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Abstract 
Extracellular vesicles (EVs) are complex membrane-bound particles secreted by cells into the 

extracellular space. EVs molecular cargo contains proteins, lipids, and nucleic acids derived 

from the cell of origin. EVs are found to play important roles in normal physiology and 

pathology and are recognized as a rich source of biomarkers for disease diagnostics, drug 

delivery vehicles, and therapeutic agents. Therefore, a thorough characterization of the 

biochemical composition of EVs is a matter of great importance. Recent research efforts have 

focused on the detection and characterization of EVs, with an emphasis on label-free 

methodologies that simplify sample preparation and are free of interfering signals. Thus, the 

main goal of this thesis is to develop novel versatile technologies for the optical label-free 

characterization of EVs and use an established methodology, Raman spectroscopy, for the 

detection of an EV-associated disease biomarker.  

First, we identified the niche for technological improvements by conducting a comprehensive 

review. The review showed the existing demand in the research field to conduct a label-free 

characterization of EVs in low volumes, perform analysis of a single/few EVs, and develop less 

expensive technologies to complement existing traditional methods. To address this need in the 

EV research field, we developed technologies to characterize the EV morphology and 

biochemical composition.  

The initial research method, lensless reflection-based dark-field microscopy, enables the 

morphological characterization of particles using two modalities: a) shadow-based height 

measurement and b) oblique illumination dark-field microscopy. The performance of this 

technology is validated by using it to determine the shape and size of polystyrene spheres and 

single or clustered microorganisms. 

Next, we developed a novel approach for trapping, imaging, and biochemical characterization of 

the EVs. For this, a complementary metal oxide semiconductor (CMOS) imaging sensor was 

converted to a Surface Enhanced Raman spectroscopy (SERS) substrate by coating its surface 

with a thin layer of silver. This creates areas of plasmonic enhancement localized in the crevices 

between adjacent microlenses. The small size of these wells enables size-based trapping of EVs 

in plasmonic hot spots followed by their spectroscopic analysis. Using this approach, we 

determined the biochemical content of small particles, including polystyrene nanospheres and 
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small EVs.  

Finally, we applied Raman spectroscopy to detect an amyloid-beta (Aβ) molecular fingerprint in 

the biochemical content of EVs. Here, we used small EVs isolated from an Alzheimer’s disease 

(AD) cell culture model along with control EVs. Raman spectroscopy characterization detected 

clear differences in the AD EVs spectra compared to the control EVs. The Amide I region and 

“high-wave-number region” are the regions of the EV Raman spectra that reflected the main 

differences. These regions describe the protein content of EVs, and the additional contribution 

from lipids indicated in the “high wavenumber region”. Subsequent analysis of the Raman 

spectra using Principal Component Analysis (PCA) differentiated EVs associated with Aβ from 

the control group EVs. Peak analysis shone a light on the secondary structure of EV-associated 

Aβ and the lipid content of EVs. Importantly, we confirmed the presence of Aβ in EVs 

containing pellet using mass spectrometry analysis. While these results are promising for the EV-

based liquid biopsy AD diagnosis, they remain to be validated using clinical samples. 

Overall, the findings of the thesis broaden the available toolbox for the study of EVs by adding 

new optical label-free techniques that allow the noninvasive analysis of low volumes of EVs and 

validate the use of Raman spectroscopy for the detection of biomarkers associated with EVs. The 

rapid technological advancement in optical detection instruments and the employment of 

advanced data processing methods suggest a leading role of optical label-free techniques in the 

perspective of EV characterization in preclinical and clinical studies.   
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Resume 
Les vésicules extracellulaires (VE) sont des particules complexes liées à la membrane sécrétée 

par les cellules dans l'espace extracellulaire. La cargaison moléculaire des VE contient des 

protéines, des lipides et des acides nucléiques dérivés de la cellule d'origine. Les VE jouent un 

rôle important dans la physiologie et la pathologie normales et sont reconnus comme une riche 

source de biomarqueurs pour le diagnostic des maladies, les véhicules d'administration de 

médicaments et les agents thérapeutiques. Par conséquent, une caractérisation approfondie de la 

composition biochimique des VE est d'une grande importance. Les efforts de recherche récents 

se sont concentrés sur la détection et la caractérisation des VE, en mettant l'accent sur les 

méthodologies sans étiquette qui simplifient la préparation des échantillons et sont exemptes de 

signaux interférents. Ainsi, l'objectif principal de cette thèse est de développer de nouvelles 

technologies polyvalentes pour la caractérisation optique sans étiquette des VE et de valider 

l'utilisation d'une méthodologie établie, la spectroscopie Raman, pour la détection d'un 

biomarqueur de maladie associé aux VE. 

Tout d'abord, nous avons identifié le créneau des améliorations technologiques en procédant à un 

examen complet. L'examen a montré la demande existante dans le domaine de la recherche pour 

effectuer une caractérisation sans étiquette des VE en faibles volumes, effectuer l'analyse d'un 

seul/quelques EV et développer des technologies moins coûteuses pour compléter les méthodes 

traditionnelles existantes. Pour répondre à ce besoin dans le domaine de la recherche sur les VE, 

nous avons développé des technologies pour caractériser la morphologie et la composition 

biochimique des VE. 

La méthode de recherche initiale, la microscopie à fond noir basée sur la réflexion sans lentille, 

permet la caractérisation morphologique des particules en utilisant deux modalités: a) la mesure 

de la hauteur basée sur l'ombre et b) la microscopie à fond noir à illumination oblique. La 

performance de cette technologie est validée en l'utilisant pour déterminer la forme et la taille des 

sphères de polystyrène et des micro-organismes simples ou groupés. 

Ensuite, nous avons développé une nouvelle approche pour le piégeage, l'imagerie et la 

caractérisation biochimique des VE. Pour cela, un capteur d'imagerie semi-conducteur à oxyde 

métallique complémentaire (CMOS) a été converti en un substrat SERS en revêtant sa surface 

d'une fine couche d'argent. Cela crée des zones de renforcement plasmonique localisées dans les 

crevasses entre les microlentilles adjacentes. La petite taille de ces puits permet le piégeage en 
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fonction de la taille des VE dans les points chauds plasmoniques suivi de leur analyse 

spectroscopique. En utilisant cette approche, nous avons déterminé le contenu biochimique des 

petites particules, y compris les nanosphères de polystyrène et les petits VE. 

Enfin, nous avons appliqué la spectroscopie Raman pour détecter une empreinte moléculaire 

bêta-amyloïde (Aβ) dans le contenu biochimique des VE. Ici, nous avons utilisé de petits VE 

isolés à partir d'un modèle de culture cellulaire de la maladie d'Alzheimer (MA) avec des VE 

témoins. La caractérisation par spectroscopie Raman a détecté des différences nettes dans les 

spectres des VE AD par rapport aux VE témoins. La région Amide I et la «région à nombre 

d'ondes élevé» sont les régions des spectres Raman des VE qui reflétaient les principales 

différences. Ces régions décrivent la teneur en protéines des VE et la contribution 

supplémentaire des lipides indiquée dans la «région à nombre d'onde élevé». Une analyse 

ultérieure des spectres Raman à l'aide de VE différenciés par PCA associés à Aβ à partir des VE 

du groupe témoin. L'analyse des pics a mis en lumière la structure secondaire de l'Aβ associé aux 

VE et la teneur en lipides des VE. Fait important, nous avons confirmé la présence d'Aβ dans les 

VE contenant des granulés à l'aide d'une analyse par spectrométrie de masse. Bien que ces 

résultats soient prometteurs pour le diagnostic de la DA par biopsie liquide basée sur l'VE, ils 

restent à valider à l'aide d'échantillons cliniques. 

Dans l'ensemble, les résultats de la thèse élargissent la boîte à outils disponible pour l'étude des 

VE en ajoutant de nouvelles techniques optiques sans étiquette qui permettent l'analyse non 

invasive de faibles volumes de VE et valident l'utilisation de la spectroscopie Raman pour la 

détection de biomarqueurs associés aux VE. Les progrès technologiques rapides dans les 

instruments de détection optique et l'utilisation de méthodes avancées de traitement des données 

suggèrent un rôle de premier plan des techniques optiques sans étiquette dans la perspective de la 

caractérisation des VE dans les études précliniques et cliniques. 

  



10 
 

Acknowledgments 

First and foremost, I would like to express my sincere gratitude to my esteemed supervisor, Prof. 

Sebastian Wachsmann-Hogiu for granting me this unique opportunity to study at McGill 

University and work under his supervision, for his invaluable advice, continuous support, and 

patience during my PhD study. His immense knowledge and plentiful experience have 

encouraged me in all the time of my academic research and daily life. 

I would also like to thank Dr. Ayyappasamy Sudalaiyadum Perumal, Dr. Sara Kheireddine, 

Dr. Tatu Rojalin, Dr. Sorina Suarasan, and Dr. Juanjuan Liu for their insightful comments, 

suggestions, and contributions. I also would like to extend my gratitude to Dr. Maria LaCalle, 

Ms. Laura Montermini, Dr. Kelly Sears, and Ms. Jeannie Mui for their technical support of 

my study. I am also thankful to Dr. Diane Dechief and McGill Writing Center tutors for their 

editorial help. I am deeply grateful to members of my PhD committee Dr. Christine Tardif, 

Dr. Amine Kamen, and Dr. Satya Prakash. It is their kind support and guidance that helped 

keep me on a good track. I am thankful to the Bolashak International scholarship, the FRQNT 

award, and the McGill Engineering graduate excellence award for financial support during my 

PhD studies.  

I would like to thank my friends and lab mates for the cherished time spent together in the lab 

and social settings. 

Finally, I would like to dedicate this thesis to my family, for their tremendous support and 

endless love: my parents, Mom and late Papa, and my little sister who always believed in me; my 

dear beloved husband and my darling children, who bring joy, infinite love and meaning to every 

single day of my life.  

  



11 
 

Contribution to original knowledge 

During my PhD studies, my focus was on the development of novel optical label-free 

methodologies to characterize EVs that will help to address some of the current challenges in the 

field and to employ them for the detection of EV-associated biomarkers of AD. Specifically, I 

performed a comprehensive literature review of optical label-free methodologies currently 

applied for EV characterization with emphasis on the specifics of the working principle of each 

technology and how they have been used to analyse EVs. In addition, I fabricated multifactional 

CMOS imaging sensor-based techniques for EV trapping and characterization. Moreover, the 

first Raman spectroscopic fingerprint of Aβ associated with EV molecular cargo is presented and 

discussed. These results are reflected in the four published first-author articles. In addition, I 

have also contributed to the development of superhydrophobic SERS substrates for EV 

concentration and characterization. The details of my contribution to this study will be described 

in the following section. 

The details of each work in my first-author publications are presented below.  

In the first publication1, a comprehensive review of optical label-free methodologies for EV 

characterization is presented. The review summarizes all currently applied label-free optical 

methods, describes their basic working mechanisms, and discusses their advantages and 

limitations for the EV research field. Moreover, the study presents recent advances in the 

application of EVs as biomarkers of neurodegenerative diseases and cancer. Finally, this review 

offers a perspective to research directions in EV heterogeneity characterization and the accuracy 

of EVs as biomarkers of pathology.  

In the second publication2, a novel lensless reflection-based dark-field microscopy (RDFM) 

technique has been developed. It consists of a CMOS imaging sensor and a custom-built multi-

angle imaging platform. The RDFM introduces a new imaging modality to the field of lensless 

microscopy – direct-on-chip dark-field microscopy. The modality is used to perform dark-field 

microscopy of biological and non-biological samples over a large field-of-view. Another novel 

modality is a measurement of the height of micrometer-sized objects such as polystyrene 

microspheres and microorganisms placed directly on the CMOS sensor. From a practical 

viewpoint, this platform provides a useful tool for label-free optical characterization of 3D 

morphological features of cells and potentially large EVs or small EVs clusters.  
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The third published article3 introduces a novel CMOS-based sensing platform for EV trapping, 

label-free imaging, and chemical characterization (CMOS TrICC). The combination of SERS 

with lensfree on-chip microscopy enables both high spatial resolution over the wide field-of-

view imaging and chemical content characterization. This inexpensive and easy-to-build 

platform generates even distribution of hot spots with large SERS active area resulting in 

consistent SERS intensity enhancement. The platform is used to characterize the biochemical 

content of EV and, due to the distribution of the field enhancement, probs both EV membrane 

and intraluminal cargo. Finally, the imaging capability of the CMOS imaging sensor is 

maintained which enables direct on-chip lensless imaging with spatial resolution limited by the 

pixel size and wide field-of-view. CMOS TrICC is used to acquire optical images of particles 

placed directly on CMOS imaging sensor. This opens new directions for integrated (bio)sensing 

devices. 

The fourth article4 presents the first Raman spectroscopic fingerprint of the Aβ present in the 

molecular cargo of small EVs. The study confirms the presence of Aβ protein in sEV molecular 

cargo and that it can be detected via Raman spectroscopy, paving the way for other studies on 

this topic. Moreover, this study indicates that Aβ associated with secreted sEVs has an α-helical 

secondary structure and the size of a monomer or small oligomer, which has not been shown 

previously. Furthermore, analysis of the lipid content of sEVs shows altered fatty acid chain 

lengths in sEVs that carry Aβ which may affect the fluidity of the EV membrane. Future studies 

using clinical samples of AD patients will be necessary to demonstrate the potential of sEVs for 

early AD diagnosis. 
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Contribution of authors 

• Chapter II 

In this chapter, a review of optical label-free methodologies is presented. Specifically, 

fundamental working principles and applications in the EV research field are introduced. 

Moreover, applications for the characterization of EVs related to neurodegenerative diseases and 

cancer are highlighted, and a thorough discussion of the current status of the field and future 

considerations are outlined.  

The contribution of the authors is listed as follows: 

MI and SWH conceived the idea and defined the structure and content of the manuscript. MI 

wrote the manuscript. SS, YL, and SJ contributed to the parts of the manuscript. SWH 

supervised the project. All authors reviewed and approved the manuscript in its current form. 

• Chapter III 

In this chapter lens-free reflection-based dark-field microscopy technique is presented. The 

technique is used for dark-field microscopy and shadow-based measurements of unstained 

micrometer-sized analytes, polystyrene microspheres, and microorganisms, placed directly on 

CMOS imaging sensor surface.  

The contributions from the authors are as below:  

ASP and SWH conceived the idea. MI, ASP, and SWH designed experiments. MI and ASP 

conducted the experiments and analysed the results. MI wrote the main text of the manuscript 

with input from all co-authors. SWH supervised the project. All authors reviewed and approved 

the manuscript in its current form. 

• Chapter IV 

This chapter introduces a CMOS imaging sensor-based platform for trapping, imaging, and 

chemical characterization of EVs. We demonstrated the use of this platform for parallel trapping 

of 100 nm nanospheres and EVs in the hot spots created in the gaps between the microlenses, 

and SERS characterization of these particles. The imaging capability of the CMOS imaging 

sensor is maintained and provides the opportunity for direct on-chip lensless imaging with spatial 
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resolution limited by pixel size. This unique feature opens up new directions for integrated 

(bio)sensing devices. 

The contributions from the authors are as follows: 

SWH conceived the idea. MI and SWH designed the experiments. MI and JL performed the 

substrate fabrication and hot spots localization characterization. MK and AMS performed the 

substrate morphology characterization and EF calculation experiments. HC conducted 

simulations. MI conducted experiments for the application of the platform for nanospheres and 

EV characterization. MI wrote the main body of the manuscript with input from all the co-

authors. SWH supervised the project. All authors reviewed and approved the manuscript in its 

current form. 

• Chapter V 

In this chapter, Raman spectroscopy has been employed to identify Aβ that is associated with 

sEVs. We isolated sEVs from AD cell-culture model and thoroughly characterized their 

morphology, concentration, surface markers, and biochemical content. The findings of this study 

provide evidence supporting the use of Raman spectroscopy for the identification and 

characterization of sEVs associated with potential biomarkers of neurological disorders such as 

toxic proteins. 

The contribution of the authors is listed as follows: 

MI and SWH conceived the idea and experimental design of the project. SH, MM, PL, MN, NM, 

TD, and JV provide cell culture media for EV isolation. MI and TR performed EV isolation. MI, 

TR, RM, and RC conducted EV characterization. MI, SS, and SWH performed an analysis of the 

data. MI wrote the main text of the manuscript with contributions from all the co-authors. SWH 

supervised the project. All authors reviewed and approved the manuscript in its current form. 
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Chapter I. Introduction 
The EV research field is a rapidly evolving field that expanded exponentially over the past two 

decades. This growing interest follows the recognition of EVs as mediators of cell-cell 

communication5. EVs are heterogeneous lipid membrane-bound vesicles shed by cells into the 

extracellular space6-8. Exosomes, microvesicles, and apoptotic are the three main subtypes 

categorized based on biogenesis and release pathways, content, function, and size9. Exosomes 

are the EVs that have endosomal biogenesis pathway and the size range from 30-200 nm in 

diameter5, 10. Microvesicles are formed as a result of the inward budding of the plasma 

membrane and their size ranges from 100 nm to 1000 nm in diameter. Apoptotic bodies (ABs) 

are 50 nm to 5 µm in diameter and are released during apoptosis as a result of caspase-mediated 

cleavage11. Subsequently, the molecular content of EVs including proteins, lipids, nucleic acids, 

and other bioactive molecules differ depending on the type of EVs12. For example, exosomes are 

enriched in tumor susceptibility gene 101 protein (TSG101), syntenin, ALG-2-interacting protein 

X (ALIX), and various tetraspanins, while microvesicles are enriched in proteasomes, 

mitochondria, and endoplasmic reticulum proteins13. Fatty acids and glycolipids predominate in 

the composition of exosomes in comparison to microvesicles which are rich in ceramides and 

sphingomyelins14. ABs contain cell degradation products such as organelle fragments, DNA, 

histones, and cytoplasmic components15, 16. The transfer of a functional cargo by EVs and its 

influence on biological mechanisms in recipient cells has both been shown previously17-20. 

Exosomes are studied as potential biomarker carriers for the diagnosis of various diseases 

including cancer, infectious and neurodegenerative diseases8. Other studies suggested the use of 

exosomes as drug delivery vehicles, vaccines, and therapeutics. Despite their seeming 

homogeneity, exosomes can provoke a plethora of effects in recipient cells, which can explain 

their multifunctional nature8, 17, 21. Microvesicles have been suggested to be involved in the 

promotion of angiogenesis, transfer of oncogenic receptor protein, and metastasis22. Additionally, 

microvesicles are shown to be involved in the progression of cardiovascular23 and neurological 

disorders24, 25. Since the formation of ABs promotes cell debris removal without triggering 

inflammatory reactions, the alterations in ABs clearance have been found to contribute to 

autoimmune disorders26, 27. Their role in intercellular communication remains to be explored but 

it is suggested that they contribute to cell-cell communication by delivering their molecular 

cargo28-30.  
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The overall impact of EVs in a variety of cellular functions and disease states holds potential for 

improved diagnostics and therapeutics. Therefore, it is essential to establish characterization 

methodologies that are able to analyze three EV aspects: morphology, biochemical composition, 

and functions.  

Given the vast heterogeneity of EVs discussed before, there are extensive challenges in their 

isolation and characterization31. No single characterization technique or isolation method can 

capture the full-size range of EVs32. Current isolation methods entail trade-offs in terms of 

reproducibility, throughput, and ease of operation33. The choice of isolation methods often 

depends on the scientific question to be answered. For example, commercially available 

polymer-based methods are efficient in recovering nano- and microparticles from a sample. 

However, these methods tend to precipitate cell debris, non-vesicular proteins, and nucleic acids. 

Moreover, residues of the polymer may also interfere with EV characteristics.  

Differential ultracentrifugation is another widely used EV isolation method34. The method is 

very reproducible and EV yield is good. Yet, the resulting pellet may contain co-isolation 

contaminants such as low- and high-density lipoproteins. Also, the process is laborious and 

lengthy. Therefore, often complementary methods, including density gradient ultracentrifugation 

and size exclusion chromatography, are used to help achieve higher purity EVs.  

Ultrafiltration35 and asymmetric flow field-flow fractioning36 are emerging methods that showed 

promising results in terms of ease of use and efficiency in isolating EVs from clinical samples. 

Additionally, an affinity purification technique is proposed. In this method, EV-specific surface 

markers including transmembrane proteins CD9, CD63, and CD81 are used to selectively 

capture particles that express them. While the method ensures the purification of vesicles, the 

resulting yield will not represent the entire vesicle population in the analysed sample.  

Following isolation and purification, EVs are characterized in terms of their size, morphology, 

and content. A large variety of labeling and non-labeling characterization techniques have been 

developed to address the processing and testing needs of EVs37, 38. The label-based techniques 

rely on the use of molecular tags or markers that bind to EVs. Label types can include 

fluorescent dyes and molecules39, radionuclides40, and lipophilic tracer dyes41 Using labels is 

advantageous in EV visualization and tracking, single molecule detection, and in high-

throughput settings such as flow cytometry42. Despite these useful functions, label-based 
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technologies have some fundamental limitations. To begin, using labels may result in potential 

unwanted interaction of labels with EVs and may affect EV functions and uptake41, 43. The next 

important point is that using EV surface protein markers for EV recognition would affect the 

characterization of EV heterogeneity as there is no established single EV marker44. Finally, the 

low specificity of some labels and their aggregation may cause false conclusion43. 

Recent advances in label-based technologies are genetically encoded labels45, 46. These labels 

offer greater specificity compared to lipid dyes and in the case of fluorescent tetraspanins ensure 

the vesicular origin of the analysed particles, plus they are useful to study EV biogenesis and 

functions. However, there is a risk of alterations of the EV functions due to overexpression of 

such proteins. Moreover, the selectivity of this approach limits its application for EV 

heterogeneity analysis.  

On the other hand, label-free techniques offer direct non-invasive analysis of EV morphology and 

molecular cargo. Elimination of the tags or dyes allows conducting of experiments that require 

less time and wet-lab complexity compared to labeling techniques. Importantly, a non-invasive 

approach for characterizing EV molecular cargo, including proteins conformation and lipids 

structures, is a great advantage for EV functionality studies in both fundamental and applied 

research.  

Among label-free techniques, particular interest is paid to optical methods that utilize light and 

optical properties for analysis of EVs. Lens-based microscopes are the most broadly used light 

microscopy systems. However high spatial resolution imaging at enhanced magnification leads 

to limited FOV and optical aberrations that distort the resulting image. Image stitching is 

implemented to form mosaics with a large overall FOV of high-resolution images. Yet, such 

techniques are time consuming and result in artifacts.  

Lens-free approaches that typically use CMOS imaging sensors further simplify the hardware of 

imaging systems. One example is in-line holography, where the sensor detects shadows and 

diffraction interference patterns generated by the object placed between the image sensor and the 

illumination source, and the final image is reconstructed using computational algorithms. 

Whereas the FOV is limited by the sensor area, the spatial resolution can reach sub-pixel 

proportions using ptychographic imaging, where multiple images of the sample are taken at 

different illumination angles followed by image reconstruction. Such approaches can serve as 
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portable and adaptable devices with minimal hardware requirements. Main drawback of such 

methods is computationally heavy holographic reconstruction that makes the system more 

complex. 

Non-holographic on-chip imaging addresses the above-mentioned limitations. This methodology 

takes advantage of the conventional hardware design of lens-free imaging without the need to 

perform complicated image reconstruction. Transmission-based imaging is the main imaging 

mode performed using direct on-chip lens-free microscopy. New modality such as dark-field 

microscopy will expand the existing range of methods of direct on-chip lens-free microscopy. 

Dark-field microscopy is an optical technique, that allows contrast enhancement of unstained 

objects due to its very low background. This elegant technology has many advantages including 

high contrast and high-resolution images of unstained and transparent objects and subsequent 

simplicity of sample preparation. The oblique illumination used in dark-field microscopy causes 

the darkening of the background while the object is visible due to the scattering of the oblique 

light. This particular phenomenon is used to develop dark-field microscopy modality directly on 

CMOS imaging sensor and described in details in Chapter III. The darkening of the background 

that leads to contrast reversal is explained through Fresnel equations. The Fresnel equations 

describe the transmission and the reflection coefficients of light in the interface between different 

optical media. Light is an electromagnetic wave that has an oscillating electromagnetic field (E-

vector). The E-vector posses amplitude components that are parallel to the plane of incidence or 

perpendicular. The reflection coefficient is the ratio of the amplitude of the reflected light to the 

incident light (r). The transmission coefficient is a ratio of amplitude of the transmitted light to 

the incident light (t).  

𝑟𝑝 =  
tan(Ɵ1 − Ɵ2  )

tan(Ɵ1 + Ɵ2  )
 (1) 

𝑟𝑠 =  
sin(Ɵ1 − Ɵ2  )

sin(Ɵ1 + Ɵ2  )
 (2) 

𝑡𝑝 =  
2sin Ɵ2 𝑐𝑜𝑠Ɵ1 

sin(Ɵ1 + Ɵ2  ) cos(Ɵ1 − Ɵ2  )
 (3) 

𝑡𝑠 =  
2sin Ɵ2 𝑐𝑜𝑠Ɵ1 

sin(Ɵ1 + Ɵ2  )
 (4), 
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Where rp and rs are the reflection coefficients of a parallel and perpendicular amplitude 

components, respectively; and tp and ts are transmission coefficients of a parallel and 

perpendicular amplitude components, respectively. Ɵ1 is a reflection angle and Ɵ2 is a 

transmission angle, and these angles are related by Snell’s law.  

n1𝑛1sin Ɵ1  =  𝑛2sin Ɵ2     

The intensity of the reflected light at the interface between air (refractive index of 1) and the 

surface of the CMOS imaging sensor (plastic, with a refractive index approximately 1.5) obeys 

the Fresnel equations such that at large angles of incidence, almost total reflection at this 

interface is expected.  

Overall label-free optical technologies have been widely applied for characterization of EV 

morphology and molecular content. The morphological characterization including 

determination of the EV size, concentration and shape is performed using Nanoparticle Tracking 

Analysis (NTA), Atomic Force Microscopy (AFM), Dynamic Light Scattering (DLS). The 

molecular content of EVs is characterized using Fourier Transformed Infrared spectroscopy 

(FTIR), Single Particle Interferometric Reflectance Imaging Sensor (SP-IRIS), SERS and Raman 

spectroscopy. In particular, this thesis highlights the use of Raman spectroscopy for EV 

characterization.  

Raman spectroscopy is a label-free spectroscopy technique based on inelastic scattering of laser 

light that interacts with molecular vibrations. The scattered light consists of Rayleigh scattering 

and Raman scattering. Rayleigh scattering has the same frequency as the incident light. Raman 

scattering, on the other hand, reflects the vibrational frequencies of the molecules. Raman 

spectroscopy measures the vibrational frequency as a shift from incident frequency. When the 

molecule moves from the ground state to a more excited vibrational state it requires energy from 

the absorbed from the incident light. Hence, it causes a decrease in the energy for the scattered 

light, which further leads to a decrease in frequency. This downshift in frequency for scattering 

is called Stokes scattering. On the other hand, when the molecule moves to a less vibrational 

state, it leads to an increase in energy and frequency for the scattering. And this upshift in 

frequency is called anti-Stokes scattering. Raman scattering is used in Raman spectroscopy for 

the characterization of the sample chemical content at molecular level. Raman spectrometer 

consists of several components including excitation source, edge filter, dispersion element and 



23 
 

CCD detector. Typically, in modern Raman instruments solid state laser with wavelengths of 532 

nm, 633 nm, 785 nm, 830 nm and 1064 nm are used to induce Raman scattering. In order to 

separate Raman scattered light from Rayleigh scattering Raman spectrometers are equipped with 

filters. The laser energy is collected by fiber optics cables. Holographic grating is used to 

disperse the scattered light that is further captured by CCD detector. Currently there are more 

than 25 different types of Raman spectroscopy techniques including SERS, coherent anti-stokes 

Raman scattering, tip-enhanced Raman scattering, and Raman tweezers. Among which SERS 

and Raman tweezers are mostly applied for EV characterization. Raman tweezers is a technique 

that combines Raman spectroscopy and optical tweezers. The technology is used to trap EVs in a 

laser beam and obtain their chemical components. An optical trapping is a result of a tightly 

focused laser beam achieved by the use of a lens with high numerical aperture.  

The methodologies described above have certain shortcomings including low signal, low 

reproducibility, high cost, and laborious data acquisition process.  

The technical challenges associated with EV analysis are well-described elsewhere33. Among 

which is the necessity to use a large amount of EVs in most bulk methods such as Western blot. 

Another ongoing challenge is an analysis of EV heterogeneity based on single-EV 

characterization: the current single-EV characterization techniques are low throughput or lack 

sensitivity. The overlap in size of EVs with non-EV isolation contaminants introduces additional 

challenges in analysing both EV morphology and molecular content. Therefore, addressing these 

challenges is the focus of this thesis.  

Another important direction that is explored in this thesis is the application of label-free optical 

methods for the characterization of disease-associated markers enveloped in EV molecular cargo. 

As has been described above the molecular content of EVs has attracted great interest from the 

scientific community as it reflects the state of the releasing cell8. In pathological conditions, 

including cancer and neurodegeneration, EVs are found to contribute to disease progression47, 48. 

It has been suggested that EVs may be used as potential carriers of disease markers for early 

diagnosis of neurodegenerative diseases such as AD49. AD is the most common form of 

dementia and has an overwhelming impact on patients’ lives and their families. Over 747,000 

Canadians are living with AD or another form of dementia, and the number is expected to rise to 

937 000 cases by 203150. While the cause of AD is still not clear, Aβ and hyperphosphorylated 
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tau are molecules that form amyloid plaques and tau tangles, respectively, accompanied by 

neuroinflammation, which are characteristics of neuropathology51. The toxic effect of these 

misfolded proteins might be explained by the disruption of multiple mechanisms such as the loss 

of functions of aggregated proteins, mitochondrial dysfunction, synaptic toxicity, endoplasmic 

reticulum stress, free radicals of reactive oxygen species (ROS); the promotion of depolarization 

of synaptic membrane; and the formation of neurofibrillary tangles52. Moreover, elevated level of 

Aβ activates microglia and chronic inflammation that led to the neuronal loss by direct 

phagocytosis53. Amyloid plaques may contain various forms of Aβ such as soluble Aβ, Aβ 

oligomer, and Aβ, that may contribute to a neurodegeneration process at different stages of 

AD54. The current diagnosis of AD is based on the patient’s mental decline degree, which is not 

obvious until severe and permanent brain damage has occurred55. The state-of-the-art clinical 

assessment of Aβ depositions in the brain are positron emission tomography (PET) imaging and 

/or by measurements of Aβ in cerebrospinal fluid (CSF)56, 57. While these methods are proven to 

be useful to stratify symptomatic AD patients from healthy subjects with high specificity and 

sensitivity these methods are expensive, invasive, and depend on the skills of the operator. In 

addition, these methods are used to confirm the diagnosis rather than predict preclinical patients. 

Moreover, even though amyloid plaque-associated proteins can be detected in the CSF and blood 

of AD patients, their extremely low concentrations that are less than one-millionth of total CSF 

proteins and one ten-billionth of total blood proteins, limit their use as biomarkers58. Therefore, 

the discovery of new AD biomarkers in fluids other than CSF (such as blood, urine, and saliva) 

that can help detect and monitor disease progression is essential for non-invasive diagnosis and 

the development of new therapies.  

EVs possess properties that can make them excellent candidates as AD biomarkers. Their cargo 

of proteins and nucleic acids is a molecular fingerprint of secreting cells and can reflect 

intracellular processes. EVs secreted from the cell can have an autocrine function as well as an 

endocrine effect by transfer to CSF and bloodstream, from which blood is more convenient for 

repeated sampling to monitor therapeutic responses. EVs from brain cells can be found in 

circulating blood59. Interestingly, exosome markers such as ALIX and Flotillin 1 have been 

detected in the amyloid plaque area suggesting exosome cargo contribution to plaque 

formation60. However, the movement of EVs from the systemic circulation to the CNS remains 

unclear. L1 cell adhesion molecule (L1CAM) that is expressed by cells in CNS has been used to 
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differentiate CNS-derived EVs from other EV populations61-74. Yet, it is important to mention 

that this protein is expressed by other cells in the body and has soluble forms75, and found to be 

upregulated in several cancer types76.  

Multiple studies indicate the involvement of EVs in the pathogenesis of AD and particular 

attention has been paid to neurotoxic proteins Aβ and tau48, 77-79. Some studies have shown that 

oligomeric Aβ and tau can be transferred by exosomes and lead to prion-like spreading of 

misfolded proteins60, 80, 81. C. Lim and co-authors reported that exosome bonded Aβ protein 

measured directly from AD patients’ blood better reflects neuroimaging results in comparison 

with total circulating Aβ. Further, they showed that exosomes are preferentially bound to large 

prefibrillar Aβ aggregates. This finding is similar to positron emission tomography (PET) tracers 

that particularly bind to large Aβ aggregates and demonstrate the lower binding activity to a 

small aggregate82.  

Most of the reported studies identify and characterize EV-associated Aβ using Western blot, 

enzyme-linked immunosorbent assay (ELISA), mass spectrometry, and electron microscopy 

(EM)72-74, 83-85 (Table 1).  

Table 1. 1 Analysis of EV-associated Aβ as a biomarker of AD 

 

Type of EVs Experimental design of 

the study 

Detection 

method 

Outcome Reference 

1. Exosomes Mouse neuroblastoma 

N2a that expresses 

Swedish mutant of APP 

Western blot, 

immunoelectron 

microscopy 

Packaging of 

Aβ into MVBs and secretion 

within exosomes  

60 

2. Exosomes Human neuroblastoma 

cell line that expresses 

APP 

Western blot, 

immunoelectron 

microscopy, mass 

spectrometry 

APP derivatives (full-length 

APP, APP-CTFs, AICD) are 

found in secreted exosomes  

86 

3. Exosomes Chinese-hamster ovary 

(CHO)-APP695 cell line  

Western blot APP-CTFs and Aβ are found in 

exosomal cargo 

87 

4. Exosomes APP transgenic mice 

(Tg2576) and age- and 

gender-matched wild-

type controls, human 

brain tissue of AD 

patient and control 

Immunoelectron 

microscopy, 

Western blot 

Higher levels of full length 

APP, APP CTFs are identified 

in brain-derived exosomes 

compared to control exosomes  

88 
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subject 

5. Neuronal EVs Blood of AD (n=57) and 

frontotemporal 

dementia (n=16) 

patients 

ELISA The level of Aβ is higher in 

neuronal EVs compared to case-

controls 

89 

6. Neuronal 

exosomes 

Plasma samples of AD 

(n=10), MCI (n=20) and 

control (n=10) 

ELISA The level of Aβ is higher in 

neuronal EVs compared to case-

controls 

74 

7. Neuronal 

EVs, astrocyte 

EVs 

Plasma samples of MCI 

(n=12), FTD (n=14), 

and healthy control 

(n=20) 

ELISA The level of Aβ is higher in 

astrocyte EVs compared to 

neuronal EVs and healthy 

control-derived EVs 

63 

8. Exosomes Brain tissue of AD 

patients and healthy 

individuals  

ELISA Increased level of Aβ in 

exosomes derived from AD 

patients 

80 

9. Neuronal 

exosomes 

Plasma samples of AD 

(n=101), MCI (n=96), 

healthy control (n=101) 

ELISA Higher level of Aβ1-42 in AD 

neuronal exosomes compared to 

MCI and control derived 

exosomes 

90 

10. Neuronal 

EVs  

Plasma samples from 

AD patients (n=128) 

and controls (n=222)  

ELISA Increased level of Aβ 91 

11. Neuronal 

EVs 

Plasma samples 

Of AD (n=45), MCI 

(n=45) and control 

(n=156) 

Single-molecule 

array 

Gradual increase in the levels of 

Aβ from MCI to AD 

92 

12. Exosomes Blood samples of AD 

(n=36), MCI (n=12), 

control (n=12) 

Luminex Increased level of Aβ42 93 

MCI – Mild Cognitive Impairment; APP – Amyloid Precursor Protein; APP-CTFs- Amyloid Precursor Protein C-

terminal fragments; AICD – Amyloid Precursor Protein Intracellular Domain.  

While these methods allow the detection of certain molecules in EVs, there are a few 

shortcomings that need to be addressed. For example, EM (Transmission Electron Microscopy 

(TEM) and cryo-TEM) is one of the well-established methods for single EV analysis. It enables 

analysis of the size and morphology of EVs. By using immunostaining, it is possible to detect 

certain molecules of interest including Aβ. However, the technique is low-throughput and 
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laborious. Moreover, it requires expensive equipment and a specially operated facility. Mass 

spectrometry analysis of EVs is an excellent tool for the characterization of EVs’ global content 

and is beneficial in biomarker discovery studies. Yet low reproducibility of the results, in 

addition to complex sample preparation steps, limits its application. Finally, ELISA is currently a 

method of choice for the detection of Aβ due to its accessibility and quantitative measurements, 

yet the method could be less sensitive to low concentrations of EV-associated Aβ 94. While 

Raman spectroscopy or SERS has not been used previously to detect Aβ in EVs, these 

techniques have been employed to stratify AD patients from healthy controls based on blood 

plasma and serum, CSF, and saliva analysis95-100. The fact that Raman-based techniques offer 

label-free and sensitive detection, with a small amount of analyte required, makes them a 

favorable tool in the AD research field.   

