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Wide-field surface plasmon resonance microscope (WF-SPRM) based on polyethylene oxide/polyacrylic acid
(PEO/PAA) polyelectrolyte brushes (PEBs) is presented for particle detection application. PEO acts as an H-bond
acceptor, while PAA serves as an H-bond donor, forming hydrogen-bonding complexes within the brushes.
Morphological, chemical, and crystal structural analyses confirm that the PEO/PAA brushes undergo a transition
from a collapsed to a stretched state as the solvent pH is increased from 1 to 10. This pH-dependent change also
renders the PEO/PAA brushes more hydrophilic. Additionally, the electrical conductivity and refractive index of
the PEO/PAA brushes increase concomitantly with the increase of solvent pH. Furthermore, theoretical and
experimental approaches study the sensitivity of WF-SPRM utilizing Au-(PEO/PAA) polyelectrolyte layers. The
theoretical sensitivity of WF-SPRM is enhanced from 118.5 deg./RIU for the Au-layer to 178.1 deg./RIU for Au-
(PEO/PAA PEBs). Moreover, the signal-to-noise ratio for the Au-(PEO/PAA PEBs) layer is 20 + 1, indicating
improved sensing performance compared to the Au-layer (signal-to-noise ratio of 6 + 1). A mathematical model
to describe the discrete particle detection by WF-SPRM is presented, where results demonstrate a good agreement
between the calculated intensity profile and experimental data.

1. Introduction

Polyelectrolyte brushes (PEBs) are a class of intelligent polymers
with the remarkable ability to undergo reversible transformations be-
tween different shapes when exposed to external stimuli, such as
changes in pH, light, temperature, or electric fields [1]. The versatility of
PEBs makes them highly promising for various practical applications,
including sensors, smart actuators, and biomedical devices [2-5]. The
formation of polymer—polymer complexes arises from noncovalent in-
teractions between the functional groups of the polymer chains [6].
These complexes can be further categorized based on the dominating
interaction types, such as polyelectrolyte complexes driven by
Coulombic forces, hydrogen-bonding complexes stabilized by hydrogen
bonds, and charge-transfer complexes [7,8].

This study focuses on investigating the polymer—polymer complexes
formed by polyethylene oxide (PEO) and polyacrylic acid (PAA), which
are classified as hydrogen-bonding complexes. PEO possesses H-bond

acceptor properties, enabling the formation of hydrogen-bonding com-
plexes [9]. Moreover, PEO-based hydrogen-bonding complexes can be
created with H-bond donor polymers like polyelectrolytes [10,11].
Among the polyelectrolytes, PAA is a weak polyelectrolyte brushes
(PEBs) containing carboxylic acid, exhibiting variations in structures,
charges, and hydrophilicity at different pH levels [12,13]. PAA PEBs
have diverse applications, including protein refinement, enzyme
immobilization, drug delivery, bioinspired nanoreactors, artificial
joints, smart actuators, and bioelectronic devices [14-16].

Mixed PEBs, combining protein-adsorbing and protein-repellent
properties, can be beneficial for protein adsorption and nano-particle
detection [17]. Previous models based on PEO/PAA brushes in saline
solutions suggested that PEO/PAA brushes efficiently adsorb and desorb
proteins [18,19]. The physical interactions between PEBs and macro-
molecules remain a topic of investigation, with proposed mechanisms
involving local patches on the macromolecule surface and the environ-
ment within the PEBs [20-23].
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To enhance surface plasmon resonance (SPR) sensitivity, a wide-field
surface plasmon resonance microscope (WF-SPRM) based on Au-(PEO/
PAA PEBs) layers is designed. WF-SPRM is a spatiotemporal sensor
capable of imaging nano-objects in solution through interactions with
the sensor surface [24,25]. This sensor can detect individual nano-
objects, such as viruses and virus-like particles [26,27].

The presented work investigates the chemical, crystal, and
morphological properties of switchable PEO/PAA PEBs under varying
pH conditions. An increase in pH value transforms the carboxylic acid
(COOH) groups into carboxylate (COO™) groups, leading to the trans-
formation of collapsed PEBs into stretched PEBs. Additionally, the effect
of pH variation on the optical refractive index, electrical conductivity,
and hydrophobicity behavior of the PEO/PAA PEBs is explored.

