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Chapter 1
Introduction

Part of section 1.4 has been published as:

L. G. Rikkert et al., Cancer-ID: towards identification of cancer by tumor-derived 

extracellular vesicles in blood, Front Oncol, 2020, 10, 608.
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1.1 Thesis motivation

Worldwide, 1 out of 6 deaths are related to cancer.1 Early detection, effective monitoring of 

the disease and optimal treatments may bring cancer from a deadly to a chronic controllable 

disease. Liquid biopsies may effectively detect and monitor cancer through the analysis of 

blood. Not only under physiological, but also under pathological conditions, cells release 

extracellular vesicles (EVs) for communication or waste removal purposes.2–4 Hence, cancer 

cells may release EVs to the blood stream,5–7 and consequently, a fraction of the particles in 

blood will derive from tumors. Such tumor-derived EVs (tdEVs) may contain specific information 

about their parental cancer cells and, in general, reflect the state of the patient. Thus, identifying 

and characterizing tdEVs can provide relevant information for cancer diagnosis, selection of 

optimal treatment and monitoring treatment response.

The detection and characterization of tdEVs in blood has been challenging due to (1) their 

small size, which may be as small as 30 nm in diameter,8 (2) their size and density overlap 

with many other EVs and non-EV particles present in the blood, such as lipoproteins and (3) 

the limited knowledge on their chemical composition. Therefore, the utilization of tdEVs as 

cancer biomarkers will largely benefit from techniques that are able to (1) detect biological 

nanoparticles at the single particle level and (2) disclose physical and chemical features that 

can be used to distinguish tdEVs from other particles in blood and gain a better understanding 

about them.

The aim of this work is to detect and characterize biological nanoparticles in blood, specifically 

tdEVs, at the single particle level. Hence, this thesis explores various methods that enable in a 

novel way the detection and characterization of individual particles and the discrimination of 

tdEVs from other EVs and non-EV particles in a label-free manner. One method is the exploration 

of correlated scanning electron microscopy (SEM) and Raman spectroscopy. Another method 

is the development of synchronous Rayleigh and Raman spectroscopy. The thesis describes 

the implementation of those methods to biological nanoparticles in blood, from big to small, 

from cancer cells to tdEVs and from model particles to particles in the blood of cancer patients. 

This development opens an avenue to exploit the potential of tdEVs as cancer biomarkers and 

to study other particles in blood relevant to cancer and other diseases.
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1.2 What are extracellular vesicles (EVs)?

Extracellular vesicles (EVs) are particles enclosed by a phospholipid bilayer and released by 

both eukaryotic and prokaryotic cells. The size range of EVs is very broad, ranging from 30 nm 

up to 5 µm in diameter.9–15 The release of EVs by cells is an evolutionarily conserved process 

that serves various functions, which are not all yet unveiled. Historically, EVs were believed to 

be waste products of cells. However, in the last decade, it has become increasingly clear that 

EVs serve not only functions of waste removal, but also of intercellular communication and 

coagulation.2–4 Because EVs originate from cells, they contain biomolecules present in the 

parent cells, such as lipids, proteins, nucleic acids and sugars. Hence, EVs may reflect the nature 

of the parent cell, which means that by studying EVs, the phenotype and genotype of parent 

cells can potentially be identified.

One of the first reports on EVs dates back to 1946, when Chargaff and West studied a “clotting 

factor” in plasma that promoted clotting in blood.16 In 1967, Wolf identified the “clotting factor” 

by electron microscopy and called it “platelet-dust”, which consisted of sub-micrometer 

lipid-rich particles originating from platelets.17 Various observations of EVs followed18–22 and 

many of these EVs were assumed to be released by outward budding of the cell membrane. 

However, a more complex biogenesis of EVs was described in the 1980s, which involved the 

fusion of multivesicular bodies (MVBs), also known as multivesicular endosomes, with the 

cell membrane.3,23,24 These types of EVs of endosomal origin were named “exosomes”.25 Since 

then, the field of EVs has expanded rapidly with more than 25,000 publications according Web 

of Science (Figure 1.1).

EVs are highly heterogeneous in composition, size, origin, function and release mechanism. 

Hence, such vesicles have received many different names in the literature referring to their 

size (e.g. microvesicles, nanovesicles), their origin (e.g. platelet-derived EVs, prostasomes, 

oncosomes), their function (calcifying matrix vesicles, argosomes), their presence outside the 

cells (ectosomes, exovesicles) and their biogenesis (exosomes, microvesicles and apoptotic 

bodies).3 Figure 1.2 shows a snapshot of different cell types releasing EVs, some of which may 

be microvesicles (circles) and apoptotic bodies (arrows).

1
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Figure 1.1. Number of publications per year for topic: “extracellular vesicle(s)” or “exosome(s)” or “microvesicle(s)” 
as reported by Web of Science.

Figure 1.2. SKBR-3 (A), LNCaP (B), and PC3 (C and D) cells releasing EVs of various sizes indicated by arrows and 
circles. Squares indicate examples of microvilli. Images were taken with a scanning electron microscope. Scale 
bars denote 2 µm.

At present, the most common nomenclature for subgroups of EVs is based on their biogenesis 

(Figure 1.3). The endocytic pathway involves the invagination of the cell membrane forming 

lipid vesicles called early endosomes, which mature into late endosomes. During this process, 

inward budding of the endosome membrane forms intraluminal vesicles (ILVs), which contain 
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proteins, lipids and cytosol. The endosomes accumulate ILVs in their lumen and are then 

commonly referred to as multivesicular endosomes or MVBs. MVBs can fuse either with 

lysosomes for cargo degradation, or with the cell membrane to release the ILVs, then called 

exosomes.3 Exosomes have an estimated diameter between 30 and 150 nm.9–11 Microvesicles, 

also known as microparticles, are formed by direct budding from the cell membrane. They 

have an estimated diameter up to 1000 nm.10–13 Apoptotic bodies are formed when the cell 

undergoes apoptosis and membrane blebbing occurs. This type of EVs is among the largest, 

ranging between 1 and 5 µm in diameter and may contain fragments of genomic DNA.10,15,26 The 

mechanisms underlying the biogenesis and secretion of EVs have been reviewed elsewhere.3,27

Figure 1.3. EV biogenesis. (A) Formation and release of exosomes, microvesicles, apoptotic bodies and onco-
somes (in cancer cells). ILV: intraluminal vesicles, MVB: multivesicular bodies. (B) Schematic of an EV composed 
of proteins, lipids and nucleic acids.

1.3 Extracellular vesicles in cancer

In recent years, it has become accepted that body fluids, such as blood and urine, contain EVs.28 

Under physiological conditions, blood contains between 106 and 1012 EVs per mL,2,8,28 which 

originate from red blood cells (RBCs), platelets, leukocytes and the vessel wall.29 However, 

diseased cells, such as cancer cells, also release EVs. Hence, in cancer, tumor-derived EVs 

(tdEVs) may be present within the circulation.5–7 Consequently, tdEVs may be used as diagnostic 

and prognostic biomarkers.

1
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The first observations of tdEVs were made in the early 1980s, and tdEVs were attributed 

procoagulant activity associated with different types of malignancies.30,31 At present, the 

collected evidence suggests that cancer cells not only release EVs, but such tdEVs may affect 

all of the hallmarks of cancer described by Hanahan and Weinberg.10 It has been reported 

that malignant transformation leads to an increased production of tdEVs. This may enhance 

the transfer of activated oncogenes contained in tdEVs, which are released to the cellular 

surroundings, but may reach other tissues via the circulation.10,32 Hence, tdEVs are potential 

contributors to oncogenesis.11 It has been shown that tdEVs are capable of transferring 

characteristics of cancer cells to normal fibroblasts and epithelial cells.10,33 tdEVs may also 

contribute to metastasis. For instance, tdEVs can sequester molecules involved in epithelial-

mesenchymal transition34 and it has been reported that tdEVs carry miRNAs that target the 

tight junctions between endothelial cells, destroying the natural barriers against metastasis.35 

tdEVs can also induce pre-metastatic niche formation and angiogenesis.10,36,37 Various studies 

have reported that tdEVs contribute to drug resistance by removing anticancer drugs out of a 

cancer cell or by expressing molecules that redirect the chemotherapy agents away from the 

cancer cells.11,38–40

In peripheral blood, the concentration of large tdEVs for metastatic prostate, breast and 

colorectal patients, as identified by EpCAM enrichment and using cytokeratin immuno-

fluorescent staining, ranges from 10 to 103 tdEVs per mL and is strongly associated with poor 

clinical outcome.7,41–43 Similar outcomes have been reported for ovarian cancer, where the 

number of circulating tdEVs is suggested to be higher than in healthy controls and proportional 

to the cancer stage.11,44

Because of the potential diagnostic and prognostic value of tdEVs and their relatively “easy 

access” via the circulation, there have been many efforts to isolate and characterize them. 

However, there are major technological and biological challenges. For example, the lack of 

standardized isolation and characterization methods for EVs, the low concentration of tdEVs 

compared to non-EV particles and other EVs in blood, and the heterogeneity of EVs in many 

aspects, including morphology,45 size,45–47 membrane composition,41,47–50 and refractive index,51,52 

complicate EV isolation, detection and enumeration. As tdEVs are outnumbered by EVs of other 

cellular origin and non-EV particles in blood, such as lipoprotein particles, in this thesis special 

focus is given to single particle analysis techniques, hence avoiding bulk analysis methods, 

whose inherent ensemble average precludes the identification of single particles.
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In sum, utilization of tdEVs as cancer biomarker requires (1) the discrimination of EVs from 

non-EV particles, (2) the identification of the EVs cellular origin, and (3) the analysis of the 

EVs molecular content. This thesis is part of the efforts of a consortium of eight universities 

and 21 companies, who collaborate in the Dutch NWO Perspectief program Cancer-ID, 

aiming to develop and evaluate technology to detect tdEVs in blood as biomarker for cancer. 

Various techniques were developed or improved throughout the Cancer-ID program, including 

techniques that are commonly used in the EV field to validate samples, such as transmission 

electron microscopy (TEM) and flow cytometry (FCM). A brief description of the state-of-the-art 

is presented, including some of the techniques used within the Cancer-ID program.

1.4 Analysis techniques for single EV and non-EV particles

This section includes techniques assessed within the Cancer-ID program that can (1) detect 

single particles attached to a surface, such as atomic force microscopy (AFM), scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM), and (2) detect single EVs in 

suspension, such as nanoparticle tracking analysis (NTA) and flow cytometry (FCM). Other 

technologies include immunomagnetic EpCAM (epithelial cell adhesion molecule) enrichment 

followed by fluorescence microscopic (FM) detection. Technologies that can measure either 

single or multiple particles attached to a substrate or in a suspension, such as Raman micro-

spectroscopy and hybrid AFM-SEM-Raman, will be further explained throughout the thesis.

1.4.1 Nanoparticle tracking analysis (NTA)

NTA measures the size distribution of particles between 50 to 1000 nm in diameter based 

on their Brownian motion. A laser illuminates particles in suspension, which consequently 

scatter light. The light scattered by the particles undergoing random motion is collected by a 

microscope objective and detected by an EMCCD camera (Figure 1.4). The random motion of 

the particles in the field of view is followed through a video sequence and the mean velocity of 

individual particles is computed and related to their size.53

1
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Figure 1.4. Schematic representation of the NTA setup.

1.4.2 Transmission electron microscopy (TEM)
TEM is considered a standard technique to confirm the presence of EVs in samples.54 TEM 

transmits electrons through sufficiently thin (<100-200 nm for biological materials) samples to 

make images with nm resolution.55 Particles from the sample are adhered to a carbon coated 

grid. Because EVs compete with other negatively charged particles for space on the grid, 

removal of soluble proteins and/or salts, for example by size exclusion chromatography (SEC)56 

and/or dilution, is required prior to incubation of the grid with EV samples. In addition, because 

TEM is performed in vacuum, EV samples are fixed with paraformaldehyde. After fixation and 

adhesion, the grid is placed on a droplet of contrast agent (uranyl acetate). A filter paper is used 

to remove the excess of contrast agent and the grid is dried at room temperature.57

Next, the grid is exposed to an electron beam and images are generated based on the detected 

transmitted electrons (Figure 1.5). The contrast agent scatters electrons efficiently and stains 

the background more efficiently than the EVs. Consequently, EVs appear as bright particles on 

top of a dark background.
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Figure 1.5. TEM of EV samples. Schematic representation of TEM imaging for EV samples. (A) The sample on 
a grid is exposed to an electron beam and images are constructed based on the detected transmitted electrons. 
(B) The uranyl acetate (UA) scatters electrons efficiently, which results in negative contrast. EVs and lipoprotein 
particles (LPs) have a low electron density and are seen as bright particles in a dark background.

1.4.3 Scanning Electron microscopy (SEM)
In SEM imaging, a focused beam of electrons scans the surface of a sample interacting with 

all atoms in the sample (Figure 1.6). Detection of the secondary electrons, originating from the 

outer layers of the sample, enables to visualize the topography of a sample. The amount of 

backscattered electrons, originating from the deeper layers of the sample, is associated with 

the atomic number of the atoms in the sample. EV samples can be fixed in paraformaldehyde, 

followed by gradual ethanol dehydration and chemical drying by using hexamethyldisilazane 

(HMDS). EVs are dehydrated and dried to maintain their morphological and surface features with 

minimal deformation in the vacuum chamber of the SEM.58,59 EV samples may be coated with 

gold to increase the image contrast and avoid surface charging. The sample must be placed 

on a conductive substrate during imaging.

1
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Figure 1.6. SEM of EV samples. (A) Schematic representation of a SEM setup. SED: secondary electron detector, 
BED: backscatter electron detector. (B) The sample is illuminated by the electron beam. Electrons interact with 
the sample at different depths, resulting in emitted electrons from the surface (secondary electrons) and from 
deeper layers (backscattered electrons).

1.4.4 Atomic force microscopy (AFM)
AFM is a very high resolution scanning probe microscopy useful for single particle analysis and 

topography imaging. Next to imaging, it is also possible to perform mechanical measurements 

with AFM.60 During AFM imaging, a cantilever with a nm-sized tip probes the sample surface 

(Figure 1.7).61 Deflection of the cantilever is measured with a laser and photodiode. EVs can be 

added onto a poly-L-lysine coated coverslip and placed on the AFM.62–65 Acquired images can 

provide information about the topography of the sample surface. Mechanical properties can 

be obtained by applying a defined force perpendicular to the surface (indentation), providing 

force-indentation curves.

Figure 1.7. AFM EV samples. (A) Schematic representation of the AFM setup. In AFM, a cantilever interacts with 
the sample and the reflected laser beam is detected by a photodiode. The experiments are performed in liquid.
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1.4.5 Flow cytometry (FCM)
In a flow cytometer, the sample is hydrodynamically focused with sheath fluid to intersect a 

laser beam (Figure 1.8A). Scattered light and fluorescence from the particle are collected by a 

forward scatter detector, a side scatter detector, and multiple fluorescence detectors (Figure 

1.8B).66 The measured scatter and fluorescent signals per particle can be represented and 

analyzed using scatter plots as shown in Figure S6.5. EV samples should be diluted in PBS to 

prevent swarm detection67 and stained with fluorescently-labelled antibodies.

Figure 1.8. FCM of EV samples. (A) In FCM, a single particle in suspension is hydrodynamically focused with sheath 
fluid (arrows) to intersect a laser. Light coming from the particle is collected by a forward scatter detector (FSC), a 
side scatter detector (SSC), and multiple fluorescence detectors (FL1, FL2, etc.). (B) Fluorescence (green dashed 
line) is isotropic and can be used to determine antigen expression and cellular origin. Scatter (blue solid line) has 
an angular distribution that depends on the size and refractive index of the particle (here 200 nm polystyrene). 
Knowledge of the flow cytometer collection angles and Mie theory allows derivation of particle size and refractive 
index from the measured scatter signals.

1.4.6	Immunomagnetic	EpCAM	enrichment	followed	by	fluorescence	
microscopic (FM) detection

It has been shown that CellSearch system can be used to enrich large tdEVs based on their 

EpCAM expression.41 Figure 1.9 indicates the flow: (1) blood is incubated with anti-EpCAM 

magnetic particles, which then bind to EpCAM-positive cells and EVs. (2) In the presence of a 

magnetic field, the magnetic particles coupled to the EpCAM-positive cells/EVs are separated 

from the rest of the blood. (3) EpCAM-enriched cells/EVs are fluorescently labelled. (4) The 

stained sample is loaded in a cartridge and placed between two magnets placed in such a way 

that all stained EpCAM-positive enriched particles homogeneously align on the glass slide 

on the surface of the cartridge. The cartridge is scanned using a fluorescence microscope 

(CellTracks Analyzer II). (5) The images are analyzed to identify tdEVs.

1
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Figure 1.9. EpCAM immunomagnetic enrichment and FM detection of EV samples.

Besides FM and FCM, there are other methods that use fluorescence to detect and characterize 

EVs, such as stimulated emission depletion (STED) microscopy, fluorescence correlation 

spectroscopy and fluorescence NTA.53

1.5 Thesis contents

Chapter 2 provides a theoretical background of the key principles behind the most used optical 

analytical technique in this thesis, namely Raman micro-spectroscopy. It explains Raman and 

Rayleigh scattering and the principle of optical trapping, which has been used to trap biological 

nanoparticles in suspension. The chapter ends with a brief literature overview about the use 

of Raman spectroscopy for EV characterization, current methods, findings and limitations.

Chapter 3 describes the implementation of correlative and integrated SEM and Raman 

micro-spectroscopy to cancer and non-cancer cells that enables their identification and 

characterization. The so-called SEM-Raman image cytometry is applied to non-labelled and 

non-metal coated cells as a first step before moving on to EVs, a much more challenging sample 

to work with. However, this is the first time such a method is applied to cells, so the developed 

sample preparation protocol and experimental design are presented. This chapter shows high 

resolution SEM images of cells correlated with their respective chemical fingerprint enabled by 

Raman spectroscopy. Here, Raman spectral features are used in principal component analysis 

(PCA) and hierarchical cluster analysis (HCA) to identify cells from different origins.

Chapter 4 brings SEM-Raman a step further to analyze individual EVs which are captured 

on antibody-functionalized stainless steel substrates. The downscaling challenges of going 

from cells (chapter 3) to EVs are solved by the development of a multi-modal platform for the 

specific capture of tdEVs and a proper workflow strategy. This chapter shows a multi-modal 
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analysis using SEM, Raman and AFM imaging to correlate size, morphology and chemical 

information at the single EV level. Based on Raman, it was possible to clearly distinguish tdEVs 

from contaminant particles, which differed in chemical composition.

Chapter 5 is the start of a series of chapters that move from detecting EVs on surfaces to 

doing it directly in suspension. This chapter presents a novel method for the detection and 

characterization of single EVs directly in suspension and in a label-free manner. The method 

is based on the synchronized detection of Rayleigh and Raman scattering from a single laser 

beam, which optically traps individual EVs. While Rayleigh scattering is used to detect when an 

individual particle is trapped, the synchronously acquired Raman spectrum labels each particle 

with chemical information. The method to trap and detect single particles is first validated with 

monodisperse polystyrene beads and then applied to tdEVs.

Chapter 6 shows the application of optical trapping and synchronized Rayleigh and Raman 

scattering (chapter 5) for the detection and characterization of single EVs and lipoprotein 

particles, which are a major component of blood plasma. The Raman spectra per particle type 

is shown and associated with relevant chemical information. By means of PCA on the Raman 

spectra of individual particles, we show that tdEVs can be distinguished from red blood cell-

derived EVs and lipoprotein particles in a label-free manner and directly in suspension. Chapter 

6 further addresses size determination of particles based on Rayleigh scattering.

Chapter 7 moves towards the analysis of single particles in the blood of cancer patients. This 

chapter presents a pilot study where optical trapping and synchronized Rayleigh and Raman 

scattering are used to interrogate plasma of metastasized castration-resistant prostate cancer 

patients and compare it to healthy controls at the individual particle level. PCA and HCA show a 

significant difference in terms of particle composition for some patients compared to healthy 

controls and these differences are discussed in an attempt to find the nature of the particles 

in cancer patients.

Chapter 8 discusses some findings related to chapters 3 and 4 about the interactions of 

organosilicon compounds with cell membranes.

Chapter 9 contains the general conclusion of this thesis, places this work into perspective and 

indicates recommendations for future research.

1
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2.1 Introduction

When light interacts with matter, different phenomena may occur (Figure 2.1). Depending on the 

material, light can be absorbed, reflected, scattered or transmitted. These interactions occur in 

varying proportions and the sum of absorbed ( ), reflected ( ), scattered, ( ) and transmitted 

light ( ) equals the total amount of incident energy ( ):

   (2.1)

Figure 2.1. Light-matter interaction. Detectors may be positioned accordingly to detect the portion of light of interest.

The study of the interaction between electromagnetic radiation and matter is called spectroscopy 

and the type of electromagnetic radiation used gives rise to different spectroscopy techniques. 

Of particular interest are the processes of light absorption and scattering, because the study of 

these interactions yields for example molecular information about the material being impinged 

by the light. Each atom in a molecular system has a positive nucleus surrounded by a cloud 

of negatively charged electrons, which form chemical bonds with neighboring atoms. When 

light interacts with a molecule, the electric field of the incident light wave sets the electric 

charges of the molecule to oscillate. The oscillating charges emit light in all directions except 

for the direction of its oscillation. Most of the scattered light will have the same frequency as 

the incident light, which is referred to as elastic or Rayleigh scattering, while significantly less 

light will be scattered with a different frequency, the so-called Raman scattering (Figure 2.2).

Figure 2.2. Rayleigh and Raman scattering.
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2.2 Raman and Rayleigh scattering

The inelastic scattering had been predicted in 1923 by Adolf Smekal1 and in 1928, the Raman 

effect was visualized by Sir C. V. Raman and K.S. Krishnan. They observed that some scattered 

light by liquids had a different color than the incident light, hence a wavelength shift.2 The 

discovery of the Raman effect earned Raman the Nobel prize in physics in 1930. The Raman 

effect arises from the interactions between the electrons in a molecule and the electric field of 

the electromagnetic radiation. This interaction changes the polarizability of a molecule inducing 

a temporary dipole moment. The polarizability changes due to the incident oscillating electric 

field may be seen as shape changes in the electron clouds surrounding a molecule. The incident 

oscillating electric field distorts and transmit energy to the electron cloud, thereby generating 

an induced dipole moment in the molecule. This dipole moment oscillates with the frequency 

of the incident electric field of the electromagnetic radiation. Hence, it emits light whose intensity 

is proportional to the fourth power of the incident frequency :3

    (2.2)

where  is the incident frequency,  the speed of light,  the polarizability and  the intensity 

of the incident light. The molecular polarizability  is defined as the ability of a molecule to form 

a dipole when placed in an external electric field . The electric field vector  of the incident 

electromagnetic radiation is expressed in scalar notation as:

    (2.3)

The induced dipole moment is defined as:

   (2.4)

A molecule exhibits vibrational modes, which contribute to the polarizability of the molecule, 

or in other words, the polarizability of a molecule can be modulated by a molecular vibration. 

Therefore, the induced dipole moment  and the amplitude of the emitted light are modulated 

by the frequency of the molecular vibration. The polarizability of a molecule modulated by the 

molecular vibrations gives Raman spectroscopy its molecular specificity. The polarizability of 

a normal vibrational mode of frequency  can be expressed in form of periodic motion:4,5

  (2.5)

2
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where  is independent of the vibrational modes,  represents the change in polarizability 

 during a vibrational motion,  represents the normal coordinate and  is the phase of the 

vibrational oscillation, which is random for each molecule and gives rise to the incoherent nature 

of spontaneous Raman scattering. Multiple vibrational modes  can then be written as a sum 

of contributions of vibrational modes:

    (2.6)

Introducing equation (2.6) into (2.4), the expression for the induced dipole moment changes 

becomes:

 (2.7)

Equation 2.7 illustrates that the induced dipole moment oscillates not only with the incident 

frequency , but also with frequencies  and . Hence, one frequency component 

of the emitted electromagnetic radiation by the molecule is equal to the frequency of the incident 

radiation  referred to as elastic or Rayleigh scattering. The frequency components  

and  are the anti-Stokes and Stokes Raman scattering, respectively. Hence, the Raman 

bands are located symmetrically on both sides of the Rayleigh band of frequency .

The classical description of the Raman effect can be complemented by a quantum-mechanical 

description, as shown in Figure 2.3A and 2.3B. When photons of energy  interact with a 

molecule with discrete energy levels, elastic collisions scatter photons of energy  (Rayleigh 

scattering) and inelastic collisions scatter photons of energies smaller for Stokes Raman 

scattering. It is higher for anti-Stokes Raman scattering. Rayleigh scattering of quanta with 

energy  has a higher probability than Raman scattering, during which vibrational energy is 

exchanged. Stokes scattering occurs when molecules in the vibrational ground state ( ) 

transit to a vibrational state of higher energy and photons with energy  are 

emitted. In an anti-Stokes scattering process a transition from a vibrational excited state to a 

lower energy state occurs and photons are emitted with energy .4 Since the 

occupancy of states follows a Boltzmann distribution, most molecules are in their vibrational 

ground state at room temperature and the Stokes Raman process has a higher probability than 

the anti-Stokes Raman process. Therefore, in spontaneous Raman spectroscopy and imaging, 

the Stokes Raman spectrum is mostly used.
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In Raman spectroscopy, the induced dipole moment and amplitude of the emitted radiations 

are modulated by the frequency of the molecular vibration. Because of the oscillating charges, 

the molecule behaves like an antenna that emits light with different frequency components. 

The light can be analyzed with a spectrometer and will result in the so-called Raman spectrum. 

An example of a Raman spectrum for the polyatomic molecule toluene is shown in (Figure 

2.3C). A central band is visible (Rayleigh scattering of ) as well as side bans of lower frequency 

(Stokes Raman scattering) that are specific to the molecule toluene. Raman spectrometers 

typically consist of an excitation laser that is focused on a sample with an optical objective. The 

Raman scattered light can be collected by the optical objective and dispersed in a spectrometer 

to finally reach the detector, which can be a charge coupled device (CCD) camera. By coupling 

the Raman spectrometer with a standard confocal microscope, the resolution can be 

significantly improved to a small focal depth. Confocal Raman spectroscopy measures a Raman 

spectrum per scanning point, which enables to image or map samples.6

Figure 2.3. (A) Jablonski diagrams for Rayleigh, Stokes Raman and anti-Stokes Raman scattering. (B) Photons 
(green) with energy  hit the molecule toluene (C7H8), thereby scattering photons of energies  (Rayleigh 

scattering),  (anti-Stokes Raman) and  (Stokes Raman). (C) Stokes Raman 

spectrum of liquid toluene.

Electromagnetic radiation can be characterized by wavelength λ (cm) and wavenumber  (cm-1):

     (2.8)

2
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Where  is the speed of light in centimeters per second,  the frequency in cycles per second 

and λ the wavelength in centimeters.3 Since the Raman scattered light is frequency shifted with 

respect to the excitation wavelength, it is customary to write the relative wavenumbers as:

     
 (2.9)

Here, the exciting light and Rayleigh scattering have a shift of zero wavenumbers (0 cm-1) and 

the Raman frequency components are shifted with respect to the Rayleigh band.4

The total Raman scattering intensity  depends on the Raman scattering cross section 

, the intensity of the excitation source  and the number of molecules  in the measurement 

volume:

    (2.10)

The Raman scattering cross section is different for each vibration in a molecule.

2.3 Confocal Raman micro-spectroscopy and resolution

Confocal microscopy has the advantage of spatially resolving features deep within transparent 

layers, such as coverslips, by simply focusing the laser beam to a diffraction-limited spot on 

the sample. Hence, a laser beam can be tightly focused in a voxel by an objective with numerical 

aperture  (Figure 2.4). The diffraction limited focus, calculated for a plane wave and 

an objective with numerical aperture NA, gives rise to a minimum radius  and a depth of field, 

which is two times the Rayleigh length , and based on the Rayleigh criterion:7

     (2.11)

     (2.12)
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Figure 2.4. Beam profile in the focal spot.

Thus, for a home-built Raman microscope that uses a wavelength of 647.08 nm and an objective 

with a NA of 0.95, the minimum radius  is 415 nm and the Rayleigh length  is 1434 nm.

The depth resolution can further be increased by blocking part of the light that reaches the 

detector with a small aperture or pinhole. This suppresses out of focus light which helps in 

removing background contributions from the collected scattered light, thus enabling three-

dimensional (3D) imaging. Hence, Raman spectra at different depths within the sample can be 

acquired by either moving the stage or the objective.

2.4 Optical trapping

The first observations that light can exert a force on a particle was made by Johannes Kepler 

in the seventeenth century, who explained that the tail of a comet points away from the sun due 

to radiation pressure.8,9 When light hits a particle in a medium of different refractive index, the 

light is reflected, refracted (or both). As light carries momentum, the deviation of light from its 

original path implies a change in momentum of the light. Hence, by conservation of momentum, 

the particle acquires a momentum that ultimately results in a net force on the particle that will 

accelerate it. This is the principle on how optical trapping of small particles works. Its discovery 

and technological application was made by Arthur Ashkin and earned him in 2018 the Nobel 

Prize in Physics.

In 1970, Ashkin showed that micrometer particles in suspension could be accelerated and 

trapped by forces of radiation pressure using laser light.10 Two basic optical forces are 

responsible for the acceleration and trapping of particles: a scattering force in the direction of the 

incident laser beam, and a gradient force in the direction of the intensity gradient of the beam.11

2
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Ray optics are used in Figure 2.5 to indicate the optical forces arising from the interaction of a 

laser beam and a particle in the so-called Mie regime, where the diameter is large compared to 

wavelength of laser ( ). The particle, e.g. a polystyrene bead suspended in water, is located 

off axis in the lateral plane in the presence of a mildly focused Gaussian beam. For simplicity, 

only two rays of light are considered, i.e. “a” and “b”, and surface reflections are neglected. When 

the rays “a” and “b” hit the particle, they will be refracted, resulting in forces  and . Because 

of the Gaussian beam, the intensity of ray “a” is higher than ray “b”, giving rise to a larger force 

 compared to force . This results in a net force  that pushes the particle towards the 

center of the beam in the lateral plane and away from the incident beam.  can be 

decomposed in two force components. The first force component is known as the gradient 

force , which results from the gradient in light intensity and points towards the region of 

the beam with the highest intensity. The second force component is called the scattering force 

, which points in the direction of the incident light. Hence, when the particle is located in 

the center of the beam in the lateral plane, the net force becomes the scattering force .10,11

Figure 2.5. Optical forces using Ray optics for particles in the Mie regime with refractive index larger than the 
refractive index of the medium . (A) Spherical particle in a mildly focused beam experiencing a gradient 
force  toward +r and a scattering force  in the direction of the incident beam. By strongly focusing the 
laser beam, axial stability is achieved by a net force  that moves the particle towards the laser focus, either to 
–z if the particle is below the focus (B) or to +z if the particle is above the focus (C). Adapted from [11,12].

In the configuration of Figure 2.5A, the particle is only trapped in the center of the beam axis but 

accelerated in the direction of the incident light. To achieve stable trapping in three dimensions, 

Ashkin used a strongly focused beam. The technique of trapping and manipulating particles 

with a strongly focused laser beam is also known as “optical tweezers”.

Ray optics are useful to estimate the optical forces acting on particles in the Mie regime ( ), 

 but for particles in the so-called Rayleigh regime, where the diameter  is much smaller than 

 ( ),13 wave optics approximations are used. The particles are then treated as point 
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dipoles that interact with an electromagnetic field. This results in a scattering force  in the 

direction of the incident beam:13

   (2.13)

where  is the intensity of the laser,  is the refractive index of the medium and  is the 

effective refractive index ( ). The gradient force  for a particle of polarizability  is 

in the direction of the intensity gradient and is defined as:13

  (2.14)

A necessary condition for stable trapping in the Rayleigh and Mie regime is that . 

This must be refined when other forces like those from Brownian motion and gravity are involved.

In this thesis, a strongly focused monochromatic laser beam will be used to optically trap 

particles and generate Rayleigh and Raman light scattering. The uniqueness of this approach 

opens up numerous clinical relevant applications by probing particles suspended in body fluids. 

The term “optical trapping” is used in this thesis because particles are only trapped but not 

manipulated.

2.5 Raman spectroscopy and EVs

Raman spectroscopy has been used for single and bulk compositional analysis of biological 

nanoparticles, such as EVs. This technique has enabled the acquisition of chemical fingerprints 

of particles without the need of markers such as antibody labels. For example, liposomes 

and phospholipid vesicles have been characterized by Raman spectroscopy.14–18 Lavialle 

et al. showed one of the first Raman spectra of bulk measurements of EVs derived from 

Dictyostelium cells.19 Bulk Raman measurements have been also performed by Lee et al., who 

obtained Raman signatures of EV clusters derived from prostate cancer cell lines and plasma.20 

Similarly, Gualerzi et al. have applied Raman spectroscopy for bulk characterization of EVs 

from stem and stromal cells, with their method involving air-drying of EV-containing drops.21,22 

Tatischeff et al. studied EVs from Dictyostelium discoideum cells and from human urine by 

bulk optical trapping and Raman spectroscopy of small numbers of EVs (2-10).23 The authors 

found EV subtypes that differed in nucleic acid, carotenoid and lipid content depending on cell 

growth and starvation conditions. They also showed spectral differences between EV samples 

deriving from different urine donors, suggesting individual variability and potential diagnostic 

value. Smith et al. trapped EVs from cancerous and non-cancerous cell lines, and by using 

2
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Raman spectroscopy followed by principal component analysis (PCA), they suggested that EV 

subpopulations are shared among cell lines.24 In their study, the hypothesized single particle 

trapping was ensured by diluting the EV-containing samples. Carney et al. coupled Raman and 

fluorescence measurements of EVs to study the chemical composition of CD9+ EVs.25 Penders 

et al. have identified single particles based on intensity values of characteristic Raman peaks 

passing over a threshold. Such threshold is selected based on the spectrum of an initial particle 

being trapped.16 Similarly, Kruglik et al. characterized liposomes and EVs from human urine and 

rat hepatocytes with Raman spectroscopy. Continuous acquisition of Raman spectra enabled 

the detection of single particles by the integration of the Raman spectra.26 Table 2.1 shows 

major Raman bands observed in EVs and their biomolecule assignments.

