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Summary

Summary

In this thesis, the beneficial properties of silver nanoparticles (AgNPs) are employed in the
development of electrochemical assays for clinical analysis. AQNPs are the most abundant
commercialized nanocompound with a production of 350 t per year. Besides their manifold
uses based on their antibacterial, antiviral, antifungal and antimicrobial properties, e.g. in
coating of medicinal products, they are also employed for various clinical biosensors. While
most sensing applications rely on optical detection techniques such as surface plasmon
resonance (SPR), surface-enhanced-Raman-scattering (SERS), metal-enhanced fluorescence
(MEF) or fluorescence emission, there has been some research in the field of electrochemical
biosensors using AgNPs, as well. They are used for modification of the electrode surface or less
commonly as labels. The suitability for the use of the respective biosensor at the point-of-care
(POC) was assessed carefully based on criteria like ease of handling, storage ability, cost, time

consumption and need of sample pretreatment.
Sandwich Immunoassay for NT-proBNP Detection

The first experimental part of this work focuses on the benefit of using AgNPs as
electrochemical label, instead of the more commonly employed gold nanoparticles (AuNPs).
Using an electrochemical detection strategy with a sequence of oxidation and reduction
reactions, lowest limits of detection (LODs) were reached for both metallic nanoparticles
(mNPs). When exchanging gold with silver in a simple sandwich immunoassay for the blood
biomarker N-terminal prohormone brain natriuretic peptide (NT-proBNP) on screen-printed
carbon electrodes (SPCEs), the LOD is decreased by a factor of 6, while maintaining the same
or better assay reliability and ease of surface functionalization. Moreover, the addition of
hydrochloric acid, inevitable for the electrochemical detection of gold due the high Au stability,
is removed. This makes the AgNP assay better suited for POC applications. In order to adjust
the procedure better to the needs at the POC, ie. ease of handling and miniaturization, while
increasing the analytical performance, this assay was transferred into a microfluidic chip. The
chip comprises the SPCE, double-sided adhesive tape with cut out channel design and a PMMA
top with in- and outlet as well as a cavity on the inside. This renders it low-cost and easy to
produce and enables the integration of all-dried reagents into one chip. The use of a trehalose

matrix in combination with a suitable oxygen scavenger stabilizes the AQNPs against oxidation
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by air oxygen and renders the chips stable over 18 weeks at 4 °C. With a LOD of 0.26 ng-mL™’
in buffer and 0.56 ng'mL™" in undiluted human serum, the microfluidic sensor exhibits a
sensitivity below the clinically relevant threshold for chronic heart failure (HF) of 1 ng-mL™". Also,
the reproducibility is greatly increased with a mean standard deviation (SD) of 6% in

comparison to the standard immunoassay with 15%.
Aggregation Assay for Creatinine Detection

The second experimental part shows the development of an electrochemical aggregation assay
for the detection of the renal function biomarker creatinine. In neutral or slightly acidic
medium, picric acid (PA) interacts selectively with the tautomeric form of creatinine, while
creatinine molecules form hydrogen bonds among each other as well. AgNPs can be
functionalized with PA via electrostatic interactions. These picric acid-modified AgNPs
(PA-AgNPs) aggregate in the presence of creatinine and the grade of aggregation is a measure
for the concentration of the analyte. This system was employed by others in combination with
an optical detection. Here, an electrochemical detection via differential pulse voltammetry
(DPV) is investigated, which is based on the increasing distance between AgNP and electrode
surface upon aggregation. Different nanoparticle (NP) sizes and modifications were tested and
10 nm AgNPs modified with 10 uM PA are ideal for electrochemical detection and show
effective aggregation. To render it accessible for POC strategies, the detection was transferred
into an all-dried approach without any loss of performance. It was found that the sensitivity
can be controlled by changes in the PA-AgNP to sample ratio making the assay easily
adjustable to various matrices with different concentration ranges. With a 2:3 ratio, a LOD as
low as 76 pyM was reached with a mean SD of 12%. This system was also successfully applied
in 1:10 diluted synthetic urine (surin) matrix covering a majority of the physiological range

(0.4-2 mM in 1:10 diluted surin) without further optimization.



Zusammenfassung

Zusammenfassung

In dieser Dissertation werden die vorteilhaften Eigenschaften von Silbernanopartikeln bei der
Entwicklung elektrochemischer Assays fiir die klinische Analyse genutzt. AgQNPs sind die am
haufigsten kommerzialisierte Nanoverbindung mit einer Produktion von 350 t pro Jahr. Neben
ihren vielfaltigen Einsatzmdglichkeiten aufgrund ihrer antibakteriellen, antiviralen,
antimykotischen und antimikrobiellen Eigenschaften, z.B. in der Beschichtung von
medizinischen Produkten, werden sie auch fiir verschiedene klinische Biosensoren eingesetzt.
Wahrend die meisten Sensoranwendungen auf optischen Detektionstechniken wie SPR, SERS,
MEF oder Fluoreszenzemission beruhen, wurde auch auf dem Gebiet der elektrochemischen
Biosensoren mit AQNPs geforscht. Sie werden zur Modifikation der Elektrodenoberflache oder
seltener als Marker verwendet. Die Eignung flr den Einsatz des jeweiligen Biosensors am Point-
of-Care wurde anhand von Kriterien wie einfache Handhabung, Lagerfahigkeit, Kosten,

Zeitaufwand und Notwendigkeit der Probenvorbehandlung sorgfaltig bewertet.
Sandwich-Immunoassay fiir die Detektion von NT-proBNP

Der erste experimentelle Teil dieser Arbeit konzentriert sich auf die Vorteile der Verwendung
von AgNPs als elektrochemischer Marker anstelle der haufiger verwendeten Goldnanopartikel.
Unter Verwendung einer elektrochemischen Nachweisstrategie mit einer Folge von Oxidations-
und Reduktionsreaktionen wurden niedrigste Nachweisgrenzen fir beide metallischen
Nanopartikel erreicht. Beim Austausch von Gold gegen Silber in einem einfachen Sandwich-
Immunoassay fir den Blutbiomarker NT-proBNP auf siebgedruckten Kohlenstoffelektroden
wird der LOD um den Faktor 6 verringert, wahrend die gleiche oder bessere Assay-
Zuverlassigkeit und einfache Oberflachenfunktionalisierung beibehalten werden. AuBerdem
entfallt der fur den elektrochemischen Nachweis von Gold aufgrund der hohen Au-Stabilitat
unumgangliche Zusatz von Salzsaure. Dadurch eignet sich der AgNP-Assay besser fir POC-
Anwendungen. Um das Verfahren besser an die Bedurfnisse am POC anzupassen, d. h. einfache
Handhabung und Miniaturisierung, bei gleichzeitiger Erh6hung der analytischen Leistung,
wurde dieser Assay in einen mikrofluidischen Chip Uberfiihrt. Der Chip besteht aus einer SPCE,
doppelseitigem Klebeband mit ausgeschnittenem Kanaldesign und einer PMMA-Oberseite mit
Ein- und Auslass sowie einem Hohlraum auf der Innenseite. Dies macht es glinstig und einfach

herzustellen und erméglicht die Integration aller getrockneten Reagenzien in einen Chip. Die
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Verwendung einer Trehalose-Matrix in Kombination mit einem geeigneten Sauerstofffanger
stabilisiert die AgNPs gegen Oxidation durch Luftsauerstoff und macht die Chips Uber
18 Wochen bei 4 °C stabil. Mit einer LOD von 0,26 ng-mL" in Puffer und 0,56 ng'mL" in
unverdinntem Humanserum weist der mikrofluidische Sensor eine Sensitivitat unterhalb der
klinisch relevanten Schwelle fiir chronische Herzinsuffizienz von 1 ngmL' auf. Die
Reproduzierbarkeit ist mit einer mittleren Standardabweichung von 6 % im Vergleich zum

Standard-Immunoassay mit 15 % stark erhoht.
Aggregations-Assay fiir die Detektion von Kreatinin

Der zweite experimentelle Teil zeigt die Entwicklung eines elektrochemischen
Aggregationsassays zum Nachweis des Nierenfunktions-Biomarkers Kreatinin. In neutralem
oder leicht saurem Medium interagiert Pikrinsdure selektiv mit der tautomeren Form von
Kreatinin, wahrend Kreatinin-Molekiile auch untereinander Wasserstoffbriickenbindungen
eingehen. AgNPs konnen Uber elektrostatische Wechselwirkungen mit PA funktionalisiert
werden. Diese Pikrinsdure-modifizierten AgNPs aggregieren in Anwesenheit von Kreatinin und
der Grad der Aggregation ist ein MaB flir die Konzentration des Analyten. Dieses System wurde
schon von Anderen in Kombination mit einer optischen Detektion eingesetzt. Hier wird eine
elektrochemische Detektion mittels DPV untersucht, die auf dem zunehmenden Abstand
zwischen AgNP und Elektrodenoberflache bei Aggregation basiert. Es wurden verschiedene
Nanopartikel-GréBen und -Modifikationen getestet, und 10-nm-AgNPs, modifiziert mit 10 yM
PA, sind ideal fiir die elektrochemische Detektion und zeigen eine effektive Aggregation. Um
sie fur POC-Strategien zuganglich zu machen, wurde die Detektion ohne Performanceverlust
in einen All-Dryed-Ansatz Uberflhrt. Es wurde festgestellt, dass die Empfindlichkeit durch
Anderungen des PA-AgNP-zu-Probe-Verhiltnisses gesteuert werden kann, wodurch der Assay
leicht an verschiedene Matrizes mit unterschiedlichen Konzentrationsbereichen angepasst
werden kann. Bei einem Verhaltnis von 2:3 wurde ein niedriger LOD von 60 pM mit einer
mittleren SD von 16 % erreicht. Dieses System wurde auch ohne weitere Optimierung
erfolgreich in einer 1:10 verdinnten Matrix aus synthetischem Urin angewendet, die einen

GroBteil des physiologischen Bereichs abdeckt (0,4-2 mM in 1:10 verdiinntem Surin).
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1 Motivation and Structure of the Thesis

This thesis focuses on the development of an electrochemical biosensor for clinical analysis

using the inherent instability of silver nanoparticles for efficient signal amplification.

During the COVID-19 pandemic in the last years, sensitive and fast clinical analysis came to the
fore. Especially approaches that can be used at the point-of-care with low reagent and sample
demand, gained importance. The early diagnosis of most diseases is key to a successful
treatment. Primary prevention leads to less incidents, which in consequence increases the
quality of medical care for patients with severe courses and with this, the survival rate [1]. The
contribution of bioanalytical research in this field is huge, since more sensitive diagnosis
platforms with easy testing procedures are required. Due to their unique properties, silver
nanoparticles offer strong signal amplification in combination with easy handling and low

toxicity.

In Chapter 2, the beneficial properties of AgNPs and their current use in biosensing are
summarized especially considering their potential for the POC. A major part of assays uses the
special optical properties based on the collective oscillation of the conductive electrons
induced by visible light, which is called surface plasmon resonance [2]. In contrast to optical
detection methods, electrochemical detection offers high miniaturization potential, simplicity,
low susceptibility to interferences and the potential for real-time analysis [3]. Moreover, roll-
to-roll manufacturing in combination with laser patterning is known to be highly productive
and therefore lowers the cost for electrode fabrication [4]. The use of electrode chips instead
of lateral flow assays (LFAs) eliminates common problems with the reproducibility of
membranes and decreases variability. AgNPs in electrochemistry are used either as label or for
the modification of the electrode surface. The main reason, why AgNPs were disregarded by

the bioanalytical community for a long time, are toxicity and stability concerns.

The most commonly used metal nanoparticles are gold nanoparticles due to their high
biocompatibility and stability, and ease of synthesis and functionalization [5]. Therefore, silver
and gold nanoparticles are compared as labels in a standard electrochemical immunoassay in
Chapter 3. As model analyte, the heart failure biomarker NT-proBNP is utilized. The precursor
prohormone brain natriuretic peptide (proBNP) is secreted by myocardial cells upon pressure

overload and then cleaved enzymatically forming brain natriuretic peptide (BNP) and

5
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NT-proBNP. While BNP lowers the central venous pressure, NT-proBNP is biologically inert and
used to assess the severity of HF [6]. Fast, easy and sensitive quantification of NT-proBNP,
which can be ideally performed by the patients themselves in a home setting, is essential for
an effective treatment. Due to their greater instability, electrochemical dissolution of AQNPs
does not require the addition of hydrochloric acid or application of high potentials like AuNPs.
Therefore, the testing procedure is considerably simplified and interferences in biological

matrices minimized.

It is key for self-testing to have simple and fast procedures, which can be performed by an
untrained patient. Therefore, this principle is implemented into a dry-reagent microfluidic
biosensor, which is discussed in Chapter 4. Drying of the reagents is a crucial factor for the
development of POC sensors. However, since it increases the accessibility of the easily oxidized
Ag surface to air oxygen, research in this direction just picked up momentum recently.
Microfluidics enable automation as well as the use of low reagent and sample volumes, in the
range of a finger prick, and often improve sensitivity, time consumption, cost and
reproducibility [7]. While the microfluidic system can be further miniaturized and performance
of the test is easy, the set-up and procedure is not yet ready for self-testing of patients.
Therefore, a different format, which is suitable for low-cost, sensitive, and easy self-testing is

investigated.

The aggregation of AgNPs in presence of an analyte was often employed in the past, especially
in combination with optical transduction methods [8, 9]. Usually these assays are easy-to-
perform, fast and they were employed for various analytes in a multitude of sample matrices
including blood, urine and tap water. However, the sample volume demand for optical
detection methods is rather high in order to ensure a sufficient path length. Another limiting
factor is the color and turbidity of the sample. Therefore, the development of an
electrochemical aggregation assay for creatinine detection is described in Chapter 5. Creatinine
is @ byproduct of muscle and protein metabolism and primarily removed from the bloodstream
by glomerular filtration through the kidneys. Increased blood or urine creatinine values can
therefore indicate renal problems and are a standard clinical parameter [10]. For patients with
previous illnesses, self-testing of creatinine levels can help to track the course of medication or
the disease itself. A highly selective surface modification and analyte system is necessary to

turn the inherent instability of the AgNP colloid into a useful tool for analyte quantification. In
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combination with the earlier developed fabrication of dry-reagent sensing chips, this format

leads to an easy-to-use, fast, sensitive and selective self-testing device employing picric acid

modified-AgNPs as indicators.
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Abstract

Silver nanoparticles have long been overshadowed by gold NPs’ success in sensor and point-
of-care applications. However, their unique physical, (electro)chemical and optical properties
make them excellently suited for such use, as long as their inherent higher instability toward
oxidation is controlled. Here, we describe how properties of nanosized Ag (in the range of
1-100 nm) are exploited in optical and electrochemical biosensors providing highly desirable
results. Moreover, we critically assess their potential for point-of-care sensors discussing

advantages as well as limitations for each detection technique.
Keywords

silver nanoparticles, optical biosensors, electrochemical biosensors, point-of-care, clinical

analysis
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2.1 Introduction

During the last twenty years, silver nanoparticles gained increasing attention amongst the
scientific community due to their unique physico-chemical properties. However, biomedical
properties of silver colloids were already exploited by the ancient Greeks and Romans, for
example in lotions or unguents [1]. Also, the antimicrobial effect of silver was used to protect
vessels from bacterial growth and the food and drinks stored within from spoilage, long before
the existence of microbes was found [2]. This effect is based on the interaction of silver ions
with thiol type compounds in the vital enzymes and proteins of bacteria. With decreasing size
of AgNPs, the surface contact area increases and with this, the antimicrobial effect. In contrast
to macro-sized silver, the nanoparticles are able to interact additionally with the cell membrane,
which leads to its disruption and subsequent cell death [3]. Nowadays, with a production of
320 t per year AgNPs are the most abundant commercialized nanocompound [4, 5]. They are
widely used for example in cosmetics, textiles, medicinal products or water decontamination
[6]. In socks for example, they inhibit the development of bad odors [7], while they can improve
soft tissue healing in bandages, preventing a bacterial infection [3]. More medical applications
include anti-cancer therapy, dentistry [8], the use as antidiabetic agent or vaccine adjuvant [9].
Only a minor part of the produced AgNPs are used in biosensors and serve as signal generation
and amplification system instead of enzymes, AuNPs and other nanocontainers. They are
efficiently used in combination with optical and electrochemical transduction methods. Aside
from their ubiquitous usage, toxicity concerns arose during the last years. It was found that
silver nanoparticles play a major role in the generation of reactive oxygen species and oxidative
stress in cells. Moreover, they are able to interact with different organs [4]. The toxic effect of
AgNPs depends on various factors, e.g. size, shape, surface modification, dispersion,
concentration, cellular environment etc. [10]. Also, the complex mode of action is not fully
known and understood, yet. Therefore, assessment of the grade of toxicity is a big challenge

and has to be done very carefully.

Due to their general importance, AgNP synthesis (Figure 2.1), surface modification and

characterization methods were extensively reviewed before, e.g. [6, 8, 9] and many more.
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Figure 2.1. Summary of some possible synthesis methods for AgNPs with physical, chemical or
biological methods [5, 6].

Nanoparticles can be synthesized in a "top-down” approach. Here, the bulk material is broken
down into fine nanoparticles, which are stabilized using colloidal protecting agents. Physical
methods like ball milling, evaporation, condensation, laser ablation, arc discharge or vapor
condensation are used for this purpose and result usually in nanoparticles in powder form.
These methods are fast and easy to scale-up and the resulting nanoparticles are free of
hazardous chemicals. However, high energy-consumption, solvent contamination, low yield
and a varying size distribution of the nanoparticles are drawbacks of the physical methods.
Moreover, dispersing the nanoparticles without aggregation can be challenging. On the other
hand, in “bottom-up” approaches a precursor salt, for example AgNOs, is reduced forming
nuclei via self-assembly, which then grow into nanoparticles. Methods to generate the energy
needed for this reduction are photochemical, electrochemical, microwave-assisted,
sonochemical, sol-gel processes or reduction in a microemulsion. These “chemical” processes
have the advantage of high yield, low-cost, ease-of-production and flexibility in NP shapes and
sizes. However, the use of toxic chemicals for reduction leads to inadequate purity of the NPs
and is untenable from an environmental point of view. Also, stabilization of the NPs against
aggregation and control over their size are challenging and require the use of proper

stabilizers. Green or "biological” synthesis of AgQNPs overcomes these disadvantages. Here,
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natural plants, bacteria, fungi, algae or yeast are used for the reduction of a precursor salt.
These methods are environmentally friendly and pollution-free, and avoid harsh conditions like
high temperatures, pH or strong reducing agents. Moreover, decreased time-demand, control
over shape and size, simple scale-up, high stability, water-solubility, and density make these
methods attractive in academia and industry. Post synthesis, AgNPs are characterized
employing different methods, e.g. dynamic light scattering (DLS), transmission electron
microscopy (TEM), scanning electron microscopy (SEM), UV/Vis spectroscopy, energy
dispersive X-ray analysis (EDX), Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS). A detailed insight into these methods is

outside the scope of this review, but can be found for example in [11].

