Conjugation Kit, enabling their use as probes in Results Chapters 4, 5, 

and 6. An important parameter to evaluate in this process was the mole ratio of antibodies to 

UCNPs in the conjugated probes. The conjugation was carried out using the exact same kit and 

protocol that our group has successfully applied in multiple published studies, particularly 

those involving the UCNP-LFA. In these previous projects, the conjugation process 

consistently achieved a high efficiency of ~80%, ensuring the reliability and reproducibility of 

the antibody-UCNP functionalisation [370, 371]. 
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Calculation of mole ratio of Antibody/UCNPs 

Moles of UCNPs = Mass of UCNPs (g) / Molecular weight of UCNPs (g/mol) 

                             = 2 × 10-4 / 90 × 106 = 2.22 × 10-12 moles 

Moles of Antibody = Mass of Antibody (g) / Molecular weight of antibody (g/mol) 

CD63 Antibody = 2 × 10-6 / 25,000 = 8 × 10-11 moles 

PD-L1 Antibody = 2 × 10-6 / 33,000 = 6.06 × 10-11 moles 

GPC-1 Antibody = 2 × 10-6 / 62,000 = 3.23 × 10-11 moles 

Adjusted for estimated conjugation efficiency (80%) 

CD63 Antibody:  8 × 10-11 × 0.8 = 6.4 × 10-11 moles 

PD-L1 Antibody = 6.06 × 10-11 × 0.8 = 4.85 × 10-11 moles 

GPC-1 Antibody = 3.23 × 10-11 × 0.8 = 2.58 × 10-11 moles 

Mole ratio of modified Antibody to UCNPs 

CD63: 6.4 × 10-11 / 2.22 × 10-12 ≈ 28.8 

PD-L1: 4.85 × 10-11 / 2.22 × 10-12 ≈ 21.8 

GPC-1: 2.58 × 10-11 / 2.22 × 10-12 ≈ 11.6 

The calculated mole ratios of antibodies to UCNPs were approximately 29 for CD63, 22 for 

PD-L1, and 12 for GPC-1, reflecting successful conjugation and providing a reliable basis for 

their use in downstream bioanalytical applications.  

 

3.3. Conclusion 

 

This chapter detailed the design, synthesis, surface modification, and characterisation of 

nanoparticles crucial for developing nanoparticle-based immunoassay platforms. AuNPs and 

UCNPs were carefully optimised and evaluated to meet the specific requirements for their 

respective roles in AuNP-ELISA, UCNP-based microplate immunoassay and UCNP-LFA. 
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These nanoparticles not only facilitated improved signal amplification but also addressed the 

unique challenges associated with detecting low-abundance sEV surface markers. AuNPs were 

successfully characterised and optimised as HRP-antibody conjugates for use in the AuNP-

ELISA. Titration experiments were performed to determine the optimal pH and antibody 

loading concentration for maintaining colloidal stability and achieving high antibody surface 

coverage. Functional testing of the AuNP-HRP conjugates confirmed their stability and 

activity, with robust colorimetric signals generated upon exposure to TMB substrate, validating 

their utility in the AuNP ELISA format for sensitive detection of sEV surface markers. 

Similarly, UCNPs were synthesised, passivated with inert shells, and surface-modified with 

copolymers to ensure colloidal stability, biocompatibility, and functional integrity. These 

modified UCNPs were further conjugated with detector antibodies using optimised protocols 

and tested as probes in UCNP-based LFAs and microplate immunoassays. The upconversion 

efficiency, stable luminescence and ability to support bioconjugation with antibodies make 

UCNPs highly effective for the sensitive and reliable detection of low-abundance target 

analytes.  

The results and discussions in this chapter highlight the importance of systematic nanoparticle 

optimisation in bioanalytical systems. The characterisation and functionalisation processes 

described herein established the structural and functional integrity of AuNPs and UCNPs, 

ensuring their suitability for use in the experiments presented in subsequent chapters. For 

AuNPs, optimising antibody conjugation efficiency and stability was critical for enhancing 

ELISA sensitivity. For UCNPs, the combination of stable luminescence and and tailored 

surface chemistry ensured their effectiveness in UCNP-LFA and microplate immunoassays. 

The insights gained here will directly inform the experiments and results detailed in Chapters 

4, 5 and 6, underscoring the broader impact of nanoparticle-based bioanalytical innovations. 
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4. Developing nanoparticle-integrated ELISA formats for sensitive 
detection of sEV surface markers with potential POC applications 
 

Abstract 
 

ELISA is a widely used technique employed in detecting target analytes and is widely used in 

scientific and clinical settings. However, conventional ELISAs often face limitations in 

sensitivity, making it unable to detect and quantify low-abundance analytes accurately. 

Moreover, traditional ELISAs are performed in benchtop plate readers that require well-

equipped lab settings, making them unsuitable for POC testing in resource-limited 

environments. To address this, the integration of nanoparticles has emerged as a strategic 

enhancement, significantly amplifying sensitivity and expanding the detection limits of 

ELISAs for improved precision in identifying target analytes. In this study, we explored two 

modified ELISA formats to facilitate enhanced sensitivity towards the detection of CD63, 

which is an integral structural marker of sEVs. The first technique involved an AuNP-enhanced 

colorimetric ELISA system, performed in a portable, hand-held plate reader device, wherein 

the signalling HRP antibody was conjugated to AuNPs and the modified ELISA generated a 

~2-fold enhancement in detection sensitivity compared to the conventional ELISA format. The 

second technique involved the use of a UCNP-based microplate-ELISA immunoassay, 

performed in a bench-top, custom built plate reader where the HRP-tagged signalling antibody 

was replaced by a UCNP-conjugated detector antibody to function as a luminescent signal-

generating probe. The system achieved a LOD of 0.036 ng/mL (1.578 pM) and a ~10-fold 

enrichment in detection sensitivity compared to the AuNP-ELISA. While the UCNP microplate 

immunoassay has limited feasibility for use as a POC testing system, the enhanced sensitivity 

of the modified ELISA systems have significant clinical relevance, specifically towards 

detecting low-abundance target analytes from diverse sample types in diagnostic settings. 
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4.1. Introduction 
 

The Enzyme-Linked Immunosorbent Assay (ELISA) detection system is a widely used 

biochemical technique designed to detect and quantify target analytes in a sample [450, 451]. 

They are based on very specific antigen-antibody binding and the binding of an enzyme-

labelled antibody to a specific target molecule, generating a measurable signal, typically 

colorimetric or fluorescent, enabling the quantification of the target's presence in a sample 

[452]. Colorimetric ELISAs commonly use enzyme labels, including horseradish peroxidase 

(HRP), alkaline phosphatase (ALP) and β-galactosidase. These enzymes catalyse the oxidation 

of reducing substrates like 3,3’,5,5’-tetramethylbenzidine (TMB) by H2O2, generating a 

coloured reaction product in the presence of target analytes [453]. Contrastingly, other ELISA 

formats utilise fluorescent or luminescent labels to produce light as a signal-generating product 

in the presence of target analytes [454].  

sEVs are formed by the inward budding of late endosomes and contain molecular information 

about their tissue of origin. They have gained attention as enriched sources of biomolecules, 

including proteins, nucleic acids and other metabolites [39]. While sEVs originate from diverse 

sources, they share common structural and functional proteins, including tetraspanins (CD9, 

CD63 and CD81), heat shock proteins (HSP60, HSP70) and endosomal sorting complex for 

transport (ESCRT) associated components (Alix and TSG101) [47]. Studies have implicated 

tumour-derived sEVs in promoting aspects of tumour progression, including cell apoptosis 

suppression, angiogenesis, invasiveness and metastasis, genomic stability and inflammation 

[40, 41].  

While studies have used conventional ELISA to detect sEV surface markers to accurately 

detect and quantify minimal quantities of sEV target analytes, the detection sensitivity of 

conventional ELISAs can be improved by integrating an additional signal amplification step. 
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Multiple studies have explored signal amplification strategies like tyramide signal 

amplification, liposomes and nanoparticles to enhance the sensitivity of immunoassays [455-

457]. In this context, AuNPs are considered an appealing choice for integration into 

immunoassays owing to their unique structural, optical and catalytic properties. AuNPs have a 

high surface-volume ratio, high loading capacity and biocompatibility [458] and studies have 

employed AuNPs to function as signal indicators and carriers to load more signalling molecules 

and facilitate improved sensitivity in immunoassays [459, 460]. Moreover, traditional ELISAs 

typically rely on bulky instruments that are not practical for use in resource-constrained 

settings. To address this, portable ELISA systems offer handheld plate reader devices with 

user-friendly interfaces that function similarly to conventional ELISA setups, while enabling 

rapid detection of sEV-specific analytes [461, 462]. Integrating nanoparticle immunoassays 

into these portable platforms can enhance the sensitivity of sEV marker detection, particularly 

in setups with limited resources. 

While traditional ELISAs generally employ a colorimetric signal readout, efforts have been 

made to replace the enzyme-mediated signal development process using nanoparticles like 

quantum dots, magnetic NPs, metal NPs and fluorescent polymers [463-465].  UCNPs 

represent a new generation of luminescent labels for sensitive detection of target analytes in 

immunoassays. They exhibit the unique ability to be stimulated by near-infrared light and 

subsequently emit shorter wavelength light (anti-Stokes emission). This reduces 

autofluorescence and light scattering in bio-analytical applications [445, 466]. Moreover, 

UCNPs offer high photostability, and the large anti-Stokes shifts allow for the separation of 

excitation and detection channels, making them ideal for use in sensitive immunoassays [467-

469]. Previous research conducted by our group has successfully utilised UCNPs in TIRF and 

super-resolution microscopy formats to detect and quantify sEVs at the single vesicle level 

[407, 408]. Studies have also incorporated UCNPs into microplate-based ELISA formats to 



 

113 
 

detect target analytes at improved detection sensitivity and an expanded concentration range 

compared to traditional ELISAs [470, 471]. While these studies have employed the UCNP 

microplate immunoassay format to detect target analytes, it has not been used to detect and 

quantify sEV surface markers.  

In this study, we explore two nanoparticle-enhanced ELISA formats to allow for sensitive 

detection of target analytes. The first is a colorimetric ELISA system performed in a portable, 

hand-held plate reader, where the signalling antibody was conjugated to AuNPs to function as 

signal enhancers and improve the sensitivity of traditional ELISAs (Fig 22). The second is a 

UCNP-based microplate immunoassay system performed in a customised plate reader 

integrated with a 980 nm laser to excite UCNPs and record the resultant emission signals at 

~654 nm. In the UCNP immunoassasy, the signalling antibody is replaced by a UCNP probe 

that functions as a signal transducer by emitting luminescent signals in the presence of target 

analytes instead of an enzyme-mediated generation of a coloured product (Fig 23). The 

objective of the study was to harness the enhanced sensitivity of the nanoparticle-modified 

ELISA/microplate immunoassasy systems for the sensitive detection of CD63, an integral 

structural surface marker for sEVs. 



 

114 
 

 
Fig 22: Schematic illustration of the colorimetric AuNP-enhanced sandwich ELISA (AuNP-ELISA), 
implemented in a portable, hand-held plate reader. The conventional sandwich ELISA format was 
modified using AuNP-conjugated HRP-labelled antibodies that act as a colorimetric signal amplifier 
and consequently enhance the detection sensitivity of target analytes using the ELISA format. 

 

 



 

115 
 

 
Fig 23: Schematic representation of the UCNP-enhanced microplate immunoassay. UCNP conjugated 
antibody complexes were used in a microplate-based sandwich immunoassay, where the probes 
replaced the colorimetric signal-generating compounds of a traditional ELISA detection system. A 
custom-built plate reader equipped with a 980nm laser was used to excite the UCNP probes and record 
the emission as 654nm. 
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4.2. Experimental Results 

4.2.1. Cell Culture and Isolation of sEVs 

H1975 and MSTO-211H cells (Fig 24) were cultured in T175 flasks until they reached ~70% 

confluence. Subsequently, hypoxic conditions were induced on the cells for 48 h, following 

which the culture medium underwent to isolate sEVs. The size and concentration of the isolated 

sEVs were assessed by NTA. The average sizes of the H1975 and MSTO sEVs were found to 

be 108.7 nm and 125.1 nm, respectively, consistent with the reported size range of sEVs. The 

concentration of the isolated sEVs were found to be 4.4 × 109 particles/mL and 1.2 × 109 

particles/mL, respectively (Fig 25). sEVs from H1975 and MSTO cells were also used for 

Chapter 5, where Western Blotting and TEM validated the morphology and sEV specific 

surface marker expression of sEVs (Fig 36). 

 

Fig 24: Representative phase-contrast images of (a.) H1975 and (b.) MSTO cells. These cells were 
cultured till they reached ~70% confluence and cultured in hypoxic conditions for 48 hours before the 
culture medium was collected to isolate sEVs (Scale bar: 100 µm) 
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Fig 25: NTA analysis of the H1975 (a.) and MSTO-211H (B.) cell-derived sEVs. The mean sizes of 
the H1975 and MSTO sEVs were found to be 108.7 nm and 125.1 nm, respectively, and the 
concentrations of the sEVs were found to be 4.4 × 109 particles/mL and 1.2 × 109 particles/mL, 
respectively.  

 

4.2.2. Optimisation of the sandwich ELISA components 
 

The AuNP-enhanced colorimetric immunoassay exploits the unique properties of AuNPs 

employed as carriers of the signalling HRP-labelled antibody in the traditional sandwich 

ELISA process. Traditional colorimetric ELISAs use an HRP-labelled antibody to catalyse the 

oxidation of a substrate to generate a coloured product, the absorbance which can be quantitated 

using a microplate reader. With the enhanced surface area of AuNPs, they are able to bind to 

more molecules of the antibody and hence generate a significant amplification of the 

colorimetric signal in comparison to the traditional ELISA format. In this study, AuNP-HRP 

conjugates were prepared to be integrated for use in the ELISA system and facilitate enhanced 

sensitivity in detecting target analytes, specifically sEV surface markers. Having previously 

established the excellent bio-analytical performance offered by high-quality UCNPs, detector 

antibodies were conjugated with surface-modified UCNPs and used directly in a microplate-

based immunoassay, where the UCNP-antibody complex functioned as signal probes instead 

of coloured product-generating compounds of conventional ELISA. A customised plate reader 
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that can excite UCNPs and record their emission signals in a microplate setup was used to 

detect and quantify target analytes in samples sensitively. 

In this project, the capture antibody and blocking buffer concentrations were optimised 

independently, as they do not directly interact with the detection antibody or HRP antibody in 

the ELISA setup [472-475]. However, the simultaneous optimisation of the detection antibody 

and HRP antibody concentrations was crucial due to their interdependent roles in the sandwich 

ELISA format [476-478]. In the context of the AuNP-ELISA platform, conjugation of HRP to 

AuNPs introduced unique dynamics compared to free HRP antibodies, necessitating a tailored 

approach to optimise both detection and HRP antibody concentrations simultaneously [479, 

480]. This is particularly important for low-abundance targets, such as sEV surface markers, 

where limited antigen availability requires a precise balance between detection antibody and 

HRP antibody concentrations to maximise antigen capture and signal amplification [481, 482]. 

Moreover, simultaneous optimisation is essential to account for sandwich ELISA systems' non-

linear nature and the components' synergistic effects. This ensures the assay operates within its 

optimal dynamic range, delivering accurate and reproducible results [483, 484]. Independent 

optimisation of these parameters could overlook their interplay, potentially leading to 

suboptimal signal amplification and reduced sensitivity; therefore, optimising both antibodies 

in tandem gives a better chance of achieving the desired assay performance [485-487]. 

