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Propositions:

1. Reproducible, high-purity immunocapture of submicroscopic objects is only
possible under controlled flow conditions.
(this thesis)

2. Electrochemistry methods outperform the frequently used optical techniques
in tumor-derived extracellular vesicle enumeration in terms of throughput.
(this thesis)

3. The reverse transcription polymerase chain reaction provides a shockingly
inadequate method  of  identifying a  SARS-CoV-2 infection.
(in response to: L. M. Kucirka, S. A. Lauer, O. Laeyendecker, D. Boon and J. Lessler, Ann. Intern. Med.,
2020, 173, 262-267.)

4. In-vitro fertilization is a miracle of natural science of the same order of
magnitude as SARS-CoV-2 vaccines.

5. Biologists are worse than Americans when it comes to the use of Sl units.

6. Lunch is an overappreciated luxury.
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“Got to be good-lookin’ ‘cause they’re so hard to see”
- Lennon
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GLOSSARY

A Angstrém

ADPA aminododecyl phosphonic acid
AFM atomic force microscopy

ALP alkaline phosphatase

AUT aminoundecanethiol

C-AE capture antibody

CDn [cluster of differentiation],

CDPA carboxydecyl phosphonic acid

CK cytokeratine

M chylomicrons

cT computed tomography

Crc circulating tumor cell

DAPI diamidinophenylindole

DNA deoxyribonucleic acid

EGFR epidermal growth factor receptor
EpCAM epithelial cell adhesion molecule
ELISA enzyme-linked immunosorbent assay
EV extracellular vesicle

FC(M) flow cytometry
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FDA
FITC
HDL
HER2
HMDS
LDL
LOC
LOD
ItdEV
MRI
MS
nIDE
NIPA
NTA
NWO
pAP
pAPP
PBS
PCR
pdEV
PDMS
PEGDGE

pEV

fluorescent microscopy

Food and Drug Administration

fluorescein isothiocyanate

high-density lipoprotein

Human epidermal growth factor receptor 2
hexamethyl disilazane

low-density lipoprotein

lab-on-a-chip

limit of detection

large tumor-derived extracellular vesicle
magnetic resonance imaging

mass spectrometry

nano-interdigitated electrode
nanoelectrodes for individual particle analysis
nanoparticle tracking analysis

Nederlandse organisatie voor Wetenschappelijk Onderzoek
para-aminophenol

para-aminophenol phosphate

phosphate buffered saline

polymerase chain reaction

plasma-derived extracellular vesicle
poly(dimethylsiloxane)

poly(ethylene glycol) diglycidyl ether

platelet-derived extracellular vesicle
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INTRODUCTION



1.1 Liquid biopsy for cancer diagnosis

Cancer is currently by far the leading cause of death in the Netherlands,
responsible for 30% of deaths.” The most lethal part of the pathogenesis is
metastasis.” In metastasis, cells dislodge from the primary tumor and traverse
the surrounding epithelium, entering nearby blood vessels through the
endothelium. Through the blood circulation, the cells migrate to other locations
in the body during which time they are called circulating tumor cells (CTCs).3 If
these cells are not cleared, they can extravasate and form metastatic clusters in
other organs to form secondary tumors (metastases).*>

1.1.1 Circulating tumor cells

It has been shown that the concentration of CTCs in the blood of metastatic
cancer patients correlates with their clinical outcome, i.e., with their probability
of survival, for extended periods.® Moreover, a decrease in CTC concentration
in response to a treatment is indicating successful treatment, which is
accompanied by an increased probability of survival.>”" This can be monitored
using liquid biopsies. In this procedure, samples of blood or other bodily fluids
are analyzed for the presence and concentration of biomarkers like CTCs. This
method can be complementary to, or replace imaging techniques like magnetic
resonance imaging (MRI) or computed tomography (CT) and traditional tissue
biopsies." An advantage that CTC-targeting liquid biopsies have over tissue
biopsies is that blood samples can be taken repeatedly to monitor the
progression of the disease, recognizing a change in concentration.” In
comparison with CT and MRI, CTC-targeting liquid biopsies can be considered
better prognostic tools because the mentioned imaging techniques lack the
spatial resolution to discover the smallest secondary tumors.’>" Moreover, a
response to treatment does not necessarily result in a direct change in the
presence of metastases.”™ ™"

1.1.2 CTC abundance
However, the development of liquid biopsies also requires overcoming

technological challenges. For C(TCs, the inherent obstacle to reliable
measurements is the complexity of blood as a medium. A milliliter of blood of
metastatic cancer patients contains several billions of red blood cells (RBCs),



millions of white blood cells (WBCs) and only a few CTC (although severely ill
patients may have up to 3x103CTC/ml)."®" The only instrument for CTC-targeting
liquid biopsies that is FDA-approved for clinical purposes is CellSearch.?° It uses
antibody-modified magnetic nanoparticles to enrich CTCs in 7.5 ml of blood
based on the expression of the epithelial marker EpCAM (Epithelial Cell Adhesion
Molecule). This system allows discarding all RBCs and ~99.9% of WBCs, yielding
a ratio of about 1 CTC per ~10>-103 total retained cells.”” The resulting cells are
stained with a mixture of fluorescently labeled reagents for specific markers of
interest (such as EpCAM, nucleus, cytokeratine, or CD45). An automated
fluorescence microscope identifies CTCs as such when the objects match a
predefined appearance profile.”»> This process with its many sequential
processing steps has been optimized to have an estimated detection efficiency
in the order of 30% - which is subject to inter-operator variation.”® When the
number of CTCs found in a sample exceeds a threshold value of 3-5 per sample,
depending on the type of cancer, the patient gets an “unfavorable” prognosis.
The Kaplan-Meier plot in Figure 1.1a shows that for a specific set of patients and
a specific type of prostate cancer, an unfavorable prognosis implied having a 50%
probability of surviving for 11.6 months after the sample is collected. Conversely,
patients in this group with a “favorable” prognosis have a 50% probability of
surviving for 29.6 months.

Considering the low abundance of CTCs in blood, impactful decisions are based
on very small datasets. A single cell out of only 3-5 can influence the decision
between different treatment plans. That means that, statistically, the data
obtained with the CellSearch system are not very robust. If, for instance, a
patient has 667 CTCs distributed over 5 L of blood, the probability of finding >1
CTCin 7.5 ml is only 63%.” In that regard, tumor-derived extracellular vesicles
(tdEVs) are more promising biomarkers, as explained in the next section.



1.2 tdEVs as liquid biopsy target

1.2.1 Extracellular vesicles

Extracellular vesicles (EVs) are small (30 nm - 1 um) particles released by cells
through various mechanisms.>™? Initially these particles were discarded as
cellular debris,3° but with the increasing availability of sub-microscopic analytical
tools in recent years, EVs have received increasing attention (see Figure 1.2a). All
eukaryotic cells release EVs and they are present in all bodily fluids;*® e.g., blood
likely contains about ~10™ EVs/ml (+ 2 orders of magnitude depending on the
study),?"3> mostly originating from blood cells and platelets.?> There are
variousmembranes. To distinguish EVs from other lipid-containing blood
components, a few generic EV-specific markers have been identified, e.g., CD9,
CD63 and CD81.3%# These proteins are found in higher concentrations on EVs
than on other biological species. CD9 and CD63 were originally thought of as
exosome-specific markers, i.e., specific to a certain type of small EV.?® However,
it has been shown that EV size and amount of these biomarkers do not
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Figure 1.1: Kaplan-Meier plots showing survival of castration-resistant prostate cancer
(CRPC) patients with <5 CTCs per sample (a) or <20 tdEVs (b) versus the survival of
patients with 25 CTCs per sample or 220 tdEVs. Overall, patients with higher
concentrations have smaller probability of survival for a given time. Reproduced from
Nanou et al.**
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Figure 1.2: Impression of the extracellular vesicle field as analyzed by scopus.com. a) the
number of publications with the term “extracellular vesicle” in the title, abstract or
keywords has exponentially increased for the past decade. b) At least 80% of journdls
reporting about EVs have a biomedical scope.

necessarily correlate. The mentioned markers are often used in studies where
the presence of all EVs, regardless of their origin, is investigated.

1.2.2 Specific EV types

For diagnostic purposes, targeting specific EVs is more interesting.#~%* Liquid
biopsies targeting CTCs as well as solid biopsies can stain cells for the presence
of cancer-specific membrane proteins, e.g.,, Human Epidermal growth factor
Receptor 2 (HER2), Epidermal growth factor receptor (EGFR), or the epithelial
cell adhesion molecule (EpCAM). The CellSearch system uses anti-EpCAM to
enrich cells which express this tetraspanin molecule. EpCAM is present on all
epithelial tissue, but since epithelial cells are not expected in blood of healthy
individuals, it has proven to be a “smoking gun” - indicating that there is an
anomaly.*4® It has been shown that the concentration of all EpCAM-positive
particles (i.e., particles that evidently contain EpCAM) in metastatic cancer
patient samples has prognostic value. Figure 1.1b shows data obtained with the
CellSearch system using different identification criteria; not showing cells but
the smaller EpCAM-positive particles believed to be (large) EVs. A similar
prognostic value was found for EpCAM-positive EVs and CTCs. Because these EVs
are derived from tumor tissue, they are known as tdEVs to illustrate the
distinction from EVs that are also found in healthy individuals. Actual
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Figure 1.3: Cartoon of a 50 nm tdEV containing nucleic acid fragments and 1 membrane
protein (in reality, EVs contain many). The phospholipid membrane closely resembles that

of a cell and can be stained with a non-specific lipophilic dye, e.g. Nile Red. The curvature at
this scale of a typical cell is illustrated on the left.

concentrations of tdEVs in patients are unknown, but are expected to range
from 102-10° tdEVs/ml.448, Consider a typical patient with 5 L of blood containing
6667 CTCs and 5x107 tdEVs, both distributed over the whole volume of blood
following a Poisson distribution.*® In a Poisson distribution, the probability P of
finding n events with an expected number of events u is:

ute 4

n.



If a large number of tubes (7.5 ml) of blood from this patient were analyzed by a
system that perfectly detects every CTC with no false positives, and many
droplets of blood (100 ul) were analyzed by a perfect tdEV detector, the results
would be similar to those depicted in Figure 1.4. Here, the difference in reliability
of the two measurements is shown; targeting CTCs entails obtaining a smaller
dataset that is inherently less accurate. With u = 10, (for a high typical number
of CTCs in 7.5 ml of this patient’s blood) 63% of samples will have a value deviating
by >10% from u. However, when u is as high as 1000, (for a typical low average
number of tdEVs in 0.1 ml of this patient’s blood) the most deviant 52% of samples
will have a value deviating by only >2% from u, i.e., the relative error is much less
for higher numbers.
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Figure 1.4: Modeled distribution of CTCs over tubes of blood and tdEVs over droplets of
blood. Shaded areas indicate the smallest error that can be expected in at least half of the
measurements. Larger sample sizes give more accurate results.



1.2.3 Detection limit

Since the CellSearch instrument was designed to identify tumor cells (6 — 30 um),
it is with its current optical components unfit to reliably detect all the (much
smaller) tdEVs. Hence, it is estimated that the CellSearch system underestimates
the tdEV concentration by two orders of magnitude. 47°°

In general, it is noted by many experts in the field that there is much still unclear
about EVs because of challenges involved in the characterization of EVs, as well
as in their isolation. This has led to many misunderstandings (like the
nomenclature as mentioned before) and the reporting of false and inaccurate
data.3?>"33 This thesis summarizes the findings of one out of 9 PhD projects in
the NWO Perspectief project “Cancer-ID”, which was collectively aiming at
studying EVs to gain a better understanding of their composition, to assess their
clinical utility and to develop new tools for their enumeration and
characterization. To address the issues introduced in this section, both novel
isolation (see next section) and detection (see section 1.4) methods were
required.

1.3 Isolating EVs

1.3.1 Conventional generic EV isolation

Isolation of EVs is conventionally performed using ultracentrifugation,
separating samples based on the densities of the components. In complex
samples, this often leads to co-precipitation of components with similar
densities like lipoproteins.>4>7 In a milliliter of blood, there are billions of red
blood cells and millions of white blood cells. On a smaller scale, there are in the
order of 108 platelets and there are lipoproteins of various sizes ranging from
chylomicrons (100-1000 nm, 10" ml™) to high-density lipoproteins (10 nm, 10" ml
). On a molecular level there are many different proteins, such as albumin and
immunoglobulins (few nm in size), and a wide variety of smaller molecules (0.2 -
few nm). Since it is challenging with most techniques to discriminate between
lipoproteins and EVs, the assumption that ultracentrifugation results in pure EV
samples typically leads to overestimation of the EV concentration in a sample. It



is also a challenge to some techniques to perform measurements on EVs
specifically and not to contaminate a dataset with measurements erroneously
performed on other components of a sample.>®59

Another often used purification method is size exclusion chromatography,
whereby a sample is passed through a column containing a porous material.®°-¢
Components that fit in the pores are retained in the column for more time, while
bigger components are more quickly eluted. Therefore, this size difference
affects the overall residence time in the column. By separating fractions based
on the time they need to exit the column, which effectively distinguishes
fractions on the size of their components, larger particles can be separated from
smaller ones. If pores of few tens of 10 nm are used, proteins and other
molecules that are smaller than EVs can reside in these pores, but EVs will be
rejected. This allows for discarding smaller species like proteins, but again it does
not help to separate lipoproteins in the same size range, like very-low-density-
lipoproteins (VLDL) or chylomicrons.>°

1.3.2 Specific EV isolation
Specific analysis of EVs requires functionalized surfaces with enhanced affinity

towards the specific type of targeted EVs. This presupposes the immobilization
of specific recognition elements such as antibodies to the surface. Ideally, the
relative affinity is further improved by reducing the ability of other sample
components to non-specifically adsorb, by means of embedding the recognition
element in an anti-fouling layer to construct a so-called romantic surface. %375

The first step in such surface modification strategy frequently consists of
forming a monolayer on a substrate to incorporate functional groups to which
antibodies can be immobilized through standard aqueous phase processes. The
type of chemicals used for forming the monolayer depends on the nature of the
substrate: for noble metals such as gold or platinum, widely used in
biosensors,®*-%® thiol-based compounds are commonly employed,®® whereas
metal oxides can be more stably functionalized with phosphonic acid
compounds,’®”" while glass, silicon oxide and poly(dimethyl siloxane) can be
treated through a silanization process.””7>

Antifouling layers can be composed of various moieties, which are typically



hydrophilic with a degree of intermolecular ordering. This ordering — either in
between chains such as in poly(hydroxypropyl methacrylamide) — or between
chain-water complexes in polyzwitterionics and poly-ethylene oxides (also
called: PEGs) vyields a structure that is enthalpically and/or entropically
unfavorable for proteins to disrupt. The most ubiquitous antifouling layer is
based on PEGs.”#7%77 Yet superior anti-fouling properties are attributed to
zwitterionic polymer brushes. 63578

This surface-bound polymer layer can contain reactive moieties, to which a
recognition element is next covalently attached. These recognition elements
include lectins (i.e. sugar-binding proteins),’>% peptides,®"® aptamers®% or
antibodies.®>® The most commonly used method for crosslinking these
molecules to surface-bound layers is carbodiimide chemistry.®” It employs a
“zero-length linker”” to bind a carboxyl group on the surface to a primary amine
present on the surface of the antibody, such as those presented by lysine
residues, to form a stable amide bond.®® Other crosslinking approaches use
reactive groups like aldehydes®%° | epoxide groups?9* and recently also click
chemistry.?3 Once immobilized, recognition elements can form relatively stable
complexes with antigens (uniquely) present on EVs. These, frequenly
multivalent, electrostatic and hydrogen-bonding based interactions can
withstand shear forces that are strong enough to remove other, non-specifically
adsorbed species that do only weakly adhere on the antifouling background. As
such, affinity coatings can be used to enrich EVs from samples in situ, as
demonstrated throughout this thesis, based on the presence of antigens of
interest.

1.4 Studying EVs

For the quantification and characterization of EVs, many techniques are
available.* Techniques detecting generic EVs can be distinguished from those
that target specific subsets of EVs, like tdEVs.3%% Furthermore, they can be
divided into different categories based on whether they target individual
particles, or generate a signal as an average response to the presence of an
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ensemble of particles being present in the samples. Some of these techniques
are explained in more detail in Chapter 2.

1.4.1 Generic individual EV detection

To characterize EVs individually, e.g. to study their morphology and size or
estimate their concentration, high-resolution techniques are available, including
electron microscopy>>*' and scanning probe microscopy.®®%” These instruments
allow imaging EVs in high detail. They do not yield any biological information
however; it is possible to distinguish EVs from lipoproteins, but among EVs there
is no apparent difference between various types using these methods.
Moreover, because electron microscopy is performed in vacuum and scanning
probe microscopy on a surface, dedicated sample preparation requirements
make it difficult to image EVs in their native physiological state (see Chapter 3).
Nonetheless, these high-resolution methods can be used as supplemental
methods in experiments studying EVs in more detail.

An alternative technique is Nanoparticle Tracking Analysis (NTA) which uses light
scattering of diluted samples to determine the hydrodynamic radius of
nanoparticles using Brownian motion.?* NTA does not give any information
about the composition or origin of these particles, but provides an estimate of
the size distribution and concentration of a colloidal sample. It underestimates
the concentration of small particles (<70 nm), and reproducibility is a challenge,
but it remains currently the gold standard in the EV field for its purpose.%

1.4.2 Specific bulk EV detection
Using e.g. the markers mentioned in section 1.2.3, a signal can be obtained from

EVs that present certain antigens. The simplest assay in this category is the dot
blot,??'°° where some EV material is deposited on a surface, stained with a
fluorescently labeled marker, washed and imaged on a (fluorescence)
microscope. Although this method is at best semi-quantitative, it conveniently
gives information about presence of antigens in different types of EVs.

More elaborate techniques include the well-established enzyme-linked
immunosorbent assay (ELISA) whereby analytes are immobilized on a first
antibody and tagged with an enzyme-conjugated second antibody.” The
enzyme is then used to amplify the signal (colorimetric or fluorescence

1



detection), greatly increasing the sensitivity of this technique. After establishing
a calibration curve and optimizing the process to ensure reproducibility, this
method provides quantitative information on analyte concentration.

In chapter 6 of this thesis, a variation on this principle is presented, where the
final recorded signal is not optical but electrochemical. The enzyme was in that
case used to convert an electrochemically inert molecule into a molecule that
can be reversibly oxidized and reduced. This repeated process yielded a further
amplification by so-called redox cycling.

1.4.3 Specific individual EV detection
The Abbe diffraction limit dictates that even in optimized optical detection

systems, the smallest resolvable feature size is larger than approximately one
third of the wavelength of the light it scatters.'> Considering inherent technical
limitations like aberration, large aperture and limited detector sensitivity, with
most microscopes available in biomedical labs, resolving submicron particles is
challenging.

There is a range of ingenious solutions to modify optical equipment to increase
the resolution beyond the diffraction limit mentioned earlier. These so-called
super-resolution microscopy systems include confocal laser scanning
microscopy, whereby a single point of illumination is scanned across the sample
rather than using widefield illumination. Out-of-focus light is then blocked using
a pinhole. This way, the resolution limit can be improved by a factor of —~2."934
More advanced systems exist that use non-linear photonic effects or by
superimposing multiple widefield images, allowing to resolve objects of several
tens of nanometers. °>'°5'°¢ However, given the complexity of these techniques,
very few studies of EVs have been conducted, if any.

1.4.3.1 Specific optical imaging of all EVs
In principle, in a well-built system, it is possible to detect a single photon with

sensors that are commonly available. But even with confocal microscopy
(employing such detectors), in practice it is challenging to distinguish faint
signals emitted by the sample from the autofluorescent background of the
environment.' The signal intensity is related to the labeling density. Taking
EpCAM as an example, it has been estimated that CTCs express up to 2.5x10°
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EpCAM molecules distributed across their membrane.””” Assuming that the
density is the same for tdEVs (for microvesicles shedding from the cell
membrane, this hypothesis does not seem unreasonable) and considering that
surface area scales quadratically with radius, a tdEV of 150 nm is expected to
appear 10* times less bright than a CTC of 15 um. Under these crude assumptions,
that corresponds to 2.5x105/10% = only 25 molecules. Even smaller EVs may not be
labeled at all or too dim to detect, resulting again in an underestimation of the
EV concentration.

1.4.3.2 Generic optical imaging of specifically captured tdEVs
A brighter signal can be achieved using lipophilic stains. Apolar fluorescent

molecules like Nile Red or di-8-annepps can strongly bind to the aliphatic chains
in the phospholipid membranes of EVs, yielding a stable embedding therein via
exploitation of the hydrophobic effect (as illustrated in Figure 1.3).'°® Considering
again a tdEV of 150 nm diameter composed of phospholipid molecules with a
headgroup area of 45 A% that corresponds to slightly more than 1.5 x 10°
molecules. Even if only 1% of the membrane area would be occupied by
fluorophores (assuming equal quantum yield of the fluorophores etc.) the
resulting signal would be 60 times more intense than that of specifically stained
EVs.

Staining using lipophilic dyes is not specific to any EV type; it is selective only to
the dipole moment of the environment. In animmunologically perfectly enriched
sample, generic labeling can still be useful to get an estimate of the
concentration of (specifically) captured EVs. However, in practice, non-
specifically adsorbed species including protein aggregates and lipoproteins may
be stained, resulting in an overestimation of the background signal.

Conversely, it has been demonstrated that no dye stains all EVs in a sample.™®
Therefore there is always an underestimation of the total EV concentration in a
sample. The combination of these two factors, i.e. overestimation of background
and underestimation of sample signal, greatly complicates reliable quantification
of tdEVs.
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1.4.3.3 Multimodal analysis
These issues can be overcome by combining multiple techniques, whereby e.g.

spectroscopic or fluorescence microscopy data are collected using high-
resolution optical microscopy, and those same individual particles are measured
with electron microscopy, scanning probe microscopy, or both, to make sure
that also the smaller particles are detected.’"° The biological or chemical data
obtained with the optical methods can confirm the origin of the largest EVs and
give an indication of the purity of the sample. The morphological data from the
other techniques may be used to define characteristics of particles of those
species with more certainty. Chapters 3 and 4 describe the development of
substrates that are compatible with optical, scanning probe, and electron
microscopy techniques, and which feature micron-sized navigation markers to
easily retrace individual particles on a relatively large surface area in the sample
stages of the different instruments.

1.4.3.4 Electrical detection of specifically captured tdEVs
As mentioned before, detection of (td)EVs is also possible using a change in

electrical signal. Phospholipid membranes are effective dielectric materials — as
exemplified by the “gigaOhm seal” formed by intact membranes in patch clamp
measurements.” If a volume of electrolyte is replaced by a non-conductive tdEV,
the area of a nearby electrode that is accessible decreases. Assuming for
simplicity that the distribution of ions throughout the electrolyte does not
change, any direct current flowing through that electrode would decrease,
linearly proportional to the decrease in area. On most electrodes this change is
infinitesimal, but if the area of the electrode is reduced to approach that of the
analyte particles, the effect becomes significant. This is (part of) the Coulter
Counter principle, used in methods that are sometimes used as alternative to
NTA as described in section 1.4.1."*"™ This approach gives no biological
information as EVs of all origins would appear roughly the same. Chapter 6
describes a platform using this basic principle in conjunction with antibody-
antigen interactions to get data about the concentration of tdEVs specifically.
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1.5 Lab-on-a-chip

By far, most analysis of EVs has been performed in biomedical labs, see Figure
1.2b. One could perhaps slightly oversimplify to conclude that in biomedical labs,
most sample handling (including centrifugation) occurs in plastic tubes, and
most analysis is done either with fluorescence microscopes or with molecular
characterization like PCR. But using relatively new semiconductor fabrication
methods, the isolation and detection of tdEVs can come together in integrated
systems."+"7

The abundance of tdEVs (up to 10° tdEVs/ml blood) makes them uniquely well
suited for analysis of small samples, e.g. a single drop of blood (~100 pl, Fig. 1.4).
This is convenient since the antibodies used for immunocapture, the basis for
most of the work described in this thesis, are typically very expensive and should
be used sparingly. Confining the sample handling to small volumes furthermore
allows control over the flow and, importantly, allows to wash non-specifically
adsorbed contaminants while retaining the analyte for further analysis.

Moreover, as mentioned earlier (and explained in following chapters), scaling
down sensing elements to the nano- or microscale makes it possible to detect
very small analytes accurately.

A system where sample purification is integrated with a section designed for the
characterization or detection of the analyte, embedded in a microfluidic
environment that facilitates sample handling, is often popularly called a “lab-on-
a-chip”." This term efficiently illustrates the premise of the concept: much of
the work that normally requires a variety of lab equipment can now be done
inside of a single chip the size of a thumbnail. As will become apparent from this
thesis, labs are still needed to make these chips and the work still needs to be
done by someone at some point. But besides the technological and economic
benefits of miniaturizing these systems, there is also a logistic benefit. If no more
than a benchtop readout device and a handheld lab-on-a-chip are required for a
“samplein, result out” analysis, then the system can be truly described as “point-
of-care”. This holds the promise to allow the system to be distributed to clinical
specialists without requiring any other lab facilities.
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1.6 This thesis

In this thesis, the development of platforms for tdEV research is described from
two perspectives, both in line with the objectives of the overarching Cancer-ID
program mentioned in Section 1.2.

- First, systems designed for the fundamental characterization of tdEVs
and tdEV containing samples. Uniquely, these systems give certainty that
the object under study is indeed a tdEV, allowing to make rigid
statements about the characteristics of these particles. These platforms
were designed to get a better fundamental understanding of EVs.

- Second, high-throughput sensors for enumeration of tdEVs. Using some
of the information obtained by more detailed studies in the earlier
platforms, these lab-on-a-chip systems in principle only determine the
concentration of tdEVs. These systems were designed with the
application of point-of-care diagnosis in mind.

Chapter 2 gives an overview of the results obtained in the encompassing Cancer-
ID program, presenting more detailed alternatives for studying EVs like flow
cytometry, transmission electron microscopy and Raman spectroscopy. It also
presents some alternative approaches to lab-on-a-chip devices for enumerating
tdEVs from other projects within the Cancer ID program.

Chapter 3 further introduces the concept of multi-modal analysis and describes
the development of stainless steel substrates, their functionalization for the
specific capture of tdEVs and the integration of navigation markers using
microfluidic polymer injection. Raman spectroscopy, scanning electron
microscopy and atomic force microscopy (AFM) were combined to characterize
individual tdEVs.