In addition to fast, cost-efficient and well-controllable synthesis possibilities, metal
nanoparticles offer a flexible, relatively inexpensive platform for signal amplification. They
enable real-time detection of biomarkers in small sample volumes with a low LOD and fairly
simple procedures [17, 18] and are therefore ideally suited for point-of-care testing (POCT)
[19]. Tests used by medical personnel can be observed increasingly on the market [20] and the
COVID-19 pandemic has demonstrated that there is an enormous need also for POCT used by
patients themselves. In addition to low LODs, other important features need to be addressed
including low sample volume demand (especially for blood testing), no additional pipetting,
fast response time, low-cost, small size of the detection device, and storage of all chemicals in
dry format on chip. Based on the high surface-to-volume ratio of AgNPs, they exhibit special
optical and electrochemical properties, which render them ideal for the use in biosensors in
combination with different transduction methods [11]. This review will focus on the progress
of the use of silver nanoparticles in optical and electrochemical biosensors for clinical
diagnostic in the last four years, especially assessing critically their potential for the use at the

point-of-care.
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2.2 Silver Nanoparticles in Optical Biosensors
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Figure 2.2. Schematic representation of the working principle of various optical biosensors using
AgNPs based on (a) SPR, (b) SERS, (c) MEF, (d) FRET or (e) the fluorescent properties of AgNCs.
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AgNPs exhibit various special optical properties that can be harnessed for detection by
transducers commonly used in biosensors (Figure 2.2). (i) Due to a small band gap, they possess
freely moving electrodes, which can be excited to a collective oscillation by visible light, a
phenomenon called surface plasmon resonance [21]. This leads to a strong absorption in the
visible wavelength range, which depends strongly on shape, size and dispersion of the AgNPs
[14]. On this basis, various biosensors were developed using the plasmon band shift upon
aggregation or changes in the local dielectric constant/ refractive index (RI) due to mere
binding to the analyte. (ii) With a high molar extinction coefficient and absorbance in the visible
range, AgNPs are considered optimal fluorescence quenchers [22], enabling assay strategies
based on Foerster resonance energy transfer (FRET). (iii) AgNPs provoke metal-enhanced
fluorescence when in a short distance (5-90 nm) to a fluorophore. They increase the rate of
excitation and emission and enable additional electronic configurations of the fluorophore.
Therefore quantum yield, photostability and overall sensitivity of the fluorescence sensor is
increased [23]. (iv) Moreover, the intrinsic fluorescence of silver nanoclusters (AgNCs) can be
used for transduction as also (v) their inherent ability to enhance the Raman-scattering of

molecules in spatial proximity of their surface resulting in SERS-based sensors [24].

2.2.1 SPR-based Biosensors

SPR is the collective oscillation of conductive electrons, which origins from acceleration of the
electrons by the incident light in combination with restoring forces due to the polarization of
particle and environment, and confinement of electrons to dimensions smaller than the
wavelength of light [25]. As the SPR band depends on size, shape, interparticle space, surface
charge, and nature of the surrounding medium [2], it can be exploited as transduction principle.
Biosensors based on Ag nanoarchitechtured surfaces (e.g. nanospheres, nanoholes, nanoarrays
etc.) measure analyte-dependent refractive index changes [24], whereas those using AgNPs
utilize the SPR-band change upon analyte-induced de/aggregation of the silver nanoparticles
(Figure 2.2 a). Thus, all molecules that induce aggregation via interaction of functional groups
with the AgNP surface ligand, or that change the dielectric environment of the AgNP can be

target analytes [26].

Here, silver is superior to other NPs due to its high molar extinction coefficient and narrow
SPR-band in the visible region. With decreasing interparticle distance, the plasmonic fields of

the individual particles overlap and the absorption shifts to higher wavelength or decreases.
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This principle has been employed for years for the detection of various analytes and was
reviewed extensively before [2]. It lends itself very well for clinical diagnostics at the POC due
to the simple, visual or colorimetric read-out. It has recently been adopted toward the
detection of biothiols [27, 28], DNA [29] or small molecules like adenosine [30] where
quantification is obtainable through a change of absorption or even absorption ratio on two
different wavelengths. Major drawbacks include the high sample volume typically needed for
this format, suggesting that finger prick samples are excluded, but urine or saliva are applicable.
Probably more important is the urgent need for finely tuned surface modification adapted to
not only the analyte but also the desirable matrix. Aggregation of not-well-adjusted AgNPs is
mostly influenced by electrolyte concentration or pH, while the presence of biomolecules can
inhibit aggregation altogether. Finally, detection in turbid samples is not possible increasing
the demand for careful sample preparation strategies. Nonetheless, application in the POC has
become a true possibility through the replacement of spectrophotometers via smartphone
read-out. This is not trivial due to variations in lighting, in handling by the patient, or in the
smartphones themselves. Sophisticated mathematical corrections and internal standards have
to be applied and will pave the path forward for AGNP aggregation assays for the POC in the

future.

2.2.2 Biosensors based on Surface-Enhanced-Raman-Scattering

Surface-enhanced Raman offers high anti-interference stability due to highly specific
fingerprint regions with narrow peaks [31], high multiplexing capabilities, speed, and low
background noise [32]. The SERS mechanism is very complex. Researchers agreed on two major
contributions to the enhancement of Raman signals: chemical and electromagnetic
enhancement. The chemical enhancement, which results from a charge transfer between the
Ag nanoparticles and the chemisorbed marker seems to have only minor influence. A stronger
influence is attributed to the strong SPR in the local electric field at the AgNP surface in the so-
called “hot spots” [24]. SERS can be used in multiple ways, ie. intrinsic and extrinsic. In extrinsic
SERS sensing (Figure 2.2 b), modified nanoparticles (SERS-tags) are used as labels [33], such as
AgNPs with Raman reporter probe on their surface recently used for the detection of proteins
[31], micro RNA (miRNA) [32] and DNA [34]. For intrinsic SERS sensing, the sample is deposited

on a SERS active substrate and the Raman signals are recorded [33].
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AgNPs are an ideal SERS substrate due to their high optical reflectivity and are typically
combined with other materials. Their composition, size, shape and surface roughness influence
the SPR band and with it the SERS efficiency of the substrate [24]. Typical material combinations
include silicon chips or carbon materials additionally to the AgNPs [35-37]. These approaches
offer easy implementation, label-free procedures and little sample preparation. However, data
analysis or preparation of a suitable SERS substrate is very challenging. In general, SERS
analyses suffer from poor reproducibility and stability of the signal. This makes quantitative
SERS difficult, calling for internal standards, a highly ordered substrate, and shielding from
external influences [37]. In the last years, this was employed for the detection of glutathione
[36], miRNA [35], adenosine triphosphate or even whole bacteria [37]. However, most
publications focus mainly on developing new, ultra-sensitive SERS substrates as proof-of-
principle, rather than sensor development for clinical applications. The various possible
variations of materials and characterization methods make it difficult to compare the published
works. Moreover, SERS probe labeling is known to be difficult and the chemicals are rather
expensive [38]. Regarding a POC application, there is still a ot of development necessary. The
extrinsic sensing seems to have a higher potential to be used for POC, because it can be
implemented in already known assays, like PCR assays or lateral flow assays, only with a
different detection method [33]. However, with the apparatus necessary for Raman
measurements and complex fabrication of SERS active substrate or tags [39], which is time and
money consuming, the use of SERS-based sensors for patient self-testing seems to be rather

unlikely.

2.2.3 Metal-Enhanced Fluorescence-based Biosensors

Fluorescence is a commonly used transduction technique in biosensors due to its versatility,
simplicity, sensitivity, and multiplexing capability. However, high autofluorescence of the
samples, as well as low quantum yield and photobleaching of traditional fluorescent labels
hinder ultra-sensitive fluorescent detection [2]. These problems can be solved by enhancing
the fluorescence via close proximity of the fluorescent dye to a colloidal metal surface. AgNPs
are frequently employed here due to their strong SPR, which spans over a broad region of the
visible spectrum [40]. The presence of a metal in a small distance (5-90 nm) increases the rate
of excitation and emission of the fluorophore and enables additional electronic configurations.
Therefore, quantum yield, photostability and after all sensitivity of the sensor is increased [23].

Analogous to the SERS sensors, silver nanoparticles can be used as substrate, for example in
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combination with electrospun nanofibers [41], or as colloidal label [40, 42]. For the latter,
usually controlled aggregation of the AgNPs is used to increase MEF (Figure 2.2 c). These
sensors were employed for example for DNA [40], polysaccharides or enzymes, like heparin

and heparinase [42].

Manufacturing of MEF tags and substrates is rather complicated as an exact distance between
metal and fluorophore is crucial. If the parties are too close together, the AgNPs quench the
emission, while the effect does not appear for too long distances. Finely tuned surfaces are
hence of utmost importance [23]. For the use in POC applications, MEF is potentially useful
only with special, well-thought-through systems. Furthermore, as the overall signal
amplification of the fluorescence is usually rather small, it does not seem to be practical and
cost-efficient for the mere amplification of the fluorescence signal. In addition, measurement
in biological matrices is difficult, which makes it impossible to use in a self-testing setting
without sample preparation. Moreover, the instrumentation and reagents for fluorescence

measurements are rather expensive [39].

2.2.4 Other Fluorescent Sensors

Due to their strong and broad absorbance properties, AgNPs are ideal fluorescence quenchers
[22]. This process takes place via FRET, a non-radiative, distance-dependent energy transfer via
dipole-dipole interactions [24]. Since nanospheres possess an anisotropic shape, they do not
have a defined dipole moment. Therefore, energy transfer can take place in any orientation
and the efficiency of FRET increases. In the last years, AQNPs were employed as quencher in
combination with various other fluorescent nanomaterials like metal-organic frameworks [43],
carbon dots [44] or silica nanoparticles [45]. These FRET sensors can either be employed for
analytes, which are able to cross-link donor and acceptor (Figure 2.2 d), like miRNA [43], or
analytes, which are able to reduce Ag™ and form the quenching AgNPs in situ, e.g. ascorbic acid
(AA) [44] or dopamine [45]. These sensors can be developed in “turn-on” or “turn-off” mode.
However, the AgNPs as quenchers are rarely employed for clinical analytes, and rather for
environmental mercury monitoring. This method has true potential for future POC
development due to its simplicity, sensitivity, rapidity and the various combination possibilities
of materials and methods. However, most published work is still in the proof-of-principle stage,
trying to fully understand mechanisms and influencing factors, rather than adapting specific

assays to the POC.
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A tiny subtype of AgNPs has seen special attention in recent years. These Ag nanoclusters are
made of several to tens of atoms resulting in a size in the range of the Fermi wavelength of
electrons. This gives rise to new interesting features [46], while they do not suffer from the
usual limitations of organic fluorophores such as narrow excitation profiles, photobleaching,
and non-symmetrical emission spectra. Instead, AgQNCs possess an emission varying between
blue and the near-IR depending on the size of the cluster, which makes them ideal for
multiplexing [24]. They have a high quantum yield, narrow photoluminescence bands, and
excellent biocompatibility [47]. Also, their simple synthesis protocol is usually performed by
reduction of a silver salt in presence of a DNA template. Most recent sensing examples include
RNA or miRNA detection [46, 48], ELISAs [49] or dopamine [50]. Often such approaches are
also combined with FRET (Figure 2.2 e). Also, the combination of the DNA-templated synthesis
with aptamers was done, for example for the cancer biomarkers carcinoembryonic antigen and
alpha-fetoprotein [47]. Unfortunately, many assays rely on the in-situ synthesis of the AgNCs,
which is not possible considering a POC, self-testing approach due to multi-step addition of
chemicals. However, if their long-term stability can be confirmed, they could have a big

potential replacing traditional, organic fluorophore markers.
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2.3 Silver Nanoparticles in Electrochemical Biosensors

Electrochemical biosensors are often preferred over optical ones, since they show high
sensitivity, cost-effectiveness, simplicity, low susceptibility to interferences and the potential
for real-time analysis, which is particularly interesting for clinical analysis of biological fluids
[51-53]. Simultaneously, they have a higher potential for miniaturization, because no optical
components or minimum path lengths are needed [54, 55]. Therefore, sensors with
electrochemical detection are frequently used in food quality monitoring, biomedical research,
clinical diagnostic, and environmental monitoring [18]. AgNPs are of special interest as they
have the highest conductivity of all metals, high electrochemical activity, i.e. low oxidation
potential and high electron transfer rates, and catalytic activity towards certain analytes [56,
57]. This chapter is divided into the use of AgNPs as label and the use for modification of the

electrode. In both cases, the use of silver nanoparticles leads to an amplified signal.

2.3.1 Silver Nanoparticles as Labels

The characteristic Ag/AgCl solid-state reaction of AgNPs is used for their quantification when
used as label. Oxidation of Ag is directly monitored via voltammetric methods, like linear sweep
voltammetry (LSV), square wave voltammetry (SWV) or differential pulse voltammetry. AgNPs
are also dissolved for sensitive detection via anodic stripping voltammetry (ASV) [56]. Due to
their high electrochemical activity, the oxidation and reduction are possible using a low
potential and without the use of additional hazardous chemicals. This minimizes the potential
interferences and ensures a reaction outside of the potential region, where water electrolysis
or the electrochemical reaction of dissolved oxygen occurs. Together with relatively sharp
peaks and thus precise and sensitive detection [58], AgNPs are highly advantageous as label in
electrochemical sensors in comparison to for example gold nanoparticles or quantum dots and

are used employing four overall strategies (Figure 2.3).
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Figure 2.3. Schematic representation of a bioassay using (a) individual AgNPs with chemical
dissolution, direct LSV and electrochemical dissolution, (b) AgNP aggregates or (c) nanocomposites
as electrochemical label or (d) in situ synthesis of AgNPs.

2.3.1.1 Individual AgNPs

One individual AgNP consists of thousands of silver atoms. This provides considerable signal-
amplification compared to the use of single molecule labels (Figure 2.3 a). Traditionally, AgNPs
were dissolved using strong acids like HNOs, preconcentrated on the transducer by reduction
and then oxidatively stripped off the surface [51, 55]. This method is very sensitive, since the
chemical treatment dissolves the whole particle, can potentially clean the electrode, and ASV

is known to be used for trace analysis. Still, as the chemical dissolution uses harsh chemicals, is
20



Signaling Strategies of Silver Nanoparticles in Optical and Electrochemical Biosensors:
Considering their Potential for the Point-of-Care

time-consuming, and can be the origin of mistakes, its application is very limited [59]. With
regard to POC application, the further addition of solutions makes it most problematic.
Overcoming these limitations, a number of researchers monitor directly the oxidation of the
Ag in KCI electrolyte via LSV [39, 53, 54]. This procedure was used for a variety of clinical
analytes, e.g. prostate specific antigen (PSA) [54], enzyme activity [53] or DNA [39]. It offers fast
and simple procedures. Since no external dissolution step is necessary, these assays can be
performed in a one-step fashion and even potentially transferred to a desirable chip-based

approach.

Further improvements have been accomplished through various electrochemical dissolution
strategies [60, 61], which then combined preconcentration and stripping analysis with the
simple LSV and enable the detection of lower abundant analytes. Challenges occur when the
AgNPs need to be modified with biorecognition elements as these may hinder the
electrochemical conversion for electrochemical dissolution or direct detection. Also, such
modifications are often performed solely by adsorption, which may interfere with long-time
storage. Most obvious, researchers must provide a strategy to prevent Ag oxidation by air
oxygen to enable reliable detection and storage of their labels, which is too often not

considered in published works.

2.3.1.2 AgNP Aggregates and Nanocomposites

To increase the number of abundant AgNPs, individual nanoparticles are bridged with small
molecules. These aggregates are then used analogous to the individual nanoparticles as labels
increasing the overall signal amplification (Figure 2.3 b). This was used for example for enzyme
activity [62, 63] or PSA [64]. For the same analyte PSA, the researchers were able to perform a
considerably more sensitive detection using AgNP aggregates as labels instead of individual
AgNPs (0.11 pg-mL" vs. 33 fg-mL™). It is not clear, how larger AGNP may provide the same
amplification power, however. Also, the AgNP aggregation has to be precisely controlled
resulting in complicated experimental procedures, questioning the strategy for POC and self-
testing applications. Specifically, AgNP aggregation can vary with biological matrix

components which likely makes any one-step procedure impossible.

Alternatively, a multitude of AgNPs can be generated through nanocomposites (Figure 2.3 c).
Here, several nanostructures, like nanofibers [65], carbon nanotubes [66] or -cubes [67], are

loaded with AgNPs for signal generation and amplification. Especially the carbon
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nanocomposites are easy to synthesize due to the natural affinity of Ag* ions to carboxyl and
carbonyl groups. The advantages of both materials can be combined and various analytes can
be detected ranging from whole cells [65] to small molecules like miRNA [66]. These successful
approaches have to be viewed separate from many publications with AgNP nanocomposites
where the second nanomaterial seems to have no purpose. For POC applications, there are no
specific limitations to the use of nanocomposites as long as the synthesis and assay can be

performed in a fast and cost-effective way and the nanocomposites exhibit sufficient stability.

2.3.1.3 Promoted Reduction of Ag* and Silver Deposition

In these assays, a precursor silver salt is reduced to produce metallic AQNPs. This can be
promoted for example by reducing nanomaterials, such as graphene oxide (GO) [68],
Ceo-AuNPs [69] or hydrazine modified AuNPs [70], and is effectively an in situ synthesis of

nanocomposites (Figure 2.3 d).

Due to further addition of solutions in the experimental procedure, these methods are difficult
for a POC self-testing procedure and the publications shown so far do not convince with lower
limits of detection or sensitivities in comparison to the standard AQNP nanocomposites. The
same holds true with AgNP in situ synthesis based on biomolecules like DNA [71, 72] or alkaline
phosphatase [73] albeit the integration of such molecules into assays has a long tradition and
may therefore be advantageous. Still, it is not suitable for a self-testing approach, because the
addition of reagent solutions after sample addition cannot be circumvented and sometimes

long reaction times are needed.

2.3.2 Silver Nanoparticles for Modification of the Electrode

AgNPs are used just like other metal NPs to increase the active electrode area, and also to
provide additional reactivity to simplify or enhance the oxidation or reduction of an analyte
(Figure 2.4). For example, a glassy-carbon electrode was modified using eco-friendly
synthesized mucilage-AgNPs to enable the detection of glucose in human blood samples [74].
By covering the electrode with AgNPs, the mass transport to the surface increases due to
convergent rather than linear diffusion. Moreover, more exposed crystal planes in comparison
to the bulk material can lead to current improvement and covering a low-cost electrode, like
screen-printed carbon electrode, with only a fraction of the expensive metal is highly cost-
efficient in comparison to using a silver electrode [75]. Furthermore, the superior

electroanalytical properties of AQNPs enable inexpensive electrodes to interact with analytes
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at low potentials. This was for example used for the detection of hydrogen peroxide [76] or

ascorbic acid [52].
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Figure 2.4. Schematic representation of an electrode modification designed to facilitate the oxidation
of an analyte molecule.

Maduraiveeran et al. used AgNP to interact with the redox active center of proteins enabling
direct electron transfer and facilitating the enzyme immobilization, which otherwise would
often denature on the plain electrode surface. It is also assumed that AgNPs can form a
microenvironment that is similar to the native one for redox enzymes. Other researchers used
the AgNPs instead of redox mediators and benefited simultaneously from better electron
transfer and larger surface area. The modification of electrodes with AgNPs is usually done via
electrodeposition, which is low-cost, highly productive, and readily adaptable [57]. However,
the building of such composite electrodes increases the complexity of redox reactions
happening on the surface which gives rise to measuring artifacts, and selectivity and specificity
issues [50]. If these issues can be solved, and the detection works also in biological media, this

method would indeed be good for a POC self-testing approach.

2.4 Conclusion

Long overlooked, AgNPs find increasing interest in optical and electrochemical biosensors,
however barely any sophisticated POC self-testing approaches are published, yet. The main
reason, why AgNPs were disregarded for a long time, are stability and toxicity concerns. The
highly active Ag is easily oxidized by air oxygen, especially in dried form, which makes it difficult
to implement in self-testing strips or disks. Drying in a protective matrix with oxygen scavenger
can be a solution for this problem, as well as smart surface modifications of the AgNPs
themselves. Some publications start addressing this issue, but more attention needs to be

spent to find long-term and smart solutions. Often mentioned are worries about the toxic effect
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Ag® ions can have on biomolecules which would result in a destruction of the important,
adjacent biorecognition element. However, considering the many successful strategies
published, these properties are well-controllable and tailorable by specific synthetic
procedures. While by now even green synthesis strategies are well-documented, to-date it
must be concluded that more well-executed and complete investigations are needed to fully

understand AgNPs and their properties in order to enable their use in the POC field.

Overall, electrochemical detection through AgNPs shows many advantages over optical
methods, but even here, their experimental procedures are often too complicated to adapt for
POC testing and more innovation is needed to overcome multi-step processes. Often, long
incubation times and the need for elevated assay temperatures hinder the use in self-testing.
Therefore, different formats have to be employed to use the highly beneficial properties of
AgNPs to their full extend. Yet, most nanoparticle research is focused on new compositions or
combinations of materials to develop ultra-sensitive sensors rather than facilitating the
experimental procedures and finding a real application for the existing materials and

developing this further.

