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1 Abstract

In the course of this master thesis PTEN as a potential new biomarker contained
in extracellular vesicles of prostate cancer patients was evaluated concerning its
detectability in lateral ow assays. To do so, dierent labelling and detection
strategies were exploited to nd the most sensitive detection strategy.

In this respect, the AlphaLISA assay format similar to an ELISA as the standard
methodology for biomarker quanti cation showed the highest sensitivity for the
target of interest. When this assay format was transferred to lateral ow strips, a
decrease in sensitivity by25 could be observed, lying in the same range as that of
a visual read-out, based on gold nanostars. These nanoparticles were additionally
modi ed with a Raman-active molecule, however the detection of SERS signals
from these conjugates did not result in a substantial increase of the assay sensitivity.
Hence, it was shown that a Raman-based detection strategy was comparable to both
the visual read-out and a uorescence-based detection scheme for the quantitative
detection of PTEN as the target of interest.

Still, experiments with Raman-active gold nanostars o ered only preliminary
results, but gave an insight into the technique's capabilities for further optimization.
Together with the possibility to detect signals using a portable reader prototype, this
technique was slightly inferior to Europium-doped AlphaLISA acceptor beads, which
depended upon another dedicated strip scanning device. Still, the additional visual
assessment of test results using gold nanostars allows for the detection of PTEN
without further instrumentation at similar sensitivity, rendering gold nanostars a
more versatile technique.

Furthermore, spike-and-recovery experiments showed a strong matrix e ect for
detection strategies using AlphaLISA acceptor beads on lateral ow strips. These
ndings stress the importance of a suitable calibration of the system, as well as
of nding appropriate puri cation or enrichment strategies for the samples to be
tested. In these experiments, the chemiluminescence-based standard format of the
AlphaLISA assay again showed most precise results, while requiring most complex
instrumentation.

Lastly, di erent conjugation chemistries and suitable characterization techniques
for nanopatrticles to be conjugated with antibodies were exploited throughout this
thesis, allowing to assess the success of each conjugation protocol.

Overall, a starting point for the formation of diverse conjugates to be used in
lateral ow assays and an evaluation of their performance is reported, giving a rst



characterization of the most promising detection schemes. For future experiments,
it remains to validate the performance of Raman-based detection strategies as the
most versatile label found in this work. Furthermore, the transition from in vitro
experiments to clinical samples presents another challenge for the assay format,
requiring further optimization and calibration of the lateral ow assay reported here.
However, the obtained data showed promising results, making an implementation of
the assay worthwhile in the future.



2 Introduction

2.1 Prostate Cancer
2.1.1 Prevalence and Burden to Health Care Systems

Although the incidence and cancer mortality are declining over the past years,
recent statistical evaluation has shown, that prostate cancer (PC) is still the most
commonly diagnosed type of cancer in men and accounts for the second most deaths
of male cancer patients [1]. The probability of developing PC increases with age [1]
and together with the increasing life expectancy and higher average age due to
demographic changes, health care systems are facing a high economic burden with
respect to PC treatment [2].

However, not only the treatment of PC is demanding, but also the surveillance of
the condition in patients, where diagnosis does not immediately lead to a curative
intervention, due to a low-risk classi cation [3, 4, 5]. For these cases, Tosoiaret
al. reviewed active surveillance as an approach with increasing interest to monitor
the progression of PC and limit treatment to patients, whose progression in the
disease necessitates intervention. Chosing the approach, the authors stated that
adverse e ects of aggressive interventions especially for patients with lower-risk
cancer types and of high age can be circumvented to avoid an impaired quality of
life after unneccesary treatment [3]. Nevertheless, active surveillance still requires
patients to undergo frequent biopsies, monitoring of prostate speci ¢ antigen (PSA)
levels or clinical examination to verify the state of the tumor [3]. Hence, patients
are dependent on physicians and ongoing re-assessment, also leading to an economic
burden.

In contrast, patients with high-risk PC most commonly need to undergo radical
prostatectomy, radiation or the combination of radiation after surgery [6]. For these
interventions, the adverse e ects mentioned above include bowel irritation, impaired
urinary control or sexual dysfunction [7, 8]. Due to the discomfort arising from the
reduction in quality of life, several measures have been proposed, ranging from pelvic
oor training to improve urinary incontinence [9], pharmacological cure for erectile
dysfunction [10, 11] and also psychological counseling by personal therapy [12] or
self-guided online support [13]. Hence, even after successful intervention, patients
still require further medical and psychological support, as it is the case for those
under active surveillance. Therefore, it would be desirable to minimize the work load
for physicians, allowing them to rapidly monitor if PC develops or progresses further



in male patients. Given such a point-of-care (PoC) device, the need for frequent
laborious tests could be reduced and performed only when indicated by the results
of rapid tests, allowing to reduce the economic burden on health care systems.

2.1.2 Current Diagnostic Methods

Up to date, diagnosis of PC is based on several approaches, which are mainly digital
rectal examination, the use of needle biopsy or determination of serum PSA levels [14,
3]. Especially the latter method can allow to identify small volume PC at the onset of
the disease, compared to the other methods [14]. The implementation of the sensitive
technique in the late 1980s was used to perform broad screenings of men in the years
thereafter, giving rise to a major peak in cancer statistic, as also patients without
symptoms were diagnosed with PC [1]. However, elevated PSA levels may also
arise from other prostate-related diseases like prostatitis and often benign prostatic
hyperplasia, as well as physical disruption during biopsy or simply the patient's age,
resulting in low speci city and therefore a high number of false-positive diagnoses
for PC [15]. Hence, the extensive testing of male patients is not recommended
by the U.S. Preventive Services Task Force anymore to decrease the number of
overdiagnoses and subsequent overtreatment in patients, whose tumors would have
remained asymptomatic over their lifetime [16]. Nevertheless, in patients with a
diagnosis for PC, monitoring the serum level of PSA might give an indication of
the progression of the disease and the possibility of further diagnostic assessment,
rather than direct intervention [3, 17]. Apart from the aforementioned, further
diagnostic tools have been introduced in recent years. One of these is multiparametric
magnetic resonance imaging (MRI) [6, 3], an imaging technique, which was already
employed in clinical trials for active surveillance of patients with low-risk PC [4, 18].
Lastly, novel biomarkers are being investigated as indicators of PC progression and
only a few of these are already employed in diagnostic or prognostic commercial
solutions [6, 19]. Most of these utilize di erent sets of genes, associated with PC,
the determination of MRNA levels or epigenetic modi cations of relevant genes [19].
Additionally, Kretschmer and Tilki reviewed quantitative proteomic approaches and
the quantitation of mRNA from extracellular vesicles (EVs) [19]. However, so far
the protein content of EVs secreted from PC cells has not been used in commercial
products to assess the cancer state.
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2.2 Exosomes and Extracellular Vesicles

Extracellular vesicles have rst been described in 1981 by Tramst al. as fragments
of the originating cells, which are shed having a de ned content of membrane
proteins and sphingomyelin [20]. It was believed, that cells liberated these vesicles
to export membrane proteins in maturation and re-organization processes [21, 22].
Only 15 years after their discovery, it was found that cells also secrete vesicles
from multivesicular bodys (MVBs) instead of simple shedding o membrane
fragments and that these appeared to have a physiological role, resembling the
cells of origin [23]. Starting from these ndings, the understanding of EVs was driven
forward and their classi cation became more precise, as what Tramst al. termed
EVs, where much bigger vesicles than those with physiological relevance discovered
by Raposoet al. [24, 25]. Hence, it is now known, that EVs are highly abundant
with approximately 1 10" to 3 10% vesicles permL plasma and di erent types
of EVs are di erentiated according to size and origin [26, 27]. Figure 2.1 gives an
overview of these di erent types and simpli ed schemes of their biogenesis.

The smallest EVs are exosomes with sizes @gf0nm to 100 nmin diameter [28].
These originate from MVBs and are secreted upon their fusion with the plasma
membrane [29, 30]. However, there is still no consensus about the precise size and
di erent types of origin for exosomes. Hence, the term EV will be used throughout
this report for examples of published data. In contrast to these, ectosomes are a
class of EVs which originate solely from budding of the plasma membrane [29]. In
the latter category, microvesicless (MVs) were initially identi ed as products of red
blood cells, but the picture has been broadened to other cells of origin up to date.
These EVs have an intermediate size 0100 nmto 1000 nm|[31, 26, 29, 28]. Apart
from di erent sizes and due to distinct biogenesis pathways, these two types of EVs
also di er concerning their cargo and composition [32]. In gure 2.2 some examples
of protein cargo, components of the lipid bilayer membrane and membrane proteins
are given for both exosomes and MVs. As it can be seen, these payloads overlap
between both EV types in many cases, but there are also striking di erence, such as
ceramide in exosomal membranes, which is associated with microdomain formation
or di erent tetraspanin-proteins in the bilayer membranes, which have been used as
speci ¢ biomarkers for exosomes [32].
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Figure 2.1 Formation of di erent kinds of EVs. a) Exosomes are the smallest
EVs. These originate from early endosomes, that are endocytosed by cells and after
maturation to late endosomes fuse with MVBs. The larger endosomes can fuse with
the cell membrane to release exosomes or target their content for degradation in
lysosomes (green). b) Microvesicles are bigger in size and originate from protrusions of
the plasma membrane, which release vesicles by budding. These EVs are released upon
cellular stress, mediated by receptor-dependent o€a’* -concentration dependent
pathways. c¢) The biggest EVs are apoptotic bodies, liberated from cells in the late
stage of apoptosis. These vesicles are highly heterogeneous and may contain large
fractions of cytoplasmic material such as organelles, whereas the aforementioned EVs
carry mostly distinct proteins or nucleic acids. Figure modi ed from [28].

The last and biggest classes of EVs are apoptotic bodies and large oncosomes (LO)
with diameters of approximately 1 um to 4um and 1 um to 10um, respectively [29,
26]. Apoptic bodies are released in the late stage of apoptosis by both cancer and
other cells, contain nuclear fragments and it is discussed, whether the cancer-derived
DNA might enable horizontal propragation of cancer-related genes [33, 29]. LOs
on the other hand originate solely from cancer cells as their name indicates
most of which have been described for aggressive, highly migratory and therefore
metastatic tumors [29, 34, 35]. In addition to their large size, these EVs are also
characterized by oncogenic cargo [31, 29].
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Figure 2.2 Comparison of exosomes and microvesicles. a) Exosomes di er from
MVs concerning their organelles of origin and size range. Both types of EVs have
been termed with speci c names, re ecting their speci c size, morphology or cells
of origin. b) Cells shed MVs and exosomewia di erent pathways. Microvesicles
result from direct budding o the plasma membrane, whereas exosomes are formed as
intraluminal vesicles (ILV) by inward budding rst, which are located in MVBs. Only

a fusion of MVBs with the cell membrane releases the exosomes in the intercellular
space. ¢) Transmission electron microscopy (TEM) images of EVs. Processing steps
in conventional TEM leads to shrinking of EVs and non-native states. Only the use
of cryo-TEM allows to image EVs in a more native state. d) Components of EVs, as
identi ed by di erent researchers so far. These can range from soluble and membrane
proteins, over di erent types of nucleic acids to distinct components of the lipid
bilayer. Especially the cell type-speci c components are highly dependent on the
origin and type of EV, whereas both types also share a number of overlapping cargoes.
The lipid bilayer composition and speci ¢ membrane proteins of the tetraspanin
family are means to di erentiate between exosomes and MVs. Figure taken from [32]
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Despite the speci cations for di erent classes of EVs made here, it has to be
stated that for the isolation of EVs, most techniques do not provide speci city for a
certain type. Several authors have therefore mentioned, that results obtained for EV
populations described as 'exosomes' may instead have been made for mixtures of
EVs of di erent origin and should be seen critically [36, 37, 38]. This is due to the
fact, that small EVs are very similar concerning their physical properties, such as
size, buoyant density and membrane orientation and hence EVs of non-MVB origin
are often co-isolated with exosomes [38, 37]. This has to be considered especially
for the literature referenced later in this work, investigating the composition and
biochemical properties of EV populations referred to as 'exosomes’. To omit these
uncertainties in the investigation of distinct EV subtypes, it is hence inevitable to
standardize speci c isolation methods based on markers for the desired EV class
until then, it is recommended to refer to these co-isolated populations as 'small
EVs. In this respect, the International Society for Extracellular Vesicles (ISEV) is
continuously aiming at the de nition of these standards, considering the progress in
EV research worldwide [39].

2.2.1 Cell Signaling through Extracellular Vesicles

Although the horizontal gene transfer by apoptotic bodies still requires further
investigation [33, 29], the nding that smaller EVs allow for the transfer of functional
RNA molecules between cells has risen great attention in the scienti c community [24].
In the years 2007 and 2008 it was shown by di erent research groups, that the RNA
cargo of EVs was functional and could be expressed by cells taking up these vesicles
a mechanism previously unknown [40, 41]. Furthermore, it was observed by Valadst
al. that this process even allowed for cross-species transfer of murine RNA in EVs,
leading to the expression of the respective mouse proteins in human cell lines [40].
The aspect of transferring oncogenic information from tumor to benign cells was
found shortly thereafter by Skog and co-workers, who also envisioned the use of EVs
for diagnostic purposes in cancer patients [41]. A simpli ed scheme of this cell-cell
communication mechanism by EVs is depicted in gure 2.3
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Figure 2.3 Schematic representation of EV tra cking between donor and recipient
cells. Transmembrane proteins (rectangles), membrane-associated proteins (triangles)
and RNA molecules (curved lines) may be incorporated inside MVs during budding
or in exosomes within MVBs. Exosomes are released, when MVBs fuse with the
donor cell membrane. Both MVs and exosomes may then be taken up by recipient
cell after association (1) and fusion (2) with the plasma membrane, or by endocytosis
of the EVs (3). Fusion of the EV with the membrane of the endocytic vesicle liberates
the EV cargo in the recipient cell cytosol (4). Figure taken from [25].

As diverse as the di erent classes of EVs, are the mechanisms by which they allow
for the communication with recipient cells. As it was reviewed by van Niel and
co-workers last year, exosome biogenesis may occuia pathways, which until now
were di erentiated into endosomal sorting complex required for transport (ESCRT)-
dependent and ESCRT-independent formation of exosomes in MVBs, which are
compared to microvesicle biogenesis in gure 2.4 [32].

In either way of exosome biogenesis, the future cargo is clustered within mi-
crodomains of endosomes, which will later become part of MVBs. For the ESCRT-
dependent pathway, subunits 0 and | of the ESCRT complex associate transmembrane
proteins that are ubiquitylated in microdomains. In addition, certain lipids of the
membrane are clustered in these domains and soluble components associate with the
ESCRT subunits to be internalized in exosomes [32]. The ESCRT-II and ESCRT-III
subunits are then required to mediate budding of the endosomal membrane and its
ssion to form exosomes inside MVBs [42, 43]. The ESCRT-independent pathway
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Figure 2.4 Pathways for the biogenesis of MVs and exosomes. The proposed mech-
anism for MV formation involves the clustering of membrane proteins and cytosolic
payloads on microdomains, which bud out and are released into the extracellular
environment in dependence of the ESCRT-III complex. Exosomes can originate both
from ESCRT-dependent or -independent pathways. In either case, a clustering of
cargo on membrane microdomains, which subsequently bud also takes place. The
ssion of future exosomes into MVBs is in both cases also mediated by the ESCRT-III
complex. Figure taken from [32].

was rst shown to depend on ceramide. This lipid membrane component is gener-
ated by the hydrolysis of sphingomyelin by neutral type |l sphingomyelinases [44]
and subsequently assembles in subdomains, imposing negative curvature to faciliate
budding [45]. Alternatively, members of the tetraspanin protein familiy such as
CD63, CD81, CD82 and CD9 have been suggested to be involved in regulating
the sorting of cargo to exosomes [46, 47, 48, 49]. As for ceramide, these proteins
also organize into microdomains on the endosomal membrane, together with other
proteins of the cytosol and transmembrane proteins. Tetraspanins are thus believed
to be involved in cargo sorting and the formation of membrane buds [50]. After the
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formation of exosomes in MVBs, these have to be targeted for secretion to prevent
the fusion with lysosomes and the subsequent degradation of cargo proteins. However,
the processes regulating the balance of targeting MVBs to either lysosome or cell
membrane fusion are still not fully understood, but it is suspected that distinct
mechanisms are in play for each pathway [32]. Secondly, MVBs have to reach the
cell periphery to be able to fuse with the plasma membrane a transport process,
which has not been completely unraveled, as well [32]. So far it was shown that
MVBs are transported towards the plasma membrane on microtubules [51] in the
case of T cells, involved in immunological response. When reaching the cell periphery,
a reorganization of the peripheral actin cytoskeleton is then required for MVBs to
dock to the plasma membrane [52]. Following these processes, the MVB can fuse
with the plasma membrane to release the contained exosomes into the extracellular
space for them to reach their target cells [32], which may as well be the secreting cell
itself [53].

A very similar mechanism has so far been revealed for the biogenesis of MVs: in a
rst step, cargo within the cell membrane is clustered in microdomains, together with
proteins of the tetraspanin family, and subsequently cytoplasmic cargo associates with
these microdomains [32]. Opposed to exosomes, it was shown that a reorganization
of membrane lipids between both lea ets of the bilayer is observed for MV biogenesis,
which together with the unique membrane compositions causes bending of the
membrane [54, 32]. This process is followed by ssion of the MVs, which is again
assisted by the ESCRT-III machinery [32].

Once EVs reach the target cell, di erent mechanisms of interaction are possible to
deliver cargo to the recipient cell or trigger cellular response upon association with
the target cell [32]. These include the binding to speci c receptors or cell surface
proteins, the uptake of EVs by di erent mechanisms of endocytosis or the fusion of
exosome and cell membrane [32], as it is depicted in gure 2.5.
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Figure 2.5 Overview of di erent pathways, facilitating the delivery of exosomal cargo

in recipient cells. EVs may bind to speci ¢ cell surface molecules, such as integrins
or other receptors. By these surface molecules, intracelluluar signaling cascades can
be initiated. Otherwise, EVs might fuse with the recipient cell membrane; a process
by which the cargo is simply delivered to the cytoplasm. Lastly, di erent ways of
endocytosis are possible, by which EVs enter the recipient cell in endosomes. These
processes occur by protrusions of the recipient cell or at special microdomains of the
cell membrane, such as lipid rafts or clathrin-coated pits. Figure taken from [32].

For several cell types it has been shown that the recognition of membrane compo-
nents of EVs targets these to the respective cell typesia speci c receptors of the
cell membrane [55, 56, 57, 58]. Among these molecules are tetraspanins, distinct
types of lipids, integrins or components of the extracellular matrix (ECM) [32]. As
an example, integrins on the membrane of EVs were found to interact with cellular
receptors [59], whereas cellular integrins were shown to recognize components of the
ECM [60, 61] and tetraspanin membrane proteins of EVs for their targeted dock-
ing [62]. In addition, certain glycosylation patterns of the EV membrane proteins may
be recognized by cellular receptors [63]. Another way of docking to the recipient cell
is the recognition of certain lipids within the EV membrane, recruiting lipid-binding
proteins [64]. After binding to the target cell membrane, EVs may persist at the
membrane [57, 49] or can be taken up by the cell again via several di erent
mechanisms [32]. These might be rather nonspeci c endocytic processes, such as
macropinocytosis [65] or phagocytosis [66]. Alternatively, more speci ¢ paths might
be taken, for example mediated by clathrin-coated pits of the recipient cell [67] or
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through caveolae [68]. Lastly, the composition of the recipient cell membrane and the
formation of lipid rafts can aid in the internalization of EVs [69]. Subsequently EVs
may release their cargo by back fusion with the membrane of MVBs in the recipient
cell, if they did not fuse directly with the recipient cell membrane [32]. Despite
the numerous ways for exosome recognition and internalization by recipient cells
that were mentioned here, these processes still require further understanding [32].
Therefore, research has also been directed towards the analysis of EVs and their
cargo for diagnostic purposes without the need to fully understand their e ects on
potential receptor cells; an approach which will be discussed in the following chapter.