Chapter 4 describes a more advanced multi-modal analysis platform, using a
transparent substrate and micromachined navigation markers, whereby
fluorescence microscopy, Raman spectroscopy and AFM were used to identify
tdEVs spiked in plasma samples.

Chapter 5 illustrates an application of multi-modal analysis techniques. Using a
combination of various methods, it is proven that organosilicon compounds
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coordinate with cell membranes and lipid assemblies in general. This has
consequences for sample preparation techniques and data interpretation.

Chapter 6 describes the development of a lab-on-a-chip sensor for the specific
and highly sensitive bulk quantification of tdEVs in cell culture media using a
detection scheme with multiple amplification steps and multiple recognition
steps.

Chapter 7 presents the holy grail: a lab-on-a-chip sensor for the specific detection
of single EVs and virions directly from patient samples.

Finally, chapter 8 presents a brief summary and a general discussion of the
obtained results, together with a concise perspective on potential future
developments.
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2.1 Abstract

Extracellular Vesicles (EVs) have great potential as biomarkers since their
composition and concentration in biofluids are disease state-dependent and
their cargo can contain disease related information. Large tumor-derived EVs
(tdEVs, > 1 um) in blood from cancer patients are associated with poor outcome
and changes in their number can be used to monitor therapy effectiveness.
Whereas small tumor-derived EVs (<1 um) are likely to outnumber their larger
counterparts, thereby offering better statistical significance, identification and
quantification of small tdEVs is more challenging. In the blood of cancer patients,
a subpopulation of EVs originate from tumor cells, but these EVs are
outnumbered by non-EV particles and EVs from other origin. In the Dutch NWO
Perspectief Cancer-ID program, we developed and evaluated detection and
characterization techniques to distinguish EVs from non-EV particles and other
EVs. Despite low signal amplitudes, we identified characteristics of these small
tdEVs that may enable the enumeration of small tdEVs and extract relevant
information. The insights obtained from Cancer-ID can help to explore the full
potential of tdEVs in the clinic.

2.2 Introduction

Extracellular Vesicles (EVs) are cell-derived particles with a phospholipid
membrane. Because the membrane composition and content of EVs reflect the
origin and state of the parental cells, EVs have become promising disease
biomarkers." Participants from eight universities and 21 companies, who
collaborate in the Dutch NWO Perspectief program Cancer-ID, aim to develop
and evaluate technology to detect tumor-derived EVs (tdEVs) in blood as
biomarker for cancer. Throughout the project, two main challenges involved in
the detection of EVs in blood became apparent. First, EV detection is hampered
because EVs are outnumbered by the presence of non-EV particles in blood, like
soluble proteins and lipoprotein particles at the low end of the EV size and
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density range, and platelets at the high end of the EV size and density range. 57
Moreover, the concentration of larger lipoproteins, such as chylomicrons,
depends on food intake, thereby emphasizing the need to discriminate EVs from
other such particles. To illustrate this challenge, we determined that 1 mL of
human blood of metastatic castration resistant prostate cancer patients
contains about 10 large (> 1 pm) tdEVs® 9 and we extrapolated this to encompass
the small tdEVs to arrive at an estimated 10* tdEVs per 1 ml. Furthermore, the
blood contains up to 10 lipoproteins, up to 10° platelets, and up to 10" other
EVs,> &2 see Figure 2.1. The second challenge is the heterogeneity of EVs in
many aspects, including morphology,” size,’>"> membrane composition,> "2 and
refractive index,>>* which complicates EV isolation, detection, and enumeration.
In sum, utilization of tdEVs as cancer biomarker requires (i) the discrimination of
EVs from non-EV particles, (ii) identification of their cellular origin, and/or (iii)
analysis of the EV molecular content. The insight that an EV-based cancer
biomarker requires the ability to detect, identify and enumerate tdEVs amongst
other particles plasma is an essential Cancer-ID outcome, because it defines the

state-of-the-art. Therefore, we will use this definition to evaluate the ten
techniques that were developed or improved throughout the project. The
project includes techniques that (i) detect single particles attached to a surface,

such as atomic force microscopy (AFM), electrochemical (EC) detection,

scanning electron microscopy (SEM), and transmission electron microscopy
(TEM), (ii) detect an ensemble of EVs attached to a surface, such as surface
plasmon resonance imaging (SPRi), (iii) detect single EVs in suspension, such as
flow cytometry (FCM), or (iv) can measure either single or multiple EVs attached
to a substrate or in a suspension, such as Raman microspectroscopy. The other
evaluated technologies are integrated photonics lab-on-chip devices for Raman
Spectroscopy, hybrid AFM-SEM-Raman, and immunomagnetic EpCAM
(epithelial cell adhesion molecule) enrichment followed by fluorescence
microscopic (FM) detection. The evaluated techniques including key
characteristics are listed in Table 2.1. This Table also gives an impression of the
clinical utility of each technique by giving an estimate of the throughput in terms

of tdEVs that can be processed in a given amount of time considering the vast
majority of non-tdEV particles in plasma that may or may not contribute to the
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signal. To compare all techniques, EVs derived from prostate cancer cell lines and
EVs derived from platelet and red blood cell concentrates were distributed
among the participants and measured. Based on the aforementioned
requirements, we aimed to qualify the ability of a technique to (i) detect orimage
EVs, (ii) identify tdEVs, which involves differentiation of tdEVs from EVs and non-
EV particles, and (iii) relate the measured signal or count to the concentration of
tdEVs in plasma.

2.3 Preparation of EV samples

Two prostate cancer cell lines (PC3 and LNCaP) purchased from the American
Type Culture Collection (ATCC, Manassas, VA) were used to obtain prostate
cancer-derived EVs. The cell lines were cultured at 37 °C and 5% CO, in RPMI-1640
with L-glutamine (Lonza, Basel, Switzerland) supplemented with 10% v/v fetal
bovine serum (FBS), and 1% v/v penicillin and streptomycin (Lonza). Medium was
refreshed every second day. The initial cell density was 10,000 cells/cm? as
recommended by the ATCC. The cells were washed three times with phosphate
buffered saline (PBS; Sigma, Saint Louis, MO) when they reached 80-90%
confluence. Next, FBS-free RPMI medium supplemented with 0.1% v/v penicillin
and streptomycin was added to the cells. After 48 h of cell culture, the cell
supernatant was collected and centrifuged for 30 minutes at 1,000 g. The
supernatant was collected and aliquots were snap-frozen in liquid nitrogen and
stored at -80 °C.

Red blood cell concentrate (150 mL) obtained from Sanquin (Amsterdam, The
Netherlands) was diluted in a 1:1 ratio with filtered PBS (154 mM Nadl, 1.24 mM
Na,HPO,2H,0, 0.2 mM NaH,PO,-2H,0, pH 7.4; 0.22 pm filter (Merck Chemicals
BV, Darmstadt, Germany)) and centrifuged three times for 20 minutes at 1,560 g.
Platelet concentrate (100 mL) obtained from Sanquin was diluted in a 1:1 ratio
with filtered PBS. Next, 40 mL acid of citrate dextrose (ACD; 0.85 M
trisodiumcitrate, 0.11 M D-glucose, and 0.071 M citric acid) was added and the
suspension was centrifuged for 20 minutes at 800 g. Thereafter, the supernatant
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Figure 2.1: Distributions of size, concentration and density of typical blood components
before (A) and after isolation by EpCAM-based immunomagnetic isolation (B), size
exclusion chromatography (C) and centrifugation (D). The axes of the spots (white lines)
indicate the mode of these distributions. The vertices of the spots indicate the upper and
lower limit of the ranges. The size distribution of the particles is given along the
horizontal dimension. The vertical dimension illustrates the range of concentrations
detected across patient populations (disregarding the size-dependence of
concentrations). The range of the density is given by color gradients. Abbreviations: HDL
= high density lipoprotein, LDL = low density lipoprotein, VLDL = very low-density
lipoprotein, CM = chylomicrons, EV = (all) extracellular vesicles, RBC = red blood cells, plt
= platelets, WBC = white blood cells, stdEVs = small tumor-derived extracellular vesicles,
ItdEVs = large tumor-derived extracellular vesicles, CTCs = circulating tumor cells.
Distributions of density are assumed to be normal, distributions of size in a typical sample
and concentration over patient populations are assumed log-normal, except for EVs

(extended to include ItdEVs) and CM (non-parametric). & 9™
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Table 2.1. Overview of the techniques used in Cancer-ID.

Method Ref. § Information DL* Thr* T* (hr)?
obtained (nm) | (prt/hr)
Surface
TEM 13 II.L1 | Morphology, Size | 30 9x103 2x107
SEM 5 1.2 | Topography, Size | 50 50 4x10?
AFM 15 1.3 | Morphology, 30 | 3x10° 50
Bending modulus
Single .
Raman 15 5 | Chemical 80 | 100 2x103
composition
Electro Concentration,
7 1.6 | Antigen - 2x107 0.5
chemistry expression
Anti 3x1072°
Bulk SPRI 2 7 | oneeen ; 30x10’
expression
Suspension
NTA 3 | Particle size 30 | 400 9x108
distribution
Chemical
Raman & g | remeal 80 | 9x10* | 6x107
composition
Single Antigen
FCM 20 1.8 | expression, 200 6x10° 4x106
Refractive index
R Antigen 6 1
FM 11.9 . 1000 | 4x10 2x10
expression
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“DL=Detection limit; Thr= Throughput in total number of (generic) particles per hour;

T=Expected time needed to find 1 tdEV (specifically) in a typical plasma sample.

4This column clarifies the need for in-situ enrichment and sensitive detection for diagnostic
applications. Non-enriched techniques are expected to process a third of all particles in 1 ul
individually or spread out over a flat surface before encountering 1 tdEV. Considering that
the total area of all particles (lipoproteins and EVs, see Figure 2.1) distributed over a densely
packed monolayer is ~36 cm?, the following assumptions were made:

TEM: 2.2x2.2um’ imaging ared, imaged in 1 min, with a capturing efficiency of 21%. SEM: 25 ul
sample, s5oum x 7mm capturing area, 10% capturing efficiency, 10% detected fraction (due
to sensitivity limitations), 5 min per 10x1oum? image. AFM: 25 ul sample, s5oum x 7mm

capturing area, 10% capturing efficiency, 45 min per 25x25um? image. Raman on surface: 25

ul sample, soum x 7mm capturing area, 10% capturing efficiency, 1% detected fraction (due
to sensitivity limitations), 17 min per 30x30um? image. Electrochemistry: Processing any

sample takes ~30 minutes regardless of the number of tdEVs. SPRi: Processing time is 2

minutes.® NTA: This technique can process 100 padrticles in 15 minutes, ie. 10"
measurements have to be performed to find all tdEVs in 1 ul of plasma. Raman in
suspension: 10" measurements of 38 ms; 50% of particles fall below the detection limit.
Flow cytometry: The sample must be diluted 10° times to ensure 1 detection event
corresponds to 1 particle; 3 ul can be processed in 1 minute; 50% of particles fall below the
detection limit. Fluorescence microscopy: Anarea of 100x100 um?can be imaged in 0.2s with

an automated stage; 99% of particles fall below the detection limit.

bPlease note that 200 ul of sample is needed before the 10* EVs/ul limit of detection is

reached.
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Figure 2.2. Particle size distributions of extracellular vesicle (EV) samples measured
using nanoparticle tracking analysis (NTA). A) Schematic representation of the NTA
setup. A laser beam illuminates the particles in suspension. The light scattered by
particles undergoing random motion (white arrow) is collected by a microscope
objective and detected by an EMCCD camera. The random motion of the particles under
Brownian motion can be related to their size. B) NTA analysis results of the PC3 EV (blue),
LNCaP EV (green), red blood cell EV (red), and the platelet (black) EV samples,
respectively. The bin width is 10 nm. The mean particle size and concentration in the PC3
EV sample are 172 + 4 nm and 1E8 particles/mL, respectively. The mean particle size and
concentration in the LnCaP EV sample are 167 + 4 nm and 1E8 particles/mL, respectively.
The mean particle size and concentration in the red blood cell EV sample are 148 + 4 nm,
and the concentration is 1E8 particles/mL, respectively. The mean particle size and
concentration in the platelet EV sample are 89 + 5 nm and 4E7 particles/mL, respectively.
Because the uncertainty in the determined concentration with NTA is unknown, the
determined concentration should be interpreted as an order of magnitude estimate 24.

Images adapted from 25, 26.
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was centrifuged three times (20 minutes at 1,560 g) to ensure removal of
platelets. The supernatant was collected and aliquots of 50 uL were snap-frozen
in liquid nitrogen and stored at -80 °C.

The particle size distributions of the EV samples were obtained using
nanoparticle tracking analysis (NTA NS500; Nanosight, Amesbury, UK), equipped
with an electron multiplying charge-coupled device (EMCCD) camera and a 405
nm diode laser (Figure 2.2A). Silica beads (105 nm; Microspheres-Nanospheres,
Cold Spring, NY) were used to focus the microscope objective. Samples were
diluted 10 to 2,000 times in filtered PBS to ensure the number of particles in the
field of view was below 200 per image. Of each sample, 10 videos of 30 s were
captured with the camera shutter set at 33.31 ms and the camera gain set at 400.
All samples were analyzed with the instrument software (NTA 2.3.0.15) using a
threshold of 10, which was based on the exponential decay constant of the
summed intensity histogram of all frames in each movie (MATLAB, v.7.9.0.529;
Mathworks, Natrick, MA).

Figure 2.2B shows the measured particle size distributions of the EV samples. We
estimate the smallest detectable EV for NTA to be 70-90 nm. *

2.4 Analysis of extracellular vesicles

2.4.1 Transmission Electron microscopy
2.4.1.1 Cancer-ID specific method and operating principle

TEM is widely available, it has become the standard technique to confirm the
presence of EVs in samples *. TEM transmits electrons through sufficiently thin
(<100-200 nm for biological materials) samples to make images with possibly
sub-nm resolution 28, Particles from the sample are adhered to a carbon coated
formvar 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)* and/or concentration, is required prior to
incubation with EV samples. In addition, because TEM is performed in vacuum,
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Figure 2.3. Transmission electron microscopy (TEM) of extracellular vesicle (EV) samples.
A) Schematic representation of TEM imaging for EV samples. The sample on a grid is
exposed to an electron beam and images are constructed based on the detected
transmitted electrons. The uranyl acetate (UA), scatters electrons efficiently, which results
in negative contrast. EVs and lipoproteins (LP) have a low electron density and are seen das
bright particles in a dark background . B) TEM images of the EV samples from PC3 and
LNCaP, and of red blood cells and platelets after size exclusion chromatography. The scale
bar corresponds to 500 nm *.

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. 3°

Next, the grid is exposed to an electron beam and images are constructed based
on the detected transmitted electrons (Figure 2.3A). 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.

2.4.1.2 EV definition

Samples were analyzed on an FEI Tecnai 12 (FEI, Eindhoven, the Netherlands).
Water, the main cargo of an EV, is evaporated upon TEM. Therefore, EVs often
appear as ‘cup-shaped”'3 or ‘saucer/doughnut-shaped’ particles34+3¢ (Figures
2.3C-F). Because water is not the major component of other particles, other
particles maintain their original structure during TEM. For example, lipoproteins
appear spherical and protein aggregates have an irregular shape. Therefore, we
define EVs as cup-shaped particles larger than 30 nm. B

2.4.1.3 Value added by Cancer-ID

We show that TEM images taken by operator selection, the current standard
within the EV field, can be used to demonstrate the presence of EVs in a sample.
However, the examination of the morphology of EVs by TEM shows an operator

bias in their identification,™ which may lead to “cherry picking” and emphasizes

the importance of an automated and objective assessment of EV identification.
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Two important steps to improve the comparability and reproducibility of TEM
for monitoring the quality of EV samples, are (1) to take images at predefined
locations, and (2) provision of both close-up and wide-field images, as adopted
by MISEV2018. 37

2.4.1.4Relevance for cancer diagnostics

Although with appropriate sample preparation TEM can image EVs down to 30
nm, the contrast of TEM images is often insufficient to distinguish EVs from
similar sized non-EV particles (Figures 2.3B). Moreover, to identify tdEVs,
immuno-gold labeling is necessary. However, the main limitation of TEM for tdEV
detection is the low throughput, see Table 1. Because of the low abundance of
tdEV among other particles in plasma, many particles need to be analyzed
individually before a single tdEV is encountered (see Table 1). Therefore, TEM is
not a relevant technique for detection of tdEV in plasma samples.

2.4.2 Scanning Electron microscopy (SEM)
2.4.2.1 Cancer-ID specific method and operating principle

EV samples are fixed in paraformaldehyde, followed by gradual dehydration
from 70% to 100% ethanol in water with a 10% concentration increment step every
5-10 minutes. Subsequently, chemical drying of the sample can be achieved using
1:1 hexamethyldisilazane (HMDS) in ethanol for 3-5 minutes, followed by 100%
HMDS for 3-5 minutes more. EVs are dehydrated and dried to maintain their
morphological and surface features with minimal deformation in the vacuum
chamber of the SEM 3% 39, EV samples are coated with gold to increase the image
contrast and avoid surface charging. Furthermore, the sample must be placed
on a conductive substrate during imaging. The entire procedure is conducted at
room temperature. In SEM imaging, a focused beam of electrons scans the
surface of a sample interacting with all atoms in the sample (Figures 2.4A and B).
Detection of the secondary electrons, originating from the outer layers of the
sample, enables to visualize the topography of a sample. The number of
backscattered electrons, originating from the deeper layers of the sample, is
associated with the atomic number of the atoms in the sample.
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2.4.2.2 EV definition

Since the LNCaP EV sample is derived from cell culture, we don’t expect particles
like lipoproteins to be present in this sample. Figure 2.4B shows round particles
(white arrows) in lower and higher magnification, which we define as EVs.

2.4.2.3 Value added by Cancer-ID

We show that cells and EVs captured on functionalized substrates and in solution
can be imaged by SEM.

2.4.2.4 Relevance for cancer diagnostics

SEM can be used to visualize the topography of tdEVs, as small as 50 nm but is
unable to discriminate EVs from non-EV particles with a similar morphology. In
order to confirm the nature of the particles, immunogold labeling or correlative
techniques are required such as AFM, Raman, or fluorescence imaging.
Furthermore, similar to TEM, the main limitation of SEM is the low throughput.
SEM is a faster technique than TEM, but still a large area needs to be processed
before tdEV are encountered (see Table 1). Therefore, SEM is not a relevant
technique for detection of tdEV in plasma samples.

2.4.3 Atomic force microscopy (AFM)
2.4.3.1 Cancer-ID specific method and operating principle

EVs are added onto a poly-L-lysine coated coverslip 4°43. Next, well is filled with
filtered PBS (0.2 ym filter; VWR International, Radnor, PA) and placed on the
AFM. During AFM imaging, a cantilever with a nm-sized tip probes the sample
surface (Figure 2.5A) 44. Deflection of the cantilever is measured with a laser and
photodiode. AFM images are acquired in PeakForce Tapping mode on a Bruker
Bioscope catalyst setup using minimal imaging force providing information
about the topography of the samples surface. Mechanical properties can be
obtained by applying a defined force perpendicular to the surface (indentation),
providing force-indentation curves, as presented in Figure 2.5B.
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Figure 2.4. Scanning electron microscopy (SEM) of extracellular vesicle (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). C) SEM image of
LNCaP EVs indicated by arrows. The large object in the left lower corner is part of a LNCaP
cell floating in the cell supernatant and was imaged to show that the contrast of EVs is
similar to cells. The scale bar represents 2 um. D) Higher magnification allows imaging of
smaller particles, possibly EVs, with lower contrast. The scale bar represents 500 nm.
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Figure 2.5. Atomic force microscopy (AFM) of extracellular vesicle (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 #4. The experiments are performed
in liquid (not depicted). B) Example of force-indentation curves (distance z) of the extend
and retract response on an EV 4. AFM images of responses of LNCaP EVs (C) and platelet
EVs (D) to an applied force before (first row) and dafter indentation (second row). Both the
LNCaP and the platelet EVs can change shape upon indentation. The different responses are
illustrated by the cross sections (bottom row), taken at the indicated spots in the
corresponding AFM images above (red: before indentation; black: after indentation). Scale
bars represent 50 nm.
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2.4.3.2 EV definition

With AFM, we characterize an EV as a particle of at least 25 nm in height with a
spherical shape. Aggregates typically have a non-spherical shape, and therefore
can be excluded. The nanoindentation response is used to identify single EVs 4"
4, A typical indentation curve is characterized by a (close-to) linear initial
increase of force followed by a softening and finally bilayer pinching close to the
substrate (Figure 2.5B, red curve).

2.4.3.3 Value added by Cancer-ID

Unique characteristics, like deformability, of tdEVs compared to EVs of other
origin still need to be explored. Examples of AFM measurements of LNCaP EVs
and platelet EVs are shown in Figure 2.5C and D. Importantly, it should be noted
that AFM imaging per se is not distinguishing between EVs and lipoproteins.
Therefore, a good purification protocol is necessary (combining gradient-based

and size-based isolation methods) in order to assure only EVs are present.

2.4.3.4 Relevance for cancer diagnostics

Because of the nanometer position sensitivity and sub-piconewton force
sensitivity, AFM can be used to determine the topography, morphology, and
mechanical characteristics of single EVs, and differences between EVs of
different origins can be investigated 4" #. Since with AFM only one particle can
be observed at a time, AFM is not a suitable technique for tdEV identification and
enumeration in plasma samples (see Table 1).

2.4.4 Raman microspectroscopy in suspension
2.4.4.1 Cancer-ID specific method and operating principle

EV samples are diluted in PBS to a concentration of approximately 10°
particles/mL (as measured by NTA) and placed on a well glass slide, covered with
a glass cover slip, and sealed with glue. Next, the glass slide is placed under the
microscope objective (Figure 2.6A). A Raman optical tweezer (homebuilt system
as decribed in Enciso-Martinez et al., 2019) is used to (i) trap single particles
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diffusing near the high intensity part of the focus (Figure 2.6A), and (ii) detect
both Rayleigh and Raman scattered photons synchronously. The trapping of a
single particle is detected by Rayleigh scattering and the corresponding Raman
spectrum discloses the chemical composition ™.

2.4.4.2 EV definition

The Raman spectra of sub-micrometer particles in biofluids have distinct spectral
features depending on the nature of the particle or the source of EVs.

2.4.4.3 Value added by Cancer-ID

The procedure to trap, release and acquire sequentially the spectrum of single
EVs in the focal volume is automated . Furthermore, EVs can be distinguished
from lipoproteins and EVs from different sources, like PC3 EVs, LNCaP EVs, and
red blood cell EVs. EVs show distinctive peaks at 1004 ¢cm™ and 1607 cm”
(phenylalanine) *, and a larger protein contribution at 2811-3023 cm™ than
lipoproteins (Figures 2.6B and C). The Raman spectrum of red blood cell EVs is
different from PC3 EVs and LNCaP EVs around 1200-1385 cm™ and 1510-1631 cm™.
Further classification of EVs and lipoproteins was achieved by multivariate
analysis and convolutional neural networks analysis > 4.

2.4.4.4 Relevance for cancer diagnostics

Differences in chemical composition are shown between EVs and lipoproteins,
and tdEVs compared to red blood cell EVs. However, a limitation of Raman is the
throughput. As an example, a typical acquisition time per EV is 1 second . It has
become clear that enrichment of tdEVs is needed and a combination with
another technique may be required to provide assurance that indeed tdEVs are
being investigated. With the current detection principle, the thoughput of this
technique is prohibitively low for clinical (non-enriched) samples (see Table 2.1).
Nevertheless, spontaneous Raman spectroscopy provides information on the
chemical composition of single or multiple EVs in solution or on a surface in a
non-invasive and label-free manner ' 25 4650,
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2.4.5 Integrated photonics devices for Raman Spectroscopy
2.4.5.1 Cancer-ID specific method and operating principle

Two lab-on-chip devices were developed by Cancer-ID and fabricated in the
cleanroom of MESA+ Institute of Technology. From a technological perspective,
Cancer-ID exploits the possibility of lab-on-chip devices to localize light in ways
that are impossible with traditional optics. For example, compared to optical
trapping using a microscope objective (section 11.4), we expect that combining
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Figure 2.6. Raman spectroscopy of extracellular vesicle (EV) samples. A) Particles in
suspension are loaded in a well glass slide that is mounted under a microscope objective.
Incident light illuminates the sample and both Raman and Rayleigh light is backscattered,
collected by the lens, and detected by a spectrograph. Raman spectra corresponding to
single (B) and multiple (C) PC3 EVs (blue), LNCaP EVs (green), red blood cell EVs (red), and
lipoproteins in plasma (black). Figure A is adapted from .
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multiple beams will result in higher field gradients and therefore trapping of
smaller single EVs. To proof the principle, device type 1 contains multiple
waveguides which emit multiple beams of light towards the center of a well as
shown in Figure 2.7A. The beams combine coherently to form multiple regions
of high light intensity, each serving as an optical trap sufficiently strong to trap
single submicrometer particles near the well center. The same concentrated
light induces a Raman spectrum from the trapped particle for label-free
identification. To increase the throughput, the well may be replaced by a flow
cell in future versions.

To increase throughput compared to optical trapping using a microscope
objective (section 11.4), device type 2 combines an enrichment step with the
simultaneous detection of Rayleigh and Raman scattered light from multiple
EVs. EVs in suspension bind to antibodies at the surface of a spiral waveguide,
which is placed at the bottom of a microfluidic channel as shown in Figure 2.7B
>'. A laser field propagates inside the waveguide and produces an evanescent
field that probes the attached EVs simultaneously. The EVs will scatter some of
this light with characteristic Raman shifts. A significant portion of this light re-
enters the waveguide and can be collected from the entrance through the same
objective that launched the excitation light.

2.4.5.2 EV definition

An EV is identified based on the acquired Raman spectrum of the trapped
particle. The obtained spectra may be cross-referenced with EV spectra already
acquired with standard spontaneous Raman tweezers (section 11.4).
Furthermore, using device type 2, EVs are bound to the surface of a spiral
waveguide by a specific antibody.

2.4.5.3 Value added by Cancer-ID

Both devices are still under development, so the throughput and detection limit
remain to be determined. In device type 1, integration of the light beam with a
microfluidic channel opens new possibilities of controlled particle delivery to the
trap and particle sorting with pressure driven flow which may allow the
detection of smaller EVs. In device type 2 specific capture of tdEVs from plasma
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is possible by the use of antibodies coated on the surface of a spiral waveguide
using the chemistry used in 11.6 & II.7.

