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I1l.  Abstract

In this thesis, a new sensor principle based on SPR is developed using AuNPs functionalised with
carboxylic groups (AuNP-COOH) immobilised on self-assembled monolayers (SAM). The
immobilisation of AUNP-COOHSs occurs electrostatically between a positively charged SAM and
negatively charged AUNP-COOHSs. This SAM consists of a thiolated pH-sensitive polymer, poly
(2-vinylpyridine) with a terminal thiol group (P2VP-SH), as a supporting layer on the gold surface
of the SPR chip. This polymer responds to the pH changes, e.g. swelling and shrinking in acidic
or basic environments, respectively. Swelling of P2VP with AuNP-COOHSs occurs between pH
2.3 and 1.7. This induces an enhanced decrease of the SPR signal compared to the P2VP layers
without AuNPs. This larger decrease of the SPR signal is due to the increase of the distance
between the AuNPs and the gold substrate.

Additionally, other effects are measurable which allow the extension of pH sensitivity range. The
further effects are related to the aggregation and disaggregation of AUNP-COOHSs. At pH above
10, the SPR signal decreases strongly. It is supposed that the AUNP-COOQOHSs disaggregate on the
surface, because of the electrostatical repulsion of negatively charged carboxylic groups of the
AUNPs. This assumption is verified by the immobilisation of AuUNP-COOHs on 4-
mercaptopyridine (MP) and cysteamine (CA) SAMs. On these monolayers, a swelling or a
shrinking effect is not expected and is also not observed. However, because there are no AuNPs
in the supernatant after immobilisation, signal changes on MP or CA layers are supposed to be due
to the aggregation and disaggregation of AuNP-COOHSs on these SAMs. A dramatic signal
decrease is observed by changing the pH from neutral to a pH above 10 (disaggregation). By
changing the pH from 10 to neutral and from neutral to pH below 4, the signal increases
considerably (aggregation).



IV. Introduction

There are many fields of applications where pH parameter plays an important role, such as in
industry, environment and biology. By the passage of time, many methods have been developed
to measure the pH precisely and also to overcome the drawbacks of the prior methods [1 — 3]. For
instance, pH electrode allows the simple operation in a wide range of pH values from acidic to
basic with high accuracy. However, it is not appropriate for small samples due to its bulky size
[4]. Even though, optical pH sensors can be miniaturized and also have adequate sensitivity, they
can only be used in a limited pH range. However, many optical pH sensors which are commercially
available can be used in a pH range between 5 and 9 [5]. UV-vis spectroscopy can be applied to
measure the light absorption by pH-sensitive dyes at characteristic wavelengths [6]. Since an SPR
sensor has been commercially introduced, numerous sensor applications have been developed in
various fields of analytical chemistry, where the detection principle is not based on indicator dyes
[7 — 10] but on very sensitive detection of refractive index (RI) at thin (50 nm) noble metal films
(gold, silver). Therefore, most of these sensor applications are designed with surface modifications
based on self-assembled monolayers containing the immobilised molecular recognition elements.
These recognition elements can be chemically conjugated to gold nanoparticles (AuNP) to enhance
the SPR signals [7 — 9]. In bulk solutions, AuNPs functionalised with basic or acidic functional
groups aggregate and precipitate at a pH above (basic groups) or below (acidic groups) a specific
value. Therefore, UV-vis can only be applied to detect a certain pH threshold value where a
colloidal AuNPs dispersion is stable or not. Moreover, this precipitation is mostly irreversible.

Kick et al. have reported the fabrication of a polymer microarrays for pH-sensing in acidic
solutions based on SPR [11]. Recently, Minko and co-workers have postulated a novel nanoscale
sensor based on the swelling — shrinking effect of polymer layers, poly (2-vinylpyridine), with
AuUNPs [8]. They have reported that the thickness change of the polymer layers induced by pH
change could significantly shift the surface plasmon absorption band due to presence of AuNPs.
More recently, Sugimoto and co-workers have also investigated the swelling properties of the
polymer layers with AuNPs applied in SPR biosensor applications [9]. They have reported that the
molecularly imprinted polymer with immobilised AuNPs exhibited selective binding of a small
molecule accompanied with swelling, which could enhance the signal.

In this thesis, the initial idea was to develop an optical label-free pH sensor which is based on pH-
sensitive changes of RI in thin polymer layers. Surface plasmon resonance (SPR) sensors are
optical label-free methods which are highly sensitive to RI change at the sensor surface. The RI
change is due to the composition and the conformation change (swelling or shrinking) in the
polymer layer. Primarily, Rl change, as a consequence of conformation change, should be
enhanced by gold nanoparticles (AuNP) immobilised on the pH-sensitive polymers. The distance
change between AuNPs and the gold substrate is supposed to be detected with enlarged sensitivity
by SPR spectroscopy. However, the interaction of the AuNPs among each other has not been
considered so far. In the presented experiments, it is observed that the effect of the interaction
between AuNPs dominates the signal response depending on the AuNP functionalisation.



In the present study, a new sensor principle based on SPR is developed using AuNPs functionalised
with carboxylic groups (AuNP-COOH) immobilised on self-assembled monolayers (SAM). The
immobilisation of AUNP-COOHSs occurs electrostatically between a positively charged SAM and
negatively charged AuNP-COOHSs. This SAM consists of a thiolated pH-sensitive polymer, poly
(2-vinylpyridine) with a terminal thiol group (P2VP-SH), as a supporting layer on the gold surface
of the SPR chip. This polymer responds to the pH changes, e.g. swelling and shrinking in acidic
or basic environments, respectively. It is assumed that the swelling effect of P2VP with AuNP-
COOHs induces a decrease of the SPR signal, due to the increase of the distance between the
AuNPs and the gold substrate. Furthermore, pH response of the AuNP-COOHSs in the basic
environment is studied. It is supposed that the AUNP-COOHs disaggregate on the surface, because
of electrostatically repulsion of negatively charged carboxylic groups of the AuNPs. This
behaviour should be verified by the immobilisation of AUNP-COOHSs on 4-mercaptopyridine (MP)
and cysteamine (CA) SAMs. On these monolayers, swelling or shrinking effect is not expected.
However, a presumed signal change due to the aggregation and disaggregation of AUNP-COOHs
on the SAMs is examined.






1. Fundamentals

1.1. Introduction to pH value and pH measurement

The term "pH" was first illustrated by the Danish biochemist Sgren Peter Lauritz Sgrensen in 1909
[12]. The pH stands for the “hydrogen ion exponent” where “p” stands for the mathematical
symbol of the negative logarithm and “H” is the chemical symbol of hydrogen. In the era of
modernity, pH value has been playing an important role in many fields, such as in medicine,
biology, chemistry, agriculture, food science, nutrition and many other fields [14]. The pH
describes the degree of acidity and basicity of a substance. It is measured on a scale of 0 to 14. The
formal equation of pH value is described in Equation 1, which corresponds to the negative
logarithm of hydrogen ion concentration [H*] in an aqueous solution [12].

pH = -log[H™]. @)

The first definition of pH, where [H*] is the hydrogen ion concentration (mol/L), was subsequently
modified to

pH =-log ay, 2
Where ay is the hydrogen ion activity [14].