To ensure the best analytical performance of both sandwich ELISA formats, it was vital to 

optimise the multiple components of the sandwich ELISA setup, namely the concentrations of 

capture antibody, blocking buffer (% BSA), detector antibody and the HRP-labelled antibodies. 

The optimised ELISA conditions were found to be – capture antibody: 5 µg/mL, blocking 

buffer: 7.5% BSA, detector antibody: 4 µg/mL and HRP-antibody: 250 ng/mL (Fig 26); and 

these optimised concentrations of the ELISA components were used for the remainder of the 

nanoparticle integrated immunoassay experiments. Additionally, to assess if the immunoassays 
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maintained a high level of specificity in detection of target analytes, experiments were 

performed to check for cross-reactivity/non-specific binding. The results showed that 

absorbance readings of the control and 12.5 ng/mL PD-L1 antigen were similar in a CD63 

ELISA detection setup, and the absorbance readings between 25 ng/mL CD63 antigen and 25 

ng/mL + 12.5 ng/mL PD-L1 antigen were indistinguishable (Fig 27). Similarly, for a PD-L1 

detection setup, absorbance readings of the control and 25 ng/mL CD-63 antigen were similar 

and the readings between 50 ng/mL PD-L1 antigen and 25 ng/mL CD63 + 50 ng/mL antiegn 

were indistinguishable. These findings establish the sandwich ELISA’s specificity in detection 

of target analytes.    

 

 

Fig 26: Optimisation of sandwich ELISA components. (a). Capture Antibody (capAb: 1 µg/mL, 2 
µg/mL and 5 µg/mL) (b.) Blocking Buffer (7.5% BSA, 10 % BSA and 12 % BSA) (c.) Detector 
Antibody (detAb) and HRP-labelled Antibody (HRPAb). Data plotted as Mean ± S.D (n=3) 
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Fig 27: Detection of cross interactions in CD63 and PD-L1 in the sandwich ELISA format. Microplate 
wells with the CD63 antibody pair showed no positive signal in the presence of high concentrations of 
PD-L1 (12.5 ng/mL). Importantly, the high concentration of PD-L1 did not affect the detection of 25 
ng/mL CD63. Microplate wells with the PD-L1 antibody pair have no positive signal in the presence of 
high concentrations of CD63 (125 ng/mL); also, the high concentration of CD63 did not affect the 
detection of 50 ng/mL PD-L1. Data plotted as Mean ± S.D. (n=3) 

 

Apart from optimising the concentrations of BSA in the blocking buffer, the capture, detector, 

and HRP antibodies, several other parameters were considered, tested, and optimised to ensure 

the ELISA performed as robustly as possible. These additional factors were critical in refining 

the assay's performance and addressing the challenges inherent in developing a reliable 

homemade ELISA platform. The optimisation process, including the concentration ranges of 

antibodies used and the antigen to be tested, was informed both by findings from relevant 

studies on sEV-specific ELISA development [488-490] and by the specific needs of our 

experimental setup, ensuring the approach was tailored to achieve the best possible analytical 
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performance. Unlike commercial ELISA kits, which benefit from industrially optimised and 

controlled surface chemistries, we had limited control over the microplate surface properties. 

Nevertheless, to give us the best chance of developing a reliable assay, we selected high-

binding polystyrene microplates to ensure consistent antibody and antigen immobilisation 

[491, 492]. The choice of the coating buffer was critical, as the AuNP-IgG-HRP conjugates 

used in subsequent experiments were pH-sensitive and prone to aggregation under alkaline 

conditions. While carbonate buffer (pH 9.6) is commonly used in ELISA protocols, we opted 

for PBS (pH 7.4) as the coating buffer [493]. This adjustment improved the stability of the 

AuNPs and enhanced the reliability of the ELISA results by preventing aggregation. The ionic 

strength and pH of buffers at various stages of the ELISA were systematically adjusted. Higher 

salt concentrations were avoided to maintain optimal antibody binding efficiency [494]. For 

the washing steps, PBS-Tween (0.05% Tween-20) was used to reduce background noise. 

However, during the final washing step for the UCNP-based microplate immunoassay, Tween-

20 was excluded from the wash buffer to avoid excess detergent interference, as Tween-20 was 

already present in the UCNP probe dilution buffer. This modification significantly improved 

the reproducibility and signal specificity of the UCNP-based assay. The number of washing 

cycles was increased from three to five to further reduce background signals and non-specific 

interactions [495]. This adjustment demonstrated the importance of stringent washing steps in 

achieving reliable results, particularly in custom ELISA setups. The incubation temperature 

and duration for antigen binding, blocking, and antibody interactions were systematically 

optimised. While most commercial ELISA protocols recommend incubating the 

antigen/sample for 1.5–2 hours at 37°C, our experiments demonstrated that overnight 

incubation at 4°C yielded more consistent results. This adjustment accounts for the low 

abundance of target analytes in our samples and the absence of industrial optimisation in our 

setup, as the extended incubation period allowed sufficient time for stable immunocomplex 
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formation between the antigen and antibody, ultimately enhancing assay sensitivity and 

reproducibility. The reaction time for TMB substrate development was optimised to prevent 

overdevelopment, which can result in signal saturation or variability [496]. Careful monitoring 

ensured that the colorimetric signals remained within the quantifiable range. To ensure accurate 

quantification, different curve-fitting models were evaluated, including linear regression and 

4-parameter logistic (4PL) regression. ELISA standard curves are typically fitted using the 4PL 

model, but in our dataset, the R-squared values for both models were comparable. To ensure 

consistency across assays, particularly since the UCNP microplate immunoassay employed a 

linear curve fit, we chose to analyse the ELISA data using a linear regression model as well. 

This ensured methodological uniformity in data interpretation and facilitated direct 

comparisons between the two assay systems. 

The iterative optimisation of ELISA conditions addressed specific challenges associated with 

a home-made assay system, such as limited control over surface chemistries and detecting low-

abundance target analytes. Key adjustments, such as the use of high-binding plates, specific 

buffer formulations, and prolonged incubation times, were guided by both experimental 

evidence and insights from the literature. assumed that these factors would enhance 

immunocomplex stability and overall assay performance. While certain conditions, such as 

shorter incubation times, higher temperatures, or buffers with pH incompatible with 

nanoparticles, were tested and discarded due to inconsistent results, these setbacks informed a 

more robust optimisation strategy. These insights not only strengthen the current assay's 

performance but also provide a foundation for further refinement and adaptation to other 

analytes or assay platforms. 
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4.2.3. AuNP enhanced colorimetric sandwich ELISA 
 

The optimised sandwich ELISA conditions were used to detect CD63 using both the 

conventional ELISA and the AuNP-enhanced ELISA formats. Samples with a concentration 

range of CD63 antigen (0.39 ng/mL–50 ng/mL) were concurrently analysed to establish 

calibration curves for both systems, to serve as references for quantifying the concentration of 

CD63 on the surface of sEVs. Fig 28 shows a proportional increase in absorbance readings 

with increasing concentration of CD63 antigen in the range of 0.39 ng/mL–50 ng/mL, 

corresponding to molar concentration range of 0.0171 nM - 2.19 nM. The results clearly show 

that the AuNP-ELISA generated higher signals compared to the conventional ELISA, resulting 

in sensitive detection of target analytes (Fig 28). LODs were calculated as per the standard 

formula reported in the literature [497, 498]. The LOD of CD63 antigen with AuNP-ELISA 

was found to be 0.493 ng/mL (0.0216 nM), which exceeded that of the conventional ELISA 

(1.191 ng/mL, 0.0522 nM), establishing the superiority of the format. Additionally, the 

generation of coloured products with the addition of TMB substrate with the AuNP-ELISA 

took only 10 mins, while the classic ELISA took up to 30 mins. The improved LOD was a 

result of the AuNPs functioning as carriers of the HRP signalling molecules to the binding sites 

of the target epitope and can be implemented to accurately detect minute quantities of target 

analytes, including sEV surface markers.  
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Fig 28: Detection of CD63 antigen using the (red) Conventional colorimetric ELISA and the (blue) 
AuNP-enhanced ELISA. Calibration curves for the detection of CD63 at concentrations of 0.39 ng/mL–
50 ng/mL, corresponding to a molar concentration range of 0.0171 nM - 2.19 nM. The absorbance 
readings showed a proportional increase with increasing concentration of the protein between this 
concentration range [(a.) R2=0.9215; (b.) R2=0.9652]. Data plotted as Mean ± S.D. The AuNP ELISA 
clearly generated higher colorimetric signals than the conventional ELISA format, resulting in enhanced 
sensitivity towards detection of CD63 antigen. The AuNP ELISA produced colorimetric signals in 10 
minutes, compared to the conventional ELISA, which took up to 30 minutes for colour development. 
Data plotted as Mean ± S.D. (n=3) 

 

The AuNP-ELISA was used to detect CD63 on the surface of sEVs isolated from H1975 and 

MSTO cells. sEV samples were prepared at varying concentrations (~ 105 – 106 sEVs/µL) to 

quantitate the CD63 on the surface of sEVs. Consistent with the calibration curve findings 

(CD63 antigen), the AuNP-ELISA generated higher absorbance readings and allowed for 

enhanced sensitivity in the detection of sEV CD63. The conventional ELISA had limited 

sensitivity, hindering accurate CD63 quantitation in sEVs. In contrast, the AuNP-ELISA was 

able to detect CD63 at concentrations as low as 1.87 × 106 sEVs/µL and 8.21 × 105 sEVs/µL 

for H1975 and MSTO sEVs, respectively (Fig 29).  
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Fig 29: Detection of CD63 on the surface of sEVs isolated from (a.) H1975 and (b.) MSTO-211H cells. 
Samples were prepared with sEVs at varying concentrations (~ 105 – 106 sEVs/µL) and analysed using 
the conventional and AuNP-enhanced ELISA. The AuNP-ELISA generated higher absorbance readings 
and allowed for enhanced sensitivity in the detection of sEV CD63. For H1975 and MSTO sEVs, it was 
able to detect CD63 at concentrations as low as 1.87 × 106 sEVs/µL and 8.21 × 105 sEVs/µL, 
respectively. Data plotted as mean ± standard deviation (S.D). (n=3) 

 

The colorimetric ELISA system was also employed to detect PD-L1 antigen at a concentration 

range of 0.39 ng/mL – 50 ng/mL, corresponding to a molar concentration range of 0.0155 nM 

– 1.992 nM (Fig 35). Consistent with the CD63 antigen findings, the AuNP-ELISA generated 

higher absorbance readings compared to the traditional ELISA, resulting in more improved 

detection of target analytes (Fig 30). Subsequently, sEV samples were prepared at varying 

concentrations (~ 105 – 106 sEVs/µL) to quantitate the PD-L1 on the surface of sEVs. While 

the AuNP ELISA did generate higher colorimetric signals compared to the conventional 

ELISA, the absorbance readings generated were too low and inconsistent to be quantitated 

accurately (Fig 31). CD63 is an sEV structural surface marker, but a disease-specific, low-

abundant sEV marker like PD-L1 necessitates a detection system with higher sensitivity to 

facilitate its accurate detection and quantitation.   
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Fig 30: Detection of PD-L1 antigen using the (green) conventional colorimetric ELISA and the (gold) 
AuNP-enhanced ELISA. Calibration curves for detecting CD63 at concentrations of 0.39 ng/mL–50 
ng/mL, corresponding to a molar concentration range of 0.0155 nM – 1.992 nM. The absorbance 
readings showed a proportional increase with increasing concentration of the protein between this 
concentration range [(a.) R2=0.9890; (b.) R2=0.9725]. Data plotted as Mean ± S.D. The AuNP ELISA 
clearly generated higher colorimetric signals than the conventional ELISA format, resulting in enhanced 
sensitivity towards detection of PD-L1 antigen. The AuNP ELISA produced colorimetric signals in 10 
minutes, compared to the conventional ELISA, which took up to 30 minutes for colour development. 
Data plotted as mean ± standard deviation (S.D). (n=3) 

 

 

Fig 31: Detection of PD-L1 on the surface of sEVs isolated from (a.) H1975 and (b.) MSTO-211H cells. 
Samples were prepared with sEVs at varying concentrations (~ 105 – 106 sEVs/µL) and analysed using 
the conventional and AuNP-enhanced ELISA. While the AuNP ELISA did generate higher colorimetric 
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signals compared to the conventional ELISA, the absorbance readings generated were too low and 
inconsistent to be quantitated accurately. Data plotted as mean ± standard deviation (S.D). (n=3) 

 

The use of AuNP-HRP conjugates allowed for more HRP signalling molecules to catalyze the 

TMB substrate, resulting in higher absorbance readings and a ~2-fold improvement in the 

detection sensitivity of CD63 compared to conventional ELISA. The application of the AuNP-

ELISA system in a portable, hand-held plate reader has significant implications for POC 

applications, particularly in resource-limited settings, for the sensitive detection of sEV 

markers. While the AuNP-ELISA demonstrated proficiency in detecting CD63, its sensitivity 

towards low-abundance and disease-specific sEV markers such as PD-L1 needs further 

enhancement. This highlights the importance of rigorously optimising assay parameters, which 

is inherently more refined in commercial ELISA kits but challenging to replicate in lab-

assembled systems, particularly when integrating NP-based detection platforms like AuNP-

ELISA.  

Commercial ELISA kits are rigorously optimised through industrial refinement and 

standardisation, making them highly effective for enzyme-based detection systems [499, 500]. 

Precision-engineered microplate wells feature uniform geometries and specialised coatings, 

such as high-binding polystyrene or covalent attachments, to ensure consistent antigen-

antibody immobilisation and minimise nonspecific binding [501]. These kits employ strategies 

to orient capture antibodies correctly, maximising antigen binding efficiency, while lab-

assembled ELISAs, relying on passive adsorption, often result in random antibody orientations 

that reduce sensitivity [502]. Reagents in commercial kits, such as capture and detection 

antibodies, substrates, and enzyme conjugates, are meticulously purified and thoroughly 

standardised to ensure consistent quality and reproducibility across batches [503]. Proprietary 

blocking and wash buffers are tailored to minimise nonspecific interactions and maintain 

compatibility with complex sample matrices, whereas lab-prepared buffers often lack this 
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refinement [504]. Antibody pairs are extensively validated for optimal stoichiometry, 

specificity, and sensitivity, ensuring consistent performance across diverse samples [505]. 

Enzyme-substrate kinetics and dynamic range are optimised to enhance signal generation and 

provide precise quantification [502]. Additionally, pre-validated protocols, built-in controls, 

and advanced signal amplification strategies contribute to the robustness and reliability of 

commercial kits [472]. Despite these optimisations, the proprietary design and enzyme-specific 

nature of commercial kits make them impractical for integrating NP-based systems like AuNP-

ELISA without significant re-engineering [473]. 

 
4.2.4. UCNP-based microplate Sandwich Immunoassay  
 

The UCNP-based microplate immunoassay operates similarly to conventional ELISA, but it 

employs a UCNP-conjugated detector antibody as a direct luminescent reporter, replacing the 

need for a chromogen-labelled antibody and substrate to produce a coloured assay readout. The 

optimised sandwich ELISA conditions were implemented for the UCNP microplate 

immunoassay, with the HRP-Antibody replaced by a UCNP-conjugated detector antibody 

functioning as a probe. Black-walled microplates were used to minimise signal bleed-through 

between adjacent wells and improve the reliability of the assay. A customised microplate reader 

integrated with a 980 nm laser to excite the UCNP probes in individual wells and the resultant 

luminescent emission signals were recorded. CD63 antigen at a concentration range of 0.1 

ng/mL – 1000 ng/mL, corresponding to a molar concentration range of 4.39 × 10-3 nM – 43.9 

nM was analysed and the results showed a proportional increase of signal intensity with 

increasing antigen concentration (R2= 0.9606) (Fig 32). The LOD for CD63 antigen with the 

UCNP microplate immunoassay was found to be 0.036 ng/mL, corresponding to a molar 

concentration of 1.578 pM, making it ~10-fold more sensitive than the colorimetric AuNP-

ELISA format.  