2.4.5.4 Relevance for cancer diagnostics

Based on the differences in chemical composition tdEVs can be distinguished
from non-EV particles like lipoproteins, and EVs from other origin. Furthermore,
enrichment can be achieved by the use of antibodies bound to the surface of a
waveguide. Raman spectroscopy of EVs provides information on the chemical
composition of single or multiple EVs in a non-invasive and label-free manner and
may be simplified using integrated photonics devices. The analysis time per
particle has not been measured yet, although since every particle needs to be
analyzed, the throughput is expected to be prohibitively low.

2.4.6 AFM-SEM-Raman
2.4.6.1 Cancer-ID specific method and operating principle

The surface of stainless-steel substrates is modified with a carboxydecyl
phosphonic acid monolayer to covalently link anti-EpCAM antibodies to the
substrate (Figure 2.8) 5. EVs are incubated in poly(dimethylsiloxane) (PDMS)
microchannels. The microchannels are washed to remove non-specifically bound
material. Next, EVs are incubated with paraformaldehyde in PBS for 15 minutes.
The PDMS is removed by immersion in de-ionized water, 70% ethanol in water,
and finally 100% ethanol for 5 minutes each step. Dehydration of tdEVs was
followed by overnight drying. Alignment markers are embedded on the
stainless-steel substrate by injecting patterned microfluidic channels with
cyanoacrylate glue. The micro-scale alignment markers facilitate retracing
individual EVs in the sample stages of the AFM (MFP-3D, Asylum Research,
Wiesbaden, Germany), SEM (JEOL JSM-6610LA Analytical SEM (JEOL, Nieuw-
Vennep, The Netherlands) and Raman microspectroscopy (home-built system as
described in Beekman et al., 2019). SEM is used here to select regions of interest
and confirm that the surface is successfully functionalized based on the
attachment of EVs ®.
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Figure 2.7. Integrated photonics-based lab-on-a-chip Raman spectroscopy. A) Device type

1: Camera image of a device with 16 waveguides for trapping and 4 waveguides for
detection. The device is actuated with light from an input fiber that is embedded in a fiber
array unit (FAU) at the lower right-hand side. The various structures light up as a result of
light scattering, causing some saturation of the camera. The solid red lines indicate the chip
edges. 1: FAU. 2: Excitation-waveguide circuitry. 3: Micro fluidic bath with the central
trapping region. 4: Detection-waveguide circuitry. 5: Light from the trap that is coupled out
by the detection waveguides. Here, the detection waveguides collect light as a result of
direct illumination and scattering. B) Device type 2: Spiral waveguide with the Raman pump
light travelling inside the waveguide. The Raman signal is (partially) scattered back into the
waveguide and collected at the front entrance. Reproduced with permission from >'.

2.4.6.2 EV definition

EVs are identified by SEM and a Raman spectrum with lipid-protein peaks (2811-
3023 cm™) characteristic for EVs. The functionalization of the substrate ensures
that the EVs are of epithelial cell origin permitting the determination of the
mechanical characteristics, like deformability, of the tdEVs by AFM.

2.4.6.3 Value added by Cancer-ID

The use of only one technique is often insufficient to identify and characterize

EVs, as discussed in the previous sections 3. For example, both EVs and
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Figure 2.8. Atomic force microscopy (AFM), scanning electron microscopy (SEM), and
Raman spectroscopy of extracellular vesicle (EV) sample. Schematic representation of the
system: antibody-functionalized stainless-steel substrate examined with SEM, AFM and
Raman for correlated multi-modal analysis of individual EVs. Image adapted from *.

lipoproteins appear to be spherical by SEM. By combining SEM with AFM and
Raman, we measure characteristics like size, chemical composition, and
deformability to add certainty to the identification of tdEVs ™.

2.4.6.4 Relevance for cancer diagnostics

Using a combination of AFM, SEM and Raman and the capture of tdEVs to a
functionalized surface helps to distinguish EVs from non-EV particles and adds
certainty to the origin of the EV. In principle, this platform does not require
distinguishing tdEVs from other species since enrichment is done by the
functionalized surface (as assumed in Table 1). Since SEM measurements are
faster than AFM or Raman, SEM was used for initial confirmation of tdEV
presence on a chip; after enrichment 1000 tdEVs (of >100 nm) can be imaged in
1h. Since AFM detects the more abundant much smaller particles (>30nm) as
compared to SEM (>100nm), the fact that AFM is slower in terms of imaged um?
per unit time, is offset by a greater number of observed tdEV per imaged um?,
such that 1000 tdEVs can be imaged in 2h. For Raman, detection of 1000 tdEVs
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would require about 100 measurements of 17 min each followed by several days
of data processing.

2.4.7 Electrochemistry

2.4.7.1 Cancer-ID specific method and operating principle

Interdigitated nano-electrodes (nIDEs), fabricated in the cleanroom of MESA+
Institute for Nanotechnology, are surface-modified with poly(ethylene glycol)
diglycidyl ether to form an amine-reactive anti-fouling layer (Figure 2.9A) 3. Anti-
EpCAM (VU1D9) antibodies are covalently linked to this layer and the remainder
of the surface blocked with bovine serum albumin (BSA). EV samples are
introduced onto the device to allow binding to the electrodes. After incubation,
a biotinylated reporter anti-EpCAM is introduced. The biotin moiety conjugates
to streptavidin coupled to alkaline phosphatase (ALP). ALP, only present on
EpCAM-positive particles, converts an electrochemically inert molecule (para-
aminophenyl phosphate) into a redox-active species (para-aminophenol), to

yield a first amplification phase. Next, the para-aminophenol undergoes redox
cycling, providing a second amplification phase.

2.4.7.2 EV definition

An increase in the redox current upon binding of particles to the nIDEs defines
the presence of EVs. EVs from different species can be distinguished from each
other by employing targeted antibodies, yielding a very high selectivity. For
example, the signal from platelet EVs did not vary from the background signal,
whereas introduction of LNCaP EVs greatly increased the signal (Figure 2.9B). 7

2.4.7.3 Value added by Cancer-ID

This new and sensitive technique was developed by Cancer-ID in collaboration
with researchers from the NanoElectronics group at University of Twente, the
Netherlands. Several examples of sensitive integrated systems for (td)EV
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Figure 2.9. Electrochemical detection of extracellular vesicle (EV) samples. A) Scheme
showing selective capture and in-situ labeling of EVs followed by enzymatic amplification of
redox species and redox cycling. B) Cyclic Voltammograms recorded for a very wide range
of EV concentrations. C) Recorded current at 0.4 V for varying concentrations showing
linear response over 6 orders of magnitude. Image adapted from .
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2.4.7.4 Value added by Cancer-ID

detection exist 545, A unique feature of the technique discussed here is the
ability to detect a low concentration of EVs with a low antigen expression. The
linear response covers a broad range of concentrations, which largely overlaps
with concentrations of tdEVs in patient blood.

2.4.7.5 Relevance for cancer diagnostics

Using electrochemistry, tdEVs can be discriminated from non-EV particles and
EVs from other origin based on the expression of EpCAM. A dilution series of
LNCaP EVs in PBS showed a linear response ranging from 5x103-10° tdEVs/mL
(Figure 2.9C) 7, which overlaps with the expected tdEV concentration in plasma
"', showing this technique is promising to identify, count, and characterize tdEVs
in the range of clinical samples. Evaluation of the technique with plasma patient

samples and association of the read-out with clinical outcome remain to be
tested.

The functionalized device is incubated with tdEV-containing sample and
subsequently with reporter antibodies and redox mediator. In the experiments
performed in the paper these incubations were done over excessively long
periods (2.5 h in total) to maximize the efficiency but once optimized, can
probably be performed several minutes to t1h. The cyclic voltammetry
measurements were performed in 20 minutes, regardless of the concentration
of tdEVs (5x103 — 102 per mL of sample). Using patient plasma rather than cell

culture medium may increase the background signal, thereby reducing the
sensitivity. Nevertheless, compared to other techniques, electrochemical
methods have high promise for clinical utility in terms of throughput.

2.4.8 Surface Plasmon Resonance imaging (SPRi)
2.4.8.1 Cancer-ID specific method and operating principle

The surface of a SPRi sensor is coated with a conductive gold layer and a 3D
hydrogel-like layer to reduce non-specific binding of non-EV particles to the
surface (Figure 2.10A). Antibodies are printed on 48 spots on the sensor (Figure
2.10B), including isotype controls and a control (PBS) to correct for dissociation
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Figure 2.10. Surface plasmon resonance imaging (SPRi) analysis of extracellular vesicles
(EVs). A) Schematic of a SPRi set-up. A SPRi signal is generated when the sensor surface is
illuminated at various angles with light and surface plasmons are excited *. The resonance
angle, specific angle (beam 2) where maximum plasmon excitation and minimal internal
reflection occurs %, depends on the refractive index contrast near the interface in the
evanescent field. B) The 48 spots on the SPRi sensor surface can be coated with different
antibodies. In this example only 9 antibody coated spots on the SPRi sensor surface are
shown. C) An EV sample is exposed to the SPRi sensor and measured for 60 minutes. The
attachment of an ensemble of EVs to a specific antibody spot causes a change in the
refractive index and generates a SPRi signal over time *. D) The SPRi signals after incubation
with four prostate cancer-derived EV samples are shown. The two CD63-clones show the
same results for all samples. All samples are slightly positive for CD63, EGFR, and CD9. A
higher positivity is seen for EpCAM and Lactadherin. The SPRi signals for the 22RV1-EV
sample are higher compared to the other samples *.
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and non-specific binding . Next, the surface is washed and deactivated by
incubation with 2-amino ethanol followed by BSA. After an EV sample is exposed
to the sensor, EVs bind to the antibody-coated sensor spot, which increases the
refractive index near the sensor surface. This increase in refractive index is
measured in time using the angle scanning principle of the IBIS MX96 instrument
(IBIS Technologies, Enschede, The Netherlands) and corresponds to the number
of particles captured on the spot (Figure 2.10C).

2.4.8.2 EV definition

With SPRi, EVs are identified based on their antigen exposure. EVs bind to
antibodies printed on the sensor, e.g. anti-CD9, anti-CD63, anti-epidermal
growth factor receptor (anti-EGFR), anti-EpCAM, anti-olfactory receptor 51E2
(anti-OR51E2), transient receptor potential cation channel subfamily M member
8 (TRPM8) and lactadherin, see Figure 2.10D. SPRi detects a difference in
response on the antibody spots between EV samples derived from different cell
lines. Characterization of EVs by SPRi, using the IBIS MX96, revealed the ability
to detect cell surface antigens present at relatively low antigen densities
compared to cells, as their presence could not be detected by flow cytometry .

2.4.8.3 Relevance for cancer diagnostics

SPRi can be used to distinguish tdEVs from non-EV particles and EVs derived from
other cells based on the antigen expression. The IBIS MX96 is able to detect
antigens present at a low density on EVs compared to cells . Considering
throughput, SPRi has superior sample processing rates compared to other
techniques reviewed here. However, the required EV concentration to perform
these measurements is high (2 x 10® EVs/mL), and not within the range of the
expected tdEV frequency.

2.4.9 Flow cytometry (FCM)
2.4.9.1 Cancer-ID specific method and operating principle

EV samples are diluted in PBS (21-031-CV; Corning, Corning, NY) to prevent swarm

detection >° and stained with fluorescently-labelled antibodies. Antibody
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aggregates are removed by centrifugation prior to use. The “antibody
supernatant” is added to the EV sample followed by a two-hour incubation step,
which is stopped by diluting the incubated sample with PBS. In a flow cytometer,
the sample is hydrodynamically focused with sheath fluid to intersect a laser
beam (Figure 2.11A). Scattered light and fluorescence from the particle are
collected by a forward scatter detector, a side scatter detector, and multiple
fluorescence detectors ©° (Figure 2.11B). The measured scatter and fluorescent
signals per particle can be represented and analyzed using scatter

plots as shown in Figure 2.11C. In the works referenced here, samples were
analyzed on an A60-Micro (Apogee, Hertfordshire, UK).

2.4.9.2 EV definition

EV identification by FCM is commonly based on the expression of one or more
antigens, which are detected using fluorescent immunostaining. Recently, we
found that the refractive index of particles can be used as an additional
parameter to distinguish EVs from lipoproteins *°. We therefore define an EV as
a particle that expresses detectable levels of one or more antigens, and has a
refractive index <1.42.

2.4.9.3 Value added by Cancer-ID

Within Cancer-ID, technology to determine the size and refractive index of sub-
micrometer particles was partly developed, evaluated and used to find new
applications. Based on refractive index, for example, EVs can be differentiated

from lipoproteins without antibody labeling *°. Refractive index determination
was used to show that generic EV dyes, which are commonly used to label EVs in
FCM measurements, do not label all EVs and do label non-EV particles . The
combination of antibody labeling and refractive index determination could be
used to increase specificity of EV detection. Furthermore, the side scatter
sensitivity of a conventional flow cytometer was improved 30-fold by
systematically modifying the hardware and a method was developed to quantify
the scatter sensitivity of a flow cytometer.
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2.4.9.4 Relevance for cancer diagnostics

FCM measures light scattering and fluorescence from thousands of individual
particles per second. Although detection of the smallest single EVs is possible ¢,
only the most sensitive commercial flow cytometers are able to detect EVs with

a diameter < 200 nm ©, Based on the combination of an antibody and the
refractive index, it is possible to discriminate tdEVs from lipoproteins and EVs
from other origin. However, plasma samples are typically pre-diluted 10-100
times before measurements to prevent swarm detection (as assumed in Table
1). This dilution means the detection of the few tdEVs that might be present in
the plasma sample is impossible.

However, FCM provides information on the concentration, cellular origin and
biochemical composition, size and refractive index of single EVs 42" 63,

2.4.10 Immunomagnetic EpCAM enrichment followed by
fluorescence microscopic (FM) detection
2.4.10.1 Cancer-ID specific method and operating principle

Blood of individuals is collected in CellSave blood collection tubes (Menarini,
Huntingdon Valley, PA). After centrifugation of 7.5 mL of blood for 10 minutes at
800 g, the sample is placed in the CellTracks Autoprep (Menarini, Huntingdon
Valley, PA). The Autoprep aspirates and discards the plasma whereas the blood
cell fraction is incubated with anti-EpCAM (VU1D9) ferrofluid (Figure 2.12A, step
1). The particles (cells and EVs) bound to the ferrofluid are separated from the
rest of the blood by the application of magnetic forces (step 2). Following the
immunomagnetic isolation, EpCAM-enriched particles are stained with the
nuclear dye DAPI and fluorophore-conjugated antibodies recognizing the
epithelial specific cytokeratins 8, 18 and 19 (CK-PE) and the leukocyte specific
marker CD45 (CD45-APC) (step 3). The stained sample is loaded in a cartridge and
placed between two magnets configured in such a way that all stained EpCAM*

enriched particles homogeneously align on the glass slide on the surface of the
cartridge (step 4). The cartridge is scanned using the CellTracks Analyzer ||
(Menarini, Huntingdon Valley, PA), a fluorescence microscope equipped with a
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10x 0.45 NA objective (step 4). The images are analyzed using the open-source
ACCEPT software to identify circulating tumor cells (CTCs), tdEVs, leukocytes and
leukocyte EVs (step 5).

A Dichroic mirror B
——

SSC+FL

—— Scatter 200 nm
— — Fluorescence

Platelet-EVs

Side scatter

Side scatter
Side scatter

10° 10° T
CDB3-PE EpCAM-Alexa Fluor 647 CD61-FITC

Figure 2.11. Flow cytometry of extracellular vesicle (EV) samples. A) In flow cytometry, a
single particle suspension is hydrodynamically focused with sheath fluid (arrows) to
intersect a laser. Light coming from the particle is collected by a forward scatter detector
(FSQ), 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 #?'. C) Scatter plots of
side scatter versus fluorescence for the PC3 EV sample stained with CD63-PE (left), the
LNCaP EV sample stained with EpCAM-Alexa Fluor 647 (center), and the platelet EV sample
stained with CD61-FITC (right). In PC3 EV sample 14.1% was found to be positive for the EV
marker CD63, in the LNCaP EV sample 7.8% was found to be positive for cell surface epithelial
marker EpCAM, and in the platelet EV sample 5.4% of the particles was found to be positive
for CD61 BB: blocker bar, FL: fluorescence
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2.4.10.2 EV definition

tdEVs are defined as EpCAM+, CK+, DAPI-, CD45- particles. A gate for their
automated enumeration from the CellSearch image data sets has previously
been reported °.

2.4.10.3 Value added by Cancer-ID

In the frames of the Cancer-ID program, we re-analyzed digitally stored FM
image data sets of retrospective clinical studies acquired after EpCAM-
enrichment. Our results suggest that large tdEVs (> 1 um), co-isolated with CTCs,
are negatively associated with the overall survival of metastatic prostate,
colorectal, breast and non-small cell lung cancer patients in a similar way as CTCs
(Figure 2.12) ® and could contribute in monitoring the disease and assessing
therapeutic efficacy. However, the existing technique was developed for the
detection of CTCs and eliminates the detection of smaller tdEVs or tdEVs with
low antigen density even if they have beenisolated by the anti-EpCAM ferrofluid.

To evaluate whereas tdEVs from a model cancer cell line can be isolated using
the CellSearch assay, two samples were used as a positive and negative control
of the technique. Two blood samples of 7.5 mL, collected in CellSave tubes and

drawn from an anonymous healthy individual, were provided by the TNW-ECTM-

donor services (University of Twente, Enschede, The Netherlands). Both samples
were processed with the CellSearch system; however, the one sample remained
intact without the addition of any EVs (negative control), whereas the other one
was spiked with EVs produced from the EpCAM+ LNCaP prostate cancer cell line
(positive control). The application of a tdEV gate resulted in 0 events in the
negative control and in 3772 events in the positive control (Figures 2.12B and
2.12C). This study was carried out in accordance with the recommendations of
Dutch regulations. The protocol was approved by the Medical ethical
assessment committee Twente (METC Twente). The subject gave written
informed consent in accordance with the Declaration of Helsinki.
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Principle of the CellSearch system
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Figure 2.12. EpCAM immunomagnetic enrichment and fluorescence microscopic (FM)
detection of extracellular vesicle (EV) samples. A) Principle of the CellSearch system.
ACCEPT analysis of two CellSearch cartridges corresponding to EpCAM enriched blood
sample of a healthy donor without (B) and with LNCaP EVs spiked (C). CD45 is depicted in
red, CK in green and DAPI in blue. The objects falling in the applied tdEV gate are depicted
as blue dots in the scatter plots of CD45 Mean Intensity versus CK Mean Intensity. The other
particles are shown as grey dots. Thumbnail examples of 4 objects are shown. The CD45+,
CK+ particles are attached to the leukocytes, as illustrated. Scale bars indicate 6.4 um. Panel
D and E show Kaplan Meier plots of overall survival of 956 metastatic colorectal, prostate,
breast and non-small cell lung cancer patients. Patients were grouped based on their
circulating tumor cells (CTC) (Panel D) or tumor-derived EV (tdEV) counts (Panel E)
demonstrating the equivalent prognostic power of CTCs and tdEVs 8.

2.4.10.4 Relevance for cancer diagnostics

The CellSearch system can be used to enrich tdEVs based on their EpCAM

expression, as EpCAM is not expected to be present on EVs in blood of healthy
individuals %45, However, tdEVs isolated by the CellSearch system are limited to
the relative larger EVs (> 1 ym), as the plasma obtained after centrifugation at
800 gis discarded. Considering that the CellSearch is only sensitive to the largest
tdEVs and thereby needs to scan a larger area to encounter a representative
number of tdEVs (see Table 1), the sensitivity is unfit for clinical purposes.

2.5 Cancer-ID insights

Cancer-ID delivered new techniques and new insights to explore tdEV detection.
Taken the complexity of blood into consideration, the necessity of enriching
biological samples for tdEVs becomes obvious. EVs secreted from prostate
cancer cell lines and EVs derived from red blood cells and platelets, resembling
the expected background of EVs in plasma, were used to explore the utility of
different techniques. The size distribution of the EV samples was characterized
by NTA, the EV size and/or morphology by TEM, SEM and AFM, the biochemical
composition by Raman spectroscopy, and their antigen expression profile of EVs
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using SPRi, FM and FCM. The techniques were able to detect or image EVs
present in EV samples from cultured tumor cells. However, discrimination
between EVs and non-EV particles becomes difficult in complex samples like
plasma, because non-EV particles outnumber EVs (Figure 2.1). Furthermore, most
techniques cannot identify the cellular origin of single EVs and relate the
measured signal or count to the concentration of tdEVs in plasma. The results of

all individual techniques pointed out that a combination of more than one
parameter or technique increases the certainty that tdEVs are being investigated

and immune affinity enrichment or detection is needed to cover the large size
and density range of EVs.

EV isolation protocols have not been standardized within the EV field ¢ ¢7. Size-
based isolation techniques, such as size exclusion chromatography can purify
samples from contaminating lipoproteins and soluble protein of a size below 70
nm *°. Furthermore, centrifugation is often used to isolate biomarkers from
whole blood. In the Cancer-ID program, we developed a model to predict the
behavior of particles (cells and EVs) in solution during centrifugation, and
showed the co-isolation of for example platelets and large EVs after
centrifugation 7. Furthermore, although the application of rate zonal
centrifugation improved the separation of platelets from EVs, the
aforementioned isolation techniques result in purification of EVs rather than
enrichment of tdEVs.

By the use of affinity-based techniques using antibodies directed to antigens
expressed on tumor cells but not on blood cells we demonstrated the
enrichment of large (> 1 um) EpCAM+ tdEVs from blood from metastatic cancer
patients % 9. EVs from different origin were eliminated in the enriched sample.
Efforts for the immunomagnetic enrichment of smaller (< 1 pum) tdEVs from
plasma samples based on EpCAM are ongoing. The frequency of small tdEV
shown in Figure 2.1is based on an extrapolation from the frequency of the large
tdEVs and this surely will need to be validated. Moreover, whether the small tdEV
have a similar relation with clinical outcome will need to be established. tdEV
likely encompass different subclasses for example those responsible for
communication with the environment and those involved in the process of
apoptosis of cancer cells and as such relation with clinical outcome or its cargo
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being informative on the optimal treatment will likely be different between
these subclasses. Here only the EpCAM antigen was used to capture tdEVs, the
use of different or a mixture of antibodies recognizing different cancer-specific
antigens, such as VAR2CSA 8 and HsP70 ¢%7° could increase the capture efficacy
and may identify different subclasses of tdEVs. Identification of tdEV among the
EpCAM enriched particles was obtained through identification of the presence
of intracellular cytokeratins; the use of different components of the tdEV cargo
might be important. Exploration of this cargo with label free technologies such
as Raman and SPRi identified some alternative avenues that can be explored.
The onset of retrieving data from the molecular content of EVs has also been
explored in the Cancer-ID program. A challenge is retrieving sufficient RNA to
represent the mRNA and long noncoding RNA transcriptome. As a first step,
various EV RNA isolation kits were tested, and of the isolation kits tested, the
Norgen total RNA isolation protocol resulted in the highest amount of RNA as
determined by RT-gPCR of housekeeping and prostate-associated transcripts.
Although this Norgen protocol will also extract non-EV RNA from urine, RNA
yield and coverage by RNAseq are considered of higher priority than purity for
our EV-based biomarker efforts. State-of-the-art integrated systems developed
in the Cancer ID Perspectief program come close to reliably detecting tdEVs at
clinically relevant concentrations at high throughput. Small tdEVs (< 1um) can be
isolated using functionalized anti-EpCAM substrates and can be detected
electrochemically in a label-free manner 7. Next, sorting of tdEV populations (as
defined by fluorescence, by SPRi, electrochemically, or by Raman spectroscopy)
can be used to perform downstream molecular analysis and reveal their genetic
content which could play a critical role in identifying the best therapeutic
strategy for cancer patients.
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EXTRACELLULAR VESICLES ON
STAINLESS STEEL SUBSTRATES FOR
INDIVIDUAL MULTI-MODAL
CHARACTERIZATION USING AFM,
SEM AND RAMAN SPECTROSCOPY
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3.1 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 ym), 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™ 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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3.2 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.”” 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"),

especially when compared with that of blood cells (~10° mL").# In contrast,

tdEVs are much more abundant with concentrations up to 10" tdEVs mL">
Importantly, the presence and amount of tdEVs in blood has been proven to
strongly correlate with the survival of patients with metastatic prostate cancer.®
EVs are membrane-bound biological carriers of biomolecules, which are shed by
all cell types. They are found in all body fluids,” and exhibit a size ranging from 30
nm to 1 um.®9 EVs are of great interest because of their implication in intercellular
communication and pathogenesis;”'*" they show great promises not only for
disease diagnosis but also for drug delivery.*"3 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.".

However, blood is a highly complex fluid™ 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.”®" Several methods have been proposed for EV isolation,
among which ultracentrifugation and size-exclusion chromatography are the

most popular.®618-20

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
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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,®” or specific membrane markers (e.g., EpCAM,® EGFR,” HER2%) 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.?

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 techniques*® such as flow
cytometry,3" confocal and non-confocal (fluorescence) microscopy,3
scanning electron microscopy (SEM),33 atomic force microscopy (AFM),34 Raman
spectroscopy,® surface plasmon resonance (SPR),3%3” mass spectrometry (MS)3®
and uNMR.3? However, not all techniques allow the collection of information at
the single EV level. Furthermore, to get comprehensive information on
heterogeneous samples, different techniques vyielding 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.#>4' SEM enables characterization
of the size and morphology of intact EVs.**®# 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
combination® cancer cells could be distinguished from non-cancer cells.*%
Finally, AFM yields more detailed information on the size and morphology of EVs,
and possibly, on their mechanical properties.3*4¢

In this chapter, we report the specific isolation of tdEVs obtained from prostate
cancer cell lines on functionalized stainless-steel substrates followed by their in
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situ multi-modal characterization with SEM, Raman and AFM imaging (Figure
3.1). Stainless steel substrates were selected for their suitability for all
considered modalities: this material gives little background in Raman (See
Appendix A.1);4% 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 3.2, stainless steel
substrates were first functionalized with a monolayer of carboxydecyl
phosphonic acid (CDPA),* % onto which antibodies targeting tdEVs were
covalently anchored through carbodiimide-based bioconjugation chemistry.>°
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

Raman Spectroscopy -
Chemical analysis of EVs

SEM -
Validation
of specific
capturing

AFM -
High resolution,

quasi-3d inspection
of abjects of interest

Figure 3.1. Multi-modal analysis of tdEVs on antibody-functionalized stainless steel
substrates. After their selective 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 collected from these
different imaging modalities correlated to get a comprehensive picture on the captured
objects.
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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 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 3.2. Different steps of surface modification and capture of the tdEVs on stainless
steel substrates. a) An oxygen plasma-treated stainless steel substrates 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.

