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Abstract

Lateral flow assays (LFA) represent one of the most important tools in point-of-care-diagnostics (POC)
and therefore play a crucial role in disease control and food safety. However, the underlying
technology of LFAs features severe limitations. High limits of detection and the absence of suitable
molecular recognition elements (MRE) for small analyte molecules, highly toxic, and non-
immunogenous targets limit their field of applications. At the same time the high demand for LFAs calls
for sustainable and green solutions to assure the sufficient supply in the future. Here, these problems
are tackled by introducing the first LFA system featuring nano-bio-conjugates (NBC) consisting of laser-
generated nanoparticles and aptamers. The conjugation and functionality of the NBCs was analyzed
via physiochemical methods (spectroscopy, color analysis, LFA functionality testing). Conjugates
featuring moderate surface coverages provided the best functionality. The elemental surface
composition does affect the functionality of the NBCs, yet they represent robust detection units that
operate over a broad range of varying alloy compositions. It was possible to demonstrate NBC
functionality und LFA conditions when recovered hexaethylenglycol (HEGL)-spacer-aptamers from
previous conjugation processes were used, which represents a great example of improved atom
economy. All findings were fused into one functional test system for ampicillin detection. This new
type of LFA upholds the high standards of POC-diagnostics, while introducing aspects of green
chemistry. These findings might contribute to aptamer-LFAs finding their niche in the vast and growing

field of POC-diagnostic tools and help LFAs to take the next steps towards green technology.



1. Introduction and Objectives

Pregnant or not?
Infected or not?
Drinkable or not?

Lateral Flow Assays (LFA), fulfilling the WHO's assured-criteria, assist people throughout life by giving
quick answers to crucial questions [1]. The paper-based test-stripes indicate the presence of a given
analyte within a liquid sample within minutes. Since the first commercial test stripe introduction in
1988 [2], the range of test systems detecting various analytes has been steadily expanded. Today, it is
possible to detect drugs [3], food hazards [4], antibiotics [5], viruses [6,7], bacteria [8], heavy metals
[9], hormones [10], and many more analytes [11,12] within minutes — without the help of expensive
analytical equipment. The test principles are robust and can be easily utilized wherever needed,
whenever needed, thus, providing qualitative analytics wherever one may go. This flexibility allows

these detection systems to operate at the point-of-care (POC). [13]

However, the technology behind the paper-based test stripes is already more than thirty years old.
Advancements have been made for almost every component of the LFA system, including its very heart
- the nano-bio-conjugate. Typically, LFAs utilize nano-bio-conjugates consisting of antibodies bound to
a chemically synthesized noble metal nanoparticle sphere. Antibodies are part of the immune defense
of mammals. These protein complexes bind highly specific to antigens of potential infectious cells and
viruses. Even though antibodies can tackle a vast selection of antigens, some substances are just not
immunogenic. [14] Those substances do not cause any immune response; therefore, no antibodies
exist against them. Other substances are just too toxic and kill the organism before an immune
response can be successfully executed. Herein lies a perfectly suited field of applications for aptamers.
These short, single-stranded DNA/RNA-sequences can be chemically synthesized, bind target
molecules with high specificity and represent one of the most interesting ways to improve the existing
LFA systems and expand their field of applications. [14] In addition to that, aptamer can be synthesized
chemically and do not require host organisms during their production. The state of the art monoclonal
antibody generation procedure requires heavily on the utilization of mice [15]. Thus, aptamer synthesis
contributes to reduced animal suffering and to the reduced utilization of animals within the
pharmaceutical/chemical industry and research. This is a major column of the European Green Deal of
which Germany is an valid participant of [16]. Nevertheless, why stop after replacing the antibody with

its green counterpart? It is time that the nanoparticles are modernized too.
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Laser-ablation in liquids (LAL) has gained considerable attention throughout the years in the field of
material science. It allows the green synthesis of highly pure, organic-ligand-free noble metal
nanoparticles (NP). In addition to that it represents the only way to generate alloy nanoparticles within
a single working step, without any organic precursors, while upholding to the principles of green

chemistry [17-19].

The principles of green chemistry were established in the early 1990s [18,20,21]. The twelve principles
aim to prevent waste, maximize the incorporation of used materials into the final product, replace
hazardous substances whenever possible, be energy efficient, and more [18]. Laser-generated NP have
been proven to be more energy efficient in their synthesis than chemical synthesized nanoparticles
[22], do not require the utilization of auxiliary reducing agents like e.g. citrate, and bypass the problem
of incompletely converted chemical precursors (atom economy) [17]. Regarding the drastically
increased demand for LFA systems since the outbreak of SARS-CoV-2 — with 1,200,000,000 units being
used so farin the U.S.A. and India only (status: 04.12.2021) [23] —the commandment arises to minimize
the production requirements of LFA systems drastically with regard to its energy and material demand.
The global crisis will continue to take its toll on mankind regarding human lives, energy, and resources.
Green alternatives must be established to existing systems as soon as possible. LAL NP could positively
contribute to less resource intense test systems. However, it must be made clear, that one-time test
systems will never be green products in regard of green chemistry. But the raw materials for LFA

production could be produced in accordance with these high and sustainable standards.

So far, there is no existing commercially available LFA system to our best knowledge utilizing both:
aptamers and LAL NP. The combination of both green alternatives to the existing state-of-the-art
components and the consecutive development of a proof-of-concept LFA test system represents this
work’s focus. The developed test system aims to be an easily modifiable platform for a huge variety
of analytes. Its main component, namely the nano-bio-conjugate consisting of LAL Au NP and thiolated
aptamers, is carefully developed with optimal target binding efficiency, modifiability, atom economy,
waste prevention and energy efficiency in mind. However, there is an significant knowledge deficit

how aptamer LAL NP conjugates perform in LFA systems.

Until now, no systematic evaluation has ever been performed on the conjugation of LAL NP with
aptamers in the context of LFA applications. Petersen and Barcikowski laid the foundations for the
nano-bio-conjugation of LAL nanoparticles [24-26]. Barchanski et al. could build upon these findings
with their basic research on the influence of the aptamers design and the functionality of laser-
generated Au NP conjugates. [27,28] One aim of this work is to expand the understanding of

bioconjugation of LAL Au NP with aptamers. So far, it is unknown how LAL NP change the signal
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intensity and LOD of LFA systems. Therefore, conjugates are analyzed concerning their optical
properties, ideal concentration, and surface coverage by UV-vis extinction spectroscopy and by color
analysis based on digital photos. Conjugates’ functionality is quantified spectroscopically, and via LFA
testing. Low limits of detections represent a bottleneck in the development of new LFA test systems

[29].

So far, the influence of the surface coverage of conjugates has only been material to assumptions [17].
Walter et al. were able to demonstrate the functionality of in situ aptamer conjugated laser-generated
gold nanoparticles, thus laying the foundation of this work. [30] Based on this very important finding,
this work aims to provide a detailed evaluation of how to achieve a freely adjustable surface coverage
to allow the ideal configuration for different analytes. Furthermore, its aim is to systematically link
surface coverage and functionality for the first time for aptamer LAL AuNP conjugates. Thus, it seeks
to ultimately generating evidence which surface coverage is providing the highest functionality.
Different salt-aging techniques are compared and evaluated based on the resulting colloidal stability
and functionality. In addition to that, this work aims to provide a better understanding of the influence
of the surface composition with respect its elemental composition of the nanoparticle onto the
functionality of the respective conjugates. Thus, the transferability from gold to alloy nanoparticles has
been examined. Furthermore, this work evaluates the potential of aptamer LAL NP to achieve high

atom efficiency and waste prevention by introducing an aptamer recycling process.

A subsequent bibliographic analysis of the existing aptamer-LFA systems, how the newly developed
proof-of-concept-LFA contributes to the progress of the field of LFA-based POC diagnostics, and how
future test systems can overcome the existing limitations of LFAs. The aim of this study is to analyze if

the LOD is the main bottleneck or not.
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2. Theoretical Background

The year 2020 has proven itself to be one of the most challenging ones in recent human history.
Climate change, political, and social changes and all above the Covid-19 pandemic take their tolls on
public life and our society. In early 2019 the healthcare system was craving for fast, cheap, and reliable
test systems to tackle the tremendous amounts of testing of possibly Covid-19 infected. At this early
stage of the pandemic, the lion’s share of testing was done via real-time-polymerase chain reaction
tests (RT-PCR), which is time-consuming and easily misinterpreted [31]. Currently LFAs have taken the
helm in our work and everyday life, providing the necessary testing capacity allowing the required
safety for personal and professional meetings and events. Nanotechnology is doing its part to fight
the virus, coming along with various approaches to prevent infections, destroying virions [32], or even
speeding up vaccine development [33]. However, only a small community within the discipline of
nanotechnologies tackles the field of fast, easy, and reliable testing via point of care (POC) devices; all
above the lateral flow assay (LFA) test system, which began its rise in 1988 with the release of the first

commercial pregnancy test.

The need for a reliable POC-diagnostic tool in the current pandemic stresses not only the importance
of such technologies but serves as a reminder that there are much more target molecules out there,
requiring efficient testing systems. The following sections will mainly focus on lateral flow assays to
detect small, highly toxic molecules, like ochratoxin and ampicillin. State-of-the-art compounds will be
fused into a novel functional bioconjugate: laser-generated metal nanoparticles (NP) and highly

specific binding single-stranded DNA strands, called aptamers.

2.1 Point of care diagnostics

Diagnostic and analytical aid wherever and whenever you need it — point of care diagnostics must keep
a great promise. Instrumental analytic chemistry is performing at an undreamed performance capacity
with state-of-the-art instruments like HPLC-MS, GCxGC, and many more. Nevertheless, what should
one do if there is no high-end analytical laboratory available? What if resources, all above time and
money, are strictly limited? Or if one is lost within the wilderness? To survive or to master her/his/their
specific environment, one requires analytical devices that can be easily used and can tell with high

accuracy if, e.g., one can drink safely from a water supply or if antibiotics are required. In this case,

13



there is a high demand for point of care devices. The
WHO provides strict criteria which must be fulfilled by
a device to be considered POC summarized by the
ASSURED criteria: affordable, sensitive, specific, user-
friendly, robust and rapid, equipment-free, and

deliverable (see Figure 1). [34]

These criteria are designed to “assure” that POC-

devices can be efficiently operated in resource-limited

areas e.g., in rural areas of developing counties. This £quipment free

concept is already widely applied and more than

40.000 devices have already been developed based  Figure 1: ASSURED criteria according to WHO; based
th k of Drain et al. [1].

on these criteria [34]. They have been designed to upon the work of Drain et al. 1]

cope with a huge variety of analytes, ranging from severe viruses like HIV [1] to bacteria [35] and finally

to very small toxic compounds like, e.g. ampicillin [36].

The POC market is steadily growing, and it can be assumed that the demand for POC will steadily
increase within years to come. This market’s expected growth is estimated to increase from

23.16 billion S in 2016 to 36,96 billion $ in 2021. [37]

2.2 Lateral Flow Assays

Without a doubt, the LFA remains the most prominent POC-device since the market introduction of
the pregnancy test. Easy to use, cheap, rapid results, low limit of detection (LOD), and a broad
spectrum of analytes make the LFA a formidable POC-all-time-champion. However, the recent years
featured many new developments like, e.g. multiplex LFAs [38], and the advancing in-silico analysis
lead to the development of “lab-on-a-chip”-devices. The classical LFA is facing its technological
successors. However, the POC-device’s digitalization will eventually end in their metamorphosis into
highly complex and therefore no longer POC-suited devices — thus, the LFA will stay with humanity for

years to come.

From a technical point of view, LFAs are simple pads glued on a supported paper matrix. The basic set-
up can be modified, e.g., to feature multiple test lines, filters, or additional markers, but the core LFA
always follows the same scheme (see Figure 2). The sample pad serves as an entry point for the analyte.
Here unwanted components of the sample matrix are filtered, and a buffer loaded onto the pad can
assure the correct test performance. The sample proceeds through the LFA, wetting the conjugate pad

—home of the conjugate, which will ultimately tell if the analyte is present or not. Here, the typical red
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line indicating the analytes presence is produced by the accumulation of gold nanoparticles and their
respective strong absorbance of green light due to their strong localized surface plasmon resonance
(LSPR; since bulk material is of no importance in this work the term SPR will be used likewise, yet
usually it would refer to the surface plasmon resonance of bulk material not nano-sized material [39]).
[40] Thus, a red line can be seen. The dried and loaded conjugate redisperses, mixes with the sample,
and finally enters the nitrocellulose membrane. If we are looking at a sandwich assay, this is also the
moment at which the conjugate’s functional molecule binds to the target. Through capillary flow,
analyte and target wander towards the waste pad. By doing so, they pass the test-, and control line.
The control line binds specifically to unbound conjugate, therefore always generating a positive signal.

However, the test line will behave differently based on the type of LFA used. [41]

flow direction

ﬁ

sample pad

| waste pad

‘ TL ‘ CL nitrocellulose

Figure 2: Schematic overview over a standard LFA test system without its protective encasing. TL = test line; CL = control line.

State-of-the-art LFA functionality is achieved by one of two opposing approaches: the sandwich-assay

and the competitive assay [13,42] — both providing their own strengths and weaknesses.

The sandwich format (see Figure 3) allows the targeting of two distinct docking points of the target,
called epitopes or, in the case of aptamers, “aptatopes”, thus guaranteeing a high specificity and
sensitivity while keeping the readout simple [43]. One antibody is immobilized on the test line, whereas
the second antibody is immobilized onto the nano-bio-conjugate surface. However, not every target
offers two simultaneously functioning aptatopes. Especially targets of low molecular weight are
unsuitable for the sandwich format. [44] However, high molecular weight targets can also cause

hardship for the detection process if they are encountered at low concentrations [45].
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Test Line

Control Line

Figure 3: Principle of a “sandwich format” LFA utilizing antibodies. Content of the red box is based on an EMD Millipore
information material [41].

It is much easier to detect low molecular weight compounds via the competitive format (see
Figure 4). Here, the target molecule competes with a label featuring the molecular recognition
element (MRE). If the target is present within the sample, it will prevent MRE binding to the
immobilized binding agent on the test line (e.g. streptavidin), resulting in a reduced or even vanished
test line staining. [34] Depending on the target concentration, a visible readout may be impossible and

additional analytical devices are required to allow the correct readout, limiting the POC-advantages.

target not present

Test Line

Control Line

AT

Test Line

Control Line

—

AV ]I

target present

E'IcD Elll:l>

Figure 4: Principle of a “competitive” LFA. Content of the red box is based on an EMD Millipore information material [41]. A)
target is not present. Therefore, the nano-bio-conjugate binds to the test line. B) Target analyte is present and binds to the
nano-bio-conjugate. The test line shows less to no staining.

However, the very heart of both LFA schemes is always a functional nano-bio-conjugate (NBC). Without
this NBC, there is no visible readout. The user sees either the accumulation of the NBC at the test line

or the NBC being carried away by the analyte solution. Usually, the NBC consists of a specific-binding
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molecule, e.g., an antibody, and a marker. Common marker molecules are fluorophores or noble metal
nanoparticles, e.g., gold nanoparticles. There have been extensive studies on how to design and
improve such nano-bio-conjugates [28,46]. The following sections will focus on the distinct

components of such a conjugate (MRE and marker) and how to generate them.

2.3 Aptamers as Molecular Recognition Elements

Aptamers are short single-stranded DNA or RNA molecules, which fold into a specific 3D-structure,
allowing them to bind a certain target with high specificity. The same effect can be achieved by utilizing
peptides, which is then called aptatid, but this species of molecules, and RNA-aptamers, will be used
in this work but the focus will be on DNA-based aptamers. [47,48] The origin of aptamers dates back
to the late 1960s, when it became clear that DNA does not only bear the blueprint to every biological
structure, but that it itself can form complex functional structures besides the proposed double helix
structure by Watson, Crick, and Wilkins. [49] These first hints were further verified when RNA-
molecule’s catalytic activity was proven in the eighties [50]. Nevertheless, why does the functionality
of such molecules besides information storage matter? These findings may be only of importance to
scientists’ interest in the origin of life, the finding of last common ancestors (LCAs), and the way
primitive organisms were able to evolve a complex metabolism without the highly specific enzyme

tools modern organisms dispose of.

It should take till 1999 until the term “aptamer” came into this world. Ellington and Szostak found RNA
motifs that would bind to random targets and thus, called them aptamer. At the same time, Tuerk and
Gold developed the systematic evolution of ligands by exponential enrichment (SELEX), which became
the state-of-the-art aptamer development process [51]. The RNA aptamers were shortly followed by
the DNA aptamers, binding organic dyes specifically [52,53]. Nowadays, the basic SELEX process has
undergone several modifications, which lead to improved techniques in aptamer synthesis. Capillary
electrophoresis SELEX offers the opportunity to produce aptamers without any need for
immobilization on a carrier surface, allowing for maximized target binding ability [54]. Cell SELEX can
be used within living cells and enables scientists to generate aptamers against unknown target
structures within e.g. pathogens, described by Homann et al. [55]. An auspicious approach for small
molecule target detection was presented by Stoltenburg et al. [56], which is based on Nutiu et al.’s
findings, that a target sequence can break the hybridization of an aptamer to its complementary
oligonucleotide sequence [57]. Stoltenburg used this key finding and adapted the Selex procedure by
immobilizing complementary sequences, which were then hybridized to possible aptamer sequences.
Therefore, successful binding events would lead to a conformation change within the aptamer and

break the DNA duplexes. This method, known as capture SELEX, made it obsolete to bind the target to
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a matrix, making possible aptatopes more accessible by reducing steric hindrance. [56] Figure 5

provides an overview over the SELEX-procedure.
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Figure 5: Exemplary Picture of SELEX process based on the scheme published by Stoltenburg et al. [58]

Today there are already over 584 known aptamer sequences (according to the Apta-Index™ by
Aptagen, LCC; state 06.11.2020), which can bind specific targets via the induced-fit mechanism, as
described for protein substrate interaction [59]. This novel concept of DNA molecules, leads to a huge
variety of aptamers as biosensors in many applications [60], including e.g. the detection of cancer
[12,61], pathogens [6—-8,62—65], biotin [11], mycotoxins [4], aflatoxin [66—68], progesterone [69],
vaspin [70,71], pesticides [72], exosomes [73,74], cortisol [10], dopamine [75], cholera toxin [76],
thrombin [77,78], drugs [3], metal ions [9,79], and small molecule detection [5,80,81], which are
known to be challenging targets, since their small size does not offer many aptatopes. Despite all this
progress and advances in aptamer technology, to this moment, the state-of-the-art binding molecule
of choice are still antibodies since their production via hybridoma technology is well established and

allows for high antibody yields [82].

Antibodies, or immunoglobins (lg), are proteins that bind with high affinity, specifically to a target via
induced fit, just like aptamers [83]. The aforementioned pregnancy test utilizes an antibody that binds

specifically to the human chorionic gonadotropin (hCG) hormone, which can be found at an increased
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concentration in pregnant women’s urine [84]. The pregnancy test, based on antibody-target-binding,
was the first commercially available LFA test-system [85]. Since then, antibodies have become the basic
tool of target binding for many different LFA test-systems. All above the IgG antibody class has become
the most important antibody class for biosensors [86]. However, antibodies are subject to severe
limitations. First of all, they can only be generated for immunogenic substances [87]. Their production
is much more expensive than aptamer production [88], and the desired target analyte cannot be too
toxic [89]. In addition to that the binding ability of antibodies is limited evolutionary due to their
function in the immune system. The half-life of an antigen complex is limited by the endocytosis time.
Thus, there exists a natural affinity limitation for antibodies. [90] In this regard, aptamers are superior
to their bio-synthetic counterparts. Furthermore, it could also be shown that aptamers offer a
comparable if not increased affinity than antibodies [47]. Indeed, aptamer’s advantages can be further
pushed by utilizing multivalent systems, as shown by Hianik et al. [91] and Hasegawa et al. [92]. In
addition to that, aptamers feature increased stability concerning heat stress compared to antibodies,
which allows for easy “reactivation” via heating after a successful binding event, thus recovering the

aptamer’s functionality [47].

The functionality of aptamers is based upon their distinct 3-dimensional folding [48]. Double- stranded
(ds) DNA can usually be found in a double helix structure due to the interaction of complementary
bases leading to hydrogen-hydrogen bonding between adenine and thymine and guanine and cytosine.
Single-stranded (ss) oligonucleotides can build up partial helix structures on their own, but they can
form a variety of other structures, including e.g. tetrads/quadruplex, or hairpin formations
(see Figure 6), which are based on correct base pairing and sometimes even on mismatches [93].
Certain aptamers require their respective sub-structure/motif or multiple of them to bind to their
target, e.g. the streptavidin binding “miniStrep” aptamer requires a stem-dumbbell folding [94].
Furthermore, the functionality can depend on the correct stacking of flat moieties, complementary

molecular shape for effective target binding, and hydrogen bonding [95].
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Figure 6: Exemplary DNA/RNA-motifs, that can be found in aptamers. A) hairpin/stem-loop based on [96]; B) stem-
dumbbell based on [97]; C) tetrad/G-quadruplex with monovalent metal cation (M*), based on [98].
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The correct aptamer folding depends on several parameters, all above salt concentration, pH-value,
and temperature [48]. Magnesium chloride plays a special role in the aptamer folding process, and its
concentration plays a crucial role in the final 3D-structure. Butcher et al. were able to demonstrate
how the MgCl, concentration influenced hairpin formation of a ribozyme (functional RNA unit) [99]. It
is typically used as a component of the Selex-buffer during aptamer development and widely used as
a component of the final binding buffer to allow specific target binding, like e.g. the binding of
aminoglycoside antibiotics, which was performed by Nikolaus & Strehlitz in 2014 [100]. In addition to
that, aptamers require a certain pH-value to operate — or beyond that to perform highly specialized
tasks like drug delivery via pH-control, as was shown for the delivery of daunorubicin to cancer cells
via aptamer-gold-nanoparticle conjugates by Taghdisi et al. [101] or the delivery of doxorubicin via
aptamer by Zhang et al. [102]. Zhang et al. were able to generate an aptamer-micelle construct for pH-
controlled drug release of paclitaxel due to the aptamer changing its conformation in dependence of
the pH [103]. Nevertheless, the pH-range, which one can exploit, is limited, and extreme pH values
may lead to protonation of the binding site within the aptamer sequence, depurination, or even the
total denaturation of the aptamer [104,105], even though some aptamers can recover from such pH
changes [106]. Concerning temperature, aptamers are considered more thermostable than their
antibody counterparts [42]. However, their functionality is directly linked to the actual temperature
and may also require preceding heat treatments, like it was shown e.g. by Tsukakoshi et al. [107]. A
heat treatment serves as a restart of the DNA-structure’s folding. Like in PCR, it can be used to break
unwanted base pairings and allow aptamers to regain their correct folding [108,109]. However,
aptamer functionality in a LFA must be guaranteed even when the aptamer is bound to a surface, i.e.

a noble metal nanoparticle surface.
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2.4 Nanoparticles in diagnostics

Above all, gold nanoparticles (Au NP), have become indispensable in modern bio diagnostics and
therapeutics. They have been a useful tool in this matter for almost 50 years and will most likely remain
useful for years to come due to their diverse field of applications [110]. Nanoparticles with additional
ligands, like e.g. locked nucleic acid (LNA) [111], DNA [112], RNA [113], peptides [114], antibodies
[115], but even without any additional ligands [116] have been used extensively for e.g. imaging

cellular uptake, cancer diagnosis and therapy, and gene control. [117]

In the field of POC, especially LFAs, Au NP play a crucial role. Here, most commercial and experimental
set-ups utilize Au NP as an agent for the visible readout; compare Figure 3 and
Figure 4. All relevant reference systems for this work feature Au NP. The different ochratoxin detection
systems utilize a variation of Au NPs. Wang et al. used 20 nm Au NP, whereas Liu et al. used Au NP
antibody conjugates [118,119]. In ampicillin detection, the most prominent detection system by Song
et al. is based on a colorimetric and fluorescence approach utilizing Au NP, as well [120]. However,
there are also test systems that can operate without any Au NP. Alternative set-ups utilize quantum
dots [121], silver nanoparticles (Ag NP) [122], titanium dioxide [123], or a combination of Au NP and a

silver enhancer [124].

At this moment, it must be stressed that all described test systems and mentioned applications
featured chemically synthesized nanoparticles. The chemical synthesis of gold nanoparticles can be
performed according to the Frens [125] or Enuston and Turkevich [126] method. The latter being the
method of choice for the synthesis of most aforementioned NP. The synthesis is based on reducing
chloroauric acid via citrate in an aqueous solution and allows size control of the final conjugate [126].
However, the surface of such nanoparticles is covered with reagents from the synthesis process. Even
though citrate may provide additional steric stabilization, it also covers the surface, thus, hindering the
later conjugation of functional ligands. La Spina et al. were able to show that at least 3 additional
cleaning steps are required to free the covered surface from citrate [127]. Park and Parry could verify
that citrate anions bind very strongly to the metal surface and are not replaced by the thiol-groups and
thus limit the possible co-adsorbation [128,129]. Citrate’s surface-blocking effect was further
demonstrated by Dinkel et al., who compared the surface coverage of NaBr stabilized Au NP with that
of citrate stabilized Au NP and a 30 % mass concentration decrease when citrate was on the NP’s
surface [130]. An ideal particle for biofunctionalization would have a surface free of any organic

ligands, like i.e., laser-generated nanoparticles.

Laser ablation in liquids (LAL) offers an elegant approach to generate ‘naked’ particles, free of any
organic ligands on their surface, which could actually hinder the successful adherence of functional
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ligands to their surface [25]. It represents a combination of top-down and bottom-up synthesis route,
which is based on the ablation of macroscopic targets (top-down) and the thereupon following particle
generation based on atoms and initial clusters (bottom-up) [131,132]. The ablation can be performed
utilizing a laser beam, featuring a wavelength ranging in between ultraviolet (UV) and near-infrared
(N-IR) light [133—-135], pulse durations ranging from femtoseconds, over pico-, nano-, and milli-

seconds, as well as continuous wavelength lasers [136-143].

The interaction of the laser beam and immersed target leads to the generation of a plume on the
target’s surface, which consists of ionized and atomic species. Its lifespan varies from tens of ns to us
depending on the surrounding medium and laser parameters. [144,145] Heat transfer leads to the
formation of supercritical vapor, which eventually grows into a cavitation bubble. The supercritical
vapor encloses an area of liquid matter, where primary particles and nanoclusters are formed through
crystallization. Based on molecular dynamic simulations Zhigilei et al. were able to gain insights into
the nanoparticle formation during picosecond laser ablation of Ag in water. They could demonstrate
via a large scale atomistic simulation, that Ag atoms evaporating from the hot molten metal layer lead
to the rapid nucleation of small nanoparticles in the low-density mixing region between the molten
metal layer and the surrounding water (< 10 nm) [146] The cavitation bubble undergoes shrinking and
expansion until its collapse, which is accompanied by a shockwave and the release of primary (< 10
nm) and secondary particles (> 10 nm). Primary particles form via nucleation of the existing atomic
matter within the bubble and its consequent growth within the first 3 ns [147,148]. It has been shown
that the bubble represents no fix system but represents a highly dynamic, oscillating system. [149—
152] Finally, the bubble collapses but leaves persistent micro bubbles behind, which can hinder the
further ablation of the target material through shielding effects. This effect is even more drastic in high

viscosity liquids. [153]

However, this work will mainly focus on particles produced via nano- and picosecond laser pulses and
their respective size distributions, since the diameter of the used nanoparticles plays a crucial role in
LFA performance. [154—-156] When it comes to picosecond pulse ablation, one major drawback cannot
be excluded. Due to the ps-laser ablation process’s nature, there will always be a size fraction of small

particles (< 10 nm) present., as described by Shih et al. [146]

Additional works have already been published on possibilities for nanoparticle generation featuring
monomodal particle distributions, essential here is the work of Kohsakowski et al., who were able to
show that it is possible to separate both size fractions efficiently in a continuous process without
interrupting the synthesis [157]. Unfortunately, this procedure allows only to gain the small size

fraction continuously, which can be utilized e.g. in catalytic applications [158,159], but not the bigger
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size fraction. Thus, post-processing of ps-laser-generated colloids will always be necessary to gain
monomodal size distributions. Despite this drawback, laser-generated nanoparticles feature a partially
oxidized surface, in the case of gold 3 to 6 %, providing them with the necessary electrostatic repulsion
to form stable colloids [160], as well as pH-active hydroxy groups on their surface, providing Au NP
with limited buffer capacity [161]. Their surface is readily available for gold-thiol linkage [30], allowing

the surface’s easy and rapid functionalization, or putting it more precise, allowing bioconjugation.