We hypothesize in this thesis that optical label-free methodologies enable characterization of 

membrane and intraluminal biochemical content of EVs, and identify specific disease-related 

molecules in EV cargo. To verify this hypothesis this thesis aims to: 

1. perform a comprehensive literature review of evidence-based state-of-the-art 

technologies in the field and identify a potential niche for further developments; 

2. develop a label-free optical method for imaging and morphological characterization of 

EVs. To achieve this goal, a CMOS imaging sensor was prepared by removing the 

original lens and (infrared) IR filter. Then, the surface morphology of the CMOS sensor 

was thoroughly characterized by SEM and AFM. Furthermore, the multi-angle 

illumination platform was designed to attain certain angles of illumination. Finally, 

analytes, such as polystyrene microspheres of various sizes and microorganisms, were 

detected, and their morphological features were examined;  

3. develop a CMOS-based sensing platform for trapping, imaging, and chemical 

characterization of EVs and other biological samples (CMOS-TrICC). The developed 

CMOS imaging sensor platform is expanded to a new platform by coating the surface of 

the CMOS imaging sensor with a thin metallic layer. The surface morphology and metal 

coating were examined via AFM and Energy Dispersive X-ray (EDX) analysis, 

respectively. The distribution of hot spots was characterized using 4-Aminothiophenol 

(4-ATP) and Rhodamine 6G (R6G) molecules. Finally, the performance of the CMOS-

TRiCC platform was evaluated by using 100 nm polystyrene nanospheres and EVs; 
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4. characterize molecular cargo of small EVs via Raman spectroscopy and identify EV-

associated Aβ. To achieve this goal, first, EVs were isolated from AD model cell line 

MC65, that under certain conditions overexpress Aβ. EVs isolated from the Neuro-2a cell 

line were used as a control in this study. The size distribution and morphology of isolated 

EVs were examined using NTA and TEM. The expression of EV surface markers 

including CD9, CD63, and CD81 was determined by ExoView. Finally, Raman 

spectroscopy was used to characterize the biochemical composition of EVs and identify 

EV-associated Aβ. The presence of Aβ in EV containing pellet was validated by mass 

spectrometry.  
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Transition to chapter II 
As has been highlighted in Chapter I, EVs have attracted increasing interest in biomedical 

research and therapy. Their unique properties, along with their role in normal physiology and 

pathology, make EVs desirable candidates as biomarkers and targets of disease, drug delivery 

vehicles, and therapeutics. Therefore, the detection of EVs, and the characterization of molecular 

cargo enveloped in EVs, is important to determine their potential functions. Current 

methodologies used for EV characterization can use labels or be completely label-free. In most 

studies, more than one technique is used to characterize EV morphology, biochemical cargo, and 

functions. While the choice of the most suitable technique for each specific scientific question 

can differ, analysis of EVs in conditions close to physiological is always desirable. Therefore, 

label-free optical technologies offer a non-invasive characterization of EVs.  

The aims of Chapter II are to 1) systematically review state-of-the-art literature on optical label-

free methodologies for EV characterization with evidence from basic research to biomarker 

investigations using clinical samples, and to 2) determine a niche for further technological 

developments. 

The review includes published studies up to March 2022 that are relevant to the topic of the 

thesis. First, it describes the biology of EVs, their main subtypes, biogenesis, molecular content, 

and a brief description of their uptake and functions. Then the review emphasizes the working 

principles and key characteristics of each currently available optical label-free methodology as 

well as advantages for addressing specific EV-related questions. The limitations of each 

technique for EV analysis application are thoroughly discussed. Moreover, through the lens of 

the latest developments in the aforementioned techniques, this review examines the compelling 

hypothesis and data-driven rationale for EV-based diagnosis of neurodegenerative diseases and 

cancer. Finally, the review outlines key questions and existing challenges and provides 

recommendations on how to address them. Since the review article has been published, a few 

more studies were issued validating the benefit of label-free optical analysis of EVs and 

associated biomarkers and supporting further developments of such techniques101-104. 

This chapter is based on my recently published first-author article. The contributions of the 

authors are as follows: 
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MI and SWH conceived the idea and defined the structure and content of the manuscript; MI 

wrote the manuscript with a partial contribution of SS, YL, and SJ. SWH supervised the project. 

All authors reviewed and approved the manuscript in its current form. 
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2.1 Abstract. EVs are complex biological nanoparticles endogenously secreted by all 

eukaryotic cells. EVs carry a specific molecular cargo of proteins, lipids, and nucleic acids 

derived from cells of origin and play a significant role in the physiology and pathology of cells, 

organs, and organisms. Upon release, they may be found in different body fluids that can be 

easily accessed via noninvasive methodologies. Due to the unique information encoded in their 

molecular cargo, they may reflect the state of the parent cell and therefore EVs are recognized as 

a rich source of biomarkers for early diagnostics involving liquid biopsy. However, body fluids 

contain a mixture of EVs released by different types of healthy and diseased cells, making the 

detection of the EVs of interest very challenging. Recent research efforts have been focused on 

the detection and characterization of diagnostically relevant subpopulations of EVs, with 

emphasis on label-free methods that simplify sample preparation and are free of interfering 

signals. Therefore, in this paper, we review the recent progress of the label-free optical methods 

mailto:sebastian.wachsmannhogiu@mcgill.ca
https://orcid.org/0000-0002-3761-3834
https://orcid.org/0000-0002-3761-3834
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employed for the detection, counting, and morphological and chemical characterization of EVs. 

We will first briefly discuss the biology and functions of EVs, and then introduce different 

optical label-free techniques for rapid, precise, and non destructive characterization of EVs such 

as nanoparticle tracking analysis, dynamic light scattering, atomic force microscopy, surface 

plasmon resonance spectroscopy, Raman spectroscopy, and SERS spectroscopy. In the end, we 

will discuss their applications in the detection of neurodegenerative diseases and cancer and 

provide an outlook on the future impact and challenges of these technologies to the field of liquid 

biopsy via EVs. 

Keywords: early disease diagnosis; extracellular vesicles; label-free detection; liquid biopsy; 

optical methods 

2.2 Introduction  

EVs are heterogeneous lipid membrane-enclosed, nanometer-sized vesicles shed by all cells in 

the human body. Their molecular cargo contains lipids, proteins, nucleic acids, and sugars, and 

may carry biomarkers of certain diseases [1]. The uptake of EVs by recipient cells triggers 

intercellular signaling and can further activate intracellular metabolic pathways [2]. Determining 

the role and impact of EVs in a variety of cellular functions and disease states holds potential for 

improved diagnostics and therapeutics. In this context, it is important to establish quantitative 

characterization methodologies related to the three aspects of EV research: morphology, 

biochemical composition, and functions. While EVs exhibit significant heterogeneity, 

establishing distinct subpopulations of EVs has been a persistent problem in the EV research 

field. EVs are known to vary in size, biogenesis pathways, cells of origin, morphology, 

molecular cargo, and functions [1, 3]. EVs range in size from 50 to 2000 nm and are commonly 

divided into three main types based on their biogenesis pathway: exosomes, microvesicles, and 

apoptotic bodies. These will be discussed more in-depth later in this review. Briefly, exosomes or 

small EVs have an endosomal origin and are typically less than 150 nm, microvesicles formed 

by outward budding and fission of cell plasma membrane and their size ranges between 50 

nm and 2000 nm, and apoptotic bodies are a heterogeneous population of EVs formed during 

apoptosis [2–4]. However, due to overlapping size ranges, current EV isolation methods are not 

able to precisely differentiate between subtypes of EVs. In addition, resulting EV pellets may 

contain other co-isolated particles present in the cell culture media or biofluids such as viruses 

https://www.degruyter.com/search?query=keywordValues%3A%28%22early%20disease%20diagnosis%22%29%20AND%20journalKey%3A%28%22NANOPH%22%29&documentTypeFacet=article
https://www.degruyter.com/search?query=keywordValues%3A%28%22extracellular%20vesicles%22%29%20AND%20journalKey%3A%28%22NANOPH%22%29&documentTypeFacet=article
https://www.degruyter.com/search?query=keywordValues%3A%28%22label-free%20detection%22%29%20AND%20journalKey%3A%28%22NANOPH%22%29&documentTypeFacet=article
https://www.degruyter.com/search?query=keywordValues%3A%28%22liquid%20biopsy%22%29%20AND%20journalKey%3A%28%22NANOPH%22%29&documentTypeFacet=article
https://www.degruyter.com/search?query=keywordValues%3A%28%22optical%20methods%22%29%20AND%20journalKey%3A%28%22NANOPH%22%29&documentTypeFacet=article
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and protein aggregates. Therefore, to uncover EV heterogeneity, a comprehensive assessment of 

their morphology and biochemical composition is needed.  

The morphological heterogeneity of EVs is mainly described by their differences in size, shape, 

and elasticity (Figure 1). The wide range in size, from 50–2000 nm, offers a particularly unique 

window for exploration. In terms of shape, exosomes and microvesicles are generally spherical or 

ellipsoid shapes [1], while apoptotic bodies have heterogeneous morphologies and are present in a 

wide variety of shapes and sizes [5]. 

The variations in EV biochemical composition are ultimately the result of their different 

biogenesis and subsequent cargo loading [6] and reflect the state of releasing cells [7, 8]. 

Specifically, the molecular cargo of EVs includes proteins [9], lipids [10], various 

subpopulations of RNA [11], and DNA [12]. Hence, an accurate assessment of EV biochemical 

composition is important for anticipation of their potential functions in normal physiology as well 

as to uncover their relevance to disease. 
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Figure 1: Optical label-free characterization methodologies for EV heterogeneity characterization. Categories of EV 

heterogeneity are divided into morphological, biochemical, and functional heterogeneity. Morphological heterogeneity 

category includes size, shape, rigidity, elasticity, count, and concentration. Size of individual EVs can be determined by 

NTA, DLS, AFM, FC, and SP-IRIS. The size distributions within a population of EVs, as well as the count and 

concentration of EVs can be determined with NTA, DLS, and FC. The shape of EVs can be characterized using AFM and 

DLS. EVs rigidity and elasticity can only be determined by AFM. Biochemical heterogeneity of EVs is derived from 

intraluminal molecular cargo and membrane molecules. RS, SERS, FC, SPR, IR-FTIR, SP-IRIS, and MM are the methods 

that are applied to characterize EVs biochemical content. Functional heterogeneity of EVs derives from the state of the 

cell of origin, biogenesis pathway and heterogeneity of EVs within subpopulations (exosomes, microvesicles, and 

apoptotic bodies). EV biogenesis pathway is commonly deter- mined by combining size and biochemical content 

characterization methods including NTA, DLS, FC, RS, SERS, SPR, SP-IRIS, and MM. The cells of EV origin as well as 

their physiological state are determined by analyzing EV morphological features and their biochemical content, where the 

differences in EV counts, shape, rigidity, and elasticity can indicate disease triggered alterations in the cell of origin. NTA, 
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DLS, AFM, RS, SERS, FC, SPR, IR-FTIR, SP-IRIS, and MM are applied to study the pathological functions of EVs. The 

dynamics of EV release and uptake may be characterized via NTA, DLS, FC, MM, and SPR. Finally, EVs are found to vary 

in size, morphology, and biochemical cargo even within one specific subpopulation. These differences are currently 

studied using AFM, RS, SERS, SPR, FC, and SP-IRIS. 

Given the vast heterogeneity of EVs discussed before, there are extensive challenges in their 

isolation and characterization. No single characterization technique or isolation method can 

capture the full-size range of EVs. Some morphological characterization and counting techniques 

have also been shown to be biased towards certain size ranges, due to technical limitations and 

calibration issues [13, 14]. EVs samples are rarely fully purified or isolated [14]. The overlap in size 

and chemical composition makes the separation of specific EV subpopulations challenging. In 

addition, the variations in protein, lipid, and nucleic acid profiles mean that labelling and affinity 

methods can only capture some information within limited populations of EVs. Therefore, 

combinations of methods are often used to extract EVs and further explore their biochemical 

composition [13]. This leads to the need of standard methodologies for quantitative EVs 

characterization. However, the repeatability of results is a common weakness within the field. 

Therefore, the International Society for Extracellular Vesicles (ISEV) has established guidelines 

for the Minimal Information for Studies of Extracellular Vesicles, most recently updated in 2018 

(MISEV2018) [14]. The guidelines outline the need for specific EVs terminology as well as 

detailed reporting on the isolation and EV characterization  techniques used. 

Current methodologies of EV characterization may employ labels or can be label-free. A large 

variety of labeling and nonlabeling characterization techniques have been developed to address 

the processing and testing needs of different EV subgroups [15]. 

The field of label-based techniques is rapidly expanding with advancements in high-resolution 

microscopy techniques as well as improvements in EV labeling strategies. Labeling involves the 

use of molecular tags or markers that bind to EVs. Label types can include fluorescent dyes and 

molecules [16], radionuclides [17], and lipophilic tracer dyes [18]. The presence of the label is 

measured downstream and can be used to characterize the EVs. Label-based methods offer a range 

of advantages such as simple differentiation, visualization, and tracking of different EVs. They 

can be implemented into high- throughput strategies, such as flow cytometry. Labeling is also 

applied for experimental validation when combined with techniques for single-molecule 

characterization, such as high-resolution microscopy [19–21]. Moreover, labels are also highly 
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practical for acting as positive or negative markers to ensure adequate measurement and 

characterization of individual target particles [22]. Despite these useful functions that labels can 

fulfill, there are some fundamental concerns that may arise when using label- based methods. 

First, because of the vast heterogeneity of the surface proteins and molecular content of EVs, 

there is no established single optimal positive or negative marker for EV recognition or 

characterization [14] that can be used in label-based methods. Furthermore, one of the main 

drawbacks of label-based techniques is the potential unwanted and unanticipated interaction of 

labels with EVs which can compromise the obtained data and lead to false conclusions. 

Moreover, EV functions or their interaction with cells can be impaired or obstructed by the label 

itself, leading to misleading data on EVs uptake [23]. Another potential problem is the 

aggregation of labels or consequent labeling of non-EV particles that may cause false-positive 

results [24, 25]. Finally, labels may also degrade or change over time including photobleaching 

of fluorescent tags [26], or end up as hazardous waste, such as radiolabels. These limitations of the 

labelling methodologies necessitate the use of label-free methods for certain applications. 

Label-free techniques are a variety of methods that do not use tags or labels to detect and 

characterize the analyte of interest. These methods are often based on direct and noninvasive 

probing of the inherent features of the analyte. Elimination of the need for tags or dyes results in 

numerous advantages. First, the lack of a tag allows performing measurements in conditions 

close to physiological which are beneficial for both fundamental and applied research. For 

example, identification, quantification, and characterization of proteins in native conformation 

by label-free mass spectrometry and Raman spectroscopy. Furthermore, label-free techniques 

require less time and wet-lab complexity compared to labelling techniques which consequently 

leads to fewer wet lab errors. In the field of EVs research, label-free methods offer a non-

invasive approach for studying EVs molecular cargo including proteins conformation, and lipids 

structures that may further affect EVs functions. However, these technologies have some 

challenges and limitations that will be extensively discussed in this review. 

Among label-free techniques, optical methods that utilize light and optical properties for 

noninvasive analysis of EV size, morphology, concentration, and molecular content are 

particularly interesting. Raman spectroscopy, SERS, and FTIR spectroscopy are examples of 

optical methods that have been used for characterization of EV biochemical content, while 
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techniques such as NTA, AFM, and DLS are often applied to reveal morphological features of 

EVs. In addition, there are novel emerging optical single-vesicle characterization approaches 

such as Raman tweezers microspectroscopy, AFM coupled infrared (IR) spectroscopy, and SP-

IRIS that are capable to reveal specific features of a single vesicle and shine light on EVs 

heterogeneity. 

In this review, we summarize current optical label-free methods used to study EVs and their 

contributions to understanding EV biology and EV-associated pathology of various diseases. We 

will first elaborate on EV biology and functions (Section 2). This section will break down the 

main classifications of EVs into exosomes, microvesicles, and apoptotic bodies, with a focus on 

their biogenesis pathways, molecular cargo, and their functions. Next, we will discuss 

morphological characterization, counting, and sorting methods such as NTA, AFM, flow 

cytometry (FC), DLS, and SP-IRIS (Section 3). This section will first explain their working 

principles and key characteristics, and then we will discuss main advantages and disadvantages 

of each method. In Section 4 we will describe optical technologies that are applied for EV 

molecular content characterization including Raman spectroscopy, SERS, surface plasmon 

resonance (SPR) spectroscopy, IR spectroscopy, and multiphoton microscopy (MM). 

Subsequently, in Section 5 we will define application of the aforementioned techniques for 

exploration of pathophysiology and diagnostics of various diseases. Finally, Section 6 will 

overview our perspectives and conclusions on label-free optical characterization techniques and 

applications within the rapidly growing field of EV research. 

2.3 Biology and functions of EVs 

The current state of knowledge identifies EVs as small lipid-membrane enclosed heterogeneous 

structures. There are a number of review articles that describe in great detail the aspects of EV 

biology [27, 28]. For the purpose of this review, we will briefly outline EV subtypes and their 

main characteristics. Their size ranges from 50 nm to 2000 nm in diameter depending on a subtype 

of EVs. The three major subtypes of EVs based mainly on their biogenesis are exosomes (less 

than 150 nm in diameter), microvesicles, and AB (both considered to be larger than 200 nm) 

[29]. Some studies classify EVs according to their origin (ectosomes, prostasomes, cardiosomes, 

and mitovesicles). All EVs subtypes share important characteristics such as lipid bilayer 

membrane, ability to carry intraluminal cargo of proteins and nucleic acids, and their release into 
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extracellular space [2]. Although the amount of research aimed to study the biology of EVs has 

increased over the past few decades, the detailed mechanisms of their biogenesis, cargo loading, 

trafficking, and release are not completely understood. 

2.3.1 Exosomes 

Exosomes, or small sEVs are membrane-bound EVs that originate from an endosomal pathway 

and are proposed to carry intercellular cargo for cell-to-cell communication as seen in Figure 2A 

[29]. Exosomes are released into the extracellular space upon fusion of the MVBs or late 

endosomes with the plasma membrane [2]. This tightly regulated process of intraluminal vesicles 

(ILVs) formation and cargo loading depends on the endosomal sorting complex required for 

transport (ESCRT) machinery (ESCRT-0, -I, -II, -III) [30, 31]. The initial step in this process is 

the formation of an early endosome (EE) by fusion of the primary endocytic vesicles containing 

receptors and proteins, which are regulated by clathrin-or caveolin mediated formation of inward 

budding of the plasma membrane [32]. Rab 5 protein plays a crucial role in the early stages of EE 

formation and the conversion to late endosome or MVB [33]. Next step is the formation of ILVs in 

late endosomes. ESCRT-0 and ESCRT-I cluster ubiquitinated proteins on the MVBs membrane 

and generate inward budding and scission of the limiting membrane via ESCRT-II and ESCRT-

III subunits [34] as well as syntenin, and ALIX [35]. 

Additionally, there is another possible way of exosome formation known as the ESCRT-

independent mechanism that involves ceramide [36, 37] and tetraspanins [38]. Ceramide forms 

membrane subdomains that can be spontaneously budded inside the MVB [37]. In addition, 

proteins of the tetraspanin family such as CD63, CD9, CD81, and CD82 are involved in exosome 

formation and cargo sorting [38]. These proteins are suggested to have a cone-shaped structure 

that contains cholesterol molecules and their enrichment in specific microdomains can induce 

inward budding of the membrane [39]. Both described pathways seem to be active in exosome 

formation and their contribution may be affected by the cell type. Little is known about the 

molecular mechanisms that regulate the fate of MVBs after their formation. The MVBs may be 

degraded by a lysosome or fuse with the plasma membrane which further leads to exosome 

release. The exosome biogenesis pathway requires transport of MVBs to the plasma membrane. 

This step involves association of MVBs with cytoskeleton components such as actin and 

microtubules, molecular motors, and molecular switches (Rab family proteins) [34]. Rab 7 and 
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dynein are further promoted to transport MVBs toward the plasma membrane [40]. Another 

protein of the Rab family, Rab 27, is found to regulate fusion of MVBs with plasma membrane 

by rearranging actin cytoskeleton [41]. It has been shown that this process is determined by 

soluble factors such as N-ethylmaleimide-sensitive factor (NSF) and soluble NSF-attachment 

protein (SNAP) as well as membrane complexes such as SNAP-attachment protein receptor 

(SNARE). The release of exosomes into the extracellular matrix may be regulated by Ca2+ and is 

based on ATP-dependent interaction of actin and myosin leading to cytoskeleton contraction [42, 

43].  

 

 

Figure 2: Biogenesis and chemical composition of a single EV. 

(A) Exosomes are released upon fusion of multivesicular bodies (MVBs) to an extracellular matrix. Exosomes have a 

phospholipid bilayer membrane and carry various species of proteins, nucleic acids, and metabolites. (B) Microvesicles form 

via outward budding of the cell plasma membrane. Their biochemical content has some similarities with exosomes’ and 

includes a variety of membrane proteins, cytosolic proteins, lipids, and nucleic acids. Bold fonts in both panels represent 

EVs molecular cargo that is uniquely found or enriched either in exosomes or in microvesicles. TSPAN, tetraspanins; APP, 
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amyloid precursor protein; LAMP2, lysosomal associated membrane protein 2; MHC, major histocompatibility complex; 

ICAM, intercellular adhesion molecule; EGFR, epidermal growth factor receptor; ALIX, ALG-2 interacting protein; TSG101, 

tumor susceptibility gene 101 protein; HSP, heat shock protein; VPS, vacuolar sorting associated protein; TDP43, TAR 

DNA-binding protein 43; GADPH, glyceraldehyde-3-phosphate dehydrogenase; PLD, phospholipase D; ERK, 

extracellular receptor kinase.  

Subsequently, the molecular cargo of exosomes includes a large variety of proteins that are 

involved in their biogenesis, such as membrane proteins including tetraspanins (CD9, CD63, 

CD81, CD86, TSPAN 6 and 8, flotillin 1 and 2, and annexin II) as well as cytosolic proteins such 

as ALIX, GTPases (Rab5/Rab7), TSG101 [44], and syntenin (Figure 2A). In addition, exosomes 

may carry metabolic enzymes, heat shock proteins, and MHC molecules (MHC class I and class 

II). Due to their enrichment in exosomal cargo, TSG101, syntenin, ALIX, and various 

tetraspanins have been used as potential markers of exosomes [45, 46]. A recent study by 

Kugeratski et al. reported results of proteomic analysis of exosomes isolated from different 

cellular origins and highlighted a cohort of universally enriched 22 proteins, where syntenin1 was 

the most abundant protein and therefore identified as a potential universal exosome marker [47]. 

Importantly, Lötvall et al. measured in 2007 the presence of functional mRNAs and microRNAs 

(miRNAs) in exosomes and showed that exosomal mRNA can be translated into proteins in 

target cells [10]. Further studies reported the presence of DNA, small interfering RNAs 

(siRNAs), transferring. RNA, small cytoplasmic RNA and mitochondrial DNA, and RNA [10, 

48, 49]. Lipidomic analysis of exosomes revealed an abundance of sterols (cholesterol and 

cholesteryl esters), sphingolipids (sphingomyelin and ceramide), glycosphingolipids, and 

phospholipids (phosphatidylserine, phosphatidylcholine) within exosomes compared to their 

releasing cells [10]. 

After release, exosomes can transmit information to the same cell (autocrine function) or target 

neighboring or distant cells, herewith exerting their intercellular communication function. There 

are two generally accepted ways of EV-based cell-cell communication. They can bind to the 

surface of the recipient cell and initiate intracellular signaling pathways, or they can be 

internalized by target cells and release their molecular cargo. Cells can internalize exosomes by 

clathrin-dependent endocytosis, pinocytosis, phagocytosis, and caveolin-mediated endocytosis. 

The discovery of such compositional variety in proteins and nucleic acids has led to an increased 

interest in exosomes as mediators of intercellular communication and pathogenesis over a diverse 
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range of cell types. 

2.3.2 Microvesicles 

The outward budding of the plasma membrane causes the formation of particles 50–2000 nm in 

diameter known as microvesicles (also known as ectosomes, oncosomes, or shedding vesicles) 

(Figure 2B) [50]. While significant effort has been dedicated to the understanding of the 

biogenesis of exosomes, less is currently known about microvesicles. It has been shown that the 

release of microvesicles depends on the lipid content of the plasma membrane of releasing cell, 

as well as on the intracellular calcium concentration [51]. Elevated levels of Ca+2 stimulate 

rearrangement of the phosphatidylserine from the inner leaflet of the plasma membrane to the 

cell surface result in plasma membrane curvature and cytoskeletal changes. This further supports 

membrane pinching and the formation of microvesicles. This described process of microvesicles 

formation is regulated by several enzyme groups that regulate the membrane asymmetry such 

as aminophospholipid translocases including flippases and floppases, scramblases, and calpain 

[52]. Some studies showed the importance of lipid rafts, cholesterol-rich domains of the plasma 

membrane, in microvesicles formation [53]. Another described way of microvesicles formation 

involves interaction between TSG101 and arrestin domain-containing protein 1 (ARRDC1) [54]. 

The molecular cargo of microvesicles includes enzymes, signaling molecules, miRNAs, mRNAs, 

growth factors, and cytokines. The proposed surface protein markers are annexin A1 and A2 

which are found to be abundant in the lower flotation density region of EVs that correspond to 

microvesicles [49]. 

Following the release from the cell of origin, microvesicles interact with target cells via 

membrane receptors and either fuse with the recipient cell or trigger signaling pathways in the 

cell in a contact dependent manner [3]. Therefore, microvesicles function as mediators of 

intercellular communication by transferring bioactive molecules such as nucleic acids, proteins, 

and lipids between cells. They have been suggested to be involved in the promotion of 

angiogenesis, transfer of oncogenic receptor protein, and metastasis [55]. Additionally, 

microvesicles are shown to be involved in the progression of cardiovascular [56] and 

neurological disorders [57, 58]. This further suggests their possible clinical application as 

biological markers of the aforementioned diseases. 
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2.3.3 Apoptotic bodies 

ABs are a class of highly diverse EVs that can range in size from 50 nm to 5000 nm and have 

variable morphology. They are formed during the apoptosis of cells and contain cell degradation 

products such as organelle fragments, DNA, histones, and cytoplasmic components. ABs 

clearance is performed by professional phagocytes or by neighboring cells [59]. 

Little is known about their functions, yet it is clear that the formation of ABs promotes the 

efficient removal of cell debris and may regulate cell-cell communication. Their role in 

intercellular communication is yet to be explored but it is suggested that they contribute to the 

cell–cell communication by delivering their molecular cargo. Another important function of ABs 

is the clearance of apoptotic cell residues without triggering inflammatory reactions. They have 

remodeled membrane structure where the phosphatidylserine lipid is exposed onto the outer 

leaflet, and this serves as an “eat me” signal for phagocytes. This leads to a rapid clearance of ABs 

and prevents secondary necrosis. Altered clearance of ABs has been found to contribute to 

autoimmune disorders [60, 61]. While ABs have important biological functions, we will not 

discuss their characterization in the context of this review article. 

2.3.4 Exomeres 

Recent studies reported the discovery of a new member of EVs termed exomeres [46]. Exomeres 

are nanosized EVs that are typically less than 50 nm in size and unlike other types of EVs do not 

have lipid membrane [62]. The biogenesis pathway of exomeres formation and molecular 

mechanisms of their secretion remains unclear. Proteomic analysis of exomeres showed the 

presence of proteins related to endoplasmic reticulum, extracellular matrix, mitochondria, 

cytoskeleton, and higher levels of metabolic proteins. On the contrary, proteins associated with 

the plasma membrane and exosomes biogenesis pathway were found to be depleted [46, 62]. 

Exomeres lipid content includes ceramide, diglyceride and triglyceride, and phospholipids such 

as phosphatidylcholine, phosphatidylethanolamine, and phosphatidylserine [46, 62]. Exomeres 

are found to carry a nucleic acid cargo of DNA, RNA, and miRNAs [46, 62]. The role of 

exomeres in cell-cell communication is yet to be determined. Initial studies suggest that they may 

have a role in the regulation of metabolic pathways of the recipient cells [46, 62]. Due to the lack 

of studies, in this review, we will not discuss characterization of exomeres via label-free optical 

methods. 
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2.3.5 MISEV2018 guidelines 

The ISEV notes that the size and amount of EVs make them difficult to obtain as pure 

preparations or to characterize. Specifically, defining functions of specific types of EVs or EVs in 

general requires comprehensive reporting and testing of potentially confounding properties or 

variables that arise in impure and heterogeneous samples of EVs. For example, claiming 

pathophysiological roles of EVs or proposing clinically relevant biomarkers requires rigorous 

controls of experiments and characterization that are not universal for all EVs types or populations. 

The ISEV has noted that some articles propose conclusions that are not fully supported by the 

reported information or experimental design. To better inform researchers and reviewers on 

designing experiments and processing of EVs, as well as to ensure that reports are sufficiently 

thorough and repeatable, the ISEV has published the MISEV2018 guidelines, based on the 

consensus of ISEV scientists. The MISEV2018 guidelines include information related to 

nomenclature, collection and pre-processing, EVs separation and concentration, EVs 

characterization, functional studies, and reporting, and are presented in three subcategories: 

quantification, bulk characterization, and single EV characterization [14].  

In terms of EV characterization, it is important to use multiple, complementary techniques to 

attest that investigated biomarkers are coming from EVs and not from other contaminants of the 

isolation process. Quantification of EVs requires some minimal information such as the total initial 

volume of biofluid, or the number of cells for conditioned medium, the particles number, the 

total protein, lipid, and RNA amount, or quantification of specific molecules such as tetraspanins 

CD9, CD63, and/or CD81 or disease-specific proteins. As for bulk characterization, it is 

recommended to determine expression of three classes of protein markers to prove the presence EVs 

and their purity: (i) transmembrane or GPI-anchored protein localized in cells at the plasma 

membrane or endosomes whose presence demonstrates the lipid-bilayer structure of EVs, (ii) the 

presence of cytosolic or periplasmic proteins able to bind to membranes, and (iii) the presence of 

protein constituents of non-EV structures often co-isolated with EVs which indicate the purity 

degree of EVs. Additionally, for small EVs subtypes, the presence of proteins localized in/on 

intracellular compartments of origin cells must be evaluated. Single EVs characterization on the 

other hand requires techniques that allow the visualization of single EVs, such as TEM by 

contrast with uranyl acetate, for example, cryo-EM, scanning electron microscopy (SEM), 
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scanning probe microscopy including AFM or super-resolution microscopy. Another approach 

for single particles analysis is based on measuring biophysical parameters of single EVs and 

quantification of large numbers of particles. For example, nanoparticle tracking analysis, high-

resolution flow cytometry, multi-angle light scattering combined with asymmetric flow field-flow 

fractionation (AF4-MALS), fluorescence correlation spectroscopy (FCS), or Raman tweezers 

microscopy are capable to assess the chemical composition of EVs. 

2.4 Particle counting, sizing, and morphology characterization 

The morphology of EVs is determined by a variety of parameters, such as specific biogenesis 

pathways and disease states. To elucidate EV functions and roles in physiological and 

pathological processes such as cancer and neurodegenerative diseases, it is important to 

accurately measure and quantify morphological features. 

Various techniques have been adapted to enable EV counting, sizing, and morphological 

characterization. A recent survey in 2016 showed that both single particle tracking methods 

(72% out of 196 samples) and flow cytometry (41%) are prevalent among studies, while 9% of the 

research employed AFM [13]. The majority of EV-related studies used several complementary 

techniques, with only 9% reporting the use of only one characterization method [13]. It is very 

difficult to acquire both reliable and multiplexed results when analyzing different types of EVs 

with a single analysis method, as no current technique can fulfill the complete spectrum of EV 

properties of all sizes in polydisperse samples. Despite the attempts for EV characterization, 

overlapping biophysical characteristics and variable compositions are still hindering the 

monitoring of EV dynamic processes, especially at single-particle level [63]. Thus, novel 

detection methods are required to study the physical characteristics of EVs. This section 

describes the general working principle of five commonly used characterization techniques: 

NTA, DLS, AFM, flow cytometry, and SP-IRIS (Table 1). Several examples of their 

implementations in studying label-free EVs are provided to further demonstrate their applications. 

Advantages and limitations are discussed as well. 

2.4.1 Nanoparticle tracking analysis 

NTA is a technique that can characterize the size distribution and concentration of various 

nanoparticles in solution or suspension, such as protein aggregates, liposomes, and other 
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nanosized colloidal particles, including EVs [69, 70] Although it is often compared to DLS, 

which was discovered first, NTA has become the most popular method in single particle 

tracking of EV studies [13] due to its ability to simultaneously characterize large particles 

numbers. The inherent measurement condition keeps EVs in their close-to-native environment, 

such that artefacts of particle shrinking can be avoided and the sample can be recovered after 

the experiment [70, 71]. NTA is based on light scattering and Brownian motion of particles in 

liquid suspensions. It takes advantage of the relationship between particle velocity and 

hydrodynamic radius to determine a particle’s size through the Stokes–Einstein Eq. (1) [69]: 

(1) (𝑥, 𝑦)2̅̅ ̅̅ ̅̅ ̅̅ ̅ =
2𝑘𝐵𝑇

3𝑟ℎ𝜋𝜂
 

where 𝑘𝐵 is the Boltzmann constant, 𝜂 is the medium viscosity, (𝑥, 𝑦)2̅̅ ̅̅ ̅̅ ̅̅ ̅ is the mean-squared 

speed of a particle, 𝑟ℎ is the particle’s hydrodynamic radius, and 𝑇 is the absolute temperature. 

This relationship indicates that smaller particles move faster than larger ones. 

During NTA, particles suspended in liquid are injected into the sample chamber. As seen in 

Figure 3A, a narrow laser beam is directed into the chamber in a dark field or total internal 

reflection configuration such that the background from the incident light is minimized. Particles 

within the laser beam’s path scatter its light. The chamber is configured so that videos can be 

captured with an optical microscope linked to a 2D array camera. The video is generally 30–90 

s in length with around 30 fps. The software identifies and then tracks individual particles 

frame-by-frame to determine their velocity. Using the Stokes–Einstein Eq. (1), the size of each 

particle can be determined and gathered to produce the overall size distribution of particles in 

the sample. Knowing the volume of the sample, the concentration of particles can be deduced. 

This sizing range happens to correspond to the known sizes for the majority of EVs. 

https://www.degruyter.com/document/doi/10.1515/nanoph-2022-0057/html#j_nanoph-2022-0057_eq_001
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Figure 3: Label-free optical methods for EVs physical characterization. (A) Nanoparticle tracking analysis; 

(A1) basic setup of the NTA measurement system; (A2) typical micrograph of EVs in the imaging chamber; (A3) 

graphical representation of NTA histogram of neuronal EVs (adapted with permission from [64]). (B) Dynamic light 

scattering; (B1) schematic of the optical configuration; (B2) representation of DLS results of scattering of small and 

large EVs, and their correlation function; (B3) DLS histogram of particle size distribution (adapted with permission 

from [65]). (C) Flow cytometry; (C1) depiction of working principle; (C2) scatter plot of diameter versus refractive 

index of EVs and lipoproteins; (C3) scatter plot of all CD61 positive EVs from the same sample (adapted with 

permission from [66]). (D) Atomic force microscopy; (D1) AFM general components and operating principle; (D2) 

analysis of mesenchymal stem cells (MSCs) EVs. Topography image shows particles of various sizes. (D3) 

elasticity map of the same sample area depicted in (D2). Elastic modulus measurements revealed the presence of 

two types of particles EVs (yellow arrows) and nonvesicular particles (red arrows) (adapted with permission from 

[67]). (E) SP-IRIS; (E1) schematic illustration of SP-IRIS detection mechanism. The SP-IRIS signal is based on 

interference of light scattered from the Si–SiO2 sensor surface and captured EVs. Graph shows size-dependent 

correlation of the contrast of particles; (E2) The expression of exosome surface proteins CD81, CD63, and neural 

adhesion protein CD171 quantified by SP-IRIS against the G IgG control (adapted with permission from [68]).  

The lower size limit of NTA depends on the signal-to-noise ratio of the captured images [71]. 

Both the camera sensitivity and the amount of light scattered by the particles are thus potential 

limiting factors. At the lower size limit, which is much smaller than the wavelength of light, the 

particles exhibit Rayleigh scattering, which can be described by: 

(2) 𝜎𝑠 =
2𝜋5

3

𝑑6

𝜆4 (
𝑛2−1

𝑛2+2
)

2

 

where 𝜎𝑠 is the Rayleigh scattering cross-section, 𝑑 is the particle diameter, 𝜆 is the wavelength 

of light, and 𝑛 is the ratio of the particle refractive index to the solvent refractive index [71]. For 

particles with higher refractive index values, NTA’s size limit can reach as low as 10 nm. EVs, 

however, have low refractive index values of approximately 1.37–1.59 [72, 73], limiting the 

minimum size that can be determined via NTA to around 30–50 nm [71]. As particle size 

increases to near or above the size of light wavelengths, Mie scattering is exhibited. Mie 

scattering calculations are more complex than Rayleigh scattering, but the key aspect is that the 

scattering cross-section drops rapidly as particles decrease in size. Mie scattering produces much 

more intense light scattering compared to Rayleigh scattering, due to the increasing size of the 

particle. It also distorts the scattering more towards the forward direction, compared to Rayleigh, 

whose scatter is relatively homogeneous around the particle. The upper size limitation arises 



48 
 

when particles are too large and their corresponding Brownian motion speeds are too slow to be 

accurately measured, which occurs around 1 μm [71]. 

Although the size range of NTA for EVs is 30–1000 nm, size heterogeneity in samples can 

further complicate the analysis of size distribution. First, an appropriate concentration of EVs 

must be present in the sample, otherwise, the particle density is too high and small EVs will not 

be discerned in a polydisperse sample. Prior to NTA measurements, samples must be diluted 

until particles can be observed individually, corresponding to approximately 107 to 109 

particles/ml [69, 70]. However, as discussed before with Mie and Rayleigh scattering, larger 

particles scatter light more intensely than smaller particles, which can have an unintended 

masking effect over smaller particles and cause an underestimation of small particle 

concentration [69]. In order to properly characterize size distribution in highly polydisperse EV 

samples for their entire size range, the NTA analysis of a sample needs to be performed on 

multiple dilutions where the camera settings are adapted for the different light scattering 

behaviors of small and large EVs [70]. Moreover, in certain NTA setups, the suspension can be 

flown with a fixed flow rate through the chamber to increase the precision and repeatability of 

the results compared to a static suspension, since a greater number of particles are being 

analyzed. In this case, the flow settings must be carefully selected as it may impact the accuracy 

of the measurements [74].  

Finally, there are several limitations of the NTA method that are important to consider for 

specific applications. First, one of the significant disadvantages of NTA is its lack of specificity. 

NTA cannot distinguish between contaminants, such as protein aggregates, or differentiate 

between EVs. Therefore, adequate isolation methodologies need to be used. Additionally, the 

precision and accuracy differences of various commercially available NTA machines have been 

compared, and it has been shown that EVs sized less than 60 nm cannot be accurately detected 

by several machines [75]. NTA also requires large sample volumes, which can limit its use for 

studies where a limited amount of sample is available, such as noninvasive clinical applications. 

It is worth noting that NTA is compatible with fluorescence detection if appropriate markers 

exist. Although this may increase the resolution and adds more specificity, details are out of the 

scope of this review. While being broadly applied in EVs sizing and counting, part of the focus 

for NTA studies has also been put into the optimization of imaging parameters and the 
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standardization between different systems. Comparative studies have been carried out between 

devices from either the same or different manufacturers, and the need for a standardized protocol 

still has to be fulfilled. 