3.3 Experimental

3.3.1 Materials

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide
(NHS), acetone (VLSI grade), paraformaldehyde (PFA), phosphate-buffered
saline (PBS), and 2-(N-morpholino)ethanesulfonic acid were purchased from
Merck (Zwijndrecht, The Netherlands). Ethanol (VLSI grade) and
dichloromethane were purchased from VWR (Amsterdam, The Netherlands).
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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.

3.3.2 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 3.3. 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°C overnight.

3.3.2.1 PDMS Reservoir

Alarge 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 cm?

pieces, in which a hole was punched with a Harris Uni-Core 6-mm biopsy punch
(VWR International B.V., Amsterdam, The Netherlands).

3.3.2.2 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-um 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
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and outlets were punched using a -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.

3.3.2.3 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 3) and flanking one sample channel. All channels
were 30 um height x 50 pm width x 1 mm length. The distance between the
navigation markers and the sample region (80 um, 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 pm
for the Raman system, 500 pm for the AFM instrument and freely variable in the

SEM, see Appendix A.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-um 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 3.3, bottom left).
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Figure 3.3. 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 wl.min-1); microfluidic
device used for the fabrication of navigation markers next to a 50 um x 1 mm sample
region, subsequently considered 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 um height x 50 um
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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3.3.3 CDPA monolayer formation and characterization on stainless
steel substrates

3.3.3.1 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°C to form a CDPA monolayer (Figure 3.2a). 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 @ vacuum oven at 130°C for 1 h and finally washed in an ultrasonic bath in
ethanol, acetone and dichloromethane (7 min for each solvent).

3.3.3.2 Infrared Reflection/Absorption Spectroscopy (IRRAS)

IRRAS measurements were performed on a Bruker Tensor 27 using a Harrick
Auto Seagull™ (Bruker Nederland B.V.). 2000 scans per measurement were
recorded under an angle of incidence of 83° 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 (O, plasma-cleaned
stainless steel) to yield relative absorption values.

3.3.3.3 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 Ka X-ray radiation at 12 kV and 20 mA at an angle of incidence of 80°. 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.

3.3.4 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-
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dimethylaminopropyl)carbodiimide, NHS = N-hydroxysuccinimide) at room
temperature (Figure 3.2b). 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 pl of a 5 mM acetic acid solution in Milli-Q to
stop the reaction, followed by 100 pl PBS. Next, the antibody solution at 20
ug/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, 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.

3.3.5 Vesicle capture and dehydration

EVs were isolated from culture medium (see Appendix A.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)>' of those isolated EVs revealed a concentration of 1.06 x
10 EVs ml" (See Appendix A.4). 25 pl of this EV-containing suspension was
introduced into the xurography channel (channel volume: 3.6 ul) 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 pl of PBS at a

flow-rate of 400 pl min™ using a syringe-pump connected to the outlet reservoir
and operated in withdrawal mode (Fig. 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 Appendix A.5:
(i) no activation of the CDPA layer with EDC/NHS; (ii) no immobilization of anti-
EpCAM antibodies; and (jii) no incubation with any EV sample.
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3.3.6 Multi-modal analysis of the captured EVs on anti-EpCAM-
conjugated stainless steel substrates

3.3.6.1 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.

3.3.6.2 Raman measurements

Hyperspectral Raman micro-spectroscopy was performed by 2D point scanning
of a laser beam (A = 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™ 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 um, h—1.2 um) was focused on the substrate and a 30 pm x 30 pm
ROl was scanned with a step size of 0.47 pm and an illumination time of 250 ms
per pixel. Using MATLAB 2017b (Mathworks, Eindhoven, The Netherlands), after
wavenumber and intensity calibration, the data were pre-treated 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™). Multivariate analysis by means of principal
component analysis (PCA) was performed in the high frequency spectral region
between 2700 to 3200 cm™. 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.>* For each loading, a single score
value was assigned to each measured pixel in the ROl 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.
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3.3.6.3 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™ 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 3™ 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.

3.4 Results and discussion

3.4.7 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 3.4a. Bands
assigned to the anti-symmetric CH, stretch were found around 2914 cm™ for all
tested CDPA concentrations (see Appendix A.6). These anti-symmetric CH,
stretch bands are typically found between 2914 and 2930 cm”, 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.474%55¢ |n all samples, the carboxyl band was detected at ~
1720 cm”, which is attributed to acyclically dimerized carboxyl groups,” i.e.,
hydrogen-bonding dimerization with nearest neighbors. Higher absorption
frequencies for this band (towards 1740 cm™) indicate non-hydrogen-bonded
species, and therefore a less dense monolayer. Lower frequencies (~1700 cm™)
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would suggest cyclic dimerization as a result of multilayer formation. In the 1700-
1740 cm™ region, peak broadening was observed in the substrates functionalized
with 0.1 and 10 mM solutions (see Appendix A.7), 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 1*step
functionalization of the stainless steel substrates.

After each surface modification step (oxygen plasma treatment, CDPA
functionalization, antibody modification), the substrates were also analyzed
using XPS (Figure 3.4b). Integration of the peak surface areas provides
quantitative information about the proportion of elements found on the
substrate. After O, plasma (black line, Fig. 4b), relatively little carbon (C 1s signal
at —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 V). 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:Pratio of 11.2: 1, which is in excellent agreement with the theoretically
expected 11: 1 ratio according to the molecular formula of CDPA (Fig. 4¢). 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 3.4c. 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, Fig. 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
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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 t =

—1 X sinf XxIn (Felf%)ﬁ&” with A being the attenuation length estimated for
0

Fe 2p (1.4 nm), 9 = 80°, and Fe, and Fecra the signal intensities (counts s™) 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 + 10°, which supports
the IRRAS data that suggested the formation of a densely packed and ordered
monolayer.

Finally, after antibody conjugation (Fig. 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.

3.4.8 Capture of LNCaP-derived EVs on antibody-conjugated
stainless 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
3.53, tdEVs were successfully and specifically captured on the antibody-
conjugated stainless steel surfaces, onto which quasi-spherical objects in the 100
nm -1 um 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 Appendix A.5 and A.7), nothing was captured in the surface
(Figure 3.5a). 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 pm x 30 um ROIs (64 x 64 pixels), and analyzed using PCA in the
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spectral region between 2700 to 3200 cm™ 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 3.5b, but also to compute a mean Raman spectrum for EVs, as presented
in Figure 3.5b. This spectrum comprises a characteristic lipid-protein band at
2850 — 2950 cm’, and a clear peak at 2851 cm™ that corresponds to the CH,
symmetric stretch of lipids.®°

Finally, AFM images were used for quantitative analysis of the captured EVs. In
five considered areas of 50 um x 50 um, a total of 5.4 x 103 tdEVs were detected,
which corresponds to a surface density of 4.3 x 10> tdEVs.mm™. These objects
presented a size range of 54 to 3840 nm and an average diameter of 101+ 111 nm,
and Figure 3.5c shows the particle distribution up to 0.7 pm, since most of the
particles were found in the 0-0.7 um 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 Appendix A.4 and
Figure 3.5¢, 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.>"®'

3.4.9 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
ROls, 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,®*> which would hinder later analysis by
Ramanspectroscopy. 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
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Figure 3.4. 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 3.2.
Wide range scans acquired on a 02 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).
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Figure 3.5. 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 exposure to tdEV samples). b) Mean Raman spectrum (black line)
and standard deviation (shaded area) of all EVs segmented from the ROl presented in the
inset (30 um x 30 um 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
c¢m-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.

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 3.6 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 3.6 ¢, f, and i). Surprisingly, SEM imaging (Figure 3.6a)
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

91



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 c¢cm™) 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 3.6d and 3.6g. Measurements
were conducted here on single EVs captured on the surface, and the signal-to-
noise ratio was 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 (Fig. 6d) loading
at 2851 cm™, which corresponds to the CH, symmetric stretch of lipids, and a lipid-
protein band between 2850 and 2950 cm™, 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 (Fig. 6g) presented a
CH stretching region with a prominent peak at 2944 cm™ and a CN stretching
region with a peak at around 2247 cm”, which are both characteristic of
cyanoacrylate glue.® 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 3.6e and 3.6h reveal the respective
distribution of the EVs and glue particles.

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
um 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 3.5¢). Moreover, AFM
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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 (Fig. 3.5¢). Figure 3.6b presents
an AFM image corresponding to the previously discussed Raman and SEM
images, and Figure 3.6c 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 nanoindentation®*).

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.

3.5 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
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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 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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Figure 3.6. Multi-modal analysis of LnCAP-derived EVs on anti-EpCAM functionalized
stainless steel substrates. a) SEM image of a selected ROl (30 um x 30 um). b)
Corresponding AFM height image of the same ROI. ¢) AFM - SEM overlaid image. d)
Raman spectrum in the 2700-3200 cm-1region 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. €) 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 PC1
image of scores on PC1 (e) with the SEM image presented in (a).
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4.1 Abstract

Organosilicon compounds are ubiquitous in everyday use. Application of some
of these compounds in food, cosmetics and pharmaceuticals is widespread on
the assumption that these materials are not systemically absorbed. Here the
interactions of  various organosilicon compounds (simeticone,
hexamethyldisilazane and polydimethylsiloxane) with cell membranes and
models thereof were characterized with a range of analytical techniques,
demonstrating that these compounds were retained in or on the cell membrane.
The increasing application of organosilicon compounds as replacement of other
plastics calls for a better awareness and understanding of these interactions.
Moreover, with many developments in biotechnology relying on organosilicon
materials, it becomes important to scrutinize the potential effect that silicone
leaching may have on biological systems.

4.2 Introduction

Organosilicon compounds, which are silicon-containing hydrocarbons, have a
wide range of accepted usage.! Examples include silicones like
polydimethylsiloxane (PDMS) which is accepted by the European Food Safety
Authority (EFSA) as a food additive,? and widely used in the field of microfluidics.?
The silicone-based over-the-counter drug simeticone is used as gastro-intestinal
surfactant to treat colic in infants.* 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.> However, despite the widespread use of silicones in
products for use in humans, there is 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
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low-molecular weight components into the samples under study may influence
results,>®? 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,®® the massive adoption of PDMS for the
production of microfluidic and organ-on-a-chip platforms can be
attributed to the ease of device fabrication, its optical transparency, 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 embryos, primary cells and ex
vivo ovarian tissues.”" In-vivo short term studies reported no
significant changes in survival of rats that were fed diets containing up
to 10% PDMS.""> However, to our knowledge, systemic uptake was never
comprehensively studied. In contrast, it has been demonstrated that
PDMS in the cells’ microenvironment do modulate gene expression
profiles significantly,® especially in comparison with other polymers."”

2) InSEM 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.’®> A
common method for drying uses hexamethyldisilazane (HMDS).*#*> The
mechanism proposed by which HMDS interacts with biological specimens has
been via transfer of trimethylsilyl groups,* which can happen with, e.g. sugars
and amino acids in biological specimens. In this process proteins crosslink to fix
the biological specimen, preventing it from collapsing during drying.*

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 biological
membranes. To illustrate the generality of the silicone-membrane interactions,
three different organosilicon sources were included in this study (See Appendix
B.1 for structural information):

105



1) PDMS (Sylgard 184), whose oligomers leach from incompletely cured
microfluidic channels;

2) HMDS used for dehydration in electron microscopy sample preparation;
and

3) Infacol, an over-the-counter drug, containing simeticone, an
organosilicon compound similar in structure to PDMS, mixed with silica
nanoparticles.

Two different specimens were considered: cells (LNCaP and HT-29 cell lines) and
supported lipid bilayers (SLBs) prepared from 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), which is abundant in biological membranes.?” SLBs are
widely used as models of cellular membranes;*® here, they enable to study
organosilicon interactions with phospholipid molecules.

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 (probing depth of 3
nm), and which allows overlay with electron microscopy images to show the
spatial distribution of species; ¢) X-ray Photoelectron Spectroscopy (XPS)
(probing depth of 10 nm), 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.
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Figure 4.1. Overview of the sample preparation and characterization steps. Cells and SLBs
were first incubated with PDMS, Infacol or HMDS on substrates conforming to the
requirements of the intended characterization technique. 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.
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4.3 Materials and methods

A schematic overview of the sample preparation and subsequent
characterization steps is presented in Figure 4.1. Each individual step is discussed
in more detail in the following sections.

4.3.1 Materials

PDMS was prepared using Sylgard 184 (Dow Corning, Farnell, Utrecht, The
Netherlands). Infacol (TEVA) was purchased from a local pharmacy store (Die

Grenze (Almelo, The Netherlands). 1,2-dioleoyl-sn-glycero-3-phosphocholine was
purchased from Avanti Polar Lipids (AL, USA). 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, and
filtered through a 0.2-um syringe filter before use.

Indium Tin Oxide (ITO) coated fused-silica substrates were used in combination
with XPS and Raman spectroscopy. This ITO coating was chosen because of its
low Raman background signal. For Auger Electron Spectroscopy and IR, gold-
coated substrates were used. ITO and gold coatings were deposited in the
cleanroom of the MESA+ Institute for Nanotechnology by sputtering a layer of
~100 nm on fused-silica substrates.>® Thereafter, substrates were cut by dicing
to a size of 1x1.cm?,

4.3.2 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, Manassas, VA,
USA), were cultured in RPMI-1640 medium with L-glutamine (Lonza, Basel,
Switzerland) supplemented with 1% penicillin and 1% streptomycin (Westburg,
Amersfoort, The Netherlands) in an incubator at 37°C and with 5% CO,, medium
being refreshed every 3 days and cells being reseeded at a density of 104
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cells/cm?. For experiments, 8 x 10° cells were harvested using a 0.25% Trypsin
solution (Thermo Fisher Scientific, Waltham, MA, USA). Subsequently, the cells
were fixed in 1% paraformaldehyde (PFA) for 15 min and washed three times in
PBS through centrifugation at 300 g for 5 min. Finally, the sample was split in 6
equal fractions, each containing 1.3 x10° cells. While fixation alters the chemical

state of proteins and other molecules, it was implemented in all experiments for
consistency, since it is required for some experiments. It was made sure that the
fixative did not contain any organosilicon species not to introduce additional
biases in our study.

4.3.3 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 O,-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.

4.3.4 Sample preparation - organosilicon

Sticky PDMS microchannels were fabricated using xurography, as previously
reported by us.3° 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 3x6
mm? 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

109



International B.V., 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
polydimethylsiloxane with molecular weight ranging between 14 and 21 kDa,
mixed with silicon dioxide nanoparticles (4-7%).3' Before use, Infacol was diluted
to 1mg/ml in PBS. Solid particles of few microns in diameter that remained in the
solution,were removed by filtering the solution (0.2-um 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 fully evaporated from the
cells.

4.3.5 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 10* cells/cm? and left to proliferate for 48 h
in RPMI medium supplemented with 1% penicillin and 1% streptomycin at 37°Cin
a 5% CO, 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
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SLB on the ITO-coated substrate. As for the cells, channels were rinsed with PBS
and after delamination of the PDMS microchannels, the substrates were rinsed
thoroughly with deionized water before analysis with XPS.

4.3.6 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,3* and deposited
on flat substrates overnight.3* As a negative control, the HMDS-drying step was
omitted and cells in 100% ethanol were dried on the substrates overnight. ITO-
coated and gold-coated fused-silica substrates were used for Raman and AES
spectroscopy, respectively. SLBs prepared on gold-coated fused-silica substrates
were fully immersed in 1 ml of HMDS and dried under vacuum overnight.

4.3.7 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.

4.3.8 Raman spectroscopy

An in-house Raman spectrometer was employed, that has been described in
detail elsewhere. Briefly, 2D point scanning of a laser beam (A = 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, Belfast, United Kingdom). The laser power was measured
underneath the objective (40x, NA: 0.95; Olympus Nederland B.V., Leiderdorp,
The Netherlands,) and adjusted to 35 mW. The laser focal spot was focused 5 pm
above the substrate to ensure it was close to the center of the cells. A 20 um x
20 um area was scanned with a step size of 0.31 um and an illumination time of
100 ms per pixel. Hyperspectral images are created by integrating the Raman
band between 450 and 550 cm™, which contains the band at 490 cm™, which is
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present in all cells dried with HMDS. The area value of each pixel is converted to
a color in a heat map scale.

4.3.9 XPS measurements

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. Using XPS, 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 (JEOL Ltd., Tokyo, Japan) with a monochromatic
Al Ka 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.

4.3.10 Auger Electron Spectroscopy

AES was performed using a JEOL JAMP-9500F field emission scanning Auger
microprobe (JEOL Ltd., Tokyo, Japan). 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 as 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 (Si.mm 92 eV), carbon (Ck.L 263 eV)
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and nitrogen (Nk.. 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 4.2¢, the images were treated with
the same threshold settings.

4.3.111IR 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™. All spectra were recorded at room temperature and
ambient atmosphere. These samples were also measured by using reflection
FTIR spectra using a 50-um diameter aperture in a Bruker Hyperion 1000
spectrometer equipped with a 15x 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™. A background spectrum was collected
from plasma-cleaned gold surfaces. In addition to these samples, a gold
substrate was homogeneously coated with a thin layer of liquid 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 um), coating. This sample was stored at room temperature and
measured after 12 h.

4.3.12 Results and discussion

Figure 4.2a presents the mean Raman spectrum of cells dried in absence (Figure
4.2a (1, green line), negative control) and presence (Figure 4.2a (2, pink line)) of
HMDS. HMDS-dried cells give rise to four main peaks at 490, 710, 2906 and 2964
cm™ that are not detected in the negative control samples. This shows that
HMDS does not fully evaporate despite its residence at 24-mbar vapor pressure

inside the SEM at room temperature. Further confirmation of the presence of
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C Control HMDS Infacol PDMS
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Figure 4.2: Imaging spectroscopic analysis of individual cells. a) Normalized mean Raman
spectra of: (1) 5 negative control cells (green), (2) 5 HMDS-dried cells (magenta), (3) neat (liquid)
HMDS (black). b) Raman images of HMDS-dried cells (top row) and negative control cells (bottom
row) 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-um scanning step size. ¢) AES/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 Appendix B.2.

115



HMDS in cells is presented in Figure Appendix B.4. The spectrum in Figure 4.2a
(3, black line) from liquid HMDS shows bands at 569, 685, 2900 and 2958 cm”,
which have shifted to 490, 710, 2906 and 2964 cm”, respectively for HMDS in
cells. The band positions of HMDS are therefore assigned to an interaction
product of HMDS with cellular components, potentially membranes, proteins
and sugars, and the formation of silyl ethers. Figure 4.2b presents Raman images
of cells dried with (top row) and without (negative control, bottom row) HMDS,
obtained by integration of the band between 450 and 550 cm”, confirming the
absence of HMIDS-related bands in the negative control cells.

Since AES has a probing depth of only 3 nm, it only detects elements located
either in or on the cell membrane. Therefore, AES was next used to get more
insights into the exact localization of the Si species. As depicted on Figure 4.2c,
in all incubated samples a Siuvwm signal was detected, which was almost entirely
absent in the negative control samples, while in all samples including the
negative controls, as expected, the presence of carbon atoms was revealed.

Using XPS, whose probing depth reaches 10 nm, brings information across the
entire SLB thickness, as well as on the supporting substrate. XPS wide scans (see
Figure 4.3a) 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
4.3b). Noteworthy, a faint Si 2p signal (shifted to ~102.5 eV), having typically an

intensity seven times 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 Appendix B.3. Close inspection of the 1180-1300 cm™ region
unveils an absorption band for pure PDMS at 1257 cm™, corresponding to the
symmetric stretch of the Si-C bond.?3 In the same region, broad bands were
found in cell samples incubated with organosilicon compounds, but they were
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typically red-shifted to ~1230 cm™.* 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 membrane3* and concomitant change in dipolar interactions.

Previously, it was demonstrated elsewhere3> that small hydrophobic molecules
such as drugs and hormones can absorb into the PDMS matrix. Similarly, PDMS
can release unpolymerized precursor molecules in solutions, as notably reported
by Regehr et al. .%% The results presented here suggest that a-polar
organosilicon compounds in general can embed within various biological
membranes, driven by physicochemical interactions and not by active uptake.

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 reacts with molecules in cells and/or
their membranes. Raman spectroscopic imaging of single cells (Figure 4.2b)
reveals that organosilicon compounds are also present intracellularly, at lipid-
rich areas, e.g., in the membrane of 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 in the 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 contamination from ambient organosilicon
compounds (e.g., silanes), further illustrates the energetic favorability of a-polar
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
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Figure 4.3. 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 dfter 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 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 (pink) and cells
incubated with various organosilicon compounds (green, HMDS; blue, PDMS; red, Infacol;
black, negative control). Incubated cells show a shift in a peak (~1250 cm-1 = ~1230 cm-1)
compared to negative control cells.

(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.
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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 oligomers (1.5 — 6 kDa) and Infacol
(14 - 21 kDa) were not observed inside cells, but HMDS (MW = 161 Da) 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 bilayer (with a thickness
of around 5 nanometers), thereby stretching out to fit in this quasi-2D landscape
(Figure 4.4, right panel). This reduction in solvation energy is balanced by an
entropic cost, as it is entropically more favorable for polymers to assume a coiled
or globular conformation3®39 (Figure 4.4, middle panel) and since trimethyl silyl
groups are large compared to linear alkyl chains. Alternatively, the polymer
molecules may also span the membrane in multiple regions, much like a
transmembrane protein (Figure 4.4, 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)*, computation modeling is
required, or the use of advanced optical tools, such as FRAP (Fluorescence
recovery after photobleaching), which should reveal changes in the overall lipid
bilayer properties. 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 4.4. Models proposed with different possible conformations for silicone
oligomers and polymers in lipid membranes. Embedding of the polymer within the
membrane decreases the solvation energy but is balanced by the entropic cost of uncoiling
the oligomer molecule.

In conclusion, the results presented here reveal the incorporation of organosilicon
compounds in 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 ignored. As an example, in studies involving chemical analysis
of HMDS-fixed cells¥, it should be noted that the HMDS interferes with the signal. The FDA
has cleared several organosilicon compounds for applications in food, cosmetics and
pharmaceuticals on the assumption that these materials are not systemically absorbed. "+~
# 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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5.1 Abstract

Tumor-derived extracellular vesicles (tdEVs) are attracting much attention due
to their essential function in intercellular communication and their potential as
cancer biomarkers. Although tdEVs are significantly more abundant in blood
than other cancer biomarkers, their concentration compared to other blood
components remains relatively low. Moreover, the presence of particles in blood
with a similar size as that of tdEVs makes their selective and sensitive detection
further challenging. Therefore, highly sensitive and specific biosensors are
required for tdEV unambiguous detection in complex biological environments
especially for decentralized point-of-care analysis. Here, we report an
electrochemical sensing scheme for tdEV detection, with two-level selectivity
provided by a sandwich immunoassay and two-level amplification through the
combination of an enzymatic assay and redox cycling on nano-interdigitated
electrodes to respectively enhance the specificity and sensitivity of the assay.
Analysis of prostate cancer cell line tdEV samples at various concentrations
revealed an estimated limit of detection for our assay as low as 5 tdEVs/ul, as well
as an excellent linear sensor response spreading over six orders of magnitude
(10 - 10°® tdEVs/ul), which importantly covers the clinically relevant range for tdev
detection in blood. This novel nanosensor and associated sensing scheme opens
new opportunities to detect tdEVs at clinically relevant concentrations from a
single blood finger prick.

5.2 Introduction

Liquid biopsies are highly promising for metastatic cancer disease management.’
In this non-invasive approach, a sample of blood (typically a few ml, e.g. from a
finger prick) is screened for the presence of tumor biomarkers, such as
circulating tumor DNA (ctDNA), miRNAs, tumor-derived extracellular vesicles
(tdEVs), or circulating tumor cells (CTCs).? It has been established that,
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compared to imaging techniques (magnetic resonance imaging (MRI) in
conjunction with computed tomography (CT)), CTC quantification in liquid
biopsies has a better prognostic value,” 3 while being significantly less
demanding from a clinical point-of-view: the procedure is much more patient-
friendly, cheaper and does not require any administration of toxic contrast
agents. Furthermore, blood analysis can be repeated at higher frequency (e.g., a
few times per month vs. a few times per year for MRI), while allowing close
monitoring of a patient’s response to therapy. However, the main challenge to
be overcome in this approach is the extremely low relative concentration of
CTCs. Moreover, for every CTC (typically <10 CTCs per ml of blood), there are
millions of white blood cells and billions of red blood cells. In contrast to CTCs,
tdEVs, which are constantly released by tumor cells in blood, occur at a much
higher concentration (10 — 10° EVs per ul of blood).# Extracellular vesicles (EVs)
are nanometer-sized (30 nm - 1 um) particles, enclosed by a phospholipid bilayer
membrane and containing a great variety of biological molecular information on
their cells and/or tissues of origin.>” EVs are shed by all cell types and found in all
bodily fluids, where they play an important role in (inter)cellular
communication.®® All EVs share the same generic EV-membrane protein
repertoire, e.g., CD9, CD63, and CD81being present on the vast majority of blood
cell-derived EVs.”" Next to this, tdEVs exhibit membrane proteins that are
specific of their cellular origin, e.g., cancer biomarkers HER2, EGFR, and epithelial
cell adhesion molecule (EpCAM)." "' Notably, EpCAM has been widely used for
the isolation and detection of both CTCs and tdEVs,' which are found in blood
from the early stages of cancer to metastasis. The concentration of both CTCs
and tdEVs increases with the progression of the tumor.”" The wide spread of
tdEV concentrations naturally occurring in blood, makes them promising
alternative cancer biomarkers. The variation between patients with low and high
tdEV abundance is relatively much higher than for CTCs (a factor of 10° for EVs
vs. a factor of maximally «~ 103 for CTCs), and therefore statistically more unlikely
to yield false negative results.