1.1.1. pH electrode sensor

The pH meter is used in a broad field and many industrial applications [13 - 19]. Latest surveys
have indicated that a conventional glass electrode apparatus can be utilised to provide accurate
values of acidity in aqueous solutions, especially when only relative values of the acidity are
needed [15]. The method is based on the measurement of the potential between two electrodes, a
glass electrode and a reference electrode. The glass electrode, known as measuring electrode, is
made of a particular glass in order to generate an ion selective barrier [16]. The reference electrode
provides a constant potential at a given temperature. According to the Nernst equation, the
difference between the reference potential and the potential of the pH electrode is a voltage being
proportional to the pH value [14].

Although the pH electrode sensor is very robust, this system also has some major drawbacks. The
temperature is one of the important factors which directly influences the cracking of the electrodes.
At very high temperatures, the solution inside can begin to boil or at very low temperatures it can
freeze, both will end up in the damage of the electrodes. At extreme pH values, electrodes
encounter alkaline or acid errors. The alkaline errors are caused by extremely high pH value which
can destroy the electrode in hours. At very high pH value, the contribution of hydrogen ions is low
and therefore, the activity of sodium ions is replaced in the gel layer across the glass bulb.
Consequently, the measured pH is lower than the actual pH of the solution [17]. One other
unexclusive issue is the size of the electrodes. It prevents the electrodes to measure in small sample
volumes. Although there has been numerous developed electrodes for this approach, still this is
considered as the main problem of glass electrodes [18].



1.1.2. Optical pH sensors

In contrast to pH electrode sensors, optical sensors provide more sensitivity and selectivity in pH
measurements [19]. The principle of optical pH sensors is usually based on the absorption of
indicator dyes. The indicator is typically an organic dye able to change its colour over a given pH
level immobilized on a layer [20]. Recently fluorescence materials are widely used to enhance the
optical sensor sensitivity. The sensitivity of the sensor expressed as an optical absorption of the
dyes relies upon how strongly indicator dyes can bind to an adjacent layer. In order to eliminate
the leaching effect, the dyes have to be covalently bound to the matrix, but covalent bonding
sometimes requires complex chemical reactions [19].

In addition, in optical fibre pH sensors, the fluorescence dyes or indicator dyes are immobilised
on optical fibres. Fibre-optic pH sensors are based on induced pH changes in optical or
spectroscopic properties such as absorbance, reflectance, fluorescence, energy transfer and so on.
Dyes cause changes in the absorption spectrum. Therefore, the interaction between dyes and the
component leads to changes in optical properties of the indicators which is detected by the fibre
[21, 22].

Alike the potentiometric pH sensors, conventional optical pH sensors have their own weaknesses
such as leaching and photobleaching. In addition, pH indicator dyes can have sufficient accuracy
only in the limited pH range. Thus, many attempts have been made through developing pH sensors
which do not use pH indicator dyes. Other pH-sensing devices, based on different pH-related
properties, have also been proposed; they exploit mass changing in pH-responsive hydrogel, pH-
sensitive changes of RI in polymers, pH sensors based on conducting polymers [7 - 11].

1.1.3. pH-sensitive polymers as sensor layers

The pH-sensitive polymers are those whose solubility, and conformation can be manipulated by
different pH, which recently have been used in various biomedical and biochemical applications
[7, 11, 23, 24]. There are two kinds of pH-responsive polymers, one with acidic groups, e.g.
carboxylic groups (-COOH), which swells in a basic environment, and one with basic group, e.g.
pyridine groups, which swells in acidic environment. In principle, the response happens because
of their functional group which are protonated, in case of a basic functional group in pH-sensitive
polymers, in the acidic environment and have the same positive ions along the chain, and therefore,
the chain experiences a repulsion which leads to an extended polymer chain. This effect is called
swelling [11].

Many surveys have been done to investigate the behaviour of sensitive polymers by changing the
pH level. Kick et al. postulated that polymers with pyridine groups can be protonated and deformed
in acidic environment. Polymers such as poly(2-vinylpyridine) (P2VP) and poly(4-vinylpyridine)
(P4VP) are pH-sensitive polymers which express swelling effect in acidic solutions [7, 11, 25].



1.1.4. Colorimetric pH sensors

Many optical pH sensors, as mentioned in section 1.1.2, are usually made based on the analysis of
fluorescence intensity, and wavelength shift, which generally requires a complicated tools.
Colorimetric measurements allows with many advantages, including rapidly readable responses,
and simple and doable operation approach. The colorimetric optical pH sensors are based on the
colour change of the colour indicators, such as fluorescents [26]. Recently, Noble metallic
nanoparticles conjugated with fluorescents have been used to indicate the colour changes due to
the pH change. The pH responses are caused by the aggregation of particles and quenching of the
fluorescents. UV-vis spectroscopy is used to measure the absorption peak of the fluorescent dye.
The fluorescent intensity of polyethylenimine-capped with silver nanoparticles as a function of pH
change is shown (Fig. 1) [27]. It is indicated that the fluorescence intensity is not measureable for
very low pH values. Besides, the silver nanoclustures conjugated with fluorescents exhibit strong
fluorescence intensity only in the limited range, pH 7 to 9 [27]. One of the main drawbacks of
nanoparticles applied in the colorimetric pH sensors is that the solution is not reproducible. The
disaggregation of the silver nanoclustures is not possible to repeat the test.
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Figure 1. The pH responses of fluorescence intensities of a fluorescent-capped silver nanoclusters in different buffer
solutions [27].

1.2. Surface Plasmon Resonance

1.2.1. Physics of Surface Plasmon
Surface plasmons (SP), often known as surface plasmon waves (SPW), are electromagnetic waves
in the form of charge conduction oscillation that broadcast parallel across a metal/dielectric
interface. SPs are transverse-magnetic (TM or p-polarised, magnetic vector is perpendicular to the
plane of incidence) waves whose dispersion relation is expressed as below [28 - 30]:

Ke=2 |50, (3)
Where Ksp is the propagation constant of the SPs, o is the angular frequency, c is the speed of
light, and &q and em are the dielectric constant of dielectric and metal, respectively. To excite the
SPs, the real part of em must be negative and its magnitude must be greater than £4. This condition
is possible in the infrared-visible wavelength region for air/metal and water/metal interfaces. Gold,
silver and aluminium are some examples of those materials showing SPR effects [29]. Since &m is
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a complex quantity, Ksp is indeed a complex quantity, its real part is associated with the RI and its
imaginary part is related to attenuation of SPs [30]. Resonance condition, where Kx and Ksp are
equal to exit the SP, is expressed as below:

Kx = 2—nnp sin 6= Re {Ksp}. 4)
2o

Where Ky is the incident light wave vector, Ao is the wavelength in the vacuum, np is the RI of the
prism, 0 is the incident angle, and Re {Ksp} is the real part of the propagation constant.