In summary, it is possible to generate monomodal, organic-ligand free, laser-generated nanoparticles,
featuring diameter within the desired range for LFA applications. The absence of surface-blocking
organic-ligands makes them ideal candidates for bioconjugation with functional ligands. At the same

time, LAL allows the generation of pure and alloy NP in a single working step.

2.5 Bioconjugation of nanoparticles

Bioconjugation describes the process of linking two or more molecules, of which one at least must be
a biomolecule, via covalent bonding. [162] This work focuses mainly on the bioconjugation (or in short:
the conjugation) of aptamers onto noble metal nanoparticles, all above Au NP, thus forming nano-bio-
conjugates, which have been subject to many studies in recent years [28,46]. There have been many
different types of bioconjugates described in the literature, serving very different purposes. Therefore,
this section will mainly focus on the conjugation process’s mechanisms, existing state-of-the-art

conjugation techniques, and finally, on the conjugation of laser-generated nanoparticles.

How does one achieve conjugation of biomolecules, like DNA, on a noble metal nanoparticle, through
covalent binding? Noble metals are known for their rarity, chemical stability, high worth but not for
their ability to take part in covalent bonding. Nevertheless, gold and silver have a high affinity towards
thiol groups, leading to bonds of high strength (approx. 210 kJ/mol for gold) and therefore almost
achieving the strength of a C-C-bond (350 kJ/mol). [163-168] The underlying mechanism of the thiol-
gold-linkage has been subject to intense discussions [169]. After an initial physisorption of the thiol
onto the gold surface follows a chemisorption which can be divided into the lying down phase
formation, nucleation, standing up phase and completion. Different explanations exist how the
chemisorption happens. [170] The two most favored mechanisms described in the literature are the
saturated and the radical models, which were both discussed by Wang et al. and proposed to be
theoretically possible [171]. However, one year before their work, Kankate et al. were able to
demonstrate the release of atomic hydrogen during the formation of a thiol-linkage of 4-
nitrophenylthiol towards a gold surface providing proof that the proposed mechanism of the radical
model does not match the observed products. Therefore, the saturated model (see Reaction 1) must
be the most likely mechanism. [172]
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Reaction 1 R—SH+Au(s)—>R—S—Au+%H2

In addition to that, Pensa et al. showed that nanoclusters might actually act as 'scavengers’, when it
comes to bioconjugation since 79-atom gold nanoclusters can be found, featuring a thiolate protected
surface [173]. Thus, stressing the need to reduce the proportion of the unwanted small size fraction
on the resulting size distribution of laser-generated colloids. Since aptamers can be easily chemically
modified [51,174], adding a thiol-group to an aptamer has become the state- of-the-art modification
in nano-bioconjugation [175]. Besides thiol, other groups can also readily adsorb onto the electron-

accepting gold surface, namely NH,, COOH, phosphate, and disulfide bridges (R-S-S-R) [24].

Nevertheless, can one thiol-group alone efficiently bind ligands to an Au NP surface? Since this work’s
focus lies on single-stranded DNA aptamers, one must consider the very nature of this special kind of
ligand. DNA features a negatively charged phosphate backbone, thus, providing a more negative
charge with increasing sequence length. In addition to that, DNA itself can readily adsorb through
unspecific binding events onto noble metal surfaces, thus blocking the surface for further gold-thiol-
linkages. In this regard, especially adenine bases have a high affinity towards the surface compared to
e.g. thymine, which has the lowest affinity towards gold. [175—-179] Since Merk et al. stated that the
surface of organic-ligand free Au NP themselves exhibit pH-depend negatively charged surface charges
[161], three main problems must be overcome: DNA blocking the surface via unspecific binding events,
the electrostatic repulsion between negatively charged nanoparticles and the negatively charged
phosphate backbones, and the electrostatic repulsion of DNA molecules among each other

(see Figure 7).
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Figure 7: Charge screening via sodium cations between negatively charged phosphate backbones and the partially oxidized
nanoparticle surface.

Solving the first problem is just a matter of time, as was shown by Wang et al. since conjugation is
always a two-phase process: a first rapid DNA-adsorption leads to the coverage of the nanoparticle
surface with a few DNA molecules, who may lie down and block the surface, and the second phase of
reorganization, ultimately rearranging the gold-thiol-linkages to allow for maximum surface coverage.
[180] Since most conjugation protocols feature a 24 h incubation phase, this problem can be easily
avoided. Solving the repulsion problem between NPs and DNA, and in between DNA molecules
presents a more challenging problem — but a problem that has been tackled thoroughly. The working
group around Chad A. Mirkin provided the lion’s share of experimental work regarding the
maximization of DNA-loading on chemically synthesized nanoparticles. “Maximizing DNA loading on a
range of gold nanoparticle sizes” by Hurst et al. [175] represents maybe one of the most important
publications in the field of nano-bioconjugation. In that work, the negative charge is screened by
cations through the stepwise increase of NaCl concentration, known as salt-aging. Until today salt-
aging represents the state-of-the-art ex-situ conjugation approach and was used to generate the
conjugates featured in most aforementioned applications (including but not limited to
[36,100,118,119]). The Na*cations introduced to the conjugation reaction reduce the Debye-length of
the nanoparticles, which is directly linked to reducing the electrostatic repulsion between NP and DNA.
In this regard, it must be considered that laser-generated NP are primarily stabilized through their
electrostatic repulsion. Thus, reducing the Debye-length too much can cause the agglomeration or
even aggregation of the NP. [181] Nevertheless, with higher surface coverage, more steric hindrance
and negative charge of the additional phosphate backbones are provided, ultimately leading to

improved colloidal stability [182]. Most of the introduced cations end up in the DNA-layer covering the
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nanoparticle surface, leading to a 15-times higher cation-concentration in the DNA-layer compared to
the surrounding medium. This finding by Kewalramani provides evidence for the actual charge
screening cations provide in between the applied DNA, thus allowing DNA-molecules to overcome
their electrostatic repulsion among each other. [183] In addition to the introduction of salt aging to
the nano-bioconjugate community, the working group around Mirkin elucidated the influence of the
nanoparticle’s curvature on their conjugation. Hill et al. could show that smaller nanoparticles allow
higher surface coverages than bigger particles concerning their respective radius. This phenomenon is
directly linked to the space available in between neighboring, bound DNA strands since with increased
curvature, the deflection angle decreases, and the orthogonal, linear orientation of the DNA increases.
On the other hand, a 60 nm particle already behaves like a planar surface in ligand conjugation. [184]
In addition to that, the design of the DNA ligand must be optimized for conjugation purposes to allow
enough distance to the nanoparticle surface and offer sufficient room for the folding. In this regard,
spacer sequences are added to the DNA strands, supporting the correct aptamer’s orthogonal

orientation [28].

These findings stress the importance of three key parameters in this work: aptamer design, particle
size, and surface coverage. Since aptamer function is based upon its distinctive 3D-structure and
folding, the provided space is highly relevant when bound to a nanoparticle. Besides salt aging,
featuring NaCl, various other approaches have been performed throughout the years. Experiments
featuring varying cations concerning their charge density, concluding that smaller, highly charged
cations have to be favored above bigger, less charged ones. [175] Besides that conjugation was
performed via pH-alteration. Zhang et al. could achieve an instantaneous functionalization of Au NP
by pH-reduction to pH 3 [185]. However, such harsh pH conditions can also introduce strand breaking
to DNA molecules and may limit its functionality [105]. All these findings provide an excellent
understanding of how conjugation of chemically synthesized particles can be achieved and what
mechanisms and kinetics these processes are based on. Nevertheless, all these findings have been
made for chemically synthesized nanoparticles, featuring a citrate layer on their surface. Thus, the
guestion arises, what is the state-of-the-art in bioconjugation of organic-ligand-free, laser-generated

NPs.

It has been more than ten years since the first bioconjugation of laser-generated nanoparticles was
described in the literature by Petersen et al. [25]. Thus, offering a novel and fascinating approach: in-
situ conjugation, meaning the conjugation of particles during their synthesis, not after particle
synthesis (ex-situ). This initial and bold experiment provided evidence for a faster conjugate synthesis
route with higher achievable surface coverages than described in previous milestone publications. The

in-situ conjugates achieved up to four times higher surface coverages than their ex-situ conjugated
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counterparts. [24-26] In addition to that it was shown by Walter et al. that in-situ miniStrep-aptamer
functionalized nano-bio-conjugates still exhibited the desired functionality and were able to bind
streptavidin [30]. However, in-situ conjugation comes with a drawback once again. Due to ligand-
induced size quenching effects, the produced conjugates feature a nanoparticle core only 5.7 + 3.4 nm
in diameter [25], thus making it less attractive regarding POC utilization or even LFA applications.
However, Petersen et al. aimed for different applications, ultimately turning their small functionalized
nanoparticles into cell-penetrating, drug-delivery units [186]. This concept was adapted in the
following years, ultimately leading to a highly specific application of conjugates featuring laser-
generated nanoparticles or even agglomerates, like in the work of Krawinkel et al., where peptide-
conjugated gold nanoparticle agglomerates achieved intracellular molecule delivery [187]. But nano-
bio-conjugates do not only allow molecule delivery but also transfection — the introduction of foreign
DNA/RNA into a cell, as it was demonstrated by Gamrad et al. for murine regulatory T cells [188]. In
addition to that, laser-generated nano-bio-conjugates were subject to further works related to
reproductive biology. Barchanski et al. conjugated sex chromosome-specific moieties as well as cell-
penetrating ligands to laser-generated Au NP and were able to demonstrate the non-destructive
penetration of spermatozoa in dependency of their respective membrane status [27,189]. Gamrad et
al. utilized a similar approach to hybridize DNA/LNA functionalized nano-bioconjugates towards bovine
Y-chromosomes [190]. Even though this work focuses on the POC-applications of nano-bio-conjugates,
very important findings of these sexting experiments must be stressed. One fundamental rule was
described by Gamrad et al., who found out, that the charge of ligands on a nanoparticle surface has to
be adjusted so that the total resulting charge of the ligands leads to either a positive or negative zeta-
potential [191]. Thus, this work offers a new perception on bioconjugation and the possibilities to
introduce cations to the system, but in general a mixture of positively and negatively charged ligands.
Furthermore, it was shown by Sajti et al. that it is possible to gain nano-bioconjugates in a continuous
flow liquid jet system, which may ultimately serve as template technology for the scale-up of
bioconjugation [192,193]. Another auspicious approach to fight Alzheimer’s disease was presented by
Streich et al., who could show that the laser-generated nanoparticles’ organic-ligand free surface can
be covered in a controlled manner with functional ligands to utilize multivalency-effects to bind low-
affinity ligands and even further to drastically increase the ligands functionality in comparison to the

pure, unconjugated ligand [194].

It was shown, how surface coverage may influence the functionality of conjugated ligands on an Au
NP. However, LAL nano-bio-conjugates have not been subject to POC applications so far. The next
section of this thesis will tackle the analytes that were subsequently chosen to serve as targets for

aptamers, conjugated towards laser-generated nanoparticles.
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2.6 Target systems

This section will describe in detail the chosen target molecules, their importance to science, human

health, and the economy, as well as challenges in detecting them.

2.6.1 Streptavidin

The streptavidin-biotin-bond is considered one of the strongest non-covalent bonds, featuring a
dissociation constant (Kp) of only 4*10'* over a huge range of pH and temperature values [195]. The
streptavidin protein, which can be isolated from Streptomyces avidinii [196], consists of four identical
subunits. All these subunits can bind biotin, which is also commonly known as vitamin B7. B7 serves as
an activated carbon dioxide carrier, thus playing a major role in the regulating carbohydrate-, fat-, and
protein metabolism. [197] The structure of streptavidin was mainly elucidated by Weber et al. [198]
and Hendrickson et al. [196]. Today streptavidin-biotin coupling can be found throughout countless
immunoassay applications that exploit the strong bonding, making streptavidin an ideal model
compound for aptamer applications. Walter et al. were able to demonstrate the streptavidin binding
ability of a specifically designed aptamer, called miniStrep aptamer [30], which is based on the
streptavidin binding sequence described by Bittker et al. in 2002 [94]. Since the miniStrep aptamer can
be easily be displaced by biotin [94], this system makes for a perfect candidate to generate basic

insights into the functionality of nano-bioconjugates featuring laser-generated nanoparticles.

2.6.2 Ochratoxin A
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Figure 8: Molecular structure of ochratoxin A and its

ultimately lead to severe tissue damage of the kidneys main hazards, based on safety data sheet by

and lead to cancer, as was shown in rats and mice. The Sigmaaldrich.com
primary uptake per kilogram body weight per day of this mycotoxin occurs through coffee (0.2 ng/kg
product) and up to 0.5 ng/kg through wheat products, with beer contributing 0.2 ng/kg. [199] Its

hazardous nature and abundance arouse increased interest in its cost-effective and easy POC —
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detection and finally in the development of various working test formats [118,119,122-124,200-213].
Some working groups developed classical LFA tests, like Anfossi et al., who were able to detect OtA in
wine and grape must [200], Moon et al. developed an OtA-LFA for different buffer systems [207], Zhang
et al. found a method to detect OtA in corn samples [211], whereas Zhou et al. were able to detect
OtA in Astragalus membranaceus [212]. Other groups tried alternative approaches. Cruz-Aguado et al.
utilized a combination of affinity columns and aptamers to detect OtA [202], whereas Evtugyn et al.
performed experiments with an impedimetric aptasensor [213]. Barhelmebs et al. used an Enzyme-
linked Immunosorbent Assay (ELISA)-related format, based on aptamers, which is called Enzyme-
linked Aptamer Assay (ELAA), which allowed OtA detection in wine [201]. Furthermore, there are many
fluorescence [206] and fluorescence-quenching-based test formats, like the silver-nanoparticle
fluorescence quenching assay by Jiang et al. [122] or the titanium dioxide quenching-based test by
Sharma et al. [123]. In addition to that, there are some rather unique test systems. Yang et al. utilized
unmodified Au NP as indicator for OtA detection [209]. One rather outstanding work has been
presented by Lai et al., who were able to mimic ochratoxin for LFA experiments, thus, replacing the
highly hazardous substance by a less toxic component [204]. These findings will potentially simplify the

work on highly toxic small molecules like OtA in the future and thus accelerate further research.

2.6.3 Ampicillin
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negative bacteria, thus interfering with their murein-

membrane-biosynthesis, making it a broad-band antibiotic. [214] Even though mammalian cells lack a
murein-membrane, penicillin like ampicillin, can cause severe side effects in mammals, including
humans. The usage of antibiotics leads to residues in the produce, like meat and milk, which can then

lead to allergic reactions in humans, including but not limited to seizures and breathing difficulties.
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Strict residual limits have been determined by major health organizations, like e.g. the Food and Drug

Administration (FDA) or Word Health Organization (WHO). [120]

However, the detection of ampicillin is quite challenging. So far, different approaches have been
realized to tackle this analyte. Nelis et al. make use of tandem solid-phase extraction to analyze
ampicillin in bovine and dog plasma via liquid chromatography [215]. Luo et al. were able to develop a
fluorescence detection — liquid chromatography — coupled detection approach for residual ampicillin
in animal muscle tissue [216]. Kurittu et al. chose an alternative approach without utilizing liquid
chromatography. Their detection of tetracycline residues, like residual ampicillin, was performed by a
luminescent Escherichia coli strain in raw bovine milk. These genetically modified organisms produce
luciferase in the presence of tetracyclines, which leads to measurable bioluminescence, allowing for a
detection limit down to 2 ng/mL. [217] However, none of these approaches can be considered POC-
suitable. Here, aptamers offer a novel approach in detecting this challenging analyte. Song et al.
described different aptamers that are suited to bind ampicillin [120]. Even though Song et al. were able
to lay the foundation for future POC-ampicillin detection, Kaiser et al. were able to demonstrate how
the ampicillin aptamers suffer from C-reactive-protein cross recognition. Since C-reactive-proteins are
linked to inflammatory processes, this cross recognition may exhibit an additional challenge for the
correct detection of ampicillin, or if used wisely, could also allow for additional detection

approaches. [5]
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3. Results and Discussion

The results of this thesis are presented within five main sections and their respective, distinct
subchapters. The first division includes nanoparticle generation and characterization, which is followed
by section two “bioconjugation”. The third section moves on to the functionality of the generated
nano-bioconjugates, whereas section four focuses mainly on the influence of the introduced nano-
conjugate modifications on the on lateral-flow-assay’s performance. This experimental section will be
completed by the introduction of aptamer recycling and an extensive literature review on how the

findings can be evaluated in context with the current state of the art of aptamer-based LFA.

3.1. Nanoparticle characterization

The very heart of every nano-bio-conjugate consists of a nanoparticle. As mentioned above, the
nanoparticles serve as detection agents in an LFA. Thus, it is of the highest importance that the
nanoparticle’s optical properties meet the high demands of these POC devices. The nanoparticle’s
color must provide strong optical contrast to the surrounding nitrocellulose membrane, and vibrant
color can be of use to allow the correct visual readout. Here, the strong red color of gold nanoparticles
comes in handy since red represents a worldwide, interculturally accepted signal color. At the same
time, the nanoparticles must provide sufficient stability to allow their bioconjugation via aging-
technique of choice, their immobilization onto a glass fiber pad, as well as the resuspension through
contact with the sample matrix, and their journey through the LFA. Another important requirement is
the diameter of the nanoparticles and their respective size distribution. As already established, size
plays a crucial role in the bioconjugation process. Smaller nanoparticles feature an increased surface
curvature, allowing more thiol-groups of DNA-molecules to bind onto the surface. In retrospect, this
also means small particle fractions will be conjugated more efficiently than bigger particle fractions —
they will “scavenge” the utilized DNA-molecules. Nanoparticles for LFA applications underly a strict
diameter limitation since the most frequently used nitrocellulose membranes only allow the passage

of nanoparticles of less than 60 nm in diameter [41].

In this work, laser-generated nanoparticles of varying diameters were produced: 10 nm, 30 nm,
40 nm, and 50 nm, of which exemplary colloids are shown in Figure 10 (A-C). More details on the
synthesis of the particles can be found in “Material and Methods”; section 8.1.2. The smallest particles
were used for basic function assays to allow to elucidate the surface composition’s influence onto the
conjugated aptamer-binding ability. Larger particles were used for aptamer bioconjugation, followed
by transfer onto glass fiber membranes, nitrocellulose and real LFA runs. Chemically synthesized Au

NP of 20 nm in diameter were utilized as a comparison throughout this work.
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It is well known in the existing literature that the size of the nanoparticles plays a crucial role for the
sensitivity of the LFAs. The spot brightness of the red stained test line is mainly based on the extinction
of green light rather than scattering [40,218]. Zhan et al. could demonstrate an increase of sensitivity
for larger Au NP [219]. However, the functionalization of large particles is drastically limited by their
instability under LFA conditions [40]. Even though the influence of the scattering remains a crucial topic
of discussion throughout literature [219], studies show that Au NPs of 30 — 40 nm in diameter should
perform best under LFA conditions [155,156], which is supported by the theoretical calculations and
experimental data for CTAC-stabilized Au NP of Khlebtsov et al. in 2019. Based on their findings they
also conclude that chemically synthesized Au NP should provide less spot brightness on the
nitrocellulose membrane due to their broader size distribution. [40] With these works in mind it is to
be expected that 30 - 40 nm laser-generated Au NP should represent the best candidate for LFAs,
whereas it can be expected that 10 nm Au NP do not provide sufficient extinction cross section while

larger particles should face stability problems.

The raw colloids, directly after LAL-synthesis, featured broad and multimodal size distributions. As
mentioned above, this phenomenon is well known for laser-ablated nanoparticles featuring diameters
above 10 nm [150,220,221] and has been thoroughly investigated by Shih et al. for picosecond laser
ablation [146]. The size separation via centrifugation to gain Au NP smaller
10 nm has been established by Gamrad et al. and used in several studies [187,189-191]. Furthermore,
it has been already shown by Kohsakowski et al. that continuous centrifugation can be utilized to scale-
up the production volume of this particular size fraction beyond a scale required for this work [157]. A
unified centrifugation protocol (see Figure 72) was established in this work to generate nanoparticles,
featuring a diameter of 30 nm, 40 nm and 50 nm, with moderate reproducibility (batch to batch
variation of desired mean diameter per colloid batch of + 1.5 STD). In this regard, the most important
finding was the necessity of an initial incubation step of 24 h before the colloid’s centrifugation to
allow rapid-barrierless coalescence, which has been discovered to happen for laser-generated
platinum nanoparticles [222]. This forced coalescence has been described by Zieful® et al. for the
generation of laser-generated NP, featuring a diameter of 54 nm [223], and was adopted in this work
to generate monomodal gold colloids of the desired diameters. The established centrifugation
procedure allowed to increase the ratio of the desired size fraction even further, as shown in

Figure 10 D. (Centrifuge protocol; see chapter 8.1.2)
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Figure 10: Size distribution for laser-generated colloids (L/LAL) and chemically synthesized NP (CHEM) weighted by mass (A),
surface (B), and number (C). Two 30 nm colloids are shown: blue represents the initial centrifuge protocol (original), whereas
dark purple represents the modified centrifuge protocol which has been established throughout this work (modified). Section
D compares the PDI of the different LAL colloids and shows the fraction of particles smaller than the respective desired
diameter. A PDI above 0.3 indicates a polydisperse distribution, whereas a PDI value < 0.3 indicates a monodisperse sample.
No PDI has been provided for the chemically synthesized particles, since no legitimate fit-function could be fitted onto the
raw distribution.

Here, the size distribution of LAL colloids (10 nm, 30 nm) and chemically synthesized Au NP by Fassisi
GmbH are shown. The distributions are presented with their respective weighting by mass, surface,
and number. Each weighting stresses a different aspect of the samples. Mass and surface weighting
reveal a strong bimodal distribution of the chemically synthesized nanoparticles, whereas the number-
weighted distribution reveals, that the main fraction of particles exhibits a hydrodynamic diameter of
only 12.8 nm instead of the desired 20 nm. In fact, the unwanted fraction of smaller particles makes
up to 92.26 % within this colloid. Here, it has to be expected, that these particle fraction will ultimately
scavenge DNA molecules due to its high specific surface, which would be in accordance to the

observations of Hill et al. for small particles [184]. In addition to that the 12.8 nm fraction will
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contribute less effective to the required spot brightness of the test line due to its low extinction cross

section. [218]

The 10 nm LAL nanoparticles exhibit a strict monodisperse distribution as described by Gamrad et al.
[187,189-191]. However, the centrifugation procedure for larger particles had to be drastically
improved. Initial colloids featured more than 80 % smaller, unwanted particles and exhibited PDI
values above 0.3, making them polydisperse. The optimized centrifuge protocol (Figure 72) lead to
narrow, monodisperse distribution, thus eliminating unwanted scavenging by small particles.
However, at this point, the improved size distribution of the laser generated nanoparticles is achieved
throughout a higher workload in centrifugation steps. The optical properties of the generated colloids

were analyzed via UV-vis extinction spectroscopy (see Figure 11).
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Figure 11: UV-vis extinction spectra of laser-generated monomodal Au NP colloids. A) entire spectrum normalized to 1 at the
respective SPR-peak. B) Zoom into the SPR peak top region.

The observed red-shift of the SPR peaks for increasing diameters is as expected for Au NP [40]. All
produced colloids feature a strong SPR peak, which makes them to potential labels. However, due to
the specific requirements and the best yield of monomodal, stable, LFA-suited 30 nm Au NP became
the standard LAL Au NP throughout this work. This is in good accordance to the ideal NP diameter of
30 to 40 nm proposed by Safenkova et al. in 2010 [224].
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3.2 Bioconjugation of Au NP with thiolated Aptamers

Nano-bio-conjugates represent a versatile tool in diagnostics and therapeutics. Many bioconjugation
protocols have been established and published since the first salt-aging procedure was published in
2006 [175]. Despite the procedure being widely used all out through the literature, only little research
has been conducted on the simplification and acceleration of this time-consuming process. Above all,
one must mention the alternative protocol by Zhang et al., which is based on controlling the conjugate
batch’s pH instead of utilizing metal cations [185]. However, even less research has been performed
in the matter of the ideal conjugation process regarding conjugate stability and functionality. This
section focuses on the optimization of the conjugation process of ‘'naked” model nanoparticles. The
absence of any foreign organic ligands allows for a precise tuning and characterization of the ligand-
corona composition and the exclusion of any side effects caused by the organic ligand shell from the
chemical nanoparticle generation process. These findings show that ligand-free nanoparticles allow
exact precise surface coverage adjustment at sufficient stability, allowing for high surface coverages

with functional ligands.

The works of Hill et al. [184] and Petersen & Barcikowski [25] both represent milestones in the field of
bioconjugation. For the first time, the influence of the particle’s curvatures on the bioconjugation
process was shown. Whereas, the introduction of the in-situ conjugation procedure, which combines
the nanoparticle generation and their conjugation in one step, allowed for the first time to save
valuable work hours and allowed for higher surface coverages in comparison to conjugates produced
via the established ex-situ salt-aging. This work aims to combine the best out of both approaches. Since
in-situ conjugation always leads to very small particles (< 10 nm; see Figure 12), this technique was not
included in this thesis. However, the conjugation of laser-generated nanoparticles > 10 nm has not
been subject to systematic research. The main advantage lies within the organic ligand-free surface.
During the chemical synthesis, remaining reactants, like e.g., citrate, blocks the surface and prevents
functional ligand conjugation. This may lead to additional cleaning steps, as was shown by La Spina et
al. [127]. Ex-situ conjugation represents a reliable, yet not totally understood process that allows for

precise surface coverage adjustment.
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Figure 12: Bioconjugation of Au NP throughout literature; blue represents the highest achieved surface coverage by Petersen
& Barcikowski via in-situ conjugation [25]; purple represents the surface coverages achieved for varying particle sizes by Hill
et al. [184]; turquoise represents the highest achieved surface coverage via ex-situ conjugation throughout this work.

The shown ferret diameter range was chosen since the main field of application addressed in this work
focuses on LFAs, which generally feature particles between 20 and 60 nm. The presented high surface
coverage above 700 pmol/cm? (determined by supernatant analysis as described in section 8.2)
represents an exceptionally high surface coverage that exceeds by far any surface coverages described
in the literature to our best knowledge. Nevertheless, the focus of this work was not to increase the
surface coverage by adjusting the ex-situ conjugation process of chemical NPs for laser-generated NPs,
but also to succeed in their functionality. It must be mentioned that the ideal surface coverage of the
state-of-the-art nano-bio-conjugates in LFAs, consisting of antibodies conjugated to chemically
synthesized Au NP, is known to be very low. Liu et al. were able to determine a optimal ratio of 30:1
antibody to nanoparticle ratio for their respective test system [225]. Findings of Byzova and Safenkova
support this findings [226]. However, as Zherdev and Dzantiev stated in their review on the matter of
lower LODs for LFAs, it might not be possible to simply transfer insights from one test systems to
another one. [227] The results presented in this work differ even more from the already published data
in that regard, that laser-generated Au NP and aptamers are introduced. Therefore, it is of high
scientific interest to evaluate the ideal surface coverage for this test system, since it has not been

demonstrated in the existing literature to our best knowledge.

To provide a better understanding of the conjugation of laser-generated NP not only NaCl, but also
MgCl,, and CaCl, were utilized for the salt aging process. Since the cations of these salts are responsible

for the charge screening between the negative nanoparticle surface and the DNA strands, as well as
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charge screening in between DNA strands themselves, Figure 13 provides a schematic overview of the

ion diameter of the tested species and their respective charge density concerning their diameter.

charge density

diameter

Figure 13: Cations used for salt-aging and their respective ion radius (full color) and atom radius (checked) and their respective
charge density in C/m3.