Table 2.1. Major Raman spectral bands observed in EVs and their biomolecule assignments

Raman shift [cm-1] Assignment Reference number

700/2 Cholesterol [20, 23, 25]

710-713 Phospholipids [21]

717 Phospholipids [25]

718 Nucleic acids [20]

720-820 Nucleic acids [20]

725-751 Nucleic acids [25]

748 Nucleic acids [20]

752-760 Proteins (Trp) [20, 25]

782/3 Nucleic acids [18, 20, 22]

782-788 Nucleic acids [25]

785/8 Nucleic acids (phosphate backbone) [20, 21]

810-836 Nucleic acids [25]

820-900 Phospholipids [25]

828-837 Proteins [25]

840
Saccharides/amines

Proteins
[23]
[24]

853 Proteins (proline/hydroxyproline) [20]

855 Proteins (Tyr) [18, 21, 25]

878-880 Proteins [25]

882 Proteins [23, 24]

898 Nucleic acids [24]

920 Proteins (proline/hydroxyproline) [20]

928/30-940/60 Proteins [21, 25]

1000/2/4/3/5 Proteins (Phe) [18, 20, 21, 22, 24, 25]

1012 Proteins (Trp) [25]

1032 Proteins (Phe) [25]

1050-1160 Proteins and lipids [25]
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Table 2.1. (continued)

Raman shift [cm-1] Assignment Reference number

1053-1055 Proteins and lipids [21]

1060 NA (phosphate backbone) [20]

1063/65/66 Lipids [18, 21, 23]

1085 Lipids [18]

1090-1100 Nucleic acids [25]

1094/95 Nucleic acids [18, 24]

1125 Lipids [18]

1127-1130 Proteins and phospholipids [21]

1128 Nucleic acids [24]

1130 Cholesterol [20]

1150 Cholesterol [24]

1155-1160 Carotenoids [25]

1175-1177 Proteins (Tyr) [25]

1200-1260 Nucleic acids [25]

1200-1300 Amide III [21]

1206 Proteins (proline/hydroxyproline) [20]

1207-1210 Proteins (Phe, Tyr) [25]

1208 Proteins (Trp) [20]

1230-1305 Proteins (Amide III) [25]

1240-1280 Proteins [24]

1257
1230-1305

Proteins (Amide III)
Proteins (Amide III)

[18]
[25]

1265
1260-1270

Lipids
Lipids

[24]
[25]

1296/98 Lipids [18, 19, 23]

1300
1295-1305

Lipids
Lipids

[24]
[25]

1330-1380 Nucleic acids [25]

1339 Proteins [18, 25]

1360/61 Proteins (Trp) [20, 25]

1420 Nucleic acids [24]

1440/1 Lipids and proteins [18, 19]

1440/2 Cholesterol [20, 24]

1445 Lipids [24, 25]

1450 Proteins and lipids [18, 20, 21, 22, 23, 25]

1455 Proteins [24, 25]

1455-1457 Nucleic acids [21, 25]

1490 Nucleic acids [24, 25]

1515-1540 Carotenoids [22, 25]

2
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Table 2.1. (continued)

Raman shift [cm-1] Assignment Reference number

1550-1555 Proteins (Trp) [20, 25]

1575 Nucleic acids [18]

1570-1580 Nucleic acids [24, 25]

1600-1690 Proteins (Amide I) [21]

1603-1607 Proteins (Phe) [19, 21, 25]

1615-1617 Proteins [21, 25]

1619-1621 Proteins (Trp) [25]

1640-1700 Proteins (Amide I) [25]

1650/1
1650-1670

Lipids
Lipids

[19, 23]
[25]

1656
Proteins (Amide I)

Lipids
[18]
[24]

1668 Amide I/Cholesteryl ester [23]

1670-1690 Nucleic acids [25]

1680 Proteins/cholesterol [24]

1728
1720-1750

Lipids
Lipids

[21]
[25]

2600-3200 Lipids [20]

2847 Lipids [19]

2876 Lipids [19]

2883 Lipids and proteins [21]

2932 Proteins [19]

2937-2940 Lipids and proteins [21]

2940 Proteins [20]

Phe: phenylalanine; Tyr: tyrosine; Trp: tryptophan.

Surface-enhanced Raman spectroscopy (SERS) is another approach that has been used 

to detect and chemically characterize biological nanoparticles.27–36 The popularity of this 

technique relies on the enhanced Raman scattering compared to non-resonant Raman. There 

are two common approaches to perform SERS. The first approach enhances the Raman 

signal of molecules that make up the biological particles. For instance, surfaces with metal 

nanostructures or metal nanoparticles targeting EVs will enhance the molecules in close 

proximity (in the order of nanometers) of the plasmonic nanoparticle.27–29 A second SERS 

approach uses nanoprobes conjugated with molecules that target biological nanoparticles. 

For example, EVs may be labelled with plasmonic nanoparticles that are functionalized with 

antibodies and Raman reporters.35,36 Hence, similar to immuno-fluorescent staining, molecular 

specificity is achieved by antibody labelling and detection of the specific binding is much 

facilitated by the high intensity Raman signals of the Raman reporters.
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One of the many challenges identified from the literature is the detection and characterization of 

individual biological nanoparticles. For techniques using optical trapping, sample dilution may 

avoid the trapping of multiple particles,24 but long measurements are then required, decreasing 

the throughput of the technique. In addition, several studies using optical trapping have detected 

single particles on the basis of visible increases in the Raman spectrum. Nevertheless, small 

EVs have very low Raman signal, which can be overwhelmed by the water signal. This can 

hinder the detection of single particles with very low amount of material. Nonetheless, the 

efforts in the field of Raman spectroscopy for the detection and characterization of biological 

nanoparticles have evolved towards single particle analysis methods. The detection of single 

particles becomes more important when trying to identify rare EV populations, such as tdEVs, 

from other non-tumor EVs and non-EV particles. Therefore, to develop methods and study 

biological nanoparticles we aim, in the following chapters, at single particle detection and 

characterization.

2
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Abstract

A correlative and integrated Scanning Electron Microscopy (SEM) and Raman micro-

spectroscopy is presented that enables the characterization and identification of different 

cancer and non-cancer cells through SEM-Raman image cytometry. The hybrid microscope 

system enables the acquisition of high resolution SEM images of un-coated cells and the spatial 

correlation with chemical information as obtained from Raman micro-spectroscopic imaging. A 

sample preparation protocol and workflow is presented that is compatible with the demands of 

hybrid SEM-Raman microscopy. Use has been made of stainless steel cell substrates that are 

both conductive and give low optical response in Raman scattering. Correlative and integrated 

SEM-Raman micro-spectroscopy is illustrated with cells from blood and cells from a SKBR-3 

breast cancer cell line.
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3.1 Introduction

Correlative light and electron microscopy (CLEM) enables the combined optical and electron 

microscopic analysis of sample structures. Correlative analysis recently sparked interest for 

imaging of cells and cellular structures,1–5 typically for the combination of light microscopic 

contrast with electron microscopic resolution. Of specific interest is Raman micro-spectroscopy 

as a label-free imaging technique that, based on inelastic light scattering from molecules, 

provides spectral characterization of compounds in the Raman microscopic focus. A confocal 

Raman microscope image is obtained by 2D- or 3D-stage scanning. Specimen characterization 

by high resolution scanning electron microscopy and hyperspectral Raman micro-spectroscopy 

is ideally achieved through an integration of a Raman microscope with the SEM vacuum 

chamber. Correlative SEM-Raman imaging is thus obtained.6 In order to enable 2D- and 3D 

Raman imaging with the required optical imaging accuracy, the sample is mounted on a sub-

stage that is fixed on the SEM stage. Accurate motion enabled by the sub-stage is necessary 

for diffraction limited hyperspectral Raman microscopy. The SEM stage provides the course 

adjustments, e.g. those necessary to scan the sample from the SEM probe position to the 

Raman probe position. After arrival at the Raman probe position, the sub-stage enables to obtain 

Raman spectra from each point with sub-micrometer step-size precision in a user-selected 

region of interest. Correlative imaging is thus performed by a controlled motion of the sample. 

The Raman region of interest can be chosen on the basis of either the SEM image or the optical 

video image. The combination of stages preserves the functionalities of both the SEM and the 

Raman microscope and facilitates a flexible workflow in which correlated microscopy enables 

selection of multiple objects from the SEM image for subsequent Raman analysis.

Correlative SEM-Raman imaging of hematopoietic cells from healthy donors and cells from the 

breast cancer cell line SKBR-3 were performed to observe the diverse morphologies of different 

cell types in combination with cell type specific Raman characterization. This demonstrates 

for the first time the characterization of different cell types in an integrated correlative SEM – 

Raman microscope. This instrumentation can then be used to develop a library of cells including 

both spectral and morphological features of individual cell types, which becomes important 

when trying to objectively discriminate between cancerous and normal cells. In the existing 

literature, characterization of cells is performed either only with Raman7–9 or only by electron 

microscopy.10,11

Challenges in correlative imaging include charging effects in SEM imaging due to the absence 

of conductive coatings, or the contamination of Raman spectra through electron beam induced 
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deposition (EBID) of amorphous carbon with SEM. Such challenges have been overcome by 

using a proper sample preparation protocol and workflow strategy.

For the experiments, a substrate for the cells is needed, which has to be both compatible with 

SEM and Raman microscopy. The substrate should be optically quiet to avoid contributions 

in the Raman spectrum not related to the object of interest and electrically conductive to limit 

charging of the cells during the electron beam illumination. In addition, a suitable sample 

preparation protocol is required, that preserves the cell morphology, and does not obscure the 

Raman spectra of cells. Therefore, no embedding medium or conductive coatings are applied 

as these will either suppress the Raman signal or contribute photoluminescence to the Raman 

spectra.12

In the present study, we report a sample preparation protocol and a workflow that is suitable for 

correlative SEM-Raman of cells. High resolution SEM imaging revealed morphological features, 

while Raman spectroscopy disclosed a spectral fingerprint for each cell type. SEM and Raman 

color-coded images (Raman maps) are used for cell recognition: neutrophilic granulocytes, 

lymphocytes and SKBR-3 cells. In addition, multivariate analysis of spectral features can be 

used for cell identification avoiding the need of fluorescent labels, contrast-enhancing agents 

or metal coatings.

3.2 Materials and methods

3.2.1 SEM-Raman compatible substrate
An optically quit substrate improves the signal-to-noise ratio in Raman spectra. A common 

choice for a substrate material for cells in spontaneous Raman spectroscopy is CaF2.13 On the 

other hand, SEM relies on electrical currents passing through the material of interest, hence 

an electrically conductive sample substrate is required. However, CaF2 has a poor conductivity 

and is therefore not a suitable substrate for application in SEM. We have found stainless steel 

substrates to be suitable for combined SEM-Raman operation. The stainless steel surface 

can be chemically modified to accommodate cell adhesion with a procedure that is similar to 

the treatment of CaF2. Figure 3.1 shows a comparison of the Raman spectra of the substrate 

materials CaF2 and stainless steel. Although stainless steel has a slightly higher contribution to 

the background in Raman spectra than CaF2, this background does not appreciably interfere with 

the quality of the Raman spectra. In comparison with quartz or glass as a substrate (spectra 

not shown), the relatively flat spectrum of stainless steel is an additional advantage.14 Stainless 

steel μRimTM substrates were purchased from BioTools, Inc.
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Figure 3.1. Mean Raman spectra of a CaF2 and a stainless steel µRIMTM substrate. Raman acquisition is performed 
by a 2D raster scan of an area of ~300 µm2 with a 785 nm laser excitation, 1 s integration time per pixel and 10.4 
mW laser power.

3.2.2 Sample preparation
Blood from anonymous healthy donors was obtained after written informed consent. The 

blood samples were collected by venipuncture in Ethylenediaminetetraacetic acid (EDTA) 

vacutainer tubes (BD) from healthy donors, which was obtained from the TNW-ECTM-donor 

services (University of Twente, Enschede, The Netherlands). Blood collection was performed in 

accordance with the Dutch regulations and was approved by the Medical-ethical assessment 

committee Twente (METC Twente).

Red blood cells are prepared by a blood smear on a μRimTM slide using 1 μL of whole blood. The 

sample contains mostly erythrocytes. Cells were fixed by submerging it three times in 100% 

v/v methanol for one second. The sample was dehydrated afterwards by immersing it in 100% 

ethanol for 20 minutes. In order to dry the sample, it was first incubated for five minutes in 1:1 

v/v hexamethyldisilazane (HMDS): ethanol, and then in 100% HMDS for another five minutes. 

Finally, it was left overnight at room temperature (RT) for the HMDS residual to evaporate.

Leukocytes were isolated from whole blood. Ammonium chloride lysing buffer [154.95 mM 

NH4Cl (Fisher Scientific), 9.99 mM KHCO3 (Fisher Scientific), 0.099 mM EDTA (VWR Chemicals) 

in Milli-Q] with a pH of 7.25 was used to lyse the red blood cells. The blood was diluted 14 times 

in the lysing buffer and after five minutes leukocytes were collected and washed with 5mL cold 

(4°C) 1X phosphate buffered saline (PBS). Their fixation with 1% v/v paraformaldehyde (PFA) 

in PBS for 15 minutes at RT followed. Cells were collected by centrifugation at 300 g for five 

minutes and the pellet resuspended in 1X PBS. The sample was placed in the BDFACSAriaTM and 

neutrophilic granulocytes and lymphocytes were sorted based on their differences in forward 

3



48

Chapter 3

and right angle light scattering characteristics. The sorted cells were collected as pellets 

after centrifugation at 300g for five minutes. Cells were gradually dehydrated by incubation in 

increasing concentrations of ethanol: 70% v/v for three minutes and 80 and 90% v/v for five 

minutes each. Cells were collected as a pellet after being centrifuged at 400 g for five minutes 

and resuspended in 100% v/v ethanol. After an incubation of five minutes, an equal volume of 

HMDS was added to reach a 1:1 (v/v) ratio of HMDS: ethanol. Cells were pelleted down again 

and resuspended in 100% HMDS for three more minutes. Approximately 100 μL of each sample 

population was added to μRIMTM slides and samples were left drying overnight at RT.

SKBR-3 (ATCC) cells have been cultured in DMEM (Lonza) supplemented with 10% fetal bovine 

serum (FBS) (Sigma-Aldrich) and 1% 100 unit/mL Penicillin-Streptomycin (P/S) (Lonza) at 37 

°C in a humidified atmosphere containing 5% CO2. Dehydration and drying was performed as 

with the leukocytes.

3.2.3 SEM-Raman measurements
Correlative SEM-Raman imaging has been performed with an integrated Raman micro-

spectrometer (HybriScan HSCMM_21) and a SEM (JEOL JSM-6610LA). Dehydrated and dried 

samples were placed in the SEM–Raman vacuum chamber for analysis. A region of interest 

(ROI) containing single or multiple cells was selected on the basis of a relatively low SEM 

magnification (~200-800x) and short acquisition time. Low electron dose was used to limit 

potential damage or EBID contamination of the sample before Raman spectroscopy. The 

SEM was operated at 2 kV acceleration voltage using secondary electron (SE) detection. A 

low acceleration voltage was chosen because these samples consist mainly of low atomic 

weight compounds with limited SEM contrast, which is improved by a lower electron energy 

that provides a stronger SE scattering coefficient.12 Raman microscopy, with 785 nm laser 

excitation wavelength, was performed by 2D raster scan of ROIs (500 nm imaging step size) 

located with the SEM. The excitation power and spectral acquisition time (~10.5 mW, 1 s) were 

chosen to prevent sample damage and achieve a suitable signal intensity. After Raman analysis, 

the sample was moved back under the SEM lens to record a high resolution SEM image using a 

higher magnification (5000-10000x) and a longer exposure time. A low spot size setting (10-21), 

which also limits the probe current, was used to prevent surface charging.

3.2.4 Data processing
The Raman data was pre-treated with the following procedures: (1) Cosmic rays and outliers 

were removed from the data set. (2) Each ROI was divided in either cell or background pixels, 

the latter being discarded for multivariate analysis. (3) In the spectra, a residue of the HMDS 



49

SEM-Raman image cytometry

drying agent was observed after comparison with the HMDS spectrum and existing literature on 

Raman spectroscopy of cells.15 This contribution to the Raman spectra was subtracted using a 

linear least squares (LLS) fit. (4) Finally, baseline correction and denoising was performed using 

a function called BEADS.16 This removes a continuous fluorescence background contribution 

from the dataset and aids the multivariate analysis to distinguish the objects on the basis of the 

molecule-specific cellular Raman signal.17 Multivariate analysis of the Raman measurements 

was performed using a method of hierarchical cluster analysis (HCA) based on the principal 

component analysis (PCA) scores, resulting in cluster images (Raman maps). PCA was 

performed on the spectral region between 400 to 1800 cm-1.

3.3 Results and discussion

3.3.1 Experimental design
In an integrated SEM-Raman microscope, low magnification SEM imaging enables to 

quickly assess the location of the cells for subsequent Raman imaging. In principle, SEM 

imaging captures the ultrastructure of cells in the sub-micrometer to nm range, while Raman 

spectroscopy enables the acquisition of complementary biochemical information. The 

correlation of both modalities results in combined morphological and chemical information 

for cell characterization and subsequent classification of the objects (vide infra).

The procedure to localize a ROI containing cells and perform SEM-Raman measurements is 

illustrated in Figure 3.2. For this purpose, erythrocytes were used as an example for SEM-Raman 

characterization. The Raman spectrum of erythrocytes is well known for different excitation 

wavelengths, including 785 nm, which facilitates verification of initial experimental results and 

sample preparation procedure.7

A SEM image at a low magnification was first made to find ROIs (Figure 3.2A). Then, the 

motorized xy stage under the SEM was moved towards the Raman microscope objective with 

a precision of ±1µm. An optical video image was acquired (Figure 3.2B) and specific cells (red 

and blue rectangles in Figure 3.2B) were selected for Raman spectroscopy. After multivariate 

analysis, Raman maps were obtained (Figure 3.2C), which indicate clear differences among 

various cell types. The reported Raman cluster spectra in Figure 2D are color-coded according 

to the colors in the Raman map. The cluster spectra are averaged over all the pixels within the 

respective clusters. A good correspondence with the literature of the Raman peak positions 

was found.7 After acquiring the Raman signal, the xy-motorized stage returned the ROI to the 

same position (±1µm) under the SEM lens and high-resolution SEM images of cells were taken. 
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Finally, an overlay of the SEM and Raman images (Figure 3.2E) discloses biochemical and 

morphological information of single cells. A more comprehensive investigation was performed 

to the correlative analysis of leukocytes and SKBR-3 cells. It will be shown that the different 

cell types can be distinguished based on their respective Raman spectra and SEM observed 

cell morphologies.

Figure 3.2. Strategy for localization of ROIs and further SEM-Raman characterization and image registration. SEM 
is used to scan the sample and find ROIs, i.e. clusters of erythrocytes as shown in panel (A). The xy-motorized 
stage then moves towards the Raman microscope objective and a bright field image is acquired (B). The optical 
image in panel (B) is used to select the cells of interest for further Raman acquisition. Panel (C) shows 2-level 
Raman maps resulting from HCA. Outliers are displayed as gray pixels.  The corresponding Raman spectra with 
the same color coding is shown in panel (D). (E) Overlay image showing the Raman cluster image in conjunction 
with the SEM image, recorded with SE detection at 2.0 kV electron energy. Scale bars in SEM images denote 20 μm.

The measurement of cells in the vacuum chamber of the SEM required cells to be washed, 

dehydrated and dried (Materials and Methods, sample preparation). After preparation a clean 

substrate with RBCs is visible in Figure 3.2A. The samples were not treated for improved SEM 

contrast with a gold – or gold/palladium coatings, although ~5 nm thin layers of such coating 

can be accommodated by Raman spectroscopy.12 In order to avoid charging and minimize cell 

damage due to the electron beam striking the sample, low acceleration voltages (2.0 kV electron 

energy) and spot size setting of 10-21 were used during SEM imaging.
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3.3.2 SEM-Raman characterization of leukocytes and SKBR-3 cells
The correlative analysis of leucocytes and SKBR-3 cells with SEM and Raman is presented in 

Figure 3.3. This figure shows SEM and Raman maps of SKBR-3 cells and sorted neutrophils and 

lymphocytes by flow cytometry on the basis of their differences in forward and right angle light 

scattering characteristics. The Raman maps in columns A, C and E correspond to the SEM images 

of columns B, D and F, respectively. Scanning electron microscopy is performed on uncoated 

organic specimens. The absence of a conductive coating could result in some charging effects 

during electron imaging. Charges are more likely to be trapped at protrusions of the cell and will 

contribute to the gray-scale contrast in the SEM images. In addition, the use of a low probe current 

and longer imaging time provided a sufficient SEM resolution to distinguish surface features of the 

cells. The images in Figure 3.3 directly reveal variation in surface roughness, shape and size, and 

as such enable to distinguish the three cell types from each other. The mean diameter sizes for 

neutrophils, lymphocytes and SKBR-3 cells was respectively 6.5 (±0.7), 5.0 (±0.3) and 11.8 (±1.0) 

µm, with 15 cells of each type measured. All cells appear to have shrunken compared to typical 

values in aqueous environment.18–20 Cell shrinkage has previously been found to be proportional to 

the drying duration.21 However, despite cell shrinkage during sample preparation, cell morphology 

was preserved after HMDS drying, without conceding on quality to standard and more complex 

drying methods for SEM, such as critical point drying.21

It can be observed that the three cell types have distinctly different morphologies. Neutrophilic 

granulocytes show short ruffles throughout their membrane, a courser surface compared to 

lymphocytes, and lack microvilli. Lymphocytes display a smoother membrane compared to 

neutrophilic granulocytes and lack short microvilli. SKBR-3 cells display microvilli on their surface 

and some membrane folding’s. Short ruffles and the lack of microvilli in the cell membrane were 

expected for neutrophilic granulocytes.22 On the other hand, microvilli are expected in the surface 

of lymphocytes and SKBR-3 cells.22,23 The apparent absence of microvilli in the lymphocytes 

might be an artefact of the sample preparation protocol including cell sorting with FACS due to 

damage of the cytoskeleton.21,24,25 SEM imaging reveals the cells’ ultrastructure, which serves 

as a feature for further cell identification. The morphological characterization of cells can be 

complemented by a chemical characterization technique such as Raman spectroscopy, as a 

step towards SEM-Raman image cytometry.

Multivariate analysis was performed simultaneously on all presented Raman measurements in 

Figure 3.3. This method reduced the full Raman dataset to clusters and corresponding images. 
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Figure 3.3. Raman maps (columns A, C and E) with their respective uncoated SEM images (columns B, D and F) of 
cells.  Columns A and B show neutrophilic granulocytes, C and D lymphocytes and E and F SKBR-3 cells. Raman 
maps are measured with 10.5 mW excitation power, 1s integration time, and 500 nm scanning step size. Axes 
units in Raman maps are µm. Scale bars in SEM images denote from top to bottom in brackets, and left to right: 
[1, 1, 1, 1, 5], [1, 1, 2, 1, 1], and [2, 2, 2, 5, 2] μm.

The analysis was performed on pre-treated data, as discussed in the materials and methods 

section.

The Raman maps enable to distinguish neutrophils, lymphocytes and SKBR-3 cells as shown 

in Figure 3.3. The three types of cells could be identified on the basis of the distribution and 

number and type of clusters per cell, and are shown in columns A, C and E in Figure 3.3. Hence, 

color coded clusters can be assigned to specific cell types: light blue, pink, yellow and orange 

to neutrophilic granulocytes, blue mainly to lymphocytes and green to SKBR-3 cells.

The sample preparation protocol including cell fixation and dehydration preserves the Raman 

characteristics of cells. However, HMDS residual components are observed in the Raman 

spectra. Nevertheless, the HMDS contribution to the recorded spectra was subtracted using 

a LLS fitting procedure.
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Although cluster analysis enables to distinguish cell types, a more clear interclass variation 

was obtained by comparing the average Raman spectra and the principal component scores 

of each cell type.

3.3.3 Spectral comparison and discrimination of leukocytes and 
SKBR-3 cell

The actual identification of cell types was performed based on the cell Raman spectra shown 

in Figure 3.4. The presented Raman spectra were averaged over the measured cells shown in 

Figure 3.3. It is noteworthy that while there are similarities between the spectra, characteristics 

specific for the respective cell types can be observed. These Raman bands are indicated in 

Figure 3.4 with vertical lines and their respective Raman frequencies. Indicated Raman 

bands are at 679, 727, 781 and 1098 cm-1 specific for lymphocytes.8 The first two vibrational 

bands correspond to ring breathing modes of the nucleic acid bases (guanine and adenine, 

respectively).9 The 1098 cm-1 peak can be assigned to the O-P-O backbone in DNA.9,26 These 

vibrational modes indicate nucleic acid contributions. Although some of these bands are also 

visible in the Raman spectrum of the neutrophilic granulocytes, they are more prominent in 

the spectrum of the lymphocytes. This is explained by the fact that lymphocytes have a much 

larger nucleus which occupies around 90% of the cell compared to the smaller lobed nucleus 

of the neutrophilic granulocytes.9 The band at 1577 cm-1 is assigned to guanine and adenine.9 

Again, this band is more prominent in the lymphocytes compared to the other two cell types. 

Raman bands from neutrophilic granulocytes are mostly overlapping with bands of the other 

cell types. Regarding the SKBR-3 cells, relatively prominent bands, compared to the other 

cell types, can be found at 743 and 1157 cm-1. Other differences among cell types are found 

in the Raman profile between 820 and 870 cm-1, associated with tyrosine.8,27 The averaged 

Raman spectrum of SKBR-3 cells shows other typical bands of this cell line that agree with 

the literature.28 The Raman spectra in Figure 3.4 result from averaging Raman contributions 

of various biomolecules, i.e. nucleic acids, proteins, lipids and carbohydrates over whole cells. 

Despite having Raman bands specific to a cell type, it is the resulting Raman spectrum profile 

that can serve as a fingerprint for further cell identification.
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Figure 3.4. Comparison of Raman spectra of leukocytes and SKBR-3  cells. The presented spectra are averaged 
over the measured cells shown in Figure 3.3, normalized to one and smoothed by Savitzky-Golay 7-point filter. Ver-
tical lines are drawn to highlight Raman bands showing specificity for different cell types and their corresponding 
Raman frequency values are indicated. The 679, 727, and 781 cm-1 bands are pronounced for lymphocytes, while 
SKBR-3  cells show clear peaks at 743 and 1157 cm-1.

3.3.4 Principal component analysis
The spectral analysis of Figure 3.4 can be expanded by identifying the main sources of spectral 

variation via PCA. For this, the Raman spectra of 26 cells (9 neutrophilic granulocytes, 7 

lymphocytes and 10 SKBR-3 cells) were selected after pre-treatment. Figure 3.5A shows the 

first, second and third principal component (PC1, PC2 and PC3, respectively ) loadings. A good 

separation between the three cell types is visible in the two-dimensional scores plot (Figure 

3.5B). Interestingly, neutrophilic granulocytes and SKBR-3 cells achieve a good separation along 

PC1, while lymphocytes and SKBR-3 cells are separable mainly along the PC3. An overlap of 

score values is seen mainly for leukocytes (blue and black dots). This might be due to regions 

of similar chemical composition among cells. Nevertheless, this does not prevent from cell 

discrimination because many Raman spectra are measured per cell, the majority of which 

would lie around the center of a cluster.
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Figure 3.5. (A) First, second and third (from top to bottom) principal component loadings of the PCA. The input 
data in the analysis corresponds to a total of 26 cells (9 neutrophilic granulocytes, 7 lymphocytes and 10 SKBR-3 
cells). (B) First and third principal component score plot. Three clusters are visible: neutrophilic granulocytes 
(black), lymphocytes (blue) and SKBR-3 cells (red).

3.3.5	Identification	of	unsorted	leukocytes	by	means	of	SEM-Raman	
image cytometry

Leukocytes from a healthy blood donor patient were fixed, dehydrated and dried, but not sorted 

into different populations. SEM-Raman imaging was performed following the strategy shown in 

Figure 3.2. After performing HCA on multiple cells, two groups of cells could be identified based 

on their Raman maps (Figure 3.6). We labelled each cell either as a lymphocyte or neutrophilic 

granulocyte assuming that the total cell population consisted by either one of these two cell 

types. Although lymphocytes and neutrophilic granulocytes constitute almost 90% of the 

leukocyte population,9 it is possible that we have imaged other cell types, e.g. monocytes, 

eosinophilic granulocytes or basophilic granulocytes.

The SEM-Raman overlays in Figure 3.6 A, B and C show one group of cells with smaller diameter 

and consisting mainly of two types of clusters: light and dark blue, whose corresponding average 

Raman spectra show the highest intensity for nucleic acid (NA) contributions (Figure 3.6D). 

Based on their sizes and Raman maps, this group of cells resemble the lymphocytes in Figure 

3.3; hence they have been labelled as such. The cluster distribution homogeneity in lymphocytes 

is related to their high nuclear-cytoplasmic ratio (~4:1). The second group of cells have a larger 

diameter and higher cluster heterogeneity, consisting mainly of three type of clusters (green, 

yellow and pink). Such cells resemble the neutrophilic granulocytes in Figure 3.3 and have been 

labelled as such. The Raman maps of these cells do not show well defined nuclei and the reason 

might be their typical multi-lobed nuclei. In addition, cells belonging to the granulocyte family 

are known to have abundant cytoplasmic granules containing enzymes and metabolites8,9 that 

might contribute to the cluster heterogeneity in the Raman maps.
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Figure 3.6. SEM-Raman overlay of unsorted leukocytes. Panels (A), (B) and (C) show SEM-Raman image overlays 
on an unsorted sample of leukocytes where labels have been assigned to cells based on a binary classification 
performed with HCA. The Raman maps shown on top of the SEM images are obtained after HCA using 6 clusters, 
whose respective Raman spectra are shown in panel (D), where the Raman peaks corresponding to nucleic acid 
(NA) contributions are indicated with vertical lines.

3.4 Conclusions

In this paper, we have demonstrated for the first time the characterization and identification of 

different cell types in an integrated correlative SEM-Raman microscope. Such approach allows 

us to obtain high resolution images of cells with electron microscopy correlated with their 

respective chemical fingerprint by means of Raman spectroscopy. As a first step, we successfully 

developed a sample preparation protocol and workflow for SEM-Raman characterization of 

cells. The preparation protocol enables to obtain morphological and chemical features of non-

labelled and non-metal-coated cells in a vacuum environment. In order to discriminate among 

different cell types, the cell morphological features were complemented with Raman spectral 

features, which are based on the inherent chemical makeup of cells. In conjunction with PCA and 

HCA, we were able to identify breast cancer cells (SKBR-3) from lymphocytes and neutrophilic 

granulocytes. In addition, SEM-Raman overlay images of a random mixture of leukocytes 
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show the potential of this approach to distinguish various cells. A further improvement may be 

achieved in the future when the information from SEM images is actually included as features 

in a “multivariate” way.

The sample preparation protocol and workflow were specially developed for SEM-Raman. It can 

be applied to other biological samples as well to obtain a direct correlation of morphological 

and chemical information. This approach can be extended to characterize various cell types 

including cancer cells, such as circulating tumor cells (CTCs) and may shed some light on the 

heterogeneity of cancer cells, their interaction with the hematopoietic cells and the nature of 

the agents they secrete to communicate with their environment. The next step will be to use 

the morphological and chemical features of leucocytes and cancer cells to build a model for 

cell classification in order to detect CTCs from blood samples of cancer patients serving as a 

liquid biopsy. By combining CTC enrichment techniques with SEM-Raman image cytometry of 

cells we are approaching towards a new diagnostic tool for cancer cell recognition.
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Abstract

Tumor-derived extracellular vesicles (tdEVs) are promising blood biomarkers for cancer 

disease management. However, blood is a highly complex fluid that contains multiple objects 

in the same size range as tdEVs (30 nm – 1 µm), which confuses an unimpeded observation 

of tdEVs. Here, we report a multi-modal analysis platform for the specific capture of tdEVs 

on antibody-functionalized stainless steel substrates, followed by their analysis using SEM, 

Raman spectroscopy and AFM, at the single EV level in terms of size and size distribution, 

and chemical fingerprint. After covalent attachment of anti-EpCAM (Epithelial Cell Adhesion 

Molecule) antibodies on stainless steel substrates, EV samples derived from a prostate cancer 

cell line (LNCaP) were flushed into a microfluidic device, assembled with this stainless steel 

substrate for capture. To track the captured objects between the different analytical instruments 

and subsequent correlative analysis, navigation markers were fabricated onto the substrate 

from a cyanoacrylate glue. Specific capture of tdEVs on the antibody-functionalized surface 

was demonstrated using SEM, AFM and Raman imaging, with excellent correlation between the 

data acquired by the individual techniques. The particle distribution was visualized with SEM. 