2.2.2 Extracellular Vesicles as Diagnostic Tools

Extracellular vesicles, have gained increasing interest as diagnostic tools due to their
distinct cargo, resembling the cells of origin, and are envisioned to allow for minimally
invasive diagnosis of pathological conditions in a technique called liquid biopsy, as
it has been extensively discussed [70, 71, 72]. For this purpose, di erent types of
exosomal cargo may serve as speci c biomarkers for the diagnostic evaluation of
EVs, which may be either proteins or nucleic acids [72]. On the other hand, some
other proteins tetraspanin transmembrane proteins, like CD9, CD63 and CD81
for example seem to be present in EVs of di erent origin and might therefore aid

in isolating EVs in general [73].

Yoshioka et al. used two of these tetraspanins, CD9 and CD63, for the detection
of EVs originating from colorectal cancer in a single-step, homogeneous luminescence
assay based on lanthanide chelates. When combining the detection of CD9 with
CD147, another potential biomarker of carcinomas [74], the authors claimed, that
they could discriminate healthy from cancer patients with high sensitivity and even
detect early forms of colorectal cancer, which is problematic with currently used
biomarkers for diagnosis [71]. However, high signal intensities of the luminscence
assay were not detected in all con rmed cancer patients. As mentioned before, other
studies targeted the content of EVs for analysis [75]. This method employed Iter
units to purify EVs from urine and subsequently RNA was extracted from EVs to
assess the copy number of three di erent mMRNA molecules [75]. Using this approach
it could be shown later, that the prediction of prostate cancer state and discrimination
between di erent states of cancer was more accurately achieved than with standard
protocols, using needle biopsy and the determination of PSA levels [76]. Another
study investigated markers of pancreatic cancers, employing both exosome cargo and
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surface markers. The authors showed that four di erent microRNA species were
signi cantly upregulated in pancreatic cancer patients and correlated this nding
with uorescent labelling of ve di erent surface markers. Although their approach
employed laborious ultracentrifugation steps for exosome puri cation and the use
of ow cytometry, making it a protocol with low e ciency and throughput, it was
shown, that pancreatic cancer and its progression could be sensitively diagnosed by
the combination of microRNA and exosome surface markers [77]. As a last example,
a study investigated the presence of Claudin-4 in EVs, a transmembrane protein
associated with cellular tight junctions [78], which was already observed to be over-
expressed in cancer patients [79]. Despite the time-consuming protocol presented
by the authors, which does not allow for clinical implementation, it could be shown,
that Claudin-4 was also heavily incorporated in EVs of ovarian cancer patients, but
not in those of healthy donors [80]. Taken together, it becomes apparent, that EVs
and their cargo are promising targets for diagnosis with high sensitivity, especially in
the management of cancer. However, for the clinical translation of research results it
is essential to nd easy-to-use and time-saving techniques, that allow for the distinct
collection of the desired sub-group of EVs and their standardized analysis [72, 81, 82,
83].

2.2.3 Novel Prostate-speci ¢ Biomarkers from EVs

Despite the fact, that EVs are not used in clinical diagnosis of PC yet, recent ndings
have shown that great promise lies in the analysis of exosome cargo. In this concern,
Minciacchi et al. presented an extended review of proteins from EVs, that were
identi ed by mass spectrometry (MS) approaches and shown to resemble their cells
of origin [26]. Apart from proteins, again DNA, mRNA and miRNA molecules were
shown to be associated with EVs, as it is summarized in gure 2.6 [26].

From this gure, it becomes clear that numerous proteins are being investigated
as potential biomarkers, some of which are evaluated in initial clinical studies for
their suitability, as reviewed by Vlaeminck-Guillem [84]. Nevertheless, the analysis
of exosome cargo has so far only been shown to be successful for the determination
of mMRNA levels. The work of Donovanet al. therefore analyzed the level of three
di erent gene transcripts in EVs from urine and the group could show later, that the
developed assay proved to be more precise in determining PC state than standard-
of-care diagnosis [75, 76]. Another promising novel biomarker was presented by
Gabriel et al., which is Phosphatase and Tensin homolog (PTEN) [85]. This protein
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Figure 2.6 Hypothesized protein and nucleic acid biomarkers for the detection of
PC. Figure taken from [26].

acts as a tumor-suppressor, as its phosphatase domain mainly dephosphorylates
phosphatidylinositol (3,4,5)-triphosphate (PIP 3). By keeping the concentrations of
PIP 3 low, pathways for cell proliferation are inhibited and cell growth is controlled [86].

It has been shown, that a loss of PTEN in cells is consequently associated with the
progression of cancer [87], which was believed to arise from down-regulation of gene
expression [85]. However, the group has shown, that PTEN is additionally exported
in EVs in cancer patients having low cellular PTEN levels, whereas healthy patients
showed no PTEN in blood EVs. Therefore, exosomal PTEN was suggested as a
novel and speci ¢ biomarker, whereas PSA was shown to be present in blood EVs of
healthy donors and patients with PC [85].

2.3 Lateral Flow Assay for Point-of-Care Applications

Lateral ow assays (LFAs) have been marketed for over 35 years now, with the
rst and most commonly known application being the detection of human chorionic
gonadotrophin (hCG) to ascertain pregnancy [88]. Nowadays, these tests have a
much wider range of application, for example in the detection of pathogens, testing
for toxins in food, surveillance of environmental contaminants including biological
warfare agents or proof of drug abuse [89, 90]. The detection of the analyte of
interest relies on its recognition, as for example by protein-speci ¢ antibodies or by
complementary strands to desired nucleic acid molecules, and on either labelling the
analyte itself or the recognition molecules to facilitate a visual read-out [89]. Despite
the advantage of not requiring laboratory equipment when performing analyses
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with LFAs and fast test-to-result times of 10 min to 20 min, which make these test
a desirable format for PoC applications, the test read-out is in most cases only
qualitative or semi-quantitative [89, 90]. Figure 2.7 shows the general set-up of a
LFA and its working principle, which will be explained in the following.

Figure 2.7 Schematic representation of two working principles of LFAs. In both
cases, the liquid sample is applied onto the sample pad. When migrating towards the
nitrocellulose membrane, the liquid picks up the labelled recognition elements (here,
red spheres with blue antibodies) in the conjugate pad. In standard sandwich LFAs,
the analyte (orange triangle) binds to the speci ¢ antibody during further migration
through the membrane. A second antibody (yellow) then captures the bound analyte
at the test line (TL), whereas unoccupied antibody-label conjugates are captured
at the control line (CL) by (secondary) antibodies speci c for the species in which
conjugate-antibodies were raised (green). A positive test therefore shows a signal
at both test and control line. In the case of competitive LFAs, occupation of the
capture antibody (yellow) at the test line inhibits binding of the conjugated antibody
(pink). Hence, the signal at the test line disappears in a positive test, whereas the
signal of the control line is produced as before. In either cases, excess liquid nally
reaches the absorption or wicking pad. Figure taken from [91].

LFAs rely on the dislocation of analytes from liquid samples, which is in most
cases achieved by fabricating test strips from nitrocellulose. As the membrane is
fragile and thin, it is generally mounted on backing materials, such as plastic or
nylon, making it appropriately stable for processing [89]. At one end of the strip,
a sample pad for application of the liquid sample is located and overlaps with the
conjugate pad. The latter contains the speci c recognition elements for the desired
analyte, which are dried within this pad [89]. It is here where the interaction of
analyte and recognition element, for example between a protein and an antibody, is
initiated, but it continues throughout the membrane, to which the conjugate pad is
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connected [89]. The liquid subsequently passes the test and control line, deposited
onto the membrane and nally reaches the absorption pad also called wicking
pad at the opposing end of the strip. This last element of a LFA maintains the
capillary ow through the nitrocellulose membrane by absorbing excess liquid [89].

For the interaction of analytes with the control and test line, two formats are
possible. On the one hand, the sandwich type requires bigger molecules, such as
proteins, with at least two epitopes, which can be bound by two di erent antibod-
ies [89]. In this case, the rst antibody is conjugated to a label facilitating the
read-out these nanoparticulate labels usually have sizes of 15nmto 800 nm [89]
and most often colloidal gold is used, but other nanoparticle conjugate have already
been investigated [91, 90]. When the analyte is bound to this construct passing the
conjugate pad and the matrix, a second epitope of the analyte can be recognized
by a second antibody deposited at the test line and therefore xes the label at the
test line. Conjugates devoid of analyte migrate further along the matrix and are
captured by a secondary antibody, speci ¢ for the antibody conjugated to the label,
to create a signal at the control line [89, 91]. In this way, a signal at the control line
indicates the correct migration of the uid through the membrane and the integrity
of the antibody-label conjugate. The appearance of a second line in addition to the
control line shows a positive result, as it can only arise in the presence of the analyte
bound between the two antibodies [89].

On the other hand, competitive LFAs are applied for small molecules or those with
just one epitope [89]. In these assays, two di erent approaches are possible to obtain
a decreasing signal intensity at the test line with increasing analyte concentration.
First, the test line comprises only a speci ¢ antibody for the analyte. In this case,
both the analyte in the sample and a labelled analyte molecule are applied on the
sample pad, leading to competition between both [92]. Second, it is possible to spot
a conjugate of the target molecule with a protein onto the test line. When a labelled
antibody is then contained in the conjugate pad, it will be occupied by analyte from
the sample and therefore not bind to the test line again, a decrease in test line
signal results for a positive test [93]. In either case, the control line again captures
unbound antibodies via species-speci ¢ antibodies to assure correct functioning of
the test.
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2.3.1 Current Designs for Applications of Lateral Flow Devices

Given the basic lay-out of lateral ow devices above, many di erent designs
comprising specialized elements for distinct applications have been implemented
so far. For example, LFAs developed for the analysis of whole blood are often
designed with special sample pads that retain red blood cells [94] or with membranes
covering the sample pad and through which the sample is Itered [95]. In this way,
erythrocytes or their fragments are prevented from obscuring the read-out of LFAS,
which is especially important when results are assessed visually [96]. Additionally,
it renders the tests independent of laboratory equipment and skilled workers, as
centrifugation steps to obtain serum from blood can be circumvented. Furthermore,
it has been shown that the addition of anticoagulants to retain the liquid properties
of blood samples, may drastically lower the limit of detection (LoD) for biomarkers
in lateral ow devices [97], further stressing the ease of on-device sample preparation.
Other samples may however be solid with a need for extraction prior to analysis.
This is mostly true for the detection of food contaminants, such as antibiotics in
meat or eggs [98, 99], as well as remains of insecticides in vegetables [100]. But
even, if samples are in a su ciently liquid state for detection, they might not lead to
an ideal result. One example is urine, which may vary strongly concerning its pH.
Therefore, components within the sample pad are required to compensate for these
variations [101]. Other liquids may migrate through the nitrocellulose membrane
too fast by capillary forces, leaving an insu cient time for interaction of analytes
with the recognition molecules. Hence, research has been directed to modify the
given porous matrix in an attempt to improve the read-out signal. Rivas et al.
achieved this goal for example by printing wax pillars in the submm range onto
lateral ow strips, which decreased the ow speed of samples, resulting in a 3-fold
sensitivity increase [102]. Despite these modi cations of the standard layout of LFAs,
the technique has high potential for further improvement and optimization, as it is
reviewed elsewhere [101, 103].
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2.3.2 Detection Labels and Read-Out from Lateral Flow Devices

Until today, gold nanoparticles (AuNP) remain as the standard conjugate for the
visualization of LFA read-outs due to their long shelf-life, ease of production and
coupling and short test-to-result times [91, 104, 90]. These labels can even be read
by the naked eye, as colloidal gold suspensions have distinct colors, depending on
the size and shape of the contained particles [105, 106]. Using AuNP, LFAs usually
produce only qualitative results as the appearance of the second test line in
pregnancy tests [88] , which might be a su cient result for many applications.
However, others might require a lower LoD or a quantitative result. Therefore, more
sensitive approaches have been developed using AUNP as the conjugate, that binds
the analyte of interest, but employing more complex detection schemes [90]. One of
these is the use of strip-readers, in which the color signal on test strips is converted
into optical density, making results quanti able when the ratio between test line and
control line signal is considered [107]. Other groups reported the decoration of other
materials with gold, such as magneticFe,O particles [108] or silica nanorods [109],
and therefore enhancing the sensitivity of standard AuNP-based assays. Other
reports also presented the enhancement of AUNP with further deposition of gold [110,
111] or silver [112], as well as incubation and binding with a second AuNP population
with speci ¢ antibodies for a protein bound to those conjugates that capture the
analyte of interest [113]. Apart from gold, other colored nanoparticles for the visual
read-out of test results have been described in literature [90, 91]. These labels are
for example selenium nanoparticles, giving a rust-colored signal. Despite a similar
ease of application compared to gold, the LoD with selenium labels only reached the
mg to ug range [114, 115], making AUNP a more sensitive label due to its stronger
color [91]. Another example are carbon nanoparticles with a high contrast, due
to their black color on white background [90]. With these labels, the detection of
ampli ed DNA was shown down to concentrations below the ngmL=?! range [116].
As the labels for visual evaluation mentioned above might be prone to subjective
interpretation and in most cases do not allow for a quantitative read-out, more
elaborate labelling and detection techniques have already been developed [117].
These modi cations usually rely on the use of uorescent particles, which allow for
guanti cation of the signal, but therefore also require suitable equipment for the
detection of results [117]. One example of uorescent particles are the so-called
quantum dots (QDs): semiconductor crystals with sizes of a fewam, which exhibit a
size-dependent narrow uorescence spectrum, a broad excitation spectrum and low
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photo-bleaching [118]. These QDs were shown to decrease the LoD by around 10-fold
in comparison to AuNP as the standard, when conjugated with aptamers for the
detection of pathogen-DNA [119]. Conjugation of QDs with speci c antibodies for the
detection of the antibiotic chloramphenicol also revealed sensitivity and quantitative
results below theng mL=* range [120, 121]. Despite these promising optical properties
and assay times comparable to those using AuNP, the ow behavior and stability
of QDs in contact with biological matrices might be altered and their small size
allows the attachment of only few recognition molecules [91, 90]. Hence, several
groups have developed strategies for the encapsulation of QDs or tested their coupling
to other beads. To do so, the group of Xiong used a microemulsion technique to
formulate QDs inside a poly(methyl methacrylate) (PMMA) shell, thereby reaching
higher sensitivity than with AUNP. However, in these reports, the achieved LoD
was not compared to that of free QDs [122, 123]. Bagt al. covalently attached
QDs to silica particles instead to achieve increased performance. In doing so, the
detection limit for the tumor marker -fetoprotein could be decreased by one order
of magnitude, compared to AUNP. Again, no comparison of conjugated and free QDs
was performed [124].

Another class of uorescent nanoparticles are those comprising elements of the
lanthanide series, mostly europium Eu) or terbium ( Tb), which also posses a sharp
emission spectrum, a large Stokes shift and long uorescence lifetimes [90]. These
metal ions as stable dyes are commonly incorporated in other nanoparticles
in the form of chelates and were shown to allow for highly sensitive detection. In
this respect, Juntunen et al. presented a systematic comparison between standard
AuNP and nanoparticles containing Eu®* chelates for the detection of PSA as a
model analyte with clinical relevance and the binding between streptavidin and
biotin conjugated with bovine serum albumin (BSA), as a reference standard for the
binding of recognition elements after conjugation to both labels [117]. Despite the
fact that also the detection with AUNP was performed in a quantitative manner,
i.e. by scanning strips and calculating grey scale values, the work showed that
the detection of uorescence signals ofEu®* had a 3-fold higher signal-to-noise
ratio (S/N ratio) [117]. Additionally, the long lived uorescence of Eu®" allows
for time-resolved uorescence (TRF) detection of signals and has been exploited
in Juntunen's work. This technique is based on the fact that auto uorescence of
materials or bu ers and uorescence of biological molecules is usually short-lived
and the emitted signal decays within approximately 100 ns whereas the uorescence
emission from complexed lanthanide ions can last up td000us [125, 126]. This fact
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makes it possible to excite all uorescent molecules in a sample by a laser pulse, but
measure uorescence signals only after a delay period, during which undesired signals
have decayed and only that of the europium chelate persists [125]. Figure 2.8 gives a
schematic representation of the TRF measurement technique.

Figure 2.8 Measurement principle of TRF, in which all uorescent molecules are
initially excited by a short laser pulse. After excitation, short-lived background signal
decays during the delay period, here200us. Only then, uorescence signal of the
lanthanide chelates are detected during the counting time of the following400us.
Fluorophores may then be excited again during a new cycle, her&000us after the
rst excitation. Figure taken from [127].

Employing TRF measurements, Juntunen showed that the S/N ratio could be
increased over ve times compared to the detection with AUNP and even around
80% in comparison to the direct detection of uorescence signals fromEu®*. At
the same time, the LoD for PSA decreased by a factor of 5 and for the detection
of biotinylated BSA even by a factor of 300, comparing the TRF measurement to
AuNP [117]. Hence, the advantages of lanthanide complexes as uorescent labels
over conventional AUNP and even other uorescent dyes with shorter uorescence
lifetimes become apparent.
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Similarly sensitive assays using rare earth elements have also been developed with
so-called up-converting phosphor (UCP) nanoparticles [90, 91]. These materials are
crystals with sizes up to a few hundrednm, which can be doped with di erent pairs
of lanthanides and are capable of absorbing light in the near infrared (NIR) range
and emitting photons with energies of the visible range after up-conversion within the
crystal. This process happens by one of the lanthanides absorbing NIR photons and
transferring the excitation energy to the other dopant element through the crystal
structure. Depending on the pair of lanthanides, two or three photons are transferred
to the emitter ion, which then emits light in a narrow wavelength range to relax to
the ground state [128, 129]. As up-conversion does not occur in nature, the use of
these labels also omits background signal, leading to its high sensitivity [129, 130].
The group of Cooper were the rst to introduce UCPs for the detection of hCG
in LFAs [129], followed by Niedbala and collegues employing these labels in LFAs
for the detection of microorganisms and small molecules in 2001 [130]. Ever since
then, more reports showed the application of UCP nanoparticles, for example by
Zhao et al., who reported a decrease in the LoD of marine pathogens by two orders of
magnitude in comparison to an enzyme-linked immunosorbent assay (ELISA) [131].

As a last example of unconventional detection methods, the work by Tranet al.
published this year should be mentioned, employing plasmonic nanopatrticles (PNPs),
made of gold-core/gold-satellite constructs with a Raman reporter molecule, as
conjugates and a miniaturized surface-enhanced Raman scattering (SERS) reader for
detection [132]. The use of Raman spectroscopy for LFAs had been reported before,
but with high acquisition times in the range of min, when sampling only parts
of the test line and complex instrumental requirements [133, 134], rendering the
technique inappropriate for PoC testing [132]. Therefore, the use of line-illumination,
combined with compact readers avoiding expensive Raman-detection set-ups by
Tran an co-workers marked a step towards application of the approach in real-life
scenarios [132]. The working principle is schematically depicted in gure 2.9, together
with the line-illumination probe and the compact light source. The group chose hCG
as a model target and compared their results to commercially available pregnancy
tests, showing a decrease in the LoD by 15-fold within an acquisition time o6 s[132].
However, the researchers measured only the test line within this scan time, where
scanning the entire membrane appears useful to allow for example for normalization
of signals at the test line with those from the control line. Still, the technique appears
promising for the sensitive detection of targets, for which a decrease in the LoD
cannot be achieved by using uorescent dyes of particles.
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Figure 2.9 Working principle of the portable SERS reader and its components, as
developed by Tran and co-workers. a) Schematic illustration of line illumination at the
test line with a read-out time of 5s based on 50 scans witlL00 msacquisition time
each. b) Photograph of custom-designed optical probe allowing for line illumination
of test strips. c) Photograph of compact, portable diode laser as illumination source.
Figure taken from [132].