Based on this initial situation, the Schulze-Hardy rule and the observations described by Hurst et al.
[175], one would expect that all cations allow for an effective charge screening. However, due to
magnesium and calcium providing two times positively charged cations, they should provide more
efficient charge screening. Furthermore, due to its small ion radius, magnesium cations feature a very
high charge density of 1,2 * 10% C/m3? whereas sodium and calcium only reach
30 %, respectively 42 % of this charge density. Since the cation concentration within the DNA shell
around the particle can excel the 15-fold of the cation concentration in the bulk solution, one must
expect that magnesium chloride should provide the highest conjugation efficiency, respectively the
highest surface coverage of the three tested salts, followed by calcium chloride and finally sodium
chloride. Concerning stability, one would expect in return the opposite order: sodium chloride should
induce the least electrostatic destabilization of the colloidal particles, whereas colloids conjugated by
salt-aging via calcium chloride should be less stable. Magnesium chloride is expected to induce certain
agglomeration/aggregation, based on the finding that laser-generated NP mainly depend on their
electrostatic stability, as was highlighted by Pfeiffer et al. [182]. Figure 14 shows the experimental
results of conjugation experiments featuring the same 40 nm Au NP colloid at a constant

concentration, the OtA-aptamer at constant concentration, and ionic strength adjusted salts.
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Figure 14: Salt-Aging of 20 nm Au NP with NaCl, MgCl,, CaCl,. A) surface coverage; B) conjugation efficiency; C) PPI;
D) schematic overview.

As expected, the achieved surface coverages, respectively conjugation efficiencies raise with increasing
ionic strength. Throughout the entire tested range of varying ionic strength, calcium chloride provides
the highest surface coverages together with magnesium chloride at high ionic strength above 0.1 M.
As expected, sodium chloride provided the lowest conjugation efficiency (A), hence the lowest surface
coverages (B). The colloidal stability of the generated colloids was estimated using the primary particle
index (PPI), which was introduced by Merk et al. to describe the colloidal stability indirectly with regard
to the portion of aggregates and agglomerates of laser-generated nanoparticles via UV-vis extinction
spectroscopically analysis [161]. It must be stressed that the conjugation of laser-generated
nanoparticles directly influences the UV-vis extinction spectra since DNA is UV-vis sensible and
accounts for strong extinction at 260 nm, thus influencing the interband absorbance of gold
nanoparticles. However, it can be used as a first glance at the colloidal stability of nano-bio-conjugates
since the PPI represents the interband absorbance ratio at 380 nm and the agglomeration/aggregation
signal at 800 nm, which is independent of the DNA UV-vis signal. Therefore, PPl values of conjugates
may be shifted towards more stable, higher PPI values, due to an increased absorbance at 380 nm
caused by DNA but are still able to indicate a lack of stability. In the following paragraphs, a more
suitable approach using visible readout-based stability evaluation of nano-bio-conjugates will be

presented.
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Here, the PPl remains the highest for sodium chloride for almost the entire tested range of ionic
strength, as was expected. However, the PPl for magnesium chloride aged conjugates exceeds the PPI
for calcium chloride aged conjugates almost throughout the entire tested range. At first glance, this
contradicts the assumptions made earlier. However, even though the system has already been
simplified by excluding any interactions between synthesis-dependent surface-bound organic ligands
on the particle surfaces, e.g., citrate, with the added DNA molecules, one must consider the high
complexity of a nanoparticle — thiolated DNA single strand — system. Single-stranded DNA molecules,
especially aptamers, can form complex three-dimensional structures depending on the sequence, the
temperature, and the ionic environment. Here, only the utilized cations were changed. To fully
understand the interactions of aptamers, cations, and nanoparticles it is necessary to analyse
conjugate stability and surface coverage/conjugation efficiency as one phenomenon instead as two
unrelated phenomena. One must consider the influence different cations may have onto DNA-folding,

hybridization, and binding ability.

It is known that some aptamers require magnesium ions for their target binding ability, like e.g.
tetracycline or streptomycin binding [228—-230]. Magnesium ions support the formation of kissing
complex formations in RNA [231-233] — which means they can stabilize hairpin — hairpin —interactions
between two different strands. If two strands bound to different nanoparticles undergo kissing
complex formation, this will lead to approximation of the particles and ultimately lead to
agglomeration and aggregation. Yet, magnesium chloride leads to higher PPl values than calcium
chloride. Therefore, it must also introduce stability increasing interactions. Linked aptamers on the
same nanoparticle may form larger aptamer complexes, which may ultimately block the nanoparticle
surface for further aptamer adsorption via gold-thiol-interaction but may provide increased steric
stabilization. This would explain why MgCl, conjugates feature lower surface coverages, but higher PPI

values than CaCl, conjugates.

Ducongé et al. were able to provide evidence that magnesium-supported interactions ultimately lead
to an increased inter-backbone distance of RNA molecules [234]. Larger phosphate — phosphate —
distance translates to less electrostatic repulsion between DNA-strands, as was suggested by
molecular dynamics by Beaurain et al. in 2003 [235]. Since RNA-aptamers and DNA-aptamers share
many properties, which Ducongé and Toulmé showed in 1999 [236], one can conclude that such a
magnesium ion-induced hairpin — hairpin interaction is also most likely to happen for DNA-aptamers
featuring hairpin formations. These findings support the observed lower conjugation efficiency for

MgCl,in comparison to CaCl,.
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The described OtA aptamer features multiple sides for hairpin formation, as shown by using the
OligoAnalyzer 3.1 tool (see Figure 15). Furthermore, the complementary oligonucleotide, required for
utilizing the aptamer in an LFA application, features a hairpin formation as well. Thus, the functionality

of the OtA detection system could be negatively affected in presence of Mg?*.

. 2 "
o G, 40 A ~

Figure 15: Predicted structures for the OtA aptamer (A) and its complementary oligonucleotide (B) via OligoAnalyzer 3.1;
Hairpin formations are marked via dots (red dot = C/G bond; blue dot = A/T bond).

Just like magnesium ions, calcium ions are known to be required for target binding of some aptamers.
However, the cations are most likely required close to the actual target binding sites and less for the
support and folding of the aptamer structure itself [237,238]. Sodium ions are known to interact and
to introduce conformational switches within g-quadruplex conformations, as was shown by Smestad
et al. [239]. Since the in-silico analysis of the OtA aptamer does not indicate the presence of a g-
quadruplex conformation, an effect of the sodium concentration on the resulting OtA aptamer

conformation seems unlikely.

In summary, the observed conjugation efficiency and resulting conjugate stability of the utilized salts
during salt aging differed from the expected ones. Based on their charge, respectively charge density,
it was expected magnesium chloride would provide the highest conjugation efficiency and surface
coverages, followed by calcium chloride and finally sodium chloride. Concerning the resulting
conjugate stability, the opposite order was expected. However, the results indicate that the highest
conjugation efficiency was achieved using calcium chloride, followed by magnesium chloride and

sodium chloride (compare Figure 16).
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Figure 16: Conjugation efficiency; expectations vs. results.

This finding is supported by the above-mentioned influence of the utilized salt onto the three-
dimensional DNA structures. Mg?* provides the highest charge density, therefore, should lead to the
highest conjugation efficiencies and surface coverages. However, since Mg?* supports hairpin — hairpin
interactions, it may lead to surface blocking inter-strand aptamer complexes, blocking the surface
leading to a reduced surface coverage and conjugation efficiency, while providing improved colloidal
stability in comparison to calcium chloride. Calcium chloride does not introduce structures featuring
high steric hindrance, thus, providing higher conjugation efficiencies and less colloidal stability. The
monovalent sodium cation acts as expected in this regard but may also have a significantly different
behavior if the analyzed aptamer structure exhibits g-quadruplex formations. The resulting conjugate’s
observed stability also differs from the expectations, solely based on the charge density of the utilized

salts (see Figure 17).
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Figure 17: Conjugate stability; expectations vs. results.

Here, it was expected that monovalent cations would cause the least reduction of the resulting
conjugate stability due to the Schulze-Hardy rule. The results support that suggestion. However,
despite their higher charge density, Mg?* cations lead to more stable conjugates than Ca?* cations,
shown in detail in Figure 18, where a PPI of at least 10 is considered moderately stable. Even with the
bare eye, samples’ noticeable color shifts can be observed for all tested salts. However, samples
treated with calcium chloride turned purple and precipitated within hours, making them unsuitable

for further LFA applications. Thus, calcium chloride was excluded from further experiments.
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Figure 18: PPI at varying ionic strengths of NaCl, MgCl,, and CaCl,. Exemplary pictures of the conjugates are shown.

The introduction of additional inter-strand-interactions through Mg may lead to an improved steric
stabilization of the generated conjugates, which counteracts their higher charge screening ability.
Future work could be conducted in this regard to find out what kind of aptamer-aptamer-interactions
take place on the surface of a conjugate produced via MgCl; salt aging. Raman spectroscopy could

represent a suitable tool to observe such inter-strand-interactions.

These findings represent the first time the utilized salt’s influence during aptamer-conjugation has
been studied for laser-generated nanoparticles. The findings are interesting in that regard that
predictions solely based on simplified electrostatic interactions are not suitable for the planning of a
conjugation process but also require advanced knowledge in molecular biology and DNA-structures to
allow for precise predictions in conjugate analysis and development. The experimental data strongly
suggest that the aptamer structure, especially its functional subunits, must be considered to find the
most suitable salt-aging technique for optimal surface coverage and stability. Another aptamer
sequence may ultimately lead to different results if it features different substructures. Therefore,
conjugation protocols cannot serve as general guidelines or even as a recipe for bioconjugation but
must be adjusted and specifically designed for each aptamer test system to guarantee its ideal surface
coverage for optimal function. Chapter 4.1.3 will go more into detail on the correlation of surface

coverage and resulting function in form of target binding ability.

3.2.1 Conjugation via pH-aging

The generation of nano-bio-conjugates is a tedious and time-consuming process. The entire process,
including pre-incubation, salt-aging, separation of conjugates and unbound DNA molecules, and finally,
the redispersion, takes up to three days. It is no wonder that there have been approaches to reduce
the incubation periods and the number of work steps required in the process chain from raw materials
to the final nano-bio-conjugate. At the same time, securing the stability of the resulting conjugate and
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its function remains a challenging task. In 2006, a conjugation protocol featuring fluorosurfactants
(Zonyl FSN) was published by Zu and Gao, which allowed the generation of stable conjugates within 2
h. [240] Since fluorosurfactants are known to be cytotoxic, their application in the biomedical field is
limited. However, it has not been elucidated if they would interfere negatively with the functionality
of aptamer-LFA-systems. One milestone work on the matter of rapid conjugation, by Zhang et al. was
published in 2012, where they could demonstrate that chemically synthesized nanoparticles could be
readily functionalized within DNA within minutes. Furthermore, they could overcome the well-known
difficulties of the conjugation of larger particles. [185] Shortly after that, the same working group also
published a similar work about the successful functionalization of silver nanoparticles — an even more
challenging task. [241] Later on, Zhang et al. expanded their publication portfolio to pH-assisted
conjugation of larger Au NP. [242] In summary, their work concludes that the usage of excess DNA, like
required for the typical salt aging procedures [175], can be avoided via the pH-assisted conjugation
protocol. Thus, their work provides an alternative, resources saving conjugate synthesis route, which
could push the field of nano-bio-conjugation more towards green chemistry. Since all works in this
regard were performed on chemically-synthesized nanoparticles, it is interesting to examine the
transferability of the described procedures to laser-generated nanoparticles with LFA relevant
diameters. Since their surface is free of any organic ligands, like i.e., citrate, it has never been shown
before how solely electrostatically stabilized nanoparticles behave at this condition. Yet, the

complexity of a system consisting of LAL NP covered with aptamers has always to be considered.

The results of initial experiments of a pH assisted conjugation are shown in Figure 19. The negative
control featured only DNA and Au NP without any addition of salts or pH changes — staying at neutral
pH during the entire incubation time of the experiment. The samples conjugated via “pH-aging”
underwent a 3 min pH change towards pH 3 with HCl before being neutralized again with OH. The
conventional salt-aging samples were adjusted to pH 3 before the salt aging procedure and afterwards
neutralized. As expected, the negative control showed only minimal conjugation efficiency. Due to the
strong attraction of the thiol-linker towards the gold surface, an initial surface coverage occurs, but

without additional charge screening, further DNA strands fail to adhere to the surface.
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Figure 19: Salt-aging vs pH-aging. 20 nm Au NP were conjugated with OtA aptamer (0.1 uM).

The pH-aging attempt leads to remarkable high conjugation efficiencies, easily reaching up to
60 %, only exceeded when additional salts were utilized. These samples were further evaluated for
colloidal stability via PPI. It is remarkable that once again, calcium chloride fails to produce moderately
stable conjugates. However, sodium chloride aged conjugates also drastically lose stability and
precipitate within hours after the conjugation procedure. Regarding the conjugate stability, all
approaches failed to generate conjugates of moderate stability — only magnesium chloride aged
conjugates feature in-comparison increased stability. Once again, this could be connected to the
support of hairpin-hairpin interactions, which may provide steric hindrance on the particle surface,
thus preventing the conjugates ‘aggregation. One crucial aspect that must be considered when
working with purely electrostatically stabilized nanoparticles is that the isoelectric point marks the
least stable state of the particles, where attractive forces between particles overpower the
electrostatic repulsion. The isoelectric point of laser-generated nanoparticles lies at a pH of 2.5 [182].
In this regard, the pH-assisted conjugation process may allow the increased absorption of DNA
molecules in the first phase of conjugation [180,242], but since the particles are almost at isoelectric
conditions, their initial stability is too drastically reduced to fully recover after the incubation. A more
detailed experimental series was conducted, where the pH of different conjugate batches was adjusted
respectively from 7 (neutral) to 3 (acidic). The results are shown in Figure 20. Two different gold
concentrations were used to exclude colloid concentration linked stability effects since it was stated
by Gamrad et al. that lower colloid concentration might prevent agglomeration and aggregation due

to the increased ligand to NP ratio. [191]
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Figure 20: pH-aging of 20 nm Au NP with 0.1 uM OtA-aptamer. A) surface coverage; B) conjugation efficiency; C) zeta
potential; D) PPI.

Only minimal conjugation efficiency was observed at pH 7 for both colloid concentrations. Over the
entire tested pH range, no batches are exceeding 40 % conjugation efficiency, except for 50 ug/ml Au
NP at pH 3. Expressed in surface coverage (A), one notices a drastic increase in the number of bound
ligands only at that acidic pH of 3 and low colloid concentration. The parallel conjugation batches
featuring lower colloid concentration do not show any significant trend yet depict higher conjugation
efficiencies, which seems counter-intuitive since effectively less surface is available for Au-thiol-
bonding. The higher ligand to nanoparticle ratio seems to counteract the observed pH effect since the
particles in lower concentrated colloids feature in general a higher ligand/NP surface ratio, which
should drastically increase the demand for positive charge carriers as a charge screening agent.
However, these observations raise exciting questions. If higher ligand to nanoparticle ratios counteract
the pH-assisted conjugation procedure, what is mainly affected by the pH reduction: ligands or
nanoparticle surface? The initial adsorption of thiolated ligands is always controlled by the
thermodynamically favorable gold-thiol-binding [172,180]. Any conjugation above that must be
supported by charge screening. Charge screening can occur between the negatively charged NP
surface and the DNA, as well in between the added DNA strands, respectively their negatively charged
phosphate backbones. At pH 3, the Au NP are close to their isoelectric point. Hence, there is almost no
negative surface charge left to prevent the approximation of unbound aptamer molecules towards the

NP surface. At the same time, due to the pH’s logarithmic character, there are 10 times more H* -
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cations available for an effective charge screening. Nevertheless, we only see a significant increase in
conjugation efficiency for the higher concentrated Au NP colloid, featuring statistically fewer DNA
strands per particle on average and at the same time more surface. If the NP’s negative surface charge
was the main obstacle preventing an increased surface coverage, both colloid concentrations should
provide the same drastic increase in conjugation efficiency at pH 3. However, the lower concentrated
colloid’s conjugation efficiency remains only at half the level than its higher concentrated counterpart.
Thus, surface charge screening can be excluded as a phenomenon. Instead, the H* cations seem to
influence the DNA strands primarily. It is known that the phosphate group of the phosphate backbone
possesses a pK, of 12.32. The DNA bases have different pK, values, ranging from 3.33 (G), 4.15 (A), 4.45
(C), to 9.7 (T). In this regard, phosphate represents the weakest acid. In the presence of a strong acid
like HCI (pKa = -6.2), phosphate will most likely be protonated — its charge vanishes, higher conjugation

efficiencies can be achieved.

Once again, these simple observations are hard to explain by purely chemical considerations. It could
be possible that once again, the three-dimensional aptamer conformation has a massive impact on
conjugation behavior. The sole protonation of the phosphate backbone might even lead to strand
breaking [185]. Thus, rendering the aptamer useless. Despite that, it is still noticeable that the
conjugation efficiency jump was only observed for high Au NP concentration. This interesting
phenomenon leads to an interesting follow-up question, which should be addressed by future work to
elucidate the influence of the pH on the conjugation process. However, since the provided aptamers
in this project were a strictly limited resource, no sufficiently stable conjugates were produced via pH-
aging, and the risk of altering, breaking, or destroying the aptamer was too high. No further

experiments in this regard were conducted. However, it remains an interesting topic for future work.
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3.2.2 Peptide-Aging — Higher surface coverages without increased salinity

Until now, nano-bio-conjugates featuring laser-generated gold nanoparticles have undergone the
same conjugate synthesis route, as has been described in the literature for chemically-synthesized
particles. So far, only the slow salt-aging at moderate salinity generated sufficiently stable conjugates
to allow for further proceeding towards application in LFA test systems. In this regard, the conducted
experiments lead to the conclusion that high charge density, like provided by H* or Mg#, of the charge
screening agent leads to a faster conjugation procedure with high surface coverage, respectively high
conjugation efficiency. However, the DNA ligands fail to provide enough steric hindrance to allow the
generated conjugates’ stability on their own. This leads to the question, what happens if one utilizes a
highly charged yet bigger charge screening agent. In this regard, the CWRs — peptide was utilized to
bioconjugate pure gold nanoparticles with the OtA aptamer. Peptide and aptamer were mixed, co-
incubated for 24 h, and subsequently added to the colloid. No additional salt-aging steps were

performed. Figure 21 provides a comparison of conventional salt-aging (A) and peptide-aging (B).
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Figure 21: Salt-aging vs. peptide-aging featuring 30 nm Au NP, CWRs-peptide mixed with OtA aptamer (0.2 uM). A) salt-aging;
B) peptide-aging; C) schematic overview. The dashed line indicates the achieved level of surface coverage for a standard salt-
aging conjugation procedure featuring 0.2 pM DNA

With increasing DNA concentration during salt-aging conjugation, an increasing resulting surface
coverage can be observed, whereas the conjugation efficiency drops. This observation follows the
trends observed by Petersen et al. for the conjugation of laser-generated particles with single-stranded
DNA molecules. [24,25] However, if a constant DNA concentration of 0.2 uM is combined with varying
amounts of the peptide, the conjugation efficiency can be drastically increased. A 2:1 —ratio of peptide
to aptamer increases the conjugation efficiency only slightly, yet at a 3:1 ratio, it already exceeds the
conventional salt-aging method concerning conjugation efficiency, surface coverage, as well as
reduced the workload for the experimenter. The ratio of 4:1 even exceeds the results gained by salt-
aging at high excess DNA (0.5 uM). The conjugation efficiency easily reaches up to 60 %, which has not

been achieved for particles of 30 nm in diameter with either salt-aging or pH-aging.
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Nevertheless, this method too comes with a drawback. Once again, the generated conjugates do not
provide sufficient stability despite an excellent surface coverage (see Figure 22). In this regard, the
shorter complementary oligonucleotide was tested to see how the shorter strand length would react
to the peptide aging. In this regard, the complementary oligonucleotide differs significantly from the
aptamer since it has no distinct three-dimensional structure, which is required for target binding but

instead features a random sequence-based structure.
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Figure 22: Peptide aging of 30 nm Au NP. A) featuring the OtA aptamer; B) featuring the complementary oligonucleotide.

The PPI of all tested conjugates did not exceed a value of 8 (10 = moderate stability). However, the
peptide’s presence may directly hinder the already limited validity of this stability indicator for pure
colloids due to its extinction maximum of around 280 nm. Due to that, the zeta-potential was involved
in the analysis as well. Typical conjugates after salt-aging feature a zeta-potential of — 40 mV to — 50
mV, depending on the number of bound ligands, in accordance with the work of Gamrad et al. [191]
Here, the zeta-potential drastically changes with an increased peptide to DNA ratio for both the
aptamer, as well as the oligonucleotide. This effect has been expected in accordance with the existing
literature. However, a zeta potential of - 40 is still considered stable, but the respective samples
precipitated within hours. Samples featuring the highest peptide to DNA ratio did already precipitate
during the measurement, making it impossible to determine their zeta-potential. Once again, DNA
conformation should be considered as well. Samples precipitating despite a strongly negative zeta-
potential imply that the cationic peptide may have led to bridging events between DNA-strands of
different nanoparticles, leading to a reduced interparticle distance and resulting in the final
precipitation of the aggregates. A similar phenomenon was actually exploited for the generation of
nanoparticle-peptide-agglomerates, utilized for drug-delivery into a living cell, by Krawinkel et al.
[187]. It was expected that the 61 base long aptamers, respectively the 37 base long oligonucleotides,

would provide sufficient negative charge to counteract such peptide-assisted bridging events.
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However, both systems failed to provide sufficient stability. Future experiments could be conducted
to elucidate if such an inter-conjugate-agglomeration can be detected via ADC or ultracentrifugation.
Since the peptide-aged conjugates’ stability was below the required stability for LFA applications, this
remains out of the scope of this work. Furthermore, future work could answer the question if the
peptide interferes with the aptamer’s target binding substructure, respectively rendering it useless.
In-silico simulations may be the key to find a suitable peptide for the respective aptamer of interest
while the length of both biomolecules as well as their 3D orientation would need to be considered.
The elimination of manual working steps during the peptide-aging, and the conjugation efficiency of
the process, are a welcome advantage but ultimately obsolete if the conjugates lack stability and

function.
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3.2.3 Varying the surface composition of nanoparticles
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Abstract

Nano-bio-conjugates, featuring noble metal gold-silver alloy nanoparticles, represent a versatile tool
in diagnostics and therapeutics due to their plasmonic and antimicrobial properties tunable by the
particle's gold molar fraction. However, little is known about how the binding of thiolated biomolecules
to noble metal nanoparticles is influenced by the fraction of gold and silver atoms on the nanoparticle's
surface and to which extend this would affect the functionality of the conjugated biomolecules. In this
work, we generated gold-silver alloy nanoparticles with average diameters of 7-8 nm using the
modern, surfactant-free laser ablation in liquids (LAL) synthesis approach. We conjugated them with
thiolated miniStrep aptamer ligands at well-controlled aptamer-to-nanoparticle surface area ratios
with maxima between 12 -27 pmol aptamer/cm? particle surface area. The results revealed a clear
correlation between surface coverage and the nanoparticles' nominal gold/silver ratio, with maximum
coverage reached for gold-rich alloys and a pronounced maximum for silver-rich alloys. However, the
conjugates' functionality, evaluated by binding of streptavidin, was surprisingly robust and hardly
affected by the nominal composition. However, 1.5 times higher surface coverage was needed to
obtain maximum functionality in the silver-rich conjugates. Based on these results, it may be concluded
that the nominal composition of gold-silver alloy nano-bio-conjugates is freely tunable without a
pronounced impact on the attached ligands' functionality, a finding highly relevant for the flexible
design of nano-bio-conjugates for future biomedical applications. This study's results may facilitate the

design of alloy nano-bio-conjugates for future applications in therapeutics and diagnostics.
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Introduction
The synthesis and application of nano-bio-conjugates based on noble metals, especially gold, have

been intensively studied in the past [28,244]. A nano-bio-conjugate combines a nanoparticle 'core’
with a defined organic ligand shell, usually composed of functional biomolecules. In particular,
conjugates featuring synthetic oligonucleotides have been frequently studied and are used for multiple
applications, above all diagnostic and therapeutic purposes [245,246]. In this field, aptamers have been
established as specifically designed oligonucleotides, prone to bind specific targets [247,248]. In
contrast to conventional antibody systems, aptamers can be more easily modified, are available for

non-immunogenic and highly toxic compounds, and provide low batch to batch variations [249,250].

When it comes to the nanoparticles used as cores for a nano-bio-conjugate, various aspects must be
considered for choosing the most suitable ones. Firstly, different noble metal nanoparticles provide
different optical properties. The intense red color and remarkable surface-plasmon-resonance (SPR)
peak of the biocompatible gold nanoparticles (Au NP) and gold nanorods makes them ideal candidates
for diagnostic [251,252] and therapeutic approaches like lateral flow assays [253], cancer therapy
[254], and thermo-optical therapy [255]. Simultaneously, silver nanoparticles (Ag NP) are known for
their antimicrobial and plasmonic properties, the latter being even stronger than those of gold.
However, Ag NP show lower long-time chemical stability compared to Au NP [256]. Furthermore, Ag
NP tend to release toxic silver ions, effectively killing host cells as well as bacteria [257,258].
Monometallic nanoparticles and alloys of those elements have been used in nano-bio-conjugates for
many applications, e.g., heavy metal ion detection [259,260] or sensing of cells [261,262]. The idea
behind the utilization of alloys is to combine the desired properties of two elements, designing multi-
functional chimera nanoparticles. Gold-Silver-alloy nanoparticles are particularly interesting in this
context as their optical [263], antimicrobial [264], and cytotoxic [265] properties can be tuned with the

nominal gold molar fraction [266].

In addition to that, thiol linkers, which are widely used to bind functional molecules to noble metal
particles, exhibit high affinities towards both gold and silver surfaces [163,165]. Exact values for the
binding affinities and energies differ significantly in the literature but are generally speaking in the
same range for gold and silver, with slightly higher values for gold [166-168,267]. Nonetheless, even
minor differences in affinities may influence the binding of thiolated biomolecules on gold-silver alloy
surfaces. This could affect the resulting surface coverage of the nano-bio-conjugates and their target
binding ability since a variation in surface coverage may also lead to changes in the functionality, in
this case, the functional binding of the respective target. The reason for this originates from the innate
structure of an aptamer-sequence. An aptamer molecule will only target its respective target if it is
folded in the desired way [268] and targeting sequences are sterically available to the target molecule.
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This is a function of the surface coverage. If the surface coverage is too high, the negatively charged
phosphate backbones of the DNA will repel each other and thus unfold and stretch the sequence,
which will inhibit target binding. On the other hand, at low surface coverage, the aptamers will assume
a lying-down confirmation with strong interaction between the nucleic bases and the gold surface,
affecting the aptamer conformation and impair binding [177,269]. Based on this, we can assume that

optimal binding occurs at an intermediate surface coverage.

Athiol-group alone is not sufficient to guarantee adequate surface coverage of the nanoparticles since
the negative charges of the DNA phosphate-backbones will repel each other — limiting the maximal
surface coverage [270]. This problem has to be overcome by a charge screening procedure known as
salt aging [175]. By increasing the cation or even the H* concentration, the negative charge of the
phosphate backbone of the DNA can be efficiently screened [242]. The positive charge carriers will
then accumulate between the DNA strands as 'cation clouds' [183] so that the biomolecules will stretch

away from the surface and allow the formation of sub-monolayers.

Although gold and silver form an ideal solid solution in bulk, AgAu nanoparticles' synthesis by different
preparation routes can produce profoundly different alloy nanoparticles. These typical synthesis
routes include flame-spray pyrolysis [271], chemical vapor deposition [272], biological reduction [273],
and the chemical reduction method of the most commonly used precursors HAuCl, and AgNOs [274].
All synthesis routes based on the co-reduction of precursors suffer from several disadvantages,
primarily the differences between reduction potentials of gold and silver, which leads to a faster
reduction of the more noble gold before the silver leading to the formation of nanoparticles with a
gold-rich core and silver-rich shell. [275,276]. Another disadvantage is that stabilizing ligands or
capping agents must be used in chemical synthesis to ensure constant particle sizes, blocking the active
particle surface and obstruct the aptamer's conjugation to the nanoparticle. To overcome the
disadvantages of traditional nanoparticle synthesis routes, laser ablation in liquids (LAL) is used in this
study to produce the AgAu alloy nanoparticles of varying molar fractions [277]. This method commonly
results in ultra-pure, spherical nanoparticles. Previous works produced AgAu alloy nanoparticles by LAL
and achieved an ideal solid solution FCC crystal structure with homogeneous elemental distribution on
a single particle level with reproducible particle sizes [277,278]. Hence, alloys of both metals can be
synthesized in every ratio due to their complete miscibility. Note that LAL has been shown to be a well
scalable, continuous colloid synthesis method [279], yielding ~8 g/h nanoparticles at optimized

focusing and beam guidance [280].