In general, when exploring the exciting field of sensors for the POC, definitions for certain
terms, like "point-of-care”, "(bio)sensors”, or “sample pretreatment”, do not follow the same
guidelines and are often enough interpreted according to the authors’ opinions. This makes an
assessment of the real potential for POC self-testing devices more complicated. Considering
the exciting examples described here, it can be concluded though that AgNPs are the long

overseen nanoparticle that has a great potential as signal generator and signal amplification

system due to its unique nature.
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Abstract

Electrochemical immunosensors enable rapid analyte quantification in small sample volumes,
and have been demonstrated to provide high sensitivity and selectivity, simple miniaturization
and easy sensor production strategies. As a point-of-care format, user-friendliness is equally
important and most often not combinable with high sensitivity. As such, we demonstrate here
that a sequence of metal oxidation and reduction, followed by stripping via DPV provides
lowest limits of detection within a 2 min automatic measurement. Exchanging gold
nanoparticles, which dominate in the development of POC sensors, with silver nanoparticles,
not only better sensitivity was obtained, but more importantly, the assay protocol could be
simplified to match POC requirements. Specifically, we studied both nanoparticles as reporter
labels in a sandwich immunoassay with the blood protein biomarker NT-proBNP. For both
kinds of nanoparticles, the dose-response curves easily covered the ng-mL™" range. Mean SD
of all measurements of 17% (n>4) and a limit of detection of 26 ng-mL™" were achieved using
AuNPs, but their detection requires addition of HCl, which is impossible in a POC format. In
contrast, since AgNPs are electrochemically less stable they enabled a simplified assay protocol
and provided even lower LODs of 4.0 ng-mL™ in buffer and 4.7 ng-mL™ in human serum while
maintaining the same or even better assay reliability, storage stability, and easy antibody (AB)
immobilization protocols. Thus, in direct comparison, AgNPs clearly outperform AuNPs in
desirable POC electrochemical assays and should gain much more attention in the future

development of such biosensors.
Keywords

electrochemical biosensor, silver nanoparticle, gold nanoparticle, blood analysis, DPV
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3.1 Introduction

Recent advances in modern medicine present new challenges for immunoassays and sensors.
A fast detection of certain biomarkers in an ultra-low concentration range is crucial for an early
diagnosis, which should also lead to increased patient survival rate [1, 2]. The use of low sample
volumes of biological fluids like blood is desirable to accelerate the whole testing procedure.
Moreover, a reliable target quantification should be striven to assess the severity of the disease
and adapt the medication appropriately [3]. Simultaneously, reproducibility, selectivity, easy
handling, and low-cost of the device have to be preserved [4]. Electrochemical detection lends
itself very well for this cause. The biological recognition element is coupled to an electrical
transducer, which translates the binding event into an electrical signal [1]. This makes it a rapid
and simple detection method [5]. The instrumentation is rather inexpensive and can be easily
miniaturized towards a portable point-of-care device [4]. Commonly, the measurements are
performed in an amperometric or potentiometric fashion, while amperometric biosensors are
often more attractive due to their good sensitivity, accuracy and wide linear range [1]. Another
advantage of electrochemical detection over e.g. optical sensors is that the measurements can
be performed in a small volume (few microliters) and eventually in turbid and colored samples
without the need of prior purification [4]. As marker in immunoassays radioactive, fluorescent,
bio- and chemiluminescent probes or enzymes are usually used. Since the 1970s also the use
of metal-based labels in so called "metalloimmunoassays” is reported to overcome
disadvantages of these common markers [6]. The use of metallic nanoparticles with a size
between 10 and 50 nm for example got increasing attention over the past years [7]. The
physical, electrical, and optical properties are highly different from those of the bulk metal and
they can be tailored by synthesis and chemical or biological modifications [8]. Due to the high
surface-to-volume ratio, mMNPs are able to catalyze reactions and accelerate the electron
transfer rate efficiently [2]. Through using nanoparticles in an electrochemical biosensor, the
loading of the electrode with electroactive species increases drastically compared to a single
molecule label. This leads to an enormous amplification of current signal [5, 9]. Amplification
power of mNPs is similar to the best enzyme labels, but don’t require timed signal recording
and are not prone to denaturing during storage [10]. Moreover, electrochemical biosensors
using mNPs show high multiplexing capabilities due to the diversity of modifications and

metals, which could be used [5]. Most often reported metal nanoparticle labels are gold
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nanoparticles due to their unique optical, catalytic, and electronic properties [8]. Their excellent
biocompatibility renders them highly useful for immunocytochemistry and cell biology [11].
Moreover, they can be easily synthesized and modified and show great colloidal stability. Most
assays exploit their optical properties, but in the 2000s also electrochemical immuno, and DNA
sensing gained increasing attention [11]. First procedures included a chemical dissolution of
gold in a HBr/Br; solution, an accumulation on the electrode and stripping analysis [4]. These
approaches proved to be very sensitive. However, using this highly toxic solution is not
favorable and supplementary steps are always time consuming and prone to errors [9].
Therefore, alternative approaches with direct electrochemical dissolution were developed.
Pumera et al. for example applied a three-step analysis consisting of adsorption of the AuNPs
on the electrode surface, oxidative dissolution in presence of HCl and reverse electroreduction
[11]. Most electrochemical assays reported in literature describing AuNPs as label are used for
the quantification of DNA [7, 12]. Immunoassays are more challenging due to the higher
complexity of proteins, the absence of amplification technologies like PCR and the stronger
non-specific binding to solid supports [7]. Although a combination of gold and silver has
already been quite common in the beginning of the 2000s [13, 14], the replacement of gold
with silver tags was only suggested recently. Its greater electrochemical activity leads to well-
defined, sharp reduction peaks. Moreover, dissolution of the silver nanoparticles is easier than
for gold. Chemical dissolution is possible with the less oxidative and toxic nitric acid or MnO4
[10, 15]. Yet, even more interesting, electrochemical dissolution takes place at a smaller
potential and without addition of hydrochloric acid [16]. Meanwhile, some DNA assays using
AgNP tags for electrochemical analysis have been described [10, 17]. Szymanski et al
demonstrated protein quantification in 2010, where the AgNPs are detached chemically and
pipetted separately onto an electrode for subsequent detection [18]. The Crooks working
group has been using AgNP labels for the detection of various analytes, including NT-proBNP,
for numerous years. However, they perform a microtiter plate assay and subsequently transfer
the sandwich complex onto a paper-based device for quantification using magnetic beads for
immobilization of the complex on the working electrode (WE) and galvanic exchange as
detection principle [19-22]. All of these proof-of-principle assays confirmed that an actual
biosensor strategy should be feasible. Hence, a biosensor concept was studied here with AGNPs

and AuNPs as direct labels for sandwich assays. Important design aspects were the ability to
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perform the assay directly on the transducer, ie. a screen-printed electrode, and the

minimization of assay steps (Figure 3.1).

mNP labelled
probe AB

capture AB

AG

Figure 3.1. Schematic (not to scale) illustration of the assay principle for an electrochemical biosensor
on a DropSens screen-printed carbon electrode.

Considering the ubiquitous use of AuNPs and the emerging use of AgNPs, these two labels
were compared with respect to sensitivity, reproducibility and ease of handling. Furthermore,
it was shown that a sequence of metal oxidation, reduction followed by stripping via differential
pulse voltammetry [2, 8] is highly suitable for a biosensor concept providing desirable low limits

of detection.

3.2 Experimental Section

3.2.1 Materials and Instruments

The biotinylated capture antibody (polyclonal proBNP sheep-IgG-biotin), antigen (AG,
NT-proBNP (1-76) amid) in buffer or human serum, probe antibody (monoclonal NTproBNP
mouse-IgG) and probe antibody-modified gold nanoparticles (AB-AuNPs) were provided by
Roche Diagnostics GmbH, Mannheim, Germany. Citrate capped silver nanospheres (d=50 nm,
0.022 mg:-mL") were purchased from nanoComposix (www.nanocomposix.com). Hydrochloric
acid (HCl, 0.1 M, 1 M), sodium chloride (NaCl, p.a.), disodium hydrogen phosphate
(NazHPO4-2 H,0, p.a.) and potassium dihydrogen phosphate (KH2POy4, p.a.) were ordered from
Merck (www.merckmillipore.com). Bovine serum albumin (BSA, >96%) and Tween 20 (>97%)

were supplied from Sigma Aldrich (www.sigmaaldrich.com). Potassium chloride (KCl, p.a.) was
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obtained from Roth (www.carlroth.com). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES, 299%) was acquired from VWR (de.vwr.com) and sodium hydroxide (NaOH, 1 M) was

bought from Labochem international (www.labochem.de).

HEPES buffer consisted of 10 mM HEPES in double-distilled water (ddH»O) and was adjusted
to a pH of 7.4. HEPES blocking buffer was prepared by addition of 0.1% (w/v) BSA to this HEPES
buffer. Phosphate buffered saline (PBS) consisted of 137 mM NaCl, 2.7 mM KCl, 38 mM
Na;HPO42 H,O and 12 mM KH,PO4 in dd H,O with a pH of 7.4. For PBST washing buffer
0.05% (w/v) Tween 20 were added to this PBS. PBS blocking buffer was prepared by addition
of 1% (w/v) BSA to the PBS.

All electrochemical measurements were performed using screen-printed carbon electrodes
bare (DRP-110) or with streptavidin coated working electrode (DRP-110STR, both: Metrohm
AG, www.dropsens.com) and an EmStat blue potentiostat with corresponding software
(PalmSens, www.palmsens.com). For nanoparticle modification, the ThermoMixer comfort
(Eppendorf, online-shop.eppendorf.de) was used. A Plate reader Synergy Neo2 Hybrid Multi-
Mode Reader from Bio-Tek Instruments (BioTek Instruments Inc., www.biotek.de), a Malvern
Zetasizer Nano-ZS (www.malvern.com) and a 120 kV Philips CM12 (www.fei.com) transmission

electron microscope were employed for characterization of the modified AgNPs.

3.2.2 Electrochemical Detection of Gold and Silver Nanoparticles

For the electrochemical detection of both metallic nanoparticles (gold and silver), 10 pL of the
variously concentrated NP solutions (diluted in 10 mM HEPES buffer, pH 7.4) were dried on top
of the working electrode of the SPCE (DRP-110). Immediately afterwards, 50 uL of 0.1 M HCI
for the gold measurement or 0.1 M KCl for silver respectively, were added and the
electrochemical measurement was started. The measurement procedure consisted of a
pretreatment and the actual differential pulse voltammetry. For gold nanoparticles, a voltage
of 1.25V was applied for 60 s, then DPV was performed from 1.25 V to 0 V with tous=50 ms,
Estep=10 MV, Epuise=80 mV, and scan rate=20 mV-s™. For silver nanoparticles an equivalent, but
slightly different procedure was used. As pretreatment, a voltage of 1.25 V was applied for 60 s,

then -0.8 V for 30 s. The DPV was recorded from -0.25 V to 0.25 V with same settings.
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3.2.3 Modification of Silver Nanoparticles

For the AgNP modification, a modified procedure of Szymanski et al. [23] was utilized. A volume
of 1 mL of AgNP stock solution (0.02 mg-mL™") was centrifuged for 10 min at 10,000 g. The
supernatant was discarded and the pellet resuspended in 1 mL 10 mM HEPES (pH 7.4) with
different amount of probe antibody. After incubation at room temperature (rt) with gentle
mixing (350 rpm) for 2 h in the dark, the nanoparticles were centrifuged once again for 10 min
at 10,000 g. The supernatant was discarded and the pellet resuspended in 1 mL 10 mM HEPES
(pH 7.4) or HEPES blocking buffer (10 mM HEPES+0.1% (w/v) BSA, pH 7.4). For characterization
of those particles, UV/Vis measurements were performed first. Four AgNP solutions, modified
with 1, 5, 10 and 20 pug AB in 10 mM HEPES (pH 7.4) were adjusted to the same concentration
(according to maximum absorbance). Then, 200 pL of each solution were pipetted into a
transparent 96 well microtiter plate (Greiner, shop.gbo.com) and the maximum absorbance at
340 nm was measured. After addition of 50 pL 2 M NaCl and mixing for 2 min, the maximum
absorbance was measured once again. Four additional AQNP solutions were modified with 1,
5, 10 and 20 pug AB in HEPES blocking buffer (10 mM HEPES+0.1% (w/v) BSA, pH 7.4). These
blocked probe AB-modified AgNPs (AB-AgNPs) were used for all further experiments. The
characterization was completed by dynamic light scattering measurements at 25 °C in
disposable PMMA cuvettes (semi-micro), TEM imaging and the performance of the bioassay

with 100 ng-mL™" antigen (in 50 mM PBS, pH 7.4) concentration.

3.2.4 Performance of the Bioassay

Prior to use, the SPCEs (DRP-110STR) were washed three times with 50 uL 50 mM PBS buffer
(pH 7.4). For capture AB immobilization, 10 pL biotinylated capture AB (25 pg-mL™" in 50 mM
PBS, pH 7.4) were pipetted onto the working electrode. After incubation in water-saturated
atmosphere for 1 h at room temperature, the solution was removed and the electrode was
washed three times with 50 pL PBST (50 mM PBS+0.05% (w/v) Tween 20, pH 7.4). After drying
under nitrogen flow to prevent uncontrolled spreading of the next liquid on the electrode,
blocking of the electrode was performed with 10 pL PBS blocking buffer (50 mM PBS+1% (w/v)
BSA, pH 7.4) with analogue incubation, washing and drying. This was followed by incubation
for 1 h at room temperature with 10 uL AG (0-3000 ng-mL™" in 50 mM PBS, pH 7.4). After
washing and drying as described above, the WE was incubated for 1 h at room temperature

with 10 uL mNP-labeled probe AB (7.1 ng:-mL" AuNP-tagged probe AB or 20 ug-mL™" probe
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AB-modified AgNP in 10 mM HEPES, pH 7.4). Due to different concentration data given by the
manufacturer, dilutions of AB-AuNP and AB-AgNP cannot be given in a consistent form.
However, this dissimilar approach did not interfere with assay optimizations. Afterwards, the
electrodes were washed three times with 50 uL PBST (50 mM PBS+0.05% (w/v) Tween 20,
pH 7.4), 50 mM PBS (pH 7.4) and ddH.O, respectively. Directly prior to the electrochemical
measurement, the electrode was dried under nitrogen flow and the three-electrode area was
covered with 50 pL of a 0.1 M HCl or KCl, respectively. The electrochemical measurement was

performed as described in section 3.2.2.

3.3 Results and Discussion

3.3.1 Electrochemical Detection of Metallic Nanoparticles

For the electrochemical detection of both kinds of metallic nanoparticles, already published
procedures were slightly adjusted. For the user, sensitive AUNP detection is a two-step process,
sensitive detection of AgNP can be a simple one-step process. The electroanalytical strategy is
in both cases a sequence of oxidation and reduction reactions designed to optimize the
detection efficacy for the respective metal. The processes on the electrode surface are shown
in Figure 3.2. The gold nanoparticle detection (a) was discussed in more detail by La Escosura-
Muniz et al. [8]. Through the biochemical reaction, the AuNPs are immobilized on the working
electrode of the SPCE. After addition of hydrochloric acid by the user, the particles dissolve
upon oxidation at 1.25 V. Hereby, a gold chlorido complex forms near the electrode surface.
The reduction of bound Au®* ions at 0.25 V is monitored by DPV. The hydrochloric acid is
inevitable for the initial oxidation of the very stable AuNPs, because the complex is only formed

at a pH around one.
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Figure 3.2. Schematic (not to scale) representation of electrochemical detection of AuNPs and AgNPs
at a SPCE. (a) AuNP detection is performed in a two-step process: After immobilization of the AuNPs
on top of the carbon working electrode through the biochemical reaction, HCl is added and the
AuNPs are dissolved via oxidation at 1.25V, forming a gold chlorido complex. The following
reduction of Au®* ions near the surface is measured by DPV from 1.25 to 0 V. (b) AgNPs detection
can be performed in a one-step process. After immobilization of the AgNPs on the carbon working
electrode surface through the biochemical reaction, a mere sequence of varying potentials leads to
their sensitive quantification: the AgNPs are oxidized in presence of KCl at 1.25V and AgCl
precipitates immediately on the surface. Then, the Ag™ ions are reduced at -0.8 V upon formation
of a silver layer. The following oxidation is monitored by DPV from -0.25 to 0.25 V. (Note, KCI was
added here as a separate reagent, but can be used as a dried reagent in a final sensor set-up)

For the silver nanoparticle detection (Figure 3.2 b) an equivalent but slightly more complex
approach was used [2]. Here, the AgNPs dissolve by oxidation at 1.25 V after immobilization
through the biochemical reaction. Due to the higher instability of silver compared to gold,
already 0.8 V would be enough to oxidize the bare nanoparticles. However, the presence of
proteins on the NP surface requires a higher potential to clean the NP surface and thus get a
measureable DPV signal. The Ag* ions then form an AgCl precipitate on the electrode surface
with the present chloride, which hinders the diffusion away from the electrode surface [5]. This
is followed by a reduction at -0.8 V to form a silver layer, which penetrates into the pores of
the electrode material. Then, the oxidation around 0.025 V is monitored by DPV. The additional
pretreatment step renders the electrochemical detection considerably more sensitive and
sharper peaks are obtained [18]. The main advantage of silver over gold is that no addition of
hydrochloric acid is needed due to its higher chemical instability. While in this proof-of-
principle, KCl was added separately, it can be used as a dry reagent in the final test enabling

the one-step analysis in the future.
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As proof of concept, differential pulse voltammetry was performed with both different mNPs.
A concentration dependence of peak area and height was found (Figure S3.1). Due to marginal
smaller errors, the peak area was used for all following data evaluation. The plot of peak area
against NP concentration shows the same course for both metals and is shown exemplary for
AgNPs in the supplementary information (Figure S3.2). First, the signal increases linearly with
the amount of NP on the surface, while a constant value is reached after saturation of the
electrode surface. This shows that the DPV detection method can be used for both, gold and

silver nanoparticles.

3.3.2 Characterization of Modified Silver Nanoparticles

Purchased silver nanoparticles were modified with different amounts of probe AB to find the
optimal loading density. UV/Vis analysis was performed to prove the passive adsorption of AB
to AgNPs worked and see the stabilizing effect of the proteins [2]. In high ionic strength media,
bare NPs tend to aggregate and in consequence, their color changes from yellow to
transparent. For the different modifications (with 1 to 20 ug-mL"' probe AB), the maximum
absorbance after addition of 2 M NaCl was divided by the original maximum value. Non-
blocked particles had to be used for this study, since AB-AgNPs would not show any signal
change after blocking. The ratio of both maxima, shown in Figure 3.3 a, reaches one when
10 pg AB are used in the modification and stays constant for higher amounts. This means, that
a minimum modification concentration of 10 ug-mL" is needed to preserve the NPs from
agglomeration, ie. to cover the NP surface completely. In the DLS measurements (Figure 3.3 b)
it can be seen that the hydrodynamic diameter (du) and Polydispersity Index (Pdl) decrease
until a constant value of around 75 nm and 0.160, respectively, are reached for AB-AgNPs
modified with 10 pug of probe AB. A complete coverage of the surface with ABs decreases the
overall size and increases uniformity, because less BSA adheres to the nanoparticle during
blocking. The dy increases by about 25 nm compared to the bare NPs (52 nm, given by the

manufacturer) due to protein uptake.
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Figure 3.3. (a) Plot of the ratio of maximum absorbance in presence of 2 M NaCl to the maximum
absorbance of the pure AgNP solution against the amount of probe AB used in the modification
process. Non-blocked AB-AgNPs were used for this measurement. Error bars represent mean values
+10 and were calculated based on three parallel measurements (n=3). (b) Change of hydrodynamic
diameter (black) and PdI (blue) of blocked AB-AgNPs with changing amount of probe AB. Error bars
represent mean values +1o and were calculated based on three parallel measurements (n=3). (c)
Exemplary TEM image of the blocked AB-AgNP modified with 10 ug probe AB, scale bar represents
100 nm. (d) Plot of peak area of the bioassay using a constant AG concentration of 100 ng-mL™
against the amount of probe AB used in the modification process of AgNPs. Error bars represent
mean values +10 and were calculated based on three parallel measurements on three different
SPCEs (n=3).