 

129 
 

 

 

 

Fig 32: Detection of CD63 antigen using the UCNP-based microplate immunoassay system. Calibration 
curve for detection of CD63 protein at concentrations of 0.1, 1, 10, 100 and 1000 ng/mL, R2= 0.9606. 
The signal intensity showed a proportional increase with increasing CD63 antigen concentration. Data 
plotted as mean ± standard deviation (S.D). (n=3)  

 

The background noise observed in blank (no antigen) samples with UCNPs stems from 

multiple factors inherent to the assay system. The residual luminescence of UCNPs, which emit 

light upon excitation even without specific binding events, contributes significantly to the 

baseline signal [506]. This is further amplified by the 980 nm laser used for UCNP excitation, 

as higher laser power enhances upconversion efficiency but simultaneously increases baseline 
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luminescence [507]. Another contributing factor is autofluorescence from assay components, 

such as the microplate materials or buffer constituents [508]. Although black-walled 

microplates are designed to minimise reflectivity, the clear-bottom section may emit weak 

autofluorescence under NIR excitation [509]. Additionally, some chemical or biological 

components, such as stabilisers or proteins in the buffer, may weakly fluoresce, adding to the 

background signal [510]. Non-specific adsorption of UCNPs to the plate surface and 

incomplete removal of unbound UCNPs during washing further amplify the noise, as even 

trace amounts of highly luminescent UCNPs can contribute a detectable signal [511]. 

Mitigation strategies to reduce this background noise include fine-tuning the laser power to 

balance sensitivity and baseline noise, implementing more stringent or automated washing 

protocols to ensure the complete removal of free UCNPs, and optimising blocking agents to 

minimise non-specific UCNP adsorption [512, 513]. Additionally, time-gated detection 

systems can help differentiate true UCNP signals from background noise by capturing their 

unique emissions while excluding short-lived autofluorescence or stray excitation light [514]. 

Although normalising signals would reduce the apparent baseline signal, the relative raw 

signals between blank and antigen-containing samples remain consistent due to the use of 

arbitrary relative units (a.u.), ensuring reliable differentiation between samples.  

sEV samples were prepared in concentrations between ~104 – 106 sEVs/µL and analysed in the 

UCNP microplate immunoassay. For H1975 and MSTO sEVs, the system was successful at 

detecting CD63 at concentrations as low as 1.44 × 105 sEVs/µL and 6.06 × 105 sEVs/µL, 

respectively (Fig 33), which represents an improved sensitivity over the colorimetric AuNP-

ELISA  (Table 3). The use of high quality luminescent UCNPs as a signalling probe 

substantially enhanced the sensitivity of the microplate-based immunoassay and represents a 

more sensitive system for accurate detection of target analytes.  
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Fig 33: Detection of CD63 on the surface of sEVs isolated from (a.) H1975 and (b.) MSTO cells. sEV 
samples were prepared in concentrations ranging from ~104 – 106 sEVs/µL and analysed using the 
UCNP microplate assay. For H1975 and MSTO sEVs, it was able to detect CD63 at concentrations as 
low as 1.44 × 105 sEVs/µL and 6.06 × 104 sEVs/µL, respectively. Data plotted as mean ± standard 
deviation (S.D). (n=3) 

 

Table 3: Comparison of detection performance between AuNP-ELISA vs UCNP microplate 
immunoassay.  

 Lowest sEV concentration detected 

 sEVs AuNP-ELISA UCNP Microplate Assay 

H1975 1.87 × 106 sEVs/µL 1.44 × 105 sEVs/µL 

MSTO 8.21 × 105 sEVs/µL 6.06 × 104 sEVs/µL 
 

Compared to other reported UCNP-based systems, our UCNP microplate immunoassay 

represents a more operationally uncomplicated, ELISA-like approach towards detecting sEV 

surface markers (Table 4). Huang et al. achieved a detection limit of 1.8 × 10³ EVs/μL using 
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UCNP-based TIRF microscopy, a highly advanced imaging technique that allowed single EV 

detection, requiring specialised instrumentation [407]. Chen et al. and Wang et al. utilised 

LRET-based aptasensors, achieving detection limits of 1.1 × 10³ particles/μL and 80 sEVs/μL, 

respectively, through mechanisms that depend on precise energy transfer setups [397, 398]. 

Zhang et al. attained the highest sensitivity (<10 sEVs/μL) by employing UCNP-AuNP 

conjugates with ICP-MS, a sophisticated single-particle detection system that requires 

substantial instrumentation and expertise [515]. While our UCNP microplate assay is 

comparatively less sensitive than these advanced systems, it allows a simpler, more accessible 

format with the potential for scalability.  

The UCNP microplate assay can also be expanded to detect and quantify other disease-specific 

sEV surface markers, including PD-L1, EGFR, GPC-1, EpCAM, PSA, EGFR and others, to 

provide a more comprehensive understanding of the diagnostic landscape. However, while the 

colorimetric ELISAs were performed on a portable, hand-held plate reader setup, the UCNP 

microplate assay format required a custom-built plate reader specifically designed for UCNP 

detection. The detection of UCNPs necessitates a specific analytical system that can excite the 

nanoparticles at 980 nm and record the resulting emissions at ~ 654 nm, and the UCNP 

microplate immunoassay used in this study was a benchtop system that is not applicable as a 

POC testing system. With the continuous development of the UCNP microplate assay system, 

a miniaturised, hand-held version of this customised plate reader, if developed, would enable 

the sensitive detection of more disease-specific sEV markers, including the analysis of clinical 

samples, and enhance the diagnostic applicability of the technology, particularly in resource-

limited settings. 
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Table 4: Comparison of detection performance between UCNP microplate assay with other UCNP-
based sEV analytical studies 

 

Study Principle 
Lowest sEV concentration 

detected 
Huang et al. [407] UCNP-based TIRF microscopy 1.8 × 103 EVs/μL   

Chen et al. [397]  
Paper aptasensor based on LRET from 

UCNPs to AuNRs 1.1 × 103 particles/μL   

Wang et al. [398] 
aptasensor based on LRET from 
UCNPs to tetramethyl rhodamine 80 sEVs/μL     

Zhang et al. [515] 

UCNP-AuNP nanosatellite detection 
in inductively coupled plasma–mass 

spectrometry < 10 sEVs/μL   

This work UCNP-based microplate immunoassay  
6.06 × 104 sEVs/µL - 1.44 × 
105 sEVs/µL (CD63) 

 
 

4.3. Discussion and Conclusion 
 

ELISA is recognised for its convenience in detecting target analytes, presenting a well-

established and user-friendly platform. Traditional ELISAs often struggle with low sensitivity, 

hindering their effectiveness in detecting low-abundance analytes [429]. The study focussed 

on developing nanoparticle-integrated ELISA systems with potential POC applications that 

enable the detection and quantification of sEV surface markers. In the first technique, we 

incorporated the use of AuNP-conjugated signalling antibodies to improve the sensitivity of 

the conventional ELISA in a portable, hand-held colorimetric plate reader. The high surface-

to-volume ratio, substantial loading capacity, and biocompatibility of AuNPs served as carriers 

for the HRP antibody in the ELISA format. Although studies have reported the improved 

detection sensitivity of target analytes using AuNP-ELISA, they have not been applied to the 

detection of sEV surface markers, particularly within an analytical system suitable for potential 

POC applications [429, 430]. The AuNP-ELISA successfully generated higher absorbance 

readings and improved CD63 antigen and sEV-CD63 detection sensitivity in H1975 and 
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MSTO cell-derived sEVs (~2-fold) compared to the conventional ELISA. Although this in-

house ELISA method demonstrated success in detecting CD63, for the application of this 

technology towards accurate quantitation of low-abundance disease-specific sEV markers like 

PD-L1, especially from complex biological samples, the detection limit needs to be enhanced 

substantially.  

In this project, initial attempts were made to incorporate the AuNP-ELISA and UCNP 

microplate assay formats into commercial ELISA kits to utilise their pre-optimized 

components and protocols. However, these efforts failed due to fundamental incompatibilities, 

as commercial kits are optimised for enzyme-antibody interactions and not designed for NP-

based systems. Adapting commercial ELISA kits to AuNP- or UCNP-based detection systems 

is impractical due to the lack of transparency in their pre-optimized components and protocols, 

which are specifically designed for enzymatic detection methods [501]. Key information, such 

as the density of capture antibodies on the plate, the composition and concentration of blocking 

and wash buffers, and the working concentrations of detector antibodies and HRP conjugates, 

is proprietary and undisclosed [516]. Without these details, it is impossible to adjust critical 

parameters for NP-based systems, which have unique requirements such as maintaining 

colloidal stability, optimising surface interactions, and balancing nanoparticle-antibody 

stoichiometry [517, 518]. Commercial wash and blocking buffers, optimised for enzyme-

antibody systems, may not account for the physical and chemical properties of NPs, potentially 

causing aggregation or nonspecific binding [519]. This issue is particularly critical, as NP 

aggregation in incompatible buffers can lead to signal loss, high background noise, and reduced 

sensitivity [520]. Additionally, commercial kits are designed as closed systems with 

standardised protocols for incubation times and temperatures tailored for enzyme-antibody 

kinetics. These fixed conditions are incompatible with the slower binding dynamics and distinct 

optical properties of NPs like AuNPs and UCNPs [521]. Given the inflexible design of 
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commercial kits and their reliance on pre-validated reagents and substrates, modifying them 

for NP-based ELISAs would negate the benefits of their optimisation and require extensive re-

engineering [522]. These limitations are amplified when dealing with scarce analytes, as 

achieving optimal sensitivity requires fine-tuned assay conditions that commercial kits cannot 

accommodate. As a result, building a custom NP-based ELISA and/or microplate 

immunoassay from the ground up was the only feasible solution to ensure compatibility, 

maintain NP stability, and achieve reliable and sensitive detection of low-abundance markers 

like sEV surface proteins. 

Colorimetric ELISA formats rely on the spectroscopic detection of a chromogenic substrate, 

producing a measurable colorimetric product directly proportional to the concentration of the 

target analyte. However, the sensitivity of colorimetric readout is comparatively lower than 

alternative signal readouts like fluorescence, which diminishes the efficacy of colorimetric 

ELISAs. Furthermore, potential interference from compounds in biological samples adds 

another layer of complexity to the colorimetric signal readout [523-525]. The UCNP microplate 

immunoassay format leveraged the superior bio-analytical performance of high-quality UCNPs 

to sensitively detect CD63 in a microplate-based immunoassay format at an improved 

sensitivity (~10-fold) compared to the AuNP-ELISA. Moreover, the UCNP microplate assay 

achieved a detection performance comparable to other reported UCNP-based analytical studies 

that sensitively detected sEVs. As discussed earlier, incorporating the use of UCNP-conjugated 

probes in commercial ELISA kits that have undergone more specific immunoassay 

optimisations and the continuous advancement of the UCNP-based plate reader technology will 

allow for better reproducibility and be implemented towards the detection of more low-

abundance, disease-specific sEV analytes from diverse sample types. However, while the 

colorimetric ELISA was performed using a hand-held plate reader, the UCNP microplate assay 

required a custom-built benchtop plate reader, which is unsuitable for POC settings. With the 
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continuous development of UCNP microplate technology, there is hope that the system can be 

miniaturised into a compact hand-held device suitable for POC applications, enabling the 

sensitive detection of sEV markers. To address this, in Chapters 5 and 6, we investigated using 

a novel, quantitative UCNP-based LFA assay technology to detect and quantify sEV surface 

markers sensitively. Nevertheless, the technologies discussed in this chapter represent ongoing 

scientific innovation towards developing sensitive bio-analytical approaches to establish sEV-

based diagnostics.  
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5. Up-conversion Nanoparticle-Integrated Lateral Flow Assay for 
Detecting Small Extracellular Vesicles (sEV) PD-L1 
 

Abstract 
Small extracellular vesicles (sEVs) derived from cancer cells are enriched cargo of 

biomolecules, including proteins and nucleic acids, making them important sources of disease-

specific biomarkers. Notably, sEV proteins like PD-L1 are clinically significant biomarkers 

enriched in multiple cancer types and implicated with cancer progression. However, 

conventional technologies are operationally complex and limited in their sensitivity. Herein, 

for the first time, we present a novel quantitative lateral flow assay (LFA) for sensitive 

detection of sEV-PD-L1 using highly doped (NaYF₄:40%Yb³⁺, 4%Er³⁺) UCNPs. The UCNP-

LFA demonstrated highly sensitive and specific detection and quantification of CD63 and PD-

L1 antigens, with limits of detection (LOD) of 58 pg/mL (2.546 pM) and 10 pg/mL (0.398 

pM), respectively and was successful at detecting sEV-CD63 and sEV-PD-L1 in H1975, 

MM05 and MSTO-211H cell-derived sEVs. The findings demonstrate a significant 

advancement towards developing a simple, reliable and sensitive sEV-derived biomarker 

detection platform for point of care (POC) testing. The UCNP-LFA holds promise as a 

powerful tool for early diagnosis and disease monitoring of cancer and other diseases. 

5.1. Introduction 

sEVs originating from cancer cells reflect the molecular information of tumour and its 

microenvironment, offering valuable diagnostic and prognostic insights as non-invasive 

biomarkers [526]. Analysing the protein and nucleotide cargoes of sEVs allows the 

identification of specific cancer signatures, facilitating early-stage detection, disease 

monitoring and predicting treatment responses [527]. Specific sEV proteins like programmed 

death ligand 1 (PD-L1) have been found in multiple cancer types, including breast, lung, 



 

138 
 

glioblastoma and head and neck cancers, which can be harnessed towards the development of 

cancer diagnostic approaches [55, 527, 528].  

The PD-1/PD-L1 signalling pathway plays a critical role in tumour immune invasion [529]. 

PD-L1, as a key immune checkpoint protein, inhibits the activation and proliferation of T cells, 

thereby weakening their cytotoxicity against tumor cells [530-532]. Studies have demonstrated 

the role of sEV-PD-L1 in tumor progression, where PD-L1-positive sEVs contribute to immune 

evasion by inhibiting cytokines and inducing apoptosis in CD8+ T cells [533]. High PD-L1 

expression in pleural mesothelioma (PM) has been consistently correlated with the 

nonepitheliod histological subtype that has poor disease prognosis [534] and several clinical 

trials are currently exploring the PD-1/PD-L1 therapeutic approach in combination with 

chemotherapy [535]. sEV-PD-L1 is positively associated with overall disease stage in multiple 

cancers and has proven to be more clinically useful than soluble PD-L1 [536, 537]. The role of 

sEV PD-L1 in tumour progression is significant and targeting it can be an effective therapeutic 

strategy, particularly in predicting treatment responses of immunotherapy [538, 539]. The 

sensitive detection and quantification of sEV-PD-L1 levels can be a reliable cancer diagnostic 

medium in clinical settings [540, 541]. 