An evanescent electromagnetic field is connected with SP which is confined at the interface of
metal/dielectric [28 - 30]. This evanescent field has a limited penetration depth into the dielectric
medium. As an example, for an SP at the interface of gold layer and a dielectric with RI of 1.32,
the penetration depth is typically 100-500 nm. The formula regarding the calculation of penetration
depth is expressed elsewhere in literature [29].

1.2.2. Surface plasmon resonance sensor

In SPR sensors, an SP is excited by an incident light and the effect of this interaction is measured.
Therefore, any change in the propagation constant of the SP, which generally is due to the RI
change, can be determined. The essential factor for generating SPR by light is the conversion of
photon energies into SPs [33]. This means that SPs cannot be excited directly by a light wave
incident on the interface. This can be achieved by either precisely changing the angle or the
wavelength of the incident light [31].The resonance angle of SPR is very sensitive to changes in
the RI at the surface. These changes are used to monitor the association and dissociation of
biomolecules [29].

The process is feasible by means of high RI prism coupling, corresponding to the Kretschmann
SPR configuration [28]. In configurations based on prism coupling, the incident light is passed
through a high RI prism and is totally reflected at the metal/dielectric interface (attenuated total
reflection) causing an evanescent wave penetrating to the metal film (Fig. 2, left side) [27-29, 31].
The thickness of the metal layer must be chosen appropriately in order for evanescent wave to
penetrate through metal and excite SP. Through the translation of photons to the SPs, the excitation
is associated with an attenuation of reflected light intensity which can be seen as a dip in SPR
spectrum (Fig. 2, right side). The angle where the intensity reaches its lowest value is called
resonance angle [28 - 30]. In SPR sensors with angular modulation, an incident light with various
angle of incidence is used to excite SPs. A change in R1 of the sensed medium (dielectric) leads to
a shift of the resonance angle (Fig. 2, right side) [29 - 31]. The relation between the resonance
angle and the dielectric constant of the medium is indicated as below by the combination of
equation 3 and 4:

Np. SiNB = (ﬂ) ®)

Eq+tém
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Figure 2. Kretchmann SPR system configuration and the shift in resonance angle due to RI change [32].

The RI at the surface changes by applying different type of solvent and concentration of dissolved
substances, adsorption, binding, and conformation changes [9, 11, 29, and 30]. Thus, the SPR
sensor is highly sensitive to small changes in R1 at the surface. In this project, the SPR device from
Reichert’s SR7000DC SPR system has the RI resolution of 0.3 pRIU.

1.2.3. Localised Surface Plasmon Resonance
Gold nanoparticles (AuNP) with diameter larger than 3 nm can exhibit a localized surface plasmon
resonance (LSPR) effect [34]. Localized surface plasmons (LSPs) are those charge density
oscillations which are confined to the metallic nanoparticles (Fig. 3). LSPs can be generated
directly by an electric field (light). The interaction of light with AuNP results in intense light
scattering and a strong absorption band [35, 36].

Metal

sphere\

E-field

Figure 3. The SPR effect in the metal nanoparticles.

The optical properties of AuNPs can be calculated by applying Mie’s theory which predicts the
absorption efficiency, scattering efficiency, and optical resonance wavelengths of AuNPs [37].
These optical properties, like optical resonance wavelength, extinction cross-section, ratio of
scattering and extinction coefficient, are highly dependent on AuNP size, shape and composition
(material) [38]. For small AuNPs (10 nm diameter), the absorption peak is at a wavelength of
approximately 520 nm and it shifts towards higher wavelength for AUNPs with bigger diameters.
Also the resonant light scattering appears stronger than absorbance corresponding to the increase
of the proportion of scattering coefficient in extinction coefficient for increasing particle size. The
size distributions of particles leads to the broadening of SP absorption band [37 — 39].

The great interest of using AuNP in various fields has led to a huge and still increasing number of
ways to prepare these gold nanoparticles. From these methods, wet chemical synthesis routes are

12



very promising because they are easy to manage, fast. Good results can be achieved regarding a
controlled size, shape, concentration and optical properties [40, 41]. One of the common methods
for AUNP preparation is the Turkevich process [43]. Herein, Au®" is reduced to Au® by trisodium
citrate in boiling solution. The AuNPs are stabilized by a negative charged capping layer of citrate
ions (Fig. 4). Further functionalization can be performed by the exchang of citrate by thiolated
molecules that covalently bind to the gold surface via gold-sulphur bond. By these methods,
particles can be prepared in the size range of 15 nm up to 100 nm [42]. There are a lot of other
methods like seed-mediated strategies that give rise to synthesis of gold nanoparticles within a
huge size range between 10 to 300 nm and different shapes [44-46].

HAUCI, + 3 Na,CgH0; — 2Au + 3 Na,C.HgO; + 3NaCl+ 5CI + 5H* + 3CO,
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Figure 4. AuNPs formation and stabilization by Turkevich method [47].

1.2.4. Effect of AUNPs in SPR sensor
Hong et al. showed that LSPR of 20 nm AuNPs couple if the AuNPs are in a distance of
approximately 8 nm to each other [49]. The experiments in this thesis focus on SPR investigation
of AuNPs (220 nm) at the proximity of a gold surface. At inter-particle distances larger than 8
nm, the adsorption of AuNPs leads only to a shift of the SPR angle. If the inter-particle is smaller
than 8 nm, then the SPR angle shift is not only due to the adsorbed amounts of the AuNPs, but
also the above mentioned LSPR coupling between the AuNPs has to be considered. Hong et al.
also reported that the LSPR coupling of AuNPs to the surface plasmons at a gold film decreases
with increasing distance between the AuNPs and the gold substrate [47 — 48]. This effect can
significantly reduce the RI at the surface. Uchiho et al. calculated the resonance angle as a function
of coverage with different sizes of AuNPs at two fixed wavelengths, 635, 835 nm [48]. In this
work, the coverage is defined as a ratio (in %) of the area occupied by AuNPs to the corresponding
total area of considered sensor surface. Uchiho et al. also indicated that a high coverage leads to
an increase of the resonance angle (Fig. 5). Moreover, it is known that the near-fields of the AuUNPs
couple as a result of aggregation. Thus, considering a fixed coverage, e.g. 0.10, by aggregation of
the AuNPs, the resonance angle shifts towards a larger angle. Because, it is supposed that the
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effective radius of the AuNPs increases, and the LSPR coupling of AuNPs to the surface plasmons
of the gold film becomes stronger (Fig. 5). As a result, the RI at the surface increases strongly.
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Figure 5. Calculated resonance angle as a function of coverage for different R at two fixed
wavelengths, 635 and 835 nm [48].

In the present work, a Kretschmann configuration SPR setup is considered with a 50 nm thin gold
layer, a self-assembled monolayer layer with thickness of d, and AuNPs with diameter of 2R
functionalized with carboxylic groups (Fig. 6). The SPR measurements were performed by
changing the pH of an aqueous solution at the sensor surface. Through changing the pH of the
ambient medium, the polymer layer changes its conformation (swelling or shrinking).
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Figure 6. Schematic illustration of the sensor principle with AuNPs on SAM in SPR experiment.