Furthermore, a characteristic lipid-protein band at 2850-2950 cm-1 was observed with Raman 

spectroscopy, and with AFM the size distribution and surface density of the captured EVs was 

assessed. Finally, correlation of SEM and Raman images enabled to discriminate tdEVs from 

cyanoacrylate glue particles, highlighting the capability of this multi-modal analysis platform for 

distinguishing tdEVs from contamination. The trans-instrumental compatibility of the stainless 

steel substrate and the possibility to spatially correlate the images of the different modalities 

with the help of the navigation markers opens new avenues to a wide spectrum of combinations 

of different analytical and imaging techniques for the study of more complex EV samples.
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4.1 Introduction

Liquid biopsies have been proposed as an alternative to conventional approaches (e.g., magnetic 

resonance imaging or solid biopsies) for the disease management of cancer patients. In this 

non-invasive approach, a blood sample (7.5 ml) is analyzed for the presence and amount of 

circulating tumor cells (CTCs), tumor-derived EVs (tdEVs), cell free DNA (cf-DNA), miRNA 

and/or tumor-associated proteins or peptides.1,2 CTCs are well suited to characterize a tumor 

and to evaluate the heterogeneity for subsequent selection of the optimal treatment.3 The 

concentration of CTCs is however extremely low (~1 CTC mL-1), especially when compared with 

that of blood cells (~109 mL-1).4 In contrast, tdEVs are much more abundant with concentrations 

up to 1010 tdEVs mL-1.5 Importantly, the presence and amount of tdEVs in blood has been proven 

to strongly correlate with the survival of patients with metastatic prostate cancer.6 EVs are 

membrane-bound biological carriers of biomolecules, which are shed by all cell types. They 

are found in all body fluids,7 and exhibit a size ranging from 30 nm to 1 μm.8,9 EVs are of great 

interest because of their implication in intercellular communication and pathogenesis;7,10,11 they 

show great promises not only for disease diagnosis but also for drug delivery.4,11–13 Altogether, EV 

analysis offers a promising approach for non-invasive cancer patient management as a result 

of the wealth of biological information they carry, some of which being potential biomarkers.14

However, blood is a highly complex fluid15 that contains lipoproteins, cell debris and protein 

aggregates, as well as EVs of non-cancerous origin, which are all in the same size and density 

range as tdEVs, and the same applies for less complex samples originating from cell culture 

media. In all these cases, tdEVs need to be selectively isolated and/or distinguished from EVs 

of non-cancerous origin and other small objects.16,17 Several methods have been proposed 

for EV isolation, among which ultracentrifugation and size-exclusion chromatography are the 

most popular.8,16,18–20 However, these isolation approaches yield highly heterogeneous samples 

containing tdEVs, other EVs, cell debris and molecular aggregates. Therefore, alternative 

approaches have been introduced that rely on the immuno-capture of targeted EVs, using either 

generic membrane markers (e.g., CD9, CD63 and CD81) to retrieve all exosomes/EVs from a 

sample,21,22 or specific membrane markers (e.g., EpCAM,6 EGFR,12 HER223) to selectively isolate 

tdEVs. Microfluidic technology has proven to be instrumental for the immunocapture of EVs 

by controlling the surface dynamics (e.g., controlling flow rate when washing non-specifically 

bound species), and drastically reducing the distances over which EVs have to migrate before 

coming in contact with the functionalized surface. In addition, microfluidics facilitates controlled 

and sequential handling of (very small) samples.8,24
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A second main challenge is the high heterogeneity found in any purified EV sample, in terms of 

size and from a molecular perspective. Therefore, EVs must be thoroughly characterized for their 

possible and reliable recognition in heterogeneous samples. For that purpose, it is important to 

study individual EVs and not populations to avoid that ensemble averaging obscures differences. 

EVs have been analyzed using a great variety of techniques25–28 such as flow cytometry,29–31 

confocal and non-confocal (fluorescence) microscopy,22,32 scanning electron microscopy 

(SEM),33 atomic force microscopy (AFM),34 Raman spectroscopy,35 surface plasmon resonance 

(SPR),36,37 mass spectrometry (MS)38 and μNMR.39 However, not all techniques allow the 

collection of information at the single EV level. Furthermore, to get comprehensive information 

on heterogeneous samples, different techniques yielding complementary information must be 

combined. In that context, Raman Spectroscopy, SEM and AFM are of great interest. Raman 

spectroscopy provides chemical information on a sample of interest in a label-free manner.40,41 

SEM enables characterization of the size and morphology of intact EVs.42,43 Correlating this size 

and morphology information with Raman fingerprints confirms the cellular origin of individual 

EVs, and, in previous work, we have demonstrated that using this combination23 cancer cells 

could be distinguished from non-cancer cells.44,45 Finally, AFM yields more detailed information 

on the size and morphology of EVs, and possibly, on their mechanical properties.30,46

In this paper, we report the specific isolation of tdEVs obtained from prostate cancer cell lines on 

functionalized stainless-steel substrates followed by their in situ multi-modal characterization 

with SEM, Raman and AFM imaging (Figure 4.1). Stainless steel substrates were selected for 

their suitability for all considered modalities: this material gives little background in Raman 

(See SI 4.1);44,45 it is conductive; and mirror-polished stainless steel substrates have a low 

surface roughness level of ca. 7 nm, which is well-suited for the analysis of EVs by AFM. 

Here, and as depicted in Figure 4.2, stainless steel substrates were first functionalized with 

a monolayer of carboxydecyl phosphonic acid (CDPA),47–49 onto which antibodies targeting 

tdEVs were covalently anchored through carbodiimide-based bioconjugation chemistry.50 The 

resulting monolayers were characterized with X-ray photoelectron spectroscopy (XPS) and 

infrared reflection-absorption spectroscopy (IRRAS), to optimize their formation with respect 

to the initial CDPA concentration. Next, EVs derived from human prostate cancer cell lines 

(LNCaP) were injected in a microfluidic channel assembled onto the functionalized stainless 

steel substrate, for their capture, which was confirmed using individual imaging techniques. 

For their multi-modal analysis, and to easily track individual EVs in the different instruments, 

navigation markers were fabricated on the functionalized substrates next to a region of interest 

(ROI). Finally, the captured EVs were successively analyzed by Raman imaging, SEM, and AFM, 

and data acquired by the different techniques correlated. The trans-instrumental compatibility 
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of the stainless steel substrate and the tracking possibility offered by the navigation markers 

opens gives the opportunity to apply a wide spectrum of combinations of different analytical 

and imaging techniques.

Figure 4.1. Multi-modal analysis of tdEVs on antibody-functionalized stainless steel substrates. After their selec-
tive capture on a stainless-steel surface functionalized with antibodies of interest (here Anti-EpCAM antibodies 
targeting tdEVs), EVs are successively imaged using Raman spectroscopy, SEM and AFM, and information col-
lected from these different imaging modalities correlated to get a comprehensive picture on the captured objects.

Figure 4.2. Different steps of surface modification and capture of the tdEVs on stainless steel substrates. a) An 
oxygen plasma-treated stainless steel substrate is functionalized with a carboxydecyl phosphonic acid (CDPA) 
monolayer. b) Anti-EpCAM antibodies are conjugated to the CDPA monolayer using NHS/carbodiimide chemistry. 
c) tdEVs (in green here) are specifically immuno-captured on the antibody-functionalized surface. d) The substrate 
is washed to remove non-specifically bound materials (in red and purple here), before retained EVs are fixed and 
dehydrated.

4.2 Experimental

4.2.1 Materials
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), acetone 

(VLSI grade), paraformaldehyde (PFA), phosphate-buffered saline (PBS), and 2-(N-morpholino) 
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ethanesulfonic acid were purchased from Merck (Zwijndrecht, The Netherlands). Ethanol (VLSI 

grade) and dichloromethane were purchased from VWR (Amsterdam, The Netherlands). 

Carboxydecyl phosphonic acid (CDPA) was purchased from Sikémia (Montpellier, France). 

Sylgard 184 poly(dimethylsiloxane) (PDMS) was purchased from Farnell (Utrecht, The 

Netherlands). SS316L Stainless steel foils (0.9 mm thickness, one side mirror polished) were 

purchased from Goodfellow Inc. (Bad Nauheim, Germany). Anti-EpCAM antibodies were 

produced at the University of Twente, The Netherlands (Medical Cell BioPhysics Laboratory) 

from VU1D9 hybridoma cells.

4.2.2 PDMS handling devices
Three different PDMS devices (a 6-mm diameter reservoir, a xurography channel and a navigation 

marker device) were used for different steps of the sample preparation, as depicted in Figure 

4.3. For all devices, PDMS was prepared and cured according to the same procedure. PDMS 

precursor and cross linker (10:1 weight ratio) were first thoroughly mixed, and subsequently 

degassed by centrifugation at 1000x g for 1 min. The resulting mixture was poured on different 

molds for the different devices, and degassed again in a desiccator for 15 min. Curing was 

performed at 80 ºC overnight.

Figure 4.3. Various PDMS devices used in this work. Top, and from left to right: 6-mm diameter reservoir used for 
the immobilization of antibodies under static conditions on a CDPA monolayer; xurography microchannel (6 x 3 x 
0.2 mm3) used for the capture of EVs and subsequent washing under mild flow conditions (400 μl.min-1); microfluidic 
device used for the fabrication of navigation markers next to a 50 μm x 1 mm sample region, subsequently consid-
ered for analysis using SEM, Raman and AFM. Bottom, right: Design of the microfluidic device used to fabricate the 
navigation markers, consisting of three microfluidic channels, two microchannels comprising pillars with various 
geometries, flanking one sample microchannel, all channels being 30 μm height x 50 μm width x 1 mm length, 
and (left) actual SEM image showing the navigation markers fabricated from cyanoacrylate glue injected in the 
side-channels and used to retrace the captured objects in the different imaging instruments.
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PDMS Reservoir. A large 6-mm diameter PDMS reservoir was used for the antibody immobilization 

onto CDPA-functionalized stainless steel substrates. To this end, a 5-mm height PDMS layer was 

prepared in a petri dish. This PDMS layer was cut in 1 x 1 cm2 pieces, in which a hole was punched 

with a Harris Uni-Core 6-mm biopsy punch (VWR International B.V., Amsterdam, The Netherlands).

Xurography channel. To capture EVs and their subsequent washing and fixation, a xurography 

microchannel was used. The mold for this device was produced using a desktop plotter 

(Silhouette Cameo 2, Silhouette, Wateringen), as follows. First, a 6 mm x 3 mm feature was 

cut out of a foil laminated with a 200-μm thick adhesive layer, and subsequently placed at the 

bottom of a clean petri dish. The foil was removed to only leave the adhesive layer. After PDMS 

curing in this mold, inlets and outlets were punched using a 1-mm diameter Harris Uni-Core 

biopsy punch. The resulting device was placed on top of a stainless steel substrate after removal 

of the previously used PDMS reservoir.

Navigation marker device. For the multi-modal analysis, and after dehydration of the captured 

EVs (see section “Vesicle capture and dehydration”), navigation markers were fabricated on the 

stainless steel substrates for easy tracking of the captured EVs, using a microfluidic device 

comprising 3 microchannels: two microchannels featuring navigation markers (Figure 4.3) and 

flanking one sample channel. All channels were 30 μm height x 50 μm width x 1 mm length. The 

distance between the navigation markers and the sample region (80 μm, center-to-center) was 

chosen to be compatible with the characteristic dimension of the field of view of the bright-field 

optical objectives in all instruments used in this work (i.e., ~200 μm for the Raman system, 500 

μm for the AFM instrument and freely variable in the SEM, see SI 4.2).

The design of this microfluidic device was drawn in CleWin (WieWeb, Hengelo, The Netherlands), 

and the mold fabricated in the Nanolab cleanroom of the MESA+ Institute for Nanotechnology. 

Briefly, a <100> Si wafer was spin-coated with AZ-40XT resist (Microchemicals, Ulm, Germany) 

at 3000 RPM for 1 min to yield a 30-μm thick layer. The photoresist was exposed, baked and 

developed according to the manufacturer’s specifications. After PDMS casting on the finished 

mold, fluidic accesses were punched using a 1-mm diameter Harris Uni-Core biopsy punch. 

The PDMS device was placed on top of a functionalized stainless steel substrate after EV 

capture and dehydration. No specific care was required for alignment of the device, since the 

width of the sample region is much smaller than that of the xurography channel. Cyanoacrylate 

superglue (Tesa SE, Norderstedt, Germany) was injected in the side channels and cured for 30 

min to create the navigation markers. After PDMS delamination, the designed micro-features 

were transferred to the stainless steel surface with high fidelity (Figure 4.3, bottom left).

4
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4.2.3 CDPA monolayer formation and characterization on stainless 
steel substrates

CDPA monolayer formation. Stainless steel substrates were laser-cut into 1 cm x 1 cm 

substrates and cleaned in an ultrasonic bath in ethanol, acetone and dichloromethane (7 min 

for each solvent), followed by an oxygen plasma treatment for 3 min in a Diener Pico (Diener 

electronic, Bielefeld, Germany) at 250 W. Immediately after plasma treatment, the substrates 

were transferred to a solution of CDPA in ethanol for overnight incubation at 60 ºC to form a 

CDPA monolayer (Figure 4.2a). Three CDPA concentrations were initially tested (0.1, 1 and 10 

mM) to identify the optimal concentration. The resulting CDPA monolayer was subsequently 

cured in a vacuum oven at 130 ºC for 1 h and finally washed in an ultrasonic bath in ethanol, 

acetone and dichloromethane (7 min for each solvent).

Infrared Reflection/Absorption Spectroscopy (IRRAS). IRRAS measurements were performed 

on a Bruker Tensor 27 using a Harrick Auto SeagullTM (Bruker Nederland B.V.). 2000 scans per 

measurement were recorded under an angle of incidence of 83o using a liquid nitrogen-cooled 

MCT (mercury-cadmium-telluride) detector. Measurements were taken in triplicates after 35 

min of purging with argon to remove moisture and carbon dioxide. Data were averaged and 

normalized with respect to a reference (O2 plasma-cleaned stainless steel) to yield relative 

absorption values.

X-ray Photoelectron Spectroscopy (XPS). XPS measurements were conducted on a JPS-9200 

(JEOL, Japan) under ultra-high vacuum conditions with analyser pass energy of 10 eV using 

monochromatic Al Kα X-ray radiation at 12 kV and 20 mA at an angle of incidence of 80o. Wide 

scans (0-800 eV) were recorded as well as narrow scans in the 280-300 eV region to more 

closely inspect the carbon binding energies.

4.2.4 Antibody conjugation onto the CDPA monolayer
VU1D9 (anti-EpCAM) antibodies were conjugated onto the CDPA monolayer using EDC/NHS 

chemistry (EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, NHS = N-hydroxysuccinimide) 

at room temperature (Figure 4.2b). In the PDMS reservoir, a solution of 40 mM NHS, 130 mM 

EDC and 50 mM 2-(N-morpholino)ethanesulfonic acid in Milli-Q (pH 5) was pipetted and left 

to react with the CDPA monolayer for 30 min. The substrate was subsequently rinsed with 50 

μl of a 5 mM acetic acid solution in Milli-Q to stop the reaction, followed by 100 μl PBS. Next, 

the antibody solution at 20 μg/mL in PBS was pipetted in the reservoir and incubated with the 

surface for 1 h, followed by extensive washing with PBS to remove unreacted chemicals. Finally, 
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unreacted NHS ester groups were blocked by a 0.1 M ethanolamine solution in Milli-Q for 30 

min. The reservoirs were filled with PBS buffer until their use within 24 h.

4.2.5 Vesicle capture and dehydration
EVs were isolated from culture medium (see SI 4.3 for the isolation protocol) of the human 

prostate cancer cell line LNCaP, which is known to express epithelial cell adhesion molecules 

(EpCAM). To avoid any EV contamination from the serum added to the culture medium, the 

LNCaP cells were cultured in serum-free medium for 48 h before their isolation. Nanoparticle 

tracking analysis (NTA)51 of those isolated EVs revealed a concentration of 1.06 x 109 EVs ml-1 

(See SI 4.4). 25 μl of this EV-containing suspension was introduced into the xurography channel 

(channel volume: 3.6 μl) using a capillary pipette tip acting as an inlet reservoir, and left under 

static incubation for 1 h at room temperature. Channels were subsequently washed with 200 

μl of PBS at a flow-rate of 400 μl min-1 using a syringe-pump connected to the outlet reservoir 

and operated in withdrawal mode (Figure 4.2d). Captured EVs were next fixed in the channel 

with a 1% PFA solution in PBS. After fixation of the EVs, the PDMS device was removed, the 

sample rinsed in Milli-Q, dehydrated by immersion in a solution of 70% ethanol in Milli-Q (5 

min) followed by immersion in pure ethanol (5 min), and finally dried overnight under ambient 

conditions. Various negative control experiments were conducted in this study, as summarized 

in Table SI4.1: (i) no activation of the CDPA layer with EDC/NHS; (ii) no immobilization of anti-

EpCAM antibodies; and (iii) no incubation with any EV sample.

4.2.6 Multi-modal analysis of the captured EVs on anti-EpCAM- 
conjugated stainless steel substrates

SEM measurements. SEM imaging was performed using a JEOL JSM-6610LA Analytical SEM 

(JEOL, Nieuw-Vennep, The Netherlands). The SEM was operated in high-vacuum mode, and 

images were recorded with secondary electron (SE) detection with a low acceleration voltage 

of 2 kV to avoid sample charging in the absence of conductive coatings.

Raman measurements. Hyperspectral Raman micro-spectroscopy was performed by 2D 

point scanning of a laser beam (l = 647.09 nm) from a Coherent Innova 70C laser. The Raman 

scattered light was dispersed in a spectrometer and collected with a CCD sensor (Andor Newton 

DU-970-BV). The wavenumber interval per pixel is ~2.3 cm-1 on average over the length of the 

sensor. The laser power was measured underneath the objective (40x, NA: 0.95) and adjusted 

to 10 mW. The laser focal spot (d~0.39 µm, h~1.2 µm) was focused on the substrate and a 30 

µm x 30 µm ROI was scanned with a step size of 0.47 µm and an illumination time of 250 ms 

per pixel. Using Matlab 2017b (Mathworks, Eindhoven, The Netherlands), after wavenumber 
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and intensity calibration, the data were pretreated by cosmic ray removal and noise reduction 

by singular value decomposition, maintaining five singular components. Raman spectra were 

acquired across the entire wavenumber range (0 – 3660 cm-1). Multivariate analysis by means 

of principal component analysis (PCA) was performed in the high frequency spectral region 

between 2700 to 3200 cm-1. PCA was used to extract the most relevant information from the 

data matrix and to represent it as a linear combination of orthogonal principal components 

(PC or loadings) with coefficients (scores) for the contribution of the variance to the data.52 For 

each loading, a single score value was assigned to each measured pixel in the ROI and a Raman 

image reconstructed based on the scores. A high score value for a certain loading means a 

high contribution of that loading to the corresponding pixel.

AFM measurements. AFM measurements were performed on an Asylum MFP-3D instrument 

(Asylum Research, Santa Barbara, USA) in AC air topography mode (i.e., tapping mode) with 

a scan rate of 0.1 Hz and a set point of 400 mV. An Olympus micro cantilever with a nominal 

spring constant of 2 N m-1 was used (resonant frequency ~70 kHz). The resulting graphs were 

processed with Gwyddion 2.5.1 SPM analysis software (www.gwyddion.net). A mean plane 

subtraction and 3rd order polynomial background removal was applied. For object analysis, a 

25.0 ± 0.2 nm height threshold was applied to the data and circles were fitted to the remaining 

islands. A list of radii was exported to Matlab 2016a (Mathworks, Eindhoven, The Netherlands) 

for analysis and plotting of a size distribution histogram.

4.3 Results and discussion

4.3.1 Monolayer formation and characterization
To optimize the monolayer formation, different concentrations of carboxydecyl phosphonic 

acid (CDPA) were tested and the resulting CDPA monolayers analyzed using infrared reflection-

absorption spectroscopy (IRRAS) to evaluate the surface coverage, molecular ordering, and 

the configurations of the carboxyl groups. Spectra recorded for stainless steel substrates 

functionalized with CDPA (1 mM solution), as well as for CDPA powder, are presented in Figure 

4.4a. Bands assigned to the anti-symmetric CH2 stretch were found around 2914 cm-1 for all 

tested CDPA concentrations (see SI 4.5). These anti-symmetric CH2 stretch bands are typically 

found between 2914 and 2930 cm-1, and their exact values reflect the packing density of the 

monolayer. Low values, as observed here, suggest densely packed monolayers displaying 

a short-range inter-chain monolayer ordering.47,48,53–56 In all samples, the carboxyl band was 

detected at ~ 1720 cm-1, which is attributed to acyclically dimerized carboxyl groups,57 i.e., 

hydrogen-bonding dimerization with nearest neighbors. Higher absorption frequencies for 
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this band (towards 1740 cm-1) indicate non-hydrogen-bonded species, and therefore a less 

dense monolayer. Lower frequencies (~1700 cm-1) would suggest cyclic dimerization as a result 

of multilayer formation. In the 1700-1740 cm-1 region, peak broadening was observed in the 

substrates functionalized with 0.1 and 10 mM solutions (see SI 4.5), indicating a lesser degree 

of ordering than for the substrates prepared with a 1 mM solution. The baseline across the 

relative samples revealed that the signal-to-noise ratio for the substrate prepared with a 1 mM 

solution was also significantly improved compared to the other samples. Therefore, on the 

basis of these results, further experiments were conducted using a 1 mM CDPA solution for 

the 1st-step functionalization of the stainless steel substrates.

Figure 4.4. Chemical characterization of the stainless steel surfaces after the different surface modification steps. 
a) IR reflection-absorption (IRRAS) spectra (which are background corrected) of CDPA monolayers prepared on 
SS316L stainless steel substrates using a 1 mM CDPA solution (blue trace) and CDPA powder (red trace). b) XPS 
spectra recorded after the various surface modification steps, as depicted in Figure 2. Wide range scans acquired 
on a O2 plasma-treated stainless steel substrate (SS, black trace), a stainless steel substrate functionalized with 
a CDPA monolayer (SS+CDPA, red trace); and after antibody conjugation on the CDPA monolayer (SS+CDPA+AB, 
blue trace). c) C 1s narrow scan showing fitted peaks corresponding to the different carbon species found in a 
CDPA molecule (inset).

After each surface modification step (oxygen plasma treatment, CDPA functionalization, 

antibody modification), the substrates were also analyzed using XPS (Figure 4.4b). Integration of 

the peak surface areas provides quantitative information about the proportion of elements found 

on the substrate. After O2 plasma (black line, Figure 4.4b), relatively little carbon (C 1s signal at 
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~285 eV) was found on the stainless steel substrates, and this corresponds to adventitiously 

adsorbed carbon. A significant oxygen peak (O 1s peak at 532 eV) was detected as a result of the 

plasma treatment. Finally, various metals were present, such as Fe 2p (710 eV) and Cr 2p (575 

eV). After formation of the CDPA monolayer, the signal corresponding to carbon became more 

intense, and a peak appeared at 134 eV, corresponding to P 2p. Integration of these two peaks 

reveals a C:P ratio of 11.2 : 1, which is in excellent agreement with the theoretically expected 11 

: 1 ratio according to the molecular formula of CDPA (Figure 4.4c). Carbon atoms experiencing 

different electronic environments are characterized by different binding energies, and CDPA 

molecules comprise carbon atoms in three distinct environments, as depicted in Figure 4.4c. 

The C atom in the carbonyl group is observed at ~289 eV; the phosphorous-bound carbon at 

~286.2 eV; and the alkyl chain carbon atoms at 285 eV. Integrating these different C 1s signals 

yields a ratio of ~8.8 : 1.1 : 1, which is again in good agreement with the molecular structure 

of CDPA (9 : 1 : 1).

After formation of the monolayer (red line, Figure 4.4b), signals originating from the metal 

elements decreased by a factor of ~1.5, indicating successful coverage of the surface by the 

CDPA monolayer. Using these XPS data, the monolayer thickness can be derived, together 

with the tilt angle of the CDPA molecules on the surface. The thickness (t) of the CDPA layer 

was calculated using ,58,59 with λ being the attenuation length 

estimated for Fe 2p (1.4 nm), θ = 80º, and Fe0 and FeCDPA the signal intensities (counts s-1) for Fe 

2p before and after grafting of the CDPA monolayer, respectively. A CDPA monolayer thickness 

of 1.2 ± 0.1 nm was found. Considering a molecular length of 1.30 nm for CDPA as determined 

by Chem3D (PerkinElmer Informatics, Inc.), this monolayer thickness corresponds to a tilt angle 

of 20 ± 10º, which supports the IRRAS data that suggested the formation of a densely packed 

and ordered monolayer.

Finally, after antibody conjugation (Figure 4.4b, blue line), an N 1s signal appeared at 400 eV. The 

metal signal was further attenuated, which can be accounted for by the formation of a thicker 

layer on the substrates due to the size of the antibody molecules, which is in the same order of 

magnitude as the probing depth of the technique, i.e., ~10 nm.

4.3.2 Capture of LNCaP-derived EVs on antibody-conjugated stain-
less steel substrates and uncorrelated analysis

The antibody-conjugated surfaces were incubated with an EpCAM-positive tdEV sample 

prepared from LNCaP culture medium, and subsequently imaged with SEM to demonstrate 

their ability to immuno-capture tdEVs. As shown in Figure 4.5a, tdEVs were successfully and 
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specifically captured on the antibody-conjugated stainless steel surfaces, onto which quasi-

spherical objects in the 100 nm – 1 μm size range were identified. In contrast, in negative 

controls, for which one step of surface functionalization was omitted or which were not exposed 

to tdEV sample (see Table SI4.1, and Figure SI4.6), nothing was captured in the surface (Figure 

4.5a). Collectively, this experiment demonstrates the ability of our antibody-functionalized 

stainless steel substrates to successfully capture tdEVs.

As a next step, the same substrates, after capture of the tdEVs, were analyzed using Raman 

spectroscopy and AFM imaging. Hyperspectral Raman images were acquired on 30 µm x 30 

µm ROIs (64 x 64 pixels), and analyzed using PCA in the spectral region between 2700 to 3200 

cm-1 that contains the most intense peaks. EVs were identified as regions with pixels of high 

intensity values in certain scores. Such pixels were next segmented and used not only as a 

mask to identify the locations corresponding to EVs in all the images, as depicted in the inset 

of Figure 4.5b, but also to compute a mean Raman spectrum for EVs, as presented in Figure 

4.5b. This spectrum comprises a characteristic lipid-protein band at 2850 – 2950 cm-1, and a 

clear peak at 2851 cm-1 that corresponds to the CH2 symmetric stretch of lipids.60

Finally, AFM images were used for quantitative analysis of the captured EVs. In five considered 

areas of 50 μm x 50 μm, a total of 5.4 x 103 tdEVs were detected, which corresponds to a surface 

density of 4.3 x 105 tdEVs mm-2. These objects presented a size range of 54 to 3840 nm and 

an average diameter of 101 ± 111 nm, and Figure 4.5c shows the particle distribution up to 

0.7 μm, since most of the particles were found in the 0-0.7 μm range. Noteworthy, the particle 

size distribution and average size as determined by AFM were overall in good agreement with 

data obtained using Nanoparticle Tracking Analysis (NTA), with yet a slight shift in the size 

distribution i.e., 167 ± 91 nm (See SI4.4 and Figure 4.5c, blue line). The difference observed can 

be accounted for by the lower detection limit of the latter technique, or by shrinking of the EVs 

due to dehydration.51,61
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Figure 4.5. Analysis of the tdEVs captured on anti-EpCAM functionalized stainless steel substrates. a) SEM imaging 
revealing the specific capture of tdEVs (obtained from LNCaP cells) on anti-EpCAM functionalized stainless steel 
substrates (top left), while no object was captured on negative control samples (top right; without carbodiimide/
NHS activation; bottom left; without functionalization with anti-EpCAM antibodies; and bottom right, without ex-
posure to tdEV samples). b) Mean Raman spectrum (black line) and standard deviation (shaded area) of all EVs 
segmented from the ROI presented in the inset (30 µm x 30 µm and 64 x 64 pixels). The Raman spectrum (Raman 
shift range 2700-3200 cm-1) shows a lipid-protein band (2850-2950 cm-1) with a characteristic peak at 2851 cm-1, 
which corresponds to the CH2 symmetric stretch of lipids. In the inset, yellow pixels correspond to EVs and blue 
to the background. c) Size distribution of the surface-immobilized LNCaP-derived EVs determined by AFM (red 
histogram), and of the same sample in suspension before its immobilization on the surface as determined by NTA 
(blue line). Histogram: bin width 30 nm, error bars corresponding to the standard deviation (n=5). Inset: mask used 
for counting EVs on the AFM image, showing all objects detected with a height greater than 25 nm.
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4.3.3 Multi-modal analysis using SEM, Raman and AFM imaging
Finally, tdEVs captured on functionalized stainless steel substrates were analyzed successively 

using SEM, Raman and AFM imaging for their multi-modal characterization, and this last series of 

analysis was performed after fabrication of navigation markers on the stainless steel substrates. 

To identify interesting ROIs, the samples were first analyzed with SEM at a low resolution. It should 

be noted that for this first step of SEM imaging, the ROIs were not extensively exposed to the 

electron beam to avoid electron beam-induced deposition (EBID) of amorphous carbon,62 which 

would hinder later analysis by Raman spectroscopy. Next, the distance between the measured 

location and the nearest set of markers was noted so as to find back the same region in the 

different imaging techniques. Following this, the same ROIs on the surface were successively 

imaged using hyperspectral Raman spectroscopy and SEM to characterize the EV size and 

morphology. Similarly, and with the help of the navigation markers, the ROIs were traced back 

and imaged with AFM. A key element in this multi-modal analytical process is the presence of 

navigation markers: due to their varying pitch, size and shape, each location in the sample region, 

as defined by the microchannel in the last PDMS device, can be matched to a unique combination 

of markers to assign spatial reference points to a ROI. This reference enables to retrieve objects 

of interest after transferring the stainless steel substrates between different instruments.

Figure 4.6 presents the images of this multi-modal analysis, for the individual techniques as well 

as overlaid images. Noteworthy, a very good correlation exists between the images acquired 

with the individual techniques, with similar patterns observed in all 3 techniques (Figures 4.6c, f, 

and i). Surprisingly, SEM imaging (Figure 4.6a) revealed the presence of two types of particles, 

which could easily be distinguished based on their morphology and size: on one hand, small and 

elongated objects with an aspect ratio of approximately 1:7, and, on the other hand, compact, 

solidified crystalline particles with irregular shapes and well-defined edges, and with a height 

comparable to their lateral size. The larger particles were identified as cyanoacrylate glue particles, 

while the smaller particles were captured tdEVs, which was confirmed by Raman imaging (vide 

infra). Glue particles are presumably created upon release of the last PDMS device used to 

fabricate the navigation markers. In SEM, tdEVs present a much lower contrast than glue particles 

due to differences in molecular density.

Multivariate analysis of the Raman data by PCA performed in the high frequency region (2700 and 

3200 cm-1) as before confirms the presence of distinct populations of objects on the stainless 

steel substrates, whose Raman profile was distinct enough, as observed from the loading vectors 

PC3 (for tdEVs) and PC1 (for glue particles), respectively, in Figures 4.6d and 4.6g. Measurements 

were conducted here on single EVs captured on the surface, and the signal-to-noise ratio was 
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better in the high frequency region, which was therefore solely considered for data analysis. Yet, 

it allowed distinguishing tdEVs from other particles. As before, a clear Raman peak was found 

in the PC3 (Figure 4.6d) loading at 2851 cm-1, which corresponds to the CH2 symmetric stretch 

of lipids, and a lipid-protein band between 2850 and 2950 cm-1, which is characteristic of EVs. 

These bands were absent in the PC1 loading, and are indeed not expected for cyanoacrylate 

(glue) particles. In contrast, the PC1 loading (Figure 4.6g) presented a CH stretching region with 

a prominent peak at 2944 cm-1 and a CN stretching region with a peak at around 2247 cm-1, which 

are both characteristic of cyanoacrylate glue.63 It is worth noticing that the optical contrast of the 

images of scores is superior to the electron contrast in the SEM images, which clearly highlights 

the added value of correlative SEM-Raman imaging. The Raman images of the PC3 and PC1 

scores in Figures 4.6e and 6h reveal the respective distribution of the EVs and glue particles.

Figure 4.6. Multi-modal analysis of LNCaP-derived EVs on anti-EpCAM functionalized stainless steel substrates. 
a) SEM image of a selected ROI (30 μm x 30 μm).  b) Corresponding AFM height image of the same ROI. c) AFM 
– SEM overlaid image.  d) Raman spectrum in the 2700-3200 cm-1 region of the PC3 displaying a characteristic 
lipid-protein band (2850-2950 cm-1) specific to EVs, with a characteristic peat at 2851 cm-1, which corresponds to 
the CH2 symmetric stretch of lipids. e) Raman image of scores on PC3 (1.11%) showing the position of EVs in the 
Raman image. f) Overlay image showing excellent correspondence between the PC3 image of scores (h) with the 
SEM image (a). g) Raman spectrum in the 2700-3200 cm-1 region corresponding to the PC1 displaying a v(CH) 
stretching region of the cyanoacrylate glue with a characteristic peak at 2944 cm-1. h) Raman image of scores on 
PC1 (96.08%) showing the position of the glue particles in the Raman image. i) Overlay image showing excellent 
correspondence between the Raman image of scores on PC1 (e) with the SEM image presented in (a).
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As a last analytical modality, AFM was employed to characterize the objects captured on the 

surface. Although AFM is typically slower than SEM, its resolution is higher, which allows 

detecting both more and smaller particles compared to the two other techniques. The resolution 

of particles below ~0.5 μm in SEM is complicated by the low contrast in lieu of gold coating of 

the sample, whereas if became apparent only from AFM analysis that the majority of particles is 

in fact smaller than ~120 nm (See Figure 4.5c). Moreover, AFM provides quasi-3D morphological 

information, which is of great interest to characterize the height of the captured EVs. Given also 

the low contrast in SEM due to the low acceleration voltages, the AFM data is altogether more 

suitable for studying the size distribution of captured EVs (Figure 4.5c). Figure 4.6b presents 

an AFM image corresponding to the previously discussed Raman and SEM images, and Figure 

4.6c an overlay image of the AFM and SEM data, showing good agreement between the data 

acquired by both techniques. In future studies, AFM could also be considered to examine the 

mechanical properties of the captured EVs (e.g., by nanoindentation64).

Altogether, data acquired by AFM are fully in line with both Raman and SEM data, and they all 

demonstrate the specific capture of tdEVs by the covalently bound antibodies on the stainless 

steel substrates.

