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Abstract

Surface plasmon resonance (SPR) and its extensions, surface plasmon resonance ima-
ging (SPRi) and surface plasmon resonance microscopy (SPRM) both enabling visua-
lization of the sensor surface, belong to classical, indispensable highly sensitive and
robust optical (bio)analytical techniques to study affinity processes on a surface. Ne-
vertheless, SPR and SPRi/SPRM undergo a continuous development in regard to the
improvement of sensitivity. The main challenge in this direction is attributed to the
separation of signals due to the binding of analytes and those due to the bulk effect.

The main task of the present thesis was to apply different strategies to improve
the performance of SPR sensing. Within this scope, two main objectives were pur-
sued: (1) implementation and realization of a so-called internal referencing towards
suppression of the bulk effect leading to an improvement and optimization of the
signal-to-noise ratio (SNR) and (2) application of wide-field (WF)-SPRM to detect, to
visualize and to characterize single nanoparticles adsorbed to modified surfaces.

The first objective of this thesis comprises the realization of three different internal-
referencing approaches. In the first approach, a self-referencing effect based on arbi-
trarily distributed micro-patterned self-assembled monolayer (SAM) containing sen-
sing and referencing spots was realized. Measurements of classical antigen-antibody-
interaction resulted in a 10-fold improvement of the SNR by suppression of the bulk ef-
fect and the corresponding microfluctuations of the bulk temperature. The application
of the second internal-referencing-approach, ionic referencing, acting as an assessment
of patterned SAM was realized using electrolytes with a high molar refraction of ei-
ther anions or cations to micro-patterned SAM combined with WF-SPRM as detecting
technology. As a result, successful, unobtrusive visualization and spatial distinction
of micro-patterned surfaces was shown. Unlike visualization of micro-scaled surface
areas, the application of spatio-temporal referencing in WF-SPRM, as a third type of
internal referencing, enables to detect, moreover to visualize and localize, smallest
changes in refractive index near/on the sensor surface.

In that sense, the second objective of this thesis was dedicated to the application
of the WF-SPRM technology combined with spatio-temporal referencing to detect, to
visualize, to quantify and to characterize single nanoparticles adsorbed to the sensor
surface; here, nanoparticles act as analyte species. As a result, adsorption of single
nanoparticles of different materials and sizes both to homogeneously and heterogene-
ously coated surfaces was successfully investigated. Based on a sophisticated image



analysis, successful detection and characterization of single nanoparticles in complex
media such as wine, juice and sun cream was performed showing an apparent limit
of detection about 10® nanoparticles ml~!, which can be significantly decreased by
increasing the measurement time or by increasing the measurable sensor area.
Besides being a powerful solution for nanoparticles analytics, the WF-SPRM tech-
nology represents a base to develop novel, ultra-sensitive and fast (bio)sensing plat-
forms. Within this scope, enzyme-assisted generation of nanoparticles was studied.
Among several enzymes investigated, alkaline phosphatase (ALP) was shown to be
the most appropriate one to mediate formation of gold nanoparticles within first mi-
nute(s). Applying WE-SPRM as main detecting technology, successful detection, vi-
sualization and quantification of single gold nanoparticles generated by ALP both
unbound in solution and immobilized as an enzyme-antibody-conjugate to the sensor

surface was performed.
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Zusammenfassung

Oberflachenplasmonenresonanz (engl. surface plasmon resonance, SPR) und deren
Erweiterungen Oberflachenplasmonenresonanz-Imaging (SPRi) und Oberflachenplas-
monenresonanz-Mikroskopie (SPRM) gehoren zu den klassischen, unverzichtbaren,
robusten und dufierst empfindlichen Messtechnologien, um Affinitdtsprozesse auf mo-
difizierten Oberflichen zu untersuchen. Nichtsdestotrotz unterliegt diese Messtech-
nologie einem kontinuierlichen Entwicklungsprozess hinsichtlich der Messempfind-
lichkeit. Dabei stellt die Trennung des Affinitdts- vom Volumensignal die grofste He-
rausforderung dar.

Das Ziel der vorliegenden Dissertation besteht in der Anwendung von unterschied-
lichen Strategien zur Optimierung der Leistung und der Empfindlichkeit von SPR-
basierten (Bio)sensoren. Um das Ziel zu erreichen, wurden zwei Anséatze verfolgt: (1)
Implementierung und Realisierung einer sogenannten internen Referenzierung zur
Unterdriickung des Volumeneffekts mit dem Ziel, das Signal-Rausch-Verhiltnis zu
optimieren und (2) die Anwendung von Weitfeldoberfldchenplasmonenresonanzmi-
kroskopie (engl. wide-field (WF)-SPRM) zur Detektion, Visualisierung und Charak-
terisierung der Adsorption einzelner Nanopartikel auf modifizierten Oberflachen.

Im ersten Teil der vorliegenden Arbeit wurden drei Ansdtze zur Realisierung einer
internen Referenzierung verfolgt. Der erste Ansatz basiert auf der Anwendung einer
durch Referenz- und aktive Oberflichenbereiche mikrostrukturierten Beschichtung
der Sensoroberfliche. Messungen von Antigen-Antikdrper-Wechselwirkungen erga-
ben dabei eine 10-fache Verbesserung des Signal-Rausch-Verhiltnisses. Der zweite
Ansatz — ionische Referenzierung, um mikrostrukturierte Oberflichen mithilfe von
WE-SPRM zu untersuchen bzw. abzubilden — basiert auf der Anwendung von Salzen,
welche eine hohe Differenz in ihrer Molrefraktion aufweisen. Somit konnten schwierig
zu untersuchende monomolekulare Oberflichenstrukturen, die z.B. unterschiedliche
Oberflachenladungen aufweisen, sichtbar gemacht werden. Der dritte Ansatz basiert
auf der Kombination einer raumlich-zeitlichen (engl. spatio-temporal) Bildreferen-
zierung mit bildgebender WF-SPRM-Technologie, um duflerst minimale Anderungen
im Brechungsindex nahe der Sensoroberfldche visuell zu erfassen.

Gleichzeitig stellt dieser Ansatz den zweiten Teil der vorliegenden Arbeit dar:
Nachweis, Sichtbarmachung und Analyse der Wechselwirkung zwischen einzelnen
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Nanopartikeln und modifizierten Sensoroberflachen mittels hochstempfindlicher WE-
SPRM. Mit dieser Technologie konnten industriell hergestellte Nanopartikel unter-
schiedlicher Groflen, unterschiedlichen Materials auf unterschiedlich modifizierten
und strukturierten Sensoroberflichen untersucht werden. Des Weiteren war es mog-
lich, Nanopartikel sowohl in einfachen, wissrigen Medien als auch in komplexen
Fliissigkeiten (Saft, Wein, Sonnencreme) zu untersuchen, sichtbar zu machen und zu
quantifizieren. Der Nachweis einzelner Nanopartikel mittels WF-SPRM eroffnet neue
Perspektiven hinsichtlich der Entwicklung innovativer Sensorplattformen. In diesem
Sinne wurde die WF-SPRM-Technologie zur Untersuchung von enzym-vermittelter
Synthese von Nanopartikeln sowohl mit ungebundenem als auch mit an die Sen-
soroberfliche gekoppeltem Enzym erfolgreich eingesetzt.
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1. Introduction

The introduction and the state of the art originate with minor adaptations from the
published book chapter (sections 1-4):

Toward Ultrasensitive Surface Plasmon Resonance Sensors
SCHERBAHN, V., NIZAMOV, S., & MIRSKY, V. M.

Published in: Label-Free Biosensing: Solid State Micro- and Nano Biosensors, Advanced
Materials, Devices and Applications. A. Poghossian & M. ]J. Schoening (Eds.), 2017,
Springer.

DOI: 10.1007/5346_2017_21

Reprinted/adapted by permission from Springer Customer Service Centre GmbH:
Springer, Cham. Label-Free Biosensing. Springer Series on Chemical Sensors and
Biosensors (Methods and Applications), vol 16 by A. Poghossian & M. J. Schoening
(Eds.) (© Springer International Publishing AG 2018.



Chapter 1. Introduction

Affinity sensors form one of the main classes of chemical sensors. An exact de-
finition of this type of sensors could be found neither in IUPAC nor in other chemi-
cal literature. However, based on general logic of this commonly used term, it can
be defined as a type of chemical sensor whose output signal is proportional to the
concentration of analyte bound to the receptor layer. The story of affinity sensors is
almost a century long and it was probably started with the first attempts to use op-
tical techniques (for example, interferometry [1] or electrochemical methods [2]) to
study adsorption processes. The next important step in establishing the concept of
affinity sensing was an implementation of quartz microbalance [3, 4] — in combination
with intensive development of semiconductor electronics. A whole measurement sys-
tem was realized as a compact device. Namely, based on the quartz microbalance (in
some cases, the words quartz crystal microbalance are also used), the main application
fields of affinity sensors, such as affinity biosensors (immunosensors) or gas sensors
were formulated. The next important step in the development of affinity sensors was
the implementation of surface plasmon resonance (SPR). At the beginning of 1980’s,
the Swedish group [5] suggested to apply this physical phenomenon for chemical sen-
sing. After this pioneer work, the first commercial SPR-sensor was developed by the
Swedish company Pharmacia at the end of the 1980’s; later, this part of the company
was separated into BiaCore and then purchased by GE Healthcare [6, 7]. Further de-
velopment occurred extremely fast. Before the pioneer work, the resonance of surface
plasmons was known as a sophisticated physical effect only. Just 10-15 years later,
the abbreviation "SPR" became well known not only to physicists but also to chemists
and biologists while the method of SPR was established as a powerful instrument
for real-time label-free investigation of interactions of (bio)molecules in biochemistry,
pharmacology, supramolecular chemistry and in other fields of science and techno-

logy. Currently, over 20 different companies offer such devices.

1.1 State of the art

1.1.1 Surface plasmon resonance: Basic measurement configuration

The underlying physical principles of SPR are described in [8, 16, 17]. In the Kretsch-
mann configuration, which is most frequently used in SPR instruments, the SPR effect
is simply observed as a frustration of the total internal reflection of p-polarized light
from a thin metallic layer deposited on the surface of a glass prism. This effect oc-
curs due to the coupling of impinging light to the collective oscillations of electrons
(surface plasmons) on the surface of the highly conducting metallic layer (for exam-
ple, silver or gold). Oscillations of surface plasmons generate an electromagnetic wave
that penetrates to both sides of this surface. The intensity of this electromagnetic wave
decays exponentially, thus, it is called an evanescent wave. At resonance conditions,
the incident light is almost completely coupled to the surface plasmons thus achieving
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a manifold increase in the intensity of the evanescent wave. Small changes in the re-
fractive index within the penetration depth of the evanescent wave change resonance
conditions. This provides a way to make extremely sensitive measurements of adsorp-
tion of any species onto the resonant surface: just a few angstrom change in the mean
thickness of the adsorbed layer leads to a measurable signal. In such instruments the
p-polarized light beam is reflected from the thin metallic layer deposited on the sur-
face of the glass prism (Fig. 1.1a). The reflectivity (ratio of reflected and incident light
intensities) in this case depends on the coupling condition of incident light to surface

plasmons:

_2n €162

k =
A €1t e

ZTN\/%sinG (1.1)

where k, is the wavenumber, A is the free-space wavelength of incident light, 0 is its in-
cidence angle, €y, €1 and €; are complex dielectric permittivities of the glass, metal film
and aqueous solution, correspondingly. The plot of the reflectivity of SPR biosensor
versus incidence angle (and/or wavelength) shows a strongly pronounced dip. The
exact position and shape of the reflectivity dip, caused by SPR, depends only on e,
if other parameters (€9, €jand ) remain constant. Thus, the SPR curve provides in-
formation on the dielectric permittivity (correspondingly, on refractive index n using
the € = 1y relation) near to the exposed metal surface (Fig. 1.1a). An example of such
dependency of SPR curve is shown in Fig. 1.1. The SPR biosensor consists of a 50
nm gold layer deposited on the coupling glass prism exposed to the pure water. For
a better adhesion of gold to the glass surface, a 2 nm thick chromium adhesive layer
is considered. This layer was also taken into account in the calculations of the SPR
effect; however, its influence on this effect is minor. In case of deposition of a thin or-
ganic layer (¢,) on the gold surface, exposed to the aqueous solution (¢;,), the dielectric
permittivity (e2) and the refractive index (12) of media near the gold surface are not
homogeneous (Fig. 1.1a). To account for inhomogeneous distribution of refractive in-
dex near the gold surface (e; = f(z), where z is distance from the surface) the concept
of effective refractive index n,fy is useful [19]:

Neff = Zz/nz(z)ezizdz (1.2)
2

where n,(z) is the distribution of refractive index in aqueous media defined by refrac-
tive index of adsorbed layer (np) and bulk aqueous solution (7,), z is the penetration
depth of the evanescent wave into the aqueous media.

In Fig. 1.1b, SPR curves were calculated for an organic layer with refractive index
n = 1.49, which is close to that of proteins [20-22]. The deposition of a thin organic
layer on the gold surface increases the effective refractive index and the whole SPR
curve shifts to the right. This shift characterizes the thickness and the refractive index
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of the organic layer. This is the main idea of SPR application in chemo- and biosensors:
the high sensitivity of the resonance shift to minor changes of refractive index near the
resonant layer (within the substantial penetration of the evanescent wave) allows one
to use it as a highly sensitive refractometric transducer. Thus, the binding of analyte
to the sensor surface (Fig. 1.2) as a change of the effective refractive index An,fs can
be detected.

It follows from Eq. 1.1 that at constant optical properties (refractive index) of
participating media, SPR effect is determined by the incidence angle of impinging
light. However, most materials have a dispersion of refractive index whose value is
dependent on the wavelength (1 = n(A)). Thus, the SPR effect is dependent on the

a | .
i\ Evanescent I
' \\field intensity 1 €a _
i . : & } € Media
— | kx &1 Au
44° :\ %o Glass
Incident light = " > (15 Sﬂgféﬁgtl%?ér)
b) . c)
> 08- Thickness (nm) -
s 0 =
2 — 2
é _ x\\ _— 86 E
Q ) 10 S
0.4+
0.2
60 62 64 66 68 70 72 0 2 4 6 8 10

Incidence angle (degrees) Organic layer thickness (nm)

FIGURE 1.1: Kretschmann configuration for SPR measurement (a), SPR curves calculated for
different thickness of organic layer on the metallic surface (b) and corresponding reflectivity
changes measured at fixed incidence angle (64, 65 or 68 °) (c). Parameters for the calculation:
metallic layer consists from 2 nm Cr and 50 nm Au layer (refractive indices: Cr: 3.105 + 3.327i,
Au: 0.168 + 3.138i); glass (refractive index 1.615); wavelength: 650 nm; organic layer: refractive
index 1.49; thickness of the organic layer: 0, 2, 4, 6, 8 or 10 nm. The organic layer is contacting
with water at 22 °C (refractive index 1.3317). (Reproduced from [18])



1.1. State of the art

0.008 -
000641 - S [ i
= 0.004 Wr M [/\ - ,ﬁ,/_’/ ‘(/“E oy
0.002 3 —~g ; |
0.000 2 ' | ‘ -
0 50 100 150 200 250 300
t [min]

FIGURE 1.2: Typical SPR sensogram denoting the change of the effective refractive index
(Anegr): (1) sensor calibration by subsequent injections of water and 600 mM NaCl in wa-
ter. Next steps: (2) running buffer, (3) covalent coupling of human serum albumin (HSA), (4)
running buffer, (5) monoclonal anti-HSA antibody, (6) running buffer, (7) elution buffer, (8)
running buffer, (9) polyclonal anti-HSA, (10) running buffer, (11) elution buffer, (12) running
buffer. (Reproduced from [23])

wavelength of the impinging light as well. Correspondingly, there are three prime
approaches to realize a sensor based on SPR:

1. Fixing the wavelength of incident light and measuring the angular dependence
of SPR reflectivity (the full SPR curve or just the angle of SPR dip, also known as
an angular interrogation).

2. Fixing the incidence angle and measuring the wavelength dependence (SPR
spectra, wavelength interrogation).

3. Fixing both the incidence angle and wavelength, measuring the intensity (or
phase) of the reflected light.

The first approach is based on the fixation of the wavelength and on the measure-
ment of the position of the SPR minimum (SPR angle) by variation of the incidence
angle. This requires measurements at some angle range around the resonance angle.
Namely, this approach was realized in the first commercial SPR device from Biacore
and later in the SPR micromodule SPREETA developed by Texas Instruments. To ex-
clude the necessity to use moveable parts, the angle dependence was measured for a
divergent (or convergent) light beam using a linear array of photodiodes (the principle
is described at www.biacore.com or in [24]). Using a rotating prism (it was realized in
the device of Biosuplar) leads to lower sensitivity but allows one to extend the angle
range. From the angle dependence of reflectivity, the resonance angle is determined
as the angle of minimal reflectivity. The angle shift due to the adsorption characterizes
the thickness of the adsorbed layer (Fig. 1.1b). In the second approach (wavelength
interrogation), the dispersion of the dielectric permittivities leading to the wavelength
dependence of SPR is exploited. The main contribution into this dependence is pro-
vided by the dispersion of metals, which can be described by the Drude model. By
measuring the wavelength dependence of the reflected light at fixed incidence angle,
the SPR effect can be measured as a dip in the reflection spectra. The position of this

5
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(a) receptor bound ligand (b)

molecules @
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FIGURE 1.3: (a) Schematic of a sensor array in a SPR-imaging setup. (b) Integral SPR-image of
a 3 x 3 sensor array prepared according to [19]. Scale bar 200 ym.

dip (its wavelength) characterizes the adsorption. Either approach is practically effec-
tive for measuring a single or few SPR signals. For the high-throughput application
of SPR sensors, however, simultaneous measuring of many SPR signals is essential.
An efficient way of implementing this is by imaging of SPR sensor surface. Since im-
plementation of angular or wavelength interrogation for SPR imaging is difficult, in
this case, the third approach is mainly used. In the third approach, both wavelength
and angle of the incident light are fixed, and the intensity (in more advanced instru-
ments — the phase) of the reflected light is measured. Such a case is shown in Fig. 1.1c
where the light with a wavelength of 650 nm is incident at an angle of 64°, and due
to an increase in the thickness of the organic layer the SPR curve shifts to the right
resulting in an increase in the reflected light intensity. If the incidence angle is larger
than the resonance angle (Fig. 1.1c, 68° curve), the sensor response becomes negative:
an increase in the thickness of the organic layer results in decrease in the reflected
light intensity. All three approaches to measure SPR are well presented in scientific
literature [8, 9, 13]. The features of the approach based on the variation of angle or
on simultaneous measurements at different angles were analyzed in [5, 25]. The mea-
surements based on the variation of wavelength at fixed incident angle were discussed
in [26-28]. This approach provides a high sensitivity at higher wavelengths, when the
resonance is sharper, therefore it is often used in the near infra-red range [29, 30]. The
approach based on the measurement of light intensity provides the simplest realiza-
tion: such a device does need neither a spectrometer nor precise mechanical parts.
At the same time, focusing of the image of the SPR sensor area on the image sensor
(camera) enables an important extension of SPR technology — SPR imaging (SPRi) or
SPR microscopy (SPRM) [31] (Fig. 1.3). The difference between these terms is only the
magnification and lateral resolution. SPRi is mainly applied for characterization of ho-
mogenous films where a high magnification and/or resolution are not required [32].
The simultaneous real time imaging of the entire sensor surface in SPRM/SPRi has a
lot of advantages, e.g., it provides a development of high-throughput, multiplexed
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or self-referencing sensors [32-34] while their low lateral optical resolution is out-
weighed by extremely high sensitivity in transversal direction. Due to these features,
SPRi is now widely used in surface science and in bioanalytical chemistry, particularly
in chemo- and bio- sensing. The immobilization of capturing entities or ligands is usu-
ally carried out off-line by spotting of the selective ligands in a microarray format [35],
as can be seen in Fig. 1.3. The binding of analytes leads to a change of the spot inten-
sity that correlates with the amount of bound analyte. Examples of such applications
are described in [36].