The aim is to investigate the aggregation and disaggregation of the AuNPs within pH-sensitive
polymer brushes at different states, e.g. swollen - shrunk. Additionally, it is assumed that the
aggregation of AUNP-COOH at the swollen state of the polymer layers cannot induce changes in
the SPR signal. However, the disaggregation of AUNP-COOHs at the shrunk state of the polymer
layer can induce significantly large changes in the SPR signal.
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2. Materials and methods

Cysteamine hydrochloride (Aldrich, 96 %), 4-Mercaptopyridine (Aldrich, 96 %), and poly (2-
vinylpyridine) with thiol terminal group (P2VP-SH, Polymer source, 99%) were used for SAM
formation. Hydrogen tetrachloroaurate trihydrate (HAuCl4.3H20, Aldrich, 99.9 %), Trisodium
citrate dihydrate (Sigma-Aldrich), Citric acid (Sigma-Aldrich, 99%), and Ascorbic acid (Sigma,
99%) were utilised in AuNP synthesises. 11-Mercaptoundecanoic acid (Aldrich, 97%), Sodium
borohydride (NaBH4, Sigma-Aldrich, 98.5%), and Hexadecyltrimethylammonium bromide
(Sigma, 99%) were used for AuNP functionalization.

UV-VIS (nanoDrop ND-2000, PEQLAB Biotechnologie GmbH) measurements were applied for
investigating the absorbance of AuNPs. A multiparameter pH electrode from Mettler Toledo was
used for measuring the pH value of different solutions during aggregating process.

2.1. Gold nanoparticle synthesis
Turkevich method

For the synthesis of spherical AuNP in the size range between 20 nm — 70 nm the Turkevich
method was used. Therefore, 10 ml of HAUClI4 (0.1 % w/v) with 90 ml deionised water was heated
until it reached the boiling point. Different amounts of trisodium citrate (1 % wi/v) were added to
the boiling solution quickly under vigorous stirring as shown in Table. 1:

Table. 1: Summary for reaction condition of citrate reduction

Nr. @ NP HAuUCI, dd.H,0 Citrate Reaction time
[nm] [0.1 % wiV] [1 % wiv] (min)
| 10-15 10 ml 90 mi 7,0 ml 3-5
1 20-25 10 mi 90 ml 2.5 ml 3-5
Il 30-35 10 mi 90 ml 1.2 ml 5-10
v 50-60 10 mi 90 ml 1,0 ml 10-15
\% 70-90 10 ml 90 mi 0.8 ml 15-25
VI | 90-120 10 ml 90 mi 0.5 ml 15-25

The self-adjusting colour of the colloidal solutions varies depending on the diameter (&) of the
nanoparticles of red (@ = 10 nm) to orange (& = 100 nm). To ensure full reaction turnover and a
homogeneous particle size distribution, the colloidal solutions are stirred after a successful colour
change for another 30 minutes at these elevated temperatures.

2.2. Functionalization of AUNPs with carboxylic groups
For functionalization of AuNPs with carboxylic groups, 0.3 M 11-Mercaptoundecanoic acid
(MUA) in 0.3 M Sodium hydroxide (NaOH) was prepared in aqueous solution. Then, 10 ml of a
sample obtained from Turkevich method was used as stock solution. The stock solution was heated
up to the boiling point. After that, 1 ml of citrate (1 % wi/v) and 100 ul of MUA were added to the
boiled solution and left overnight. After 3 to 4 days, the samples were washed. The sample
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prepared with solution 1V (Tab. 1) was centrifuged at 3000 RPM (revolution per minute) for
10 minutes and the sample prepared with solution Il at 15000 RPM for 20 min (Tab. 1). The
supernatants were replaced by deionized water. This process was repeated twice.

2.3.  SPR measurements
The SPR system used in this project was from Reichert system technologies (Reichert’s
SR7000DC SPR system). It follows the Kretschmann configuration and contains two channels,
one can be used as a reference channel and one as a measuring channel (Fig. 7). A cuvette
possessing two separate chambers is placed on a 1 cm? gold coated SPR chip located. The
chambers are sealed on the gold surface in order to prevent the solution from penetration from one
to the other chamber. The capacity of the cuvette is 1.2 ml.

Figure 7. Reichert SPR system with cuvette SPR cell containing two chambers.
Functionalization of the SPR chip gold surfaces with cysteamine or mecaptopyridine SAMs

CA and MP were dissolved in deionised water or ethanol, respectively, to prepare a concentration
of 20 mM of CA or MP. 400 ul of these solutions were placed on the gold surface of the SPR chips
overnight. Afterwards, the chambers were washed with deionised water (CA) or ethanol (MP).

Experiment with cysteamine and with AUNP-COOH (& = 20 nm):

For immobilisation of AuNPs, two different manners were followed. 10 pl and 5 pl of the AuNPs
solution with optical density (OD) of 3 (OD means the degree to which a refractive medium retards
transmitted rays of light) were added in 500 pl deionized water respectively to the left and right
channel. After adsorption of AuNPs, both sides were rinsed with deionised water. The HCI
measurement with different concentrations (1.5, 2.85, 4.07, 23.52, and 41.16 mM) were performed
on both sides. Additionally, 50 ul of AuNP stock solution was added to the right side of the surface
to allow further adsorption of AuNP overnight. After rinsing with deionised water, the HCI
measurement were performed with different concentrations (8, 15.68, 23.05, and 30.1 mM)

Experiment with mercaptopyridine and AUNP-COOH (@ = 20 nm)

According to the prior experiment with CA, the adsorption of AuNPs was repeated in the same
way. Thus, 10 pl and 5 pl of the AuNP stock solution (OD 3) were added in 500 pl deionised water
to the left or right side of the SPR gold surface, respectively. The adsorption was stopped at the
desired value of RIU by rinsing the surface with deionised water. The stability of the interaction
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between AuUNP-COOH and MP on the surface was checked by high concentrations of HCI and
NaOH (100 mM HCI or 100 mM NaOH). After stabilisation, 50 ul of the same AuNPs stock
solution was added in 450 pl deionised water to the right channel and left overnight. The
aggregation and disaggregation of AuUNPs were tested with NaOH and HCI measurement (Tab. 2).

Table. 2: HCI and NaOH concentrations performed on MP layer.

Composition of Concentration of
solution HCI or NaOH (mM)
H20 0
HClI 0.75
H.0 0
NaOH 20.4
NaCl 204

Experiments with P2VP-SH with AUNP-COOH (& = 30 nm)

For the formation of a P2VP-SH monolayer on the SPR-sensor chip 200 ul of P2VP-SH
(0.5% wi/v) in EtOH was added to both chambers and was left undisturbed overnight. Next, both
chambers were replaced by deionised water. The different HCI concentrations, 0.6, 1.18, 1.73,
2.79, 5.23, 7.18, 20.74, and 31.59 mM HCI, were performed. Following this, different
concentrations of AUNPs were added to the two chambers of SPR cuvette. 140 pl of AuNP solution
(AUNP-COOH with 30 nm diameter and OD ~ 3) was added to 250 pl deionized water into the
left chamber and 20 pl of the AuNP stock solution was added to 250 pl deionized water into the
right chamber. Thereby, the same HCI concentrations were implemented on the new sensor layer.