2.4.2 Dynamic light scattering 

DLS is a technique that can characterize the size distribution of nanoparticles in solution or 

suspension [76]. The first device that used these principles to establish the diffusion coefficient 

of particles in suspension was developed in 1964 [77]. Given its simplicity in sample preparation 

and operation, accompanied by the need for small sample volumes and fast experiment results of 

only a few minutes, DLS has become a convenient method in the analysis of EV size [78]. 

Dynamic light scattering is similar to the NTA method as they both involve light scattering from 

particles in suspension. A laser is sent through a dark sample chamber with particles in 

suspension, as seen in Figure 3B. Particles within the path of the beam scatter the incident laser 

light. For DLS, this scattered light is often collected by a photon-counting detector [79]. Due to 

the Brownian motion, particles move in and out of the path of the laser beam and the number of 

scattered photons recorded by the detector fluctuates accordingly. Essentially, the intensity of 

light measured by the detector fluctuates as the particles undergo Brownian motion. 

The diffusion behavior of nanoparticles is described by the translational diffusion coefficient 𝐷𝜏, 

which will allow for the measurement of the hydrodynamic radius Rh: 

(3) 𝐷𝜏 =
𝑘𝐵𝑇

6𝜋𝜂𝑅ℎ
 

where 𝑘𝐵 is the Boltzmann constant, 𝑇 is an absolute temperature, 𝜂 is the viscosity of medium,  

𝑅ℎ is the hydrodynamic radius. This coefficient can be measured from the decay constant of the 

normalized correlation functions that describe how the scattering intensity patterns for one 

particle as well as for particles relative to each other are correlated [77]. For polydisperse 

particles, these correlation functions provide the link between the intensity decay constant Г and 

the diffusion behavior 𝐷𝜏 of particles: 

(4) Г = −𝐷𝜏 (
4𝜋𝑛

𝜆
sin (

𝜃

2
))

2
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and where 𝜆 is the wavelength of incident light, 𝑛 is the solvent refractive index, and 𝜃 is the 

detector angle. To fit the correlation function to polydisperse samples, a constrained 

regularization method for inverting data (CONTIN) method is commonly used. 

DLS is capable of detecting particles in the range between 1 nm and 6000 nm range [80] and 

determining their size distributions. This wide detection range makes DLS an adequate fit for 

sizing EVs. In fact, various recent studies have adapted DLS for measuring the size distributions 

of the vesicles of interest [81–84]. 

However, this size range can be strongly affected by statistical errors from the experiments [85]. 

Particles in DLS analysis follow the same Rayleigh and Mie scattering behaviors as for NTA. 

Particles much smaller than the wavelength of light exhibit Rayleigh scattering, but as their size 

increases to the same regime as the wavelength of light, they can be described by Mie scattering 

[76]. With Rayleigh scattering, as shown in Eq. (2), the intensity distribution depends on the 

diameter of the particle to the sixth power, making DLS more sensitive to larger particles, as they 

have more intense light scattering behavior as their diameter increases. DLS is thus particularly 

vulnerable to potential contaminants and polydisperse solutions [78, 82, 86]. For example, when 

both DLS and NTA were used to characterize HTBE and Calu-3 vesicles from two airway cell 

culture systems, the latter technique indicated slightly smaller values for both groups. This 

further proves that the DLS results can be biased towards larger particles [87]. The same 

tendency for DLS was observed when assessing the size distribution of polystyrene beads with a 

range of known sizes, with the larger end of particle sizes being slightly larger than the NTA 

results [88]. Moreover, natural aqueous samples with a high polydispersity index can lead to 

misleading size distribution data in DLS [89]. This also implies that DLS has rather a low peak 

resolution compared to other techniques discussed in this section, given that it failed to produce 

bimodal distributions for a mixture of 20 and 100 nm particles [69, 90]. Lastly, being a low-

resolution technique, DLS cannot further distinguish between similar-sized EVs, as it was unable 

to differentiate microvesicles apart from lipoprotein particles or small platelets when studying 

the selective release of circRNAs [91, 92]. 

Since DLS is inherently incompatible for more quantitative measurements, such limitation can 

be partially complemented with Bradford assay to recover sample concentration [82, 84], or size 

exclusion chromatography to perform sample fractioning first [93]. Other options of using DLS 
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to determine the presence of specific surfaces markers may include its combination with the 

immunoprecipitation approach [94]. 

Being a non-invasive and label-free technique with relatively high accuracy, DLS is often used 

along with flow cytometry as a complement for vesicle sizing or as validation for particles sizes 

acquired with NTA [69]. For instance, such complementary approaches were used to study 

human adipose-derived stem cell EVs on delaying cartilage degeneration, as well as examining 

the promotion of cancer lung metastasis upon treatment with indoor dust EVs [65, 95]. 

2.4.3 Atomic force microscopy 

AFM is a technique that can characterize the topography, size, and a number of physical and 

mechanical properties of a material’s surface [96]. AFM was developed in 1985 and in the past 

years has been widely applied in the biology research field. 

AFM is a type of scanning probe microscopy technique with the probe that consists of a sharp tip 

attached to the end of a flexible cantilever [97, 98]. As the tip glides over the sample surface with 

or without contact, the distance between deposited samples and the tip is monitored based on the 

cantilever deflection or other feedback parameters (Figure 3D), depending on the selected mode. 

The recorded vertical positions can be later used to reconstruct the 3D topography of a sample or 

as a probe for other mechanical properties [99, 100]. AFM has great advantages over other 

morphology characterization techniques for being the only laser-based technique capable of 

identifying EV morphology and topography at nanometer-scale resolution [101]. Furthermore, 

AFM can be conducted under physiological conditions and is non-destructive (depending on the 

mode of operation). Despite the unsurpassed size resolution and level of morphological and 

physical detail, AFM’s primary drawback is its low throughput. AFM requires extensive labor 

dedicated to only one particle at a time. AFM is therefore a useful technique for validation of 

other characterization methods but is not used in high-throughput applications. 

AFM can be operated in various modes, depending on the specific scientific question that needs 

to be answered. The specific modes and their use for characterizing EVs are outlined below. 

The contact mode through keeping a constant tip height or deflection can easily measure the 

mechanical properties of the surface with a force-distance curve, but it may bring irreversible 

deformations and damage to samples with the probing forces being hard to control [102]. 
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Previous studies also found that mechanical stimulation of AFM could increase the release of 

exosomes as an important stress response [104]. There are several other AFM modes that are 

more suitable for soft biological samples and have been applied in various EV-related studies. 

First is the tapping mode in which the cantilever vibrates near its resonance frequency and only 

encounters the surface intermittently. The tip-surface interactions are significantly reduced in the 

lateral direction and less perturbation is brought to the vesicles. It is now one of the most 

commonly seen modes in EV characterization and has been used to compare the size distribution 

of salivary and conditioned cell media EVs under aqueous conditions [104]. The same 

application in finding EV morphological properties of shape visualization and sizing can be seen 

elsewhere [101, 105, 106]. Although EV counting is more often carried out with light scattering 

techniques discussed in previous sections, AFM with an intrinsically high spatial resolution 

(>0.5–1 nm) is capable of collecting particle numbers as well. The result is presented as EV 

densities in the unit of number of particles per unit area [84, 88, 107]. 

A more advanced mode, peak force tapping (PFT) mode, also known as peak force QNM in 

quantitative mode, directly controls the deformation depth with the applied forces minimized to 

only a few piconewtons. With individual force curves being acquired with each tap, not only 

morphology, but also quantitative sample properties such as adhesion, deformation, and modulus 

can be mapped simultaneously. Sample stiffness, elasticity, and even energy dissipation can be 

calculated from the acquired data [107, 108]. However, this mode is still infrequently used for 

EVs characterization and only a few studies have employed it for quantifying EV rigidity or 

adhesive properties [94, 107, 109]. Another variation of this technique named phase modulation 

AFM (PM-AFM), allows the mapping of compositional differences across the sample surface by 

recording the phase shift between the excitation force and the tip response. The phase shift 

values at a fixed feedback amplitude are converted into energy dissipation, which in turn can be 

used to characterize the adhesion and viscoelasticity of the sample surfaces [108]. Studies that 

utilize this mode for EV studies are not commonly seen, yet a recent study published in 2020 

applied PM-AFM to quantify physical heterogeneity among several EV populations [110]. 

Nanoindentation is a technique related to AFM and its uniqueness lies in the ability of probing 

mechanical properties (stiffness) of submicrometer-sized vesicles (>20 nm) quantitatively. As 

the probing tip directly presses onto the surface of particles in the vertical direction, the indented 
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distance is recorded when a pre-set peak force value is reached. The sample rigidity can be later 

on calculated from the function that relates deformation to the applied force [111–115]. Raman 

techniques: fundamentals and frontiers Consequently, it is often used as a complement to AFM 

as the latter focuses more on the morphological properties [116]. By following well-established 

protocols, nanoindentation has been an effective method both in investigating the relationship 

between liquid composition with vesicle mechanics and their vesiculation pathways [102, 114, 

117]. A recent study reported the use of AFM to distinguish EVs from non-EV particles within 

the same EVs isolate based on their mechanical properties, specifically Young’s modulus 

(elasticity) [67]. The one subpopulation of the isolated MSC EVs showed a low Young’s 

modulus value (4.5 ± 2.0 MPa) that corresponds to higher flexibility and has been reported 

previously for EVs (0.2–2.7 MPa). On the other hand, the second subpopulation showed a higher 

Young’s modulus value (18.8 ± 10.8 MPa,) which relates to less elastic particles. It is important 

to note that morphological characterization of the isolated EVs by AFM was not able to 

distinguish EVs from non-EV particles due to their similar size and height. Aside from selecting 

the appropriate imaging mode, acquisition mode and surface immobilization are all important 

factors to be considered when studying EVs. AFM is compatible with both air [123] and liquid 

imaging environment [107, 118] in EVs studies, with the latter being more recommended. 

Although the air condition is more stable with immobilized EVs, it may cause an 

underestimation of sample sizes due to inevitable drying when the samples are exposed to the air, 

leading to mechanical artefacts. Indeed, the typical “cup shape” morphology resulting from EV 

dehydration can often be observed when imaged in the air [119]. Conversely, the liquid mode 

resembles more of the EV physiological conditions, and the native spherical shape can be 

preserved to allow more accurate size measurement. AFM imaging of dry samples is useful 

when it is needed to rapidly check the presence of the EVs. However, AFM characterization of 

EVs in the liquid will yield in more profound size distribution and mechanical properties 

assessment [120]. 

As a fairly new member in the field of EV characterization, this multiparameter technique does 

not come without limitations. It is highly labor-intensive and only analyzes one particle at a time, 

making it a low-throughput method. Moreover, aside from the mechanical stress caused by tip-

surface interactions, the tip convolution effect often leads to lateral expansion of particle sizes, 

especially when the probed features are smaller than the cantilever tip size. Additionally, EV 
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binding to the flat immobilization surface also experience deformation and alter their geometry 

accordingly [118, 114, 121]. In a 2013 study that explored cell-to-cell communication via 

exosome-like particles, the observed widened vesicle dimensions were likely to be a combined 

effect of the factors stated above [122]. Nevertheless, a deconvolution algorithm has successfully 

reduced the widening error, and the tip geometry can possibly be addressed by depositing 

nanobeads with known dimensions during measurement [121, 123]. Moreover, innovative 

correlation techniques such as AFM combined with infrared spectroscopy (AFM-IR) or Raman 

spectroscopy may provide new insights into resolving heterogeneity among EV populations [96, 

124]. 

Although primarily being a label-free method, both antibody surface immobilization or gold 

nanoparticle (AuNP) labelling methods enable AFM to locate and measure certain groups of EVs 

more precisely [106, 107, 121]. However, detailed discussions regarding labelling approaches 

are outside the scope of this review. 

2.4.4 Flow cytometry 

Flow cytometry (FC) is a well-established, high-throughput technique of particle analysis. It can 

capture a variety of chemical and morphological information. Specifically, for morphological 

characterization, FC can measure particle size and count using light-scattering principles [125]. 

Conventionally, FC requires larger sample volumes, but it has recently been shown to work for 

microvolume samples [126]. 

A typical FC instrument relies on three systems: the fluidics system, the optics system, and the 

electronics system. As seen in Figure 3C, the fluidics system collects the sample liquid and 

controls the flow of the stream so that the individual cells or particles are focused into a single-

file path in the center of the stream. At the interrogation point, a laser light normal to the stream 

illuminates the individual particles, who scatter the light. The scattered light is filtered and 

collected by the optical system with sensors perpendicular to the stream path in the forward and 

side directions. Finally, the electronics system receives the signals collected by the optical 

system and processes them to output the collected data [125, 127, 128]. 

The fluidics system is responsible for organizing the flow of the particles such that they can 

individually be illuminated by a laser and their scattered light read by the sensors. To do this, the 

fluidics system uses an additional sheath fluid to hydrodynamically focus the sample fluid. The 
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sheath fluid is a simple saline solution that is pumped with constant pressure from a chamber 

through a narrow nozzle. The sample fluid is pumped through an inlet tube through the center of 

this chamber and meets the faster-moving sheath fluid as they both enter the same nozzle, 

causing the sample fluid to be forced into a smaller, central core stream that passes through the 

nozzle with the sheath fluid surrounding it. The drag that occurs at the boundaries of the sample 

stream as it enters the sheath fluid stream directs the particles in the sample fluid towards the 

middle of the stream, where is a faster and more stable flow. This central core containing the 

particles from the sample liquid will have laminar flow and the particles will travel at 

approximately the same speed through the same single axis. Without this focusing effect, the 

cells or particles in liquid would move in a disorganized and turbulent manner, introducing 

variability to the data. Furthermore, their proximity or overlap could cause two particles to be 

read at once by the optical system. The differential pressure between the sample and sheath fluid 

controls the width of the core stream. The lower the differential pressure, the narrower the core 

stream, which allows cells or particles to pass through the interrogation point single file on the 

same axis. Increasing the differential pressure by increasing the sample pressure will allow for a 

higher flow rate and faster processing times, but will cause widening of the core stream, which 

could cause multiple particles to line up beside each other and pass through the interrogation 

point at the same time [126, 126, 128]. 

To record an event, the signal received by the sensors must pass a specified “trigger” threshold, 

above background noise. This trigger can be based on three different modes: forward scatter, side 

scatter, or fluorescence. Often, particles are labeled with fluorophores, and multiple dedicated 

lasers within the instrument will excite them and the fluorescent light will be collected. The 

forward scatter light (FSC) (0.5–5.0) and the side scatter light (SSC) (15–150) are generally 

considered to be indications of the particle size and granularity, respectively [127]. However, 

light scattering depends heavily on a variety of other parameters, including the refractive indices 

of the sheath, sample media and particles, the laser wavelength, contact and collection angles 

[127]. It is important to consider that FSC signals are highly variable between different 

instruments [127]. 

Furthermore, SSC can also be correlated with size, especially for smaller particles. The Mie 

theory predicts a strong dependence of light-scatter intensity on the angle of measurement [128]. 
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For EVs that are smaller than the wavelength of light, scattering is more isotropic. Thus, given a 

lower background in the SSC direction, it has been shown to be more effective at capturing the 

scattered light. 

It is well known that size limitations for conventional flow cytometers render them insufficient 

for EV characterization, given that they were first designed for cell analysis. The lower detection 

limit is usually around 300 nm, meaning the majority of EVs ranging from 30 to 300 nm are 

undetectable. Nevertheless, instrument setups have been adapted to accommodate small particles 

and heterogeneous samples. Both high throughput and single particle analysis are attractive 

properties of flow cytometry in further understanding EV morphological and functional 

diversity. As discussed earlier, light scattering for smaller particles is less intense. Detection of 

such low intensity light scattering events is challenging due to low signal-to-noise ratios [125, 

129]. 

For conventional flow cytometers that were developed for cells, the core stream and laser beam 

dimensions would allow hundreds of EVs to fit within the interrogation point instead of a single 

particle [130]. The combined signals of these particles reach the detection limit and trigger the 

event to be screened as a single particle. This phenomenon has been termed as “swarm 

detection” and leads to the underestimation of EV counting [131]. To validate single particle 

detection, researchers often use serial dilution to observe how the fluorescence or light intensity 

changes with controlled concentration changes [133, 132]. 

Adapting flow cytometers for EV characterization encompasses a variety of hardware 

modifications. Higher laser power and lower wavelength lasers have been used to produce more 

intense light scattering [66, 132]. Furthermore, narrowing the core stream and reducing the flow 

rate also benefit EV characterization [132]. Modifying the FSC and SSC angles used to collect 

larger angle scatter is also useful because smaller particles tend to scatter light at larger angles, 

proportional to their overall light scatter [68, 127, 134]. In a few studies that reported the 

detection limit of a commercial flow cytometer to be around 200 nm, the SSC detector was set to 

be a photomultiplier tube. When compared with the photodiode commonly used for FSC 

detectors, this approach is not only more sensitive, but also detects scattered light over a much 

broader angle, which allows capture scattering from multiple particles smaller than the 

wavelength of incident light [131, 135, 136]. Finally, using more sensitive detectors by, for 
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example, incorporating avalanche diodes, can also increase the signal-to-noise ratio of the setup 

[130]. 

Impedance-based FC is different from all the above. It is a non-optical, label-free technique 

based on the Coulter principle and can be used for the determination of both EV size distribution 

and concentration. As vesicles flow through the narrow sensing aperture under an electric field, a 

voltage pulse is generated across the aperture whose amplitude is proportional to the volume of 

the particle. Although it is only capable of resolving EVs above 300 nm, its unique compatibility 

with microfluidic devices among FC enhances the portability and further extends potential 

applications [137, 138]. So far, it has been applied to characterize EVs bound to extracellular 

matrix molecules [139], as well as the profiling of miRNA of exosomes from peripheral blood 

samples [140] (Table 1). 

2.4.5 Single particle interferometric reflectance imaging sensor 

SP-IRIS is an interferometric imaging-based technology for individual particle detection [143, 

144]. The signal generated during the measurement is an interference between the scattering 

signal from the particle of interest and the signal reflected from the layered substrate [143], as 

shown in Figure 3E1. The typical SP-IRIS system consists of a monochromatic LED, Si-SiO2 

sensor chip, and CCD camera. The SP-IRIS signal is mainly affected by the polarizability of the 

particle, amplitude of the reference field, and the phase lag between them. The phase shift of the 

scattered and reflected light is regulated by the thickness of the SiO2 layer of the sensor chip. The 

surface of the sensor chip is typically immobilized with capture antibodies of the proteins of 

interest. The technology has been used for quantification and size characterization of viruses in 

the serum or whole blood [145]. SP-IRIS shows great potential to be applied in the field of EV 

characterization due to its ability to detect surface molecules and to measure the size of single 

EVs [68, 144]. The method had been applied to measure the size of individual EVs derived from 

cerebral spinal fluid and their surface protein profile [68] (Figure 3E2). Moreover, a recent study 

employed SP-IRIS to explore tetraspanins expression profile across single EVs from cell culture 

media and ovarian cancer patients’ serum [142]. The authors demonstrated the uneven 

distribution of CD9, CD63, and CD81 tetraspanins commonly used as EV capture markers. 

These results shine light on the heterogeneity of EVs and may impact the EV diagnostic 

application. 
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Current limitations of the SP-IRIS method are its inability to measure particle concentration 

[146] as well as the potential detection of several vesicles instead of single particles due to the 

diffraction limit of optical microscopy (lateral resolution approximately 200-400 nm).  

Table 1: Summary of label-free optical particle counting, sizing, and morphology characterization methods. 

Method Morphological 

information 

Data 

acquisition 

time 

Sample type 

Liquid/dry 

Advantages Disadvantages 

 

References 

NTA Size: 30-1000 

nm 

Size distribution 

Refractive index 

Counting 

Minutes Liquid Size distribution 

of individual 

EVs, high 

throughput 

Bias towards 

overestimation of 

large particle 

concentration 

Requires large 

sample volumes 

4-7 

DLS Size: 1-6000 nm 

Size distribution 

Minutes Liquid High throughput 

analysis of EV 

size, 

concentration, 

and shape 

Bias towards 

large particles 

Low resolution 

cannot distinguish 

small particles 

from each other 

8-10 

AFM Morphology: 

nm 

Topography: nm 

EV density 

Size 

Adhesion, 

deformation, 

elastic modulus 

~Hour per 

sample 

Air 

(more stable, 

faster) 

Liquid (more 

accurate size) 

Single EV 

analysis, 

enables 

measurements 

of mechanical 

properties of 

EVs with high 

resolution 

(lateral 

resolution 1-3 

nm) 

Mechanical stress 

Low throughput 

Labor intensive 

11-14 

FC Size: >300 nm 

(conventional) 

100 nm (high-

Minutes Liquid Single EV 

analysis, 

determinates 

Variability 

between 

instruments and 

15-18 
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resolution 

fluorescent 

tagging) 

Counting 

concentration, 

size distribution, 

and biochemical 

cargo 

characterization, 

high throughput 

runs 

Few instruments 

can detect below 

300 nm with the 

use of fluorescent 

labels only 

SRM 50-1000 nm Seconds Liquid Single EV 

analysis, allows 

investigation of 

EVs functions 

in vivo/in situ 

with molecular 

resolution 

Requires labels 19 

SP-IRIS Single EV size: 

400 nm 

Counting 

Minutes Dry Single EV 

analysis, allows 

simultaneous 

measurement of 

EVs size and 

surface markers 

Bias towards 

large particles in 

highly 

concentrated EVs 

samples 

20-22 

 

2.4.6 Super resolution microscopy 

Super resolution microscopy (SRM) offers a unique opportunity to characterize samples with a 

size that is below the light diffraction limit, reaching spatial resolution capabilities as low as tens 

of nanometers. The most popular SRM techniques are based on fluorescence signal detection 

[147]. However, these methods have several drawbacks including phototoxicity and 

photobleaching. Label-free SRM, on the other hand, is a more desirable option in the biomedical 

research field and has a wider range of applications compared to fluorescence-based techniques 

[148]. 

Currently, there is no reported research that employed label-free SRM techniques for EV 

characterization. Yet, several studies applied label-based SRM in EV research for EV tracking 

[149] and cancer diagnosis immunoassay [150]. Using SRM, specifically direct stochastic optical 
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reconstruction microscopy (with lipid dye), Nizamudeen et. al. detected 20-30 nm size EVs 

[141]. 

2.5 Characterization of EV molecular content 

The molecular composition of EVs includes nucleic acids, lipids, proteins, and various other 

biomarkers. EVs released from healthy and diseased cells are known to carry a cargo with 

different molecular compositions. Therefore, the biochemical content of EVs circulating in body 

fluids is useful for the evaluation of a patient’s health and early diagnosis of diseases. However, 

the concentration of EVs released by diseased cells that are present in body fluids is minimal 

compared to the concentration of EVs originating from normal cells. Therefore, it is crucial to 

translate and adapt innovative and accurate methods for the analysis of EVs. Traditional methods 

for EVs’ molecular content characterization are mass spectrometry, Western blot, ELISA, and 

qPCR. However, these methods require large volumes and high concentrations of EVs, which is 

a major drawback for many applications. Recently, label-free optical methods are being 

employed for the analysis of EV molecular composition since they provide several advantages 

over the traditional methods. Raman spectroscopy, SERS, SPR, and IR spectroscopy are able to 

identify surface receptors and membrane proteins, in addition to EV internal molecular cargo 

(Table 2). 

In the following sections, we will review some of the most recent studies reported on the EV 

molecular characterization using the aforementioned methods. 

2.5.1 Raman spectroscopy 

Raman spectroscopy is a label-free spectroscopy technique based on inelastic scattering of laser 

light that interacts with molecular vibrations. When incident photons interact with molecules, 

some of the photons are scattered with particular energy shifts, as a function of the structure and 

composition of the sample [151]. The frequency of scattered photons is recorded and translated 

into a Raman spectrum that contains the fingerprint of analyzed samples with information on 

their molecular composition [152]. Since it is a nondestructive and label-free technique, Raman 

spectroscopy is an ideal tool to investigate EVs. As we mentioned before, EVs are released by all 

mammalian cells and travel the entire body through the stream of body fluids. They are specific 

and resemble the cells of origin, carrying a molecular cargo that includes a variety of molecules, 
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proteins, and nucleic acids that may also potentially serve as disease biomarkers relevant for 

liquid biopsy [8]. With no need for selective antibodies or labels that can interfere with the 

sample signal, Raman spectroscopy could potentially record even small differences or alterations 

in the EVs membrane or molecular content. For the analysis of such subtle variations, Raman 

spectroscopy is often complemented and empowered by multivariate analysis techniques, such as 

PCA. These methods are able to analyze and interpret high-dimensional data sets to demonstrate 

spectral differences between different EV populations [153]. 

Since the first Raman spectrum of EVs was reported in 2009 [154], Raman spectroscopy has 

been extensively employed for the study of EVs. Next, we will review some of the most recent 

advances in the detection, analysis, and investigation of EV composition by Raman 

spectroscopy. 

Raman spectroscopy has been employed to characterize EVs in bulk [158–160] as well as single 

EVs [155–166]. Bulk characterization of EVs via Raman spectroscopy showed differences in 

tissue specific biochemical composition of EVs and the ability to distinguish EVs based on their 

Raman spectra with high accuracy (>90%) [161, 159]. Moreover, Raman spectroscopy of EVs 

measured in bulk is a fast and sensitive method to assess EV purity after isolation [160]. On the 

other hand, Raman spectroscopy is a powerful tool to characterize the biochemical content of the 

membrane and cargo of single EVs, and therefore may unravel the heterogeneity of EVs [155, 

162, 164, 165]. Such single-particle analysis techniques are essential in the field of biomarkers 

discovery due to their ability to provide information about the protein, lipid, and nucleic acid 

content of a single EV [161, 163, 165]. Moreover, the combination of single EV Raman 

spectroscopy with machine learning algorithms has great potential to be used as a rapid and 

sensitive diagnostic tool [155, 161, 164, 166]. 

Using Raman spectroscopy, our lab reported that EV subpopulations are shared among different 

cell types, based on their functionality [155]. This report revealed the heterogeneous chemical 

composition of single EVs isolated from both cancerous and noncancerous cells by employing 

laser tweezers Raman spectroscopy to trap individual EVs within the laser focus. While there are 

similarities among the recorded spectra, some major differences can be noticed between EVs 

derived from healthy and cancerous cell lines (Figure 4A1). These are the higher intensity of the 

peak centered at 700 cm−1, in the case of EVs isolated from noncancerous cell lines, the shape of 
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the 1000–1100 and 1200–1300 cm−1 regions, and the 1600–1700 cm−1 region, which 

discriminates 3 cancer lines derived EVs from the others. The PCA spectral analysis of the 

averaged spectra revealed a significant variation in the chemical content of EVs which clusters 

into 4 distinct groups corresponding to 4 major EV subpopulations, unspecific to origin cell lines 

(Figure 4A2). Most of the 7 cell lines analyzed present multiple subpopulations of EVs and all 

subpopulations contain EVs from multiple cell lines. These differences are mainly due to the 

membrane content of the EVs. For example, noncancerous cells present mostly 2 subtypes of 

EVs that are enriched in cholesterol and relatively depleted in phospholipid, compared to EVs 

isolated from cancerous cell lines. 

 

Figure 4: Label-free Raman characterization of EVs. (A) Differences between normal and cancer-cell derived 

single EVs obtained with Raman tweezer microspectroscopy; (A1) Raman spectra from single EVs derived from 

healthy and cancerous cell lines; (A2) Scatter plot of PC1 and PC2 obtained for principal component analysis for 

each cell line. Cell lines are represented with different colors and cluster membership is highlighted by different 

shapes as shown in the legend (adapted with permission from [156]). (B) Study of Raman tweezers 

microspectroscopy of EVs. Differences between EVs isolated from cells treated and untreated with hepatotoxin 

acetaminophen (treated cells - curve a and b, nontreated cells – curve c), as seen in the bottom spectra (reproduced 

with permission from [157]). (C) Principal component analysis (PCA) – linear discriminant analysis (LDA) of the 

EVs obtained from peripheral mononuclear blood cells (P001, P002, and P003) and trophoblast cells (T001, T002, 

and T003); (C1) Plots of trophoblast derived EVs from three different bovines; (C2) Plots of PBMC-derived EVs 
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from three different bovines (adapted with permission from [158]). (D) Investigation of Aβ42 presence in the 

molecular cargo of EVs isolated from AD cell culture model; (D1) average Raman spectra of TC-sEVs, TC + sEVs, 

osEVs, and Aβ42 pure protein in the fingerprint region; (D2) Analysis of the Raman spectra of the amide I region 

1540–1800 cm−1. The scatter plot of the first two principal components for each EVs group; (D3) Analysis of the 

“high-wavenumber region” 2800–3100 cm−1 of normalized Raman spectra. The PCA scatter plot of the first two 

principal components (adapted with permission from [64]). 

Also, with Raman tweezers microspectroscopy, the biomolecular content of a small number or 

even single EVs around 100 nm was characterized in colloidal suspensions. Besides the regular 

EV fingerprint biomolecular contributions from proteins, lipids, and nucleic acids, this technique 

discriminated different subpopulations present in a heterogeneous EV sample isolated from the 

same cell line. Using Raman tweezers microspectroscopy, Kruglik et. al. highlighted the 

differences in biochemical composition of EVs isolated from rat hepatocytes before and after the 

treatment with a hepatotoxin [156] (Figure 4B). The results showed some major changes in the 

biomolecular contents of the EVs, reflected in the Raman spectra by a decrease of the tryptophan 

content, an enhancement of the amide III band, and a shift of the amide I band to higher 

frequencies. In addition, the spectral changes included an enhancement of the 1602–1604 cm−1 

band, assigned to ergosterol, lipids that contribute to the regulation of membrane fluidity, plasma 

membrane biogenesis and function. Therefore, this technique showed high sensitivity for 

detection of the hepatotoxicity signatures in EVs and could potentially be applied for the 

diagnostic of liver damage. 

Raman spectroscopy was also successfully employed to characterize and differentiate four types 

of EVs derived from healthy red blood cells and platelets, and two different prostate cancer cell 

lines PC3 and LNCaP, respectively [167]. The recorded spectra reveal the distinctive Raman 

signatures of EVs both in the fingerprint and high-frequency region, with characteristic lipid 

peaks at 2847 and 2876 cm−1, protein contribution at 2932 cm−1, CH2 deformation in lipids at 

1296 cm−1, CH2 and CH3 deformation in proteins and lipids at 1440 cm−1, phenylalanine at 

1603 cm−1, amide II at 1544 cm−1 and C=C stretching in lipids 1650 cm−1. However, the spectral 

differences across different EV subpopulations are subtle, and further PCA was required. PCA 

analysis was able to clearly separate the Raman spectra into four distinct groups specific to 

different EV subtypes. The best separation is obtained in the fingerprint region which provides 
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an obvious discrimination of the EV groups with 94.67% and 98% of the data being classified 

into two categories: healthy cell-derived EVs and prostate cancer-derived EVs. 

Recently, Dash et al. used label-free Raman spectroscopy to analyze and compare the EVs 

isolated from conditioned media of two cancer cell lines (COLO 205 and MCF-7) by three 

different isolation techniques, namely total exosome isolation reagent, protein organic solvent 

precipitation, and differential ultracentrifugation [168]. Raman spectra were collected using a 

532 nm laser line and then multivariate analysis was performed to study specific variations of the 

EVs spectra. This allowed the authors to differentiate the isolation techniques and classify them 

based on the quality of spectra. 

Another study published in 2020 showed the potential application of placental EVs as non-

invasive liquid markers for pregnancy complications prediction and monitoring. The results of 

the study determined certain peaks such as 728 cm−1 and 1573 cm−1 that attribute to collagen and 

purine/protein can only be found in EVs isolated from peripheral blood mononuclear cells 

(PBMC), whereas cholesterol and tryptophan peaks located at 702 cm−1 and 1553 cm−1 appear 

only in trophoblast EVs [157] (Figure 4C). Also, the 784 cm−1 peak (DNA/RNA) can be found in 

both EVs types, but it is significantly higher in the spectra of the PBMC derived EVs. The 

authors used PCA and LDA to analyze data collected from Raman spectroscopy characterization 

of EVs (Figure 4C1–2). Interestingly, they found no significant difference in Raman spectra of 

PBMC EVs of different bovines while EVs derived from trophoblast of three placental samples 

were clustered separately based on gestational age. 

Additionally, using Raman spectroscopy, our group highlighted the presence of Aβ in the 

molecular cargo of EVs isolated from the AD cell culture model [63]. Specifically, we used EVs 

derived from MC65 human neuroblastoma cells with the secretion of Aβ regulated by 

tetracycline promoter. To investigate the presence of Aβ in EVs, we analyzed the EVs isolated 

from MC65 cells before and after treatment with tetracycline, denoted TC- and TC+EVs, 

respectively (Figure 4D1). This will ensure that the biochemical difference between the two EVs 

groups is due to the potential association of Aβ in TC-EVs. PCA analysis and the intense Raman 

peaks centered at 1650 cm−1 and 2930 cm−1 together with TC-EVs spectra similarity with the 

spectra of pure Aβ protein confirm the presence of the Aβ in TC-EVs (Figure 4D2–3). Also, we 

observed some differences in the lipid structure of EVs. For example, TC +EVs present lipids 
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with longer fatty acid chains while TC-EVs have shorter fatty acid chains, suggesting the 

association of Aβ protein with plasma membrane which alters the membrane fluidity. The results 

were validated by testing EVs isolated from 3D midbrain organoids as a healthy brain neurons 

control. 

Collectively, Raman spectroscopy is a useful tool that can complement traditional EVs 

characterization methods and provide valuable information about the biochemical content of 

EVs. Yet, inherently weak Raman scattering limits the application of the technique. To overcome 

this challenge, plasmonic nanomaterials and coherent Raman techniques have been applied to 

enhance the intensity of the Raman signal. 

2.5.2 Surface enhanced Raman spectroscopy 

As we showed above, Raman spectroscopy is a highly useful method for EVs characterization. 

However, during Raman scattering, very few photons are scattered inelastically and as a result, 

the Raman signal is very weak. Consequently, this requires higher sample concentration, laser 

power, and a long integration time for the acquisition of quality spectra [170]. However, the 

Raman signal can be significantly enhanced up to ∼1014 times by a technique called SERS [170]. 

SERS technique is based on the phenomenon of surface plasmon resonance. Plasmon resonances 

from irregular substrates with gaps and junctions created between nanoparticles (NPs), form hot 

spots that enhance the signal from Raman active molecules located in these regions. This makes 

SERS spectroscopy a powerful technique with the capability to detect and analyze even single 

molecules [171]. 

In the field of EVs characterization, SERS is particularly important due to its label-free and 

nondestructive nature and ability to obtain information about the vibrational modes of molecules 

with high sensitivity [172]. Additionally, considering the low abundant populations of disease-

related EVs compared with EVs from healthy cells in body fluids, SERS overcomes the 

aforementioned Raman limitations [173]. To date, different types of SERS substrates have been 

developed for the study and characterization of EVs. Stremersch et al. used an innovative method 

to characterize EVs via SERS. In this study, individual EVs were enveloped in gold shells [174]. 

In this way, due to the reduced size of the AuNPs, multiple hot spots were created, enabling the 

recording of an intense SERS signal. This signal is coming from the DMAP molecules that were 

functionalized on the gold surface, and from the biomolecular EVs components with peaks 
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located at 1123 cm−1, (lipids and proteins), 1172 cm−1 (proteins), 1307 cm−1 (proteins and lipids), 

1366–1370 cm−1 (phospholipids and carbohydrates), 1445 cm−1 (lipids and proteins), and 1572–

1576 cm−1 (nucleic acids). The authors proved the diagnostic potential of this method by 

discriminating EVs isolated from B16F10 melanoma cells from the healthy red blood cell 

(RBC)-derived EVs. Later, this approach was improved by growing a silver layer directly on the 

surface of EVs coated AuNPs to form core–shell Au@AgNPs directly on the surface of EVs 

[185] (Figure 5A1). Thus, the interfering signal from DMAP stabilizing molecules is removed 

and an additional near-field enhancement is obtained from the core–shell structure (Figure 5A2). 

The spectra recorded using this system allowed a better separation of the cancerous and healthy 

EVs data points in the PCA analysis and quantification of the discriminative capability of the 

system with the partial least-squares discriminant analysis (PLS-DA) (Figure 5A3). The 

performance of this approach was proved by a higher than 90% specificity and sensitivity 

determined for both EVs types. 
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Figure 5: Label-free SERS characterization of EVs. 

(A) Functionalization and SERS analysis of EVs isolated from two types of cells; (A1) Schematic representation of 

the procedure for EVs functionalization; (A2) SERS spectra of individual B16F10 melanoma- and RBC-derived 

EVs; (A3) The 2D PCA for B16F10 and RBC EVs Au@AgNPs (adapted with permission from [175]). (B) 

Fabrication of a hybrid platform for SERS investigation of EVs; (B1) Schematic diagram of the SERS hybrid 
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platform; (B2) Electromagnetic field distribution simulated by FDTD for 785 nm laser; B3. SERS and SEM 

mapping of EVs adsorbed on the hybrid substrate; the graph compares the EVs density obtained through Raman 

mapping and SEM at three different EVs concentrations. SEM micrograph of EVs attached to the graphene-covered 

surface, where the yellow circles mark the presence of EVs within this region. The colored pixels represent the 

presence of selected peaks in the Raman spectrum; B4. PCA analysis of EVs from different sources (adapted with 

permission from [177]). (C) Synthesis and analysis of EVs on a mixed metal–graphene substrate; (C1) Schematic 

representation of the synthesis of PEG-coated gold nanostars; (C2) SERS spectra of EVs isolated from TNBC cells 

(105 and 103 cell/ml) on the fabricated surface; (C3) SERS spectra of EVs obtained from SKBR3 cells (105 and 

103 cell/ml) on the developed surface (adapted with permission from [180]). (D) Fabrication of a superhydrophobic 

substrate for EVs concentration and analysis; (D1) Schematic illustration of the substrate fabrication containing 

micro and nanobowls; (D2) SEM image of the AgNPs grown on the patterned PDMS substrate; insets show the 

AgNPs grown inside (i) microbowls and (ii) nanobowls; (D3) SERS spectra of EVs acquired with a633 nm laser 

excitation from inside of (a) nanobowls and (b) microbowls (adapted with permission from [179]). (E) Preparation 

of an SERS substrate and its use in analysis of intact and ruptured EVs; (E1) Schematic representation of the 

substrate preparation; (E2) SERS spectra of EVs isolated from SKOV3 cell line recorded at different time intervals; 

(E3) PCA of recorded SERS spectra (adapted with permission from [180]). 