The TEM images (Figure 3.3 c) show that the AgNP core size is not affected by the modification
procedure and no aggregates are formed. The differently modified AB-AgNPs were then used
in the bioassay with a constant AG concentration of 100 ng-mL™" (Figure 3.3 d). With increasing
amount of probe AB, the peak area decreases slightly, but the standard deviations show a huge
improvement. This proposes an increased uniformity of the NPs with increasing surface
coverage. In the following, AgNPs modified with 10 ug probe AB were used, since their surface

is completely covered and they show excellent uniformity.
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Since silver nanoparticles are known to be quite unstable due to aggregation and oxidation, a
stability study was performed next. DLS measurements and the bioassay with a constant AG
concentration were performed over eight weeks after modification (Figure 3.4). The
hydrodynamic diameter and Pdl decrease minimally within the first days after modification (a).
This drop of du by 8 to 10 nm in the first days can be seen for blocked and non-blocked
AB-AgNPs (Figure S3.3 a). Both AB-AgNPs reach a constant hydrodynamic diameter after ten
days. This matches the theoretical value, which was estimated based on the hydrodynamic

diameter of probe AB [24] d+ (AB)=10 nm and nanoparticle dy (AgNP)=52 nm as follows:

dy(AB — AgNP) = dy(AgNP) + 2 - dy(AB) = 72 nm (3.1)

Since BSA blocks vacancies on the particle surface and is smaller than the AB [25], its presence
does not influence the hydrodynamic diameter. Control AgNPs in HEPES blocking buffer
(10 mM HEPES+0.1% (w/v) BSA) showed a significantly smaller hydrodynamic diameter of
around 65 nm directly after modification, which did not change in the course of ten days
(Figure S3.4). This suggests that the decrease of hydrodynamic diameter is due to the slow
release of loosely attached antibody on the particle until a stable layer is formed. In absence
of antibodies, this equilibrium is reached considerably faster. However, the modified

nanoparticles are stable against aggregation for at least two months.
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Figure 3.4. (a) Change of hydrodynamic diameter (black) and Pdl (blue) of AB-AgNPs (modified with
10 pg AB, blocked with BSA) over 56 days after modification. Error bars represent mean values +10
and were calculated based on three parallel measurements (n=3). (b) Stability of the electrochemical
signal of the bioassay using a constant AG concentration of 100 ng-mL™" over 56 days. Peak area was
normalized to the signal right after the modification. Error bars represent mean values +1c and were
calculated based on three parallel measurements on three different SPCEs (n=3).
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Application of the prepared and stored AB-AgNPs in the bioassay (Figure 3.4 b) shows the
stability of the AB-AgNP against oxidation by air oxygen as well as the functionality of the
tagged probe ABs, since a constant signal can only be obtained if both are intact. Specifically,
signals do not change within the margin of error observed for a period of 4 weeks. At day 30,
large error bars were obtained. It could obviously be a manual handling error; however, it is
more likely that this indicates the beginning of the AB-AgNP degradation. This reduces the
uniformity of the labeled probe AB, and higher signal variation occurs. With progressing
deterioration, the uniformity of the particles increases again and the error bar decreases. After
eight weeks, the peak area drops to 50% of the original value. This indicates that the overall
assay and signal enhancement strategy is rugged, but for final application, further studies are
needed to increase the storage stability of the particles. The short-term stability of non-blocked
AB-AgNPs was also tested (Figure S3.3 b). For short-term stability, blocking with BSA made no
significant difference. However, to optimize long-term stability and avoid any unspecific

binding in the final application, the blocked AB-AgNPs were used for all further measurements.

3.3.3 Comparison of Gold and Silver Nanoparticles as Label in an Electrochemical
Sandwich Assay
To be able to compare both mNP labels a sandwich assay was developed in the following
(Figure 3.1). The used antibodies (biotinylated polyclonal capture AB and AuNP-labeled
monoclonal probe AB) are included in a commercially available NT-proBNP test by Roche
Diagnostics [26]. The same probe AB was used for the modification of AgNPs. Therefore, the
specificity and binding efficacy of this AB pair was adopted without further tests. First, different
techniques to immobilize the AG on the working electrode were tested using AuNPs
(Figure S3.5 a). No gold signal at 0.25 V was obtained neither for a direct adsorption of the AG,
nor for a covalent binding of the capture AB using 1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC)/N-hydroxysuccinimid (NHS) chemistry. Adsorption processes are highly
dependent on the protein-electrode combination, which is used. In this case, the AG was
washed away even after incubation overnight, since the interaction was too weak. The covalent
AB immobilization was monitored via impedance measurements (Figure S3.6): The charge-
transfer resistance (Rcr, intercept with x-axis) increases after addition of pyrene butyric acid
(PyBA, red), which was used as anchor moiety, due to coverage of the electrode surface. The

Rer increased even further, after binding of capture AB in the last step (blue). In the negative
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control (green), pure buffer was added and no change of the impedance spectrum was seen.
This shows that the covalent AB immobilization itself was successful. The absence of a gold
signal could be due to the blocking of the electrode by the PyBA and the increased distance
between NP label and electrode surface. Thus, a third approach exploiting streptavidin/biotin
binding on purchased streptavidin-functionalized electrodes (DRP-110STR) was performed.
The streptavidin is not coated on top of the electrode, but rather included in the conductive
material. With this method, the AG was bound to the electrode and the presence of gold
nanoparticles was measured at 0.25 V due to decreased NP-electrode distance and blocking
of the electrode. In the next step, the capture AB concentration was varied and an optimal
concentration of 25 ug:-mL" was found (Figure S3.5 b). The working electrode seems to be
completely covered and further increasing the capture AB concentration did not change the
signal. Moreover, different dilutions of the purchased AuNP-tagged probe AB solutions were
used for the bioassay (Figure S3.7). Due to a drastically higher signal, the probe ABs were used
in a 1:10 dilution. Using the AuNP solution without any dilution worsened the signal-to-noise
ratio (S/N) due to an increase in background. The AB-AgNP solution was used without further
dilution. With these optimized parameters, the bioassay was performed using AuNPs and
AgNPs as label. Prior to addition of a new solution, the electrodes were dried under nitrogen
flow. Since denaturation of biomolecules upon drying is a commonly known problem [27],
control experiments without drying in between all assay steps were carried out (Figure S3.8).
The electrochemical signal decreases by around 40% with drying steps included. However, the
relative error was reduced from 17% to 7% due to prevention of uncontrolled spreading of the
solution on the electrode. In order to optimize reproducibility of the assay, drying was included
in the assay procedure for all shown experiments. For both labels, the bioassay was performed
using various AG concentrations. Exemplary differential pulse voltammograms are shown in
Figure S3.9. The silver peaks (b) have a considerably smaller full-width at half maximum
compared to gold (a), which is due to the additional step in the detection. Moreover, the signal
of the electrochemically more active silver arises at a ten-time smaller potential. This is always

beneficial considering interferences in biological samples.
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Figure 3.5. Plot of peak area against logarithm of antigen concentration with logistic fit (red line) and
corresponding parameters for (a) gold and (b) silver nanoparticles as label in the proof-of-principle
bioassay. Standard deviations were calculated based on five parallel measurements on five different
SPCEs, while outliers were removed after Q-test (confidence interval 95%). Error bars represent mean
values +1o (n>4).

In the plot of the peak area against logarithm of AG concentration, a sigmoidal binding curve
can be seen for both labels (Figure 3.5). The limit of detection was calculated using the logistic

fit parameter for the lower border A1 and the standard deviation of the blind SD(blind):

LOD = A1 + 3 - SD(blind) (3.2)

A concentration value of 26 ng-mL " was calculated based on the logistic fit for AUNPs. This was
improved by a factor of six by the use of AgNPs, which show a LOD of 4.0 ng-mL"". For both
labels, the mean error of all measurements is 17% and the dynamic range extends over nearly
two orders of magnitude. The bioassay using gold is easy to perform and provides reliable
results. However, the addition of hydrochloric acid is cumbersome considering a future POC
application. The AgNP assay shows an overall better analytical performance accompanied with
the increased simplicity as no acid is needed. Since CI" is contained in blood plasma (97 to
107 mM [28]) or can be stored within the sensor as dry reagent, no second user-step is needed

rendering it to the far more favorable POC format.

3.3.4 Application of AgNPs as Label for NT-proBNP Quantification in Serum
Finally, demonstrating its applicability in a complex biological matrix, the AgNP bioassay was
tested with real serum samples, specifically analyses were performed in human serum samples,

spiked with different amounts of NT-proBNP (Figure 3.6).
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Figure 3.6. Plot of peak area against logarithm of antigen concentration in spiked human serum
samples with logistic fit (red line) and corresponding parameters. Standard deviations were
calculated based on five parallel measurements on five different SPCEs, while outliers were removed
after Q-test (confidence interval 95%). Error bars represent mean values +10 (n>4).

Most of the parameters are similar to those of the silver bioassay in buffer: the curve shape
and with it, the dynamic range. The calculated LOD of 4.7 ng-mL™" is marginally higher due to
background adsorption of serum proteins. However, due to an overlap of error bars of lowest
concentrations, the practical LOD should be around 10 ng-mL‘T The mean error of 15% is even
slightly better. Physicians use a threshold of 1 ng-mL" NT-proBNP in blood to assess severity
of heart failure and risk of hospitalization [29]. This study shows that a one-step biosensor
assay based on AgNPs has the potential to serve in this diagnostic setting and furthermore
that AgNPs can be used to detect a marker six times more sensitive than AuNPs using the same

assay principle and setup.

3.4 Conclusion

Two bioassays with metal nanoparticles for signal enhancement were investigated with respect
to their applicability towards point-of-care sensing. In the case of AuNPs, these excel due to
an excellent analyte concentration range, ie. from 25 to 1000 ng-mL" with very good S/N.
Moreover, it is well-known that gold nanoparticles are easy to modify and stable over a longer
period of time [30]. However, due to their greater electrochemical activity, AGNPs provide a
six-times more sensitive assay. Most importantly, the AgNP bioassay is significantly simpler
and hence more adaptable to a POC setting as no further addition of any solution is necessary
once itis used in a biological sample. Of importance here is also the long-term storage stability
of the probe antibody-modified AgNPs. Due to its many advantages, the use of AgNPs in
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research increased drastically over the last years. Recently, researchers use it for surface

modification and labeling in optical sensing, for example via SERS [31] or UV/Vis analysis [32],

as well as in electrochemical sensing [33, 34]. This supports our finding that they are highly

promising and can lead the way into a new generation of mNP sensors.
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Figure S3.1. Correlation of peak height and area for the bioassay with (a) AuNPs and (b) AgNPs.
Standard deviations of peak area and peak height were calculated based on five parallel
measurements on five different SPCEs, while outliers were removed after Q-test (confidence interval
90%). Error bars represent mean values +1o (n=4). Each data point correlates to one AG

concentration.
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Figure S3.2. (a) Exemplary differential pulse voltammograms of differently conentrated AgNP
solutions (1.5-95 pM, light blue to dark blue) dried on top of the WE of the SPCE DRP-110 without
pretreatment and (b) plot of peak area against AGNP concentration. After drying of 10 uL AgNPs on
the WE and addition of 50 uL of 0.3 M KCl, the following measurement parameters were applied:

Estep=10 MV, Epuse=50 MV, tous=50 ms, scan rate=20 mV-s™. Since these were first try-outs, only
single measurements were performed.
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Figure S3.3. (a) Change of hydrodynamic diameter (black) and Pdl (blue) of non-blocked AB-AgNPs
(modified with 10 ug AB in 10 mM HEPES, pH 7.4) over 16 days after modification. Error bars
represent mean values +1o (n=3). (b) Peak area of the bioassay using a constant AG concentration
of 100 ng-mL™" (in 50 mM PBS, pH 7.4) over 16 days. Error bars represent mean values +1o and were
calculated based on three parallel measurements on three different SPCEs (n=3).
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Figure S3.4. Change of hydrodynamic diameter (black) and Pdl (blue) of control AgNPs in HEPES
blocking buffer (10 mM HEPES+0.1% (w/v) BSA, pH 7.4), prepared using the standard modification
procedure described in the main part without AB, over 10 days after modification. Standard
deviations were calculated based on three parallel measurements. Error bars represent mean values
+1o (n=3).
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Figure S3.5. (a) Exemplary differential pulse voltammograms of different immobilization techniques
for the sandwich labeled with AuNPs on the working electrode: adsorption means adsoption of the
AG (10 pL, 1000 ng'mL™" in 50 mM PBS, pH 7.4) overnight at 4 °C on the bare DropSens electrode
(DRP-110). Covalent coupling was performed via incubating the WE of the DRP-110 with 2 pL pyrene
butyric acid (5mM in DMSO) for 1h at rt, washing and incubating with 10 yL EDC/NHS
(10 mM/25 mM in 50 mM MES buffer, pH 6.0) for 1 h at rt. After washing, the WE was incubated with
10 uL capture AB (50 pug-mL™in 50 mM PBS, pH 7.4) for 2 h at rt. For streptavidin/biotin binding the
streptavidin-coated WE of the SPCE (DRP-110STR) was incubated wih the biontinylated capture AB
(10 L, 50 ug'mL™" in 50 mM PBS, pH 7.4) for 1h at rt. Covalently and steptavidin/biotin modified
electrodes were then incubated with AG (10 pL, 1000 ng-mL™" in 50 mM PBS, pH 7.4) and AuNP-
tagged probe AB (7.1 ng'mL™" in 50 mM HEPES, pH 7.4). (b) Plot of peak area of the AUNP bioassay
against the amount of capture AB (cap-AB), used for the immobilization via streptavidin/biotin
binding, measured with 1000 ng:-mL™" AG concentration in 50 mM PBS, pH 7.4. Error bars represent
mean values +1o and were calculated using three parallel measurements (n=3).
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Figure S3.6. Exemplary impedance spectra of the DRP-110 electrodes in different stages of the
covalent AB immobilization after washing with 50 mM PBS (pH 7.4). Covalent coupling was
performed via incubating the WE of the DRP-110 with 2 pL pyrene butyric acid (PyBA, 5 mM in
DMSO) for 1h at rt, washing and incubating with 10 uL EDC/NHS (10 mM/25 mM in 50 mM MES
buffer, pH 6.0) for 1 h at rt. After washing, the WE was incubated with 10 L capture AB (150 ug-mL"
in 50 mM PBS, pH 7.4) for 2 h at rt. Washing was performed three times with 50 uL of the
corresponding buffer of the next step. Shown are the bare DRP-110 electrodes (blank, black), after
incubation with PyBA (red) and afterwards direct covalent immobilization of antibody (blue) or after
incubation with buffer as control (green). Impedance spectra were recorded in a two-electrode setup
with 50 uL ferri-/ferrocyanide solution (10 mM of both substances in 100 mM phosphate
buffer+100 mM KCl, pH 7.4) as mediator, Eac=5 mV, from 0.1 Hz to 100 kHz. This data shows, that
the immobilization via covering the electrode with pyrene butyric acid (PyBA, red) increases the
charge-transfer resistance (Rcr). After activation with EDC/NHS and incubation with the capture AB
(blue) Rer increases significantly, while the control (green) showed no change. This leads to the
assumption, that the covalent AB immobilization was successful.
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Figure S3.7. (a) Exemplary differential pulse voltammograms using different dilutions (1:10 to 1:1000,
dark blue to light blue) of the AUNP-labeled probe AB (AB-AuNP, 70.8 ng-mL™" in 50 mM HEPES, pH
7.4) in the bioassay with 1000 ng-mL™" AG (in 50 mM PBS, pH 7.4) and (b) plot of the correpsonding
peak area against dilution of probe AB-AuNP stock. Error bars represent mean values +10 and were
calculated based on three parallel measurements (n=3).
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Figure S3.8. Comparison of peak area after performance of the bioassay using a constant AG
concentration of 100 ng-mL™ (in 50 mM PBS, pH 7.4) and AB-AgNPs (20 ug-mL™" in 10 mM HEPES,
pH 7.4) as described in the main text (dry) and without any drying of the electrode (wet). Peak area
was normalized to the dry data. Error bars represent mean values +10, which were calculated based
on three measurements on separate DRP-110STR electrodes (n=3).
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Figure S3.9. Exemplary differential pulse voltammograms of the bioassay using (a) gold and (b) silver
nanoparticle-labeled probe AB for differently concentrated AG solutions (increasing from deep to
light blue), current normalized with respect to the baseline.
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Abstract

The diagnosis of many diseases requires monitoring of biomarker levels over a period of time
instead of assessing their concentration only once. For example, in case of heart failure
determination, the levels of NT-proBNP in blood vary so strongly amongst individuals, that the
current procedure of one-time measurement in combination with clinical examination does
not allow for accurate assessment of disease severity and progression. Our microfluidic
biosensor addresses key characteristics of desirable home-tests, which include low limits of
detection, small sample volume (less than 10 pL), simple detection strategies, and ready-to-go
all-dried long-term stable reagents. Here, electrochemically superior silver nanoparticles were
dried directly within the microfluidic channel in a matrix of trehalose sugar doped with Na,SOs
as oxygen scavenger. This successfully prevented AgNP oxidation and enabled dry and ready-
to-use storage for at least 18 weeks. Based on this, laser-cut flow chips were developed
containing all bioassay reagents needed in a ready-to-go dry format. An oxidation-reduction
stripping voltammetry strategy was used for highly sensitive quantification of the AgNPs as
electrochemical label. This microfluidic biosensor demonstrated limits of detection for
NT-proBNP of 0.57 ng-mL™" with a mean error of 6% (n>3) in undiluted human serum, which is
below the clinically relevant cut-off of 1 ng mL™. This practical approach has the potential to
substitute commonly used lateral flow assays for various biomarkers, as it offers low patient
sample volumes hence supporting simple finger-prick strategies well-known also for other
electrochemical biosensors, and independence from the notorious variability in fleece

fabrication.
Keywords

electrochemical biosensor, silver nanoparticle, microfluidic, blood analysis, differential pulse

voltammetry
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4.1 Introduction

Heart failure is a "global pandemic affecting at least 26 million people worldwide” with rising
tendency [1]. The American Heart Association defines HF as “a complex clinical syndrome that
can result from any structural or functional cardiac disorder that impairs the ability of the
ventricle to fill or eject blood” [2]. In terms of diagnosis, clinical examinations dominate and are
often paired with a detection of the HF marker NT-proBNP. The precursor propeptide proBNP
is secreted due to myocardial wall stress upon volume or pressure overload. It is cleaved
enzymatically forming BNP and NT-proBNP and both peptides are released into the blood
stream. While BNP lowers the cardiac output and central venous pressure, NT-proBNP is
biologically inert [3]. Although both peptides are initially present in equal concentrations, the
NT-proBNP level is higher, since it is solely cleared passively from the circulation (half-life of
120 min vs. 20 min, respectively). Therefore, NT-proBNP concentration in blood is commonly
used instead of BNP as measure for severity and progression of HF [4]. The combination of
one-time measurements of NT-proBNP with clinical examination is challenging [5], as this is
not a definite evidence for HF, and its level depends additionally on age, gender, race, disease,
severity, comorbidities, and medication [3]. Therefore, it is difficult to assess one certain cut-
off value, which is true for every patient, which makes a quantification of NT-proBNP
concentration in blood necessary [6]. Up to now, the prognostically meaningful threshold used
by physicians for chronic HF is approximately 1000 pg-mL"'. With a quantification of
NT-proBNP levels over a longer period of time, a rising pattern could be identified in an early
stage and predict an imminent negative outcome [4]. Therefore, at-home monitoring of
NT-proBNP concentration in blood for patients at risk could be highly beneficial both for
prevention and monitoring of therapy progress [7, 8]. Primary prevention of HF would decrease
the number of incidents, while the improvement of medical care would lead to an increased

survival rate. The final aim is to reduce incidents, mortality and hospitalization [5].