One problem of LAL in the past was that the ablated nanoparticles showed significant heterogeneities

when certain materials and pure water were used. However, in recent years, there has been a
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significant process in the size control of laser fabricated nanoparticles, especially of noble metals[281].
lon and pH-induced size quenching [161,182,282] and centrifugal purification [283] allows to obtain

monomodal and monodisperse nanoparticle colloids.

Multiple studies on nanoparticles synthesized by LAL also showed that the resulting particle size can

be controlled well in the low nanometer scale and is very reproducible [17,282].

In its purest form, LAL consists of a pulsed laser beam focused on a target immersed in a liquid that
leads to a heating of both target and liquid and photoionization of the target surface. A plasma plume
forms [17], and initial nanoparticles are already expected to form a few nanoseconds after the laser
pulse hits the target. This plume subsequently expands to a cavitation bubble in whose vapor the
nanoparticles form [284]. Nanoparticles are released after the collapse of the oscillating cavitation
bubble [146]. LAL has been shown to produce ligand-free, solid-solution alloy nanoparticles of the
same composition as the target [281], at least when fully miscible elements like Ag and Au are used,

as well as nanosecond pulses that reheat and homogenize the ablation plume [285].

So far, many works focus on pure gold nanoparticle conjugates [30,186,226,286,287]. However, AgAu
alloy nanoparticles are rarely used in conjugates, and their conjugation behavior has, to date, not been
studied systematically. Hence, vital information correlating core composition and final functionality
are still missing. As alloy compositions for our study, we chose a very gold-rich composition (AgiAus),
a primarily silver-rich composition (AgsAus) with high expected antibacterial properties [264], and a
very silver-rich composition (AgeAu;) as the other extreme. Pure silver was not tested because of its

high instability and lacking reproducibility when produced via LAL without stabilizing ligands. [288]

As the conjugation process is primarily surface-driven, we used surface-area-normalized colloids for
our study. [184]. This approach deviates from commonly applied mass-based dosing but is vital for
comparing particles with varying density and slightly deviating size distributions. For example, AgsAg:
NPs, in contrast to Au NP controls, would have a 1.7 times higher surface area when used at equal
mass. This would introduce unnecessary systematic errors into the experimental design, which we

avoided by using surface-normalized concentrations.

As a model oligonucleotide ligand, we used the miniStrep aptamer, as described by Walter and
colleagues, since it was specially designed to bind streptavidin [30]. The miniStrep aptamer readily
binds to one of streptavidin's four biotin-binding sites but can be readily displaced by streptavidin's
preferred target biotin as the streptavidin-biotin bond is one of the most robust key-and-lock bindings
between biomolecules [289]. Thus, the miniStrep — Streptavidin system constitutes a sound model

system for the read-out of conjugate functionality. The functionality of this test system after in situ
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conjugation was demonstrated in a previous work [30]. However, the addition of ligands during the
ablation process ultimately alters the resulting particle diameter and, therefore, the resulting
curvature. Curvature plays a crucial role in the loading of nanoparticles[184], if one wants to maximize
the functionality of conjugates. The tested particles should feature comparable diameters, which can
be assured by utilizing the ex-situ conjugation procedure, as described in previous works[175].
Furthermore, pronounced photo-induced conjugate degradation found during in-situ conjugation can
be avoided using ex-situ two-step conjugation [290]. This method also allows superior control of the
surface coverage, utilization of lower aptamer concentrations, and better transferability to other

research conducted with chemically-generated nanoparticles.

Results and Discussion

Since gold represents the standard particle for diagnostical applications [46,291], and the conjugation
of pure gold nanoparticle (Au NP) synthesized via LAL has been the subject of various studies
[26,28,186,292], it was chosen as the reference system. The three other alloy samples featured a high
silver molar fraction (AgsAus), a moderate silver molar fraction (Ags;Aus), and a low silver molar fraction

(AgsAus). Their molar fraction was previously analyzed via TEM/EDX on a single particle level [277].
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indicating monodispersity (see Figure 24). TEM measurements showed that the particles are spherical
(see Figure S 3).In addition to that, it has already been shown multiple times that nanoparticles from
LAL are predominantly spherical and show a homogenous elemental distribution of Ag and Au in the

bulk[277] and on the surface near volume [293], verified via extensive TEM, XAF, and XPS

measurements.
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Figure 24: A UV/Vis extinction spectra of prepared LAL-NP of different gold molar fraction; the insert shows
the SPR peak positions of this work (red) and those previously described for chemically synthesized particles
by Link et al. (dark grey) 2* and biological synthesized particles by Adebayo et al. (blue) 7* B Zoom onto the
SPR-peak positions of the shown nanoparticle compositions.

Besides minimal differences in the size distributions, the particles feature very different optical
properties, as seen via UV-Vis spectroscopy (see Figure 24). The surface plasmon resonance (SPR) peak
is located at 426 nm for AgsAus at 440 nm (AgzAus), at 508 nm (AgiAus), and at 516 nm for pure Au NP.
An increasing gold molar fraction should generally lead to an almost linear red-shift of the SPR-peak
[263]. The insert in Figure 1 shows the SPR peak positions from AgAu NP synthesized by LAL in this
work compared to chemical and 'biological' reduction values taken from literature [263,294]. One can
directly see that the positions of the SPR peaks are highly dependent on the synthesis method. A
significant contribution to these optical responses can be attributed to the state of the nanoparticle
surfaces. Nanoparticles produced by chemical or biological reduction need to be stabilized with

ligands, altering the particle's vicinity refractive index compared to a bare surface [166,167].

Additionally, the medium surrounding the nanoparticles, their size, shape, and even interparticle
distance shift their optical properties [168]. As seen by Abedayo et al. [294], the red-shift of the lines
is consistent with the presence of surface ligands, resulting in an increased refractive index and a red-
shift of the SPR. The missing red-shift of the particles synthesized by Link et al. can be dedicated to
multiple reasons. Link et al. used much smaller ligands and concentrations during nanoparticle
production compared to Abedayo et al. Furthermore, the particle sizes and shapes are closer to those

used in this study. These factors have a significant impact on the position of the SPR. Nevertheless, the

55



linear red-shift of the SPR-peak in dependence of the GMF can be observed in our samples, which is in

good agreement with previous studies [263,294].

All colloids were subsequently conjugated with varying amounts of miniStrep-Aptamer. Due to the
same applied nanoparticle size and surface, curvature effects can be excluded [287]. The resulting
surface coverage (see Figure 25) is solely based on the affinity of the thiol-group of the miniStrep-
Aptamer towards the exposed, ligand-free nanoparticle surface. It is known that gold surfaces strongly
attract the thiol group, but similar reactions, even though with a lower affinity, were also reported for
silver surfaces [165,295]. However, the underlying nature of the gold/silver-sulfur bond remains
unenlightened [169]. Kankate et al. found evidence for an adsorption mechanism, including the release
of atomic hydrogen [172]. Pakari et al. showed that the binding energy between gold and thiol groups
is lowered by alloying it with silver, whereas those between silver and thiol groups will be increased.
They also concluded that the attractive forces between thiol-groups and silver are increased when
silver atoms are substituted with gold atoms [267]. Note that biomolecules that adsorb to nanoparticle
surfaces tend to follow a Freundlich isotherm [296]. The reference Au NP system shows a typical
shallow saturation of its surface coverage with an increasing concentration of applied DNA [292]. The
samples featuring a low and moderate silver molecular fraction follow almost the Au NP reference
system trend, whereas the silver-rich sample reaches its maximum surface coverage of 20 pmol/cm?
already at 0.2 uM applied DNA surpassing all three other samples. However, when more DNA is
introduced, the achieved surface coverage is slightly reduced. This may be linked to a leaching effect
of the utilized disulfide bridge of the miniStrep aptamer since it is known that thiosulfates can leach
metallic silver [297]. The redox potential of silver nanoparticles is a function of the diameter, which
reaches values of -0.1 V when the diameter is below 10 nm compared to the bulk values [298]. To that
it is highly probable that thiols and disulfides can oxidize these species [299]. Thus, applied thiolated
DNA may bind to ionic silver instead of silver-rich alloy nanoparticles, forming dissolved silver complex
compounds leading to the observed reduced surface coverage. Accordingly, all samples except AgsAu;
exhibit Freundlich adsorption behavior. However, the leaching of ions may also affect the composition
of the particle surface. For the laser-fabricated nanoparticles, we have done extensive examinations
on the surface composition of our particles and indeed discovered that surface and bulk composition
deviate [293]. Furthermore, we recently observed the extent to which gold-silver nanoparticles leach
and are restructured upon dissolution &, but to what extent ligands influence this phenomenon is

subject to ongoing studies in our group.
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In the next step, the prepared conjugates were tested for their functionality, evaluated by their ability
to bind streptavidin (see Figure S 7). It is expected that the conjugates' maximum functionality is linked
to their surface coverage; however, there has to be a surface coverage of maximal functionality. Too
many aptamer ligands on the surface would introduce steric hindrance for further target binding due
to impaired functional folding of the aptamer [17]. In this context, it should be noted that the measured
trends in Figure S 7 suffer from a limited tested range and high error bars, so that an actual maximum
was only observable for the Au control. For the other compositions, we solely determined the point of
maximum functionality for comparison, even though the trend was not clear. The reference Au system
reaches its highest functionality at a surface coverage of around 6.2 +0.2 pmol/cm?, AgiAus at
8.8 + 1.1 pmol/cm?, and AgsAus at 9 + 1.7 pmol/cm?. Concerning the large error bars, we could find no
significant differences between these samples. These three AgAu alloy samples exhibit a robust
functionality affected by the surface composition in a minimal matter. Only at a high silver molar-
fraction of 90 % (AgsAui) an effect of the surface composition can be seen. Here, the highest
functionality is achieved at a surface coverage of 17.3 + 2.7 pmol/cm?, exceeding the ideal surface

coverages of the other AgAu alloy samples by up to 70 %.

Before the reasons for the different observed functionalities will be discussed, only the highest average
functionality of all systems will be compared in more detail (see Figure 26). The average functionalities
of the different alloy nanoconjugates and the gold reference nanoconjugate only differ slightly
between 60 pmol/cm? and 70 pmol/cm? of bound streptavidin. These values refer to a surface

coverage ratio of about 4-8 streptavidin molecules per aptamer, which indicates multilayer binding.
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Remarkably, the ideal surface coverage of the silver-rich alloy-aptamer-conjugate exceeds the ideal
surface coverage of the other samples by a factor of ~1.5. Thus, the ideal surface coverage strongly
depends on the surface's molecular fraction, while the total maximum functionality of all tested
systems stays almost constant. Therefore, conjugates featuring alloy particles show a very robust
functionality, but finding the ideal surface coverage for varying elemental compositions must be

considered.

There are many possible reasons for the observed reduced streptavidin binding efficiency of the silver-
rich alloy-aptamer-conjugate. The interaction of noble metals and their respective ions and DNA occurs
mainly between bases and metal, not phosphate backbone and metal [269]. The miniStrep aptamer
features 20 thymine bases — ten of them aligned to form a poly-T-spacer. Thymine exhibits a strong
affinity for noble gold surfaces but almost none towards silver surfaces [177,300]. This affinity may
lead to a flattening of the aptamer onto the gold or gold-rich nanoparticle surface, which hinders
further adsorption of thiol-linked aptamers, as was previously described for single-stranded DNA
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Figure 26: Reached average maximal functionality
(bound streptavidin) of the different gold molar
fractions compared to the respective aptamer surface
coverage, featuring the maximal functionality. Dashed
line provides guidance to the eye.

molecule adsorption onto laser ablated Au NP [28]. A higher biomolecule concentration would be
required to switch the nano-bioconjugate from side-on to end-on binding, as we have already shown

for laser-generated Au conjugates [292].

On the other hand, thymine shows almost no affinity towards silver; the aptamer will more likely bind
with just the thiol group. Therefore, this leads to either a lower surface coverage or non-functional
side-on-binding of aptamer molecules to gold-rich and pure-gold particles compared to silver-rich
ones. One would expect that lower surface coverage comes hand in hand with lower functionality.
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However, it is the most silver-rich alloy conjugate exhibiting the lowest function to surface coverage

ratio.

Furthermore, it was shown via small-angle X-ray scattering that the average cation concentration in
the DNA shell of a conjugate is drastically increased compared to the bulk solution concentration [183],
leading to the assumption that released silver ions will be primarily found in the DNA shell of the
conjugates. Those silver cations could then induce the hairpin-formation of the aptamer [301]. Since
the miniStrep aptamer's function is based on a stem-dumbbell structure [94], additional hairpin
structures may affect and reduce the functionality of bound aptamers on the alloy nanoparticle
surface. This could explain the higher surface coverages needed for silver-rich conjugates to achieve
the same functionality as gold-rich conjugates, especially for AgsAu;. However, it should be noted that
thiolated ligands are known to etch noble metal nanoparticles surfaces, and hence cross effects from

alterations in surface composition upon bioconjugation cannot be entirely excluded.

Conclusion

In summary, one can say that all tested surface-normalized conjugates, featuring laser-generated NP
of varying gold molar fraction, exhibited good streptavidin binding functionality. The maximal
achievable functionality of all tested alloy- and the pure Au NP conjugates reached a comparable level
of 65-70 % of bound streptavidin. Therefore, the functionality of the conjugates is independent of the
gold molar fraction, making this alloy series test system highly robust. Hence, adding silver to a gold
nanoparticle gives access to additional functionality (plasmonics, antimicrobial activity), and, on the
other hand, the binding functionality suffers no adverse effect on the ligands. This is a surprising

finding, particularly as the binding affinity between gold and silver and thiolated ligands is different.

Nonetheless, there were element-correlated differences in the conjugation process. The above-
mentioned highest binding efficiency was reached at significantly different surface coverage, with
maximum efficiency for pure gold and a higher requirement of bound ligand per measured aptamer
functionality for silver-rich alloys. This could be explained by possible leaching of the silver surface via
the thiolated biomolecules, which leads to a higher fraction of unbound ligands. Thus, it has to be
considered that the elemental composition of the nanoparticle might limit the maximum achievable
surface coverage. Furthermore, silver cations can introduce hairpin formation within the aptamer,
which may affect its functionality. When designing conjugates for biomedical applications, such high
silver-content AgAu alloy conjugates should be avoided as additional ligand utilization per particle
could be an important economic factor, particularly when highly specialized and expensive custom-
made aptamers are needed. For future works, the addition of a poly-thymine spacer between the
nanoparticle binding thiol-group and the folding sequence will help to facilitate the formation of a
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functional conjugate as thymine holds the lowest affinity of all four nucleobases. Furthermore, using
fluorophore labels in the aptamer sequence could allow a more sensitive surface coverage read-out
compared to the pure UV/Vis measurement done in this study by using well-established fluorescence

assay [302]. This approach would also allow the utilization of replacement assays with biotin.

Experimental
Particle Synthesis

Gold and gold-silver alloy nanoparticles were synthesized via LAL of respective pure gold and gold-
silver metal sheets (Au, AgioAug, Ag70AuUse, and AgsoAuio), all with 0.5 mm thickness, 99.99 % purity
(Institute for noble metal and metal chemistry, Schwabisch—-Gmiind, Germany) in a self-constructed
PTFE batch-chamber with a total volume of 30 ml. The process was conducted using a highly dilute
electrolyte in Milli-Q water (0.1 mM NaCl) for electrostatic stabilization and size quenching
[161,182,282]. The chamber was continuously stirred to remove the created nanoparticles from the
ablation site to reduce shielding effects and minimize reirradiation. All particles were synthesized using
an ns pulsed laser (Nd-YAG, Rofin Powerline E) with a wavelength of 1064 nm and a fluence of
23.5J/cm?. The laser pulses were focused onto the target in the batch-chamber with an f-theta lens (f
=100 mm) and scanned on the target via a galvanometric scanner system (Scanlab, SCANcube10) in a
spiral pattern with a diameter of 6 mm. The ablation was carried out for 10 min for each composition.
The pulsed laser ablation in liquids of gold and gold/silver alloy nanoparticles produces completely
spherical nanoparticles. Silver/Gold alloy nanoparticles are known to form an ideal solid-solution

structure [277].

To exclude size effects and separate large agglomerates or aggregates, all produced colloids were size-
separated in a centrifugation step after synthesis. Only the particle fraction smaller than 10 nm was
used for further experiments. Around 80 % of the total nanoparticle mass is typically larger than 10 nm
and is either discarded or used for other projects if applicable. For this purpose, the colloids were filled
in 8.9 ml OptiSeal tubes from Beckmann Coulter and spun at 30,000 g for 17 min at a temperature of
7 °C in an ultra-centrifuge (Optima MAX-XP, Beckman Coulter). Afterward, the supernatant, which
contains the particle fraction smaller than 10 nm, was carefully transferred and used for all further
experiments. Size separation by centrifugation is a well-established method to exclude certain particle
sizes from the laser-generated colloidal nanoparticles [283]. The nanoparticles do not agglomerate
because of their electrostatic stabilization due to the added electrolyte during the ablation process

[282].
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Conjugation

Each colloid was diluted to a surface area of 7.4 cm?/ml in an aqueous solution, determined as specified
in the supporting information. The colloids were consecutively mixed with a working aptamer solution
of the miniStrep aptamer as used by Walter et al.[30] (TCT GTG AGA CGA CGC ACC GGT CGCAGG TTT
TGT CTC ACA G -T10-(CH2)3-S-S-(CH2)60H, see Figure S 6 for folding and structure; working
concentration 10 uM, the Biospring GmbH, Frankfurt, Germany). The solutions were then mixed
thoroughly and incubated for 10 min on ice. The concentration of MgCl, was increased to 200 uM
within three steps to perform the salt aging. Between each salt aging step, the samples were allowed
to incubate for 10 min. Afterward, samples were incubated at 4 °C overnight. Excess unbound
aptamers were removed via centrifugation (1180g at 7°C for 1h), followed by one more
centrifugation of the resuspended conjugate (1180 g at 7 °C for 1 h). The supernatant containing
unbound DNA was further centrifuged via ultracentrifuge to guarantee the absence of any
nanoconjugate (100,000 g at 7 °C for 1 h) and analyzed as specified below. Surface coverage and
conjugation efficiency were calculated by quantifying the concentration of unbound ligands in the
supernatant via UV-Vis extinction spectroscopy. A calibration curve correlating known concentrations

of the aptamer with UV absorbance at 260 nm is depicted in Figure S 4.

Functionality Assay

The conjugates' streptavidin-binding ability was tested by mixing the two times centrifuged conjugates
with 25 pg/ml streptavidin solution. The samples were incubated overnight at 4 °C and again
centrifuged (100,000 g at 7 °C for 1 h). Thus, conjugates with bound streptavidin were separated from
the supernatant containing the unbound streptavidin. The supernatant was then analyzed via UV-vis
extinction spectroscopy to determine the amount of unbound streptavidin (see Figure S 5). No BSA-
blocking solution was used since the conjugate was analyzed in its colloidal state and not surface-
bound like e.g., in an ELISA assay. In addition to that, BSA might have interfered with the aptamers
folding on the surface and thus, might have altered the optimal surface coverage if not prevent the

successful target binding.

Characterization

For all colloids, mass concentrations were determined gravimetrically by weighting the ablated targets
before and after particle synthesis using a microbalance (Precisa XT 220A) and by UV-Vis extinction
spectroscopy after centrifugation. UV-Vis-spectra were recorded in a range from 190-900 nm in a
quartz glass cuvette with 10 mm path length and a total volume of 1.5 ml using a Thermo Scientific
Evolution 201 photometer. Calibration curves were used to correlate the absorbance at the surface
plasmon resonance (SPR) peak (see Figure S 1 for the non-normalized spectra) with known mass

concentrations for each sample. The position of the SPR peak in UV-Vis extinction spectra depends on
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the particle composition and follows a linear red-shift with increasing gold molar fraction. Hence,
individual mass-extinction calibration curves were generated and applied for each particle composition
(see Figure S 2). Furthermore, UV-vis-spectroscopy was also performed to calculate the DNA
concentration in each conjugate supernatant by measuring the absorption at 260 nm for the DNA and
at 280 nm for the protein, again based on a calibration for the used DNA/Protein-sequences (see Figure
S 4). We checked each time if the supernatant was nanoparticle free by measuring the whole spectrum
from 190 — 900 nm. When there was no SPR-peak visible, the supernatant was deemed

nanoparticle/conjugate-free.

Size characterizations were done with an analytical disc centrifuge (ADC, DC 24000 from CPS
instruments) at 24000 RPM, which measures the attenuation of an incident laser beam with a
wavelength of 405 nm against a D(+)-sucrose density gradient in a sample volume of 0.1 ml. The
obtained mass-weighted and number-weighted size distributions represent spheres with equal
sedimentation characteristics and were subsequently used together with the calculated mass-
concentrations to determine the overall surface-concentration in cm?/ml of each colloid. Details on

this procedure can be found in the Supporting Information.
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3.2.4 Impact of additional stabilization ligands during conjugation

So far, the main challenge in utilizing laser-generated NP instead of chemically synthesized ones has
been the insufficient conjugate stability. Without their surface covered in citrate, the nanoparticles fail
to evade agglomeration and finally aggregation. The post-conjugation addition of citrate to LAL-nano-
bio-conjugates did fail to counter this effect. Thus, citrate alternatives have been chosen and added to
the conjugate’s batches prior to or post conjugation. The first stabilizers tested were chosen based on
their ability to provide a steric hindrance. Bovine serum albumin (BSA) has been utilized throughout
the literature and stabilizes even agglomerating nanoparticles [187]. However, it has been described
to bind ochratoxin A — making it an inappropriate candidate for developing an aptamer-based OtA
detection device. [303] Instead, polyethyleneglycol (PEG) and mercaptoundecanicacid (MuA) were
chosen stabilizers. Both ligands were featured in the existing literature on nano-bio-conjugates. [304—
306] The chosen nanoparticles were conjugated with OtA aptamer, and the resulting conjugates
consequently mixed with the stabilizer to guarantee optimal surface coverage with the functional

molecule. The results can be seen in Figure 27.
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Figure 27: Conjugation of 50 nm Au NP via salt-aging in presence of sterical stabilizers. A) surface coverage featuring PEG; B)
surface coverage featuring MUA; C) zeta potential featuring PEG; D) zeta potential featuring MUA. Measurements represent
one-time-measurements.
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The measurements were performed as serial of one-time measurements. Therefore, the data must be
examined with care. Yet, they can be used as first measure if an improvement was achieved. First, one
should compare the achieved surface coverages for both ligands. It is noticeable that an increasing
concentration of PEG and MUA does not seem to influence the maximal achievable surface coverage.
There is a drastic increase at minimal MUA concentration, but this could be a statistical outlier. Thus,
it is possible to introduce a steric hindrance ligand while retaining the desired aptamer surface
coverage. However, the stability has only been increased for those conjugates featuring PEG. The zeta
potential remains almost stable around - 40 mV, whereas the PPl increased to more than 150 % of
samples conjugated without PEG. Nevertheless, an increased PEG concentration does not necessarily
lead to increased stability. This may be attributed to excess PEG building up a multilayer around the
conjugate particles. Therefore, once the conjugate has been encapsulated in a PEG matrix, no further
stability increase can be expected. In contrast to that, an increased MUA concentration ultimately
leads to the sample’s agglomeration and aggregation. This phenomenon may be based on hydrogen
bonding between different MUA molecules on separate nanoparticles. Thus, high concentrations of
MUA lead to the observed interconnection and agglomeration of the particles. With that in mind, PEG
350 seems to be the most suitable stabilizer. However, functional assays in the LFA format indicated

unspecific binding events towards the test line when PEG was utilized for conjugate stability.

3.2.5 Resuspension buffer — the solution to the stability crisis?

The nano-bio-conjugate generation procedure features many steps and a multitude of parameters
within each step that must be adjusted carefully to guarantee optimal stability and functionality. The
resulting conjugate must withstand the loading onto the glass fiber, the subsequent drying procedure,
and finally the redispersion into the sample buffer while still being able to bind the desired target
molecule. Until now, the conjugation procedure was optimized for laser-generated NP by comparing
different charge screening agents, the influence of the pH on the conjugation procedure, and the
conjugate stability. In addition to that, alternatives to salt-aging were analyzed, as well as the
utilization of stabilizing ligands. Despite the important findings that were made this way, LAL-Au NP
containing conjugates lack the robustness of their chemical-synthesized containing counterparts. In
this chapter, the resuspension process will be subject to a systematic evaluation. It will be examined
whether the resuspension buffer’s choice influences the resulting conjugate stability or if it can be

even enhanced by adding surfactants and compatible solutes subsequently.

So far, the resuspension of conjugates after the separation from unbound DNA took place in pure
MilliQ-water. However, many samples precipitated within hours after resuspension. In a first attempt,
four different basic approaches of resuspension were compared: 1. Pure MilliQ-water; 2. TRIS-buffer

(15 mM, pH 8); 3. BSA (1 mg/mL). BSA should provide the best sterical hindrance, yet it could also lead
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to unexpected and unwanted unspecific interactions with the utilized aptamer sequence. TRIS-buffer
has previously been used during the conjugation procedure and leads to the highest observed stability
and survival rate. Trehalose belongs to the family of compatible solutes. Compatible solutes are
organic molecules of low molecular weight that can be accumulated within the cell without interfering
with the cell’s metabolism supporting the cell to survive stress conditions [307]. They stabilize proteins,
DNA, and cell membranes and keep them functional under stress conditions like heat, cold, drought,
high salt concentrations, as well as high and low pH values [308]. Compatible solutes can be assigned
to the following groups of organic molecules: sugars, amino acids, polyols, and their respective
derivatives [309]. Naturally occurring trehalose is a non-reducing disaccharide, made of two glucose
units linked together via an a,a-1,1-glycoside linkage [310]. It protects proteins from heat [311],
denaturation during freezing and drought [312] and cells/organisms from oxidative stress [313], and
the consequences of drought [314], and it stabilizes lipid bilayers [308]. In addition to that, trehalose
is utilized for various industrial applications, protecting of enzymes during drying processes [315] and
the dehydration of unstable biomolecules, like antibodies for storage purposes [316,317].
Furthermore, trehalose can be found in everyday products, like deodorants to reduce human odors
and as a food additive, due to its stabilizing function [318]. This research was included to see whether
a compatible solute would affect the conjugation procedure itself and could improve the conjugate’s

drying behavior. The subsequent Figure 28 shows the four different samples right after resuspension.
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Figure 28: Comparison of different resuspension solutions after the final centrifugation step to separate conjugates and
unbound DNA molecules via UV-ext. spectroscopy.
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All four approaches featured an increase in their extinction from 600 nm to 700 nm, indicating
agglomeration and aggregation. Thus, neither pH, compatible solute, nor steric ligand could stabilize
the generated conjugates on their own. Because of these findings, additional approaches were tested.
The aptamer- volume to Au NP-volume ratio was adjusted to 1:9. The resulting conjugates were
redispersed using either MilliQ or MilliQ plus varying amounts of Tween20. The UV-vis extinction

spectra are shown in Figure 29.
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Figure 29: Conjugates featuring the Amp aptamer plus HEGL spacer (#183408), redispersed in MilliQ water, featuring varying
amounts of Tween20. VS. conjugates featuring the Amp aptamer (# not available), redispersed in MilliQ water, featuring
varying amounts of Tween20 VS conjugate redispersed in redispersion buffer (0.01 M PBS, 0.5% PEG250, 2% saccharose, 0.1
% Tween20; according to Song et al. [319])

The addition of Tween20 reduces the loss of conjugate during the separation of unbound ligands.
However, the modified redispersion buffer described by Song et al. [36] provided a much more stable
redispersed conjugate. It consists of 0.01 M PBS, 0.5% PEG250, 2% saccharose, 0.1 % Tween20. PBS
buffer features a buffer range from 5.4 to 7.4. It has been established throughout literature and will
be discussed in detail in section 4.2.2. “The ideal buffer”. The other constituents fulfill different roles
in stabilizing the conjugate. PEG250 provides steric hindrance, thus contributing to the conjugate’s
stability [304,305]. Saccharose serves as drying agent analogous to trehalose [320]. Tween is known to
contribute to the stabilization of colloidal chemically synthesized Au NP by preventing unwanted

adsorption of screening agents onto the particle’s surface [306].