2. Experimental sections
2.1. Synthesis technique

The “grafting to” method was employed for depositing PEO/PAA
PEBs through thiol group modification. Initially, stock solutions of
polyethylene oxide (PEO, 300,000 g.mol~}, Sigma-Aldrich) and poly-
acrylic acid (PAA, 1800 g.mol™!, Sigma-Aldrich) were prepared by
dissolving 1.0 g of each polymer in 100 mL distilled water under
continuous stirring at 45 °C for five hours. Subsequently, a PEO/PAA
blend (50:50 wt%) stock solution was formed using the solution mixing
method and subjected to sonication at 40 °C for five hours to produce
PEO/PAA blends.

Thiolated PEO/PAA (PEO/PAA-SH) was then prepared by perform-
ing carbodiimide amide coupling reactions for one in four hydroxyls
and/or carboxylic acid groups, following previous research [28]. In
which 0.320 g of N-hydroxy succinimide (115.09 g.mol~!, Sigma-
Aldrich) and 0.533 g of 1-ethyl-3-(3-(dimethylamino) propyl) carbo-
diimide) hydrochloride (155.245 g.mol’l, Sigma-Aldrich) were added
into 100 mL of PEO/PAA stock solution under continuous stirring for 30
min at room temperature. After that, 0.316 g of cysteamine hydro-
chloride (113.61 g.mol’l, Sigma-Aldrich) was added to the reaction
under continuous stirring for four hours at room temperature. Finally,
the PEO/PAA-SH PEBs were purified by adding toluene in small
amounts to the final solution. The initial solution had a pH value of
approximately 1, which was adjusted to 4, 7, and 10 by adding sodium
hydroxide (NaOH, 39.997 g/mol, Sigma-Aldrich) to the PEO/PAA-SH
solvent.

Before surface functionalization, n-type silicon wafers and ITO glass
substrates were cleaned using acetone for 30 min in a sonication bath.
Gold substrates, consisting of a 5 nm adhesion Ti-layer and approxi-
mately 41-45 nm Au-layer on glass, were cleaned using piranha solution
for 10 min. All substrates were then rinsed with distilled water and dried
using argon gas. The PEO/PAA-SH PEBs with about 20 nm were
deposited onto the substrates using the spin coating method. Finally, the
films were dried at 70 °C under ambient pressure to evaporate the sol-
vents. The “grafting to” method is illustrated in Figure S1.

2.2. Characterization techniques

The chemical structure analysis of the polyelectrolyte brushes was
carried out using three main spectroscopic techniques: Fourier-
transform infrared spectroscopy (FTIR) (Bruker VERTEX 80/80v Vac-
uum FTIR Spectrometers), nuclear magnetic resonance (1H NMR)
(Bruker AVANCE III NMR spectrometer, 600.13 MHz, 600 pL D,0: 200
uL PEO/PAA-SH solution), and near-ambient pressure X-ray photoelec-
tron spectroscopy NAP-XPS (SPECS Surface Nano Analysis GmbH). In
parallel, the crystal structure investigation of the PEBs was conducted
using an X-ray diffractometer (Malvern Panalytical Ltd) with Cuk, ra-
diation. For assessing the morphological properties of the PEBs, atomic
force microscopy (AFM) (SPM SmartSPM™-1000) and water contact
angle experiments have recurred. The refractive index was determined
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based on the optical properties measured using a UV-Vis spectropho-
tometer (Hitachi U-3900H), following the procedures already outlined
[28-30]. Electrical conductivity measurements were carried out using a
4-point probe (Microworld Inc.).

Additionally, WF-SPRM measurements were performed as previ-
ously described [28,31]. The PEO/PAA-SH PEBs at pH 7 were deposited
on a gold substrate by spin-coating technique, resulting in a thickness of
~20 nm. Silica nanoparticles (refractive index n = 1.420 [32]) with an
average size of 100 nm were employed to Simulate biological particles
due to their refractive index similarity to biological particles.

3. Results and discussion

PEO/PAA blend PEBs with a weight ratio of 50:50 were synthesized
using the solution mixing method. These blends form interpolymer
hydrogen bonds, with the ether oxygen atoms in PEO acting as H-ac-
ceptors and the carboxylate group of PAA acting as H-donors (Supple-
mentary S2) [1]. However, applying PEO/PAA PEBs as coatings on
various substrates poses a challenge due to the absence of strongly
functional group binding to the surfaces. To address this, thiol groups
were introduced into the hydroxyl and carboxylic groups of PEO/PAA
PEBs through carbodiimide amide coupling reactions (Supplementary
S3).