Experiments with P2VP-SH on both sides with AUNP-COOH (@ = 20 nm) in microfluidics

A solution of 50 mM P2VP-SH was prepared in two different vials and placed into an auto sampler
used for liquid handling of the SPR setup. 240 pl of these solutions were pumped in 2 h with a
flow rate of 2 pl/min. The process was repeated twice. The HCI concentration test (0.1, 1, 2, 5, 10,
20, 50, 100 mM HCI) was done in microfluidics with a flow rate of 10 pl/min. 50 pl of each sample
was used in 5 min. There was a 5 min gap in each step for rinsing with deionised water. For
immobilisation, 20 nm AuNPs synthesised from Turkevich method functionalised with carboxylic
group with OD ~ 3 were used. The process was implemented in 28 steps with 10 pl volume and 5
pI/min flow rate. The same HCI concentration was done with the same volume and flow rate (50
pl and 10 pl/min).

AuNPs desorption was tested using different concentrations of NaOH solutions. Each
concentration was tested at least 3 times with volume of 5 pl and 5 pl/min flow rate. The NaOH
concentrations were 0.1, 0.3, 0.5, 0.8, and 1 mM in sequence. Between each step, there was 10
min gap for rinsing with deionised water and 1 mM HCI. After performing different concentrations
of NaOH, the same HCI measurement (0.1, 1, 2, 5, 10, 20, 50, and 100 mM HCI) was performed
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in both channels with the same volume and flow rate (50 pl and 10 pl/min). Finally, 1 mM NaOH
and 5 mM HCI concentrations were repeated 4 times to insure the reproducibility of the sensor
layers.

2.4. Scanning electron microscopy

The particle sizes and shapes were derived from electron microscopy images. The scanning
electron microscopy device (Helios Nanolab™ 660) was from FEI Company. The voltage beam
was operated at 5000 volt. For the SEM analysis, the particles were adsorbed on silicon surfaces
and SPR gold chips. To study the AuNPs characterisation on a SPR gold chip, particles were
adsorbed via SAMs on the SPR gold surface. The SPR gold chip was placed on a carbon substrate
on a sample holder. The gold surface was connected to the sample holder via silver conductive
lacquer. The characterisation of the AUNPs on SPR gold chips were more interestingly performed
for analysing the coverage of the AuNPs on the surface. To study the particle sizes and shapes
precisely, the AuNPs were adsorbed on silicon wafers. Briefly, a silicon wafer was cleaned by
ultrasonication in ethanol and acetone for 5 min. Subsequently, a drop of concentrated AuNP
solution was added onto a silicon substrate and dried in room temperature. Normally, it takes 2 h
for water to evaporate completely. Finally, the sample was placed on a carbon substrate and
connected to the sample holder by silver conductive lacquer. The particle sizes, shapes, and
coverage were analysed by the software tool Image-j (http://imagej.nih.gov/ij).
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3. Results and Discussions

3.1.  AuNP characterization

In the present work, the synthesis of the AUNPs was carried out using Turkevich [43] method. In
the formation of AuNPs, the colours of solutions were changed from yellow, due to reduction of
Au®* to Au®, to ruby red colour which is the characteristic for the formation of AuNPs. It was
understood that by using high amount of citrate, the AuNP sizes became smaller and more citrate
was left in the solution for stabilizing the AuNPs by electrostatic repulsion due to the existence of
negative charge around the shell. By using low amount of citrate, the AuNPs became bigger, but
as much as the citrate concentration decreased, the mixture was less stable. As a result, it caused
the higher size distribution of AuNPs (Tab. 3) expressed as standard deviation of the particle
diameter analysed from SEM images. To overcome the instability of the AuNP and avoid the
AUNPs aggregation in bigger sizes, after cooling down the samples, a small amount of citrate was
added to each solution.

Table. 3: Average particle diameter (@) + standard deviation, and wavelength (A) of maximum absorption peak of

the spherical AuNPs in sample I-111. The particle sizes were measured by image-j software.
Nr. Volume of citrate | A (nm) @ NP | #NPs
(ml) [1% wiv] [nm] analysed
I 2.5 523 23+3 | 273
I 1.0 529 55+5 |81
i 0.8 535 64+8 |75

UV-VIS spectroscopy was used to identify and characterise the optical properties of the different
AuNP sizes (Fig. 8). The relative percentage of scatter or absorption from the measured extinction
spectrum depends on the size, shape, and aggregation state of particles. As a general rule, smaller
particles will have higher percentage of their extinction due to absorption [38]. As can be seen in
Figure 8, the absorption peak is red-shifted for bigger sizes. Also the size distribution of particles
can be observed as broadening of the peak. SEM was applied to show the size, shape, and
morphology of the AuNPs (Fig. 9). In the Figure 9a, the @20 nm AuNPs are shown with standard
deviation of 3 which reveals a homogeneous size distribution. However, as can be seen in Figure
9b and 9c, size distribution of AuNPs increases (Tab. 3). Besides, the shape of the AuNPs clearly
deviates from a spherical shape.
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Figure 8. Extinction spectra of a set of independently prepared samples with shifted SPR peak due to a successive

diameter increase. 1) 2.5 ml citrate added with maximum absorption peak at 523 nm with @20 nm. I1) 1 ml citrate

added with maximum absorption peak at 529 nm with @55 nm. I11) 0.8 ml citrate added with maximum absorption
peak at 535 nm with @65 nm.
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Figure 9. SEM images of AuNPs with different diameters (&) from samples I-111 (Tab. 3) deposited on the silicon
wafer. a) @20 nm b) @55 nm c) @65 nm
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3.2. AuNP-COOH behaviour based pH in bulk solution via UV-VIS
spectrsocopy
The Aggregation of AuUNPs was investigated by inducing different pH values. Two samples were
used for aggregation test. Two different sizes of AUNP with an OD1, @20 nm and @60 nm prepared
from Turkevich method and functionalised with the carboxylic functional group were used as stock
solutions. 12 vials with different pH value in the range of 0 to 14 were prepared for each AUNP
sample. The pH values were measured by glass electrode pH sensor.
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Figure 10: The pH response of absorbance at peak wavelength, X2 and Ago, of AUNP-COOH with @20 and @60,
respectively. The absorbance is set to zero for samples where AuNPs precipitated.

It was observed that the negative charge around the shell of AuNPs from carboxyl-groups led to
the high sensitivity to the acidic environment which causes the aggregation by protonation of
hydrogen. The values for pH below value 2 were not measurable because of the loss in the signal
(no more clear band was visible) which can be attributed to the aggregation of AuNPs (Fig. 10).
In contrast, above around pH 4, no significant shift was observed. That can be explained as AUNPs
with negative charge around the shell are stable in nearly basic environment. In comparison between
two samples, the larger AuUNPs tent to aggregate at higher pH values compared to smaller AuNPs.