This buffer will be used as a standard redispersion buffer for future experiments. The salt-aging for
conjugates featuring the aptamer + HEGL spacer could be performed until a salt concentration of 0.3
M NaCl was reached. Conjugates featuring aptamer without the spacer did not “survive” salt-aging
above 0.1 M NaCl. The ampicillin aptamer, including the HEGL spacer, will be the main aptamer for

further testing.
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With three of the most prominently featured steric stabilizers out of the way, a more suitable
stabilization way was chosen in form of the resuspension buffer. The experiments on isolated
conjugates allowed to gain insights on the correct handling and preparation of this very important part
of the LFA test system. However, it also became clear how minuscule it is to analyze it behavior without
considering it functionality on LFA test stripes. Thus, the following chapter provides detailed
information on the preparation of LFA test stripes and the application of the LAL NP-aptamer-

conjugates.

3.2.6 Rating of bioconjugation strategies — summary

Several nano-bio-conjugation techniques, as well as auxiliary agents like stabilizing agents, buffers and
pad-preparation techniques have been applied featuring laser-generated Au NP. This section aims to
provide an overview over the pros and cons of the applied techniques and their impact on the nano-

bio-conjugate stability and functionality.

Regarding the nano-bio-conjugation process, different conjugation techniques have been established
throughout literature. However, only salt-aging proofed itself reliable enough for nano-bio-conjugates
featuring aptamers and laser-generated Au NP with respect to conjugate stability and functionality.
Choosing the correct charge screening agent can support the correct aptamer folding if the stability

threshold of the respective nanoparticles is not exceeded.

Nano-bio-conjugation is a robust process and varying noble metal nanoparticles can be utilized in this
regard. The color of Ag NP makes them unsuited as conjugate for LFA applications, yet they exhibit the
desired binding ability. Future work could feature other alloys, like e.g., gold-platinum alloy

nanoparticles to utilize their strong, contrast rich color for LFA applications.

Additional stabilizing agents and buffers can greatly improve the nano-bio-conjugates stability.
However, stabilizers and buffers must be carefully chosen to exclude unwanted side effects like
reduced stability or unspecific binding events. Buffers are cheap and the correct choice has proven to
improve the conjugates stability the most. The results of section 4.2 and its subchapters are shown in

Table 1.
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Table 1: Overview over different approaches of nano-bio-conjugation

Technique

Approach

salt-aging

pH-aging

peptide-aging

surface composition

nanoparticle

stabilizing agents

additives and
buffers

resuspension buffer

Pros

cheap charge
screening agents,
freely adjustable
surface coverage,
correct charge
screening agent can
support correct DNA
folding

fast conjugations,
high surface
coverages

very high surface
coverages and
conjugation
efficiencies

highly robust
system, nanoparticle
surface composition
can be adjusted
freely without
loosing
functionality: pure
Au NP — alloy NP—
Ag NP

drastically increase
nano-bio-conjugate
stability,

cheap, supports
correct folding of
DNA, supports
correct drying of
conjugate on LFA

Cons

excess DNA
required, limited
stability threshold,
long incubation time
cations may
interfere with
aptamer folding
(lower specifity)

excess DNA
required, low pH
may damage DNA
(strand breaking),
insufficient
conjugate stability

long preparation
time (co-incubation
peptide and
aptamers), peptides
may interfere with
correct DNA folding,
insufficient
conjugate stability

ideal surface
coverage depends
on respective
nanoparticle surface
composition (higher
surface coverages
may be necessary to
achieve the same
function)

possible
interference with
LFA (unspecific
binding events),
possible
interference with
DNA folding =2 in-
silico analysis may
be required prior to
choosing the correct
stabilizer

none
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3.3. LFA development

3.3.1 Salt aging — influence on drying behavior

The results from chapter 4.2 stress how important choosing the charge screening aging is for the
success of the conjugation and the resulting conjugate stability. However, results presented in this
section mainly focus on the PPl a measure of conjugate stability in the colloidal state. The PPl was
established by Merk et al. [161] to establish a measure of stability for pure laser-generated noble metal
colloids. However, the ligands introduced during the conjugation procedure influence the UV-vis
extinction spectrum providing the 380 nm and 800 nm values for PPI calculation. Thus, an alternative
approach had to be introduced to not only estimate but to quantify conjugate stability in the liquid
colloidal state, as well the dried state on the conjugate pad. Finding the most stable conjugate is of
uppermost importance since the LFA application demands such a robust nano-bio-conjugate. Only
stable conjugates will perform as desired on LFA test systems. [41] Here, a visual readout system was
established, which allows for conjugate stability evaluation and quantification of the conjugate drying

behavior on glass fiber — the state-of-the-art conjugate pad material.

First, the experimental throughput had to be increased to allow the testing of more parameters and
drastically reduce the amount of required aptamer. The 96-well-plate test format was established in
this regard and the test volume reduced from 1 mL to 0.200 mL. Based on the findings described in
section 4.2, CaCl, was excluded from these experiments. A first test run was performed, utilizing
varying amounts of aptamer (0.125 uM — 1.000 uM; top to down) and varying concentrations of charge
screening agents (0 M — 2 M). Due to the Schulze-Hardy-Rule, the dilution of the MgCl, experiment

was adjusted (see Figure 30).
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Figure 30: 96-well-plate conjugation of 30 nm Au NP featuring OtA aptamer. The plates are shown directly after the salt-aging
procedure (T = 0 h) and after the overnight (ON) incubation (T = 19 h).

Directly after adding the salt, a color change could be observed for all samples featuring
600 — 700 uM NaCl and 125 — 250 uM MgCl,. The strong and desired red turns purple. Samples
featuring higher salt concentration turn bluish-purple and precipitate within minutes. After
19 hours, there are no visible changes for the NaCl-aged samples, yet, the MgCl,— aged samples that
showed a minor color shift, turned purple and precipitation could be observed. This purely visible

approach was subsequently transformed into an R/G/B-coded data set.

R/G/B represents an additive color code system that allows separation of millions of colors. It was
chosen since R/G/B analysis can be easily done at high throughput for digital images, and its
resemblance to the human vision, which is based on the addition of color signals of receptors for red,
green, and blue light. With this in mind, a formula was developed to quantify the reddishness of a
conjugate sample. Here, gold nanoparticles of 30 nm in diameter should provide a strong red color.
Ultimately the rapid-red formula was introduced and utilized to analyze the conjugate stability.

Figure 31 depicts the analysis routine and formula.
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Figure 31: From sample to RR-value. Schematic step-by-step-overview.

The rapid red formula puts the R, G, and B value into relation with each other, like shown in formula
1.

R

F lal: RR= ——
ormuta G+B+1

Thus, the data set for every well is reduced to three measurements, which can be used to give an
average value with its corresponding standard deviation. Due to its very nature, the rapid red value

spans a range from 0 to 1.8 (compare Figure 32).

anen-aa

Figure 32: Rapid red of 96-well-plate shown in Figure 30.

The comparison of RR-values right after conjugation and after 19 h of incubation leads to the finding

that all samples that featured a RR-value of at least 1 did not fall, whereas samples exhibiting RR-values
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above 0.9 did change from the status “most stable” to “transition”. For subsequent experiments, the
aim was to reach at least an RR-value of 1 for the generated conjugates. However, this threshold is
only reliable for liquid conjugate samples within their respective wells. If the conjugate is transferred
onto glass fiber or the final LFA-test strip, it is still possible to determine the RR-value, yet the material’s

opaqueness may alter the RR-value to significantly lower values (see Figure 33).
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Figure 33: RR-value for different materials with varying opaqueness.

It is noticeable that the RR-value of stable samples was not constant during the 19 h incubation but
increased, as can be seen in Figure 33; exemplary sample C4. This change could be linked to the
successful conjugation procedure. Wang et al. described that a much slower conjugation step follows
the fast-initial conjugation step. The ligand-free surface offers enough room for a fracture of the
applied thiolated ligands to adsorb without resistance, according to the observed conjugation
efficiencies (less than 10 %). Hence, if this initial conjugation step is over, the surface is covered with
negatively charged ligands. The second phase consists of the charge screening agents allowing the
residual unbound ligands to find their way through the already attached ligands rearranging the thiol-
linkages so that it can be maximized which takes up to at least 5 hours. [180] The conjugation of
additional ligands is indicated by an SPR-peak-shift, as described by Walter et al. in 2010. [30] Here,
the method can detect the SPR-peak-shift linked to the successful conjugation, which an increasing RR-

value indicates after 19 hours.

However, as soon as the sample is transferred to glass fiber, the RR-value drops significantly, only to
rise again when transferred onto an LFA-test line. This opaqueness-dependent RR-value drop makes
the RR-method less attractive for the analysis and quantification of the staining of glass fiber and
determining the successful staining of the test line. Future experiments will have to be performed to
find the correct material/opaqueness-dependence of the RR-value and the suitable thresholds for each
tested material. Nevertheless, this is beyond the scope of this work. However, it must be stressed that
the RR-method allowed choosing one sample out of 96, based on empirically determined data, which

could be successfully transferred onto glass fiber and subsequently onto a lateral-flow-assay, providing
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the desired staining of the test line. According with the handbook by EMD Millipore, the most stable
sample was also the one best suited to be used as nano-bio-conjugate on an LFA-test strip. [41] In this
regard, this method adds up to the green chemistry character of this LFA-development. Since it
introduces a way to reduce the number of required materials while reducing the number of samples
that must be tested for a systematic evaluation drastically. Thus, this method will be encountered
throughout this thesis whenever conjugate stability of nano-bio-conjugates featuring laser-generated

gold nanoparticles has to be evaluated.

The same methodology was utilized to examine the alternative approach towards an OtA detecting
nano-bio-conjugate, which would not feature the aptamer, but its complementary conjugate.
However, it was already noticeable that the generated oligo-conjugates did not reach the desired

stability as their aptamer-bearing counterparts (compare Figure 34).
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Figure 34: Conjugation of laser-generated Au NP with complementary oligonucleotide for competitive assay formats with
varying sodium chloride concentrations (0.01 mM — 500 mM). Samples were analyzed via the TECAN Spark 20 M multimode
microplate reader. Pictures of samples were made according to the photo documentation protocol described in section 8.2.2.

According to Hurst et al., optimal surface coverage can be achieved by salt-aging up to a concentration
of 0.7 M NaCl. [175] Here, the tested conjugates’ total precipitation could be observed already at a
concentration of 8.20 mM NaCl. Two things must be considered when it comes to generating nano-
bio-conjugates featuring thiolated DNA-molecules. First, the steric hindrance provided by the much
shorter oligonucleotide (37 bases) is expected to be much less than the steric hindrance of the 61 bases
long aptamer. Second, the oligonucleotide is not designed in such a manner that a complex 3D-
structure is formed. The conjugates were only considered stable at deficient salt concentration, which
would only allow for very low surface coverages — not suited for LFA applications. For future work, it

could be of interest to study more intensely the alternative nano-bio-conjugate, featuring the
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complementary oligonucleotide. However, optimizing the oligonucleotide conjugation procedure was

too time-, and resource-consuming.

3.3.2 The ideal buffer

It was previously shown how the pH could influence the conjugation procedure and the resulting
conjugate stability. However, this systematic evaluation lacks a detailed analysis of the influence of the
pH on the generated conjugates” functionality. In addition to that, a detailed analysis is missing if the
pH itself is the main parameter for the aptamer-nano-bio-conjugate function or if the chosen buffer
itself influences the function. This chapter combines intense literature research on the most
prominently used buffer in the field of nano-bio-conjugation and a systematic experimental
comparison of the two best-suited buffer systems in combination with LAL-NP. Buffers were mainly
chosen due to the achieved LODs of the described LFA-test-systems. Later on, it will be discussed why
the LOD might not be the ideal parameter to evaluate LFA-effective-ness, but for now, it allows to

narrow down the buffers for the experimental part of this chapter based on empirical data.

If one works its way through the state-of-the-art
literature  on  aptamer-nano-bio-conjugates in
diagnostics, it is apparent that all applications feature a

buffer system. Utilizing a buffer is a standard procedure

. . . [':] PBS
when working with biomolecules to guarantee constant B TRIS
[IMES
[ |carbonate 41.7%
I |HCl citrate
| |phosphate citrate

pH conditions. The main buffers used in 30 publications

are shown in Figure 35. The most frequent buffer is the
phosphate-buffered-saline  (PBS) solution. This Figure 35: Buffers utilized for OtA detection throughout
complex-forming buffer releases protons in the literature.

presence of metal ions and binds divalent cations. Its

buffer range spans from pH 5.8 to 7.5. [321] It must be mentioned that PBS buffers usually contain
MgCl,. Yang et al., Barthelmebs et al., and Zhang et al. used 1 mM MgCl, in their respective PBS buffer.
[201,209,211] It was previously shown that the conjugate stability of conjugates featuring LAL-
generated NP was significantly reduced when MgCl, concentrations above 0.2 mM were reached. The
second most-frequently-used buffer is Tris(hydroxymethyl)aminomethane (TRIS). It features a buffer
range of pH 7 to 9, which is strongly temperature-dependent. It was previously used as a SELEX-buffer

to generate the miniStrep aptamer by Bittker et al. [94]. TRIS is commonly used for physiological
applications yet is limited due to its relatively high pH-range. [321] The remaining buffers on this list

feature MES, carbonate, HCl/citrate, and phosphate citrate. Since no pure-LFA-application utilized

those buffers, these buffers were excluded from the experimental part of this work. However, it might
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be of interest to get an overview of the aforementioned buffers and the respective pH-values of the

analyzed samples (compare Figure 36).
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Figure 36: Visualization of samples and their respective pH ranges (continuous lines), as well as the most used buffers in
literature and their respective buffer range (dashed lines). The isoelectric point of gold nanoparticles is shown in pink, the pH
at which Au NP are most stable is marked in green. Both values were extracted from Merk et al. [161].

As can be seen, the pH-range of the most prominently used buffers covers a weak-acidic to the weak-
basic range. However, samples like wine or cocoa, which feature a strongly acidic pH, might require
buffer systems, featuring a broader pH-range, as well as an improved buffer capacity. Due to its
technical limitations, an LFA-test-stripe can only provide a limited buffer capacity, and samples
featuring low pH values might just render the buffer useless. Here, PBS buffer provides the broadest
pH-range, leading to significant overlap with samples like fermented cocoa or wheat. Only MES buffer
provides buffer capacity at lower pH values, making it an interesting solution to acidic samples.
Nevertheless, the ultimate question remains which buffer system provides the best LOD results.

Different approaches from the literature were compared to answer this question (Figure 37).
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Figure 37: Comparison of the pH conditions of the respective test systems and their limit of detection (LOD) in ng/mL.

Here, eight different OtA — detection devices are compared. The three lowest LODs were achieved at
a pH of around 7.5. [118,123,322] Nevertheless, a clear statement if this pH-value represents the
optimum for OtA detection remains unclear since all three publications feature different detection-
techniques. Mishra et al. utilized titanium dioxide nanoparticles as an aptasensing platform [123], Wu
et al. utilized a fluorescence-based biosensor with subsequent signal enhancement via RNase H [322],
whereas Wang et al. established a traditional LFA-test system supported by a test reader [118]. Despite
the three presented systems differing significantly in their technical approaches, it remains of interest
that TRIS-buffer and MES-buffer could achieve comparable LODs at the same pH. The data of Zhang
et al. were determined for ochratoxin extracted out of solid corn samples; hence the limit of detection
might be affected by the extraction of the analyte [211]. However, the data indicate that the chosen
buffer is of secondary importance if the pH is adjusted correctly. However, different approaches were
used to generate the data. In this work, nano-bio-conjugates were prepared in either PBS -, or TRIS —

buffer while all other parameters were kept constant. The results are shown in Figure 38.
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Figure 38: Influence of the pH on the generated conjugates” stability, featuring 30 nm laser-generated Au NP and HEGL-4x-
Amp-aptamer (0.2 pM). The respective tests were performed in the microplate format (200 pl total volume per well), and the
buffer concentrations were adjusted from 0.0001 to 0.1 concerning the main buffer component. Buffers were adjusted with
HCI to the respective pH values (6.5 to 9). It has to be noted that PBS and TRIS feature different pH ranges, which is the main

reason both buffers are compared in an overlapping range rather than at the same pH values.

Interestingly, the lowest (0.0001 M) and highest (0.1 M) tested buffer concentration for both buffer
systems lead to the least stable conjugates, which did not exceed RR-values of 0.8. This was to be
expected since buffer capacity depends on the buffer’s concentration. The buffer capacity is minimal
at its lowest concentration; thus, it cannot provide sufficient protection from unfavorable pH

conditions. At maximum concentration the salinity of the utilized buffer leads to charge screening in

between the colloidal nanoparticles and destabilizes them.

Especially, conjugates featuring PBS failed to exceed RR-values of 0.6. Eleven samples reached RR-
values of 0.9, indicating mediocre stability. All samples featured either 0.001 M or 0.01 M buffer
solution. Since standard deviations overlap, it is impossible to give an absolute answer which buffer is
superior. However, it was possible to generate stable conjugates over the entire tested pH-range. The
reason for the differences in conjugate stability, especially for the overlapping pH-values, must be
caused by the buffers” chemical properties. As mentioned, PBS represents an anionic buffer, featuring
a considerable amount of salt (1x PBS = 137 mM NaCl + 2.7 mM KCl + 12 mM phosphate). Though, the
isotonic solution may contribute to additional charge screening, destabilizing the generated

conjugates. In comparison to that, TRIS features an amino group that is readily available to adsorb to
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the nanoparticle surface. However, this could ultimately lead to

hydrogen-bridge-formation between conjugate-particles at 1

neutral pH, which is with accordance to the highest stability at pH ]

404
8. To allow a final statement on the ideal conjugate stability, the
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samples’ total survival rate was compared. The survival rate does

04
only consider how many samples did not precipitate within a PBS TRIS
Y y P P P buffer system /-

definite amount of time (here one week) in ratio to the samples Figure 39: Survival rate of conjugates
L . . exposed to PBS or TRIS buffer.

that precipitated. The results are shown in Figure 39. The PBS-
treated samples’ survival rate remains below 45 %, whereas TRIS-treated samples showed a survival
rate of up to 50%. However, this data must be considered with caution since TRIS samples were
adjusted to pH-values of 8 and 9. It is well known that Au NP are most stable in alkaline pH. [182]
However, the same trend for liquid colloid samples was observed for dried conjugates on glass fiber

membranes (see Figure 40).
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Figure 40: Observed RR-values for conjugate samples dried on glass fiber (2h, 40°C, 10 pL of conjugate).

In conclusion, nano-bio-conjugates featuring laser-generated nanoparticles show pH-dependent
stability. Just like for the pure nanoparticles, aptamer-conjugated LAL NP exhibit their optimal stability
at alkaline pH. They can be utilized in established buffer-systems that have been previously used for
nano-bio-conjugates, featuring chemically synthesized particles. Here, the results indicate that TRIS
buffer may ultimately lead to more stable conjugates. However, the sample’s pH may make it
necessary to switch towards PBS or MES buffer if required. This chapter adds to the total understanding
of the stability and intelligent design of nano-bio-conjugates and significantly improving the conjugate
stability, which is of uppermost importance for functionality. However, the final decision on which

buffer system to use should always be made with the target molecule, sample volume, buffer capacity,
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range, and colloidal stability in mind. It is impossible to provide one clear rule for all imaginable

applications of nano-bio-conjugates in the vast field of LFA-applications.

3.3.3 Conjugate pad preparation

The conjugate pad needs to be pre-treated to allow for a stable, redispersable conjugate. This
procedure has not been evaluated and optimized for conjugates featuring LAL NP. Zhou et al. used
0.01 M PBS buffer at pH 7.4 [212]. This buffer was utilized to wash the Fassisi glass fiber, and finally

the treated glass fiber was dried at 37°C. The washing buffer was analyzed via UV-vis after every

washing step, and its pH was determined (see Figure 41).
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Figure 41: Fassisi glass fiber was cleaned with conjugate pad buffer, described by Yang et al. [212]. The fiber sheets were
cleaned 4 times for 1 h. After every cleaning step, the buffer was analyzed via UV-VIS, and the pH was determined.

The pH value showed only minor variations between the washing steps. However, the UV-vis
measurements revealed huge deviations. The third washing buffer resembles the reference sample
very closely. Thus, it was decided that 3 washing steps should be applied to the glass fiber, before the
drying. Small aliquots of 4xHEGL-Amp-aptamer-Au NP-conjugates were pipetted onto the washed glass

fiber to see whether the applied conjugate would provide sufficient staining or vanish (see. Figure 42).
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Figure 42: Influence of washing of the glass fiber onto the drying behavior of conjugate. The conjugates with increasing Au
NP content (from left to right). 5 pL of the respective conjugates were applied via pipette, and the glass fiber photographed
directly after application and after 24 h incubation.

The washing and preparation of the glass fiber did not improve the drying behavior significantly. The
experiment was repeated using three conjugate pad buffers to exclude pH effects, featuring pH 7.5,
8.0 and 8.5 (see Figure 43). As a consequence of Figure 41, the washing was performed 3 times, before

the conjugate pad could dry.
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Figure 43: Influence of different pH values during washing of the glass fiber onto the drying behavior of conjugate. The
conjugates with increasing Au NP content (from left to right). 5 pL of the respective conjugates were applied via pipette, and
the glass fiber photographed directly after application and after 24 h incubation.

No tested pH value provided a successful loading of the conjugate pad. Therefore, the utilized
conjugates were further analyzed to exclude the possibility of insufficient DNA surface coverage (see

Figure 44).

81



=)
(]
(%]
(=]
(]
o
cm?

° mm conjugation efficiency [ 1800~2.
-~ m surface coverage 5
> 80 L1600
o -
5 - 1400 O
— ~
‘C 60 -1200 @
s -1000 0
S 40 £800 ©
= =
o -600 8
2 20 u F400
-E. U
o 20 @
Q .
D T T —O 5
10 20 30 40 50 @

AuNP conc. / pg/mL

Figure 44: Conjugation of Au NP of increasing colloidal concentration with Amp
aptamer with HEGL spacer (#183408)

The conjugate with the lowest Au NP concentration features the highest surface coverage, whereas
the conjugate with the highest Au NP concentration features the lowest surface coverage. However,
all samples feature a DNA surface coverage above the determined minimal surface coverage of
155 pmol/cm?, previously determined for the OtA-aptamer system. Samples that included an Au NP

concentration above 20 pg/mL, provided a strong pink to red color (see Figure 45).
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Figure 45: Color of the utilized conjugates for glass fiber loading. Samples were photographed using a Huawei Y6 (2019).

Despite the strong color of the colloid, no red marks were left on the pre-treated glass fiber. The

conjugates were further analyzed via UV-VIS (see Figure 46).

82



Resuspension
1.4 —25uL
—— 50l
1.2 75 uL
g 100 L
S 1‘0. 125 ulL
B 0.8- —— 150 L
= 24 h Incubation
o 061 T
0.4 == -o0ul
75 L
0.2 100 L
_ 125 L
20 30 4% 550 6% 700 8a0 900 10K

wavelength / nm

Figure 46: UV-VIS extinction spectra of conjugates, featuring an increasing gold concentration from lowest (1; 9 pug/mL) to
highest (6; 50 pg/mL)). The conjugates were analyzed before separation from excess DNA (Pre Centri), after separation from
excess DNA, and resuspension in resuspension buffer (Resusp) after 24 h incubation.

The strongest signal in the area 700 to 900 nm, which is linked to agglomeration/aggregation, was

measured for the conjugate featuring the highest Au NP concentration, see Figure 47.

0.2 . T

extinction / nm
o

wavelength / nm

Figure 47: Extinction of conjugates featuring varying Au NP concentration between 700 nm and 900 nm.
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However, all tested samples feature a strong SPR peak, whereas the observed agglomeration remains
very low. Thus, it can be said that the conjugates feature sufficient DNA load and are stable after
resuspension, yet do not survive on glass fiber used by Fassisi, even without being sprayed via bio
dispenser. These findings lead to the conclusions that the conjugate concentration should always
exceed a certain threshold concentration (see Figure 49), since surface coverage alone does not
guarantee its stability on the glass fiber. However, the stability can pe positively influenced if
redispersion buffer is used. Trehalose and BSA failed to stabilize the conjugate sufficiently. However,
experience from the literature suggests the positive effects of saccharose on the conjugate stability
during the drying process. [212] If the conjugates are not the reason behind the vanishing of the
conjugate on the conjugate pad, it may be necessary to discuss the influence of the glass fiber onto

the conjugate, as well as the chosen impregnation mechanism.

Glass fiber is a silica based material, which is not only used as conjugate pad material, but also in many
applications, including but not limited to 3D-printing [323], light and data transfer [324], or as
composite with polymers (fiber-reinforced polymer; FRP) [325]. One of the most crucial steps during
the generation of glass fibers is the sizing of the fibers, which refers to a protective coating with e.g.
organic molecules. The utilized sizing agents are responsible for the final properties of the resulting
fibers and can influence their hydrophobicity/hydrophilicity. [326] In addition to that the
3-dimensional structure of glass fiber accounts already for a signal loss of up to 90% of the applied
nano-bio-conjugates. Only those nano-bio-conjugates can be seen on the test line that are located in
the upper layers of the fiber and not hidden in the deeper layers. [41] A possible reason for the
vanishing could be an unwanted hydrophobic interaction between the colloid and the glass fiber of the
conjugate pad. However, this seems unlikely since the Fassisi glass fiber has been designed for
impregnation with water-based colloids. Another important factor in glass fiber coating remains the
interaction of so-called nanofillers with the fibers and their respective surface molecules. The nano-
bio-conjugate can be seen as such an nanofiller, as described in detail by Mahmood et al. [327]. The
application via airbrush and subsequent anchoring of a nanofiller via attractive interactions onto the
glass fiber substrate may represent the state-of-the-art technique in the field of LFAs, yet it may lead
to the agglomeration of the nano-bioconjugates [328]. This might be the main reason why the
application of the nano-bio-conjugates via bio dispenser failed. As observed in chapter 4.2, aptamer
might not provide sufficient steric hindrance to allow the conjugates to withstand such high-pressure
conditions. Due to that, immersion was chosen as main impregnation mechanism of the conjugate
pad. This technique is known to cause drying artefacts. Yet, the total vanishing of an applied colloid

has never been demonstrated in the existing literature.
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However, one more additional experiment was conducted to see if the nano-bio-conjugates’
application onto the glass fiber was causing trouble. Based on information from EMD Millipore (booklet
“What you should know before you specify a membrane for your next assay”) the conjugate pad was
washed at pH 7.5 and incubated directly within the respective colloids featured in Figure 46 via
immersion. R/G/B  values were used as measure of color quantification.

https://www.rapidtables.com/web/color/RGB_Color.html provides further information on RGB color

codes and was used as reference (last visit: 03.01.2022).

The resulting staining of the conjugate pads is shown in Figure 48.

A 25 pg/ml 50 pg/ml 83 pg/ml 128 pg/ml || 166 pg/ml

0 25 50 75 100 125 150 175 0 2 4 6 8 10

B AuNP concentration / pg/mL | C Fassisi colour scale

Figure 48: A) Conjugate pads (3x washed at pH 7.5) incubated with conjugates at a varying concentration of Au NP. B) resulting
colors in RGB values. All conjugates featured the 4x HEGL ampicillin aptamer except for the one marked via the cyan box; it
features a miniStrep conjugate. C) Fassisi color scale (10 equals the best color possible) transformed into RGB values for
comparison. RGB values for the different colors were determined via PowerPoint. Brightness and contrast of all images were
increased by 20.

No tested conjugate featuring the Ampicillin aptamer and an Au NP concentration of up to
50 pg/mL provided sufficient staining of the conjugate pad. However, the staining of the conjugate
pads remained even for 2 days. To see whether an increase in the Au NP concentration could even
improve this effect, a conjugate featuring 10 pM miniStrep — Aptamer and 128 pg/mL 30 nm
Au NP was used as an incubation medium for a glass fiber conjugate pad. The miniStrep-Aptamer was
chosen for this experiment since this kind of test requires huge amounts of aptamer and the supply of

HEGL-Amp-aptamer (#183408) was limited in the project. It could be shown that this conjugate

provided a strong red staining of the conjugate — a strong indication, that this conjugate pad will be of
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use in LFAs and a sufficient amount of nano-bioconjugates will be available for the staining of the test
line. Based on this approach, further conjugate pads were prepared, featuring HEGL-Amp-aptamer-
conjugate at an Au NP-conc. of 83 pg/mL and 166 pg/mL. Both samples provided strong red staining
of the conjugate pad. However, the strong color changed after a few hours of incubation

(see Figure 49).

pre post pre post

166 pg/ mL 83 ug/ mL

Figure 49: Conjugate pads prepared via dipping technique as described by EMD Millipore were photographed directly after
the dipping process (pre) and after 1 h of drying at 37°C (post). Results are provided for conjugate featuring 166 pug/mL Au
NP and 83 pg/mL Au NP.