Conventional methods like Western Blotting, ELISA and Flow Cytometry have been 

implemented to detect sEV proteins, like PD-L1. However, the relatively small size and low 

abundance of sEVs in early cancer stages prevents the implementation of these methods, which 

have limited sensitivity, require large sample volumes and do not adequately represent the 

heterogeneity of sEVs [537, 542, 543]. Imaging techniques have also been applied for sEV 

analysis, but a majority of these approaches are label-based and heavily reliant on the use of 

fluorescent dyes which have limited signal intensity and photo stability for long-term 

characterisation [544]. These complexities and the limited sensitivity of conventional strategies 

prevent the implementation of sEV diagnostics in clinical settings [545]. 
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Lateral flow assays (LFAs) are a well-established and versatile technology for rapidly detecting 

target analytes. They are ideal for use as POC diagnostics, presenting several advantages 

compared to other analytical methods, which include their rapid and cost-effective nature, as 

they do not require any sophisticated equipment [298]. However, the visual interpretation of 

colorimetric tests used in most LFAs is not quantitative, and these tests are limited by the low 

sensitivity of traditional reporters such as colloidal gold nanoparticles [311, 312]. Integrating 

highly stable and sensitive fluorescent nanoparticles into LFAs can overcome these limitations 

and contribute to developing high-performance quantitative analytical assays. Lanthanide-

doped upconversion nanoparticles (UCNPs) are particularly useful in this regard, as they can 

combine two or more lower-energy photons into one higher-energy photon, making them ideal 

for single-molecule biosensing and bioimaging applications [177]. The nonbleaching, 

nonblinking and anti-Stokes emissions of UCNPs and their tuneable colours make them ideal 

for use as probes for multiplexed assays [313-317].  UCNP-based LFAs have been 

implemented in multiple studies to detect disease-specific target biomarkers with enhanced 

accuracy and sensitivity, with significant POC testing applications [318-321].  

In this study, for the first time, we have developed a highly doped (NaYF₄:40%Yb³⁺, 4%Er³⁺) 

UCNP-based lateral flow assay (UCNP-LFA) for the sensitive detection and quantification of 

specific sEV biomarkers. The UCNP-LFA was implemented to detect CD63, an integral 

structural marker for sEVs, and PD-L1, a cancer-specific marker on sEVs, in human 

mesothelioma and lung cancer cell lines (MM05, MSTO-211H and H1975) (Fig 34). This 

innovative technology is a significant step towards the development of a simple, reliable, and 

sensitive sEV biomarker detection system that could be implemented in clinical settings as a 

sEV based diagnostic tool.   
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Fig 34: Schematic representation of the UCNP-LFA detection system for detection of sEV surface 
markers. (a) sEVs are isolated from cell culture conditioned medium by ultracentrifugation and 
consequently analysed by the UCNP lateral flow system. (b) High-quality UCNPs were synthesised 
with oleic acid (OA) as a surface ligand and surface modified with polymers containing anchoring 
ligands. The surface-modified UCNPs were bio-conjugated with monoclonal CD63 or PD-L1 
antibodies to form UCNP probes. (c) UCNP conjugated probes were complexed with sEV samples and 
introduced into the sample pad of the lateral flow strips. CD63 and PD-L1 in the samples were detected 
in separate strips coated with the corresponding capture antibody. The solution flows through the 
conjugate pad onto the nitrocellulose membrane, where target analytes are recognised by immobilised 
antibodies at the test line. The laser-integrated strip reader excites the UCNPs at 980nm, and the 
resulting emission signals at 654nm are recorded, which is proportional to the concentration of target 
analytes in the sample. 

 

5.2. Experimental Results 

5.2.1. sEV characterisation 

The sEVs used in the study were isolated from three different cell lines (H1975, MM05 and 

MSTO-211H) using ultracentrifugation, which is the gold standard method for sEV isolation 

[10]. Particle size and concentration were evaluated by NTA and the protein expression was 
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evaluated by Western Blotting. NTA revealed that the majority of sEVs derived from the three 

cell lines had a mean size of 50-200 nm. The average sizes of the sEVs from H1975, MM05 

and MSTO-211H were measured to be 139.7 nm, 133.3 nm and 141 nm, respectively. The 

concentration of sEVs from H1975, MM05 and MSTO-211H was found to be 3.7 × 109 

particles/mL, 3 × 109 particles/mL, and 2.7 × 109 particles/mL, respectively (Fig 35). TEM 

image of the isolated sEVs additionally validated the morphology of sEVs as bilayer sphere-

shaped vesicles, consistent with previous observations (Fig 36a). The presence of common sEV 

markers CD63, CD9, and CD81 proteins (tetraspanins) was confirmed in the isolated sEV 

samples using Western Blotting (Fig 36b). These findings further establish the successful 

isolation and characterisation of sEVs isolated from the cells.  

 

Fig 35: Characterization of cancer-cell derived sEVs. The size distribution of sEVs derived from 
H1975 (A), MM05 (B) and MSTO-211H (C), the concentration of sEVs were 3.7 × 109 particles/mL, 
3 × 109 particles/mL and 2.7 × 109 particles/mL based on NTA analysis. 

 

 

Fig 36: (A.) TEM image of the sEVs derived from MM05. (B.) Western Blot analysis of the CD63, 
CD9, and CD81 on the surface of sEVs, sEVs were loaded on SDS-PAGE and immunoblotted for 
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antibodies against anti-CD63, anti-CD9 and anti-CD81. A gel was run under non-reducing conditions 
with 2×108 particles; ~5µg. The exposure time was 35 seconds.  

 

5.2.2. Detection of CD63 and PD-L1 proteins using UCNP-LFA 
 

To assess the performance of the UCNP-LFA system in detecting surface markers on sEVs, it 

was important to establish the detection sensitivity of the target analytes. Additionally, the 

heterogeneity in the size distribution of isolated sEVs and the variability in surface biomarker 

expression necessitated an accurate estimation of the UCNP-LFA system's detection 

performance and sensitivity. 

Paired capture and detector antibodies for CD63 and PD-L1 were used in the study; detector 

antibodies were conjugated with surface-modified UCNPs to generate UCNP reporter probes 

and capture antibodies were immobilised on the test line of nitrocellulose (NC) membranes. 

CD63 and PD-L1 were detected parallelly on separate LFA strips with the corresponding 

capture antibody coated on the test lines. In the presence of target epitopes in the samples, the 

UCNP probes complexed with the targets, which were recognised by the immobilised 

antibodies in the membrane. In the position of the test line, a laser beam, when triggered, 

excited the UCNP reporters at 980nm, and the machine recorded the UCNP emission signal 

peaks at 654nm, which was proportional to the concentration of the target analytes present in 

the sample, thus enabling the detection and quantification of target epitopes (Fig 40). In the 

analysis of target analytes with the UCNP-LFA, we adopted the wet method, which entails 

incubating the sample with UCNP probes prior to analysis on the LFA strips. This preliminary 

incubation step, conducted on a shaker at 800 rpm for 10 minutes at 30°C before applying the 

sample onto the strips, facilitates the formation of immunocomplexes between the UCNP 

probes and the target analytes. This process enhances the comprehensiveness and accuracy of 

the analysis conducted with the UCNP-LFA. 
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Fig 37a illustrates the trend in signal intensity ratio across varying CD63 antigen concentrations 

(0-100 ng/mL). The intensity ratio is calculated by comparing the signal intensity measured at 

the test line, where UCNP-sEV-antibody complexes bind to the immobilised capture 

antibodies, to the signal intensity at a reference region of the lateral flow strip. This reference 

region is located downstream, away from the test line, where UCNP complexes flow but have 

not encountered or bound to the immobilised antibodies. Using this approach, the ratio provides 

an accurate and reliable measure of the binding events at the test line while accounting for 

background signals or variations in UCNP distribution along the strip. This method ensures 

that the calculated intensity ratio reflects specific binding at the test line, offering a robust 

analytical measure of assay performance. The analysis exhibited a proportional relationship 

with CD63 protein concentration between 0.1-100 ng/mL, corresponding to the molar 

concentration range of 4.39 × 10-3 – 4.39 nM (R2= 0.97826). The limit of detection (LOD) for 

CD63 antigen was determined to be 58 pg/mL, which in molar concentration is 2.546 pM. 

Similarly, the signal intensity for PD-L1 antigen was measured within the concentration range 

of 0.01-100 ng/mL, corresponding to a molar concentration of 3.98 × 10-4 – 3.98 nM (R2= 

0.9969) (Fig 37b). The signal intensity exhibited a proportional relationship with increasing 

PD-L1 antigen concentration, and the LOD was determined to be 10 pg/mL, which in molar 

concentration is 0.398 pM. The LODs were calculated as per the standard formula reported in 

the literature [497, 498]. The low detection limit of CD63 and PD-L1 in the UCNP-LFA 

potentiates the implementation of this technology towards ultrasensitive detection of cancer-

specific PD-L1 on the surface of sEVs.  

The UCNP-LFA data for CD63 detection was fitted with linear regression because the signal 

intensity increased proportionally with antigen concentration within the tested range (0.1–100 

ng/mL). In contrast, the data for PD-L1 detection required exponential regression due to a non-

linear, accelerating signal trend observed over the 0.01–100 ng/mL range. A linear model for 
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PD-L1 would have failed to capture this rapid signal amplification and misrepresented its 

detection sensitivity. The high-affinity paired antibody used for PD-L1 detection contributed 

to this behaviour, as it enabled strong binding at low analyte concentrations, enhancing 

sensitivity while saturating at higher antigen concentrations, leading to the exponential trend 

[546]. Additionally, epitope accessibility and antigen properties may have influenced the 

differences: CD63, as a tetraspanin protein, presents uniformly accessible epitopes, supporting 

a proportional, linear response. In contrast, PD-L1, a membrane-bound ligand, exhibits more 

complex epitope presentation and potential clustering, contributing to the non-linear signal 

amplification at higher concentrations [547, 548]. 

 

Fig 37: Detection of CD63 and PD-L1 antigens with the UCNP-LFA system. (a.) (b.) Calibration 
curve of the CD63-UCNPs LFA for detecting CD63 protein at concentrations of 0.01, 0.1, 1, 10, and 
100 ng/mL (4.39 × 10-3 – 4.39 nM), R2= 0.97826. Calibration curve of the PD-L1-UCNPs LFA for the 
detection of PD-L1 protein at concentrations of 0.01, 0.1, 1, 10, 100 and 100 ng/mL (3.98 × 10-4 – 3.98 
nM), R2= 0.9969. The signal intensities showed a proportional increase with increasing concentration 
of the proteins. Data plotted as mean ± standard deviation (S.D). (n=3) 

 

Since sEVs possess multiple structural and cancer-specific biomarkers on their surface, it is 

crucial for an sEV-based detection platform to maintain high specificity in detecting sEV-

specific target analytes. It was important to ensure the absence of cross-reactivity that could 

disrupt the detection of PD-L1 and CD63 on the surface of sEVs. The results showed that the 
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signal intensities of the control and 40 ng/mL CD63 antigen were indistinguishable when 

detected in test strips with the PD-L1 antibody in the test line. Furthermore, there was 

negligible difference in signal intensities between 40 pg/mL PD-L1 antigen and 40 ng/mL 

CD63 + 40 pg/mL PD-L1 antigens. Similarly, in CD63 lateral flow strips, there was negligible 

difference between the control and 100 ng/mL PD-L1 antigen, as well as between 1 ng/mL 

CD63 and 1 ng/mL CD63 + 100 ng/mL PD-L1 antigens (Fig 38a, 38b). These findings 

demonstrate the high specificity of the UCNP-LFA system in detecting target analytes.  

 

Fig 38: (a.) (b.) Establishing specificity in the detection of target analytes with UCNP-LFA. For the 
strips with the CD63 antibody pair, there was no positive signal in the presence of high concentrations 
of PD-L1 (100 ng/mL), and the same concentration of PD-L1 did not interfere with the detection of 1 
ng/mL CD63. Similarly, the strips with the PDL1 antibody pair did not yield a positive signal in the 
presence of high concentrations of CD63 (40 ng/mL), and the same concentration of CD63 did not 
impact the detection of 40 pg/mL PD-L1. Data plotted as mean ± standard deviation (S.D). (n=3) 

 

To ensure the reliable performance of the UCNP-LFA system, multiple parameters were 

systematically considered, tested, and optimised. These efforts were informed by both existing 

literature on sEV-based LFA technologies [308, 310, 549] and the ongoing process refinements 
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carried out by our group in applying UCNP-LFA technology across multiple studies [370, 371]. 

Careful selection of the lateral flow strip components, including the sample pad, conjugation 

pad, nitrocellulose (NC) membrane, and absorbent pad, was critical for ensuring efficient 

sample flow and signal consistency. The pore size of each component was a key consideration, 

as it directly influenced flow dynamics, analyte migration, and overall assay sensitivity. The 

NC membrane, in particular, required precise control of pore size to balance flow rates and 

ensure optimal antigen-antibody interactions at the test line. Similarly, uniform deposition of 

reagents on the test and control lines of the NC membrane was critical, as uneven coating could 

lead to signal variability and inconsistent results. Buffer pH and ionic strength were also 

optimised to ensure compatibility with the lateral flow components, stabilise UCNP 

conjugates, and enhance antigen-antibody interactions, further improving assay 

reproducibility. Sample volume was optimised to ensure sufficient analyte availability for 

immunocomplex formation while avoiding excessive volumes that could disrupt flow 

dynamics or result in overflow. Measurement timing was standardised to 10 minutes after 

sample application, providing enough time for analytes to bind recognition antibodies at the 

test line and produce reliable and consistent signals. A key optimisation involved comparing 

the ‘wet method’ and the ‘dry method’ for incorporating UCNP-conjugated antibody probes. 

In the wet method, UCNP probes were pre-incubated with the sample for 10 minutes before 

application to the lateral flow strip. This pre-incubation step allowed immunocomplexes to 

form prior to being introduced to the lateral flow strip, significantly improving sensitivity, 

particularly for low-abundance analytes, and ensuring reproducibility. Conversely, the dry 

method, where UCNP probes were immobilised on the conjugate pad and only the sample was 

applied to the sample pad, produced inconsistent and less reliable results. The wet method was 

thus adopted as the standard protocol for UCNP-LFA.  
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Overall, these extensive optimisation efforts highlight the critical considerations that went into 

developing the UCNP-LFA system and reflect the substantial work undertaken to ensure its 

reliability and sensitivity. By addressing factors such as material selection, sample volume, 

incubation protocols, and timing, we established a robust framework for applying UCNP-LFA 

in sEV detection. 

5.2.3. Detection of CD63 and PD-L1 biomarkers on the surface of sEVs 
 

The UCNP-LFA facilitates both the detection and quantitation of target analytes and is 

performed without any sample enrichment or sample pre-amplification step. Therefore, it 

represents a more reliable biomarker detection strategy than other colorimetric lateral flow 

assay systems-based strategies for sEV biomarker detection [215, 305].  

Having established the UCNP-LFA’s detection sensitivity of CD63 and PD-L1 antigen, the 

same was implemented to detect sEV-CD63 and sEV-PD-L1 in sEVs isolated from H1975, 

MM05 and MSTO-211H cells. H1975 is a lung cancer cell line, and MM05 and MSTO-211H 

are human mesothelioma cell lines, and studies have established the expression of PD-L1 in 

sEVs isolated from these cells [533, 550]. sEV samples were prepared at concentrations 

ranging from ~102 – 107 sEVs/µL and analysed using the UCNP-LFA to establish a broad 

detection range of sEV markers. In the case of sEV-CD63 detection, the signal intensity ratio 

at the highest sEV concentrations was found to be between ~ 1.5 – 3.5, corresponding to ~ 0.1 

– 1 ng/mL (4.389 × 10-3 – 4.389 × 10-2 nM) across the three distinct cell-derived sEVs. 

Similarly, for the detection of sEV-PD-L1, the signal intensity ratio at the highest sEV 

concentrations was found to be between ~ 1.5 – 2.5, corresponding to ~ 0.02 – 0.08 ng/mL 

(7.968 × 10-4 – 3.187 × 10-3 nM) across the three cell-derived sEVs (Fig 39). However, within 

the concentration range of ~102 – 106 sEVs/µL, the signal intensity ratios in the UCNP-LFA 
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did not exhibit adequate linearity. This lack of linearity hindered the precise determination of 

the detection limit for sEV-CD63 and sEV-PD-L1 within the sEVs derived from each cell type.  