For home monitoring, it is inevitable to have a minimal sample demand, no sample preparation
and preferably no processing steps other than sample addition. It is proposed here that
microfluidics combined with electrochemical detection fulfill these requirements and show an
enormous potential for miniaturization and POC testing [9, 10]. With respect to optimizing the
sensitivity afforded by simple electrochemical transducers like the here used screen-printed
carbon electrode, many researchers use nanomaterials, such as metallic nanoparticles either as
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surface coating for the electrode or as label. They have unique (electro)chemical, physical, and
optical properties, because their high surface-to-volume ratio and the more exposed crystalline
plains compared to the bulk material accelerate mass transport [11]. We have thus developed
previously an electrochemical assay in which silver nanoparticles serve as label [12]. The
detection sandwich is immobilized on the working electrode of a SPCE. After covering of the
three-electrode area with potassium chloride the presence of AQNPs on the electrode surface
is measured by a sequence of oxidation and reduction reactions followed by differential pulse
voltammetry [13]. This method is superior to the galvanic exchange assay process
demonstrated by the Crooks research group [3, 14, 15], because no gold coating of the working

electrode is necessary and the process is less diffusion dependent.

AgNP-labeled probe AB

capture AB

AG

" PotontialV’

Sy

Figure 4.1. Schematic (not-to-scale) representation of the sandwich assay on the WE of a SPCE
integrated in a microfluidic chip with AgNPs as label using a Bluetooth potentiostat and a
smartphone for the measurement.

This assay showed high sensitivity and robustness, but the format was not suitable for point-
of-care. Therefore, this assay principle [12] was combined with microfluidics (Figure 4.1) in
order to automate and simplify the assay steps, and especially also to enable dry storage of all

reagents, and increase sensitivity and reproducibility.

A prominent strategy of combining microfluidics and (electro)chemical analysis is the flow
injection analysis (FIA), where a flow stream carries the analyte over the electrode surface [16].
FIA formats outperform the often time consuming and expensive standard analytical methods
because they offer quantitative information with high precision, sensitivity and reliability.
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Moreover, due to short analysis time and high sample throughput with minimal cost they are
ideal for clinical analysis [11]. The here proposed simple microfluidic biosensor chip combines
the LFA and FIA approaches with electrochemical detection and provides a strategy to include
all reagents necessary in a dried format directly on chip (just as in an LFA) and apply the
pumping regime of a FIA system. Our unique set-up enables in contrast to other published
work the formation of the detection complex in flow right on the working electrode. In contrast,
in competing methods using AgNPs as labels [3, 17], additional pipetting steps and/or wet
chemicals are needed. In comparison to these others, our microfluidic assay can be used for
home-monitoring, since it is simple to perform, i.e. no pipetting steps are necessary, and the
chemicals can be stored in dry form over an extended time period. Of course, miniaturized

pumps or strong capillary forces will in the future replace the pumps used within this work.

4.2 Experimental Section

421 Materials and Instruments

Biotinylated capture antibody (polyclonal proBNP sheep-lgG-biotin), antigen (NT-proBNP (1-
76) amid) in buffer or human serum and probe antibody (monoclonal NTproBNP mouse-IgG)
were provided by Roche Diagnostics GmbH, Mannheim, Germany. Citrate capped silver
nanospheres  (d=50 nm, 0.022 mgmL") were purchased from nanoComposix
(www.nanocomposix.com). Sodium chloride (NaCl, p.a.), disodium hydrogen phosphate
(NaxHPO4-2 H>0, p.a.), sodium hydrogen carbonate (NaHCO;3, p.a.) and potassium dihydrogen
phosphate (KH,PO4, p.a.) were ordered from Merck (www.merckmillipore.com). Bovine serum
albumin (BSA, >96%), trehalose (D-(+)-trehalose dihydrate, >99%), L-ascorbic acid (AA, 99%)
and Tween 20 (>97%) were supplied from Sigma Aldrich (www.sigmaaldrich.com). Potassium
chloride (KCl, p.a.) was obtained from Roth (www.carlroth.com). 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, >99%) and sodium sulfite (Na>SOs, p.a.) were acquired
from VWR (de.vwr.com) and sodium hydroxide (NaOH, 1 M) was bought from Labochem
international (www.labochem.de). Polyethyleneterephthalat (PET) foil was ordered from
GoodFellow (www.goodfellow.com). Double-sided adhesive tape (thickness=100 um) was
purchased from Roeckelein GmbH (www.roeckelein-gmbh.de), while PMMA (Plexiglas® XT) was

supplied from Kunststoff Acryl Design GmbH (www.kad-group.de).
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HEPES buffer consisted of 10 mM HEPES in ddH,O and was adjusted to a pH of 7.4. HEPES
blocking buffer was prepared by addition of 0.1% (w/v) BSA to this HEPES buffer. Phosphate
buffered saline (PBS) consisted of 137 mM NaCl, 2.7 mM KCI, 38 mM Na;HPO4-2 H,O and
12 mM KHzPOy4 in ddH,O with a pH of 7.4. For PBST washing buffer 0.05% (w/v) Tween 20 were
added to this PBS. PBS blocking buffer consisted of PBS and 1% (w/v) BSA.

Electrochemical measurements were performed using screen-printed carbon electrodes, bare
(DRP-110) or with streptavidin coated working electrode (DRP-110STR, both: Metrohm AG,
www.dropsens.com) and an EmStat blue potentiostat with corresponding software (PalmSens,
www.palmsens.com). For nanoparticle modification, the ThermoMixer comfort (Eppendorf,
online-shop.eppendorf.de) was used. Flow chips were prepared using a laser cutter model
VLS2.30 with CO; laser (30 W, A=10.6 um) from Universal Laser Systems, Arizona, USA. For
plasma cleaning, the PlasmaFlecto 10 from Plasma Technology GmbH (Herrenberg, Germany)
was used. The chip holder was manufactured in house and the LEGATO® 111 syringe pump,
which was used for the microfluidic experiments, was purchase from kd Scientific

(www.kdscientific.com).

4.2.2 Modification of Silver Nanoparticles

The silver nanoparticles were modified using a simple adsorption procedure, which was already
optimized and the AB-AgNPs were characterized in a previous work [12]. Very briefly: a volume
of 1mL of AgNP solution (0.02 mgmL") was centrifuged for 10 min at 10,000 g. The
supernatant was discarded and the pellet resuspended in 1 mL 10 mM HEPES (pH 7.4) with
10 pg probe antibody. After incubation at room temperature with gentle mixing (350 rpm) for
2 h in the dark, the nanoparticles were centrifuged once again for 10 min at 10,000 g. The
supernatant was discarded and the pellet resuspended in 1 mL HEPES blocking buffer (10 mM
HEPES+0.1% (w/v) BSA, pH 7.4).

4.2.3 Drying of Labeled Probe Antibody

Experiments with dried AB-AgNPs were performed using coated polymer disks. They were
prepared by pipetting 20 pL of the respective solution on a PET support and drying for 1 h at
50 °C. For the disks without matrix, the AB-AgNP stock solution (20 ug-mL" in 10 mM
HEPES+0.1% (w/v) BSA, pH 7.4) was diluted 1:2 with 10 mM HEPES buffer (pH 7.4), while a
40% (w/v) trehalose solution (in 10 mM HEPES, pH 7.4) was used for the dilution for trehalose

disks. To measure the electrochemical activity after several days of storage in the fridge, the
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nanoparticles were rehydrated with 20 yL 10 mM HEPES buffer (pH 7.4) for 1 h at room
temperature and 10 pL were dried on top of the WE of a DRP-110 at room temperature. Then,
50 uL 0.1 M KCl were added covering the three-electrode area and the electrochemical
measurement was performed: after pretreatment with 1.25V for 60 s and -0.8 V for 30,
differential pulse voltammetry was performed from -0.25V to 0.25V with tous=50 ms,

Estep=10 MV, Eampiitude=80 MV, scan rate=20 mV-s™".

The trehalose content and drying was optimized with respect to lower water content and higher
reproducibility. For the following experiments, a 20% (w/v) trehalose solution (in 10 mM HEPES,
pH 7.4) was used for dilution and the disks were dried overnight at 50 °C. Then, the bioassay,
which was described in a previous publication, was performed. Very briefly: the SPCEs
(DRP-110STR) were washed three times with 50 uL 50 mM PBS buffer (pH 7.4). Then, 10 pL of
the capture AB (25 pg'mL" in 50 mM PBS buffer, pH 7.4) were dropped onto the working
electrode. For each step of the bioassay, incubation and washing were performed as follows:
after incubation for 1 h at room temperature under water saturated atmosphere the solution
was removed and the electrode washed three times with 50 pL PBST (50 mM PBS+0.05% (w/v)
Tween 20, pH 7.4). After drying under nitrogen flow, blocking was performed using 10 yL PBS
blocking buffer (50 mM PBS+1% (w/v) BSA, pH 7.4). In the third step, the antigen solution
(100 ng'mL™" in 50 mM PBS, pH 7.4) was added and the dry probe AB disk was set on top. After
incubation and washing, the electrodes were washed additionally with 50 mM PBS (pH 7.4) and
ddH;O. Directly prior to the electrochemical measurement, the electrode was dried under

nitrogen flow.

Moreover, different oxygen scavengers were tested, which were added to the trehalose
solution before drying of the disks (5 mM in 20% (w/v) trehalose solution), namely ascorbic

acid, sodium sulfite and sodium hydrogen carbonate.

4.2.4 Fabrication of Flow Chips

The flow chips consisted of a DRP-110STR electrode as bottom and a PMMA piece with in- and
outlet as top. Both parts were glued together by double-sided adhesive tape in which the
channel layout was cut (Figure 4.2 a). The fabrication was done by a laser cutter with CO; laser
(30 W, A=10.6 pm, image density 5) according to a previously designed template (Figure 4.2 b).
The channel layout (blue) was cut out of double-sided adhesive tape (100% power, 70% speed,
200 PPI) and glued to the SPCE after washing the electrode three times with 50 yL 50 mM PBS
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(pH 7.4) and drying under nitrogen flow. Then, the capture AB immobilization was performed
as described for the standard bioassay above. For the top, the outline, in- and outlet (black)
were cut out of PMMA (100% power, 6.5% speed, 1000 PPI) and the cavity (grey) was engraved
in the bottom side of the PMMA (40% power, 90% speed, 1000 PPI). The cavity was between
75 and 100 pym deep.

£
S
o
Q
o

Figure 4.2. (a) Schematic representation of the three-layered flow chip with DRP-110STR as bottom
layer, double-sided adhesive tape (transparent, 100 um thickness, middle layer) and PMMA top
(blue). (b) Template for the laser cutter, while black lines were cut out of PMMA (100% power, 6.5%
speed, 1000 PPI), blue oval was cut out of double-sided adhesive tape (100% power, 70% speed,
200 PPI) and grey was engraved into PMMA (40% power, 90% speed, 1000 PPI) and (c) actual
photograph of the finished microfluidic chip with scale bar representing 10.00 mm.

For first experiments, the top was glued together with the SPCE after capture AB
immobilization. For microchips with dried AB-AgNPs, blocking with 20 L PBS blocking buffer
(50 mM PBS+1% (w/v) BSA, pH 7.4) was additionally performed with incubation and washing
as described above for the bioassay and the electrodes were dried under nitrogen flow.
Moreover, the PMMA tops were cleaned by plasma treatment for 1 min (0.2 bar, 75 W,
100% O,) and 10 pL of 10% (w/v) trehalose in AB-AgNPs stock solution (in 10 mM
HEPES+0.1% (w/v) BSA) were pipetted into the cavity on the bottom side of the PMMA top
and dried overnight at 50 °C. The top and bottom part were glued together to form the finished

flow chip. All chips were sealed using tape and stored at 4 °C until further usage.

4.2.5 Microfluidic Experiments

As pretest, the AB-AgNP stock was diluted 1:2 with a 0.2 M KCl solution. Then, 50 uL of this mix
were pipetted on a DRP-110 electrode, covering the three-electrode area, and the
electrochemical measurement was performed: pretreatment with 1.25 V for 60 s and -0.8 V for
30s, DPV from -0.25V to 0.25V with tpus=50 ms, Esep=10 MV, Eampiitude=80 MV, scan

rate=20 mV-s'. As comparison, a DRP-110 was glued together with the channel top consisting
65



Dry-reagent microfluidic biosensor for simple detection of NT-proBNP via Ag nanoparticles

of structured double-sided adhesive tape and a PMMA piece with in- and outlet. The channel
was filled with the mix (0.01 mg-mL" AB-AgNP in 0.1 M KCl) via manual withdrawal of the
solution out of an Eppendorf tube from the opposed side with a syringe and the

electrochemical measurement was performed again.

First microfluidic experiments were performed using the setup shown in Figure S4.2 a, while
the flow chips with dried AB-AgNPs were operated using a simplified version (Figure S4.2 b).
The pumping strategy for microfluidic experiments with and without dried AB-AgNPs is shown
in Figure S4.3. The system was kept bubble-free at any time and for the experiments with
AB-AgNPs in solution (a), the AG was incubated with the AB-AgNP in a 1:1 ratio for 2 h prior
to injection. For electrochemical detection, the channel was filled with 0.1 M KCl, removed from
the chip holder and inserted into a bluetooth potentiostat. As pretreatment 1.18 V for 60 s
and -0.8 V for 30 s were applied before DPV was performed from -0.25V to 0.25V with

touis=50 MS, Estep=10 MV, Eamplitude=80 MV, scan rate=20 mV-s™",

The bioassay was repeated over six months to test the stability of the dried reagents. For these
measurements a 10% (w/v) trehalose with 10 mM Na,SOs solution was used as matrix to dry

the AB-AgNP solution (20 pg-mL™") overnight at 50 °C.

4.3 Results and Discussion

4.3.1 Development of AB-AgNPs as Dry Reagent for Sensors and Microfluidic Chips
In previous work, a bioassay for NT-proBNP using AgNPs and SPCEs was developed as
described in the introduction [12]. Here, detailed information on the electroanalytical principle
for AgNP detection via DPV are described, as well as development and optimization of the
bioassay and its corresponding parameters. Limits of detection of 4.0 ng:-mL™ were achieved,
making the bioassay well-suited for NT-proBNP testing being just slightly above the 1 ng-mL™
clinical threshold. However, the multiple assay steps, pipetting, and incubation periods as well
as reproducibility, and the need for all liquid reagents, rendered this assay merely a proof-of-
principle bioassay. Instead, we investigated here, how a general immuno sandwich assay for an
important biomarker can be translated into a self-contained, miniaturized biosensor, focusing
on a microfluidic format, which would allow FIA-like automation. The used antibodies
(biotinylated polyclonal capture AB and monoclonal probe AB) are included in the
commercially available NT-proBNP test by Roche Diagnostics [19]. Therefore, the specificity
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and binding efficacy of this AB pair was adopted without further tests. Initial tests investigated
the possibility of drying AgNP-labeled probe antibodies. Here, the functionality of the
antibodies as well as the nanoparticle colloidal stability have to be maintained throughout the
process of drying and redispersion. First, 20 uL AB-AgNPs were dried on a polymer support
using different rehydration times (Figure S4.4 a). Using 20 puL HEPES, the optimum signal was
achieved after incubation of the disk for 1 h. The redispersion was not complete after 30 min,
while after 2 h, beginning oxidation of the AB-AgNPs by air oxygen decreased the signal again.
When compared to control AB-AgNPs in solution (Figure S4.4 b), it was observed that drying
has only minor influence on the electrochemical activity, suggesting that the rehydrated
AB-AgNPs do not form clusters that would impeded in their electrochemical quantification.
The increased signal variability is assumed to be caused by the larger number of steps taken
prior to signal generation. However, storage of the dehydrated AB-AgNPs revealed instability
over time (Figure 4.3 a), dropping to only 20% of the original peak area after one week due to
oxidation of the silver by air oxygen. AB-AgNPs were therefore sought to be embedded in a
matrix, which should dramatically decrease oxidation and hence increase long-term stability.
For simple rehydration in microfluidic channel and to maintain the stability of the attached
antibodies, main design criteria for the matrix were solubility in water/buffer, complete
dehydration at <50 °C, and no interference with the NPs, antibodies or the electrochemical
measurement. Thus, agarose as a hydrogel with large pore sizes was studied (0.1-0.5% (w/w)
agarose in double-distilled water) with various drying procedures. The strong yellow color of
all gels indicates that the AB-AgNPs do not aggregate upon drying. Less concentrated gels
show a slight color shift to orange after several days, while the 0.5% (w/w) agarose gel stays
yellow. Since the AgNPs turn orange/brownish upon oxidation [20], this refers to an increased
stability against oxidation for higher concentrated agarose gels. However, it was not possible
to recover the AB-AgNPs by passive diffusion independent of the agarose content used. It is
assumed the pores are too small for the 50 nm NPs to migrate just based on diffusion. A
second, promising approach is the use of sugars such as maltose and trehalose which are often
employed in freeze-drying of proteins. Specifically, trehalose is well-known to stabilize
biomaterials due to interactions of the sugar with polar head groups and glass formation [21].
While establishing a glass-like network upon drying, it completely dissolves by addition of
water. Experiments showed that AB-AgNPs dissolved in trehalose solution and those first

dehydrated in trehalose and then redispersed gave the same electrochemical response
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(Figure S4.5). Furthermore, the electrochemical activity remained stable over a course of 7 days,

after an initial drop of to 75% of the fresh AB-AgNP signal (Figure 4.3 b).
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Figure 4.3. Signal stability of the dried AB-AgNPs (a) without matrix and (b) in 20% (w/v) trehalose
over a week. Signal stability is calculated by normalizing the mean peak area of the respective day
to the mean signal directly after drying. Standard deviations were calculated based on three parallel
measurements of three separate disks. Error bars represent mean values +10 (n=3).

It can be concluded that the matrix stabilizes the AB-AgNPs against oxidation and the stability
in dry-form can be enhanced drastically by drying of the particles in trehalose matrix. In a final
confirmation assay, it was determined, whether the antibodies remain stable and functional
upon the dehydration in trehalose. The AB-AgNPs were dried in 10% (w/v) trehalose overnight
at 50 °C in order to ensure a complete dehydration. As it is shown in Figure S4.6, the assay
delivered a signal of 0.37+0.08 V-uA for 100 ng'mL" which is comparable to previous
experiments and confirms that the antibodies are active after drying and rehydration and the

dried AB-AgNPs in trehalose can be used in order to simplify the bioassay protocol.

4.3.2 Development of a Microfluidic Chip for NT-proBNP

Microfluidic chips with integrated electrochemical detection were chosen for the automation
and miniaturization of the bioassay. This dramatically reduces any pipetting step and increases
the efficiency of the assay. The portable SPCE was integrated into microchannels through
adhesive tape and laser cutting processes. Various channel shapes (Figure S4.1) and heights
were tested in order to avoid air bubble trapping and enable the wetting of the three-electrode
area, while in the end the design shown in Figure 4.2 with a channel height, i.e. tape thickness,
of 100 um, showed superior performance. The overall functionality of the electrochemical
detection strategy within microfluidic channels was proven by comparing the performance

against a stand-alone SPCE electrode. The microdevice was filled manually with a 1:1 mixture
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of AB-AgNP stock solution and 0.2 M KCl, and the same solution was dropped on the stand-
alone SPCE. It was found that while the peak height varies greatly between 28+4 pyA and
1311 pA, more importantly, the peak area is constant in the margin of the error (0.8+0.1 V-pA
vs. 0.7£0.1 V-pA) (Figure 4.4). Consequently, the same amount of silver is converted in both
systems, but the thin layer and the partial coverage of the three electrodes due to the channel

layout on the chip results overall in slower reactions and an increased peak width.
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Figure 4.4. Differential pulse voltammograms of a 1:1 mixture of AB-AgNP stock and 0.2 M KCl on a
free DRP-110 (dark blue) or in a microfluidic channel (light blue), normalized to the respective current
at -0.12 V in y-direction and to the peak potential in x-direction. The colored area behind the curve
represents +1o with standard deviation calculated based on three parallel measurements with three
different SPCEs (n=3).