Thus, further experiments were performed to optimize the drying process of the conjugate. Saccharose
was applied in larger quantities and the temperature during the drying process was increased to 40°C.
Analogue to the dehybridization of randomly bound and self-hybridized DNA strands via heat
treatment (HT; 95°C) before polymerase chain reaction (PCR). This pre-treatment was also utilized to
pre-treat the ampicillin solution before conjugating. Conjugation was performed as usual (final
concentration: 0.3 M NacCl) and the conjugates transferred onto glass fiber and dried for two hours at

40°C (see Figure 50).
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Figure 50: Pure nanoparticles in saccharose solution (top row) vs. aptamer-np-conjugates in saccharose solution (lower
row)

As can be seen, the conjugates treated with 3 wt% saccharose showed only limited color change, due
to the drying process, whereas samples treated with 5 wt% saccharose did not lose their strong reddish

color. The resulting colors were quantified via RGB analysis (see Figure 51).
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Figure 51: RGB analysis of loaded glass fibre after addition of 5 pL conjugate (heat treated at 98°C for 5 min) featuring
different weight percentages of saccharose. (A) Fassisi color scale for comparison (1; worst to 10; best result).

Due to the overall appearance (RGB, which was chosen instead of the introduced RR-value to allow for
better comparability with the established Fassisi color scale, and UV-Vis analysis) 5 wt% saccharose
were used for all following experiments. When tested on streptavidin-labeled test stripes, the

conjugates were able to generate a clear test line staining.

87



Within this subchapter, it could be shown why the initial application of the conjugate onto the glass
fiber might have failed and lead to the vanishing of the stable nano-bio-conjugates. Incubation of
conjugate pads with conjugates require at least an Au NP concentration above 50 pg/mL. The
conjugate pad’s incubation within the conjugate seems to be the suitable technique to apply conjugate
onto the glass fiber. The conjugate pad must be washed 3 times before the incubation procedure. The
ideal pH must be analyzed for every test system individually. The existence of a threshold
concentration, required for the successful preparation of the conjugate pad, leads to the assumption,
that only a small fraction of the conjugate can anchor in such a manner onto the glass fiber, that it can
be redispersed again. The dark, purplish spots which can been seen in e.g., Figure 42, might indicate
the agglomeration and aggregation of conjugates within in the glass fiber. Agglomeration leads to an
increased extinction of red light, which typically can be seen as purple color. Only if excess conjugate
is presented, successful anchoring events can take place and sufficient conjugates are available for

redispersion and target binding.
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3.3.4 Lateral Flow Assay Functionality Readout
In addition to the optimization of the LFA and its conjugate pad a different approach was
experimentally tested, see Figure 52. This approach is a modification of the LFA presented by Zhou et

al. [212].

A 1 .— aptamer — AuNP-conjugate
@—  complementary DNA + Biotin
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Figure 52: A) Biotin-labelled (test line) nitrocellulose membrane. 1) binding of streptavidin — biotin labelled complementary
oligonucleotide probe to biotin on test line. 2) Hybridization of aptamer — Au NP conjugate to DNA probe. B) resulting
construct on stained test line. T = test line; C = control line.

A biotin — labeled complementary oligonucleotide is coincubated with streptavidin. This probe is then
linked to the test-line of the test tripe via biotin-streptavidin binding. After washing off unbound
streptavidin-biotin-DNA probe, the aptamer-Au NP conjugate is given onto the test tripe and binds to

the DNA — probe onto the test line, thus, generating a red staining.

However, the red stain is hardly visible with the naked eye and ever harder to detect after digital post-
processing, compare Figure 53. The amount of streptavidin (from 1 uM to 0.1 uM) was decreased for
follow-up experiments; to see whether sterically hindrance disturbs the successful binding of

conjugate onto the test line.
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Figure 53: A) Microcoat LFA after treatment with DNA-probe (0.2 umol) and aptamer — 30 nm Au NP — addition. A weak
staining of test line is visible with the bare eye. B) Microcoat LFA after treatment with DNA-probe (0.01 umol) and aptamer
— Au NP — addition. A strong staining of the test line is visible.

This successful test stripe served as proof of concept and was further optimized as can be seen later in
Figure 56. The bad quality of the test line result can be explained by the long storage time of the LFAs,
two low humidity during the running process and the complexity of the construct (biotin — streptavidin
— biotin-oligo — aptamer-NP-conjugate). The biotin-test line was furthermore replaced by a

streptavidin-labeled test line to allow for a direct binding of the DNA probe.

3.3.5 Ampicillin-Test-System — combining all advances to design a working POC
device

The main findings described in this work focus on the functionalization of laser-generated gold
nanoparticles with aptamer sequences to either bind ochratoxin A or streptavidin. Only limited data
have been shown regarding the ampicillin test system so far. However, due to the thesis” main focus,
which is mainly driven by the design of a marketable LFA test system, and its advances in the design of
an ampicillin aptamer, the ampicillin test system became the main candidate for the design of a
marketable application. The following chapter represents a transfer of ideas and improvements made
for the basic test systems towards this main system. Hence, this chapter builds upon the experiments
described earlier. Samples were conjugated with the ampicillin aptamer, which had been previously
described by Song et al. [36]. In contrast to the work of Song et al. the aptamer sequence was elongated
and a 4x hexaethylenglycol (HEGL), respectively an 8x HEGL-Spacer, was added. HEGL is typically used
as a terminator for DNA polymerases in molecular biology [58]. Here, it serves as uncharged spacer
sequence. Thus, it provides steric distance between the folded aptamer and the nanoparticle surface,
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without the requirement for additional charge screening agent, who would decrease the resulting
conjugate stability. The spacer sequence is required to allow for optimal folding as was shown in
studies by Barchanski et al. [28]. Typical spacer sequences consist of adenine or thymine sequences,
which are added to the aptamer [30], yet they can bind unspecific to the Au NP surface and cause the
aptamer to lose its function [177]. Due to its uncharged nature, it is most unlikely that HEGL spacer

sequences will introduce such unwanted binding events to the nanoparticle surface.

Two aptamers were compared to each other: one featuring the 4x HEGL spacer and the other featuring

8x HEGL spacer (see Figure 54).
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Figure 54: Initial low-surface-coverage conjugations of the Amp-4x-HEGL aptamer (A) and Amp-8x-HEGL aptamer (B) onto 30
nm LAL-Au NP.

The spacer length does not influence the conjugation behavior drastically. Both approaches lead to
almost the same surface coverage at maximal applied DNA concentration of 0.5 puM. However, the
stability differs significantly, especially when transferred onto glass fiber. All samples featuring the 8x
HEGL-spacer turned purple/bluish, whereas the highest tested DNA concentration for the 4x HEGL-
spacer aptamer remained reddish, which is a strong indicator for conjugate stability. Due to the cost-
intensive 8 x HEGL spacer and the reduced conjugate stability, this approach was discarded. Future
work could be conducted on the question what HEGL-spacer length is optimal for this specific aptamer.
However, this question is beyond the scope of this work. Since the highest utilized DNA concentration
leads to improved conjugate stability the test range was extended up to 3.0 UM aptamer concentration

(see Figure 55).
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Figure 55: Conjugation of 30 nm Au NP with Amp-4xHEGL-aptamer. Conjugation from 1.0 uM aptamer concentration on were
performed in triplicates. Dashed line provides guidance to the eye. (A) Schematic scheme of aptamer during nano-bio-
conjugation including its 4x HEGL spacer (formula by Sigma Aldrich; B)

In accordance with the literature on the conjugation of laser-generated nanoparticles with thiolated,
single-stranded DNA molecules, the generated surface coverages increased with increasing DNA
concentration. However, a saturation at DNA excess concentration can be seen. [292]. Interestingly
the conjugation efficiency remains relatively constant between 20 % to 30%. Typically, the conjugation
efficiency drops drastically at higher DNA concentrations since bound DNA blocks the surface for
further conjugation of DNA molecules [25,175,292]. It is known for PEG to support the loading of the
nanoparticle’s surface by guiding the thiolated DNA molecules to the surface, while suppressing the
charge repulsion of already attached DNA strands. [329] Based on the observations it can be concluded
that the HEGL spacer might as well allow for more effective transfer of thiolated DNA strands after the
initial attachment phase. Yet, the question if the HEGL spacer interferes with the ampicillin aptamer’s
functionality remains unanswered. It has been described by Bosco et al. that a HEGL spacer can
positively influence the aptamers” functionality [330]. This effect is mainly explained by the ability of
uncharged ligands like e.g. PEG to avoid unwanted binding events through steric hindrance [331,332].
Nevertheless, the influence of the HEGL spacer on the conjugation procedure and its influence on
aptamer functionality lacks an intense study. The results shown in this work indicate that the
replacement of negatively charged phosphate backbone bearing DNA with the 4x HEGL spacer allows
excess DNA to slip through the initial DNA monolayer more easily, thus improving the conjugation
efficiency. Ultimately, this leads to high surface coverages of above 700 pmol/cm? at moderate
aptamer resource input. Hence, the aptamer improvement contributes once again to the green

chemistry approach of nano-bio-conjugation, which serves as a common motive throughout this work.
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Future work will have to focus to understand the full influence of the HEGL-spacer system on the
conjugation behavior of laser-generated nanoparticles. Since it was possible to generate stable and
glass fiber-compatible conjugates, this basic research remains an interesting challenge for the future.
Within the scope of this work, the ideal conjugation procedure for ampicillin carrying nano-bio-
conjugates was found. The 30 nm LAL-Au NP were subsequently conjugated with 2.0 uM
4x HEGL-Amp-aptamer. The conjugates were subsequently heat-treated at 95°C for 5 min in
accordance to Song et al. [36], coincubated with the DNA-probe, transferred onto glass fiber via
dipping (data not shown), dried at 40°C for 2 h and finally redispersed via binding buffer onto the

Microcoat test strips. The resulting LFA runs are shown in Figure 56.

LAL

lcm
<>

Figure 56: Triplicates of streptavidin-labeled LFAs featuring LAL-nano-bio-conjugates (left) and Fassisi-nano-bio-conjugates
(same DNA concentration applied throughout conjugation).

After intensive testing and based on the optimization procedures presented in the previous paragraph,
an ideal pre-treatment, conjugation process, lateral-flow-assay-preparation, composition, and its

optimal running conditions can be presented (see Figure 57).
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Figure 57: Schematic overview over an optimized LAL-Au NP — aptamer — LFA system; competitive
assay for the detection of ampicillin

The transferability of insights regarding the conjugation behavior of aptamers onto laser-generated NP
and the conjugate stability towards the ampicillin test systems indicates that this LFA system can serve
as general platform for all LFA-systems featuring laser-generated NP in combination with aptamers.
In-silico analysis, detailed information about the properties of the target molecule and its specific
aptamer concerning pH optimum and ideal surface coverage, can be utilized to expand the field of
application of this simple POC-device massively. Nevertheless, differences have been found for every
researched aptamer. Due to the unique nature of its specific three-dimensional folding, each aptamer
is expected to act differently. However, since the generation of a visible readout of this test device is
purely based on the biotin-streptavidin binding platform technology, it can be expected that it can be
easily adjusted for other analytes. However, its very design as competitive assay, makes it more
suitable for small analyte molecules. Ultimately the ampicillin — system was able to generate a positive
test result for the 4xHEGL-Amp-aptamer — LAL Au NP — conjugate. The upper most important change
so far was the immobilization of the complementary oligonucleotide via biotin — streptavidin linkage

onto the nitrocellulose membrane as described by Zhou et al. [212]
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3.4. Recycling Aptamers — An approach towards atom economy

The price advantage of aptamers over antibodies should not lead to the false conclusion that aptamers
are cheap and readily available materials. Based on data provided by AptaGen, LLC, the average
aptamer costs 238 + 123 €/g, depending on its sequence length and its respective modifications (C6-
spacer, thiol-modification, PEG-spacer, fluorescence label, etc.). So far, the method of choice in the
matter of conjugation of DNA to noble metal nanoparticles remains the utilization of excess DNA in
combination with subsequent salt-aging. As shown throughout literature for chemically synthesized
nanoparticles, as well as above shown for laser-generated particles, the conjugation efficiency drops
with increasing DNA concentration. Laser-generated nanoparticles provide a cost-effective and
energetical preferable alternative to their chemically-synthesized counterparts. Thus, they represent
an asset in the field of green chemistry. In conclusion its only logical to transfer this advantage into the
field of nano bioconjugates. Excess utilization of DNA strictly contradicts the credo of atom economy,
which represents one major pillar of the principles of green chemistry. Therefore, this section
introduces an approach on aptamer recycling — which can be easily adapted by researchers in the field
of nano-bioconjugates featuring aptamers. It will be subsequently discussed if and how the presented
techniques can be scaled-up towards pilot plant scale. However, the focus remains on the laboratory

scale.

The UV-vis extinction spectroscopy quantification of unbound ligands in the supernatant after
centrifugal separation of the generated nano-bioconjugates and unbound aptamer ligands remains the
state-of-the-art technique in the field of bioconjugation to determine their surface coverage. It was
demonstrated by Petersen and Barcikowski that it does not lead to significantly different results like
the previously described method of ligand exchange via DTT — a precise yet destructive method. Thus,
the supernatant-analysis-approach does not only provide reliable data on the surface coverage but
also allows the subsequent utilization of the generated conjugate in follow-up experiments. [25]
Figure 58 shows supernatants of two subsequently performed conjugations processes —both featuring

the modified OtA aptamer (Apt1N) featuring an improved spacer sequence.
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Figure 58: UV-vis extinction spectra of unbound ligands, retrieved after a conjugation procedure via ultracentrifugation
(100.000 g, 1 h, 7°C). Black box marks the DNA-typical strong extinction at 260 nm, whereas the red box marks the possible
SPR extinction of nanoparticles. The peak in this area can be attributed to the Cy5-label of the utilized aptamer.

The first conjugation (purple) featured 2 uM aptamer as starting concentration. The aptamer was taken
directly from its manufacturer’s vile and had never been used in previous experiments. Since an excess
amount of DNA was utilized, high concentration of unbound DNA was detected in the supernatant
resulting from the conjugate purification procedure. The supernatant did not show any significant
signal indicating the presence of residual Au NP, yet a strong extinction can be observed at 260 nm and
at around 650 nm. The 260 nm signal can be assigned to the DNA extinction maximum, whereas the
peak at 650 can be assigned to the Cy5-fluorescence label of the DNA. Furthermore, the presence of
any interfering organic ligands can be excluded, since the generation of laser-generated nanoparticles
does not introduce any unwanted organic ligands into the conjugate system. The recovered aptamer
was subsequently used for a second conjugation. All parameters, like Au NP concentration, salt aging
procedure, incubation time were kept constant, however the maximal used DNA concentration had to
be readjusted to 1.5 uM since too much DNA had been bound to the nanoparticles during the first
conjugation. Here, future work could also include the concentration of previously utilized aptamers via
speed-vac-centrifugation or membrane-based processes to provide ideal conditions for comparability.
However, the question rises how the ‘recycling” process influences the generated conjugates in their
stability and functionality. Figure 59 shows UV-Vis extinction spectra of a conjugate with fresh aptamer
and two conjugates featuring the same subsequently recycled aptamer. The negative control (Au NP +
recycled aptamer) was performed without salt-aging procedure, whereas the recycling conjugate was

adjusted to the same salt concentration as the original conjugate.
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Figure 59: UV-vis extinction spectrum of three conjugates as proof of concept for a lab-scale aptamer recycling procedure.
The term “original” refers to the utilization of aptamers, which had not previously been used in experiments, whereas the
term recycled refers to aptamers, which were isolated as unbound ligands subsequently to a conjugation procedure and were
exposed to the salt-aging process

No notable differences in the SPR-shift for all three conjugation approaches were observed, indicating
a successful aptamer-functionalization of all samples. However, the ‘double’ salt-aged sample
precipitated within a few hours. Only the original conjugate and the negative control remained stable.
If one looks at the conjugation efficiency, the double salt aged sample provided a 19 % increase of
conjugation efficiency. This can be explained by the accumulation of Mg?* cations in approximation to
the negatively charged DNA strands, in accordance to observations of Kewalramani et al in 2013 [183].
The already accumulated Mg?* cations add up with the added second load of Mg?* cations to an
increased total Mg?* cations concentration, thus, leading to an increased surface coverage and
conjugation efficiency. However, due to the resulting high charge screening screen charging activity,
as well as the introduction to inter-strand-interactions between different conjugate particles, this

might ultimately lead to the conjugate destabilization and its aggregation.

Ultimately laser-generated nanoparticles were conjugated with ampicillin aptamer and tested under
the conditions described in Figure 57. The residual, unbound DNA was subsequently utilized for a
second conjugation procedure of the respective colloids. However, the second conjugation procedures
were performed via salt-aging with NaCl (up to a final concentration of 0.3 M), as well as, without any
salt-aging (negative control). The performance of the original conjugates, featuring fresh aptamer, as

wells as, conjugates featuring recycled aptamer are shown in Figure 60.
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Figure 60: Conjugation of 30 nm Au NP with Amp aptamer (Starting concentration 2 uM) and the respective Recycling (Recyc)
conjugate. Negative controls did not undergo the salt-aging procedure. The conjugations were performed in triplicates.
Original = fresh aptamer; Recyc = recovered aptamer + salt-aging; Negative = recovered aptamer without salt-aging.

The general conjugation efficiency is lower for the Ampicillin test-system, leading only to a total usage
of 79.4 % of the originally introduced aptamer in comparison to the OtA aptamer, but the nature of
the Amp aptamer, makes it impossible to perform the highly efficient salt-aging procedure via MgCl,
addition. However, the second conjugation procedure lead to an increased conjugation efficiency and
therefore to higher surface coverage, which is once again in accordance to observations of
Kewalramani et al in 2013 [183]. Interestingly, the negative control without any additional salt added,
still provides an increased conjugation efficiency and a surface coverage of comparable to the original
conjugate. This finding opens interesting optimization approaches to adjust the conjugate to the

desired surface coverage with minor working steps.

Finally, the functionality of the Amp aptamer test system was evaluated using an original conjugate,
one salt-aged with retrieved, previously used aptamer (Recyc), and one without salt-aging, but

previously used aptamer (Negative). The results are shown in Figure 61 A.
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Figure 61: A) Conjugation of Au NP with fresh and recycled aptamers. Negative controls lack the additional salt-aging
procedure. B) LFAs featuring LAL-conjugate (fresh aptamer), LAL Recyc (featuring recycled aptamer), LAL Recyc NEG.
(featuring recycled aptamer without second salt-aging.). Grey boxes indicate the applied conjugate volume in pL.

Three different volumes of the respective conjugates were applied onto the LFA-system (10 pL,
20 pL, and 30 pL). The RR-value was chosen as main value for functionality evaluation via color signal
guantification, since LFAs must provide a strong red color. Deviations in color are always linked to
instability and a lack of function for colloids feature pure noble metal nanoparticles, whereas a strong
red indicates the desired state at the test line. As mentioned in chapter 5 “LFA optimization”, the RR-
value represents a fast and easily accessible evaluation method for conjugate stability and was used
to evaluate the test line of LFAs. The originally conjugated LAL-NP exhibited a RR-value below 0.55
when bound to the test line. It must be mentioned that the opaqueness of the nitrocellulose does
interfere with the evaluation of the RR-value, however, there is no significant difference in the
behavior of LAL NP for either 10 pL, 20 pL, or 30 pL. The staining of the test line becomes more reddish
(Figure 61 B).

However, the average RR-values of the tested samples does not exceed the value of 0.6. A drastically
increase of reddishness can be seen for the recycled samples throughout all tested volumes. In general,
the negative samples — lacking the second salt-aging procedure — exhibited reduced RR-values in
comparison to the twice aged samples. Hence the higher surface coverage achieved for the twice-aged
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samples seems to provide improved binding towards the test line. Yet it is interesting, that the
achieved color remains still better than for the original conjugates. Hence, the recycled aptamer
features already cations in between it strands, which allow for an improved second conjugation
procedure, which was to be expected on the findings of Kewalramani et al., who could show, that the
cation concentration in between DNA strands exceeds the cation concentration in the bulk solution.
[183] Aptamers participating in the first conjugation procedure, without successfully binding to the Au
NP surface, did attracted counter ions of the first salt-aging. During the second conjugation procedure,
the bound cations provided the required charge screening for a successful conjugation in the recycling
run. The observed improved functionality of the two-times aged conjugates is in accordance with the
very findings first described by Hurst et al.; higher salt concentration leads to higher surface coverages.
[175] The higher surface coverages seem to lead to better functionality in the end. The optimal surface
coverage of this particular system has yet to be found and remains a topic for future work. However,
it has to be considered that very high surface coverages with e.g. antibodies are known to reduce the
sensitivity of the test system in the end as was shown by Urusov et al. [333]. This effect might also be
encountered for recycled aptamer conjugates and must be taken into consideration for future
experiments. Another challenge might be the additional charge screening due to the higher salt
concentration in between the aptamer strands, causing a decrease in colloidal stability. Future work

needs to be conducted on how to further improve the colloidal stability of the conjugates.

However, with a new conjugation protocol at hand, the question arises, if it is possible to quantify the
advantage of the recycling procedure. Here, multiple aspects must be taken into consideration. First,
one must understand the total cost of a conjugate batch in the lab scale. The following calculations
were made under the assumptions that a 1 ml conjugate batch would be prepared, leading to a final
volume of approx. 100 plL ready-to-use-conjugate after the centrifugal clean-up procedure. This 100
UL could be used in batches of 10 L on a total of 10 LFAs (96-well-plate preparation). Thus, allowing
to analyze 3 different settings for one experimental parameter (e.g. ideal label concentration, ideal
surface coverage, etc.). One test stripe out of ten would serve as reserve to repeat a failed test-run, as
can be strongly recommended for experiments with LFAs after intense experimental work in this field.
All these assumptions allow it to combine the expected costs for the lab scale into one single number:
price per tested parameter (€). One may wish to improve the experimental data by increased
repetitions or testing more variations of the same parameter, but for an initial evaluation it might be

sufficient to test just three expressions per parameter (e.g. low, mediocre, and high surface coverage).

Based on the calculations and experiments of Jendrzej et al., it can be calculated, that the gold colloid
contributes only minimal to the cost a conjugate with less than a percent, here equal to 0.07 euro cent

per 1 mL conjugate. [22] Material costs for LFAs, like e.g. nitrocellulose, Whatman paper, as well as
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plastic cardboard as support in addition to the small production scale for lab conditions leads to costs
of 2.5 € per test stripe (based on test stripes ordered from Microcoat Biotechnologie GmbH) . However,
the aptamer represents the lion’s share withupto $ 1 -$ 4 (0.82 € - 3.29 €; state of the art June 2021)
per microgram (data taken from Aptagen, LLC). So far, the experimental data of this work coincidence
with the literature on aptamer-based LFA systems, indicating that high DNA concentrations are
required for the successful functionalization of nanoparticles and their subsequent usage in LFAs.
[123,205,209,211] The amount of required DNA as well as the information on its price lead to the
finding, that the aptamer makes up to 90 % of the total cost of a lab-scale aptamer-based LFA test

(compare Figure 62 A).
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Figure 62: A) Share of total cost of a 1 mL conjugate batch featuring laser-generated Au NP conjugated with aptamer. The
term “original” refers to the utilization of aptamers, which had not previously been used in experiments, whereas the term
recycled refers to aptamers, which were isolated as unbound ligands subsequently to an conjugation procedure and were
exposed to the salt-aging process. B) Price per tested parameter (referring to a 1.0 mL conjugate batch used in 10 subsequent
LFA test runs at lab scale; working hours not included, only material costs). Residual aptamer refers to the amount of unbound
DNA ligands after the second conjugation procedure in comparison to the originally applied DNA concentration. Fassisi test
stripes with complementary oligonucleotide (0.001 mM) loaded test line were used.

If the unbound aptamer can be returned and once again be utilized in subsequent conjugation
procedures, a shift in the total cost can be observed. The aptamer will only account for 82.6 % of the
total cost. In concrete numbers the price for a statistically usable data acquisition (here = 10
measurements per parameter, based on 100 pL conjugate volume per well of a 96-well-plaze), drops
from 26.38 € to 14.44 € for the lab-scale (compare Figure 62 B). At this stage it is hard to estimate the
total amount of money that could be saved on pilot plant or even industrial plant scale since prices for
the required materials strongly vary over time and in dependence on the purchased quantities.

Typically, lab-scale represents the highest cost/unit price. Thus, the saving margin for larger scale
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production is expected to drop less in comparison when aptamer recycling is introduced. Nevertheless,
the aptamer represents the most valuable part of this production process. Thus, significant savings are

to be expected in addition to contributing to green chemistry.

However, saving money and resources is only meaningful if the function of the generated conjugates
can be guaranteed, for both the original and recycled aptamer. Here both, the original conjugate, and
the negative control, lacking the second salt-aging procedure, still were able to bind to the utilized test
line on an LFA test, providing a strong red signal. The residual unbound aptamer after the second
conjugation was below 2 % of the original amount of DNA utilized. Thus, a 98 % total usage of the
utilized aptamer, while upholding its function was achieved. These finding represent a first step

towards a green chemistry nano-bioconjugate with maximal achievable atom economy.

In conclusion, itis possible to regain unbound aptamer ligands after the conjugation procedure via salt-
aging. The recycled aptamers are readily available to be used in subsequent conjugation experiments,
leading to functional conjugates, again. The procedure described here is suitable for lab-scale
experiments and may be adapted for the pilot plant scale. It was possible to reduce the costs per tested
parameter by 45 %, which may be even greater in the industrial scale. At the same time the atom
economy could be improved towards 98 % regarding the utilized aptamer. Through the combination
of green LAL-Au NP and a highly atom efficient conjugation procedure this work represents an

important step towards green chemistry POC applications.
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3.5 ASSURED criteria linked ranking of aptamer-based test systems for
ochratoxin A and ampicillin detection

The demand for easy-to-use point of care diagnostic tools has drastically increased also due to the
ongoing Covid-19 pandemic. Even though antibody-based LFA-test-systems remain the main answer
to this high demand, aptamer-LFAs are an emerging field in point-of-care (POC) diagnostics. Assay
formats using aptamers as detection units have been developed against multiple targets e.g., heavy
metals, low molecular weight targets and food contaminants, though most of these systems have not
yet been developed beyond the lab-scale and are not available on the free market. Even though
aptamers represent a green alternative to the established antibodies and are particularly suitable for
the detection of low molecular weight and non-immunogenic targets, systematic problems seem to
prevent them from replacing their biological predecessors. This study introduces a quantitative
evaluation of exemplary aptamer-based test systems in accordance with the ASSURED criteria by the
WHO for the exemplary analytes ampicillin and ochratoxin A, which are of high relevance in food
safety. It was found that aptamer-based LFAs systems perform on a wide working range above the
requirements regarding the limit of detection (LOD) and specificity, yet require advanced analytical
equipment for detection and evaluation, which decreases their suitability as POC diagnostic tools. Yet,
the analyzed aptamer test systems could not significantly outperform their antibody counterparts
concerning sensitivity and specificity. Hence, a potential replacement of antibodies with aptamers in
such already established test systems seems less likely. The findings stress the need for a reorientation
of the field of aptamer-based LFAs. New aptamer-LFAs must find their niche as either pure POC devices
for the detection of non-immunogenic targets where no antibody alternatives exist, or as highly
specific aptamer-based analytical test system. With this purpose-orientated separation in mind,
aptamers could lead to significant improvements in both fields: POC-diagnostics and advanced

analytical chemistry.