 

Fig 39: Detection of CD63 (A) and PD-L1 (B) on the surface of sEVs isolated from H1975, MM05 
and MSTO-211H cell lines with concentrations ranging from ~102 – 106 sEVs/µL. For sEV-CD63 
detection (A), the intensity ratio at the highest concentrations of the cell-derived sEVs was between ~ 
1.5 – 3.5, corresponding to ~ 0.1 – 1 ng/mL. For sEV-PD-L1 detection (B), the intensity ratio at the 
highest concentrations of the cell-derived sEVs was between ~ 1.5 – 2.5, corresponding to ~ 0.02 – 0.08 
ng/mL. Data plotted as mean ± standard deviation (S.D). (n=3) 

 

Challenges in estimating the detection limit of sEV-CD63 and sEV-PD-L1 on H1975, MM05 

and MSTO sEVs: At concentrations < 105 sEVs/µL, the intensity ratio for CD63 and PD-L1 

did not exhibit proportionality across all three cell-derived sEVs. Given the heterogeneity of 

sEVs in terms of size, morphology, and surface marker composition, serial dilution of sEV 

samples at lower concentrations allowed Brownian motion to compromise the accurate 

quantification of sEV surface markers [551, 552]. Brownian motion is when sEVs in 

suspension undergo constant random motion collisions with solvent molecules and with each 

other [553]. In LFAs, this poses a challenge to the precise positioning of sEVs as they migrate 

along the lateral flow strip [554]. Serial dilution of sEV samples cannot adequately account for 

the dynamic nature of Brownian motion, which is influenced by multiple factors, including 
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storage conditions, solvent properties, and external forces, affecting sEV dispersion and 

quantification accuracy [555, 556]. Diluting sEV concentrations increases the spacing between 

individual sEVs in the sample, reducing the frequency of sEV-sEV collisions but amplifying 

the relative impact of Brownian motion on each sEV's trajectory in the LFA strips [557]. As a 

result, sEV samples at low concentrations limits the interactions between the sEV surface 

markers with the capture antibody at the test line, resulting in inconsistent signal intensities and 

compromised quantification accuracy [555, 558]. Furthermore, reduced sEV concentrations in 

diluted samples affect the kinetics of sEV-capture antibody interactions on the lateral flow 

strip, with lower sEV concentrations slowing down the rate of antibody-sEV binding, thus 

prolonging the interaction time needed for sEVs to bind with the capture antibody at the test 

line [559]. Therefore, while serial dilution of sEV samples is a common strategy to expand the 

dynamic range of detection in LFAs, it presents significant limitations to the accurate 

quantification of sEVs, particularly at lower concentrations. And despite adequate optimization 

of the UCNP-LFA process, the inherent randomness of sEV diffusion and interactions within 

the lateral flow strip can explain the high variability and reduced linearity at concentrations < 

105 sEVs/µL.  

For Chapter 5, the concentration range of ~102 – 106 sEVs/µL was selected for analysis on the 

UCNP-LFA to establish a comparison with other UCNP-based sEV studies. However, as 

evidenced by the UCNP-LFA analysis, the intensity ratio of CD63 and PD-L1 at concentrations 

<105 sEVs/µL were inconsistent, displaying high variability and making their accurate 

quantification difficult with the UCNP-LFA. Additionally, the inherent diversity in size, 

morphology, and surface marker composition of sEVs was anticipated to disrupt signal 

intensity and linearity consistency across a broad concentration range. Hence, the detection 

sensitivity of the UCNP-LFA was first established using CD63 and PD-L1 proteins, to use as 
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a reference for quantifying their expression in the sEV samples. Therefore, for Chapter 6, sEVs 

were not diluted at concentrations below 105 sEVs/µL to quantify sEV surface markers.  

Validation of sEV-CD63 and sEV-PD-L1 expression using commercial ELISA kits: In 

addition to the sEVs analysis conducted by UCNP-LFA, the sEVs also underwent parallel 

analysis using commercial CD63 and PD-L1 ELISA kits (Fig. 40). Notably, both kits 

successfully detected CD63 and PD-L1 on sEVs from H1975, MM05, and MSTO cell lines at 

concentrations in the range of ~106 sEVs/µL. Although the UCNP-LFA did not yield a linear 

signal intensity ratio across varying concentrations of the three cell-derived sEVs, hindering 

the accurate determination of the LOD for sEV-CD63 and sEV-PD-L1, it nonetheless 

demonstrated the ability to detect these markers at concentrations comparable to those detected 

by the commercial ELISA kits. 

 
Fig 40: Commercial CD63 ELISA-based detection of CD63 from the surface of sEVs isolated from (A) 
MSTO-211H, (B) H1975 and (C) MM05 cell lines. The lowest sEV concentrations at which the ELISA 
could detect sEV-CD63 were 1.2 × 106 particles/µL (A), 1.43 × 106 particles/µL (B) and 2.13 × 106 
particles/µL (C), respectively. Commercial PD-L1 ELISA-based detection of PD-L1 from the surface 
of sEVs isolated from (D) MSTO-211H, (E) H1975 and (F) MM05 cell lines. The lowest sEV 
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concentrations at which the ELISA could detect sEV surface PD-L1 were 1.25 × 106 particles/µL (D), 
1.47 × 106 particles/µL (E) and 2.5 × 106 particles/µL (F), respectively. Data plotted as mean ± standard 
deviation (S.D). (n=3) 

 

We further validated the performance of the UCNP-LFA by detecting CD63 and PD-L1 in 

sEVs isolated from healthy plasma. sEVs from biological samples often exhibit a complex 

mixture of vesicles originating from diverse cell types and physiological conditions. This 

inherent heterogeneity can result in a high background of non-target sEVs, posing a challenge 

for sEV analytical systems. Therefore, it is crucial to ensure that any analytical system can 

differentiate between target and non-target sEVs to establish the system’s reliability and 

accuracy. The sEVs derived from healthy plasma were characterised by NTA, revealing similar 

size distribution with a majority of the sEVs ranging from 50-200 nm.  The concentration of 

sEVs was found to be ~ 109 sEVs/mL (Fig 41). The UCNP-LFA successfully detected CD63, 

since it is a structural sEV marker, but detected no PD-L1 in the sEVs isolated from samples, 

indicating their absence in healthy plasma (Fig 42). Additionally, these sEVs were spiked with 

PD-L1 antigen to assess whether the detection performance was impacted when the target 

analytes were present in samples with a high background of non-target sEVs. The results 

showed that the signal intensities of the spiked samples were identical to the calibration curve 

of PD-L1 antigen without any background sEVs, indicating negligible non-specific binding 

(Fig 43). These results establish the potential of the UCNP-LFA technology to be further 

developed into a sensitive sEV-based diagnostic platform for implementation in clinical 

settings.  
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Fig 41:  A. The size distribution of healthy patient-derived sEVs. Samples #HC33 and #HC28 showed 
sharp peaks at 188.2 ± 5.7 nm and 177 ± 3.7 nm (Mean ± standard error), respectively. The 
concentration of sEVs was 1.4 × 109 particles/mL and 2.7 × 109 particles/mL, respectively.  

 

 

Fig 42: Detection of CD63 (a) and PD-L1 (b) from the surface of sEVs isolated from healthy plasma 
samples. CD63, a structural marker of sEVs was detected in healthy control sEVs while there was 
negligible expression of PD-L1. Data plotted as mean ± standard deviation (S.D). (n=3)  
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Fig 43: Detection of PD-L1 antigen spiked in healthy control sEVs (a) and PD-L1 antigen (b) within 
the UCNP-LFA. The signal intensity trend is identical to the intensity trend of the PD-L1 antigen in the 
buffer, establishing that the detection performance is not impacted when the target analytes are present 
in a complex background of heterogeneous sEV populations. Data plotted as mean ± standard deviation 
(S.D). (n=3) 

 

5.3. Discussion and Conclusion 
 

The role of sEV PD-L1 in tumour progression, particularly in immune response, has been well-

established [560, 561]. Studies have consistently reported that elevated levels of sEV-PD-L1 

contribute to T cell dysfunction in cancer cells [562, 563]. However, the limited sensitivity and 

operational complexity of conventional analytical methods, such as ELISA and Western Blot 

hinder the application of sEV biomarker detection strategies in clinical and diagnostic settings. 

Additionally, there is a significant research gap in the development of reliable and sensitive 

sEV detection systems that have POC applications. Some studies have utilized gold 

nanoparticles (AuNPs) and magnetic nanoparticles (MNPs) to develop colorimetric lateral flow 

assays (LFAs) for the detection of sEV markers [307, 564, 565]. Rodriguez et al. was the first 

to develop an AuNP-based LFA for detection of tetraspanins as targets from purified sEVs 

from cell culture supernatants of Ma-Mel-86c melanoma cells. They employed anti-CD63 as 
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detection antibody and a combination of anti-CD9 and anti-CD81 as capture antibodies to 

detect sEVs at an LOD of 8.54 × 108 sEVs/mL [215].  

In this study, we introduced the first UCNP-based lateral flow testing system for sensitive 

detection and quantification of sEV-PD-L1. The approach harnessed the unique properties of 

UCNPs, including nonbleaching, high brightness, and uniformity in size, to develop a sensitive 

and quantitative LFA technology [359, 566]. Previous research from our group achieved single 

sEV quantification using UCNPs in a total internal reflection fluorescence (TIRF) imaging 

technique [567]. Although studies have demonstrated the efficacy of UCNP-LFAs for sensitive 

detection of target analytes in biofluids such as blood [319, 402, 568, 569], their 

implementation towards the detection of surface markers on sEVs has not been explored 

extensively. The UCNP-LFA represents a more operationally simpler strategy for sEV marker 

detection and quantification and holds promise for early-stage cancer detection, particularly 

when disease-specific sEVs are scarce. Furthermore, it enables the detection of multiple surface 

markers on sEVs in resource-limited settings. The UCNP-LFA detected two biomarkers, CD63 

and PD-L1, on sEVs derived from human mesothelioma and lung cancer cells, without any 

sample enrichment or sample pre-amplification step. While we could not establish a reliable 

detection limit of the UCNP-LFA for sEV-CD63 and sEV-PD-L1, the study demonstrated a 

comparable detection performance of the system to commercial ELISA kits. Additionally, the 

analyses of healthy sEV samples established that the UCNP-LFA can detect target markers in 

samples with a high background of non-target markers. 

The continuous advancement of UCNP-LFA strip reader technology will enable the 

simultaneous detection of multiple sEV markers on a single strip, facilitating multiplexed 

detection of different sEV subpopulations and investigating their heterogeneity. Moreover, the 

range of detectable targets can be expanded to include other mesothelioma and lung cancer-

specific functional biomarkers like mesothelin, Her-2, EGFR and CD151, allowing for the 
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testing of a panel of sEV markers [570, 571]. Future studies should analyse a comprehensive 

panel of sEVs isolated from clinical samples to establish the diagnostic applicability of this 

technology. The study aligns with the growing research trend of sEV diagnostic platforms that 

can reliably detect cancer-specific markers and aid in disease detection, treatment selection, 

and treatment monitoring.  
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6. Detecting Small Extracellular Vesicles (sEV) GPC-1 using a 
quantitative, up-conversion nanoparticle-based quantitative 
lateral flow assay (UCNP-LFA) technology 
 

Abstract 
Glypican-1 (GPC-1) is a cell surface proteoglycan that is found to be elevated in multiple 

cancer types and its high expression is associated with tumour growth, angiogenesis and 

metastasis. Studies have established the clinical significance of sEV-GPC-1 in pancreatic, 

prostate and colorectal cancer, potentiating their use as a disease-specific biomarker. In this 

study, we employed the UCNP-based lateral flow assay technology to sensitively detect sEV-

GPC-1 and sEV-PD-L1. The technology demonstrated high sensitivity and specificity towards 

the detection and quantification of GPC-1 in sEVs isolated from LnCap, DU145 and HCT-116 

cell lines. It achieved a detection limit of 0.0363 ng/mL (0.9612 pM) and could accurately 

quantify sEV-GPC-1 at a ~10-fold enhanced sensitivity, compared to a commercial GPC-1 

ELISA kit. This is the first study that explored a quantitative LFA technology to detect and 

quantify sEV-GPC-1, potentiating the application of this technology towards the development 

of sEV-based clinical diagnostics.  

6.1. Introduction 
 

Prostate cancer and colorectal cancer are prevalent types of cancer in men, ranking among the 

leading causes of cancer-related deaths in the United States [572, 573]. The prognosis of both 

these cancers are very poor with current diagnostic methods having been found to be 

inconclusive and resulting in false negatives [574-577]. Glypicans are a subgroup within the 

heparan sulfate proteoglycans (HSPGs) family, which represent a diverse set of 

macromolecules abundantly present on cell surfaces, extracellular matrices and connective 

tissues [578]. These versatile HSPGs play essential roles in multiple cellular functions, 
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encompassing cell recognition, cell growth, proliferation and morphogenesis and their 

involvement in these processes contribute to maintaining cellular balance. The dysregulation 

of HSPG expression has been observed across multiple human malignancies [579, 580].  

Glypican-1 (GPC-1) is one such cell surface proteoglycan that is elevated in some types of 

cancers, such as breast cancer, pancreatic cancer and gliomas [579, 581]. Its high expression 

has also been associated with poor disease outcomes in prostate cancer and colorectal cancer, 

and studies have shown that GPC-1 facilitates tumour growth and angiogenesis [92, 582, 583]. 

Melo et al. reported that GPC-1-positive sEVs were highly expressed in early and late-stage 

pancreatic cancer serum samples compared to healthy controls and benign pancreatic disease 

samples, establishing the potential for sEV-GPC-1 as a marker for early-stage pancreatic cancer 

[11]. Studies have also demonstrated that sEV-GPC-1 is enriched both in plasma and tissues 

of colorectal cancer patients [584] and can be utilised in clinical management as a marker for 

relapse in patients with Stage 3 colorectal cancer [585]. GPC-1 is also considered a potential 

biomarker for prostate cancer, with GPC-1 preferred as a more reliable marker over PSA, 

which is associated with false negatives and inconclusive test results [586]. The identification 

of sEV-GPC-1 isolated from blood and urine potentiates targeted personalised therapy based 

on based on specific genetic and proteomic mutations [92]. Studies have explored both 

conventional methods like Flow Cytometry and ELISA [587, 588] and novel nano-sensor 

technologies to detect sEV-GPC-1 [589, 590]. In this context, the UCNP-LFA platform would 

allow for rapid and sensitive detection of these important cancer specific markers. The 

combination of high-binding antibodies coupled with high-quality UCNP reporters can 

facilitate detection and quantitation of sEV-GPC-1 with improved accuracy and allow for 

future POC testing applications.  

The study employs the use of the UCNP-LFA system to detect sEV-GPC-1 and sEV-PD-L1 in 

sEVs isolated from LnCap, DU145 and HCT116 cell lines (Fig 44). LnCap and DU145 are 
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prostate cancer lines with varying metastatic potentials and HCT116 is a highly metastatic 

colon cancer cell line [591, 592]. To the best of our knowledge, this is the first study of its kind 

and represents a push towards the development of sEV-based diagnostic systems that facilitate 

non-invasive and dynamic analyses of early-stage cancer biomarkers, particularly in clinical 

settings. 