4.4 Conclusion

We reported here a platform for the selective capture of tumor derived EVs (tdEVs) followed by 

their multi-modal analysis using SEM, Raman and AFM imaging to correlate size, morphological 

and chemical information at the individual EV level. Stainless steel, selected here for its suitability 

for all three imaging techniques, was first chemically modified with a CDPA monolayer onto 

which anti-EpCAM antibodies targeting tumor-derived EVs were immobilized. IRRAS and XPS 

characterization of the CDPA-functionalized surfaces revealed a densely packed and well-

ordered monolayer, and XPS confirmed proper immobilization of the antibodies. Furthermore, 

EVs isolated from LNCaP prostate cancer cell lines were successfully captured on the antibody-

conjugated stainless steel substrates, and successively analyzed using Raman spectroscopy, 

SEM and AFM. The integration of navigation markers on the stainless steel substrates after 

EV capture was instrumental here to track back individual EVs between the different analytical 

techniques. However, their fabrication using cyanoacrylate injected in patterned PDMS channels 

resulted in the creation of glue particles, which were detected together with the EVs. In future 

work, therefore, such navigation markers should be machined in the substrate and not onto the 

substrate to alleviate these contamination issues. Nonetheless, good agreement was found 
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between the three techniques considered here, with excellent overlay of the images acquired 

by the individual modalities.

As a proof of concept, in this paper, tdEVs isolated from cancerous cell lines were captured and 

analyzed. As a next step, the same platform will be challenged with more complex samples, such 

as blood samples, after implementation of anti-fouling moieties, e.g., based on polyethylene 

glycol (PEG). Furthermore, the proposed multi-modal approach can easily be expanded in 

the future to other optical (e.g., confocal fluorescence microscopy or infrared spectroscopy), 

electron (e.g., energy-dispersive X-ray spectroscopy) and probe (e.g., force spectroscopy) 

microscopy techniques as well as other analysis techniques, e.g., surface plasmon resonance 

(SPR) and mass spectroscopy (MS).
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Supporting Information

Control experiments
Table SI4.1. Overview of the experiments included in this study – EV capture on the antibody-conjugated substrates 
and negative control experiments.

EDC/NHS activation Antibody EVs

Sample
EVs to be analyzed

+ + +

Control i - + +

Control ii + - +

Control iii + + -

SI 4.1 Raman Spectroscopy of stainless steel
In order to assess the suitability of functionalized stainless steel as a substrate for Raman 

spectroscopy, an area of 40 µm x 40 µm was scanned with a laser power of 35 mW and an 

illumination time of 250 ms with a step size of 1 µm. The spectrum of clean stainless steel 

is comparable to standard CaF2 and commercial stainless steel (µRIMTM, BioTools) used as 

substrate for Raman spectroscopy. A quartz spectrum is also shown for comparison.

Figure SI4.1. Mean Raman spectra of stainless steel (SS316L), CaF2 , stainless steel (µRIMTM) and Quartz.
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SI 4.2 Navigation markers

Figure SI4.2. Navigation markers patterned on the stainless steel substrates next to the sample region, using 
cyanoacrylate glue. a) SEM image of the sample region flanked by the navigation markers; navigation markers as 
seen through the sample stage optics of the AFM (b) and the Raman spectroscopy imaging setup (c). Knowing 
the position of a particular object of interest relative to a (unique) combination of navigation features allows easily 
retracing it in all instruments.

SI 4.3 EV isolation protocol from prostate cancer cell lines (LNCaP)
The LNCaP Prostate cancer cell line purchased at the American Type Culture Collection (ATCC) 

was used to produce prostate tumor-derived EVs. LNCaP cells were cultured at 37 °C and 5% 

CO2 in RPMI-1640 with L-glutamine medium (Lonza, cat.# BE12-702F) supplemented with 10% 

v/v fetal bovine serum, 10 units/mL penicillin, and 10 μg/mL streptomycin. The initial cell density 

was 10,000 cells/cm2 as recommended by the ATCC. Medium was refreshed every second day. 

When cells reached 80−90% confluence, they were washed three times with PBS and FBS-free 

RPMI medium supplemented with 1 unit/mL penicillin and 1 μg/mL streptomycin was added to 

the cells. After 48 h of cell culture, the cell supernatant was collected and centrifuged at 1000g 

for 30 min. The pellet containing dead or apoptotic cells and the largest EVs was discarded. 

The supernatant was pooled, and aliquots of 50 μL were frozen in liquid nitrogen and stored 

at −80 °C. The size distribution of the harvested EVs was assessed with nanoparticle tracking 

analysis (NTA) (See SI 4.4).
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SI 4.4 NTA measurements of LNCaP EVs

Figure SI4.4. NTA average concentration over 10 samples. Measured using a NanoSight 500 dark field microscope 
(Nanosight, Amesbury, UK). 5607 particles were measured with an average diameter of 167 ± 91 nm (diameter ± 
s.d.), corresponding to a total concentration (before 10x dilution) of 1.06x109 ml-1. The raw data from this measure-
ment was used to obtain a histogram compatible with the AFM data from Figure 4.5c.

SI 4.5 IRRAS measurements of CDPA as monolayer on stainless 
steel substrates, and as a powder

Figure SI4.5. IRRAS reflection spectra for CDPA monolayers prepared using a CDPA concentration of (A) 0.1 mM, 
(B) 1 mM, and (C) 10 mM, and using CDPA powder.
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SI	4.6	Influence	of	flow	dynamics	on	capturing	efficiency

Figure SI4.6. SEM images; comparison of contrast between specifically and non-specifically bound species in 
various fluidic systems. In a reservoir (left column, scale bar: 2 μm), where EVs are incubated and dehydration 
agents are exchanged under semi-static conditions, there is an apparent lack of a force to remove physisorbed 
EVs as can be seen from the negative controls. Using a microchannel of 20-μm height (middle column, scale 
bars: 5 μm (top) and 2 μm) entails imposing shear forces so high that specifically bound species are also removed 
when introducing dehydration agents. An intermediate option, use of exceptionally high (~200 μm) microchannels 
produced by xurography (right column, scale bars: 10 μm) yielded expected results, where EVs were only identified 
in the positive control.
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Abstract

Extracellular vesicles (EVs) can be used as biomarkers in diseases like cancer, as their lineage 

of origin and molecular composition depend on the presence of cancer cells. Recognition of 

tumor-derived EVs (tdEVs) from other particles and EVs in body fluids requires characterization 

of single EVs to exploit their biomarker potential. We present here a new method based on 

synchronized Rayleigh and Raman light scattering from a single laser beam, which optically 

traps single EVs. Rapidly measured sequences of the Rayleigh scattering amplitude show 

precisely when an individual EV is trapped and the synchronously acquired Raman spectrum 

labels every time interval with chemical information. Raman spectra of many single EVs can 

thus be acquired with great fidelity in an automated manner by blocking the laser beam at 

regular time intervals. This new method enables single EV characterization from fluids at the 

single particle level.
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5.1 Introduction

Recent studies have shown that small lipid-membrane-bound vesicles called Extracellular 

vesicles (EVs) derived from cancer cells play a role in tumor cell proliferation, migration, invasion, 

and metastasis,1–3 and the peripheral blood load of relatively large tumor-derived EVs is strongly 

associated with poor clinical outcome.4 The EVs, which may be as small as 50 nm,5 are able to 

transport proteins, nucleic acids and membrane components to neighboring or distant cells, 

influencing cellular behaviors. Hence, EVs derived from diseased cells, such as cancer cells, 

could trigger oncogenic signals and promote tumor development.2 Tumor-derived extracellular 

vesicles (tdEVs) can be present in body fluids, such as blood.6–10 However, their identification and 

characterization is challenging due to their heterogeneity, ultra-small size, low refractive index, 

size overlap with physiological EVs and contaminants in body fluids, and the lack of knowledge 

on their chemical composition. Specially, their broad size range overlaps not only with non-

tdEVs, but also with lipoproteins and protein aggregates that fall in the EV size range.11 Thus, 

the ensemble average inherent to bulk analysis methods require a sensitivity which techniques 

like ELISA or western blot unlikely have. Single particle analysis may overcome this problem 

and pave the road towards identification of rare tdEV populations.

There are well established methods for single particle analysis, such as nanoparticle tracking 

analysis (NTA), resistive pulse sensing and flow cytometry that together can provide the size, 

number, concentration, electrophoretic mobility and refractive index of EVs. However, these 

methods fail in providing information on the chemical composition of EVs, which is essential 

to identify their origin. In recent years, Raman spectroscopy (RS) has been used to contribute 

chemical information of EVs and tdEVs.12–17 RS is a label-free chemical characterization 

technique based on the inelastic scattering of light by molecules. RS combined with optical 

tweezers, provides Raman spectra of particles trapped in the focal spot. Pioneered by Ashkin,18,19 

optical tweezers use a diffraction limited beam to stably trap a particle in three dimensions. 

Particles in Brownian motion that enter the trapping focal spot experience a net force that 

brings them to the axial center of the laser beam waist slightly displaced form the focal plane.

Previous studies demonstrate trapping of single solid particles in the size range of EVs, such 

as silica beads, polystyrene beads and viruses.20,21 The trapping of single particles has been 

complemented with characterization techniques such as fluorescence spectroscopy22 and 

Raman spectroscopy.23 Although EVs have also been studied with Raman, single EV Raman 

measurements have never been experimentally confirmed. Indirect evidence has been used in 

some studies to presume single EV or liposome trapping and chemical characterization.13,14,17,24 
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However, the unequivocal prove that a trapping event involves a single EV and the ability to trap 

EVs at sufficiently high rates has not yet been shown.

Here, we propose a new method to optically trap single EVs and simultaneously disclose 

their inherent chemical composition by means of RS. The method distinguishes individual 

particle trapping events by the detected Rayleigh scattered light while synchronously measured 

Raman spectra enables the chemical characterization of individual EVs. Rayleigh – and Raman 

scattering are, respectively, elastic and inelastic scattering of light by particles in a medium. 

Further, our method involves a purge of the optical trap at regular time intervals. Hence, long 

time series of Rayleigh-Raman scattering events can be acquired starting each time from 

an empty trap. In this way, many individual trapping events can be acquired in an automated 

manner. Our method can be directly applied to diluted EV samples and does not require any EV 

isolation steps. The Raman spectra of multiple individual EVs enable a chemical fingerprint of 

the sample. We introduce and validate the method with polystyrene (PS) and silica (Si) beads. 

Subsequently, we show that synchronous Rayleigh-Raman scattering enables the identification 

of single EVs on the basis of the Raman spectral signature, which is related to their molecular 

composition.

5.2 Methods

5.2.1 PC3-derived EVs
PC3 cells provided by the American Type Culture Collection (ATCC) were used as a model to 

produce prostate cancer-derived EVs. Cells were cultured at 37 °C and 5% CO2 in RPMI-1640 

with L-glutamine medium (Lonza, Cat. No.: BE12-702F) supplemented with 10% (v/v) fetal bovine 

serum (FBS), 10 units/mL penicillin and 10 μg/mL streptomycin. The initial cell density was 

10,000 cells/cm2 as recommended by the ATCC. Medium was refreshed every second day. 

At 80 to 90% confluence, cells were washed three times with phosphate buffer solution (PBS) 

and cultured in FBS-free RPMI-1640 with L-glutamine medium (Lonza, Cat. No.: BE12-702F) 

supplemented with 1 unit/mL penicillin and 1 μg/mL streptomycin. After 2-3 days of cell culture, 

cell supernatant was collected in a 15 mL tube (Cellstar® tubes, Greiner Bio-one) and centrifuged 

at 800 g at room temperature for 10 min (Centrifuge 5804, Eppendorf) . The pellet containing 

dead or apoptotic cells and large cell fragments was discarded. The collected supernatant 

containing PC3-derived EVs was stored in aliquots of 500 μL (Micro tube 0,5 mL, PP, SARSTEDT) 

at −80 °C. Samples were thawed in a water bath at 37°C before use. EV size distribution was 

determined using NTA (NanoSight NS500). An EV concentration of 1.9x109 particles/mL with 

a mean diameter (+/- standard deviation) of 157 (+/- 79) nm was found (Figure S5.1).
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5.2.2 Polystyrene (Ps) and Silica (Si) beads
To validate our technology, we used NIST traceable polystyrene (PS) beads (Nanosphere; 

Thermo Fisher, Waltham, MA, USA) with mean diameters of 100, 125, 147, 296 and 799 nm 

and plain silica (Si) beads (Silica Kisker, Steinfurt, Germany) with mean diameters of 182, 315, 

405 and 548 nm. The concentration was determined by NTA (NS500, Malvern, UK). Diameters 

of the silica beads were obtained by TEM. The corresponding refractive indices of PS and Si 

beads are 1.586 and 1.464, respectively. The suspensions of beads were diluted in MiliQ to a 

concentration of 3x108-3x109 particles/mL to optimize the single particle trapping rate. PS and 

Si particle suspensions were vortexed for 3 sec and re-suspended 3 times before experiments 

to prevent particle aggregation that may have occurred during storage. A suspension of 50 µL 

of each monodisperse sample of beads was then used for synchronous Rayleigh – and Raman 

scattering measurements.

5.2.3 Sample preparation
PS beads, Si beads, and EVs derived from PC3 cells were used in a concentration of 3.6x108-

5x1010 particles/mL and diluted in MiliQ (beads) or PBS (EVs) to this concentration if necessary. 

A 50 µL suspension of each particle type was placed on a well glass slide (BMS Microscopes; 

1.0-1.2 mm thick, Cat. no.: 12290). The sample was covered with a glass cover slip (VWR Ltd, 

thickness No. 1, diameter: 22mm, Cat. no.: 631-0158) and sealed with glued (EVO-STIK, Impact) 

onto the well glass slide (Figure 5.1A). The glue was then cured at room temperature for ~30 

minutes. The closed well glass slide was placed on the microscope table under the objective 

of the Rayleigh-Raman spectrometer.

5.2.4 Optical setup and measurements
The Rayleigh-Raman spectrometer is based on a home-built Raman spectrometer integrated 

with the base of an upright optical microscope (Olympus BX41). A single laser beam from a 

Coherent Innova 70C laser (λexc=647.089 nm) was used for optical trapping and illuminating 

beads and EVs. Rayleigh and Raman scattering was collected with a cover glass corrected dry 

objective (Olympus, 40x, NA: 0.95). Rayleigh and Raman scattering were separated in a homebuilt 

spectrometer and simultaneously detected with a single CCD camera. The spectrometer had an 

average dispersion of ~2.3 cm-1 (0.11 nm) wavenumber per pixel over the CCD camera surface 

with 1600 pixels along the dispersive axis and 200 pixels perpendicular to this axis. The spectral 

resolution was ~3.0 cm-1. The laser power was measured underneath the objective and adjusted 

to 70 mW. By moving the objective along the z-axis, the laser focal spot is focused inside the 

solution, ~37 µm below the cover slip. The focal spot has a theoretical diameter of 370 nm and 

a Rayleigh range of 1160 nm based on full width half maximum. Rayleigh and Raman scattering 
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spectra were typically acquired 256 times with an acquisition time of 38 ms over a period of 

~9.7 seconds. The trapped particles were then released from the optical trap by blocking the 

laser beam with a shutter for ~1 second. This measurement cycle was repeated, typically, 

100 times, which resulted in 100 x 256 = 25600 Rayleigh-Raman spectra per measurement.

5.2.5 Backscattering calculations
Light scattering calculations based on Mie theory were used to relate the measured 

backscattering to the diameter and refractive index of PS and Si beads. The Rayleigh scattering 

intensity was compared with Mie scattering calculations of the intensity averaged over the 

collection angle of the microscope objective as a function of particle diameter. From these 

measurements it was theoretically predicted that with the present embodiment of the setup 

the Rayleigh light scattering signal was sufficiently intense to detect trapping of individual EVs, 

in spite of the small refractive index difference of EVs (n= 1.37)25 from water (n= 1.33). We use 

the Mie scripts of Mätzler26 in MATLAB (2018b, MathWorks, USA) to calculate the amplitude 

scattering matrix elements, which describe the relation between the incident and scattered 

field amplitudes of a sphere. Our model incorporates particle diameter and refractive index (RI), 

RI of the medium, the illumination wavelength, and the numerical aperture of the microscope.

5.3 Results

Brownian motion of EVs in suspension occasionally brings the EVs sufficiently close to the trap 

to experience a net trapping force directing towards the focal spot. Once an EV is trapped, an 

intense increase in the amplitude of the Rayleigh light scattering occurs, and this can be seen as 

a discrete step in a time trace (Figure 5.1B). Such time trace results from the integration of the 

Rayleigh band over 50 pixels around 0 cm-1 plotted over time. As long as the shutter to the laser 

remains open, successive trapping and accumulation of particles occur until the focal volume 

becomes saturated with particles. Hence, monitoring the time trace over prolonged time enables 

to distinguish between zero (baseline), single (first step) and multiple trapping events, which 

can be enumerated (Figure 5.1B and 5.1C). Synchronous acquisition of Raman spectra with 

the Rayleigh scattering allows us to assign a Raman spectrum to individual particles trapped 

(Figure 5.1D). Purging the laser focus from trapped particles at regular time intervals enables 

the acquisition of many single EV trapping events in an automated manner over long periods of 

time, thus monitoring the composition of a suspension of EVs on the level of individual, single 

EVs with fidelity. Rayleigh and Raman scattering spectra were typically acquired 256 times 

with an acquisition time of 38 ms over a total period of ~9.7 seconds per cycle. After purging 

the laser focus a new cycle started.
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Figure 5.1. (A) Schematic overview of the setup. Particles in suspension are loaded in a well glass slide that is 
mounted under a microscope objective. (B) Rayleigh scattering intensity versus time clearly shows trapping of 
single PS beads (Ø=125 nm). Color labels at the top in (B), indicating the number of particles in the trap, correspond 
to the color of the traces in (C) and (D). (C) Intensity versus Raman shift for Rayleigh scattering without trapped 
particles, or with 1, 2 and 3 particles being trapped. (D) Raman scattering signals when no particle is trapped and 
when 1, 2 and 3 particles are trapped in the laser focal spot.

To validate our technology, single PS and Si beads of various sizes (SI) were optically trapped 

and synchronous Raman acquisition was performed. To increase the event throughput of our 

Rayleigh-Raman setup we have automated the trapping and release of particles by acquiring 

both Rayleigh and Raman scattering signals overtime while closing a laser shutter to purge 

the trap from particles. Subsequent opening of the shutter starts another cycle of trapping 

events from an empty trap. For example, Figure 5.2A shows the intensity time traces of both, 

the Rayleigh and the Raman scattering signals of 100 nm polystyrene beads. Integrating the 

characteristic 1003 cm-1 polystyrene Raman peak and plotting the intensity versus time results 

in a step-wise time trace that correlates with the Rayleigh time trace. This correlation confirms 

that the trapped particles indeed are polystyrene beads.

Figure 5.2B shows a magnification of a part of the time trace in Figure 5.2A. In the absence of 

particles in the laser focus, both scattering signals show a constant baseline. Trapping events 

can easily be observed from stepwise increases in the amplitude of the scattering signals. These 

signals increase upon the arrival and trapping of the first, second, third and fourth bead (labelled 

as 1, 2, 3 and 4, respectively in Figure 5.2B). The average Rayleigh signal per time interval (0, 1, 

2, 3 and 4 in Figure 5.2B) is shown in Figure 5.2C. Synchronous Raman acquisition labels each 

time interval with a Raman spectrum. The average Raman spectra of polystyrene for the five time 

intervals in Figure 5.2B are shown in Figure 5.2D.
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Figure 5.2. Rayleigh and Raman scattering signals of PS beads (Ø=100 nm). (A) Time trace of 35 cycles of Rayleigh 
(blue) and Raman (orange) scattering signals. This dataset contains 35x256 = 8960 spectra. (B) Magnified cycle 
from (A) to highlight the coincidences in the time traces of both, Rayleigh and Raman scattering signals for 4 
trapping events (labelled as 0, 1, 2, 3 and 4), with (C) and (D) showing the corresponding Rayleigh and Raman 
scattering signals.

The discrete nature of the time traces can be better visualized by segmenting all the levels in 

the Rayleigh signal and plotting the median value of each level versus time, as shown in Figure 

5.3A. Here, the time trace corresponds to the trapping and release of polystyrene beads with a 

diameter of 125 nm. The median values of each level in the Rayleigh intensity time traces are 

represented with a triangle. Figure 5.3B shows a typical boxplot with a low standard deviation 

of the Rayleigh scattering intensities corresponding to the discrete trapping of beads. Five levels 

of scattering can be identified, namely the baseline (no trapped beads), and the first -, second -, 

third - and fourth step or trapping event. Figure 5.3C (black squares and red circles, right axis) 

shows the experimentally obtained backscatter intensity of the PS (n=1.586) and Si (n=1.464) 

beads in water (n=1.3317) versus their diameter. The backscatter intensity values correspond 

to the amplitude of the Rayleigh scattering for the first trapping events (e.g. blue box in Figure 

5.3B). These values have been plotted versus diameter and theoretically described by Mie 

theory, taking into account the diameter and refractive index of the beads as well as the optical 

configuration of the setup. Mie theory predicts an angle-dependent oscillatory behavior of the 

scattering cross section (Figure 5.3C, left axis) for the collected backscattered light.
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Figure 5.3. (A) Rayleigh scattering intensity of PS beads (Ø=125 nm), after time trace segmentation, and (B) its 
corresponding boxplot. (C) Prediction of the back-scattered signals (lines) from PS beads (black) and Si beads (red). 
The left vertical axis depicts the cross-section and the right vertical axis depicts the counts per 38 ms. Vertical error 
bars are SD of measured amplitudes. Horizontal error bars are SD of size distributions as provided by manufacturer.

After developing and validating a procedure to trap single beads and measuring their Rayleigh 

scattering and Raman spectrum, we proceeded to investigate suspensions of EVs derived 

from a prostate cancer cell line (PC3 EVs) by synchronized Rayleigh – Raman scattering. Their 

intensity time traces are shown in Figure 5.4A. The associated Raman scattering time trace 

was obtained from the integration of the lipid-protein band in the Raman spectrum between 

2811 cm-1 and 3023 cm-1. The Rayleigh – and Raman time traces show synchronous steps 

associated with trapping events and provide a tool to confirm the presence of a single EV in the 

trap. The mean Rayleigh intensity for PC3 EVs is 1.74x105 with a SD of 1.6x105 (n=94). Figure 

5.4B shows a magnified portion of the time trace in Figure 5.4A with four time intervals labelled 

as 0, 1, 2, 3 and 4, corresponding to no trapping, first, second, third and fourth trapping events, 

respectively. The synchronously measured Raman spectra are extracted from the time trace 

and correspond to the Raman fingerprint of the particles trapped at the respective time intervals. 

Figure 5.4C shows the Raman spectra of four different single PC3 EVs that correspond to the 

four time intervals presented in Figure 5.4B.

To obtain a Raman fingerprint of PC3 EVs, we segmented the first particle trapping events from 

the Rayleigh time traces and thus obtained the time intervals where individual EVs generated 

a Raman spectrum. Figure 5.4D shows the mean Raman spectra after baseline correction and 
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noise removal for 94 PC3 EVs. Typical lipid and protein bands are shown at 1004, 1128, 1300, 

1340, 1443, 1607, 1636-1690 cm-1, as well as in the high frequency region between 2811 and 

3023 cm-1. Among other Raman peaks found in PC3 EVs are: 1247 (Amide III)27 and 1663 (DNA 

and Amide I of proteins)27, further confirming the trapping of EVs.

Figure 5.4. Rayleigh and Raman scattering signals of PC3 EVs. (A) Time trace of Rayleigh (blue) and Raman 
(orange) scattering signals. This dataset contains 100 cycles x 256 = 25600 spectra. (B) Magnified cycle from (A) 
indicating 4 time intervals with single trapped PC3 EVs (labelled as 1, 2, 3 and 4), whose corresponding Raman 
spectra are shown in (C). (D) Mean Raman spectrum (thick line) and SD (shaded area) for 94 PC3 EVs.

5.4 Discussion

Identification and characterization of a sub-population of EVs (e.g. tdEVs) requires a method 

working at the single EV level. To achieve this, optical trapping and subsequent chemical 

characterization by Raman spectroscopy has been shown to be an attractive approach, because 

it is essentially a label-free approach that requires minimal sample preparation and enables 

chemical characterization of EVs in fluids. However, previous studies have shown that Raman 

spectroscopy requires long integration times of many seconds up to minutes,13–17 leading to the 

problem of trapping multiple particles. One option is to decrease the concentration of EVs and 

avoid any multiple trapping events, but the disadvantage is that at such low concentrations the 

chance of actually trapping an EV of interest, such as tdEVs, becomes low, and the acquisition 

of a sufficient large number of Raman spectra from single EVs may take many hours.
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In this study, we have successfully investigated a new approach of synchronized Rayleigh and 

Raman scattering, that enables to measure Raman spectra of single EVs from samples with 

1.9x109 EVs/mL at a reasonable high trapping rate. In this approach, the Rayleigh scattering 

was used to detect the arrival of each individual particle in the trap from a large increase in the 

Rayleigh scattering signal. Synchronously, the Raman scattering signal was obtained with the 

same acquisition time as the Rayleigh scattering signal. Integration over the lipid-protein high 

frequency band enabled to obtain Raman time traces that coincide with the Rayleigh time traces. 

The time synchronicity is essential to enable an unequivocal relation between single EV trapping 

events visualized with Rayleigh scattering and the characteristic Raman fingerprint of that EV.

In order to establish the method of synchronous Rayleigh – Raman scattering, we first measured 

PS and Si beads in suspension. PS and Si beads with a refractive index of 1.586 and 1.464, and 

a diameter down to 100 nm and 182 nm, respectively, were easily trapped. Individual trapping 

events could be detected (Figure 5.2) and the time-synchronized Raman scattering assigned the 

familiar polystyrene spectrum to each PS particle. Mie theory was used to predict the scattering 

cross section of single PS and Si beads of different sizes. The prediction is in agreement with 

the experimental backscatter intensity values obtained from optically trapped single PS and 

Si beads.

Unlike PS and Si beads, EVs have a lower refractive index (1.35 – 1.40),25,28–31 making their 

refractive index contrast small with respect to the aqueous solution with a refractive index of 

1.3317. Such small refractive index contrast also results in a decrease of the trapping force. 

However, we were able to trap and identify single PC3 EVs from a sample containing EVs with 

a diameter of 157 (+/- 79) nm, according to NTA. In addition, the low integration time (38 ms) 

and subsequent automated data analysis allowed the identification of single EVs in the focal 

spot and Raman spectra acquisition from approximately 400 single-EVs per hour. The signal 

processing that we have implemented automated the computation of Raman and Rayleigh time 

traces and segmented the step-wise signal to identify single and multiple trapping events with 

their respective Raman spectra.

Previous studies have claimed single EV trapping based on an increase of the Raman scattering 

signal.14,15,17 Our approach integrates the Rayleigh scattering signal as a way to monitor and prove 

the trapping of single EVs. This enables the identification of smaller particles as the Rayleigh 

signal is much stronger (x ~103 to 104) than Raman scattering, whose weak scattering process 

can miss the detection of very small particles. Our method has the additional advantage of 

identifying single EVs irrespective of their Raman spectra due to the fact that it does not rely 
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on thresholding of a characteristic Raman peak or band integration. This becomes critical 

when trying to identify rare EV populations within a mixture of many other EV types. While 

the Rayleigh scattering signal allows the detection of single particles irrespective of their 

chemical composition, the Raman signal is used to identify the type of particles trapped. 

Other studies have relied on fluorescence signal to identify single EVs.13 Immunostaining can 

disclose molecular-specific information, but it complicates sample preparation and workflow 

and requires specific markers to be used for rare EV populations. Our method is label-free and 

does not require additional steps to disclose the chemical information of an EV from its medium.

Although label-free Raman spectroscopy is not specific to molecules, the global information 

in Raman spectra enables to differentiate among different vesicles as previous studies of non-

labelled EVs have demonstrated.13–16 Our results show that the spectral region between 2811-

3023 cm-1, assigned to proteins and lipids, is the highest Raman intensity band for EVs (around 

3x higher than the highest peak in the fingerprint region for PC3 EVs). This region in the Raman 

spectrum between 2811-3023 cm-1 enables an identification of different types of small single 

EVs and eventually tdEVs in plasma from cancer patients. The throughput of our technique can 

still be improved, e.g. by increasing the length of the time traces.

In conclusion, by synchronous acquisition of Rayleigh and Raman light scattering during optical 

trapping of sub-micrometer particles in suspension, we have been able to identify single trapping 

events at a high rate. This method could allow the identification of rare populations of EVs, such 

as tdEVs, where otherwise the ensemble average occludes the signal from single rare EVs. The 

synchronized detection of Rayleigh – Raman scattering and the ability to characterize single 

individual nanoparticles opens a vast number of applications in different fields, e.g. identification 

of micro-plastics in contaminated water, virus detection, atmospheric science and catalysis,23 

among others.



101

Rayleigh and Raman scattering of single optically trapped EVs

References
1. Vader, P., Breakefield, X. O. & Wood, M. J. A. Extracellular vesicles: Emerging targets for cancer therapy. Trends 

Mol. Med. 20, 385–393 (2014).

2. Katsuda, T., Kosaka, N. & Ochiya, T. The roles of extracellular vesicles in cancer biology: Toward the 
development of novel cancer biomarkers. Proteomics 14, 412–425 (2014).

3. Kanada, M., Bachmann, M. H. & Contag, C. H. Signaling by Extracellular Vesicles Advances Cancer Hallmarks. 
Trends in Cancer 2, 84–94 (2016).

4. Nanou, A. et al. Abstract 4464: Tumor-derived extracellular vesicles in blood of metastatic breast, colorectal, 
prostate, and non-small cell lung cancer patients associate with worse survival. in AACR 2019 Proceedings: 
Abstract 4464 - American Association for Cancer Research 4464–4464 (2019). doi:10.1158/1538-7445.
sabcs18-4464

5. Brisson, A. R., Tan, S., Linares, R., Gounou, C. & Arraud, N. Extracellular vesicles from activated platelets: a 
semiquantitative cryo-electron microscopy and immuno-gold labeling study. Platelets 28, 263–271 (2017).

6. Zwicker, J. I. et al. Tumor-derived tissue factor-bearing microparticles are associated with venous 
thromboembolic events in malignancy. Clin. Cancer Res. 15, 6830–40 (2009).

7. Li, J. et al. Claudin-containing exosomes in the peripheral circulation of women with ovarian cancer. BMC 
Cancer 9, 244 (2009).

8. Coumans, F. A. W., Doggen, C. J. M., Attard, G., de Bono, J. S. & Terstappen, L. W. M. M. All circulating 
EpCAM+CK+CD45- objects predict overall survival in castration-resistant prostate cancer. Ann. Oncol. Off. 
J. Eur. Soc. Med. Oncol. 21, 1851–7 (2010).

9. Nanou, A. et al. Circulating tumor cells, tumor-derived extracellular vesicles and plasma cytokeratins in 
castration-resistant prostate cancer patients. Oncotarget 9, 19283–19293 (2018).

10. Wit, S. et al. Single tube liquid biopsy for advanced non‐small cell lung cancer. Int. J. Cancer 144, 3127–3137 
(2019).

11. Buzás, E. I. et al. Single particle analysis : Methods for detection of platelet extracellular vesicles in suspension 
( excluding flow cytometry ) Single particle analysis : Methods for detection of platelet extracellular vesicles 
in suspension ( excluding flow cytometry ). Platelets 00, 1–7 (2017).

12. Krafft, C. et al. A specific spectral signature of serum and plasma-derived extracellular vesicles for cancer 
screening. Nanomedicine Nanotechnology, Biol. Med. 13, 1–7 (2016).

13. Carney, R. P. et al. Multispectral Optical Tweezers for Biochemical Fingerprinting of CD9-Positive Exosome 
Subpopulations. Anal. Chem. 89, 5357–5363 (2017).

14. Smith, Z. J. et al. Single exosome study reveals subpopulations distributed among cell lines with variability 
related to membrane content (SI). J. Extracell. Vesicles 4, 28533 (2015).

15. Kruglik, S. G. et al. Raman tweezers microspectroscopy of circa 100 nm extracellular vesicles. Nanoscale 11, 
1661–1679 (2019).

16. Lee, W. et al. Label-Free Prostate Cancer Detection by Characterization of Extracellular Vesicles Using Raman 
Spectroscopy. Anal. Chem. 90, 11 (2018).

17. Penders, J. et al. Single Particle Automated Raman Trapping Analysis. Nat. Commun. 9, 4256 (2018).

18. Ashkin, A. Acceleration and Trapping of Particles by Radiation Pressure. Phys. Rev. Lett. 24, 156–159 (1970).

5



102

Chapter 5

19. Ashkin, A., Dziedzic, J. M. & Chu, S. Observation of a single-beam gradient force optical trap for dielectric 
particles. Opt. Lett. 11, 288–290 (1986).

20. Liu, T. H., Chiang, W. Y., Usman, A. & Masuhara, H. Optical Trapping Dynamics of a Single Polystyrene Sphere: 
Continuous Wave versus Femtosecond Lasers. J. Phys. Chem. C 120, 2392–2399 (2016).

21. Ashkin, A. & Dziedzic, J. M. Optical trapping and manipulation of viruses and bacteria. Science 235, 1517–20 
(1987).

22. Pang, Y., Song, H., Kim, J. H., Hou, X. & Cheng, W. Optical trapping of individual human immunode fi ciency 
viruses in culture fl uid reveals heterogeneity with single-molecule resolution. Nat. Nanotechnol. 9, 624–630 
(2014).

23. Rkiouak, L. et al. Optical trapping and Raman spectroscopy of solid particles. Phys. Chem. Chem. Phys. 16, 
11426–11434 (2014).

24. Chan, J. W., Winhold, H., Lane, S. M. & Huser, T. Optical trapping and coherent anti-Stokes Raman scattering 
(CARS) spectroscopy of submicron-size particles. IEEE J. Sel. Top. Quantum Electron. 11, 858–863 (2005).