2.4 Analysis of Extracellular Vesicles and their Content on Lateral Flow
Platforms

Despite the discovery of numerous new potential biomarkers, for example for di erent
cancer types, after screening the content of EVs [72, 70] and the advances made
in creating LFAs with increasing sensitivity, as discussed above, there have been
only few reports about using LFAs as the basis for EV analysis. The published
data does not reach back more than three years and mostly focuses on the detection
of EVs as such and their quanti cation [135, 136, 137]. In all these reports, the
capture and detection of EVs was facilitated by targeting tetraspanins in the exosomal
membrane CD9, CD63 or CD81 , which are easily accessible on intact EVs. In
addition, the read-out was based on AuNP, giving rather high LoDs in the range
of 1 1% to 1 10° particles per mL [135, 136]. However, Wuet al. coupled
the detection with a second population of AUNP to enhance the signal of the rst
AuNP, targeting the tetraspanin CD9 in exosomal membranes. In this way, the LoD
could be decreased td..3 1P particles per mL, which appears low when the high
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abundance of approximatelyl 10 particles per mL plasma is considered [137]. At
this time, only one publication investigated the presence of exosomal cargo on a LFA,
which was MHC class | polypeptide-related sequence A (MICA) [138]. This protein
is a biomarker for cancer and its level in serum correlates with the progression of
tumors [139]. For the detection of MICA associated with EVs, Lépez-Coboet al.
rst captured the EVs with an anti-CD9 antibody and then detected MICA with

a speci c antibody-AuNP conjugate. The group could also show, that it was more
advantageous to target the less abundant MICA for detection, compared to capturing
EVs via MICA and detect these with conjugates targeting CD9. It was hypothesized
that only in the described set-up steric hindrance of detection conjugates, bound
during a pre-incubation step, could be circumvented to allow for the capture of EVs
on the lateral ow strip [138]. These results show that LFAs also presented a suitable
basis for the detection of cancer biomarkers of EVs. However, MICA is associated
with a speci ¢ receptor of the exosomal membrane and therefore easily accessible
to antibodies [140]. Hence, for cargo contained within EVs, analysis schemes will
have to be developed in future research, that allow to isolate EVs from complex
matrices by appropriate strip design, capture EVsvia generic markers such as
the tetraspanins mentioned before and perform their lysis on lateral ow strips

to detect desired molecules in a last step. In that way, the scope of applications for
LFAs may be broadened to facilitate the quick and sensitive detection of biomarkers
from EVs.
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3 Objective of this Thesis

In the course of this master thesis, di erent types of labels should be evaluated
concerning their sensitivity for the detection of protein biomarkers in lateral ow
assays. In this comparison the use of uorescent lanthanide chelates and quantum
dots, as well as Raman-active labels for highly sensitive and quantitative detection
should be compared to gold nanoparticles, as the standard conjugate in current
commercial solutions. One drawback of the visual read-out for gold nanoparticles
by their characteristic colour is the fact that mostly qualitative results can be
obtained. The use of lanthanide chelates, characterized by their long uorescent
life-times, or quantum dots with a high photo-stability overcomes this limitation.
The same is true for labels that rely on the detection by surface-enhanced Raman
scattering: using molecules with distinct and unique spectra so called ngerprints

, low interference with the biological sample is possible during their detection.
Another advantage of these alternatives to spherical gold nanoparticles should be the
possibility for quanti cation of the detected analyte. This should be performed after
speci ¢ antibodies are coupled to each label and the detectability of the conjugates
in customized lateral ow assays is validated.

The molecule of interest for detection should be PTEN, a novel potential biomarker
of prostate cancer, which has recently been identi ed in exosomes of tumor cells.
As it was found, that its concentration in extracellular vesicles positively correlates
with the progression of prostate cancer, the quanti cation of this protein in a
quick and easy format seems of great importance to minimize invasive methods in
prostate cancer surveillance and to make point-of-care analyses without complex
instrumentation possible. After the proof-of-principle detection of PTEN solutions
on lateral ow strips, these results should be transferred to more complex biological
matrices, as encountered in clinically relevant applications: until today these are for
example extracellular vesicle populations puri ed by ultracentrifugation or a nity
chromatographic techniques. However, the scienti c community has not implemented
standard procedures for the diagnostic use of extracellular vesicles. Hence, such
samples represent the most reliable sources for extracellular vesicle research.

At the end, it is thus desired to identify the most sensitive label for antibodies
against PTEN, that allows for the detection at minute amounts within biological
matrices, using lateral ow assays and a dedicated, yet a ordable and compact
detection system.
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4 Materials and Methods

4.1 Instrumentation and Equipment

For the measurement of UV-Vis spectra in 96-well plates, a M200 Nanoquant
spectrophotometer plate reader was used. The device was equipped with Quad4
Monochromator— optics and a 10 W, 40 Hz xenon ash lamp, allowing to scan a
wavelength range 0f230 nmto 1000 nmwith 1 nm step width and bandwidth of 9 nm
for > 315nmand 5nm for 315 nm respectively.

For the read-out of AlphaLISA assays on 384-well microtiter plates, a Tecan
In nite M1000pro plate reader was used. Samples were in this case illuminated with
a high power laser 50 mW) at 680 nmduring an excitation time of 100 msto release
oxygen radicals from donor beads. The resulting chemiluminescence from acceptor
beads was then detected at a wavelength 0815 nm during an integration time of
300ms Both devices were remotely controlled with i-control— software V.6 (all
Tecan Group Ltd., Mannedorf, Switzerland).

For dynamic light scattering (DLS) measurements, a Zetasizer Nano ZSP, equipped
with a 633 nm He Nelaser (10 mW laser power) and a detection angle ofl73 for the
intensity measurement of back-scattered light was used. The device was remotely con-
trolled with Zetasizer Software (both Malvern Panalytical GmbH, Kassel, Germany).
All measurements were performed in UV micro-cuvettes made of polystyrene for
sample volumes of at least7OuL (BRAND GmbH + Co KG, Wertheim, Germany).

To record images of lateral ow strips, a Bio-Rad ChemiDoc MP system was
used. Fluorescence signals from AlphaLISA beads were recorded using tBg¢hidium
Bromide setting with UV trans illumination and a bandpass Iter for 602 nm with
50 nm bandwidth, the exposure time was manually adjusted to5s Lateral ow
strips, in which AuNP were used, were imaged with thecolorimetric ~ setting of the
instrument, the exposure time was automatically set by the system. Furthermore,
the uorescence signal from quantum dots was detected with theCy3 setting by
excitation with a green LED and detection using the same band pass Iter as in the
Ethidium Bromide setting. Again, the exposure time was automatically set by the
system. Data was recorded with the built in software and analyzed using Image
Lab™ software, version 6.0.1 (all Bio-Rad Laboratories GmbH, Miinchen, Germany).

Fluorescence signal intensities of AlphaLISA beads and QDs were additionally
recorded by scanning lateral ow strip with an LRE CPoCLabFluo reader (LRE
Medical GmbH, Munich, Germany as part of Esterline Technologies Corporation,
Bellevue, WA, USA now Transdigm, Cleveland, OH, USA). The parameters used
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for detection were an integration time of Ty = 4160us and a waiting time of
Twait = 20800us.

To perform agarose gel electrophoresis of quantum dots, a PegLab Perfect Blue
gel system Mini S (VWR International GmbH, Darmstadt, Germany) was used
and powered with a Consort EV261 Electrophoresis Power Supply (Consort bvba,
Turnhout, Belgium).

The UV-Vis spectrum of gold nanostars before and after conjugation was recorded
using a Jasco V-630 spectrophotometer (JASCO Deutschland GmbH, Pfungstadt,
Germany). The absorption spectrum was recorded in a range frord00 nmto 1100 nm
in steps of 0.5 nm against the respective bu er as the blank.

Lateral ow strips used with Raman-active gold conjugates were scanned with a
custom-built miniaturized Raman-reader, as it is described in [132], with1000 ms
illumination time per line and 100um steps to measure the entire test line. A785nm
laser was used with a power output of150 mW. Additionally, a Bruker Senterra
Raman Microscope (Bruker Corporation, Billerica, MA, USA) was used to detect
the SERS signal at distinct spots of the test line of lateral ow strips with a 4
objective. The signal was measured upon irradiation with a785 nmlaser with 25 mw.
The integration time per spot was 20sin all cases. All measurements with Raman-
active gold nanostars were performed by Vi Tran (Schlicker Group, University of
Duisburg-Essen).

4.2 Chemicals and Consumables

AlphaLISA ® Acceptor Beads (L mgas50pL of 20 mg mL™ 1 suspension, lot#: 2424554),
PTEN (human) AlphaLISA Detection Kit with 500 assay points (comprising acceptor
beads with anti-PTEN antibodies and donor beads, biotinylated anti-PTEN antibody,
as well as lyophilized PTEN, article no.: AL380C) and White Opaque OptiPlate
384-well microtiter plates mades from polystyrene were purchased from PerkinEImé&r
(Rodgau, Germany).

NHS-Activated Gold Nanoparticle Conjugation Kit with 40 nm gold nanopatrticles
for the conjugation of three times 20ug anitbody (lot#: 2458582 _40NHS) was
purchased from CytoDiagnostics, Inc. (Burlington, Candada).

Human PTEN matched antibody pair kit ( 100pL at 1 mgmL=! capture antibody,
100pL at 250ug mL=1 detector antibody and 350 nglyophilized human PTEN, lot#:
GR288298-1, GR3273444-1 and GR3273444-2) and uorescein isothiocyanate (FITC)
Conjugation kit (for conjugation of 3 10ug antibody, lot#: GR3236492-13) were
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purchased from abcam (Berlin, Germany).

SiteClick— Qdot— 625 Antibody Labelling Kit for the conjugation of 100ug
antibody with quantum dots (lot#: 2071568), Gibco ® MEM Non-Essential Amino
Acids Solution (100 ), Fisherbrand— disposable polyethersulfone bottle top lter
with a pore size of0.22um for vacuum ltration and PageRuler — Plus Prestained
Protein Ladder (Range: 10kDa to 250kDa) were purchased from Thermo Fisher
Scienti ¢, Life Technologies GmbH (Darmstadt, Germany).

Sodium cyanoborohydride NaBH;CN), O-(carboxymethyl)hydroxylamine hemihy-
drochloride (NH,OCH,COOH %HCI), Proclin—-300, 2-(N -morpholino)ethanesulfonic
acid (MES) monohydrate (for molecular biology, purity  99.5 99, Tris(hydroxymethyl)
aminomethane hydrochloride (Tris HCI), cOmplete — Mini tablets of protease in-
hibitor cocktail and Penicillin-Streptomycin (with 10,000 units penicillin and 10 mg
streptomycin per mL in 0.9% NaCl, sterile- ltered for cell culture) were purchased
from Sigma-Aldrich (Munich, Germany).

Sodium hydroxide (NaOH) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
(HEPES) were purchased from AppliChem GmbH (Darmstadt, Germany).

Poly(ethylene gylcol) (PEG)-4000, bovine serum albumin fraction V (protease-free,
purity  98%), Agarose standard (Roti®garose for DNA/RNA electrophoresis) and
Tween®-20 were purchased from Carl Roth GmbH + Co. KG (Karlsruhe, Germany).

RPMI 1640 cell culture medium with stable glutamine and 2.0gL~! NaHCO,
(catalog-no.: FG1215) for culturing human prostate carcinoma epithelial cell line
22Rv1 (DSMZ no.: ACC 438) and human immortalized prostate epithelial cell line
PNT1la (ECACC no.: 95012614) was purchased from Biochrom GmbH (Berlin,
Germany).

Centricon Plus-70 centrifugal Iter units with a molecular weight cut-o (MWCO)
of 100 kDa for concentration of up to 70 mL aqueous samples were purchased from
Merck Millipore (Merck KGaA, Darmstadt, Germany).

White Cellstar® 96-well microplates with at bottom for running samples in LFAs,
transparent Cellstar® 96-well microplates with at bottom for absorption measure-
ments on a Tecan M200 Nanoquant and transparent Cellstaf 24-well multiwell
plates for dot blot assays with quantum dots were purchased from Greiner Bio-One
International GmbH (Kremsmiinster, Austria).

Amersham Protran nitrocellulose Western Blotting membrane with a pore size of
0.2um was purchased from GE Healthcare Europe GmbH (Freiburg, Germany).

Goat anti-rabbit 1gG, conjugated with horseradish peroxidase was purchased from
dianova GmbH (Hamburg, Germany).
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Clarity Western ECL Substrate for chemiluminescence detections using an HRP-
conjugated secondary antibody was purchased from Bio-Rad Laboratories GmbH
(Minchen, Germany).

Lateral ow dip sticks (DetectLine Basic or DetectLine Basis plus) were purchased
from AMODIA Bioservice GmbH (Braunschweig, Germany). The conjugates con-
tained in the conjugate pad of both strip types target uorescein. The only test line
of DetectLine Basic strips binds biotin for the detection of double-labelled molecules.
DetectLine Basic plus strips have an additional test line, binding molecules that are
double-labelled with digoxigenin and uorescein.

4.3 Conjugation of AlphaLISA Acceptor Beads with anti-PTEN Antibody

For the conjugation of purchased capture antibodies against human PTEN with
AlphaLISA acceptor beads, a protocol from the supplier of the latter was used.
A simpli ed reaction scheme is depicted in the appendix, gure 8.1. Following
the recommended procedure, td0OuL supplied bead suspension50uL phosphate-
bu ered saline (PBS) were added in a reaction tube and the mixture was spun
down for 15min at 16 000 isg to pellet the beads. The supernatant was carefully
removed with a pipette. To the resulting pellet, 100ug antibody (100uL at a
concentration of 1 mgmL™1) were added, as well a$88.75uL 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) bu er at pH 7.4, 1.25uL of a 10 % Tween-20
solution and 10puL of a freshly prepared400 mm solution NaBH;CN in water. The
resulting mixture with a total volume of 200uL was incubated for approximately 22 h
at 37 C and 200 rpm in a thermo shaker under light protection. After the coupling
step, unoccupied sites on AlphaLISA beads were blocked by the addition afOuL
of a 65mgmL=! solution of carboxymethoxylamine (NH,OCH,COOH %HCI) in
800 mm NaOH to the reaction mixture and incubation at 37 C and 200 rpm for 1 h.
The conjugated beads were subsequently washed by pelleting 46 000 isg and
4 C for 15min and removal of the supernatant. The beads were then resuspended
in 200uL of 100 mm Tris HCI bu er at pH 8.0 and sonicated with 10 pulses ofls
using a probe sonicator at10 % maximum power. The beads were again centrifuged,
resuspended in freshris HCI bu er and sonicated with the same parameters. Then,
the conjugated beads were centrifuged again at6 000 isg and 4 C for 15 min, but
resuspended in200uL PBS with 0.05 % Proclin-300 as the storage medium. After a
last sonication step as before, the beads were transferred to an opaque reaction tube
and stored at 4 C until further use.
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4.4 Conjugation of Gold Nanoparticles with anti-PTEN Antibody

The conjugation protocol for anti-PTEN capture antibodies with AUNP was per-
formed as indicated by the manufacturer with slight modi cations as follows: The
purchased antibody solution was diluted 1:2 with supplied protein resuspension
bu er, to obtain a concentration of 0.5mgmL™! by adding 25uL antibody solution
to 25uL bu er. Lyophilized AuNP were reconstituted in 50puL of supplied reaction
bu er and 5uL were removed and immediately diluted in95uL reaction bu er as
an unconjugated control with nal OD = 2. Subsequently,40uL of the antibody
dilution were transferred to the tube containing reconstituted AuNP. The conjugation
reaction was then allowed to progress during3 h at room temperature. At the end of
incubation, 10uL of a supplied quencher solution were added to stop the reaction.
The nal conjugate was then pelleted by centrifugation at 900 isg for 30 min and
the supernatant was removed. The pellet was resuspended @0uL storage bu er
(20mm Tris HCI at pH 8.0, 150 mm NacCl, 1wt% BSA and 0.025 wt % Tween-20),
giving an optical density of OD = 20 according to the manufacturer, and stored at
4 C until further use.

4.5 Conjugation of anti-PTEN Antibody with FITC

Capture antibodies against PTEN were conjugated to FITC to allow for the use
of AUNP contained in the conjugate pad of lateral ow strips, which are coupled
to anti- uorescein antibodies. For conjugation, the manufacturer's protocol was
followed. For the labelling reaction, 10uL capture antibody solution (in PBS with
0.02 wt % sodium azide) at a concentration of1.0 mg mL™* were used. To this volume,
1.0pL of the supplied Modi er reagent were added. The entire volume was then
transferred to a vial containg the lyophilized FITC reagent and the reagents were
mixed by gently pipetting up and down. The conjugation reaction was then allowed
to proceed at room temperature (RT) for 3 h under protection from light. After
incubation, 1.0puL Quencher reagent was added to the reaction mixture and allowed
to inactivate unconjugated dye molecules within 30 min. Thereafter, the conjugated
antibody was ready to use and was stored at 4C.

4.6 Conjugation of AUNS with anti-PTEN Antibody

Gold nanostars (AuNS) with hydrophilically stable PEG-coating and 4-nitrothiobenzoic
acid (4-NTB) as the Raman-reporter molecule were kindly synthesized and conjugated
with anti-PTEN antibodies using standard EDC/sNHS chemistry. The protocol
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followed the procedure developed in the group of Prof. Dr. Schlicker and described
by Schiitz et al. [141], as it is summarized in the appendix, gure 8.2. The success
of conjugation was veri ed by dispensing Protein A onto nitrocellulose membranes
and running samples of the conjugation reaction product in lateral ow assays. The
conjugation was con rmed by the formation of a visible signal at the test line, as well
as by measuring Raman signals of the conjugated AuNS at six points of the test line
and outside the test line with a Bruker Senterra Raman microscope. The conduction
of these experiments by Vi Tran (Schlicker Group, University of Duisburg-Essen) is
highly acknowledged.

4.7 Conjugation of anti-PTEN Antibody with Quantum Dots

For the conjugation of anti-PTEN capture antibodies with quantum dots, having an
emission wavelength of = 625nm the instructions supplied by the manufacturer
were used. A simpli ed scheme of the reaction is shown in gure 8.3 of the appendix.
Following these, the PBS storage solution of the antibody was rst exchanged against
antibody concentration bu er, thereby increasing the antibody concentration and
removing sodium azide. To do so,100uL of the antibody solution were transferred to
the supplied spin Iter unit, previously washed with ddH,O, giving 100ug of antibody.
This volume was diluted to 500uL by the addition of 400uL antibody preparation
bu er. Subsequently, the volume was reduced by centrifuging the spin lter at
5000 isg for 6 min. Again, 450uL antibody preparation bu er were added to the
concentrate and it was centrifuged with the same parameters to yield a nal volume
of approximately 50uL. This volume was collected by inverting the Iter unit in a
fresh tube and centrifuging at 1000 isg for 3 min. The carbohydrate chains of the
glycosylated Fc region of the prepared antibodies were then modi ed by the addition
of 10uL -galactosidase solution and incubation at37 C of 4 h. After incubation,
the following components were added to the vessel containing UDP-GalNAz as the
azide carrying sugar moiety: 75uL ddH,O, 10puL of supplied20 Tris bu er, pH 7.0,
25uL supplied bu er additive and 80uL of -1,4-galactosyltransferase solution. The
components were mixed by vortexing and the prepared antibody solution was added
to the vial. The coupling of the azide modi ed sugar moiety was allowed to proceed
over night (o/n) at 30 C. After incubation, the reaction mixture was transferred to
a large antibody concentrator unit and 1.75mL 1 Tris bu er at pH 7.0, prepared
from the supplied 20 stock, were added. The concentrator was centrifuged fo6 min
at 1200 isg to reduce the volume. Then two more washing steps followed, adding
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1.8mL 1 Tris buer, pH 7.0 to the lter and centrifuging for 10min at 1200 isg,
respectively. In the nal washing step, 1.8 mL 1 Tris bu er, pH 7.0 were added
and the concentrator was centrifuged forl0 min at 1200 isg to give a nal volume
of approximately 100uL concentrate. This volume was recovered by inverting the
Iter unit into the collection tube and centrifuging at 1000 isg for 3 min. Until the
conjugation with quantum dots, the thus modi ed antibodies were stored at 4 C.