However, before tdEVs can be considered in clinical routines and liquid biopsy
analysis, reliable, unambiguous, highly sensitive and specific methods must be
developed for their isolation, detection and quantification in complex matrices
such as blood. Species in the EV size range are difficult to characterize using
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existing analytical techniques suitable to single molecules or cells, which are,
respectively, smaller and larger than EVs. Furthermore, blood comprises various
other entities in the same size range as EVs and often present with much higher
concentrations, such as protein aggregates, lipoproteins, cell debris and, most
notably, non-cancerous EVs, from which tdEVs need to be unequivocally
distinguished.”” EVs are often studied using flow cytometry and/or fluorescence
microscopy.’®* Although these techniques provide unique molecular
information on tdEVs, they often lack the sensitivity and/or resolution required
to detect both the rarest and/or smallest tdEVs. These techniques also require
substantial sample volumes. In contrast, single EVs can be detected using atomic
force microscopy (AFM),* nanoparticle tracking analysis (NTA),?® resistive pulse
sensing,?® Raman spectroscopy”?® or a combination of some of these
techniques, whose throughput and level of technicality is however too low for

practical medical/clinical use.

Altogether there is a clear need to be able to detect tdEVs at concentrations as
low as 1-100 per ul and across an extended clinically relevant concentration
range.* However, only few endeavors have led to the development of sensors
sensitive enough to detect such low concentrations. Recently, Zhang et al.*?
reported immunocapturing of tdEVs on antibody-modified herringbone in
microfluidic channels followed by their detection using fluorescence
microscopy, after amplification of the signal using an enzymatic reaction.
Although they reported a limit of detection (LOD) of 10 EVs/ul, the signal was
barely distinguishable from the background, and their approach worked over a
linear detection range from 10 — 103 EVs/ul. Using amperometric detection of
enzymatic activity after ~magnetic immuno-enrichment with nanocubes,
Boriachek et al.>® analyzed EVs from placental cells using placenta alkaline
phosphatase as marker. Their reported LOD was as low as 1 tdEV/ul; However,
again the linear range of their assay only covered a 1 - 10* EVs/ul concentration
range. Huang et al3' developed an electrochemical detection platform using
aptamers as detection probes and a combination of hemin/G-quadruplex
DNAzyme-peroxidase reaction and complex rolling circle amplification to
achieve signal amplification. Although they achieved a detection limit of ~1
tdEV/ul, they as well had a narrow linear range of detection of 1 to 103 EVs/ul,
making it less versatile for clinical applications.
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Here, we report an ultrasensitive tdEV detection assay at clinically relevant
concentrations using a double amplification mechanism combining redox cycling
and an enzymatic reaction, as well as a sandwich immunoassay ensuring a two-
level selectivity. The assay is implemented in a lab-on-a-chip (LOC) format
allowing the analysis of small sample amounts, in the (low) microliter range.

Uniquely, the linear dynamic range achieved with our assay spanning 6 orders of
magnitude largely overlaps with the range of tdEV concentrations naturally
occurring in cancer patient blood. Using tdEVs obtained from cell culture
medium, we experimentally demonstrated a LOD of 10 tdEVs/ul well above the
background signal in our assay and extrapolated a theoretical LOD aslow as a5
tdEVs/ul from the established calibration curve. Compared to previously
reported methods, our antifouling coating in combination with our two-fold
selective scheme awards excellent specificity for tdEV detection compared to
EVs of other origins, as demonstrated here using platelet-derived EVs (giving 60
times less signal at a 10>-fold higher concentration).

5.3 SANDWICH IMMUNOASSAY ON NANOSCALE
INTERDIGITATED ELECTRODES

The detection principle of our assay is illustrated in Figure 5.1. To achieve an
amplification level that is powerful enough to detect tdEVs at physiologically
relevant concentrations, we use a two-level amplification strategy: (i) a first
enzymatic amplification using alkaline phosphatase (ALP), releasing
electrochemically active species, followed by (ii) electrical signal amplification
via electrochemical redox cycling on nanoscale interdigitated electrodes (nIDEs).
Given the complexity of the targeted biological sample, exquisite selectivity is
required to get a signal that solely arises from the presence of tumor-derived
species, i.e., with a low background signal. Here, a sandwich immunoassay with
tumor-specific antibodies is implemented providing a two-level selectivity. The
assay comprises a capture anti-EpCAM (C-AE) antibody that captures tdEVs and
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a reporter antibody (anti-EpCAM, R-AE) conjugated to ALP through biotin-
streptavidin interactions. Here, the same antibody clone is employed for the two

steps of the immune-affinity assay, VU1D9, which is an anti-EpCAM clone proven
to be stable and to have high affinity for EpCAM (Kq ~ 2.7x107"° M).3> Tethering of
C-AE on the electrodes involves three steps. Firstly, amine-terminated thiol
(amino-undecane thiol, AUT) is self-assembled on the Pt electrodes. Secondly,
an amine-reactive bifunctional poly(ethylene glycol) diglycidyl ether (PEGDGE) is
reacted with the AUT layer to form a second anti-fouling layer. Subsequently, the
C-AE antibody is covalently linked under mild conditions at a slightly basic pH
(8.3) and high ionic strength (2 M sodium phosphate).3? This C-AE enables the
specific capture of tdEVs derived from EpCAM-expressing human prostate
adenocarcinoma cell lines (LNCaP), and provides as such the first level of
selectivity. After their capture, the tdEVs interact with biotinylated reporter anti-
EpCAM antibodies (R-AE), to provide the second level selectivity, since non-
cancerous EVs (e.g., blood cell-derived) would not be recognized by neither the
C-AEs nor the R-AEs. The use of the same antibody clones for both immuno-
affinity steps canlead to the partial dissociation of the antibody/antigen complex
formed between the C-AE and EVs to form a new antibody/antigen complex with
R-AE, releasing thereby the EVs from the surface. Using a distinct pair of
antibodies as C-AE and R-AE (e.g., VU1D9 and HO-3) would be more favorable in
this context. However, considering it may be entropically unfavorable for R-AE
to approach the C-AE/antigen complex and because each EV should be captured
through multiple antigen/antibody interactions, it seems very unlikely that EVs
are released during the second immune-affinity step. The biotin moiety of R-AE
next interacts with streptavidin-conjugated alkaline phosphatase (SAV-ALP).
ALP is well known for its ability to cleave substrates containing phosphate
groups. Here, the substrate (para-aminophenyl phosphate, pAPP) is chosen
since its uncleaved form is electrochemically inert, while its cleaved form, para-
aminophenol (pAP), is electrochemically active. This enzymatic reaction provides
the first amplification mechanism. During electrochemical measurements, one
of the working electrodes of the nIDE is kept at the reduction potential (a
potential well below the formal potential) of pAP, while the second working
electrode is swept from a potential below to a potential above its formal
potential. At the anode, pAP is oxidized into para-quinone imine (pQl), which
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diffuses towards the cathode. At the cathode, pQl is reduced back into pAP. The
electrochemical reaction can be denoted as: pAP S pQl + 2e. Since the gaps
between the electrodes of the nIDEs are small (120 nm), the pAP and PQl
molecules continuously and efficiently shuttle between the two working
electrodes via diffusion, producing a steady-state current, which directly scales
with the tdEV concentration. This redox cycling provides the second level of
amplification.

The nIDEs comprised two sets of interdigitated nanoelectrode arrays (100 nm
width, 30 um length, 120 nm spacing and 70 nm height) defined by electron-
beam lithography and platinum evaporation. The narrow spacing between the
electrodes tremendously enhanced the redox cycling performance, while still
allowing the capture of the smallest (most abundant) EVs in the void between
the electrodes.?* EVs larger than 120 nm can be captured on the top surface of
the electrodes and can simply contribute to the signal following the same
mechanism.

The sensing area of the nIDEs was embedded in a polydimethylsiloxane (PDMS)
microfluidic channel (0.2 x 3 x 6 mm?) to facilitate the exchange of reagents by
simple micropipetting directly through the channel inlet during surface

modification and electrochemical measurements (see AppendixC.1).3*> A pipette
tip was installed in the outlet of the microfluidic device as a collection reservoir
facilitating the back-and-forth injection of sample using pipetting and handling
of volumes larger than the microchannel itself. After the introduction of every
new component, a washing step was implemented by injecting 100 pl phosphate
buffered saline (PBS).

5.4 tdEV detection on nIDEs

tdEVs were prepared following the protocols described in chapter 2. In brief,
tdEVs were isolated from LNCaP cells cultured in serum-free medium. The tdEV
samples were first characterized using Nanoparticle Tracking Analysis (NTA) to
estimate the tdEV concentration. The surface functionalization of the electrodes
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and tdEV capture steps were both evaluated using AFM. AFM images acquired
on a functionalized unpatterned (plain) Pt surface are presented in Appendix C.2.
EV capture was next validated on patterned (nIDE) devices using AFM. A sample
of LNCaP-derived tdEVs (25 ul, concentration of 10° EVs/ul, as determined by
NTA), was incubated on the C-AE-functionalized electrode surface. As depicted
in Figure 5.2, which presents AFM images before and after the capture of tdEVs
on C-AE functionalized electrodes, circular objects were found on the electrodes,
with an estimated diameter of 30-150 nm. These objects correspond to relatively
small EVs,*® which are the least susceptible to shear forces when flushing the
microchannel to remove unbound species, since the Stokes drag force linearly
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Figure 5.1: Schematic illustration of tdEV sensing using a sandwich immunoassay and redox
cycling on nIDEs resulting in a two-level selectivity and a two-level amplification. tdEVs are
captured using C-AE tethered to electrodes (first level of selectivity). The binding of R-AE to
the tdEVs completes the antibody-antigen-antibody sandwich (second-level selectivity),
after which the enzyme ALP is introduced using a biotin-SAV interaction. ALP provides an
enzymatic amplification of pAPP to pAP by substrate cleavage (first-level amplification),
which is followed by an electrochemical signal amplification via the oxidation of pAP to pQl
and subsequent redox cycling thereof between the nIDE electrodes (second-level
amplification).
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scales with the object size (while neglecting viscous deformation or size-
dependence of the affinity). The system was not intentionally designed to
exclude larger tdEVs, since no short-circuiting

effects are expected based on the dielectric properties of EVs. It may be that
tdEVs are captured in the space between the electrodes, which is not modified
with the anti-fouling layer and the antibodies. These objects could be captured
through antigen/antibody interactions by antibodies present on the side walls of
the electrodes. Alternatively, some tdEVs could be non-specifically bound on the
surface. The presence of the latter EVs does not influence the outcome of the

measurements, which directly depend on the interactions with the second

antibody (second level of selectivity). After validation of the surface chemistry
on plane substrates (see Appendix C.2), the same functionalization protocol was
applied on nIDEs before electrochemical measurements. 100 ul of a tdEV
solution in PBS was injected into the microfluidic channel, and this solution was
flushed back and forth many times during the incubation for 9o min. Different
concentrations in EVs (initially 10° EVs per ul) were tested to study the
concentration-dependent response of our nanosensor and associated sensing
assay. Following this, the microchannel was flushed with a PBS solution to
remove unspecifically adsorbed particles on the electrodes. Consequently, the
IDEs were incubated with the biotinylated R-AE, (10 pl, 25 mg/ml in PBS, 30 min
incubation) and washed with PBS. Subsequently, SAV-ALP was introduced (10 pl,
10 U solution in PBS, 30 min incubation) to interact with the biotin on the R-AE.
Next, the IDEs were washed with PBS and incubated with a pAPP solution (100
ul, 10 mM in PBS, 45 min incubation), before electrochemical measurements
were started. It should be noted that while the performance of ALP is optimal
under alkaline conditions, a physiological pH is preferred for handling EVs.
Consequently, the ALP incubation step was performed in PBS (pH 7.4) at room
temperature, without active temperature control. Negative control
measurements were performed using platelet-derived EVs (pdEV) at 107
pdEVs/ul, which are not EpCAM positive, and do not interact as such with anti-
EpCAM antibodies (both C-AE and R-AE). Finally, to evaluate the amplification
and thereby gain in sensitivity provided by the nanoscale electrodes, their
performance was compared to that of microscale IDEs (uIDEs), which were 3 um
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Figure 5.2: Atomic force microscope height images. (left) bare electrodes before chemical
modification. (right) after modification and capture of EpCAM-positive tdEVs derived from
LnCAP cell lines on nIDEs. The captured objects are 30 - 150 nm in diameter, which is in good
agreement with small EV dimensions. (scale bar: 300 nm).

wide, 70 nm high and spaced by 3 um. The height and total sensing area of sets
of electrodes were kept the same for both devices to facilitate the performance
comparison. The schematic representation of the measurement setup is
provided in Figure 5.3(a); it includes two sets of independent working electrodes
(WE-1 and WE-2) and an external Ag/AgCl reference electrode (RE). A fixed
potential (-0.1 V) was applied to WE-2 with respect to RE. Since the RE current is
very low, the stability of RE was not compromised, even when there was no
additional counter electrode (CE). Hence, the CE terminal of the potentiostat
was connected to RE. The voltammetric responses (scan rate of 50 mV/s) of the
nIDEs were first recorded after different steps of functionalization, i.e., (1) after
C-AE functionalization, (2) after tdEV capture, (3) after R-AE immobilization, and
(4) after conjugation of the biotinylated R-AE to SAV-ALP and subsequent
washing, as well as in the presence of pdEVs instead of tdEVs (negative control).
Figure 5.3 (b) presents typical cyclic voltammograms obtained after the different
surface functionalization steps, yet before the introduction of ALP on the
surface. In all three cases considered here, no significant change in the recorded
current was observed when pAPP was added in the solution, and a maximum
current of 262 pA was recorded at 0.6 V vs. Ag/AgCl after addition of the R-AE.
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Figure 5.3: Cyclic voltammograms of tdEVs on nIDEs. Evaluation of the device specificity.
(a) Schematic representation of the electrochemical measurement setup. Cyclic
voltammograms (CVs) recorded (b) after various steps of functionalization of the nIDEs -
after C-AE surface modification (green), after tdEV capture (brown) and after formation of
a sandwich with R-AE (blue), and (c) in the presence of tdEVs on nIDEs (brown) and on uIDEs
(green), or in presence of pdEVs on nIDEs (magenta). The background signal (blue)
corresponds to a device after the antibody sandwich formation. The currents lanode (solid
lines) and Icathode (dashed lines) were measured at the anode and the cathode set of
electrodes of the nIDEs/ulDEs, respectively. CVs were acquired for a 1 mM pAPP solution in
PBS (pH 7.4) between -0.1V and + 0.6 V vs. Ag/AgCl at a scan rate of 50 mV/s.

135



Since pAPP is electrochemically inactive, no redox activity is expected, as
observed here. Noteworthy, the recorded voltammograms are similar to the I/V
characteristics of an RC series circuit, with capacitive charging and discharging
upon voltage sweeping, and a hysteresis. Furthermore, a change in the maximal
amplitude at 0.6 V vs. Ag/AgCl was observed after each surface functionalization
step. In particular, a considerable capacitive change was found after the
immobilization of the tdEVs, which can be noticed with the change in the
maximal current value (at 0.6 V vs. Ag/AgCl) from 125.1 + 6.5 pA to 245.1 £ 28.3 pA
after the immobilization. Although the capacitive change after the formation of
the sandwich assay with R-AE is discernible, it is relatively low compared to the
preceding surface functionalization step with tdEVs (from 245.1 + 28.3 pA to
267.6 * 15 pA). This behavior might be indicative of capacitive charging through
the vesicles. On the sample with negative controls (with pdEVs), as discussed
below, this capacitance change was however not observed, corroborating this
argument. The contrast between the signals recorded for our positive and
negative control samples also indicates that the anti-fouling layer plays an
essential role in our device, and has performed as expected.

In a following step, we compared the response of nIDEs and pIDEs, using similar
conditions as before (10 pl, 10° tdEVs/ul, 1 mM pAPP in PBS (pH 7.4), scan rate of
50 mV/s), after introduction of the SAV-ALP. Figure 5.3 (c) presents characteristic
sigmoidal curves of diffusion-limited redox cycling currents on closely spaced

working electrodes. The limiting current of nIDEs increases with decreasing the
gap size between the electrodes. Therefore, although the total sensing surface
area of the nIDEs and pIDEs was the same, the 3-um gap between the pIDEs
resulted in a significantly lower limiting current (1.53 = 0.01 nA) compared to the
nIDEs, which were separated by 120 nm (11.76 + 0.04 nA). Furthermore, the
collector efficiency (ratio of cathode-to-anode limiting currents) of pIDEs was
found to be only 62.3% compared to 99.8% for the nIDEs. This significant
difference indicates that the redox mediator molecules cycle fewer times
between the anode and the cathode for the puIDEs before diffusing into the bulk
solution. Altogether, the nanoscale electrodes provided an ~8 times larger
amplification of the signal than their microscale counterparts.

Next, we investigated the specificity of our device for the capture and analysis

136



of tdEVs (Figure 5.3¢). tdEVs and pdEV samples were analyzed under the same
conditions as before. We compared the response of (1) tdEV+R-AE (blue curve),
but before the incubation with SAV-ALP on nIDEs, (2) pdEV on nIDEs (magenta
curve), (3) tdEV on nIDEs (brown curve), and (4) tdEV on pIDEs (green curve),
after introduction of all required reagents for the assay. The capacitive current
(267.6 15 pA) recorded for the tdEV + R-AE sample (10° particles/ul) was higher
than for the pdEV sample (170.1+13.2 pA) at 0.6 V for ~10® particles/ul. Moreover,
comparing the limiting currents, a ~ 60 times amplification in signal was
observed compared to control sample with pdEV for nIDE devices (magenta
curve). Again, these results collectively suggest that tdEVs are specifically
captured on the electrode surface, while pdEVs are not, illustrating the
specificity of the nanosensor. As a next step, the sensitivity and dynamic range
of the assay were evaluated, through serial dilution of the initial tdEV sample on
three different devices (n = 3). For each device and for each concentration, CV
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Figure 5.4: Sensitivity and dynamic range of the assay for the detection of tdEVs. (left)
Anodic cyclic voltammograms recorded at the anode for tdEV samples with concentrations
ranging from 10 to 106 tdEVs per uL. (right) Associated calibration curve (based on the
limiting currents recorded at 0.6 V vs. Ag/AgCl) revealing a dynamic range spanning at least
six orders of magnitude (number of devices, n = 3). The horizontal dotted line depicts the
background level plus three times the standard deviation (SD) of the redox current; from
this horizontal line and the calibration curve, a theoretical LOD as low as 5 tdEVs/ul is found.
(Conditions: 1 mM pAPP solution in PBS (pH 7.4); scan rate of 50 mV/s.)
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measurements were performed as before, with 1 mM pAPP in PBS buffer at pH
7.4 with a scan rate of 50 mV/s. This recording was repeated three times witha 5
min interval to demonstrate the stability of the measurements. The CVsrecorded
after varying the tdEV concentration between 10 and 10° EVs per pl are presented

in Figure 5.4a, showing a significant influence of the tdEV concentration. From
these data recorded using three independent devices, a calibration curve was
established (Figure 5.4b) using the limiting current at 0.6 Vrevealing an excellent
linear dynamic range spanning over at least six orders of magnitude and

successful measurements at least down to 10 tdEVs/ul, with a readout
distinctively above the background signal. By extrapolating the slope of this
calibration curve, the current LOD for our assay was evaluated to be ca. 5
tdEVs/ul.

5.5 CONCLUSIONS

We report a novel electrochemical biosensor and associated measurement
principle for the highly selective, highly sensitive and robust quantification of
tumor-derived extracellular vesicles. For this, we used a two-level amplification
of the signal and a two-level specificity. High assay sensitivity was attained
through enzymatic amplification combined with redox cycling between
nanoscale interdigitated electrodes. In addition, the high specificity was
achieved from the presence of two independent selection steps in the sandwich
assay. Using the herein reported device and sensing protocol, we have reached
a very high sensitivity that is clinically relevant for the detection of tdEVs, with a
measured LOD as low as 10 tdEVs per ul, while extrapolation of the calibration
curve suggests a projected LOD of 5 tdEVs/ul. While having an LOD in the same
order of magnitude as the currently most sensitive reported systems,
importantly, the detection range largely covers the concentration of tdEVs (10 -

10° tdEVs/ul) found in metastatic cancer patients. Further optimization of the
nanosensor and assay performance is ongoing via changes in and stabilization of
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experimental conditions like pH, incubation time and operating temperature.
Furthermore, the herein used PEG-based anti-fouling layer may not be sufficient
when working with samples in more complex media. In that case, the anti-
fouling layer can be adjusted, through the incorporation, for instance, of
zwitterionic polymer brushes.?* Importantly, this technology can be applied to
awide range of (rare) biomarkers by simply incorporating a different recognition
element (e.g., a different antibody). Furthermore, this amperometric sensing
method has the potential to be developed as a portable point-of-care sensing
device, which can also be useful in population-wide disease screening.

5.6 MATERIALS AND METHODS

5.6.1 MATERIALS

Dichloromethane and ethanol (VLSI grade) were purchased from VWR
(Amsterdam, The Netherlands). Acetone (VLSI grade), Harris Uni-Core 1 mm 1.D.
biopsy punches, sodium phosphate, 11-amino-1-undecanethiol hydrochloride
(AUT), (Poly(ethylene glycol) diglycidyl ether (PEGDGE), PBS tablets, bovine
serum albumin (BSA) and 4-aminophenyl phosphate monosodium salt hydrate
(pPAPP) were obtained from Merck (Zwijndrecht, The Netherlands). Capturing
anti-EpCAM (C-AE), biotinylated reporter anti-EpCAM (R-AE), and extracellular
vesicles were received as a kind gift from Immunicon corp. (Huntingdon Valley,
United States). Streptavidin-conjugated alkaline phosphatase (SAV-ALP) was
purchased from Thermo Fisher (Eindhoven, The Netherlands). Sylgard 184 was
obtained from Farnell (Utrecht, The Netherlands). Buffers were filtered through
a 0.2 um syringe filter before use (Whatman, Little Chalfont, United Kingdom).

5.6.2 DEVICE FABRICATION

nIDEs and pIDEs were fabricated using a combination of optical and electron-

beam lithography (EBL) and metal evaporation and lift-off process. First, a 300
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nm SiO, layer was thermally grown on a 10-cm Si (100) wafer at 1000 °C. A first
optical lithography step was carried out followed by evaporation of metals (Ti,
adhesion layer, and Pt) and lift-off for defining the markers for EBL.
Subsequently, nIDEs were patterned using EBL. CHF;-based plasma etching was
next performed to recess the adhesive metal layer into the substrate in the
following step. After the etching, metal deposition (Ti, 5 nm and Pt, 70 nm) and
lift-off was done to form the IDEs. Successively, the nIDEs were connected to
contact pads via contact leads using a second optical lithography step followed
by another metal evaporation (Ti, 5 nm and Pt, 100 nm) and lift-off. A 300-nm
layer of parylene-C was evaporated as a first passivation layer. A third optical
lithography step was done and using the patterned photoresist as a mask, SiO,
(30 nm) was evaporated on top of the parylene-C layer. This oxide layer covered
the entire device except the contact pads and a rectangular window of 30 x 70
pum? over the nIDEs. The two passivation layers (parylene and SiO,) prevented
current leakage through the contact leads. The fabricated chips were then diced
to 25 x 20 mm? chips (Disco DAD321 dicing machine). Bare Pt substrates to
validate and characterize the surface functionalization were prepared by
sputtering a 10-nm layer of Ta as an adhesive layer followed by a 100 nm layer of
Pt on Mempax glass wafers.

5.6.3 SURFACE MODIFICATION

The platinum nIDEs were first cleaned by rinsing sequentially in
dichloromethane, acetone and ethanol (bare Pt substrates were ultrasonicated
in the same solvents for 7 min each). Platinum surfaces were finally cleaned in O,
plasma (Diener Pico, Diener Electronics, Ebhausen, Germany) for 30 s. After
placing the PDMS device on the chip (see Appendix C.1), the microchannel was
filled with a 1 mM AUT solution in ethanol to form a self-assembled thiol
monolayer (SAM) under static incubation at room temperature overnight. Next,
the channels were washed with 1 ml of ethanol, blown dry with N,, filled with
neat poly(ethylene glycol) diglycidyl ether (PEGDGE) and left overnight at 40 °C.
Afterwards, the channels were again rinsed with 1 ml ethanol and blown dry with
N.. This yields an anti-biofouling layer, which was subsequently functionalized

with antibodies. Specifically, a capturing anti-EpCAM (C-AE) solution was diluted
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in sodium phosphate buffer (pH 8.3) to a final concentration of 25 mg/ml and
injected in the microchannel for overnight incubation. In this step, epoxide
groups in the PEGDGE molecules react primarily with amines on the lysine
residues on the antibody molecules. Prior to the EV capture, unreacted epoxide
groups were blocked with a filtered 1% BSA solution in PBS for 1 h at room
temperature, and the device was rinsed with 1 ml PBS.

5.6.4 CHARACTERIZATION OF THE SURFACE FUNCTIONALIZATION

The antibody functionalization was validated on plain Pt-coated silica substrates
before being applied on devices with IDEs (see Appendix C.2 and C.3). AFM
analysis in air of the dried substrates confirmed the successful and selective
capture of tdEVs on the C-AE functionalized Pt surface. Circular objects of 10 nm
+1nm height and 0.1 - 1 um in width were found in all studied regions of 10 x 10
um?, corresponding to EVs which have collapsed while drying. In contrast, for
negative control samples [(1) no addition of PEGDGE, (2) no antibody
conjugation, (3) no incubation with EVs, or (4) incubation with EpCAM-negative
EVs derived from the PC3 cell line], no EV was found (see Appendix C.2). In future
experiments, these conditions were used to functionalize the IDEs.
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6.1 Abstract

Biosensor technology is developing at a rapid pace, arguably more than ever
because of the pandemic. Established technologies perform an important task
in present-day diagnostic procedures, but their shortcomings in terms of
sensitivity and specificity are clear. Moreover, solutions to these shortcomings
are emerging from high-tech-enabled developments. In this chapter, the first
steps in the development of a potentially disruptive biosensing technology
platform are described. It relies on a relatively simple electrochemical sensing
principle which is extremely sensitive thanks to the nanoscale dimensions of the
electrodes. This enables the detection of analytes at the single-particle level. The
required selectivity is awarded by surface functionalization including biological
recognition elements and anti-fouling properties. Thus, a versatile platform is
being developed which can be applied to cancer (e.g. tdEV detection) as well as
other submicroscopic analytes including viruses and bacteria. Preliminary
experiments aimed at EpCAM+ EVs and SARS-CoV-2 detection are presented in
this chapter, followed by an outlook regarding the implementation of this
technology in various clinical fields.