25. Van Der Pol, E., Coumans, F. A. W., Sturk, A., Nieuwland, R. & van Leeuwen, T. G. Refractive Index Determination 
of Nanoparticles in Suspension Using Nanoparticle Tracking Analysis. 14, 6195–6201 (2014).

26. Mätzler, C. MATLAB Functions for Mie Scattering and Absorption Version 2. (2002).

27. Movasaghi, Z., Rehman, S., Rehman, I. U. I. U. & Zanyar Movasaghi, S. R. & D. I. U. R. Raman Spectroscopy of 
Biological Tissues. Appl. Spectrosc. Rev. 42, 493–541 (2007).

28. M Rupert, borah L. et al. Effective Refractive Index and Lipid Content of Extracellular Vesicles Revealed Using 
Optical Waveguide Scattering and Fluorescence Microscopy. Langmuir 34, 8522–8531 (2018).

29. Gardiner, C. et al. Measurement of refractive index by nanoparticle tracking analysis reveals heterogeneity in 
extracellular vesicles. J. Extracell. Vesicles 3, (2014).

30. Konokhova, A. I. et al. Light-scattering flow cytometry for identification and characterization of blood 
microparticles. J. Biomed. Opt. 17, 057006 (2012).

31. van der Pol, E. et al. Absolute sizing and label-free identification of extracellular vesicles by flow cytometry. 
Nanomedicine Nanotechnology, Biol. Med. 14, 801–810 (2018).



103

Rayleigh and Raman scattering of single optically trapped EVs

Supporting Information

PC3-derived EVs
EV size distribution was determined using nanoparticle tracking analysis (NanoSight NS500). 

An EV concentration of 1.9x109 particles/mL with a mean diameter (+/- standard deviation) of 

157 (+/- 79) nm was found (Figure S5.1).

Figure S5.1. Characterization of PC3-derived EVs by Nanoparticle Tracking Analysis. Black line indicates the av-
erage size distribution and red error bars indicate the standard error of the mean. Measurements were done in an 
undiluted sample with a sCMOS camera; shutter, 8.9 ms; gain, 250; threshold, 6). Five videos of 60 s were captured 
at 22.0 °C and analyzed by NTA v2.3 (NanoSight), assuming a medium viscosity of 0.95 cP.
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Abstract

Extracellular vesicles (EVs) present in blood originate from cells of different origin such as red 

blood cells, platelets and leukocytes. In cancer patients, a small portion of EVs originate from 

tumor cells and their load is associated with poor clinical outcome. Identification of these tumor-

derived extracellular vesicles (tdEVs) is difficult as they are outnumbered by EVs of different 

tissue of origin as well a large number of lipoproteins (LPs) that are in the same size range. In 

order to detect tdEVs from the abundant presence of other particles, single particle techniques 

are necessary. Here, synchronous Rayleigh and Raman scattering is used for that purpose. This 

combination of light scattering techniques identifies optically trapped single particles on the 

basis of Rayleigh scattering and distinguishes differences in chemical composition of particle 

populations based on Raman scattering. Here, we show that tdEVs can be distinguished from 

RBC EVs and LPs in a label-free manner and directly in suspension.
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6.1 Introduction

Extracellular vesicles (EVs) are spherical particles enclosed by a lipid membrane that are released 

by prokaryotic and eukaryotic cells. EVs play a key role in intercellular communication,1 that enables 

cells to send and receive messages encoded in the biomolecules that make up the EVs, namely 

lipids, proteins, nucleic acids and sugars. In recent years, it has become accepted that body fluids, 

such as blood, urine and cerebrospinal fluid contain EVs.2 Under physiological conditions, blood 

contains 106-1012 EVs per mL2–4 which originate from blood cells and the vessel wall.5 However, 

in pathological conditions for example, cancer cells may release EVs. Hence, in cancer, tumor-

derived EVs (tdEVs) may be present within the circulation.6–8 In peripheral blood, the concentration 

of tdEVs, as identified after EpCAM enrichment and using cytokeratin immunofluorescent staining, 

ranges from 10 to 103 EVs per mL and is strongly associated with poor clinical outcome.8–11 In 

these studies, only the larger tdEVs were identified and new studies are still needed to determine 

the frequency and characteristics of the smaller tdEVs. In addition, characterization of the 

composition of tdEVs may contain information to determine the optimal therapy.

Isolating, identifying and characterizing tdEVs is challenging due to the (1) heterogeneity of EVs, 

(2) limited knowledge on the chemical composition of EVs, (3) low light scattering efficiency, 

and (4) size overlap between EVs and non-EV particles, such as lipoproteins (LPs). The smallest 

EVs range in diameter from 30 nm to 50 nm, depending on the sample, whereas the largest 

EVs exceed 1 µm.4,12–14 These small size ranges together with a refractive index (RI) below 

typically 1.42 make that EVs scatter light inefficiently. In addition, EV isolation methods lack 

standardization and the study of EVs can be biased depending on the isolation method used.15,16 

Therefore, isolation methods that avoid altering the physical and chemical properties of EVs are 

preferred. Specific labeling of tdEVs is particularly relevant for blood plasma samples, where 

tdEVs are outnumbered by lipoproteins.2,11 Although size exclusion chromatography (SEC) based 

on CL-2B can efficiently remove small lipoproteins (~<70 nm),17 bigger lipoproteins in the size 

range of EVs, such as very low-density lipoproteins (VLDL) and chylomicrons (CM), remain 

present. Bulk analysis methods, such as western blot and mass spectroscopy, are useful to 

characterize the EV composition in a label-free manner, but not at the single particle level. 

The inherent averaging of bulk particle analysis methods precludes the detection of rare EV 

populations, such as tdEVs. Therefore, a technique that can identify and characterize single 

tdEVs is an important step to exploit tdEVs as biomarker for cancer.

Detection of single EVs by elastic light scattering has been proven to be a feasible approach.18–20 

The light that illuminates a particle is partially scattered with the same energy as the incident 
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light, a phenomenon known as Rayleigh scattering. In addition to Rayleigh scattering, light can 

also be scattered inelastically, after which the light is shifted in frequency. The shifts in frequency 

will become visible when a monochromatic laser source is used for illumination. The spectrum 

resulting from this so-called Raman scattering directly depends on the molecules that the particle 

is composed of. Hence, Raman scattering provides information about the chemical composition 

of the EVs. The scattered light can be collected and even the light scattered by single EVs can 

be detected.20 Furthermore, if the laser illuminating a particle is tightly focused, the particle near 

the focus will experience a net force directing it to the axial center of the laser beam where the 

particle remains optically trapped as long as the laser is on.20–28 Synchronized Rayleigh and Raman 

scattering of optically trapped single particles enables single particle label-free analysis.20

Here, we hypothesize and show that single EVs from different cellular origin are characterized 

by a different Raman spectrum in dependence of their variation in molecular composition. 

Furthermore, we will show that lipoprotein particles can be distinguished from EVs directly 

in suspension without labelling. As a proof of principle, we demonstrate here label-free 

differentiation of single red blood cell (RBC) EVs, lipoproteins and prostate cancer EVs in plasma.

6.2 Materials and methods

6.2.1 Tumor derived EVs
The two prostate cancer cell lines PC-3 and LNCaP American Type Culture Collection (ATCC, 

CRL-1435 and CRL-1740, USA) were used as a model to produce tdEVs. Both cell lines were 

cultured at 37 °C and 5% CO2 in RPMI-1640 with L-glutamine medium (Lonza, Cat. No.: 12-

702F) supplemented with 10% (v/v) fetal bovine serum (FBS), 10 units/mL penicillin and 10 

μg/mL streptomycin. The initial cell density was 10,000 cells/cm2 as recommended by the 

ATCC. Medium was refreshed every second day. At 80-90% confluence, cells were washed 

three times with phosphate buffer solution (PBS) and cultured in FBS-free RPMI-1640 with 

L-glutamine medium (Lonza, Basel, Switzerland, Cat. No.: 12-702F) supplemented with 1 unit/

mL penicillin and 1 μg/mL streptomycin. After 2-3 days of cell culture, cell supernatant was 

collected in a 15 mL tube (Cellstar® tubes, Greiner Bio-one BV, Alphen a/d Rijn, The Netherlands) 

and centrifuged at 500-800 xg at room temperature for 10 min (Centrifuge 5804, Eppendorf, 

Hamburg, Germany). The pellet containing dead or apoptotic cells and large cell fragments was 

discarded. The collected supernatants containing PC-3 and LNCaP EVs were stored in aliquots 

at -80 °C. Samples were thawed in a water bath at 37 °C before use. EV size distribution and 

concentration were determined by both nanoparticle tracking analysis (NTA) (NanoSight NS500, 

UK) and flow cytometry (SI).
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6.2.2 Red blood cell (RBC) derived EVs
RBC EVs were obtained from a RBC concentrate (150 mL, Sanquin Bloodbank, Amsterdam, The 

Netherlands) and diluted 1:1 with filtered PBS. Samples were centrifuged three times at 1560 

xg for 20 min at 20°C using a Rotina 46RS centrifuge (Hettich, Tuttlingen, Germany). The EV-

containing supernatant was pooled and deposited in aliquots of 50 µL, which were snap frozen 

in N2 (l) for 15 min and stored at -80 °C until use. Samples were thawed in a water bath at 37 °C 

before use. EV size distribution and concentration were determined by both NTA (NanoSight 

NS500, UK) and flow cytometry (SI).

6.2.3 “Platelet particles”
With the term “platelet particles”, we refer to platelet-derived EVs and lipoproteins particles (LPs) 

present in platelet concentrate, which can be optically trapped (vide infra). Platelet concentrate 

(100 mL, Sanquin Bloodbank, Amsterdam, The Netherlands) was diluted 1:1 with filtered PBS. 

Next, 40 mL acid citrate dextrose (ACD; 0.85 mol/L trisodiumcitrate, 0.11 M D-glucose and 

0.071 M citric acid) was added and the suspension was centrifuged for 20 min at 800 xg, 20 

°C. Thereafter, the supernatant was centrifuged (20 min at 1560 xg, 20 °C). This centrifugation 

procedure was repeated twice to ensure removal of platelets. The supernatant was pooled and 

deposited in aliquots of 50 µL, which were snap frozen in N2 (l) for 15 min and stored at -80°C 

until use. Samples were thawed in a water bath at 37°C before use. Particle size distribution and 

concentration were determined by both NTA (NanoSight NS500, UK) and flow cytometry (SI).

6.2.4 Plasma
Blood from anonymous healthy donors was obtained from the TNW-ECTM-donor services 

(University of Twente, Enschede, The Netherlands) after written informed consent. The blood sample 

was collected by venipuncture in CellSave preservative tubes (10 mL, Menarini - Silicon Biosystems 

Inc, Huntington Valley, PA, USA). Blood was centrifuged (Centrifuge 5804, Eppendorf, Hamburg, 

Germany) in a CellSearch conical tube for 10 min at 800 xg without brake (on deceleration). Plasma 

was taken up to 1 cm above the red blood cell layer and stored in 1.5 mL tubes (Greiner Bio-one, 

Alphen a/d Rijn, The Netherlands, Cat. No.: 616201) at -80 °C until use. The particle size distribution 

and concentration were determined by flow cytometry (SI) only, due to the small sample availability. 

With the term “plasma particles”, we refer to all particles present in plasma, including EVs and LPs.

6.2.5 Lipoprotein particles (LPs)
From all types of lipoprotein particles, we expect that our Raman setup, flow cytometer and 

nanoparticle tracking analysis (NTA) primarily measure chylomicrons (CM) and very low-density 

lipoproteins (VLDL). Therefore, we acquired CM from human plasma (Sigma-Aldrich Chemie 
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N.V., Netherlands, SRP6304) with a purity of ≥95% (SDS-PAGE), as specified by the provider. 

VLDL from human plasma were acquired (Sigma-Aldrich Chemie N.V., Netherlands, 437647) 

with a purity of ≥95% of total lipoprotein content by electrophoresis, as specified by the provider.

6.2.6 Nanoparticle tracking analysis (NTA)
All samples except plasma (due to limited sample availability) were characterized with NTA 

(NanoSight NS500, Malvern, UK) to confirm the presence of submicrometer particles and 

obtain an order of magnitude estimate of the concentration of particles exceeding the minimum 

detectable size. For EVs, the minimum detectable diameter of the used instrument is 70-90 nm 
14. For detailed NTA settings see SI.

6.2.7 Flow cytometry (FCM)
To confirm the presence of EVs and LPs, FCM (A60-Micro, Apogee, UK; Rosetta Calibration, 

Exometry, The Netherlands) was performed on all the samples. In short, we triggered on side 

scattering using a threshold of 14 arbitrary units, corresponding to a side scattering cross 

section of ~10 nm2 (Rosetta Calibration, Exometry, The Netherlands). The flow rate was 3.01 µL/

min. To calibrate the side scattering detector, Rosetta Calibration was applied 29, which assumes 

that EVs are core-shell particles with a 5 nm thick shell of refractive index (RI) nshell=1.48 and a 

core of RI ncore=1.40. Two µm APC Quantitative (Q-APC) beads (BD Biosciences, San Jose, CA, 

USA) and SPHERO™ PE MESF beads (Spherotech Inc., Illinois, USA) were used to calibrate the 

fluorescence detectors. We applied the flow cytometry scatter ratio (Flow-SR) to determine 

the effective RI,19 allowing differentiation between LPs and EVs.30 Table 1 of this manuscript 

reports the Concentration FCM total, Concentration FCM RI<1.42, Concentration RI>1.45, and 

Concentration FCM labeled EVs. Concentration FCM total are all detected particles exceeding 

the side scattering cross section of ~10 nm2. Assuming that EVs match the aforementioned 

RI distribution, this corresponds to EVs of 162 nm and larger in diameter. Concentration FCM 

RI<1.42 are all detected particles for which Flow-SR can be applied (200-800 nm in diameter and 

~1 order of magnitude above the detection limits for forward and side scatter) and which have a 

RI<1.42. As previously confirmed,19,30 most of these particles are EVs. Concentration RI>1.45 are 

all detected particles for which Flow-SR can be applied (200-800 nm in diameter and ~1 order 

of magnitude above the detection limits for forward and side scatter) and which have a RI>1.45. 

As previously confirmed,19,30 most of these particles are LPs. Gates are shown in Figure S6.5.

6.2.8 Sample preparation
In synchronized Rayleigh and Raman scattering, the PC-3 EVs, LNCaP EVs, RBC EVs, “platelet 

particles” and “plasma particles” were, if necessary, diluted in PBS up to a concentration of 
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~1010 particles/mL. A 50 µL suspension of each particle type was placed on a well glass slide 

(BMS Microscopes; 1.0-1.2 mm thick, Cat. no.: 12290). The sample was covered with a glass 

cover slip (VWR Ltd, thickness No. 1, diameter: 22 mm, Cat. no.: 631-0158) and sealed with glue 

(EVO-STIK, Impact) onto the well glass slide to avoid evaporation.20 The glue was then cured at 

room temperature for ~30 min. The closed well glass slide was placed under the microscope 

objective of the Rayleigh-Raman spectrometer.

6.2.9 Optical setup and measurements
The Rayleigh-Raman spectrometer is based on a home-built Raman spectrometer integrated 

with the base of an upright optical microscope (Olympus BX41). A single laser beam from a 

Coherent Innova 70C laser (λexc=647.089 nm) was used for illuminating and trapping particles.20 

Rayleigh and Raman scattering were collected with a cover glass corrected dry objective 

(Olympus, 40x, NA: 0.95), separated in a homebuilt spectrometer and simultaneously detected 

with a single CCD camera (Andor Newton DU-970-BV). The spectrometer had an average 

dispersion of ~2.3 cm-1 (0.11 nm) wavenumber per pixel over the CCD camera surface with 

1600 pixels along the dispersive axis and 200 pixels along the other axis. The spectral resolution 

was ~3.0 cm-1. For further details about the Rayleigh-Raman spectrometer see SI. The laser 

power was measured underneath the objective and adjusted to 70 mW. By moving the objective 

along the z-axis, the laser focal spot is focused inside the solution, ~37 µm below the cover slip. 

The focal spot has a theoretical diameter of 0.4 µm and a Rayleigh range of 1.2 µm based on 

full width half maximum. 256 Rayleigh-Raman spectra were acquired with an acquisition time 

of 38 ms each over a period of 9.7 s. The trapped particles were then released from the optical 

trap by blocking the laser beam with a shutter for 1 s. This measurement cycle was repeated 

100 times, which resulted in 100 x 256 = 25600 Rayleigh-Raman spectra per measurement. In 

total, we characterized 481 individual particles.

6.3 Data analysis

6.3.1 Calibration
The intensity and wavelength of the Rayleigh-Raman spectrometer was calibrated to convert 

the raw, measured data from pixels vs relative counts to calibrated data in wavenumber (cm-1) 

vs counts. The pixel-to-wavenumber conversion was performed with a Raman spectrum from 

toluene, which has peaks of known relative wavenumber shift with respect to the exciting laser 

line at 0 cm-1 shift, and an argon-mercury lamp with narrow emission lines known with picometer 

accuracy. The wavelength-dependent transmission of the setup and the pixel-to-pixel variation 

in the detection sensitivity of the CCD camera was corrected with an intensity calibration. This 
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intensity calibration was performed by acquisition of a white light spectrum from a tungsten 

halogen light source (AvaLight-Hal; Avantes BV, Apeldoorn, The Netherlands) that results in the 

light detection efficiency for the entire setup per pixel. The offset of the detector depends on the 

detector parameters and was obtained from a measurement without any light falling onto the 

detector. The spectrum of the entire light path through the setup with the laser on, but without 

a sample, was acquired to determine the background spectrum, which was subtracted from the 

measured data. All software was developed in-house with MATLAB (2017b, MathWorks, USA).

6.3.2 Time traces
The Rayleigh-Raman spectra comprised a dataset composed of 25600 spectra per 

measurement of 100 cycles. Rayleigh time traces were obtained by integrating the Rayleigh 

band, centered between -33 and 58 cm-1. The Raman time traces resulted from integrating a 

lipid-protein Raman band from 2811 to 3023 cm-1. The Rayleigh and Raman bands were localized 

and integrated using the trapezoidal method with unit spacing. Before the integration of the 

lipid-protein Raman band, singular value decomposition (SVD) was performed on the Raman 

spectra to improve the signal-to-noise ratio.31,32 The first 32 S-components were selected for 

reconstruction of the data. The integrated Rayleigh and Raman values of each cycle were 

concatenated and plotted versus time, allowing the selection of time intervals of interest.

6.3.3 Segmentation of time traces
The Rayleigh scattering time traces were used to identify the time intervals corresponding to 

single trapping events. Single trapping events are visualized as step-wise increases in the Rayleigh 

signal.20 These steps were manually segmented and their time intervals were used to select the 

corresponding Raman spectra. A Raman spectrum of a single particle was thus acquired as the 

average Raman spectrum during the length of one step. All the molecules in the Raman focal spot 

contribute to the Raman spectra. However, we are only interested in the contribution of a single 

particle in the focal spot and not the background. Hence, to account for any background contribution 

(e.g. water or soluble particles), the immediate previous segment to the step was also segmented 

and the corresponding Raman spectrum was used for background subtraction by a linear least 

squares (LLS) fit. All software was developed in-house with MATLAB (2017b, MathWorks, USA).

6.3.4 Backscattering calculations
To assess the diameter range of the optically trapped particles, we compared the measured and 

theoretical backscattering intensities. To calibrate the backscattering intensities, we related the 

measured backscattering intensities of polystyrene beads (PS) (Nanosphere; Thermo Fisher, 

Waltham, MA, USA) with mean diameters of 100, 125, 147, 296 and 799 nm to their theoretical 
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backscattering cross section by least square fitting. Theoretical backscattering cross sections 

were calculated as a function of particle diameter with step sizes of 10 nm using the Mie 

theory scripts of Mätzler33 in MATLAB (2018b) and incorporating the particle diameter and 

RI, RI of the medium, the numerical aperture of the microscope objective (NA=0.95) and the 

wavelength (647.1 nm), polarization and intensity of light. Details, equations and limitations of 

the applied model are extensively described and published.29 Note that the we let the optical 

axis of the microscope objective overlap with the negative z-axis of the Cartesian coordinate 

system, as defined in Figure 3 of de Rond et al.,29 and that the integral of equation 429 was 

numerically solved in 24 steps for both the azimuthal and polar angles. We assumed a RI of 

1.586 for polystyrene34 and 1.464 for silica.35 Silica beads (Si) (Silica Kisker, Steinfurt, Germany) 

were used to validate our model for particles with a lower RI than PS. Because EVs have a 

low (<1.42) but heterogeneous RI,30 they were modelled as a core-shell particle with the core 

containing predominantly water (nH2O=1.33) and dissolved biological molecules, together giving 

rise to a lower and upper boundary core RI ncoreLower=1.36 and ncoreUpper=1.40, respectively; a shell 

consisting mostly of lipid molecules (nlipids=1.49) and embedded proteins (nprotein=1.44), together 

giving rise to a shell RI nshell=1.48 with a thickness of 6 nm.

6.3.5 Multivariate analysis
Following the segmentation of the time traces and background subtraction by LLS fit, the full 

dataset comprised a total of 481 Raman spectra corresponding to 481 individual particles: 

PC-3 EVs (n=94), LNCaP EVs (n=75), RBCs EVs (n=56), “platelet particles” (n=103) and “plasma 

particles” (n=153). The mean Raman spectra per sample type was computed for spectral 

comparison. The Raman spectrum of each particle was interpolated to the same wavenumber 

axis and baseline correction and de-noising were performed on the full dataset using a function 

called BEADS.36 The cut-off frequency used was 0.006 cycles/sample, a regularization parameter 

of 0.0050, 0.0500 and 0.0400, a first-order filter and an asymmetry ratio of 6. Next, each Raman 

spectrum was normalized to have a mean of zero and a standard deviation of one. Finally, 

principal component analysis (PCA) was performed on the mean centered data in the spectral 

regions 800-1780 cm-1 and 2800-3080 cm-1. Data analysis was performed using MATLAB (2017b, 

MathWorks, USA) and Eigenvector (Eigenvector Research, Inc., Washington, US) software.

6.4 Results

6.4.1	Pre-characterization	of	samples	by	NTA	and	flow	cytometry
Table 6.1 shows the particle concentration as measured by NTA and FCM. The particle 

distributions from NTA confirmed that the majority of particles have a size range smaller than 
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600 nm (SI). The estimated concentrations are 109 tdEVs per mL and 1010 RBC EVs and “platelet 

particles” per mL. In addition, assuming a RI<1.42 for EVs, FCM confirmed the presence of 

mainly EVs in the PC-3, LNCaP and RBC samples. EVs and LPs were present in both the plasma 

and platelet concentrate samples, assuming a RI<1.42 for EVs and RI>1.45 for LPs.

Table 6.1. Sample pre-characterization by NTA and FCM. Particle sample concentrations (Cp) as given by NTA 
(Concentration NTA) and FCM (Concentration FCM total). Concentration FCM RI<1.42 are all detected particles 
between 200 and 800 nm in diameter and ~1 order of magnitude above the detection limits for forward and side 
scatter, and which have an RI <1.42. Concentration RI>1.45 are all detected particles between 200 and 800 nm in 
diameter and ~1 order of magnitude above the detection limits for forward and side scatter, and which have an RI 
>1.45. aValue missing due to limited sample availability.

Concentration NTA 
(mL-1)

Concentration FCM 
total (mL-1)

Concentration FCM 
RI<1.42 (mL-1)

Concentration FCM 
RI>1.45 (mL-1)

PC-3 EVs 1.9×109 3.8 x 108 6.5 x 107 9.1 x 105

LNCaP EVs 1.1×109 6.8 x 108 9.5 x 107 4.4 x 106

RBC EVs 4.3×1010 4.1 x 109 3 x 109 1.1 x 109

“Platelet 
particles”

8.4×1010 2.3 x 1010 1.9 x 1010 3.7 x 109

“Plasma 
particles”

NAa 1.6 x 1011 2 x 1010 7.7 x 109

6.4.2 Detection of single EVs
We start by demonstrating trapping and detection by synchronous Rayleigh-Raman scattering 

of single EVs20 originating from different cells and LPs. Figure 6.1A and 6.1B show the Rayleigh 

and Raman scattering signals of multiple trapping cycles during 900 s corresponding to LNCaP 

and RBC EVs, respectively. Rayleigh time traces of the rest of the samples are shown in Figure 

S6.7. The laser beam is unblocked and blocked at the start and end of a cycle of 9.7 s. Although 

not shown in the time traces, the laser remains blocked for 1 s between cycles to enable enough 

time for the particles to be released from the focal spot. The associated Raman scattering 

signals were obtained from the integration of the lipid-protein band (2811-3023 cm-1) in the 

Raman spectrum. Because the Rayleigh scattering signal is much more intense than the Raman 

scattering signal, optical trapping can be much better studied using the Rayleigh signal. The 

Raman signals, on the other hand, contain information about the chemical composition of the 

trapped particles. Figure 6.1A and 6.1B show a clear correlation between Rayleigh and Raman 

signal pairs for each sample, with cross-correlation coefficients of 0.81 for the LNCaP EVs and 

0.93 for the RBC EVs. The cross-correlation coefficients for PC-3, plasma and platelet time 

traces are 0.92, 0.82, 0.87, respectively.
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Figure 6.1. Synchronous intensity time traces of Rayleigh (blue) and Raman (orange) scattering signals from (A) 
LNCaP EVs and (B) RBC EVs, resulting from peak integration of the Rayleigh peak located between -33 and 58 
cm-1 and a lipid-protein band between 2811 and 3023 cm-1. (A) and (B) are a concatenation of multiple cycles of 
Rayleigh and Raman scattering signals with an integration time of 38 ms and a cycle duration of 9.7 s. (C) and 
(D) show a magnification of (A) and (B) respectively, indicating four time intervals (labels at the top of the plots) 
corresponding to the trapping of (C) single LNCaP EVs and (D) single RBC EVs. (E) and (F) display Raman spectra 
of single LNCaP and RBC EVs, respectively. The color-coded Raman spectra in (E) and (F) correspond to the 4 
time points in (C) and (D), respectively.
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When plotted on 40 s intervals, it becomes apparent that the Rayleigh scattering signals show 

discrete steps in time (Figure 6.1C and 6.1D), which indicates single trapping events. Thus, the 

Rayleigh scattering signal can be used to define the time intervals for extraction of the Raman 

spectrum corresponding to a single particle. In Figure 6.1C and 6.1D, we labelled four trapping 

events. Whereas each step is caused by a single particle entering the focal spot, only the first 

step corresponds to a time interval where only 1 particle is present in the focal spot. Figure 

6.1E and 6.1F shows the background corrected Raman spectra corresponding to the numbered 

time traces in Figure 6.1C and 6.1D, respectively. The lipid-protein band (2811-3023 cm-1) has 

higher intensity than the Raman bands in the fingerprint region (500-1800 cm-1) and spectral 

differences are visible between LNCaP EVs (Figure 6.1E) and RBC EVs (Figure 6.1F).

6.4.3 Spectral characterization of various EVs types and LPs
To differentiate EVs from other particles, such as LPs, and to identify EVs of different cellular 

origin, we segmented single particle trapping events from the Rayleigh time traces and 

obtained the time intervals where individual EVs contributed to a Raman spectrum. The mean 

Raman spectra after baseline correction and noise removal are shown in Figure 6.2A for 56 

individual RBC EVs, 94 PC-3 EVs, 75 LNCaP EVs, 153 “plasma particles” and 103 “platelet 

particles”. The mean Raman spectra of all EV types show lipid and protein bands at 1126, 

1297-1303, 1441-1443, 1655-1659, and 2811-3030 cm-1. PC-3 and LNCaP EVs have a similar 

mean Raman spectrum (cross-correlation coefficient of 0.996). RBCs, PC-3 and LNCaP EVs 

show corresponding bands at 1004, 1340, 1607-1609 cm-1 and a higher protein-to-lipid ratio 

than “plasma particles” and “platelet particles”. “Plasma particles” and “platelet particles” share 

a similar spectral profile, as quantified by a cross-correlation coefficient of 0.997. The mean 

Raman spectra of PC-3 and LNCaP EVs show peaks specific to this type of EVs: 1243-1245 

(Amide III),37 1321-1323 (guanine),37 1663 (Amide I),37 among others. In addition, the protein 

marker band at 1004 cm-1 from the amino acid phenylalanine is clearly visible in all EV types 

but not in the “plasma particles” and “platelet particles”.

The spectral differences between the various particle types can be further detailed by principal 

component analysis (PCA), which discloses the main sources of spectral variation in the data 

set comprising 481 individual particles. Figure 6.2C shows two principal component loadings 

(PC1 and PC2) that together account for 73.7% of the variance in the full dataset. PC1 shows 

more lipid features than PC2, which in turn displays more protein features. Figure 6.2B depicts 

a scatter plot in which each dot represents a single particle with a certain value for PC1 and 

PC2. Particles with similar scores for principle components have similar Raman spectra (and 
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similar chemical content) and are clustered together. The higher the score value of a particle 

for a principal component, the larger the contribution of that principal component.

When plotting the scores values of PC1 against PC2, three main clusters can be identified: 1) 

RBC EVs, 2) PC-3 and LNCaP EVs (tdEVs) and 3) “plasma particles” and “platelet particles”. 

The ellipses around each particle type represent the 95% confidence interval. The results 

show that EVs can be distinguished from particles present in the plasma and platelet samples. 

Furthermore, tdEVs can be distinguished from RBC EVs. Most of the EVs are negative for PC1 

(Figure 6.2B), while most of the “platelet particles” and “plasma particles” are positive for PC1, 

which indicates that there is a larger protein contribution for EVs than for “platelet particles” 

and “plasma particles”. In addition, most of the “plasma particles” and “platelet particles” show 

a very similar Raman profile and they fall in the same cluster. In FigureB, most of the “plasma 

particles” and “platelet particles” are positive for PC1 and negative or close to zero for PC2, 

which indicates that these particles have a high PC1 contribution, which mainly shows a lipid 

profile. These loadings suggest that the trapped events in RBC, PC-3, LNCaP are EVs, whereas 

the trapped events in plasma and platelet concentrates are LPs. To verify that most of the 

particles in our plasma and platelet samples are LPs, we performed Raman spectroscopy on 

commercially available LPs. Figure 6.3 shows that the mean Raman spectra of CM and VLDL 

shows a lipid profile highly similar to “plasma particles” and “platelet particles”. Hence, the 

abundance of trapped “plasma particles” and “platelet particles” are indeed LPs, and those LPs 

can be clearly differentiated from EVs without labeling based on their chemical composition.

6
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Figure 6.2. Principal component analysis of EVs. (A) Mean Raman spectra of single RBCs EVs (n=56), PC-3 EVs 
(n=94), LNCaP EVs (n=75), “plasma particles” (n=153) and “platelet particles” (n=103) displaying common Raman 
bands to all EV types: 1298-1300 (CH2), 1442 (lipids and proteins), 1656 (Amide I), 2811-3023 (lipids and proteins) 
cm-1. (B) First and second principal component scores. Ellipse represents the 95% confidence interval. (C) First two 
principal component loadings resulting from PCA analysis on the dataset of 481 single particles. The cumulative 
variance of these loadings represents 73.7%. The largest spectral variations are at the following locations: 1004, 
1301, 1437, 1443, 1445, 1479, 1609, 1659, 1671, 2850, 2883, and 2933 cm-1.

Figure 6.3. Normalized mean Raman spectra of CM (n=98), VLDL (n=118), “plasma particles” (n=153) and “platelet 
particles” (n=103). Baseline and noise removal were performed on each individual Raman spectrum belonging 
to a single particle.
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6.4.4 EV size estimation based on Rayleigh scattering
To establish a relationship between the measured Rayleigh scattering intensity of the optically 

trapped particles and their diameter, Figure 6.4 shows the Rayleigh scattering distribution from 

single trapped LNCaP EVs, PC-3 EVs, RBC EVs, “plasma particles” and “platelet particles”. Panel 

A shows that the interquartile range (IQR) for all the particle types is overlapping and the spread 

of plasma and platelet particles is larger than that of the EV types. The Rayleigh values for PC-3 

and LNCaP EVs mainly overlap and the spread marked by the whiskers is between 5.2x103 and 

5.7x105. Because the Rayleigh scattering distribution does not follow a normal distribution, a 

non-parametric distribution (kernel distribution) was fitted to the density function of the Rayleigh 

scattering values of single particles (Figure 6.4B).

Figure 6.4. Rayleigh scattering distributions. (A) The boxplots (dots represent single particles) show the Rayleigh 
scattering distributions for RBC EVs, LNCaP EVs, PC-3 EVs, “plasma particles” and “platelet particles”. The boxes 
range from the 25th percentile to the 75th percentile, which corresponds to the interquartile range (IQR). The mean 
is indicated by the black squares. The whiskers range are within 1.5 x IQR. (B) Kernel distribution of the Rayleigh 
scattering intensity of single EVs and non-EV particles.

Next, we calibrated the measured Rayleigh scattering intensities with a Mie scattering model 

by using PS beads with an RI of 1.586. With calibration, we mean that we related the measured 

backscattering intensity in arbitrary units to the theoretical scattering cross section in nm2. Next, 

Si beads were used to validate the model for particles with a lower RI than PS. The collection of 

light in the backscatter direction causes sharp oscillations, which are somewhat smoothened 

by averaging over the finite collection angle of the microscope objective. The theoretically 

determined backscattering cross section is the cross section related to the scattering of light 

towards the objective (NA=0.95) (Figure 6.5, left axis). The experimentally obtained backscatter 

intensity (data points in Figure 6.5A, right axis) of PS and Si beads is in agreement with the 

Mie calculations (R2=0.999). The green curves in Figure 6.5A and 5B depict the simulated 

backscattering cross sections (left axis) and thus the corresponding backscattering intensity 

(right axis) from EVs. Despite the small RI difference between EVs (ncore ≈ 1.37)38 and water 

(n= 1.33), we show that sub-micrometer EVs exceed the detection limit of our instrument (black 

line in Figure 5B) by measuring and calibrating the Rayleigh backscattering intensity. Hence, the 

6
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measured Rayleigh backscattering intensity enables to select the Raman scattering intensities 

of individually trapped EVs in the sub-micrometer range. It can be noticed that for particles with 

diameters above 200 nm the Rayleigh scattering of EVs is much lower than for PS or Si beads, 

which can be related to the molecular composition and density of molecules of EVs.