Introduction

Point-of-care testing plays a crucial role in pathogen control [334-337], food safety [338—340] and
medical diagnostics [341]. Lateral flow assays represent one of the most important POC-diagnostic
tools. Within recent years, aptamers were introduced as alternative to the state-of-the-art antibody
capture agents of established LFAs [342—-344]. Aptamers represent a green alternative to antibodies,
and can be designed to bind non-immunogenic and highly toxic targets, can be more easily modified,
and provide low batch to batch variations [249]. Aptamer-based test systems cover simple dipstick
assays [345,346], dual recognition assays [347,348], fluorescence based assays [349], classical

colorimetric approaches [350], magnetic aptasensors [351], as well as LFAs with computational
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readout options [352,353]. United in the usage of aptamers as recognition elements, the units of
detection vary from noble metal nanoparticles to quantum dots [354]. The readout strategies of LFAs
cover manual readout based on eye-vision, mobile phone readout [355] or even advanced analytical
techniques like surface enhanced Raman scattering. [356] This work will provide a bibliometric
overview over aptamer-based LFA systems and introduce a rating system for the exemplary small

molecule analytes ochratoxin A (OtA) and ampicillin (amp).

Ochratoxin A (OtA) represents a highly toxic compound that can cause ™~

severe damage to human organs and can be found in many everyday @

products, including coffee, beer, wine and grain [357]. Its hazardous nature
Ochratoxin A (H12) (ID# 392)

and abundance have stimulated an increased interest in its cost-effective
and easy POC —detection, which makes it an ideal model system for a critical A
and systematic comparison of its different detection systems. Several \
ochratoxin detecting POC devices were identified through literature

research [118,119,122-124,200-202,204-213,340]. Ten of those represent

a lateral flow assay test [118,119,122,124,200,204,207,208,211,212]. Only

four test systems feature the Ochratoxin A aptamer (see Figure 63) in its Figure 63: Apta Index info

original or modified form [118,123,205,211]. th\i;toxin A reg&;glﬁi
17.01.2022), information
based on Barthelmebs et
al. [201]

The B-lactam ampicillin represents one of the most commonly used / \
antibiotics in modern diary industry and intensive livestock farming [358]. @

Its overuse does not only lead to its accumulation in milk and
Ampicillin (AMP4) (ID# 489)
meat[359,360], but also hinders the production of cheese and yoghurt,
since those products rely on living bacteria in their production line [361]. S
Ultimately, the excessive usage of ampicillin will lead to bacterial resistance
rendering it useless. Besides that ampicillin can cause severe type | a1

hypersensitivity reactions in humans, which is the main reason why it is so

important to guarantee that the allowed maximum residual levels are not \ ot /
Figure 64: Apta Index info
ampicillin have been introduced in the past years [362—364] as well as a sheet regarding ampicillin

exceeded at all times. [358] Several commercially available test systems for

(status 17.01.2022),
wide array of different biosensors [365—367]. This work focusses on 10 information based on Song et
al. [18].

chosen ampicillin test systems; four featuring aptamers [5,36,368,369],
five featuring antibodies [370—374] and one featuring a penicillin-binding protein [375]. The ampicillin

aptamer published by Song et al. is shown in Figure 64.
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Bibliometric Overview and introduction of an LFA rating system

This section represents an overview of existing aptamer-based point-of-care diagnostic tools, with a
strong focus on LFAs. Even though many reviews regarding aptamer-based biosensors and POC-
diagnostic tools exist [4,44,64,376—392], so far most of them focus on providing a comprehensive
overview over the field itself and mostly just reproduce the content of the corresponding publications
but lack a critical and systematic evaluation of the listed test systems. The aim of this review will be to
establish a basic concept of a test system evaluation that may lead to a systematic understanding of
the problems, limitations but also perspectives of an aptamer-based LFA. Thus, this review differs from
its predecessors in that regard that it deliberately focuses its scope on exemplary analytes and provides
an in-depth critical comparison of the tested formats. Hence, it will not only point out general strengths
and weaknesses, but instead this evaluation will serve as a guide to identify if aptamer-LFAs are
superior to the existing antibody-LFAs or not. Based on this, its main aim is to identify possible

deadlocks, niches, and the unique features of aptamer-LFAs.

The data set of this collection is mainly based on Web of Science listed publications and the Apta Index
of Aptagen, LLC. The Apta Index lists more than 526 aptamers (status 23.06.2021). A systematic study
of lateral flow test systems using aptamers on Web of Science (advanced search, “TS=(aptamer* AND
lateral flow)” plus “TS=(aptamer* AND LFA*); all years, all databases lead to a total of 193 relevant
publications; 38 of those originating from 2021 and six originating from 2022 (status 17.01.2022). The

research areas covered by these publications are shown in Figure 65.
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Figure 65: Visualization of research areas based on a Web of Science advanced search (“TS=(aptamer* AND lateral flow)”;
search was conduct on 17.01.2022.
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As one notices, the utilization of aptamers for LFAs covers a broad selection of different fields. Of
cause, fields like chemistry analytical (107), nanoscience and nanotechnology (42) are represented.
Nevertheless, it is notable that application-based fields like e.g. food science technology (26),
toxicology (5) are represented as they cover the main advantages of aptamers: the targeting of small,
highly toxic, non-immunogenic substances [357]. Just like the numbers of publications regarding
aptamers increased over time, exceeding the 250 publications per year in 2012 already [392], the
number of publications regarding aptamer-based lateral flow assays has been increasing over the past
years (see Figure 66 A). However, compared to the total number of publications in the field of
aptamers, which peaked at 2330 publications in 2020, the field of aptamer-LFAs makes up only a small

fraction in this regard (compare Figure 66 B).
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Figure 66: A) Number of publications regarding Aptamer-LFAs according to Web of Science research (All databases; timespan:
all years; topic search). B) Number of publications regarding aptamers according to Web of Science research (All databases;
timespan: all years; topic search). The figure represents search results from 17.01.2022.

However, highly cited reviews in this field still consider aptamer-LFAs a promising technology, like e.g.
Zherdev and Dzantiev [227], Chen et al. [249], Jauset-Rubio et al. [393], and Dhiman et al. [394].
Considering the broad distribution of research areas (compare Figure 65) as well as the huge variety
of target analytes of the most recent test systems it seems likely that the field diversifies more and
more, leading to isolated publications on highly specific applications with low impact factor. In the year
2020 alone, more than 18 different target compounds including but not limited to E. coli [395], food
contaminants [396], malaria [397], and C-reactive protein [398] were described in the corresponding
published scientific studies. However, despite the broad research approaches with focus on so many

possible targets for aptamer-LFAs, to our knowledge, not a single commercially available aptamer-LFA
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test system has been marketed to date. Thus, the question arises whether the current path of the
aptamer-LFA community is feasible and if the field will profit from it in the long run. To further address
these questions, two exemplary test systems, namely ampicillin and ochratoxin, will be evaluated and
critically analyzed in this work, focusing on the advantages and disadvantages of the available test
systems in comparison to antibody-based LFAs, technical advances reported and, potential for
commercialization. The gained insights will be further used to elucidate where the field of aptamer-

LFAs has the most potential for growth and transfer to commercialized applications.

In this work will also provide a basic, yet expandable, evaluation system for published test systems
based on quantifiable categories, including POC applicability (POC), limit of detection (LOD), specifity
and binding ability (SBA), and its Working Range (WR), to provide a reliable evaluation scheme, that
allows the direct comparison of systems featuring different LFA approaches, aptamers, etc. Every
parameter will be evaluated using marks from 1 (test system fails to work under required conditions)
to 5 (test systems exceeds its requirements). Table 2 highlights the meaning of every possible score,
for every parameter and further explanations are given in the following sections. The parameters were
chosen to highlight the most important features of the test systems without losing the original WHO

Assured criteria (see Figure 67).

Figure 67: Condensation of the seven-column ASSURED criteria into a four-column rating system for LFA tests.

POC (Point of Care): Each LFA system represents a point-of-care diagnostic tool. The main idea of POC
stands for a low-cost analytical tool, which can be used by any non-trained person [357]. Every
additional equipment needed to perform the test or to evaluate its outcome drastically reduces the
usability as a POC diagnostic tool. An LFA’s usability in POC terms is partially lost, in case either

additional equipment (e.g., reader, fluorescence spectrometer, etc.), or intensive training are needed
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(e.g., pipetting, incubation at certain temperatures, etc.). The worst case is represented by a scenario

where no LFA is available for an analyte and only advanced analytical instruments can be utilized.

LOD (Limit of Detection): The LOD represents the lowest concentration of a desired analyte that still
can be detected (DIN 32645). Here, in the evaluation of the test systems we generally consider the
lowest LOD as best. Regarding ochratoxin, the maximal residual limit (MRL) is meant to be 2 ug/kg
[123]. According to the Bundesinstitut fiir Risikobewertung (BfR) an average German consumes up to
0.9 ng/kg bodyweight per day (evaluation from 2018). The concentration of OtA in the blood stream
lies between 0.18 and 1.8 pg/L (also BfR). [199] Here, every test system providing enough sensitivity
to measure the OtA concentration of blood is considered to perform below its required LOD and is
rated as 5 out of 5 points. Regarding ampicillin, the MRL is meant to be 50 pg/kg for muscles, fat, liver,
and kidney [358]. However, the achieved LOD of commercial test systems is as low as 2 — 5 ug/kg for
milk [362—-364]. Based on the assumption that 1 L milk = 1.02 kg [399] and the legal MRL of 4 pg/kg
for milk in the European Union [400], an LOD of 4.08 ng/mL was rated 5 out of 5 points.

SBA (Specificity and Binding Ability): The specificity represents the true identified negatives. Whereas
the binding ability of an aptamer or antibody quantifies its ability to bind to a certain target. Both
parameters are combined into a single rating parameter. The specificity and binding ability are used to
evaluate if a test system does also provide positive results for substances similar or unsimilar to the
target analyte. Positive results for structural similar analytes (like e.g. Ochratoxin B, or amoxicillin) are
rated superior over positive results for analytes lacking such structural similarities. The worst case

occurs, when a test shows a positive test result for totally unspecific binding events.

WR (Working Range): The WR covers a relatively broad field of aspects of a test. First, the pH working
area of the utilized aptamer/antibody and the conjugate must overlap, or the test will fail to provide
any results. If there is a diagnostic window available, tests, which can perform with real samples are
the best ones. If an LFA does only function with analytical grade analytes and ideal buffer solutions its
working range is considered less wide and its rating drops. If the sample must undergo intensive pre-

treatment, before it can run on the test stripe (e.g., pH-adjustment), its rating is further reduced.
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LFA + Reader,
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Table 2: Parameters for test system evaluation, based on a point system ranging from 1 (not
sufficient) to 5 (requirement exceeded)
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LFA; visible
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No cross
reactivity to <
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reactivity

Full
functionality
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test matrix
(incl. spiked

samples)
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Figure 68: Systematic evaluation of ochratoxin A detecting test systems with respect to POC, LOD, SBA, and WR of the respective test system. The scores range from 1 (not sufficient) to 5 (excellent).
The chosen test systems were published by Wang et al. [118], Luan et al. [205], Sharma et al. [123], Zhang et al. [211], Anfossi et al. [124], Evtugyn et al. [213], Moon et al. [207], Zhou et al. [212],
McKeague et al. [206], Sun et al. [208].
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Figure 69: Systematic evaluation of ampicillin detecting test systems with respect to POC, LOD, SBA, and WR of the respective test system. The scores range from 1 (not sufficient) to 5 (excellent).
The chosen test systems were published by Song et al. [36], Kaiser et al. [5], Douglas et al. [371], Zhang et al. [374], Lin et al. [368], Fan et al. [373], Simmons et al. [369], Li et al. [370], Markovsky et
al. [372], Li et al. [375].
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Limit of Detection

It is noticeable that evaluated aptamer-based test systems were able to reach LOD-ratings of up to 5
for the detection of OtA and ampicillin. This is actually in accordance to the expected high sensitivity
of aptamers [123]. Yet, the established antibody-based test systems did also provide several LOD-
ratings of 5. Even though the evaluated test systems for two specific analytes represent only a small
selection of the available publications, it must be noted, that aptamers do not provide significantly
lower LODs than antibody-based systems in accordance with a rating based on real MRLs. This
statement is valid for the food contaminants OtA and ampicillin, however it might not be valid for virus
detection in medical test systems, which may deserve a review on their own. In this regard the true
potential of aptamer-based LFAs does not lie in the POC-detection of analytes if antibodies are
available for the same targets. Either aptamers can offer drastically reduced LODs in comparison to
antibodies, which would allow them to serve as additional tool in modern analytical chemistry, or they
can be used to detect non-immunogenic target in POC applications. This statement is further
supported by the findings of Khlebtsov et al., who stated that the particle diameter actually plays a
much more crucial role in the sensitivity of LFA systems than the actual molecular recognition element
(MRR), since the particle diameter does influence the LOD with d3. [40] Thus, the minimal achievable
LOD depends on the marker not the MRE, limiting LFAs to function in the pg/mL range. In conclusion,
the aptamer-LFA test systems fail to succeed over antibody-based LFAs with respect to lower LODs,
since both molecular MREs can detect their respective analyte at desirable LODs for POC-diagnostics.
The most potential of aptamers lies therefore in the possibility to detect non-immunogenic target
molecules. Despite this advantage being mentioned in many reviews and articles, to our knowledge,
there is no existing aptamer-LFA targeting a non-immunogenic target molecule. In addition to that
another drawback of the hunt for lower LODs was demonstrated by Khlebtsov et al., who could
calculate how many nano-bio-conjugates would be bound by one single target molecule to the test
line at given LODs of published works. An exemplary antibody-test system analyzed by them would
have featured a ratio of one analyte molecule binding 4 nano-bio-conjugates to allow the observed
low LOD. [40,401]. Its impossible for a single target molecule to bind to so many conjugates, which
indicates that systematic errors were made by determining the LOD. Thus, their work highlights
systematic problems and dangers originating from the unconstructive striving for lower LODs for POC

systems.
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Specifity and binding ability

Interestingly, the aptamer-based test system for ampicillin detection by Kaiser et al. featured the
highest LOD of 18.5 pug/mL, respectively 1850 mg/mL in real milk samples, of all evaluated test systems
[5]. Here, it must be stressed, that the authors of this work did not aim to provide a test system
featuring the lowest LOD possible but did utilize an aptamer’s cross reactivity against a different target,
which was found due to in-silico analysis. This work should be understood as a fundamental step into
a new generation of aptamer-based test systems instead as an unsuccessful test system. However, the
cross reactivity described by Kaiser for the aptamer used by Song et al. [36], which was also used by
Simmons et al. [369], actually highlights a systematic problem of the evaluation of the specifity and
binding ability, when different test systems are compared. At this moment the rating system for the
specificity has major flaws in correctly evaluating the range of analytes that were tested with the
presented LFA as well as cross reactivities, that were found in other works or through in-silico analysis.
Some publications test more possible analytes than others and may reveal in this effort cross
reactivities that were never expected, like Wang et al., who tested the LFA also positive for
zearalenone, a different mycotoxin [118]. Since all presented paper by Wang et al. [118], Luan et al.
[205], Sharma et al. [123], and Zhang et al. [211] feature the same aptamer (with different
modifications) it cannot be fully excluded, that all LFAs feature this unspecific binding event and their
specificity rating would have to be adjusted to a lower rating. In this regard, future publications should
always include specificity assays featuring the most relevant similar analyte molecules. At this moment
it is not possible to determine if aptamers are superior, equal, or inferior to antibodies regarding their
specificity. Here, a systematic problem of LFA evaluation is elucidated: if specificity is not tested
thoroughly in all relevant works on the topic it is not comparable and therefore cannot be used as an

argument for the ongoing establishment of aptamer-based LFAs on the market.

Point of care

Regarding POC characteristics, the evaluations differ drastically for ampicillin and ochratoxin A. Wang
et al. [118] and Zhou et al. [212] were able to provide aptamer-based Ota-detecting LFAs that fulfill all
requirements of the POC-diagnostics, yet an antibody-based LFA by Sun et al. [208] was also able to
score five out of five points with regard to its POC-characteristics. Regarding this particular analyte, no
clear advantage can be seen when using aptamers or antibodies. Both MREs can serve as MRE in POCs
diagnostic tools. However, no evaluated test system for ampicillin was able to score five out of five
points with regard to it POC-characteristics - independent from the used MRE. Actually, the highest

score was achieved by Douglas et al. [371] utilizing an antibody-based test system. It is known that
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low-molecular weight analytes are harder to detect than those featuring higher molecular weight. [44]
Ampicillin exhibits a molar weight of 349.41 g/mol, whereas ochratoxin A exhibits a molecular weight
of 403.82 g/mol. Based on the scores shown in Figure 69 it can be seen that both, aptamer and
antibody based systems fail to detect the low-molecular weight analyte ampicillin without utilizing
advanced analytical equipment, fluorescence measurements, etc. thus leading to the assumption, that

aptamer-LFAs are not superior to antibody-LFAs in regard to their POC characteristics.

Working Range

Most of the evaluated test stripes showed functionality for OtA-spiked samples, like e.g. wine as well
as functionality for ampicillin containing urine and milk samples. The working range of the shown test
systems is therefore consistently considered to be above average. Aptamer-based LFAs proof to be
robust detection devices just as antibody-based ones, that can operate under real conditions, which is

in accordance to the ASSURED criteria.

However, this does not mean that more complex test systems are rendered obsolete. Throughout
literature research, there have been exemplary systems, that allowed the detection of highly specific
analytes or phenomena. For example, Keller et al. were able to distinguish isotopologues of cytokines
via an LFA. [356] Even though this particular LFA does not feature aptamers, as recognition elements,
it demonstrates the true potential of an LFA system in combination with more complex readout
strategy. Another very important example of an experimental LFA set-up is given by the immunoglobin
antibody (IgE) and penicillin-binding protein of Staphylococcus aureus (PBP2a) detection via viral
nanoparticles by Adhikari et al. [402]. This LFA system can detect 0.13 pug/mL IgE, which represents an
approx. 100 x lower limit of detection provided by state-of-the-art test systems. The quantification of
the test stripe can be performed via a flatbed color scanner and freeware, making it an interesting
approach for future aptamer-LFA-detection systems. Especially since this approach combines both low
LOD and POC nature. Aptamer-based test systems can also profit from SERS-technology as was shown
by Li et al. [370], who were able to achieve an LOD of 1*10*ng/ml for ampicillin in milk-powder based
samples. As mentioned above, such low LODs may not be of high relevance for POC applications since
the MRLs for the chosen analytes lies in the 1*10° — 1*10* ng/mL range. However, the fusion of the
LFA format, aptamers, and SERS could provide an interesting perspective for highly specific analytical

applications.
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The niche of aptamer-LFA-test systems

The findings of the evaluation of the ampicillin and ochratoxin A test systems are presented as
cumulative scores in Figure 70 A discussion of average POC, LOD, SBA, and WR scores is avoided, since
the evaluated test systems represent only samples within the large field of ampicillin and OtA test
systems and may be subject to outliers like the LOD scoring of 1 by Kaiser et al. [5] as mentioned earlier.
Yet, critical conclusions regarding the role of aptamer-LFAs can be made. It must be noted that the
highest cumulative scores were achieved by aptamer-LFAs for both analytes. Only the antibody-based
ampicillin test system by Li et al. [375] was able to score the same total score of 16. However, none of
the highest scoring OtA aptamer-LFAs were transformed into a commercially available application,

despite its publication in 2011 like in the case of Wang et al. [118].
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Figure 70: Systematic overview of the total cumulative score of every evaluated test system for A) ampicillin (amp) and
B) ochratoxin A (OtA). 20 represents the maximal achievable score.

So, the question arises, what limits the utilization of aptamer-LFAs under real economic conditions. It
was shown, that aptamer-LFAs can keep up to antibody-LFAs regarding POC, LOD, SBA, and WR and
even best their immune-counterparts. However, they are not offering superior advantages over the
existing commercially available test systems. The scoring system established in this work however,

stresses possible niches for aptamer-LFAs:

1. aptamer-LFA test systems fulfilling a highly specific purpose, thus representing an ideal addition to

the catalogue of state-of-the-art analytical devices

2. aptamer-LFA test systems targeting non-immunogenic targets, while upholding the ASSURED

criteria of POC-diagnostic tools
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It is appealing to achieve the best out of both approaches, since further improvements in LOD do not
improve aptamer LFAs in general if the already achieved LODs are below relevant analyte
concentrations, like e.g., the MRL. The arms race towards lower LODs, while ignoring specifity issues
and POC requirements of LFA-test systems represents a possible deadlock for the field of aptamer-
LFAs. However, if an aptamer-LFA can provide the analytical means to detect an analyte under
conditions where antibodies fail, or if it is able to provide additional information through the
application of additional analytical equipment like e.g., SERS, it might contribute to the establishment
of aptamer-LFAs beyond publications and under real market conditions. The other niche is represented
by POC-suitable aptamer-LFAs for non-immunogenic targets. While staying true to the POC-
diagnostics, the aptamer-LFAs can evade rivalry with established analytical techniques, whereas the
non-immunogenic targets prevent immuno-based test systems to compete with it. Furthermore, the
potential for aptamer recycling [add citation of Recyc-paper] may represent the missing extra step for

aptamer-LFAs to enter the ranks of established POC tools.

Conclusion

Even though many reviews regarding aptamer-based biosensors and POC-diagnostic tools exist, so far
most of them only focus on providing a general overview over the field itself and lack a critical and
systematic evaluation of the listed test systems. It was possible to establish a basic concept of an
aptamer-LFA evaluation that may lead to a systematic understanding of the problems, limitations but
also perspectives of an aptamer-based LFA. It is based on the ASSURED criteria to guarantee that the
presented ratings consider real-life conditions in the field of POC-diagnostics. LFA systems featuring
aptamers as well as antibodies were analyzed and rated with respect to their respective POC, LOD,
SBA, and WR. It could be shown that aptamer-based systems did score the highest results for both

observed test systems. Yet, no commercially available aptamer test system exists.

So far, it is noticeable, that aptamer-LFAs do not lack sensitivity for analytes if their molecular weight
is high enough but feature major drawbacks in their POC-suitability and specificity. In this regard they
share many drawbacks with the established antibody-based test systems. Advances in this regard may
push aptamers as biosensors much more than the current run for lower LODs. In addition to that,
specificity is only tested arbitrarily throughout different reference, thus, hindering a systematic
evaluation of the specificity of aptamer-based LFAs, which may ultimately conceal either this strength
or weakness. A common-testing-procedure needs to be established to validate if aptamer-based tests
exhibit an increased specificity in comparison to their antibody-based tests or not. To rival existing
antibody-based test systems, aptamer-LFAs fail to provide superior properties regarding the ASSURED
criteria, as represented by the SBA, LOD, POC, WR parameters. Here a possible niche could be the focus

on non-immunogenic targets to justify the development costs of new POC suited aptamer-LFA
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systems. However, POC-suitability must not be the main course of aptamer-LFA systems. If they can
expand the existing catalogue of analytical devises and allow the detection, quantification and
understanding of complex analytes and samples. In the end, the development of novel aptamer-based
test systems needs to start with the question what purpose the test is going to serve and what

requirements must be fulfilled regarding its POC nature and analytical capabilities.

4. Summary

Point of care diagnostic tools, like lateral flow assays, represent an easy-to-use, cheap and fast method
of detection for medical diagnosis, food safety, disease prevention, and drug controls. Despite their
large field of applications, the basic principle of the most used LFAs has not changed much since their
commercial introduction more than 30 years ago. However, advances in material sciences and
biotechnology have been made, that could improve the functionality, availability, and enhance the
field of applications of LFAs drastically. On one hand, aptamers represent an emerging class of
specifically binding agents, that represent a green alternative to the established antibodies used in
state-of-the-art LFAs. Aptamers are chemically synthesized DNA or RNA molecules and can target non-
immunogenic and highly toxic substances. Furthermore, they are suited for the detection of small
analytes like antibiotics, which play a crucial role in food safety. In addition to aptamers, LFAs can also
profit from developments in the field of applied material sciences. Laser-generated noble metal
nanoparticles represent an organic-ligand free and green alternative to the state-of-the-art chemically
synthesized nanoparticles just in most available LFAs. The combination of both, aptamers and LAL NP,
offers unique chances to further improve LFAs and to expand the understanding of how nano-bio-

conjugation works.

The generation of functional nano-bioconjugates, featuring monomodal LAL Au NP, was systematically
studied by varying the charge density and ionic strength of the utilized charge screening agents. Charge
screening is required since the negatively charged phosphate backbone of the DNA aptamers will
prevent further functionalization of the Au NP after the successful initial binding of a small fraction of
the thiolated DNA. In this regard, sodium chloride, magnesium chloride and calcium chloride were
tested in varying concentrations. It was shown that the divalent cations did lead to increased
conjugation efficiencies, respectively surface coverages, but failed to generate stable conjugates.
However, a stability threshold could be determined for sodium chloride and magnesium chloride,
leading ultimately to functional conjugates. The salt-aging via magnesium chloride offers an interesting
approach since, the workload per conjugation could be drastically decreased and certain aptamer
structures require magnesium chloride anyways to fold properly. Interestingly the observed data was

not as expected and did not follow the expected trends based on charge density. Especially the
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properties of conjugates prepared via calcium chloride seem to suggest that the 3-dimensional
structure of the respective aptamers is massively influenced by the utilized cation, leading to unwanted

DNA-inter-particle-hybridization and ultimately to agglomeration and aggregation.

Alternatively, to salt-aging, pH-aging and peptide aging were tested on LAL Au NP. The conjugation
through pH changing was previously introduced by Zhang et al. [185] and for the first time adapted for
the conjugation of LAL Au NP. Here, it was possible to achieve high conjugation efficiencies and surface
coverages, but despite high zeta-potentials, the generated conjugates agglomerated and precipitated
within hours. The results stress, that the pH does not only change the three-dimensional structure of
the aptamer but can also leads to protonation of the phosphate backbone. The highest achieved
surface coverages were generated via peptide aging. Short cationic peptides have been used
throughout literature to serve as cell penetrating agents, drug carriers and to conjugate LAL Au NP.
[187,189,191] This work represents the first time short cationic peptide are used purely as charge
screening agent. However, despite surface coverages exceeding all other tested variants, the
conjugates lacked sufficient stability to be further analyzed. Future work is required to elucidate if
intelligent peptide design can be introduced to avoid the conjugate agglomeration while upholding the

conjugate’s functionality.

The investigation of the conjugation behavior of LAL-generated particles was expanded to LAL AgAu
alloy particles. In this regard surface-normalized colloids of different nanoparticle compositions were
conjugated with miniStrep-aptamer. This way it was possible to elucidate the conjugation behavior
purely based on the differences in the surface composition of the pure Au NP, AusAgi, AusAu;, and
AuiAgs nanoparticles. It was shown that the maximal functionality of all tested conjugates reached
comparable levels of 65 % - 70 %, making this test system highly robust. However, the conjugation
processes differed significantly in their respective efficiency and the resulting surface coverages. The
maximal functional surface coverage depends on the nanoparticle composition, with pure Au NP
providing the lowest surface coverage at its highest functionality. These finding can be explained either
by the release of silver ions by alloy particles leading to the formation of unwanted DNA formations,
or by leaching of the silver rich surfaces in presence of thiolated molecules, leading to higher fractions
of unbound ligands. This is the first time, surface-normalized, ultrapure alloy nanoparticles with

varying compositions are directly compared with regard to their bound aptamer functionality.

The stability of the generated LAL nano-bio-conjugates has been one of the major challenges
throughout this work. Since mercaptoundecanic acid (MuA) and polyethylenglycol (PEG) have been
described in literature to stabilize nano-bio-conjugates, they have been added ex-situ subsequently to

the conjugation with OtA aptamer. The maximal achievable surface coverage was not influenced by
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the steric hindering ligands, yet only PEG increased the stability of the conjugates. MUA introduces
hydrogen bonding in between conjugates, thus leading to agglomeration. Unfortunately PEG lead to
unspecific binding of the conjugate onto the LFA test line and the exploration of steric hindering

stabilizers was ultimately stopped in favor of alternative approaches.

The introduction of an easy and fast conjugate stability analysis via RGB analysis of digital images of
samples allowed to systematically evaluate conjugate stability. The rapid-red technique takes the RGB
coded color signal of the sample into account and transforms it into a single value (RR-value). Through
the systematic comparison of the conjugation of LAL Au NP with sodium chloride and magnesium
chloride it was possible to establish a stability threshold. Conjugates reaching RR-ratings of at least 1
were considered stable. The RR-value can also be used to evaluate conjugate stability after its
immobilization onto glass fiber (conjugate pad) as well as the reddishness of the final test line. Here,
the opaqueness of the material can drastically influence the RR-value. Therefore, it only allows
comparability of samples within the same matrix. In addition to that it is limited to the color palette of

Au NP. External colors (like e.g., green, blue, orange) can lead to misleading RR-values.