6.2 Introduction

6.2.1 Analyte concentration

As explained in Chapter 2, tumor-derived extracellular vesicles (tdEVs) are
present in metastatic cancer patient blood plasma at concentrations that in
some cases are below the limit of detection (LOD) of state-of-the-art sensing

systems like the one presented in the previous chapter. To be able to diagnose
or monitor all eligible cancer patients, a detection system should have an LOD
below 1 tdEV/ul."3

Apart from the scope of extracellular vesicles, also virus detection systems suffer
from a lack of sensitivity. As reported by Kucirka et al., even the current gold
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standard in SARS-CoV-2 detection, reverse transcriptase polymerase chain
reaction (RT-PCR), has a false negative rate of minimally 20%.# In subjects that
have been infected less than 8 days prior to the test, the false negative rate is
even higher, with in fact up to 100% for subjects that were infected in the prior 2
days.>” In the samples taken from these patients, the “viral load” can be lower
than the LOD of RT-PCR, which is typically 103 - 105 copies/ml.®™" In addition to
this, the use of RT-PCR is so laborious and slow that it altogether typically takes
more than 24 hours to process a sample.®

Reliable testing procedures, if widely available, could have arguably prevented
or at least helped to curtail the COVID-19 pandemic.”™" In reality, the inaccuracy
and inefficiency of currently available diagnostic tools thus gravely contribute to
the observed lack of control over disease management.

There is a clear need for biosensor technology capable of detecting various
analytes at low (sub-attomolar) concentrations. As will be shown in this chapter,
combining nanotechnology-based sensing with efficient mass transport opens
new avenues to detecting various biomarkers with the ultimate sensitivity of 1
unit per sample.

This biosensor is based on a principle we have labelled Nanoelectrodes for
Individual Particle Analysis (NIPA). It detects individual particles based on
perturbances of an electrochemical signal resulting in peaks of characteristic

duration (see Section 6.3.1.). With electrochemical sensing, amplitudes of these

peaks are dependent on the size of the particles, but also on the kinetics of the
electrochemical reactions which depend on mass transport, pH, temperature
and ionic strength, etc. Whereas conventional biosensing applications require
calibration and have strict limitations to control for variations in these
environmental parameters, NIPA simply relies on the number of characteristic
peaks rather than their amplitude. Quantitative information comes from
counting the discrete peaks and measuring their duration. This robust analysis
approach is a new interpretation of the term “digital sensing”.
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6.2.2 Specificity

One of the biggest challenges in biosensing is to differentiate the signal of non-
specifically adsorbed species from that of the targeted analyte. With proper
surface chemistry, the affinity between the analyte and the functionalized
surface can be enhanced to become much greater than the affinity between the
surface and any other component of the sample.’*" This can be accomplished
by improving the orientation and the coverage of the recognition elements to
maximize their performance.”®° Complementary to this, anti-fouling layers can
be engineered to minimize the binding of non-target components.’®*2
However, with the number of non-target components vastly outnumbering the
analyte in any real-life sample, contributions of non-specific binding to the
dynamics of the sample processing and the signal from the label remain
significant.? To overcome this, with NIPA, a further distinction between specific
and non-specific interaction can be made in signal processing because individual
interactions between analyte and recognition molecules (e.g., antibodies) are
identified by their duration. Under flow conditions, when regarding
submicroscopic particles in disposable chips with proper anti-fouling coatings,
specific interaction will last for a longer time than a non-specific one.

6.2.3 Point-of-care

Before a sensing technology can realistically be adopted by users, it should
considerably outperform the alternative(s) that these users have become
accustomed to. However, beyond that, switching to a new technology should
require as little investment as possible — of money, but most of all time. Even for
use by skilled clinical laboratory analysts, a device ideally does not require
extensive knowledge on electrochemistry and hydrodynamics. It should rather
be a robust system that is designed to eliminate as many modes of failure as
possible. Robustness also comes from eliminating sample preparation steps
relying on the stability and performance of the reagents as much as possible.
Such a simple and robust system can be realized by integrating sample handling
and signal analysis. This goes hand in hand with miniaturization, yielding portable
systems that are safe and easy to use by non-experts in any environment.*
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6.2.4 Scope of this chapter

NIPA was invented with extracellular vesicle (EV) detection for cancer-related
healthcare applications in mind (see Chapter 7), but during the first lockdown
starting March 2020 it became apparent that the need for a sensitive virus
detection system was more urgent. Since virus particles and EVs display very

similar particle properties, i.e., both are submicron nanoparticles presenting
characteristic proteins on their surface, the adaptation of NIPA for virus

detection simply and only entails changing the antibody on the electrodes. This
chapter describes the concept of the NIPA technology and its development
whereby both EVs and viruses are targeted to demonstrate the proof of concept.
EVs were used as biological model particles (rather than e.g., SARS-CoV-2 viruses)
considering safety regulations. Throughout this chapter, the experiments were
performed with both virus and EV detection in mind and the applications could
be considered interchangeably.

6.3 Theory
6.3.1 NIPA

Before going into more detail, the basic NIPA sensing principle is explained in this
paragraph. It is based on single-particle impact electrochemistry (SPIE), whereby
a redox current is monitored through time (chronoamperometry).2% Here, the
presence of a particle near the electrodes obstructs mass transport of a
solubilized redox mediator, resulting in a deviation from the baseline redox
current. The baseline current scales with the area of the electrode. Similarly, the
current drop scales with the reduction of accessible electrode area. Hence, the
smaller the electrode, the larger the relative current drop for a particle with a
given size. Microelectrodes are often used to detect bulk concentrations of
analytes from the collective effect of the adsorption of many analyte
molecules.”® By using nanoscale electrodes, single nanoparticles can be
detected.’*™
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So far, there are to our knowledge no reports on specific detection of analytes
using SPIE. NIPA is an extension of this existing principle in the sense that it uses

the same chronoamperometric signal, but it does not focus on the amplitude but

on the duration of the current drop to give information on the specificity of
interactions between the analytes and the recognition elements, which are
immobilized on a generically antifouling electrode surface. This enables to
distinguish between non-specific and specific interactions based on the
difference in their dissociation rates. The sensors consist of recessed circular
nanoelectrodes (diameter 100 - 500nm) embedded in an insulating substrate (a
silicon chip with a passivation layer). The design is shown in Appendix D. Each
electrode is individually addressable, so the number of sensing electrodes on the
chip is limited by the number of recording channels that are available in the
readout device (typically 18). A cross-section of two sensing electrodes is shown
in Figure 6.1. The nanoelectrodes are coated with a layer with antifouling
properties and with recognition elements. The chip is embedded in a
microchannel through which the sample is introduced at a steady flow rate. The
sample contains analytes and an added redox mediator, which gets reduced at
the nanoelectrodes (i.e., the working electrodes) as soon as a reducing potential
is applied relative to a distant reference electrode (not shown in Figure 6.1). The
current is recorded as a function of time in separate read-out channels for both
electrodes. At t=t, in Figure 6.1, before any particle has approached the surface,
a stable baseline current is recorded. If at t=t, two particles adsorb on two
nanoelectrodes, one analyte (e.g.,, a pathogen or other submicroscopic
biomarker like an EV) and a random other similar particle, the mass transport of
the redox mediator is obstructed for both electrodes, resulting in a similar
current drop observed in both read-out channels. The analyte carries antigens
on its outer surface that interact with the recognition elements on the
electrodes. The adsorption of the other particle is mainly governed by weaker,
non-specific forces. The flowing medium imposes a shear stress on both
particles, tending to break the interaction and transport them downstream. Only
in the case of the analyte, where the antibody-antigen interactions are strong
enough to balance these forces,?* the particle is retained for some characteristic
period, whereas the non-specifically bound particle is
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rapidly washed away. Narrow peaks indicating weak interactions are ignored in
the sample processing.
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Figure 6.1: NIPA sensing mechanism. Analyte particles (e.g., EVs, viruses or
bacteria) are individually and specifically enumerated by counting only the
longest current drop events.
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6.3.2 Electrochemistry

When a sufficiently high potential difference is applied between multiple
electrodes, redox mediators can be oxidized at the anode or reduced at the
cathode. Ferrocene (Fc) or a more water-soluble analogue like ferrocene

dimethanol is often chosen as redox mediator for its stability and compatibility
with various solvents. These molecules are natively neutrally charged, but when

oxidized by an anode, they are converted to ferrocenium anions (Fc*), whereby
an electron gets transferred from the mediator to the anode. The neutral charge

entails that the supply of Fc is completely governed by diffusion and convection.
In addition to these drivers of mass transfer, the Fc* anions are also
electrophoretically expelled from the anode. This gives a concentration gradient
and thereby an additional component to the electric field gradient (especially in
static conditions).
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The baseline current at optimal formal potential / can here be approximated
by:3334

I = 4FDCa, (1)
where F is Faraday’s constant (~9.6x10> C/mol), D and C are, respectively, the
diffusion constant (~7"° m?*s) and concentration (e.g., 1 mM) of ferrocene
dimethanol and a is the radius of the electrode. That is, for submicron
electrodes, the current per electrode is in the order of 1 - 10 pA.

When a particle obstructs the migration of Fe to the electrodes, the electrodes
are partially shadowed, resulting in an apparent decrease in (active) electrode
size Aa, such that the current drop Al can be described by

Al = 4FDCAa. (2)
Aa scales with the size of the particle until the limit is reached that the current is
completely blocked. That is, the current drop dependence on the particle size is
most prominent for particles smaller than the electrode.

6.3.3 Electrophoresis

Biological samples can be perceived as colloidal electrolyte solutions, in the
sense that they are aqueous distributions of many different species of
(sub)microscopic particles as well as ions. If the colloidal species had neutral
electric charge or were oppositely charged, they would likely aggregate. Hence,
most biological supramolecular assemblies have a negative zeta potential (,
(typically between -10 and -60 mV). An externally applied electric field can exert
a force on this charged particle. Migration due to this force is called
electrophoresis. This (partial) charge is screened by charged species in the
electrolyte solution. These oppositely charged particles are attracted in the
opposite direction. The viscous drag as a result of this is called electroosmosis.
The net force on the particle gives it a drift velocity v given by:

v = uE (3)
Here, the mobility p is can be derived from the Helmholtz-Smoluchowski
equation yielding
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W= %‘ (4)

With € the permittivity (e.g. 7.08 x 107" F/m) and 1 the viscosity of the fluid (e.g.
1mPa/s).

When a constant potential is applied, electrolytes in the solution are attracted to
the electrode until the field is completely screened and there is total net
neutrality. The electric field that attracts the particles is a result of the
concentration gradient of Fc* species that are produced by the Faradaic reaction,
being pushed and carried away from the electrode. Considering the nanoscale
electrode with small radius a as a hemispherical electrode (valid at a distance
r > a away from it), the resulting field atr under static conditions can be
estimated by:3

E(r) == (1 + 291, (5)

DredCrea@
Here, R is the universal gas constant (~8.31), T temperature (e.g. 293 K), F
Faraday’s constant, D,, and D,., the diffusion constants of the oxidized and
reduced forms of Fc, and C; and C,..4 the bulk concentrations of supporting

electrolyte and Fc, respectively. Considering particles with ¢ =30 mV and
working electrodes with radius a = 250 nm, with D,, and D,.4 having similar
values, as well as C; and C,.4 (both —~1 mM after dilution), plugging Eq. (4) and
(5) into Eq. (3) gives a net drift velocity of ~60 um/s close to the electrode (r =
1 um), which decays non-linearly with r. This is schematically presented in Figure
6.2.

This describes the purely electrodynamic components of the mass transport (i.e.,
assuming Vsiow = 0 in Figure 6.2). It can be optimized by tuning the pH and ionic
strength, adjusting the zeta potential as well as the Debye layer screening. As
will be explained in the next section, a major contribution to the mass transport
kinetics also comes from microfluidics.
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Figure 6.2. Longitudinal cross-section of a typical microchannel with a small working
electrode (a = 250 nm) showing the drift velocity of particles in an electric field produced
by a concentration gradient of oxidized redox species. In a typical configuration, the
reference electrode would be out-of-plane in close proximity to the working electrode.
The color scale gives the net drift velocity in u/s (ill-defined close to the electrode). Scale:
particle is 1 um.

6.3.4 Microfluidics

The sample is ideally introduced through a microchannel. Not only does this
allow conserving reagents because only minute volumes are required (typically
limited by what can accurately be pipetted, so typically high nanoliter range), it
also gives more efficient mass transport and allows removing and exchanging
reagents more accurately and quickly. Moreover, the collision rate between
analyte and the sensor array is further aided by confining the sample to the
vicinity of the sensing array, so as to bring about a more frequent contact
between the analyte and the sensor.

In addition, as Eq. (3) suggests, the drift velocity increases with electric field
strength, which decays with distance from the electrodes. This entails that the
attraction is strongest close to the surface, i.e., that capturing can be maximized
by making the microchannels as small as possible. However, reducing the size of
the microchannel cross-sections comes at the cost of reduced throughput
(assuming constant pressure). Mass flow rate Q (in m3/s) through a channel is
given by the driving pressure difference P divided by its hydraulic resistance Ry:

Q== (6)

_E’
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where Ry, in the case of a channel with length L and a cross-section
perpendicular to the direction of the flow with width w and height h (i.e., w > h)
is given by:3

-1
h3w h (7)
Ry = <TnL(1 ~0.63 *;)> .

For a single rectangular channel with dimensions (L X w X h) = 1.5mm X
25 ym x 10 um, through which water is actuated with a vacuum pump applying

750 mbar negative pressure on the outlet, this would result in a flow rate in the
order of 7.5 pl/min, i.e., it would take about 15 min to process 100 pl sample.

Reducing the dimensions even further is most likely counterproductive. At a
given mass flow rate, local flow velocity (m/s) scales inversely with cross-
sectional area. When the velocity of the analyte is too high, there is insufficient
time for antigen-antibody complexes to form. At the other extreme, when the
flow velocity is too low (e.g., in large microchannels or in open systems), the
shear from the fluid may not be enough to remove non-specifically bound
species. In the proposed microchannel, the average flow velocity is 0.5 m/s. It
would take about 20 ms for an analyte to traverse the 10 um long region where
the field is the strongest.

The flow velocity strongly deviates from the average along the channel cross-
section. As modeled by the Hagen-Poiseuille equation, the velocity develops in a
parabolic profile with a maximum in the middle of the channel (see Figure 6.2).3°
Assuming a very strong interaction between the surface and the fluid (i.e., the
surface has a very high interfacial energy), the flow velocity may be assumed to
be 0 at the boundary of the channel. If, through electrophoresis, particles would
be attracted to occupy streamlines close to the surface, they would get more
time to interact. To enhance this effect at higher flow rates, many such
electrodes could be placed along the long axis of the microchannel.
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6.4 Materials and Methods

6.4.1 Materials

All chemicals were obtained from Merck (Zwijndrecht, The Netherlands) unless
otherwise noted. All aqueous media were filtered through a 0.2 um syringe filter
directly before use. Ferrocene dimethanol (2 mM final concentration in MilliQ

water) was added to all buffers used in chronoamperometry experiments.

6.4.2 Fabrication
6.4.2.1 Chips

NIPA chips were fabricated in the cleanroom of the MESA+ Institute for
Nanotechnology using the chemicals available in their standard stock. A
summary of the process flow is presented in Figure 6.3. The photolithography
mask is shown in Appendix D.

6.4.3 Chemical functionalization of the working electrodes

The chemical functionalization was performed as described in Chapter 5, aiming
to functionalize the Pt selectively and not the surrounding alumina. Briefly, NIPA
chips were ultrasonicated sequentially in dichloromethane (VWR, Amsterdam,
The Netherlands), acetone and ethanol VLSI grade (VWR, Amsterdam, The
Netherlands) for 1 min and blown dry with N,. Subsequently the chips were
treated with oxygen plasma (Diener Pico, Diener Electronic, Ebhausen,
Germany) for 15 min. PDMS microchannels were cast from a 3D printed mold
patterning a straight rectangular microchannel 0.2 x 1 x 7 mm?3 in dimensions
using Sylgard 184 (Farnell, Utrecht, The Netherlands) prepared following the
manufacturer’s instructions. The PDMS chips were manually aligned over the
NIPA electrodes and uncured PDMS was applied along the perimeter of the chip
to enhance the bonding stability. The assembly was cured at 80 °C for 15 min.
Immediately afterward, aliquoted 1-amino-undecanethiol (1 mM ethanolic
solution) was injected into the microchannel through a pipette tip and
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manipulated back and forth 5 times to remove any residual platinum oxides
resulting from the plasma treatment and to form an amine-terminated thiol self-
assembled monolayer (SAM).

|

1) A Si(100) wafer was thermally
oxidized forming a 300-nm SiO,

layer. Olin 917 resist was spin-coated
at 4000 rpm, and exposed using an
EVG-620 mask aligner to pattern

S'|C)2 Re S'iSt AIZO3 microscale contact leads.

2) A 5-nm Ti adhesive layer was

deposited by electron-beam metal
evaporation  (DCA  Metal-600)
followed by 50 nm Pt.

3) Residual resist and unwanted Pt

were removed in acetone in a metal
lift-off process. A 20-nm Al,O;
passivation layer was deposited with
a Picosun Atomic Layer Deposition

system.
4) PMMA was spincodted at 4000

.
e B | 7 (50 1) and epos uig
electron beam lithography (RAITH

[ 1 t [ |

EBPG5150), patterning the reference
electrode (right) and
nanoelectrodes at the end of the
contact leads (left) with varying
diameters (0.1-4 um).

5) The Al203 was etched in Ar plasma

using an Oxford i300 system,
opening up the electrodes. Residual
PMMA was removed in acetone and
subsequent oxygen plasma.

Figure 6.3: Nanofabrication process flow showing thin film deposition and patterning
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After incubation overnight in an ethanol vapor-saturated environment, the
channels were rinsed by pipetting 1 ml of ethanol VLSI and blown dry with N,.
Poly(ethylene) glycol diglycidyl ether (PEGDGE) was then injected (neat) into the
microchannels and left overnight at 50 °C to react with the amine groups,
forming an amine-reactive PEG oligomer layer on the surface. To complete the
functionalization, anti-EpCAM antibodies (VU1D9 1 mg/ml) diluted 50x in 2 M
sodium phosphate buffer at pH 9 were left to incubate for 4 h. Remaining
reactive sites were blocked by bovine serum albumin (BSA, 1% (w/w) in
phosphate buffered saline (PBS)) for 1 h. Finally, channels were rinsed with MilliQ
and used immediately.

6.4.3.1 Chemical contrast

Adsorption of species to the alumina passivation layer would not contribute to
the electrochemical signal to result in a false positive answer/readout, but it is
undesirable since it could deplete the sample of analytes. Lacking a chemical
anchor and being net uncharged molecules, the PEGDGE and antibodies (pl -~7)
do not interact with the alumina (pl ~9). Conversely, BSA has a conveniently low
pl (~4.7) such that at physiological pH it bears charge opposite to that of
alumina. So besides functioning as a chemical blocking agent to the PEGDGE,
BSA also performs as a fouling reducing agent on the substrate.

To confirm the “chemical contrast” between Pt and alumina, i.e., the ratio of
deposited thiols and polymer between Pt and alumina, the same
functionalization procedure as described here was applied to 1 x 1 cm?® chips that
were half coated with Pt using tape as a shadow mask in e-beam evaporation,
the other half being coated by alumina.

These samples were examined using XPS (JEOL 9200, JEOL, Velp, The
Netherlands) (using the same settings as described in Chapter 5) examine the
ratio in sulphur coverage after SAM formation and carbon and carboxy group
presence after reacting with PEGDGE. To investigate the antibody activity after
functionalization and the ratio in
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antibody coverage between the two substrates, PDMS microchannels were
placed on the chips, crossing regions of both Pt and alumina substrate. Anti-
SARS-CoV-2 (BioConnect, Huissen, The Netherlands) was used as an antibody
(also diluted to 20 pg/ml in sodium phosphate buffer) in this experiment, to test
whether its immobilization is as efficient as the anti-EpCAM used in Chapter 5.
After functionalization as described above in Section 6.4.3, the channels were
washed with PBS and incubated with fluorescein isothiocyanate-labeled anti-
immunoglobulin G to stain surface-immobilized antibodies. On a Nikon TI-E
inverted fluorescence microscope, the fluorescence intensity was recorded of Pt
and alumina samples both with and without antibody functionalization.

6.4.4 Operation

6.4.4.1 Sensitivity - chronoamperometry with correlated
microscopy.

For recording of currents in the order of pA with a noise level in the order of fA,
currents must be amplified, and signals should be properly shielded. A FEMTO
DDPCA amplifier (FEMTO, Berlin, Germany) was installed in a Faraday cage. NIPA
chips were contacted with contact probes installed on micromanipulators. A

voltage of 400 mV was applied between the nanoelectrodes (working
electrodes, anode) and the reference electrode, and the current was monitored
for prolonged time (min to hours).

Initial experiments were performed without PDMS channels in open reservoirs
(under static conditions) to allow for optical monitoring of the experiments.
Recorded binding events could thus be related to video recordings of
microparticles adsorbing on the surface. To this end, a suspension of
carboxylate-coated 1 um polystyrene beads (MicroMod, Germany) dispersed in
MilliQ water at 107 beads/ml was simply drop-cast over the chip before recording
the current under ambient conditions. Ferrocene (aq) was added to reach a final
concentration of 2 mM. Besides polystyrene beads, also dextran-modified 130
nm iron oxide particles (10%/ml) (MicroMod, Germany) and gold nanoparticles
(107/ml, 80 nm) were individually detected (data not shown in this chapter,

similar to Figure 6.7) to demonstrate versatile (non-specific) single-nanoparticle
detection.
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6.4.4.2 Specificity - Extracellular vesicles

To demonstrate detection and identification of specific binding, flow conditions
are required to remove non-specifically bound species and to study the dynamics
of the interaction as described in Section 2. Placing a pump inside the Faraday
cage made it challenging to record currents with acceptable noise levels. In the
experiments described in this chapter, the flow was driven by hydrostatic
pressure: a pipette tip with sample was left upright in the PDMS microchannel
inlet, imposing a pressure difference of <1 mbar, enough to drive a constant flow
for prolonged time. Extracellular vesicles were obtained from LNCaP (EpCAM+)
cell culture supernatant by centrifuging at 1000 x g for 12 min,

giving 10" particles/ml in the size range 100 - 500 nm as determined by
Nanoparticle Tracking Analysis (see previous chapters). The supernatant was
aliquoted and frozen at -80 °C. Before experiments, EVs were fixed by adding
paraformaldehyde (PFA). The buffer was then exchanged using ultrafiltration
spin filters with a molecular weight cut-off of 100 kDa, centrifuging 3x at 1000g
for 11 min to substitute the buffer for MilliQ water with 2% saliva obtained from a
consenting donor to mimic a realistic clinical sample; for a coronatest, saliva
would be the preferred medium rather than nasal swabs if considering patient
comfort. Recall that EVs are used as a model for virus particles..As before, Fc
dimethanol (aq) was added to reach a final concentration of 2 mM.
Chronoamperometric experiments were then conducted, as described before
but now under flow conditions. Three negative control experiments were
conducted in which specific interaction was not expected:

- The same sample was used, but instead of anti-EpCAM, anti-SARS-CoV-2
(RBD) was used in the same buffer at the same dilution.

- The same sample was used, but the chips were not functionalized
(PEGDGE was blocked by BSA without introduction of anti-EpCAM).

- The chips were prepared the same way, but instead of EVs, latex beads
were used (as before in sensitivity experiments)
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6.5 Results

6.5.1 Functionalization
6.5.1.1 XPS

1x1 cm? chips were prepared with Pt coating on one side and AL,O; coating on
the other side to investigate the selectivity of deposition among these materials.

First, AL,Os; was deposited by atomic layer deposition on the whole chip and then
Pt was evaporated over it on one half of the chip, shadowmasking the other half
with Kapton foil. Figures 6.4 and 6.5 show XPS wide scans of Pt and AL,Os
regions, respectively, on the same chip after 1-amino-undecanethiol SAM
formation. On Pt, 2.33% S 2p3/2 was found, vs. 0.16% on the AL,O; part.

6.5.1.2Anti-IgG-FITC

After completing the functionalization routine, the surface coverage was
inspected by staining the immobilized antibodies with fluorescently labeled anti-
IgG. In three Pt/Al,O; chips, the functionalization was completed with anti-SARS-
CoV-2 (RBD). In three other negative control chips, the antibody was omitted and
the surface was blocked with BSA. Results obtained after exposing and image
processing under similar conditions are shown in Fig. 6.6. ImageJ was used to
analyze images taken from 3 locations in the channels. Integrating the grey
values and subtracting the background gave aratio of 10.4 in signal between the
top left and top right panel, more or less corresponding to the ratio in S 2p3/2
observed on Pt and Al,O; substrates in XPS.
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Figure 6.6: Fluorescence intensity of antibody-coated bare Pt vs. negative controls
(antibodies on Pt and bare Pt and Al203).

6.5.2 Sensitivity: single-nanoparticle detection

Chronoamperometric curves recorded in drop-cast latex bead suspensions are
shown in Figures 6.7 and 6.8. Figure 6.7 presents multiple sequential adsorption
events of 1-um beads (in MilliQ with 2 mM Fc dimethanol) on a 4um NIPA
electrode, each with a discrete current drop, until the NIPA electrode was almost
completely covered by nanoparticles. As can be seen, the step sizes vary, which
is related to the polydispersity of the particles, in line with the polydispersity
index as reported by the manufacturer is 0.2. Figure 6.8 shows a single 1-um bead
being electrophoretically attracted before adsorbing on a 500-nm NIPA
electrode, correlating with a concomitant current drop.
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Figure 6.7: Time trace of current recorded during latex bead absorption showing clear
discrete adsorption events.