 

 

Fig 44: UCNP-LFA-based detection of sEV GPC-1. (a) sEVs were isolated from the cell culture 
conditioned medium of LnCap, DU145 and HCT116 cells by ultracentrifugation and analysed by the 
UCNP-LFA. (b). High-quality UCNPs were synthesised and surface-modified with polymers 
containing anchoring ligands and subsequently bio-conjugated with GPC-1 antibodies to form UCNP 
probes. (c). UCNP conjugated probes were complexed with sEVs and introduced into the sample pad 
of the lateral flow strips. The solution flows through the conjugate pad onto the nitrocellulose 
membrane, where GPC-1 in the samples were detected in strips with the corresponding capture antibody 
coated at the test line.  The laser-integrated strip reader excites the UCNPs at 980nm, and the resulting 
emission signals at 654nm are recorded, which is proportional to the concentration of GPC-1 in the 
sample.  

 

6.2. Experimental Results 

6.2.1. Characterisation of isolated sEVs 

The conditioned cell culture supernatant from the LnCap, DU145 and HCT116 cells were 

subjected to ultracentrifugation to isolate sEVs. The sEVs were characterised using NTA to 

determine their particle size and concentration and their functional protein expression was 

assessed using Western Blotting. The NTA findings indicated that the majority of sEVs 
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exhibited a mean size range of 50-200 nm. The mean sizes of sEVs from LnCap, DU145 and 

HCT116 were measured at 107.9 nm, 154.5 and 111.1 nm, and their concentrations were 

determined to be 8.4 × 108 particles/mL, 3.6 × 109 particles/mL and 5.1 × 109 particles/mL, 

respectively (Fig. 45). The morphology of the isolated sEVs was validated by TEM, which was 

consistent with prior observations. Western Blotting confirmed the presence of common sEV 

markers CD63, CD9, and CD81 proteins (tetraspanins) in the isolated sEV samples (Fig 46), 

reinforcing the successful isolation and identification of the utilized sEVs in the study. 

 

Fig 45: Characterisation of (a.) LnCaP, (b.) DU145 and (c.) HCT116 cell-derived sEVs. The NTA 
analysis determined the concentration of the three sEVs to be 8.4 × 108 particles/mL, 3.6 × 109 
particles/mL and 5.1 × 109 particles/mL, respectively.  The average sizes of the sEVs from LnCap, 
DU145 and HCT116 were measured to be 107.9 nm, 154.5 and 111.1 nm, respectively 

 

 

Fig 46: (A) TEM image of the sEVs derived from DU145. (B) Western Blot analysis of the CD63, CD9, 
and CD81 on the surface of sEVs, sEVs were loaded on SDS-PAGE and immunoblotted for antibodies 
against anti-CD63, anti-CD9 and anti-CD81. A gel was run under non-reducing conditions with an 
exposure time of 35 seconds. 
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6.2.2. Detection of GPC-1, PD-L1 and PSA in sEVs using commercial ELISA kits 
 
In Chapter 5, our investigation established that the detection sensitivity of the UCNP-LFA was 

comparable to that of commercial ELISA kits. Selecting a broad concentration range of sEVs 

(~102 – 106 sEVs/µL) generated inconsistent signal intensity readings, lacking linearity and 

hindering the accurate estimation of the LOD for the sEVs analysed. To address this, for 

Chapter 6, we first verified the expression of GPC-1, PD-L1 and PSA in sEVs isolated from 

LnCap, DU145 and HCT-116 cell lines. The GPC-1 commercial ELISA kit successfully 

identified sEV-GPC-1 in the three cell-derived sEVs at concentrations between 105 – 106 

sEVs/µL, with the GPC-1 expression being higher in DU145 and HCT-116 sEVs compared to 

LnCap sEVs. These findings were consistent with previous findings on GPC-1 expression of 

sEVs from these cell sources [593, 594] (Fig 47). Similarly, the PD-L1 commercial ELISA kit 

detected sEV-PD-L1 in DU145 and HCT-116 sEVs at concentrations in the range of ~106 

sEVs/µL, but the absorbance values for LnCap sEVs were too low to quantify accurately, 

consistent with current literature [595, 596] (Fig 48). Initially intending to detect sEV-PSA 

using the UCNP-LFA on the cell-derived sEVs, we employed the PSA ELISA kit to identify 

the expression of sEV-PSA first. The commercial ELISA kit was successful at detecting sEV-

PSA in LnCap sEVs, but the absorbance values for DU145 and HCT-116 sEVs were too low 

to be accurately quantified, consistent with previous findings [597] (Fig 49). Based on these 

findings, we decided to perform the UCNP-LFA analysis at concentrations ranging between 

~104 -106 sEVs/µL.  
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Fig 47: Commercial GPC-1 ELISA-based detection of GPC-1 from the surface of sEVs isolated from 
(A) LnCap (B) DU145 and (C) HCT116 cells. The lowest sEV concentrations at which the ELISA 
could accurately detect sEV GPC-1 were 1.1 × 105 sEVs/µL, 1.44 × 106 sEVs/µL and 1.9 × 106 
sEVs/µL. Data plotted as mean ± standard deviation (S.D). (n=3) 

 

 

Fig 48: Commercial PD-L1 ELISA-based detection of PD-L1 from the surface of sEVs isolated from 
(A) LnCap (B) DU145 and (C) HCT116 cells. For LnCap sEVs, the ELISA was not successful at 
accurately detecting PD-L1. For DU145 sEVs and HCT116 sEVs, the lowest concentration at which 
PD-L1 was detected were 3.1 × 106 sEVs/µL and 4.5 × 106 sEVs/µL, respectively. Data plotted as mean 
± standard deviation (S.D). (n=3) 
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Fig 49: Commercial PSA ELISA-based detection of PD-L1 from the surface of sEVs isolated from 
LnCap, DU145 and HCT116 cells. The concentration of PSA in DU145 and HCT116 sEVs were too 
low to be accurately detected and quantitated by the ELISA kit. Among the samples tested, only the 
LnCap sEVs exhibited elevated levels of PSA expression. Data plotted as mean ± standard deviation 
(S.D). (n=3) 

 

6.2.3. UCNP-LFA-based detection of GPC-1 and PD-L1 antigens 
 

Before detecting and quantitating GPC-1 in sEV samples, it was imperative to establish the 

detection sensitivity of the GPC-1 antigen using the UCNP-LFA system. The operational 

process was the same as previously discussed, where the GPC-1 capture antibody was 

immobilised on the test line of lateral flow strips while the detector antibody was conjugated 

to polymer-modified UCNPs. The ‘wet method’ was implemented for GPC-1 detection, where 

UCNP-Antibody probes were incubated with the samples before being introduced into strips. 

In the presence of GPC-1 in samples, the UCNP probes formed a complex with the target 

analyte and were recognized by the immobilized antibody in the test line. At the test line, a 

triggered laser beam excited the UCNP reporters at 980 nm and recorded the resultant emission 

signal peaks at 654nm, which was proportionate to the concentration of the target analyte in 

the sample, facilitating the detection and quantification of GPC-1 in the samples. 

As illustrated in Fig 50a, the intensity ratio was proportional to the concentration of GPC-1 

antigen in the range of 0.01 ng/mL - 100 ng/mL, which corresponds to the molar concentration 
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of 2.67 × 10-4 – 2.67 nM (Fig 50a.). Similar to Chapter 5, the intensity ratio is determined by 

comparing the signal intensity at the test line, where UCNP-sEV-antibody complexes interact 

with immobilised capture antibodies, to the signal intensity at a reference region of the lateral 

flow strip downstream of the test line. This ratio offers a precise and dependable assessment of 

binding events at the test line while compensating for background signals or variations in the 

distribution of UCNPs along the strip. The LOD for detection of GPC-1 antigen in the UCNP-

LFA was found to be 0.0363 ng/mL, which in molar concentration is 0.9612 pM. This enhanced 

sensitivity was implemented to accurately detect and quantitate GPC-1 on the surface of sEVs 

used in this study. Additionally, we also used the UCNP-LFA to establish a calibration curve 

of PD-L1 antigen at the concentration range of 0.01 ng/mL – 100 ng/mL (4.39 × 10-3 – 4.39 

nM) to be used as a reference to quantify sEV-PD1 in the sEV samples and to establish 

specificity in the detection of target analytes from sEVs (Fig 50b).  

 

Fig 50: Detection of GPC-1 and PD-L1 antigens with the UCNP-LFA system. (a.) Calibration curve of 
the GPC-1-UCNPs LFA for the detection of GPC-1 protein at concentrations of 0.01, 0.1, 1, 10, and 
100 ng/mL (2.67 × 10-4 – 2.67 nM), R2= 0.96632. (b.) Calibration curve of the PD-L1-UCNPs LFA for 
the detection of PD-L1 protein at concentrations of 0.01, 0.1, 1, 10, 100 and 100 ng/mL (4.39 × 10-3 – 
4.39 nM), R2= 0.99102. The signal intensities showed a proportional increase with increasing 
concentration of the proteins. (n=3) 
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The precision in the detection of GPC-1 on sEV surfaces necessitated an investigation of 

potential cross-reactivity between the target analytes, which could compromise the specificity 

in the detection of GPC-1. The findings showed that on GPC-1 antibody-coated strips, the 

signal intensities of the control and 100 pg/mL PD-L1 were indistinguishable, and there were 

negligible variations in the signal readings between samples containing 1 ng/mL GPC1 antigen 

and 100 pg/mL PD-L1 + 1 ng/mL GPC-1 antigens (Fig 51a.). Likewise, on PD-L1 strips, 

marginal distinctions were evident between control and 1 ng/mL GPC-1 antigen as well as 

between 100 pg/mL PD-L1 and 1 ng/mL GPC-1 + 100 pg/mL PD-L1 antigens (Fig 51b.). 

These results distinctly showcase the UCNP-LFA system's high specificity in detecting the 

target analytes without cross-reactivity. 

 

Fig 51: Establishing specificity in detection of target analytes with UCNP-LFA. The strips with the 
GPC-1 antibody pair did not yield a positive signal in the presence of high concentrations of PD-L1 
(100 pg/mL) and the same concentration of PD-L1 did not impact the detection of 1 ng/mL GPC-1. 
Similarly, for the strips with the PD-L1 antibody pair, there was no positive signal in the presence of 
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high concentrations of GPC-1 (1 ng/mL) and the same concentration of GPC-1 did not interfere with 
the detection of 1 ng/mL GPC-1. Data plotted as mean ± standard deviation (S.D). (n=3) 

 

6.2.4. Detection of sEV-GPC-1 and sEV-PD-L1 using the UCNP-LFA 
 

Having established the UCNP-LFA’s enhanced detection sensitivity, it was implemented to 

detect sEV-GPC-1 on the LnCap, DU145 and HCT116 cell lines. LnCap and DU145 are 

prostate cancer cell lines, and HCT116 is a colon cancer cell line, and the presence of GPC-1 

on sEVs isolated from these cells can be a potential cancer biomarker that can be exploited for 

informing therapeutic options [81, 92]. sEV samples from these cells were prepared at 

concentrations ranging from ~104 – 106 sEVs/µL. The signal intensity ratios were found to be 

proportional to the concentration of sEVs in the samples. The lowest concentrations at which 

GPC-1 was detected on sEVs from LnCaP, DU145 and HCT116 cells were 2.08 × 104 

sEVs/µL, 1.265 × 105 sEVs/µL and 1.544 × 105 sEVs/µL respectively (Fig 52), displaying a ~ 

10-fold improvement in detection sensitivity of sEV-GPC-1 compared to the commercial 

ELISA kit. The expression of sEV-GPC-1 was found to be higher in DU145 and HCT-116 

sEVs compared to LnCap sEVs, consistent with the commercial ELISA readings and consistent 

with previous literature [593, 594]. 
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Fig 52: UCNP-LFA detection of GPC-1 on the surface of sEVs isolated from LnCaP, DU145 and 
HCT116 cell lines with concentrations ranging from ~104 – 106 sEVs/µL. The lowest concentrations at 
which GPC-1 was detected on sEVs from LnCaP, DU145 and HCT116 cells were 2.08 × 104 sEVs/µL, 
1.265 × 105 sEVs/µL and 1.544 × 105 sEVs/µL respectively. Data plotted as mean ± standard deviation 
(S.D). (n=3) 

 

The UCNP-LFA was also used to detect sEV-PD-L1 on the surface of LnCap, DU145 and 

HCT116 sEVs. The clinical utility of sEV-PD-L1 has been established with it being associated 

with multiple types of cancers [540, 598]. sEV samples with concentrations ranging from ~104 

– 106 sEVs/µL were analysed with the UCNP-LFA. For LnCap sEVs, the UCNP-LFA could 

not accurately quantify the expression of PD-L1, which was consistent with the commercial 

ELISA findings. For HCT116 sEVs, while PD-L1 was detected at the highest concentration 

tested (2.94 × 10⁶ sEVs/µL), the intensity values at this point overlapped within the error range 

of the adjacent concentrations, indicating that accurate quantification of sEV-PD-L1 was not 

achievable. Moreover, at lower concentrations, the signals lacked the linearity required for 

reliable quantification of the expression of sEV-PD-L1. In contrast, DU145 sEVs demonstrated 

better linearity, and the lowest concentration at which the UCNP-LFA could detect PD-L1 

sEVs was 3.61 × 105 sEVs/µL (Fig 53). The findings were generally consistent with the 

commercial ELISA results and previously reported findings [595, 599]. 
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Fig 53: UCNP-LFA detection of PD-L1 on the surface of sEVs isolated from (a.) LnCaP, (b.) DU145 
and (c.) HCT116 cell lines with concentrations ranging from ~104 – 106 sEVs/µL. For LnCaP sEVs, the 
UCNP-LFA failed to detect PD-L1 reliably, as the intensity ratio did not show a consistent increase 
with higher sEV concentrations, aligning with the findings of the commercial ELISA. For HCT116 
sEVs, PD-L1 was detected at the highest concentration tested (2.94 × 10⁶ sEVs/µL), but the signal at 
this concentration fell within the error range of adjacent data points, making accurate quantification 
unreliable. At lower concentrations, the lack of signal linearity further hindered reliable quantification. 
DU145 sEVs exhibited better linearity, with PD-L1 detection achieved at a minimum concentration of 
3.61 × 10⁵ sEVs/µL. Data plotted as mean ± standard deviation (S.D). (n=3) 

 

Since we used LnCap and DU145 sEVs, which are both prostate cancer-specific cell lines, we 

also attempted to analyse the expression of PSA in the cell-derived sEVs. Detecting the level 

of PSA in body fluids is one of the most common prostate cancer diagnostic tests. However, 

they are often found to be inconclusive and can result in false negatives [574, 575]. Studies 

have shown that the detection of sEV associated with PSA in combination with other sEV-

specific markers has more clinical relevance than the levels of circulating PSA in serum [600]. 

The commercial PSA ELISA kit was successful at detecting sEV-PSA in LnCap sEVs, but the 

absorbance values for the DU145 and HCT-116 sEVs were too low to be quantified accurately, 

consistent with previous findings [597]. However, the UCNP-LFA failed to generate a reliable 

calibration curve for PSA antigen detection, rendering it unsuitable for accurate PSA estimation 

in the sEV samples. The inadequacy stemmed from the antigen-antibody pair's low affinity and 

poor compatibility, which was confirmed separately by validation immunoassay experiments. 
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This significantly compromised the functionality of the system in reliably detecting PSA (Fig 

54) and could not be implemented towards detection of sEV-PSA.   