Yin and co-authors proposed a new isolation method for cancer cell-derived EVs and a new 

label-free SERS substrate [176]. Specifically, they used a PEG-based method to isolate the EVs 

by simply incubating a PEG solution with conditioned media for 24 h at 4°C and centrifuging the 

mixture for 15 min at 3000 g. Three types of male cancer cell lines COLO-205 (colorectal 

cancer), THP-1 (leukemia), and DU-145 (prostate cancer), and healthy male blood samples were 

selected for EVs isolation. The obtained EVs were placed on an amino molybdenum oxide 

(AMO) nanoflakes substrate to be detected by SERS under 532 nm laser irradiation and analyzed 

by PCA supported by vector machine (SVM), a machine learning method able to accurately 

recognize complex vibrational signals of EVs. This method provides close to 100% accuracy in 

differentiating the healthy and cancer EVs. 

Recently, a new plasmonic hybrid platform based on periodically arranged Au nanopyramids 

covered by a single layer of graphene was proposed [177] (Figure 5B1). In this setup, the 

metallic nanopyramids generate hotspots with a high electromagnetic field on each side 

(Figure 5B2) for enhancement of the EV Raman signal, while the graphene layer provides a 

biocompatible and chemically stable surface for EVs detection. To test this label-free SERS 

substrate, EVs from four different sources were used. Their localization on the substrate was 

confirmed by three specific peaks with high signal-to-noise ratios in the Raman spectra. 
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In Figure 5B3 a pixel was assigned for each peak: 1012 cm−1 coming from the vibrational mode 

of phenylalanine is represented by red, 1509 cm−1 the ring-breathing mode in DNA bases is 

yellow, and the Raman mode of tyrosine peak at 1613 cm−1 is the blue pixel. The black pixels 

represent all three peaks and are considered to originate from EVs. To observe the 1613 cm−1 

peak, the graphene G-peak was subtracted. SEM images confirmed the Raman mapping result of 

the EV location on the substrate at three different EV concentrations. Additionally, the PCA 

analysis proved that all different EVs detected by this platform clustered into distinguishable 

groups of EVs isolated from two lung cancer cell lines HCC827 and H1975 with <5% overlap 

and a sensitivity of >84% (Figure 5B4). 

In 2020, Pramanik et. al. used a mixed graphene oxide (GO) gold nanostars (GNSs) substrate for 

ultrasensitive SERS detection of EVs derived from triple-negative breast cancer (TNBC) type 

MDA-MB-231 cells and HER2(+) type SKBR3 breast cancer cells via their specific fingerprint 

Raman bands [178] (Figure 5C1). Amino functionalized GNSs were covalently linked to GO 

nanosheets to obtain the mixed-dimensional heterostructure-based GO-GNS substrate. This 

substrate is capable to highly amplify (∼1010) the Raman signal of EVs through a synergistic 

electromagnetic and chemical enhancement mechanism. The sensitivity of the platform is 

characterized by LOD of 3.8 × 102 EVs/mL and 4.4 × 102 EVs/mL for TNBC and HER2(+) 

breast cancer-derived EVs, respectively. The EVs spectra recorded using this hybrid material 

show that each type of EVs has a specific Raman fingerprint. The lipid bands centered at ∼1605, 

∼1260, ∼1056, and ∼970 cm−1 are unique for TNBC-derived EVs, while HER2(+) breast cancer 

cell-derived EVs shows unique protein bands at ∼1634, ∼1198, ∼1101, and ∼1014 cm−1 (Figure 

5C2). Also, DNA band of EVs isolated from TNBC cells appears at ∼1510 cm−1 and DNA bands 

of HER2(+) breast cancer cell-derived EVs are at ∼1388 cm−1 (Figure 5C3). 

Also, our group developed a SERS platform for EV concentration and characterization [179]. 

The innovative superhydrophobic substrate was able to analyze ultralow sample volumes of EVs 

isolated from the MC65 neural cell line by concentrating EVs in bowl-like features (Figure 5D1). 

Specifically, a polystyrene bead-decorated CMOS sensor was used to create a template PDMS 

replica patterned with nano- and micro-bowls for EVs concentration (Figure 5D2). Next, these 

voids within PDMS replicas were decorated by AgNPs to generate local electromagnetic field 

enhancement (hot spots) and consequently increase EVs Raman signal (Figure 5D3). 
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Another study employed a similar concept of EVs concentration by developing nanobowl-like 

plasmonic substrate for EV capturing and SERS [180]. Specifically, the substrate was prepared 

by soft lithography on a flexible PDMS substrate using polystyrene beads. Obtained nanobowls 

were sputtered with a thin silver layer to act as SERS active surfaces (Figure 5E1). Initial SERS 

measurements are acquired from EVs captured in nanobowls in aqueous solution. Later during 

spectra acquisition, the water eventually evaporates which may affect the intactness of analyzed 

EVs which is reflected in the differences in SERS spectra (Figure 5E2). PCA analysis shows that 

spectra cluster into different groups based on the recording time, as can be seen in Figure 5E3. 

Recently, Koster et.al. demonstrated the ability of SERS-based analysis combined with machine 

learning algorithms to detect cancer-derived sEVs despite contamination with lipoproteins [181]. 

These authors isolated sEVs by known isolation techniques including differential 

ultracentrifugation, size exclusion chromatography, and density gradient ultracentrifugation. All 

three methods showed different degrees of lipoprotein contamination, which, however, did not 

significantly affect the SERS results. 

Altogether, these studies validate the use of SERS for label-free characterization of the 

biomolecular composition of single EVs or EVs in bulk. However, the phenomenon of SERS 

enhancement by plasmonic resonance depends on the distance between the molecule and 

nanoplasmonic substrate and decays exponentially with the distance such that it becomes 

insignificant at distances larger than 10s on nanometers [182]. This limits the applicability of 

SERS for the characterization of intraluminal content of EVs and makes it more suitable for 

probing EVs membrane and membrane-bounded molecules. 

2.5.3 Surface plasmon resonance spectroscopy 

Another label-free sensing method that has been introduced for EV characterization is surface 

plasmon resonance (SPR) spectroscopy. SPR is a physical phenomenon that occurs as a result of 

resonance between the incident light at certain angles of incidence and the collective oscillation 

of the metal electrons propagating along the metal surface [185]. The SPR measures changes in 

the refractive index of the material adjacent to the metal substrate surface. An example of such 

refractive index change is the binding of a macromolecule to the surface of the metal due to 

immunoreaction. Typical SPR systems include a prism connected to a glass sensor chip coated 

with a thin film of gold (∼50 nm) (Kretschmann configuration). Biomolecular interactions 
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between an immobilized ligand and analyte from a sample result in changes in refractive index 

and change in the coupling angle with time. Injection of various concentrations of analyte allows 

the measurement of association rate constants (K a) which represents the number of binding 

events per unit of time and describes ligand-analyte complex formation. Next, is the dissociation 

phase a change in the coupling angle can be measured in response to the release of the analyte 

after the sensor surface is washed with buffer. Afterward, the affinity binding constant can be 

determined using the signal obtained during both phase measurements. This allows SPR sensor 

to measure concentrations of the analytes including EVs in a sample of interest. 

SPR sensors have been applied to detect and characterize biomarkers and hormones in the 

medical diagnostics field, pathogens, and toxins detection for food control purposes, and to 

detect pollutants in environmental monitoring. In the field of EV characterization SPR has been 

used to determine EV concentration [184, 185], biomarker detection [186–189], characterization 

of surface and intravesicular proteins [190, 191], determination of mechanical properties of EVs 

[192], and single EV detection [193]. While certainly SPR is a widely used technique in the EV 

field, for the purpose of illustrating the potential applications in the clinic, in this review we will 

specifically focus on articles that describe the use of SPR techniques for the analysis of clinically 

relevant samples. So far, several SPR biosensors have been developed to detect EVs containing 

clinically relevant biomarkers. First, the platform termed nPLEX is a nanoplasmonic assay based 

on periodic nanohole arrays functionalized with antibodies [190]. In this study, EVs were 

isolated from ascites of 20 ovarian cancer patients and 10 healthy individuals. Detection of EVs 

was based on the binding kinetics of EVs to CD63, EPCAM, and CD24 antibodies-

functionalized nanoholes. The results of the study showed decreased levels of EPCAM and 

CD24 in patients-derived EVs. Another study reported the development of a nano-plasmon 

enhanced scattering (nPES) assay for the detection of ephrin type-A receptor 2 (EphA2) protein 

pancreatic cancer specific EV biomarker [194]. The nPES assay demonstrated the ability to 

distinguish pancreatic cancer patients (n = 49) from pancreatitis patients (n = 48) based on a 

level of EphA2-EVs. Moreover, the platform showed promising results in the staging of tumor 

progression and monitoring drug therapy response. Next, Liu and co-authors introduces a simple 

SPR sensing platform for lung cancer diagnosis and used exosomes associated EGFR and 

programmed death ligand-1 (PD-L1) as biomarkers of disease [195]. The SPR platform detected 

higher levels of EVs EGFR and PD-L1 in the serum of lung cancer patients compared to healthy 
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individuals isolated exosomes. Most recently, Thakur and co-authors reported the development 

and application of an SPR-based biosensor for glioblastoma diagnosis [196]. The progression of 

glioblastoma is characterized by enhanced expression of CD44 enriched EVs. The SPR substrate 

was fabricated using Titanium nitride nanoholes, and CD44 and CD133 capturing antibodies 

were immobilized onto the sensor surface. The study utilized EVs isolated from blood and CSF 

of a glioblastoma mouse model. The biosensor was capable to detect and quantify CD44 

enriched EVs with 3.46 × 10−3 μg/mL LOD. The described platform supports the potential 

application of SPR biosensors for EVs-based glioblastoma diagnosis. 

Finally, SPR based immunosensors have a great potential as commercially available label-free 

optical biosensors for EV characterization due to their high sensitivity and ability to monitor 

binding events in real-time. However, there are drawbacks of the technique that needs to be 

addressed. For instance, detection of EVs in complex sample matrices including biological fluids 

without pre-treatment remains challenging. In addition, SPR sensors may provide false-positive 

or false-negative results as a consequence of artifactual changes in the refractive index. Also, EV 

heterogeneity is rarely addressed in the above-described sensors which may certainly affect the 

measurements. 

Table 2: Summary of label-free optical methods for EV biochemical composition characterization 

Method Biochemical 

information 

Data 

acquisition 

time 

Sample 

type 

Liquid/

dry 

Advantages Disadvantages References 

Raman 

spectroscopy 

Protein, lipid, 

nucleic acids, 

metabolites, 

and 

saccharides 

Minutes Liquid/

dry 

Quantitative and 

qualitative 

characterization of 

surface and internal 

biochemical content of 

EVs, is able to reveal 

conformational form 

and structure of 

proteins and lipids, 

minimal 

preprocessing, small, 

Weak Raman 

scattering, 

Low throughput 

 

23,24 
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sample size 

SERS Protein, lipid, 

nucleic acids, 

metabolites, 

and 

saccharides 

Minutes Liquid/

dry 

Quantitative and 

qualitative 

characterization of 

surface biochemical 

content of EVs, is able 

to reveal 

conformational form 

and structure of 

proteins and lipids, 

minimal 

preprocessing, small 

sample size 

Limited by the 

distance 

between 

biomolecule and 

the SERS 

substrate, 

suitable for 

characterization 

of membrane 

bounded 

molecules 

25,26 

SPR Specific 

molecules 

(proteins and 

lipids) of 

interest 

~Hour Liquid Real-time monitoring 

of EV-ligand binding 

kinetics, small sample 

size 

Labor intensive, 

limited by use 

of capturing 

molecules 

27 

IR 

spectroscopy 

Protein, lipid, 

nucleic acids, 

and 

saccharides 

Seconds Liquid/

dry 

Quantitative and 

qualitative 

characterization of EV 

biochemical content, 

minimal 

preprocessing, small 

sample size 

Low throughput 

 

28 

Multiphoton 

microscopy 

Metabolites Seconds Liquid/

dry 

Single EV analysis, 

allows investigation of 

EV functions in vivo/in 

situ 

Limited by 

penetration 

depth (250-500 

um), costly, 

phototoxicity 

29 
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2.5.4 Infrared spectroscopy 

FTIR spectroscopy is a vibrational spectroscopy technique that primarily uses the ability of 

chemical bonds within a biomolecule to absorb in the mid-infrared range of the electromagnetic 

spectrum. 

The method describes specific absorption bands of proteins, lipids, and nucleic acids that may be 

found in the molecular cargo of EVs [197]. Moreover, FTIR provides quantitative spectral data 

and may highlight possible alterations in EV biochemical composition based on a clinical 

condition of a patient. Additionally, FTIR is sensitive to the conformation of the analyzed 

biomolecules that is not commonly described by conventional EV characterization techniques 

and may have valuable clinical information. 

From the first study published in 2016 [198], FTIR spectroscopy has shown to be an effective 

method for EV characterization. Using FTIR, Mihaly et.al., analyzed EV subpopulations and 

found differences in protein secondary structure and lipid content among EV subpopulations 

[199]. These findings were further confirmed by analyzing EV subpopulations enriched from 

cancer cell lines highlighting FTIR as an effective tool for quick EV subpopulation 

characterization [200, 201]. Recent studies reported the use of FTIR to characterize changes in 

the biochemical composition of EVs released from cell cultures mimicking various pathological 

conditions such as septic shock [202], cancer [201, 203–206], AD [217] as well as the effect of 

cellular treatment on EV cargo [208]. In addition, IR of single microvesicles by coupling IR and 

AFM have been reported [209] (Table 2). 

2.5.5 Multiphoton microscopy 

MM is a powerful technique that allows imaging of cellular and subcellular processes in vivo. 

The method is based on the simultaneous absorption of two or more light photons by the 

molecule of interest [213]. It had been used to study cell–cell interactions, embryonic 

development, cancer, and neurology [214]. In the field of EV research, multiphoton microscopy 

may offer unique opportunities to explore EV dynamic (release and uptake) in vivo. Specifically, 

second and third harmonic generation in combination with autofluorescence imaging are suitable 

for label-free detection and characterization of EV molecular components including metabolites, 

structural proteins, and lipids. To our knowledge so far, a single study applied label-free 

multiphoton microscopy for EV characterization. You et al. studied EVs isolated from breast 
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cancer tissue using multiphoton microscopy [212]. They were able to visualize EVs, characterize 

their metabolic profile as well as track EV release, movement, and uptake. The main finding of 

the study indicates high enrichment of nicotinamide adenine dinucleotide phosphate (NADPH) 

in breast cancer patients’ EVs. Finally, the authors reported the ability of the multiphoton 

microscopy to study EV release, movement, and uptake in situ. Indeed, as it is the case for all 

analytical techniques multiphoton microscopy has its own limitations such as relatively poor 

spatial resolution, limited penetration depth (250–500 μm), phototoxicity, and costly optical 

microscopy components. 

2.6 Applications 

Label-free optical methods have been used to detect and characterize EVs as potential 

biomarkers for the diagnosis of various diseases including neurological disorders and cancer 

[215]. Moreover, EVs exhibit great potential to be utilized as drug delivery vehicles for disease 

treatment. In this section, we will discuss applications of label-free optical methods for the 

diagnosis of neurodegenerative diseases and different cancer types. 

2.6.1 Neurodegenerative diseases 

The human central nervous system (CNS) is a complex organ where cell-cell communication is 

crucial for the processing and transmission of information. The main constituents of CNS are 

neurons and glial cells. The functions of these highly specialized cells are controlled and 

organized by the communication system of secreted molecules, and EVs have been suggested to 

play a role in it. EVs are found to be released by all types of CNS cells, including neurons, 

astrocytes, oligodendrocytes, microglia, and Schwann cells. Existing knowledge indicates the 

role of glial cells EVs in neuronal maintenance, trophic support, and homeostasis including 

neurite growth and axonal protection (synapsin I [216], neuroglobin [217], prion protein [218], 

HSPc70 [219] in EVs) [220–222], myelination [223] and stress response, oligodendrocyte-

microglia communication [224–226], and synaptic plasticity [227–230] (Figure 6A). Moreover, 

EVs are also considered as important mediators of neuronal communication [231] and are able to 

bypass the blood-brain barrier [232]. In addition to their essential role in the normal physiology 

of CNS, it is hypothesized that EVs contribute to the pathogenesis of neurodegenerative diseases 

(ND) via the transport of misfolded proteins including prion [233], Aβ [234, 235], tau [236], and 

α-synuclein [237] as well as specific populations of nucleic acids [238]. More importantly, EVs 
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have the potential to be used as readily accessible liquid biomarkers for the detection of 

neurodegenerative diseases. Nowadays, identification and quantification of potential ND 

biomarkers require the use of invasive collection techniques, which therefore makes routine 

diagnosis and monitoring of diseases progression challenging. CSF is considered as a body fluid 

that reflects molecular processes in the brain. Currently, measurements of Aβ1-42, total tau, p-tau, 

and α-synuclein concentration in CSF are used for the diagnosis of some types of neurological 

diseases. However, invasiveness and the relative high cost of the CSF collection procedure over 

blood collection are the main drawbacks of the method. In addition, extremely low 

concentrations of misfolded proteins in CSF and blood of patients limit their use as biomarkers 

[239]. Therefore, the use of brain-derived EVs carrying ND markers may potentially address 

aforementioned problems. EVs are found in CSF and blood of patients with various neurological 

disorders, yet purification of specific brain derived EV subpopulations remains challenging. 

Several studies proposed the affinity-immunocapture method to select EVs based on their surface 

markers. This method has been used to analyze EV-associated biomarkers of AD, Parkinson’s 

disease (PD), and amyotrophic lateral sclerosis (ALS) isolated from patients’ peripheral blood 

[240–246]. 
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Figure 6: Application of label-free optical methods for characterization of EVs isolated from patients with 

neurological disorders. (A) Schematic of EVs based intercellular communication in CNS. (B) APEX platform for 

exosome associated Aβ detection. SPR sensograms showing exosome binding kinetics to (B1) small and (B2) large 

Aβ aggregates as well as to control bovine serum albumin (BSA) aggregates (adapted with permission from [250]). 

(C) Raman spectroscopy-based characterization of EVs for detection of patients with PD. Average Raman spectra of 

PD patients’ serum derived EVs (red spectra) and EVs isolated from the serum of healthy individuals (black 

spectra). The main spectral differences between the two groups are depicted by blue Raman spectra that is obtained 

by subtraction between PD-derived EVs Raman spectra and healthy control group EVs Raman spectra (adapted with 

permission from [248]). (D) Characterization of brain-derived EVs tau oligomers by AFM; (D1) AFM images of 

EV-associated tau oligomers isolated from AD and prodromal AD (pAD) brains; (D2) graph shows size distribution 

of Aβ oligomers (adapted with permission from [251]). 

Label-free optical methods have not been widely used for the detection and characterization of 

CNS-derived EVs. Indeed, NTA and DLS have been used commonly to characterize the size and 

concentration of EVs, yet these methods did not yield ND specific information through EV 

analysis. There are few reports in the literature that described the use of Raman spectroscopy for 

the identification of ND biomarkers in EVs derived from patients’ blood [247, 248]. Gualerzi 

et al. demonstrated the use of Raman microspectroscopy to stratify PD patients from a healthy 

individual group based on their circulating EV biochemical profile [247] (Figure 6C). The main 

differences found in spectra of two groups attributed to protein and lipid content of analyzed 

EVs, where the spectra from healthy control-derived EVs showed higher relative intensities of 

the amide I protein band and 2800–3000 cm−1 lipid band compared to PD EVs spectra. On the 

other hand, some peaks corresponding to carbohydrates centered at 930, 960, 1370, and 

1436 cm−1 and lipid peak centered at 1057 cm−1 showed higher intensities in spectra of PD 

derived EVs. Further, the authors applied PCA to discriminate the analyzed groups of patients 

based on their EVs profile. 

Another study used a similar Raman spectroscopy-based approach to identify differences in 

biochemical content of ALS patients’ EVs [248]. In this study authors isolated small and large 

EVs from plasma of age-match groups of ALS patients and healthy donors. The main findings 

indicate a difference in EV lipid and protein profile of ALS patients compared to healthy 

patients. 
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Taken together these studies validated the ability of Raman spectroscopy to identify differences 

in the EV biochemical content of PD patients compared to healthy individuals. However, the 

origin of the described differences in Raman spectra remains to be explored. 

Next, there are several reports describing the application of SPR for CNS-derived EV analysis. 

Lim and co-authors developed a SPR-based platform termed APEX that was applied to measure 

exosome-bonded Aβ proteins directly from AD patients’ blood (Figure 6B). Their findings 

indicated that exosomes preferentially bound to large prefibrillar Aβ aggregates [249] and better 

reflect neuroimaging results in comparison with total circulating Aβ. Further, the reported results 

are similar to PET tracers binding behavior that particularly binds to large Aβ aggregates and 

demonstrate a lower binding activity to smaller aggregates. 

Another study utilized SPR to measure the concentration of Aβ, ganglioside M1 (GM1), and 

translocator protein (TSPO) in AD EVs [251]. In this pilot study, EVs were isolated from the 

plasma of AD patients (n=10) and healthy individuals (n=10) via size exclusion chromatography. 

Further NTA analysis revealed a higher concentration of EVs in AD patients in plasma (1.18 × 

1011 particles/ml) compared to healthy subjects (2.34 × 1010 particles/ml). Moreover, SPR 

imaging showed a higher signal of activated microglia EVs in AD patients’ plasma supporting 

the potential contribution of neuroinflammation to the pathogenesis of AD. Furthermore, SPR 

enabled simulations detection of potential AD biomarkers including Aβ, TSPO, and GM1. The 

results of these specific molecules associated with plasma EVs showed a higher amount of all 

markers of interest in AD EVs compared to healthy controls EVs. 

Additionally, AFM has been employed to characterize EV-associated tau oligomers [250]. In this 

study results of AFM analysis showed the presence of 4–6 nm globular particles, tau oligomers, 

in fractions of AD and prodromal AD EVs (Figure 6D). In contrast, EVs isolated from control 

samples did not contain described oligomers. These data suggest enrichment of AD EVs with tau 

oligomers and their potential pathogenic functions as tau seeding vehicles. 

Finally, label-free optical methods have a great potential to be used not only by complementing 

traditional label-based characterization techniques but to reveal new information about EV 

biology and potential application as a liquid biopsy for the diagnosis of ND. For instance, these 

methods may be used to discover disease-specific conformation of misfolded proteins associated 
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with EVs, where this information is lacking or difficult to explore using current label-based 

assays. 

2.6.2 Cancer 

The detection and characterization of EVs as cancer biomarkers is particularly useful for the 

noninvasive early diagnosis of various types of cancers. Label-free optical methods for EV 

analysis can provide valuable information about the EV structure and molecular content that 

cannot be achieved using other methods. 

Multiple myeloma is an incurable type of bone marrow cancer formed by malignant plasma 

cells. Multiple myeloma is always preceded by monoclonal gammopathy of uncertain 

significance (MGUS), which later slowly progresses to asymptomatic multiple myeloma or 

symptomatic multiple myeloma. Since the molecular composition of the cargo transported by 

EVs is dependent on their cells of origin, EVs have been found to be particularly useful in cancer 

detection and evaluation of the disease progression and in providing clinical info for patient care. 

Raman spectroscopy is capable of characterizing circulating EVs from a liquid biopsy sample, 

being a robust technique used not only for cancer detection but also for its prognosis. The spectra 

of EVs extracted from the serum of multiple myeloma patients in different stages are analyzed 

by PCA, which effectively stratified these three different clinical conditions [252, 253]. As can 

be seen in Figure 7A, the EVs’ Raman spectra recorded with an 830 nm laser source are very 

similar, exhibiting the major known peaks. The most intense peak is phenylalanine at 1003 cm−1, 

amide III, nucleic acids, and fatty acids’ signature are located between 1240 and 1340 cm−1, CH 

deformations in lipids and proteins are at 1440–1450 cm−1, while the amide I vibration of 

proteins band shows up at 1640–1700 cm−1 (Figure 7A1). Even though they present similar 

patterns, they can be clearly separated and stratified by multivariate analysis as shown 

in Figure 7A2 and 7A3. Although the collected SERS measurements show promising results, 

poor reproducibility of spectra collection is a major challenge. This is possibly due to the use of 

SERS substrate with random Au nanostructures. The acquisition of reproducible SERS spectra 

requires highly ordered SERS substrates, which in turn will increase the cost of the EVs testing 

due to a more expensive substrate fabrication process. Additionally, SPR biosensors have been 

used to detect multiple myeloma and stratify multiple myeloma patients from MGUS patients 

and healthy individuals [254]. These studies reported a 4-fold increase in sEV concentration in 
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serum of multiple myeloma patients (n=10) compared to healthy subjects (n=10) and MGUS 

patients (n=5). 

 

Figure 7: Application of label-free optical methods for characterization of EVs isolated from cancer patients. 

(A) Raman spectra recorded from EVs isolated from multiple myeloma patients and their PCA analysis; (A1) 

Average Raman spectra collected from EVs isolated from patients with different stages of multiple myeloma; (A2) 



82 
 

PCA analysis shows the stratification of EVs based on the stage of multiple myeloma patients; (A3) 3D scatter plot 

of PCA analysis (adapted with permission from [254]). (B) SERS spectra of EVs and their PCA and DFA analysis 

used for the early detection of pancreatic cancer; (B1) SERS spectra of EVs from both normal human pancreatic 

ductal epithelial cell line (HPDE) and pancreatic cancer cell lines (CD18/HPAF, MiaPaCA); (B2)–(B5) Scatter plots 

of the discriminant function classifiers DAs showing the capability of the PC-DFA algorithm to differentiate 

different EVs subpopulations; (B2) Scatter plot of DA1 versus DA2; (B3) Scatter plot of DA1 versus DA3; (B4) 

Scatter plot of DA2 versus DA3; (B5) Scatter plot of DA1 versus DA2 versus DA3 (reproduced with permission 

[256]). (C) Label-free FTIR EVs analysis used in the diagnosis of oral cancer. Average IR absorbance spectra of the 

oral cancer patients and healthy individuals EVs in the range of: (C1) 950–3650 cm−1; (C2) 950–1200 cm−1; (C3) 

1200–1600 cm−1; (C4) 1700–1800 cm−1; (C5) 2800–3000 cm−1; (C6) Support vector machine classification results 

clearly separate cancer and benign originating EVs (adapted with permission from [205]). 

Pancreatic cancer is a highly lethal disease characterized by a relentless progression with a five-

year survival rate of around 3% due to the late diagnosis when metastasis has already occurred. 

In an effort to address this issue, Carmicheal et. al. proposed a SERS detection platform 

combined with principal component discriminant function analysis (PC-DFA). In this study, EVs 

were collected from the supernatant of one healthy and two pancreatic cancer cell lines [255] 

(Figure 7B1). For detection, positively charged 10 nm AuNPs were used to bind to the surface of 

isolated EVs and to form a large number of hotspots that highly amplify the Raman signal. As 

we mentioned before, the EVs surface composition is highly variable between cancer and healthy 

EVs. The label-free SERS identifies the molecular signature of isolated EVs and the PC-DFA 

analysis separates them based on spectral differences. To determine the diagnostic accuracy of 

the method, EVs collected from serum samples of 10 benign control patients and 10 pancreatic 

cancer patients with early-stage disease were analyzed (Figure 7B2–5). The predictive 

capabilities still need to be improved, which is not surprising considering the diverse origin of 

EVs in patient serum, especially in the case of early-stage cancer patients which usually have a 

large percentage of EVs arising from the normal epithelium. This study demonstrates the 

potential of SERS combined with PC-DFA analysis for the detection of pancreatic cancer. A 

recent study by Rasuleva et. al. applied FTIR to the study of tumor-derived sEVs as potential 

diagnostic biomarkers for pancreatic cancer detection [256]. FTIR revealed enrichment of beta-

sheet proteins in tumor derived sEVs (n=15) compared to control sEVs (n=15). 

Oral cancer is another type of cancer that can be diagnosed using EVs. Oral cancer has a high 

global incidence with more than 657,000 new cases and 330,000 deaths annually, being the 8th 
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most common cancer in the world [257]. Even if the oral cavity has an easy access for 

examination, usually this type of cancer is diagnosed in the late stages due to subtle mucosal 

lesions that appear in the early stages of the disease. By the time of concluding diagnosis, the 5-

year survival rate decreases considerably to less than 50%. Therefore, screening and early 

detection of oral cancer are critical for improving survival rates and monitoring its progression. 

A recent study used FTIR in Attenuated Total Reflection (ATR) mode combined with machine 

learning methods to study and differentiate EVs isolated from the saliva of 21 oral cancer 

diagnosed patients and 13 healthy individuals [204] (Figure 7C). FTIR spectra highlighted the 

differences in the EV content and structure of nucleic acids, lipids, and proteins. These 

differences can be described mainly by a lower intensity of the oral cancer EV peaks at 

1072 cm−1, 2924 cm−1, and 2854 cm−1 corresponding to nucleic acids and lipids, respectively, 

compared with healthy EV spectra (Figure 7C1–5). Also, the relative intensity ratio of peaks 

centered at 1033 cm−1 and 1072 cm−1 (I1033/I1072) and attributed to glycogen/carbohydrates and 

nucleic acids ratio, is higher in oral cancer-derived EV spectra compared to control EV spectra. 

The PCA–LDA and SVM methods used for the analysis and classification of EVs showed a 

100% sensitivity, 89% specificity, and 95% accuracy (Figure 7C6). This clearly proves the 

potential of this method to be further implemented in clinical facilities for the early diagnosis of 

oral cancer from liquid biopsy samples. 

Finally, using SERS, Ma et. al. were able to detect exosomal miRNA-21 as a potential cancer 

biomarker [259]. The results of the study showed an increased concentration of sEV miRNA-21 

(6.59 × 10−3 molecules/EV) in lung cancer patient samples compared to healthy subjects 

(1.26 × 10−3 molecules/EV). Another study reports the application of SERS as a tool for cancer 

diagnosis [259]. Rojalin et. al. used SERS to stratify ovarian cancer and endometrial patients. 

The authors developed a nanoplasmonic substrate that was chemically pretreated for nonspecific 

capturing of sEVs. The SERS platform allowed the separation of cancerous sEVs and their 

differentiation from healthy control derived sEVs. Importantly, this study suggested a critical 

role of protein corona and glycocalyx in sEV functions. 

Overall, label-free methods for EVs analysis show the potential to differentiate between healthy 

and cancerous cell-derived EVs, justifying future clinical studies for early diagnosis of various 

types of cancer using liquid biopsy samples. 
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2.6.3 Data analysis 

Analysis of large data sets is important for providing valuable predictive information. One of the 

promising, emerging approaches to handle large data sets and discriminate subpopulations of 

EVs is machine learning (ML). ML algorithms are well equipped to deal with segmentation of 

large and complex datasets that are typically encountered in heterogenous EVs samples. For 

example, microscopy images and spectral data from Raman spectroscopy and SERS can be 

analyzed and processed into various clusters and subpopulations. 

ML algorithms can be supervised, meaning that the algorithms are trained on datasets where 

each training example is explicitly labeled with its corresponding desired output value. This is 

specifically useful in clinical cases, where diagnostic criteria or biomarkers are known, and the 

objective is to have a predictive model. Supervised ML models for EVs analysis has been used 

for the detection of cancers [176, 204, 255, 259] and neurodegenerative diseases [248]. 

Unsupervised ML algorithms are not trained on prelabeled datasets and therefore must interpret 

data patterns on their own. Clustering and PCA are examples of unsupervised ML that are used 

in EVs research [156, 64, 157, 168, 176, 204]. The interesting aspect of unsupervised learning is 

the potential to discover previously unknown underlying patterns within datasets that the 

algorithms have identified without human input. For classification problems, an ML model’s 

performance is evaluated based on the AUC (area under the curve) ROC (receiver operating 

characteristic) curve. The ROC curve plots the true positive rate (sensitivity) against the false-

positive rate for different classification threshold values. The AUC can be calculated as the area 

under the plotted ROC, and it determines the model’s ability to separate the classes, or the 

performance of the model through the various classification thresholds. ML models that 

maximize this metric are very well suited for classification of EVs into healthy or diseased 

groups. In further studies it is essential to incorporate ML methods to assess different 

populations of EVs and determine clinically viable diagnostic methods based on optical label-

free techniques. 

Deep learning (DL) is a subset of ML that uses neural networks to create layers of algorithms to 

process large-scale datasets. The neural network structure to some extent mimics the 

interconnection of neurons in the human brain. Predictive classification models have been 

developed using DL approaches and they can achieve more “human-like” decision-making. EV 
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research using DL is less common. Shin et al., applied DL approach to classify cancer EVs from 

healthy patients derived EVs [260]. The DL model was trained using SERS spectra of lung 

cancer cell lines EVs and human pulmonary alveolar epithelial cell line EVs as healthy control 

EVs and was able to stratify them with 95% accuracy. Furthermore, the developed DL model 

was tested using EVs isolated clinical samples. It was able to predict lung cancer for all patients 

(stages 1A, 1B, and 2B) with an AUC of 0.912 and for stage 1 patients specifically, the model 

predicted lung cancer with an AUC of 0.910, demonstrating potential for noninvasive, early-

stage diagnostics. 

2.7 Conclusions and perspectives 

As shown in this review, optical label-free methods are currently used as complementary to 

conventional EV characterization methods. We anticipate the coexistence of label-free and 

conventional technologies when the users need to analyze complex analytes such as EVs. 

Label-free optical methods enhance the growing field of EV research by providing effective 

tools for disease specific biomarkers discovery and simultaneous detection of multiple markers 

of disease specific molecular fingerprints in small volumes of samples. Among optical label-free 

technologies described in this review NTA, SPR, and FC gained the most popularity in the EV 

research field. To date, label-free optical technologies have been most successfully applied for 

the characterization of EV morphological features such as size, shape, and concentration as well 

as characterizing the biochemical content of EVs. Furthermore, they have been mostly applied 

for the detection of EV-associated markers of various cancer types but have been less commonly 

used for the diagnosis of other diseases. 

Classification of EVs into subpopulations of interest has generally been difficult, due to complex 

heterogeneity and limited characterization capabilities. Variations between these subpopulations 

are important to be analyzed to better understand their role in the normal physiology and 

pathology of the disease. To better quantify these variations, comprehensive and accurate 

methodologies for the characterization of subpopulations are required. Furthermore, introducing 

standardized isolation, processing, and analysis methods for different subpopulations of EVs 

would be a significant benefit to the field, allowing for more consistent and accurate results. In 

addition, quantitative methods of analysis are critical for establishing EVs as clinical biomarkers 

and for the development of clinical guidelines. 
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One of the major current challenges for new technologies to provide accurate diagnosis via EVs 

is the fact that the accuracy of EVs as biomarkers of disease is not always known. It is not 

always possible to differentiate between the accuracy of a specific biosensing technique and the 

accuracy of the EVs themselves as biomarkers of pathology. This ambiguity is a key impediment 

to establishing EVs for clinical use. Biomarkers can be established directly through clinical data 

or indirectly through a gold-standard methodology. When new biosensors or biosensing 

methodologies are designed, they are generally developed based on and compared to established 

biomarkers and their gold-standard detection. In the case of EVs, biosensor development may 

become problematic, because the accuracy of EVs as biomarkers to diagnose specific diseases is 

not always established. Consequently, the performance metrics of biosensors tested on 

unestablished biomarkers is ambiguous, as both the biosensor and the biomarker influence the 

overall performance. 

Within EV research, ML is an emerging technique used for classifying and clustering samples 

within large datasets. Various ML algorithms have been employed for classifying clinical 

samples as well as for investigating underlying patterns within complex, heterogeneous EVs 

samples to elucidate new subpopulation criteria. Numerous current reports focus on developing 

predictive models using ML algorithms. Notably, cancers and neurodegenerative diseases have 

shown to be well classified by predictive models. Integrating ML and including DL into further 

studies on EVs and their subpopulations or pathology is an important avenue to develop 

diagnostic criteria, especially combined with high-throughput optical label-free characterization 

techniques. 

Overall, despite many challenges, we expect the field to grow in significance in the near future 

for liquid biopsy applications, driven by biomarker discovery, standardized sample handling and 

isolation, technological improvements for characterization, and advanced data analysis 

methodologies. 
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Transition to chapter III 
The previous chapter presented a recent review of existing optical label-free methodologies used 

for EV characterization. The specifics of each technique and the challenges for EV analysis 

application were discussed. The existing literature shows that label-free optical methods are used 

as complementary techniques to conventional EV characterization methods and can provide 

additional valuable information about EV characteristics.  

Among many methodologies of EV characterization imaging of EVs is important for revealing 

their spatiotemporal properties and further understanding of their functions. This analysis is often 

performed to determine the morphological features of EVs such as size and shape and to 

demonstrate the quality of EV purification. Researchers often use EM and AFM to characterize 

morphological features of EVs. While both techniques provide nanometer resolution and can 

distinguish EVs from non-EV particles, they are labor-intensive, time-consuming, and require 

costly equipment. Therefore, the research field needs alternative methods that will allow rapid 

morphology analysis and particle sizing. The growing field of lensless microscopy has great 

potential to address this demand, especially because the pixel size of imaging sensors is in the 

nanometer scale range and will continue to decrease.  

In this chapter, to implement of aim II of the thesis, we present a new technology for the 

morphological characterization of EVs. The technology enables lensless, dark-field microscopy 

directly on a CMOS imaging sensor. It consists of two imaging modalities for particle 

visualization and size measurement: direct on-chip dark-field microscopy and shadow-based 

object height measurements. The dark-field modality results from contrast reversal observed at 

oblique illumination angles when most of the incident light is reflected from the surface of the 

sensor. This phenomenon can be explained through Fresnel equations. When objects are 

illuminated at angles between 0 and 85 degrees, they cast shadows that can be used to calculate 

their height.  

Using this technique, we were able to detect and characterize unstained biological and non-

biological samples including polystyrene nanospheres, single microorganisms, and clusters of 

microorganisms. While the technology has not been used for EVs characterization we believe it 

can be applied for the morphological analysis of EVs. The resolution of the system is determined 

by the pixel size of the CMOS imaging sensor and currently is 1.4 µm. At this point, large EVs 
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and clusters of sEVs can be visualized and characterized. However, we believe that with 

advancements in optical instrumentation, it will be feasible to characterize small EVs. Moreover, 

the approach does not require staining, labeling or large volumes of a sample, which makes it 

appealing for the EV research field. Other advantages of the technology are its straightforward 

sample preparation, and its low cost mainly due to the inexpensive CMOS imaging sensor and 

custom-built multi-angle illumination stage.  

This chapter is based on the second of four first-author publications. The contributions of each 

author are as below: 

SWH and ASP conceived the study concept. SWH, ASP, and MI designed the experiments. MI 

and ASP conducted the experiments and analysed the results. MI wrote the main text of the 

manuscript with input from all co-authors. SK drafted and revised the article. SWH supervised 

the project. All authors reviewed and approved the manuscript in its current form. 