It is also assumed that time can have extra influence in aggregation process. For instance, if the
sample containing @20 nm AuNP in pH 3.5 would have left overnight, it could be possible to see
the aggregation effect. Consequently, investigation of AUNPs aggregation in bulk solutions cannot
precisely determine the exact pH where the AuUNPs aggregate. Moreover, there was no opportunity
to regenerate back the aggregated AuNPs to the same solution. Thus, the aggregation and
disaggregation of AuNPs were decided to be investigated on surfaces. Because, the AuNPs have
certain binding energy to the surface, and they can only move some nanometers due to the pH
changes. Therefore, the aggregation and disaggregation of AuNPs can be tested at different pH
values. Besides, the surface would be highly reproducible.
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3.3. AuNP-COOH behaviour based pH on different surfaces

3.3.1. @20 nm AuNP-COOH behaviour based pH within cysteamine hydrochloride
and 4-mercaptopyridine

Cysteamine (CA) and 4-mercaptopyridine (MP) were used in separate experiments as supporting
layers for adsorbing AUNP-COOHSs. The AuNPs with @20 nm were synthesised by Turkevich
method. After immobilisation of the AuNPs, their adsorption strength was tested by treating the
surface with NaOH solutions. First, the whole surface was covered with AUNP-COOH on a CA
SAM. It was observed that the AuNPs were detached by rinsing the surface with NaOH solutions.
Therefore, two surface with different coverage of AUNPs, according to their RI shift in SPR signal,
were prepared (Tab. 4). The slope of the Rl change measured by SPR on the mercaptoundecanol
SAM (not pH-sensitive) as a function of HCI concentration quantifies the RI change in the bulk
solution at the SPR sensor surface per mM HCI (Fig. 11). Therefore, it was assumed that if the

surface is covered by AuNPs, an additional R1 change could only be observable due to aggregation
of AuNPs as a consequence of pH decrease.
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Figure 11. The measured RI change by the SPR sensor with mercaptoundecanol SAM (not pH-sensitive) as a
function of HCI concentration.

Table 4: AuNP coverage and corresponding RI shift on the SPR sensor with CA SAM.

AuNPs coverage (%) Shift of RI (URIV)
Left side SPR chip 1.5 1300
Right side SPR chip 5.6 2700

Following the performance of HCI test, the higher AUNP coverage resulted in bigger RI change in
the acidic solutions in comparison to the lower AuNP coverage (Fig. 12). HCI solutions at the
lower AuNP coverage led only to the RI change caused by the concentration dependent bulk RI of
the HCI solution. Whereas, the higher AuNP coverage resulted in a larger RI change, which is
assigned to the aggregation of AuNPs. Hence, this was proven as SPR signal is dependent on the
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distance of AuUNPs to each other, where they tend to aggregate in acidic environment and therefore
they can increase the effective radius and act as a bigger particle.
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Figure 12. The RI change measured on a SPR sensor with a CA SAM as a function of pH for two different AUNP
coverage (o), 1.5 and 5.6 %.

The RI change due to the AuNPs existence on the surface for the 5.6 % coverage was
approximately 2700 RIU, and the RI change with respect to 10 mM change was seen to be around
400 pRIU change. However, 10 mM HCI on a SPR sensor with mercaptoundecanol SAM (not pH-
sensitive) changes the R1 around 80 — 90 pRIU. This extra change of RI was assumed to be due to
the aggregation of the AuNPs in the higher coverage. According the SEM images of the SPR chip,
the aggregation of AuNPs could be seen clearly (Fig. 13). Figure 13a shows the surface with lower
density coverage and Figure 13b indicates the surface with higher one, where the AuNPs can
couple their near-fields. This aggregation occurred at pH 3.5 to 2.5. Once the AuNPs were
aggregated, no further RI change in the SPR signal was seen by lowering the pH values.
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Figure 13. SEM images of (320 nm AuNPs self assembled on CA SAM: a) 1.5 % coverage on the sensor surface of
the left SPR channel. b) 5.6 % coverage on the sensor surface of the right SPR channel.

Next, MP SAM were used as for AUNP-COOHs immobilisation. The adsorption of AuNPs
occurred greater in comparison to the CA SAM. The AuNPs were entrapped more strongly. The
AuUNP-COOHs on pyridine groups were not as mobile as they were on amine groups which led to
the different kinetics of AUNPs adsorption. The AuNPs on the MP SAM could not be immediately
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entrapped electrostatically. The strong interaction between pyridine and COO™ groups occurred
over long time, overnights. Thus, a basic solution could not remove the AuNPs completely, and
there were still enough particles to exhibit the extra effect of aggregation. The surface with AuNP
coverage 1.6 % resulted lower RI change by changing the pH (Fig. 14a), however, the surface with
AUNP coverage 6.8 % yeilded significant RI changes (Fig. 14b).
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Figure 14. SEM images of @20 nm AuNPs self-assembled on MP: a) 1.6 % coverage on the sensor surface of the
left SPR channel. b) 6.8 % coverage on the sensor surface of the right SPR channel.

In the following route, there are two absolute values for a basic (minimum) and acidic (maximum)
state (Fig. 15). There are also two different Rl value at the surface with water ambient medium.
This was due to the background solution prior to washing with deionised water which affected the
behaviour of AuNPs instead. In the acidic environment, the particles showed an attraction which
caused a 1000 puRIU change in SPR signal. This could be explained by the near-field coupling of
AUNPs, as there is no effect of conformation change. It was also shown that rinsing the surface
after an acidic solution with deionised water could not rearrange the particles to the initial position.
Thus, coming from acidic to water, the AuNPs were still close to each other within less than 8 nm
in distance. However, by a basic solution, the distance between particles was enlarged, and
therefore, a huge negative shift of Rl in the SPR signal was observed due to the decrease of LSPR
coupling of AuNPs.

25



1600
1400

=
N
o
o

1000
800 0) 0 (1) V1)
600 / \4

400

RI change (uRIU)

200
- - - H
H20 0.75mM HCI H20 20.4mM NaOH 20.4mM NaCl

Composition of solutions
B (1.6%) ®c(6.8%)

Figure 15. The RI change measured on a SPR sensor with a MP SAM as a function of pH at different AUNP
coverage (o = 6.8, and 1.6 %). I) Increasing the HCI concentration in the solution. 11) Rinsing the surface with
deionised water. 111) Increasing the NaOH concentration in the solution. V1) Neutralising the solution by adding
HCI.

The above experiments revealed that aggregation and disaggregation of AuNPs can occur at a
narrow range of pH. To extend the range of pH-sensitivity, a new surface platform, based SPR,
was developed using P2VP as a supporting layer for AUNP-COOH. The concept was to investigate
the AuNPs effect at different states on the surface, e.g. at swollen state, or at shrunk state. In section
3.3.2, the effect of polymer self-assembling and AuNPs on the RI at the surface is shown. Later
on, in section 3.3.3 and 3.3.4, the pH-sensitivity of the P2VP with and without AuNPs are tested
via different HCI and NaOH concentrations.