Figure 6.5. (A) Prediction of the back-scattered signals (lines) for linearly polarized light at a wavelength 647.1 
nm from a PS beads (black), Si beads (blue) and EVs (green) using Mie theory. The left vertical axis depicts the 
cross-section integrated over the backscattering angles with an NA of 0.95. The right vertical axis depicts the 
counts per 38 ms measured on PS beads (back squares) and Si beads (blue dots). Vertical error bars indicate the 
SD of measured amplitudes and horizontal error bars are SD of size distributions as provided by manufacturer. 
The refractive indices used to model the particles were: Ps = 1.586, Si = 1.464, EVcore = 1.36 and EVshell = 1.48 
(lower boundary), EVcore = 1.40 and EVshell = 1.48 (upper boundary) with a shell thickness of 6 nm for lower and 
upper boundaries. The gray area corresponds to the Rayleigh scattering intensity range from PC-3, LNCaP and 
RBC EVs in Figure 4A, with upper and lower boundaries that correspond to the mean value of the upper and lower 
whiskers. (B) Magnification of (A) showing the median Rayleigh scattering values for RBC EVs (red), LNCaP EVs 
(dark green) and PC-3 EVs (light green). The detection limit (black line) corresponds to the lowest whisker value 
in Figure 4A, which is for PC-3 EVs.
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The oscillatory behavior of the Mie curves as a function of particle size (green curves in Figure 

6.5) precludes that a unique solution of the size of the EVs can be extracted on the basis of 

the measured Rayleigh backscattering (gray area in Figure 6.5A). However, we can estimate 

the size range of the particles that are optically trapped. For instance, the gray area in Figure 

6.5A corresponds to the Rayleigh scattering values of all EVs with a median value of 1.87x105 

counts / 38 ms and mean lower and upper boundaries (whiskers in Figure 6.4A) of 1.7x104 and 

5.14x105, respectively. The black line in Figure 6.5B indicates the detection limit of the Rayleigh 

scattering based on the lowest Rayleigh intensity corresponding to a visible trapping event 

(lowest whisker in Figure 6.4A). Thus, the estimated diameter range of the smallest detectable 

EVs is between 80 to 320 nm.

6.5 Discussion

The identification and phenotyping of single and rare EVs in plasma, such as tdEVs, is challenging 

due to (1) their overlap in size with other biological nanoparticles, specially lipoproteins (LPs) 

and platelets, (2) the low number of EV surface antigens that are available for antibody labelling, 

and (3) the lack of chemical characterization methods at the single EV level.2,39,40 Previously, we 

demonstrated the trapping of single EVs in suspension, identified those single trapping events 

by triggering on Rayleigh scattering and, synchronously, obtained their chemical composition 

by Raman scattering.20

In this study, we demonstrated that synchronous Rayleigh-Raman scattering of optically trapped 

particles enables to differentiate single EVs from LPs and to differentiate tdEVs from RBC EVs 

without labeling. The samples in our study were characterize also with NTA and FCM. Here, 

tdEVs were represented by EVs derived from prostate cancer cell lines. It is assumed that all 

particles from LNCaP and PC-3 are tdEVs and all particles from RBC concentrate are EVs. By 

synchronous acquisition of both Rayleigh and Raman scattering, we trapped single particles 

and disclosed their chemical fingerprint.

The identification of individual particles was enabled by a short acquisition time (38 ms) and 

triggering on Rayleigh scattering. Rayleigh scattering is much more intense than the Raman 

scattering, which allowed identification of small particles that are not visible in the Raman 

time traces. Hence, the Rayleigh time traces show clearer steps when a particle is trapped. 

Examples of intensity difference in Rayleigh and Raman scattering are visible in Figure 6.1C 

and 6.1D, before step 3 and from step 1 to 2, respectively. Here, the Rayleigh signal shows clear 

steps which are absent or not clear in the Raman signal. The Raman time traces result from 
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the integration of the lipid-protein band (2811-3023 cm-1), which is the highest intensity Raman 

band for EVs and LPs.

The experimental identification of single vs multiple nanoparticles depends to a great extent 

on the particle concentration. Hence, two strategies can be followed to avoid trapping of 

multiple particles regarded as one: (1) dilute the suspension of particles and (2) decrease the 

illumination time. Dilution aims at decreasing the probability of trapping multiple particles during 

the integration time by a reduction of the concentration and given the stochastic nature of the 

trapping process. However, the time required to measure a statistical significant number of 

particles increases, lowering the throughput of the technique. Decreasing the illumination time 

enables time traces of higher temporal resolution, allowing a better distinction of particles 

entering the focal spot, but decreasing the signal-to-noise ratio. In this study we chose a 

tradeoff between concentration of particles and illumination time. The highest concentration 

of particles we measured was Cp = 4.25x1010 particles/mL (NTA) for the RBC EVs. With an 

estimated microscopic focal volume of 1.82 fL using the Rayleigh criterion, the number of 

particles in the focal volume when the laser is blocked is approximately 0.0774. For the RBC EV 

sample, the time trace contains segments that change more gradually as compared to a less 

concentrated sample like PC-3 EVs (Figure 6.1A and 6.1B). The gradual change is caused by the 

rapid accumulation of particles in the trap, making it difficult to distinguish and segment single 

trapping events and decreasing the amount of Raman spectra per particle; hence decreasing 

the signal-to-noise-ratio. Therefore, we used concentrations equal or lower than Cp.

The hereby presented method enabled the label-free distinction of tdEVs, i.e. PC-3 and LNCaP, 

from RBC EVs and LPs in plasma and platelet concentrates with a 95% confidence interval 

(Figure 6.2B). The Raman spectra of EVs show a larger contribution of proteins compared 

to LPs. For instance, phenylalanine is clearly visible in EVs (1004 cm-1) while not detected 

in lipoproteins. In addition, the lipid-protein band (2811-3023 cm-1) shows a higher protein 

contribution for EVs than for LPs. PCA suggested that most of the particles trapped in plasma 

and platelet concentrates are LPs. To further verify this, we compared the Raman fingerprint of 

the trapped LPs with commercially available LPs isolated by electrophoresis (Figure 6.3). The 

Raman spectra of the particles trapped in plasma and platelet concentrates correlates with the 

one measured on the commercial LPs and with.41 We mainly measure LPs in plasma, which 

agrees with previous studies that estimate the LP frequency in plasma to be much larger than 

the EV frequency.2
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The difference between tdEVs and RBC EVs may come from the presence of derivatives of 

hemoglobin.42 PC-3 and LNCaP EVs are not distinguished from each other and two possible 

explanations are that the chemical differences among these EVs derived from prostate cancer 

cells is too small to detect, or there is a high heterogeneity within each EV type, which has been 

previously suggested.25

The size of the trapped particles can be estimated by Mie theory based on the Rayleigh 

scattering. Rayleigh scattering depends on size and RI of the particles. It is known that the 

particle size distribution of EVs in body fluids are not normally distributed. Hence, the Rayleigh 

scattered light by EVs in blood will also not have a normal distribution. Indeed, the Rayleigh 

distributions of Figure 6.4 reveal a lognormal distribution, rather than a normal distribution. By 

comparing the EV values for the Rayleigh backscattering cross section with the Mie model in 

Figure 6.5, it was estimated that the lowest size range of particles probed is between 80 and 

320 nm. Detecting smaller particles is challenging because their signal is overwhelmed by the 

background noise (Figure S6.8). The NTA distributions (Figures S6.1-S6.4) suggest that the size 

range of the trapped EVs corresponds with the range up to 600 nm in the Mie model (Figure 6.5).

The label-free and non-destructive Rayleigh-Raman method allows identification and 

differentiation of single EVs from lipoproteins, and tdEVs from RBC EVs. Additional Raman 

and Rayleigh analysis discloses the chemical composition of particles and estimates their 

size range. The data suggests that the origin of single particles present in plasma can be 

traced based on their unique Raman molecular fingerprint. Hence, the label-free method of 

synchronous Rayleigh and Raman provides a way to verify the nature of EVs and other particles 

in body fluids for diagnostic and prognostic purposes.
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Supporting information

Nanoparticle tracking analysis characterization

Figure S6.1. PC-3 EV diameter distribution was determined using nanoparticle tracking analysis (NanoSight 
NS500). An EV concentration of 1.9x109 particles/mL with a mean diameter (± standard deviation) of 157 (±79) 
nm was found. Black line indicates the average size distribution and red error bars indicate ±1 standard error of 
the mean. Measurements were done with a sCMOS camera, shutter length of 8.9 ms, gain of 250 and detection 
threshold of 6. Five videos of 60 s were captured at 22.0 °C and analyzed by NTA v2.3 (NanoSight), assuming a 
medium viscosity of 0.95 cP.

Figure S6.2. LNCaP EV diameter distribution was determined using nanoparticle tracking analysis (NanoSight 
NS500). An EV concentration of 1.1x109 particles/mL with a mean diameter (± standard deviation) of 109 (±64) 
nm was found. Black line indicates the average size distribution and red error bars indicate ±1 standard error of 
the mean. Measurements were done with a sCMOS camera, shutter length of 5 ms, gain of 250 and detection 
threshold of 7. Five videos of 60 s were captured at 22.0 °C and analyzed by NTA v2.3 (NanoSight), assuming a 
medium viscosity of 0.95 cP.
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Figure S6.3. RBC EV diameter distribution was determined using nanoparticle tracking analysis (NTA NS500; 
Nanosight, Amesbury, UK). An EV concentration of 4.25x1010 particles/mL with a mean diameter (± standard de-
viation) of 148 (±70) nm was found. Black line indicates the average size distribution and red error bars indicate ±1 
standard error of the mean. Measurements were done with an electron multiplying charge-coupled device (EMCCD) 
camera, shutter length of 33 ms, gain of 400 and detection threshold of 10. Ten videos of 30 s were captured at 
22.0 °C and analyzed by NTA v2.3 (NanoSight), assuming a medium viscosity of 0.95 cP.

Figure S6.4. “Platelet particles” diameter distribution was determined using nanoparticle tracking analysis (NTA 
NS500; Nanosight, Amesbury, UK). An EV concentration of 8.4x1010 particles/mL with a mean diameter (± standard 
deviation) of 89 (±43) nm was found. Black line indicates the average size distribution and red error bars indicate ±1 
standard error of the mean. Measurements were done with an electron multiplying charge-coupled device (EMCCD) 
camera, shutter length of 33 ms, gain of 400 and detection threshold of 10. Ten videos of 30 s were captured at 
22.0 °C and analyzed by NTA v2.3 (NanoSight), assuming a medium viscosity of 0.95 cP.
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Flow cytometry

Figure S6.5. Flow cytometry scatter ratio (Flow-SR). (A) PC-3 EVs (RI<1.42). (B) LNCaP EVs (RI<1.42). (C) RBC 
EVs (RI<1.42). (D) “Platelet particles” (RI<1.42). (E) “Platelet particles” (RI>1.45). (F) “Plasma particles” (RI<1.42). 
(G) “Plasma particles” (RI>1.45)

6



130

Chapter 6

Rayleigh-Raman spectrometer
This setup is based on a homebuilt confocal Raman microscope (Figure S6.6). Laser light is 

generated by a Coherent Innova 70C laser ( λexc=647.089) and expanded by a beam expander. 

The laser light is reflected by a dichroic mirror (DM), again expanded (2x) by the 4F-system 

used for beam steering. The expanded laser beam passes through the microscope objective  

(40×, NA: 0.95; Olympus Nederland B.V., Leiderdorp, The Netherlands) and illuminates the 

sample. The Rayleigh and Raman scattered light are epi-detected and propagate together until 

the dichroic beam splitter is reached. This component reduces the Rayleigh scattering, which is 

further reduced after passing through an edge filter. The light is guided to the entrance pinhole 

(PH = 15 µm) of the spectrograph by mirrors and an image of the focal plane underneath 

the objective is made on the pinhole plane by lens (F = 30 mm). The spatially filtered light is 

dispersed in a home-built spectrograph such that the wavelength region of 646-849 nm (-30 

cm-1 to 3670 cm-1) illuminates the CCD camera (Andor Newton DU970N-BV, 1600 × 200 pixels).
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Figure S6.6. Homebuilt confocal Raman microscope.
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Rayleigh time traces

Figure S6.7. Rayleigh scattering signals of LNCaP sample, PC-3 sample, plasma sample (50x and 100x), platelet 
sample (50x and 100x) and RBC sample, resulting from peak integration of the Rayleigh peak located between 
-33 and 58 cm-1.

Rayleigh-Raman	scattering	of	phosphate-buffered	saline
50 µL of phosphate-buffered saline 1x (PBS) was placed on a well glass slide (BMS Microscopes; 

1.0-1.2 mm thick, Cat. no.: 12290). The sample was covered with a glass cover slip (VWR Ltd, 

thickness No. 1, diameter: 22mm, Cat. no.: 631-0158) and sealed with glued (EVO-STIK, Impact) 

onto the well glass slide. The glue was then cured at room temperature for ~30 minutes. The 

closed well glass slide was placed under the microscope objective of the Rayleigh-Raman 

spectrometer. The laser focal spot was focused inside the solution, ~37 µm below the cover slip. 

Rayleigh and Raman scattering spectra were typically acquired 256 times with an acquisition 

time of 38 ms over a period of ~9.7 seconds. The laser with a power of 70 mW, was then 

blocked for ~1 second. This measurement cycle was repeated 100 times, which resulted in 

25600 Rayleigh-Raman spectra per measurement. Figure S6.8 shows the Rayleigh scattering 

time trace with no visible trapping events.
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The mean Rayleigh intensity of PBS is 6.1202x103 counts / 38 ms with a standard deviation ( ) 

of 7.1397x103. The coefficient of variation ( ) is 1.17 and is defined as:

 

being  the sample standard deviation and  the sample mean.

Figure S6.8. Rayleigh scattering time trace of PBS with a mean intensity of 6.120x103 counts / 38 ms and an SD 
of 7.139x103.

The mean Raman spectrum of PBS over the entire time trace is shown in Figure S6.9.

Figure S6.9. Mean Raman spectrum of PBS from 25600 Raman spectra with an integration time of 38 ms and a 
laser power of 70 mW.
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The mean Raman spectrum and standard deviation of particles

Figure S6.10. Mean Raman spectra and standard deviation of single RBCs EVs (n=56), PC-3 EVs (n=94), LNCaP 
EVs (n=75), “plasma particles” (n=153) and “platelet particles” (n=103).
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Abstract

The presence of large (> 1 µm) tumor-derived extracellular vesicles (tdEVs) in the blood cell 

fraction of metastatic castration-resistant prostate cancer (mCRPC) patients has proven to be 

prognostic. However, the majority of tdEVs are expected in the cell-free plasma fraction. Little 

is known about the chemical composition of single tdEVs and other submicrometer particles 

in the plasma of mCRPC patients. In this pilot study, we interrogate individual particles in the 

plasma of mCRPC patients (N=5) and compare it to healthy controls (N=14). Single EV analysis 

was achieved with optically trapping and simultaneous acquisition of both Rayleigh and Raman 

scattering to, respectively detect single trapping events and disclose their chemical composition. 

We identified various types of lipoprotein particles (LPs) as well as other particle types in a label-

free manner and directly in suspension. Differences between particles from some patients and 

donors are visible after multivariate and cluster analysis of the Raman spectra of the particles. 

The results support the feasibility of optical trapping and synchronized Rayleigh and Raman 

scattering (OT-sRRs) for particle analysis in plasma from human donors. Further studies on a 

larger cohort of donors with well described clinical data is necessary to expand the diagnostic 

potential of the proposed methods.
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7.1 Introduction

Prostate cancer (PCa) is the second most common cancer in men.1,2 Patients with metastatic 

PCa are treated by an androgen deprivation therapy to reduce the androgen hormones, which 

are required by cancer cells to grow. When patients relapse, PCa progresses into metastatic 

castration-resistant prostate cancer (mCRPC). In mCRPC, reactivation of androgen receptor axis 

occurs and the cancer remains dependent on androgen signaling.3 Current treatments including 

enzalutamide and abiraterone either target the androgen receptor directly or suppress de novo 

synthesis of androgens.3–5 Although these agents improve the survival of mCRPC patients, a 

significant number of patients experience primary resistance, and in time the remainder of the 

patients will acquire secondary resistance.3,5

The response to treatment is monitored by radiographic data, clinical data or prostate specific 

antigen (PSA) measurements.3 Evaluation of the treatment response by radiographic or clinical 

data implies a late assessment in case the treatment is ineffective. The concentration of PSA is 

a prognostic marker in the early stages of PCa, but in mCRPC patients the PSA concentration 

should be combined with clinical data and ultimately other biomarkers.6 The detection of the 

actual presence of circulating tumor cells (CTCs) in the blood of mCRPC significantly improves 

the ability to monitor the efficacy of treatment.7–9 The main problem with counting CTCs is 

their low concentration in the blood, and enumeration of the more abundant tumor derived 

extracellular vesicles (tdEVs) are equally prognostic as compared to CTCs.10–13

The tdEVs measured in the aforementioned studies are relatively large (> 1 µm) as they were 

detected after EpCAM immunomagnetic enrichment from the blood cell fraction after removal of 

the plasma. Because plasma itself is now one of the major sources for studies on blood-derived 

EVs, including tdEVs, one may expect that measuring “small tdEVs” in cell-free plasma may offer 

even more clinically relevant information. Unfortunately, in plasma tdEVs are outnumbered by 

EVs of non-tumor origin, lipoprotein particles (LPs), soluble proteins, etc., which makes detection 

of the rare tdEVs challenging.

In this pilot study, we used single particle optical trapping and synchronized Rayleigh and Raman 

scattering (OT-sRRs)14,15 to measure the chemical profiles of submicrometer particles in plasma 

of 5 mCRPC patients and 14 healthy donors. The chemical fingerprint of the particles together 

with multivariate analysis and hierarchical cluster analysis (HCA) enabled us to identify different 

groups of particles as well as to differentiate between some patient and control groups.

7
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7.2 Materials and methods

7.2.1 Plasma from healthy donors and cancer patients
Blood was obtained from non-fasting healthy donors and mCRPC patients (both N=5) after 

written informed consent in accordance with the Helsinki Declaration and approved by the 

medical-ethical assessment committee of the Academic Medical Center, University of 

Amsterdam (NL 64623.018.18). Refer to Table S7.1 for donors clinical data. Whole blood was 

collected from each donor using a 21G needle, and the first vacutainer was discarded. Next, 

three citrate vacutainers of 2.7 mL (BD Biosciences, San Jose, CA) were collected and mixed 

gently by inversion. The vacutainers were centrifuged at 2500 g for 15 minutes at 20 °C without 

brake (Rotina 380R, Hettich, Tuttlingen, Germany). Plasma was collected up to 0.5 cm above the 

pellet, pooled and centrifuged in a conical base tube (10 mL; Sarstedt, Nimbrecht, Germany) at 

2500 g for 15 minutes at 20 °C. The supernatant was deposited in aliquots of 75 µL (Sarstedt), 

which were snap frozen in liquid N2 and stored at 80 °C until use. Blood was also obtained 

from nine anonymous non-fasting healthy donors from the TNW-ECTM donor services of 

the University of Twente (Enschede, The Netherlands) after written informed consent. Blood 

collection was performed in accordance with the Dutch regulations and was approved by the 

medical–ethical assessment committee Twente (METC Twente). Whole blood was collected 

by venipuncture in ethylenediaminetetraacetic acid (EDTA) vacutainer tubes (BD). Blood was 

transferred to 15 mL CellSearch® conical tubes, followed by centrifugation (centrifuge 5804, 

Eppendorf, Hamburg, Germany) at 800 g without brake for 10 minutes at room temperature. 

Plasma was collected up to 1 cm above the buffy coat and stored in 1.5 mL tubes (Greiner Bio-

one) at -80 °C until use. Samples were thawed in a water bath at 37 °C immediately before use.

7.2.2 Lipoprotein particles (LPs)
Human high density lipoprotein (HDL), low density lipoprotein (LDL), very low density 

lipoprotein (VLDL) and chylomicrons (CM) were acquired from Sigma-Aldrich Chemie N. V. 

(The Netherlands). HDL (Cat. No.: L8039), LDL (Cat. No.: 437644), VLDL (Cat. No.: 437647) and 

CM (Cat. No.: SRP6304) had a purity of ≥95% by electrophoresis, as specified by the provider.

7.2.3 LNCaP-derived EVs
Cells from the prostate cancer cell line LNCaP (ATCC, CRL-1740, USA) were cultured at 37 °C 

and 5% CO2 in RPMI-1640 with L-glutamine medium (Lonza, Cat. No.: 12-702F) supplemented 

with 10% (v/v) fetal bovine serum (FBS), 10 units/mL penicillin and 10 mg/mL streptomycin. 

Cells were seeded at a density of 10,000 cells/cm2 as recommended by ATCC and medium 

was refreshed every second day. At 80-90% confluence, cells were washed three times with 
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phosphate buffer solution (PBS) and cultured in FBS-free RPMI-1640 with L-glutamine medium 

(Lonza, Cat. No.: 12-702F) supplemented with 1 unit/mL penicillin and 1µg/mL streptomycin. 

After 2-3 days of culture, cell supernatant was collected in a 15 mL tube (Cellstar® tubes, Grenier 

Bio-one BV, Alphen a/d Rijn, The Netherlands) and centrifuged at 500 g at room temperature for 

10 minutes (centrifuge 5804, Eppendorf, Hamburg, Germany). Next, the supernatant containing 

LNCaP-derived EVs was collected and stored in aliquots (Greiner Bio-one) at -80 °C until use. 

Samples were thawed in a water bath at 37 °C immediately before use. LNCaP-derived EVs are 

referred to as LNCaP EVs throughout the text.

7.2.4 Red blood cell (RBC) - derived EVs
RBC-derived EVs were obtained from RBC concentrate (150 mL, Sanquin Bloodbank, 

Amsterdam, The Netherlands) and diluted 1:1 with filtered PBS. Samples were centrifuged three 

times at 1560 g for 20 minutes at 20 °C (Rotina 46RS centrifuge, Hettich, Tuttlingen, Germany). 

The supernatant containing EVs was pooled and distributed in aliquots of 50 µL, which were 

snap frozen in liquid N2 for 15 minutes and stored in aliquots (Sarstedt) at -80 °C until use. 

Samples were thawed in a water bath at 37 °C before use. RBC-derived EVs are referred to as 

RBC EVs throughout the text.

7.2.5 Sample preparation for OT-sRRs
Before synchronized Rayleigh and Raman scattering (sRRs) measurement, all samples were, 

if necessary, diluted in PBS to achieve a trapping rate of 3 to 4 particles/minute and avoid 

simultaneous trapping of multiple particles. Next, 50 µL of each sample was loaded on a well 

glass slide (BMS Microscopes; 1.0-1.2 mm thick). Each sample was covered with a glass cover 

slip (VWR Ltd, thickness No. I, diameter: 22 mm) and sealed with glue (EVO-STIK, Impact) onto 

the well glass slide to avoid evaporation. The glue was left to dry at room temperature for ~ 30 

minutes. The sealed well glass slide was placed under the microscope objective of the Rayleigh-

Raman spectrometer. For the patients (N=5) and healthy controls (N=5), three samples per 

donor were prepared and measured alternating between samples from patients and controls.

7.2.6 Rayleigh-Raman spectrometer and data acquisition
The Rayleigh-Raman spectrometer has been described in detail elsewhere.14,15 In short, the 

Rayleigh-Raman spectrometer is based on a home-built Raman spectrometer integrated with 

the base of an upright optical microscope (Olympus BX41). A single laser beam from a Coherent 

Innova 70C laser (λexc=647.089 nm) was used for illuminating and trapping particles.14 Rayleigh 

and Raman scattering were collected with a cover glass corrected dry objective (Olympus, 40x, 

NA: 0.95), separated in a homebuilt spectrometer and simultaneously detected with a single 

7
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CCD camera (Andor Newton DU-970-BV). The spectrometer had an average dispersion of ~2.3 

cm-1 (0.11 nm) wavenumber per pixel over the CCD camera surface with 1600 pixels along the 

dispersive axis and 200 pixels along the other axis. The spectral resolution was ~3.0 cm-1. The 

laser power was measured underneath the objective and adjusted to 70 mW. By moving the 

objective along the z-axis, the laser focal spot is focused inside the solution, ~37 µm below 

the cover slip. The focal spot has a theoretical diameter of 0.4 µm and a Rayleigh range of 1.2 

µm based on full width half maximum. 256 Rayleigh-Raman spectra were acquired with an 

acquisition time of 38 ms each over a period of 9.7 s. The trapped particles were then released 

from the optical trap by blocking the laser beam with a shutter for 1 s. This measurement cycle 

was repeated 100 times, which resulted in 100 x 256 = 25600 Rayleigh-Raman spectra per 

measurement. In total, we characterized 2521 individual particles.

7.3 Data analysis

7.3.1 Calibration
The intensity and wavelength of the Rayleigh-Raman spectrometer was calibrated to convert 

the raw, measured data from pixels vs relative counts to calibrated data in wavenumber (cm-1) 

vs counts. The calibration procedure has been described elsewhere.15

7.3.2 Time traces
Because particle trapping is a dynamic process, time traces of the Rayleigh and Raman signals 

were made. Rayleigh time traces were obtained by integrating the Rayleigh band, centered 

between -20 and 10 cm-1. The Raman time traces resulted from integrating a lipid-protein Raman 

band from 2811 to 3023 cm-1. The Rayleigh and Raman bands were localized and integrated 

using the trapezoidal method with unit spacing. Before integration of the lipid-protein Raman 

band, singular value decomposition (SVD) was performed on the Raman spectra to improve 

the signal-to-noise ratio.16,17 The first 32 S-components were selected for reconstruction of the 

data. The integrated Rayleigh and Raman values of each cycle were concatenated and plotted 

versus time, allowing the selection of time intervals of interest.

7.3.3 Segmentation of time traces
The Rayleigh scattering time traces were used to identify the time intervals corresponding 

to single trapping events. Single trapping events are visualized as step-wise increases in the 

Rayleigh signal.14,15 These steps were manually segmented and their time intervals were used 

to select the corresponding Raman spectra. A Raman spectrum of a single particle was thus 

acquired as the average Raman spectrum during the length of one step. Because all molecules 
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in the Raman focal spot will contribute to the Raman spectra, i.e. not only the trapped particle but 

also the background as from water or soluble components, the immediate previous segment to 

the step was also segmented and the corresponding Raman spectrum was used for background 

subtraction by a linear least squares (LLS) fit. All software was developed in-house with Matlab 

(2017b, MathWorks, USA).

7.3.4 Multivariate analysis
Following the segmentation of the time traces and background subtraction by LLS fit, the full 

dataset comprised 2521 Raman spectra corresponding to 2521 individual trapped and measured 

particles. The mean Raman spectra per sample type was computed for spectral comparison. The 

Raman spectrum of each particle was interpolated to the same wavenumber axis and baseline 

correction and de-noising were performed on the full dataset using a function called BEADS.18 

BEADS was executed with the following parameter choices: cut-off frequency: 0.006 cycles/

sample, regularization parameter: 0.003, 0.030 and 0.024, filter: first-order filter, asymmetry ratio: 

6. Next, each Raman spectrum was normalized to have a mean of zero and a standard deviation of 

one. For comparison, spectral cross-correlation coefficients (CC) were computed on some Raman 

spectra in the spectral region 600-1800 cm-1 using the Matlab (2017b, MathWorks, USA) function 

“crosscorr”. Finally, principal component analysis (PCA) was performed on the mean centered 

data in the spectral regions 600-1800 cm-1 and 2680-3080 cm-1. Hierarchical cluster analysis was 

performed by first creating a hierarchical tree based on the PCA score values corresponding to 

each single particle and then clustering them based on their Euclidean distances. The dendrogram 

of the clustering process can be used to guide the selection of the number of clusters. Data 

analysis was performed using Matlab (2017b, Mathworks, USA).

7.4 Results

To chemically characterize particles in plasma, single particles from the healthy donors (N=14) 

were optically trapped and their corresponding Raman spectrum was acquired. Figure 7.1A 

shows the mean Raman spectra of n particles per donor with common lipid and protein bands 

indicated (refer to Table 7.1). Some differences are also visible such as in the lipid-protein band 

between 2811 and 3023 cm-1. Because LPs outnumber EVs in plasma, we hypothesize that 

most of the trapped particles are LPs.

To verify the type of trapped particles in healthy donors, we compared the Raman spectra of the 

trapped particles to spectra of four commercially available LPs (see “Lipoprotein particles” under 

“Materials and Methods”). Figure 7.1B shows the mean Raman spectra of chylomicrons (CM), 

7
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very low density lipoproteins (VLDL), low density lipoproteins (LDL), high density lipoproteins 

(HDL) and the mean Raman spectrum of all healthy donors. This last spectrum highly resembles 

the VLDL and CM spectra (CC: 0.9859 and 0.9748, respectively), showing a clear contribution 

of these LPs to the mean Raman spectrum of healthy donors. The largest LPs in size, namely 

CM and VLDL, show a similar Raman fingerprint (CC: 0.9853). LDL and HDL show also a similar 

fingerprint (CC: 0.9477). Figure 7.1B further shows that Raman spectra of LDL and HDL have 

characteristic traces of cholesterol (refer to Table 7.1). Although the main contribution to the 

Raman spectra of healthy donors comes from VLDL and CM, there are other particles trapped 

with a different chemical composition.

Figure 7.1. (A) Mean Raman spectra of n particles per healthy donor from a total of 14 healthy donors (HDs). The 
indicated Raman bands correspond to protein and lipid assignments (refer to Table 7.1). (B) Mean Raman spectra 
of all particles from the healthy donors and LPs: high density lipoproteins (HDL) and low density lipoproteins (LDL), 
very low density lipoproteins (VLDL), chylomicrons (CM). The indicated Raman bands correspond to cholesterol 
assignments.
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To analyze each particle individually, PCA was performed on the entire dataset of healthy donors 

and lipoprotein particles. Figure 7.2A shows score plots in principal component (PC) 1 - PC2 space 

and PC1 - PC3 space, where each dot represents a single particle. VLDL and CM particles overlap 

with particles from healthy donors, while HDL and LDL particles can be separated from the rest 

of the particles along PC1. Along PC2, two types of particles can be identified, namely LPs with 

negative score values for PC1, and other particles present in healthy donors with positive score 

values. Hence, PC1 indicates wavenumber positions (positive and negative peaks in Figure 7.2B) 

that are key to distinguish LPs from the rest of the particles. Along PC2, HDL and LDL particles 

can be distinguished from VLDL and CM particles.

Hierarchical cluster analysis (HCA), performed on the score values, shows particles clustered into 

five groups indicated by different colors in Figure 7.2C. The HCA clusters HDL and LDL together 

(cluster 4). In addition, HCA clusters VLDL and CM particles together with a number of particles 

from healthy donors (cluster 5). Other particles from healthy donors are clustered into 3 groups 

(clusters 1, 2 and 3). The mean Raman spectrum of each cluster is shown in Figure 7.2D. All 

clusters show a lipid profile with a clear triglyceride contribution (refer to Table 7.1). Cluster 4, 

which groups LDL and HDL show clear cholesterol peaks (refer to Table 7.1). Although clusters 

1, 2 and 3 show a clear lipid profile, there are clear differences compared to the other clusters, 

e.g. the lipid-protein band profile (2811-3023 cm-1). Hence, it is unclear what is the nature of the 

particles in clusters 1, 2 and 3. The particles in cluster 4 can be assigned to HDL and LDL, while 

the particles in cluster 5 to VLDL and CM.

7
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Figure 7.2. Healthy donors (HDs) and LPs. (A) First, second and third principal component scores corresponding 
to single particles from healthy donors (blue) and LPs: HDL (orange), LDL (yellow), VLDL (magenta) and CM (green). 
(B) First three principal component loadings resulting from PCA on the combined fingerprint (600-1800 cm-1) and 
high frequency (2680-3080 cm-1) regions. (C) First, second and third principal component scores color-clustered 
into five clusters after HCA. (D) Mean Raman spectra per cluster in (C). The indicated Raman bands correspond 
to triglyceride and cholesterol assignments (refer to Table 7.1).

To determine whether cancer patients have a different subpopulation of particles in plasma 

compared to healthy donors, OT-sRRs was performed on plasma from mCRPC patients (N=5) 

and compared to healthy donors (N= 14). Figure 7.3 shows the mean Raman spectra of n 

particles per patient and the mean Raman spectrum of all 14 healthy donors. The mean Raman 

spectrum of healthy donors resembles more the Raman spectra of patients 1 and 5 (CC: 0.9908 

and 0.9843, respectively) than the one from patients 2, 3 and 4 (CC: 0.9229, 0.8517 and 0.8959, 

respectively). Patients 2, 3 and 4 share Raman bands indicated in black in Figure 7.3. Additional 

clear spectral bands are present in patient 4 indicated in magenta.
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Figure 7.3. Mean Raman spectra of patients (Pt, N=5) and healthy donors (HDs, N=14). The indicated Raman 
bands are assigned in Table 7.1.

To compare all the trapped particles in the plasma of mCRPC patients and healthy donors at the 

single particle level, PCA was performed over the entire data set consisting of 2192 single particles. 

Figure 7.4A shows the score plot of PC1 against PC2 where each dot represents a single particle. 