  



106 
 

Chapter III. Lensless, reflection-based dark-field microscopy 

(RDFM) on a CMOS chip 
Meruyert Imanbekova1,2, Ayyappasamy Sudalaiyadum Perumal1,2, Sara Kheireddine1, Dan V. 

Nicolau1, and Sebastian Wachsmann-Hogiu1,* 

1Department of Bioengineering, McGill University, Montreal, Quebec, H3A 0E9, Canada 

2Equal contributions 

*sebastian.wachsmannhogiu@mcgill.ca 

3.1 Abstract: We present for the first time a lens-free, oblique illumination imaging platform 

for on-sensor dark- field microscopy and shadow-based 3D object measurements. It consists of 

an LED point source that illuminates a 5-megapixel, 1.4 µm pixel size, back-illuminated CMOS 

sensor at angles between 0° and 90°. Analytes (polystyrene beads, microorganisms, and cells) 

were placed and imaged directly onto the sensor. The spatial resolution of this imaging system is 

limited by the pixel size (~1.4 µm) over the whole area of the sensor (3.6×2.73 mm). We 

demonstrated two imaging modalities: (i) shadow imaging for estimation of 3D object 

dimensions (on polystyrene beads and microorganisms) when the illumination angle is between 

0° and 85°, and (ii) dark-field imaging, at >85° illumination angles. In dark-field mode, 3-4 

times drop in background intensity and contrast reversal similar to traditional dark-field imaging 

was observed, due to larger reflection intensities at those angles. With this modality, we were 

able to detect and analyze morphological features of bacteria and single-celled algae clusters.   

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing 

Agreement 

3.2. Introduction 

Light microscopy is one of the oldest scientific techniques and a key instrument in modern 

research. Lens-based microscopes are the most broadly used light microscopy systems. Yet, the 

ability to perform high spatial resolution imaging at enhanced magnification leads to limited 

field- of-view (FOV) and optical aberrations that distort the resulting image. To overcome the 

limitations of lens-based approaches, image stitching can be implemented to form mosaics with a 

large overall FOV of high-resolution images. However, such techniques require long acquisition 

times and can result in artifacts that are especially apparent at the overlap regions between the 
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individual tiles [1]. Mobile phones can serve as a practical, portable imaging platform, where a 

suitable compromise between spatial resolution and FOV can be found based on the camera 

specifications. There are many reports describing mobile phones as biomedical imaging devices 

that can be used for health- related imaging [2-4] and environmental applications [5, 6]. 

Lens-free approaches that typically use CMOS cameras found in mobile phones further simplify 

the hardware of imaging systems, whereby the sample is placed between the image sensor and 

the illumination source. One example is in-line holography, where the sensor detects shadows 

and diffraction interference patterns generated by the object, and the final image is reconstructed 

using computational algorithms. Whereas the FOV is limited by the sensor area, the spatial 

resolution can reach sub-pixel proportions using ptychographic imaging, where multiple images 

of the sample are taken at different illumination angles followed by image reconstruction [7, 8]. 

Such approaches can also be used for imaging biological samples [9-15], nanoparticles [16, 17] 

and can serve as portable and adaptable devices with minimal hardware requirements. However, 

these advantages come at a cost, which in this case is the computationally heavy holographic 

reconstruction, that eventually makes the system more complex. 

Lens-free shadow imaging technologies have been successfully applied for various in vitro 

cellular applications [18-22]. However, the determination of micrometer-scale object size by 

existing systems without performing computing-intensive image reconstruction is an ongoing 

challenge. Cell size and volume are crucial parameters that have a significant impact on cell 

proliferation [23], response to environmental triggers [24], cellular homeostasis [25], and 

synaptic transmission [26]. The traditional techniques for micrometer-scale object size 

measurements such as flow cytometry and coulter counter are able to accurately detect the cell 

size in the range of tens of micrometers. However, the high cost of these methods limits their 

application to point-of-need applications. In addition to biological objects, the size of the 

particles within powders [27], emulsions [28], and aerosols [29] can influence the properties of 

these materials. 

Non-holographic on-chip imaging, on the other hand, combines the conventional hardware 

design of lens-free imaging with ease of image acquisition since complicated image 

reconstruction is not required in this case [30]. In terms of biological applications, direct on-chip 

sensing has been used to characterize individual cell types on microscope slides [31], and within 
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microfluidic devices [32], study the behavior of C. elegans [33], detect cells that exhibit 

chemiluminescence [34] and have been adapted for sub-pixel resolution imaging [35, 36]. 

While lens-based, and to some degree lens-free holographic technologies, can be implemented in 

numerous different or combined modalities, direct on-chip lens-free microscopy is still limited to 

transmission-based imaging. One of the potential new modalities that will expand the existing 

range is dark-field microscopy. 

Dark-field microscopy is an elegant optical technique, that allows extremely sensitive imaging 

due to its very low background and enhanced contrast of unstained objects. From the time of Van 

Leeuwenhoek, microscopists noted that some objects were more readily seen by applying 

oblique illumination that caused the darkening of the background while the object was visible 

due to the scattering of the oblique light. Since then, dark-field microscopy has been widely 

applied to image unstained biological samples [37-39] and nanoparticles [40, 41]. In the last 

decade, several groups of researchers reported dark-field microscopy using a CMOS sensor for 

imaging mainly metal nanoparticles. Z. Li et al., reported a miniaturized dark-field microscope 

based on a CMOS sensor and microfluidic chip [42]. Further work by Grishin et al. showed the 

3D-nanoparticle and microparticle tracking technique based on dark-field microscopy [43]. 

Previously we reported a dual- phone illumination-imaging microscope that is able to perform 

various modalities of traditional microscopes, including dark-field [44] and phase contrast [45]. 

However, while these systems are potentially simpler and less expensive than dark-field 

microscopes, they still use lenses to achieve oblique illumination or for imaging. 

Here we present for the first time a reflection-based lens-free directly on the sensor imaging 

system with oblique illumination for dark-field imaging and object height measurement of non-

biological and biological objects of micrometer size. We show that by measuring the shadow 

length of the object, we can calculate the approximate height of the objects such as polystyrene 

microspheres and bacteria. Moreover, by illuminating the sensor surface at large angles, we 

observed a significant reduction of the background intensity and reversal of the contrast for the 

objects of interest. This is due to higher reflection intensities at those large angles (in accordance 

with Fresnel equations of reflection) and is the equivalent to the dark-field illumination mode 

normally seen in lens-based microscopes. 
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In our platform, the light beam from an incoherent illumination source is situated at a distance 

much larger than the size of the CMOS sensor or the LED such that it can be considered a point 

source. This beam is partially reflected, refracted, or scattered at the interface between the two 

different optical media. When the sample of interest placed on the CMOS sensor is illuminated 

from the top (0° angle), most of the light is transmitted and reaches the photosensitive area of the 

photodiode. As a result, the resulting image has a typical bright field appearance. On the other 

hand, when the angle of the incident light is close to 90°, most of the light is reflected and only a 

small amount of light is refracted, which, together with the scattered light from the sample, reach 

the photosensitive area of the detector. Subsequently, the background intensity of the images 

drops significantly, which leads to a better contrast of the object. 

3.3 Experimental methods 

5.3.1 Chemicals 

Phosphate buffer saline (PBS) and ethanol were purchased from Sigma-Aldrich (USA). Sulfate 

latex particles (8% w/v) size of 1.6 µm were purchased from Invitrogen (USA). Polystyrene 

microspheres (50 mg/ml) size 7 µm were purchased from Microspheres-Nanospheres (USA). 

3.3.2 Lensless imaging platform 

The imaging sensor is a back-illuminated 5-megapixel (MP) sensor module (OV5647, 

OmniVision technologies) with a 2592×1944 active array, and 8-/10-/24-bit RGB/RAW image 

output. The original lens and IR filter were removed in this set-up to achieve lensless imaging, 

and the sensor surface was thoroughly characterized via SEM and AFM (Fig. 1). Next, we 

applied a thin layer of a polymer (polydimethylsiloxane) onto the edges of the sensor in order to 

protect the electrical circuitry surrounding the immediate sensor area. 
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Fig. 1. CMOS senor surface characterization. (A) Schematic illustration of the image sensor surface. (B) 

Photographic image of the CMOS sensor (left) and Scanning Electron Microscopy (SEM) image of a 7 µm bead on 

the sensor surface (right). (C) AFM image of the CMOS sensor surface. (D) AFM profile of the sensor surface and 

measurement of the height of the microlenses array. 

Image acquisition and image processing were performed by via Raspberry Pi 3 Model B board 

using the Python programming language. Note that the FOV of the image sensor is the same as 

the active area and is 3.67×2.73 mm. The spatial resolution of the system is limited by the pixel 

size and is 1.4 µm. 

We designed a multi-angle illumination platform that consists of three rulers set perpendicular to 

each other in XYZ directions. The X axis ruler provides the horizontal support and has a digital 

angle finder that allows precise measurement of the incident angle (Fig. 2). The Y axis ruler 

provides adjustment for the height of the light source to achieve certain angles of illumination. 

As a source of incoherent light, we used a single cool white light LED with the wavelength range 

approximately 420-700 nm, diameter less than 1 mm and a remote controller for intensity 

modulation (SUSAY Electronics technology, China, model number NI-TL). The LED is 

mounted onto the Z axis holder that travels in a semi-circular path above the CMOS sensor, 

thereby creating a radius of 270 mm from the center of the sensor to the light source. Since the 

distance between the LED and the CMOS sensor is much larger than their physical dimensions, 

the illumination can be considered as a point source. The CMOS sensor was placed on a Z-

adjustable stage and illuminated from various angles from 90° (oblique angle) up to 0° (top 
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illumination). A droplet of polystyrene beads (5 µL) of different sizes 1.6 µm and 7 µm was 

added directly onto the sensor surface and allowed to dry. We then imaged the beads under 

multiple angles, ranging from 0° (top) angle to 90° (oblique) angle. 

 

 

Fig. 2. Schematic of on-sensor dark-field microscopy via oblique angle illumination. (A) Diagram of the 

illumination set-up (front view) that allows for multi-angle illumination ranging from 0° to 90° by rotating the point- 

like illumination source along a semicircle with radius r with the CMOS sensor placed in the center of the circle. (B) 

The side view diagram of the illumination set-up (C) Representation of a bead on the CMOS sensor. The shadow 

cast by the point source illumination is measured experimentally and the height of the object can be calculated based 

on a length of the shadow and known angle of incidence. (D) Schematic representation of the CMOS sensor and 

light illumination at a large angle. Microlenses are at the top layer, with the Bayer layer, photodiodes, and metal 

circuitry underneath. Microlenses focus the light onto the photodiodes such that a high fill factor can be achieved. 

The light beam travelling at a large angle reaches the sensor surface and gets reflected with the intensity of the 

reflected light obeying the Fresnel equations. The pixel fill factor also changes (is reduced) at shallow illuminations 

angles. These two phenomena lead to a change in the contrast and background intensities. (E) In conventional 

oblique illumination dark-field microscopy the sample of interest is placed in a distance from the sensor surface and 
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illuminated at an oblique angle. The incident light rays will illuminate the sample, and the photons that are not 

scattered are either blocked or propagate next to the detector without being detected. Only scattered photons will be 

collected by the detector. (F) In RDFM, dark-field microscopy is achieved through Fresnel reflection of the incident 

light at the interface between air and the CMOS surface. 

To capture the image, we used a custom Python code to acquire standard JPEG images and raw 

Bayer data. The raw Bayer data is the data from the camera sensor prior to GPU processing such 

as demosaicing, auto white balance, smoothing etc. This data output is important in this work in 

order to be able to quantify the change in the image background. The raw Bayer image has a 

green and dark output appearance due to the BGGR pattern that has twice as many green pixels 

as red and blue. The raw images were saved to the camera as 6 MB data files, followed by 

extracting the PNG images that allow lossless compression of files. Afterwards, images were 

further analysed by additional software packages as described in the following section. 

After imaging, the sensor can be effectively cleaned by pipetting a few microliters of 70% 

ethanol onto the sensor surface and gently wiping with lens tissue. The sensor can then be reused 

without any noticeable alterations in image quality.  

3.3.3 Bead-size quantification based on shadow images 

ImageJ (NIH), GraphPad Prism 6, and MATLAB (MathWorks) were utilized to process and 

analyse all captured bead shadow images. In Fig. 2C, the height of the objects H was calculated 

from geometrical considerations from the measurement of the length of the shadow casted by the 

object at an angle α. The length of the shadow was measured by using averaged gray scale 

intensity values of the indicated area measured from the image. The angle α is equal (90°- ϴ), 

where ϴ is the incidence angle (Fig. 2A). The height of the object is determined from the tangent 

of the angle α, for known shadow length and incidence angle. 

3.3.4 Characterization via Scanning Electron Microscopy 

The structural properties of the surface of the sensor were characterized by SEM microscopy. All 

SEM images were obtained using FEI NanoSEM instrument with accelerating voltage of 10 kV 

under high vacuum mode. 
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3.3.5 Characterization via Atomic Force Microscopy 

The sensor surface was analyzed by an AFM (Multi Mode 8, Bruker) contact mode using 

triangular cantilevers (Hi’Res-C, MicroMasch, Estonia) with a radius of curvature of 1 nm. The 

obtained images were analyzed by Gwydion software. 

3.3.6 Preparation of Microorganisms 

Euglena gracilis and Staphylococcus epidermidis were purchased from Carolina Biological 

supply Company (USA). The chosen biological sample, E. gracilis, has pigmented organelles, 

chloroplasts, and hence a strong ability to scatter light effectively, which makes it an ideal 

sample for testing the dark-field illumination mode. E. gracilis cells range from 8-20 µm in 

length, are oval in shape cells and are much larger than the previously tested 7 µm beads. On the 

other hand, S. epidermidis is a spherical bacterium with the body size ranging from 0.5-1.5 µm, 

whose dimensions are close to the resolving power of the pixels of this CMOS sensor. We grow 

E. gracilis at room temperature in a liquid Provasoli’s enriched seawater (PES) medium that was 

prepared following the protocol in a Handbook of Culture Media for Food and Water 

Microbiology [46]. The liquid PES culture was added directly onto the sensor surface, dried, and 

imaged. S. epidermidis colonies were cultured in a Nutrient broth (NB) medium at 30° overnight. 

Prior to incubation, a single colony of S. epidermidis was inoculated in 6 ml of NB medium. 

During the experiment, the liquid culture was added by pipetting directly onto the sensor surface 

or diluted beforehand if necessary. 

3.4 Results and discussions 

3.4.1 3D geometrical measurements from shadow imaging 

In order to demonstrate 3D geometrical measurements a droplet of microspheres of 7 µm and 1.6 

µm in size was pipetted onto the sensor surface, dried and imaged at four angles of illumination. 

Fig. 3A shows the shadow images of the 7 µm and 1.6 µm beads acquired at four different 

illumination angles. When the particle is illuminated by a source located above the sensor (0°), a 

shadow is cast right below the microsphere. The resulting images are used to evaluate the lateral 

dimensions of the object. Changing the angle of illumination will affect the projection of the 

shadow and increase the shadow length for larger angles, which in turn can be used for 

determination of the height of the object. Whereas shadow-based height estimation can be 
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theoretically performed using multiple illumination angles, the choice of angle is important to be 

able to accurately delineate object-shadow boundaries. At small illumination angles (close to 

bright-field mode) as seen in Figure 3A it is difficult to accurately determine the object-shadow 

boundaries especially in the cases where the size of the object is similar to the pixel size of the 

sensor. In addition, at small angles the shadow cast by the object lies beneath the object itself. 

Conversely, at large illumination angles, the object casts large shadows that can be measured as 

intensity drop. This makes the object-shadow boundaries discernable and measurable (Fig.3A). 

Therefore, for the measurement of the height of micrometer-sized samples, the ideal illumination 

angle that provides the aforementioned conditions was found to be 84°. Next, using the images 

of the beads at 84° angle, we first obtained the plots of the grayscale intensity values across the 

background-bead-shadow-background region (blue rectangle), as shown in Fig. 3B. The highest 

point in the plot (global maximum) represents the maximum scattering intensity generated by the 

bead. We then measured the cast shadow length starting from the global maximum marked in the 

graph, since part of the bead cast shadow lies under the object itself. Note, that this criterion of 

the shadow beginning is applicable for objects that are measured at 84°angle. The end of the cast 

shadow is identified by the point where the grayscale intensity values reach those of the 

background (plateau region). Since the best shadow measurements are obtained at large angles, 

one may think that further increasing the angle will provide better results. However, at the larger 

illumination angles (87°- 90°) scattering of the particles becomes predominant. This mode, 

which we call dark field mode, will be described in the following section (section 3.2). The 

distance between the photosensitive area of the pixels and the sample is relatively small and was 

not considered in the measurements of the shadow. However, the subtraction of the microlens 

array height (~ 440 800 nm) could possibly reduce the potential error in the object height 

measurements. Yet, the subtraction of the full microlens array height depends on the particles 

size and their distribution on the sensor surface, meaning that some particles will dry on top of 

the highest points of the microlens array, while others will fall into the gaps between adjacent 

microlenses (Figure 1D). In the first scenario, the subtraction of the full size of the microlens 

array is more meaningful. On the other hand, the particles that are smaller than the gap between 

top ends of the adjacent microlenses (~1.93 µm along Profile 1, and ~1.4 µm along Profile 2, 

Figure 1D) will more likely lie at shorter distances from the sensor surface, which would warrant 

the subtraction of a reduced microlens height. Then, knowing the size of the pixels, we were able 
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to calculate the shadow length in µm. Next, the height of microparticles of various sizes was 

measured by using the right triangle that is formed as depicted in Fig. 2C, where H is the height 

of the microparticle, L is the shadow length, and α is the angle (90°- ϴ), where ϴ is the 

illumination angle. The estimated values of the height of the microparticles are presented in 

Table 1.  

 

Fig. 3. Shadow measurements for estimation of object dimensions. (A) The length of the shadow increases as the 

illumination angle is increased from 0° to 84° for both 7 µm and 1.6 µm beads. (B) Plot of gray scale intensities 

measured within the blue rectangle. The length of the shadow changes can be measured for various angles of 

illumination and bead size. The scale bar in the inset corresponds to 10 µm. 
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Table 1. Shadow-based object height estimation 

Polystyrene bead 

size 

(µm) 

The length of the shadow cast 

(pixels and µm) 

The length of the shadow              

cast at 84° (pixels and µm) 

 

 Estimated 

height 

 (µm) 

 

7 µm 

(0°) (60°) (80°) 

 

 
 

 

51.25 pixels/ 71.75 µm 

 

~7.4 µm 

 

 

5 pixels/7 µm 7 pixels/ 

9.8 µm 

29 pixels/ 

40.6 µm 

 

 

1.6 µm 

1-2pixels/ 

1.4-2.8 µm 

4.5 pixels/ 

6.3µm 

10.75 pixels/ 

15.05µm 

 
10 pixels/ 14 µm  

~1.5 µm 

 

The results show a good correlation between the estimated height and the original size of the 

microspheres. Yet it is important to note that the microspheres were dispersed over the whole 

area of the CMOS sensor in order to achieve accurate height estimation. Estimation of the height 

of a denser sample will be more challenging as sample entities may have shadow regions nested 

within one another. For the reported range of angles, even with improved shadow contrast, the 

minimal distance between adjacent objects has to be large enough to completely cover the full 

length of the cast shadow, excluding the penumbra for simplicity. Recently, several groups have 

presented CMOS-based lens-free platforms for particle size and height measurements [20, 21]. 

With respect to these measurements, the main difference between our platform and existing 

systems is the inherent simplicity. For example, while other methods for height measurements 

(such as those based on in line holography) require advanced computation techniques, in our 

platform the sample is placed onto the sensor surface and the shadow is directly measured from 

the resulting image. Moreover, the accuracy of the height estimate could be further improved by 

placing the sample even closer to the sensor surface by removing the microlenses and/or by 

using a CMOS chip with a smaller pixel size. 

3.4.2 Dark-field microscopy on the CMOS sensor 

In traditional microscopes, dark-field imaging is typically achieved by oblique illumination 

where the direct light is blocked from passing through the objective. The sample is placed at a 
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certain distance from the sensor and the microscope objective collects only light that is scattered 

from the sample with minimal background or unscattered light, thus enhancing the contrast 

between the sample and the relatively dark background (Fig. 2E).  

On the other hand, in a lens-free platform, the light beam reaches the sensor surface, and the 

sensor collects both scattered and unscattered light from the sample. At large angles of incidence, 

according to the Fresnel equations of reflection, almost all the light is reflected leaving a small 

number of photons to be transmitted which leads to the darkening of the background. However, 

scattered light is mostly isotropic, and it will be collected by the detector. This leads to a 

microscopy mode where the scattering objects appear brighter than the background, similar to 

the dark-field microscopy mode (Fig. 2F). 

In order to achieve dark-field illumination mode, we designed a configuration where the light is 

incident at large angles (close to 90° vs. the normal incidence to the surface of the sensor). This 

will make dark-field imaging possible even when blocking of the incident light is not possible 

such as for samples that are very close to the detector. The intensity of the reflected light at the 

interface between air (refractive index of 1) and the surface of the sensor (plastic, with a 

refractive index approximately 1.5) obeys the Fresnel equations such that at large angles of 

incidence, almost total reflection at this interface is expected. We explored this phenomenon as a 

modality of reducing the background in our images and recording scattered light similar to dark-

field microscopy. In order to characterize the performance of this technique, we scanned across a 

sequence of incident angles starting from 84° up to 90°. For this, a droplet of microspheres of 7 

µm and 1.6 µm in size was pipetted onto the sensor surface, dried, and imaged at various angles 

of illumination. The blue lines on the image correspond to the ones depicted in the graph and 

aimed to highlight the analysed objects. As shown in Fig. 4, we observed a gradual change in 

background intensity starting from 84° of incidence angle and reaching a maximum darkening at 

90° in processed as well as in raw images. We were still able to observe long shadows of the 7 

µm microspheres at angles between 84° up until 89° (Fig. 4A). On the other hand, at the 90° 

angle, the shadows disappeared and only scattering of the object was observed. The analysis of 

1.6 µm (Fig. 4B) showed similar trend in background intensity drop, yet the scattering intensity 

of the microspheres differed and was reduced due to the smaller size of the object. The raw 

images of the beads at top illumination angle show different patterns of coloration that could be 
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explained by false coloration artifact of processing generated by color filter array. However, the 

observed coloration of the images did not affect further analysis of the background intensity 

reduction. The graphs in Fig. 4C and 4D represent gray scale intensities of the raw and processed 

images of 7 µm and 1.6 µm microspheres. In order to calculate the decrease in background 

intensity, we also acquired an image without any incident light to be used as a baseline intensity 

(shown as a black dotted line in Fig. 4C and 4D). The graphs reveal a three to four times drop of 

the background intensity in the dark-field mode of the system in comparison with top 

illumination at 0°. This is at least three times lower than the expected drop that can be calculated 

from Fresnel equations, mainly due to the low flatness of the CMOS sensor (see Fig. 1) that 

leads to additional scattering. The calculated contrast values for the dark-field (90°) images of 7 

µm and 1.6 µm beads are 0.3 for both, compared to 0.07 and 0.04, respectively, for the bright-

field (0°) images. 
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Fig. 4. Dark-field illumination mode. As the angle of incidence approaches 90° a gradual change in image contrast 

due to the decrease in background intensity for 7 µm (A) and 1.6 µm (B) beads. Panels A and B contain two sub- 

columns with processed images (left) and raw images (right) acquired from the Raspberry Pi. (C) and (D) represents 

two rows of graphs corresponding to processed (top) and raw (image) gray scale intensities. The background 

intensity drops three to four times at large angles. The drastic drop in background was more prominent in a narrow 

angle range, i.e., for illumination angles between 87° - 90° (red box). The black dotted line corresponds to baseline 

intensities from a control image acquired in a completely dark room. The blue lines running vertically represent the 

borders for the areas used for plotting the graphs here and throughout this work. The scale bar corresponds to 10 µm. 

Furthermore, the dark-field imaging set-up described here has been used for the detection of two 

or more clustered objects that are close to each other. (Figure 5) 
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Fig. 5. Detection of clustered beads using the intensity of the reflected light at Fresnel reflection angles. 

Intensity difference for a single particle and two particles in close proximity for 7 µm sized (A) and also 1.6 µm 

sized beads (B).  The graph at the right for the corresponding bead size illuminated at two different incident angles 

(θ =90° and θ =0°) shows the variation of scattered light intensity depending on the number of clustered particles. 

The blue lines represent the borders used for plotting the graphs. 

When several objects are close to each other, the scattering intensity is proportional to the 

number of objects. According to the Mie scattering theory, the intensity of light scattered by 

micrometer-sized objects also depends on the object size angle of incidence, and wavelength of 

light. While we cannot distinguish between these phenomena, we observed and were able to 

detect clustered polystyrene beads of various sizes (7 µm and 1.6 µm) based on gray scale 

intensities (Figure 5). A similar effect of detection using intensity differences has been further 

demonstrated using biological samples in the following sections.  

3.4.3 Imaging of biological samples on the CMOS sensor 

3.4.3.1 Reflection-based dark-field microscopy of biological objects and geometrical 

shadow- based height measurements 

A 5 µl droplet of E. gracilis liquid culture was pipetted onto the sensor surface that was 

previously hydrophilized with poly-l-lysine, followed by heat fixing. Two types of imaging were 

performed with E. gracilis, namely the shadow-based object height measurements as well as 
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RFDM at large angles of illumination, i.e., > 84°. Fig. 6A represents the single E. gracilis cell at 

various angles of illumination. Here, we were able to observe the same gradual background drop 

as in previous experiments with polystyrene microspheres. Single E. gracilis cells were observed 

as bright shining objects on a dark background at illumination angles close to 90°. In Fig. 6B, the 

depicted graph shows a gradual drop in the background intensity starting from 0° to an angle 

close to 90°, in agreement with Fresnel equations of reflection. The contrast values changed from 

0.2 in the bright-field images to 0.6 in the dark field images. Next, we measured the height of E. 

gracilis based on a cast shadow length and the angle of incidence. Fig. 6C depicts elongation of 

the E. gracilis shadows with a decrease of an incident angle. This effectively verifies the 

experimental results performed with polystyrene beads, showing the versatility of this system for 

fixed biological samples. Afterward, using the gray scale intensity plots, we measured the 

lengths of the cast shadows. The limits of the shadow were determined with the same method 

used for microspheres described above. The calculation of the height of the E. gracilis cells 

using determined shadow length and known incidence angle resulted to be ~5 µm. The result is 

consistent with E. gracilis dimensions previously reported in the literature, while taking into 

consideration the potential size reduction of the sample as a result of fixation. [47]. The 

measurement of the single E. gracilis length at a top angle is found to be between 10-11 µm for 

Fig. 6A and close to 15 µm for Fig. 6C. 
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Fig. 6. Imaging E. gracilis. (A) E. gracilis at different illumination angles ranging from 0° to 90°. A gradual 

reduction in the background intensity is observed when the illumination angle is increased. (B) Graphical 

representation of the intensity profiles measured within the blue rectangle shown in panel (A). A 3-times drop of the 

background intensity with the increase of the incident angle reaching the maximum dark-field mode at 90° is 

observed. (C) Determination of the shadow length for the subsequent height calculation. (scale bars – 10µm). 

Following experiments with E. gracilis, S. epidermidis was used as a biological sample to 

demonstrate close-to-pixel resolution/visualization. A 5µL droplet of the bacterial culture was 

mixed with 3% glutaraldehyde solution (1:1 vol by vol) and pipetted onto the poly-l-lysine 

treated sensor surface. The droplet was then dried and imaged at various illumination angles. Fig. 

7 shows the representative results of the experiment. The sample, which was not visible under 

top illumination, becomes distinguishable at higher incidence angles starting from 84° up to 90° 

due to changes in contrast between the shadow and the background intensity. The cells appear 

bright at higher incidence angles between 90° to 87°, while a faint shadow was visible at lower 

angles starting from 87°. These observations demonstrate the visualization of the bacterial 

samples with dimensions close to the pixel size of the sensor. In addition, the gray scale 

intensity-based quantification (Fig. 7B) shows a gradual decrease of the background brightness 

(y-axis, Fig. 7B) with an increase of the incidence angles from 90° to 84° (shades of green). The 

scattering images show approximately 2-3 µm object width (across x-axis), that corresponds to 
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the width of either a single bacterium or a doublet of bacteria (represented as short peaks) that is 

commonly known to form a doublet or clusters. 

 

Fig. 7. Imaging of the fixed S. epidermidis under various angles of illumination. (A) The bacteria, which is of a 

size similar to the size of a pixel of the CMOS sensor, becomes visible under the large angles starting at 70° up to 

90° angles. (B) Graphical representation of the data shows two times drop in the background intensity at larger 

illumination angles due to Fresnel reflection and lower fill factor, which leads to better contrast (scale bar 5µm). 

In summary, the results demonstrate the ability of the presented platform to perform dark-field 

imaging of biological and non-biological objects over the full field-of view of an inexpensive 

CMOS sensor, as well as straightforward measurements of the height of micrometer-sized 

objects. The platform configuration allows us to perform experiments rapidly. However, the 

method has several limitations that could be improved by applying further engineering 

approaches. One such limitation is the increase of the sensor surface temperature during imaging, 

which restricts the use of this method for live biological samples. However, this issue could be 

potentially resolved by the addition of a heat sink that can reduce the temperature of the sensor. 

Another limitation of the system is that, at this point of development, it allows measurements of 

only fixed/dry samples. In order to perform dark field imaging of liquid samples, further 

improvements to the system are necessary for refractive index matching.  

3.4.3.2 Resolving features in a 3D cluster of single-celled algae (E. gracilis) 

We imaged the cluster of E. gracilis using a multiangle illumination platform. Fig. 8 represents 

the results of the pixel-by-pixel mapping of the E. gracilis cluster. The imaging and following 

analysis consider four different angles of illumination, such as scattering angle (90°), near 

scattering angles (84°and 80°) and top angle (0°). Fig. 8A illustrates that, at scattering angles, the 
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cluster of E. gracilis cells produces varying intensities of bright and dark spots, while in near 

scattering angles, the image appears as an overlap of bright field and dark-field images, with a 

unique observation of the dark pixels from dark-field imaging subsequently showing features of 

varying brightness intensity from near scattering illumination. The bright field illumination at top 

angle, showed no major variation of intensity although the cells appeared greenish, due to the 

chloroplast pigments. The gray scale intensities of the selective illumination angles, here 90° 

(Fig. 8C -left), 10° (Fig. 8C – middle) and 0° (Fig. 8C - right), shows a systematic pixel by pixel 

mapping of information that can be extracted from images using the presented set-up (shown as 

white arrows, labelled as numbers). This is performed by comparing the quantification graph for 

three representative angles (Fig. 8B) to the corresponding images of the E. gracilis cluster (Fig. 

8C – scattering, near-scattering and top images). The peaks marked as numbers in the graph 

could be mapped from the x-axis scale values of the graph to that of the x-axis scale of the 

image. Each number in the graph for a different illumination set-up maps to the corresponding 

gray scale intensity line in the graph with the same numbers marked for mapping either as pixel 

by pixel or as µm by µm across the x-axis of the graph and the image. 
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Fig. 8. Mapping pixel by pixel details of the biological samples at different angles. (A) E. gracilis cluster imaged 

under various angles of illumination. (B) Graph with pixel-by-pixel mapping based on the gray scale intensities 

calculated for the images, observed as peaks, labelled with numbers which are marked in the respective cluster of E. 

gracilis image at three different illumination angles (C). 

These mapping can be used for further elucidating the morphological differences within the 

cluster. Under the top illumination, the morphological characteristics of the cluster are not clear 

(only two discernible peaks). In contrast, changing the angle of incidence to 90° (7 discernible 

bright spots in image and peak in graph) and 84° to 80° (9 discernible bright and dark spots for 

both the graph and image) leads to the observation of distinguishable morphological features of 

the E. gracilis cluster (Fig. 8B and 8C). This analysis led to the prediction of a total of 7-9 E. 

gracilis cells in the cluster. Such measurements and a combinatorial superimposition were 
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demonstrated here without any post processing but by changing the angle of illumination only, 

makes this set-up promising for analysis of microbial consortia. Furthermore, we were able to 

observe shadows cast by the microspheres of different sizes as well as single protist/bacterial 

samples at near scattering angles, which combines both bright field and scattering characteristics 

within one image. 

3.5 Conclusion 

In this article, we demonstrated, for the first-time, dark-field microscopy directly on a CMOS 

sensor without the use of any lenses. This novel technique takes advantage of the fact that for 

incident light propagating from a medium with a lower refractive index (such as air) to a higher 

refractive index (such as plastic) at angles of illumination close to 90°, a larger fraction of light 

intensity is reflected, in accordance with the Fresnel equations of reflection. The larger the 

intensity of reflected light, the lower the background recorded by the CMOS sensor, leading to a 

reversal of the contrast of the object in dark-field mode vs. the bright field illumination mode, 

similar to that observed in lens-based dark-field microscopy modes. Individual objects and 

clusters of objects could be observed, for objects both larger and similar to the pixel size, 

highlighting the strength and robustness of the technique. In addition, using oblique illumination 

at angles between 0° and 85° we observed and quantified geometrical shadows of objects 

ranging in sizes from few micrometers to tens of micrometers. From simple geometrical 

considerations, we were able to calculate the height of these objects, in addition to their lateral 

dimensions that were determined from the bright field images. 

The capabilities of the new imaging modality were tested on polystyrene beads of sizes ranging 

from 1.6 µm to 7 µm, where a three- to four-fold reduction of the background was observed for 

illumination at angles close to 90° vs. 0°. This is short of the expected > ten-fold background 

reduction (from Fresnel equations), largely due to the fact that the surface of the sensor is not 

flat. Improvements in the background reduction factor are expected if the surface flatness is 

increased by physical or chemical methods. For the 84° angle of illumination, shadow 

measurements of these polystyrene beads allowed for accurate height measurements, indicating 

the possibility of this technique to be used for 3D measurements of biological objects.  

Next, we used these modalities for the imaging and quantification of biological samples that 

were fixed on the surface of the CMOS sensor. Single E. gracilis cells were imaged in both 
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shadow and RDFM modes, which allowed for the calculation of height (~5 µm) and length (10-

11 µm). Fixed bacteria (S. epidermidis) were also imaged under various angles of illumination, 

demonstrating the ability of resolving and quantifying small, micrometer-sized biological 

objects. In addition, large clusters of E. gracilis algae were imaged to demonstrate the capability 

of the technique for quantifying 3D morphological features within colonies of microorganisms. 

Overall, we demonstrated here a new platform for cost-effective, reflection-based dark-field 

microscopy modality (RDFM) directly on a CMOS sensor that allows for high spatial resolution 

(limited to the pixel size) and large field-of-view imaging of unstained, dried, or fixed biological 

and non-biological objects. In addition, this platform allows estimation of the height of 

micrometer- sized particles (via geometrical shadow measurements at oblique illumination) for 

the characterization of 3D morphological features. From a practical viewpoint, such 

measurements can be useful to understand different states of the cancerous cells, particularly 

during the metastatic cancer cells studies, the tissue generation, studying the effects of drug 

molecules on the cell membranes of the cancerous cells [48] and the effects on extracellular 

matrix materials [49]. The cancerous cells produce different levels of extracellular matrix, 

leading to variability in cellular thickness, cytoplasm to nucleus ratios and as a result to 

differences in morphology and cell mechanics [50]. These effects are challenging to be axially 

resolved for large FOV using a conventional microscopy technique without fluorescence or even 

with fluorescence requires confocal microscopy with extensive image post-processing and 

sample labeling [51]. In addition, quantitative phase imaging (QPI) has been applied to 

characterize morphological alterations of the cancer cells and has several advantages over 

conventional techniques, such as ability to analyse live and unlabeled cells [52]. However, QPI 

method requires extensive image acquisition process with image-post processing and expensive 

equipment. Recently, 3D- on-chip imaging has been discussed widely for such applications [53], 

and the RDFM platform would fall in line with similar applications. Due to the low cost and 

simplicity, this technique can also be implemented for use in low resource environments for 

biological, medical, food safety, or environmental monitoring applications. Applications to the 

pathology field for the imaging of large, fixed (stained or unstained) thin tissue sections or blood 

or cell culture smears are also possible, where the large field-of-view, coupled with the high 

spatial resolution and improved contrast, would provide an advantage over existing methods. 
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Transition to chapter IV  
In the previous chapter, we demonstrated the fabrication, characterization, and application of the 

RDFM technique. These modalities have numerous advantages including high spatial resolution 

(limited to the pixel size) and large FOV imaging of unstained, dried, or fixed biological and 

non-biological objects, low cost of the platform and ease of operation. The RDFM has been 

applied to visualize and characterize morphological features of micrometer-sized objects. While 

the detection and visualization of EVs have not been demonstrated, it is assumed that given the 

size range of EVs (30 nm – 2000 nm) the platform is applicable for the analysis of large EVs or 

clustered sEVs. Moreover, considering advancements in optical sensors leading to a reduction of 

the pixel size of an imaging sensor (currently the smallest pixel size is 560 nm), analysis of small 

EVs could be possible in due course.  

In this chapter, according to Aim III of the thesis, we expand the use of the CMOS imaging 

sensor beyond the detection of EVs to the characterization of their biochemical cargo via SERS.  

SERS is an optical label-free technology that allows detection and characterization of molecules 

that are carried by EVs with high sensitivity in a non-destructive manner. SERS has been applied 

to characterize EV molecular content (see Section 3 of the comprehensive literature review). 

Moreover, the SERS substrate may be used to concentrate and trap EVs in strong plasmonic 

enhancement areas known as hot spots. The following study describes the CMOS-based sensing 

platform for trapping, imaging, and chemical characterization (CMOS TrICC) of biological 

samples, including EVs. We performed a thorough characterization of the morphological 

features of the surface of SERS substrate and identified crevices between adjacent microlenses 

that concentrate electromagnetic fields and at the same time trap EVs. Evaluation of the 

performance of the technology using 4-ATP and R6G molecules yielded results comparable to 

what was previously reported.  

Additionally, 100 nm size polystyrene nanospheres and EVs were analysed. The results show 

two orders of magnitude higher SERS intensities in the intracavity areas compared to SERS 

intensities on top of the microlenses. The collected SERS spectra exhibit characteristic peaks of 

each aforementioned analytes.  