1.1.2 Main factors limiting the performance of SPR-based sensors

As shown by Eq. 1.1 and Eq. 1.2, SPR sensors are based on the transducing of effec-
tive refractive index (1,¢¢) of adjacent media into the optical response. Therefore, a
SPR sensor can be used for measuring both physical and chemical effects that influ-
ence the refractive index within the penetration of the evanescent wave. This fact also
explains the versatility and the wide application field of SPR sensors, as well as the
fact that SPR sensors are inherently non-specific by the measured process. Therefore,
the development of affinity chemo- and biosensors, where the sensor surface is spe-
cifically modified to detect an analyte, only partially solves the problem of the signal
specificity. As the evanescent field penetrates into the background much beyond the
receptor—-analyte layer, the detected signal may also include changes in refractive in-
dex due to fluctuations, e.g., by temperature, composition of the background solution,
inhomogeneous distribution of the analyte concentration in the background solution,
or unspecific adsorption of other compounds. In addition, the measurement setup
may also have mechanical drifts (influencing e.g., the actual incidence angle), tempe-
rature drifts (causing e.g., the change of refractive index of substrate and plasmonic
layer on it), wavelength and/or polarization fluctuation of the light source, noise of
the detector itself etc. Therefore, the resulting SPR signal contains contribution from
both useful signal (e.g., due to specific adsorption of analyte) and undesired noise.
Correspondingly, the applicability of SPR sensor for a particular case is determined
by the value of the signal-to-noise ratio (SNR). Therefore, the improvement of SPR
sensors can be roughly divided into two directions: (1) increasing of the useful sig-
nal or of SNR and (2) separation of the contributions of the surface layer (the layer of
receptor and adsorbed analyte) and that of the bulk effect (effect of the background so-
lution). The first goal is mainly achieved by optimization of the receptor layer, metallic
resonant layer and instrumentation, as well as by development of new measurement
configurations. The second goal is achieved by introduction of internal referencing
into SPR sensing. Both aspects will be discussed in the next sections.
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1.1.3 Increase of signal magnitude and singnal-to-noise ratio
1.1.3.1 Optimization of the receptor layer

First reports on application of SPR for chemical sensing and biosensing [5, 37] were
performed using a silver resonant layer to investigate just physical adsorption. How-
ever, the further development of this technique was highly favoured by the discovery
of an extremely strong gold-thiol bond [38]; which has resulted into intensive deve-
lopment of technology of self-assembled monolayers [39-42]. The interaction of thi-
olates with such metals, like gold or silver (as well as nickel, copper, mercury and
few others), leads to the formation of a bond with an energy of ~50 kJ/mole [39, 42].
This value is essentially higher than the typical energy of a hydrogen bond, but is still
few times lower than the typical energy of a covalent bond (~400 kJ/mole). The for-
mation of self-assembled monolayers (SAM) by thiolated compounds on metallic sur-
faces has provided a solution for the long-term problem of biomolecule immobiliza-
tion on metallic surfaces. The technology is well compatible with industrial needs. An
expelling of non-thiolated compounds presented at much higher concentrations [43]
decreases the requirements of surface purity. Therefore, since the middle of 1990’s, the
typical approach of immobilization of biomolecules on gold surface (or silver; other
metals are used very seldom) has been based on the following steps: (i) deposition of
a SAM of w-functionalized (typically — carboxy-functionalized (-COOH)) alkylthiol,
(ii) chemical conjugation of biomolecules to the functionalized groups of the SAM.
Numerous literature data demonstrate the possibility to use almost any type of
thiolated molecules for the formation of SAM [39, 44-49]. However, from the thermo-
dynamic point of view, a monomolecular layer (even with a high but finite binding
energy to the surface) cannot be in equilibrium with a liquid containing a zero con-
centration of such molecules — it would lead to an infinitely high gradient of chemical
potentials between the deposited layer and the volume phase. Therefore, one can ex-
pect only a strong suppression of kinetics of spontaneous desorption. This apparent
stability is expected to increase with increasing of the energy of these molecules in the
liquid phase. The spontaneous desorption can be simply measured using monitoring
of the electrode capacitance [40] or radioactive approaches [50]. For -COOH alkylthi-
ols the desorption rate becomes impossible to be measured by capacitive monitoring
during 1000 min incubation if the length of the hydrophobic chain of these molecules
reaches 15 methylene groups. Assuming an about 25 times ratio between electric ca-
pacities of coated and uncoated electrode and a ~0.5% sensitivity of the measure-
ment, one obtains a desorption rate below 1 molecule from 10° molecules per second.
The stability can be also improved by the cross-linkage of thiol molecules by immobi-
lized proteins [40]. Another approach to improve the stability of the gold—thiol bond
is based on the application of thiol compounds with two [51] or more [52, 53] thiol
groups; in this case, the water solubility of the compound is essentially less important

and even well soluble thiolates form very stable monolayers.



1.1. State of the art

Chemical conjugation of receptor molecules to the functional group of formerly de-
posited SAM can be performed by different techniques [47, 54-56]. One of the mostly
used techniques providing a well reproducible and highly effective immobilization is
to form a peptide bond between the -COOH group of the SAM and the primary -NH>
group of the biomolecule. This approach includes an activation of the -COOH group
by water soluble 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) [57-59] fol-
lowed by the reaction with the -NH; group. EDC is sometimes used in a mixture with
an additional activating reagent, N-hydroxysuccinimide (NHS) [59, 60], which cataly-
tically affects the reaction. To the immobilization approaches established during the
last two decades also belongs the "click" chemistry [61, 62] and the oriented immobi-
lization of antibodies through their preliminary oxidized sugar group [63]. However,
due to a rather complicate chemistry and expensive reagents, the application of these
techniques is still relatively limited. The development of technologies of SAM-based
immobilization of biomolecules, which occurred in the same time as the introduction
of SPR technology, was an extremely important promoting factor for the fast develop-
ment and expansion of this type of affinity sensing. On the other hand, the progress
in surface chemistry provided a possibility to make a precise design of the sensor sur-
face and to realize conditions for maximal efficiency of SPR measurements. It was
performed by introduction of three-dimensional receptor layers.

The typical size of protein molecules is 3-10 nm, but the penetration depth of the
evanescent wave into aqueous phase is ~ 150 nm for 600 nm wavelength of the inci-
dent light increasing slightly superlinear till a penetration depth of ~750 nm for 1100
nm wavelength of the incident light [64]. Therefore, in measurements of monomolecu-
lar protein layers at 650 nm, their contribution into the effective refractive index is only
a few percent. Correspondingly, the SPR signal is dominated by the refractive index
of the media and the effect of protein layers is relatively lower. This was a motivation
to immobilize receptors into three-dimensional matrix of hydrogel with a thickness of
about 100 nm [6, 24, 65]. However, due to the necessity to provide a diffusion of the
analyte through this hydrogel, it should be very porous. Moreover, the randomly im-
mobilized receptor molecules are at some distance from the SPR sensor surface, thus
decreasing their impact on the effective refractive index. However, already at the con-
centration of receptors equivalent to 1.5 monolayers, the overall SPR signal is larger
than for the dense monolayer directly on the sensor surface [6]. Therefore, the imple-
mentation of this approach allows one to increase the SPR effect for several times due
to the binding of analyte with the immobilized receptor [6].

1.1.3.2 Optimization of the reslonant layer

Two metals are mainly used in resonant layers for chemical sensors based on SPR —
gold and silver. Only recently, aluminium also gained an attention due to its plas-
monic properties in the blue range [66]. Gold is chemically much more stable than
silver. On the other side, silver provides lower absorption losses in the visible and
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FIGURE 1.4: Bimetallic silver/gold (Ag/Au) resonant layers provide a more sharp surface
plasmon resonance than gold solely (a) and were shown to be stable for at least 140 days at
room temperature (b).

near infrared optical ranges; hence, it possesses a narrower resonance curve pro-
viding a higher SNR of SPR-based chemical sensors. To combine the advantages of
both metals, a new structure of resonant metallic film based on bimetallic silver/gold
(Ag/Au) layers was suggested (Fig. 1.4): a layer consisting mainly from silver but
with a thin protective gold layer on the surface. An implementation of this idea for
Ag/Au bimetallic layers with the ratio of thicknesses of 3:1 resulted in about 40% im-
provement of the SNR (Fig. 1.4a) [67]. This result was reproduced in [68]. It was also
observed that thinner silver layers possess a high surface roughness limiting the sen-
sor performance. The stability of the surface layer was so high that the authors have
applied this sensor for electrochemical measurements; surprisingly, such sensors with
immobilized receptors demonstrated a much higher improvement of SNR of up to 2.7.
Later, bimetallic Au/Ag resonant layers were applied for sensitivity improvements in
the experiments by the Biacore 3000 device [69]. The chips were stable during 6 cycles
of measurements and regeneration.

The sensitivity of SPR sensors based on bimetallic layers of gold with silver, alu-
minium and copper was analyzed in [70]. It was shown that bimetallic Au/Ag reso-
nant layers also increase the sensitivity of another type of SPR - long-range SPR [71].
Long range SPR is observed when a thin layer with low refractive index is deposited
between glass prism and metallic resonant layer [72, 73]. This leads to a large increase
of the penetration depth of evanescent wave and to a higher amplification of the mag-
nitude of this wave. In this case, a substitution of the gold layer, separated from the
glass prism by a 500-650 nm thick layer of magnesium fluoride, by a silver - gold
bilayer resulted in a more sharp resonance [71]. The gold layer deposited on the sur-
face of silver layer not only protects the silver layer against oxidative damage but also
participates in the formation of resonant media for surface plasmons. However, it is
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not necessary, and instead of gold, other chemically inert materials can be used. An
interesting result was obtained in [74]: a deposition of 15-25 nm of titanium dioxide
(TiO2) on the surface of a silver resonant layer not only protects silver against oxida-
tion but also increases the sensor sensitivity to changes of the refractive index for over
10 times. Discussions about Au/Ag bimetallic layers often lead to a criticism because
of an expected very limited temporal stability: a mutual diffusion of metallic atom can
lead to the formation of mixed metallic layer with poor chemical stability. However,
an investigation of metal distribution performed by layer by layer laser ablation after
140 days storage at room temperature (the data were generously provided by Dr. A.
Zybin) demonstrated that despite of measurable diffusion of silver atoms to the gold
surface, the layered structure of the sample was still preserved (Fig. 1.4b).

There is a distinctly defined optimal thickness of the gold layer for defined re-
fractive index of glass, resonant metal and dielectric phase near to the gold surface
(e.g., water). Any deviation from the optimal geometry of layers leads to the less pro-
nounced resonance. It was shown that even so small change of the root-mean-square
(RMS) roughness as its increase from 1.31 to 1.40 nm leads to a decrease in sensor
performance [75]. On the other hand, a formation of structures of the size compara-
ble with the wavelength affects (like in nanostructured SPR sensors) the geometry of
the evanescent wave. Considering a formation of these structures as an increase of
roughness, one can expect less pronounced resonance peaks. In the same time, the
change of the layer geometry due to formation of surface structures leads to the gra-
dual change of the evanescent field from planar to spherical geometry resulting into
a decrease of the penetration depth. Correspondingly, the influence of the adsorbed
layer is amplified; the influence of the bulk phase on the SPR signal is attenuated. Such
effect of SNR improvement was observed in [76, 77]. In contrary, in [78] only about
20% increase of sensitivity were observed. The increase of sensitivity for some types
of columnar resonant films was studied experimentally and theoretically in [79, 80].
Notably, an increase of the microscopic area due to formation of different micro- and
nanostructures increases possible number of immobilized receptor molecules.

A formation of nano- and microstructured resonant layers in a perspective may
be a way for improvement of SPR sensors. However, it is a step into the direction of
chemosensors based on localized SPR [81, 82] or terahertz metamaterials [83]; such
sensing principles are out of scope of this chapter.

1.1.3.3 Optimization of the incident angle

In the approach with the fixed wavelength and incidence angle, the strongest SPR re-
sponse (caused by a shift of the resonance curve) is observed when the incidence angle
corresponds to the steepest part of the SPR curve. At such condition, the sensitivity
(defined as s = é—ﬁ, where R is the reflectivity and 7 is the refractive index) exhibits
its maximal value. Usually, SPR measurements are performed at this angle. [84, 85]:

it provides the best detection limit if the noise is independent on the reflectivity. This
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may be the case if the noise level is determined by digitalization of the photodetector
current. However, in the better-designed devices the noise is additionally determined
by other factors, which lead to its dependence on the incidence angle. In particular,
this is the case when a shot noise or fluctuations of the laser intensity are the main
noise sources. Therefore, the noise dependence of the reflected intensity on the inci-
dence angle should be taken into account for optimization of the detection limit. Such
analysis was performed in [25]. The results of theoretical analysis demonstrate that
\%’% should be optimized instead of fi—ﬁ (Fig. 1.5).
For detectors based on the charged coupled devices (CCD) at optimal light intensity

for the case of shot noise the value

or if the noise is limited by fluctuations of irradiation source, the value of Z%ﬁ should
be optimized. These predictions were confirmed by experimental data [25]. Current
fabrication technologies of gold-coated glasses for SPR applications cannot provide an
exact thickness of resonant layer and its perfect smoothness. Therefore, even though
SPR conditions are matched, the SPR reflectivity is not zero as it could be theoretically.
In practice, some residual reflectivity is observed instead. Therefore, an enhancement
of the SNR by optimization of the incidence angle requires measurements of the rela-
tive sensitivity versus the incidence angle for each gold-coated glass substrate. This
is time consuming and can hardly be realized. However, taking into account that ‘;—5
is proportional to %{, an optimization of angle (for the case of CCD noise or fluctua-
tions of light intensity) can be obtained from the angle dependence of reflectivity as a
maximum of the absolute value of % In analogy, for the shot noise the value of %
can be optimized, as well. The measurements of the angle dependencies are provided
by many commercial SPR devices. The analysis of this dependence calculated from
experimental data (using Biosuplar-321 SPR spectrometer, A = 650 nm, 50 nm Au on
glass with n = 1.6) shows the value of the optimal angle to be ~0.2 ° before the reso-
nance angle for negligible residual reflectivity and ~ 0.6 ° before the resonance angle
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for 9% residual reflectivity.

The application of this optimization resulted into an improvement of the SNR for
~ 2 times for CCD detection or for ~ 3.5 times for photodiode detection in comparison
with the measurements at maximal sensitivity. However, the calibration curve (SPR
response dR versus dn change of effective refractive index) at the angle of enhanced
detection power deviates more from linear dependency compared to such calibration
curve at traditional incidence angle. For most of SPR applications, such deviation is
tolerable and can be corrected by calibration. The developed approach was further
applied for numerous applications including the detection of nanoparticles by wide-
field SPR microscopy [86-90].

1.1.3.4 Instrumental improvement of SPR sensitivity

A number of techniques for improvement of SPR sensitivity is based on the develop-
ment of new measurement technologies without any modification of the resonant- or
receptor layers. Some of them, which include a referencing relative to the bulk phase,
form a large and special group of SPR techniques and will be discussed in the next
section. A drastic improvement of SPR sensitivity can be achieved by measuring the
phase shift of the reflected light [91-96], however, this requires complicated, often en-
vironment susceptible, optical setups. Along with that, without further complication
of measurement principle, the high sensitivity leads to a small measurement range.
For these reasons, in practical applications the intensity-sensitive SPR sensors have
found much wider adoption than phase-sensitives ones.

An improvement of sensitivity was reached by using a bi-cell photodetector [97]: a
small shift in the position of SPR minimum angle is detected as the differential signal
of this photodetector. A normalization of the differential signal to the sum of the
photodiode signals allowed one to exclude an influence of ambient light.

Several methods based on modulation techniques were suggested. The method
based on small modulation of the incidence angle by a piezo-electrical actuator was
reported in [98]. At resonance conditions, the reflectance signal detected by a lock-in
amplifier equals to zero. The resonance shifts are measured as a deviation from zero
or through a feedback signal, which adjusts the angle of incidence to match resonance
conditions changed due to the sorption. Another modulation-based approach was
realized by means of a tuneable acousto-optical filter [99].

Zybin et al. suggested a modulation based on using two lasers with different
wavelengths [100]. This idea was implemented by using the wavelength modula-
tion without moving instrumental components. Unlike spectroscopic scanning of the
wavelength, in the double-wavelength approach only two laser beams with different
wavelengths irradiate in parallel the same surface area [100]. Illumination conditions
are chosen so that for given SPR conditions the corresponding photodetector currents
are equal (Fig. 1.6). However, the shift of SPR conditions will destroy this balance and
resulting into an alternative current (AC) signal at the photodiode. Hence, AC signal
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value was used to characterize the SPR shift and, consequently, the adsorption pro-
cesses. Such referencing allows compensating not only the effect of ambient and/or
scattered light but also of possible change in the resonance width. Later, this approach
was extended for imaging [101]. A detection limit of An ~2 x 10~° was achieved.
However, this double-wavelength approach was realized exploiting lasers with very
close wavelengths — 785 nm and 830 nm - leading to similar penetration depths of their
evanescent waves: ~ 340 nm and ~ 380 nm, correspondingly [64]. The small difference
between the penetration depths did not allow one to apply this approach for referen-
cing to separate bulk and volume effects; therefore, it was performed by traditional

macroscopic spatial referencing (section 2.1).
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FIGURE 1.6: Differential SPR measurement at two wavelengths. The measurement point cor-
responds to the negative and positive slopes of the shorter (A1) and longer (A,) wavelengths,
correspondingly.
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1.2 Aim and scope of the thesis

Among optical measurement techniques, surface plasmon resonance (SPR) and its ex-
tensions SPR imaging (SPRi) or SPR microscopy (SPRM) have become key technolo-
gies to sensitively measure and monitor binding/affinity processes on surfaces. In
spite of a comparable high sensitivity, the SPR is still under continuous development
regarding instrumental and methodological aspects. The major drawback, intrinsi-
cally accompanying SPR measurements, is the separation between the signal obtained
by surface interactions and that due to bulk effects (section 1.1.2). By overcoming this
issue, a higher signal-to-noise-ratio (SNR) is expected resulting in a lower limit of de-
tection (LOD). Within this scope, several approaches were suggested to improve the
performance of SPR sensing e.g. by optimization of the receptor and resonant layers
as well as of the measurement setup and instrumentation (section 1.1.3).

The main goal of this thesis relies on application of different techniques and tools to
improve the performance in SPR sensing. Two main directions were pursued to attain
this goal: (1) implementation of an internal referencing and (2) application of wide-
tield (WF)-SPRM to detect single nanoparticles on modified surfaces. The results are
presented as four published articles referring to sections 2.1-2.4 and as one article in
preparation referring to section 2.5.

The first task of the present thesis was to realize a self-referencing SPR sensor based
on heterogeneously micro-patterned self-assembled monolayers (SAM) consisting of
sensing and referencing areas. To develop such micro-patterned SAM - key feature en-
abling the self-referencing effect — a contact-less dispensing (spotting) technique was
applied. The results are part of section 2.1. In order to assess, mainly to visualize,
the micro-patterned SAM, an ionic referencing in wide-field (WF)-SPRM was imple-
mented, which is considered as the second task of the thesis. This approach relies
on application of electrolytes with a high molar refraction of either anions or cations
to patterned SAM bearing different functional surface properties. The results are de-
scribed in section 2.2.

The third task, in the same time representing the second direction of this work, was
to apply the WE-SPRM technology in combination with spatio-temporal referencing
to detect, to visualize and to characterize single nanoparticles on modified surfaces
(sections 2.3-2.5). In the first part, WF-SPRM was applied to investigate adsorption be-
havior of single nanoparticles from simple aqueous media to both homogeneous and
heterogeneous, micro-patterned surface coatings bearing different properties (section
2.3). Whereas in the second part, unlike in simple aqueous media, a template match-
ing approach in WF-SPRM was applied to detect and to quantify single engineered
nanoparticles in complex media such as wine, juice and sun cream (section 2.4). In the
third part, the WE-SPRM technology was applied to detect, to visualize and to quan-
tify enzymatically formed nanoparticles. This approach was suggested as a promising
base for novel ultra-sensitive (bio)sensing applications (section 2.5).
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2. Results

The results are presented as four published articles in peer-reviewed journals (sections
2.1-2.4) and as one manuscript in preparation (section 2.5) to be submitted to a peer-

reviewed journal.