For the conjugation reaction, 50uL of dibenzocyclooctyne (DIBO)-modi ed quan-
tum dot suspension were added to azide-functionalized antibody solution. The
mixture was brie y vortexed, collected at the bottom of the vial and incubated o/n
at 25 C. Then, the reaction mixture was puri ed using a puri cation concentrator,
which had been washed withddH,O. To do so, the entire reaction volume was applied
on the Iter and PBS was added to adjust the volume to 500uL. Quantum dots and
antibodies that were not conjugated were separated by centrifugation at500 isg for
10 min, followed by two additional washing steps, adding500uL PBS and centrifuging
with the same parameters. The now puri ed solution of antibody-QD conjugate
(200uL) was removed from the Iter membrane and transferred to an opaque vial
for light protection and stored at 4 C until use.

4.8 DLS Measurements of Nanoparticles Suspensions

To perform DLS measurements of AlphaLISA acceptor beads purchased with conju-
gated anti-PTEN antibody and those conjugated to the antibody in-house, the stock
suspensions were diluted to a nal concentration 0f0.01 mgmL=! in PBS. To do so,
0.5uL of the stocks EmgmL~™1, respectively) were rst added to 4.5uL PBS, then
2.0uL of this dilution were transferred to 98uL PBS, giving a nal 1:500 dilution.
The entire volume of 100uL was then transferred to polystyrene micro-cuvettes for
measurements. Each sample was measured 26 C for a total of three times, during
which 15 runs with an acquisition time of 10 swere binned, respectively. Z-average
hydrodynamic diameter, size average and polydispersity index (PDI) for each sample
were calculated automatically in the measurement software and the average size by
intensity is reported for each sample.

AuNP for the conjugation with anti-PTEN antibody were measured at a concen-
tration of OD = 1 after dilution with storage bu er in a volume of 100uL, using
polystyrene micro-cuvettes. Again, samples were measured &5 C. However, ve
repeated measurements were performed, during which 15 runs with an acquisition
time of 10 swere binned, respectively. Z-average hydrodynamic diameter, size average
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and PDI for each sample were calculated automatically in the measurement software.
For these samples, the average size by intensity had to be considered due to the high
abundance of BSA in the storage bu er.

AuUNS before conjugation were measured at at©D = 0:08 after dilution in PBS.
Conjugated AuNS were measured at arOD = 0:8in PBS with 2% BSA as the storage
bu er. Both samples were measured in polystyrene micro-cuvettes at a temperature
of 25 C. Each sample was measured three times with 15 runs df0 s acquisition
time. The Z-average hydrodynamic diameter, the PDI, the average size by intensity
and its standard deviation (SD) were calculated by the software automatically.

For the measurement of QDs, unconjugated samples were diluted 1:200 in Tris
bu er pH 7.0, whereas samples after conjugation were used in a 1:50 dilution of the
reaction product in the same bu er. Both samples were measured in micro-cuvettes
at a temperature of 25 C. For each sample, three measurements were performed
with 15 runs of 10 sacquisition time. Again, the Z-average hydrodynamic diameter,
the average size by intensity together with its SD and the PDI were calculated by
the software automatically.

4.9 Absorption Measurements of Gold Nanoparticles for Conjugation with
anti-PTEN Antibody

Absorption spectra of gold nanoparticles were recorded on a Tecan M200 Nanoquant
both before and after conjugation to the anti-PTEN antibody at a concentration

of OD =1, corresponding to approximately 7.2  10'° particles mL=® according to
the manufacturer. To do so, AuNP were diluted in storage bu er (20 mm Tris HCI
at pH 8.0, 150mm NaCl, 1wt% BSA and 0.025wt % Tween-20) and 50pL were
transferred to wells of a 96-well plate, together with the same volume of the storage
bu er as the blank. Subsequently, the absorption of the conjugated particles was
recorded over a range of350nmto 800nm All measurements were carried out
in triplicate and average values of three blank measurements using storage bu er
were subtracted from the results of each sample. The absorption values were then
normalized to give a value at the absorption maximum of Absnax = 1 and the
absorption spectrum is reported as the average of all three samples.

4.10 Absorption Measurement of Gold Nanopatrticles from Conjugate Pad

To determine the size of AUNP contained in the conjugate pad of commercial lateral
ow strips, the particles rst had to be recovered. To do so, the conjugate pad of
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a single strip was removed and immersed ir850uL ddH,O to elute the particles.
Of the obtained AuNP solution, 100pL were transferred to wells of a 96-well plate.
Additionally, the same volume of pure ddH,O was measured to obtain the blank
value. The absorption was recorded over a range 50 nmto 800 nmon a Tecan
M200 Nanoquant. All measurements were carried out in triplicate and average values
of three blank measurements were subtracted from the absorption values of eluted
AuNP. The absorption values were then normalized to give a value at the absorption
maximum of Abs,ax= 1 and the absorption spectrum is reported as the average of
all three samples.

4.11 Absorption Measurement of Gold Nanostars for Conjugation with
anti-PTEN Antibody

The absorption spectra of unconjugated and conjugated AuNS were measured as an
indication for successful conjugation of the antibody. For the unconjugated AuNS this
was done for a sample with anOD = 0:8 in 10 mm 2-(N -morpholino)ethanesulfonic
acid (MES) bu er. The conjugated AUNS were measured at anOD = 0:5in PBS.
The measured volumes were approximateN800uL, together with the same volume of
the respective bu er as a blank. The absorption was recorded over a range @f00 nm
to 1100 nmin 0.5nm steps on a Jasco V-630 spectrophotometer. The absorption
values of either AUNS sample were then normalized to give a value at the absorption
maximum of Absnax=1.

4.12 Absorption Measurements of Quantum Dots

Absorption spectra of QD before and after conjugation to the anti-PTEN antibody
were recorded on a Tecan M200 Nanoquant after dilution in the respective bu ers.
For unconjugated QDs this was in Tris bu er, pH 7.0 to a nal dilution of 1:50, for
QDs after conjugation PBS was used to dilute the reaction product 1:12.5, resulting
in a similar nal dilution due the approximate 1:4 dilution in the reaction mixture.

Of each sample 50uL were transferred to wells of a 96-well plate, together with the
same volume of the respective bu er as blanks. Subsequently, the absorption of QDs
was recorded over a range 0850 nmto 800 nm All measurements were carried out
in triplicate and average values of three blank measurements were used to correct the
absorption values of each sample. Again, the absorption values were normalized to
give a value at the absorption maximum of Absnax= 1 and the absorption spectrum
is reported as the average of all three samples.
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4.13 Production of concentrated Cell Culture Medium

To evaluate the matrix e ect for the detection of PTEN on lateral ow strips,
RPMI 1640, supplemented with 1 % non-essential amino acid solution (100) and
1% penicillin-streptomycin solution was concentrated to be used as the diluent of
PTEN. To do so, approximately 200 mL of the medium were rst Itered through a
bottle top Iter with 0.22um pore size using vacuum. The collected medium was
then transferred to Centricon lters with a MWCO of 100kDa, previously washed
with phosphate-bu ered saline with 0.1 % Tween-20 (PBS-T), and concentrated by
centrifugation for 10 min at 3500 isg. After concentration of the entire volume,
the Iter units were inverted onto collection reservoirs and the concentrate was
recovered by centrifuging for 2min at 1000 isg. The volume of the recovered
concentrate was estimated using a micropipette, giving approximately365uL and
hence a concentration factor of approximately 560 , based on the starting volume.
The recovered concentrated medium was distributed to70uL aliquots and stored at
=80 C until use. For use, the concentration factor was adjusted with PBS to result
in the range obtained in EV samples.

4.14 LFA with Fluorescent AlphaLISA Bead Conjugates
4.14.1 General Assay Scheme for the Detection of PTEN in Solution

In general, puried PTEN in solution was detected in samples of 5QuL volume. To
prepare these, rst mixes of the biotinylated antibody and the antibody conjugate
were prepared, using0.1pL antibody-conjugated bead suspension§0 ng or 333 fmol
antibody, immobilized on 0.5ug beads),0.03uL biotinylated antibody (corresponding
to 7.5ngor 50fmol) and 4.87uL AlphaLISA assay bu er, supplemented with a nal
concentration of 2.0% PEG-4000, per sample. The resulting volume of5.0uL
antibody mix per sample was then transferred to a reaction tube and5.0pL of a
PTEN dilution with known concentration were added. To promote binding of the
analyte, the mixture was incubated for a period of5 h with shaking (750 rpm) and
protection from light at RT. Subsequently, 40uL assay bu er were added to each
sample and the entire volume was transferred to a well of a 96-well plate. Then,
lateral ow dip sticks, from which conjugate and sample pad had been removed, were
inserted into the sample and allowed to take up the liquid within 18 min. Thereatfter,
the strips were directly analysed in an LRE CPoCLabFluo reader, using a signal
integration time of Ty, = 4160us and a waiting time of Tyait = 20800us. The device
scanned strips over a length 0f38.7024 mmin steps of 0.0528 mm As a control,
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blanks were prepared by replacing the volume of the PTEN dilution with assay bu er
and subsequently incubated and analyzed in the same manner.

Lateral ow strips were also imaged in a ChemiDoc MP system after drying.
Images were acquired with theEthidium Bromide setting, using 5s exposure time.
Signal intensities at the test line were determined using Lab View software.

4.14.2 Screening of Incubation Time for optimized Signal Intensity on Lateral Flow
Strips

To identify the most suitable incubation time of analyte and antibody mixtures, the
samples prepared as previously described (section 4.14.1) were incubated with shaking
and light protection at RT for distinct intervals. Thereafter, they were used on
lateral ow strips as before and directly analyzed with the LRE CPoCLabFluo reader.
For each time point, additional blanks were prepared to exclude the possibility of
unspeci ¢ binding events. Both samples and blanks were prepared in triplicates. Peak
maxima of the test line region were used for the representation of signal evolution in
samples and for blank correction. After plotting the blank corrected signal intensity
against the incubation time, the data was tted with a one-phase association model
in GraphPad. Equation 1 represents the tted function:

y = Yo+(Plateau yq) (1 e ¥ 1)

The variables of the equation are reported together withR? for the goodness of t
within the tted curves.

4.14.3 Measurement of PTEN Standard Curves on Lateral Flow Strips

To record standard curves of PTEN, samples with known concentrations of PTEN
were prepared and incubated as described in section 4.14.1. For the dilution of PTEN
either AlphaLISA assay bu er with 2% PEG-4000 or concentrated medium was
used. The concentrated medium was previously diluted 1:7 in PBS to results in a
concentration factor of approximately 80 . In the case of concentrated medium, a
part of the assay bu er was replaced by a volume of one seventh of the antibody
master mix volume with a 7 protein inhibitor cocktail, prepared by dissolving
one tablet of the formulation in 1.5mL ddH,O. The concentration range was from
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1.0 107gL"'to 1.0 107 gL=!in the nal sample volume, that was applied
to the strips. The corresponding signal intensity maxima of the test line were used,
when strips were scanned in the LRE CPoCLabFluo reader and signals of blanks were
subtracted. For the analysis of images from the ChemiDoc MP system, bands were
detected automatically within the central 2 mm along the strip to exclude edge e ects
and background was subtracted automatically by Lab View software. Thereafter, the
signal was integrated over the width of the test line and used for plotting standard
curves.

The signal intensity was plotted against the decadic logarithm of PTEN concen-
tration and tted with a 4-parameter logistics curve in GraphPad. Equation 2 was
used for tting:

top bottom
1+ 1o(log|030 x) HillSlope

y = bottom +

(2)

The variables of the equation are reported together withR? for the goodness of t
within the calibration curves.

4.14.4 Spike-and-Recovery Evaluation of PTEN on Lateral Flow Strips

The recovery of PTEN was assessed in spiked samples of puried EVs from the
22Rv1 cell line as the biological matrix based on the signal from AlphaLISA beads
conjugated to anti-PTEN antibody. This cell line was shown to be positive for
PTEN in EVs. The EVs were concentrated and puri ed using either ultra- Itration
(concentration factor: 79 ) or ultra-centrifugation. Samples were characterized
by nanoparticle tracking analysis, as depicted in the appendix, gure 8.19 and
8.20 and kindly provided by Susann Allelein (Fraunhofer 1ZI, Microdiagnostics
Group). The EV samples were divided into 4 aliquots of 18uL volume to which
2pL of a known PTEN dilution were added to achieve an added volume 10%
according to [142]. The dilutions were prepared inddH,O and had concentrations
of 3.5 10°6gmL~1, 35 10°'gmL ! and 3.5 10°8gmL=1, hence resulting in
concentrations of3.5 10°'gmL7%, 35 108gmL'and3.5 10°°gmL=1 upon
1:10 dilution in EV samples. Additionally, a blank was prepared by replacing the
PTEN dilution with ddH,O. Of these spiked samples5puL were mixed with 5pL of
antibody mix in triplicates, as described in section 4.14.1. Incubation and analysis
of the strips using an LRE CPoCLabFluo was also performed as in section 4.14.1.
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Hence, measured PTEN concentrations werelO lower than that of the spiked
EV samples due to dilution after incubation. The concentration of PTEN was
calculated from the obtained signal intensity at the test line using the previously
obtained standard curves, prepared in concentrated medium or AlphaLISA assay
bu er with 2% PEG-4000. After subtraction of the blank values, the measured
PTEN concentration was compared to the known amount of PTEN used for spiking
each sample. The same experiment was performed using PTEN-negative EV samples
from PNT1a cells. The samples were puri ed by ultra- ltration (concentration factor:
72 ) and kindly provided by Susann Allelein again. The size characterization of
this sample is shown in the appendix, gure 8.21. The recovery is reported as the
mean of these values i, together with the coe cient of variation (CV) for each
concentration.

4.15 Standard Protocol for AlphaLISA Assay on Microtiter Plates

As the AlphaLISA assay was developed for use on microtiter plates, these experiments
were conducted as the standard procedure, serving as a comparison to the approach
transferred to lateral ow strips. A schematic representation of the assay principle is
depicted in the appendix, gure 8.4.

4.15.1 Determination of Standard Curves

Again, a mix of antibodies was prepared rst, as it is described for the general
assay scheme for lateral ow assays in section 4.14.1, but replacing bu er with
one seventh of the total volume by 7 protease inhibitor cocktail. Of this mix,
5uL were transferred to a well of a 384-well OptiPlate for each sample. PTEN
was diluted in concentrated medium, which was previously diluted 1:7 in PBS to a
concentration factor of 80 , to obtain nal concentrations in samples in a range from
1.0 107’gL"'to 1.0 101 gL=!. Of the respective dilutions, 5uL were added
to each well and mixed by pipetting up and down. In blanks, the PTEN dilution
was replaced by concentrated medium only. After collecting the reaction mixture
at the bottom of the plate by a short centrifugation, the samples were incubated
either 1 h as the standard incubation time or 5h as for LFAs at RT with shaking
and light protection. After incubation, 40uL of a mix containing 39.6uL AlphaLISA
assay bu er and 0.4pL of the donor bead suspension per sample, were added to each
sample. The solutions were again mixed well by pipetting up and down and collected
at the plate bottom by a short centrifugation. Donor beads, binding the biotinylated
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anti-PTEN antibody were then allowed to incubate for 1h at RT with shaking
and light protection in both cases. Thereafter, the chemiluminescence intensity of
Eu®* chelates resulting from reactive oxygen species produced by donor beads upon
excitation at a wavelength of 680 nmwas immediately recorded on a Tecan In nite
M1000pro plate reader, using theAlphaLISA setting with 100 msexcitation time
and 300 msintegration time. For both incubation times, samples of each PTEN
concentration were prepared in triplicates, while four samples of the blanks were
prepared in triplicate, respectively. After subtraction of blank values, the standard
curves were calculated as described above and tted using equation 2.

4.15.2 Spike-and-Recovery Experiments from EV samples

The same EV samples from 22Rv1 cells as employed in spike-and-recovery experiments
with the LFA were used, which were enriched by ultra- Itration (concentration factor:
79 , gure 8.19) or ultra-centrifugation ( gure 8.20), respectively. The EV samples
were divided into 4 aliquots of 18uL volume again and2uL of a known PTEN
dilution were added. The dilutions were prepared inddH,O and had concentrations
of 3.5 10°%gmL7%, 35 10°’gmL=! and 3.5 10°8gmL™1, hence resulting in
concentrations of3.5 10°'gmL"%,35 108gmL'and3.5 10°°gmL=! upon
1:10 dilution in EV samples. A blank was prepared by replacing the PTEN dilution
with ddH,O. The same concentrations of PTEN and the blank were prepared in
concentrated medium, diluted 1:7 to a concentration factor of 80 , to serve as the
internal control. After 5L of the antibody mix, prepared as in section 4.15.1 with
protease inhibitor, was transferred to each well of a 384-well OptiPlate 5uL of the
spiked EV samples were added. The liquid was thereafter collected at the plate
bottom by short centrifugation and incubated for 5h at RT on a shaking plate and
protected from light. After the target was bound by AlphaLISA acceptor beads
and biotinylated antibody, 40uL of a donor bead dilution, containing 0.4uL stock
suspenions and39.6pL AlphaLISA assay bu er with 2.0% PEG-4000 per sample,
were added to each sample and mixed well. After a short centrifugation, the plate
was again incubated forl h at RT with shaking and light protection to promote donor
bead binding. Subsequently, the plate was immediately read on a Tecan M1000pro,
using the AlphaLISA setting with 100 ms excitation time and 300 msintegration
time. The blank values were subtracted from signal of PTEN-containing samples.
Thereafter, the relative recovery was calculated with respect to the internal controls.
The recovery is reported as the mean of three measurements and their CV.
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4.16 LFA using AuNP Conjugates with di erent Antibodies
4.16.1 AuNP conjugated to anti-PTEN Antibodies

To test AUNP on lateral ow strips after conjugation to anti-PTEN capture antibodies
as described in section 4.4, a protocol from Juntuneret al. [117] was modi ed as
follows: Samples were prepared with5uL PTEN dilution at a concentration of
1 10°9°mgmL=1 to which 5L of antibody-conjugated AuNP (OD = 20, 1110ng
antibody) were added. Additionally, biotinylated antibody solution was added with a
volume of 0.03uL (7.5 ng) per sample or a 5-fold increased amount 0®.15uL (37.5ng
per sample. The volume was then adjusted to a total of20uL using AlphaLISA
assay bu er with 2.0% PEG-4000. The thus prepared samples had a nal PTEN
concentration of 2.5 10" ’mgmL=! and AuNP density of OD = 5. For blanks,
5uL PTEN dilution were replaced with the same volume of AlphaLISA assay bu er
with 2.0 % PEG-4000. Incubation was subsequently carried out durings h as with
AlphaLISA beads at RT and with shaking (750 rpm). After incubation, the sample
volume of 20puL was transferred to wells of a 96-well plate, into which lateral ow
strips were immersed after removal of conjugate and sample pad. When the entire
volume was taken up by the strips, these were transferred to wells, containind00uL
AlphaLISA assay bu er with 2.0 % PEG-4000 to wash out unbound AuNP conjugates.
Lateral ow strips remained inside the bu er until all conjugates were dislocated to
the wicking pad and the membrane showed a white color again.