Overall, integration of SERS modality within a lens-free imaging platform enables optical 

imaging and spectroscopic analysis of EVs in one analytical system. This unique combination of 



134 
 

modalities is promising in regard to the rapid and sensitive assessment of EV sample purity and 

heterogeneity analysis.  

This work has been done within a framework of an international collaboration with researchers 

from Gaziantep University, Turkey, and Tampere University, Finland.  

This chapter is based on my third first-author article. The contributions of each author are as 

below: 

SWH conceived the idea. MI and SWH designed experiments. MI and JL performed the 

substrate fabrication and hot spots localization characterization. MK and AMS performed the 

substrate morphology characterization and EF calculation experiments. HC conducted 

simulations. MI conducted experiments for the application of the SERS substrate for 

nanospheres and EVs characterization. MI wrote the main body of the manuscript with input 

from all the co-authors. SWH supervised the project. All authors reviewed and approved the 

manuscript in its current form. 
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 Abstract 

CMOS imaging sensors provide the unique opportunity for combining lensless imaging with new 

modalities that enable sample handling and chemical characterization. In this study, we present a 

new CMOS-based sensing platform for trapping, imaging, and chemical characterization of 

samples via SERS (CMOS-TrICC). The SERS substrate is fabricated directly on a CMOS 

imaging sensor by depositing a thin metallic layer on top of the CMOS microlenses. SERS 

activity is based on square unite cell patterned, closely spaced, micrometer-sized microlenses on 

the surface of the imaging sensor. Morphological analysis of the surface revealed an intracavity 

depth of approximately 700 nm and height-dependent width ranging from a minimum of just a 

few nm between two lenses to a maximum of 1,400 nm, with a flat valley exhibiting 

approximately 300 nm width at the bottom between four lenses. These morphological features 

concentrate electromagnetic fields into SERS hot spots and at the same time help trap 

nanometer-sized particles in the wells created by microlenses. Strongest plasmonic effect is 

expected in the gaps between microlenses. Simulations were used to map the distribution of 

electromagnetic field enhancement on the SERS substrate surface and at a distance above it. The 

performance of the SERS substrate and its dependence on the silver layer thickness was 

examined using 4-aminotheophenol and rhodamine 6G with the experimental enhancement 
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factor measured to be 5.0 × 104. We demonstrated the use of this substrate for parallel trapping 

of 100 nm nanospheres and EVs in the gaps between microlenses and SERS characterization of 

these particles in the hot spots. SERS intensities are two orders of magnitude higher in the 

nanogaps between microlenses (intracavity area) than on top of the microlenses and for 

polystyrene they exhibited signature peaks centered at 1000 cm-1 and 1600 cm-1. SERS spectra of 

small EVs collected from intracavity areas where EVs were trapped show peaks known to arise 

from their main biochemical constituents, such as lipids, proteins, and nucleic acids. While the 

surface of the CMOS imaging sensor became SERS active by the addition of the metallic layer, 

the imaging capability is maintained and provides the opportunity for direct on-chip lensless 

imaging with spatial resolution limited by the pixel size, opening new directions for integrated 

(bio)sensing devices. 

Introduction 

CMOS imaging sensors provide the unique opportunity for lensless imaging. Digital holography 

is one example of such lensfree approach, where the imaging sensor detects shadows and 

diffraction interference patterns caused by sample placed in a certain distance from a sensor and 

computation algorithms are applied to generate final image. Recent advances in lensless imaging 

technologies enabled sub-pixel spatial resolution by employing ptychography1, coded aperture 

correlation holography2 and noniterative sup-pixel shifting holography3. While such approaches 

have been successfully applied for imaging of biological samples4, 5 and nanoparticles6, they 

require the use of complex image reconstruction algorithms. On the other hand, direct on-chip 

imaging enables high resolution microscopy with ease of image acquisition and does not require 

complicated image reconstruction step7,8. Previously, our group reported a direct on-chip dark-

field microscopy as a new modality in addition to conventional transmission-based imaging 

modality9. Development of a new imaging mode to direct on-chip imaging platforms expands 

existing range of their functionality and opens new ways for their applications. One of such 

potential modalities is SERS. Combination of SERS with lensfree on-chip microscopy enables 

both high spatial resolution over the wide field of view imaging and chemical content 

characterization. 

SERS is a powerful technique that allows detection and chemical characterization of low 

concentration analytes10,11. The technique employs an enhancement mechanism (electromagnetic 
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and chemical) to amplify weak yet structurally rich Raman signals to detectable levels12. Such 

amplification is the result of the excitation of the localized surface plasmons that often occurs in 

between gaps of nanostructures and crevices (so-called hot spots) of noble metals such as gold 

and silver12. The enhancement of SERS is found to reach factors as high as 1014 and depends on 

the plasmonic material and its structure, as well as the source of excitation13. Plasmonic 

nanostructures are commonly made of silver (Ag), gold (Au), or copper (Cu), and have been 

developed in a wide variety of shapes and configurations to reach maximum SERS 

enhancement14-16. It is important to note that SERS enhancement strongly depends on the 

distance between the surface of the substrate and the molecule of interest and reaches its highest 

values within a few nanometers (1-4 nm) distance17. SERS has been used to study chemical 

dynamics18 and single molecules detection19, protein conformational changes20, and biological 

samples including bacteria21, 22 and viruses23, nucleic acids24, and disease markers25. 

In the field of EVs, SERS has been used to detect EVs and characterize mainly their membrane 

composition and less often their molecular cargo26, 27. EVs are lipid membrane enclosed particles 

that carry proteins, lipids, nucleic acids and found to function as mediators of cell-cell 

communications28. EVs are secreted by all cells in human body and are found in variety of 

biological fluids. Consequently, they may be used as a liquid biopsy source for diagnosis and 

monitoring of diseases. Currently isolation and purification of EVs remains challenging and rely 

on a laborious multi-step process such as differential centrifugation and/or size exclusion 

chromatography that often leads to low EVs yield and may generate, in addition to the desired 

EVs, isolation co-contaminants. Therefore, assessment of the purity of isolated EVs is essential 

to compare cross-study results and their therapeutic application. Moreover, considering EV 

diagnostic and therapeutic value, rigorous analysis of their molecular cargo is essential. 

While the desirable purity of EV preparation mainly depends on scientific question, increasing 

concentration of EVs is often required for downstream analysis in both basic and clinical 

research. The choice of the concentration methods varies between studies and most of them 

report use of additional techniques to complement primary technique such as variety of affinity 

isolation methods and filtration techniques, variations of chromatography methods and 

microfluidics-based approaches. In SERS-based studies, the role of such enrichment technique 

may be fulfilled by the SERS substrate with unique specifications that allow in situ concentration 
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of EVs. This approach has been applied by using superhydrophobic plasmonic materials29 and 

substrates with complex geometries that can concentrate, capture or trap EVs within the area of 

plasmonic enhancement. Researchers developed SERS substrates with vast variety of surface 

geometries including micropillars30, nanopillars31, microbowls29 and nanobowls32, nano-porous 

films33, perforated pyramidal structures34 that allowed trapping of EVs in hot spot locations. In 

some cases, preparation of such substrates requires the use of laborious lithography methods, 

clean room, or expensive equipment. There are other shortcomings of existing SERS substrates 

for EV characterization. One important disadvantage is that hot spots are usually not uniform 

across the substrate, leading to large variations in the SERS intensities and inability of making 

accurate comparisons between molecules or particles trapped in different regions, and therefore 

making it difficult to apply meaningful classification methodologies. In addition, common SERS 

substrates are able to enhance Raman signals of molecules located only in close proximity to the 

plasmonic structures, limiting the analysis of EVs to mostly EV membranes but not the 

intraluminal cargo. Moreover, SERS measurements of EVs in liquid media remains difficult to 

perform. Most studies that use SERS for EV biochemical characterization require drying of EVs 

on the surface of a substrate, which may introduce artifacts related to drying. While the choice of 

sample handling depends on specific research goal, in studies with a clear clinical end goal or 

functional studies it is desired to keep EVs in conditions as close to physiological as possible3. 

To address some of these shortcomings, in this study, we introduce a new platform that can be 

used to record optical images, capture, and analyze the biochemical content of EVs by SERS. 

The active surface of the substrate is fabricated by sputtering a thin layer of silver onto a CMOS 

imaging sensor surface. The microlenses on the CMOS sensor in this lensless microscopy 

platform play the role of enhancing the fill factor of photodiodes and do not contribute to image 

formation. The SERS substrate poses various advantages when compared to substrates fabricated 

using traditional photolithography or soft lithography techniques, such as simple preparation that 

does not require nanofabrication, low cost, and most importantly uniform distribution of hot 

spots. The ability to generate even distributions of hot spots with large SERS active area results 

in consistent SERS intensity enhancement factors and, due to the distribution of the field 

enhancement, the ability to probe both EV membrane and intraluminal cargo. This important 

feature has the potential to help identify subpopulations of EVs spread over large areas by 

recording SERS chemical maps and perform classification of spectra from many different hot 
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spots. Next important characteristic of this SERS substrate is its ability to capture EVs in the 

nanometer sized gaps located between microlenses allowing analysis of a few EVs at a time. 

Finally, CMOS-TrICC enables recording optical images of the analytes placed directly on its 

surface. This unique function paves the way for direct lens free chemical imaging of biological 

analytes of interest.  

Materials and Methods 

Materials 

4-ATP (97%), Rh6G, ethanol (70%), phosphate buffer saline, and polystyrene nanospheres of 

100 nm diameter were purchased from Sigma Aldrich. 

Fabrication of the CMOS-SERS substrates 

To fabricate the SERS substrate, we removed the original lens and IR filter from the CMOS 

sensor (OV5647, OmniVision technologies) revealing a layer of uniformly distributed and a 

closely packed microlens array (3670 µm×2740 µm) arranged in a square unit pattern. Next, a 

silver layer of various thicknesses (20 nm, 40 nm, 60 nm, and 80 nm) was deposited onto the 

sensor surface via electron beam evaporation (BJD1800 EBeam Evaporator). 

Structural characterization of the uncoated CMOS imaging sensors and SERS substrates  

SEM and AFM were used for the structural characterization of silver-coated CMOS sensors. 

SEM images were obtained by using a Carl Zeiss FE-SEM instrument at a high vacuum with the 

acceleration voltage of 3 kV. EDX analysis was also used to determine the concentration of the 

silver (Ag) on the Ag-coated CMOS sensors. EDX spot analysis was performed for the CMOS 

sensors having different Ag thicknesses using three different points on the surface: top of the 

lens, between two lenses and between four lenses. AFM images of uncoated CMOS sensors and 

CMOS sensors coated with various Ag thicknesses were obtained by Park Systems XE-100 

instrument using non-contact mode. 

SERS Measurements 

4-ATP and Rh6G were used to evaluate SERS performance of the developed SERS substrates. 

For this purpose, the coated SERS substrates were first treated with 4-ATP (1 mM) dissolved in 

ethanol for an hour, and then they were washed with ethanol and water. 1 mM Rh6G was also 

prepared in ethanol and 5 µl of Rh6G was dropped onto the SERS substrates with different Ag 
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thicknesses (20 nm, 40 nm, 60 nm, and 80 nm) and air-dried. The SERS measurements were 

performed with a Renishaw InVia Reflex Raman Microscopy System (Renishaw Plc., UK) 

equipped with a 785 nm laser and 50× magnification objective (NA 0.75) with laser power of 0.3 

mW was used for 4-ATP and 3 mW for Rh6G. The exposure time and accumulation were 1 s 

and 1, respectively. Spectra of 4-ATP and R6G were obtained from the three different samples 

and at least ten randomly chosen points on each sample. The obtained 10 spectra were averaged 

to assess the SERS performance of the SERS substrates with different Ag thicknesses. 

SERS enhancement factor (EF) was also calculated for SERS substrates with 40 nm Ag layer. 

Two spectra were obtained to calculate the SERS EF. First, we obtained the Raman spectrum of 

5 μl of R6G (0.1 M) solution dropped on a CaF2 slide. Then, 5 μl of R6G (1.0 ×10−4 M) was 

dropped on SERS substrate, and SERS spectra were recorded from 10 different (randomly 

selected) spots on the SERS surface using 3 mW excitation from a 785 nm laser (50×, NA 0.75) 

with 1 s acquisition time. 

SERS hot spot characterization  

The SERS substrate coated with 40 nm layer of Ag was immersed for 1 hour in 1 mM 4-ATP 

that was prepared in ethanol. To remove the unbound 4-ATP molecules the surface of the SERS 

substrate was washed with ethanol. For SERS mapping, a WITec Confocal Raman microscopy 

system (WITec Alpha300R) with 633 nm HeNe laser was used (100x, NA: 0.9). An area of 10 

µm by 10 µm was mapped with a step size 250 nm in X -axis and 500 nm in Y-axis (40×20 data 

points). The spectra were collected in 1 accumulation during 1 s. The laser power was ~0.3 mW 

at the sample. 

EV isolation and characterization 

To isolate EVs we collected cell culture media (50 ml) from midbrain organoids cultured as 

described previously35. Briefly, midbrain organoids were formed from induced pluripotent stem 

cell line (iPSCs) derived from peripheral blood mononuclear cells of a healthy individual. 

Next, we centrifuged cell culture media at low speed 300 g for 10 min. The supernatant was then 

centrifuged at 2,000 g for 15 min to remove cell fragments and debris. The collected supernatant 

was further centrifuged at 10,000 g for 30 min. This step is aimed to pellet large vesicles, protein 

aggregates, and microvesicles. All the above-mentioned steps were performed at 4˚C using 

Beckman Culture Microfuge 20R centrifuge with a FA361.5 Biosafe rotor. To pellet EVs, 
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collected supernatant was ultracentrifuged at 120,000 g for 90 min at 4˚C using Beckman 

Optima TLX Ultracentrifuge with SW 28 swinging bucket rotor. Finally, collected pellet was 

resuspended, aliquoted (50 ml) to reduce freeze-thaw cycles, and stored at -80˚C. NTA was 

performed to analyse EVs concentration and size distribution using NanoSight model LM10 

(Malvern Panalytical Ltd, UK) as described previously35. Briefly, the isolated EVs were diluted 

in ultrapure water 100 – fold. Next, 1 ml of the sample was injected into the NTA machine. 

After, three 30 s videos of the sample in flow conditions were recorded. The acquired data was 

then analyzed using a NanoSight NTA 3.1. software. We employed TEM to characterize 

morphological features of isolated EVs. For this, we incubated EVs on the carbon-film coated 

glow discharged TEM grids for 5 min at room temperature. Then, a solution of 1% uranyl acetate 

(8 ml) was dropped onto the surface of the grid and incubated for 1 min. This step was followed 

by the removal of the excess uranyl acetate and grids were dried at room temperature for 30 min. 

TEM was performed using FEI Tecnai G2F20 transmission microscope operating at 120 kV. For 

SERS characterization, 5 µl droplet containing EVs was put onto the SERS substrate surface and 

let air-dry. SERS maps were recorded over are 5 µm ×5 µm under 100X objective (NA 0.9, WD 

0.31 mm) and integration time 1 s. 

Simulations 

The numerical simulations were performed using Ansys Lumerical FDTD Solutions which is 

based on the finite-difference time-domain (FDTD) method. In the simulation, the symmetric 

and antisymmetric boundary conditions were applied in the X and Y directions to minimize the 

simulation time, while PML (perfectly matched layer) was used along the Z-axis (propagation 

direction) to remove the unwanted reflections. A plane wave was launched from the Z-axis to 

excite the resonance cavity mode. The complex refractive index of the Ag layer (40 nm) was 

assigned from the “Johnson and Christy” data set which was inbuilt in the software material 

library36. The microlens array was modeled as a dielectric with a refractive index n =1.5. 

The electric field profiles are obtained using a field monitor at different z values (0.15 and 0.30 

micron) for 2 different wavelengths 785 nm and 633 nm. 

Data pre-processing and analysis 

WITec Project 5.1. build-in software (ImageLab) and OriginPro (OriginLab, Northampton, MA) 

were used to perform pre-processing and analysis of the data. Pre-processing step included fifth 
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polynomial correction of the baseline and Savitzky-Golay smoothing. Peak deconvolution was 

achieved by built-in multiple peak fit analysis using Voigt peak shape function. 

Results and discussion  

Results 

The simple, robust, and low-cost CMOS-based SERS active platform (CMOS-TrICC) was 

fabricated by coating a thin Ag layer on commercially available CMOS imaging sensors. Figure 

1 describes the workflow of the study including the Raman microscopy system, fabrication of 

SERS substrate, trapping of biological particles in SERS hot spots, optical and SERS imaging, 

and chemical characterization via SERS.  

  

Figure 1. Schematic representation of CMOS-TrICC, including Raman microscopy system, CMOS coating, 

trapping of small particles and biological samples of interest, optical imaging with the CMOS sensor, and chemical 

characterization of analytes of interest trapped in hot spots via SERS. 

Electron beam evaporation technique was used to coat the CMOS sensors with various 

thicknesses of silver (20 nm, 40 nm, 60 nm, and 80 nm) to tune the plasmonic properties of the 

SERS-active surfaces. 

Structural characterization of fabricated SERS substrates was performed using SEM and AFM. 

SEM was used for 2-dimensional (2D) morphology and elemental analysis of the surfaces. AFM 

was used for the 3D structural morphology and line analysis of the surfaces. Figure 2A shows the 

SEM image of SERS substrate. 
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Figure 2. SERS substrate surface morphology characterization. A) SEM image of SERS substrate surface 

reveals highly uniform distribution of microlenses with hot spot forming crevices between four microlenses. B) 2D 

AFM images of the surface with line analysis of the surfaces (B1); AFM profile (B2) describes the size of the gap 

between 4 microlenses (hot spot) in the bottom of the well that is 306 nm (green line) and the confirm the size of 

microlenses (approximately 1.3 µm, red line). 

The surface of the SERS substrate has a uniformly distributed microlens array with individual 

size of 1.4 µm as seen in Figure 2A. The inset of Figure 2A shows the higher magnification of 

the surface. EDX analysis was performed to determine the presence of Ag on the CMOS sensor. 

The most dominant peaks on the EDX spectrum were C, Si and O due to the main components of 

the CMOS sensors. We obtained similar Ag concentrations for each spot used for the EDX 

analysis. When the thickness of Ag on the CMOS sensors is increased, the measured 

concentration of Ag increased. 

Second technique for the structural characterization of the fabricated surface is AFM. The line 

analysis from the AFM images was performed to demonstrate the uniformity of the surface and 

structural information (height and size of lenses). Figure 2B shows the AFM image obtained 

from the 80 nm Ag coated surface and line analysis of the image. One can clearly see in the 

Figure 2B1 that the surface of the substrate has regular and uniform array of microlenses with 

nanometer sized gaps in between. Horizontal and crossline analysis are performed on the AFM 

image of SERS substrates to measure heights between two and four lenses and size of lenses 

(Figure 2B1). The size of lens was measured as about 1.3 µm which is smaller (1.4 µm) 

compared to the SEM images. This mismatch is due to an inability of the AFM cantilever to 

reach the gap between the microlenses. The height between the two microlenses is about 300 nm 

from the AFM line analysis (Figure 2B2). On the other hand, the height between the four 
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microlenses is about 600 nm from the AFM line analysis (Figure 2B2). As seen in Figure 2B2 

the bottom of the gap between the four microlenses is flat and is around 250 nm.  

SERS spectra were obtained as described earlier using 4-ATP and Rh6G as test molecules 

(Figure 3). 

Figure 3A shows SERS spectra of 4-ATP and Rh6G on the 40 nm Ag-coated SERS substrates 

that was obtained from ten arbitrarily chosen spots and confirms reproducibility of the results. 

The percent coefficient variation of the obtained spectra was calculated and found to be about 

10% for both probe molecules which is proper for SERS application. The observed background 

correlates with the SERS enhancement, as previously reported by Mahajan et al37. Thus, we 

obtained spectra with and without probe molecules from the surfaces to see the contribution of 

SERS substrate spectra to the analyte spectrum. Figure 3B illustrates the comparison of SERS 

spectra obtained from the bare SERS substrate surface coated with 40 nm layer of silver and with 

dried probe molecules (4-ATP and Rh6G). It is clearly seen in the Figure 3B that the SERS 

signal from the probe molecules has no or minimal interfering signal from the materials 

constituting the SERS substrate. The calculated percent relative standard deviation (RSM) or 

coefficient of variation (CV) for the spectra of 4-ATP and R6G are found to be 8% and 7%, 

respectively. Next, we evaluated the effect of the silver thickness on the SERS intensities. For 

this experiment, CMOS sensors were coated with various layers of silver thickness: 20 nm, 40 

nm, 60 nm, and 80 nm. Different SERS intensities were obtained from both 4-ATP and Rh6G on 

the SERS substrate depending on the Ag layer thickness (see Figure 3C). The SERS intensity for 

both probe molecules is very low for the 60 nm and 80 nm Ag coated CMOS sensors. However, 

SERS intensity is higher when thinner coating is performed. The maximum SERS intensity was 

measured for 40 nm Ag layer coated CMOS sensors. This observation is consistent with previous 

reports showing that the thickness of the metallic layer plays an important role in Raman 

enhancement38 and can be explained by the fact that transversal modes are not allowed at optical 

wavelengths for very thin or very thick layers which lead to reduction of the overall SERS 

enhancement factor. 

Finally, we calculated the SERS enhancement factor (EF) using Rh6G. Figure 3D shows the 

comparison of Raman spectrum and SERS spectrum of Rh6G dropped on CMOS sensor and 

SERS substrate coated with 40 nm Ag, respectively. The peak at 1512 cm−1 was used to estimate 
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the analytical enhancement factor (AEF) of the surface. Solution (0.1 M and 1.0 × 10−4 M) of 

Rh6G was used to obtain bulk Raman and SERS spectra, respectively.  

  

Figure 3. Reproducibility of SERS spectra of 4-ATP and Rh6G on the 40 nm Ag-coated CMOS sensors obtained 

from arbitrarily chosen ten spots (A); comparison of SERS spectra obtained from the background and probe 

molecules (B); intensity changes of SERS spectra of 4-ATP and Rh6G obtained from CMOS sensors having 
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different thicknesses of Ag layers (C); and comparison of Raman and SERS spectrum of Rh6G for the calculation of 

EF (D). 

The AEF was calculated by using following equation: 

 AEF=(ISERS×CRS)/(IRS×CSERS )            (1) 

where ISERS and IRS are intensity of the average SERS and Raman signal, respectively, and CSERS 

and CRS are concentrations of the analyte in SERS and Raman measurements respectively. 

The SERS spectra intensity ratio and the concentration factor are 50 and 1.0 ×103, respectively. 

The calculated AEF is found to be 5.0 × 104 from equation (1). 

 

Figure 4. Distribution of hot spots on SERS substrate. FDTD simulations show the electromagnetic field 

intensity z=0.15 mm (A and C) and 0.30 mm (B and D) above the deepest point on the SERS substrate coated with 

40 nm silver layer at 633 nm (A and B) and 785 nm (C and D) excitation wavelengths. 

Figure 4 represents results of FTDT simulations indicating average SERS enhancement on the 

SERS substrates coated with 40 nm silver layer at two different wavelengths and positions along 

the z-axis. One can observe strong electromagnetic (EM) field enhancement areas (hot spots) 

between adjacent microlenses at 300 nm distance from the bottom of the SERS substrate 

illuminated by a Gaussian beam centered at 633 nm wavelength (Figure 4B). Electromagnetic 

field intensity drops in the area at 150 nm below described region and lower enhancement spot is 

observed in the area between four microlenses (Figure 4A). When the source of illumination was 

changed to 785 nm excitation wavelength, hot spots were found to be located mainly between 

four microlenses (Figure 4C and D). Finally, these results support experimental data that for 633 

nm excitation the hot spot distribution (presented below) where higher SERS intensities are 

detected in between adjacent microlenses and not exactly in the gap between four microlenses. 
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To characterize the spatial distribution of hot spots on the fabricated SERS substrate we used 4-

ATP as reporter molecule, since 4-ATP can self-assemble as a monolayer onto the surface of the 

substrate. SERS substrates were immersed in 10-4 M solution of 4-ATP in ethanol and incubated 

for 1 hour. Then, the surface of the substrate was thoroughly washed with ethanol to eliminate 

unbonded 4-ATP molecules. 

Large area scan of 10 µm x10 µm area was performed with 1 s integration time. Figure 5A1 

shows optical image of the SERS substrate surface, while Figure 5A2 represents the SERS map 

of the same area resulted after plotting the intensity of a peak at 1075 cm-1 of 4-ATP. To 

compare the distribution of the hot spots on the microlens array, the SERS map is overlayed with 

the optical image. As shown in Figure 5A3, the intensity within the cavities between microlenses 

is higher, while the intensity on top of the lenses is lower, indicating that the hot spots with 

significant enhancement of Raman signal are distributed within the cavities. The average SERS 

spectra collected from 20 hot spots (Figure 5A4 red spectra) clearly indicate typical SERS 

spectra of 4-ATP molecule with characteristic peaks centered at 1075 cm-1, 1140 cm-1, 1190 cm-

1, 1303 cm-1, 1390 cm-1, 1440 cm-1, and 1575 cm-1. The calculated RSM of the 4-ATP average 

SERS spectra is found to be 11.86%. Black SERS spectra were collected from the top of the 

microlens and show an extremely weak signal compared to the intensity of the spectra from the 

hot spot regions. 

Next, to demonstrate the ability of the substrate for size-based capturing and detection of 

nanoparticles we focused on the characterization of 100 nm polystyrene nanospheres. For this, 

we placed a droplet of 100 nm polystyrene beads dispersed in deionized water onto the SERS 

substrate and allow it to dry in the air. Then, we collected SERS spectra under a confocal 

scanning mode (633 nm laser excitation) and high magnification (100X objective, NA 0.9). To 

generate SERS images the intensities of the most prominent peak centered at 1600 cm-1 were 

plotted over the scanned area (Figure 5B2). The reconstructed SERS map exhibits a uniform 

pattern of lateral periodicity that correlates with the optical image of the same area depicted in 

Figure 5B1. It is worth noting that the represented SERS map is reproducible, as we recorded 

many SERS maps with same SERS intensity pattern from various areas on the substrate. 
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Figure 5. Analysis of 4-ATP and intracavity trapping, and detection of 100 nm polystyrene nanospheres. A) 

Optical image of the surface (A1); SERS map obtained plotting the intensities of the Raman peak at 1075 cm -1 of 

air-dried 4-ATP on top of the substrate (A2); overlay image of the SERS map with the optical image of the same 

region (A3); Average SERS spectra collected from hot spots (n=20) (red) and top of the microlens (black) (A4). 

Shaded areas represent ±1 standard deviation. B) Optical image of substrate surface (B1); SERS map generated by 

plotting 1600 cm-1 peak over the scanned area (B2); overlay image of the SERS map with optical image of the same 

region (B3); SERS spectra of the “fingerprint region” 800-1800 cm-1 of normalized Raman spectra of polystyrene 

nanospheres captured in the hot spot area (red) and spectra collected from the top of the microlenses (black). 

The SERS map in Figure 5B3 shows a distribution of high intensity spots that appear bright and 

located in between adjacent microlenses in the described hot spot area, and not on top of them. 

The red-colored SERS spectra shown in Figure 5B4 that are collected from the intracavity area 

of the SERS substrate are almost two orders of magnitude higher than the spectra recorded from 

the top of the microlenses (black spectra). The red spectra exhibit specific polystyrene peaks 

located at 1000 cm-1 and 1600 cm-1, which are attributed to the ring breathing mode and 

vibration of the benzene ring, respectively. The black spectra that were collected from top of the 

microlens structure do not show presence of the above-mentioned peaks.  

Finally, to demonstrate the usability of the SERS substrate for a biological application, we 

detected and characterized EVs isolated from brain organoids. For this purpose, we first 

extracted EVs by ultrafiltration and differential ultracentrifugation from brain organoids cell 

culture media that is free of fetal bovine serum. Then we characterized EV morphology and 

concentration using TEM and NTA. Electron microscopy revealed the presence of EVs with 
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typical cup-shaped morphology (Figure 6A) with clear inner and outer barriers of EV lipid 

membrane. Figure 6B shows the NTA size distribution plot for the analysed EVs. The mean 

concentration and particle size are 2×108 particles/ml and 160 nm, respectively, and correspond 

to small EVs39. 

 

Figure 6. EVs characterization. A) Transmission electron microscopy image of EVs. Scale bar – 200 nm B) 

Nanoparticle tracking analysis of EVs. C) Image of the EVs containing droplet dried on the SERS substrate recorded 

by the CMOS imaging sensor. Scale bar – 20 µm. 

Next, to demonstrate the CMOS SERS imaging mode we recorded images of the EVs containing 

droplet dried directly on the surface of the substrate (Figure 6C). One can clearly discern part of 

the ring formed by resuspended and dried particles and other circular features formed by 

aggregated particles located in close proximity to the ring. Another observation is that the size of 

these features gradually increases towards the center of the dried droplet. This phenomenon has 

been previously well described for EVs dried on the surface of the glass40. Overall, coating of the 

CMOS sensor with thin layer of silver did not alter transmission of the light and consequently its 

function as an imaging sensor. 

For SERS measurements we placed a droplet containing resuspended EVs onto the SERS 

substrate and let it air-dry (Figure 7A1). Then we scanned 5 µm ×5 µm areas on the SERS 

substrate and plotted SERS maps of the peak centered at 2930 cm-1 (Figure 7A2). 
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Figure 7. Analysis of EVs via SERS. A) Optical image of the surface (A1); SERS map generated by plotting of the 

peak centered at 2930 cm-1 (A2); overlay image of SERS map with optical image of the same area (A3). B) SERS 

spectra of the “fingerprint” region 900 – 1800 cm-1 of EVs collected from hot spot (red) and top of the microlenses 

(black) (B1); SERS spectra and peak deconvolution of the “high-wavenumber region” 2800-3100 cm-1 (B2). Dotted 

lines represent 4 peaks analyzed and labeled with numbers as follows: peak 1 – 2870 cm-1, peak 2 – 2900 cm-1, peak 

3 – 2930 cm-1, peak 4 – 2960 cm-1.  

When the optical image was overlayed with the SERS map of the same area (Figure 7A3), we 

identified that the location of the highest intensity signal is in intracavity area where EVs were 

trapped. SERS spectra of EVs (Figure 7B1 red spectra) collected from hot spot area within green 

circle indicated in Figure 7A show peaks that are known to arise from main biochemical 

constituents of EVs, such as lipids, proteins, and nucleic acids. Specifically, peaks centered at 

1190 cm-1, 1609 cm-1 and 1645 cm-1 correspond to proteins chemical bonds vibrations41-44, 1115 

cm-1 and 1280 cm-1 correspond to lipid content of EVs45. Additionally, the peak located at 1345 

cm-1 has contribution from nucleic acids of EVs46. The detailed assignment of Raman peaks is 

given in Table 1. On the other hand, the SERS signal collected from top of the microlens 
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structures remains low and does not show any signature peaks that indicate presence of EVs 

(Figure 7B black spectra). 

Table 1. Raman peak assignments for EVs measured on the SERS substrate. 

Additionally, SERS spectra in the “high-wavenumber” region has been analysed. Figure 7B2 

shows deconvolution of the broad peak in this area that revealed presence of 4 hidden peaks from 

which peaks centered at 2870 cm-1 and 2900 cm-1 correspond to CH2 asymmetric stretching of 

lipids42. We observed these peaks previously when analyzed EVs isolated from AD cell culture 

model and brain organoids35 and in line with previously reported studies47, 49. Peaks located at 

2930 cm-1 and 2960 cm-1 correspond to proteins CH3 bond symmetric stretch44. The intensities 

ratios of these peaks are similar to previously reported EVs spectra and reflect protein and lipid 

contents35, 50. Moreover, these results serve as evidence of EV purification and show that the 

analyte is neither protein aggregates nor lipoproteins or lipids from which higher intensity of 

corresponding peaks are expected43, 50, 51. 

Discussion 

Theoretical and experimental results presented above demonstrate the presence of hot spots 

localized in the confined spaces between interconnected microlenses. Our findings are supported 

by previously reported studies showing that SERS substrates with periodic arrays of closely 

spaced nanostructures exhibit overall higher uniform SERS enhancement compared to SERS 

substrates with randomly structured surfaces52. In addition, the lighting rod effect in the funnel-

Peak assignment  Peak position  

(rel. cm-1) 

Proteins and lipids 111541 

Amide III 119041 

Amide III and fatty acids 128041, 42, 47 

Amide III, nucleic acids, and fatty 

acids 

134546 

Amide I 1645-167848 

Phenylalanine 160948 

Lipids (CH2 asymmetric stretching)  287045 

Lipids (CH2 asymmetric stretching) 290045 

Proteins (CH3 symmetric stretching) 293044 

Proteins (CH3 symmetric stretching) 296044 
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like structure may contribute to the overall observed Raman enhancement53. Moreover, 

retardation or damping effects are minimized for EM fields created in nanogaps within 

quasistatic limit, which again results in higher SERS enhancement54, 55. Finally, it is important to 

note that the hot spots created between adjacent microlenses exhibit larger volumes (extend in 

the z dimension) and may potentially allow for probing of molecules that are located at longer 

distance from the SERS substrate surface, for example enabling probing of the EV intraluminal 

cargo. In our measurements this is supported by the detection of specific peaks centered at 1345 

cm-1 that indicate the presence of nucleic acids46 which are mainly part of the intraluminal cargo 

of EVs56. 

The ability to trap small nanometer-sized biological objects is another important feature of the 

CMOS-TrICC. In this study, the size of the nanogaps in between microlenses is approximately 

300 nm, as seen in the AFM measurements. Therefore, only a few EVs could fit in this region 

that is otherwise also the volume with the highest SERS enhancement. One may argue that 

bigger particles may concentrate and cover the nanogaps containing EVs such that the signal 

represents the biochemical content of larger particles as well. However, due to the nature of 

SERS enhancement that occurs in close proximity to the plasmonic material, particles that are 

larger than the size of nanogaps have minimal or no interference to EV SERS signal17. Previous 

studies have applied similar concepts of SERS characterization of EVs using nanoplasmonic 

materials that allow SERS characterization of EVs that fall in the nanogaps between gold 

nanorods31, porous nanoplasmonic scaffolds33, 57, array of gold covered graphene pyramids58. 

Finally, attempts to combine SERS and optical microscopy in one platform have been reported 

previously, mostly by utilizing research-grade microscopes, which operate on a trade-off mode 

between spatial resolution and FOV9. One recent example is of simultaneous SERS 

measurements and Stochastic Optical Reconstruction Microscopy (STORM) of biological 

structures and microorganisms59-61, which reports high spatial resolution (<50 nm) and chemical 

information of the analyte but is limited in terms of FOV. The technique is also complex, require 

acquisition of multiple images and uses computing-intensive image reconstruction algorithms. 

On the other hand, our approach based on lensless imaging has a spatial resolution limited by the 

pixel size (imaging sensors with pixels as small as 800 nm are commercially available) and a 
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FOV limited only by the size of the sensor (as high as 1 cm). In addition, as this device does not 

need external lenses, can be miniaturized, and designed to operate in point of need applications. 

Conclusions  

This study reports for the first time the design and fabrication of substrates with triple function: 

trapping of analytes, optical imaging with high spatial resolution and large FOV, and molecular 

characterization of analytes (including small particles such as polystyrene nanospheres and EVs). 

We demonstrated that coating of a CMOS imaging sensor surface with a thin layer of silver (40 

nm) creates plasmonic hot spots between microlenses and allows high amplification of Raman 

scattering signal of the analyte, while trapping analytes and maintaining optical imaging 

capability. 

The surface of the SERS substrate mimics the uniform, closely packed layer of microlenses 

coated with a thin layer of evenly distributed silver. We used 4-ATP as a reporter molecule to 

assess the effect of the silver layer thickness on the performance of the SERS substrate and 

spatial distribution of hot spots. R6G was used to calculate the enhancement factor (5.0 × 104). 

The gaps between microlenses serve both for capturing and biochemical characterization of 

samples of interest. Simulations supported experimental data and showed that for experimental 

conditions used in our study hot spots are expected to be distributed between adjacent 

microlenses. 

Ultimately, the substrate was used to analyse small volumes of EVs isolated from brain 

organoids. Analysis of SERS peaks in the “fingerprint region” and “high-wavenumber region” of 

the recorded spectra validated the presence of EVs trapped within nanocavities and reveals 

chemical constituents typical for both membrane and intraluminal content (proteins, lipids, and 

nucleic acids). Specifically, peaks centered at 1190 cm-1, 1609 cm-1, 1645 cm-1, 2930 cm-1 and 

2960 cm-1 correspond to proteins, 1115 cm-1, 1280 cm-1 and 28700 cm-1, 2900 cm-1 correspond to 

lipid content of EVs, and peak located at 1345 cm-1 has contribution from nucleic acids enclosed 

in EV intraluminal cargo. 

Going beyond EV analysis, combining imaging with SERS on the same platform may enable 

recording optical microscopy and chemical images of analytes of interest (such as molecules 
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related to infectious diseases, pathogens, food safety, and other applications) placed directly on 

its surface, opening-up new directions towards biosensor development. 
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Transition to chapter V 

Chapters III and IV introduce new tools and used traditional technologies for EV 

characterization. Next, we aim to use label-free optical methodology Raman spectroscopy to 

identify AD biomarker Aβ associated with small EVs and to characterize its structure. A large 

body of literature outlines the role of EVs in the function of CNS as well as their contribution to 

the development of pathological conditions such as AD, PD, ALS, and other diseases (see 

Section 5 of the comprehensive literature review).  

In this chapter, in line with Aim IV of the thesis, we employed Raman spectroscopy to identify 

Aβ, a misfolded protein that is a main component of the amyloid plaques in the brains of AD 

patients. The molecular mechanisms that lead to pathological changes in the brains of AD 

patients remain unclear. Researchers have hypothesized that the alterations in the APP 

metabolism could potentially relate to AD progression. The amyloidogenic pathway is initiated 

by the cleavage of the APP by β-secretase generating a C-terminal fragment with 99 amino acids. 

The C-terminal fragment is then cut by γ-secretase which subsequently results in the generation 

of Aβ40 and Aβ42 peptides. Previous studies have shown that Aβ42 peptides are found in 

multivesicular bodies of neurons and could potentially be enveloped in small EVs – exosomes. 