6.5.3 Specificity: single extracellular vesicle detection

Figure 6.9a shows a chronoamperometric curve of (EpCAM-presenting) LNCaP
extracellular vesicles diluted to 10 EVs/ml in MilliQ water with 2% saliva on 500-
nm anti-EpCAM functionalized NIPA electrodes under mild flow conditions (<2
mbar hydrostatic pressure). Only in these samples were binding events observed
that were longer than 1 s. Negative control experiments show shorter
interactions (note the scaled x-axis). Non-specific interaction of an LNCaP EV
with anti-SARS-CoV-2 was recorded as presented in Figure 6.9b; the duration of
the event is 250 ms. A similar short interaction was recorded for a latex bead
(Figure 6.9¢). The amplitude of the peak is larger because the radius of the latex
bead is much larger (500 nm) than that of an EV (on average ~150 nm). In
absence of any functionalization (Figure 6.9d), the non-specific interaction of

EVs is shorter and with smaller amplitude, possibly due to the anti-fouling
properties of the BSA coating.
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Figure 6.8: Single adsorption event of a latex bead (diameter 1 um) captured on
video. The location of the bead in the screenshots is correlated with the corresponding
timepoints on the curve. The location of the NIPA electrode is not clear from the figures,
but is indicated by the green circle in the top left inset.
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Figure 6.9: NIPA traces showing specific (a) and non-specific (b,c,d,) interaction. a)
Specific interaction of (EpCAM+) tdEVs with anti-EpCAM functionalized electrodes. b)
Non-specific interaction of tdEVs on anti-SARS-CoV-2. ¢) Non-specific interaction of latex
beads on anti-EpCAM). d) Non-specific interaction of tdEVs on non-functionalized (BSA-

coated) electrodes.
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6.6 Discussion and conclusion

6.6.1 Sensitivity

In the above sections, the concept was presented for a biosensor with ultimate,
one-particle sensitivity, and the physical principles of the technology were
explained. Using various analytes in various media, it has been demonstrated
that indeed, the system can detect nanoparticles at the highest possible
resolution by counting micrometer-sized particles one by one. Full integration of
the sensors with a functional, high-performance sample handling system is still
in progress. Therefore, it is difficult to predict the eventual throughput and
sensitivity of the system or to promise that it can detect every single analyte in
a sample. Theoretically single-particle detection is not impossible thanks to the
process of electrophoresis. However, electrophoresis work best in dilute
samples with lower ionic strength, and such dilution does of course limit the
chances for single-particle detection. It thus remains to be investigated under
which conditions this is possible: e.g., lower flow rates reduce the probability of
particles far from the sensor escaping the pull of the electric field. Ultimately,
there is a trade-off between desired sample processing time (related to e.g., flow
rate) and desired limit of detection. If there is no acceptable balance in the
current configuration, then this might be improved by parallelization.

6.6.2 Specificity

Before the specificity of the system can convincingly be demonstrated, the
sensor needs to be better integrated with a reliable hydrodynamic actuation
system. This will allow for the distinction between specific and non-specific
interactions based on stability of the binding under the imposed flow conditions.
Remarkably stable extracellular vesicle binding events in the order of seconds
were observed when anti-EpCAM was bound to the surface. Such events were
not observed in control experiments with vesicles where no antibody was
present. Here, events were visible, but showed up as narrow sub-second spikes.
However, it is too early to confidently claim that that cannot have to do with
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sample preparation. Moreover, these results may only be compared when
performed under comparable flow conditions.

Even when the system is fully optimized, even with perfect sensitivity, it can only
perform as well as the combination of generic antifouling and the antibody that
is immobilized on the electrodes. In addition, such information is only as
interesting as the biomarker that is targeted, as can be seen for the case of
corona and cancer.

Corona is — detection-wise — a relatively simple case compared to cancer, since
presence of a single SARS-CoV-2 virion in a test sample is theoretically enough to
identify the donor as being at risk for themselves or others. On the other hand,
the choice of antibody needs to be carefully considered, and it is uncertain how
the performance will be affected by genetic mutations. It also remains to be seen
how the system responds to samples from healed patients with residual
neutralized virus.

Such simplicity does, also with this sensor, certainly not apply to cancer. The
validity of the epithelial cell adhesion molecule (EpCAM) as a target has been
extensively debated. It is known that it does not allow detecting all circulating
tumor cells because, these undergo a so-called “epithelial-mesenchymal
transition” as the disease progresses, with a concomitant reduction in EpCAM
expression. By extension, the same can be assumed for tumor-derived
extracellular vesicles. Moreover, EpCAM is not intrinsically tumor related: it is
present on all epithelial tissues and only suspicious when found in the blood
stream. As an epiphenomenal result of venipuncture, EpCAM+ debris from
benign tissue may enter into any sample, and as such, a non-zero background in
healthy sample donors may be expected regardless of the performance of the
system. It is then crucial to set up the clinical validation in such a way that this is
accounted for, and to carefully consider how to interpret the results.
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6.6.3 Reliability

The largest unknown in the NIPA system is the set of optimal operation
parameters. It is difficult to predict (even from a wealth of ensemble kinetic data
from SPR) what the timescale of individual antibody-antigen complex formation
and also dissociation is under flow conditions as imposed by the microchannel
geometry, and what the inter-sample variation of these parameters could be. In
the worst case, the residence times of abundant large sticky non-target
components overlap with those of small transient analyte particles. At the other
extreme, if analyte particles are very stably bound to the surface such that it is
difficult to remove them, the sensor surface (with 18 sensing electrodes in the
current design) may be quickly saturated with analytes, preventing other
particles from being detected.

For many purposes, detection of the presence of a biomarker in a sample is not
enough, but there is also a demand for quantitative data. For instance, in cancer
patient monitoring it is important to record changes over the course of time in
the concentration of tdEVs. Although the system in its current form does give
kinetic data — the time required to saturate the sensor array with analyte is
indicative of the analyte concentration - it is not designed for enumeration with
this fluidic operation. In addition, it would require significant validation so as to
provide stable signals with minimal drift and maximum reproducibility over a
period of months. Sample-wise, depending on how stable the analytes are
bonded to the surface it may be required to incorporate surface regeneration
steps to be able to continuously present a pristine sensor array to the sample
(similar to SPR). Such fluidic operation (injecting other buffers) would require a
more complex system, which is feasible for a next iteration of the devices, but
beyond the scope of this chapter.
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6.6.4 Outlook

For commercial purposes, after optimization at the lab scale, it is crucial to
develop quality management systems to guarantee the reproducibility and to
maintain a high degree of reliability in production. To eventually get CE
certification (allowing the product to be sold in the EU), it should not only
perform very well to live up to ambitious clinical claims, but compared to the
current status, the fabrication yield should increase from 90% to very close to
100%.

For this reason, simplicity is crucial in the design of any component of the system.
The sensor chip consists of only three thin films and is fabricated using only two

lithographic exposure steps. Importantly, the surface functionalization can be
performed reproducibly and completely in-situ after assembling the sensing and
the microfluidic chips and occurs mostly in ambient conditions (except only for
the PEGDGE grafting which takes place at 50 °C). By eliminating as many modes
of failure as possible, the aim is to design a platform that is as robust and
versatile as it can be.

Ultimately, NIPA is the basis for a platform that could be used to detect any
biomarker for any purpose. Currently it works theoretically for supramolecular
aggregates from >50 nm (~the lower limit of the lithography techniques
available at MESA+) up to bacteria of a few pm, which (including the
undiscovered potential of extracellular vesicles as a biomarker) awards
opportunities to explore virtually any disease.
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The goal of this project was to develop platforms for the detection and analysis
of extracellular vesicles (EVs). Detection, because it was hypothesized that the
presence and concentration of various kinds of extracellular vesicles in patient
blood samples, as measured in a liquid biopsy, would prove to be a valuable
parameter to guide therapy of primarily cancer patients.

Analysis, because despite the exponential growth of the field in recent years,
there remain many mysteries regarding the biogenesis, composition and
physiological behavior of these submicroscopic biological information carriers.
In addition, and notwithstanding clear guidelines by expert societies, there is still
much confusion in the literature about how to interpret experimental results -
e.g., how to properly prepare samples or when to call a detected object an EV.
The work described in this thesis aims to support the clinical context by providing
technological concepts that could be useful both for fundamental biological
studies into the occurrence and behavior of EVs and by giving considerations for
sample preparation. It explains why extremely sensitive biosensors are required
and describes the development of some lab-on-a-chip solutions.

Chapter 1introduces the concept of liquid biopsy and circulating tumor cells and
explains the reasons to explore the feasibility of using EVs instead. It then goes
deeper into the composition of EVs and their distribution in the blood. Next,
challenges involved in sample preparation are discussed, as well as the barriers
to high-throughput reliable detection of EVs.

Chapter 2 gives an overview of the Cancer-ID consortium that provided the
framework for this (sub)project. It highlights the findings of colleagues in
Amsterdam, Delft, Groningen, Twente and Utrecht, who studied EVs from
various perspectives in parallel. It gives a comprehensive comparison of the
efficacy and throughput of various methods to study EVs for their corresponding
applications.
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Chapter 3 explains the necessity for multi-modal analysis and introduces a first
platform that allowed studying individual tumor-derived extracellular vesicles
(tdEVs) with scanning electron microscopy, Raman spectrometry and atomic
force microscopy to correlate the respectively morphological, biochemical and
mechanical data obtained from these single nanoparticles.

Chapter 4 reports observations made while performing sample preparation of
EVs for different purposes. It was found that a class of polymers, i.e.,
organosilicon compounds, have a stable interaction with phospholipid
membranes found in cells, EVs and artificial membrane models. This has
implications for the use of these polymers not only in research but even in daily
life, as these silicones occur in cosmetics, pharmaceutics and even food.

Chapter 5 presents an integrated system that uses a two-stage identification of
tdEVs followed by a two-stage signal amplification. This awarded a highly specific
detection method: only tdEVs gave a detectable signal. It also proved to be
ultrasensitive; thanks to miniaturization tot the nanoscale of an ELISA-like
electrochemical detection mechanism, tdEVs were detectable at concentrations

as low as 10 tdEVs/ul.

Chapter 6 explores the qualities of a hypothetically ideal biosensor system and
provides those solutions that are technologically available to us now.

The last chapter discusses how the preceding chapters were able to answer
questions existing in the field and what is necessary to further explore the
remaining mysteries.
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DISCUSSION

“Everybody has a plan until they get punched in the mouth”
Mike Tyson
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7.1 tdEVs for liquid biopsy

7.1.1 Before Cancer-ID

In 2015, the NWO “Perspectief” programme Cancer-ID started, ultimately
involving 22 industrial partners, 11 principal investigators and 9 PhD students,
from the universities of Amsterdam (AMC), Delft, Groningen, Utrecht, Twente
and Wageningen. There were indications back then that “small tumor cell
fragments” were promising predictors of clinical outcome.” The field of
extracellular vesicle research was still young (the International Society of
Extracellular Vesicles was founded in 2011 only, see also Figure 1.2 of this thesis),
but it became apparent that these “fragments” were indeed (tumor-derived)
EVs. The Cancer-ID programme was designed to investigate the clinical utility of
tdEVs. Several research questions had to be answered:

- What is the concentration of tdEVs in patient samples?
- What is the prognostic value of tdEVs?

- What are the physical properties of tdEVs?

- Which biomarkers are present in and on tdEVs?

- How do other components of patient samples interfere with
tdEV detection of characterization?

- Which detection method is most suitable for the quantification
of tdEV concentration in patient plasma?

7.1.2 Cancer-ID

In the Cancer-ID project, as described in Chapter 2, these questions have been
largely addressed. At the AMC, useful insights were gained regarding the
isolation of pure fractions of tdEVs' and protocols were established for their
characterization with transmission electron microscopy.> Moreover, impactful

lessons were learned about the characterization of tdEVs with flow cytometry.3
® Also from the AMC, came the results obtained with SPR which gave meaningful

insights regarding the kinetics and stability of tdEV immobilization.”® Altogether,

this helped to understand the size and immunological properties of tdEVs, and
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importantly also how to visualize tdEVs using fluorescence microscopy.

Raman studies on tdEVs performed in solution (at UT) were very useful in
acquiring information about how to recognize tdEVs specifically in a completely
label-free manner.®™ This knowledge was directly applied in more sophisticated
multi-modal analyses along with AFM-related knowledge from RuG™ (see section
8.2) Most importantly, the tremendous challenge of segregating tdEVs from
other plasma components became apparent.” Notably, lipoproteins vastly
outnumber tdEVs in plasma while being physicochemically strikingly similar.

A paper from the Cancer-ID consortium that is highly relevant to all the work
presented in this thesis describes the prognostic value of tdEVs as detected
using the CellSearch system.” A set of patient samples that had previously been
used in clinical studies regarding the validity of CellSearch for cancer diagnosis,
was re-analyzed for its tdEV content. The settings were changed such that
smaller (<4 um) objects without a nucleus, which are normally not regarded as
cells and therefore ignored, were now counted.

The conclusion from this paper is that these objects have similar prognostic value
to CTCs. Moreover, is was shown that within cohorts of patients that received a
“favorable” prognosis based on CTC counts, it was possible to further stratify
them based on tdEV counts. A limitation of using tdEVs using this system is that
no threshold value could be determined to distinguish healthy donors from
cancer patients, since there was always a high background of EpCAM-positive
particles. As discussed before in Chapters 1 and 2, it should be noted that this
system only regards the largest fraction of tdEVs (<1%), so the background may
be relatively much lower if the entire population of tdEVs could be considered.
Interestingly, already in this small fraction of tdEVs, their prognostic power was
proven in the Cancer-ID project.'

7.1.3 Remaining challenges (for Cancer-ID 2.0)

Although there are models (based on Cancer-ID results) estimating the tdEV
plasma concentration of patient samples (see Chapter 2), the exact range is still
unknown, because to this day there is no reliable method to determine this
concentration. The system described in Chapter 5 could probably be used to
quantify the middle-to-high range of tdEV concentrations in patient plasma, but
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there are likely patients with concentrations of tdEVs that fall below this
system’s limit of detection.

Another goal to pursue is nucleic acid isolation. During multiple meetings of
Cancer-ID members and clinicians, it became apparent that there is a need for
the reliable specific isolation of tdEVs and subsequent extraction of their genetic
material. After amplification (e.g., using PCR) and sequencing, nucleic acid
analysis could reveal genetic biomarkers specific to the disease. The platform
described in Chapter 3 may prove very useful for this application: it can be easily
redesigned to maximize the functionalized surface area of a volume suitable for
PCR (as little as 1 pl), and after all other EVs and non-tdEV components are
washed away, the specifically bound tdEVs may be lysed in the microchannel to
yield an amplifiable sample.

If there will be another nation-wide research consortium focusing on tdEV
analysis for cancer diagnostics applications, these two approaches (a fast point-
of-care “tdEV counter” and genetic analysis of specific tdEVs) should both be
considered. Given the technology readiness of the platforms described in this
thesis, it would be interesting to include large-scale validation trials to prove the
efficacy of these diagnostic tools.

7.2 Multi-modal analysis

7.2.1 Immunocapture on stainless steel

In Chapter 3, a system was developed for the multi-modal analysis of individual
tdEVs. Considering the challenges mentioned throughout this thesis regarding
the multitude of non-tdEV particles present in typical samples and the lack of
tools to properly discern tdEVs from such contaminants, this platform was
designed to provide more certainty regarding the identity of the objects under
study. Based on single observations, e.g. only regarding size, morphology or
presence of antigens, it is a challenge to confidently claim that certain particles
are tdEVs. For instance, submicron particles could be one of many different
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species (e.g. lipoproteins), and particles that interact in some way with anti-
EpCAM antibodies could be non-tdEV particles (e.g. cells) with EpCAM, or
interactions could be non-specific. Moreover, most techniques cannot discern
individual particles from particle clusters, whereas measuring only individual
particles can be more valuable. While averaging over larger populations may
have advantages of speed, reproducibility and overall sensitivity, it can have a
detrimental effect on the quality of spectral analysis, because nuances in
heterogeneity can go unnoticed, while the distribution of a certain feature can
be highly informative but will then necessarily be fully out of scope.

Such uncertainty can be eliminated by combining multiple parameters; a single
submicron particle that is EpCAM positive, is very likely a tdEV. To be able to get
size and morphological information and to compare it with biological and
chemical information, we developed a system that allowed immunocapturing
tdEVs and subsequently characterizing these particles using Raman
spectroscopy to confirm their identity, i.e. to confidently claim these particles
are indeed of tumor origin. To allow claiming that such particle is a single vesicle,
high-resolution imaging techniques were used like scanning electron microscopy
and atomic force microscopy.

To find back individual particles in the sample stages of these various
instruments, microscale features were fabricated near the sample
immobilization area. The features allowed retracing the exact coordinates of all
individual small particles (<10® cm?) on the chips (1 cm?).

The article corresponding to chapter 3 concludes that there is a significant size
distribution,™ that EVs can be isolated in-situ with high purity'*'®"7 and that this
platform is a good basis for studying EVs with AFM.™ In short: individual EVs can
be observed and characterized in detail, which would provide the basis for a
much larger study of clinically relevant data.
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7.2.2 Applications of multi-modal analysis

7.2.2.1 Multi-modal analysis after silicone incubation

As described in Chapter 4, similar multi-modal analysis was employed for an in-
depth study regarding the interaction of organo-silicon compounds with
biological membranes. In the experiments reported in Chapter 3, it was first
observed that HDMS was detectable with Raman spectroscopy in immobilized
tdEVs. When HMDS was excluded from the sample preparation, a similar signal
was still detected.” Based on the hypothesis that the not-fully-cured PDMS
contaminated the samples, experiments were repeated after over-curing of the
PDMS microchannels and/or extracting any remnant of uncured molecules with
ethanol. No signal pertaining to silicon was detected in these samples afterward.
On one hand, there was only a scarce explanation of this phenomenon in the
literature, and, on the other hand, it is generally known that organosilicon
compounds (including HMDS and PDMS) have been approved for a wide
spectrum of applications ranging from food to cosmetics and pharmaceuticals
(e.g., PDMS is the active ingredient in several over-the-counter pediatric colic
drugs). Given this discrepancy, the interactions of organosilicon compounds and
lipid membranes were further studied with another multi-modal analysis:

- Using Raman spectroscopy, cells incubated with various silicones were
measured to inspect the molecular bonds and examine their spatial
distribution inside cells;

- Using scanning Auger electron spectroscopy, it was demonstrated that
silicones interact with the membranes of cells;

- Using XPS, it was demonstrated that silicones readily interact with
supported lipid bilayers, i.e. that it is a passive physicochemical process
rather than an active biological process;

- Using IR, it was observed that the bands of Si-C bonds shifted when the
corresponding molecules interact with cell membranes. These last
results suggest a strong interaction, not limited to adsorption, occurring

' Because these tdEV results were not reproducible, they were left out of the Chapter.
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between the apolar regions of the membranes and the methyl groups of
the PDMS.

Altogether, these results call for caution when regarding silicones as safe on the
assumption that they are not systemically adsorbed, as they evidently are
adsorbed.

7.3 Towards a point-of-care test

7.3.1 The Holy Grail

To put the results reported in this thesis into context, based on the background
information given in Chapters 1 and 2, it may be helpful to refer to a description
of an ideal sensor device, perfectly capable of giving the information required to
guide therapies based on biomarker concentrations in bodily fluids. Some of the
characteristics such a system should present are as follows:

- It is perfectly selective. Only analyte particles are observed, and none of
the 10" non-analyte particles per ml of sample (see Chapter 2) contribute to the
signal.

- Itis perfectly sensitive. It detects all of the analyte particles in the sample
and gives a perfect indication of the concentration. The heterogeneity of tdEVs
entails that the device must be able to detect the analyte at the single-particle
level to avoid obscuration of the signal of smaller particles by that of bigger
particles.

- It is not prohibitively expensive.

- It provide high throughput analysis. Clinical samples need to be
automatable processable on a timescale of maximally (a fraction of) an hour.

- Analytes are available for off-line analysis. After a quick detection of the
mere presence of the biomarker, it is interesting for many applications to be able
to perform a more in-depth (e.g. genetic) analysis of the immobilized particles.
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7.3.1.1 Selectivity - Affinity

Selectivity is determined by the affinity of the recognition element (e.g. the
antibody in the present case) to the biomarker, as well as by the repulsion of
other components of the samples.

Ultimately, the most that can be expected is that all particles presenting a certain
recognition target (e.g. an antigen) are detected. This by itself is only meaningful
if that is a good biomarker. Finding a biomarker is a challenge that falls beyond
the scope of the development of this technology.>

Because of its availability and proven performance on cells, EpCAM was chosen
throughout this thesis as a biomarker for tdEVs. It was shown on multiple
occasions that it adequately binds EpCAM-positive tdEVs and in Chapter 5 it was
shown that platelet-derived EVs did not contribute to the signal.

However, EpCAM is not exclusive to cancer-related particles; because it is
present in cells from any epithelial tissue, it can be regarded as “smoking gun”
in the bloodstream only, because it does not belong there. Urine and pharyngeal
samples contain EpCAM-positive healthy epithelial cells, as does skin. That is,
even when blood samples are regarded, it is possible that EpCAM-positive but
non-clinically relevant skin particles are part of the sample due to the process of
venipuncture. In Chapter 2, it was briefly shown that the presence of EpCAM-
positive particles of between 1-4 um has a certain prognostic value; a high
concentration is correlated with a poor prognosis.’” However, in patients that
survived and healthy donors, there was consistently a non-zero concentration of
these particles. As such, it was difficult to determine a cut-off value below which
a good prognosis could be given.

Specifically regarding EpCAM, it would be interesting to investigate what the
background (i.e., the concentration in healthy donors) of all EpCAM-positive
particles is, including the particles that are smaller than 1 um, because these are
much more abundant. If venipuncture is the source of all EpCAM-positive
microparticles in blood by forces acting at the microscale, it is possible that the

2 Although applications in high-throughput screening seem feasible with the technology
that was invented in this project
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same mechanism yields fewer nanoparticles. In that case, most EpCAM-positive
particles would be of tumor origin and a cut-off should be easily determined.

7.3.1.2 Selectivity - Repulsion

In a perfect system, there is no non-specific interaction at all, i.e. no depletion of
the analyte by stable adsorption in areas away from the sensor, and no
interaction of non-analytes with the sensor. There are sophisticated options for
coating samples with protein-repelling materials, like zwitterionic polymer
brushes.?® Thereby the amount of fouling, in terms of mass per unit area relative
to untreated surfaces, is only a few percent. In other words, current state-of-the-
art anti-fouling coatings are not perfect. Fortunately, real systems can still
perform acceptably if fouling is taken into account in the signal interpretation.

In Chapters 5 and 6, a reactive poly(ethylene glycol) derivative was chosen as the
surface-bound antifouling species mainly because of its convenient reaction
conditions and reduction of non-specific binding of proteins. The exact degree
of fouling was not quantified since the sensors functioned as expected, e.g.,
binding of the analyte was not blocked by other more abundant species and no
unspecific signal was recorded. Most importantly, the detection mechanism was
designed in such a way that even if there was absorption by non-analyte species,
this would not contribute to the signal since there would be no interaction with
the reporter antibodies. However, only relatively dilute samples with a limited
number of components were studied. It thus remains to be explored how this
system would respond to actual patient samples. The much higher abundance
of non-analyte components in plasma as compared to cell culture medium may
lead to more noise or reduced reproducibility in a system as described in Chapter
5. In Chapter 6, it is shown to reduce the baseline signal, but because of the signal
analysis, this did not affect the detection of individual EVs.

7.3.2 Sensitivity

A perfect sensor system would detect all analytes in the sample, no matter how
dilute they are. Ideally performing biosensors are sensitive enough to detect
species at concentrations that are clinically relevant, i.e. the range of
concentrations that can be expected in a typical set of patient samples. For some
analytes, like tdEVs, most real sensors are only able to detect the high end of this
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concentration range. There are a few applications where the need for sensitivity
is not met by state-of-the-art technology. For instance, in tap water, E. Coli.
bacteria pose a threat to the water quality if they occur at concentrations > 1
bacterium per 100 ml. In nasopharyngeal swabs for corona tests, using the
current gold standard measurement technique, reverse transcription
polymerase chain reaction (RT-PCR), viral RNA is only detectable if there are
more than ~100 copies per ml patient sample. But if there is as little as 1 copy in
the sample (e.g. only shortly after the patient was infected), the patient may still
become contagious in the near future.

Most state-of-the art biosensing concepts (see Chapter 5 for a small overview)
employ signal amplification. In general, this entails the continuous generation of
species that contribute to the signal by probes bound to the analyte specifically.
This method has been applied for decades in the form of ELISA (enzyme-linked
immunosorbent assay), whereby an enzyme covalently attached to a
recognition agent targeting the analyte of interest continually converts a
substrate into a colored product. A similar amplification is also part of the
detection scheme presented in Chapter 5. In that chapter, a second level of
amplification was provided by redox cycling over nanometer distances. This
double amplification process yielded a technology that was sensitive enough to
detect tdEVs in a range of concentrations largely overlapping with the expected
clinically relevant range However, to span the entire clinically relevant
concentration range, the limit of detection should ideally be one or two orders
of magnitude lower.

Moreover, a common drawback of biosensing techniques that use amplification
is the inherent need for calibration. The signal is generated by a series of
reactions (binding of a reporter to analyte - binding of enzyme to reporter -
conversion into detectable species) that are all dependent on environmental
conditions. That makes it challenging to infer quantitative information from a
single measurement. In general, calibration-based quantification is only accurate
if all the reactions occur reproducibly. However, in this particular case the

3 Please note that the lack of a real ideal sensor platform for tdEVs means that the actual
concentration range is as yet unknown.
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quantification was also based on the assumption that all tdEVs have a fixed size
distribution, since the surface area of a tdEV determines the number of target
proteins it carries and thereby influences the signal attributable to a single
particle. In cell culture media, this was confirmed using AFM (see Chapter3).
However, it remains an important aspect to take into account for patient
samples.

7.4 Impact on health care

7.4.1 Hurdles to be overcome

7.4.1.1 Clinical approval

After the technological hurdles discussed in the previous section are overcome
and before any technology discussed here can be commercialized, it has to be
approved for clinical use. In this process, it will be assessed whether a device is
safe to use and effective, and whether all suppliers conform with regulatory
standards. Since the device uses patient material externally (unlike e.g. an
implanted device), the challenge is less in establishing whether it is safe to use
and more in establishing whether it is effective. This is straightforward to prove
for avirus test, simply by comparing the device output with results obtained with
the gold standard RT-PCR. For cancer, it would entail following larger patient
cohorts for several years until the outcome of the treatment is known, which is
therefore much more costly.

7.4.1.2 Societal embedding

Besides regulatory approval, before a device can be commercialized, it must also
have a user base. That not only means that it needs to be established that the
device performs better than alternative and existing standard solutions, but also
that clinicians believe in it and that they are willing to change their protocols to
embrace this new technology into their routine. To convince these different
groups, the technology must be designed in concordance with the vision of key
opinion leaders. Thus, in the early phases of product development, there needs
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to be consensus among various stakeholders, i.a. clinicians, governmental health
departments, insurance companies and patients such that the product (and the
supporting clinical trials) can be designed with the proper application and user
in mind.

7.4.2. Clinical applications

There are several modes in which health care could benefit from the
technologies described in this chapter. In chronological order throughout the
treatment process, these are diagnosis — response prediction — patient
monitoring. We will briefly describe each of them here.