4.16.2 Use of AuUNP from Lateral Flow Conjugate Pad with FITC-labelled
anti-PTEN Antibodies

When FITC-targeting AuUNP contained in the conjugate pad of lateral ow strips
were used directly, anti-PTEN antibodies conjugated with FITC according to sec-
tion 4.5 were employed. For the preparation of these samples, antibody mixes were
prepared comprising0.03uL antibody-FITC conjugate solution at a concentration
of 0.1 mgmL=1 (3ng or 20fmol capture antibody), 0.012uL biotinylated antibody
(corresponding to 3 ng or 20 fmol) and 4.89uL AlphaLISA assay bu er per sample.
Of this mix, 5pL were transferred to a fresh reaction tube for each sample an@pL
of PTEN dilutions with a known concentration were added. For blanks, PTEN was
replaced by AlphaLISA assay bu er with 2.0 % PEG-4000. The samples and blanks
prepared in this fashion were incubated for2 h at RT with shaking ( 750 rpm) and
light protection. Subsequently, the entire sample volume oflOuL was transferred to
the conjugate pad of lateral ow strips using a micropipette and allowed to incubate
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for 3min. To run strips, these were then immersed in100uL AlphaLISA assay
bu er with 2.0 % PEG-4000 in wells of a 96-well plate. Lateral ow strips in this
set-up intact with sample and conjugate pad were allowed to run for 20min. The
intensity of signals at the test and control line was assessed visually and by imaging
on a ChemiDoc MP system.

4.16.3 Test of unspeci ¢ Antibody Binding at the Test Line of Lateral Flow Strips

To test if FITC-conjugated antibodies bind unspeci cally at the test line of lateral ow
strips, a Western Blot-like experiment was carried out. To prevent the interference
with AUNP from the conjugate pad of test strips, the conjugate and sample pad
were again removed from the strips. The binding behavior was assessed in samples,
containing either 100 ngunconjugated or FITC-conjugated antibody in a volume
of 20uL. To do so, 1.0pL of 0.1 mgmL=! solutions of either antibody were diluted
in 19uL of AlphaLISA assay bu er with 2.0% PEG-4000. These samples were
transferred to wells of a 96-well plate and the modi ed lateral ow strips were
immersed in the solution. After taking up samples, the strips were transferred to
100uL assay bu er for 20 min to wash away unbound antibodies. The strips were
then dried at RT for 15min and subsequently immersed in a % BSA solution,
prepared in PBS, to block any unoccupied sites on the membrane. Strips were
incubated in plastic boxes for45min at RT with shaking at 450rpm. Therafter,
the strips were rinsed brie y with PBS-T. A 1:10000 dilution of an anti-rabbit
secondary antibody, conjugated to horseradish peroxidase (HRP) was prepared by
diluting 1.0pL of the antibody solution in 10 mL of a 2.5% BSA solution in PBS
and added to the lateral ow strips. The secondary antibody was allowed to bind the
unconjugated and FITC-labelled antibodies during 45 min incubation at RT with
shaking at 450 rpm. After removal of the solution, the membrane was washed twice
with PBS-T for 2min and nally with PBS for 2min. The covering plastic foil was
removed from the strips to allow the substrate to reach the HRP-conjugate more
easily. As the chemiluminescent substrate 6.0 mL of a solution containing 0.2 mm
p-coumaric acid and 1.25 mm Luminol in 100 nm Tris bu er, pH 8.5 and 18uL of
a 3% H,0, solution in ddH,O were mixed and added to the strips. The strips
were imaged using the ChemiDoc MP system withauto optimal exposure in the
chemiluminescence mode at a binning of 1 1 pixel, resulting in an exposure time
of 123.5s.
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4.17 Use of AuNS-Conjugates on Lateral Flow Strips

For AuNS-conjugates obtained according to section 4.6, the protocol reported by Jun-
tunen et al. was again adapted [117]. Following this procedure, samples were prepared
in a volume 20pL, using 5uL PTEN dilution, 0.03pL biotinylated antibody (corre-
sponding to 7.5 ng or 50fmol), 4.97uL AlphaLISA assay bu er with 2% PEG-4000
and 10uL AuNS-conjugates with anOD = 8 in PBS, hence resultingina nal OD=4

in samples. The dilutions of PTEN were prepared in AlphaLISA assay bu er with 2%
PEG-4000 in a concentration range oft 10°6gmL=1to 1 10°1%gmL~1, giving

a nal concentration range in samples from2.5 10°'gmL~'to 2.5 10 gmL=1.
Additionally, blanks were prepared by replacing PTEN dilution with 5uL AlphaLISA
assay bu er with 2% PEG-4000. The thus prepared samples were incubated o/n
(approximately 17 h) at 4 C. Subsequently, the entire sample volume was transferred
to wells of a 96-well plate and lateral ow strips were inserted into samples after
removal of conjugate and sample pad. When the entire sample had been taken up
by the strips, these were transferred to wells containing50uL AlphalISA assay
bu er with 2% PEG-4000 to wash away unbound AuNS-conjugates. After the strips
had dried in ambient conditions, these were analyzed using the Raman signal of
the entire test line, which was accumulated using the spectrometer of a the custom-
built Raman reader with line illumination [132]. For all samples except blanks,
single measurements were performed. Hence, the LoD could again be calculated as
LoD = blank average + 3 SD after tting data with the 4-parameter logistics
function.

4.18 LFA using Conjugates of anti-PTEN Antibodies with Quantum Dots

For the use of QD-labelled antibodies against PTEN, conjugated as described in
section 4.7, samples were prepared in a similar fashion as for the detection by
uorescent AlphalLISA bead conjugates in section 4.14.1. Hence, rst a mix of
antibodies was prepared, employing).1uL of the QD-conjugated antibody with a
concentration of approximately 0.5mgmL™1 (50 ng or 333 fmol capture antibody),
0.03pL biotinylated antibody ( 7.5ngor 50 fmol) and 4.87uL AlphaLISA assay bu er
with 2% PEG-4000 per sample. Of this master mix,5uL were transferred to fresh
reaction tubes and mixed with 5uL of a PTEN dilution with known concentration.
The samples were then incubated fos h at RT with shaking at 750 rpm and light
protection. For blanks, the volume of the PTEN dilution was replaced with 5puL
AlphaLISA assay bu er with 2.0% PEG-4000. Otherwise, blanks were treated the

48



same as samples containing PTEN. After incubation,40uL AlphaLISA assay bu er
with 2.0 % PEG-4000 were added to each reaction tube and the entire volume was
transferred to wells of a 96-well microtiter plate. After removal of the conjugate and
sample pad, lateral ow strips were inserted into the wells and allowed to take up the
entire sample during 18 min. Thereafter, the uorescence signal from the strips was
recorded using an LRE CPoCLabFluo reader with the same parameters as stated for
AlphaLISA beads in section 4.14.1.

4.19 Testing the Running Behavior of QD-Conjugates on Lateral Flow Strips

To elucidate, if and in which bu ers QDs after conjugation to anti-PTEN antibodies
migrate on strips, the reaction product of the conjugation was diluted in di erent
bu ers. To do so, 1.0uL of the stock suspension was rst added to4.0uL PBS as
the storage bu er, creating a 1.5 dilution. Of this dilution, 1.0uL were transferred
to 49uL of either PBS or AlphaLISA assay bu er with 2% PEG-4000, respectively
to obtain a nal 1:250 dilution. The entire sample volume of 50uL containing
approximately 100 ngconjugated antibody based on input amout and nal volume
of the conjugation reaction was then transferred to wells of a 96-well microtiter plate.
After removing the sample and conjugate pad from lateral ow strips, these were
inserted into the wells and allowed to take up the entire sample. Subsequently, strips
were imaged in a ChemiDoc MP system, using théyLight550 setting with auto
optimal exposure (0.918 s exposure time).

4.20 Dot Blot Assay with QD-Conjugates

A dot blot assay was chosen to assess, if the anti-PTEN antibody had been success-
fully conjugated to QDs using the manufacturer's protocol. In this experiment, a
nitrocellulose membrane with 0.2um pore size was rst cut into pieces to t into
wells of a 24-well plate. On these untreated membrane piece§,5uL of the PTEN
stock solution hence 1.75ng were spotted using a micropipette. The protein
solution was allowed to dry on the membranes o/n at4 C. Subsequently, unoccupied
binding sites of the membranes were blocked b¥0 min incubation with 500uL of a
2% BSA solution in PBS per well on a shaking plate. Therafter, membranes were
washed three times with 300uL PBS-T to remove unbound protein. To the blocked
membranes,300puL of diluted unconjugated antibody or QD-conjugated antibody
were added per well, respectively. To do so, the unconjugated antibody was diluted
1:2000 in AlphaLISA assay bu er with 2% PEG-4000 giving a nal concentration
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of 0.5pugmL=1. Additionally, the reaction product of the conjugation with QDs
was diluted 1:1000 in either AlphaLISA assay bu er with 2% PEG-4000 or in PBS.
Based on the employed amount of antibody for the conjugation reaction and the nal
volume, a nal antibody concentration of approximately 0.5pgmL=? resulted for
the incubation with the membranes. The antibodies were allowed to bind the target
during 90 min incubation at RT and with shaking. After incubation, the membranes
were again washed ve times with500uL PBS-T to remove unbound antibodies.
Then, a 1:5000 dilution of an anti-rabbit secondary antibody-HRP conjugate was
prepared by adding 1.0uL of the stock solution to 5mL of a 2.5% BSA solution in
PBS-T. Of this dilution 500uL were transferred per well and allowed to incubate
for 60 min with the primary anti-PTEN antibody. Subsequently, the membranes
were washed twice with500uL PBS-T and lastly once with the same volume of PBS.
Commercial chemiluminescence substrate (Bio-Rad) was prepard by mixing equal
parts (1.5mL) of component A with the same volume of component B. Of the sub-
strate 300pL were transferred to each well, the plate was brie y shaken and directly
imaged using a ChemiDoc MP system. Chemiluminescence signal was recorded using
the Chemiluminescence setting with a binning of 1 1 pixel, while uorescence from
QDs was recorded using theDyLight550 setting. In both channels, auto optimal
exposure was chosen, resulting il7.831 sexposure time for the uorescence channel
and 151.413 s exposure time for the chemiluminescence image.

4.21 Agarose Gel Electrophoresis of Quantum Dots

To di erentiate conjugated from unconjugated QDs, agarose gel electrophoresis was
performed, following a protocol by Meiner et al. [143]. Therefore, al.5 % agarose gel
was prepared by addingl.05 gagarose to7O0mL 1 Tris-acetate-EDTA (TAE) bu er.
The mixture was heated using a microwave oven until full dissolution of the agarose
was achieved. Then,700uL of a 10 % sodium dodecyl sulfate (SDS) solution were
added to the solution directly before casting the gel, resulting in a nal concentration
of 0.1% SDS. After casting, the gel was allowed to solidify by cooling to RT. To
prepare samples, a 1:50 dilution in Tris bu er, pH 7.0 of supplied unconjugated,
DIBO-modi ed QDs and a 1:15 dilution in Tris bu er, pH 7.0 of the reaction product
after conjugation were used. These dilutions were mixed in the following proportions
with 6 loading dye (LD), containing 375 nm Tris HCI bu er at pH 6.8, 12 % SDS,
60 %glycerol, 0.06 %bromophenol blue for non-reducing conditions and an additional
600 nm dithiothreitol (DTT) for reducing LD: For the unconjugated QDs 6L of the
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dilution were mixed with 18uL reducing or non-reducing 6 LD, resulting in a nal
1:200 dilution in samples. For the conjugation product4pL of the dilutions were
mixed with 20uL of either reducing or non-reducing 6 LD, giving nal dilution of
1:90, respectively. The thus prepared samples were completely transferred to pockets
of the agarose gel and additionally,5 uL of PageRuler Plus were applied to the gel
as a reference for migration. The electrophoresis chamber was then lled with 1
TAE bu er, supplemented with a nal concentration of 0.1% SDS. Subsequently,
the agarose gel electrophoresis was performed with a constant potential &0V for
100 min. The gel was then imaged on a ChemiDoc MP system, using th€y3 setting
for the detection of QD signal with auto optimal image acquisition (exposure time:
24.8435s).
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5 Results

5.1 DLS Measurements of Nanoparticle Suspensions
5.1.1 Hydrodynamic Diameters of AlphalLISA acceptor beads

Measuring the hydrodynamic diameter of AlphaLISA acceptor beads by DLS revealed
that acceptor beads coupled to antibodies in-house showed a similar size and size
distribution as acceptor beads, that were purchased with already coupled antibodies
as part of a kit. In the case of acceptor beads, conjugated to purchased anti-PTEN
antibodies, the Z-average values were as follows in the three measurements: |.
304.6nm Il. 315.2nmand Ill. 304.3nm The overall average size by intensity was
calculated as311.7nm 8.61 nmwith a PDI of 0.081 0.015, indicating a narrow
size distribution. The results for commercially available acceptor beads with coupled
antibodies were similar, giving the following Z-average sizes, respectively: 288.2 nm

[I. 286.0nmand Ill. 292.2nm These results showed similar results with an average
size by number 0f294.4nm 2.86 nmand a PDI of 0.024 0.025. Still, a signi cant

di erence between both types of beads could be found using a two-sidetttest for
unpaired sample p = 0:04329. Table 1 gives an overview of the measured properties
and size distributions of the respective measurements can be found in the appendix,
gure 8.5 and gure 8.6.

Table 1 Average sizes by intensity and SDs, as well as PDI values for di erent
measurements of AlphaLISA acceptor beads conjugated to anti-PTEN antibody and
commercial AlphaLISA beads with already coupled antibodies. The overall average
and SD of average sizes and PDIs are also indicated for each type of beads.

conjugated beads commercial beads
measure- average SD size PDI | measure- average SD size PDI
ment size ment size

[nm] [nm] [nm] [nm]
I 306.0 48.77 0.074| | 291.7 34.87 0.002
[l 321.6 75.97 0.098| II 297.4 63.88 0.052
" 307.5 48.23 0.070]| I 294.1 34.28 0.019
average 311.7 0.081| average 294.4 0.024
SD 8.61 0.015| SD 2.86 0.025

52



5.1.2 Hydrodynamic Diameters of spherical Gold Nanopatrticles

In the case of AuNP, the presence of BSA in storage bu er as the diluent for samples
resulted in Z-average values that were smaller than the observed size averages by
intensity, which were also considered for these nanoparticles. However, a signi cant
di erence between AuNP before and after conjugation could be found using a two-
sided t-test for unpaired sample, when the average sizes by intensity were considered
(p=0:00029R The obtained Z-average values for unconjugated AuNP in the ve
measurements were: 161.35nm II. 61.13nm Ill. 62.11nm IV. 61.27nmand V.
61.48 nm The measurements of AUNP after conjugation revealed the following Z-
average values: 1.71.29nm Il. 71.27 nmlll. 69.78 nm IV. 71.12nmand V. 71.37 nm
These values illustrate the low variability of the hydrodynamic diameters of AuNP,
which is also represented by the overall average sizes by intensity, which were
76.25nm 0.86nmand 91.03nm 3.22 nmfor unconjugated and conjugated AuNP,
respectively. The PDI hints at the fact that AUNP had a low variability in size. These
were on average 0.223 0.008 and 0.266 0.005 for unconjugated and conjugated
AuNP, respectively. Table 2 gives the obtained values for all ve measurement
per sample and the reported overall averages and SDs, as well as the PDIs. The
size distributions of all ve measurements of both samples, as well as their average
distributions are given in the appendix, gures 8.7, 8.8, 8.9 and 8.10.

Table 2 Average sizes by intensity and SDs, as well as PDI values for di erent
measurements of unconjugated and conjugated AuNP. The overall average and SD
of average sizes and PDIs are also indicated for AUNP before and after conjugation.

unconjugated AuNP conjugated AuNP
measure- average SD size PDI | measure- average SD size PDI
ment size ment size

[nm] [nm] [nm] [nm]
I 75.80 18.45 0.225] | 86.71 21.34 0.257
Il 75.92 14.49 0.216] Il 91.10 26.38 0.267
" 76.29 16.01 0.214| 1 89.74 25.17 0.270
v 77.70 18.05 0.227| IV 92.08 32.13 0.268
\% 75.52 21.28 0.234| V 95.51 34.04 0.270
average  76.25 0.223| average  91.03 0.266
SD 0.859 0.008| SD 3.221 0.005
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5.1.3 Hydrodynamic Diameters of Gold Nanostars

For AUNS, the determination of the hydrodynamic diameter revealed a signi cant

di erence between the particles before and after conjugation, using a two-sided
t-test for unpaired sample, when the average sizes by intensity were considered
(p = 0:00023% In addition, the AUNS population before conjugation showed the
presence of smaller particles, as it is visible in gure 8.11 of the appendix. Therefore,
the obtained Z-average values were slighlty smaller than the hydrodynamic diameters
of the AUNS themselves, giving values of 162.79nm Il. 63.19nmand IIl. 63.54nm
for the respective measurements. The average hydrodynamic diameter was however
72.48nm 2.139nm and the PDI was measured as 0.232 0.015.

For AuNS that were conjugated to anti-PTEN antibodies the following Z-average
values were measured: 178.38nm Il. 77.51nmand lIl. 78.14nm These results
illustrate the low variability of the obtained values, which is also represented by the
overall average sizes by intensity, which wa©5.38nm 2.298 nm The PDI was on
average 0.225 0.009 for conjugated AuNS. Table 3 gives the obtained values for all
three measurement per sample and the reported overall averages and SDs, as well as
the PDIs. The size distributions of conjugated AuNS are also given in gure 8.12 of
the appendix.

Table 3 Average sizes by intensity and SDs, as well as PDI values for di erent
measurements of unconjugated and conjugated AuNS. The overall average and SD
of average sizes and PDIs are also indicated for unconjugated and conjugated AuNS.

unconjugated AUNS conjugated AuNS
measure- average SD size PDI | measure- average SD size PDI
ment size ment size

[nm] [nm] [nm] [nm]
I 72.07 16.58 0.217] 1 96.70 30.35 0.216
[l 74.79 17.75 0.232| Il 96.72 38.45 0.225
[ 70.57 21.67 0.246| 1l 92.73 28.26 0.234
average 72.48 0.232| average 95.38 0.225
SD 2.139 0.015| SD 2.298 0.009
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5.1.4 Hydrodynamic Diameters of Quantum Dots

The measurement of QDs revealed unexpected results, as QDs after conjugation
showed similar hydrodynamic diameters as those prior to conjugation. This size
di erence was not signi cant in a two-sided t-test for unpaired samples ¢ = 0:4750.
As visible in gures 8.14 and 8.13 of the appendix, QDs before conjugation and
after conjugation also showed very similar distribution of the size by intensity with
the appearance of few aggregates. The Z-average values obtained for the three
measurements of unconjugated QDs were 28.61 nm Il. 28.95nmand Ill. 27.50 nm
Similar to these, the Z-average values from measurements of the conjugated QDs
were 1. 27.06 nm Il. 25.32nmand Ill. 25.62 nm Therefore, the Z-average values were
slightly smaller than the measured average sizes, which wergl.38nm 1.92nm
for unconjugated QDs and32.59nm  1.853 nmfor conjugated QDs. The measured
particles also showed low deviations in size, according to the PDI values, which were
0.244 0.035 and 0.269 0.022 for unconjugated and conjugated QDs, respectively.
The values obtained in the measurement of the respective samples are summarized
in table 4, together with the averages and SDs.