Existing literature associates misfolded proteins such as Aβ, tau, and α-synuclein with EVs, and 

proposes that EVs may play a role in the pathogenesis of neurodegenerative diseases, while 

serving as a potential biomarker for diagnosis. Therefore, we aimed to employ the power of 

Raman spectroscopy to characterize EVs isolated from the AD cell culture model and to identify 

EV-associated Aβ. To reach this goal, we first isolated small EVs from the AD cell culture 

model that mimics the overexpression of Aβ that is observed during AD pathogenesis. Then EVs 

were isolated and characterized using NTA, TEM, SP-IRIS, and Raman spectroscopy. The 

results show for the first time the Raman spectroscopic fingerprint of the Aβ present in the 

molecular cargo of small EVs and they reveal the size of the peptide, its structure, and potential 

impact on the EV membrane. These findings should be further explored using clinical samples 

and expanded to address questions of specificity to the AD stage. 
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Ultimately, the findings of the study pave the way for use of Raman spectroscopy as a method of 

choice for label-free non-invasive analysis of EV biochemical content and contribute to a general 

understanding of AD.  

The described work has been conducted in the frame of international collaboration with 

researchers from the University of California, Davis, and the Early Drug Discovery Unit of 

Montreal Neurological Institute and Hospital 

This chapter is based on my fourth first-author article. The contributions of each author are as 
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MI and SWH conceived the idea and outlined the experimental design. SH, MM, PL, MN, NM, 

TD, and JV provide cell culture media for EVs isolation. MI and TR performed EVs isolation. 
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5.1 Abstract. A hallmark of AD pathogenesis is believed to be the production and deposition 

of Aβ peptide into extracellular plaques. Existing research indicates that EVs can carry Aβ 

associated with AD. However, characterization of the EV-associated Aβ and its conformational 

variants has yet to be realized. Raman spectroscopy is a label-free and non-destructive method 

that is able to assess the biochemical composition of EVs. This study reports for the first time the 

Raman spectroscopic fingerprint of the Aβ present in the molecular cargo of sEVs. Raman 

spectra were measured from sEVs isolated from AD cell culture model, where secretion of Aβ is 

regulated by tetracycline promoter, and from midbrain organoids. The averaged spectra of each 

sEV group showed considerable variation as a reflection of the biochemical content of sEVs. 

Spectral analysis identified more intense Raman peaks at 1650 cm-1 and 2930 cm-1 attributable to 

the Aβ peptide incorporated in sEVs produced by the AD cell culture model. Subsequent 

analysis of the spectra by principal component analysis differentiated the sEVs of the AD cell 

culture model from the control groups of sEVs. Moreover, the results indicate that Aβ associated 

with secreted sEVs has a α-helical secondary structure and the size of a monomer or small 

oligomer. Furthermore, by analyzing the lipid content of sEVs we identified altered fatty acid 

chain lengths in sEVs that carry Aβ that may affect the fluidity of the EV membrane. Overall, 
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our findings provide evidence supporting the use of Raman spectroscopy for the identification 

and characterization of sEVs associated with potential biomarkers of neurological disorders such 

as toxic proteins. 

Keywords: small extracellular vesicles, amyloid beta, Raman spectroscopy, Alzheimer’s disease 

5.2 Introduction 

AD is the most common form of dementia and has an overwhelming impact on patients’ lives 

and their families. The formation of Aβ senile plaques and tau tangles are the hallmark of AD. 

Aβ is a 36-43 amino acid peptide that is derived from proteolysis of APP. Understanding the role 

of Aβ in the molecular pathways that lead to pathological changes in the brain of patients with 

AD is a long-standing goal in the AD research field. While the mechanisms of age-related 

accumulation of Aβ in the AD patients’ brain remains unclear, it has been hypothesized that the 

alterations in the metabolism of APP could be related to AD progression. The non-

amyloidogenic pathway, which prevents the formation of the toxic Aβ forms, proceeds from the 

proteolysis of APP on the cell surface by α-secretase followed by γ-secretase. On the other hand, 

the amyloidogenic pathway includes cleavage of APP by β-secretase generating 99 amino acid 

C-terminal fragment that is then cut by γ-secretase, leading to generation of the neurotoxic Aβ40 

and Aβ42 peptides [1,2]. The Aβ42 peptide is shown to be more hydrophobic and prone to form 

fibrils compared to Aβ40 peptide and is found to be highly prevalent in senile plaques 105. 

Moreover, several studies showed that intracellular Aβ42 can be located in multivesicular bodies 

of neurons and further enveloped into sEVs – exosomes [4,5].  

Exosomes are nanometer-sized sEVs derived from the endocytic pathway and released from the 

cells upon diffusion of cytosolic multivesicular bodies with the plasma membrane. Exosomes 

have been detected in different fluids of the human body including serum, plasma, saliva, breast 

milk, amniotic fluid, semen, and urine [6]. Their molecular cargo reflects the state of the 

releasing cells and contains membrane proteins, endosome-associated proteins, cytosolic 

proteins, lipids, and nucleic acids. Functions of sEVs in normal physiology and in a variety of 

pathological processes are under extensive study. They are known to facilitate intercellular 

communication between neighboring cells or distant cells and to play a role in cardiovascular 

diseases [7], cancer [8], metabolic [9] and neurological disorders [10,11], and autoimmune 
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diseases [12,13]. Due to the lack of explicit consensus in the field of EVs on the appropriate 

nomenclature, and to adhere to the MISEV2018 guidelines [14] we chose to use the term “small 

EVs” or “sEVs” for the purpose of this study to refer to EVs in the approximate size range of 50-

200 nm. In more broader contexts we used a collective term “extracellular vesicle” or “EVs”.  

With relevance to neurodegenerative diseases, it has been proposed that the generation and 

progression of many neurodegenerative disorders are associated with exosome-mediated 

transport of misfolded proteins [15-17] and specific RNA species in exosomes [18-20]. 

Furthermore, recent clinical studies showed elevated levels of AD-associated proteins, tau, and 

Aβ, in exosomes isolated from plasma, serum, and cerebrospinal fluid (CSF) of AD patients [21-

25]. These findings stimulate further exploration of the sEVs as potential biomarkers of 

neurodegenerative diseases. 

EVs are characterized by a wide variety of methods. Morphological features of EVs are 

described by nanoparticle tracking analysis (NTA) [26], electron microscopy (EM) [27], and 

atomic force microscopy techniques (AFM) [28]. Their molecular cargo is characterized mainly 

by flow cytometry, Western blot, immunoprecipitation, and immunohistochemistry methods [29] 

as well as by mass spectrometry, and quantitative polymerase chain reaction. In addition, there 

are several emerging techniques that complement traditional methods for EV characterization by 

their ability to reveal new information about the EV molecular cargo or to characterize the 

composition of individual EVs. These methods include fluorescence-based techniques [30,31], 

AFM [32], SPR [34], Raman spectroscopy [34, 35], and electrochemical sensing methods [36]. 

Among these novel approaches, Raman spectroscopy enables sensitive label-free detection and 

analysis of EVs protein content.  

Raman spectroscopy is an optical method where a laser beam is used to irradiate a sample 

resulting in inelastic scattering of photons. The difference in energy of these photons corresponds 

to the chemical bonds that are present in the sample [37]. Due to its label-free and non-

destructive nature with high chemical specificity, Raman spectroscopy has great application 

potential in the characterization of EVs. Several studies have been published in the past decade 

using Raman spectroscopy as a tool to analyze the biochemical content of EVs. The pioneering 

work reporting the first Raman spectrum of sEVs was published in 2009 [38]. Later studies 
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demonstrated the use of Raman spectroscopy for characterization of single EVs [39], as well as 

clusters of EVs trapped in the laser focus [40]. In addition, recent studies have indicated that 

Raman spectroscopy can be used for tissue characterization by analyzing the spectral signature 

of cancer EVs for prostate cancer diagnosis [41,42], as well as tissue specific EVs derived from 

mesenchymal stromal cells [43] and peripheral blood mononuclear cells [44]. Furthermore, 

urinary EVs from diabetic patients and hyperglycemic endothelial cells [45] have been 

successfully characterized by Raman spectroscopy. Immune capture based single EV Raman 

spectroscopy [46] has also been reported as a promising approach.  

In the research field of neurological disorders, Raman spectroscopy has been used to investigate 

structural features and changes of toxic proteins such as Aβ [47-49], α-synuclein [50,51], and tau 

[52] by analyzing the amide bands in the protein spectrum that is particularly sensitive to the 

protein’s conformational state and environment. Moreover, differences in the Raman fingerprint 

of blood samples of patients compared to a healthy control have been reported for a variety of 

neurological conditions such as AD [53], PD [54,55], dementia with Lewy bodies [56], and 

Huntington disease [57]. Recent reports have demonstrated the ability of Raman spectroscopy to 

accurately distinguish PD [58] and ALS [59] patients from healthy control group based on their 

EVs profile. Our group previously demonstrated the application of laser tweezers Raman 

spectroscopy for exosomes heterogeneity analysis [39] and SERS for biochemical analysis of 

EVs [60-64].  

However, to our knowledge, specific Raman studies indicating Aβ association within sEVs have 

not been reported. Here we report for the first time the use of Raman spectroscopy for the 

identification and characterization of Aβ associated with sEVs, as well as the structural and 

dynamical effects of Aβ on the membrane of sEVs.  

5.3 Materials and methods 

5.3.1 Aβ1-42 pure protein preparation 

Aβ1-42 protein samples were prepared by resuspension of the stock Aβ1-42 protein (Stock number: 

A9810, Sigma-Aldrich, USA) in DMSO to a final concentration of 10-6 M and vortexed prior 

usage.  
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5.3.2 Cell culture models 

In this work, we used sEVs derived from the MC65 cell culture model and midbrain organoids, 

as described next. 

5.3.2.1 MC65 AD cell culture model  

We used MC65 cells derived from human neuroblastoma SK-N-MC cell line with conditional 

expression of transfected APP-derived construct, consisting of carboxyl-terminal 99 residues of 

APP (APP-C99), under negative regulation of tetracycline (TC) sensitive promoter [65]. Upon 

withdrawal of TC from the cell culture media, the cells express C99 which is then converted to 

Aβ by cleavage with intramembrane proteases γ-secretase and β-secretase. Aβ remains inside the 

cell and forms aggregates within 3-4 h after removal of TC with complete apoptotic death of 

cells in 72 h.  

MC65 cells were cultured in a 75 ml flask in Dulbecco’s Modified Eagle Medium supplemented 

with 4.5 mg/ml D-glucose, non-essential amino acids, 1 mM sodium pyruvate, and 10% (v/v) 

heat-inactivated fetal bovine serum (FBS), supplemented with 0.1 mg/ml tetracycline, 50 IU/ml 

penicillin, and 50 g/ml streptomycin. In order to prevent the addition of nonspecific FBS EVs, 

we cultured the cells with an EV-depleted FBS (Life Technologies®). This ensures that the 

resulting sEVs in the cell culture medium supernatant only originate from the plated cells. The 

MC65 cells were cultured in the presence of TC for 24 h and the growth media was then 

collected MC65(TC+) for further isolation of sEVs. Expression of APPC99 in MC65 cells was 

induced by removing TC from the cell culture medium and cells cultured for another 16 h. At 

this point, the cell culture media MC65(TC-) was harvested and centrifuged at 2000 g for 30 min 

to remove any cells and debris.  

5.3.2.2 Midbrain organoids 3D cell culture 

The midbrain organoids were developed in the Early Drug Discovery Unit at McGill University 

[66]. Briefly, PBMCs were isolated from the blood of healthy individuals and reprogrammed 

into an induced pluripotent stem cell line (iPSCs). The use of iPSCs and stem cells in this 

research is approved by the McGill University Health Centre Research Ethics Board 

(DURCAN_IPSC/2019-5374). The iPSC used for Midbrain organoids generation was AIW002-

02, a healthy male control line derived reprogrammed from PBMCs and obtained from the 
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MNI’s Open biorepository (C-BIG). After the formation of embryoid bodies (EBs), they were 

patterned into neuronal midbrains by inductive signals. To promote tissue growth, EBs were 

embedded in Matrigel scaffold and cultured in a six-well plate or orbital shaker. Cell culture 

media for sEVs isolation was collected after 120-day old maturation of the MBOs. The media 

was collected after a 7-day period, before the weekly media change.  

5.3.3 Isolation of sEVs from cell culture media 

sEVs were isolated by differential ultracentrifugation with two rounds of spinning. First, we 

employed a low-speed centrifugation of the sEVs containing media to remove the cell portions, 

cell debris, apoptotic bodies, or large biopolymers, and microvesicles. For this, 34 ml of the cell 

culture media from MC65 cells and midbrain organoids were centrifuged at 300 g for 10 min, 

followed by 2000 g for 10 min centrifugation and a final step centrifugation at 10000 g for 30 

min. All low-speed centrifugations (300-10000 g) were performed using a Beckman Coulter 

Microfuge 20R centrifuge with a FA361.5 Biosafe rotor. The second round is a high-speed 

centrifugation which has the following steps: 120000 g for 90 min, collected supernatant was 

discarded, and the pellet was dispersed in ultrapure water and centrifugated one more time at 

120000 g for 90 min to pellet the sEVs. UC was performed using Beckman Optima TLX 

Ultracentrifuge with an SW 28 swinging bucket rotor. The resulting pellets were finally 

resuspended in up to 100 µl of ultrapure water and stored at -80°C until use. The samples were 

aliquoted (50 µl) to reduce freeze-thaw cycling which may otherwise damage the sEVs. In this 

way, only one freeze-thaw cycle is used, which has been shown previously to not have a 

significant effect on the integrity of sEVs [67,68]. Moreover, dispersion and aliquoting of the 

resulting pellet allows characterization of the same isolated sEVs sample by complementary 

characterization methods to meet MISEV guidelines (e.g., electron microscopy, SP-IRIS, NTA, 

etc.). 

5.3.4 sEV characterization 

5.3.4.1 Nanoparticle tracking analysis 

NTA was carried out using a NanoSight model LM10 (Malvern Panalytical Ltd, UK), equipped 

with a blue (405 nm) laser and a sCMOS camera. The isolated sEVs were thawed to room 

temperature and diluted 500-fold in filtered ultrapure water. Filtered ultrapure water (~2 ml) was 
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also used to thoroughly flush the NTA tubing to confirm the background to be free of any 

nanoparticle contamination prior to the next sample addition. Next, 1 ml of each diluted sample 

was loaded into a single-use syringe and the syringe was placed to an automated syringe pump 

(Harvard Bioscience, MA, USA) for injection. Three consecutive 30 s videos of each sample in 

flow conditions with at least 130 particles per frame during each run were recorded at camera 

level 12. The data was analyzed using a NanoSight NTA 3.1. software with the detection 

threshold set to 5 and screen gain 10 to track the statistically relevant number of particles, 

concurrently minimizing the distorting background artefacts.  

5.3.4.2 Transmission electron microscopy 

sEVs were deposited on glow discharged carbon film-coated copper TEM grids and incubated at 

room temperature for 5 min. Next, 8 µl of filtered 1% uranyl acetate (UA) solution was dropped 

on the surface of TEM grids and incubated for 1 min for staining. After, excess UA was removed 

by contacting the filter paper with the edge of the TEM grids. The grids were then dried at room 

temperature for 30 min. Transmission electron microscopy was performed using a FEI Tecnai 

G2F20 transmission microscope operating at 80 kV. 

5.3.4.4 SP-IRIS. Tetraspanin kits, as well as the buffer and blocking solutions, were purchased, 

and used as-is from NanoView Biosciences. The following detection antibodies were used: anti-

CD9 AF488, anti-CD63 CF647, and anti-CD81 CF555. sEVs were diluted in Solution A at 10x, 

100x, or 1000x, and 35 µL of each dilution was incubated on a chip for 6 h at room temperature 

in a 24 well plate. 1 ml of Solution A was added to each well and the plate was shaken at 500 

rpm for 3 min 750 µl of the solution was removed from each well and replaced with 750 µl of 

Solution A then shaken at 500 rpm for 3 min. This step was repeated twice more for a total of 4 

shaking steps. During these steps, a blocking mixture was prepared, combining 1:1 Solution A 

and blocking solution. Antibodies were diluted 1:600 in a blocking mixture. After the final mix, 

750 µl of the solution was taken out of each well and 250 µl of antibody mixture was added. 

Chips were then incubated at room temperature for 1 h. After incubation, 500 µl of Solution A 

was added to each well. 750 µl of the solution was then immediately taken out and replaced by 

750 µl of new Solution A. This was shaken at 500 rpm for 3 min followed by removing 750 µl of 

solution from each well. 750 µl of Solution B was then added to each well and the plate was 
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shaken at 500 rpm for 3 min followed by removing 750 µl of solution. This was repeated 3 

times. 750 µl of MilliQ water was then added to each well and shaken at 500 rpm for 3 min for a 

total of 5 shaking steps after antibody incubation. Each chip was washed in two successive 

dishes of MilliQ water, taking care to avoid drying of the chip between dishes. In the final dish, 

the chip was tipped at a 45-degree angle and slowly pulled out of the water. These were then 

dried on absorbent paper and added to the chuck. Chips were scanned by SP-IRIS and all three 

fluorescent channels. Data were analyzed with fluorescence cut-offs of 600, 400, and 400 

arbitrary units for the blue, green, and red channels, which were chosen by limiting the number 

of particles on the negative control MIgG spot to less than 10 for all chips. 

5.3.4.5 Raman spectroscopy setup and data acquisition 

A WITec Confocal Raman microscopy system (WITec Alpha300R) with a 633 nm HeNe laser, 

maximum power of 5 mW at the sample, coupled into a microscope equipped with a 50x 

objective (NA 0.8, WD 0.58 mm), a spectrometer (spectral resolution 0.1 cm-1 at 633nm) and a 

CCD camera was used for these experiments. The acquisition time for sEVs characterization was 

60 s. The spectra were collected after air-drying 5 µl of isolated sEVs solutions on a glass cover 

slip from multiple points within the droplet fingerprint focusing on small aggregates of sEVs and 

in the rim area of the droplet. This approach allows size-based separation of sEVs from possible 

contaminants such as large EVs or protein aggregates, via convection currents that drive smaller 

particles to the outside of the ring. This is not possible if the spectra are measured from pellets 

where the EVs are clumped together, making the separation of larger aggregates (including 

protein aggregates) from the actual sEVs more challenging. Moreover, measuring Raman spectra 

of sEVs in liquid pellets presents difficulties due to their intrinsic Brownian motion, which will 

cause particles to move in and out of the laser beam. In addition, the momentum of the photons 

in the laser beam may push particles out of the focal region and, if not controlled properly, may 

make the measurements less accurate. 

5.3.4.6 Data pre-processing and statistical analysis 

The statistical analysis and data processing were performed using WITec Project Five build-in 

software (ImageLab) and OriginPro (OriginLab, Northampton, MA). Prior analysis the quality of 

Raman spectra was assessed, and data pre-processing was performed in order to minimize 
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insignificant variability. Pre-processing of the data included correction of baseline by subtraction 

of the spectral background from glass, cosmic rays, and other background deviations. Next, in 

order to enhance the spectral quality, we reduced the noise by applying Savitzky-Golay 

smoothing and then the data were normalized. PCA was performed using OriginPro PCA for 

spectroscopy app. PCA was performed on a range of 900-1800 cm-1, 1540-1800 cm-1, and 2800-

3100 cm-1. The variance-covariance matrix was utilized for further analysis and the reduction of 

initially complex data was achieved by PCA. Next, to build the PCA score plot we used the first 

two principal components (PCs). Peak deconvolution was achieved by using the OriginPro built-

in Multiple Peak Fit tool. The peak positions were chosen based on existing literature and further 

deconvolved using Voigt peak shape function. 

5.4 Results 

The workflow of the study is represented in Figure 1, which describes schematically the steps 

followed to isolate, characterize, and analyze the sEVs. Specifically, in this study, we employed 

three different sEVs groups, isolated from two types of cell cultures: 2D MC65 neuroblastoma 

cell line and 3D midbrain organoids. The MC65 cell line is an in vitro AD model that provides a 

neuronal source of sEVs containing Aβ. We believe that it is important to fully investigate and 

understand the signatures of sEV-associated Aβ in simulated conditions before examining human 

samples. The study of an in vitro model of AD allows the investigation of possible roles Aβ 

protein has in neurons [69-71], and subsequently in neuronal sEVs, and may provide valuable 

insights into the pathogenesis of AD. Future work building on this data will apply Raman-based 

detection of AD in clinical settings. sEVs isolated from 3D midbrain organoids serve as an 

additional negative control in this study and represent healthy brain neurons. As described in the 

Methods section, sEVs isolation was achieved by first centrifuging the cell culture media several 

times at low speed to remove the remaining cell fragments, debris, and microvesicles, followed 

by two cycles of high-speed centrifugation. We expect that, in accordance with previous reports, 

the remaining pellet contains the small sEVs of interest. We will further denote the sEVs isolated 

from untreated and tetracycline treated MC65 cells line as TC- sEVs and TC+ sEVs, 

respectively. The sEVs isolated from organoids culture media are labeled as osEVs. The sEVs 

were characterized by established methodologies such as NTA and TEM and were further 
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studied by Raman spectroscopy to reveal their biochemical content. Subsequently, the recorded 

spectra were analyzed by PCA to identify the Aβ content of each sEVs group. 

 

Figure 1. Schematic illustration of sEVs isolation and characterization by Raman spectroscopy. A) sEVs were 

isolated by differential ultracentrifugation from the MC65 AD cell culture model, which is under tetracycline 

promoter regulation, and midbrain organoids developed from PBMCs of healthy donors. B) The biochemical 

content of the isolated sEVs was characterized by Raman spectroscopy. The collected spectra were further analyzed 

by PCA. 

5.4.1 sEVs characterization by NTA and TEM 

First, we characterized the size and concentration of the isolated sEVs via NTA. Figure 2A 

shows the size distribution plots for all analyzed sEVs groups. The mean concentration of TC- 

sEVs, as measured by NTA, 6.5×109 EVs/ml, was higher than the mean concentration of TC+ 

and osEVs samples, which was 4.2×109 EVs/ml and 4.5×107 EVs/ml, respectively. Additionally, 

the mean particle size as measured by NTA was 157.3 nm ± 3.8 nm, 164.1 nm ±11.2 nm, and 

293.5 ± 2.7 nm for TC- sEVs, TC+ sEVs, and osEVs, respectively. One can see that the mean 

particle size of TC- sEVs was comparable with the one that is recorded for TC+ sEVs. On the 
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other hand, we observed a slightly larger particle size for osEVs. TEM images, presented in 

Figure 2B confirm this result, showing an increased size for organoids sEVs. Moreover, TEM 

images revealed the sEVs cup-shaped morphology, which is a typical experimental artefact 

related to deflation of EV structure during the sample preparation.  

To confirm that sEVs were enriched during ultracentrifugation, expression of sEVs associated 

tetraspanins, CD9, CD63, and CD81, were tested by immuno-capture and immuno-fluorescence, 

using the SP-IRIS method implemented into the ExoView R100 instrument. This equipment 

utilizes a micropatterned chip with an array of spatially distinct antibody spots. During 

incubation, sEVs are captured by these antibodies and subsequently labeled with fluorescent 

detection antibodies. By directly imaging these antibody arrays, up to four co-expressed surface 

proteins (capture antibody and three fluorescent detection channels) can be detected on a single 

sEV. 

For both sEV populations, all three tetraspanins were expressed with both capture and 

fluorescence detection of each tetraspanin. Furthermore, the tetraspanin profile of each sEVs 

population was very similar with most CD9 positive sEVs detected on the CD81 capture spot, 

the most CD63 positive sEVs detected on the CD63 capture spot, and similar amounts of CD81 

positive sEVs captured on each spot. These results show that the co-expression of these 

tetraspanins is highly consistent between these sEV populations. 

In addition, we note that the resuspension of sEVs in ultrapure water did not notably change the 

characteristics of analyzed sEVs. Their size, morphology, and surface protein expression (Figure 

2) is comparable to the ones reported for sEVs resuspended in PBS or commercially available 

EVs resuspension buffers that maintain osmotic pressure. We believe that the ability of EVs to 

withstand the isotonic solution pressure can be explained by the higher rigidity of the EVs lipid 

bilayer that is enriched with cholesterol, sphingomyelin, and gangliosides compared to the 

membranes of their cells of origin [72,73]. Moreover, we experimentally determined that the 

composition of the resuspension buffer did not majorly impact the physical or chemical nature of 

sEVs (data not shown). To do this, we isolated sEVs by differential centrifugation from cell 

culture media and resuspended them using either 0.1 % filtered PBS or ultrapure water, both as 

the final buffer as well as during intermediate steps of processing. Then, we characterized sEVs 
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by NTA, resistive pulse sensing (RPS), and SP-IRIS methods. The results of concentration and 

size distribution analysis did not show a major difference between the two groups of sEVs. We 

found that the sEVs resuspended in water had a similar concentration (8.8x1011 particles/ml) 

compared to sEVs resuspended in PBS (2.4x1011 particles/ ml), indicating similar yield for 

particles. Finally, we determined that both sEVs groups had similar CD9, CD63, and CD81 

tetraspanins profiles, which further suggests that the chemical nature of sEVs remains generally 

similar regardless of the choice of resuspension buffer. 

 

Figure 2. Characterization of sEVs by transmission electron microscopy, nanoparticle tracking analysis, and 

SP-IRIS. A) Graphs show the concentration of sEVs as a function of particle size for TC- sEVs, TC+ sEVs, and 

osEVs. Shaded areas represent error bars. B) Electron micrographs of TC- sEVs, TC+ sEVs, and osEVs showing the 
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cup-shaped morphology. Scale bar is 100 nm. Expression of typical EVs surface proteins CD81, CD63, and CD9 as 

well as the negative control MIgG in the C) TC- sEVs and D) TC+ sEVs samples.  

5.4.2 Raman spectroscopy analysis of sEVs isolated from MC65 (TC -/+) cells and midbrain 

organoids cell culture media 

The MC65 AD cell culture model used in this study overexpresses 99-aminoacid carboxyl-

terminal fragments (βCTF) of APP under tetracycline promoter regulation. This model is 

designed to mimic the pathological pathway of APP that leads to amyloidogenesis. This pathway 

involves cleavage of mature APP by β- and γ-secretases, where β-secretase cleaves the amino 

terminus of Aβ, and membrane-associated βCTF. Further, βCTF is cleaved by γ-secretase 

resulting in the release of Aβ40 or Aβ42 peptides and APP intracellular domains (AICDs) [65]. As 

βCTF undergoes endocytosis, it can be trafficked to endosomal compartments such as MVBs 

and possibly enveloped in sEVs or exosomes [74]. It has been shown previously that APP CTFs 

are overabundant in CSF of AD patients and suggested to be potential diagnostic biomarkers of 

AD [75]. The control samples of sEVs are isolated from the same cell culture model in the 

presence of tetracycline (TC+) and midbrain organoids sEVs (osEVs). The midbrain organoids 

were developed from PBMCs of healthy individuals and were used in this study because they are 

biochemically and biophysically more similar to tissues due to their ability to mimic cell-matrix 

and cell-cell interactions. Therefore, they are representative of healthy brain neurons. 

For the Raman spectroscopy analysis, the isolated sEVs were resuspended in ultrapure water and 

placed on a clean glass microscope slide to allow air-drying. Spectra were mostly recorded from 

the small aggregates of sEVs and from the edge of the dried sample, where sEVs accumulate 

preferentially due to the “coffee-ring effect”. This effect is observed upon the evaporation of 

water from droplet samples that contain small-sized particles. Explicitly, in a sample with a 

heterogeneous particle size distribution, the smallest particles flow radially toward the contact 

line during the drying process. The angle between the surface of the drying EVs sample and the 

microscope slide decreases progressively during water evaporation which limits the size of the 

particles that can approach the edge of the droplet. Therefore, after drying, the particles will be 

separated based on their size due to convective currents inside the droplet, as reported by Jeong 

et al. [76]. As the droplet dries, the smaller (lighter) particles such as sEVs are deposited and 

concentrated at the outer edge of the dried sample, and the bigger (heavier) particles, such as 
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large EVs or protein aggregates that could be co-isolated during differential ultracentrifugation, 

are concentrated closer to the center region. By positioning the laser spot in the ring and adjacent 

to the ring area we ensure that we measure particle sizes in the typical sEVs range according to 

MISEV 2018 nomenclature and as measured here by NTA and TEM (Figure 2). This is 

particularly important for the acquisition of reliable Raman spectra. In our case, we were able to 

record high-quality spectra with 633 nm continuum laser excitation at relatively low power of 

few mW and acquisition times on the order of one minute.   

Next, we analyzed the collected Raman spectra from TC- sEVs (n=11), TC+ sEVs (n=10), and 

osEVs (n=7) samples and compared them with spectra recorded from pure Aβ42 protein (n=10). 

The Raman spectra of the “fingerprint region” 900-1800 cm-1 from all sEVs groups and Aβ42 

pure protein represent a complex set of peaks with shared features among all sEVs samples and 

some variations (Figure 3A). The Raman peak assignments are given in Table 1. All sEVs 

groups shared the same peak positions at 1123 cm-1 and 1290 cm-1 assigned to C-N vibration and 

Amide III α-helix protein structure, respectively. Peaks at 1436 cm-1 and 1453 cm-1 are assigned 

to the lipid content, specifically to the CH2 and CH3 deformation in lipids and triglycerides. 

Additionally, Aβ42 pure protein spectra presented two distinct peaks at 1000 cm-1 and 1600 cm-1, 

assigned to the breathing of the benzene ring and C=C vibration corresponding to phenylalanine, 

respectively. These peaks can be also observed in the TC- sEVs spectra, suggesting that these 

sEVs could potentially carry Aβ protein. Amide I region was also located at similar positions for 

TC-sEVs, osEVs, and Aβ42 pure protein covering the area 1650-1668 cm-1. In the osEVs spectra, 

these peaks can be observed, while they are missing in the TC+ sEVs spectra.  

Then, we performed PCA of the collected data and the results are shown in Figure 3B. The first 

two principal components represented 58.0% and 8.9% variability of the total variance, 

respectively. It is important to note that these scores may be influenced by both spectrum 

intensity and spectrum shape [77,78]. The samples are spread along the PC1 axis with TC- sEVs 

located on the negative side, while TC+ sEVs and osEVs are distributed loosely on the positive 

side of the axis. Aβ42 pure protein spectra form an elongated cluster between PC1 and PC2. By 

this, it is clear that the different sample groups can be distinguished from each other based on 

their Raman spectra, which also serves as a valuable starting point for further analyses.  
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Figure 3. Characterization and analysis of the “fingerprint region” 900-1800 cm-1 of TC- sEVs, TC+ sEVs, 

osEVs, and Aβ42 pure protein. A) Average Raman spectra of fingerprint region 900-1800 cm-1 of TC- sEVs, TC+ 

sEVs, osEVs, and Aβ42 pure protein. Spectra are offset for clarity. Shaded areas represent ±1 standard deviation. B) 

The score plot of the first two principal components for each sEVs group. Colors represent each sEVs group as 

shown in the legend. 

Table 1. Assignments of the Raman spectra vibrational bands  

Position (cm-1) Peak assignment Reference 

1000 Phenylalanine ring breathing of protein Hernandez et.al., 2013 [79] 

1123 C-N of proteins Teh et.al., 2009 [80] 

1290 Amide III Bandekar et.al., 1992 [81] 

1436 Fatty acids, triglycerides, CH2 or CH3 deformations Verma et.al., 1977 [82] 

1453 
Proteins, CH, CH2 or CH3 deformations of long chain fatty 

acids, phospholipids 
Notiger et.al., 2009 [83] 

1600 C=C of phenylalanine Hernandez et.al., 2013 [79] 

1650-1660 Unsaturated fatty acids cis form, Amide I α-helix Bandekar et.al., 1992 [81] 

1667-1668 Amide I β-sheet Bandekar et.al., 1992 [81] 
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2845 CH2 symmetrical stretching of fatty acids, triglycerides Song et.al., 2020 [84] 

2878 CH2 asymmetric stretching (lipids) Song et.al., 2020 [84] 

2900 CH2 asymmetric stretching (lipids) Song et.al., 2020 [84] 

2930 CH3 symmetric stretching of proteins/lipids (cholesterol) Rygula et.al., 2013 [85] 

2960 CH3 symmetric stretching of proteins Lis et.al., 1976 [86] 

3060 Proteins aromatic CH stretching mode/nucleic acids Rygula et.al., 2013 [85] 

 

Raman spectroscopy can effectively determine the secondary structure of proteins [81]. The 

peaks centered at 1667-1668 cm-1 assigned to C=O and a small contribution of C-N stretch 

corresponds to β-sheet protein conformation. The peaks located at 1650-1660 cm-1 region arising 

from the coupling of C-N stretching vibration and N-H bending vibrations correspond to an α-

helix structure. Therefore, our attention was further focused on the Amide I region which is 

mostly affected by the secondary structure of the proteins. The α-helix rich structure might 

originate from Aβ peptide bonded to a plasma membrane. In an attempt to identify specific peaks 

within the Amide I region, we performed peak deconvolution analysis. Figure 4 depicts the 

deconvolution of the Amide I region in TC- sEVs and Aβ42 pure protein spectra. For this, the 

most intense peaks at 1600 cm-1 and 1650 cm-1 in the spectra were centered, fixed, and fitted 

until high values of R2 were obtained. The recorded Raman spectra are shown as solid lines and 

deconvolved peaks are marked as dashed lines. 
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Figure 4. Analysis of the Raman spectra of the Amide I region 1540-1800 cm-1. A) Deconvolution of Amide I 

region of averaged spectra of TC- sEVs and B) Aβ42 pure protein indicated the presence of two peaks at 1600 cm-1 

(labeled as peak 1) and 1650 cm-1 in TC-sEVs spectra and 1663 cm-1 for Aβ42 pure protein spectra (labeled as peak 

2). Deconvolved spectra are shown as dotted lines. C) The score plot of the first two principal components for each 

sEVs group. Colors represent each sEVs group as shown in the legend. Colored regions are to provide visual aids. 

D) Comparison of the PC1 and PC2 loadings with Aβ42 pure protein spectrum and with average spectra of each 

sEVs group. Dotted lines represent zero-axes of the PCA loadings. Shaded areas represent ±1 standard deviation. 

Spectra are offset for clarity.  
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The Amide I region deconvolution clearly identifies the presence of a peak at 1650 cm-1 in the 

spectra of TC- sEVs (Figure 4A) that corresponds to an α-helical conformation of the protein.  

The peak at 1663 cm-1 in the spectra of Aβ42 pure protein is assigned to an α-helical 

conformation with a potential contribution from “disordered structures” (Figure 4B). On the 

other hand, the Amide I region of TC+ sEVs and osEVs is too weak to provide a reliable fit and 

to obtain information. In addition, the presence of only α-helical structure of the proteins in the 

spectra of TC- sEVs confirms that the collected spectra represent the proteins within sEVs and 

not insoluble protein or peptide deposits, which typically adopt an enriched β-sheet conformation 

[87]. 

The deconvolution of the Aβ42 pure protein spectra identified strong peaks centered at 1600 cm-1 

and 1663 cm-1.  The broad peaks in the Amide I region of TC- sEVs spectra indicated the 

presence of mainly monomeric form or small oligomers of Aβ. A previous NMR study 

characterized Aβ associated with a phospholipid bilayer-mimicking environment as a monomeric 

amphipathic α-helix conformer [88]. Next, the Raman spectra region between 1540-1800 cm-1 

that includes the Amide I region was analyzed by PCA. Figure 4C depicts the score plot of the 

first two principal components that cumulatively represent 48.1% variability of the total 

variance. In order to highlight different cluster regions, shaded ellipse areas are shown in the 

plot. One can observe that TC- sEVs and Aβ42 pure protein are closely clustered in the positive 

side of the PC1 axis. In contrast, TC+ sEVs and osEVs spectra are dispersed along the PC1-PC2 

plane. Next, the analysis of PC loadings showed the contribution of the individual wavenumber 

to PC1 and PC2 (Figure 4D). While the PC1 loading resembles the spectra of Aβ42 pure protein, 

the biochemical meaning of the second PC is more difficult to interpret. Taken together, these 

data revealed that the major secondary structure of the proteins and potentially Aβ within the 

analyzed sEVs is typical to the α-helix form of proteins.  

Additionally, Raman spectra in the “high-wavenumber region” can provide valuable information 

about the biochemical composition of the sEVs. Figure 5 compares the experimentally recorded 

and deconvolved Raman bands that were obtained under the same experimental conditions as for 

the Amide I region. Two major peaks were present within all sEV spectra in this region at 2845 

cm-1 and 2878 cm-1. These peaks are characteristic vibrational features of lipids and correspond 

to symmetrical and asymmetrical CH2 vibrations, respectively. The analysis of Aβ42 pure protein 
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did not show the presence of the 2845 cm-1 peak and only showed weak intensity of the 2878 cm-

1 peak. Specifically, these peaks can be attributed to the presence of long acyl chain lipids such 

as fatty acids and ceramides. In addition, there was a small contribution of cholesterol to these 

peaks. On the other hand, the characteristic peak of the proteins is located at 2930 cm-1. Figure 

5A and 5B depicts stronger intensities at 2930 cm-1 in deconvolved peaks of the TC- sEVs and 

Aβ42 pure protein compared to TC+ sEVs (Figure 5C) and osEVs (Figure 5D). 
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Figure 5. Analysis of the “high-wavenumber region” 2800-3100 cm-1 of normalized Raman spectra. Raman 

spectra and peak deconvolution for A) TC- sEVs, B) Aβ42 pure protein, C) TC+ sEVs, and D) osEVs. Dotted lines 

represent five peaks that were analyzed in this region, labeled with numbers as follows: 1 – 2845 cm-1, 2 – 2878 cm-

1, 3 – 2900 cm-1, 4 – 2930 cm-1, and 5 – 2960 cm-1. E) The PCA score plot of the first two principal components. 

Colors represent each sEVs group as shown in the legend. Colored regions are to provide visual aids. F) Comparison 

of the PC1 and PC2 loadings and average spectra of sEVs groups. Shaded areas represent ±1 standard deviation. 

Dotted lines represent zero-axes of the PCA loadings. Spectra are offset for clarity. 

It has been shown previously that the ratio of Raman intensities at 2930 cm-1 and 2845 cm-1 

(I2930/I2845 cm-1) reflects the ratio of the protein and lipid content [89, 90]. Table 2 shows the 

calculated Raman intensity ratios for all analyzed sEV groups. The intensity values are 

calculated for the area under the curve for each peak. 