Section 2.1: Self-referencing SPR-sensor based on integral measurements of light in-

tensity reflected by arbitrarily distributed sensing and referencing spots

Section 2.2: Ionic referencing in surface plasmon microscopy: visualization of the
difference in surface properties of patterned monomolecular layers

Section 2.3: Plasmonic detection and visualization of directed adsorption of charged
single nanoparticles to patterned surfaces

Section 2.4: Detection and quantification of single engineered nanoparticles in com-
plex samples using template matching in wide-field surface plasmon microscopy

Section 2.5: Plasmonic detection and visualization of single enzymatically synthe-

sized nanoparticles by means of wide-field surface plasmon resonance microscopy
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Chapter 2. Results

2.1 Self-referencing SPR-sensor based on integral
measurements of light intensity reflected by arbitrarily

distributed sensing and referencing spots

NIZAMOV, S., SCHERBAHN, V., & MIRSKY, V. M.

Published in: Sensors and Actuators B: Chemical, 207, 740-747. (2015)
DOI: 10.1016/j.snb.2014.10.022
Copyright (©) 2015 Elsevier

2.1.1 Abstract

A new approach for self-referencing in SPR biosensors is reported. The method is tech-
nologically simple and applicable for a wide range of existing SPR instrumentation
with Kretschmann configuration. It is based on the micropatterning of the sensor area
with sensing and referencing areas whose shape and distribution can be chosen arbi-
trarily and their characteristic sizes are larger than the plasmons propagation length.
Provided that roughly a half of the area is used as the sensing area while its optical
thickness is different from that of the referencing area, an integral measurement of the
intensity of the reflected light over such a patterned surface near the summary reso-
nance conditions exhibits self- referencing properties. An over ten-fold suppression of
the effect caused by the variation of the bulk refractive index was observed.

2.1.2 Introduction

Since the introduction of biosensors based on surface plasmon resonance (SPR) [1],
they quickly become one of the most popular transducing approaches in affinity sen-
sors [2]. SPR transducers are sensitive to the refractive index of surrounding media.
Because an increase of the refractive index near sensing surface is a direct consequence
of adsorption, this approach can be applied for different analytes: biopolymers (pro-
teins, DNA etc), toxins, drugs, ions, etc [3]. However, such versatility has also a draw-
back: the SPR sensors are sensitive to many other effects which also influence the
refractive index of media.

In the typical case of implementation of SPR biosensing technologies, a parallel
p-polarized light beam is reflected from thin metallic layer deposited on the surface of
glass (see Fig. 2.1a). The reflectivity (ratio of reflected and incident light intensities)
in such case depends on the coupling condition of incident light to surface plasmons,
which is described by well-known relation for the wavenumber k:

. 27 €1€2 2
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2.1. Self-referencing SPR-sensor based on integral measurements of light intensity
reflected by arbitrarily distributed sensing and referencing spots

where A is the free-space wavelength of incident light, its incidence angle, €g , €; and
€, are dielectric permittivities of the glass, metal film and aqueous solution corres-
pondingly. A plot of the reflectivity of SPR biosensor versus incidence angle (and/or
wavelength) shows a strongly pronounced dip, whose exact position and shape de-
pends also on €, thus providing information on the environment near exposed metal
surface (Fig. 2.1a). On Fig. 2.1 such curves are shown for SPR biosensor consisting of
50 nm gold layer with 2 nm Cr adhesion layer deposited on the coupling prism with
high refractive index (F2, n = 1.6). The gold layer is exposed to water. The deposition
of a thin organic layer on the gold surface shifts the curve to the right (see Fig.2.1b).
This shift characterizes the thickness and the refractive index of the layer. In many
cases both incidence angle and wavelength of the incident light are fixed. Such case
is shown in the Fig. 2.1c: the light with the wavelength 650 nm is incident at an an-
gle of 64°. In response to increasing thickness of the organic layer a shift of the SPR
curve to the right is observed, this leads to an increase of intensity of the reflected
light. Usually the point with the highest slope on the descending part of SPR curve is
taken (like shown at 64°). This is not a mandatory requirement, moreover, fixing of the
incidence angle closer to the SPR minimum (e.g. at 65°) improves signal to noise ratio
even despite the loss of the absolute magnitude in of the light intensity changes [4]. If
the incidence angle is larger than the resonance angle (Fig. 2.1c, 68° curve), the sensor
response becomes negative: an increase in the thickness of the organic layer results in
the decrease in the reflected light intensity.

However, SPR curves are shifted not only because of the changes of layer thickness
or its composition: a contribution of the bulk solution behind this layer might be even
more important. The SPR-sensor measures the change of the effective refractive index
near metal surface [5]:

2 —2z
Meff = / na(z)e = dz (2.2)

where 1, (z) is the distribution of refractive index in aqueous media defined by dielec-
tric permittivity of adsorbed layer €, and bulk aqueous solution €;, z; is the penetra-
tion depth of the evanescent wave. For the described sensor layout the penetration
depth is about 190 nm, therefore the contribution of a few nm’s thick organic layer is
much smaller than the contribution of the bulk solution. It leads to cross-sensitivity
of SPR sensor to variations of solute concentration or temperature. This is especially
critical in many biosensing applications: a change of temperature for 0.1 °C would
lead to changes of the refractive index for 8 x 107° [6], which is higher than the effect
due to adsorption of analytes with low molecular weight. That is why the referencing
in SPR biosensors is very important, otherwise the useful signal can be masked by
changes of the refractive index in the bulk.

A number of referencing approaches for SPR sensors were suggested. A common
approach is based on introduction of a dedicated referencing channel, spatially sepa-
rated from the sensing one and coated by a material with a decreased affinity to the
analyte of interest. Subtracting the signal of the referencing channel from the signal of
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FIGURE 2.1: Kretschmann configuration for SPR measurement (a), SPR curves calculated for
different thickness of organic layer on the metallic surface (b) and corresponding reflectivity
changes measured at fixed incidence angle (64, 65 or 68 °). Parameters for the calculation:
metallic layer consists from 2 nm Cr and 50 nm Au layer (refractive indices: Cr: 3.105 + 3.327i,
Au: 0.168 + 3.138i); glass (refractive index 1.615); wavelength: 650 nm; organic layer: refractive
index 1.49; thickness of the organic layer: 0, 2, 4, 6, 8 or 10 nm. The organic layer is contacting
with water at 22 °C (refractive index 1.3317).

the sensing channel, possible changes of the volume refractive index [7, 8] can be com-
pensated. The overall efficacy of such spatial referencing is increased by scaling down
mean distance between the sensing and referencing spots into microscopic range while
maintaining macroscopic value of total area of the sensing and referencing spots; this
approach named as distributed referencing was suggested in [9]. The idea of having
separate reference and sensing area in the same flow cell was extended in to an array
of microfludic cells [10]. Separate measurements of SPR phase shifts in the referencing
and sensing spots can be used for self-referencing as well [11]. A diffraction grating
formed by the sensing and referencing strip shaped spots were used for inherent self-
referencing [12]. Also other realizations of self-referencing SPR transducing based on
the patterning of sensing and referencing spots were suggested. In [13-15] the refe-
rence channel was implemented using a 12-18 nm thick dielectric (Ta;Os) layer. Alter-
natively, a 35 nm thick plasma polymerized hexamethyldisiloxane layer was used [16].
Two distinct spectral bands, associated with SPR in the sensing and referencing spots,

were measured by spectrophotometer and quantified simultaneously.
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2.1. Self-referencing SPR-sensor based on integral measurements of light intensity
reflected by arbitrarily distributed sensing and referencing spots

The spectral readout is poor compatible with SPR imaging mode which is of high
importance for sensor arrays and high-throughput techniques. This was a motivation
for the development of self-referencing techniques based on SPR imaging at single
wavelength. In [17] two kinds of multilayer spots were used in pairs: differing by Ti
sublayer of either 4 or 12 nm, on the top of which a 200 nm aluminum oxide layer
and a 40 nm gold layer were deposited. SPR response in each pair of these elements
showed an increased SPR sensitivity. In [18, 19] a microwell array in the gold layer or
in the glass substrate was described, bottom of wells and their surroundings serve as
sensing or referencing areas.

Spatial separation of sensing and referencing spots results in a loss of precious sen-
sor surface. Another frequent drawback is a requirement of these technique for a pre-
or post-determination of the positions of sensing and referencing spots. This was a
motivation for the development of other self-referencing techniques which discrimi-
nate signals from surface and volume effects using the same sensor surface. These
methods are based on strong dependence of penetration depth of evanescent wave
on the surface plasmons mode [20, 21] or wavelength [22-26]. To satisfy the condi-
tions for simultaneous excitation of surface plasmons and long-range plasmons with
much higher penetration depth, a dielectric layer between coupling prism and metal-
lic layer should be deposited. In [26] simultaneous excitation of surface plasmons
at two wavelengths with a three times difference in penetration depth were used to
suppress variations of the bulk refractive index.

Here we describe a novel method of self-referencing in SPR biosensors, which is
based on integral measurement of light intensity reflected by microstructured surface
whereas incidence angle is chosen close to its SPR minimum. An important advantage
of this technique is a possibility to implement it into the most existing SPR devices

without any modification of hardware.

2.1.3 Principle of the measurement technology

Let us consider the parts of the resonance curves, corresponding to the 2 nm and 6 nm
thick organic layer (Fig. 2.1b), for better visualization these parts are presented magni-
fied in the Fig. 2.2b. Assume that the 2 nm thick layer represents the referencing area
(for example, a self-assembled monolayer with minimized adsorption of analyte and
other compounds contained in the analyte solution) while the 6 nm layer represents
the sensing area (for example, a self-assembled monolayer with immobilized antibo-
dies for selective binding of the analyte). Here we suppose that the inherent thickness
of the receptors layer is about 4 nm, which is a typical protein size. Assume that SPR
signal is being measured (integrated) over some area which contains both sensing and
referencing areas in approximately 50/50 ratio (Fig. 2.2a). The pattern structure is
not important and can be arbitrary, but the minimal feature size of the pattern should
be larger than the propagation length of plasmons. In such conditions the total SPR
response can be represented as a sum of separate SPR responses from both sensing
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FIGURE 2.2: Principle of the new measurement technology and numerical analysis. Calcula-
ted SPR signals for the mixed surface with arbitrary pattern including 50 % of sensing area and
50 % of referencing area (a) are shown in the panel (b) for separated referencing and sensing
areas as well as for their mixture. Temperature variation leads to the signals at both sensing
and referencing spots but its influence is essentially compensated when detected integrally
at the mixed area (c). SPR signal corresponding to non-specific adsorption is also suppressed
manifold (d) while the signal corresponding to specific adsorption is only twice attenuated (e).
A quantitative efficiency of self-referencing is indicated in (f), dM/dS indicates the ratio of in-

tegral signal change in the mixed area to the signal change in the sensing area. The parameters
are described in the Fig. 2.1 and in the text.
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and referencing areas. The surface with a feature size of the pattern below 100 nm
exhibits SPR behavior typical for homogenous layers, the surface with a features sizes
the pattern of more than 10 ym exhibits purely bimodal SPR behavior, the interme-
diately sized patterns exhibit the mixture of mono- and bi-modal SPR responses [27].
Therefore, the integral SPR curve is the weighted arithmetic mean of the SPR curves of
the respective sensing and referencing areas where the weights are defined by surfaces
of these areas. The minimum of the integral SPR is placed between their minima (de-
noted by arrow on the Fig. 2.2b). It is to note that in this point, where the integral SPR
curve exhibits minimum, both SPR curves corresponding to sensing and referencing
spots are actually not in their minima and therefore have notable SPR response to the
changes of the effective refractive index. However, as noted above (see Fig. 2.2¢), their
responses to the same change have opposite polarity, therefore the changes affecting
both curves simultaneously in the same way are mutually compensated. The diffe-
rence in the slope of these curves can be compensated by corresponding adjustment
of the ratio of surfaces of sensing and referencing areas so that the products of slope
and occupied surface for the sensing and referencing areas have equal absolute values
but opposite signs. This can be also reached by adjustment of slopes by slightly shift-
ing the incidence angle from the total minimum. In Fig. 2.2c we show the calculated
responses of the referencing and sensing areas to the changes of the bulk refractive in-
dex of aqueous solution for 1700 #RIU, this corresponds to the changes of temperature
of this solution from 10 °C till 30 °C [6]. The integral signal shows an effective suppres-
sion of these signal changes. Similar signal suppression is observed if the thicknesses
of the both areas are simultaneously changed for the same value (for example, due
to unspecific adsorption). The suppression range is limited by approximately a half
of the difference of thicknesses of sensing and referencing areas (Fig. 2.2d—f) because
in order to maintain the opposing polarities of SPR signals of sensing and referen-
cing areas and their mutual compensation, the incidence angle must remain between
resonance angles corresponding to these areas. An application of this technique for
compensation of non-specific requires that this adsorption has a quantitatively similar
value for sensing and referencing areas; this may need an investigation and optimiza-
tion of this process for each particular case [28-30] and is out of the scope of this work
focused on the aspects of measurement technology. If the thickness of only sensing
area is changed, no compensation occurs and a clear sensor response is observed (Fig.
2.2e). About two times attenuation of the total response due to the fact that only a
part of the surface is used can be easily overcome by corresponding increase in signal
amplification or incident light intensity. Fig. 2.2f demonstrates that an over 10 times
suppression of bulk effects and non-specific adsorption can be achieved. The core
idea of the new self-referencing technique includes such a patterning of the surface
that approximately a half of it serves as a sensing area and has a different thickness

compared to the rest (referencing) area. Notably, the arbitrary pattern of the surface
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functionalization can be chosen, a presence of any regular structures or their deter-
mined positioning is not required. The measurement is performed over the whole
area without separating sensing and referencing areas at the incidence angle close to
the observed resonance angle. Further we present an experimental validation of this
new approach.

2.1.4 Materials and Methods
2.1.4.1 Materials

16-Mercaptohexadecanoic acid, 11-mercaptoundecanol, EDC (1-ethyl-3-(3- dimethyl-
aminopropyl)-carbodiimide), N-hydroxysuccinimide (NHS), human serum albumin
(HSA), rabbit antibodies (whole serum) to HSA and glycine were from Sigma-Aldrich.
Phosphate and ethanol (99.9 %) were from Merck, other chemicals from Roth. Deio-
nized water additionally purified by ELGA-Classic was used for preparation of all
working solutions. SPR slides consisting of glass (n=1.61) coated by 2 nm Cr and 50
nm Au were from Mivitec GmbH.

2.1.4.2 Surface functionalization

Prior to functionalization the SPR slides were cleaned by freshly prepared "piranha
solution" (1:3 (v:v) mixture of HyO,/H»SOy), rinsed thoroughly with water, ethanol
and dried at room temperature. Caution: piranha solution reacts violently with most
organic materials and must be handled with extreme care. Various w-functionalized al-
kylthiols were tested for preparation of patterned surfaces: OH-terminated alkyl-
thiol (11-mercaptoundecanol, MU) or oligoethylene glycol -terminated alkylthiol (11-
(mercapto-undecyl)tetra(ethylene glycol), MUTEG) for referencing area while 16-mer-
captohexadecanoic acid (MHA) was used for coating of sensing area for subsequent
covalent immobilization of HSA. The patterned surfaces were prepared in two steps.
First, 5 mM dimethyl sulfoxide solution of MU or MUTEG was deposited by a non-
contact dispenser sci-FLEXARRAYER-S3 covering about 40% of the total gold surface
with an array of spots of about 150-250 ym diameter (Fig. 2.3). After 10 min incuba-
tion at room temperature in DMSO atmosphere the slide was rinsed three times with
ethanol and incubated for 5min in 1mM MHA solution in ethanol; this leads to the
coating of the rest gold area with MHA. Then the slide was rinsed three times with
ethanol and dried. The differential SPR imaging of the surfaces patterned by this way
(Fig. 2.3b, on example of the surface patterned by COOH- and NH,-terminated al-
kylthiols, the details will be published elsewhere) shows that during such a treatment
there is no replacement of the formerly deposited self-assembled monolayer. As a re-
sult, the gold surface is coated by an array of spots from MU or MUTEG while the rest
part of the surface is coated by MHA.
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a

FIGURE 2.3: Illustration of patterned surfaces. a) Bright field microscopy of MU-containing
DMSO droplets on the gold surface. The droplet diameter is about 200 pm, dot pitch is about
280 um resulting in 40% surface coverage by the referencing area. b) An example of differential
SPR imaging of the patterned surface containing w-functionalized alkylthiols with amino- and
carboxygroups (was not used for self-referencing).

2.1.4.3 SPR measurements

The sample solution was driven by peristaltic pump VICI Cheminert 08Y-0135L at
flow rate of 180 ul/min. Sensor calibration was performed using two buffer solutions
with known difference of their refraction indices: 12 mM phosphate buffer (pH 7.4)
containing 140 mM NaCl and 12 mM phosphate buffer (pH 7.4) containing 240 mM
NaCl. The covalent coupling of HSA to the carboxy-groups of MHA was performed
by two different techniques: (i) as a one-pot reaction by addition of a 140 mM NaCl
solution containing 2 mg/ml HSA and 10 mg/ml EDC or (ii) by activation of surface
COOH-groups using addition of EDC/NHS (52.4 mM / 13.1 mM) solution in 100 mM
MES at pH 5 an subsequent addition of 2 mg/ml HSA in the buffer solution consisting
of 12 mM phosphate and 140mM NaCl (pH 7.4). Signal saturation during the first 20
min of immobilization and a short lifetime of activated groups [31, 32] allows to sug-
gest that most of these group were inactivated during immobilization and subsequent
1-h washing with PBS. Removal of the bond antibodies was performed by treatment
with aqueous solution of 10mM glycine containing 10 mM NaCl (pH 2).

Most SPR measurements were performed using commercial SPR setup Biosuplar-
421. The beam in this device (and correspondingly the integration area for the mea-
surements) has an elliptical shape of ~4 x 2mm. Differential SPR imaging was per-
formed using a homemade setup for SPR microscopy. All measurements were re-
peated at least three times. Numerical simulation was performed using transfer-
matrix method and optical parameters as described in [26].
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2.1.5 Results and discussion

The idea of self-referencing SPR-sensor with compensation of the bulk effect using
micro-patterned surface with integral measurement of the reflected light was vali-
dated on an example of MU or MUTEG coated referencing area and MHA coated
surface with immobilized HSA as sensing area (Fig. 2.3a). Thus, the refractive changes
due to the specific binding of analyte (anti-HSA) might occur only in the functional-
ized area. Binding was measured on patterned SPR slides at incidence angles near the
point of the steepest slope of the SPR curve and at the minimum of SPR curve from
the whole surface.
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FIGURE 2.4: SPR responses measured on patterned surface containing 40 % coverage by MU
and 60 % coverage by MHA (a, b) and on homogeneous surface coated by MHA (c) at the
angle of the maximal slope (a, c) and at the resonance angle (b). The panel (a) corresponds to
the first part of the experiment while the panel (b) demonstrates the second part of the same
experiment. Additions: (1) 12 mM PBS, 140 mM NaCl, pH 7.4; (2) 12 mM PBS, 240 mM NaCl,
pH7.4; (n) 140 mM NaCl; (e) 2mg/ml HSA, 10 mg/ml EDC in 140 mM NaCl; (3) 8 pg/ml anti-
HSA, 12 mM PBS, 140 mM NaCl, pH 7.4; (4) 10 mM NaCl, 10 mM glycine, pH 2. The dashed
line in the panel (b) shows the anti-HSA binding response from the panel (a) normalized to
the magnitude of the response to the pulse of salt concentration (additions 1, 2).
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The results of the SPR measurements are shown in Fig. 2.4. We compare our ap-
proach with the conventional one in terms of the ratio of SPR responses to the defined
changes of the bulk refractive index induced by salt concentration pulse to the defined
surface effect caused by binding of antibodies to the immobilized receptor (panels a,
b). For comparison, the same experiment on not-structured surface was performed
(panel c). First, an effect of known salt concentration pulses on SPR response was
measured (Fig. 2.4, a or ¢, alternating additions 1 and 2). Then the covalent HSA im-
mobilization to the sensing area coated by MHA was performed (Fig. 2.4, addition
e). In the next step the binding of anti-HSA to the immobilized HSA was registered
(addition 3). Then the bond anti-HSA was removed by acidic buffer (addition 4).

These measurements were performed at the incidence angle corresponding to the
maximum slope of SPR curve, then the incidence angle was set to the observed SPR
minimum. The same salt concentration pulses were applied (Fig. 2.4b, alternating ad-
ditions 1 and 2) and three cycles of anti-HSA binding (additions 3) with subsequent
regeneration by acidic buffer (addition 4) were performed. For direct comparison the
curve from the Fig. 2.4a, addition 3 was normalized to the calibration signal and plot-
ted (dashed line) side-to-side in the first cycle in the Fig. 2.4b. In comparison to the
measurement at the angle of the highest slope (Fig. 2.4a, addition 3), the measure-
ment in the minimum (Fig. 2.4b) demonstrates an essential increase of the ratio of the
signal magnitude during anti-HSA binding to the signal magnitude during the salt
concentration pulses. Over 10-times suppression of the bulk effect was achieved thus
validating the idea of the self-referencing SPR sensor.