This technique was further used to analyze the optimal buffer system for LAL Au NP featuring nano-
bio-conjugates. It was shown that the pH was of higher importance than the utilized buffer system for
conjugate stability. Furthermore, it was found, that conjugate stability on glass fiber could only be
guaranteed if colloidal concentration, surface coverage, drying temperature, and compatible solutes
at 3 %wt — 5%wt. were adjusted properly. Ultimately the LFA design was changed to a biotin-
streptavidin-bridging competitive format, which represent a LAL-based adaptation of a LFA design
previously described by Zhou et al. for detecting OtA. [212] Here it was modified to serve as prove of

concept for an LAL Au NP featuring aptamer LFA (ALFA), detecting the small analyte ampicillin.

At this stage, the utilized Amp aptamer (CT-spacer) was replaced with an Amp aptamer featuring a 4 x
HEGL spacer. HEGL spacer have been described to positively influence aptamer functionality [330],
yet their use in nano-bio-conjugation of Au NP has not been studied systematically. It could be shown
that the achievable surface coverages for this particular aptamer were exceptionally high, while
providing the desired functionality on LFA tests. The spacer lacks the unspecific interaction of
nucleotide spacers with the nanoparticle gold surface, does not feature any negative charges and
seems to promote an increased conjugation efficiency. Thus, HEGL spacer represent a thrilling
alternative to the existing spacer sequences used in the field of aptamer nano-bio-conjugates and

offers large potential for improving already existing systems.
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A high demand for LFAs requires precise and economic resource management. Atom economy
represent one of the major principles of green chemistry and represents the key discipline in producing
cheap point-of-care diagnostics tools, since the aptamer represents the most expensive component of
the entire test system. Here, atom economy could be achieved by retrieving unbound ligands of prior
conjugation procedures and using them for subsequent conjugations. It could not only be shown that
it is possible to generate functional conjugates via a second salt-aging but also without second salt-
aging. Furthermore, conjugates generated by adding recycled aptamer performed better than those
generated by adding fresh aptamer. In the end it was not only possible to achieve atom economy
despite the usage of excess DNA but to provide new and improved conjugation procedure. This aspect

is of the upper most interest for future research in the field of nano-bio-conjugates.

At last, the field of nano-bio-conjugates was evaluated critically with respect to the aforementioned
“ASSURED” criteria. These criteria were condensed into a rating matrix, used to analyze existing
aptamer LFAs. The rating covers the working range of the system (pH range, spiked samples, pure
analytes in buffer solution, real samples), the POC nature of the test system (additional
equipment/training/analytical devices required), as well as specificity and limit of detection (LOD).
Every parameter is rated from 1 (not sufficient) to 5 (requirement exceeded). The detection of
ochratoxin A served as exemplary test system, since it is of high relevance for food safety and has a
large impact on human health. The rating system showed, that aptamer LFAs feature LODs above the
requirements for ochratoxin A but not for ampicillin detection. However, this excellent ochratoxin A
detection comes often at cost of extra equipment or training. The POC aspect is often
underrepresented. In addition to that the testing of specificity lacks a systematic universal approach.
Thus, it isimpossible to evaluate if aptamer LFAs outperform state of the art antibody LFAs with respect
to their specificity. Nevertheless, examples were found, that justified the existing of highly complex
LFA systems. If a test system fulfills a highly specific purpose and can add to the existing range of
analytical devices, it can free itself from any POC-related restrictions. The success of aptamer-based
LFAs lies either in their superiority with regard to POC diagnostic of non-immunogenic targets, by their

highly specific purpose, or economic favorability via aptamer-recycling.

In summary, it was possible to establish a robust-functioning platform for LFA systems combining
‘recyclable” aptamers and green-synthesized, laser-generated nanoparticles of varying surface
compositions, which can detect small molecular weight targets by utilizing a HEGL-spacer bearing

aptamer. Thus, this work contributes to the development of novel, green POC-detection systems.
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5. Outlook

Throughout this work it was possible to establish a proof-of-concept, functional competitive LFA based
on nano-bioconjugates featuring laser-generated Au NP for the detection of the small molecule analyte
ampicillin. This basic test stripe system represents an ideal starting point for the development of other
LFA systems. Due to the biotin-streptavidin bridging, it is not necessary to change the LFA itself. Only
the utilized aptamer and complementary oligonucleotide carrying a biotin residue must be exchanged.
With such a flexible test at hand, the initially investigated ochratoxin A test system could be easily

revisited and adapted.

A core aspect of this work focused on the generation of functional nano-bio-conjugates. It was possible
to improve the nanoparticle colloid generation with respect to the size distribution. However, the
upscaling the synthesis of large, monomodal NP via LAL remains a challenging task. The initial steps
have been made by Streubel et al. by introducing the continuous multigram nanoparticle synthesis by
high-power, high-repetition-rate ultrafast LAL in 2016. [279] This advanced LAL technique allows for
productivities of up to 4 g/h and today even 8.3 g/h [280]. This approach could be combined with the
size separation by continuous bowl centrifugation as described by Kohsakowski et al. [157] for an
improved particle generation. Another interesting approach for future experiments would be the
usage of a compact class laser system, since Dittrich et al. found out, that such a laser-system features
the highest ablation efficiency. [403] A tabletop device would be able to generate colloids of different
materials whenever needed, making it an ideal device for the lab-scale development. However, the
development of new centrifuge protocols for all required particle sizes is a time-consuming process

and far beyond the scale of this work.

This work features a systematic evaluation of the conjugation of LAL Au NP with aptamers. Different
salt-aging techniques and charge screening agents were analyzed regarding their applied
concentration, incubation times, and the influence of their charge density on the conjugation. Here,
the established salt-aging technique, originally introduced by Hurst et al. [175] remains the method of
choice after finding the ideal maximum NaCl concentration of 0.3 M NaCl for the conjugation of 30 nm
LAL Au NP. Further testing of different salt-aging procedures does not seem to be very promising
regarding the achievable functionality, stability, or atom efficiency. However, the conjugation via short
cationic peptides seems to be a thrilling alternative approach if future work leads to more stable
conjugates. Here, additional surfactants and stabilizers could lead to more efficient, less work intense
conjugation procedures. However, the influence of the cationic peptides onto the conjugate

functionality and possible cross reactivities will have to be elucidated carefully.
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The recycling of aptamer solutions and their further use remains one of the most interesting fields of
study for future work. So far, it could be shown that conjugates bearing recycled aptamers do not only
retain their functionality on LFAs but seem to perform even better. More basic research needs to be
conducted on this matter. SAXS measurements could show how the cation distribution changes within
the DNA-monolayer surrounding the particle, whereas fluorescence spectroscopy of recycled
conjugates featuring fluorescence markers could provide valuable information on the state of DNA
folding. This way the conjugation procedure could be significantly improved while upholding maximum

atom economy in accordance with the principles of green chemistry.

Another promising outlook for future work is given by the utilization of alloy nanoparticles. LAL does
not only allow the generation of organic-ligand free nanoparticles, but also the generation of ultrapure
alloy nanoparticles. It was possible to prepare functional nano-bio-conjugates featuring different
metal nanoparticle cores (Au, Ag:Aus, Ag;Aus, AgsAus) and to determine the ideal surface coverage for
the respective systems. Future work could deal with alloy nanoparticle suitable for LFAs like platinum-
gold or magnetic iron-gold nanoparticles. The broad field of applications for alloy nanoparticles opens

many interesting approached towards new and experimental detection units.
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7. Appendix

7.1 Materials and Methods

7.1.1 Materials

All utilized material’s purity throughout this thesis was of analytical grade. Chemicals were provided
by Sigma Aldrich, Merck Millipore or Carl Roth, if not stated otherwise. The utilized aptamers were
provided by Iba GmbH (Germany), except for the miniStrep aptamer, which was provided by Biospring
GmbH (Germany). LFA test stripes were provided by either Fassisi GmbH (Germany) and Microcoat
Biotechnologie GmbH (Germany). Supplier of technical devices are mentioned in the respective

sections.

7.1.2 Laser Ablation in Liquids

Laser ablation in liquids has been established to generate colloidal organic-ligand-free noble metal
nanoparticles [17]. Gold, silver as well as the respective alloy particles were synthesized by ablating
metal sheets of 0.5 mm thickness (99.99% purity, Institute for noble metal chemistry, Schwabisch-
Gmind, Germany) in a PTFE batch-chamber (30 mL) under constant stirring. To guarantee electrostatic
stabilization, as well as required size quenching, LAL took place in low-ionic-strength electrolyte
solutions (0.6 uM NaPP solution for Au NP > 10 nm, 0,1 mM NaCl for all other other colloids). Au NP >
10 nm were produced via ps Nd:YAG laser (Ekspla, Atlantic Series, 10 ps,
1064 nm, 9.6 mJ, 100 kHz, 10 min ablation time), whereas Au NP < 10 nm, Ag NP and alloy particles
were produced via ns Nd:Yag laser (Rofin Powerline E, 1064 nm, 23.5 J/cm?, 10 min ablation time). A
schematic overview of the ablation chamber used during the LAL process in this work is shown in

Figure 71.
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Figure 71: Schematic overview LAL a) laser beam, b) Quartz window, c) target, d) stirrer. e) is a representation of the
nanoparticle fume distributed throughout the chamber by a circular flow.
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To achieve a monomodal size distribution, the generated multimodal colloids were size separated via
a combination of an additional maturation step (24 h incubation at high concentration after LAL) and
subsequent centrifugation. Au NP < 10 nm were gained after ultracentrifugation of matured Ekspla
raw colloid (Optima MAX-XP, Beckman Coulter, 17 min, 30,000 g, 7°C) according to the centrifugation
protocol introduced by Krawinkel et al. [187]. The supernatants contained the desired small Au NP,
whereas the pellet was further used to isolate larger Au NP. All other colloids were centrifuged

according to the following centrifugation protocol:

F 3

pellets >

Figure 72: Centrifugation procedure for monomodal 40 nm and 30 nm Au NP. Centrifugation step 5 ultimately leads to a
monomodal pellet (30 nm mean hydrodynamic diameter) and a monomodal supernatant (10 nm mean hydrodynamic
diameter); (SN=supernatant, P=pellet)

If not stated otherwise, colloidal samples were diluted in MilliQ (18.2 MQ/cm at 25°C, Merck Millipore)

7.1.3. UV-vis extinction spectroscopy

UV-vis spectroscopy allows the quantitative and qualitative analysis of UV-vis active samples. It was
used throughout this work to quantify DNA and functional ligands, analyze nanoparticles with respect
to their SPR-peak, as well as to assess colloidal stability. The UV-vis extinction spectroscopy represents
a non-destructive analysis tool, based on Lambert-Beer’s law [404]. The sample is transferred into a
guartz-glass-cuvette of known diameter and probed by a light beam of known intensity and
wavelength. The light passes the cuvette and therefore the sample. Within the sample several possible
interactions between analyte and light occur: scattering, absorbance, and transmission. The light
passing the cuvette is detected and its remaining intensity compared with the initial intensity. In
accordance with Lambert-Beer’s Law the difference of the initial and resulting intensity can be used to
calculate the concentration of the sample. In addition to that, the extinction maxima of the sample can
provide additional information on its very nature, e.g. gold nanoparticle feature a strong extinction at

520 nm, which is caused by their SPR.
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UV-vis measurements were performed in triplicates, in 1.5 mL quartz cuvettes with 10 mm path length,
using a Thermo Scientific Evolution 201 photometer. The spectral range spanned from
190 nm to 900 nm, with a step width of 1 nm. The chosen integration time was 0.05 s at a scan speed

of 1200 nm/min.

7.1.4 Analytical disc centrifugation (ADC)

Analytical disc centrifugation was chosen as standard technique for analyzing colloidal samples
regarding their size distribution. The measurement is based on the spatial separation of the different
particle size fractions within the colloidal sample via differential centrifugal sedimentation. The
analyzed colloid is injected into a spinning optically clear disc, which is filled with a saccharose density
gradient for elongated sedimentation time. The nanoparticles move from the central injection spot to
the outside of the disc through the gradient due to the centrifugal force. The measurement itself is
based on an intensity measurement of a light source shining through the optically clear disc.
Nanoparticles passing the light barrier will decrease the detected intensity. The intensity signal of a
single wavelength (A = 405 nm) is measured over time. This intensity-time-signal is used to calculate
the particle diameter and provides a particle size distribution based on the work of Stokes [405], which
is either weight, surface, or number weighted. It must be stressed that all resulting particle
distributions are legit representations of the sample’s true nature, even though they emphasize
different aspects of the sample’s size distribution. The biggest advantage of the ADC represents its
ability to analyze bimodal samples due to the spatial separation of the different size modes, so that
smaller particles can be detected in the presence of larger ones in contrast to measurements via
dynamic light scattering. However, this measurement technique features its own drawbacks. If the
analyzed particles exhibit strong back-diffusion, charge, or vary in density— like e.g. a solid gold
nanoparticle carrying DNA-ligands — the resulting size distribution will be ultimately altered and

distorted. [406,407]

The measurements were performed by injecting 100 pL of colloidal sample into the spinning centrifuge
disc (24,000 RPM, saccharose gradient ranging from 24 wt% to 8 wt% at 2% steps, each step consisting
of 1.6 mL saccharose solution). Each measurement series was preceded by an external PVC standard
(0.237 pum in diameter, 1.385 g/mL, std. half width 0.15 microns, max. diameter 0.3 microns).
Distributions were analyzed by applying a log normal fit onto the measured distribution and to

calculate the polydispersity index (PDI), as well as the x.-value.
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7.1.5 Transmission electron microscopy (TEM)

Transmission electron microscopy was utilized to analyze the average diameter and size distribution
of colloidal nanoparticles. An electron beam passes through the sample, but a fraction of the electrons
is diffracted by the atomic planes of the sample. The microscopy is performed under vacuum
conditions to avoid deflection of electrons by air molecules. The diffraction patterns are furthermore
transformed into 2d images with elemental contrast based on the thickness of the sample and the
element-dependent electron absorption. However, due to this dependence, organic samples like
aptamers and hydrocarbon structures provide only very little elemental contrast whereas gold
nanoparticle can be easily detected and analyzed. Due to this limitation this technique was primarily

used as control measure to guarantee accurate size distributions of the analyzed colloids.

TEM samples were prepared by placing a sample droplet of 5 — 15 puL on a carbon-coated copper grid.
The sample was dried under dust free conditions and the measurement finally performed on a Phillips

CM12 microscope (80 — 120 kV acceleration voltage) by Dipl.-Ing. Jurij Jakobi.

7.1.6 Dynamic Light Scattering (DLS)

Dynamic light scattering represents a non-destructive, quantitative method to analyze colloidal
samples with regard on their size distribution. A laser beam probes the sample colloid and the
nanoparticles within the sample scatter the laser light, when passing the laser-beam due to Brownian
motion. The scatter intensity is detected, and its fluctuation observed over time. The resulting intensity
signals are analyzed and transformed into diffusion coefficients via autocorrelation, which can be
further transformed into the hydrodynamic size via Stokes-Einstein relation [405,408]. The method
allows to analyze monomodal samples with high accuracy but is prone to errors if bimodal distributions
are analyzed, since larger particles have a much higher scatter intensity which scales with the sixth
power of the nanoparticle diameter, and therefore, tend to outshine smaller particles [409]. At the

same time, Brownian movement is strictly temperature and viscosity dependent.

DLS measurements were performed in triplicates via the Nicomp 3800-DLS-ZLS, at 25°C using a
1 mL quartz glass cell. The cell was preincubated in the device until a constant fluctuation was achieved

before. Ten measurement repetitions were performed for each sample.

7.1.7 Zeta Potential

The zeta potential provides a measure for colloidal stability. Highly positive and negative zeta
potentials of + 40 mV are considered long-term stable. The measurement of the zeta potential is based
on light scattering. The colloidal particles are exposed to an external electric field, which leads to

particle movements. A laser probes the sample, and a detector observes the scattering signals and
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Doppler frequency shifts. Those raw data can be converted into the particle electrophoretic velocities.
According to either the Smoluchoski (larger particles, high ionic strength) or the Hiickel (smaller
particles, low ionic strength) model the electrophoretic velocities are used to calculate the zeta
potential of the particles. The zeta potential describes the potential required to cause the slipping to
shear off from the stern layer. Thus, it correlates with the colloidal stability, which is based on
electrostatic repulsion. Anyway, due to the strong scattering intensity differences for small and large

particles, large particles may always dominate the outcome of these measurements.

Zeta potential measurements were performed in triplicates via the Nicomp 3800-DLS-ZLS. A quartz
glass cell with a sample volume of 1 mL was used. The Hiickel model was utilized for the calculations

of the potentials. All samples could equilibrate their temperature prior to the measurement.

7.2 Bioconjugation, quantification and bioconjugate analysis

The generation of nano-bio-conjugates represents the very heart of this work. The following sections
provide detailed information on the conjugation procedures, conjugation quantification and functional
analysis of conjugates. However, in some cases these conjugation procedures were adjusted to the
requirements of the experimental design of previously described experiments. Such alterations are

separately marked in the respective sections.

7.2.1 Bioconjugation and quantification

Bioconjugation describes the functionalization of a suitable surfaces (flat, curved, or spherical) with
biomolecules. Here, it must be stressed that those biomolecules must not be of biological origin, but
belong to the main types of molecules, which can be found in nature: peptides and proteins (including
antibodies and enzymes), DNA and RNA, and combinations of all those molecules, featuring various
modifications like fluorescence markers, thiol-, or amino-groups, etc. This work focusses mainly on the
conjugation of laser-generated noble-metal nanoparticles with thiolated aptamers. Throughout this
work a large variation of conjugation procedures was tested. Therefore, this section will provide the
final core conjugation protocol, which has been modified for the different aptamers, nanoparticles,

etc.

Salt solutions, colloids and surfactants were stored at 4°C prior to experiments. DNA aliquots were
stored at -20°C and thawed on ice directly before the conjugation procedure. The generated
conjugates were subsequently heat-treated at 95°C for 5 min in accordance to Song et al. [36]. All

conjugations were performed in triplicates.
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Each colloid was diluted to the desired concentration (final concentration 50 — 100 pg/mL). The colloids
were subsequently mixed with a ready to use aptamer solution (working concentration 10 uM; final
concentration: 0.1 uM — 5 uM). The solutions were mixed thoroughly and incubated for 10 min at RT.
The respective salt (1 M MgCl,: final concentration 200 uM; 1 M Nacl: final concentration 0.3 mM),
was added within 3 — 7 steps until the desired final concentration was achieved. In between each salt
aging step, the samples were incubated for 10 min. The last step consisted of the addition of 0.1 %
Tween 20 and 0.01 % SDS in accordance with the conjugation protocol presented by Hurst et al. [175]
Afterwards, samples were incubated at 4°C overnight. Excess unbound DNA molecules were separated
from the conjugates via centrifugation (1. conjugate extraction: 2x 1180 g, 7°C, 1 h; 2. DNA
quantification: 100.000 g, 7°C, 1 h). The conjugate was resuspended in resuspension buffer (0.01 M
PBS, 0.5% PEG250, 2% saccharose, 0.1 % Tween20; according to Song et al. [319]). The supernatant
containing unbound DNA was further analyzed via UV-vis analysis. This indirect technique to determine
the conjugation efficiency has been previously described by Petersen & Barcikowski in 2009 and was
shown to be able to quantify the surface coverage and conjugation efficiency of the generated
conjugates without significant difference to the previously established direct method based on

fluorescence measurement of the bound DNA molecules. [25]

7.2.2 96-well plate conjugation and optical evaluation

Decreasing the conjugation volume drastically decreases the required material demand. Therefore, it
is possible to evaluate the conjugation behavior of nanoparticles exposed to drastic DNA excess
concentrations. In addition to that, it is possible to analyze more parameters at the same time, in
comparison to the conjugation of 1.5 mL samples, which limited the testing to twelve 1 mL samples
per run due to the limitations of centrifuges, etc. Here, 96-well-plates, or microplates, by Eppendorf
(96/F-PP, clear wells, PCR clean) were utilized to systematically analyze the conjugation behavior of 96
samples at the same time. The sample volume was kept at 200 L to allow the subsequent analysis of
samples via the TECAN Spark 20 M multimode microplate reader. The conjugation procedure itself was
performed in accordance with 8.2.1. Conjugate stability was analyzed via the rapid red determination

(RR-value, see following section for details).

7.2.3 Rapid Red (RR) — conjugate stability evaluation based on digital images

Conjugate stability plays a major role in the successful utilization of nano-bio-conjugates in POC
devices. Without sufficient stability there is no functionality. However, when it comes to determining
the colloidal stability of DNA functionalized nano-bio-conjugates, the established techniques like zeta-
potential analysis and UV-vis spectroscopy turned out to be too time-consuming. The Rapid Red (RR)

value was invented to quickly evaluate the reddishness of a sample featuring laser-generated gold
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nanoparticles. Stable gold nanoparticles feature a strong SPR-peak at around 520 nm, resulting in an
intense red color. A destabilization of the nanoparticles will always lead to a color shift towards longer
wavelengths, thus leading to a purple-bluish color. Since the human color vision is based on additive
color signal analysis of red, blue and green, the RGB color code system was used to analyze digital

photos of conjugate samples, according to the following formula:

R

RR: X=——7—
1+G+B

To allow the comparability of pictures and the respective RR-values of conjugates, all digital images
were acquired using standardized conditions. 96-well-plates, as well as 1.5 mL reaction tubes were
placed on the Phototherapy Unit TL 30 (Beurer GmbH, Germany) after a pre-warm phase of 10 min.
Pictures were taken with a Huawei Y6 (2019) and further analyzed via FlJI (version 1.53 g December
2020). Long-term observation of samples revealed that samples, featuring a RR-value of at least 1 can
be considered stable. However, it has to be stressed, that the opaqueness of the analyzed material can
influence the RR-value determination and that it has been designed to match the color palette of laser-
generated gold nanoparticles. Color outside of this range, e.g., orange, brown, green, might generate

misleading RR-values and should not be analyzed via this method.

7.2.4 Functionality Assay — streptavidin binding

Conjugates featuring the miniStrep-aptamer can bind streptavidin. To quantify their binding ability the
two-times purified conjugates were mixed with a streptavidin solution (final concentration
25 pg/mL) and incubated overnight (4°C). The mixture was subsequently centrifuged (100.000 g, 7°C,
1 h) to separate the conjugate and its bound streptavidin (pellet) and the unbound streptavidin
(supernatant). UV-vis extinction spectroscopy was ultimately used to analyze the amount of unbound

streptavidin.

7.2.5 Gel electrophoresis and polyacrylamide gel electrophoresis

Agarose gel electrophoresis was used to analyze conjugates, aptamers, oligonucleotides as well as
possible aptamer fragments. Casted gels contained 0.2 — 0.3 % (w/v) agarose (Carl Roth) dissolved in
0.5 x TAE buffer (20 mM acetic acid, 20 mM Tris, 0.5 mM ethylenediaminetetraacetic acid (EDTA), pH
8.5). Varying volumes of conjugate samples were provided with loading buffer (30w% Glycerin + 0.001
v% Tween80 + 0.5 x Tris, Borate, EDTA (TBE) buffer) in a 1-to-1-ratio [410]. Electrophoresis was
performed for 1 h at 100 V using the peqPOWER300 power supply by peglab. Gels were stained via
ethidium-bromide and documented using the BIORAD ChemiDoc MP (302 nm for ethidium-bromide:
625 — 650 nm for Cy5).
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7.2.6 Native PAGE

Native PAGE was utilized to analyze the successful hybridization of aptamers and their respective
complementary oligonucleotides. A native gel (10 — 15 %wt; 1.5 mm thickness) was used to analyze
the DNA samples (0.1 uM — 1.0 uM), which were beforehand diluted with 6xDNA-loading dye by
Thermo Scientific (up to a total volume of 24 uL). The electrophoresis was performed at 120 V for 60
min in 1x TBE buffer, after a pre-running of time of 30 min at 120 V without any samples to allow for
sharper bands. Samples were subsequently stained with 1: 10.000 ethidium bromide in 1x TBE buffer

for 15 min.

7.3 Lateral Flow Assay Development and Functionality Assays

The goal of this project was to develop LFAs for different target systems, including OtA and ampicillin.
In this regard, LFA systems by Fassisi GmbH and Microcoat Biotechnologie GmbH were tested. The
optimization of the LFA conditions were purely done for Microcoat test stripes (backing with a total
length of 72 mm, fast nitrocellulose membrane of 25 mm (CN95), test line: polymerized streptavidin
(1 mg/mL), control line: FITC labelled unspecific IgG, standard waste and conjugate pad, 5 mm width).
The test stripes were either equipped with conjugate dried onto a glass fiber membrane (10 pL — 50
UL conjugate, dried at 40°C for 2 h), 10 puL — 50 uL conjugate (applied via Eppendorf pipette onto the
test stripe, or via dipping into the respective conjugate (dip stick assay). In addition to that 40 uL of
running buffer (100 mM Tris (pH 8), 0.05 % Tween20, 1 % BSA) were applied onto the test stripe,
respectively dipstick tests were transferred into wells containing running buffer. The test stripes were

incubated for 15 min at RT and further analyzed via digital photography.

7.4 Bioinformatics

7.4.1 Apta-Index™

The Apta-Index™ by AptaGen, LLC, is an aptamer database, which was used to identify aptamer
sequences for the respective target substances featured throughout this work. It features 594 aptamer
sequences, which have been described in literature and lists the aptamer chemistry (DNA, RNA,

protein), antigen/target category, base-length, as well as, affinity given in K.

https://www.aptagen.com/apta-index/ (last access: 23.06.2021)

7.4.2 ExPASy
The Expert Protein Analysis System (ExPASy) covers a wide range of information regarding proteins as

well as antibodies. In addition to that, it contains the molecular weight calculator, which allows to
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estimate the molecular weight of a protein and peptide, based on its amino acid sequence. ExPASy is

operated by the SIB [411].

https://www.expasy.org/ (last access: 21.06.2021)

7.4.3 BLAST®

The Basic Local Alignment Search Tool represents a logarithm to compare biological sequences, such
as nucleotide and protein sequences with a large database of known sequences [412]. It was used for

sequence alignments of aptamers and complementary oligonucleotides.

https://blast.ncbi.nlm.nih.gov/Blast.cgi (last access: 19.06.2021)

7.4.4 |-TASSER

The Iterative Threading Assembly Refinement (I-TASSER) represents a bioinformatic tool for protein
structure and function prediction. It can be used to predict three — dimensional models of proteins and
peptides, based only on their amino acid sequence [413]. User can access the server of the Yang Zhang

Lab of the University of Michigan to use I-TASSER for academic purposes.

http://zhanglab.ccmb.med.umich.edu/I-TASSER/ (last access: 03.06.2021)

7.4.5 JPred — A Protein Secondary Structure Prediction Server

Jpred v.4 represents an accurate secondary structure prediction tool that is available since 1998 [414].
Itis based on the JNet algorithm and was used to predict the secondary structure of peptide sequences
in silico.

http://www.compbio.dundee.ac.uk/jpred/ (last access: 23.06.2021)
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7.5 Calibration curves
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Figure 73: UV-vis extinction spectroscopy-based calibrations for A) miniStrep, B) Apt1N, and C) Amp-4x-HEGL aptamers. The

respective sequences are provided in section D). Measurements were performed in triplicates. Error bars are included but
too small to be seen.
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Figure 74: UV-vis extinction spectroscopic calibration of colloids of different elemental nanoparticle
compositions.

A OtA aptamer 1 (Ochratoxin A; #178829; IBA)
{Thiol) TGG TGG CTG TAG GTC AGC ATC TGA TCG GGT GTG GGT GGC GTA AAG GGA GCA TCG GACAAC G

CGT AGC CTG TAT A,, (THIOL)
Complementary Oligo (ampicillin; #181270; IBA)

Amp-4x-HEGL (ampicillin; #183408; IBA})
[Thiol)XXX XCA CGG CAT GGT GGG CGT GT CGT GTG TGT

Figure 75: Aptamers and their complementary oligonucleotide sequences; A) ochratoxin A aptamer; B) ampicillin aptamer.
BIO = biotin group; Thiol = thiol group.
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Figure 76: LFAs featuring LAL-Au NP-nano-bio-conjugates (LAL) and chemically-synthesized-Au NP — conjugates at varying
volumes (10 pL — 30 pL). RECYC = recycled aptamer; NEG. = negative control without salt-aging.
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