Table 2. Raman intensity ratios at 2930/2845 cm-1 

sEVs group I2930 cm
-1 I2845cm

-1 Ratio I2930/I2845 cm
-1

 

TC- sEVs 29.16947 11.97269 2.43633 

TC+ sEVs 8.97397 12.17685 0.73696 

osEVs 11.55123 12.63436 0.91427 

 

One can see that TC- sEVs had a higher I2930/I2845 cm-1 intensity ratio compared to the TC+ sEVs 

and osEVs, indicating a higher concentration of proteins within TC- sEVs. These results indicate 

that Aβ protein could be present in the TC- sEVs and could be at higher concentrations than in 

TC+ sEVs and osEVs. To complement these findings, we performed PCA of the peaks in the 

“high-wavenumber region” between 2800-3100 cm-1 of Raman spectra of all sEVs groups and 

Aβ42 pure protein. Figure 5E represents the score plot in the PC1-PC2 plane where the first PC 

was responsible for 82.4% of the variability and PC2 carried 8.0% of variability of the total 

variance. It can be clearly seen that TC- sEVs and Aβ42 pure protein spectra were clustered on 

the negative side of the PC1 axis while the TC+ sEVs and osEVs were clustered on the positive 

side of the PC1 axis. Figure 5F shows the loading plots of PC1 and PC2 and the average spectra 

of the sEVs analytes and Aβ42 pure protein control protein. The loading spectrum for PC1 had 

several peaks at both positive and negative sides where the most significant wavenumbers are 

2930 cm-1, 2845 cm-1, and 2878 cm-1 and resembled the spectra of Aβ42 pure protein and sEVs 
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groups spectra. In contrast, the chemical meaning of the second principal component was not 

clear from the shape of the loading. Finally, PCA was able to successfully cluster similar spectra 

and segregate different ones.  

Next, we evaluated the effect of Aβ on sEVs lipid membrane composition and structure. For this, 

we used the ratios of Raman peaks at 2845 cm-1 (CH2 sym) to 2878 cm-1 (CH2 asym) that describe 

an estimated lipid fluidity or degree of unsaturation [91, 92] (Table 3). The higher the I2845/I2878 

cm-1 ratio is, the more unsaturated lipids are present, and the higher is the fluidity of the EV 

membrane. The results show that all three groups of sEVs had the same degree of saturation. 

Furthermore, in order to analyze the structure of lipids, we calculated the ratio of Raman peak 

intensities at 2845 cm-1 (C-H stretch of CH2) to 2930 cm-1 (C-H stretch of CH3) that has been 

shown to correlate with the number of C atoms in the fatty acid chain [92, 93]. We observed a 

slight change in the lipids structure, with the higher prevalence of unsaturated lipids with a 

longer chain in the TC+ sEVs and osEVs, and prevalence of lipids with a shorter chain length in 

TC- sEVs. This observation together with previously published reports indicates the effect of Aβ 

association to EV membrane fluidity by changing the structure of EV membrane lipids [94]. 

Table 3. Analysis of lipids saturation and structure. 

sEVs group I2878 cm
-1 Degree of Unsaturation 

(CH2 sym. - CH2 asym.) 

(ratio I2845/I2878 cm-1) 

Chain length prediction 

(CH2/CH3) 

(ratio I2845/I2930 cm-1) 

TC- sEVs 32.06708 0.37336 0.41045 

TC+ sEVs 45.10705 0.26995 1.35690 

osEVs 34.37304 0.36756 1.09376 

 

5.5 Discussion 

AD is a neurodegenerative disease that remains challenging to diagnose in early stages. This 

prognostic uncertainty of existing diagnostic methods in combination with high costs and 

invasiveness of current diagnostic procedures further emphasizes the importance of developing 

sensitive and accurate alternative tests for early AD diagnosis. The overall goal of the study was 
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to explore the use of sEVs as carriers of toxic proteins. We used Raman spectroscopy to 

characterize sEVs associated with Aβ protein as potential biomarkers for AD diagnosis. First, we 

demonstrated a clearly different biochemical profile of Aβ associated sEVs compared to the 

control sEVs groups. In particular, intense peaks at 1650 cm-1and 2930 cm-1 and their similarities 

with the spectra of pure Aβ protein indicate the presence of the Aβ protein in TC- sEVs. On the 

contrary, less intense, or lacking bands at these positions in TC+ sEVs and osEVs confirm the 

hypothesis that these peaks are associated with Aβ protein. The observed differences in the PCA 

results in the Amide I and “high-wavenumber regions” of the spectra can be explained by 

additional contributions from other proteins in sEVs cargo in the Amide I region, as well as a 

lower overall signal-to-noise ratio in this region compared to the “high-wavenumber region”. 

In order to evaluate a priori the ability of Raman spectroscopy to detect Aβ in our sEVs we 

performed an estimate of the number of Aβ molecules in our laser spot. First, we calculated the 

number of Aβ molecules per sEV based on published data [22]. Fiandaca et al [22]. reported the 

Aβ42 concentration (pg/ml) in total exosomes solution and the number of exosomes per ml. To 

determine the mass of Aβ42 per sEV, we divided the Aβ concentration (expressed in pg/ml) by 

the number of exosomes per ml. Next, we converted the mass of Aβ to the number of molecules 

per sEV by first converting the mass of Aβ to moles using the molar mass and further converting 

to the number of molecules using the Avogadro’s number. We applied this procedure to the 

values reported in the aforementioned study. The reported concentration of Aβ42 is 18.5 pg/ml in 

exosomes (2.78×109 particles/ml) isolated from plasma of AD patients (n=3) and 0.83 pg/ml in 

exosomes (3.49×109 particles/ml) extracted from age matching healthy individuals (n=3). We 

used the values of the exosomal Aβ42 protein concentration extracted from AD patients’ plasma 

to estimate the concertation of the protein in our TC- sEVs. The concentration of Aβ42 protein 

obtained from the analysis of healthy controls was used to calculate the protein concentration in 

TC+ sEVs and osEVs. Beginning with the number of Aβ molecules per one sEV in TC-/+ sEVs 

and osEVs solutions, we calculated approximately 885 Aβ molecules/sEV, 31.5 molecules/sEV, 

and 30 molecules/sEV, respectively. The calculated values indicate a higher load of Aβ in TC- 

sEVs. Next, knowing the number of Aβ molecules per sEV we can calculate the expected 

number of Aβ molecules in our laser spot by assuming that the laser spot is a cylinder with 0.5 

µm radius and 2 µm height and the sample is composed of concentrated sEVs filling the laser 
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beam. Then, we calculated the estimated volume of one sEV of each group based on the mean 

size of sEVs analyzed by NTA. Subsequently, we calculated the number of sEVs of each group 

in the laser spot described above. The estimated number of Aβ molecules in the laser beam spot 

is 6.8×105 Aβ molecules for TC- sEVs, 2.1×102 Aβ molecules for TC+ sEV, and 1.7×102 Aβ 

molecules for osEVs. These estimates are supported by the differences of Raman intensities, 

where a linear relationship is expected to the number of molecules in the analyte. It is important 

to note that the 2930 cm-1 peak corresponds to overall protein concentration within analyzed 

sEVs. However, the main difference between TC- MC65 cells and TC+ MC65 cells is the 

presence of tetracycline and overexpression of Aβ in TC- MC65 cells. This indicates that the 

isolated sEVs will have mainly the same molecular composition and the major variability is the 

presence of Aβ in TC-sEVs as detected by Raman spectroscopy.  

Next, the deconvolution of the Amide I region of TC-sEVs showed that Aβ associated with sEVs 

is in an α-helical conformational form and in the size of a monomer or a small oligomer. These 

findings may shine light on a potential mechanism of propagation of neurodegeneration by sEVs 

carrying toxic oligomers. There is no consensus in the field regarding the structure of the toxic 

oligomers. The process of transformation of the monomers into toxic oligomers has been shown 

to be structure dependent. Specifically, it has been noted that toxic oligomers, as well as Aβ 

fibrils, have a β-sheet enriched secondary structure that provides a high adherence site for further 

fibrillation [95-97]. Conversely, a number of studies showed that early oligomers of Aβ and α-

synuclein have an α-helical secondary structure and are prompted by helix-helix interactions [51, 

98]. This knowledge and our results further suggest that sEVs may be involved in toxic 

oligomers spread within the neurons in CNS. 

In addition, we observed differences in the lipid structures of sEVs. The lipids with longer fatty 

acid chains are prevalent in control sEVs groups, TC+ sEVs, and osEVs. On the other hand, TC- 

sEVs have shorter fatty acid chain lengths. Since the main difference between TC- sEVs and 

TC+ sEVs is the presence of the Aβ protein, we suggest that the association of Aβ protein with 

plasma membrane alters plasma membrane fluidity. The plasma membrane fluidity depends on 

several factors, such as degree of fatty acids saturation, length of fatty acid tail, cholesterol 

content, and temperature. Specifically, the lengths of fatty acids tails affect the membrane 

rigidity by creating intermolecular interactions between phospholipid tails. In the case of TC- 



 

186 
 
 

sEVs we observe a two-fold reduction of the chain length and as a result, a potential increase in 

membrane fluidity. However, the cause of this phenomenon remains to be explored. One 

possible explanation for the increased EV membrane fluidity is the formation of transmembrane 

oligomeric pore structures that are proposed to occur with the peptide’s interaction with the EV 

plasma membrane. In addition, the length of the fatty acid chain shortens with an increase in 

temperature. However, this parameter should not affect our results since sEVs from all three 

groups were analyzed under the same experimental conditions.  

Overall, our results confirm that Aβ protein is present in sEVs and can be detected via Raman 

spectroscopy. Moreover, our study uncovered the role of Aβ protein in the plasma membrane 

fluidity, paving the way for other studies on this topic. Future studies using clinical samples of 

AD patients will be necessary to demonstrate the potential of sEVs for early AD diagnosis. 

Further, studies of the sEVs derived from AD patients and healthy controls via Raman 

spectroscopy will possibly indicate spectral biomarkers that may correlate to the development of 

AD. The analysis of molecular conformation of sEV-associated Aβ protein is particularly 

important in understanding the role of sEVs in the propagation of neurodegeneration as it has 

been previously proposed in the literature. Potential pathologies underlying AD other than 

misfolded proteins and their conformers can be explored via Raman spectroscopy in sEVs from 

clinical samples. For instance, a comparison of the metal ions contents in EVs that has been 

shown to correlate with aggregation of Aβ protein and deposition of plaques. Moreover, another 

area of great interest is exploring lipidomic changes that may contribute to the disease 

development and may potentially be detected in EVs molecular content via Raman spectroscopy. 

The main drawback of the technique that limits its translation to clinic is the relatively low 

Raman signal. Nonetheless, this limitation can potentially be addressed by technologies aimed at 

enhancing Raman signals such as plasmonic nanomaterials in surface enhanced Raman 

spectroscopy, or coherent Raman techniques. 
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Chapter VI. Discussion 

The comprehensive literature review presented in Chapter II shows that optical label-free 

methods are currently complementary to conventional EV characterization methods. The 

anticipation of the usage of both conventional technologies and emerging novel methods is 

important especially when the users need to analyze complex analytes such as EVs. 

Label-free optical methodologies enhance the growing field of EV research by providing 

effective tools for disease specific biomarkers discovery and simultaneous detection of multiple 

markers of disease specific molecular fingerprints in small volumes of samples. In the EV 

research field NTA, SPR, and flow cytometry gained the most popularity among optical label-

free technologies1. EV morphological features such as size, shape, and concentration as well as 

their biochemical content have been most successfully characterized using label-free optical 

technologies. Furthermore, these technologies have been used for the detection of EV-associated 

markers of cancer and neurological disorders1.  

EVs exhibit a biocorona which consists of proteins and other molecules. It is a fragile outer shell 

that surrounds EVs and is proposed to be an external cargo or natural component of EVs106. It 

has been suggested that it may play an important role in EV function107. The thickness of the EV 

biocorona in one study is found to be approximately 5.3 nm ±0.3 nm and is enriched with 

apolipoproteins, immunoglobulins, albumin, proteoglycans, heparin-binding proteins106, 108-110. 

Electrostatic and thiol interactions, as well as the surrounding media, affects the formation of EV 

biocorona110, 111. Current technologies that are used for EV isolation and analysis may disrupt 

EVs biocorona and essential information it carries107, 112. Hence, it is important to apply methods 

that have minimal impact on a sample such as optical label-free technologies including Raman 

spectroscopy and SERS. The non-destructive feature of these technologies, with appropriate 

sample preparation, may reveal components of biocorona and allow assessment and 

differentiation of EV internal cargo from components of biocorona. 

A further exciting opportunity these new technologies can provide is classification of EVs into 

subpopulations, that may reveal heterogeneity of EVs and advance our knowledge of EVs 

functions in health and disease. The limited characterization capabilities of traditional bulk 
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characterization methodologies make analysis of complex EV heterogeneity challenging. Bulk 

EV characterization methodologies offer an overall view of EVs present in a sample and are not 

suitable for EV subpopulations characterization. Identification and analysis of different EV 

subpopulations, and variations between these subpopulations, may shine light on the genesis and 

origin of EVs present in a sample. This analysis is important to better understand the role of EVs 

in the normal physiology and pathology of the disease. Furthermore, standardization of isolation 

protocols, processing, and analysis methods for different subpopulations of EVs would be a 

substantial benefit to the field, leading to consistent and accurate results. Determining EVs as 

clinical biomarkers and the subsequent development of clinical guidelines requires quantitative 

methods of analysis. However, differentiation between the accuracy of a specific biosensing 

technique and the accuracy of the EVs themselves as biomarkers of pathology is not always 

possible to establish. This ambiguity is a key obstacle to use EVs in clinical settings. A lot of 

effort has been made to establish EV-associated biomarkers of disease. To date, there is only one 

EV-based biomarker test that has been approved by public health authorities. The ExoDX 

prostate cancer test is used for diagnosis of prostate cancer in men with elevated prostate specific 

antigen. The test utilizes exosomal RNA and DNA level to assess the risk of cancer development 

and further necessity to perform prostate biopsy. This technology is an advancement in prostate 

cancer diagnosis. The challenge is to establish EV-associated biomarkers for other cancer types 

and neurological disorders.  

Another challenge that needs to be discussed in regard to EV characterization methodologies is 

the analysis of the acquired datasets. The importance of this analysis lies on providing valuable 

predictive information. One of the promising, emerging approaches to detect key features in 

large data sets and classify EV samples as well as discriminate EV subpopulations is machine 

learning (ML). ML algorithms have been employed for classifying clinical samples as well as for 

investigating underlying patterns of large and complex datasets that are typically encountered in 

heterogenous EVs samples. For instance, microscopy images113, 114, spectral data from Raman 

spectroscopy115-117 and SERS118, 119, proteomic120, and genomic data 121 are all analyzed and 

processed into various clusters and subpopulations. Both supervised and unsupervised ML 

algorithms have been applied in EV research. The supervised algorithms are trained on datasets 

where each training example is explicitly labeled with its corresponding output value. This is 
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specifically useful in clinical cases, where diagnostic criteria or biomarkers are known, and the 

objective is a predictive model. Notably, these ML models have been utilized for the analysis of 

EV-associated molecules related to cancer122-127 and neurodegenerative diseases120, 128, 129. 

Unsupervised ML algorithms are not trained on prelabeled datasets and therefore the operators 

must interpret data patterns on their own. PCA, K-Means clustering, and hierarchical clustering 

are examples of unsupervised ML that are used in EV research130 131, 132. The most appealing 

aspect of unsupervised learning is the possibility to discover previously unknown underlying 

patterns within datasets that can be identified without human input. This approach is particularly 

beneficial in biomarker discovery studies. Another approach that is less common in the EV 

research field is semi-supervised ML analysis. It combines labeled and unlabeled data to 

construct a learning model and is typically used when a dataset contains predominantly 

unlabeled data.  

ML includes a subclass that utilizes neural networks for processing large-scale data sets termed 

deep learning (DL). In DL, created layers mimic the interconnection of neurons in the human 

brain. This approach has been applied to develop predictive classification models with the ability 

to make more “human-like” decisions. The application of DL in EV research is less common. 

One of the examples using DL is a recent study by Shin et al. that classified cancer EVs from 

healthy patients’ derived EVs133. The SERS spectra-trained DL algorithms were able to stratify 

lung cancer cell line EVs from human pulmonary alveolar epithelial cell line EVs, that are 

considered as a healthy control in this study, with 95% accuracy and as healthy control EVs and 

was able to stratify them. Moreover, the developed DL model is tested using EVs isolated 

clinical samples and was able to predict lung cancer for all patients (stages 1A, 1B, and 2B) with 

an AUC of 0.912. Interestingly, for stage 1 patients lung cancer is predicted with an AUC of 

0.910. This demonstrates the potential for early-stage noninvasive diagnostics. 

Overall, despite many challenges, the field of label-free optical methods for EV characterization 

will grow in significance and offer new tools and possibilities for liquid biopsy applications, 

biomarker discovery, standardized sample handling and isolation, technological improvements in 

optics, and advanced data analysis methodologies. Integration of ML and DL into further studies 
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of EV subpopulations is an important avenue to determine clinically viable diagnostic methods 

based on optical label-free techniques.  

6.1 Morphological and biochemical characterization of micro- and nanoparticles including 

EVs using developed techniques.  

The next part of the discussion section is dedicated to the original research articles that 

demonstrate morphological and biochemical characterization of micro- and nanoparticles.  

The lens-free dark-field microscopy directly on a CMOS sensor is a novel technique that, in 

accordance with the Fresnel equations of reflection, results contrast reversal. The images of the 

objects acquired using this technique are similar to ones acquired using traditional dark-field 

microscopy. Specifically, a larger fraction of light intensity is reflected when the incident light 

propagates at angles of illumination close to 90° from a medium with a lower refractive index 

(such as air) to a higher refractive index (such as plastic). The background recorded by the 

CMOS sensor depends directly on the intensity of reflected light. The low background intensities 

observed when most of the incident light is reflected. The images of the objects using this dark-

field mode have reversal of the contrast of the object when opposed to the images recorded using 

bright field illumination mode. The proof-of-concept experiments using polystyrene beads with 

size ranging from 1.6 µm to 7 µm show a three- to four-fold reduction of the background at 

illumination angles close to 90° vs. 0°. The surface geometry of the imaging sensor may affect 

the reflectance. The flattening of the CMOS imaging surface by chemical or physical methods is 

expected to improve the background reduction factor.  

Next, interesting modality that is developed as a part of RDFM platform is shadow-based 

measurements of object’s height. Illuminating the polystyrene spheres of various size at oblique 

angles ranging between 0° and 85° result in a formation of the objects’ geometrical shadow. 

Using simple geometrical calculations, we are able to quantify approximate height of the 

polystyrene spheres based on their geometrical shadows.  

The results of proof-of-concept experiments encouraged us to apply the RDFM technology for 

analysis of biological samples. For this, single cells of E. gracilis algae were imaged in both 

shadow and dark-field microscopy modes. The obtained images allow for the calculation of E. 
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gracilis approximate height (~5 µm) and length (10-11 µm) that is found to be true to the size of 

the microorganism determined by other microscopy techniques134. Moreover, the RDFM method 

enabled quantification of 3D morphological features within large clusters of E. gracilis. The 

analysis of S. epidermidis cells that typically smaller than E. gracilis cells further validated the 

use of the platform for detecting and quantifying small, micrometer-sized biological objects.  

In the EV research field RDFM methodology can be applied for detection and characterization of 

morphological features of EVs such as size and shape. These morphological features are 

currently characterized using various traditional methods such as NTA, AFM, EM, etc. The 

RDFM complements these techniques and offers morphological analysis of EVs at lower cost, 

with relatively simple experimental set-up. At this point of time, the platform is able to analyse 

large vesicles or clusters of small vesicles. However, improvements in optical technologies and 

the subsequent reduction of imaging sensors’ pixel size may allow the application of RDFM for 

small EV characterization. Additionally, the drying of EVs on the surface of the imaging sensor 

may affect the morphological features of EVs. The change in morphology of EVs due to fixation 

is observed during TEM when EVs are fixed on the surface of the carbon grid. The resulting 

images show cup-shaped morphology as an artefact of EV dehydration 135. This shortcoming 

needs to be addressed in future studies by possible incorporating the microfluidic chip onto the 

CMOS sensor.  

In addition to EV analysis, RDFM can be useful in cancer research to understand different states 

of cancerous cells based on the variability in cellular thickness and cytoplasm-to-nucleus ratios 

that subsequently result in morphological differences and changes in cell mechanics136. These 

alterations in cell morphology occur particularly during metastasis, tissue generation, and cancer 

cell-drug molecule interactions137, 138. These effects are challenging to be axially resolved for 

large FOV using a conventional microscopy technique without fluorescence or even with 

fluorescence require confocal microscopy with extensive image post-processing and sample 

labeling139. In addition, quantitative phase imaging (QPI) is used to characterize morphological 

alterations of the cancer cells. The QPI, unlike most of the conventional techniques microscopy 

techniques used in cancer research, can analyse live and unlabeled cells140. Nevertheless, the 

need to perform image-post processing, in addition to the extensive image acquisition process 
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and the high cost of the equipment, limits the application of the QPI method. The RDFM 

technique would fall in line with similar 3D on-chip imaging technologies that have been applied 

for the morphological characterization of cells141.  

Overall, the RDFM technology enables morphological analysis of unstained, dried, or fixed 

biological and non-biological objects with a high spatial resolution (limited to the pixel size) and 

large field-of-view imaging. The low cost and simplicity of the technique opens up opportunities 

for its implementation in low-resource environments for biological, medical, food safety, or 

environmental monitoring applications. The large field-of-view, coupled with the high spatial 

resolution and improved contrast, makes the system applicable in the pathology field for the 

imaging of large, fixed (stained or unstained) thin tissue sections or blood or cell culture smears. 

Another useful approach that is introduced in this thesis is a size-based trapping, imaging and 

biochemical characterization of small particles including EVs and polystyrene spheres via 

CMOS TrICC technology. Our theoretical and experimental results demonstrate the presence of 

hot spots localized in the confined spaces between interconnected microlenses. Previously 

reported studies support our findings and show that high and uniform SERS enhancement is 

observed in SERS substrates with periodic arrays of closely spaced nanostructures. On the other 

hand, SERS substrates with randomly structured surfaces exhibit lower signal enhancement52. 

The coating of a CMOS imaging sensor surface with a thin layer of silver (40 nm) creates 

plasmonic hot spots between microlenses and allows high amplification of the Raman scattering 

signal of the EVs. In addition, the observed overall Raman enhancement may have contribution 

of the lightning rod effect in the funnel-like structures53. Moreover, a higher SERS enhancement 

can also be explained by minimized 54retardation or damping effects for EM fields created in 

nanogaps within the quasistatic limit55.  

The hot spots serve both for capturing and biochemical characterization of EVs and other 

particles of interest. The AFM measurements revealed that their size is approximately 300 nm. 

This means that only a single or a few EVs could fit in this region that is otherwise also the 

volume with the highest SERS enhancement. One may argue that bigger particles may 

concentrate and cover the nanogaps containing EVs such that the signal represents the 

biochemical content of larger particles as well. However, due to the nature of SERS 
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enhancement that occurs in close proximity to the plasmonic material, particles that are larger 

than the size of nanogaps have minimal or no interference to EV SERS signal17. Previous studies 

have applied similar concepts of SERS characterization of EVs using nanoplasmonic materials 

that allow SERS characterization of EVs that fall in the nanogaps between gold nanorods31, 

porous nanoplasmonic scaffolds33, 57, and array of gold-covered graphene pyramids58. 

Another important characteristic of the hot spots created between adjacent microlenses is their 

large volumes (extending in the z dimension) that may potentially allow for the probing of 

molecules that are located at a longer distance from the SERS substrate surface, such as EV 

intraluminal cargo. This is supported in our measurements of small volumes of brain organoids 

EVs by detection of specific peaks centered at 1345 cm-1 that correlate to nucleic acids 

vibrational modes46 which are mainly part of the intraluminal cargo of EVs56. Analysis of SERS 

spectra in the “fingerprint region” and “high-wavenumber region” revealed chemical constituents 

typical for both EV membrane and intraluminal content (proteins, lipids, and nucleic acids), and 

therefore validated the presence of EVs trapped within nanocavities. 

Finally, attempts to combine SERS and optical microscopy in one platform have been reported 

previously, mostly by utilizing research-grade microscopes, which operate on a trade-off mode 

between spatial resolution and field of view9. One recent example is simultaneous SERS 

measurements and Stochastic Optical Reconstruction Microscopy (STORM) of biological 

structures and microorganisms59-61, which reports high spatial resolution (<50 nm) and chemical 

information of the analyte but is limited in terms of field of view. The technique is also complex, 

requires the acquisition of multiple images, and uses computing-intensive image reconstruction 

algorithms. In our study, the coating of the CMOS imaging sensor with a silver layer did not 

affect its performance and imaging functions were maintained. The approach is based on lensless 

imaging with a spatial resolution limited by the pixel size and a field of view limited only by the 

size of the sensor (as high as 1 cm). We are able to record images of polystyrene beads and dried 

droplet of EVs. While this modality remains to be explored in the EV analysis settings, we 

believe that the RDFM technology may allow morphology characterization in addition to 

chemical analysis. In addition, this device does not need external lenses, can be miniaturized, and 

is designed to operate in point-of-need applications.  
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Going beyond EV analysis, combining imaging with SERS on the same platform may enable 

recording optical microscopy and chemical images of analytes of interest (such as molecules 

related to infectious diseases, pathogens, food safety, and other applications) placed directly on 

its surface. This opens up new directions towards biosensor development. 

6.2 Optical label-free technologies for identification of EV-associated disease biomarkers 

A biomarker as defined by the National Institute of Health is “a characteristic that is objectively 

measured and evaluated as an indicator of normal biological processes, pathogenic processes, or 

pharmacological responses to therapeutical intervention”. The development of EV-based 

biomarkers for diagnosis of cancer and neurological conditions is showing great promise. 

However, translating laboratory-based findings to the clinic remains challenging. This transition 

requires the advancement of isolation and analytical methodologies that will enable rapid results 

acquired in a high-throughput manner. AD is a neurodegenerative disease that remains 

challenging to diagnose in the early stages. This prognostic uncertainty of existing diagnostic 

methods in combination with the high costs and invasiveness of current diagnostic procedures 

further emphasizes the importance of developing sensitive and accurate alternative tests for early 

AD diagnosis. Moreover, in clinical settings, it is desirable to apply analytical methods that 

enable sensitive quantification of EVs from small volumes of biofluid. One such method is 

Raman spectroscopy. Therefore, one of the goals of the thesis was to explore the use of Raman 

spectroscopy to detect sEV-associated biomarker of AD, Aβ protein.  

In cases when it is necessary to perform analysis of EVs in liquid, one must consider difficulties 

associated with such measurements. First, the measurement of the Raman spectra of sEVs in 

liquid presents difficulties due to their Brownian motion, which will cause particles to travel in 

and out of the laser beam, reducing signal-to-noise ratio. In addition, the laser beam may push 

particles out of the focal region due to the momentum of incident photons. Another important 

experimental parameter is the wavelength of the laser. In this thesis two different wavelength are 

used to collect Raman spectra from probe molecules and EVs. The main explanation for this 

variety of the choice is determined by the substrate on which samples are placed. Existing 

literature shows use of the large variety of the substrates including CaF2 and quartz substrates, 

and glass substates. SERS spectra of probe molecules placed on a CaF2 shown in Chapter IV is 
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collected using 785 nm excitation. The Chapter V introduces Raman spectra of EVs placed on a 

glass substrate. To minimize glass background, we used 633 nm excitation laser. post-processing 

background subtraction.  

Our results show a clear difference between biochemical profile of sEVs associated with Aβ 

compared to the control sEVs groups. The similarity of the intense peaks at 1650 cm-1and 2930 

cm-1 in TC- sEVs Raman spectra to the same peaks in the spectra of pure Aβ protein indicate the 

presence of Aβ protein. On the contrary, the Raman spectra of TC+ sEVs and osEVs exhibit less 

intense or lacking bands at these positions. The Amide I region of the Raman spectra of sEVs has 

additional contributions from other proteins in sEV cargo and low signal-to-noise ratio. The 

“high-wavenumber region” on the other hand, shows strong protein peaks and a high signal-to-

noise ratio. The use of unsupervised machine learning algorithms such as PCA in this study is 

justified by its ability to recognize unknown patterns in the Raman data that is associated to 

changes in EV molecular cargo isolated from AD cell culture model. Moreover, this approach 

reduces dimensionality of the large and complex Raman data without the loss of its accuracy. 

The conducted study required validation of the Aβ presence within sEVs. For this, we first 

performed a theoretical evaluation of the Aβ concentration within a laser spot. We based our 

calculations on an Aβ concentration within EVs published earlier by Fiandaca et al89, 142. By 

dividing the Aβ concentration (expressed in pg/ml) by the number of EVs per ml, we determined 

the mass of Aβ42 per sEV. Using Avogadro’s number, we converted the moles of Aβ to the 

number of molecules per sEVs. To estimate the concertation of the Aβ42 protein in TC- sEVs, we 

used values found in the aforementioned study. Specifically, the concentration of Aβ42 in EVs 

isolated from AD patients (n=3) was determined by ELISA and reported to be 18.5 pg/ml in EVs 

(2.78×109 particles/ml). EVs isolated from healthy individuals (n=3) had lower concentrations of 

EV-associated Aβ42 (0.83 pg/ml in EVs (3.49×109 particles/ml)). The concentration of the Aβ42 

protein is obtained from the analysis of healthy controls and was used to calculate the protein 

concentration in TC+ sEVs and osEVs. The calculated number of molecules per EV was as 

follows: TC- sEVs – ~885 Aβ molecules/sEV, TC+ - ~31.5 molecules/sEV, and osEVs - ~30 

molecules/sEV. Subsequently, we calculated the number of sEVs for each group in the laser 

spot. The estimated number of Aβ molecules in the laser beam spot is 6.8×105 Aβ molecules for 
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TC- sEVs, 2.1×102 Aβ molecules for TC+ sEV, and 1.7×102 Aβ molecules for osEVs. The 

differences of Raman intensities in Raman spectra collected from TC- sEVs compared to control 

EV groups support our estimations. It is expected that TC- sEVs and TC+ sEVs have similar 

composition as they were isolated from the same cell culture. We hypothesised that the major 

variability between these EV groups will be the presence of Aβ in TC-sEVs because they were 

collected when MC65 cells were overexpressing Aβ. This variation is identified by Raman 

spectroscopy that reflects linearly the number of molecules in the analyte to Raman intensities. 

In addition, our results show that Aβ associated with sEVs is in an α-helical conformational form 

and in the size of a monomer or a small oligomer. This is important because the process of 

transformation of the monomers into toxic oligomers has been shown to be structure dependent. 

Moreover, these findings may shine a light on a potential mechanism of propagation of 

neurodegeneration by sEVs carrying toxic oligomers as there is no consensus in the field 

regarding the structure of the toxic oligomers. Specifically, it has been noted that toxic 

oligomers, as well as Aβ fibrils, have a β-sheet enriched secondary structure that provides a high 

adherence site for further fibrillation143-145. Conversely, several studies showed that early 

oligomers of Aβ and α-synuclein have an α-helical secondary structure and are prompted by 

helix-helix interactions146, 147. This knowledge, and our results, further suggest that sEVs may be 

involved in toxic oligomers spread within the neurons in CNS. 

Next interesting observation is the potential affect of the Aβ on the EV membrane fluidity. The 

analysis of Raman spectra shows differences in the lipid structures of sEVs. The control sEVs 

groups, TC+ sEVs, and osEVs, are prevalent in lipids with longer fatty acid chains. On the other 

hand, TC- sEVs have lipids with shorter fatty acid chain lengths. Since the main difference 

between TC- sEVs and TC+ sEVs is the presence of the Aβ protein, it can be suggested that the 

association of Aβ protein with plasma membrane alters plasma membrane fluidity. The plasma 

membrane fluidity depends on several factors, such as degree of fatty acids saturation, length of 

fatty acid tail, cholesterol content, and temperature. Specifically, the lengths of fatty acids tails 

affect the membrane rigidity by creating intermolecular interactions between phospholipid tails. 

In the case of TC- sEVs we observe a two-fold reduction of the chain length, and as a result, a 

potential increase in membrane fluidity. However, the cause of this phenomenon remains to be 

explored. One possible explanation for the increased EV membrane fluidity is the formation of 
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transmembrane oligomeric pore structures that are proposed to occur with the peptide’s 

interaction with the EV plasma membrane. In addition, the length of the fatty acid chain shortens 

with an increase in temperature. However, this parameter should not affect our results since sEVs 

from all three groups were analyzed under the same experimental conditions.  

We also performed mass spectrometry analysis of sEVs. Mass spectrometry identified APP 

peptides in both TC- and TC+ sEVs. However, Aβ42 peptide is detected only in TC-sEVs. The 

proteins of amyloidogenic pathway, such as ADAM 10, ADAM TS4, SORL1 and gamma 

secretase subunit (nicastrin), are detected in TC-sEVs and absent in TC+ sEVs148-150. The 

enzymes of tau cleavage, such as glycogen synthase kinase-3 beta, are also detected151. 

Additionally, the EV markers such as TSG101, CD81, syntenin-1, HSP 70, HSP 90, annexin VII, 

annexin XI, Rab5 and Rab7 GTPases indicate the endosomal origin of the analysed EVs152, 153. 

The presence of annexin A, fibronectin, actin, tubulin and Rab11suggest co-isolation of large 

EVs such as microvesicles154.  

Overall, our results confirm the hypothesis of the thesis and show that Aβ protein is present in 

sEVs and can be detected via Raman spectroscopy. Moreover, our study uncovered the role of 

Aβ protein in plasma membrane fluidity, paving the way for other studies on this topic. Future 

studies, using clinical samples of AD patients, will be necessary to demonstrate the potential of 

sEVs for early AD diagnosis. Analysis of the sEVs derived from AD patients and healthy 

controls via Raman spectroscopy may indicate spectral biomarkers that correlate to the 

development of AD. The analysis of molecular conformation of sEV-associated Aβ protein is 

particularly important in understanding the role of sEVs in the propagation of neurodegeneration 

as it has been previously proposed in the literature. Raman spectroscopy analysis of sEVs from 

isolated from clinical samples may enable to explore potential pathologies underlying AD, other 

than misfolded proteins and their conformers. For instance, a comparison of the metal ions’ 

contents in EVs has been shown to correlate with aggregation of Aβ protein and deposition of 

plaques. Moreover, another area of great interest is exploring lipidomic changes that may 

contribute to the disease development and may potentially be detected in EV molecular content 

via Raman spectroscopy. The main drawback of the technique that limits its translation to clinic 

is the relatively low Raman signal. Nonetheless, this limitation can potentially be addressed by 

technologies aimed at enhancing Raman signals such as plasmonic nanomaterials in surface-
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enhanced Raman spectroscopy, or coherent Raman techniques. For example, CMOS-TrICC can 

be further applied for characterization of Aβ-associated EVs. and may provide higher sensitivity 

analysis of low copy number molecule such as EV membrane-associated Aβ. Moreover, ability 

for size-based trapping of EVs may reveal information about EV heterogeneity and its relevance 

to the Aβ. 

Another shortcoming of the technique is its inability to specifically detect the molecules of 

interest. Discrimination of EV-associated molecules from isolation impurities is another 

challenge that needs to be considered by a researcher while planning the experimental setup of a 

study. This problem mostly occurs when the target of the analysis is membrane-bound molecules 

and does not significantly affect characterization of intravesicular molecules.  

7. Conclusions and outlook 
Together with increased interest in EVs as mediators of cell-cell communication and disease 

markers, an increase in the technological advancement for the characterization of their molecular 

cargo is expected. To date, most of the traditional EV characterization methods that perform bulk 

assessment of EV content are invasive and require a large volume of samples. Therefore, the 

implementation of efficient methods for non-destructive single/few EV characterization could 

facilitate further advancements in the understanding of EV biology, functions, and application.  

Herein, this thesis presents novel, label-free optical approaches for EV molecular 

characterization and validates the use of Raman spectroscopy for the identification of EV-

associated Aβ. The small amounts of samples required, the non-invasive label-free detection, 

sensitivity, and cost convenience of the introduced methodologies, as well as the crucial ability 

to trap EVs for further analysis, make them advantageous in EV research. 

The current state of the developed technologies is limited by spatial resolution and dry sample 

analysis. The resolution of the CMOS TrICC system is determined by the pixel size of the 

CMOS imaging sensor and currently is 1.4 µm. At this point, large EVs and clusters of sEVs can 

be visualized and characterized. However, we believe that with advancements in optical 

instrumentation, it will be feasible to characterize small EVs. The approach does not require 

staining, labeling or large volumes of a sample, which makes it appealing for the EV research 
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field. Other advantages of the technology are its straightforward sample preparation, and its low 

cost mainly due to the inexpensive CMOS imaging sensor and custom-built multi-angle 

illumination stage.  

Another limitation of the describe technologies is a necessity to immobilize the samples 

including EVs, polystyrene spheres and microorganisms by air drying them on the surface of the 

substrate. This method enables additional in situ separation of small EVs from large EVs and 

isolation contaminants. It also allows size-based separation of EVs due to convective currents 

inside the droplet that cause concentration of small particles on the edge of drying droplet. On 

the other hand, the large particles are condensed in the middle of the dried droplet. While this 

approach of sample processing provides a stable, reproducible way of measuring Raman spectra 

of EVs, certain experimental settings may require analysis of EVs in liquid samples, as being 

closer to physiological conditions. While these opportunities for the developed methodologies 

remain to be explored, we believe the integration of microfluidic technologies is one of the 

possible ways to make liquid measurements feasible. 

With further advancements in optical technologies such as reduction of the signal to noise ratio 

of the spectrometers; reduction of the pixel size of the CMOS imaging sensors; improvement of 

a quantum efficiency of the imaging devices including CCD and CMOS sensors; increased 

spectral resolution of the Raman spectrometer; will only increase efficacy of the developed 

platforms. 

I foresee that the emphasis of future developments will be on the advancements of non-invasive 

and non-destructive methods for EV biology characterization. Therefore, the next step will be the 

adaptation of the newly developed technologies for the characterization of EVs in physiological 

conditions.  

Another important aspect of further development is understanding EV heterogeneity. CMOS-

TrICC technology has a great potential to be applied in this particular research direction to 

explore EV heterogeneity in terms of size and shape, and chemical content. Recent publications 

highlight the differences in the EV size and their protein cargo, showing that larger EVs have 

lower total protein amount compared to small EVs155.  
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Moreover, potential pathologies underlying AD other than misfolded proteins and their 

conformers can be explored via Raman spectroscopy and SERS in sEVs from clinical samples. 

For instance, exploring lipidomic changes that may contribute to the disease development and 

may potentially be detected in EVs molecular content.  

In addition, coupling these platforms and other optical label-free methods with Big Data 

Analysis methods and machine learning algorithms will ultimately broaden the application 

capabilities to preclinical and clinical studies of EVs. Therefore, we foresee a leading role of 

these methodologies in future EV research.  
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