Similar measurements were also performed for different ratio of sensing and refe-
rencing areas and for different functionalization of the referencing area. In all cases
an application of the suggested methodology offered manifold suppression of SPR
response caused by changes of the bulk refractive index.

2.1.6 Conclusion

A new method for the self-referencing SPR sensor is suggested. It is based on the in-
tegral measurement of the light reflected from a microstructured surface containing a
mix of sensing and referencing spots, therefore no separate measurement channel is
required for the referencing. The approach is compatible with many existing instru-
ments and does not need any changes in the measurement setups.

An implementation of the new approach requires a patterning of the receptor sur-
face. It can be performed by different techniques, for example by using of different
spotters (like we did), photolitography, microcontact printing or by using of microflu-
idic approach. In the preliminary experiments the technique was tested using micro-
contact chemical printing based on the combination of microcontact printing and che-
mical immobilization (manuscript in preparation). There is no special requirements
for the patern geometry, but the feature size of the pattern in the direction of plasmon
propagation has to be larger than the plasmon propagation length. The sensing and
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referencing areas should have a different optical thicknesses resulting in the partial
separation of their resonance curves. Application of a thicker layer for sensing area is
preferable, but the opposite case is also possible. The optimal incidence angle should
be adjusted depending on the surface coverage by sensing area, which can be in the
range of 40-75%. The goal of the current work is the proof of principle, therefore
we only relied on the thickness difference obtained by immobilization of the protein
receptor layer itself. This led to over ten times suppression of the effect of the bulk
refractive index. It follows from the geometrical consideration of the compensation
principle (Fig. 2.2b) that optimal suppression (maximal ratio of the sensor responses
to the changes of the refractive index near resonant surface and in the bulk phase)
could be obtained when the measurement angle corresponds to the maximal slope
of the resonance curves for sensing and referencing areas. This requires about 10-20
nm difference in the thickness of sensing and referencing areas (Fig. 2.5a). The larger
separation of these curves also increases the suppression range. The mechanism of
the self-referencing approach was explained for the case of fixed wavelength when
incidence angle is selected from resonance conditions (Fig. 2.5a). But the same princi-
ple can be analyzed by fixing of the incidence angle and choosing optimal wavelength
(Fig. 2.5b). It is to note that measurement of complete spectra is not required, therefore

both approaches are equivalent.
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FIGURE 2.5: An increase of the height difference between sensing and referencing areas from 4
nm up to 30 nm leads to the better suppression (a). The method can be also realized in spectral
domain (b): the incidence angle here is set to 62 degrees, the optimal measurement wavelength
is then around 770 nm. The cross of the SPR curves for sensing and referencing area, where
optimal conditions for method are expected, are denoted by grey circles.
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2.2 Ionic referencing in surface plasmon microscopy: visuali-
zation of the difference in surface properties of patterned

monomolecular layers
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2.2.1 Abstract

An approach for visualization of patterned monomolecular layers in surface plasmon
microscopy (SPM) is suggested. The development of hidden image in SPM is achieved
by referencing of images obtained in the presence of electrolytes with a high molar
refraction of either anions or cations. A formation of diffuse layer near the charged
surface areas leads to the redistribution of ions. The ratio of SPM images allows one to
visualize this redistribution and to distinguish surface areas with different properties.
The approach is unobtrusive and robust; it can be used with most surface plasmon

resonance (SPR) imaging instruments.

A
A
\

FIGURE 2.6: Graphical abstract

2.2.2 Introduction

SPR sensors are based on the detection of changes of the reflected light due to the
change of the refractive index in close vicinity to the metallic sensor surface [1]. The
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sensor surface can be coated by receptors to make the response specific to particu-
lar analytes. To alleviate a contribution of unspecific binding and possible effect of
fluctuations of temperature, light intensity, etc., different types of referencing were
suggested [2-4]. An implementation of referencing channels into SPR technique can
be easily done by using of SPR in imaging format (surface plasmon microscopy, SPM!
[5]). This approach provides also such additional features as an increase of sensitivity
using chemometric techniques or an increase of throughput due to measurement of
many sensing spots simultaneously.

Immobilization of receptor on the metallic sensor surface (usually gold or silver
are used) is often performed through deposition of self-assembled monolayers of thi-
olated compound with functional groups further used for conjugation with different
receptors (antibodies, antigens, DNA, aptamers, etc.) [6]. A formation of the patterned
sensor surface can be performed at the level of self-assembled monolayers. However,
the signal difference between differently coated spots in pattern can be so small that
their recognition by SPM is not reliable. The SPM signal due to variation of the inci-
dence angle for 0.1° or of the thickness of the metallic layer for 0.5 nm is comparable
with the effect of 1 nm of organic adsorbate (Fig. 2.13, Supplementary). Thus, the
effect of the small changes in the thicknesses of the adsorbate layer on the gold sur-
face can be easily overwhelmed by the inhomogeneity of the glass substrate, gold
layer, illumination, impurities and other factors that influence the resonance condi-
tions. Therefore, the determination of the position of sensing and referencing spots,
which is required for many applications of sensor arrays and/or referencing tech-
niques [2], may be problematic in case of the small difference in their optical proper-
ties. Since the formation and application of sensor arrays is usually done separately
(using different techniques and instruments), one has to rely on spatial reproducibility
of the array formation and its alignment within the instruments. This complicates the
development, investigation and quality control of the sensor array.

We propose here an effective and reliable approach for visualization of spots with
different surface properties independent of their thickness and optical properties. The
approach is easily and unobtrusively applicable in each SPR imaging system. It is
based on the fact that the distribution of ions near sensor surface is determined by their
interaction with the surface (Fig. 2.7). Applying the electrolyte solutions with very
different contribution of anions and cations into the total refractive index of solutions,
the difference in surface properties over the whole sensor area is visualized.

2.2.3 Principle

SPR sensors measure the changes in the refractive index (RI) near a metallic surface
within the penetration of evanescent wave [1, 7]. To account for inhomogeneous dis-

tribution of RI within the penetration volume, the concept of the effective refractive

lalso denoted as (wide-field) surface plasmon resonance microscopy, (WF)-SPRM
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FIGURE 2.7: SPR response is influenced by redistribution of ions near charged surface. No-
tably, the thickness of the diffuse layer at concentrations above 10 M is less than the penetra-
tion depth of the evanescent wave.

index for SPR was suggested [8]:

—2x

Meff = Izp/o n(x)xel dx (2.3)

where 7,5/ is the effective RI of the media, in which the RI distribution has the shape
of n(x), and x axis is normal to the sensor surface. I, defines the penetration depth of
the evanescent wave whose intensity decays exponentially with (—x/1,) factor with
the distance from the surface x (Fig. 2.7). For the typical SPR setup (630-650 nm wave-
length, 45-50 nm thick gold sensor layer, and the aqueous solutions with n ~1.33), I,
is ~170-190 nm [3].

On the other side, the RI profile near the sensor surface is determined by the con-
centration profile of ions near it. According to the Boltzmann distribution used in the
Gouy-Chapman model, the concentration profile of ionic species of the 1:1 electrolyte
near a charged surface depends on the electrical potential ¢ and the molar bulk vol-
ume concentration c:

ci(x) =ce ®, c_(x)=cethr (2.4)
where e is the elementary charge, k is the Bolzmann constant, and T is the absolute
temperature. According to Gouy-Chapman theory, the electrical potential decays ex-
ponentially:

¢ = poe (2.5)
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where gy is the surface potential and k! is the Debye length. At 25 °C the Debye
length (in nanometers) for 1:1 electrolyte of concentration c is:

Kfl—%
_\/E'

In absolutely pure water at pH = 7, k! ~1 ym, but already at concentration of

(2.6)

1mM of 1:1 electrolyte it drops to just 9.6 nm. Thus, at ¢ > 1 mM the concentration
profile of ions near the charged surface c; (x), c_(x) asymptotically reaches the bulk
concentration c at distances much less than the penetration depth: k1 << I, (Fig. 2.8).
This leads to the deviation of the effective RI from the bulk RI for the effect caused by
redistribution of ions near charged surface (Fig. 2.8): an excess of the counter-ions and
a depletion of the co-ions in this region (see Fig. 2.7). It is to note, however, that diffe-
rent ions having nominally the same absolute charge are not optically equivalent and
possess different molar refraction. Molar refraction of anions and cations in solutions
are not measurable separately, only the total RIs for neutral compounds are available.
An estimation of the partial ionic contributions can be done by comparison of Rls of
homologous salt solutions (Table 2.1, ordered by valence and mass of ions).

Concentrations:  Total refractive index for relative

] contributions (cations to anions):
1.8 —— cations
c 7 —— anions + 1:0
6 x 1.6 - total + 0.75:0.25
=) g | = 0.67:0.33
£8.41. 0.5:0.5
[ . = 0.33: 0.67
°z 1. + 0.25:0.75
Eol24 "z 0:1
3 E i =} + bulk concentration and
v T 1 refractive index
e e
- = + i Pt
g % 0.8 44 ight for effective refractive index
0.6 4 Surface potential: 15 mV, electrolyte concentration: 10 mM
T T T T | T T T T | T T T T | T T T T |
0 5 10 15 20

Distance from surface, nm

FIGURE 2.8: The concentration profile of ions and the resulting refractive index profile for
different relative ionic contributions, normalized to their values in bulk solution. Hypothetical
1:1 electrolytes with different relative contributions of anions and cations (from 1:0 to 0:1) into
total refractive index were considered).

For the salts which are "homologous" to NaCl (all sodium salts and all chlorides,
Tab. 2.1) an influence of the anions is much higher than that of the cations. The molar
refraction of anions increases with the increase of their atomic mass: F~ < CI™ < Br™
< I~ series. Whereas only a slight increase of the impact of cations is observed from
LiT to Cs* and from Mg?" to Ba®" (note that at the same molar concentration, the real
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amount of chloride ions doubles for bivalent cations). These can be explained by the
increase of molar refraction of monoatomic ions with the amount of electrons on the
external shell and its distance to the nuclei (or, with polarizability which is directly
connected to refractivity [9]).

The separation of the total refractive index into the sum of ionic refractions is just
an approximation [9]. Nevertheless, this model [9] and literature data [10] suggest that
by choosing of the right compound, one can achieve that SPR response to electrolyte
solution is predominated by either anions or cations (Fig. 2.8).

TABLE 2.1: Molar refractive indices of diluted aqueous electrolytes. Units: 10~ RIU/mM.
The data for compounds were recalculated from [10] for ~ 500 mM solutions, 20°C and 589 nm
(except marked with * which are from the suppliers). The data for ions are from [9].

|
@)
[7)]
.§ | Loo)q ‘m
[} | |
S5l olB|2] &L
Cations 4.7 2.2 86 [ 139|104 | 12.2 | 19.0
HT -0.3 8.3 4.4 7.9
Lit 0.1 9.0
NH, | 47 | 09 103
Na*t 0.7 | 11.0 | 52* | 101 | 11.3 | 93 | 141
Kt 2.7 | 10.6 | 34* | 9.8 92 | 139 | 21.5
Ag® | 51 177
Cst 6.9 12.7
MgZ | 0.7 233
CaZt 1.6 25.8
Sr2+ 2.7 27.4
BaZt 5.2 30.0

Therefore, for extraction of contribution of the double layer to the effective RI, we
suggest to use a measurement of SPR response using electrolytes with a large dispro-
portion in molar refraction of ions. In case of negatively charged surface the large
excess of cations is expected and vice versa (Fig. 2.7). The amount of the counter-ions
attracted to the charged surfaces is higher than the amount of the repelled co-ions (Fig.
2.8). This effect being enhanced by the choice of the type of counter ions possessing
a higher molar refraction provides prevailing effect of the counter-ions on SPR signal.
Such ionic referencing can be further amplified by subsequent application of two elec-
trolytes providing higher contributions of anions (as counter ions for positively char-
ged surface areas) and cations (as counter ions for negatively charged surface areas).
The difference in SPR responses to these electrolytes is mainly defined by the distribu-
tion of surface charges through the sensor surface. In the current work we apply this

principle for visualization of patterned monomolecular layers.
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2.2.4 Experimental section

11-Mercaptoundecanoic acid (C10-COOH), 11-amino-1-undecanethiol hydrochloride,
benzyltrimethylammonium chloride (BTMA), sodium citrate tribasic dehydrate, citric
acid monohydrate, sodium chloride, sodium salycilate were purchased from Sigma
Aldrich (www.sigmaaldrich.com). Di-sodium hydrogen phosphate, sodium dihydro-
genphosphate monohydrate and boric acid were purchased from Merck (www.merck.
com). 11-(Mercaptoundecyl)-trimethylammonium chloride (C11-N*(CHj3)3Cl ™) was
purchased from ProChimia Surfaces (www.prochimia.com). Glycerol (> 99.5 %) was
purchased from Roth (www.calrroth.com). 1 mM bulffer solutions with pH 5 (citric
acid / sodium citrate tribasic dehydrate), pH 7 (di-sodium hydrogen phosphate /
sodium dihydrogenphosphate monohydrate), and pH 9 (boric acid) were used. The
SPM was described elsewhere [11, 12]. Shortly, 642 nm SM-fiber coupled laser diode
with current and temperature controllers (LP642-SF20, LDC205C and TED200C cor-
respondingly) from Thorlabs (www.thorlabs.com) were used for illumination. The
light was collimated and passed through Glan polarizer. Images acquired by MT9P031
mono-chrome CMOS image sensor, were analyzed by homemade software [12]. The
sensors consist of ~45 nm gold layer on the SF-10 glass prisms (Phasis SARL, Switzer-
land). They were cleaned for 20 s by freshly prepared "piranha solution" (1:3 v:v mix-
ture of 32% H,O,/H,S0;,), rinsed thoroughly with water and ethanol, and dried at
room temperature. Caution: piranha solution reacts violently with most organic materials
and must be handled with extreme care. The surface patterning was performed in two
steps [5, 11]. 10 mM of C11-N*(CHj3); Cl~ solution in DMSO were deposited by a
non-contact dispenser to form an array of spots of about 100-250 ym diameter with
a dot pitch of 200-300 ym. After 20-min-incubation in saturated DMSO vapor, the
droplets on the gold surface were washed away and rinsed thoroughly by DMSO and
by ethanol. The rest surface was functionalized by 10 min. incubation in 1 mM C10-
COOH in ethanol. Finally, the prism was rinsed by ethanol, dried and mounted into
the SPM device. The sample suspension was pumped by a solenoid-operated micro-
pump (Biochem Valve, 130SP1220-1TP, 12V-DC, www.biochemfluidics.com) at a flow
rate of 1 ml/min. 5-6 min washing with the background buffer was performed be-
tween injections of other solutions.

2.2.5 Results

The main intention of this work is to characterize unobtrusively the patterned func-
tionalization of the gold surfaces. Such surfaces can be used for charge-selective ad-
sorption and detection of nanoparticles [11, 12], for self-referencing SPR biosensors [4],
for distributed referencing [2] or for SPR sensor arrays [13]. In [11], the gold surface
was patterned by the array of spots, functionalized with one type of w-terminated
alkyl thiol (typically, -NH, or -N(CH3)3 " terminated), whereas the rest was coated by
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FIGURE 2.9: Deposition of the patterned monomolecular layer on the gold surface of SPR
sensor and its application for directed adsorption of nanoparticles [11]. In the middle line
SPM (at maximal contrast) of the patterned sensor surface before (left) and after (right)
binding of negatively charged 40 nm gold nanoparticles. Patterning: 11-mercaptoundecyl-
trimethylammonium chloride (spots, -N(CH3)3 1), 11-mercaptoundecanoic acid (rest surface,
—COOH). The spots become barely visible in raw SPM images after adsorption of nanopar-
ticles. In the bottom line: the same measurement was proceeded by dynamic referencing
(taking the ratio of two subsequent frames), allowing detection and imaging of single nano-
particles [11, 12] (middle, a magnified averaged image of single nanoparticles is shown left),
and by static referencing (subtracting the single image chosen as a back-ground from each
other one) as in conventional SPR imaging (right).

another alkyl thiol ((COOH terminated). A deposition of the patterned monomolecu-
lar layer on the gold surface of SPR sensor was performed using ink-jet spotting (Fig.
2.9). The spots were formed by droplets of the corresponding alkyl thiol solution in
DMSO deposited as a grid array with a 200-300 ym pitch (image of these droplets on
the gold surface, obtained by bright-field optical microscopy, is shown in the middle
upper panel of Fig. 2.9). Then the sensor surface was rinsed (before complete evapo-
ration of droplets), incubated in the solution of another alkyl thiol, rinsed again, dried
and finally set into the SPM setup for imaging.

The influence of w-terminating functional group on the effective RI is very small
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(in comparison with variation of SPR conditions over the field of view); therefore,
such patterned layers can hardly be visualized directly. The spots become visible upon
adsorption of a large number of charged nanoparticles to the oppositely charged spots;
this is especially evident after subtraction of the background (Fig. 2.9). Using wide-
field SPM approach with differential image processing [12], one can detect even single
nanoparticles during their adsorption [11]. This can be considered as a method for
visualization of patterned monomolecular layers on its own. However, an adsorption
of nanoparticles is influenced by a number of different factors [11]; this makes such
visualization approach not reliable. Additionally, mainly irreversible adsorption of
nanoparticles [14] makes such surfaces unsuitable for further applications.

To solve these problems, ionic referencing of surface properties was suggested.
This approach relies on different concentration profiles of anions and cations near the
charged surface and on disproportion in their contributions to the total RI.

The choice of inorganic ions with large molar refraction is quite broad for anions,
but not for cations (Table2.1). Organic ions provide much wider choice, and they
are heavier; moreover, the compounds with aromatic moieties possess an easily po-
larizable 7r-electrons system. Therefore, for this work, four compounds with very
different contribution of ions into the total RI of solutions were chosen (Table 2.1):

e glycerol (non-ionic)
e sodium chloride (low cationic and anionic contributions)
e sodium salicylate (low cationic and high anionic contributions)

e benzyltrimethylammonium chloride (high cationic and medium anionic contri-
butions)

The use of glycerol as a non-ionic and low-adsorptive solute allows calibration of
SPR response without effects of the surface properties. Then we used sodium chlo-
ride to get a base line to detect an influence of the replacement of its cation or anion
by organic ones with much larger molar refraction. The even larger ratio of anionic
to cationic molar refraction can be achieved using Li and F salts. After formation of
patterned monomolecular layers on the sensor surface, it was imaged by SPM during
sequentially flushing it with different electrolytes interleaved with buffer solutions
(Fig. 2.10). The array consists of the spots of -NH, -terminated alkyl thiol with 250
pum pitch; the rest is coated with -COOH -terminated alkyl thiol. The response from
the whole surface (mean image intensity) is shown by black line. pH influence was
studied too (Fig. 2.13, Supplementary). The pH dependence for sodium chloride can
be hardly recognized, whereas for the electrolytes with high anionic or cationic con-
tributions it is noticeable.

Glycerol is a non-ionic compound; therefore, its concentration near the charged
surface does not differ from bulk concentration. Correspondingly, the integral signals
on Fig. 2.10 were normalized to the glycerol response.
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FIGURE 2.10: SPR responses to the sequence of solutions of 200 mM glycerol, 200 mM NacCl,
50 mM sodium salicylate, 50 mM benzyltrimethylammonium chloride. The responses are
normalized to the effect of glycerol.

The raw SPM images of the same measurement are shown in Fig. 2.11. All images
on Fig. 2.11 are gray scale intensity normalized: i.e., the mean value is subtracted,
the intensities within the range [-30:+3c] (¢ — standard deviation) are scaled to the
full possible image intensity scale. Thus the intensity normalization (or contrast stre-
tching) emphasizes the image details and scales the image intensity to the optimal
human perception. As it can be seen on Fig. 2.11 (upper line), no structure of the array
is recognizable in raw SPM images. The main reason for this was described above:
the difference in optical length of two functionalized coatings is too small to be seen
on such field of view, especially, with not perfectly homogeneous surface. These inho-
mogeneities are overemphasized on Fig. 2.11 (upper line) due to contrast stretching.
Since the sensor surface is patterned by alkyl thiols with -NH,; and -COOH terminal
groups, different surface areas possess opposite pH-dependent surface charge. This
leads to different distribution of counter-ions in the diffuse layer. To reveal this diffe-
rence raw SPM images for all solutions (including buffer) were mutually referenced to
each other. For the referencing the pixel-to-pixel ratio of images [15] was taken. The
histograms of ratio images were calculated after contrast stretching and presented in
Fig. 2.11 as a matrix. Without loss of information, we can consider only a diagonal
part of this matrix excluding diagonal elements as well.