Table 4 Average sizes by intensity and SDs, as well as PDI values for di erent
measurements of unconjugated and conjugated QDs, respectively. The overall
average and SD of average sizes and PDIs are also indicated for both samples.

unconjugated QDs conjugated QDs
measure- average SD size PDI | measure- average SD size PDI
ment size ment size

[nm] [nm] [nm] [nm]
I 31.65 10.78 0.229| | 34.66 13.64 0.244
[l 29.34 0.88 0.284| Il 31.08 11.36 0.284
" 33.15 12.28 0.220( I 32.04 10.89 0.279
average 31.38 0.244| average 32.59 0.269
SD 1.92 0.035| SD 1.853 0.022
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5.2 UV-Vis Absorption Measurement of Nanoparticle Suspensions

5.2.1 Absorption Spectra of Gold Nanoparticles for Conjuguation with anti-PTEN
Antibodies

Evaluation of the absorption spectrum of AUNP showed an expected shape and
absorption maximum of Abshax= 528 nm, as reported by Haisset al. for AUNP of
40 nm size [144]. Both unconjugated and conjugated AUNP showed only a single
absorption peak in the tested wavelength range and very similar spectra overall, as
seen in gure 5.1. It was observed, that the absorption maximum @bsyay shifted
slightly from = 528 nm for unconjugated AuNP to = 530 nm after conjugation.
This behavior was reported by the manufacturer upon conjugation due to an increase
of the local refractive index at the surface of AUNP [145].

Figure 5.1 UV-Vis absorption spectra for AUNP before (dark grey line) and after
conjugation (light grey line). The spectra were normalized to give a value oAb, ax= 1

at the indicated wavelength of the absorption peak. The inset gure visualizes the
subtle change in the absorption maximum.
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5.2.2 Absorption Spectrum of Gold Nanopatrticles from Conjugate Pad

The absorption spectrum of AuUNP from the conjugate pad of lateral ow strips
was recorded to determine the size of the contained particles from the absorption
maximum. As seen in gure 5.2, the AuNP had a similar absorption spectrum to that
determined for AUNP conjugated to the anti-PTEN antibody directly ( gure 5.1).
However, in this case the absorption maximum was found at a wavelength of =
532nm According to Haiss et al. this absorption maximum corresponds to AuNP
with a size of approximately 52 nm [144].

Figure 5.2 UV-Vis absorption spectrum of AUNP recovered from the conjugate pad
of lateral ow strips. The spectrum was normalized to give a value ofAbsnax= 1 at
the indicated wavelength of the absorption peak at 532 nm.
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5.2.3 Absorption Spectra of Gold Nanostars for Conjugation with anti-PTEN
Antibody

The comparison of absorption spectra of conjugated and unconjugated AUNS showed
the expected shape, which was reported previously [141, 146]. As seen in gure 5.3,
both AuNS populations had a similar spectrum. However, the absorption maximum
shifted clearly from a wavelength of = 628 nm for unconjugated particles to

= 6345 nm for AUNS after conjugation a behavior, which was already reported
in literature upon conjugation with biomolecules [141].

Figure 5.3 Comparison of UV-Vis absorption spectra of AUNS and the shift in the
absorption maximum after conjugation, as seen in the inset gure. Unconjugated
AUNS (dark grey line) and AuNS after conjugation (light grey line) were measured
against bu er by Vi Tran. The spectra were normalized to give a value of Absnax=1

at the respective wavelengths of the absorption peaks.
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5.2.4 Absorption Spectra of Quantum Dots

The recorded UV-Vis spectra of QDs both before and after the conjugation reaction
were very similar in their appearance and showed spectra that coincided with those
reported for Cd-based core QDs withZnS shell [147, 148]. However, it cannot be
deduced from the obtained data, whether the core consists o£dSe or CdTe and
this information is not disclosed by the supplier. Both populations showed a strong
absorption in the near-UV range, which decreased towards the emission wavelength
of the QDs at = 625nm, as seen in gure 5.4. Beyond the emission wavelength, no
absorption was detected. These observations did not show any apparent di erences
for QDs before and after performing the conjugation reaction.

Figure 5.4 UV-Vis absorption spectra of QDs before conjugation, diluted in Tris
bu er, pH 7.0 (dark grey line) and QDs after performing the conjugation reaction
with an anti-PTEN antibody, diluted in PBS (light grey line). The spectra were
normalized to give a value ofAbshax = 1 at the absorption maximum at the lower
limit of the wavelength range.
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5.3 Screening Incubation Time for optimized Signal Intensity on Lateral Flow
Strips

When di erent incubation times for binding of the analyte PTEN by the antibody
pair were assessed, it became apparent, that a prolonged incubation led to higher
signals detectable at the test line of lateral ow strips. As it is depicted in gure 5.5,
the signal could be enhanced by around 3-fold when the incubation time was changed
from 1h as recommended by the manufacturer to6 h. However, some data points
showed high variations in the obtained signal intensity. Still, it was possible to t a
saturation function to the obtained data, using a one-phase association model with
the equation and obtained parameters as indicated in gure 5.5. According to the
tted function, a value close to the calculated saturation, i.e. a signal intensity of
2.1 10° counts, would be reached only after incubation times of over5 h. However,
to ensure stability of analytes and reagents, an incubation time of5 h was chosen for
future experiments.

Figure 5.5 Evolution of test line signal intensity from Eu chelates of conjugated
AlphaLISA beads detected on lateral ow strips with increasing incubation time.
The measured intensities for each time point are represented as open circles and
the dashed line connects the resulting mean values. The solid line represents the t
function with the indicated equation and goodness of t (R?). Values given in the
box represent the obtained values for the parameters of the t function.
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5.4 Standard Curves for PTEN Detection with AlphaLISA Beads on Lateral
Flow Strips

The standard curve for PTEN diluted in AlphaLISA assay bu er with 2% PEG-4000
with AlphaLISA beads, which was recorded on an LRE cPoCLabFluo reader (for a
representative scan see appendix, gure 8.16) afteb h incubation revealed a non-
linear behavior of the signal intensity with increasing PTEN concentration. Hence,
the described 4-parameter logistics function was tted to the data, giving the values
reported in gure 5.6. As depicted, the tted function reproduces the measured
values well, which is also indicated by the goodness of tR? = 0:9954 Based on this
function, the LoD was determined asLoD = blank average+ 3 SD, giving a value of
LoD = 9906pgmL . The same was true for a standard curve prepared by diluting
PTEN in AlphaLISA assay bu er with 2% PEG-4000 and1 h incubation time with
the antibody mixture, depicted in gure 8.17 of the appendix. The 4-parameter
logistic function resulted in a good t of the data points ( R> = 0:967), but a higher
LoD of 4267 pgmL~1, as expected from screening the incubation time of the assay.

In contrast to the dilution of PTEN in bu er, the dilution in concentrated medium
showed a shift of the standard curve to higher PTEN concentrations. Still, the general
shape of the standard curve remained the same, allowing for a t of the measured
values with a 4-parameter logistics function. Figure 5.7 illustrates the measured
signals intensities for the decadic logarithm of the employed PTEN concentrations
and the tted function, together with the obtained parameters for the t function.
As indicated by the goodness of t with R? = 0:9989the measured values are well
re ected by the 4-parameter logistic function and allowed to calculate the LoD as
before, giving a value of LoD = 2370pgmL 1.
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Figure 5.6 Calibration curve for PTEN diluted in AlphaLISA assay bu er with

2 % PEG-4000, using AlphaLISA beads conjugated to anti-PTEN antibody in-house
and an incubation time with the analyte of 5h. Signals were recorded on an LRE
cPoCLabFluo reader and samples were prepared in triplicate. The blank-corrected
signal maxima at the test line are depicted as open circles for each data point and the
mean for each PTEN concentration is represented by the grey dashed line. The black
solid line represents the 4-parameter logistics function with the indicated results and
goodness of tR2,

When the same strips as read in the LRE cPoCLabFluo reader were imaged using
the ChemiDoc MP system and uorescence signals at the test line were quanti ed
using Lab View software, the measured signal intensity and the PTEN concentration
correlated poorly. Hence it was not possible to t a 4-parameter logistics function to
the recorded data, opposed to signals measured in the LRE cPoCLabFluo reader.
The distribution of the measured values with respect to the PTEN concentration
in bu er is depicted in the appendix, gure 8.18. Due to the poor correlation of
signal intensity and PTEN concentration, a quanti cation of signal intensity by the
ChemiDoc MP system was not considered further.
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Figure 5.7 Calibration curve for PTEN diluted in concentrated medium (concen-
tration factor: 80 ), using AlphaLISA beads conjugated to anti-PTEN antibody
in-house and an incubation time with the analyte of 5h. Signals were recorded
on an LRE cPoCLabFluo reader and samples were prepared in triplicate. The
blank-corrected signal maxima at the test line are depicted as open circles for each
data point and the mean for each PTEN concentration is represented by the grey
dashed line. The black solid line represents the 4-parameter logistics function with
the indicated results and goodness of tR2.

Still, optical images of strips allowed to visually assess the lowest PTEN concentra-
tions detectable on strips by the ChemiDoc MP system. Figure 5.8 shows samples in
which PTEN was diluted in AlphaLISA bu er with 2 % PEG-4000, whereas gure 5.9
shows the image of strips, which were tested after diluting PTEN in concentrated
medium. The concentrations for which a signal at the test line was still clearly
visible were 1.0ngmL™! and 3.5ngmL™! for the dilution of PTEN in bu er and
concentrated medium, respectively. Furthermore it is visible, that the signal along
the test and control lines is not uniform and an increased signal is observed at the
edges of lateral ow strips.
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Figure 5.8 Optical image with inverted grey scale values of lateral ow test strips,
imaged on a ChemiDoc MP system. Concentrations of PTEN after dilution in
AlphaLISA assay bu er with 2% PEG-4000 are indicated for each set of triplicates
that was prepared. The lowest concentration of PTEN that could be visually detected

in the image was 1.0ngmE ™.

Figure 5.9 Optical image with inverted grey scale values of lateral ow test strips,
imaged on a ChemiDoc MP system. Concentrations of PTEN after dilution in
concentrated medium (concentration factor: 80 ) are indicated for each set of
triplicates that was prepared. The lowest concentration of PTEN that could be
visually detected in the image was 3.5ngmE?.
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5.5 Spike-and-Recovery Evaluation with conjugated AlphaLISA Beads on
Lateral Flow Strips

The calculation of recovery values of PTEN from spiked samples of enriched EVs
showed a strong dependence on the matrix used for the preparation of standard
curves and the puri cation strategy of the sample. As depicted in the graphical
representation of the recovery values seen in gure 5.10, it can be observed that
calculated recovery values were always higher, when calculations were based on the
standard curve prepared in concentrated medium. This e ect is attributed to the
fact that the curve was shifted to higher PTEN concentrations, compared to the
standard curve prepared in bu er. Another general observation was, that recovery
values were in all cases higher for spiked samples obtained from ultra- Itration than
for those from ultra-centrifugation. This was true for calculations based on both
standard curves. Furthermore, it was observed that recoveries within one set of
samples did not show consistent recovery values. For example, when samples from
ultra- Itration were spiked with a nal concentration of 3.5 10°8gmL~! PTEN and
the recovery was calculated based on the standard curve prepared with concentrated
medium, a recovery value of approximatelyl14 %was obtained. However, when the
same sample was spiked with onl8.5 10°°gmL=! PTEN, the recovery shifted
to values of more than160 % This increase in recovery values at decreasing spiking
concentrations was observed for all samples. The obtained recovery values for all
samples are summarized in table 5.

As it is visible, the calculation of recovery values based on the standard curve
prepared in bu er does not give results in the desired range 0100% 20 % except for
the sample obtained from ultra- ltration at the lowest spiking concentration. However,
due to the described shift in recovery values for decreasing PTEN concentrations,
this result was not regarded as reliable. Due to the matrix e ect of the PTEN
diluent used in the preparation of standard curves, all recovery values remained
far below the spiked PTEN concentration, when calculated based on the standard
curve prepared in bu er. For the calculation of recovery values using the standard
curve prepared in concentrated medium however, it became apparent that the spiked
PTEN concentration was exceeded by far. This observation was more pronounced
in samples from ultra- Itration. Samples from ultra-centrifugation however showed
a suitable recovery based on the standard curve prepared in concentrated medium
for the highest spiking concentration of PTEN, but at lower concentrations a high
divergence was observed again.
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Figure 5.10 Graphical representation of the relative recovery of the indicated spiked
PTEN concentrations and their CV from EVs samples of 22Rv1 cells obtained by
ultra- Itration (grey bars) or ultra-centrifugation (green bars). The recovery was
calculated based on the standard curve prepared in AlphaLISA assay bu er with
2 % PEG-4000 (darker colors) or on that prepared in concentrated medium (lighter
colors). The dashed horizontal line denotes a recovery of00 % with the desired
interval of  20% as the gray dotted area.
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Table 5 Theoretical and measured concentrations of PTEN in spiked samples of
puried EVs from 22Rv1 cell line. The SDs for the measured concentration and
recovery are given, as well as the CV. The recovery values were calculated based on
both standard curves, as indicated.

spiked concentration measured concentration CV recovery
ngmL=1 ngmL=1 % %

Recovery determined from Standard Curve in Bu er
Samples from Ultra-Centrifugation

35 214 21 9.79 61.10

35 2.67 0.11 4.07 76.42

0.35 0.326 0.028 8.46 93.16
Samples from Ultra-Filtration

35 13.2 1.07 8.09 37.73

3.5 1.81 0.074 4.09 51.78

0.35 0.198 0.027 13.72 56.47

Recovery determined from Standard Curve in concentrated Medium
Samples from Ultra-Centrifugation

35 59.0 4.44 7.52 168.71

3.5 8.43 0.354 4.20 240.79

0.35 0.961 0.083 8.62 274.54
Samples from Ultra-Filtration

35 39.9 283 7.07 114.14

3.5 5.58 0.234 4.28 159.31

0.35 0.566 0.079 13.93 161.78

It was assumed, that the drift of recovery values at lower spiking concentrations
might arise from endogenous PTEN present in samples of 22Rv1 EVs, which would
have an increasing relative contribution, when lower concentrations of PTEN are
used for spiking. Hence, the experiment was repeated with ultra- ltrated EV
samples obtained from PNT1a cells, which are known to release PTEN-negative

EVs. Figure 5.11 depicts the obtained recovery values, which are also summarized in
table 6.

67



Figure 5.11 Relative recovery of the indicated spiked PTEN concentrations and
their CV, measured in spiked EVs samples from PNT1a cells, that were obtained by
ultra- Itration. The recovery was calculated based on the standard curve prepared
in AlphaLISA assay bu er with 2 % PEG-4000 (darker colors) or on that prepared in
concentrated medium (lighter colors). The dashed horizontal line denotes a recovery
of 100 % with the desired interval of 20% as the gray dotted area.

Again, it can be observed that in samples originating from PNT1a cells an increase
in the recovery values arises when samples were spiked with decreasing concentrations
of PTEN. In addition, the standard curve used for the calculation of recovery values
has the same e ect as for samples from 22Rv1 cell: when the recovery is calculated
based on the standard curve in bu er, values of arounds50 % are achived, whereas the
calculation using the standard curve in concentrated medium gives values exceeding
100% Still, for the latter case, values are closer to the employed PTEN concentration
than it was the case for 22Rv1 EV samples, that were obtained by ultra- Itration.

68



Table 6 Theoretical and measured concentrations of PTEN in spiked samples of
PNT1a EVs, puri ed by ultra- Itration. The SDs for the measured concentration

and recovery are given, as well as the CV. The recovery values were calculated based
on both standard curves, as indicated.

spiked concentration measured concen- CV recovery
tration
ngmL=1 ngmL=1 % %

Recovery determined from Standard Curve in Bu er
Samples from Ultra-Centrifugation

35 145 0.60 4.16 41.34
3.5 1.58 0.024 1.53 45.01
0.35 0.207 0.046 22.31 59.04

Recovery determined from Standard Curve in concentrated Medium
Samples from Ultra-Centrifugation

35 43.23 1.53 3.54 123.52
3.5 483 0.077 1.60 137.87
0.35 0.595 0.134 22.60 169.91

5.6 Standard Curves with Standard AlphaLISA Protocol on Microtiter Plates

Standard curves were prepared on 384-well microtiter plates, following the standard
protocol of the AlphaLISA assay, to serve as a comparison to the system transferred
to a LFA. Concentrated medium was chosen as the biological matrix for preparation
of the standard curve. As an incubation time of 1 h is recommended for the target
molecule with the antibodies, it was chosen as a reference point. A representation of
the data is depicted in the appendix, gure 8.15. A 4-parameter logistics function
could be successfully tted to the data, which showed non-linear behavior, resulting
in a suitable goodness of t with R? = 0:9985 For 1 h incubation time, the LoD was
calculated from LoD = blank average + 3 SD, giving LoD = 482pgmL 1.

In comparison to a standard curve, which was also prepared by diluting PTEN
in concentrated medium, but with an incubation time of 5h a 4-parameter logistics
function could again be tted well (R? = 0:9990, as seen in gure 5.12. This standard
curve was prepared to achieve the same incubation time as for lateral ow strips.
Similar to results from lateral ow strips, an increase in sensitivity was observed.
Therefore, the limit of detection with 5 h incubation time was LoD = 889pgmL 1.
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Figure 5.12 Calibration curve for PTEN diluted in concentrated medium (con-
centration factor: 80 ), obtained using AlphaLISA acceptor beads conjugated to
anti-PTEN antibody in-house in a standard protocol on microtiter plates. The incu-
bation time of antibodies with PTEN was 5h. Signals were recorded foB00 mson a
Tecan In nite M1000pro, after excitation of donor beads at 680 nm for 100 ms All
samples were prepared in triplicates, together with four blanks that were measured
in triplicate. Blank corrected values for each data point are given by open circles as
the blank-corrected signal and the mean for each PTEN concentration is represented
by the grey dashed line. The black solid line represents the 4-parameter logistics
function with the indicated results and goodness of t R2.
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5.7 Spike-and-Recovery Experiments with AlphaLISA Assay on Microtiter
Plates

When assessing the recovery of PTEN with the standard AlphaLISA assay format in
the same EV samples as for lateral ow strips, a di erent behavior than in LFAs was
observed, as it is depicted in gure 5.13. Using the standard AlphaLISA protocal,
there was no apparent discrepancy in the recovery values measured for samples
obtained by ultra-centrifugation and the internal controls over the entire range of
tested spiking concentrations of PTEN. In addition, samples from ultra-centrifugation
did not show increasing recoveries for lower spiking concentrations of PTEN, as
it was the case for LFAs. However, spiked samples obtained from ultra- Itration
demonstrated recovery values that were elevated and had an increasing trend towards
lower spiked PTEN concentrations. Still, the measured recoveries resembled the
spiked PTEN concentration more closely than it was the case for LFAs. The obtained
values are summarized in table 7.