3.3.2. SPR for Self-Assembled Monolayers (SAM) and AuNPs (&30 nm)

The polymer used in this master thesis was nitrogen-containing group pH-responsive polymer.
This polymer shows extension in acidic solution. The self-assembly of this polymer was
implemented by their thiol terminal end group. Thiols can easily bind to the gold surfaces by gold-
sulphur bond. The reaction of thiols and gold surface occurs quickly within a few minutes. But, a
homogeneous self-assembly of polymers occurred over long time. Therefore, the reaction must be
left for a couple of hours in order to insure a maximum coverage of polymer self-assembly on the
gold surface. Presence of polymers on the sensor layer causes a change in RI in the SPR signal
which was seen as a shift in resonance angle (Fig. 16).
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Figure 16. SPR angle spectrum on sensor surface of the right SPR channel without SAM, and on sensor surface of
the left SPR channel with a P2VP-SH SAM. Reflectivity (A/D counts) shown as a function of pixel number
(correlating to angle of incident).

Since polymers were assembled on a gold substrate, AUNPs-COOH (&30 nm) were implied to the
experiment. The AUNP-COOHSs were electrostatically bound to the nitrogen-containing groups of
the polymers. The kinetics of AuNPs adsorption was shown differently by different concentrations
of AuNPs stock solutions. As for the higher AuNP concentration, the RI in the SPR signal
accelerated sharply at the beginning and after a few hours, it reached a certain slope. It must be
mentioned that after almost 11 hours, the absorption of AuNPs for had not been stopped. While,
the adsorption of the AuNPs in the lower concentration led to lower change in R1 in the SPR signal.
It also stabilized after around 2 hours (Fig. 17).
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Figure 17. The kinetics of AuNPs adsorption on P2VVP-SH SAM with different colloidal AuNP dispersion of two
different concentrations quantified by UV-vis absorption: 1) OD 0.24. 11) OD 1.68.

The AuNPs adsorption on P2VP-SH SAM with different concentrations (OD 0.24, and OD 1.68)
was shown by SPR measurements. The shift in the SPR angle was due to the presence of AuNPs
with different coverage on the sensor SPR surface (Fig. 18). It was shown that higher coverage of
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AUNPs led to the bigger shift in SPR angle. The AuNPs coverage was determined from SEM
images (Fig. 19). The AuNPs coverage correlates to the shift of the SPR angle.
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Figure 18. SPR angle spectrum with reflectivity as a function of pixel number. Pixel number correlates to the
incident angle. The shift in the SPR angle due to the existence of AuNPs with @30 nm.

coverage.

3.3.3. P2VP pH-sensitivity with @30 nm AuNP-COOH

Influences of the pH on the sensor with sensitive polymers had been investigated by A. Kick et al
[11]. It could be understood that from pH between 3.5 and 2.5, the swelling effect of the P2VP
appeared, however after that it could only be the uptake of HCI with different concentrations (Fig.
20) which led to the bulk RI change. Because the polymers were fully protonated and only the
diffusion of ion concentration could be seen. The same sensor layer behaved differently by
immobilising @30 nm AuNP-COOHSs on pH-sensitive polymer brushes. The same concentrations
of HCI solutions were used for comparing the results. The RI changes were referenced by
subtracting the RI changes measured on a SPR sensor surface with a non-pH-sensitive
mercaptoundecanol SAM.

28



120
100
80
60
40
20

RI change (uRIU)

-20
-40
-60

pH of the HCI solution

Figure 20. The RI change induced by changing the pH of the HCI solutions at the SPR sensor surface with the pH-
sensitive P2VP-SH SAM. These values are referenced by subtracting the Rl changes measured on a SPR sensor
surface with a non-pH-sensitive mercaptoundecanol SAM.

The interaction between AuNP-COOHSs and P2VP was assumed to be electrostatically due to the
negative and positive charge of carboxylic and nitrogen-containing groups respectively. Therefore,
by a basic solution the interaction could be disturbed. Because, the hydroxide group of a basic
solution could induce negative charges along the surface and the carboxylic groups of the AuNPs
could experience a repulsion. As a result, the AuUNP-COOHSs could detach from the P2VP.
However, it was observed that a certain concentration of a basic solution, 1 mM NaOH could
partially remove the AuNPs, where still around 10000 uRIU due to the AuNPs remained on the
surface. The same HCI solutions tested for the surface without AuNPs were performed for the new
layer with AuNPs coverage of 31.8 % (Fig. 21). It was seen that the pH-dependent SPR signal
behaved completely different in comparison to the former layer. For instance, the Rl in the SPR
signal dramatically dropped at pH below 2.2. In that moment, this effect was not explainable.
Therefore, the same sensor layer was generated in microfluidic system for more accurate
measurements.
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Figure 21. The RI change induced by changing the pH of the HCI solutions at the SPR sensor surface with AUNPs
on P2VP-SH SAM (31.8 % coverage of AuNPs, Figure. 19).
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3.3.4. P2VP pH-sensitivity with @20 nm AuNP-COOH in microfluidics

The same surface with P2VP was tried to be prepared in microfluidic system in order to measure
more precisely and avoid contaminations on the surface. Kinetics of RI change in the SPR signal
with P2VP and AuNPs in different pH values were seen more precisely. Herein, the pH-sensitivity
of the P2VP without AuNPs were tested priory. It was assumed that at around pH 3, a dilution of
P2VP occurred as a swelling. Thus, the swelling effect of P2VP could be seen as a decrease in the
RI of the SPR signal. Following this, the adsorption of AUNPs was taken place in 28 times addition
of a 10 pl of stock solution (AuNP-COOH stock solution with OD 3) with the flow rate of 5 pl/min
(Fig. 22). Each step had a 10 min gap in between for rinsing with deionised water. At each step of
adsorption, the RI of the SPR signal sharply increased and immediately reached the plateau. It was
observed that at the three last steps, the surface was saturated by AuNPs, where no more particles
could have been adsorbed. The kinetics of AuNPs adsorption could not be explained precisely.
However, it was assumed that it could be due to the different concentration gradients in
microfluidics, which needs further studies.
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Figure 22. The RI change on P2VP-SH SAM during AuNP-COOH adsorption from a colloidal dispersion (OD 3)
over 28 subsequent additions of 10 ul with flow rate of 5 pl/min.
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Figure 23. The RI change on P2VP-SH SAM during AuUNP-COOH desorption with different NaOH concentrations
10 ul with flow rate of 5 pl/min. The RI change of the first step (0,0 mM NaOH) in water corresponds to the RI
change due to amounts of immobilised AuNPs (Fig. 22, step 28).
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The interaction strength between AuNPs and P2VP was tested using different concentrations of
NaOH solutions (Fig. 23). Each concentration of NaOH solutions was repeated three times and
had a 10 min gap for rinsing with deionised water. In the three first steps of NaOH solutions (0.1
mM), the largest detachment of the AuNPs occurred (Fig. 23). However, after that, only a slight
desorption of AuNPs was observed, where it reached the stability after addition of 0.3 mM NaOH
solutions. It was understood that the remained AuNPs on the surface could not be detached even
with 1 mM NaOH solutions. Finally, a AuNP coverage of 3.2 % remained on the surface, which
could indeed result in a enhanced SPR signal (Fig. 24).
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Figure 24. SEM images of @20 nm AuNPs self-assembled on P2VVP-SH SAM with 3.2 % coverage.