The reduced counter electrode surface area within the microchannel with respect to the
working electrode area resulted in suboptimal electrochemical conditions, ie. gas evolution
occurred during the oxidative pretreatment at 1.25 V. By lowering this oxidation potential to
1.18 V, bubble-free processes could be ensured, which is important for the reliability of the
assay. It should be noted, that another strategy could be the design of a larger counter
electrode to fit within the channel in the future. Using the current design and electrochemical
strategy, a microfluidic chip bioassay was performed by immobilization of the capture AB in
the flow chip and injection of preincubated AG/AB-AgNP mix resulting in a LOD 15x lower
compared to the stand-alone sensor (Figure S4.7). We assume this is due to the lowered
diffusion effects of the nanoparticles within the narrow confinement of the microchannels, and
the more effective washing that can be done reducing non-specific binding. At the same time,
the mean standard deviation is with 25% (n>4) too high. Therefore, the trehalose drying

procedure of AB-AgNPs was adapted from being an off-chip reagent to be directly deposited
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within the microchannels. Since drying within the channel itself lead to clogging (Figure S4.1)
a cavity was created in the PMMA top to still dry the AB-AgNP directly within the chip. Different
depths (50-100 pm) and volumes of AB-AgNP trehalose mix (5 and 10 yL) were tested. The
focus was on obtaining a deep enough cavity to assure penetrability of the microchannel with
as much AB-AgNP trehalose mix as possible without it spreading over the PMMA top before
drying. Also, to ensure complete dissolution of the AB-AgNPs, the cavity was kept as shallow
as possible. With 40% laser power, which results in a cavity depth around 87 ym, reliable
permeability was reached. Moreover, an oxygen plasma treatment (1 min, 75 W) was added to
increase hydrophilicity of the PMMA and facilitate even spreading of the solution inside the
cavity. Also, for the successful and reproducible release of the nanoparticle conjugates three
washing buffers (PBST, PBST+0.1% (w/v) BSA and PBST+0.1 M KCl) and various incubation and
washing velocities were investigated (Figure S4.8). The highest signal and also highest S/N was
obtained by using 0.5 uL'min for rehydration of the AB-AgNPs and incubation with the
sample, and washing with 750 uL PBST at 50 pL-min™".

4.3.3 Performance of the Microfluidic Bioassay

Finally, using the optimized conditions, dose-response curves for NT-proBNP were carried out
both in buffer and undiluted human serum (Figure 4.5). For the measurements in buffer (a), a
LOD comparable to the biochip with liquid AB-AgNP reagent was obtained (0.24 ng-mL™)
confirming the superiority of the miniaturized biosensor in comparison to the stand-alone
bioassay with a LOD of 4.0 ng-mL™". The optimized microchip assay is drastically simplified as
only one pump is required. Thus, by having reduced assay steps, avoiding manual pipetting,
and preventing non-specific interactions, this optimized microfluidic biosensor has only 9%
error (n>3) in contrast to the prior microchip without dried AB-AgNPs (6=25%) and the stand-
alone bioassay (6=17%). This suggests that the assay is highly suitable for the automation in a
flow injection setup, both in a POCT as well as a clinical lab system, which would further
decrease the variability and increase parallelization and efficacy. Here, an in-line injection port
for the sample and KCl solution could be used with washing buffer as flow stream, which will

be the focus of future studies.
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Figure 4.5. Plot of peak area against logarithm of antigen concentration in (a) PBS buffer (50 mM,
pH 7.4) and (b) undiluted human serum with logistic fit (red line) and corresponding parameters.
The blue dashed line indicates the LOD. Standard deviations were calculated based on four parallel
measurements using four different flow chips, while outliers were removed after Q-test (confidence
interval 95%). Error bars represent mean values +10 (nx3).

In spiked human serum (b), the course of the dose-response curve is analogous to experiments
done in buffer, providing a LOD of 0.57 ng'mL" and a mean standard deviation of only 6%
(n>3). The slightly lower sensitivity was expected due to partial blocking of the electrode by
serum protein adsorption. Overall, it can be concluded that this microchip biosensor is suitable
for the analysis of NT-proBNP content in blood. To confirm the results obtained by our
microfluidic assay, the spiked serum samples, which were obtained from Roche Diagnostics,
were additionally analyzed with Roche's Elecsys®. The results with corresponding divergence
between NT-proBNP spike concentration (Bspike) and actual concentration determined with the

Elecsys system (Beiecsys) are shown in Table 4.1.

Table 4.1. NT-proBNP spiked concentrations (Bspie) as obtained from Roche Diagnostics with
respective NT-proBNP concentrations measured with Roche’s Elecsys® (Beiecsys) and divergence of
both.

Bspike (NG'ML")  PBelecsys (Ng'mL")  Divergence

1.00 0.81 18.68%
3.00 2.32 22.56%
10.00 8.01 19.91%
30.00 27.50 8.30%

100.00 42.77 57.23%

The reason for the rather big divergence between spiked concentration and concentration

found with the Elecsys® system is known to be the dissolution of the peptide out of the matrix.
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This causes a decrease in peptide stock concentration. Taking this commercially available
analysis as the gold standard and the real concentration of NT-proBNP, the data from the
serum calibration can be fitted again (Figure S4.9) and a new LOD, which is even below the
previously determined one, can be calculated. With a NT-proBNP concentration of
0.38 ng-mL"", this LOD is only 37% higher than the one calculated in buffer. It can be concluded
that the protein adsorption on the electrode has only minor influence on the assay and also

the antibody binding is not changed.

Various NT-proBNP tests have been published in recent years, as further discussed in [22]. A
recent study by Pollok et al. [3] is technologically closest to our microfluidic biosensor. Their
reported LODs are similar, however our sensor includes a simpler working procedure and
smaller sample volume (10 pL vs. 100 uL). Moreover, the developed method shows distinct
advantages compared to the currently used methods in clinical settings such as the
commercially available NT-proBNP tests from Roche Diagnostics. With the Cobas h 232 a
portable point-of-care device with optical detection of AuNP labels is offered [19]. However,
typical for lateral flow assays larger sample volumes are needed, which makes it impossible for
use in home-monitoring. In contrast, the here developed microchip assay only needs 10 pL of
sample volume, which can easily be obtained via a mere finger prick. Secondly, fleece and
membrane fabrication for LFA test strips are prone to variations requiring a continuous fine-
tuning of products made during the manufacturing process, so that other assay formats are
highly desirable. The Cobas h 232 has a measuring range from 0.06-9 ng'mL" and a detection
time of 12 min, which makes it superior with respect to analytical performance. However, the
here presented assay is with its dynamic range of 0.6-100 ng-mL" sensitive in the necessary
range for chronical heart failure and will most likely gain from better manufacturing strategies
once designed for mass production, just as the Cobas system [4]. Another NT-proBNP
detection device is Roche's Elecsys®, which is designed for analytical laboratories [18]. Here,
NT-proBNP in blood serum or plasma is detected via electrochemiluminescence. The
immunoassay is performed with 15 uL sample volume in a disk or rack handling system. The
analytical performance is with a measuring range of 5-35,000 ng-L™' and 9-18 min assay time
clearly superior. However, this detection system is a lab device, which is expensive, requires

sample preparation and cannot be used at the point-of-care.
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4.3.4 Stability Study

AgNPs are known to be easily oxidized under ambient conditions, leading to a perception of
instability especially for long-term uses in the scientific literature [23]. However, we have
previously demonstrated, that protein-coated AgNPs remain colloidally stable over ten weeks
and deliver a constant electrochemical signal for at least four weeks when stored at 4 °C,
indicating that long-term stability is clearly achievable. The here developed trehalose-
supported drying of AB-AgNPs also showed significantly improved performance (see
Figure 4.3), however, when monitoring the trehalose disks over ten weeks (Figure 4.6 a), it is
obvious that storage beyond 4 weeks is not feasible as the predictable oxidation of the AgNPs
leads to unreliable and eventually only limited signal responses (i.e. drop to 50% of the original
signal). To improve long-term stability of the dried AB-AgNPs, various oxygen scavengers were
included in the trehalose matrix. Specifically, before drying, 5 mM AA, Na,SOs;, NaHCOs; were
added to the trehalose mix, respectively. None of these substances showed a negative effect
on the original electrochemical signal of the bioassay. After ten weeks, the assay was performed
again to determine their protective power against oxidation (Figure 4.6 b). While ascorbic acid
and NaHCOs showed no protective effect, Na>SOs was highly effective in avoiding any
oxidation of the AQNPs and hence a normalized signal of 100+23% was obtained. This indicates
that Na,SO;s is indeed suitable to protect the AgNPs from oxygen, while having no negative

influence on the bioassay itself.

Therefore, the AB-AgNPs were dried in trehalose with 10 mM Na>SOs within the microchips.
After assembly, the chips were sealed for storage at 4 °C, where a constant humidity in the
channel could best ensure similar conditions for all dried AB-AgNPs. Finally, the signal stability
over four months was investigated (Figure 4.6 ¢). Here, over a period of 18 weeks, the bioassay
signal stays constant with a mean relative error of 10%. This is a key finding as it supports the
general feasibility of dry storage of protein-coated AgNPs in air. Afterwards, the signal

decreases rapidly and reaches 30% at six months.
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Figure 4.6. (a) Stability of the bioassay signal using the AB-AgNPs, dried in 10% (w/v) trehalose at
50 °C overnight, stored at 4 °C over ten weeks and (b) signal stability after ten weeks using none or
different oxygen scavengers (5 mM, ascorbic acid, sodium sulfite and sodium hydrogen carbonate).
Standard deviations were calculated based on five parallel measurements on five different SPCEs,
while outliers were removed after Q-test (confidence interval 95%). Error bars represent mean values
+10 (n24). (c) Stability of the bioassay signal using the AB-AgNPs, dried in 10% (w/v) trehalose with
10 mM sodium sulfite at 50 °C overnight, stored at 4 °C over six months. Standard deviations were
calculated based on four parallel measurements on four different flow chips, while outliers were
removed after Q-test (confidence interval 95%). Error bars represent mean values +10 (n>3). In all
cases, the bioassay was performed in the microfluidic flow chip using a constant AG concentration
of 100 ng'mL™" and signal stability means peak area normalized to the signal right after drying.

It is assumed, that this drop is due to the depletion of the oxygen scavenger. For an extension
of the AB-AgNP stability in dry form, a higher oxygen scavenger concentration will simply be
used in the trehalose matrix in the future. The high relative errors for weeks 9 and 11 of around
20% can be explained by handling errors and the small number of replicates of hand-made

flow chips that were used.
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4.4 Conclusion

Overall, we presented here a method for NT-proBNP detection ready for the challenges of the
POC. The electrochemical detection via silver nanoparticle labels in a microfluidic chip provides
the appropriate limit of detection, dynamic range and through the selection of antibodies also
specificity needed for a point-of-care test system, where a finger prick sample volume must
suffice. The most important design criteria were the reduction in sample volume needed and
the one-step assay procedure as typically afforded by lateral flow assays. The former was
accomplished through a microfluidic design that can provide reliable data using only 10 pL of
sample volume. The latter was obtained through dry-storage of the electrochemical label,
AgNPs, on chip. The decision to investigate microfluidic channel designs instead of a
membrane-based system in LFAs stems from the unavoidable variability of membrane and
fleece fabrication that is a ubiquitous challenge in the rapid test community. Furthermore, each
LFA concept must use enough volume to saturate the membrane material which either requires
two-step procedures or large sample volumes. We demonstrated here therefore the proof-of-
principle that membrane-free systems can provide the analytical figures of merit necessary for

sensitive NT-proBNP detection for the POC.

Moreover, the research demonstrated that AgNPs are not only colloidally stable, but can also
be rendered highly durable against oxidation by dehydrated storage in the presence of an
oxygen scavenger. This opens up further possibility for their use as label in a many other
electrochemical and possibly also optical POCTs for clinical diagnostics of low-concentrated

analytes that can currently not be served with standard LFA technology.
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4.6 Supporting Information

Experimental Procedure for Microfluidic Experiments

Different designs were tested for the flow chips (Figure S4.1). The channel layout (blue) was cut
out of double-sided adhesive tape (100% power, 70% speed, 200 PPI), the PMMA piece was
glued on top and the outline, in- and outlet (black) were cut out (100% power, 6.5% speed,

1000 PPI).

(o) o a o]
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3 + dem,

Figure S4.1. Template of microfluidic chips for the laser cutter, while black lines are cut out of PMMA
(100% power, 6.5% speed, 1000 PPI), blue shapes are cut out of double-sided adhesive tape (100%
power, 70% speed, 200 PPI) with scale bar representing 1cm.

For the designs 1 and 2, bubbles were trapped in the channel and uniform filling of the channel
with up to 50 uL'min" injection speed was not possible. In case of design 3, two zones were
defined for including the AB-AgNP directly into the chip. Here, zone A was used for drying of
the AB-AgNP and zone B included the entire three-electrode area within the channel. However,
after drying of AB-AgNP in trehalose matrix, the channel both with 100 and 200 pm channel
height clogged and no flow-through process was feasible. Thus, design 4 was used to enable
bubble-free solution flow and paired with a cavity in the chip’s lid for dried AB-AgNPs
(Figure 4.2). The tape thickness, i.e. channel height, was chosen to be 100 um to ensure smallest

channel dimensions possible over the three-electrode area.

For the first flow chips, a DRP-110STR electrode was washed three times with 50 yL PBS and
incubated with 10 uL capture AB (25 ug-mL" in 50 mM PBS, pH 7.4) for 1h at room
temperature. Afterwards, it was washed three times with 50 yL PBST (50 mM PBS+0.05% (w/v)

Tween 20, pH 7.4) and the channel top was attached to this electrode forming the flow chip.

The first microfluidic setup (Figure S4.2 a) consisted of two syringe pumps (LEGATO® 111
syringe pump, kd Scientific), one for washing buffer (A1) and one for KCI (A2). Both lines were

connected by a T-piece (B) and led into the chip holder (C), and then into the waste or buffer
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reservoir (D). The simplified setup used for experiments with dried AB-AgNPs (Figure S4.2 b)
consisted of a syringe pump (A), a T-piece (B), which connected the main line to a dead end,
which was used as bubble trap (C), a chip holder with in-and outlet (D), and a waste or buffer
reservoir (E). The flow chip was inserted into the chip holder as shown in the magnification. The

tubing was attached to in- and outlet via self-casted PDMS seals, which were pressed on the

in- and outlet by the chip holder.

Figure S4.2. Photograph (a) of the microfluidic setup used with liquid AB-AgNP with syringe pump
for washing buffer (A1) and KCI (A2), T-piece (B), chip holder (C) and buffer reservoir/ waste (D) and
(b) of the microfluidic setup used with dried AB-AgNPs with syringe pump (A), T-piece (B), bubble
trap (C), chip holder (D) and buffer reservoir/ waste (E) with a close-up on the chip holder with
inserted flow chip.
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a  liquid AB-AgNPs b dried AB-AgNPs

E] -1
Filling with PBST @ 25 uL min Injection of 10 L AG @ 50 pL min

Exchange to HEPES buffer reservoir

-1
Incubation @ 0.5 uL min

-1
Injection of 10 WL blocking buffer @ 25 pL min

Exchange to PBS buffer reservoir

-1 -1
Incubation @ 2 pL min Washing with PBST 15 min @ 50 pL min

-1
Filling with KCI 2 min @ 50 pL min

-1
Washing with PBST 8 min @ 25 uL min

-1
Injection of 10 uL AG/AB-AgNP mix @ 25 pL min
Exchange to HEPES buffer reservoir

X
Incubation @ 1 L min

-1
Washing with PBST 8 min @ 25 uL min

-1
Filling with KCI' 5 min @ 25 pL min

Figure S4.3. Pumping strategy for the microfluidic experiments (a) without and (b) with dried
AB-AgNPs, for dark blue steps the pump was operated in injection mode, while light blue indicates
withdrawal mode. AG/AB-AgNP mix was incubated in a 1:1 ratio for 2 h prior to injection, 0.1 M KCl
was used for filling of the microchannel.
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Pretests for Drying of the AgNPs

AB-AgNP stock solution (20 ug-mL™ in 10 mM HEPES+0.1% (w/v) BSA, pH 7.4) was diluted 1:5
with 10 mM HEPES buffer (pH 7.4) and 50 uL of this mixture were pipetted onto polymer disks.
After drying for 1 h at 50 °C, the NPs were rehydrated with 20 uL 10 mM HEPES (pH 7.4) for
varying amounts of time. A volume of 10 pL of this mixture was then pipetted on the WE of a
DRP-110 SPCE and left to dry at room temperature for electrochemical measurement: after
pretreatment with 1.25V for 60s and -0.8 V for 30 s, differential pulse voltammetry was
performed from -0.25V to 025V with tpus=50 ms, Estep=10 MV, Eampliude=80 mV, scan
rate=20 mV-s™' (Figure S4.4 a). Next, the dried AB-AgNPs were compared to pure 10 mM HEPES
buffer (pH 7.4) dried on the support (blind) and AB-AgNPs (20 uygmL" in 10 mM
HEPES+0.1% (w/v) BSA, pH 7.4) diluted 1:2 in 10 mM HEPES buffer (pH 7.4) without drying
(control). For all three samples, the electrochemical activity was measured as described above

(Figure S4.4 b).
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Figure S4.4. Electrochemical activity of (a) 50 pL 1.5 diluted AB-AgNP stock (4 ug:-mL™ in 10 mM
HEPES, pH 7.4) dried for 1h at 50 °C after rehydration with 20 pL 10 mM HEPES (pH 7.4) at room
temperature for a different amount of time and of (b) 50 pyL 10 mM HEPES (pH 7.4, blind) and 50 pL
1:5 diluted AB-AgNP stock (4 yg-mL™ in 10 mM HEPES, pH 7.4, with AgNP) dried for 1h at 50 °C
after rehydration with 20 uL 10 mM HEPES (pH 7.4) for 1h at room temperature, with 1:2 diluted
AB-AgNPs (10 ug-mL™in 10 mM HEPES, pH 7.4) without drying as control. Standard deviations were
calculated based on three parallel measurements on three different SPCEs (n=3). Error bars
represent mean values +1a.

In Figure S4.5, a comparison of trehalose disks (20% (w/v) trehalose in 10 mM HEPES, pH 7.4
without (blind) or with 1:2 diluted AB-AgNPs (10 ug-mL" in 10 mM HEPES, pH 7.4) (with AgNP))
with AB-AgNPs 1:2 diluted in 20% (w/v) trehalose (control) in solution is shown. The dried NPs
were redispersed in 20 yL 10 mM HEPES buffer (pH 7.4) for 1 h at room temperature. The

electrochemical activity was measured as described above.
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Figure S4.5. Electrochemical activity of 20 uL 20% (w/v) trehalose (blind) and 20 pL 1:2 diluted
AB-AgNP stock in 20% (w/v) trehalose (with AgNP) dried for 1 h at 50 °C after rehydration with 20 pL
HEPES for 1 h at room temperature, with 1:2 diluted AB-AgNPs in 20% (w/v) trehalose without drying
as control. Standard deviations were calculated based on three parallel measurements on three
different SPCEs (n=3). Error bars represent mean values +1a.

The bioassay was performed using 0 and 100 ng:-mL™" AG in 50 mM PBS (pH 7.4) and AB-AgNP
(20 ug'mL" in 10 mM HEPES+0.1% (w/v) BSA+10% (w/v) trehalose, pH 7.4) dried overnight at
50 °C. Rehydration of the AB-AgNPs and incubation with AG was performed directly on the

electrode in one step. Exemplary differential pulse voltammograms are shown in Figure S4.6.
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Figure S4.6. Exemplary differential pulse voltammograms of pure 50 mM PBS (pH 7.4, dark blue) or
100 ng'mL™" AG (in 50 mM PBS, pH 7.4, light blue), bioassay performed with AB-AgNPs (20 pg-mL”

in 10 mM HEPES+0.1% (w/v) BSA+10% (w/v) trehalose, pH 7.4) dried at 50 °C overnight, normalized
to the respective current at 0.1V,
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Measurements with Preincubation

For microfluidic experiments with preincubation, 5 L AG solution (in 50 mM PBS, pH 7.4) was
incubated with 5 yL AB-AgNP stock (20 ug-mL™" in 10 mM HEPES+0.1% (w/v) BSA, pH 7.4) for
2 h at room temperature. Then, the microfluidic experiments were performed following the
flow chart shown in Figure S4.3 a. The assay was performed with AG concentrations from 0 to
300 ng'mL™" (concentrations given as injected in the microfluidic system). The results are shown

in Figure S4.7. The calculated LOD is 0.27 ng:-mL" with a mean error of 25% (n>4).
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Figure S4.7. Plot of peak area against logarithm of injected antigen concentration after preincubation
with AB-AgNPs with logistic fit (red line) and corresponding parameters. The blue dashed line
indicates the LOD. Standard deviations were calculated based on five parallel measurements using
five different flow chips, while outliers were removed after Q-test (confidence interval 95%). Error
bars represent mean values +10 (n>4).