The results were obtained for pH of solutions equal to 5, 7 and 9. In most cases the
obtained histograms are similar to normal distribution and are only slightly pH de-
pendent. But the referencing of the highly anionic RI solutions to the highly cationic RI
solutions exhibits a clear bimodal distribution which is mostly pronounced for pH 7.
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FIGURE 2.11: Ionic referencing using pixel-to-pixel ratio of images measured in two solutions
indicated as the column and row of the corresponding cell of the table. All images are intensity
normalized thus overemphasizing the details on the image. The curves indicate normalized
intensity histograms. Raw SPM images are shown in the upper line.

The corresponding contrast-stretched ratio images are shown in the left bottom part of
Fig. 2.11. The surface pattern of monomolecular layers, being not recognizable in raw
SPM images, is clearly represented after such a procedure. The ratio image obtained
for pH 7 (Fig 2.11) was segmented to two binary masks corresponding to two peaks
of its histogram. Using these masks, the total SPR response presented in Fig. 2.10 was
separated to signals from two types of coated areas — the spots and the rest of the sur-
face. The results confirmed different SPR responses of these areas in the presence of
ions with large molar refraction. The proposed approach is well explained by general
principles of surface electrostatics and SPR. Redistribution of ions in the diffuse layer
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FIGURE 2.12: Gold surface coated by deposition of two overlapped arrays of spots of -OH
and -NH; terminated alkyl thiols. The rest surface was coated by -COOH terminated alkyl
thiol.

near the sensor surface was governed by Coulomb interactions. pH influence on the
surface charge leading to some difference in SPR curves (Fig. 2.14, Supplementary),
can be also used for ionic referencing. However, the use of the same electrolyte at
two different pH for referencing leads to essentially lower contrast than the use of two
electrolytes (with large molar refraction of cations and anions correspondingly) at the
same pH. Another approach for SPM visualization of different surface properties can
be based on physical adsorption. In Fig. 2.12 SPM image of the surface coated by
three types of w-terminated alkyl thiols is shown. Here we intended to deposit two
arrays of spots — the first one with -OH and the second with -NH, terminal groups;
the rest part of the surface was coated by -COOH terminated alkyl thiol. For the dis-
ambiguation purposes, the -OH and -NH; spots were formed in lines with pitch 250
pum and 300 ym correspondingly. However, one can see in the raw SPM images -OH
spots only. To visualize both types of spots, the same procedure of flushing with few
electrolyte solutions was applied (Fig. 2.12). The surface areas with -NH; terminal
groups, being not recognizable in raw SPM images, can be visualized using ionic refe-
rencing (Fig. 2.12, upper right panel). It can be also observed that -OH spots overlap
fully or partially with -NH, spots, however this is not clearly visible because of low
contrast between —-OH spots and -COOH area. The distinct visualization of all types
of coatings was achieved by taking SPM image in buffer after injection of sodium sali-

cylate as the reference. In this case, the -OH and —-NH, spots are visualized in contrast
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to the rest surface and also in contrast to each other (Fig. 2.12, bottom line). This may
be explained by different interaction of salicylate anions with three types of coating.

2.2.6 Conclusion

Surface functionalization with different types of thiols is a well-established approach
in sensor technology. However, in many cases different functionalization of sensor
surface cannot be visualized directly. For this purpose, a visualization of the surface
charge of sensor arrays using specifically chosen electrolyte solutions is suggested. It
is to note, that this can be done in-situ, at fixed angle and wavelength of incident light,
without applying any auxiliary method (e.g. electrochemical modulation or measure-
ment [16, 17]), just by successive flushing of the surface by solutions providing either
some adsorption to the deposited self-assembled monolayers or a participation in the
formation of electrical double layer near charged self-assembled monolayers. The ap-
proach is very robust; it can be applied for the wide range of coating compounds
and does not require high quality coatings. For the further contrast improvement,
the enhancement of SPR signals by electrically driven adsorption of ions [18] can be
considered.

The suggested approach is based on the deviation of contribution of surface layer
into refractive index. This deviation should be taken into account when electrolytes
with known volume refractive index are used for calibration of SPR systems. The
effect can be complicated by potential influence on adsorption of ions [18] or by pro-
tonation/deprotonation [19]. To exclude a possible systematic error due to surface
effects described in this work, the calibration should be done by addition of low ad-

sorbing non-electrolytes (i.e. glycerol or glucose solutions).
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FIGURE 2.13: Variations of SPR curves for small variations of incidence angle and gold layer
thickness. SPR curves for organic (PMMA) layers with thicknesses from 0 to 3 nm are shown.

Small variations of incidence angle and the thickness of gold layer already lead to
very large variations of SPR curve (Fig. 2.13). For the calculation of SPR curves the
transfer matrix method was used. The following parameters were used (refractive in-
dex and reference in parentheses): wavelength is 635 nm, the semi-infinite layer of F2
glass (1.616), 1 nm Ni layer (1.964+3.729j), 45 nm Au layer (0.179+3.069j), polymethyl-
metacrilate layer (PMMA, 1.489 [1]), semi-infinite layer of water (1.332 [2]). 1000 ran-
dom variations of angle deviation and gold thickness deviation were simulated, for
obtained simulation results the mean value and standard deviations were calculated.
Just a 0.5 nm change in the thickness of the gold layer, which is roughly twice the
diameter of gold atom, may influence light reflectivity at fixed wavelength as much
as a 1 nm thick adsorbed layer. Thus, the effect of the small changes in the thick-
nesses and optical properties of the organic layer adsorbed over the gold surface can
be easily overwhelmed by the effect of unevenness of the substrate or gold layer, by
inhomogeneity of illumination or by other factors influencing resonance conditions.
Most of these factors do not change during the measurement; therefore, their influ-
ence is systematic and can be compensated by corresponding referencing. For the
investigation of adsorption/desorption kinetics this systematic deviation remains in-
significant. However, this influence is essential if the referencing for initial stage is
impossible. This is the case in analysis of surface patterning by SPR microscopy.
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FIGURE 2.14: Integral SPR responses on the sequence of solutions with addition of glycerol,
sodium chloride, sodium salicylate and benzyltrimethylammonium chloride at different pH.
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2.3.1 Abstract

It has recently been shown that surface plasmon microscopy (SPM?) allows single na-
noparticles (NPs) adsorbing to the sensor surfaces to be detected and analyzed. The
authors have applied this technique to study the adsorption of single metallic and
plastic NPs. Binding of gold NPs (40, 60 and 100 nm in size) and of 100 nm polystyrene
NPs to gold surfaces modified by differently w-functionalized alkyl thiols was stu-
died first. Self-assembled monolayers (SAM) with varying terminal functions inclu-
ding amino, carboxy, oligo(ethylene glycol), methyl, or trimethylammonium groups
were deposited on gold films to form surfaces possessing different charge and hy-
drophobicity. The affinity of NPs to these surfaces depends strongly on the type of
coating. SAMs terminated with trimethylammonium groups and carboxy group dis-
play highly different affinity and therefore were preferred when creating patterned
charged surfaces. Citrate-stabilized gold NPs and sulfate-terminated polystyrene NPs
were used as negatively charged NPs, while branched polyethylenimine-coated silver
NPs were used as positively charged NPs. It is shown that the charged patterned areas
on the gold films are capable of selectively adsorbing oppositely charged NPs that can
be detected and analyzed with ~ 1 ng mL~! detection limit.

2.3.2 Introduction

Detection, quantification, and characterization of nanoparticles of biological origin or
engineered nanomaterials is the actual challenge of different fields of analytical sci-
ence, including food and environmental safety, bioanalytics, and medical diagnos-
tics [1-4]. Several methods to detect single nanoparticles (NPs) were reported [5]. One
of such techniques is based on surface plasmon resonance (SPR) which belongs to the
highly sensitive refractometric transducers [6] and has become a routine technique for
investigation of interactions of biomolecules [7, 8]. This approach has been also rea-
lized as an imaging system (SPR imaging or SPM — surface plasmon microscopy) [9].
The sensitivity of SPR devices is limited by fluctuations of refractive index of
aqueous environment [10, 11] and can be increased by corresponding referencing.
This referencing was performed using the measurements at two different wavelengths

2also denoted as (wide-field) surface plasmon resonance microscopy, (WF)-SPRM
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[12, 13] or at closely placed sensing and referencing spots [14, 15], while the mathe-
matical procedure was realized using image analysis [14], electrical [12] or optical [15]
subtraction. It has been recently demonstrated that adsorption of NPs to the resonant
layer of SPR sensors provides well measurable signals. A high sensitivity of this ap-
proach is also based on the referencing: a few ym vicinity around these NPs in course
of their adsorption is compared with the rest of the sensor surface.

Two SPM approaches for detection of single nanoparticles have been developed
[5, 16-20]. Both are based on the excitation of surface plasmons in Kretschmann con-
figuration. But the optical system used for coupling and imaging of the sensor surface
under conditions of plasmon resonance can be implemented either by using of a high-
numerical aperture (high NA) microscope objective [5, 16, 17] or by using separate
objectives and camera tilted according to Scheimpflug principle [18-20]. The high-NA
approach allows one to acquire highly resolved low distortion images but leads to the
limitation of the field of view, which is in this case typically smaller than 100 ym x 80
pm (< 0.01 mm?). Using this approach, metallic and organic nanoparticles have been
detected and binding of DNA modified gold nanoparticles to the surface coated by
a complementary DNA sequence have been shown [21]. The technique can be used
also in air [22, 23] where the difference in the refractive index between analyte and
environment is much higher. It was also applied for detection of viruses [24] and for
tracking of mitochondria in the living cells [25].

Another approach, contrarily to the high-NA approach, is based on the conven-
tional SPM [9] where the incident light is coupled to a plasmonic sensor layer by a
glass prism (Fig. 2.15). This approach leads to a lower numerical aperture of this
optical system and to a correspondingly lower optical resolution. However, the sensi-
tivity is still sufficient for detection of single nanoparticles. Such a configuration has
been used for detection of single polystyrene nanoparticles (PS NPs) and HIV virus
like particles (HIV-VLP) [18, 19]. Despite of the lower spatial resolution, this configu-
ration has an important advantage: the monitored (imaged) surface is much larger —
typically few mm?. Therefore, this approach has a higher dynamic range and lower
limits of detection — starting from below 10® NPs mL~! up to 10'® NPs mL~! thus
covering the whole ppb concentration range [26, 27]. The large sensor surface also
provides more possibilities for the investigation of the binding of NPs to different sur-
faces. Moreover, it can be used for deposition of different receptors and for formation
of sensor arrays; this is demonstrated in the present work.

We report here a comparative investigation of interaction of citrate stabilized gold
nanoparticles (cit-Au NPs) and sulfate-terminated polystyrene nanoparticles (sPS NPs)
with various surfaces formed by self-assembly monolayers (SAM) of w-functionalized
alkyl thiols. First, the influence of ionic strength and surface coatings on the binding
of cit-Au NPs and sPS NPs was studied. Then, the binding of nanoparticles to the
surface patterned by deposition of spots with different w-functionalized alkyl thiols
was registered. The direct detection and visualization of adsorption of single NPs to
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FIGURE 2.15: Self-assembled monolayers of w-functionalized alkyl thiols were deposited on
the gold layer as a homogeneous coating (left panel) or as a patterned layers consisting of
two types of w-functionalized alkyl thiols (right panel). The binding of nanoparticles to such
surfaces was detected by surface plasmon microscopy.

the differently functionalized sensor surfaces enables ultrasensitive and unambigu-
ous characterization of NP-surface interaction. A brief schematic illustration of the
study is depicted in Fig. 2.15. Negatively charged cit-Au NPs and sPS NPs, and posi-
tively charged branched-polyethylenimine-coated silver nanoparticles (bPEI-Ag NP)
were applied. The results indicate that the electrostatic interaction is essential for a
selective binding of NPs. Therefore, the surfaces patterned by oppositely charged w-
functionalized alkyl thiols can be used as sensors to determine the sign of the surface

charge of nanoparticles.

2.3.3 Materials and methods
2.3.3.1 Materials

11-Mercaptoundecanoic acid (C10-COOH), (11-Mercaptoundecyl)tetra(ethylene gly-
col) (C11-(EG)4-OH), 1 Undecanethiol (C10-CH3z), 11 Mercaptoundecyl amine hydro-
chloride (C11-NH,), were purchased from Sigma Aldrich. 11-(Mercaptoundecyl)trime-
thylammonium chloride (C11-N*(CHj3); Cl7) was purchased from ProChimia Sur-
faces (www.prochimia.com), 100 nm latex beads (sulfate-terminated polystyrene nano-
particles, sPS-NPs) and citrate stabilized gold nanoparticles (20 nm, 40 nm, 60 nm
and 100 cit-Au NPs) from Sigma Aldrich, sodium citrate from Sigma-Aldrich, 99.9 %
ethanol, boric acid and phosphate salts from Merck, dimethyl sulfoxide (DMSO) and
sodium chloride (NaCl) from Roth (www.carlroth.com). Branched-polyethylenimine-
coated 60 nm silver nanoparticles (bPEI-Ag NP) were purchased from nanoComposix.
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All solutions were prepared using deionized water additionally purified by ELGA-
Classic system (elgalabwater.com). All suspensions of nanoparticles were diluted to a
final concentration of ~1x108 NP mL~!.

The control measurements of hydrodynamic size and {-potential of nanoparticles
were performed at pH 5 (ImM citrate), pH 7 (1.2 mM phosphate), and pH 9 (1 mM
boric acid) using Malvern Zetasizer Nano ZS (www.malvern.com).

2.3.3.2 Functionalization of sensor surface

Prior to functionalization, the gold coated sensor prisms were cleaned for ~120 s by
freshly prepared “piranha solution” (1:3 v : v mixture of 32% H,O,/HSOy), rinsed
thoroughly with water and ethanol, and dried at room temperature. Caution: piranha
solution reacts violently with most organic materials and must be handled with extreme care.
In the next step, the cleaned prisms were put in ImM ethanolic solution of the corres-
ponding w-functionalised alkyl thiol, and were incubated overnight at room tempera-
ture. Before usage, the prisms were rinsed thoroughly by ethanol, and were dried by
air.

The patterned C11-N*(CHj); Cl- / C10-COOH surfaces were prepared in two
steps. First, 10 mM of C11-N"(CHj3); Cl~ solutions in DMSO were deposited by a
non-contact dispenser sci FLEXARRAYER-S3 (www.scienion.com) forming an array
of spots of about 100-250 ym diameter with a dot pitch of 200-300 ym. After 20 min
incubation in DMSO atmosphere at room temperature, the spotted gold surface was
rinsed thoroughly by DMSO and by ethanol followed by incubation in ethanolic so-
lution of 1 mM C10-COOH for 10 min — at this step, the rest of the gold area is func-
tionalized [15]. Due to very slow exchange kinetics of alkyl thiols [28, 29] we assume
that this procedure does not lead to any essential modification of the formerly coated
spots by C11-N*(CHjz); Cl~ alkyl thiol. Then, the prism was rinsed by ethanol, dried,
and mounted in the SPM device.

2.3.3.3 Surface plasmon microscopy setup

The setup for SPM was developed within the EC-FP7 project “Nanodetector” (www.na-
nodetector.eu). 642 nm SM-fiber coupled laser diode with current and temperature
controllers (LP642-SF20, LDC205C and TED200C correspondingly) were from Thor-
labs (www.thorlabs.com). Light was collimated by the 16 mm focus length objective
(MVL16, Thorlabs, www.thorlabs.de) and directed through 14 mm free aperture Glan
polarizer (EksmaOptics, www.eksmaoptics.com) set to the p-polarisation (with regard
to the gold coated prism surface). Gold coated sensors consist of SF-10 (n = 1.72)
glass prisms with 43—45 nm gold layer on 3-5 nm titanium adhesive layer. The slope
of the SPR curve and correspondingly the absolute value of the signal of the SPR re-
flected light shows its maximum at approximately 0.3-0.5 of the SPR reflectivity [30].
However, taking into account the relative changes (the ratio of signal changes to the
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mean signal value), the highest signal-to-noise ratio is expected at the angle much
closer to the SPR minima [31]. Moreover, in close vicinity to SPR minimum the re-
flected light intensity tends to zero which makes more affordable a registration of
small changes caused by adsorption of nanoparticles. Therefore, the measurements
were performed at the angle 0.1-0.3 degrees before SPR minimum. The image was
formed on a MT9P031 monochrome CMOS image sensor. The image sensor has a
2592 x 1944 pixels resolution with a pixel size of 2.2 ym. The images with field of

view of about 1.3-1.5 mm?

were read at ~ 15 frames per second at full resolution by
the Beagleboard-XM single-board computer, averaged over 16 consecutive frames and
recorded by PC for further analysis by the homemade software. Initial version of this
software was reported in [23] whereas the advanced version based on cluster analysis

of images and template matching algorithms was presented in [27].

2.3.34 Measurement sequence

The sample suspension was pumped by a solenoid-operated micro-pump (Biochem
Valve, 130SP1220-1TP, 12V-DC, www.biochemfluidics.com) at a flow rate of 1 mL
min~!. The measurement was started by calibration of the system in the units of the
refractive index; it was performed by pumping of a 1.5 mL pulse of the background so-
lution containing additionally 20 mM NaCl. After a washing step, 1.5 mL suspensions
of each type of nanoparticles (40 nm, 60 nm, 100 nm cit-Au NPs and 100 nm sPS NPs)
were pumped through the flow cell with a washing step in between by 1.5-5 mL of the
background solution. The investigation of NPs binding on homogeneously modified
surface was performed in 1.2 mM phosphate buffer with and without 200 mM NaCl at
pH 7. The calibration was performed in the corresponding buffer containing 20 mM
NaCl or 180 mM NaCl (in case of using 200 mM NaCl in the background solution).
When using patterned surfaces, no calibration step was performed and, additionally,
60 nm bPEI-Ag NPs suspended in pure water were investigated.

2.3.4 Results and discussion
2.3.4.1 Characterization of nanoparticles

As the work was performed with commercial nanoparticles, their characterization was
limited to measurements of {-potential and hydrodynamic diameter. The measure-
ments were performed using dynamic light scattering. As shown in Table 2.2, the
obtained size values are very close to the data of supplier: the deviation for "100 nm"
NPs was below 10 %. No statistically significant changes of their measured size were
observed after an increase of the ionic strength by the addition of 200 mM NaCl or
after 1-day-incubation at room temperature. An increase of pH from 5 up to 9 leads
to a monotonous change in {-potential of cit-Au NPs in 1 mM buffer without NaCl
with values about —30 mV to —46 mV (Table 2.2). In the presence of 200 mM NaCl the
absolute value of the {-potential decreases down to the range between 6 mV and —11
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TABLE 2.2: {-potential and hydrodynamic size of sulfate-terminated polystyrene nanoparti-
cles (sPS NPs) and citrate stabilized gold nanoparticles (cit-Au NPs) at different conditions.

Buffer composition sPS NPs cit-Au NPs
Buffer [NaCl] pH (-potential Hydrodynamic (-potential Hydrodynamic
mM mV diameter, nm mV diameter, nm
1 mM citrate 0 5 -235+19 N/A -29.5+0.9 N/A
1 mM phosphate 0 7 477450 93.9+1.4 -37.240.9 109.910.6
1 mM boric acid 0 9 274418 N/A -5. N/A
1 mM citrate 200 5 -7.440.3 N/A -5.7+0.9 N/A
1 mM phosphate 200 7 -23+1.7 98.5+4.1 -8.7+0.8 109.3+0.3
1mM boricacid 200 9 -17.7415 N/A -11.440.6 N/A

mV. It can be explained by electrostatic screening where in the presence of 200 mM
NaCl the Debye length decreases from 3.6 nm down to 0.7 nm. The surface charge of
sPS NPs is determined by sulfate groups which are completely deprotonated in the
used pH-range. The observed non-monotonous dependence of the {-potential on pH
can be explained by adsorption of phosphate ions from the phosphate buffer. Notably,
the relatively low values of -potentials at 200 mM NaCl did not lead to aggregation

of nanoparticles.