 

Fig 54: Calibration curve of the PSA-UCNP LFA for the detection of PSA protein at concentrations of 
0.01, 0.1, 1, 10, and 100 ng/mL. The UCNP-LFA analysis demonstrated poor linearity in the detection 
of PSA antigen and hence cannot be used as a reliable calibration curve to accurately quantify sEV-
PSA. Data plotted as mean ± standard deviation (S.D). (n=3) 

 

6.3. Discussion and Conclusion 
 

The significant potential of sEVs to function as both diagnostic and prognostic biomarkers has 

been thoroughly established. This has prompted the development of sEV-based biopsy tests, 

including the ExoDx Prostate Test that detects prostate cancer-specific RNA in sEVs to predict 

high-grade prostate cancer [601]. GPC-1 has garnered significant attention owing to its vital 

role in cellular signalling and tumour growth-promoting functions [602, 603]. The enrichment 

of sEV-GPC-1 in multiple cancer types, including prostate and colorectal cancer, makes it a 

potential diagnostic indicator that can be applied towards early-stage cancer detection and 
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disease monitoring [587, 593]. However, the minimal sensitivity of conventional techniques 

like Flow Cytometry and Western Blotting limits the implementation of sEV-GPC-1 detection 

systems in clinical settings.  

In this study, for the first time we used a quantitative UCNP-LFA system to sensitively detect 

sEV-GPC-1 in sEVs isolated from LnCap, DU145 and HCT116 cell lines. The UCNP-LFA 

leveraged the benefits of high-quality UCNPs and high binding antibodies to achieve sensitive 

detection of sEV-GPC-1, demonstrating a detection limit at least ~10-fold better than that of a 

commercial GPC-1 ELISA kit (Table 5). The study simultaneously analysed the expression of 

PD-L1 in isolated sEVs, considering its clinical significance in promoting tumour progression 

and its therapeutic relevance, particularly in immunotherapy [595, 604]. The findings were 

consistent with previous studies, where the sEV-PD-L1 expression was found to be higher in 

DU145 and HCT116 sEVs compared to LnCap sEVs [595, 605].  

The UCNP-LFA demonstrated the capability to detect disease-specific sEV surface markers 

within detection ranges that align with or exceed several other LFA-based sEV analysis studies 

reported in the literature (Table 6). While the sensitivity achieved by the UCNP-LFA is 

comparable and/or higher than that reported in studies using conventional AuNP, magnetic-

based and aptamer-based LFAs, Wu et al. employed a double-conjugate AuNP-based LFA to 

achieve exceptional sensitivity (~ 103 sEVs/µL) [305, 565, 606, 607]. Importantly, the UCNP-

LFA achieves this detection level without needing sample enrichment or pre-amplification, 

making it a simpler, more accessible alternative for quantitative sEV analysis. 

The ongoing development of the UCNP-LFA technology will empower the concurrent 

identification of multiple sEV markers, and establish POC sEV-based cancer diagnostics. The 

UCNP-LFA has the capability to detect sEV-GPC-1 in patient samples, and its user-friendly 

functioning could be leveraged to detect other clinically significant biomarkers like PSA and 
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prostate-specific membrane antigen (PSMA) for prostate cancer [600]. The technology can also 

be expanded to detect sEV-nucleic acids specific to prostate and colon cancers to represent a 

more holistic disease-specific biomarker expression profile in patient samples. The 

simultaneous detection of a panel of sEV markers holds the potential to establish the diagnostic 

applicability of this technology. 

 

Table 5: Comparison of detection performance between Commercial ELISA kit and the UCNP-LFA 
for sEVs isolated from LnCap, DU145 and HCT116 sEVs. The lowest sEV concentration that was 
accurately detected using both systems are indicated in the table. 

 

sEVs Commercial ELISA UCNP-LFA 

 GPC-1 PDL1 GPC-1 PDL1 

LnCap 1.1 × 105 sEVs/µL N/A 2.08 × 104 sEVs/µL N/A 

DU145 1.44 × 106 sEVs/µL 3.1 × 106 sEVs/µL 1.26 × 105 sEVs/µL 3.61 × 105 sEVs/µL 

HCT116 1.9 × 106 sEVs/µL 4.5 × 106 sEVs/µL 1.54 × 105 sEVs/µL N/A 
 

 

Table 6: Comparison of detection performance of UCNP-LFA with other LFA-based sEV studies 

Study Principle Lowest sEV concentration detected 
Rodriguez et al. 
[606] AuNP based LFA 8.54 × 105 sEVs/µL 
Moyano et al. 
[305] Magnetic based LFA 107 sEVs/µL 

Yu et al. [607] Aptamer based AuNP LFA 6.4 × 105 sEVs/µL 

Wu et al. [565] 
Double conjugates based 
AuNP LFA 1.3 × 103 sEVs/µL 

This project Quantitative UCNP-LFA 
3.61 × 105 – 2.29 × 106 sEVs/µL (PD-L1) 
2.08 × 104 – 1.54 × 105 sEVs/µL (GPC-1) 
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7. Conclusion, Perspectives and Future Directions 

 

7.1. Thesis Summary  
 
The focus of this thesis was to leverage the unique properties of NPs and their superior bio-

analytical performance to introduce novel approaches to enable the detection of sEV surface 

markers with high sensitivity and specificity.  

In the sequential order of the results chapters, in Chapter 3, I first present the experimental 

results validating the structural and functional characterisation of AuNPs and UCNPs used in 

the AuNP-ELISA, UCNP microplate immunoassay, and UCNP-LFA. For AuNPs, we 

investigated their size and discussed the bioconjugation process to HRP signalling antibodies 

and the functional characterisation of these conjugates for use in the AuNP-ELISA, detailed in 

Chapter 4. For UCNPs, the results cover their synthesis, surface modification, and 

bioconjugation with antibodies for use in the UCNP microplate assay in Chapter 4 and the 

UCNP-LFA systems detailed in Chapters 5 and 6. Specifically, these results address the 

synthesis of core and core@shell UCNPs, their surface engineering, and their application as 

probes for both the UCNP microplate immunoassay and the UCNP-LFA. 

In Chapter 4, we explored the integration of AuNP and UCNP functionalised labels towards 

improving the detection sensitivity of a conventional ELISA format, with potential applications 

as a POC testing system. An in-house ELISA method was developed by initially optimising 

the various components of a sandwich microplate-based ELISA format. In the first technique, 

HRP labelled antibodies were functionalised on the surface of AuNPs by physical adsorption, 

and the modified AuNP-ELISA performed in a portable, hand-held plate reader generated 

higher colorimetric absorbance signals and achieved a ~ 2-fold improvement in the detection 
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limit of sEV-CD63. In the second technique, instead of a colorimetric immunoassay, the CD63 

detector antibody was conjugated to polymer-modified UCNPs and used as signalling labels in 

a microplate immunoassay format. The UCNP microplate assay was performed in a bench-top, 

customised microplate reader suitable for quantifying the luminescent labels of UCNP probes 

and achieved a ~10-fold improvement in the detection limit of sEV-CD63 compared to the 

colorimetric AuNP-ELISA. While the UCNP microplate immunoassay exhibited enhanced 

detection performance of sEV-CD63, it necessitated a custom-built benchtop plate reader, 

which is unsuitable for application in POC settings. The findings of this results chapter 

establish the utility of nanoparticles in enhancing the sensitivity of conventional immunoassay 

formats that can be implemented to detect other cancer-specific sEV markers.  

In Chapter 5, we introduced a system for rapid, reliable and sensitive sEV biomarker detection 

using high-quality UCNPs integrated with a lateral flow assay, with potential for application 

in POC settings. The functionality of the UCNP-LFA as a reliable sEV marker-detecting sensor 

was first established by detecting both CD63 and PD-L1 antigens and establishing the system’s 

detection range and limit. The heterogeneity of sEVs with multiple surface markers also 

necessitated a high level of specificity in the detection of target analytes, which the UCNP-

LFA did. Following this, the sensor was used to target and sensitively quantitate CD63, an 

integral structural surface sEV marker and PD-L1, a cancer-specific sEV surface marker with 

substantial clinical significance [560, 561], in sEVs isolated from H1975, MM05 and MSTO-

211H cell lines. Encouraged by the superior bioanalytical performance of UCNPs, Chapter 5 

analysed sEV samples at concentrations ranging from ~10³ to 10⁶ sEVs/µL to establish a broad 

detection range for the UCNP-LFA. While the UCNP-LFA successfully detected and 

quantified sEV-CD63 and sEV-PD-L1 at the highest concentrations, at concentrations < 10⁵ 

sEVs/µL, the signal intensity ratios were inconsistent and exhibited high variability, preventing 

accurate estimation of the LOD for sEV-CD63 and sEV-PD-L1 across all cell-derived sEVs. 
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Nevertheless, the UCNP-LFA was successful at detecting sEV-CD63 and sEV-PD-L1 at 

detection sensitivities comparable to that of parallelly run analyses using commercial ELISA 

kits. 

Finally in Chapter 6, we extended the use of UCNP-LFA to sensitively detect and quantify 

GPC-1 and PD-L1 on sEVs isolated from LnCap, DU145 and HCT116 cell lines. sEV-GPC-1 

has been identified as a key player in tumour progression, metastasis and therapeutic resistance 

[608, 609]. This is the first study of its kind that has implemented a quantitative lateral flow 

assay system to detect sEV-PD-L1. Consistent with the previous results chapter, we first 

established the sensitivity and specificity of the UCNP-LFA in detecting the GPC-1 analyte, to 

be implemented towards detection of the same marker in sEVs. The UCNP-LFA achieved 

atleast a ~10-fold improvement in detection limits of sEV-GPC-1 and sEV-PD-L1 compared 

to parallelly run analyses using commercial ELISA kits. Moreover, the detection performance 

was discussed in comparison to other colorimetric LFA studies on sEV detection, with the 

UCNP-LFA enjoying the advantage of allowing quantitative detection of sEV markers [305, 

307, 606]. The findings of these two result chapters advance the implementation of quantitative 

UCNP-LFA systems towards sensitive and accurate detection of cancer-specific sEV markers. 

Future research needs to prioritise the implementation of the UCNP-LFA technology in the 

detection of a comprehensive panel of disease-relevant sEV markers, particularly from 

complex biofluids in diagnostic settings.  

The major milestones achieved during my PhD study include, but not limited to: 

1. Isolation and characterisation of sEVs: In my research, a key experimental step involved 

isolating and characterising small extracellular vesicles (sEVs) for subsequent analysis in 

sensor technologies. We induced hypoxic stress conditions in the cell culture to simulate 

the tumour microenvironment, prompting the release of sEVs [610]. Additionally, I 
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conducted ultracentrifugation on the conditioned medium from various cell lines to isolate 

sEVs and employed techniques such as Nanoparticle Tracking Analysis (NTA), Western 

Blotting, and Transmission Electron Microscopy (TEM) for comprehensive structural, 

functional, and morphological characterization of the isolated sEVs. 

2. AuNP characterisation and optimisation of bio-conjugation conditions: In my projects, 

employing AuNPs required thorough characterisation using techniques such as DLS, Zeta 

Potential measurements and UV-Vis Spectroscopy. Since I used physical adsorption for 

bio-conjugation with labelling antibodies, I conducted multiple experiments to identify the 

optimal pH and loading concentration of antibodies. This was essential to prevent 

aggregation and ensure the stability of AuNP-antibody conjugates, and it contributed to 

strong bio-analytical performance in the modified ELISA format. 

3. Characterisation of UCNPs: In my thesis, the importance of UCNPs necessitated the 

synthesis of heavily doped (NaYF4:40%Yb,4%Er) core and core@shell UCNPs, followed 

by their characterisation using TEM. Additionally, surface modification of UCNPs with 

polymers containing anchoring ligands was crucial to facilitate optimal conditions for bio-

conjugation with specific antibodies, forming highly sensitive probes. I also gained 

proficiency in various nanoparticle characterisation techniques such as DLS, Zeta Potential 

measurements, and FTIR. 

4. Optimising the sandwich ELISA components was a critical milestone, ensuring high 

sensitivity and specificity for detecting low-abundance sEV surface markers. A homemade 

ELISA platform was developed, integrating AuNP-HRP conjugates to amplify the 

colorimetric signal through their enhanced surface area and optical properties. Similarly, 

the UCNP microplate immunoassay employed luminescent UCNP-antibody conjugates as 

highly efficient probes to achieve sensitive detection with minimal background 

interference. Key parameters, including antibodies, blocking buffers, and washing steps, 
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were systematically refined to ensure reliable antigen capture and signal amplification 

across both platforms.  

Additional optimisations included selecting high-binding polystyrene plates for consistent 

antibody immobilisation and using stabilising coating buffers to prevent aggregation of 

conjugates. Washing steps with a mild detergent were refined to minimise background 

noise, while longer incubation times improved sensitivity by allowing sufficient time for 

immunocomplex formation. Cross-reactivity tests validated the specificity of both 

platforms, demonstrating reliable detection of target sEV markers, such as CD63 and PD-

L1, without interference from non-target analytes. 

These refinements addressed challenges associated with homemade assay systems, such as 

variability in surface chemistries and the detection of low-abundance analytes. The iterative 

optimisation process delivered robust, reproducible platforms capable of supporting 

bioanalytical applications with high performance, while insights from these optimisations 

provide a foundation for extending these assays to other targets and detection systems. 

5. Design, Fabrication, and Optimisation of UCNP-LFA Strips: The development and 

optimisation of the UCNP-LFA system represented a crucial milestone in this thesis, 

requiring a thoughtful design process and systematic refinement of its components. Each 

part of the lateral flow strip—including the sample pad, conjugation pad, nitrocellulose 

(NC) membrane, and absorbent pad—was carefully selected and configured to ensure 

efficient analyte migration, reliable flow dynamics, and consistent signal generation. 

Particular attention was given to the pore sizes of these components, especially the NC 

membrane, to optimise flow rates and promote effective antigen-antibody interactions at 

the test line, thereby enhancing sensitivity and reproducibility. Additionally, uniform 

deposition of capture antibodies onto the test line was critical to minimise signal variability 

and ensure robust assay performance. 
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Buffers were carefully optimised to maintain compatibility with the lateral flow strip 

components and to stabilise the UCNP-conjugated probes, thereby enhancing the efficiency 

of antigen-antibody interactions. The ‘wet method,’ which involved pre-incubating UCNP 

probes with the sample before applying it to the strip, was found to be more effective than 

the ‘dry method,’ where UCNP probes were immobilised on the conjugate pad. This pre-

incubation step enhanced assay sensitivity by allowing immunocomplex formation prior to 

application and significantly improved reproducibility, particularly for detecting low-

abundance analytes. 

These extensive efforts in component selection, buffer optimisation, and incubation 

protocols collectively contributed to a robust and sensitive UCNP-LFA platform. The 

optimised system demonstrated high specificity and consistent performance, underscoring 

the substantial work undertaken to establish its reliability for detecting sEV-specific 

markers and advancing its potential applications in biosensing technologies. 

 

7.2. Technical Limitations 
 
The confluence of my health condition, with its enduring impact on my daily life, coupled with 

the constraints imposed by the pandemic and persistent funding challenges, proved to be 

significant hurdles in advancing my research. Regrettably, these factors hindered me from fully 

realizing the comprehensive research objectives set forth at the outset of my doctoral studies. 

Despite my unwavering commitment, these unforeseen circumstances hampered the attainment 

of the intended milestones and posed formidable challenges to the seamless progression of my 

research endeavours.  

The nanoparticle modified ELISAs (AuNP-ELISA and UCNP microplate assay) successfully 

detected CD63 at enhanced detection limits compared to the conventional ELISA. While the 

AuNP-ELISA achieved an improved detection limit of CD63 compared to the conventional 
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ELISA, the detection of low abundance, cancer specific sEV markers require even more 

improved sensitivity. The UCNP microplate immunoassay achieved enhanced detection 

sensitivity compared to the colorimetric formats, which is a consequence of the superior bio-

analytical performance offered by high-quality UCNPs. Incorporating nanoparticle-based 

immunoassay formats into commercial ELISA kits, that offer very specific standardisation and 

optimisation, a process challenging to replicate in academic research settings, will potentiate 

improved detection performance beyond what is discussed in this thesis. While the colorimetric 

ELISAs were performed in a portable, hand-held plate reader, the UCNP microplate assay was 

performed in a bench-top, customised plate reader, with limited application in POC settings. 