Table 7 Theoretical concentrations of PTEN in spiked samples of 22Rv1l EVs,

puri ed by ultra- Itration or ultra-centrifugation and their measured recovery. The

CV is given for three measurements per concentration, respectively. The recovery
values were calculated based on the signal measured in internal controls, prepared in
concentrated medium.

spiked concentration recovery Cv
ngmL=1 % %

Recovery calculated from internal control
Samples from Ultra-Filtration

35 122.32 9.65
3.5 132.90 2.13
0.35 157.96 21.21
Samples from Ultra-Centrifugation
35 109.68 14.68
3.5 106.05 10.10
0.35 100.56 7.64
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Figure 5.13 Relative recovery of the indicated spiked PTEN concentrations and
their CV, measured in spiked EVs samples from 22Rv1 cell, that were obtained by
ultra- Itration (dark green) or ultra-centrifugation (light green). The recovery was
calculated based on the measured signal of internal controls prepared in concentrated
medium. The dashed horizontal line denotes a recovery af00 % with the desired
interval of  20% as the gray dotted area.
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5.8 Performance of Gold Nanoparticles on Lateral Flow Strips

First, it was attempted to conjugate the anti-PTEN antibody directly with AuNP to
achieve a similar assay set-up as that using AlphaLISA beads. However, no signal
neither at the control, nor the test line was visible on the lateral ow strips.

This was true, even for extended incubation times and following a protocol reported
in literature for the use of AUNP [117] (data not shown). Due to this reason, the
protocol was changed to use FITC-conjugates of the anti-PTEN antibody, which
should be visualized by the FITC-targeting AUNP contained in the conjugate pad of
lateral ow strips.

In this approach, it was observed that false-positive results occurred in the blank
control, not containing any PTEN. As shown in gure 5.14, there was no apparent
di erence between samples containing di erent concentrations of PTEN, nor between
the negative control without PTEN and analyte containing samples. However, it
could be veri ed that these signals did not arise from an unspeci ¢ binding of the
FITC-antibody conjugate at the test line. The detection of the antibody by a
secondary antibody-HRP conjugate did not show accumulation of the FITC-antibody
conjugate over the entire test line, but its binding at the control line. In a similar
manner, unmodi ed antibody also showed a strong signal at the control line of
lateral ow strips and no accumulation at the test line. Both samples with FITC-
conjugated and unmodi ed anti-PTEN antibody are depicted in the appendix,
gure 8.22. Hence, it could not be deduced which mechanism was underlying the
observed unspeci c signal. Therefore, the use of FITC-labelled antibodies with AUNP-
conjugates of lateral ow strips was also abandoned, as no measure to eliminate the
unspeci ¢ signal at the test line could be found in the course of this thesis.

Lastly, the conjugation of the anti-PTEN antibody with AUNS was tested as
an approach, which allows both the visual read-out of LFA results as well as the
guantitative detection based on Raman reporter molecules.
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Figure 5.14 Colorimetric image of lateral ow strips, testing 20fmol of both FITC-
conjugated and biotinylated antibody against the indicated PTEN concentrations.
The control line shows a strong signal for all samples, including the blank. The
test line shows a weaker signal, which cannot be di erentiated between di erent
concentrations of PTEN and the blank control without PTEN.
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5.9 Performance of AuNS-Antibody Conjugates on Lateral Flow Strips
5.9.1 Visual Read-Out of Lateral Flow Strips with AUNS

The conjugates of AUNS with Raman-active reporter molecules served for both
the visual evaluation and the quantitative read-out of LFAs. First, the successful
conjugation of anti-PTEN antibodies with AUNS via EDC/sNHS coupling was
evaluated using lateral ow strips with a Protein A test line. As it can be seen in
gure 5.15, a clearly visible band developed at the test line when samples of the
conjugate were tested, indicating a successful conjugation. Additionally, the displayed
spectra show that the speci c accumulation of AUNS coincides with a strong Raman
signal of the Raman reporter 4-NTB at its marker band around 1340cnT!. In
contrast, regions outside the test line region show only minor background signal
at the spectral region of interest, to which the nitrocellulose itself also contributes.
Figure 8.23 of the appendix illustrates, that the unspeci c binding of AUNS-conjugates
at the test line region is negligible, when Raman spectra outside the test line region
are compared to that of the nitrocellulose membrane itself. Hence, the prepared
AuNS-conjugates could be employed for measuring a standard curve.

Considering the visual read-out of test results, the lowest detectable PTEN con-
centration was 2500 pg mL=1, as it is seen in gure 5.16. It was also observed, that
test line and control line developed a visually homogeneous signal.
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Figure 5.15 Raman spectra obtained from the indicated regions of a lateral ow
strip with a Protein A test line. For each region six point measurements were
performed and averaged. The strong Raman signal from 4-NTB as the Raman
reporter molecule on AuNS at the test line, indicates that particles were successfully
conjugated to antibodies, as these are bound by Protein A.

Figure 5.16 Colorimetric image of lateral ow strips used to test the indicated

concentrations of PTEN at a AuNS concentration of OD=4 in each sample. The
lowest concentration of PTEN that was visually detectable was2.5ngmL™!, as
indicated in the gure.
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5.9.2 Line Scanning Detection of Raman Signal on Lateral Flow Strips

It was observed that not only the visual inspection, but also the measured Raman
signal along the test line showed only slight variations in the signal intensity. Fig-
ure 8.24 of the appendix shows the spectral region of the marker band of 4-NTB for
six di erent points measured with low variation on the test line when a concentra-
tion of 8.75 10°8gmL™! PTEN was used. To eliminate any further variation in
the detection of the Raman signal from 4-NTB, the whole test line was recorded,
using line-scanning measurements. With this approach an slightly lower LoD of
2195 pgmL=1 compared to the visual read-out was obtained. This values was calcu-
lated from the calibration curve as LoD = blank average + 3 SD. In gure 5.17
the obtained signal intensity maxima at the marker band of 4-NTB (877 nm) are
plotted against the logarithm of the PTEN concentration. Additionally, gure 8.25

in the appendix shows the recorded spectra of the test lines of the employed samples.
In the case of AuNS, it was also possible to obtain a good t of the calibration curve
data (R? = 0:9873 using equation 2.
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Figure 5.17 Calibration curve for PTEN diluted AlphaLISA assay bu er with
2% PEG-4000 and incubated o/n at 4 C with AuNS-conjugates and biotinylated
antibodies. Signals were recorded on a custom-built Raman strip reader as described
in [132] and all samples were prepared with single measurements. The blank-corrected
signal maxima of the marker band of 4-NTB (877 nm) are depicted as open circles
for each data point and connected by the grey dashed line. The black solid line
represents the 4-parameter logistics function with the indicated results and goodness
of t R
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5.10 Comparison of Limits of Detection for the Detection of PTEN

Summarizing the obtained LoDs, it became apparent that the microtiter plate-based
format of the AlphalLISA assay represented the most sensitive technique for the
detection of PTEN. As found for lateral ow strips, a prolonged incubation time also
resulted in enhanced sensitivity compared to the standard incubation time ofl h.
Fluorescence detection fromEu®" doped AlphaLISA beads resulted in the second
lowest LoD, when samples of the standard curve were prepared in AlphaLISA assay
bu er with 2% PEG-4000 and a similar LoD to the visual and Raman read-out of
AuNS was found, when the samples were prepared in concentrated medium. To
summarize these ndings, the detected signal and LoDs of the mentioned methods
are given in table 8.

Table 8 Limits of detection for di erent measurement technigues with respect to
the diluent of PTEN. All samples for standard curve preparation were incubated
with the antibodies for 5h at RT, expect for AUNS, which were incubated o/n at
4 C. Assay bu er is AlphaLISA assay bu er with 2% PEG-4000.

Assay format measured signal PTEN diluent LoD

standard AlphaLISA on chemiluminescence concentrated 88.9pgmL~1

microtiter plate medium

AlphaLISA Europium  uorescence concentrated 2370 pgml=1

beads in LFAs medium

AlphaLISA Europium  uorescence assay bu er 990.6 pgmE?

beads in LFAs

Raman-active AUNS visual read-out assay bu er 2500 pgmE?

Raman-active AuNS Raman signal (line assay buer 2195pgmLE1t
scanning)
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5.11 Performance of Quantum Dots on Lateral Flow Strips

After performing the conjugation protocol of QDs with anti-PTEN antibodies, the
conjugates were tested on lateral ow strips in the same way as conjugated AlphaLISA
beads. However, no signal could be detected neither at the test line, nor the control
line using the LRE cPoCLabFluo reader. An accumulation of signal was only detected
at the beginning of the nitrocellulose membrane of lateral ow strips. Hence, the
migration behavior of conjugated QDs was investigated in di erent bu ers.

5.11.1 Running Behavior of QDs on Lateral Flow Strips

When using diluted QD-conjugates in PBS, it became apparent that signal was
only detected at the beginning of lateral ow strips, indicating their aggregation.
For comparison, a dilution in AlphaLISA assay bu er with 2% PEG-4000 as the
standard bu er for LFAs showed the distribution of signal over the entire nitrocellulose
membrane, but also a fraction of non-migrating QDs at the beginning of the strips.
Hence, PBS seemed to inhibit the migration of QDs in general and the standard bu er
seemed to allow for the movement of colloidal QDs, but not aggregates through the
nitrocellulose membrane, as the uorescence image in gure 5.18 shows. Therefore,
it was tested why no binding and accumulation of uorescence signal was observed
at neither the test nor the control line. To do so, a dot blot assay was performed.
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Figure 5.18 Test of running behavior on lateral ow strips. When QD-conjugates
were diluted in PBS, particles are aggregated at the very beginning of the nitrocellulose
membrane and no signal is detected along the rest of the lateral ow strip (left). A
dilution in AlphaLISA assay bu er with 2% PEG-4000 leads to a distribution of
signal along the entire nitrocellulose membrane (right). However, no accumulation is
visible in the control line area. In addition, a low number of aggregates can be seen
as a narrow band at the beginning of the strip.

5.11.2 Dot Blot Assay with QD-Conjugates

As it was found by the detection of the anti-PTEN antibody using a secondary
antibody-HRP conjugate, no co-localization of chemiluminescence signal from the
antibody with the uorescence signal of QDs was observed. As seen in gure 5.19, the
unconjugated antibody diluted in AlphaLISA assay bu er with 2 % PEG-4000 showed
the highest intensity of chemiluminescence, but no uorescence signal as expected.
For QD-conjugates in the same bu er, a distinct chemiluminescence signal at the
spotted PTEN was also observed. However, the uorescence channel revealed only
clusters that were deposited randomly over the membrane, but no accumulation of
uorescence signal on the spotted PTEN. When QD-conjugates were diluted in PBS,
the chemiluminescence signal was more faint than for a dilution in AlphaLISA bu er,
but still mostly restricted to the spotted PTEN. In contrast, the uorescence channel
revealed, that QDs had accumulated on the entire membrane. A few aggregates are
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visible on the membrane, but no accumulation of uorescence signal at the PTEN
spot.

Figure 5.19 Dot blot assay to test antibody conjugation with QDs. Unconjugated
antibody, as well as QD-conjugates after dilution in di erent bu ers were assessed,
as indicated in the gure. All samples gave chemiluminescence signal on the spot of
PTEN with di erent signal strength (left). Fluorescence signal from QD samples
was not restricted or enriched on the spotted protein (middle). The overlayed images
show no co-localization of chemiluminescence signal (cyan) with uorescence signal
(grey scale), indicating a failed conjugation.

5.11.3 Separation of QDs by Agarose Gel Electrophoresis

When the migration behavior of QDs was analyzed with agarose gel electrophoresis
for the di erentiation between conjugated and unconjugated QDs, it rst became
apparent that a reducing LD resulted in more focused bands in the gel. These allowed
for a more reliable comparison between QDs as seen in the gel image ( gure 5.20, lane
2 and 4) in comparison to blurry and smeared bands that resulted when non-reducing
LD was used (lanes 3 and 5). Comparing the electrophoretic mobility between QDs
before and after conjugation, no apparent di erence could be observed between both
sample types (lanes 2 and 4). In contrast to a retardation expected for conjugated
QDs, the obtained reaction product rather migrated slightly faster than unconjugated
QDs. However, this e ect might also arise from the di erence in the applied amount
of material, that can be deduced from the di erence in uorescence signal intensity.
A similar behavior could be deduced from samples prepared in non-reducing LD,
however the blurred lanes do not allow for a reliable comparison.
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Figure 5.20 Fluorescence image of an agarose gel used for the separation of QDs.
The electrophoretic mobility of unconjugated QDs at a nal 1:200 dilution in reducing
(lane 2) and non-reducing LD (lane 3) was compared to that of the reaction product

of the conjugation in a 1:90 dilution, also in reducing (lane 4) and non-reducing LD
(lane 5). Lane 1 contained5puL PageRuler Prestained Protein Ladder as a reference
of the migration front.
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6 Discussion

6.1 Conjugation of AlphaLISA Acceptor Beads with anti-PTEN Antibody

The conjugation of the anti-PTEN antibody with aldehyde-functionalized AlphaLISA
acceptor beads was successful, considering their performance in the detection of
PTEN by LFAs. It was found, that the conjugated beads produced a speci c signal
at the test line, when PTEN was captured between the conjugates and a biotinylated
antibody against PTEN. Furthermore, the signal intensity was scaling with the
employed PTEN concentration and allowed to record standard curves. For blank
controls without PTEN, the signal at the test line was not detectable, opposed to
the control line signal, which indicates the speci city of conjugate immobilization on
lateral ow strips.

However, the recorded DLS data showed a signi cant size di erence between
the acceptor beads conjugated in-house and commercially available antibody-bead
conjugates (section 5.1.1). It was still concluded, that this size di erence might have
arisen from batch-to-batch variations in the particle synthesis, as the conjugation
of antibodies with the aldehyde-functional beads was successful based upon their
performance in LFAs.

6.2 Conjugation of AUNP with anti-PTEN Antibody

In the case of AUNP, determination of the hydrodynamic diameters by DLS measure-
ments (section 5.1.2) gave a strong indication of the conjugation, as unconjugated
AUNP were available as a reference. The comparison between AuNP before and after
conjugation showed a signi cant di erence between both populations. This di erence
of approximately 15 nm roughly matches the longest dimension of antibodies, which
was reported to be in the range offi0nmto 12 nm [149, 150]. However, the observed
size di erence is slightly higher, which can be attributed to the fact, that antibodies
might be bound on opposing sides of AUNP with random orientation.

An additional observation in DLS measurements was, that the measured size of
unconjugated AuNP was not 40 nm as given by the manufacturer for AUNP, but
almost twice the value. This value is believed to arise from the fact, that AUNP
are coated with PEG-spacer moleculesNly = 10kDa). In addition, the absorption
spectrum indicates that cores of AUNP had the desired size of approximatelytO nm
(section 5.2.1), due to the characteristic absorption peakAbsnax at a wavelength of

= 530nm [144].
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Despite the indication of successful conjugation of AUNP with anti-PTEN anti-
bodies, the performance in LFAs showed no detectable signal for PTEN at the test
line, nor a PTEN-independent signal at the control line. A possible explanation
is the low number of AUNP that were immobilized at the test line, even if PTEN
was captured by the conjugated antibody. Hence, a di erent approach was followed,
using the AuNP contained in the conjugate pads of lateral ow strips. To do so,
it was required to conjugate purchased anti-PTEN capture antibodies with FITC,
which could in turn be bound by gold conjugates contained in the lateral ow strip.

6.3 Conjugation of anti-PTEN Antibody with FITC

Using conjugates of the anti-PTEN antibody with FITC, it became apparent that
AuNP were indeed accumulated at high densities at the test line giving a strong
visual signal (section 5.8). However, this was also true for samples which did not
contain any analyte therefore, the results were false-positive. It is believed that
this behavior was due to unspeci ¢ binding of the AUNP from the conjugate pad,
mediated by components of the FITC-conjugation product. However, it was shown
that it did not arise from the antibody itself, as no accumulation at the test line
could be observed using a secondary antibody conjugated with HRP. This was
also underlined by comparison with the unconjugated anti-PTEN antibody, that
showed no accumulation at the test line, but a clear band at the control line. Hence,
the mechanism or reaction product from the FITC-labelling reaction giving rise to
false-positive results could not be unraveled and the strategy had to be abandoned
due to time constraints.

6.4 Conjugation of AUNS with anti-PTEN Antibody

Testing the reaction product of the EDC/sNHS-coupling of AUNS with anti-PTEN
antibodies on lateral ow strips with a Protein A test line provided a fast and easy
strategy to con rm successful conjugation (section 5.9.1). The visible signal at the test
line showed an immobilization of AuNSvia the conjugated antibody. Additionally, the
integrity of AUNS was con rmed by comparing Raman signal intensities of the marker
band of 4-NTB inside and outside the test line region. A strong signal coinciding with
the visible test line band was observed, while low background signal arose outside
the test line region. Hence, it was concluded that the Raman reporter-functionalized
AuNS had been successfully conjugated to the anti-PTEN antibody. These ndings
were supported by a6.5 nm shift in the absorption peak of AUNS after the conjugation
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reaction, as it has been reported for these particles previously [141] (section 5.2.3).
Additionally, a signi cant increase in the hydrodynamic diameter of the particles was
measured by DLS (section 5.1.3). The increase in size by approximatel®3 nm lies in
the range of the dimensions of antibodies, which were previously reported to have a
size of10nmto 12 nmin their longest dimension [149, 150]. If a random orientation is
assumed on opposing sides of the particles, as for AUNP conjugated with anti-PTEN
antibody before, the size di erence supports the successful conjugation of antibodies
with AuUNS as well.

6.5 Conjugation of Quantum Dots with anti-PTEN Antibody and their Use in
Lateral Flow Assays

After following the protocol for the conjugation of DIBO-functionalized QDs with
the anti-PTEN antibody, the potential QD-antibody conjugates were tested in LFAs.
However, it was observed that there was no binding of conjugates at the test or
control line, but only an accumulation of uorescence signal at the beginning of the
nitrocellulose membrane of strips.

Therefore, the running behavior was rst tested after dilution in di erent bu ers
(section 5.11.1). The results showed however, that AlphaLISA assay bu er with2 %
PEG-4000 was a suitable bu er to promote migration through the nitrocellulose
membrane in general, whereas PBS promoted the aggregation of QDs after a short
migration through the membrane. The slight accumulation of uorescence signal at
the beginning of test strips when using AlphaLISA assay bu er was attributed to
aggregates, that were detected in DLS measurements. The measured hydrodynamic
diameters of these potential aggregates were in the range abo®00 nm not allowing
for particles to migrate through the nitrocellulose membrane. In addition, these DLS
measurements revealed that no change in the hydrodynamic diameter of disperse QDs
was observed after performing the conjugation protocol (section 5.1.4), indicating
that no antibody was bound to the particles. Hence, it was investigated, if QDs were
in fact not conjugated to anti-PTEN antibody, explaining the missing signal at the
test and control line of lateral ow test strips.

First, a dot blot assay revealed that the puri ed reaction mixture from the
conjugation reaction indeed contained antibody binding to PTEN (section 5.11.2).
However, the amount of antibody seemed to be reduced in comparison to the
unmodi ed antibody, which was diluted in a similar manner. Additionally, PBS
also showed a decreased binding of antibodies in comparison to samples prepared
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in AlphaLISA assay buer with 2% PEG-4000. Still, in neither of the bu ers
an accumulation of uorescence signal was observed at the PTEN spots, which
coincided with the chemiluminescence signal arising from anti-PTEN antibodies,
that should have been conjugated to QDs. Therefore, it was concluded that the
chemiluminescence signal arose from free antibody remaining in the reaction mixture
despite the attempted puri cation step for the removal of unconjugated components
of the conjugation reaction.

Secondly, the migration of QDs before and after performing the conjugation
in an agarose gel showed no apparent di erence in the electrophoretic mobility
(section 5.11.3). It rather appeared, that QDs from the conjugation reaction migrated
slightly further, potentially due to a loss of the DIBO group during the conjugation
reaction. Therefore, the results stand in contrast to those reported in literature,
which showed a clear retardation of QDs that were conjugated to proteins with a lower
molecular weight than antibodies, when the same parameters for electrophoresis were
used [143]. Taking the results from DLS measurements, dot blots and agarose gel
electrophoresis together, it had to be concluded that the conjugation reaction failed
following the protocol of the manufacturer. Due to these unfavourable observations,
the use of QDs for the quantitative detection of PTEN in LFAs could not be pursued
further.