2.3.4.2 Visualization of nanoparticles on the surface

Once a nanoparticle has bound on the sensor surface, it causes a weak optical sig-
nal, which can be visualized only after some pre-processing [23]. The crucial step
of this analysis is a formation of the differential record acting as a dynamic correc-
tion of the background and providing a possibility to compensate not only the static
background signal but also some background drift. The result of this operation is the
intensity change (differential frame) between two subsequent frames caused mainly
by adsorbed (or desorbed) NPs. Therefore the number of images of NPs in each dif-
ferential frame characterizes the number of nanoparticles adsorbed to (or desorbed
from) the surface during the time between two subsequent frames which is ~1.1 s in
full resolution.

The penetration depth of evanescent field into aqueous environment is about 200
nm for 650 nm wavelength [12]. Therefore, we can expect that we detect NPs on the
surface or at the distance till ~200 nm from the surface. The traveling speed of NPs
in aqueous suspension depends on their size; 1.6 m s! for 10 nm NPs and 5.2 x
1072 m s~ ! for 100 nm NPs [32]. Considering the penetration depth of the evanescent
field for the 642 nm laser wavelength as ~200 nm, the traveling time of NPs within
this region is ~0.1 us and 4 ps, for 10 nm and 100 nm NPs, respectively, if these NPs
are moving perpendicular to the surface. This time is much shorter than the time
between subsequent averaged frames, which is ~1.1 s. Therefore, we cannot expect
well measurable signals from NPs bouncing from the surface.

The size and shape of the obtained images of adsorbed NPs is the result of com-
plicated interference of the incident, reflected, and diffracted light. These images do
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FIGURE 2.16: Differential images showing image intensity patterns of nanoparticles on a sur-
face coated by C11-N*(CHj3)3 Cl~ alkyl thiol. 20 nm (a), 100 nm citrate stabilized gold nano-
particles (b), and 100 nm sulfate-terminated polystyrene nanoparticles (c) at concentrations ~ 5
x 108 nanoparticles mL~!, except 10® nanoparticles mL~! for 100 nm citrate stabilized gold
nanoparticles. Image size: 300 x 300 pixels (~0.02 mm?)

not correspond to the real size and shape of NPs and look like a dark or bright oval
spot oval or more complex shapes surrounded by one or more ovals (Fig. 2.16). Their
shape is very close to that obtained by theoretical calculations [33, 34]. It is logical to
expect that the differential images of the adsorbed and desorbed NPs look like pho-
tographic "positives" and "negatives". Therefore, the detailed quantitative analysis of
the number and time dependent evolution of these images allows one to get quanti-
tative information on adsorption and desorption of NPs to/from the surface [26, 27].
As single NPs are detectable, their minimal adsorption rate corresponds to one NP per
reasonable measurement time. The adsorption rate of one NP per second per total sen-
sor area corresponds to ~10% nanoparticles mL~! or ~ fM. The optimal concentration
range for the detection technology was found to cover the whole ppb range (1-1000 ng
mL~1) [27]. An increase of the measurement time and/or sensor area lead to further
improvement of the detection limit.

2.3.4.3 Detection of single nanoparticles on surfaces homogeneously coated by

self-assembled monolayers

In order to identify the best SAMs for creating heterogeneously patterned sensor sur-
faces, we first monitored the adsorption behavior of cit Au and sPS NPs on homo-
geneously coated surfaces. Additionally, we investigated the influence of the higher
ionic strength (salinity) on the adsorption of these NPs. For coatings, five types of w-
functionalized alkyl thiols with different terminal moieties were selected: C11-NHy,
C11-N*(CHjs); Cl—, C10-COOH, C11-EG4-OH and C10-CHj. 20, 40, 60, 100 nm cit-
Au NPs and 100 nm sPS NPs were used. All types of NPs showed a negative value
of {-potential (Tab. 2.2) caused by citrate adsorbed on gold NPs or by sulfate groups
of plastic NPs. Adsorption of these nanoparticles was studied at pH 7 at low ionic
strength (Fig. 2.17a) and in the presence of 200 mM NaCl (Fig. 2.17b). Quantitative
comparison based on normalization to C11-N*(CHjz); coated surface possessing the
highest adsorption rate, is shown in Fig. 2.17c—f. The values of the Debye lengths in
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the buffer solutions with- and without 200 mM NaCl are 3.6 nm and 0.7 nm, correspon-
dingly. Thus, at low ionic strength a strong adsorption of all studied nanoparticles to
the positively charged surface formed by C11-NH; and C11-N*(CH3)3 was observed
(Fig. 2.17a, A-B). Oppositely, no binding of sPS or 40 and 60 nm cit-Au NPs to the ne-
gatively charged surfaces formed by C10-COOH occurred (Fig. 2.17a, C). This clearly
indicates the role of electrostatic interaction in the adsorption of nanoparticles.

Unlike on C11-NH; and C11-N*(CHj3)3 coatings, the behavior of 100 nm cit-Au
NPs on C10-COOH and C11-EG4-OH coatings was quite different: it was possible to
observe some weak signals corresponding to two types of images, while one of these
images looked like a negative of another one. The magnitude of these signals is much
lower than in the case of adsorption to the two positively charged surfaces. Probably,
in this case we detect NPs which adsorb/desorb from the surface within one frame.
The shortness of NPs” stay on the surface and the exponential decay of their image
intensity with the distance to the sensor lead to much weaker signals compared to
usual signals from firmly adsorbed NPs. In the case of smaller NPs, such transient
signals are not measurable.

In the absence of specific adsorption of sodium and chloride ions, the addition
of 200 mM NaCl leads to a decrease of the Debye length down to 0.7 nm and of the
absolute values of the surface potentials. Therefore, one can expect a decrease of elec-
trostatic interaction and a subsequent decrease of adsorption of negatively charged
NPs to the positively charged surfaces but also a decrease of electrostatic repulsion of
these NPs from the negatively charged surface. Such effect was really observed for
C11-NH; and C11-N*(CHj3)3 coated surfaces. In this case, a decrease of the number of
adsorbed NPs was observed (Fig. 2.17c—f). Notably, in the presence of 200 mM NaCl,
a strong adsorption of NPs to the C10-COOH coated surfaces was observed. There-
fore, a decrease of the electrostatic barrier leads to adsorption caused by other types
of interactions (i.e., Van der Waals attraction). The same adsorption behavior of NPs
is observed for the C11-EG4-OH coated surface, but in this case the physical nature of
the energetic barrier is rather unclear.

Direct electrostatic interaction is not expected for C10-CHj coating. According
to [35], such surfaces can adsorb OH™ ions, but the observed adsorptive properties of
these surfaces (Fig. 2.17c—f) are more typical for the positively charged surfaces. The
observed influence of the surface coating indicates that the process is not completely
limited by diffusion. We cannot exclude some contribution of gravitation into binding
of NPs, but the observed influence of the surface coating indicates that this effect is
not very strong. An attempt to separate a contribution of the adsorption and of the
diffusion processes into the observed adsorption rate will be presented elsewhere.

The results demonstrate that the surface coated by C11-N*(CHj3)3-terminated alkyl
thiol provides the most effective binding of negatively charged nanoparticles. Such
coating type can be used as an unselective one for detection of nanoparticles; namely;,

this coating was applied in our recent work focused on detection and characterization
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FIGURE 2.17: Differential SPM images of nanoparticles adsorbed on the sensor surface coated
by C11-NH; (A), C11-NT(CHjz)3 C1~ (B), C10-COOH (C), C11-EG4-OH (D) and C10-CHj3 (E)
- alkylthiols. Detection of nanoparticles without (a) and with (b) 200 mM sodium and their
corresponding adsorption rates at a concentration of 108 nanoparticles mL~! (c—f). The SPM
images are cutouts with 300 px x 300 px (~0.02 mm?) from the full visible sensor area (2592
px x 1944 px, ~1.3 mm?).

of nanoparticles in complex media [27]. Albeit few times weaker, the adsorption of
nanoparticles to the C11-EG4-OH coated surface was observed at high ionic strength;
thus indicating that such a surface cannot be reliably applied in analytics of NPs as a
negative control.
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2.3.4.4 Directed binding of single nanoparticles to the patterned surfaces

The highest adsorption rates of negatively charged cit-Au NPs and sPS NPs are ob-
served for the C11-N*(CHj3); Cl™-coating whereas the lowest adsorption rates were
observed for C10-COOH coated surface at low ionic strength (Fig. 2.17c-f). These two
coatings, providing maximal contrast for binding of NPs, were selected for surface
patterning. Using a non-contact piezoelectric dispenser, droplets of N*(CHs); C1~
terminated alkyl thiol were deposited to the gold surface. Then, the space between
droplets was coated by C10-COOH alkyl thiol. The results of adsorption of different
negatively charged NPs to such patterned surface are shown in Fig. 2.18 and in Video
1 (Supplementary material), while the adsorption of the positively charged bPEI-Ag
NPs is presented in Fig. 2.19 and in Video 2 (Supplementary material). The measure-
ments were performed at low ionic strength. A clear selectivity of adsorption of all
negatively charged NPs to the C11-N*(CHj)3 Cl~-coated spots was observed. Almost
no binding of 40- and 60 nm cit-Au NPs to the surface coated by C10-COOH was
observed, while this selectivity was some lower for sPS NPs and large cit-Au NPs,
probably due to the contribution of the gravitation force. Similar results were also
obtained for patterned surfaces containing spots with C16-NH; and the rest area with
C10-COOH.

€11-COOH

40 nm cit-Au NPs

60 nm cit-Au NPs o] 100 nm cit-Au NPs

VBB e o e T = ma i = T )T T T
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FIGURE 2.18: Visualization of selective adsorption of negatively charged nanoparticles with-
out addition of sodium chloride on a surface coated by spots with C11-N*(CH3); C1~(120-130
um spot diameter) surrounded by a coating with C10-COOH alkyl thiol. Upper panel: Differ-
ential SPM images. Bottom panel: Visualization of nanoparticles adsorbed within 90 s. Visible

area is ~ 1.3 mm?.
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FIGURE 2.19: Visualization of selective adsorption of negatively charged citrate stabilized gold
nanoparticles (left pannel) and positively charged branched-polyethylenimine coated silver
nanoparticles (right pannel) without addition of sodium chloride on a surface coated by spots
with C11-N*(CHjz)3 C1~ (120-130 pm spot diameter) and C10-COOH coated area in-between.

Differential SPM images (a-b). Visualization of single nanoparticles adsorbed within 90 s (c—d).

Visible area is ~ 0.3 mm?.

The behavior of the positively charged bPEI-Ag NPs showed an opposite effect:
they adsorbed to the negatively charged C10-COOH coated part of the sensor surface
(Fig. 2.19). The results demonstrate that SPM in combination with the patterned sur-
faces coated by w-terminated alkyl thiols with oppositely charged functional groups
can be used to distinguish positively and negatively charged NPs.

2.3.5 Conclusion

Wide-field SPM is the real-time label-free optical method for detection of NPs at ppb
concentration range. We have applied it for investigation of binding of single nano-
particles to sensor surfaces coated by differently w-functionalized alkyl thiols. The
observed a difference in the adsorption rates to different surfaces indicates on the pos-
sibility to develop sensor arrays for analysis of nanoparticles. The concept was proved
using the simplest array consisting of patterns with positively charged spots whereas
the rest area was coated by negatively charged alkyl thiols. A strong difference in
binding of charged nanoparticles to the oppositely charged parts of the surface was
observed. This effect can be used for separation of NPs based on the difference in
their charge. Additional parameters, which can be used to control the binding of na-
noparticles to surfaces, include pH and ionic strength.
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The direct detection and visualization of adsorption of single NPs to the differently
functionalized sensor surfaces enables ultrasensitive and unambiguous characteriza-
tion of NP-surface interaction. Besides applications in analytics and basic research,
this can be used for nanotoxicology studies. To achieve this aim, the adsorption
of nanoparticles to biomimetic surfaces (e.g. coated by phosphatidylcholine and by
polysaccharides from glycocalyx) can be determined and compared with toxicity of
nanoparticles towards cell lines. Thus, the nanotoxicity related Quantified Structure
Activity Relationship (QSAR) for selected nanoparticles can be determined.
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Supporting information

Electronic supplementary material includes video sequences obtained by visualiza-
tion of adsorption of 40 nm cit-Au NP (Videol.mp4) or 60 nm bPEI-Ag NP (Video2.mp4)
to the patterned surface containing the spots coated by C11-N*(CH3)3 Cl~-terminated
alkylthiol while the rest of the surface was coated by C10-COOH-terminated alkyl-
thiol. Each newly adsorbed NP is indicated by red circle, then its color is changed
to the blue one. The red plot below shows the number of NPs adsorbed during the
current frame, the blue plot shows the total number of adsorbed nanoparticles.

The video files are available free of charge on the Springer Publications website:
https://link.springer.com/article/10.1007/s00604-016-1956-7#SupplementaryMaterial

as well as on the CD attached to this dissertation.
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2.4.1 Abstract

An ultrasensitive analytical method for direct detection of single nanoparticles in com-
plex environment is described. The method relies on the wide-field surface plasmon
microscopy (SPM?). The suppression of matrix effects is achieved by image analysis
based on the template matching. First, characteristic SPM images of nanoparticles
are collected in aqueous suspensions. Then the detection of nanoparticles in complex
environment is performed using template matching. Quantification and characteriza-
tion of nanoparticles size was demonstrated at sub-ppb level (~100 pg/mL) in such
complex media as wines, fruit juices or cosmetic formulation. Visualization of the
nanoparticles is performed in real time. The method does not require any sample
pretreatment. If the minimal acceptable adsorption rate is defined as one nanoparti-
cle to the whole sensor surface per few seconds, the working range of the method is
~10°-10'" nanoparticles per mL.

2.4.2 Introduction

Recent growth of nanomaterials application in science, industry, and medicine in-
creased an importance of analytical techniques for detection and characterization of
nanomaterials in various consumer products and in real environment. Many ap-
proaches have been suggested for this task, but the analysis of nanoparticles in media
of diverse and complex constitution is still a major challenge [1-4]. One of the emer-
ging analytical methods for such purpose is based on the surface plasmon microscopy.

The surface plasmon microscopy [5] can be used as an ultra sensitive method for
real time label free individual detection of adsorption of nanoparticles to plasmonic
sensor surfaces. It can be typically used in two arrangements: using a high numerical
aperture (NA) microscope objective [6, 7] and using a classical Kretschmann setup
[8-10]. The field of view of high-NA objective approach is limited by the field-of-view
of the used objective (typically, below 0.01 mm?), but the obtained image has a high

3also denoted as (wide-field) surface plasmon resonance microscopy, (WF)-SPRM
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optical resolution and low distortions. The classical Kretschmann setup has a much
wider field of view (over 1 mm?) [9, 10]; however, the mutual tilt of the object, lens,
and image planes degrades the performance and resolution of the optical system. At
low resolutions it is also widely referred to as an SPR imaging [11, 12]. According to
the Fick’s law for one-dimensional case (the coordinate x is normal to the surface), the
diffusion flux of nanoparticles | is proportional to the sensor surface area A, diffusion
coefficient D, and gradient of nanoparticles concentration C(x):
dC

J= _ADE (2.7)
Assuming that NPs adsorb irreversibly to the sensor surface [6], C(0) = 0, and at a dis-
tance beyond unstirred layer with thickness é the bulk concentration is kept constant
C(x > 6) = Cp, we get %%% and

] ~ ADCy 2.8)

The minimal measurable adsorption rate corresponds to the detection of one NP per
reasonable measurement time (e.g. per ~ 10 s), this gives [,;;,= 0.1 NPs/s. Obviously,
a larger sensor area allows one to measure a lower NPs concentration Cy. Therefore
the classical wide-field SPM is advantageous for analytical applications where the con-
centration of NPs in sample may be very low.

The principle of the wide-field SPM detection of NPs is shown in Fig. 2.21. In SPR
conditions the incident light is coupled to the surface plasmons wave with evanescent
field decaying from the sensor surface inwards solution. A nanoparticle, adsorbing
to the sensor surface and thus getting into the evanescent field, disturbs the propaga-
tion of the surface plasmon wave. This can be observed in the image formed by the
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FIGURE 2.21: SPM detection of single adsorbing nanoparticles.

reflected light.

While the manual image processing can be applied for the data analysis of ima-
ges obtained by SPM during nanoparticles adsorption, it is laborious, error-prone and
strongly influenced by personal perception of images. For the wide-field SPM ar-
rangement, where the amount of the detected nanoparticles is counted from single
NPs up to the tens or hundreds of thousands, the manual counting approach is not
suitable at all. The case becomes even more difficult for analysis of samples with com-
plex content, where the matrix components affect the image peculiarities and may be
falsely identified. Namely, this unavoidable matrix effect is the main challenge in the
development of analytical techniques for detection of nanoparticle in real media. We
present here a new wide-field SPM based approach which is suitable for detection,
quantification and characterization of nanoparticles in very complex matrix. Suppres-
sion of matrix effects in this approach was achieved by image analysis based on the
template matching. The approach was verified by its application for detection of na-
noparticles in such complex probes as wines, juices or cosmetic formulations.

2.4.3 Experimental section

The principle of the detection of nanoparticles using the surface plasmon microscopy
is described in [8]. The setup for SPM was developed within the EC-FP7 project "Na-
nodetector" and described in [9, 10]. 642 nm SM-fiber coupled laser diode with current
and temperature controllers (LP642-SF20, LDC205C and TED200C correspondingly,
www.thorlabs.com) was used as a light source. The light was collimated to a paral-
lel beam by the 16 mm focus length objective (MVL16, Thorlabs, www.thorlabs.de).
Polarization of light beam was set to p-polarisation (with regard to the gold coated
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prism surface) using 14 mm free aperture Glan polarizer (EksmaOptics, www.eksma-
optics.com). Gold coated sensors consist of SF-10 (n = 1.72) glass prisms with 4345
nm gold layer on 3-5 nm titanium adhesive layer (www.phasis.ch). The light reflected
from the plasmonic sensor surface was focused on the MT9P031 monochrome CMOS
image sensor (ON Semiconductor) by optical system with input aperture 18 mm and
focal distance 23 mm (NA=0.39). The image sensor has 2592 x 1944 square pixels
with 2.2 ym size. The total magnification of the optical system is ~ 4.5, thus each pixel
corresponds to ~ 0.5 ym of SPR-sensor surface. Optical resolution of the setup being
limited by diffraction is ~2 ym.

Prior to functionalization, the gold coated sensor prisms were cleaned by freshly
prepared "piranha solution" (1:3 v : v mixture of 32 % H;O,/HSOy), rinsed tho-
roughly with water, ethanol and dried at room temperature. Caution: piranha solu-
tion reacts violently with most organic materials and must be handled with extreme care. In
the next step, the cleaned prisms were introduced in 1 mM 11-(mercaptoundecyl)-
trimethylammonium chloride (MUTMA) in ethanol and incubated at least overnight
at room temperature. Before usage, the prisms were rinsed thoroughly by ethanol and
dried by air stream.

MUTMA was purchased from ProChimia Surfaces (www.prochimia.com). Sodium
chloride (NaCl) was from Roth (www.carlroth.com). All solutions and suspensions
were prepared using deionized water, additionally purified by ELGA-Classic device
(elgalabwater.com) and filtered using 200 nm cellulose acetate syringe filters from
VWR International (www.wvr.com). 100 nm latex beads (polystyrene nanoparticles,
PS-NP), citrate stabilized gold nanoparticles (AuNP, 20 nm, 30 nm, 40 nm, 60 nm, 80
nm, and 100 nm in diameter), 40 nm citrate stabilized silver nanoparticles (Ag NP),
and TiO,-NP (< 150 nm in diameter) were from Sigma Aldrich (www.sigmaaldrich.
com). Aqueous suspensions of PS-NPs and AuNPs were prepared at final concen-
trations of about 108 NP/mL. TiO,-NP were prepared at concentrations between 0.9—
900 ng/mL. The size of nanoparticles was proved by dynamic light scattering (DLS)
using Nano-ZS ZEN3600 (www.malvern.com). The stock concentrations of nanoparti-
cles were proved using nanoparticle tracking analyzer NTA5330 with 532 nm laser
module (Nanosight, www.malvern.com). Except long time repeatability measure-
ments, each probe before injection was treated for few seconds with vortex shaker
Lab Dancer S40 (VWR International).