Three out of the five patients can be clearly distinguished from the healthy donors, i.e. particles 

from patients 2 and 3 overlap with each other and particles from patient 4 separate from the rest 

of the particles along PC2. These particles are distinguished by high score values in PC2, which 

means that PC2 has a high contribution to the Raman spectra of those particles. Interestingly, 

PC2 shows peaks that indicate nucleic acid contributions indicated in Figure 7.4B. To compare the 

particles of all donors with each other, HCA was performed on the score values (Figure 7.4C). All 

particles from patients 2 and 3 cluster together in cluster 4 and 95% of the particles from patient 

4 clusters in cluster 5. The other 5% of particles from patient 4 clusters together with patients 2 

and 3 in cluster 4. The mean Raman spectra per cluster is shown in Figure 7.4D. Similar results 

are obtained when including in the PCA only samples from patients and healthy controls (both 

N=5) processed with same protocol as described in section 7.2.1 (see Figure S7.1).

7
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Figure 7.4. Multivariate analysis of mCRPC patients (N=5) and healthy donors (N=14). The full data set consists of 
n=2192 particles. (A) First and second principal component scores corresponding to single particles from healthy 
donors (triangles) and patients 1 to 5 (stars). (B) First two principal component loadings resulting from PCA on the 
combined fingerprint (600-1800 cm-1) and high frequency (2680-3080 cm-1) regions. The labels in PC2 indicate 
nucleic acid contributions. (C) First and second principal component scores color-clustered into five clusters after 
HCA. (D) Mean Raman spectra per cluster in (D).

Because it is expected that the majority of the particles in plasma are LPs, we performed a PCA 

on all samples and included commercially available LPs (i.e. HDL, LDL, VLDL and CM). EVs from 

LNCaP cells and RBCs were also included in the analysis as reference particles. Figure 7.5A 

shows a scores plot where single LPs, LNCaP and RBC EVs have been added to the PCA analysis 

of Figure 7.4A. While LNCaP EVs do not overlap with particles from any of the patients, RBC EVs 

do not overlap with particles from any of both healthy donors and patients. When clustering all 

the particles into 8 clusters based on their PC scores, it can be seen in Figure 7.5B that LNCaP 

EVs and particles from mCRPC patients do not group in the same cluster. LNCaP and RBC EVs 

cluster in clusters 1 and 2, respectively. All VLDL and CM group in cluster 6, together with 43% 

of particles from healthy donors and 99% of particles from patient 1 (see Table S7.2). HDL and 
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LDL mainly group in cluster 5, together with 96% of particles from patient 5. All particles from 

patients 2 and 3 cluster together in cluster 7 and 94% of the particles from patient 4 group in 

its own cluster 8. Particles from healthy donors group mainly into three clusters (clusters 3, 4 

and 6) and one of these clusters (cluster 6) corresponds to VLDL and CM particles.

The main difference between the cluster analysis of Figure 7.4 and Figure 7.5 are the additional 

three clusters in Figure 7.5B, assigned to HDL & LDL, LNCaP and RBC EVs. To compare the 

spectral differences among clusters, Figure 7.5C shows the mean Raman spectrum per 

cluster. The Raman spectra of clusters 1 and 2, corresponding to LNCaP and RBC EVs, show 

characteristic phenylalanine Raman bands at 1004 and 1583 cm-1, which are not visible in other 

clusters.
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Figure 7.5. (A) First and second principal component scores corresponding to single particles from healthy donors 
(triangles), patients 1 to 5 (stars), LPs (squares), RBC and LNCaP EVs (circles). (B) First and second principal 
component scores color-clustered into eight clusters after HCA. (C) Mean Raman spectra per cluster in (B). The 
indicated Raman bands correspond to protein assignments. (D) Magnification of the Raman spectrum of cluster 
8. The indicated Raman bands correspond to nucleic acid assignments. (E) Rayleigh scattering values of single 
particles color-coded based on clusters in (B) and (C). Black bars denote the medians. Samples sharing a letter 
are not significantly different at the 0.05 level according to the nonparametric Mann-Whitney U test.

Figure 7.5E shows the Rayleigh scattering distribution per sample type. Here, the HD samples 

have been separated into two groups based on their sample preparation protocol (see section 

7.2.1). All distributions are not normally distributed and the ones from patients 2, 3 and 4 are 

not significantly different from each other, but significantly different from patients 1 and 5 that 

show higher medians. The distribution of healthy donors (n = 795) is significantly different 

compared to all, but patient 3. Furthermore, Figure 7.5E relates the Rayleigh scattering with the 
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Raman scattering by assigning each particle (i.e. each dot) to its respective cluster as in Figure 

7.5B. Despite the broad Rayleigh scattering range, clusters are homogeneously distributed per 

sample along the Rayleigh scattering axis.

Table 7.1. Biomolecule assignments of Raman bands [cm-1]. For reference see also Table 2.1 in chapter 2.

Triglycerides Cholesterol Nucleic acids Proteins Lipids

1264 700 670 1004 716

1301 1439 788 1088 1088

1657 1669 802 1128 1300

1745 920 1443-1452 1439

992 1583 1657

1086 1607 2851/2

1182 1655-1671 2882

1253 2882

1285 2928-2934

1303

1315

1343

1369

1421

1458

1485

1573

7.5 Discussion

To determine the composition of particles in plasma of mCRPC patients and to determine 

whether such particles differ from those present in plasma of healthy donors, we detected and 

characterized single particles using OT-sRRs.14,15 This technique enabled the label-free detection 

of particles in suspension and disclosed a Raman spectrum per individual particle, which is 

related to their chemical composition.

We first explored the composition of particles that are present in the plasma of healthy donors 

and compared it to that of commercially available LPs, as LPs are the most abundant particles 

in plasma.19,20 Cluster analysis, based on the Raman spectrum of the particles, showed that 45% 

of particles from all healthy donors cluster together with VLDL and CM. HDL and LDL cluster 

together but separate from healthy donors. Although the majority of particles in plasma are 

expected to be HDL and LDL,19,20 Figure 7.2 suggests that we do not tend to trap these LPs. This 

may be due to the increase in trapping force with larger particles, increasing thus the chances 
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of trapping large over small LPs. All particles from healthy donors and LPs share Raman bands 

that correspond to lipids, for instance at 1301, 1441, 1657 and 2851/2 cm-1. The mean Raman 

spectrum of cluster 5, which is composed of VLDL, CM and particles from healthy donors, 

shows Raman peaks which indicate the presence of triglycerides, e.g. 1264, 1301, 1657 and 1745 

cm-1 (Figure 7.2).21 This further confirms the identification of VLDL and CM, as these particles 

are rich in triglycerides compared to LDL and HDL.22,23 These last two show cholesterol peaks 

at 702, 958, 1441, 1659 cm-1.21 Cholesterol esters are the more predominant lipids in LDL and 

the second most predominant in HDL.23 The particles from healthy donors in clusters 1, 2 and 

3 show a lipid Raman profile, and their lipid-protein band (2811–3023 cm−1) shows a higher lipid 

contribution than for all the other particles.

After identifying the major types of particles in plasma of healthy donors, we investigated 

the particles present in plasma of mCRPC patients. Interestingly, patients 2, 3 and 4 could be 

discriminated from the healthy donors based on their chemical particle composition (Figures 

7.4C and 7.4D). Patients 2 and 3 show particles with similar composition, but different to patient 

4. Patients 1 and 5 cluster together with a subgroup of healthy donors (cluster 3, Figure 7.4C), 

suggesting that the particles from patients 1 and 5 are LPs, while the particles from patients 2, 

3 and 4 show a higher protein contribution.

To understand the nature of the particles present in the plasma of patients, we included in the 

PCA and HCA reference particles, such as LNCaP EVs, RBC EVs and commercially available 

LPs. The results in Figure 7.5 show that particles from patient 1 cluster with VLDL, CM and 

with around 44% of the particles from healthy donors, suggesting that particles from patient 1 

correspond to LPs, specifically VLDL and/or CM. This can be further confirmed by looking at 

the mean Raman spectrum of particles from patient 1 (Figure 7.3), which shows characteristic 

peaks of triglyceride-rich particles, such as VLDL and CM.22 The majority of the particles from 

patient 5 cluster with HDL and LDL. The mean Raman spectrum of the particles from patient 5 

shows Raman peaks at 700, 958, 1441 and 1659 cm-1, indicating the presence of cholesterol, 

which is a main component in LDL and HDL.21,23 The lipid profile of the plasma of patient 5 

showed high values for total cholesterol and LDL-cholesterol (Table S7.1), further confirming 

that these particles are LPs, i.e. LDL. Patients 2 and 3 cluster together separate from patient 

4. Although the particles from these three patients show higher protein contribution than the 

particles from healthy donors, which include LPs, it is not clear what kind of particles are those 

from patients 2, 3 and 4, as they do not overlap with the reference particles we used. LNCaP 

EVs were used as a model for tdEVs in mCRPC patients. However, LNCaP EVs do not cluster 

with any of the particles from the patients, even though the LNCaP EVs show also high protein 
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contribution.15 Thus, we did not trap particles with a chemical composition similar to LNCaP 

EVs, so further investigation is required to determine the type of particles present in patients 

2, 3 and 4.

The Rayleigh scattering distribution from patients 2, 3 and 4 have lower medians than patients 

1 and 5. Assuming that all particles have similar refractive index, the ones from patients 2, 3 

and 4 would be smaller in size than those from patients 1 and 5, as well as those from EVs. This 

also accounts for the noisier Raman spectra of patients 2, 3 and 4. All the particles of patients 2 

and 3 grouped in a single cluster (cluster 7), although cluster 7 also contains very few particles 

from patients 1 and 5, as well as from healthy donors and LPs (refer to Table S7.2). On the other 

hand, 95% of the particles in patient 4, fall in the same cluster (cluster 8) and no other particle 

from other samples are grouped in the same cluster 8. Hence, the Raman spectrum of cluster 

8 (Figure 7.5C) corresponds to the mean Raman spectrum of 95% of the particles in patient 

4. Interestingly, the Raman spectrum of the particles of patient 4 shows bands (see labels in 

Figure 7.5D) that indicate the presence of nucleic acids, either inside the particles or bound to 

their outer surface. This patient shows the highest PSA level of all patients and may suggest 

the presence of a large amount of tumor plasma DNA, which is frequently observed in these 

patients.24–31 However, further studies are needed to clarify the exact nature of these particles.

Although it may be expected that most of the trapped particles would cluster together with the 

LPs, cluster analysis showed that only around 50% of the particles from healthy donors clustered 

together with LPs (i.e. VLDL and/or CM). The rest of the particles from healthy donors grouped 

into 2 clusters both showing a lipid profile, similar to VLDL and CM, but with a different protein-to-

lipid ratio. More important, 3 out of the 5 patients showed a clear separation from all the particles 

of healthy donors and even though they did not cluster with LNCaP EVs, the composition of the 

particles might be related to an altered lipid metabolism, which has been increasingly recognized 

in cancer.32–34 In an effort to survive and proliferate in the tumor microenvironment, cancer 

cells undergo metabolic reprogramming with lipid alterations.35,36 These alterations can be 

reflected in serum concentrations of LPs as well as in their composition.37,38 This pilot study 

suggests that the composition of particles in plasma of mCRPC patients can disclose important 

changes that occur in cancer and it may be surmised that varying concentrations and/or particle 

composition may provide information on whether or not a certain treatment will be effective. If 

tdEVs are to be found in plasma of cancer patients, a prior enrichment of these EVs would be 

beneficial to increase their concentration. Nevertheless, the significant differences observed 

in the general particle profile of the plasma fraction of some patients compared to healthy 

controls motivates further research with a larger cohort of patients. Moreover, the utilization 
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of other submicrometer particles, such as LPs, next to tdEVs, as cancer biomarkers should 

not be underestimated.
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Supporting Information

Figure S7.1. Multivariate analysis of mCRPC patients (N=5), healthy donors (HDs, N=5) and LPs. (A) Mean Raman 
spectra of single trapped particles from patients and healthy donors. (B) First and second principal component 
scores corresponding to single particles from healthy donors (blue), patients 1 to 5 and LPs (brown). (C) First two 
principal component loadings resulting from PCA on the combined fingerprint (600-1800 cm-1) and high frequency 
(2680-3080 cm-1) regions. (D) First and second principal component scores color-clustered into five clusters after 
HCA. (E) Mean Raman spectra per cluster in (D).
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Table S7.1. Metastasized castration-resistant prostate cancer (mCRPC) patients and healthy donors clinical data.

Donors

Date of 
cancer 
diagnosis

Date of 
CRPC 
diagnosis

Current 
treatment Age PSA* LDH ALP tChol HDL LDL TGL

Pt 1 05/2017 10/2018 Abiraterone 
prednisone

66 0.6 202.9 1.6 3.89 1.27 2.13 1.08

Pt 2 2006 04/2018 Enzalutamide 86 3.4 165.4 1.4 5.44 1.57 3.24 1.41

Pt 3 2000 04/2018 Abiraterone 
prednisone

75 1.2 175.6 5.0 3.15 1.37 1.39 0.86

Pt 4 77 17.6 165.3 3.3 5.45 2.22 2.82 0.92

Pt 5 82 10.4 240.3 6.4 5.75 1.36 3.59 1.78

HD Min NA NA NA 19 NA 125.8 1.2 3.45 0.93 1.81 0.42

HD Max NA NA NA 40 NA 270.3 3.2 4.38 1.45 2.47 1.93

Pt: patient; HD: healthy donor (N=5); PSA: prostate specific antigen; *last determined PSA level before inclusion; 
LDH: Lactate dyhydrogenase (U/L 37C), ALP: Alkaline phospatase (U/L 37C), tChol: total cholesterol (mmol/L), 
HDL: high density lipoproteins (mmol/L), LDL: low density lipoproteins cholesterol (mmol/L), TGL: Triglyceride 
(mmol/L).

Table S7.2. Number of particles assigned per cluster corresponding to Figure 5

1 2 3 4 5 6 7 8 Total

Pt 1 0 0 0 0 0 272 2 0 274

Pt 2 0 0 0 0 0 0 130 0 130

Pt 3 0 0 0 0 0 0 62 0 62

Pt 4 0 0 0 0 0 0 9 156 165

Pt 5 0 0 2 0 218 4 2 0 226

HDs 0 0 410 325 3 580 17 0 1335

HDL & LDL 0 1 0 0 60 2 3 0 66

VLDL & CM 0 0 0 0 0 133 0 0 133

LNCaP EVs 67 7 0 0 0 0 0 0 74

RBC EVs 0 56 0 0 0 0 0 0 56
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Abstract

Organosilicon compounds are ubiquitous in everyday use. Application of several of these 

compounds in food, cosmetics and pharmaceuticals is widespread on the assumption that 

these materials are not systemically adsorbed.1–4 However, here the interactions of various 

organosilicon compounds (simeticone, hexamethyldisilazane and poly(dimethylsiloxane)) 

with cell membranes and model lipid membranes are characterized with a range of analytical 

chemistry tools to demonstrate that complexations of these compounds occur in or on the cell 

membrane and that they can be covalent in nature. The increasing application of organosilicon 

compounds as replacement of plastics calls for a better awareness and understanding of these 

interactions. Moreover, with many biotechnology tools relying on organosilicon materials, it 

is important to understand the bias on characterization results induced by silicone leaching.
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8.1 Introduction

Organosilicon compounds, which are silicon-containing hydrocarbons, have a wide range 

of accepted usage.1 Examples include silicones like poly(dimethylsiloxane) (PDMS) which is 

accepted by the European Food Safety Authority (EFSA) as a food additive,5 and widely used 

in the field of microfluidics.6 The silicone-based over-the-counter drug simeticone is used as 

gastro-intestinal surfactant to treat colic in infants.7 Interestingly, there is no dosage limitation for 

this drug since it is claimed not to be absorbed systemically and it has been generally recognized 

as safe since before the FDA started Over-The-Counter Drug Review in 1972.8 However, despite 

the widespread use of silicones in products for use in humans, there relatively little literature 

regarding the possible interactions between silicone molecules and lipid membranes and, 

potentially, other biomolecules vital to living organisms. Moreover, various research disciplines 

use silicones for a broad range of applications. Leaching of low-molecular weight components 

into the samples under study may greatly influence results,6,9 for instance in lab-on-a-chip 

research and scanning electron microscopy (SEM) studies, which we briefly clarify below:

1) In the lab-on-a-chip field,10,11 the massive adoption of PDMS for the production of 

microfluidic and organ-on-a-chip platforms can be attributed to the ease of fabrication, 

its optical transparence, its gas-permeability, which is particularly attractive for cell culture 

experiments, and its elastomeric properties. Finally, PDMS has proven to be biocompatible 

in the sense that it does not significantly affect cell viability, also for very sensitive cells 

like mouse and human embryos.12–14 In-vivo short term studies reported no significant 

changes in the survival of rats fed with diets containing up to 10% PDMS.15,16 However, to 

our knowledge, systemic uptake was never comprehensively studied. In contrast, it has been 

demonstrated that PDMS microenvironments do modulate gene expression significantly,17 

especially in comparison with other polymers.18

2) In SEM studies, biological samples require pretreatment before they can be placed in a 

vacuum chamber for imaging. Fixation, dehydration, drying and coating with an electrically 

conductive layer are typically required. Dehydration and drying seem to be the most critical 

steps as they can give rise to artifacts, such as specimen shrinkage and distortion.19–24 A 

common method for drying uses hexamethyldisilazane (HMDS).25,26 The mechanism by 

which HMDS acts on biological specimens has been poorly described. It is known to react 

via transfer of trimethylsilyl groups,27 which can happen with, e.g. sugars and amino acids 

in biological specimens. In this process proteins crosslink to fix the biological specimen, 

avoiding its collapse during drying.26

8
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Based on preliminary observations of silicone residue in lipid membranes after incubation in 

microfluidic channels and HMDS-drying (vide infra), we set to investigate whether organosilicons, 

broadly speaking, interact with molecules found in biological membranes. To illustrate the 

generality of the silicone-membrane interactions, three different organosilicon sources were 

included in this study (See SI8.1 for structural information):

1) PDMS (Sylgard 184), whose oligomers leach from incompletely cured microfluidic channels;

2) HMDS used for dehydration in electron microscopy (EM) sample preparation; and

3) Infacol, an over-the-counter drug, containing simeticone, an organosilicon compound similar 

to PDMS, mixed with silica particles.

Two different specimens were considered: cells (LNCaP and HT-29 cell lines) and supported lipid 

bilayers (SLBs) prepared from synthetic but naturally abundant dioleoyl-phosphatidyl choline 

(DOPC).28 SLBs are widely used as models of cellular membranes;29 here, they allow studying 

oligomer interactions with phospholipid molecules using X-ray Photoelectron Spectroscopy (XPS).

The interactions between silicones and biological membranes were studied using four analytical 

techniques: a) Confocal Raman micro-spectroscopy, to probe the presence of specific chemical 

bonds down to 400 nm spatial resolution and map the spectra in a hyperspectral image; b) Auger 

Electron Spectroscopy (AES), to identify atomic species present at the surface of a sample, 

and which allows overlay with EM images to show the spatial distribution of species; c) XPS, 

to investigate with high elemental sensitivity whether silicon is present in natively silicon-free 

samples of SLBs after incubation with silicones; and d) Infrared spectroscopy (IR), to probe 

chemical bonds and for the presence of organosilicon compounds.

8.2 Materials and methods

A schematic overview of the sample preparation and subsequent characterization steps is 

presented in Figure 8.1. Each individual step will be discussed in more detail in the following 

sections.
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Figure 8.1. Overview of sample preparation and characterization steps. Cells and SLBs were first incubated with 
PDMS, Infacol or HDMS on substrates conforming to the requirements of the intended characterization instru-
ments. The organosilicon compounds are presented as “red wavy lines” and their hypothetical interaction with 
membranes (vide infra) is here suggested. The excess of organosilicon compounds was removed before samples 
were characterized with various techniques.

8.2.1 Materials
PDMS was prepared using Sylgard 184 (Dow Corning) purchased from Farnell, Utrecht, 

The Netherlands. Infacol (TEVA) was purchased from Die Grenze, Almelo, The Netherlands. 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from Avanti Polar Lipids, 

Alabama, US. All other chemicals were obtained from Sigma Aldrich, Zwijndrecht, The 

Netherlands, unless otherwise specified. In all experiments, phosphate buffered saline (PBS) 

was prepared at pH 7.4 filtered through a 0.2-μm syringe filter before use.

Indium Tin Oxide (ITO) coated fused silica substrates were used in combination with XPS. 

This material was chosen because of its low Raman background signal and its suitability for 

chemical surface modification. For Auger Electron Spectroscopy and IR, gold-coated fused 

silica substrates were used. Coating was performed in the cleanroom of the MESA+ Institute 
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for Nanotechnology by sputtering.30 After sputtering, the chips were cut by dicing to a size 

of 1×1 cm2.

8.2.2 Cell culture
Cells from a prostate cancer cell line (LNCaP) or colon cancer cell line (HT-29), purchased 

from the American Type Culture Collection (ATCC), were cultured in RPMI-1640 medium 

with L-glutamine (Lonza) supplemented with 1% penicillin and 1% streptomycin (Westburg, 

Amersfoort, The Netherlands) in an incubator at 37ºC and with 5% CO2, medium being refreshed 

every 3 days and cells being reseeded at a density of 104 cells/cm2. For experiments, 8 × 106 cells 

were harvested using a 0.25% Trypsin solution (Thermo Fisher, Amsterdam, The Netherlands). 

Subsequently, the cells were fixed in 1% paraformaldehyde (PFA) for 15 min and washed three 

times in PBS by centrifuging at 300 g for 5 min. Finally, the sample was split in 6 equal fractions, 

each containing 1.3 × 106 cells. Fixation alters the chemical state of several proteins but since it 

is necessary for some experiments it was done even in samples to be measured with Raman to 

keep results consistent (also with data not discussed in this paper). No Si species are introduced 

this way, so fixation cannot interfere with our conclusions.

8.2.3 Supported lipid bilayers
Supported lipid bilayers (SLBs) were formed by fusing small unilamellar vesicles on the ITO-

coated surface. A DOPC solution in chloroform was dried under vacuum, to yield a lipid film on 

the walls of a glass vial. This lipid film was re-hydrated in PBS to reach a DOPC concentration of 

10 mg/ml and ultrasonicated for 15 min to form small unilamellar vesicles (SUVs). ITO substrates 

were cleaned ultrasonically in dichloromethane, acetone and ethanol for 3 min each, followed by 

30 min of O2-plasma treatment in a Diener Pico (Diener electronic, Bielefeld, Germany) at 250 

W. The cleaned surfaces were incubated with a diluted SUV suspension (1 mg/mL in PBS) at 

room temperature overnight. After incubation, the substrates were thoroughly rinsed with PBS. 

Before their characterization with XPS, all SLB samples were dried under vacuum overnight.

8.2.4 Sample preparation – organosilicon
Sticky PDMS microchannels were fabricated using xurography, as previously reported by us.31 

Briefly, Sylgard 184 precursor was thoroughly mixed with the curing agent in a 10:1 weight ratio 

and degassed by centrifugation at 1000 g for 1 min. A mold was prepared by cutting a 0.2-mm 

thick adhesive film to yield 3×6 mm2 patterns that were laminated in the bottom of a clean petri 

dish. The PDMS prepolymer/curing agent mixture was poured over the mold and degassed 

again under vacuum, before being cured at 80°C for 30 min yielding a sticky solid. Inlet and 

outlet holes were punched with a Harris Uni-Core 1-mm biopsy punch (VWR International B.V., 



167

Organosilicon uptake by biological membranes

Amsterdam, The Netherlands). For control experiments, PDMS microchannels were prepared 

using the same protocol, but more thoroughly cured at 80°C overnight. Before bonding, the 

latter PDMS microchannel devices were ultrasonicated in ethanol for 15 min before plasma 

activation. Solutions were exchanged in these microchannels by pipetting manually in the inlets.

Infacol consists of a 40 mg/ml solution of simeticone in water with various additives, e.g. 

dispersing and flavoring agents. Simeticone consists primarily of poly(dimethylsiloxane) with 

molecular weight ranging between 14 and 21 kDa, mixed with silicon dioxide (4-7%).32 Before 

use, Infacol was diluted to 1 mg/ml in PBS. Solid particles of few microns in diameter that 

remained in the solution, were removed by filtering the solution (0.2-μm syringe filter) before 

experimentation with cells.

Hexamethyldisilazane (HMDS) was used as is, from a recently purchased bottle, extracted 

through a septum under perfusion with nitrogen by a syringe. Prior to HMDS-drying, cells were 

dehydrated with ethanol. Since Raman bands from ethanol were not observed neither in the 

HMDS-dried cells, nor in the control cells, it was concluded that ethanol was successfully 

evaporated from the cells.

8.2.5 PDMS interactions with cells and SLBs
For Auger Electron Spectroscopy (AES), cells were alternatively grown on a 1-mm thick PDMS 

layer prepared in a petri dish and cured for 30 min at 80°C. HT-29 cells were seeded at a density 

of 104 cells/cm2 and left to proliferate for 48 h in RPMI medium supplemented with 1% penicillin 

and 1% streptomycin at 37°C in a 5% CO2 atmosphere. Cell adhesion to the PDMS layer after 48 h 

was comparable to that in standard culture flasks. After trypsinization, cells were fixed for 15 min 

in 1% paraformaldehyde and washed 3 times with Milli-Q water by centrifugation (300 g, 5 min).

Experiments with SLBs were conducted in sticky microchannels placed on the top of cleaned 

ITO substrates. A DOPC SUV suspension was injected in the microchannel, and left overnight 

for incubation at room temperature to yield a SLB on the ITO-coated substrate. As for the cells, 

channels were rinsed with PBS and after delamination of the PDMS, the substrates were rinsed 

thoroughly with deionized water before analysis with XPS.

8.2.6 HMDS interactions with cells and SLBs
Fixed LNCaP cells in suspension (MilliQ) were dehydrated in increasing concentrations of 

ethanol (70-100%), followed by HMDS-drying and deposited on flat substrates overnight.33 As 

a negative control, the HMDS-drying step was omitted and cells in 100% ethanol were dried 
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on the substrates overnight. ITO-coated and gold-coated fused-silica substrates were used 

for Raman and AES spectroscopy, respectively. SLBs prepared on a gold-coated fused-silica 

substrate were fully immersed in 1 ml of HMDS and dried under vacuum overnight.

8.2.7 Simeticone interactions with cells and SLBs
Fixed HT-29 cells were immersed in diluted Infacol solution and left overnight. Before 

characterization, cells were washed twice in PBS. For AES analysis, cells were deposited on 

gold-coated silica substrates. SLBs were immersed in 1 ml undiluted Infacol and dried under 

vacuum overnight after thorough rinsing.

8.2.8 Raman spectroscopy
An in-house Raman spectrometer was employed, that has been described in detail elsewhere.31 

Briefly, 2D point scanning of a laser beam (λ = 647.09 nm) from a Coherent Innova 70C laser 

was performed. The Raman scattered light was dispersed in a spectrometer and collected with 

a CCD camera (Andor Newton DU-970-BV). The laser power was measured underneath the 

objective (40×, NA: 0.95; Olympus) and adjusted to 35 mW. The laser focal spot was focused 

5 µm above the substrate to ensure it was close to the center of the cells. A 20 μm × 20 μm 

area was scanned with a step size of 0.31 μm and an illumination time of 100 ms per pixel. 

Hyperspectral images are created by integrating the Raman band between 450 and 550 cm-1, 

which contains the high intensity band 490 cm-1, which is visible in all cells dried with HMDS. 

The area value of each pixel is converted to a color in a heat map scale. 

8.2.9 XPS measurements
By using XPS, the atomic composition of the SLBs was characterized after incubation with 

organosilicon compounds (HMDS, PDMS and Infacol) and compared to control SLBs (no 

incubation) and bare ITO. By using this technique, with a probing depth of ~10 nm, a signal was 

detected from the entire SLB and the outer surface of the substrate. As such, this technique 

gave a comprehensive overview of the elemental composition of a lipid bilayer. Measurements 

were performed using a JEOL 9200 with a monochromatic Al Kα X-ray source operated at 12 kV, 

with a beam current of 20 mA. The analyzer pass energy was set to 10 eV. Wide scans (0 – 800 

eV) were recorded for inspection of all present elements. Narrow scans in the range of 90 – 105 

eV were acquired to provide more detailed information about silicon presence. Spectra were 

fitted by Casa XPS software (www.casaxps.com) for quantification.
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8.2.10 Auger Electron Spectroscopy
AES was performed using a JEOL Ltd. JAMP-9500F field emission scanning Auger microprobe. 

Briefly, this instrument probes chemical bonds by irradiating a surface locally with a focused 

electron beam and measuring the energetic spectrum of electrons emitted through the Auger 

effect. These secondary electrons with relatively low energy primarily originate from a 2-3 nm 

layer at the surface. Scanning this beam with a small irradiation spot size allows the acquisition 

of hyperspectral images with a sub-micron spatial resolution. In conjunction, the instrument can 

be operated in scanning electron microscopy (SEM) mode, for comparing the morphological 

appearance of the sample.

Cells incubated with HMDS and Infacol and cells cultured on PDMS dishes were compared to 

non-incubated cells (negative controls). Areas with around 20 to 200 cells were divided into fields 

of 256x256 pixels which were scanned in the narrow bands for gold (AuMNN, 2015 eV), silicon 

(SiLMM 92 eV), carbon (CKLL 263 eV) and nitrogen (NKLL 375 eV) with a dwell time of 100 ms per 

pixel. Narrow band signals were integrated and background subtracted in Spectra Inspection 

Software (JEOL). The resulting bitmaps were converted to binary images and diluted in ImageJ. 

Across every row of Figure 8.2c, the images were treated with the same threshold settings.

8.2.11 IR spectroscopy
The samples inspected with AES were next analyzed using IR spectroscopy on an Attenuated 

Total Reflection (ATR) with Alpha-P spectrometer from Bruker (Billerica, MA, USA). All spectra 

were obtained by averaging 32 scans. The resolution was set at 4 cm–1. All spectra were 

recorded at room temperature and ambient atmosphere. These samples were also measured 

by using reflection FTIR spectra using a 50-μm diameter aperture in a Bruker Hyperion 1000 

spectrometer equipped with a 15× objective coupled to a Bruker Tensor 27 FTIR spectrometer. A 

liquid nitrogen cooled MCT wideband detector is used to detect a spectral range from 4000−600 

cm−1. A background spectrum was collected from plasma cleaned gold surfaces. In addition 

to these samples, a gold substrate was coated with PDMS to compare the magnitude of the 

signal from silicone compounds found in cells to those found in pure polymer. Sylgard 184 base 

and curing agent were mixed in a 10:1 weight ratio and a droplet of this mixture was placed on 

a cleaned gold surface and spread uniformly using a clean glass microscope slide, resulting 

in a thin (several μm), coating. This sample was stored at room temperature and measured 

after 12 hours.

8



170

Chapter 8

8.3 Results and discussion

The interaction of HMDS with cells was assessed by Raman spectroscopy. Figure 8.2a shows 

the mean Raman spectrum of cells dried in absence (Figure 8.2a (1)) and presence (Figure 8.2a 

(2)) of HMDS. HMDS-dried cells show four main peaks (490, 710, 2906 and 2964 cm-1) that are 

not detected in the negative control samples. The contribution of the 490 cm-1 peak is clearly 

visible from the high intensity pixels in cells dried with HMDS, contrary to negative control cells. 

Spectra (3) and (4) in Figure SI8.4 correspond, respectively, to a cell dried with HMDS and to a 

cluster of dried cells with excess HMDS. Both, (3) and (4) display peaks at 490 and 710 cm-1. The 

cell contribution to the Raman spectrum in (4) is not significant compared to the peaks at 490 

and 710 cm-1. The spectrum in Figure 8.2a (3) corresponds to liquid HMDS, the highest intensity 

peaks being indicated with arrows at 569, 685, 2900 and 2958 cm-1. Similar high intensity peaks 

are found in the spectra of cells dried with HMDS (2), yet with a clear shift. Figure 8.2b shows 

Raman images of cells dried with (left column) and without (negative control, right column) 

HMDS, obtained by integration of the band between 450 and 550 cm-1, confirming the absence 

of such a HMDS-related band in the negative control cells.

The presence of HMDS in the Raman spectra of cells dried with this compound reveals that 

HMDS does not fully evaporate despite its 24-mbar vapor pressure at room temperature.

Furthermore, since HDMS-specific peaks are shifted, it is proposed here that HMDS has reacted 

with molecules in the cell, either in its membrane or its interior (Figure 8.2b).
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Figure 8.2. Imaging spectroscopic analysis of individual cells. (a) Normalized mean Raman spectra of: (1) 5 neg-
ative control cells (green), (2) 5 HMDS-dried cells (magenta), (3) neat (liquid) HMDS (black). (b) Raman images 
of HMDS-dried cells (left column) and negative control cells (right column) obtained by integration of the band 
between 450 and 550 cm-1, the region in which the peak assigned to Si-C bonds is located. Raman images were 
acquired with 35 mW laser excitation power, 100 ms illumination time and 0.31 µm scanning step size. (c) AES/

8
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SEM inspection of the silicon (yellow) and carbon (green) content of cells incubated with silicones compared to 
non-incubated samples (negative controls). In the same locations, overlapping with cells as shown by SEM, both 
silicon and carbon are found (overlapping dilated pixels corresponding to both Si and C are indicated in red). The 
original AES spectra revealing also the presence of N 1s in all cells are provided in SI8.2.

Since AES has a probing depth of only 3 nm, it only detects elements either in or on the cell 

membrane. Thus, AES was next used to get more information about the localization of the 

embedded Si species. As depicted in Figure 8.2c, in all incubated samples a SiLMM signal was 

detected, which was almost entirely absent in the negative control samples. In all samples 

including the negative control, as expected, the presence of carbon atoms was revealed.

Using XPS, with a probing depth of ~10 nm, a signal is detected from the entire SLB and the outer 

surface of the substrate. XPS wide scans (see Figure 8.3a) revealed, as expected, the presence of 

a C 1s signal at 285 eV after formation of a SLB (red), as well as a marked decrease in the signal 

coming from the ITO (Indium-Tin-Oxide) substrate (e.g. the peak attributed to In 3d at 444 eV). 

The respective atomic fractions of In 3d, C 1s and Si species per sample indicate that the C 1s 

signal strongly increased after incubation of the SLBs with any of the organosilicon compounds. 