The surface covered by remaining AuNPs was tested with different pH solutions for investigation
of sensitivity of the surface. The pH-sensitivity of the layer containing P2VP with and without
AUNPs was compared (Fig. 25). It was observed that the RI change of the SPR signal on the SPR
sensor surface with AuNP (3.2 % coverage) due to the pH change was different in comparison to
the layer without AuNPs. For the SPR sensor surface with only P2VP SAM, the swelling effect
was assumed to occur at pH 3. It was seen that the swelling of P2VP SAM with AUNP-COOHSs
occurs between pH 2.3 and 1.7. The shifting of the swelling state to the lower pH was supposed to
be due to the protonation of carboxylic groups on the AuNPs on the surface. Moreover, the
swelling effect of the P2VP with AuNPs resulted in an enhanced decrease of the SPR signal
compared to the SPR sensor surface without AuNPs. This larger decrease of the SPR signal was
due to the increase of the distance between the AuNPs and the gold substrate. Because, there were
weaker LSPR coupling to surface plasmons of the gold film. Furthermore, the RI at pH below 1.3
increased with the same slope as on the surface with P2VP without AuNPs.
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Figure 25. The RI change induced by changing the pH of the HCI solutions at the SPR sensor surface with (6 = 3.2
%) and without AuNPs on P2VP-SH SAM. Standard deviation from three measurements.

For evaluating the strength of the remained AuNPs on the layer, a certain concentration of NaOH
and HCL was used. The behaviour of the layer was completely reproducible by changing the pH
into basic and acidic environment (Fig. 26). The layer was highly sensitive toward a high pH value
(pH 11). By an addition of 5 pl of 1 mM NaOH, the RI in the SPR signal dropped approximately
900 pMRIU and it climbed up simply by a deionised water rinsing. Also, 5 mM HCI was considered
as a concentration, where neither the swelling effect could occur nor the aggregation of AuNPs.
Therefore, the accelerated signal was assumed to be only the protonation of the layer and bulk RI
change.
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Figure 26. Kinetics of Rl change on P2VP-SH SAM with AuNP (3.2 % coverage). Water, HCI, and NaOH solutions
were pumped over the SPR sensor surface in the order: a) 1 mM NaOH, b) water, ¢) 5 mM HCI, d) water. This
sequence was repeated 4 times.

Thereby, the swelling and shrinking of the polymer and aggregation and disaggregation of the
AuUNPs can be observed from this schematic illustration (Fig. 27). These two effects behave
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oppositely, where the AuNPs aggregate while the polymer layers swell and vice versa. The
behaviour of the AUNP-COOHSs in a basic solution can be expressed as disaggregation effect which
dominates the shrinkage effect of the polymer layers. In the basic environment, the negative
charges between the AUNP-COQO" increases and leads to a repulsion between particles. As known
from the literature [49], 20 nm AuNPs cannot couple their LSPR in distance greater than 8 nm.
Thus, in a basic environment the repulsion of the AuNPs takes place in only some nanometers. As
a consequence, the RI at the surface drops sharply. The response of the developed sensor is highly
reproducible.

[) pH>7 ) pH=7 1) pH < 7

Figure 27. The schematic illustration of working principle of the developed sensor surface with AuUNP-COOHs
immobilised on P2VP-SH SAM. ) Electrostatic repulsion and disaggregation of AuNPs accompanied by shrinkage
of the P2VP chains at pH > 7. I1) At pH = 7, the P2VP chains are partly swollen and the AuNPs can approach each

other. 111) Aggregation of the AuNPs accompanied by the complete swelling of P2VP chains at pH < 7.

—

In basic environment, AuNPs are in maximum distance to each other, more than 8 nm, where the
near-field coupling cannot occur. As a result, the R1 at the SPR sensor surface decreases. In acidic
environment, the AuNPs aggregate. However, their distance to the gold substrate is enhanced due
to swelling of the polymer chains. Consequently, the LSPR coupling of the AuNPs to the SPR of
the gold surface decreases, and therefore, the R1 at the SPR sensor surface decreases [48, 49].
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4. Conclusions and outlook

The aggregation and disaggregation of AuNPs were investigated in bulk solutions and on surfaces.
UV-VIS spectroscopy was applied to characterise the aggregation of AuNPs in bulk solutions. The
precipitation occurred irreversibly during the aggregation of AuNP-COOH in bulk. SPR
spectroscopy was used for monitoring the effect of AuUNPs on the sensor layers. The behaviour of
AUNPs with respect to the pH changes was shown on different SAM surfaces. It was seen that
pyridine groups, either in P2VP or MP, were considered as proper layers for AUNPs adsorption.
Also, CA were tested as a holding layer for AUNPs, while the interaction between carboxylic group
of AuNPs and amine groups of CA was found to be much weaker. The AuNPs could be removed
from the holding layer almost completely via a basic solution. As known, the MP have no
opportunity to swell and by changing the pH, only the protonation and deprotonation of the
pyridine group could happen. Thus, the AuNP-COOHs on the MP can only aggregate and
disaggregate on the surface which could be seen as a sharp positive and negative RI shift in the
SPR signal, respectively. P2VP layers, on the other hand, had additional effect of swelling and
shrinking effect due to the pH changes. The AUNP-COOQOHSs on the P2VP could aggregate in acidic
environment, while the polymer layers at certain pH swelled. The swelling of the polymer led to
the increase of the distance between AuNPs and gold substrate which was assumed to be the reason
of RI drop in the signal. AuNPs at longer distance to gold substrate have weaker LSPR coupling
the surface plasmons of the gold substrate. Therefore, at pH between 2.3 and 1.7, the SPR signal
strongly negatively enhanced. In the basic environment, the RI in the signal also decreased
dramatically. Although, at high pH alues the polymer shrank and AuNPs became close to the
surface, the AuNPs could experience disaggregation. Hence, by disaggregation of AuNPs, the RI
at the surface decreased sharply. To quantify which decrease of the RI at the surface would belong
to AuNP disaggregation or polymer layer swelling, the behaviour of a pH-sensitive polymer
brushes without AuNPs in the same situation could be considered simultaneously as a reference
value.

In the ongoing studies, the range of pH-sensitivity can be varied by applying different pH-
responsive polymers, which have acidic groups (-COOH) and AuNPs functionalised with different
functionalities, e.g. —NH. Therefore, a new sensor could be developed with different pH-
sensitivity ranges. Based on the current achievement, the adsorption of AuNPs were dependent on
the density of the polymer film. It was assumed that the charge density over the polymer layer
plays important role for entrapping the AuUNP-COOHs electrostatically. Thus, the charge density
of the layer needs further studies for precisely determine the AuNPs adsorption. Moreover, AUNPs
with bigger sizes are assumed to change the SPR signal greater than smaller AuNPs due to larger
LSPR coupling to the surface plasmons of the gold surface. Besides, AUNPs with octahedral, rod,
and triangle, or other shapes can shift the plasmon wavelength differently. Thus, applying AuNPs
with different shapes and sizes on the surfaces can be compared to the current achievements with
the spherical AuNPs.
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