Incubation and Washing Speeds for Optimized Microfluidic Setup

The incubation and washing procedure was optimized for the microfluidic setup with dried
AB-AgNPs. To find a valid starting point for the optimizations, some calculations were
performed first. For the WE in the microfluidic channel a volume of around 1.25 uL was
calculated based on the dimensions of the channel (h=100 ym) and the working electrode
(d=4 mm). For the incubation speed optimizations, the residence time of sample on the
working electrode was calculated using the effective volume (1.25 pL) and the incubation speed
of 0.25, 0.5 or 1 yL'-min™", which resulted in 45, 23 or 11 min respectively. As starting point for
the incubation speed optimizations, the 60 min hybridization time of the standard assay [12]
were used. Due to a lower diffusion distance (from the center to the surface) within the small
confinements of the microfluidic channel (50 pm vs. 3.5 mm in 96-well microtiter plates), a

smaller residence time was expected to be sufficient for an effective capture of the antigen. To
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test this theory, the signal of 100 ng'mL" AG (in 50 mM PBS, pH 7.4) is shown for different
incubation velocities (Figure S4.8 a). The maximum signal with lowest error is received for
0.50 uL'min™". Indeed, the tests confirmed that 23 min hybridization time was optimal for 10 L
of sample under these conditions. For the washing velocity, the same approach was used. The
effective washing time for the volume on the WE (1.25 pL) was 10 min for 250 yL @ 25 pL-min’,
5 min for 250 uL @ 50 pL-min™" or 15 min for 750 yL @ 50 pL-min”', respectively. The S/N
between the signals for 100 and 0 ng'-mL™ AG (in 50 mM PBS, pH 7.4) is plotted in Figure S4.8 b.
An increase of washing speed with same volume keeps the S/N constant. A drastic increase of
the S/N was achieved by an additional increase of volume. The signal stayed constant, which
means that no detection complex is washed off the surface, while the background signal
decreases. This shows that 15 min washing with a high velocity is the optimal compromise
between duration and effective washing. In the end, an incubation speed of 0.5 yL-min™" and

washing with 750 uL at 50 uL-min™" was used for the final assay.
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Figure S4.8. (a) Peak area of the assay performed with 100 ng'-mL™ AG concentration (in 50 mM PBS,
pH 7.4) in the flow cells with dried AB-AgNPs with different incubation speed (n=2), while washing
with 750 pL at 50 yL'min™ and (b) signal-to-noise ratio for 100 ng'-mL" AG concentration (in 50 mM
PBS, pH 7.4) in the flow cells with dried AB-AgNPs with different washing speed and volume (n=1),
with incubation at 0.5 pL-min.
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Serum Calibration with NT-proBNP Concentrations Measured by Roche’s Elecsys
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Figure S4.9. Plot of peak area against logarithm of antigen concentration in undiluted human serum
as measured with Roche’s Elecsys® (Table 4.1) with logistic fit (red line) and corresponding
parameters. The blue dashed line indicates the LOD. Standard deviations were calculated based on
four parallel measurements using four different flow chips, while outliers were removed after Q-test
(confidence interval 95%). Error bars represent mean values +10 (n>3).
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Abstract

The creatinine content in blood or urine is a commonly used clinical parameter to assess
problems with the renal function of patients. Here, an easy and fast electrochemical
aggregation assay was developed to quantify creatinine based on the specific interaction of
picric acid modified silver nanoparticles with creatinine. It was found out that 10 nm AgNPs
modified with 10 yM PA are ideal for electrochemical detection and show effective
aggregation. An all-dried procedure was developed without any loss of performance to make
the assay accessible to point-of-care strategies. Moreover, the sensitivity of this assay type can
be controlled by the ratio of PA-AgNP to sample, which makes it easily adjustable to different
matrices with various analyte concentration ranges. With a 2:3 ratio of PA-AgNPs to sample, a
LOD of 76 uM was reached with a mean standard deviation of 12% in buffer was reached. The
aggregation assay was then applied for the detection of creatinine in 1:10 diluted synthetic
urine and a clear dependence of the electrochemical peak area to creatinine content was found
between 0.4 and 2 mM (4-20 mM creatinine in undiluted urine). Thus, this proof-of-principle
already covers the majority of the physiological range without PA-AgNP-sample ratio

adjustments.
Keywords

electrochemical biosensor, silver nanoparticle, aggregation, blood analysis, differential pulse

voltammetry
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5.1 Introduction

Point of care testing is defined as clinical laboratory testing conducted close to the site of
patient care, which can be in the hospital laboratory as well as right on the patient’s bed. Clinical
personnel or patients themselves can perform the tests, while latter is referred to as self-testing.
Advantages over conventional testing methods include ease of handling, rapidness, and cost-
efficiency [1]. This sparked a rising interest of the research community since the year 2000,
which can be seen in numbers of publications regarding POCT. Nowadays, POCT devices are
found in various medicinal fields, like endocrinology/diabetes, cardiology, nephrology, critical
care, fertility, hematology/coagulation, infectious disease, microbiology, and general health
screening. A variety of formats including LFAs or microfluidics are employed and commercially
available. However, still new solutions, especially for self-testing, are sought after with high

accuracy, high sensitivity, low sample volume demand and quantitative determination.

There are many examples found in literature, which show the use of a silver nanoparticle
aggregation assay. Most of them use an optical or colorimetric detection based on the local
surface plasmon resonance of AgNPs. Upon aggregation, the localized surface plasmons of
individual particles are coupled and the resonance wavelength shifts [2]. These assays are easy
to perform, fast and were employed for various analytes including biothiols [3, 4], DNA [5] or
adenosine [6], in a multitude of sample matrices. Due to the inherent instability of AQNP
dispersions, suitable surface modifications are necessary to render these assays truly useful and

thorough selectivity studies are needed.

Creatinine in urine or serum is a commonly used clinical marker for renal function. Since the
creatinine content is more independent of the diet, it is a better measure for renal glomerular
filtration rate than urea or nitrogen residues. Although the concentration of creatinine in the
plasma or serum of healthy adults ranges between 44 and 150 pM, it can be considerably
decreased in children or patients with various diseases (27-44 uM) [7]. In urine, the creatinine
concentration found by a spot test varies strongly between 30 and 300 mg/dL (2.65-26.5 mM)
depending inter aliae on gender and comorbidities [8]. Due to this varying amount of creatinine
in individuals, a self-testing device for patients at-risk or during treatment of a kidney disease
would be highly useful to detect changes in an early stage. The Jaffe reaction [9], which is the

reaction of creatinine with picric acid in alkaline solution to form a strongly colored compound,
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is traditionally used for clinical creatinine detection via photometric measurements. The
reaction is highly sensitive with a limit of detection of 9 uM [10], and it meets modern analytical
performance requirements for routine use. However, the reaction is influenced by various
metabolites and this accounts for significant positive errors especially in low concentration
regions. Modifications of this reaction are available, but they make the reaction more time-
consuming and difficult to automate [7]. Therefore, other approaches are sought after. Parmar
et al. developed an aggregation assay based on the interaction of AQNPs modified with picric
acid (Figure 5.1 b) and creatinine in neutral or slightly acidic media [11]. The basis for this highly
specific interaction is the tautomeric form of creatinine (Figure 5.1 ¢). They extensively
characterized this system and investigated the selectivity against a multitude of biomolecules
and further influencing factors. While the system was proven to be highly selective and
sensitive, it still suffers from common drawbacks of optical transduction methods. In order to
ensure a sufficient path length, sample volume demand is rather high, usually in the range of
several hundreds of pL to a few mL. The turbidity and color of the sample are further limiting
factors. Therefore, blood samples have to be pretreated via centrifugation or dilution. This
makes quantitative self-testing for the patient difficult. An electrochemical aggregation assay
combines the advantages of this method with higher miniaturization potential, lower
sample/reagent volume demand and low-cost instrumentation. The aggregation of AgNPs in
presence of the analyte is detected by the change of DPV signal of the silver oxidation
(Figure 5.1 a). Silver is an ideal electrochemical tag due to the inherent instability, which enables

easy-to-perform, interference-free detection at low potential [12].
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Figure 5.1. (a) Schematic representation of the electrochemical detection of the aggregation upon
presence of the analyte and structures of (b) picric acid and (c) the tautomeric form of creatinine.
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Up to date, not much has been done regarding the electrochemical detection of AgNP
aggregation. Hu et al compared optical and electrochemical detection of the AgNP
aggregation in presence of biothiols [13]. However, since unmodified AQNPs were used, the
aggregation is not selective, and it can be seen rather as a proof-of-principle. In the present
work, homocysteine (HCy) was also used as model analyte in combination with unmodified
AgNPs for basic investigations regarding the electrochemical detection and aggregation. Other
researchers employed dissolved organic matter-capped AgNPs on a glassy carbon electrode
for the detection of atrazine induced aggregation [14]. However, this procedure is based on a
composite electrode, which makes it considerably different to the homogeneous approach
employed in our studies. Since the analyte-surface modification combination utilized here was
previously published, characterization of this system and the aggregation was not performed
again. This work focuses on the electrochemical detection of the AgNP aggregation and the

facilitation of the procedure to ultimately receive an easy POC self-testing device.

5.2 Experimental Section

5.2.1 Materials and Instruments

Citrate capped silver nanospheres (d=10-100 nm, 0.02 mg-mL") were purchased from
nanoComposix (www.nanocomposix.com). Disodium hydrogen phosphate (Na;HPO42 H,O,
p.a.), potassium hydrogen phosphate (K;HPO4-3H,0, p.a.) and sodium dihydrogen phosphate
(NaH2PO4H;O, p.a) were ordered from Merck (www.merckmillipore.com). Trehalose
(D-(+)trehalose dihydrate, >99%) and Sigmatrix urine diluent (surin) were supplied from Sigma
Aldrich (www.sigmaaldrich.com). Potassium chloride (KCl, p.a.) and sodium dodecyl! sulfate
(SDS, 99%) were obtained from Roth (www.carlroth.com). Sodium hydroxide (NaOH, 1 M) was
bought from Labochem international (www.labochem.de). Picric acid (PA, saturated aqueous)

was purchased from Morphisto GmbH (www.morphisto.de).

Phosphate buffer (10 mM, pH 7) consisted of 58 mM Na;HPO4+2 H,O and 4.2 mM
NaH,PO4H,0 in ddH,O with a pH of 7.

Alkaline phosphate buffer (300 mM, pH 12) consisted of 300 mM KHPO43H,0 and 2 gL' SDS
in ddH,0 and the pH was adjusted to 12.7 using 1T M NaOH.
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Electrochemical measurements were performed using screen-printed carbon electrodes
(DRP-110, Metrohm AG, www.dropsens.com) and an EmStat blue potentiostat with
corresponding software (PalmSens, www.palmsens.com). For nanoparticle modification, the
ThermoMixer comfort (Eppendorf, online-shop.eppendorf.de) and Amicon® Ultra-2 mL
centrifugal filters (Ultracel®-3K) from Merck (www.merckmillipore.com) were used in

combination with a Rotina 380R centrifuge from Hettich (www.hettichlab.com).

5.2.2 Modification of Silver Nanoparticles

The silver nanoparticles were modified using a simple adsorption procedure, which was
optimized and adjusted from [11]. For size comparison, 1.5 mL of 10 and 30 nm AgNPs were
centrifuged for 30 min at 17,000 g and 10 min at 10,000 g, respectively. After removal of
1.35 mL supernatant, the precipitate was resuspended with 300 uL picric acid (1 yM PA in
ddH;0) and incubated under shaking at 350 rpm for 2 h at room temperature. For further
modifications, centrifugation filters were used to increase the AGNP (d=10 nm) concentration
by a factor of 10. Then, the concentrated AgNPs were incubated in a ratio of 1:2 with PA (1, 10,
100 pM PA in ddH;0) for 2 h under shaking at 350 rpm at rt.

5.2.3 Aggregation Assay

For every experiment, KCl was dried on the three-electrode area to reach a final concentration
in the solution on the electrode of 0.01 M (denoted as KCl electrode). For size dependence,
PA-AgNPs (10-30 nm with 1 yM PA) were mixed with creatinine (0, 0.1, 1, 10 mM in 10 mM
phosphate buffer, pH 7) in a 1:1 ratio and incubated for 1 h at rt. Afterwards, they were added
to the prepared KCl electrodes and DPV was performed from -0.2 V to 0.2 V with tpus=50 ms,
Estep=10 MV, Eampiitude=80 MV and scan rate=20 mV-s™'. For all further experiments, a mixing
ratio PA-AgNPs to creatinine of 2:3 was used. The differently modified PA-AgNPs (10 nm with
1, 10, 100 uM PA) were tested each with 0, 100 and 1000 pM creatinine in 10 mM phosphate

buffer (pH 7) upon incubation for 1 h at rt.

5.2.4 Development of a Dry Testing Procedure

For a dry procedure, 20 pL of PA-AgNPs (10 nm with 10 uM PA) in 5% (w/v) trehalose were
dried in an Eppendorf tube at 65 °C for 3 h or 50 °C overnight. The electrodes were prepared
by drying 30 uL of KCl on the three-electrode area. For KCl concentration optimization, 0.01,
0.05 and 0.1 M KCI were used, while 0.01 M KCl was utilized for all other experiments. For the

performance of the assay, 30 pL creatinine in 10 mM phosphate buffer (pH 7) were added to
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the Eppendorf tube and the PA-AgNPs were resolubilized. Different incubation times from
5 min to 1 h were tested with 0 and 100 uM creatinine, while an incubation of 1 h was used for

all other measurements in buffer.

5.2.5 Detection of Creatinine in Urine Samples

For reference quantification of creatinine in synthetic urine, a kinetic colorimetric method
(Cromatest) based on a modified Jaffe's reaction from Linear Chemicals was utilized. A short
description can be found in the supporting information. For creatinine detection, the surin was
diluted 1:10 with ddH,O and spiked with varying amount of creatinine resulting in 0.4, 0.6, 1,
2, and 4 mM creatinine in 1:10 diluted surin. The dry testing procedure was performed as

described in section 5.2.4., only the incubation time was shortened to 10 min.

5.3 Results and Discussion

The electrochemical measurement and general aggregation parameters were optimized using
homocysteine as model analyte with unmodified AgQNPs in order to minimize further influences
due to AgNP surface modification. First, the influence of a dissolving pretreatment (1.25 V for
60 s, -0.8 V for 30 s) before performance of DPV was investigated (Figure S5.1 a). While the
signal intensity is higher in comparison to the measurement without pretreatment, no signal
difference especially in the low concentration range was seen. The same concentration shows
a signal change of approximately 70% after removal of the pretreatment. This can be explained
with the theory for the electrochemical detection. Due to the high overpotential at the
oxidation potential of 1.25V, the tunneling distance of the electrons increases [15]. Therefore,
individual particles and small aggregates, formed with a low analyte concentration, are oxidized
completely. However, if the analyte concentration is high enough to form huge aggregates,
even with pretreatment a signal change is measured. On the contrary, for a fast DPV sweep,
the different amount of AgNPs in direct contact with the electrode surface results in a change
of the oxidation around 0 V (vs. Ag/AgCl RE). The electrochemical measurement of aggregation
(Figure 5.1 a) is therefore a kinetic effect and for highly sensitive detection, only a DPV scan is
necessary. Next, two different measurement procedures were tested using the same system
(Figure S5.1 b). For the dried procedure, the AgNP solution is dried on the electrode after
incubation with HCy and then resolubilized with KCI for the DPV measurement. Here, no signal

change is seen in the low concentration range. However, a fluid measurement, meaning the
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AgNP solution is dropped onto an electrode, where KCl was previously dried on (KCl electrode),
shows a big signal change, even at small concentrations. The reason is probably, that drying of
the AgNPs covers the electrode surface completely, which renders the system insensitive for
the aggregation grade. Further experiments were performed using the fluid procedure without
pretreatment. As an additional advantage, these findings accelerate the measurements

significantly.

5.3.1 Optimization of AgNP Modification

The size of AgNPs had a significant influence on the aggregation behavior. Nanoparticle
diameters between 10 and 100 nm were tested previously with the model analyte HCy
(Figure S5.2). Due to decreasing surface-to-volume ratio, the electrochemical signal decreases
with increasing AgNP diameter. However, the aggregation results in higher signal changes for
bigger nanoparticles, especially for low HCy concentrations, because the distance to the
electrode increases more significantly for aggregation of bigger nanoparticles. However, only
smaller nanoparticles are tested for the creatinine detection to ensure a measurable signal. For
Figure 5.2, 10 (a) and 30 nm PA-AgNPs (b) were incubated with differently concentrated
creatinine solutions. Due to different concentrations after the modification, the absolute peak
areas cannot be taken into account. However, the 10 nm particles seem to be more sensitive
and show higher signal change for low concentrations. The reason could be that with the low
PA concentration of 1 uM, the density of PA on the bigger nanoparticle’s surface is not high
enough to cause effective aggregation at low analyte concentrations. This effect seems to
prevail the just described higher electrochemical signal change for bigger NPs. Therefore,
10 nm particles are used for all following experiments, which combined high electrochemical
signal with effective aggregation. Since precipitation by centrifugation is not complete for
10 nm particles, centrifugation filters were used in the following for increase of the NP

concentration and buffer exchange.

Next, different amounts of PA (1, 10, 100 uM) in the modification were tested. These PA-AgNPs
were incubated with differently concentrated creatinine solutions. Figure 5.2 ¢ shows the signal

normalized to the respective blind signal, denoted as signal change.
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Figure 5.2. DPV peak area for PA-AgNPs (1 uM PA) with (a) 10 and (b) 30 nm diameter after
incubation with differently concentrated creatinine solutions (0-10 mM in 10 mM phosphate buffer,
pH 7) and (c) DPV peak area of AgNPs (10 nm) modified with 1-100 uM PA incubated with differently
concentrated creatinine solutions (0, 100, 1000 uM in 10 mM phosphate buffer, pH 7) normalized to
the respective blind signal. Standard deviations were calculated based on three parallel
measurements on three separate SPCEs. Error bars represent mean values +10 (n=3).

Especially in the low creatinine concentration regime, 10 uM PA seems to be ideal. Since a
concentration of 1 uM PA is not sufficient for effective AQNP coverage, it does not show a
signal change for low creatinine concentrations and high errors. Using a concentration of
100 uM PA shows similar but slightly worse results to 10 uM, probably due to free picric acid,
which binds the creatinine and thus inhibits the aggregation of PA-AgNPs. Therefore, 10 uM

PA was used in the modification for all following experiments.

5.3.2 Development and Optimization of a Dry Testing Procedure

To make this principle better applicable for the point-of-care, drying of the PA-AgNPs was
investigated next. First tests show that ideal results are achieved by separating the PA-AgNPs
from KCI during incubation, probably due to oxidation of the silver by air oxygen. Therefore,
AgNPs were dried for 3 h at 65 °C in a 5% (w/v) trehalose matrix in an Eppendorf tube. The

trehalose builds a glass-like network upon drying, which enables drying and redispersion
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without aggregation or excessive oxidation of AgNPs, and inclusion of an oxygen scavenger
for long-time storage [16]. The trehalose content for the aggregation assay was also optimized
using the model analyte HCy and unmodified AgNPs (Figure S5.3). The presence of trehalose
in the investigated concentration range does not seem to have any influence on the
aggregation of the AgNPs and a minimum of 5% (w/v) is necessary to stabilize the particles
upon drying and enable a sensitive detection. A further increase of the trehalose content
impairs the results probably due to partial inhibition of the aggregation. Using this optimized
matrix, the sensor response for different creatinine concentration was compared to the earlier

used wet procedure, i.e. incubation of creatinine with PA-AgNP solution (Figure 5.3).
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Figure 5.3. DPV peak area normalized to the respective blind signal for different creatinine
concentrations (0, 100, 1000 uM in 10 mM phosphate buffer, pH 7) using wet (dark blue) and dried
procedure (light blue), wet: incubation of PA-AgNPs with creatinine in a 1:2 ratio for 1 h, dried: drying
of 20 uL PA-AgNPs in 5% (w/v) trehalose for 3 h at 65 °C, incubation with 30 pL creatinine for 1 h.
Standard deviations were calculated based on three parallel measurements on three separate SPCEs.
Error bars represent mean values +10 (n=3).