Although this version of the UCNP microplate assay may not inherently offer the same 

versatility as POC solutions like LFAs or portable analytical systems, developing this 

technology into a compact hand-held device or integrating similar nanoparticle-assisted ELISA 

formats into on-chip systems through innovative approaches can enhance its adaptability in 

clinical settings. Future research should broaden the spectrum of sEV detection to encompass 

various disease-specific markers and clinical samples to evaluate the technology's potential in 

diagnostic settings.  

The UCNP-LFA utilised in my projects successfully quantified sEV markers from cell lines 

with comparable sensitivities to commercial ELISA kits. Despite this success, assessing 

clinical samples is crucial for validating biosensor technologies in real-world diagnostic 

scenarios, as samples like blood or urine mimic the complexity of biological environments. 

The primary aim of employing LFAs was to create a 'sample-to-answer' system suitable for 

clinical implementation. However, the operational process in my projects necessitated a 

prerequisite step that involved isolating sEVs initially from conditioned media or complex 

biofluid samples before their detection and in the UCNP-LFA. Moreover, as we saw in Chapter 

5, at lower sEV concentrations, Brownian motion and the inherent heterogeneity in size, 
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morphology, and biomarker composition do not consistently correspond with serial dilution of 

samples. This means that diluting sEV samples does not necessarily result in proportionately 

lower amounts of sEV target analytes. This inconsistency can lead to high variability, making 

it challenging to accurately estimate the detection limit of an analytical system. Additionally, 

steps like ultracentrifugation can result in particle loss during isolation and can be affected by 

storage conditions and solvent chemistry. Therefore, an integrated system that combines both 

sEV isolation and detection would address these issues. Future research should focus on 

developing integrated approaches that enable both the isolation of sEVs and their subsequent 

analysis using the UCNP-LFA within a single functioning sensor. In my thesis, the UCNP-

LFA demonstrated its effectiveness in detecting sEV markers like CD63, PD-L1, and GPC-1 

individually on separate LFA strips. However, to enable a more comprehensive diagnostic 

analysis, the UCNP-LFA should be capable of multiplexed detection on a single strip. 

Furthermore, expanding the biomarker panel to include additional cancer-specific sEV markers 

such as Her2, mesothelin, EGFR, and PSA would provide a thorough understanding of patients' 

diagnostic profiles. In addition to surface protein markers on sEVs, the nucleic acids associated 

with sEVs, particularly miRNAs and mRNAs, have established themselves as disease-specific 

biomarkers. Their stability in bodily fluids, such as blood, potentiate their application in non-

invasive diagnostics [611]. Concurrently, there is a need for further development of the UCNP-

LFA to enable the detection of sEV-miRNA and sEV-mRNA with sensitivity and specificity 

that is comparable to qRT-PCR. 

7.3. Perspectives and Future Research Directions 
 
Liquid biopsy circumvents the limitations of conventional tissue biopsy by allowing minimal 

invasiveness, easy acquisition of samples and dynamic analysis. The potential of sEVs serving 

as diagnostic and prognostic biomarkers has been extensively investigated, but their inherent 

heterogeneity and size have posed as hindrances to decoding the complexity of their molecular 
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interactions. Strategies that exploit physical or biological characteristics have been 

implemented for sEV isolation, however there is no standardised method that allows for high 

throughput, high purity with minimal damage isolation of sEVs from complex body fluids [612, 

613]. Prompted by the stable circulation of sEVs, a few liquid biopsy systems targeting sEV 

nucleic acids have been tested in clinical trials. ExoDXTM Lung (ALX) was the first sEV based 

liquid biopsy that allowed for isolation and analysis of sEV RNA from blood samples. The 

system was successful at accurately detecting EML4-ALK mutations with 88% sensitivity and 

100% specificity in NSCLC patients, which was more sensitive than detection of genetic 

aberrations in cfDNA [614]. A similar sEV based diagnostic system, the ExoDx Prostate 

IntelliScore system was validated by the FDA for screening of prostate cancer (PCa), without 

the need for invasive tissue collection. Based on the detection of PCa specific RNA in sEVs, 

the system provides a risk score to predict patients’ chances of developing high grade prostate 

cancer [615]. One of the key challenges of sEV-based diagnostics is in achieving efficient 

isolation of cancer cell-derived sEVs. To address this, integrated systems have been developed 

to allow for comprehensive screening of cancers based on sEV analysis. The MedOncAlyzer 

170 (Exosome Diagnostics) is one such liquid biopsy system that combines the detection of 

sEV RNA and ctDNA in a single system. The system successfully identified functional 

mutations in multiple cancer types from as low as 0.5mL of blood or plasma [616].  

While miniaturised and nanoparticle-integrated systems have established themselves as 

promising platforms for analysing sEV biomarkers, a major limitation is the poor translation 

of these techniques to clinical settings. The inherent heterogeneity of sEVs requires the 

combined screening of multiple biomarkers (preferably in a panel) to enhance diagnostic 

accuracy. For clinical settings, it is essential to develop platforms that facilitate simplified 

isolation and detection modules for sEVs, while minimising sample loss. To achieve rapid, 

reliable and reproducible sEV biomarker analysis, it is important to standardise the design and 
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operation of sensitive nanoparticle-integrated devices. The intrinsic complexity in the design 

of complex sensors often reduces the reliability of testing performance. It is important to ensure 

that complex sensor designs do not compromise the clinical value. Additionally, the automated 

operation of these systems with minimal intervention, particularly in clinical settings, allows 

for reproducible analysis of high volumes of samples. Standardised modular designs of 

different components in a sensor, integrated with machine learning and artificial intelligence 

modules, allow for more automated operation.  

Apart from the sEV detection approaches extensively discussed in Chapter 1, there are 

additional strategies for sEV detection and analysis that enable more accurate and ultrasensitive 

detection and quantification of sEVs and their cargoes. These advanced methods hold 

significant potential for integration into automated systems and have important implications 

for sEV-based diagnostics. 

CRISPR/Cas based sEV detection 

CRISPR/Cas (Clustered regularly interspaced short palindromic repeats) is an adaptive 

immune mechanism originally found in bacteria and archaea, and is the most widely used gene 

editing system [617, 618]. These systems offer unique advantages, including high sensitivity 

and specificity, particularly when integrated with isothermal nucleic acid amplification 

strategies, surpassing the detection sensitivity of conventional PCR methods, making them 

promising for the development of POC diagnostics [619].  

Leveraging the high accuracy and sensitivity offered by CRISPR/Cas systems, can enable the 

sensitive detection of sEVs and their associated cargoes. For instance, Zhao et al. combined a 

CD63 aptamer-based target recognition with the signal amplification of CRISPR/Cas12a to 

achieve rapid and sensitive detection of sEVs. The CD63 aptamer, integrated with a blocker, 

was immobilized on magnetic beads. Upon encountering CD63+ sEVs, the aptamer now bound 

to the sEVs released the blocker. This triggered the activation of the CRISPR/Cas system, 
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leading to the cleavage of reporter ssDNA and enabling a sensitive detection range from 3 ×103 

to 6 ×107 particles/mL [620]. A similar CRISPR/Cas12a-aptamer sensor strategy was reported 

for the sensitive identification of disease specific CD109+ and EGFR+ sEVs in both cells and 

complex biofluids (Fig 55) [621]. He et al. developed a novel method for ultrasensitive 

detection of sEV-PD-L1 by combining aptamer-CRISPR/Cas13a with dual amplification steps. 

Mechanistically, the study involved amplifying a DNA aptamer specific to sEV-PD-L1 by 

recombinase polymerase amplification (RPA) and transcription-mediated amplification 

(TMA), to facilitate real-time detection by the CRISPR/Cas13a system. The strategy achieved 

a detection limit of 10 particles/mL and offered a convenient approach for dynamically 

monitoring tumour progression in patients undergoing immunotherapy [622].  

The ability of CRISPR/Cas systems to detect target oligonucleotide markers with high 

selectivity and precision has prompted the adoption of the technology towards detection of 

sEV-nucleic acids [623, 624]. The CRISPR/Cas12a system combined with RCA achieved a 

detection limit of 34.7 fM for sEV-miR-21, potentiating the application of the technology in 

clinical settings [625]. In a similar approach, Wang et al. employed an RCA-assisted 

CRISPR/Cas9 cleavage (RACE) system to sensitively detect multiple sEV-miRNAs (miR-21, 

miR-221, and miR-222). The system achieved single-base resolution through dual-specific 

recognition from padlock probe-mediated ligation and protospacer adjacent motif (PAM)-

triggered cleavage. The method’s detection performance of sEV-miRNAs was validated by 

parallel RT-qPCR analysis, highlighting its robustness and potential for use in multiplexed  

POC diagnostics [626]. The customisability of CRISPR/Cas systems has prompted their 

integration into electrochemical chip-based platforms and has also facilitated rapid, accurate 

and sensitive detection of specific nucleic acids without the need for bulky, sophisticated 

equipment, particularly in POC settings [627, 628].  
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Fig 55: Schematic illustration of the aptamer-CRISPR/Cas12a assay. The system combined aptamers, 
PCR-based exponential amplification, and CRISPR/Cas12a real-time DNA detection to identify 
CD109+ and EGFR+ tumor-derived sEVs in cell lines and complex biofluids. This platform achieves 
highly sensitive detection of CD109+ and EGFR+ sEVs, with a detection limit as low as 100 particles/mL 
and a linear range spanning 6 orders of magnitude (102-108 particles/mL), making it suitable for direct 
detection of sEV proteins in low-volume samples (50 μl). Reproduced with permission from ref [629]. 
 

 

Machine Learning based EV analysis 

 

Machine learning involves the prediction and analysis of unknown data based on models of 

known data. Being a crucial aspect of artificial intelligence, machine learning has been 

explored for multiplexed profiling of sEV markers [45]. Algorithms like linear discriminant 

analysis (LDA), principal component analysis (PCA), neural network (NN), support vector 

machine (SVM) and random forests (RF) have been implemented to classify multivariate data 

into a typical classification model, which are then applied for prediction and grouping of 

unknown biological data [630]. LDA makes predictions by estimating the probability such that 

a new set of inputs belongs to each class and has been implemented to determine upto 7-8 sEV 

markers with high accuracy from as low as 1 µL of plasma [631, 632]. PCA is an algorithm 

that changes a group of related variables into a series of linearly unrelated variables through 
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orthogonal transformation. Towards this, Shin et al. used PCA based machine learning model 

to differentiate normal and lung cancer derived sEVs to accurately predict lung cancer in 

sampled cohorts [633]. Algorithms like RF, NN and SVM have also been implemented to 

analyse multiple sEV associated mRNAs of breast cancer patients and enhanced the overall 

diagnostic performance of the platform [634].      

Analysis of the generated data by machine learning has facilitated multimodal monitoring and 

data acquisition instrumentation [635, 636]. The development of integrated on-chip devices 

have potentiated the rise of next generation autonomous platforms that are operated by data 

driven models [637]. Towards this, Ko et al. designed a novel multichannel nanofluidic system 

that integrated machine learning with nanofluidics to diagnose pancreatic cancer using sEVs. 

The study used an sEV track-etched magnetic nanopore chip (ExoTENPO) that rotated 

conventional nanofluidic sorting by 90º to form magnetic traps at the edges of pores instead of 

in channels. Using this platform, sEVs were isolated from healthy and diseased murine and 

clinical cohorts to analyse their RNA and a machine learning algorithm (LDA) was 

implemented to generate predictive panels that classified cancer and pre cancer mice as well as 

pancreatic cancer patients from healthy controls in blinded studies [638]. An LDA based 

machine learning integrated system has also been successful at assessing EV heterogeneity at 

the single EV level. This was the first DNA-mediated approach simultaneously that sorted and 

detected individual EV subpopulations. The platform was successful at deciphering single EVs 

and differentiating breast cancer samples from controls on the basis of HER2 expressing EV 

signatures [639]. More recently, Zhang et al devised a nano-engineered microfluidic platform 

for multiparametric analysis of EV concentration in circulation, subtype and enzymolytic 

activity (EV-CLUE) with high sensitivity requiring minimal sample input, allowing 

longitudinal monitoring of in vivo tumour growth in mice. The study implemented a high-

resolution colloidal inkjet printing method to develop a 3D nanopatterned device that enabled 
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integrative functional and molecular phenotyping of tumour associated EVs. The platform also 

analysed the expression and proteolytic activity of matrix metalloproteases (MMPs) on EVs, 

which are key regulators of extracellular matrix (ECM), to detect in vitro cell invasiveness and 

monitor in vivo tumour metastasis using both cancer cell lines and mouse models. The study 

integrated an LDA based machine learning diagnostic with the chip based functional EV 

analysis to enhance the clinical sensitivity and specificity for patient classification. The EV-

CLUE chip was successful at sensitively detecting expression and phenotypes of MMP+ sEVs 

in cell lines, mouse models and clinical plasma and its performance was validated by 

comparison to standard analytical methods [640].  

7.4. Conclusion 
 

The findings of this PhD thesis establish the utility of nanoparticle-assisted sensors towards 

sensitive detection of sEV markers. The projects were motivated by the clinical significance of 

sEVs coupled with the current lack of simple and highly sensitive sEV detection systems. The 

technologies introduced in this thesis and its findings have the potential to make a significant 

impact on both the development and use of innovative technologies, as well as facilitate 

informed decisions on therapeutic regimens by sensitively detecting early-stage cancer 

biomarkers. Leveraging these technologies in diverse sensor modules, as explored in the 

literature review, especially electrochemical, SERS and single sEV analysis sensors, will foster 

the development of ultrasensitive sEV detection systems that allow non-invasive and dynamic 

analyses of early-stage cancer biomarkers, particularly in clinical POC settings. Ultrasensitive 

sEV-based diagnostics present an ideal diagnostic and prognostic option for molecular 

diagnosis of cancer and promise a shift in medical paradigms towards personalised medicine 

and show promise of revolutionising diagnostic and disease monitoring applications. 
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8. Appendix 

During the candidature of my PhD, I have also authored and published two papers on topics 

that were beyond the scope of the overall aim of my thesis. 

1.  P. Bordhan, S. Razavi Bazaz, D. Jin and M. E. Warkiani. "Advances and enabling 

technologies for phase-specific cell cycle synchronisation" Lab on a chip. DOI: 

10.1039/D1LC00724F 

2. V.Y. Naei, P. Bordhan, F. Mirakhorli, M. Khorrami, J. Shrestha, H. Nazari, A. 

Kulasinghe, M.E. Warkiani, "Advances in novel strategies for isolation, 

characterization and analysis of CTCs and ctDNA", Therapeutic Advances in Medical 

Oncology, DOI:10.1177/17588359231192401 

I was the main author of the first paper indicated here, which presented a comprehensive review 

on discussing the conventional and microfluidic-based methods for achieving phase-specific 

cell cycle synchronisation, which has significant implications in targeted gene editing, drug 

efficacy and studying specific cell cycle events and regulatory mechanisms. For the second 

published paper, I was a co-author (2nd author), which presented a comprehensive review of 

the advances in isolation and characterisation and analysis of CTCs and ctDNA. Engaging in 

these projects provided me with valuable experience in writing comprehensive reviews on 

relevant scientific topics and familiarised me with the complexities of publishing works in 

reputable scientific journals.  
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