All solutions and suspensions were pumped by a solenoid operated micro-pump
(Biochem Valve, 130SP1220-1TP, 12V-DC) at a flow rate of 1 mL/min. First, a cali-
bration of SPM system by injection of aqueous solution containing additional 20 mM
NaCl followed by washing with the same solution without salt was performed. Then,
1.5-2 mL suspensions of nanoparticles were injected, the same volume was also used
for washing steps in between.

The main part of the work was performed with three types of complex media:
white wine, suncream, and apple juice. Other successfully tested probes include tap
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water, mineral water, red wine. The samples in wine were prepared as suspensions
containing various concentrations of 40 nm Ag NP (10°-10'° NP/mL) in 80 % white
wine (Chardonnay 12% vol., pH 3.4). To prepare the sample with cosmetics, suncream
containing 5 % w/w polydisperse TiO,-NP (Ahava, Israel) was diluted by water 1 :
10*-1 : 10°. The samples of Au-NP in 90 % v /v apple juice (pH ~ 4) were prepared as
the suspensions containing 3 x 108 NP/ml of the nominally single size (30 nm, 40 nm,
60 nm, 80 nm, 100 nm) or of the mixtures (30/60 nm, 30/80 nm, 30/100 nm, 40/60 nm,
40/80 nm, and 40/100 nm) of NPs.

2.4.4 Results and discussion

In most cases the image changes caused by adsorption of NPs are very weak. To
detect such changes and to suppress the static and slowly changing background in
SPM raw frames the differential frames showing the changes between two frames
were calculated. To combine a calculation of the differential image with normalization
to the incident light intensity, it is convenient to calculate the differential frame as the
pixel-to-pixel ratio of two subsequent frames [13] (framen.; / framey). The time
required for the NP to cross the vicinity of the sensor surface within the penetration
depth of the evanescent field (~ 150-300 nm [14]) is smaller than the frame time (~ 1.1
s). Therefore, the NPs adsorbed within the frame N contribute to the measured light
for only a part of the frame time, and the full contribution of these NPs into the image
intensity is spread over two differential frames: framey; / framey and framey /
framey_;. To capture the full contribution of NPs adsorbed within the frame N the
differential frames were calculated as the ratio framey.; / framey_;. The stepwise
change of light intensity due to adsorption of a NP was used for additional filtration.

The pixel values in differential frames close to unity (~ 1, grey background on Fig.
2.21) denote no changes in the SPM raw frames, whereas a sharp intensity changes
result in values higher (> 1, white) or lower than the unity (< 1, black). Adsorption
of NPs is manifested in differential frames as a change within a group of neighboring
pixels, giving the characteristic black-and-white image pattern (see Fig. 2.21). The
size, shape, and intensity of the images of NPs are mainly determined by size, refrac-
tive index of NP and its distance to the plasmonic substrate (theoretical analysis was
reported in [15-18]) and by optical system used for imaging.

The straightforward approach for automated data analysis of wide-field SPM re-
cords relying on the image filtration and detection of local temporal and spatial inten-
sity changes in differential SPM frames, was reported [9, 19]. This approach considers
an image of adsorbed nanoparticle as a spot of some defined size range and does not
pay much attention to its particular shape and intensity distribution over the image
(Fig. 2.22, left). Correspondingly, any perturbations of this size in the differential SPM
images may be falsely identified as adsorbed NPs. If some NP images have a shape
very much different from the Gaussian shape, they might be either not recognized or
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recognized as many spurious Gaussian blobs of various sizes. Such problems are espe-
cially pronounced in noisy SPM records obtained in the presence of some matrix. This
interference hindered an application of SPM for detection of NPs in food, cosmetics or
other complex media so far.

The presence of very large and/or very small particles and compounds can be
probably avoided by development of an effective extraction of NPs. However, such
pretreatment is not just an expensive and laborious procedure which should be deve-
loped for each particular type of probes; it may also change substantially the concen-
tration and properties of NPs and thus lead to incorrect results. Therefore, an applica-
tion of SPM for detection, quantification and characterization of NPs in very complex
probes (such as industrial wastes, environmental waters, food and drinks, biological
liquids and tissues) requires approaches for the suppression of the matrix effects. With
this goal, a robust method for detection and identification of NPs in media of complex
composition was developed.

The principle and comparison of the described double-pass and earlier reported
single-pass methods are shown in Fig. 2.22. In the single pass approach, the detection
of NPs is based on detection of blobs in the sequence of differential images. To sup-
press an interference from matrix and to provide reliable analysis of SPM records with
a low signal-to-noise ratio we suggest to exploit the distinctive shape of NP images
(Fig. 2.21). For the recognition of NP images in SPM records, the method of template
matching using normalized correlation coefficient (NCC) 20 was applied.

The required image templates can be extracted in different ways. An obvious ap-
proach is to use simple (e.g. aqueous) suspensions of the NPs of the same type. How-
ever, one can not exclude an influence of the media on the NP images. Therefore, an
extraction of NP images from the SPM record obtained directly in the complex ana-
lytical probes spiked with additionally introduced NPs may be a more appropriate
approach (it can be considered as an analogue of the technique of standard additions).
The goal of the first pass over the SPM record is an extraction of the image templates.
For this purpose the single pass blob detection method [5] can be applied. Since the
intention of this procedure is only to suggest some candidate of NP images and not to
detect NP images or to distinguish them from the interfering image features, a high
amount of false positives or negatives can be tolerated if the gathered candidate ima-
ges contain sufficient amount of true positives. After some amount of images (con-
taining both NP images and any junk images) is collected, the mostly common image
templates in this collection are determined. This is performed by clusterization of
images by their similarity. This idea was realized using a graph, where the images
represent the nodes, and their NCC-expressed similarity serves as the weighted edge.
The applied NCC implementation [20] is not just numerically fast, but also reports the
mutual image displacement for the highest possible NCC. After calculation of the pair-
wise similarities (edges), the best two matching images were selected and summed.
The summation was performed using a mutual displacement that gives the highest
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FIGURE 2.22: Single pass (blob detection) and herein described double pass (template deter-
mination and matching) approaches.

NCC. Then the selected pair of nodes was deleted from the graph and the calculated
image was inserted instead. Thus, the shortest edge in the graph was removed, and
two corresponding nodes were merged (edge contraction). It is to note that the result
of the summation of the two merging images has an increased signal-to-noise ratio
(SNR). If the noise in images is independent (e.g. pixel shot noise), one can expect
an increase in SNR proportional to the square root of the images number. Iteratively
repeating the best edge contraction, one can aggregate the mostly similar and frequent
images into one or several templates. The clusterization procedure is stopped as soon
as the best edge falls beyond some threshold (typically 0.6-0.9). Thus, the described al-
gorithm extracts the most frequent candidates of NP images and sorts them according
to their recurrence. The typical templates of NP images obtained by this algorithm are
shown in Fig. 2.21.

After determination of the image templates of NPs in the first pass, they were
applied for detection of NPs in the second pass. It was based on the calculation of
normalized correlation coefficient (NCC) and regression coefficient (RC) of the image
patch and the template. As soon as they overcome the thresholds, the NP is considered
as detected. The data on the adsorption time and adsorption position of each NP were
visualized (Supplementary: video). The developed approach was tested using a wide
range of consumer products as a matrix. We started from such simple media as tap
water or mineral water, and then studied such complex media as wines, fruit juices
or suncream. Except suncream, explicitly containing nanoparticles according to its
formulation, other probes were spiked with known amount of engineered nanopar-
ticles shortly before the measurement. These known concentrations were considered
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FIGURE 2.23: Detection of 60 nm Ag NPs in 10 mM PBS, pH7 (three repetitions): (a) liquids
pumped through flow cell and their volume; (b) integral SPR signal; (c) detected adsorption
rate of nanoparticles; (d) cumulative number of detected nanoparticles.

as the reference values for validation of our technique. For image template extraction
and for independent DLS/NTA (Nanosight) control of NPs size/concentration, the
suspensions of the same NPs in aqueous buffer solutions were used.

A typical sequence of experimental steps is outlined in Fig. 2.23. In the row (a)
the liquids pumped through a flow are indicated. The first optional steps include
a calibration of the SPR system using injections of medium without NP: an integral
SPR signal shift due to increase of the total ion concentration by addition of 20 mM
NaCl was measured. This calibration is only required for the comparison of NP im-
age intensities in different experiments and may be omitted if such comparison is not
intended. Then the probes were injected. For a better negative control, the injections
of the probes can be alternated with injections of medium (Fig. 2.23a). Such optional
negative control may be useful to exclude suspected false positives in analysis of parti-
cularly complex media; however, we did not observe such a problem with the studied
probes. The number of adsorbing NPs within each differential frame was determined
using the above described approach and normalized to the sensor surface area and
the frame frequency. At constant diffusion conditions, the obtained adsorption rates
are proportional to the concentration of NPs in the concentration range from ~10°
till ~10° NPs/mL [10]. Integration of adsorption rate gives the cumulative count of
adsorbed NPs. The video (Supplementary) visualizes binding of 40 nm Ag NPs from
aqueous suspensions. The following sequence of injections was performed: water—10°
NPs/mL-water-10” NPs/mL-water-108 NPs/mL. The upper insets show the current
number of NPs per frame (left) and the cumulative number of adsorbed NPs so far.
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NPs are indicated by red color in the first frames after adsorption; then the color is
changed to blue.

It is to note, that the adsorption of NPs is not recognizable in the SPM raw frames:
the only noticeable response in Fig. 2.23b is the calibration response. The intensity
measurement of SPM raw frames represents the signal of conventional non-imaging
and low-resolution imaging SPR sensors. Thus, the Fig. 2.23 shows clearly the ad-
vantages of our method over conventional SPR sensors. The cumulative count of ad-
sorbed NPs within three consecutive injections amounts to ~20 000 NPs. The area
occupied by 60 nm NP in densely packed hexagonal monolayer is 3.1 x 10~? mm?.
Therefore, the occupied surface area in this particular measurement is only ~6x 10~°
mm? out of ~ 1.2 mm?, this corresponds to the sensor surface coverage of just 0.005 %.
The measurement system provides reliable detection at at least two order of magni-
tude higher surface coverage. At such low surface coverage one can neglect an effect
of adsorbed NPs on further NPs adsorption or a random binding of new NPs to the
top of the formerly adsorbed NPs.

Repetitive measurements using 3-10 injections demonstrated good reproducibi-
lity of the detection. The values obtained for stable aqueous suspensions (Au-, Ag- or
PS-NPs) showed the same values during 1 h with standard deviation of the adsorp-
tion rate in the range of 5-15 %, for the less stable suspension of TiO, NPs a gradual
decrease of NPs adsorption with about the same standard deviation of the slope was
observed. This decay indicates the possibility to study stability (aggregation or sedi-
mentation) of NP suspensions.

One of the most popular consumer products containing TiO, nanoparticles as a
part of their formulation are suncreams [21, 22]. The detection of TiO, NPs and deter-
mination of their concentration in such media is shown on Fig. 2.24. The results were
compared with well characterized probe of the same type of NPs in water. Due to high
polydispersity of both TiO, samples, the weight concentrations are indicated. For the
reference purposes and for the image template determination, the aqueous suspen-
sions of TiO, with gradually increasing known concentrations in range of ~1-1000
ng/mL (1-1000 ppb) were prepared and studied. Despite the broad size distribution
of TiO, NPs, only one template was detected; on the other hand, the images of sin-
gle NPs show large variation in intensity. Using these data, the calibration curve of
the adsorption rate vs. concentration was obtained. This dependence is practically
linear in the double-log scale over the whole concentration range. Then, the samples
of suncream with 5 % w/w TiO, content was diluted by water in ratio 1 : 10% 1 :
10°, 1 : 10° and measured. Optionally, the diluted samples were filtered using 200
nm cellulose acetate filter. The time duration between vortex treatment and sample
injection measurement was few minutes; therefore, a possible loss of TiO; NPs due to
aggregation or sedimentation can be neglected. The template obtained from the refe-
rence suspension was used for detection of NPs in the suncream probe. The detected
adsorption rate and the concentration of suncream fits well the calibration curve (Fig.
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FIGURE 2.24: Analysis of content of TiO; NPs in the suncream. The sample was diluted by
water 1: 10%,1: 10° or 1: 10° to match the optimal working range of the device. The weight
concentrations were calculated using supplier data on the content of TiO; (5 % w/w). For
comparison, the aqueous suspension of TiO, from Sigma-Aldrich was studied.

2.24). The data give the concentration value in the suncream of 4.1 % which is very
close to that value indicated by the suncream supplier (5 %). The samples, filtered
through a 200 nm filter, show much smaller adsorption rate thus indicating that such
pretreatment, typically used to exclude very large particles from complex media, may
lead to the severe underestimation of the true concentration. The detection of single
TiO, NPs within reasonable detection time (few seconds) was performed successfully
at ~1 ng/mL, this corresponds to ~1 ppb. Already at this concentration within few
minutes one can detect a high enough number of NPs to get statistically representative
data. Since the detection time is inversely proportional to the detection limit, also a
sub-ppb detection is possible by extending the measurement time.

Other prominent nanomaterials, already being used in different consumer pro-
ducts and thus rising the concerns about their safety, are the formulations containing
silver NPs [23, 24]. Detection of such NPs is very challenging due to their inherent che-
mical instability in aqueous suspensions. Ag NPs may easily aggregate or completely
dissolve thus making a discrimination between silver in the form of NPs and silver in
other forms (ions, insoluble sediments, microparticles or bulk material) very difficult.
To detect silver NPs in the consumer product (red and white wines were chosen), the
suspensions of 40 nm silver NPs in wine and water were prepared and measured (Fig.
2.25). The concentration range was in range of 10°~101° NPs/mL. Calculating the mass
of a single NPs as 0.34 x 101> g, a mass concentration range of 0.34-3400 ng/mL (or
0.34-3400 ppb, correspondingly) is obtained. The aqueous stock solution of silver NPs
had the concentration of 5.7 x 10'° NPs/mL, therefore, the constant content of 80 %
wine was chosen for all suspensions prepared by dilution of this stock solution.

Clusterization of NPs images obtained during adsorption of silver nanoparticles
in pure aqueous suspensions leads to the single image template, the occurrence rate
of other types of images is below 1 %. The concentration dependence shows a good
linearity in double log scale in the concentration range from 10° till 10° NP/mL (Fig.
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FIGURE 2.25: Detection of 40 nm Ag NPs in water and in 80 % wine. a) Image templates and
adsorption rates for injection of different concentrations of Ag NPs in 80 % wine. The color
of the frame corresponds to the color of the adsorption kinetics for this type of the template.
Only a single image template was obtained for Ag NPs in water while also three other image
templates were observed for Ag NPs in wine. b) Concentration dependence of the detected
adsorption rate for different image templates. For comparison, a detection of Au NPs in these
media is also shown.

2.25b). For the same NPs concentrations in 80 % wine the adsorption rate is few times
lower. This discrepancy can be partially explained by 1.8-3.0 times higher viscosity of
the wine matrix [25]. However, the discrepancy steadily grows with the concentration
increase. After reaching the concentration of 10! NPs/mL, the detected adsorption
rate in wine suddenly drops. At the same time, in contrast to the pure aqueous sus-
pensions, the occurrence rate of three other types of image templates is considerably
larger in wine suspensions. The contribution of these image templates grows with
NPs concentration increase. At a concentration of 10’ NPs/mL, these image tem-
plates constitute a substantial part of the number of detected images. This allows us
to suggest a concentration decrease of silver NPs in wine and a formation of some
other types of nano- or microparticles manifested by different image template. This
conclusion is confirmed by measurements of Au NPs in the same media: they did not
display any noticeable difference being measured in water and in 80 % wine. It is to
note that two of these template images are inverses of two others. As it was reported
in [10], such images relate to the dissolution (desorption) of silver nanoparticles pre-
viously adsorbed to the gold surface. An occurrence of some chemical reaction with
silver nanoparticles in wine suspension was supported by DLS measurements. They
give the size of Ag NPs in aqueous suspension 40 & 7 nm well corresponding to the
supplier specification. However, the suspensions of this type of Ag NPs in the wine
displays an appearance of large particles with the size from 150 till 250 nm. Ag NPs
of this size typically sediment irrespectively to their zeta-potential value. This con-
version cannot be explained by oxidation of nanoparticles (an addition of this type of
wine to aqueous electrolyte results to the shift of the redox potential to cathodic direc-
tion), but a more detailed investigation of conversions of Ag NPs in wine is beyond
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the topic of this work. Nevertheless, the above described measurements demonstrate
that an application of SPM is not limited by counting of nanoparticles, it may also
provide an indication on physico-chemical processes with these NPs.

The excellent colloidal stability of Au NPs already lead to numerous applications
of Au NPs in science, medicine and industry [26]. Au NPs were suggested to apply
as anti-counterfeiting nanotaggants in some consumer products [27]. To model such
an application, suspensions of 30-100 nm gold NPs in apple juice were prepared by
dilution of the aqueous stock solutions. Correspondingly, the juice content in the sus-
pensions was 90 % while the concentration of NPs was kept equal to 3 x 10® per mL
(calculated from the supplier data). The results of analysis are shown in Fig. 2.26a.

The size dependence of the image intensity of Au NPs is shown in Fig. 2.26a. This
dependency is approximately linear in the 30-100 nm size range. It is in a good agree-
ment with theoretical analysis [15-17] and with a previous report for the polystyrene
sub-microparticles [8].

It is to note that the differential image intensity is dimensionless and can not be
quantified directly. Indeed, this is the ratio of the reflected light intensities before
and after adsorption of NP. To convert this dimensionless value into representative
physical value, a calibration of sensor response by refractive index (RI) step has been
done. It was performed by addition of 20 mM NaCl to the medium. From the literature
data [14, 28] it is known that this addition causes ~ 180 microRIU change. Thus, having
calibrated the sensor response, the differential image intensity (peak-to-peak value)
can be expressed in terms of RI (see plots in Fig. 2.26b for Au NPs). It is to note that
the image intensity for 30 nm Au NPs is as high as ~ 10~* RIU. Typically, RI resolution
limits for the SPR-imaging instruments is in the range of ~10~°. However, because of
low spatial resolution of commercial devices, this relatively large signal from single
NP is blurred through a large surface area thus leading to a decrease in its magnitude.

The calibration enables a quantitative analysis and comparison of images obtained
in different conditions. The histograms of image intensities in Fig. 2.26b were obtained
in independent measurements. Ag NPs in water and wine were measured separately
and compared with Au NPs in juice. Since the complex refractive index of bulk Ag
and Au at ~640 nm are similar, NPs made of these metals induce similar response
in SPM; correspondingly, their normalized histograms display a good coincidence as
well. A broader distribution of image intensities for Ag NPs in wine in comparison
with that in water can be considered as an additional indication of influence of media
on Ag NDPs.