A clear increase in signal change is seen for the dried procedure throughout the creatinine
concentrations. The reason lies presumably in the higher PA-AgNP concentration during
incubation, which enables more effective aggregation. Moreover, the mean relative error is

slightly reduced from 16% to 12%.

For the dried procedure, the KCI content in the measurement solution (Figure 5.4 a) and the
incubation time of creatinine with PA-AgNPs (Figure 5.4 b) were optimized. It shows clearly
that the blind signal decreases considerably with increasing KCI concentration, while the
100 pM creatinine signal stays rather constant. Small KCl concentrations show a higher signal

change and are therefore needed for a highly sensitive detection. The reason could be that
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AgNPs get oxidized quickly in contact with high concentrations of KCl by air oxygen or that the
chemical equilibrium of the aggregation is shifted to the educt side in high ionic strength
media. Due to the fluid procedure (ie. PA-AgNP-creatinine solution dropped onto KCI
electrode), the KCl concentration in contact with the PA-AgNPs is higher, right when the
nanoparticle solution is pipetted onto the electrode. Thus, a low dried concentration of 0.01 M

KCl was used for all measurements.
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Figure 5.4. (a) DPV peak area after incubation of dried PA-AgNPs (10 nm, 10 uM PA) with 0 and
100 uM creatinine (in 10 mM phosphate buffer, pH 7) measured on SPCEs with different KCl
concentrations (0.01, 0.05, 0.1 M) dried on the three-electrode area and (b) DPV peak area
normalized to the respective blind signal after different incubation times of dried PA-AgNPs (10 nm,
10 uM PA) with 100 uM creatinine (in 10 mM phosphate buffer, pH 7). Standard deviations were
calculated based on three parallel measurements on three separate SPCEs. Error bars represent
mean values +1o0 (n=3).

An incubation for 1 h is necessary in the current format, because the aggregation kinetic in
buffer solution is rather slow. It can be seen clearly that the SD decreases enormously and the
signal ratio to the blind reaches 20% for 100 uM. The incubation time, however, can be

shortened considerably for samples with high creatinine concentrations, for example urine.

5.3.3 Dose-Response-Curves in Buffer

Usually, aggregation of silver nanoparticles is measured through the optical shift of the
plasmonic band due to coupling of the electron oscillation. The strong color change from
yellow to red around 100 uM can even be seen with the naked eye (Figure 5.5 a). However, this
optical detection suffers from disadvantages especially for the measurements of strongly
colored or turbid samples, e.g. whole blood, and requires more complicated and bigger

hardware in comparison to electrochemical detection.
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Figure 5.5. (a) Color change of PA-AgNPs with increasing creatinine concentration from left to right
(0,10, 15, 25, 40, 65, 100, 125, 150, 250, 400 pM in 10 mM phosphate buffer, pH 7) after 60 min and
(b) DPV peak area normalized to the blind signal for different creatinine concentrations (0-400 uM
in 10 mM phosphate buffer, pH 7) measured via the dried procedure with 0.01 M KC| and 1 h
incubation. Red line indicates the logistic fit, the grey dotted line represents the LOD. Standard
deviations were calculated based on five parallel measurements on five separate SPCEs, while
outliers were removed after Q-Test (confidence interval 95%). Error bars represent mean values +1o
(n=4).

In Figure 5.5 b, a dose-response curve covering the uM concentration range is shown. A
sigmoidal curve shape can be seen with a linear concentration range between 60 and 150 uM,
a limit of detection of 76 yM and mean error of 12%. The LOD is calculated based on the fit
parameter for the lower border A1 and the standard deviation of the blind sd(blind) according
to equation 5.1.

LOD = A, — 3 - sd(blind) (5.1)
The sensitivity of these aggregation assays can be easily adjusted via changes in the sample to
PA-AgNP ratio as shown previously for the model analyte HCy (Figure S5.4). It is seen, that 30
and 100 pL AgNPs, both with 20 uL HCy, show different sensitive ranges. While a ratio of sample
to NPs of 1:5 seems to be sensitive in the high concentration range, a 2:3 ratio, shows bigger
signal change in the low concentration range. The reason is that the more AgNPs are present,
the more analyte is needed for an effective, measurable aggregation. The deviations from the
sigmoidal fit can be explained by the single-use electrodes and irregular coating and
dissolution of KCI. Using an industrially roll-to-roll fabricated electrode system, these errors

should be considerably reduced.

5.3.4 Application for Urine Samples
Parmar et al. applied this system for the analysis of serum and other blood samples [11].

Creatinine can be detected in blood as well as urine. Since kidney problems quickly lead to
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changes of the creatinine concentration in blood, these measurements are typically used in the
emergency room upon suspicion of acute kidney failure. However, for at-home monitoring of
chronic renal problems or medical treatment of such, urine is the ideal matrix. It is easily
obtained, non-invasive and creatinine is present in high concentrations (2.65-26.5 mM [8]).
Therefore, the creatinine quantification was next tested in synthetic urine matrix. Since no exact
information about the creatinine content in the purchased synthetic urine is available, a
modification of the clinically used Jaffe's reaction is employed to quantify the creatinine and
provide an external reference measurement. The amount of creatinine in the 1:50 diluted
sample (surin) is calculated over comparison of the absorbance values (Table S5.1) at 510 nm
after 30 s (A1) and after 90 s (A,) to a creatinine standard (177 uM) according to equation 5.2.

(AZ - Al)sample
(AZ - Al)standard

(5.2)

* Cstandard * 00 =4 £ 1mM

In first aggregation tests, a strong matrix effect was seen: probably caused by the high ion
concentrations in urine, especially chloride (usually 20-40 mM [17]), the aggregation is either
hindered or the electrochemical measurement somehow impaired. However, also the change
of color, which is an optical indication for aggregation, only takes place for concentrations
around 1 mM (Figure 5.6 a). This allows the conclusion, that the aggregation itself is affected
rather or at least to a bigger extent than the electrochemical measurement. Therefore, the
creatinine content in urine samples cannot be quantified comparing to the buffer calibration,
but a new calibration curve has to be recorded using standard addition method. Since this
should only be a proof-of-principle, experimental parameters were not varied to find the exact
PA-AgNP-sample ratio for the physiological range, the surin was rather diluted 1:10 to fit into
the current dynamic range. Solely the incubation time was adjusted to 10 min after it was seen
that the AgNPs aggregate considerably faster than in buffer. The reason is probably that less
diffusion time is necessary for collisions between the analyte and the PA-AgNPs in higher
concentrated solutions. After spiking of the 1:10 diluted surin (co(creatinine)=0.4 mM) to
receive further concentrations (0.6, 1, 2, 4 mM in 1:10 diluted surin), the aggregation assay was
performed. In high ionic strength solutions, the PA-AgNP solutions look more colorless, but
the color change can still clearly be noticed in the investigated concentration region

(Figure 5.6 a).
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Figure 5.6. (a) Color change of PA-AgNPs dried in 5% (w/v) trehalose with increasing creatinine
concentration from left to right (0.4, 0.6, 1, 2, 4 mM in 1:10 diluted surin) after 5 min and (b) DPV
peak area for different creatinine concentrations (0.4-4 mM in 1:10 diluted surin) measured via the
dried procedure with 0.01 M KCl and 10 min incubation. Standard deviations were calculated based
on four parallel measurements on four separate SPCEs, while outliers were removed after Q-test
(confidence interval 95%). Error bars represent mean values +10 (n>3).

The corresponding DPV peak area is plotted in Figure 5.6 b. A dependence of the peak area on
the concentration of creatinine can be seen from 0.4-2 mM. With this, the unmodified dry
procedure aggregation assay covers already the majority of the physiological range (4-20 mM
in undiluted urine). Although the lower region of the sigmoidal curve could not be monitored
and fitting of the data is impossible, the curve shows a similar course to the dose-response
curve in buffer. This shows that the aggregation assay of PA-AgNPs for creatinine can in
principle be used for urine analysis. After adjustment of the PA-AgNP-analyte ratio, a
measurement in undiluted urine should be also possible. As expected, the signal is slightly
higher for the same creatinine content (Figure S5.5), but the PA-AgNPs are definitely

aggregated as proven by color change.

5.4 Conclusion

Aggregation assays are a very easy and effective way of analyte detection, when combined
with a selective AgNP-surface modification. Both, the optical, as well as the electrochemical
detection show similar sensitive ranges. However, the electrochemical detection offers higher
miniaturization potential and needs fewer and low-cost hardware. In an earlier publication
PA-AgNPs showed to be highly selective for creatinine. Here, it was shown that the principle is
also applicable as POC strategy due to the ability to dry all needed reagents without loss of

performance. Since this assay should be applied for home-monitoring of disease or medication
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progress, PA-AgNPs were employed for the quantification of creatinine in urine matrix. No
additional sample preparation besides easy 1:10 dilution is necessary, and the proof-of-
principle assay already covered the majority of the physiological range. For future
development, the ratio of PA-AgNP to sample amount should be adjusted to fit the
physiological range in undiluted urine. Moreover, the PA-AgNPs in stabilizing matrix could be
dried on a roll-to-roll fabricated capillary-driven flow chip with integrated electrodes to
develop an actual POC self-testing prototype device. The storage stability of this device would
have to be confirmed. However, dried AgNPs in trehalose matrix with oxygen scavenger were
proven to be highly stable over several months in water-sealed atmosphere before. Overall,
this aggregation assay combines the ease of handling with suitable sensitivity, speed of
detection and low apparatus requirements and is highly promising for future development of

self-testing devices.
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5.6 Supporting Information

Optimization of the Measurement Procedure with HCy

The differently concentrated homocysteine solutions (0, 10, 100 uM in ddH»0) were incubated
in a 1:10 ratio with AgNPs (d=30 nm) for 30 min at rt. For the different procedures
(Figure S5.1 b), 30 pL of this mixture were either dried on the SPCE and 0.01 or 0.1 M KCl added
before the measurement (dried, orange) or dropped onto a KCl electrode (fluid, blue). Then,
DPV was performed from -0.2 V to 0.2 V with tous=50 ms, Estep=10 MV, Eamplitude=80 mV and
scan rate=20 mV-s™'. To investigate different settings (Figure S5.1 a), 30 pL of the mixture were
pipetted on top of a KCl electrode and the electrochemical measurement was performed with
(light blue) and without (dark blue) pretreating the electrodes at 1.25 V for 60 s and -0.8 V for
30s.
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Figure S5.1. DPV peak area normalized to peak area of the blind (0 uM HCy), denoted as signal ratio,
against concentration of HCy for (a) different measurement settings and (b) different procedures.
Settings: with (light blue) and without (dark blue) oxidation, reduction pretreatment, measured with
fluid procedure. Procedures: dried AgNPs (orange), redispersed with KCI (0.01 M KCl, light orange;
0.1 M KCl, dark orange) or dried 0.01 M KCl, redispersed with liquid AgNPs (dark blue), measured
without pretreatment. Standard deviations were calculated based on three parallel measurements
on three separate SPCEs. Error bars represent mean values +10 (n=3).
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Size Dependence of the Electrochemical Signal with HCy

The differently concentrated HCy solutions (0, 10, 100 uM in ddH,0) were incubated in a 1:10
ratio with AgNPs (d=10, 30, 50, 80, 100 nm) at rt overnight to ensure complete aggregation.
Afterwards, 30 uL were measured on a KCl electrode electrochemically without pretreatment
(Figure S5.2). The graphs a and b show differential pulse voltammograms of AgNPs with
diameters of (a) 10 nm and (b) 80 nm after incubation with differently concentrated HCy
solutions. The plots c and d are different presentations of the same data, showing (c) the mean
peak area for each tested diameter or (d) the peak area normalized to the respective blind

signal, denoted as signal ratio.
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Figure S5.2. Exemplary differential pulse voltammograms of (a) 10 nm and (b) 80 nm diameter AgNPs
after incubation with increasing HCy concentration (from dark to light colored). (c) Peak area for the
tested AgNP diameters (in nm) after incubation with increasing HCy concentration (from dark to
light colored). (d) DPV peak area after incubation with increasing HCy concentration (from dark to
light colored) normalized to peak area of the blind (0 uM HCy) of the respective size, denoted as
signal ratio, against diameter of AgNPs. Standard deviations were calculated based on three parallel
measurements on three separate SPCEs. Error bars represent mean values +10 (n=3).
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Optimizations of Dry Procedure with HCy

In the course of the optimizations of the dried procedure, different trehalose contents were
tested. For this, a 1, 5, 10% (w/v) trehalose in AgNPs (d=30 nm) stock solution with 0.01 M KCl
was prepared. Then, 100 pL of this solution was dried on the SPCE overnight at 50 °C. For the
measurement, 20 uL HCy (0, 10, 100 uM in ddH,0) and 10 pL ddH,O were added and incubated
for 1 h at rt. Afterwards, the electrochemical measurement without pretreatment was

performed (Figure S5.3).
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Figure S5.3. DPV peak area normalized to the respective blind signal measured in electrodes with
100 pL of AgNP mix with different trehalose content w(Trehalose) (0.01 M KCl in AgNP (d=30 nm))
dried at 50°C overnight incubated with 20 pL of differently concentrated HCy solutions (lighter color
indicates higher concentration). Standard deviations were calculated based on three parallel
measurements on three separate SPCEs. Error bars represent mean values +10 (n=3).
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Next, different volumes (30, 50, 100 pL) of the 10% (w/v) trehalose in AgNP (d=30 nm) stock
solution with 0.01 M KCI were dried on the SPCE at 50 °C overnight. The measurement was

performed as just described (Figure S5.4).
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Figure S5.4. DPV peak area normalized to the respective blind signal measured in differently
produced chips with different volumes of AgNP mix V(AgNPs) (10% (w/w) trehalose, 0.01 M KCl in
AgNP (d=30 nm)) dried at 50°C overnight incubated with 20 uL of differently concentrated HCy
solutions (lighter color indicates higher concentration). Standard deviations were calculated based

on three parallel measurements on three separate SPCEs. Error bars represent mean values +10
(n=3).

106



Easy Electrochemical Aggregation Assay for Quantification of Creatinine at the Point-of-Care

Kinetic Colorimetric Creatinine Quantification via modified Jaffe’'s Reaction (Cromatest

by Linear Chemicals)

To form the working reagent, picric acid (25 mM in ddH,O) was mixed in a 1:1 ratio with alkaline
buffer (300 mM phosphate buffer, pH 12.7+2 g-L" SDS). A creatinine solution (177 pM in
10 mM phosphate buffer, pH 7) was used as standard and a 1:50 diluted synthetic urine in
ddH>O as sample. All three solutions were preincubated at 37 °C. Then, 1.0 mL of working
reagent was mixed with 100 pyL sample or standard in a 10 mm PMMA cuvette and the
absorbance was measured against ddH,O after 30 s (A1) and after 90 s (A2) at 510 nm using a
Cary50 Bio UV Visible spectrophotometer from Varian. The absorbance values can be found in
Table S5.1.

Table S5.1. Absorbance values measured after 30 s (A1) and 90 s (Az) for the standard (177 uM

creatinine in 10 mM phosphate buffer, pH 7) and sample (1:50 diluted surin in ddH.0), threefold
determination each.

A1 (a.u) | A2 (a.ul)

standard | 0.0623 | 0.0766
0.0594 | 0.0725
0.0594 | 0.0709

sample | 0.0684 | 0.0727
0.0673 | 0.0737
0.0580 | 0.0635
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Additional Creatinine Measurement in Undiluted Surin
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Figure S5.5. Exemplary differential pulse voltammograms of PA-AgNPs after incubation with 4 mM
creatinine in undiluted surin (black) and 1:10 diluted surin (grey) for 10 min.
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6 Conclusions and Future Perspectives

This thesis discusses the development of electrochemical biosensors for clinical analysis
employing silver nanoparticles as signal amplification tags. It was shown that AgQNPs are highly
versatile and can be used in optical, as well as electrochemical sensing, as marker or surface
modifier. However, up to date these techniques are rarely applied for clinical analytes at the
point-of-care due to toxicity and stability concerns. To show their real benefit as signal
amplification tags in electrochemical applications, AQNPs were compared to the more
commonly used gold nanoparticles in a simple model immunoassay. Silver is less noble than
gold and therefore possesses higher instability. This leads to (i) a higher electrochemical activity
and with that better signal amplification ability. Thus, the LOD of the model bioassay is
improved by a factor of 6.5 by switching from gold to silver. Moreover, (ii) redox reactions take
place at lower potentials (25 vs. 250 mV), which renders the detection less sensitive to
interferences, especially in biological matrices, and expand the range of possible electrode
materials. AQNPs are already the most abundant commercialized nanocompound [1] due to
their various applications based on their biocidal properties. This makes them easily obtainable
and relatively low-cost, which are ideal conditions for their extended use in biosensors. Current
advances in research with respect to surface modifications or different stabilizing matrices, as
done in this thesis, enable long-term stability of the AgNPs. With this, they can lead the future

development of electrochemical biosensors.

The most common POC self-testing format is the lateral flow assay. LFAs enable simple one-
step assays and usually, include optical detection. Lately, also electrochemical LFAs were
developed [2], which combine the ease of handling with high miniaturization potential and
low-cost hardware. However, membrane-based systems suffer from the unavoidable variability
of membrane and fleece fabrication. Furthermore, each LFA concept must use enough volume
to saturate the membrane material, which either requires two-step procedures or large sample
volumes, which excludes finger prick samples. Therefore, other test formats are employed by
now, as the here presented microfluidic approach. Especially for self-testing, simple execution
of the testing procedure is key. The development of miniaturized microfluidic pumps and
further equipment enables the use at the POC. Generally, microfluidic systems are utilized
frequently in clinical analysis with high sensitivity and reproducibility and they have been

thoroughly investigated. After further miniaturization, the here developed microfluidic
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approach with its simple production, procedure and high stability of all-dried reagents is

strongly suited for self-testing.

However, the additional equipment renders the self-testing device more expensive and
washing on the chip is difficult to perform in this setting. Therefore, an aggregation assay was
employed as a different membrane-free format. A suitable surface modification-analyte
combination is essential for the selectivity of this technique due to the colloidal instability of
AgNPs. The electrochemical detection is simple and fast with only minimal hardware
requirements. Moreover, the principle can be used flexibly for different analytes, as long as
they are able to induce selective nanoparticle aggregation. Via changing of the sample to AgNP
ratio, the assay can be adjusted to various concentration ranges depending on the chosen
analyte. The stability of the reagents in dry form enables long-time storage of the self-testing
device and easy performance by the user. After simple addition of the sample and incubation,
no washing is needed, and the electrochemical measurement can be performed directly. The
scope of this aggregation assay can be easily extended further to different analytes and

matrices.

For both, the immunoassay and the aggregation assay, the standard deviations are not yet in
the acceptable range for clinical sensing. Therefore, next steps should include further
miniaturization and prototyping in order to improve the reproducibility by automated
production. Moreover, the screen-printed carbon electrodes should be replaced by roll-to-roll
fabricated carbon electrodes, produced in-house at Roche. This would cancel out the variability
of the externally purchased screen-printed carbon electrodes, reduce the cost of the final
clinical self-testing devices and ease the production of microfluidic chips due to its flexible
substrate. The principal of electrochemical sensing developed in this thesis using AgNPs as
label is highly promising for future POC applications and can potentially replace the nowadays
commonly used AuNPs due to their versatile and highly sensitive use in clinical sensing. There
is still development necessary and important in the AgNP as well as in the POC field.
Understanding the toxicity and processes connected to AgNPs is still pending. Moreover, most
research focuses mainly on lowering of the limit of detection or developing and employing
new materials or detection techniques, while the research in the POC field stagnated in the last
years. However, decreasing the sample volume, cost and time demand as well as increasing

the ease of handling and selectivity should be just as important in further investigations to
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make the newest research successes also accessible to the POC field. The COVID-19 pandemic
taught us, that versatile, reliable, and sensitive POC testing is and will be crucial looking into
the future. Therefore, it is inevitable that the advances in research, for example the increased

stability of AgNPs, are used to design and develop new, superior POC strategies.
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