This increased carbon signal was accompanied by the emergence of Si 2s and Si 2p peaks at 

~153 eV and ~102 eV, respectively, and the concomitant additional decrease of the In 3d signal 

(Figure 8.3b). Noteworthy, a faint Si 2p signal (shifted to ~102.5 eV; typically a factor ~7 lower 

than the three categories above) was consistently observed in the non-incubated SLB samples.

The same SLB samples, that were used for AES measurements, were analyzed by IR 

spectroscopy. Full IR spectra are provided in SI8.3. Close inspection of the 1180-1300 cm-1 

region unveils an absorption band for pure PDMS at 1257 cm-1, corresponding to the symmetric 

stretch of the Si-C bond.34 In the same region, broad bands were found in cell samples incubated 

with organosilicon compounds, but they were typically red-shifted to ~1230 cm-1.27 Interestingly, 

this band was absent in all control samples, suggesting that this absorption band could be 

associated with the presence of organosilicon species in the cell samples. This shift can be 

the result of a change in environment of the polymer species, e.g. by confinement within the 

cell membrane35 and concomitant change in dipolar interactions.

Previously, it was demonstrated elsewhere36 that small hydrophobic molecules such as 

drugs and hormones can absorb into a PDMS matrix. Similarly, PDMS can release precursor 

molecules that have not fully crosslinked in solutions. Regehr et al. reported the presence 

of uncrosslinked PDMS polymers in cells.9 The results presented here suggest that apolar 

organosilicon compounds in general can embed within various biological membranes, driven 

by physicochemical interactions rather than active uptake.
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Raman spectroscopy identified the presence of HMDS in cells dried in its presence. The shift of 

HMDS-related Raman peaks from liquid, neat HMDS to HMDS-dried in cells suggests that HMDS 

had reacted with molecules in cells and/or their membranes. Raman spectroscopic imaging of 

single cells (Figure 8.2b) reveals that organosilicon compounds are also present intracellularly, 

presumably at lipid-rich areas such as the membrane organelles.

AES results collectively suggest that the presence of Si originates from the incubation of the 

cells with silicones. Furthermore, these results indicate that these Si-containing compounds 

are located in the outer 3 nm of the cells, i.e. in or on the plasma membrane of the cells, which 

does not exclude their presence elsewhere, depending on the compound.

Figure 8.3. Spectroscopic analysis by XPS and IR of biological membranes in the form of SLBs and biological cells. 
(a) XPS wide scan showing all atomic species present; carbon content (285 eV) increases after SLB formation and 
again after silicone introduction. The relative contribution of In 3d (444eV) decreases after incubation steps. (b) 
XPS narrow scan in the Si 2p region, showing a significant increase after silicone introduction. The presence of a 
trace amount of Si 2p in DOPC supported lipid bilayers (magenta) indicates a minor impurity of the chemicals. (c) 
Si-C region in IR spectra obtained from pure PDMS and cells incubated with various organosilicon compounds. 
Incubated cells show a shift in a peak (~1250 cm-1 → ~1230 cm-1) compared to negative control cells.

Similar interactions were found in SLBs acting here as simplified models for cell membranes, 

suggesting that the incorporation of silicones into membranes is a passive process, i.e. not 

driven by membrane proteins or other endocytic processes. The fact that, using XPS, traces 

of silicon were observed in DOPC SLBs, potentially as a result of packaging, sample handling 

8
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or storage, further illustrates the energetic favorability of apolar organosilicon compounds to 

interact with the phospholipid aliphatic chains.

The previous results strongly suggest that organosilicon compounds are retained in biological 

systems and more precisely, associate with lipids in biological membranes. Although the precise 

interaction is not clear, it is unlikely that a chemical reaction occurred between, on one hand, 

PDMS and (components of) Infacol and, on the other hand, biological specimens, or that any 

electrostatic interactions took place, since none of the silicones discussed here are charged. 

The exact location of the silicones – adsorbed on the outside of the membranes or embedded in 

the membrane – is at present not clear, as both areas would be observed with AES. Embedding 

in the membrane is most probable, assuming hydrophobic interactions between the trimethyl 

silyl moieties and the lipid tail environment.

PDMS and (components of) Infacol were not observed inside the cells, but HMDS, having a 

much lower molecular weight, was able to transfer into the intracellular compartment. Some 

understanding can be derived from a thermodynamic argument, which is that the polymer 

molecules in the vicinity of lipids have lower interfacial energy than those surrounded by water. 

From this reasoning, it follows that the larger the molecule, the more stable the coordination, 

which may explain that PDMS (1.5 – 6 kDa) and Infacol (14 – 21 kDa) were not observed 

inside cells, but HMDS, with a lower molecular weight, was able to transfer into the intracellular 

compartment. To minimize the contact with water, the polymers (with a length of several tens of 

nanometers) would need to be completely internalized within the phospholipid membrane (with 

a thickness of around 5 nanometers), thereby stretching out to fit in this quasi-2D landscape 

(Figure 8.4, right panel). This reduction in solvation energy37 is balanced by an entropic cost, 

as it is entropically more favorable for polymers to assume a disordered, i.e. coiled or globular 

conformation38,39 (Figure 8.4, left panel) and since trimethyl silyl groups are large compared to 

linear alkanes. Alternatively, the polymer molecules may also span the membrane in multiple 

regions, much like a transmembrane protein (Figure 8.4, middle panel). This compromise would 

give the organosilicon molecules more fluidity, while overall still resulting in an energetically 

favorable coordination. To study the actual conformation (which may also depend non-linearly 

on concentration),40 computational modeling is required, or the use of characterization tools with 

higher resolution. Although the precise conformation of organosilicon compounds in biological 

membranes is thus not clear, the results presented here demonstrate that interactions occur 

passively and for multiple types of compounds and membranes.
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Figure 8.4. Different possible conformations for silicone oligomers and polymers in lipid membranes. Embed-
ding of the polymer within the membrane decreases the solvation energy but is balanced by the entropic cost of 
deforming the molecule.

In conclusion, the results presented here reveal the incorporation of organosilicon compounds 

by cellular membranes. From this, it can be inferred that the impact of organosilicon compounds 

on sample preparation, experimental outcome and perhaps even human health should not be 

underestimated. Knowing that interactions with biological membranes are relatively stable, the 

notion that silicones are not systemically absorbed needs to be reconsidered.
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Supporting Information

SI8.1 structures

Figure SI8.1. Structures of the molecules used in this study. For uncrosslinked PDMS oligomers, n = 20-90. 
m = 190-280.

SI8.2 AES

Figure SI8.2. AES data (C and Si data also shown in main article after image dilution) showing nitrogen species 
in all cells and the intense gold signal coming from the substrate, for comparison.
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SI8.3 IR

Figure SI8.3. Full IR spectra. The region of interest, 1180 – 1300 cm-1, is shown in the main text.

SI8.4 Raman Spectroscopy

Figure SI8.4. Additional Raman spectra obtained from other samples. Spectra (3) and (4) in Figure SI4 correspond 
to a cell dried with HMDS (3) and to a cluster of dried cells with excess HMDS (4). Both, (3) and (4) display peaks at 
490 and 710 cm-1. The cell contribution to the Raman spectrum in (4) is not significant compared to the peaks at 
490 and 710 cm-1, indicating that the reaction with HMDS and biological matter is very efficient and can dominate 
the outcome of chemical probing.
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The aim of this thesis was to detect and characterize biological nanoparticles in blood, specifically 

tdEVs for their further utilization as cancer biomarkers. The complexity of body fluids, such as 

blood, required a technique able to (1) detect biological nanoparticles at the single particle level 

and (2) disclose physical and chemical features that can be used to distinguish tdEVs from 

other particles in blood and gain a better understating about them. Hence, we sought to explore 

various methods that enabled the detection and characterization of individual particles and the 

discrimination of tdEVs from other EVs and non-EV particles in a label-free manner.

The first approach we used was correlative SEM-Raman micro-spectroscopy. We aimed to visualize 

submicrometer particles with high resolution SEM images while obtaining spatially correlated 

chemical information by means of Raman imaging. Because this approach was never applied 

neither to EVs nor to cells, we first needed to develop a sample preparation protocol and workflow 

to measure biological samples with correlative SEM-Raman. Cells are much bigger than EVs and 

easier to isolate, which made them a suitable sample to test our approach. Hence, we started by 

developing a sample preparation protocol and workflow for SEM-Raman on cells (chapter 3). This 

approach required a SEM-Raman compatible substrate and because samples were imaged in 

the SEM vacuum chamber, they needed to be dried. We acquired SEM-Raman images of cancer 

and non-cancer cells and, by using principal component analysis (PCA) and hierarchical cluster 

analysis on Raman data, we discriminated cells of different origin. We proceeded to downscale 

the SEM-Raman approach to EVs (chapter 4), but various problems needed to be solved first. For 

example, cells can easily be fixed, washed and pelleted by centrifugation. However, EVs require 

much greater centrifugation forces which may result in damage. Instead, we functionalized 

SEM-Raman compatible substrates with antibodies to specifically capture tdEVs. This further 

enriched tdEVs by flowing the sample through a microfluidic device. Alignment markers enabled 

the measurement of tdEVs by different instruments, namely SEM, Raman and AFM. SEM and 

AFM images revealed the presence of single particles of various sizes and morphologies, 

and PCA analysis of Raman images distinguished tdEVs from contaminant glue particles.

At this point it was clear that Raman micro-spectroscopy had the potential to distinguish and 

characterize tdEVs and to do so in a label-free manner. Inspired by Arthur Ashkin’s technique 

of optical trapping, we developed a method in which a single laser beam optically trapped 

nanoparticles directly in suspension (chapter 5). The illumination of the sample by the laser 

resulted in Rayleigh and Raman light being scattered. By rapidly measuring sequences of 

Rayleigh scattering we were able to detect the moment when an individual particle was trapped 

and synchronously acquired Raman spectra labelled every timepoint with chemical information. 

The automation of this method enabled the trapping and release of particles and the continuous 
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acquisition of Rayleigh and Raman scattering. Our method was first validated with polystyrene 

and silica beads and then applied to tdEVs. Thus, our method fulfilled the requirements of single 

particle detection and chemical characterization. tdEVs overlap in size and density with EVs of 

different tissue of origin as well as lipoprotein particles (LPs) in blood plasma. Hence, it was 

important to know whether the global biomolecular composition, as measured by Raman, could 

be used as a fingerprint to identify tdEVs from other particles. We proved that this was possible 

by optically trapping, detecting and distinguishing single tdEVs from red blood cell-derived EVs 

and LPs (chapter 6). This is important because (1) this method relies on the intrinsic biomolecular 

composition of particles without the need of labelling and (2) it measures particles directly in 

suspension. Furthermore, based on Raman scattering, EVs showed a larger protein contribution 

compared to LPs and, based on Rayleigh scattering, we estimated the lowest size range of trapped 

particles to be between 80 and 320 nm. At this point, we had analyzed tdEVs from cultured 

cell lines (LNCaP and PC-3) and the plasma fraction of healthy donors, so we proceeded to 

analyze the plasma fraction of metastatic castration-resistant prostate cancer patients in search 

of tdEVs (chapter 7). Although it was expected most of the trapped particles to be LPs, the pilot 

study showed more particle types in both patients and healthy controls. Among all particles, 

we identified LPs, but not tdEVs as the ones we used as model (LNCaP EVs). Interestingly, the 

particles from the patient with the highest PSA level contained nucleic acids, as measured by our 

optical trapping and synchronized Rayleigh and Raman scattering method (OT-sRRs). In the future, 

however, a larger cohort of sample donors with well described clinical details should be included.

In Chapters 3 and 4 we found some evidence indicating the incorporation of organosilicon 

compounds in cell membranes that impacts sample preparation, experimental outcome and 

perhaps human health. Some initial results are presented in chapter 8.

In our OT-sRRs method, the rapid acquisition of Rayleigh scattering intensities was instrumental to 

detect single particles, as described in chapter 5. Such an approach improved the current state of 

the field, where the use of the weaker Raman scattering accompanied with long acquisition times 

confounded the distinction of single versus multiple trapping events. Our method will, however, 

benefit from even shorter acquisition times and signal analysis tools to automatically segment time 

traces and reduce the analysis time. This may further discriminate aggregated particles that are 

trapped simultaneously. Even so, by only using the Raman spectra of trapped particles, we observed 

a possible aggregation of EVs and LPs when mixing plasma and PC-3 EVs. Figure 9.1A shows three 

types of samples: PC-3 EVs (green), particles from plasma (blue) and a 1:4 mixture of the previous 

two (gray). As expected, the majority of the particles from the mixed sample appeared to be LPs and 

few PC-3 EVs, as shown by their respective overlap with the reference PC-3 and plasma samples 

9
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and their mean Raman spectra in Figure 9.1B (see chapter 6 for comparison). Interestingly, some 

particles from the mixed sample appeared between the PC-3 and plasma clusters, suggesting a 

Raman contribution from both particle types. Because each of the particles in between the two 

clusters corresponds to single trapping events, this suggests that PC-3 EVs and LPs aggregate and 

are trapped as a single particle. The association of LPs and EVs needs further investigation, but if 

proven in vivo, and given the fact that LPs outnumber EVs in plasma, the implications would go from 

co-isolation of particles and blocking of potential binding sites of EVs to data misinterpretation.

Figure 9.1. (A) Scores plot showing PC-3 EVs (green), particles from plasma (blue) and a mixture of PC-3 EVs and 
particles from plasma (gray). Based on NTA concentrations, 80% of the particles in the mixed sample are from 
plasma and 20% PC-3 EVs. (B) Mean Raman spectra corresponding to three subgroups of the mixed sample: PC-3 
EVs, LPs and possible associated LPs and PC-3 EVs.

As explorative and characterization methods, SEM-Raman and OT-sRRs fulfill two important 

requirements for the utilization of tdEVs as cancer biomarkers: (1) the discrimination of tdEVs from 

other EVs and non-EV particles and (2) identification of their cellular origin. In terms of throughput 

and simplicity of sample preparation, OT-sRRs outperforms SEM-Raman. Nevertheless, for 

a clinical setting, OT-sRRs has still a very low throughput, especially when compared to flow 

cytometry (FCM), which can also detect submicrometer particles. Table 9.1 shows an estimate 

of the throughput for the methods used in this thesis as well as other techniques for single EV 

analysis, which have been described in chapter 1.
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Table 9.1. Overview of techniques for single EV analysis

Method Reference Information obtained DL* (nm) Thr* (prt/hr)

Surface

TEM [1] Morphology, size 30 9×103

SEM [2] Topography, size 50 50

AFM [2] Morphology, bending modulus 30 3×103

Raman [2] Chemical composition 80 100

Suspension

NTA [3] Particle size distribution 30 400

OT-sRRs [4] Chemical composition 80-320 ~1.5×104 a

FCM [5] Antigen expression, refractive index 200 6×106

FM [6] Antigen expression 1000 4×106

*DL=Detection limit; Thr= Throughput in total number of particles per hour; a Calculated based on polystyrene 
beads (Ø=100 nm). Table adapted from [7].

High throughput becomes especially important for the identification of rare populations of 

EVs, such as tdEVs in blood. This is because tdEVs are outnumbered by the presence of other 

EVs and non-EV particles such as LPs. It is estimated that blood contains up to 1016 LPs, up 

to 1011 other EVs and, for mCRPC patients, only up to 104 tdEVs in one mL (Figure 9.2).6,8–12 

Although fasting may help to decrease the amount of circulating LPs, it may still be difficult to 

detect the much less frequent tdEVs. Therefore, there is an obvious need of enriching blood for 

tdEVs or depleting it from LPs. Such an enrichment/depletion step becomes more important 

for techniques with a low detection limit. As it is shown in Figure 9.2, the concentration of LPs 

increases significantly with a decrease in particle diameter, suggesting the importance of such 

steps. Therefore, more non-EV particles need to be probed before finding a tdEV. Alternatively, 

for some diseases such as prostate cancer, urine might be a more suitable sample to use instead 

of blood plasma, as the EV to LP concentration ratio is higher in urine. However, it has to be taken 

into account that the total concentration of EVs in urine appears to be lower than in plasma.13

Approaches to increase the Raman throughput may include the development of on-chip 

Raman particle analysis or the integration of a Raman spectrometer to a flow cytometer. Higher 

throughput, however, will decrease the illumination time per particle, thereby lowering the signal-

to-noise ratio. Hence, two approaches may be used to increase the Raman signal. The first 

approach involves the use of Raman labels, for example metal nanoparticles functionalized with 

both molecules that give rise to a unique Raman spectrum and proteins that specifically target 

antigens in the EV membrane. Hence, the metal nanoparticles may bind to EVs and illumination 

by a laser results in a strong (x108) Raman enhancement. Preliminary results on cells show the 

feasibility of such an approach to distinguish cellular origin (Figure 9.3). A second approach to 

9
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increase the Raman signal can be the use of coherent anti-Stokes Raman scattering (CARS). 

However, prior knowledge of the sample Raman spectra, as obtained in spontaneous Raman 

spectroscopy, is needed before CARS enables the discrimination of various EV types and non-EV 

particles. Since CARS has not been used for EV analysis, further research needs to address its 

feasibility, which might be specially challenging for submicrometer particles, but perhaps not 

for micrometer-sized particles.

Figure 9.2. Concentration, size (diameter) and density of particles in blood plasma. 3D representation of con-
centration, size and density of extracellular vesicles (dark green circle), and the High-Density Lipoproteins (HDL, 
grey circle), Low-density Lipoproteins (LDL, grey triangle), Very Low-Density Lipoproteins (VLDL, grey star) and 
Chylomicrons (CM, grey square) during fasting in blood. The average and range (lines) of the three parameters are 
indicated in the figure. Values are derived from literature.9,10,12 The frequency of the large tumor derived extracellular 
vesicles (ltdEVs, light green circle) is determined in the Cancer-ID program and the small tdEVs (stdEVs, light green 
square) estimated using the frequency of ltdEVs.6,8,11 Figure adapted from [7].
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Figure 9.3. (A) and (B) show the Raman spectrum of two types of Raman labels consisting both of gold nanorods 
(Nanopartz™) functionalized with streptavidin and a molecule that is different for each type of Raman label. The Raman 
label in (A) is used to label LNCaP cells by a biotinylated anti-EpCAM linker and the Raman label in (B) is used to label 
leukocytes by a biotinylated anti-CD45 linker. (C) Backscatter electron image of two cells from a mixed sample of leuko-
cytes and LNCaP cells. Gold nanorods are specially visible as bright dots, sometimes clustered. (D) False-color Raman 
image corresponding to cells in (C). The intensity of the blue and green pixels results from the integration of the Raman 
bands between the red-dotted lines in (A) and (B), respectively. Hence, the cell in the left is an LNCaP cell and the cell in 
the right a leukocyte, because blue pixels indicate the presence of Raman label (A) and green pixels of Raman label (B).

Chapters 5 to 7 focused on extracting information from single optically trapped particles. 

Nevertheless, the label-free analysis of the medium in which the particles are suspended, 

whether cell culture supernatant or plasma, can be probed by our OT-sRRs approach. In this 

case, the time intervals when no particle is trapped can be segmented and the corresponding 

Raman spectra revealed. This approach would enable the chemical characterization of particle-

free media. A potential application is the analysis of particle-free blood plasma for the detection 

of for example enzymes, whose concentration increases under pathological conditions such 

as in cancer.

In chapter 7, we analyzed the particles in plasma of mCRPC patients and healthy controls. 

The difference in chemical composition among particles from different donors clearly reflects 

9
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differences among them. However, at this moment it is difficult to conclude about the nature of 

the particles, except for the lipoproteins. Moreover, besides cancer itself, other factors such as 

age, diet, medication, may contribute to the presence of different particles among donors. For 

this reason, further studies require a larger cohort of patients and healthy donors, and detailed 

clinical data must be available to help interpret the data. In this thesis we used different LPs, EVs 

from cultured tumor cells and from red blood cells as reference material. Raman measurements 

of a library of reference particles will also help in explaining the origin of the unknown particles 

in blood plasma. Yet, the detection of nucleic acids in the particles from the patient with the 

highest PSA level gives rise to an interesting question about the differences in prognostic value, 

if at all, for nucleic acids associated to particles and circulating particle-free nucleic acids.

From chapter 7, we can comment that even though LPs interfere with the analysis of tdEVs, 

LPs may reflect an altered lipid metabolism as a result of many factors, among them cancer. 

Therefore, the utilization of LPs as cancer biomarkers should not be underestimated, but their 

systematic characterization with a larger cohort of cancer patients is necessary.

Whether specifically enriched for tdEVs or LP-depleted samples, the developments presented 

in this thesis can be used to characterize single particles, disclose their biomolecular 

composition and identify their cells of origin. This information can then be complemented 

by the measurement of more parameters with other techniques. A multivariate data analysis 

and the use of machine learning can then disclose relevant information that can be used for 

instance to find an optimal treatment or monitor the treatment response. The detection and 

characterization of nanoparticles is relevant to many other diseases and even fields such as 

nanoplastic pollution and its impact on global health.
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Summary

Cancer is one of the leading causes of mortality and morbidity around the world, second only 

to cardiovascular disease. Early detection, effective monitoring of the disease and optimal 

treatments may bring cancer from a deadly to a chronic controllable disease. Liquid biopsies 

may effectively detect and monitor cancer through the analysis of body fluids such as blood. 

Both under pathological and normal physiological conditions, cells release extracellular 

vesicles (EVs) for communication and waste removal purposes. EVs are particles enclosed 

by a lipid membrane that enable cellular communication by transferring messages encoded 

in the biomolecules that make up the EVs, such as lipids, proteins, nucleic acids and sugars. 

Because cancer cells release EVs that can enter the blood stream, a fraction of the particles in 

blood will be of tumor origin. Such tumor-derived EVs (tdEVs) may contain specific information 

about their parental cancer cells and may reflect the state of the patient. Thus, identifying and 

characterizing tdEVs can provide relevant information for cancer diagnosis, selection of optimal 

treatment and monitoring treatment response.

The detection and characterization of tdEVs in blood has been, however, challenging due to (1) 

their small size, which may be as small as 30 nm in diameter, (2) their size and density overlap 

with other more abundant EVs and non-EV particles in blood, such as lipoprotein particles 

and (3) the limited knowledge on their chemical composition. Therefore, the utilization of 

tdEVs as cancer biomarkers will largely benefit from techniques that are able to detect single 

biological nanoparticles and disclose their physical and chemical features, which can be used 

to distinguish tdEVs from other particles and gain a better understanding about them.

The aim of this work is to detect and characterize biological nanoparticles in blood, specifically 

tdEVs, at the single particle level. Hence, this thesis explores various methods that enable, 

in a novel way, the detection and chemical characterization of individual particles and the 

discrimination of tdEVs from other EVs and non-EV particles, such as lipoprotein particles, in 

a label-free manner.

One method explored is the correlation of scanning electron microscopy (SEM) and Raman 

spectroscopy data that enables the acquisition of high-resolution SEM images and the spatial 

correlation with chemical information as obtained from Raman micro-spectroscopic imaging. 

We developed a sample preparation protocol and workflow to study biological samples with 

correlative SEM-Raman. As a starting point, SEM-Raman characterization was performed on 

cancer and non-cancer cells (chapter 3). High resolution SEM images of non-labelled and non-
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metal coated cells as well as Raman images were acquired. Cell morphology is then correlated 

with chemical information and, by performing multivariate analysis on the Raman spectra, 

cells of different origins are identified. Next, we downscaled the SEM-Raman approach to EVs 

(chapter 4) and developed a multi-modal platform for the specific capture of tdEVs on antibody-

functionalized stainless-steel substrates. We performed a multi-modal analysis that correlates 

size, morphology and chemical information of single tdEVs by combining SEM, Raman and 

atomic force microscopy (AFM) imaging. The correlation of SEM and Raman images enabled 

to distinguish tdEVs from contaminant particles.

Another method is the development of optical trapping and synchronized Rayleigh and Raman 

scattering (OT-sRRs) for the detection and characterization of single biological nanoparticles, 

such as tdEVs, directly in suspension and in a label-free manner. Using a single laser beam, 

single EVs in suspension are trapped in the laser focal spot. The scattered Rayleigh signal is 

used to detect when an individual particle is trapped and the synchronously acquired Raman 

signal enables to assign a Raman spectrum to each trapped particle, thereby, disclosing global 

chemical composition of each individual particle. The automated continuous trapping and 

release of single particles enables to probe multiple single particles in the sample fluid. The 

OT-sRRs method was first validated with monodisperse beads and then applied to EVs (chapter 

5). Next, the method was applied to EVs of different origins, including tdEVs, as well as to 

lipoprotein particles, which are a major component of blood plasma (chapter 6). We showed 

the Raman fingerprint of each particle type and associated it with relevant biomolecules. By 

performing principal component analysis (PCA) on a dataset consisting of Raman spectra of all 

the particles measured, we were able to distinguish tdEVs from red blood cell-derived EVs and 

lipoprotein particles in a label-free manner and directly in suspension. Additionally, based on the 

Rayleigh scattering, we estimated the size range of particles measured by our OT-sRRs method.

After having analyzed tdEVs from prostate cancer cell lines and plasma of healthy donors, we 

analyzed plasma of metastatic castration-resistant prostate cancer (mCRPC) patients and 

compared it to healthy controls at the individual particle level by means of OT-sRRs (chapter 

7). PCA and hierarchical cluster analysis showed that the particles of some patients had 

nucleic acids that contributed significantly to their Raman fingerprint. Although this pilot study 

aimed at detecting and characterizing single tdEVs in mCRPC patients, significant differences 

were observed in terms of the general particle profile in the plasma fraction of some patients 

compared to healthy controls.
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An interesting finding derived from studying cells and EVs with correlative SEM-Raman was the 

interaction of organosilicon compounds with biological membranes (chapter 8). We show some 

results that indicate the incorporation of organosilicon compounds in lipid membranes, which 

may affect sample preparation, experimental outcome and perhaps human health.

In conclusion, this thesis describes the implementation of various novel methods to study 

biological nanoparticles in blood, from cancer cells to tdEVs and from model nanoparticles to 

nanoparticles in the plasma of cancer patients. These developments open an avenue not only 

to exploit the potential of tdEVs as cancer biomarkers, but also to study other particles in body 

fluids and, with that, the general nanoparticle profile, which may be affected under pathological 

conditions such as cancer.
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Samenvatting

Kanker is wereldwijd, na cardiovasculaire aandoeningen, de belangrijkste oorzaak van 

overlijden en ziekte. Vroegtijdige herkenning, effectieve controle en een optimale behandeling 

kan mogelijk van kanker een chronische in plaats van dodelijke ziekte maken. Met behulp 

van het afnemen en analyseren van lichaamsvloeistoffen, zoals bloed, kan kanker op een 

effectieve manier gedetecteerd worden. Zowel in pathologische en normale fysiologische laten 

cellen extracellulaire blaasjes (afgekort als EVs in het Engels) los voor communicatie en het 

verwijderen van afvalstoffen. EVs zijn kleine deeltjes bestaande uit een lipidemembraan met 

daarbinnen eiwitten, nucleïnezuren en suikers en kunnen door deze biomoleculen cellulaire 

communicatie verzorgen. Gezien het feit dat ook kankercellen EVs produceren, welke in de 

bloedbaan komen, zal een deel van alle deeltjes in bloed van een tumor afkomstig zijn. Deze 

tumor-afgeleide EVs (afgekort als tdEVs in het Engels) bevatten mogelijk specifieke informatie 

over de tumor waarvan deze afkomstig zijn en kunnen hierdoor een beeld geven over de status 

van een kankerpatiënt. De tdEVs kunnen een belangrijke bron van informatie zijn om kanker 

vast te stellen, het bepalen van een zo optimaal mogelijke behandeling en het toezicht houden 

op het effect van de behandeling.

Het is echter een uitdaging tdEVs op te sporen en te analyseren. Allereerst zijn de deeltjes 

erg klein, tot wel 30 nm. Daarnaast bevinden ze zich temidden van niet-tumor-afgeleide EVs 

en andere EVs deeltjes zoals lipoproteïnen. Tot slot is er weinig bekend over de chemische 

samenstelling van de tdEVs. Om tdEVs als marker te gebruiken in kankerdiagnostiek zijn 

technieken nodig die het mogelijk maken om tdEVs te onderscheiden van andere deeltjes door 

hun fysieke en chemische eigenschappen in beeld te brengen.

Het doel van dit onderzoek is het detecteren en karakteriseren van biologische nanodeeltjes in 

bloed en in het bijzonder tdEVs. In dit proefschrift worden verscheidene methoden onderzocht 

om, op een niet eerder uitgevoerde manier, tdEVs te detecteren en chemisch te karakteriseren 

op individueel deeltjesniveau en te onderscheiden van andere EVs en niet-EVs, zonder het 

gebruik van specifieke labels.

Een onderzochte methode is de correlatie tussen data verkregen met rasterelektronenmicroscopie 

(SEM) en met Raman spectroscopie om zodoende de hoge resolutie SEM afbeeldingen 

en ruimtelijke correlatie met chemische informatie van Raman spectroscopie mogelijk te 

maken. We ontwikkelden een protocol voor monstervoorbereiding en een methode om 

biologische monsters te onderzoeken met zowel SEM als Raman. Als startpunt is SEM-Raman 
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karakterisering uitgevoerd op kankercellen en niet-kankercellen (hoofdstuk 3). Zowel hoge 

resolutie SEM afbeeldingen als Raman afbeeldingen zijn verkregen van cellen zonder gebruik 

van label en metaallaagje. De celmorfologie is vervolgens gecorreleerd aan de chemische 

informatie en door het uitvoeren van multivariate analyse van de Raman spectra zijn cellen 

van verschillende oorsprong geïdentificeerd. Vervolgens hebben we de SEM-Raman methode 

toegepast op EVs (hoofdstuk 4). Een multimodaal platform voor het specifiek vangen van 

tdEVs op antilichaam gefunctionaliseerde roestvrijstalen substraten werd hier ontwikkeld. Een 

multimodale analyse werd uitgevoerd die grootte, morfologie en chemische informatie van 

individuele tdEVs correleert door het combineren van SEM, Raman en atoomkrachtmicroscopie 

(AFM). Het correleren van SEM en Raman afbeeldingen maakt het mogelijk om onderscheid te 

maken tussen tdEVs en andere nanodeeltjes.

Een andere gebruikte methode is de combinatie van het optisch vangen gevolgd door het 

detecteren en karakteriseren van individueel biologische nanodeeltjes, zoals tdEVs, met behulp 

van Rayleigh en Raman verstrooiing (OT-sRRs). Deze methode kan gebruikt worden zonder 

specifieke labels, direct in een oplossing van nanodeeltjes. Door het gebruik van een enkele 

laserbundel, kunnen individuele EVs in een oplossing worden gevangen in het focuspunt 

van de laser. Het verstrooide Rayleigh signaal wordt gebruikt om het vangen van individuele 

deeltjes te detecteren. Tegelijkertijd wordt een Raman signaal verkregen om aan elk individueel 

deeltje een Raman spectrum toe te kunnen wijzen waarbij de chemische samenstelling van elk 

deeltje wordt blootgelegd. Het automatisch continu vangen en weer vrijlaten van individuele 

deeltjes zorgt ervoor dat er meerdere individuele deeltjes uit een en hetzelfde monster 

onderzocht kunnen worden. De OT-sRRs werd eerst gevalideerd met monodisperse kraaltjes 

en vervolgens toegepast op EVs (hoofdstuk 5). Vervolgens werd de methode toegepast op EVs 

van verschillende afkomst waaronder tdEVs, maar ook lipoproteïne deeltjes welke een belangrijk 

bestanddeel uit het bloed zijn (hoofdstuk 6). We hebben de Raman vingerafdruk van elke type 

deeltje laten zien en deze geassocieerd met de relevante biomoleculen. Door het uitvoeren van 

een principal component analysis (PCA) op een dataset bestaande uit Ramanspectra van alle 

gemeten deeltjes zijn we in staat gebleken om tdEVs te onderscheiden van rode bloedcel-EVs 

en lipoproteïne deeltjes. Bovendien is er met behulp van Rayleigh verstrooiing het maatbereik 

bepaald van deeltjes gemeten met de OT-sRRs methode.

Nadat we tdEVs afkomstig van prostaatkanker cellijnen en uit plasma van gezonde donoren 

analyseerden, hebben we plasma van metastatische castratie-resistente prostaatkanker 

(mCRPC) patiënten vergeleken met het plasma van gezonde donoren als controle. Deze beide 

tdEVs zijn op individueel niveau vergeleken doormiddel van OT-sRRs (hoofdstuk 7). PCA en 
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hiërarchische cluster analyse lieten zien dat de deeltjes van sommige patiënten nucleïnezuren 

bevatten die significant bijdragen aan hun Raman vingerafdruk. Hoewel deze pilotstudie zich 

richtte op de detectie en karakterisering van individuele tdEVs in mCRPC patiënten werden 

significante verschillen zichtbaar in de generieke deeltjesprofielen tussen het plasma van 

patiënten enerzijds, en het plasma van gezonde controle donoren anderzijds.

Een interessante ontdekking tijdens het onderzoeken van cellen en EVs met correlerende SEM-

Raman was de interactie van siliconen met biologische membranen (hoofdstuk 8). We laten 

resultaten zien die een indicatie zijn voor het integreren van siliconen in lipide membranen. 

Dit kan een effect hebben op monstervoorbereiding, experimentele uitkomsten en mogelijke 

menselijke gezondheid.

Concluderend beschrijft dit proefschrift de implementatie van verschillende nieuwe methoden 

om biologische nanodeeltjes in bloed te bestuderen, van kankercellen tot tdEVs en van model 

nanodeeltjes tot nanodeeltjes in het plasma van kankerpatiënten. Deze ontwikkelingen zetten 

de deur open voor zowel het gebruiken van tdEVs als kankermarker als ook het bestuderen 

van ander deeltjes in lichaamsvloeistoffen. Door het vaststellen van het normale profiel van 

nanodeeltjes, kunnen verandering onder pathologische omstandigheden zoals in kanker beter 

bestudeerd worden.
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