7.4.2.1 (Early) diagnosis

In this context, diagnosis would simply entail the detection of biomarkers in
bodily fluids above a certain threshold, but further irrespective of their
concentration. For instance, in today’s corona virus testing, diagnosis is the end
goal as there are currently relatively few treatment options. If there existed a
quick and reliable point-of-care test to diagnose an active (and contagious)
SARS-CoV-2 infection even at low concentrations (i.e. in an early infection), the
impact on health care and all of society would be tremendous. In cancer, early-
stage diagnosis could be possible by regularly screening high-risk populations,
e.g. men above a certain age for colorectal cancer. If the cost and invasiveness
of such diagnostic procedures were more agreeable than they currently are, the
testing frequency could increase, and it would logically follow that colorectal
cancer could on average be identified earlier and therefore treated much more
successfully.

7.4.2.2 Response prediction

Therapeutics typically target either a marker on the disease-causing particle (e.g.
a pathogen or tdEV) or a process in the pathogenesis. In some cases, such
therapies fail because these markers are absent in the patient, whereby some
other pathogenesis has led to the disease. For example, in some cases of lung
cancer, immune therapy is given to patients. The drug (e.g. pembrolizumab)
blocks a certain function of tumor cells that otherwise allows them to escape the
immune system. Immune therapy has advantages over cytotoxic chemotherapy,
since the latter yields much more side effects, and the 5-year survival rate in
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patients that respond to the therapy is often higher for immune therapy.
However, the drug can only work if the marker on which it acts (PD-L1 in this
case) is present on tumor cells. In practice, the drug is effective in ~20% of
patients, which makes the cost of up to €100.000 prohibitively expensive.
Therefore, it would make sense to include a relatively inexpensive diagnostic test
in the treatment procedure for all patients of cancer that is potentially
susceptible to such a treatment. However, to date, it is not common practice.

7.4.2.3 Patient monitoring

As discussed before in this thesis, e.g. in Chapter 2, the concentration of tdEVs in
patients at any time is indicative of their clinical outcome. This type of biomarker
has shown to have superior prognostic power compared to MRI. Conversely, the
technology described in this thesis could be commercialized in a way that would
cost a fraction (~10%) of the cost of an MRI scan per test. By incorporating such
a technology in a treatment procedure, it would be possible to test patients
more frequently, giving the opportunity to intervene faster if needed, e.g. by
changing the drug or the dosage.

7.5 Successive projects

The development of the techniques described in this thesis, has led to the NIPA
technique described in chapter 6. This technique is currently being tested in a
wide array of different settings, as it provides the combination of easy
adaptation to a different biological question, ease of use, and a sufficiently high
through-put to analyze a meaningful set of (clinical) samples at low cost. The list
below provides a spectrum of this potential.

7.5.1 Cancer

In collaboration with the Oncology department at Deventer Ziekenhuis, a clinical
proof-of-concept study will be completed, demonstrating the potential of our
nano-electrochemical sensing method (chapter 6). The goal is patient
monitoring, i.e. to demonstrate (prospectively) that a decrease in tdEV
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concentration, as detected by our system, correlates with successful treatment.
It was found before that the correlation of EpCAM-positive particles correlate
more strongly to clincal outcome than MRL™ Anti-EpCAM-coated
nanoelectrodes will be used to detect tdEVs in plasma of 40 prostate cancer
patients. This project has been funded by the Pioneers in Health Care fund.

7.5.2 COPD

In collaboration with the Pulmonology department at Medisch Spectrum
Twente and Laboratory for Microbiological research Twente Achterhoek
(LabMicTA), a device will be developed for the rapid detection of bacteria in
sputum of COPD patients. Currently, when patients with exacerbations are
treated, antibiotics are administered in 80% of cases. In contrast, the cause of the
exacerbation is of bacterial origin in only 20% of cases, i.e. 75% of the patients that
receive antibiotics receive these unnecessarily. Growing a bacterial culture takes
several days, which is too long for emergency situations. Using the techniques
described in this thesis (Chapter 6), the goal is to develop an electrochemical
immunoassay capable of detecting individual bacteria specifically, with minimal
processing time (<30 minutes). Because an assay is used, bacteria are not only
detected but also identified. The information about which strain of bacteria
causes the exacerbation will also help to determine which antibiotic drug could
be the most effective. This project is also supported by the Pioneers in Health
Care fund.

7.5.3 Corona

In another collaboration with the Pulmonology department at the Medisch
Spectrum Twente and LabMicTA, a point-of-care device will be developed for the
rapid and reliable detection of SARS-CoV-2 (the virus responsible for COVID-19).
This project, dubbed “QoroNano”, entails the further development of nano-
electrochemical sensing technology and a subsequent clinical proof-of-concept
study with samples from GGD test facilities, stored at LabMicTA. The
collaboration project is co-funded by the PPP Allowance made available by
Health~Holland, Top Sector Life Sciences & Health, to stimulate public-private
partnerships.
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7.6 Concluding remarks

This world is an imperfect place. The current COVID-19 pandemic shows the
impact that readily available appropriate testing might have had. It is thus of the
greatest importance that further strides in this field are made rapidly, and it is
promising that several options towards such progress seem to be within reach.
Clinicians are currently oftentimes mostly focused on treating existing
conditions; in other words, “sick care”. The health care system of the future may
be a system in which there is a strong focus on prevention. Novel technologies,
similar to those described in this thesis, enable this through smart diagnostics.
This makes care not only more efficient and cost effective, but will also
contribute to the well-being of mankind.
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A.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 pm x 40 ym was scanned with a laser
power of 35mW and an illumination time of 250 ms with a step size of 1 um. The
spectrum of clean stainless steel is comparable to standard CaF, and commercial
stainless steel (URIM™, BioTools) used as substrate for Raman spectroscopy. A
quartz spectrum is also shown for comparison.
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Figure A.:: Mean Raman spectra of Stainless steel (SS316L), CaF2, Stainless steel
(MRIMTM) and Quartz.
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A.2 Navigation markers
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Figure A.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.
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A.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 °Cand 5% CO, 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 ug/mL streptomycin. The initial cell density was 10,000 cells/cm?
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 ug/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 puL 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 Appendix A.4).
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A.4 NTA measurements of LNCaP EVs
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Figure A.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 1.06x109ml-1. The raw data from this measurement was used to
obtain a histogram compatible with the AFM data from Figure 8.
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A.5 Control experiments

Table A.5: Overview of the experiments included in this study - EV
capture on the antibody-conjugated substrates and negative control
experiments.

EDC/NHS ]
.. Antibody EVs
activation
Sample
+ + +
EVs to be analyzed
Control i - + +
Control ii + - +
Control iii + + -
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A.6 IRRAS measurements of CDPA as monolayer on
stainless steel substrates, and as a powder
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Figure A.6: 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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A.7 Influence of flow dynamics on capturing

efficiency

Xurography
Reservoir Microchannel Channel

Sample

Negative
Control
(No Crosslinker)

Negative
Control
(No Antibody)

Negative
Control
(No EVs)

’ No EV identifiable
O Identified EV >< in field of view

Figure A.7: SEM images; comparison of contrast between specific and non-specifically
bound species in various fluidic systems. In a reservoir (left column, scale bar: 2 um), 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-um height (middle column, scale bars: 5 um
(top) and 2 um) entails imposing shear forces so high that specifically bound species are
also removed when introducing dehydration agents. An intermediate option, use of
exceptionally high (-~200um) microchannels produced by xurography (right column, scale
bars: 10 um) yielded expected results, where EVs were only identified in the positive control.

206



207



208



APPENDIX

Supplementary information accompanying the publication:
Pepijn Beekman, Agustin Enciso-Martinez, Sidharam P. Pujari, Leon W.M.M.

Terstappen, Han Zuilhof, Séverine Le Gac, Cees Otto, Organosilicon uptake by
biological membranes, Nature Communications Biology (in press)

209



B.1 Structures
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Figure B.1: structures of the molecules used here. For uncrosslinked PDMS oligomers, n =
20-90. m = 190-280.
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B.2 AES

Control HMDS Infacol PDMS
.

N

=

v

Figure B.2: Further 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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B.3 IR
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Figure B.3: full IR spectra. The region of interest, 1180 — 1300 cm, is shown in the main text.
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B.4 Raman Spectroscopy
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Figure B.4: Additional Raman spectra obtained from other samples. Spectra (3) and (4)
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™. The cell contribution to the Raman
spectrum in (4) is not significant compared to the peaks at 490 and 710 cm™, indicating that
the reaction with HMDS and biological matter is very efficient and can dominate the

outcome of chemical probing.
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C.1 PDMS DEVICE

To enable removal of non-specifically bound species under controlled flow
conditions and to allow for proper sequential introduction of buffers and agents
in small sample volumes, a PDMS microchannel (3 x 6 x 0.2 mm?3) was placed on
the substrate. The mold was fabricated using a xurography technique described
elsewhere.” Briefly, a foil (nominally 200 um thickness) was patterned by a
desktop plotter and 3x6 mm? sheets were laminated on a disposable petri dish.
PDMS (Sylgard 184, base : curing agent = 10 : 1) was mixed thoroughly and
degassed by centrifugation at 1000 x g for 1 minute. After pouring the PDMS on
the xurography mold, it was degassed under vacuum for 15 min. After curing the
devices at 80 °C for —4 h, inlet and outlet access holes were drilled using a1 mm
biopsy punch. After cleaning the nIDE chip (see next section), the PDMS
microchannel was manually aligned over the electrode array. Reagents were
introduced manually using an Eppendorf pipette through 200 ul pipette tips
inserted directly in the inlet (see Figure SI-1). For electrochemistry
measurements, the reference electrode was inserted in this pipette tip.

Figure C.1: PDMS device placed on top of nIDE chip including loading pipettes tips. After
placing the PDMS device on the nIDE chips, it was held in place by applying uncured PDMS
on the side walls of the devices and curing the assembly for another 15 min at 8o °C. Any
PDMS covering the contact leads was later removed using a surgical blade.

216



References

1. Speller, N. C.; Morbioli, G. G.; Cato, M. E.; Cantrell, T. P.; Leydon, E. M.; Schmidt, B. E.;
Stockton, A. M., Cutting edge microfluidics: Xurography and a microwave. Sensors and Actuators
B: Chemical 2019, 291, 250-256.

2. Beekman, P. E.-M., A; Rho, H.S.; Pujari, S.P.; Lenferink, A.T.M; Zuilhof, J.T.; Terstappen,
L.W.M.M; Otto, C.; Le Gag, S., Immuno-capture of extracellular vesicles for individual multi-modal
characterization using AFM, SEM and Raman spectroscopy. Lab on a Chip 2019.

C.2 AFM RESULTS

To demonstrate the performance of the surface modification, bare platinum
surfaces were functionalized following the same procedures as the electrode
devices. After incubation with tdEVs, the capture efficiency of the positive
control (i.e., actual experiment) (top row in Figure SI-2) was compared to 3
negative control samples (rows 2-4), as detailed below: row 2) Fully
functionalized substrate after incubation with platelet-derived vesicles, not
presenting the EpCAM antigen. The absence of tdEVs on the surface illustrates
the selectivity of the surface functionalization.

row 3) Non-functionalized platinum substrates, i.e., no AUT and no PEGDGE,
incubated with anti-EpCAM and EpCAM-positive EVs. The absence of tdEVs on
the surface proves the necessity of the covalent attachment of the antibodies to
the surface.

row 4) Platinum modified with both AUT and PEGDGE but without introduction
of antibodies before incubation with EpCAM-positive EVs. The absence of tdEVs
on the surface demonstrates that the EV capture in the positive control is indeed
due to the presence of antibodies on the surface.
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Figure C.2. Atomic force micrographs showing tdEV capture in an actual experiment and
the absence of tdEVs in the negative control experiments. The same scale bar and
colormap apply to all images.
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C.3 XPS RESULTS

XPS data obtained from modified unpatterned devices are shown in Fig. SI-3.
They showed strong S 2p and N 1s signals (at 164 eV and 400 eV, respectively)
after formation of the AUT layer, indicating the presence of the thiol and amine
moieties, respectively. After attachment of the anti-fouling PEGDGE layer, these
signals were strongly attenuated and additional C 1s (285 eV) and O 1s (532 eV)
signals were detected.

C 1s

CPS (a.u.)

800 600 400 200
Binding Energy (EV)

Figure C.3. XPS wide-scans of bare Pt (black), after AUT modification (red) giving a clear
C1s contribution and S 2p and N 1s peaks each contributing to -3 atomic percent of the

-

surface, and after subsequent PEGDGE attachment (blue) where these signals are
completely attenuated. A C 1s narrow scan (not shown) showed emergence of a carbonyl
peak (288 eV) after reacting with PEGDGE.
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D.1 Microfabrication (photolithography) mask
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Figure D1: Photolithography mask (designed in CleWin 5.4, WieWeb, Hengelo,
Netherlands) of a chip (a) and zoomed-in highlights of the electrode array (b) and
the microchannel (c). In panel (d), the reference (left) and NIPA electrode (right)
electrodes are illustrated, but these are not part of the photolithography mask as

they are patterned by e-beam lithography.
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top of everything else. | could not wish for a better business partner!

My project partners Marjolein, Job, Rob, Rob, Alex en Marijn, thank you for your
commitment to making our efforts a success and thank you for your trust in us!
“Pioneers in Health Care” is truly an exceptionally valuable instrument in
bringing clinicians and high-tech together and I’'m gratefully benefiting from it.
Paul, | think that without your support, my career would have already looked
very different. Thank you for that and for your pleasant presence in meetings!

I’m learning a lot.

To Holland Innovative, ITET, RVO, Rabobank, Sportinnovator, Hestia, Close,
Micronit, Gemeente Enschede: thank you for making things possible, for believing
in us, and for helping us grow!

To all journalists that have shared news (both factual and science fiction) about
our efforts: thank you very much, we owe a lot of success to your collective
support. | can’t list you all here; enough trees have been sacrificed already :)
Our supporters from Novel-T, Semme, Roy, Martin, Marike, Frank, Peter, Mike,
Niels, thank you all for your help in getting us on our feet! It’s thrilling to think

what the future holds for us.
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A special thanks for my students Jordi, Tom, Thijs, Hamza, Sambor, Nishant,
Aernout, Thijmen, Fjodor, Tanja, Chris and Leron. Naoual, | really admired your
attitude, especially for a BSc student. Imagine you as a PhD! Simon, your
creativity and motivation made it really fun to work with you and | know you’ll
do great things in your PhD. Annie, thanks for being a super motivated intern and

our first employee!

Hans, Frank and especially Barend, thank you for your support!

Elly, Aleida, Esther, Henny, Karen, Hermine, Judith, Ingrid, Karin, R6Za, you’re the
best! Thank you for making things run so smoothly!

Sidhu, sir, I really learned a lot from you and it’s always been a lot of fun to work
with you as well as relax after work! You’re one of the kindest people and know
and | cherish our friendship.

Ai, Jacob, Hien, Anke, thank you for all the support | got from Aquamarijn! Albert,

I’m proud | got to share a lab with you and | learned a lot!

Thank you, ORC PhD’s Kaustub, lan, Medea, Gina, Annemieke, Milou, Andriy, Tjerk,
Yuri, Ariadni, Jordi, Lucas, EvA, Sybren, Rick, Sweccha, Jorin, Rafaél, Andrada,
Stephanie, Jorge, Simon, and Dongdong for tolerating my presence in your
chemical labs — luckily life-threatening situations were avoided 98% of the time.
It’s been a blast to travel to Scandinavia and Israél with you guys.' Esther R,
thanks for the many useful consultations — | hope we’ll run into one another

again. Rui, it was fun sharing an old, cold office with you in the Dreijen!

1 Where is Michel?!?
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DJ, thanks for the collaborations and the conversations — who knows if more will
follow in the future. Sjoerd, | always enjoyed your honesty and your sense of
humor. No... “enjoyed” is not the right word for your humor. But I’m not sure
what verb in the English language could be assigned to that feeling when your

stomach turns in vicarious embarrassment. (Please don’t win the ORC fantasy football league again?)

Special thanks to the karaoke crew Alyssa, Ellen, Jay (always at the right place at
the right time), Adem, Alexandre and Satesh. Jorick, | had a magical night with
you in Jerusalem. Sevil, your lovely and charming presence provided a nice
balance with some of our other officemates. Fred, lelijkerd, jazeetie, we had a
great time! | hope we will someday get to finish what we started in Copenhagen.

Alice, you’re the best. If things don’t work out with Jorick, give me a call ;)

Teris, Maurice, Maarten, Floris, Michiel, Gert, Louis, it was a privilege to work with
you. Bauke, thanks for the laughs in Israél!

Hendra, Anne-Marie, Judith, it was great fun to give practicals with you. I’'m glad
that they all survived! Carel, I'm glad we got stuck with each other in the
practicals. | learned a lot from you and you made the time fly by! Next round of
coffee is on me.

Martin, Johnny, Ab, Christian, Aufried, Anouk, Yvonne, you have no idea how nice
it is to work with people that are skilled as you are. You make a lot of great things

possible!

NanoElectronics guys, Floris, Michel, Peter, Hans-Christian, Johnny, Martin, Unai,
Antonio, Pavel, Guus, Tao, Bram, Zhen, Robbert, Michal, Yigitzan, Fab, thank you

for all the fun activities (your PhD parties are the best!). ’'m proud to see the
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ECsens logo on our incredibly crappy futsal team — can’t wait to start that again!

AMBER crew Bastien, Jean-Baptiste, Agnieszka, Carlo, Renée, Luuk, Maud, Alexya,
Lucas, Thomas, Naere, Nanoor, Shanliang, Shuhan, Marleen, | learned a lot from

you, looking forward to colonizing Starbucks again!

Armagan, I'm really enthusiastic about working with you later. Your science is
fantastic and you're one of my favorite next door neighbours - together with

Cees, of course.

Joska, let’s say you’re a remarkable character. I’'m glad you’re mostly on my side
because I’'m actually a little afraid of you. But seriously, | really enjoy our mode
of conversation. It’s an honor to know you and | hope that we can join forces in

the future.

Richard, it was a distinct privilege to share an office with a man of your caliber
and | was lucky to meet such good fortune. Moreover, it was a lot of fun! If things
go our way, we’ll accomplish great things together, I’'m sure.

Ruchi, nice that you could join us on the 4" floor, I’'m looking forward to possibly
working together in the future. It’s great to have Richell, Eline, Marit and Lena

with us!
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Arjan, Frank, Joost, Sanne, Yoon, Xichen, Ivan, Fikri, Leonie, Joost, Guus, Dodo,
Narges, Michiel, Peng and Joris thank you for making me feel at home at MCBP.
We had great times working late in the lab, but also partying afterward or going
on lab trips.  hope for many more to come! Lisa, I’'m a big fan. You’re an amazing
creature, don’t ever change. Kiki, Niels, you’re a great couple and the world will
be better off with a little copy of you iniit. | guess it’ll be a while before we go to
Erve Asito again! Edwin, sinceyoujoinedmeintheofficemyliver
hastakenquiteabeatingandyoumaybeFrisianbutallinallitsgreatfuntohaveyouwit

hus.

San Agustin, you are the patron saint of arranging salsa and tequila parties. Pien,
Fiona, Leanne, Pien, Lucinda, Martine, Daniek, Sara, Steven, Carlos, Ana, Stas, Jarno,
llkay, Yoéll, Charline, | am blessed to have shared such hilarious and meaningful

moments with you — | duely feel like a rock star because of it.

Tinus, Linda, oh sorry | mean Leonie, Hoon, Melissa, Jelmer, Gyllion, thank you for
the awesome time | had as part of Cancer-ID. | really enjoyed the dynamics of our
team which | think had a great impact on the results. Rikkie and Woody, thank
you sexy people for the amazing trip to Japan! I'll never ever forget it. Agustin
san, | still praise your sense of timing and | don’t ever want to share a hotel room
with you again. Love you!

Frodo (it’s my booklet and P’ll call you what I like hehe), not only do you publish
the best papers, you must be one of the most charming and delightful people |

have the pleasure to know.
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Rienk, Frank, Ton, Wouter, Guido, Michiel, Marca, Herman, Jaap, thank you all for
making Cancer-ID a success, | hope we can soon start exploring further! Edwin,
Aleksandra, | had a wonderful time with you in Kyoto, maybe next time we can

take it easy with the sushi.

Pani, 1 love how our friendship evolved the way it did and | can only look back at
it in disbelief. You are arguably my biggest inspiration and you enrich my life with
your amazing brain. | love you!

Haye, you’re my guardian angel and you’ve saved me probably more times than
| know. Few people know me better than you do and it’s a mystery to me how
despite this, you’re still my friend. You’re the most honest man | know and you’re
whom | resort to if | need a moral compass. You are truly one in a million. | love
you!

Billy, you’re a gem. Don’t ever change. The world could learn a lot from you; if
we ever start cloning people, | vote you get to go first because the universe
would be much better off with many copies of your genome in it. | love you!
Henk-Willem, you boss, if there’s one person that could still teach me on how to
enjoy life, it’s got to be you. You are a true rock star and a great example in that
respect. Thank you for INaSCon. Thank you for leading the resistance in CR1528,
you’re my favorite partner in crime. Thank you for countless more priceless

moments, past and future. | love you!

Peter and Janneke, you sure are a quirky couple but very cute. Thank you for the

diversity!
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CR1528 crew, Jarno, Fernanda, Ani, Kiwi, Floris, Tom, DJ, thank you for the
pointless discussions! Friday afternoon is always something to look out for.

My BSc buddies, Bart, Chris, Daniel, Le Duc, PJ, Rik, Rupert, Pieter, Frank, I’m glad
we still hang out! I’m curious to see how the group will expand in the coming
years...

Sharon, Linda, Sanne, Ellen, Leoni, Sebastiaan, Niels, Frank, Robert, Niek, Gait,
thank you for tolerating us in your community, | wish | could say that the
neighborhood is better off now... Thank you for your support and your

enthusiasm!

Jeroen, Linda, Twan, I’m really proud of you! I love to consider myself part of your
family. Lenie, Bennie, | think it’s pretty rare for someone (with my character!) to
consider his parents-in-law to be among his closest friends, so | can count myself
lucky! After 17 years I’'m blessed to have two sets of parents and | couldn’t wish
for a better other family. | couldn’t begin to thank you enough for all that you’ve
done for us.

Joost, Julian, Nathan, Sophie, | love how our families merged and how the timing
for everything has just been perfect! Jorien, thanks for giving Tom (and thereby,
me) this wonderful family. Tom, we’ve enjoyed some of the most hilarious
moments of my life together (I’m thinking about Bad Bentheim for instance) and
| could always call on you in the direst situations — | hope you can say the same.

You’re Monieks cousin, but you’re my brother.
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Kevin, Sanne, Daan, Tessa, Jojanneke, Mark, Meyke, Barend, we’re not a
stereotypical family but quirky as we may be individually, we’re still remarkably
tight as a unit, despite all the time zones that may be between us. Thank you all
for your constant support and enthusiasm! Marjolein, you have always been a
great example for me - although that may not always have been immediately
apparent from our personalities. Tim, Sanne, Daan, Tessa, I’'m really proud of you
and I’'m looking forward to marvel on all the greatness you will accomplish - if
you feel like it. When | think of new scientific hardware to abuse in an attempt

to entertain you, | will let you know :)

Paps en Mams, | haven’t always made thing easy but I’ve been really lucky to have
you as parents. I’'m happy your both still healthy and youthful and that | can rely
on you to help raise my kids. | couldn’t wish for better grandparents! I’m proud
of the man | am today and the bits I like most are those parts of you that |

recognize in myself. | love you!

Iza, thank you for coming at exactly the right time, i.e. after | finished my thesis.
I’m hoping for a smooth transition of one type of sleepless night into the other.
| can’t wait to see if you’ll be as cute and pretty as your Mommy! Please choose
wisely those traits of me that you want to inherit... either way I’'m sure the world
will never be the same with you in it.

Lennon, little boss, I’'m proud of you like a monkey with 7 tails. Sometimes people
tell me you look like me, and that’s the greatest compliment | can get because
you’re the most beautiful man I’ve ever seen. | hope | can continue to give my
best attempt at a good example for you for as long as you need it, but that you
will soon outgrow me and save the world with whatever beautiful talents you

may develop.
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Moniek, | could fill a book with things I should thank you for, and it would still not
be enough. We met decades ago so I’m spoiled in the sense that | never had to
pursue happiness and could focus on other more trivial things like a professional
career. Thank you for our fairytale family. | will never be able to repay you for the
magic that you brought into my life. | can hardly consider myself an adult
because you take on all responsibility for the grown-up stuff. Thank you for your
support, thank you for organizing our whole life while ’'m out claiming to save
the world but secretly selfishly doing what I really love and can’t help doing.
Thank you for this freedom that only you could give me. I love you and I’'m sure

we will live happily ever after.
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OVERVIEW OF COMPLETED
TRAINING ACTIVITIES

Discipline specific activities

INASCON Baarlo, The Netherlands 2016
ISEV meeting Rotterdam, The Netherlands 2016
MIRA Day Enschede, The Netherlands 2016
INASCON Bristol, United Kingdom 2017
Dutch BioPhysics (NWO) Veldhoven, The Netherlands 2017
MESA+ Meeting Enschede, The Netherlands 2018
Dutch BioPhysics (NWO) Veldhoven, The Netherlands 2018
MicroTAS (CBMS) Kiaohsiung, Taiwan 2018
ISEV meeting Kyoto, Japan 2019
MicroTAS (CBMS) Basel, Switzerland 2019
MicroTAS (CBMS) online 2020

General courses

Entrepreneurship In and Outside Science (WGS) Wageningen, The Netherlands 2016
VLAG PhD week (VLAG) Baarlo, The Netherlands 2016
Brain training (VLAG) Wageningen, The Netherlands 2017
Project and Time Management (VLAG) Wageningen, The Netherlands 2017
Data Management Planning (VLAG) Wageningen, The Netherlands 2017
PhD Workshop Carousel 2017 (WGS) Wageningen, The Netherlands 2017
Physics with Industry (NWO) Leiden, The Netherlands 2018
UT Entrepreneurial Challenge workshops (Novel-T) Enschede, The Netherlands 2019

Optional courses

Preparation of research proposal 2016
Organizing Committee INASCON 2014-2016
PhD study tour to Denmark and Sweden 2016
PhD study tour to Israel 2019
MicroTAS 2020 Social Media Committee (CBMS) 2020
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