The distribution of image intensities can be also used for analysis of polydisperse
samples. The histograms for the 40/60, 40/80, 40/100, 30/60, 30/80, 30/100 nm mix-
tures of Au NPs with the nominally equal number concentration of NPs in mixture
are shown in Fig. 2.26c. As expected, the histograms for the mixtures are composed
from the histogram of corresponding NPs. The discrepancy in the adsorption rates be-
tween smaller 30 nm and 40 nm Au NPs and larger NPs in mixtures may be explained
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FIGURE 2.26: Characterization of size of nanoparticles in complex media. a) Image intensity of
Au NPs of different size in apple juice. b) Histograms of image intensities of NPs normalized
to the RI response. Ag 40 nm NP were measured separately in water and wine, Au NPs were
measured in apple juice. c) Histograms of image intensities mixed suspensions of Au NPs.
d) Cumulative histogram of image intensities. All the plots were normalized to RI units by
calibration with 20 mM NaCl.

by two reasons. First, smaller NPs diffuse faster through the unstirred layer near the
sensor surface. Thus it leads to a higher adsorption rate of smaller NPs at the same
concentration in the volume. The second reason is that the narrower distribution of
image intensities for smaller NPs makes the mode value of the histogram apparently
higher. The number of NPs corresponding to the particular size population can be ob-
tained by integration of the area under distribution curve. For the mixed suspensions
consisting of 40/60, 40/100, 30/80 and 30/100 nm NPs, clear two-phase curves with
the ratio of the components between 1:1 and 2:1 were obtained (Fig. 2.26d). The data
demonstrate that the distribution of image intensities relates to the size distribution of
nanoparticles. However, one cannot exclude also a contribution of other effects, such
as thickness variations of the gold layer through the sensor surface, non-complete
compensation of inhomogeneous light distribution during the calibration step, or an

influence of impurities on the distance between adsorbed NPs and gold layer.
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2.4.5 Conclusion

We have reported a new analytical technique based on combination of a wide field of
view SPM with a specially developed data analysis including recognition and clus-
terization of optical images from NPs on the sensor surface. The wide field of view
leads to a number of advantages. First, the high sensor surface increases a probability
of adsorption of at least one NP on the sensor surface during measurement time thus
providing a very high sensitivity of this analytical techniques. The reliable detection
limit for 1 minute measurement time is better than 10® NPs/mL (~1.6 fM) or ~0.3
ppb and can be further improved by increasing of the measurement time or sensor
surface. Secondly, it allows us to analyze hundreds thousands of NPs on the sensor
surface simultaneously thus providing a high dynamic range and a possibility to get
statistically representative measurements within a very short time. The wide field of
view allows one to apply sensor array technology [29]; some examples of application
of sensor arrays for detection of NPs will be presented elsewhere [30]. An implemen-
tation of image recognition into this analytical technique opens a way for its applica-
tion in very complex media. We have demonstrated that it provides reliable analytical
data in practically relevant media of different complexity, starting from relatively sim-
ple (tap water, mineral water) up to very complex ones (wines, juices, cosmetics). The
proposed method can be applied to detect single NPs without sample pretreatment,
making it superior to most other alternative techniques for sensitive analysis of NPs
in such complex media [1, 2]. Notably, the developed technology provides not only a
determination of number concentration of NPs, it gives also information on the size
of NPs and on the size distribution. As the closest competitor in terms of analytical
capabilities the Nanoparticle Tracking Analysis (NTA) may be considered [31]. How-
ever, the differences in underlying principles (detection of moving NP in bulk solution
vs NP immobilized on the sensor due to adsorption from bulk) make these two tech-
nologies more complementary that competitive. The immobilization of NPs allows
combining the surface plasmon microscopy with other in-situ analytical techniques
— like electrochemical analysis [29]. The proposed method may be applied to study
the interaction of NPs with their local nano-environment which changes their proper-
ties [32]. One can also expect further development of the reported technique by its
combination with Raman spectroscopy, field-flow-fractionation and other analytical
techniques.
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2.5 Plasmonic detection and visualization of single enzyma-
tically synthesized nanoparticles by means of wide-field

surface plasmon resonance microscopy

SCHERBAHN, V., NIZAMOV, S., & MIRSKY, V. M.
In preparation.

2.5.1 Abstract

Recently, wide-field surface plasmon resonance microscopy (WF-SPRM) was shown
to detect, to visualize, to localize and to quantify single engineered nanoparticles ad-
sorbed to the sensor surface. Besides a typical chemical synthesis, researchers have
reported on application of enzymes to mediate synthesis of metallic nanoparticles for
biosensing and bioelectronic applications. Several enzymes have been reported to be
suitable for this purpose. In this work, we report on application of alkaline phos-
phatase (ALP) to mediate synthesis of gold nanoparticles (Au NPs) followed by their
detection in real-time by means of WF-SPRM. The enzyme-mediated synthesis of Au
NPs undergoes the following pathway: ALP converts the de-phosphorylation of the
phosphorylated ascorbic (AA-P) acid to ascorbic acid (AA) and phosphate followed
by reduction of gold ions (Au®*) to Au NPs by AA. Applying WF-SPRM as main de-
tecting technology it was possible to detect enzymatically formed NPs by ALP both
unbound in solution and immobilized as an enzyme-antibody-conjugate to the sen-
sor surface. This approach represents an important milestone towards development
of ultra-sensitive biosensing applications as each single adsorbed, newly synthesized
nanoparticle undergoes detection by WF-SPRM.

2.5.2 Introduction

As they exhibit unique physico-chemical properties, nanoparticles are nowadays con-
sidered as indispensable tools in the development of biosensing and diagnostic appli-
cations [1-4]. Unlike to be chemically synthesized [5, 6], nanoparticles were shown to
be also synthesized by enzymes [7-10]. Recently, an ultra-sensitive plasmonic tech-
nology — wide-field surface plasmon resonance microscopy (WF-SPRM) — was deve-
loped enabling adsorption of single nanoparticles of different materials and sizes to
differently modified surfaces to be detected, visualized and characterized within few
minutes [11-18]. The visualization of nanoparticles by WF-SPRM mainly relies on the
detection of scattered surface plasmon waves [19]. Mainly these encouraging aspects
served as a base to apply the WF-SPRM technology to detect adsorption of single
enzymatically synthesized nanoparticles. In order to implement this approach, it is
necessary to understand which reaction type the nanoparticle formation obeys, and
which enzymatic systems catalyze such a reaction. Concerning the latter aspect, two
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pathways are possible: either direct formation of nanoparticles from a precursor by
the enzyme, or the enzyme is applied to first produce a compound that in the next
step induces a chemical reaction with the precursor to form nanoparticles. In regard
to formation of metallic nanoparticles, which exhibit the most appropriate plasmonic
properties to be detected by WF-SPRM, pure a-amylase was shown to catalyzes a di-
rect reduction of gold ions to nanoparticles [20]. However, this reaction is governed
by very slow kinetics (>48 hours) and thus reveals to be not reliable for our purpose.
Therefore, the application of redox-active compounds to reduce metal ions (precur-
sor) to metal atoms (nanoparticles) represents another possible way. In this particular
case, the role of the enzyme is attributed to act as a mediator to produce a compound
with redox properties which in turn induces reduction of metal ions to nanoparticles.
Hydrogen peroxide (H,O;) is known to act as a reducing agent to form gold nano-
particles [21, 22]. One of the most studied and applied enzymes — glucose oxidase
(GOD) [23] — has been studied to mediate synthesis, mainly the growth, of metallic na-
noparticles as glucose conversion is inherently accompanied by production of H,O;.
In this case, two reactions take place: oxidation of the glucose resulting in formation
of H,O; as side product and reduction of gold ions by H,O, to gold nanoparticles. It
is to note, that the generated H>O» can already serve as measurable signal [24]; how-
ever, the most important advantage of this approach relies on the possibility to detect
nanoparticles by naked eye as without any further technical equipment as they exhibit
different plasmonic properties (color) in dependence on their size and shape. This ap-
proach has been successfully implemented using a N-Morpholinoethansulfonic acid
(MES) buffer as a mild pre-catalyst in combination with H,O; as the main catalyst [21].
Besides H,O; as reducing agent at alkalic pH, organic aromatic compounds such as
ascorbic acid (AA) [25, 26] or phenolic derivatives [27, 28] were also shown to reduce
metal ions to nanoparticles. In this particular case it is necessary first, to provide an
inactivated form of the reducing agent (detaining the redox activity) and secondly, to
choose an enzymatic system that catalyzes the activation of this compound to reduce
metal ions. Exemplarily, redox-active ascorbic acid was shown to form gold- (Au-) [29]
and silver nanoparticles (Ag NPs) [30-32]. Fortunately, ascorbic acid is also available
in an inactivated state — phosphorylated ascorbic acid (AA-P). This aspect encouraged
researchers to develop biosensors based on application of alkaline phosphatase (ALP)
to catalyze hydrolysis (activation) of redox-inactive phosphorylated ascorbic acid to
redox-active ascorbic acid followed by reduction of silver ions by ascorbic acid to form
Ag NPs [30-32]. In that particular case, first a hydrolysis (activation) of the inactive
phosphorylated ascorbic acid to ascorbic acid and phosphate takes place, whereas in
the second reaction ascorbic acid reduces silver ions to form nanoparticles. Notably,
this reaction has to be performed in the dark to prevent spontaneous formation of sil-
ver nanoparticles. Additionally, the formed silver nanoparticles can undergo a spon-
taneous oxidation/dissolution [18]. Besides, the presence of chloride ions in the buffer
solution may lead to the formation of an insoluble silver chloride salt (AgCl).
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Apart from enzymatic formation of solid nanoparticles, application of gas-produ-
cing enzymes may be applied to generate gaseous bubbles or even nano-bubbles to
be detected by means of WE-SPRM. Catalase (CAT) is one of the most produced natu-
ral enzymes and catalyzes decomposition of H,O, to water and oxygen (O,) [33, 34].
Using CAT, a direct formation of gaseous O, on the sensor surface followed by its
detection by WF-SPRM is possible.

In this work, we report a novel approach to detect and visualize enzyme-assisted
generation of single gold nanoparticles (Au NPs) using wide-field surface plasmon
resonance microscopy (WF-SPRM) as the main detecting technology. After evalua-
ting GOD and CAT as potential enzyme mediators, alkaline phosphatase (ALP) was
chosen as the most suitable biocatalyst to convert the redox-inactive phosphorylated
ascorbic acid (AA-P) into the redox-active ascorbic acid (AA) that in turn induces a re-
duction of gold (Au®") ions to Au’-agglomerates thus forming gold nanoparticles (Au
NPs). ALP is used and tested both in free, unbound state (in volume) and immobilized

to the sensor surface.

2.5.3 Materials and methods
2.5.3.1 Chemicals

11-Mercaptoundecanoic acid (HS-(CHj)19-COOH) was purchased from Sigma Aldrich.
2-(N-mor-pholino)ethanesulfonic acid (MES) was purchased from Roth. Diethanol-
amine (DEA), glycine, L-Ascorbic acid (AA), L-ascorbic 2-phosphate sesquimagne-
sium salt hydrate (AA-P), chloroauric acid (HAuCly) were purchased from Sigma as
well as alkaline phosphatase (bovine intestinal mucosa), human serum albumin, poly-
clonal anti-human serum albumin antibody (rabbit anti-HSA IgG), 20 nm and 100 nm
gold nanoparticles (Au NPs). Tris(thydroxymethyl)aminomethane (TRIS), Zink chlo-
ride (ZnCly) and magnesium chloride (MgCl,) were purchased from Merck. 99.9 %
ethanol and phosphate salts were purchased from Merck. Dimethyl sulfoxide (DMSO)
and sodiumchloride (NaCl) were purchased from Roth. Goat anti-rabbit IgG-ALP (se-
condary/detecting antibody) was purchased from Invitrogen. Alkaline phosphatase
(ALP), Catalase (CAT) and glucose oxidase (GOD) were purchased by Sigma Aldrich.

2.5.3.2 Colorimetric test

The feasibility of reducing Au®* ions (HAuCly as source) by ascorbic acid (AA) was
performed as follows: 100 ul containing 2 mM HAuCly, 1 mM MgCl, and 1 uM ZnCl,
were added to 100 ul containing 2mM AA, 1 mM MgCl, and 1 uM ZnCl, and incu-
bated for maximal 30 minutes (1 mM final concentrations of AA and HAuCly). Ne-
gative controls without ALP or anti-rabbit IgG-ALP were performed by addition of
100 ul containing 0.025 mM, 0.2 mM or 2 mM HAuCly, 1 mM MgCl, and 1 uM ZnCl,,
respectively, to 100 ul containing 0.025 mM, 0.2 mM or 2mM AA-P, 1 mM MgCl,, and
1 uM ZnCl,, respectively, and incubated for maximal 30 minutes (0.0125 mM, 0.1 mM
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or 1 mM final concentrations of AA-P and HAuCly). Positive control with ALP or anti-
rabbit IgG-ALP was conducted as in previous step but with extraction of 0.5 ul from
each batch followed by addition of either 0.5 1 ALP (original solution was stored at 4
°C, 12 mg ml~! with ~43 kU mI~!) or 0.5 ul anti-rabbit IgG-ALP (stored as aliquots
with 1-5 ul at -20 ° C, 1 mg ml~!) and incubated for maximal 30 minutes. As buffers,
DEA, TRIS or glycine were used at pH 9-9.5 with final concentration ranging from 10
mM to 100 mM. All solutions were filtered by a 0.22 um cellulose acetate filter.

2.5.3.3 Characterization of ALP-generated Au NPs by optical methods

Spectrophotometric measurements were performed using the Spectrophotometers Jas-
co V-630 and Thermo Scientific Evolution 220 measuring 1:10 sample dilutions ob-
tained within the colorimetric test. Measurements of size of ALP-generated NPs were
performed using dynamic light scattering (DLS, Zeta Sizer, Malvern) and nanoparticle
tracking analysis (NTA, NanoSight, Malvern).

2.5.3.4 Functionalization of sensor surface

Prior functionalization, gold coated prisms were cleaned by freshly prepared piranha
solution (1:3 v: v mixture of 32 % HyO,/HS04) for ~20 s followed by thorough,
subsequent rinsing with water and ethanol, and dried at room temperature. Caution:
piranha solution reacts violently with most organic materials and must be handled with ex-
treme care. In the next step, cleaned prisms were put in 1 mM ethanolic solution of
11-Mercaptoundecanoic acid (HS-(CHj;)1p-COOH) and incubated overnight at room
temperature. Before usage, the prisms were rinsed thoroughly by ethanol and dried

at room temperature.

2.5.3.5 Immobilization of ALP-conjugated antibody

Sensor prisms, previously modified by HS-(CH;);0-COOH, were coated with anti-
HSA-IgG by addition of 50 ul of 0.3 mg ml~! anti-HSA-IgG containing 400 mM EDC
in 0.1 M MES buffer pH 5.5 to the sensor surface for 10 minutes as one-pot-reaction.
After a thorough washing step by phosphate saline buffer (PBS) pH 7.35, 50 ul with
0.1mg ml~! ALP-conjugated secondary(detecting) antibody (anti-rabbit IgG-ALP) di-
rected against rabbit anti-HSA IgG were added. After 1 hour; the sensor was washed
by PBS and stored until usage (in all cases the further usage occurred 10-15 min later).

2.5.3.6 Measurements by wide-field surface plasmon resonance microscopy (WE-
SPRM)

The setup for WF-SPRM is described elsewhere [11, 14, 16]. In brief, a p-polarized
642 nm laser beam illuminates a ~50 nm gold layer through a glass prism (n=1.7) at
the angle of the total internal reflection near resonance conditions forming a so-called
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evanescent wave. Smallest changes in refractive index within the penetration depth
of evanescent wave strongly affect the resonance conditions and can be detected by a
camera.

It is to emphasize that all experiments using WF-SPRM were performed in batch-
mode with a horizontal sensor position (applying a 100 ul droplet to the sensor sur-
face). Concerning experiments with ALP unbound in solution, following additions
onto the sensor surface were given while gathering SPRM-images online: (1) 50 ul
containing 2 mM HAuCly, 1 mM MgCly, 1 uM ZnCly; (2) after ~300 frames (~ 5 min-
utes) 50 ul containing 2 mM AA-P, 1 mM MgCl, 1 uM ZnCly; (3) ~ 300 more frames
later 0.5 ul 1 mg ml~! ALP were added. For experiments with immobilized anti-rabbit
IgG-ALDP, only steps (1) and (2) were performed.

2.5.4 Results and discussion
2.5.4.1 Potential enzymatic systems to generate nanoparticles

To reduce metal ions, only few enzymes were reported to perform this reaction [20].
However, due to very slow kinetics of nanoparticle formation (>48 hours) we exclude
these enzymatic systems. Therefore, instead to apply a "slow" enzyme to directly re-
duce metal ions, reducing organic compounds allowing a much faster reduction rate
were suggested. Prior, several aspects have to be taken into account: (1) an appro-
priate compound to reduce metal ions to metal atoms further forming nanoparticles;
(2) appropriate conditions to maintain enzyme activity (pH, buffer compositions) and
to ensure reduction of metal ions; (3) availability and chemical stability of the appro-
priate reducing compound in an inactivated state (e.g. capped or as a precursor); (4)
suitable enzymatic system to convert either the redox-inactive compound or the pre-
cursor into an active redox agent. It is important to mention that before choosing
ALP as an enzyme mediator, first well-known enzymatic systems like glucose oxidase
(GOD) and catalase (CAT) were evaluated.

Hydrogen peroxide (H>O,) is known as reducing agent to form metallic nanopar-
ticles [7, 21]. As HO; is intrinsically produced as a by-product when glucose is oxi-
dized by GOD, it is logical to suggest this enzyme to form Au NPs in the presence of
gold (Au®*) ions. Colorimetric experiments confirmed the feasibility of this reaction
(Supplementary, Fig. 2.32). Since several organic buffers are known to spontaneously
induce formation of Au-agglomerates in the presence of Au>" ions and glucose [35],
phosphate buffer was preferred. Negative controls (without GOD and H,O, in the
presence of Au** (HAuCly) and glucose only), showed no color formation and thus
indicating glucose not to affect formation of Au NPs without GOD (Supplementary,
Fig. 2.33). Similar results were obtained with an additional negative control: GOD and
HAuCly without glucose (Fig. 2.27a). Once different GOD concentrations (1 mg ml~!,
0.1 mg ml~!, 0.01 mg ml~!) were added into samples containing glucose and HAuCly,
the sample color turned blue/purple and pink (0.1 mg ml~! and 0.01 mg ml~! GOD,
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FIGURE 2.27: (a) Colorimetric test applying different concentrations of GOD and glucose. DLS
measurements of samples containing (b) 1 mg ml~! GOD, (c) 0.1 mg ml~! GOD and (d) 0.01
mg ml~! GOD

respectively) after ~ 15 min, whereas no color change was observed when using 1 mg
ml~! GOD (Fig. 2.27a). Assuming that lower GOD concentration inherently leads to
generation of lower amount of H,O, per time, it can be considered that under such
conditions smaller Au NPs (Fig. 2.27d) are formed exhibiting pink color (Fig. 2.27a)
compared to larger Au NPs ((Fig. 2.27c)) exhibiting blue/purple color (Fig. 2.27a)
when using a higher GOD concentration (0.1 mg ml~!). However, an opposite effect
of HyO, concentration on size of generated Au NPs was shown in [21]. As for our
purposes, formation of NPs within first minute(s) is required and the GOD system
was shown to form Au NPs only after 10-15 min, this system is considered to be too
"slow" and was discarded.

An alternative to synthesizing solid nanoparticles, enzymatic formation of gases
may be a promising issue to apply gaseous bubbles or even nano-bubbles to be de-
tected by WE-SPRM. Thus, the choice of a fast enzymatic system to generate a gas
was made in favor of catalase, which, along with acetylcholine esterase [36], repre-
sents one of the fastest natural enzymes in nature with a turnover rate in the range
of several millions molecules per second [37]. Catalase is a ubiquitous enzyme which
is produced in almost all living organisms exposed to oxygen catalyzing the decom-
position of hydrogen peroxide (H,0O,) to oxygen (O;) and water (H,O). The refractive
index of gaseous O; is ~ 1; compared to the refractive index of water (n ~1.334). Due
to such an essential difference in refractive index, a possible formation of O, bubbles,
or even nano-bubbles, on the sensor surface could be visualized by WF-SPRM. There-

fore, visualization of surface nano- or micro-bubbles may be potentially applied to
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develop novel biosensing approaches. First experiments showed a successful immo-
bilization of catalase measured by means of classical surface plasmon resonance (SPR)
(Fig. 2.28a). The formation of bubbles in the presence of H,O, was visualized using
the WF-SPRM technology. As can be seen in Fig. 2.28b, signals, most likely attributed
to O-formation on sensor surface, were successfully detected (denoted by yellow cir-
cles). Unlike the large spot in the bottom left corner, white and black spots are visible
throughout the horizontally placed sensor indicating formation of O,-bubbles accom-
panied by their detachment from the surface into the bulk (black spots, opposite signal
to white). Despite successful detection of O, bubbles formed, almost all experiments
with immobilized catalase and H,O, solutions were accompanied by accidental accu-
mulation of macroscopic O, bubbles on the sensor surface and in the flow-cell, thus
disturbing measurement earlier or later. Additionally, formation of O,-bubbles oc-
curred at relatively high H,O, concentrations (> 0.1 M); sometimes spurious decom-
position of HyO, could be observed as well. Therefore, this enzymatic system was not
considered to be further investigated. Nevertheless, the results showed for the first
time by means of WF-SPRM the visualization of gaseous O, bubbles to be formed by
immobilized catalase in the presence of H,O; in solution. Perhaps, this approach may
potentially work with other enzyme systems producing gaseous products [37].
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