6.6 Performance of AlphaLISA Assay Formats

When comparing results from AlphaLISA assays performed in microtiter plates
(section 5.6) and on lateral ow strips (section 5.4), it became apparent that the
original assay design on microtiter plates showed a higher sensitivity of the assay
than that transferred to lateral ow strips. This was re ected by the LoD, which was
approximately 27 lower in the plate-based format. However, it has to be stated, that
the recorded signal arose from di erent mechanism in the di erent assay formats. For
the original AlphaLISA assay format, chemiluminescence of europium chelates arises
from luminescent oxygen channelling by radicals produced from donor beads in their
close proximity upon irradiation with laser light at 680 nm (appendix, gure 8.4).
Hence, signal evolves with high local restriction, where acceptor and donor beads
are closely coupledvia the analyte in this case PTEN [151]. For comparison,
the set-up transferred to a LFA relies on the use of acceptor beads only, and their
emission of uorescence upon illumination by light in the near UV range. In contrast
to the red-light illumination of donor beads, the excitation light needed for acceptor
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bead uorescence may lead to auto- uorescence of other materials than the acceptor
beads themselves. Hence, a high background signal can lead to a reduction of the
assay sensitivity. To circumvent this in uence and increase the assay sensitivity,
time-resolved uorescence can be used with europium chelates, due to their long
uorescence life-times, as it was for example shown by Juntunemet al. [117]. However,

a capable device was not available for these studies.

Another striking observation was the in uence of incubation time on the recorded
signal intensity and therefore also the assay sensitivity (section 5.3). After screening
a range of incubation times for the use in lateral ow assays5h were chosen as a
reasonable compromise between signal intensity, assay sensitivity, assay run-time and
stability of reactants. The same was true for the standard AlphaLISA protocol on
microtiter plates, where an increase in assay sensitivity by around 5-fold could be
observed when the incubation time was increased fronl h as recommended [151] to
5h as optimized for the use in lateral ow strips. Therefore, the time-dependence of
the signal intensity was irrespective of the assay format. This fact indicates a lower
a nity of the anti-PTEN antibody conjugated to AlphalLISA beads compared to
that present on acceptor beads of the commercial kit.

Lastly, a strong matrix e ect became apparent, when standard curves were recorded
after dilution of PTEN in di erent diluents (section 5.4) a phenomenon previously
reported for the plate-based assay format [152]. While the LoD on lateral ow strips
was belowl ng mL=! in AlphaLISA assay bu er with 2% PEG-4000, the LoD was
increased around 2.4-fold when PTEN was diluted in concentrated medium. In this
richer matrix, there seems to be interference with binding between antibodies and
the target by molecules of the concentrated medium and the environment might
be molecularly more crowded, hindering the recognition of PTEN by conjugated
antibodies. Other possible reasons, that have been discussed in literature include the
inner Iter e ect, arising from light absorbing molecules within the sample. However
this e ect should be minimal even in biological matrices at the emission wavelength
of 615nm for acceptor beads [152]. A more probable e ect might again be the
absorption of the excitation light in the near UV range. Furthermore, free biotin in
concentrated medium might compete for binding sites [152] at the test line, leading
to a lower number of captured acceptor beads. Consequently, it is required to nd a
suitable matrix for the calibration of the assay and appropriate sample pre-treatment
strategies to prevent bias in the detection and quanti cation of PTEN in the desired
matrix of clinical samples.
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6.7 Recovery of PTEN from Spiked Samples

Spiking samples of EVs from di erent cell lines and puri cation strategies also showed
a strong dependence on the sample matrix (section 5.5). For both samples from 22Rv1
cells and that from PNT1a cells it was observed, that the calculation of recovery
values was not possible based on the standard curve prepared in bu er. Using this
approach, recovery values were in almost all cases far below the desired range of
100% 20% However, the use of the calibration curve prepared in concentrated
medium resulted in higher values, but these exceeded the true spiked concentration
substantially. Especially for ultra- ltrated samples from 22Rv1 cells, recoveries were
above 150 % as these samples present the richest sample matrix for EVs, that might
lead to the detection of unspeci ¢ signal. More puri ed samples from 22Rv1 cells,
produced by ultra-centrifugation for comparison showed recovery values within the
desired range. However, this was only true for the highest spiking concentration
of PTEN. A similar observation was made for ultra- Itrated samples from PNT1a
cells, spiked with 3.5 10°8gmL=! PTEN, which gave a suitable recovery based
on the standard curve prepared in concentrated medium. Hence, PTEN-negative
EV samples from PNT1la cells gave lower recovery values than those from PTEN-
positive EV samples, originating from 22Rv1 cells, when both were obtained from
ultra- ltration. This fact indicates that despite the subtraction of blank values,
endogenous PTEN might increase the recovery from EV samples substantially as
seen for 22Rv1 cells.

Additionally, it was suspected that the shift to higher recovery values seen for
samples from 22Rv1 cells with decreasing spiked PTEN concentrations may arise
from endogenous PTEN. However, samples from PNT1la cells showed the same
behavior despite being PTEN-negative. It can therefore be concluded, that there
is an unspeci ¢ contribution to the measured signal. This bias was most probably
measured constantly throughout all samples, however its relative contribution is
rising with lower spiked amounts of PTEN. Hence, it results in an increase of the
observed recovery values on lateral ow strips when the spiked PTEN concentration
was decreasing in all sample types employed for spike-and-recovery experiments.

A comparison with recovery values achieved using the standard AlphalLISA assay
format on microtiter plates (section 5.7) underlines the explanation of increasing
recovery values by a systematic error in LFAs. As it was shown for recovery experi-
ments on microtiter plates using an internal reference, recovery values were similar
throughout all spiking concentrations of PTEN for both sample types, respectively.
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In these experiments, EV samples obtained by ultra-centrifugation allowed for recov-
ering the spiked PTEN concentration most precisely, when compared to samples from
ultra- Itration and also from LFAs. In contrast, samples from ultra- Itration showed
elevated recovery values, which were slightly increasing towards lower spiked concen-
trations. However, this observation can be explained by the fact that ultra- Itration
results in less puri ed EV populations, due to a concentration of medium constituents
by this technique at the same time, which is largely omitted by ultra-centrifugation.
Hence, a higher endogenous level of PTEN results, contributing to the measured
recovery.

Concludingly, it can be said that the standard AlphaLISA assay format proved
to deliver more realistic recovery values of PTEN, although an internal control for
the measured signal is required. Additionally, it was shown that no systematic error
resulted in this assay format, as it was the case for LFAs. Therefore, the microtiter
based detection of PTEN is more sensitive and more precise than that on lateral ow
strips, but requires dedicated equipment and a complex assay scheme, which should
be omitted by the use of LFAs. Lastly, it can be concluded that ultra-centrifugation
yields a more suitable matrix for the detection of spiked PTEN than ultra- Itration.
This observation also gives an indication for suitable puri cation strategies of clinical
samples to obtain reliable results.

6.8 Performance of AuNS-Conjugates on Lateral Flow Strips

First, the visual assessment of AuUNS-conjugates (section 5.9.1) revealed, that it was
possible to achieve a LoD that was approximately2:5 higher than for AlphaLISA
beads in LFAs, when samples were prepared in AlphaLISA assay bu er with2 %
PEG-4000. Employing the conjugates at a density ofOD = 4 in the nal sample
volume allowed for the formation of visually homogeneous signals at the test line,
while a surplus of particles was still able to bind at the control line as an indication
of the successful assay. In this respect, AUNS allowed to detect PTEN down to
concentrations of 2500 pg mL= 1 without the need for any equipment for the read-out
of LFAs. Hence, AuNS as the 'gold standard' for LFAs chosen here showed less
sensitivity than uorescence detection of Eu®* chelates as expected, however their
performance was not as inferior as reported previously [117].

Secondly, the use of a custom Raman strip reader for the detection of signals from
Raman reporter molecules on AuNS, immobilized at the test line, showed that the
technique resulted in a similar LoD compared to the visual read-out (section 5.9.2).
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As these results were obtained in preliminary experiments, it is expected that the
sensitivity of LFAs using Raman signal of AUNS for PTEN detection can be enhanced
by further optimization of the assay set-up and measurement parameters. The use
of higher AUNS concentrations could for example increase the density of particles at
the test line and therefore decrease the LoD by visual read-out and Raman signal
measurements. However, the nding of optimal conditions have to be subject to
future experiments due to time constraints. In addition, the perfomance of AuNS
in more complex matrices, such as cell culture medium or supernatants tested here,
will need to be assessed.
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7 Conclusion and Outlook

The results obtained in this master thesis showed that the detection of PTEN as a
potential new biomarker from EVs is generally possible byin vitro LFAs. This was
shown for di erent kinds of labels and read-out methodologies. It was shown, that
the success of conjugation of labels with the chosen antibody for PTEN as the target
could be veri ed by DLS, UV-Vis absorption spectra measurement and agarose gel
electrophoresis. Hence, these experiments present a straightforward tool-box for the
easy characterization of the obtained labels to evaluate their suitability for LFAs.

With the help of these methods, uorescent AlphaLISA acceptor beads and AuNS
were shown to be successfully conjugated to the anti-PTEN antibodies, while also
performing suitably in the detection of PTEN. In contrast, these technique also
indicated a successful conjugation of AUNP with the antibody, however there was
no detectable signal in LFAs. In addition, the conjugation of anti-PTEN antibodies
with FITC resulted in false-positive test results and the conjugation of the same
antibody with QDs failed.

Therefore, only the use of conjugated AlphaLISA acceptor beads could be tested
in a standard microtiter plate-based format and on lateral ow strips, as well as
conjugates of AUNS by their visual read-out and Raman measurements. As it was
reported, the use of the standard AlphaLISA assay format showed highest sensitivity
in the detection of PTEN and the highest precision in the recovery of PTEN from
spiked model matrices. For similar experiments on lateral ow strips, a decreased
sensitivity was observed and it was not possible to reliably determine the amount
of PTEN in model matrices. Furthermore, long incubation times were required for
the chosen antibody pair, impeding the fast read-out that is usually associated with
LFAs. Lastly, only preliminary experiments could be performed with conjugates
of AuNS. Sitill, the obtained results showed that even the visual read-out of these
nanoparticles is similarly sensitive as the uoresence detection of AlphaLISA beads in
concentrated medium on lateral ow strips. With the help of a custom-built Raman
strip reader, the sensitivity might even be enhanced further after optimization of
the system. Sitill, the reproducibility of these results needs to be con rmed in future
experiments and for di erent matrices.

However, in general the identi cation of a suitable biological matrix for the detection
of PTEN and hence optimized sample preparation schemes are still required. As
there is no consensus in the scientic community about appropriate puri cation
strategies for the diagnostic use of EVs yet, the nal sample matrix for the detection
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of PTEN is still unknown. Nevertheless, it could be shown that its choice for assay
calibration is of high importance, due to possible matrix e ects on the detection.

Once de ned EV populations can be obtained from biological samples, it is
also desired to implement their speci ¢ enrichment within the assay. In this way,
concentrated EV populations could be separated by surface-markers according to
their tissue of origin, for example at a rst test line of LFAs. Thereafter, the lysis and
detection of desired EV content should occur on the same lateral ow strips, capturing
the respective analyte at a second test line. However, due to the minute amounts of
speci ¢ biomarkers contained in EV samples, a most sensitive detection scheme has
to be found. In the course of this thesis, the Raman detection of marker molecules on
AuNS and uorescence detection fromEu®* doped AlphaLISA beads were found to
meet these requirements. Hence, future investigation and validation of the proposed
detection strategy should rely on these labels. In addition, the conjugation with
antibodies with a higher a nity for PTEN may additionally accelerate test-to-result
times. In this way, a rapid PoC system could be found, relying on the read-out
by a miniaturized and compact Raman reader, which might be translated from a
prototype to a commercial solution.
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8 Appendix

Figure 8.1 Simpli ed reaction of aldehyde-functionalied AlphaLISA acceptor beads
with amine groups of antibodies. After formation of a Schi base between these
two groups, they were reduced by sodium cyanoborohydride, giving an irreversible
linkage between beads and antibodies. Reaction components not to scale.

Figure 8.2 Reaction for the activation of carboxylic acid groups of the PEG-coating
of gold particles by EDC and sulfo-NHS. When the active sulfo-NHS ester is formed
with carboxylic acid groups, these can react with amine groups of antibodies to form
an amide bond. Formation of the active sulfo-NHS ester for AUNS was performed
by Vi Tran, whereas AuNP were purchased functionalized with the leaving group.
Reaction components not to scale.
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Figure 8.3 Simpli ed reaction scheme for the commercial QD conjugation kit. First,
the glycosylation patter of antibodies should be modi ed by -Galactosidase. Then,
UDP-N-azidoacetylgalactosamine (UDP-GalNAz) the azide containing sugar moiety
is attached to the hydrocarbon chain by -1,4-galactosyltransferase. Thereafter, the
copper-free click reaction occurs with dibenzocyclooctyne-groups of QDs to form the
conjugate. Reaction components not to scale.
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Figure 8.4 Schematic illustration of the AlphaLISA assay principle. The analyte is
bound by one antibody, conjugated with AlphaLISA acceptor beads and another an-
tibody labelled with biotin. After formation of the sandwich-type structure between
antibodies and the analyte, streptavidin coated donor beads bind to biotin-residues
of one antibody population. Thereafter, reactive oxygen species can be liberated
by donor beads upon excitation with laser light at 680nm The channelling of
oxygen species to AlphaLISA acceptor beads then causes the emission of chemilu-
minescence light at615 nm from the latter bead type. The intensity of detected
chemiluminescence correlates with the amount of bound target molecules. Figure
taken from [153].
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Figure 8.5 Size distributions by number of three measurements performed with
AlphaLISA beads that were coupled in-house to anti-PTEN antibodies.
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Figure 8.6 Size distributions by number of three measurements performed with
AlphaLISA beads that are purchased with coupled anti-PTEN antibodies.
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Figure 8.7 Size distributions by intensity for measurements 1 to 3, performed with
unconjugated AuUNP at OD=1 in AuNP storage bu er.
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Figure 8.8 Size distributions by intensity for measurements 4 and 5, as well as the
average for all 5 measurements, obtained with unconjugated AUNP aODD =1 in
AuUNP storage bu er.
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Figure 8.9 Size distributions by intensity for measurements 1 to 3, performed with
AuNP after conjguation. The concentration was adjusted to OD = 1 with storage
bu er for AuNP.
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Figure 8.10 Size distributions by intensity for measurements 4 and 5, as well as the
average for all 5 measurements, obtained AUNP after conjguation. The concentration
was adjusted toOD = 1 with AuNP storage bu er.
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Figure 8.11 Size distributions by intensity for the three measurements of AUNS
before conjugation, performed at anOD = 0:08 after dilution in PBS.

127






	Abstract
	Introduction
	Prostate Cancer
	Prevalence and Burden to Health Care Systems
	Current Diagnostic Methods

	Exosomes and Extracellular Vesicles
	Cell Signaling through Extracellular Vesicles
	Extracellular Vesicles as Diagnostic Tools
	Novel Prostate-specific Biomarkers from EVs

	Lateral Flow Assay for Point-of-Care Applications
	Current Designs for Applications of Lateral Flow Devices
	Detection Labels and Read-Out from Lateral Flow Devices

	Analysis of Extracellular Vesicles and their Content on Lateral Flow Platforms

	Objective of this Thesis
	Materials and Methods
	Instrumentation and Equipment
	Chemicals and Consumables
	Conjugation of AlphaLISA Acceptor Beads with anti-PTEN Antibody
	Conjugation of Gold Nanoparticles with anti-PTEN Antibody
	Conjugation of anti-PTEN Antibody with FITC
	Conjugation of AuNS with anti-PTEN Antibody
	Conjugation of anti-PTEN Antibody with Quantum Dots
	DLS Measurements of Nanoparticles Suspensions
	Absorption Measurements of Gold Nanoparticles for Conjugation with anti-PTEN Antibody
	Absorption Measurement of Gold Nanoparticles from Conjugate Pad
	Absorption Measurement of Gold Nanostars for Conjugation with anti-PTEN Antibody
	Absorption Measurements of Quantum Dots
	Production of concentrated Cell Culture Medium
	LFA with Fluorescent AlphaLISA Bead Conjugates
	General Assay Scheme for the Detection of PTEN in Solution
	Screening of Incubation Time for optimized Signal Intensity on Lateral Flow Strips
	Measurement of PTEN Standard Curves on Lateral Flow Strips
	Spike-and-Recovery Evaluation of PTEN on Lateral Flow Strips

	Standard Protocol for AlphaLISA Assay on Microtiter Plates
	Determination of Standard Curves
	Spike-and-Recovery Experiments from EV samples

	LFA using AuNP Conjugates with different Antibodies
	AuNP conjugated to anti-PTEN Antibodies
	Use of AuNP from Lateral Flow Conjugate Pad with FITC-labelled anti-PTEN Antibodies
	Test of unspecific Antibody Binding at the Test Line of Lateral Flow Strips

	Use of AuNS-Conjugates on Lateral Flow Strips
	LFA using Conjugates of anti-PTEN Antibodies with Quantum Dots
	Testing the Running Behavior of QD-Conjugates on Lateral Flow Strips
	Dot Blot Assay with QD-Conjugates
	Agarose Gel Electrophoresis of Quantum Dots

	Results
	DLS Measurements of Nanoparticle Suspensions
	Hydrodynamic Diameters of AlphaLISA acceptor beads
	Hydrodynamic Diameters of spherical Gold Nanoparticles
	Hydrodynamic Diameters of Gold Nanostars
	Hydrodynamic Diameters of Quantum Dots

	UV-Vis Absorption Measurement of Nanoparticle Suspensions
	Absorption Spectra of Gold Nanoparticles for Conjuguation with anti-PTEN Antibodies
	Absorption Spectrum of Gold Nanoparticles from Conjugate Pad
	Absorption Spectra of Gold Nanostars for Conjugation with anti-PTEN Antibody
	Absorption Spectra of Quantum Dots

	Screening Incubation Time for optimized Signal Intensity on Lateral Flow Strips
	Standard Curves for PTEN Detection with AlphaLISA Beads on Lateral Flow Strips
	Spike-and-Recovery Evaluation with conjugated AlphaLISA Beads on Lateral Flow Strips
	Standard Curves with Standard AlphaLISA Protocol on Microtiter Plates
	Spike-and-Recovery Experiments with AlphaLISA Assay on Microtiter Plates
	Performance of Gold Nanoparticles on Lateral Flow Strips
	Performance of AuNS-Antibody Conjugates on Lateral Flow Strips
	Visual Read-Out of Lateral Flow Strips with AuNS
	Line Scanning Detection of Raman Signal on Lateral Flow Strips

	Comparison of Limits of Detection for the Detection of PTEN
	Performance of Quantum Dots on Lateral Flow Strips
	Running Behavior of QDs on Lateral Flow Strips
	Dot Blot Assay with QD-Conjugates
	Separation of QDs by Agarose Gel Electrophoresis


	Discussion
	Conjugation of AlphaLISA Acceptor Beads with anti-PTEN Antibody
	Conjugation of AuNP with anti-PTEN Antibody
	Conjugation of anti-PTEN Antibody with FITC
	Conjugation of AuNS with anti-PTEN Antibody
	Conjugation of Quantum Dots with anti-PTEN Antibody and their Use in Lateral Flow Assays
	Performance of AlphaLISA Assay Formats
	Recovery of PTEN from Spiked Samples
	Performance of AuNS-Conjugates on Lateral Flow Strips

	Conclusion and Outlook
	References
	Appendix
	Acknowledgements