3.1. Dissociation behavior of PEO/PAA PEBs

The dissociation behavior of PEO/PAA PEBs was investigated using
FTIR spectroscopy, as the COOH and COO~ groups exhibit distinct
vibrational bands at different IR wavelengths [33]. Fig. 1a presents the
vibrational bands of COOH and COO~ groups in PEO/PAA PEBs at
varying pH values (1, 4, 7, and 10). At pH equal to 1, the vibrational
band of COOH groups (at approximately 1700 cm™}) is about 7 times
higher than the vibrational band of asymmetric COO™~ groups (at around
1500 em™ 1), with no observable symmetric COO~ groups. As the pH
value increases to 4, the vibrational band of COOH groups decreases,
while the vibrational bands of symmetric and asymmetric COO~ groups
increase due to the dissociation of COOH groups by OH™ ions. However,
the vibrational band of COOH groups remains approximately 3 times
more intense than the combined vibrational bands of symmetric and
asymmetric COO™~ groups. Further elevation of the pH value to 10 re-
sults in the dominance of symmetric and asymmetric COO~ groups,
leading to increased electrostatic repulsion within the polymer chains
and elongation of the brushes. The dissociation degree at each pH value
was calculated using methods from the literature [34]. Plotting the
dissociation degree against the solvent pH values yields the titration
curve of the PEO/PAA PEBs (Fig. 1b), which was fitted to the sigmoid
function [34]. The effective dissociation constant (pKa) of the PEO/PAA
PEBs is 4.95.

Fig. 1c displays the 'H NMR spectra of PEO/PAA PEBs at different pH
values. The signals observed at 1.10, 1.0-1.7, and 2.32 ppm correspond
to CHs, CHz, and CHCOOH protons, respectively, in the PAA segments.
The broad peak at 3.62 ppm is attributed to —OCH;CHj — in the PEO
segments. With an increase in pH from 1 to 10, the CHCOOH signal shifts
to lower chemical shifts, indicating a transformation to CHCOO™,
leading to electrostatic repulsion between the brushes. The surface
morphology of the PEO/PAA PEBs is affected by the solvent pH values,
as evidenced by AFM measurements at pH values of 1, 4, 7, and 10
(Fig. 2). At low pH values (1 and 4), the dominance of COOH groups
results in collapsed brushes, indicating the absence of repulsion forces
between the brushes, with surface roughness about 1 nm and 3 nm, and
thickness about 17 nm and 19 nm, respectively (Fig. 2a and 2b). As the
pH increases to 7, the COOH groups dissociate into negatively charged
COO™ groups, inducing electrostatic repulsion between the brushes and
transforming them into swollen brushes, with surface roughness of 5 nm
and thickness of 20 nm (Fig. 2c). At pH 10, complete dissociation of
COOH groups to COO~ groups intensify the electrostatic repulsion
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Fig. 1. (a) Fourier Transform Infrared (FTIR) spectra of PEO/PAA PEBs at pH values of 1, 4, 7, and 10 within the wavenumber range of 1400-1900 cm L. (b) Plot
illustrating the dissociation degree of PEO/PAA PEBs as a function of pH value. (¢) H NMR) spectra of PEO/PAA PEBs recorded at pH values of 1, 4, 7, and 10.
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Fig. 2. 2D- and 3D-AFM micrographs of PEO/PAA PEBs at different pH values, namely (a) pH 1, (b) pH 4, (¢) pH 7, and (d) pH 10.
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Fig. 3. (a) Refractive index spectra of PEO/PAA PEBs at various pH values. (b) Electrical conductivity of PEO/PAA PEBs at different pH values as a function of 1000/
T [K!]. (¢) The activation energy of the PEO/PAA PEBs as a function of pH value.
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between the brushes, leading to stretched brushes with surface rough-
ness of 7 nm and thickness of 23 nm (Fig. 2d). Moreover, higher pH
values (pH 7 and 10) promote increased hydrophilicity of PEO/PAA
PEBs, enhancing interacting surfaces between the PEBs and the sur-
rounding medium (Supplementary S4). Additionally, as pH values in-
crease to 10, the crystallinity degree of PEO/PAA PEBs changes due to
the forming of new PEBs from a collapsed to a stretched state (Supple-
mentary S5).

3.2. Optical and electrical properties

The sensitivity of SPR in the WF-SPRM relies on the refractive index
(n) of the dielectric layer that coats the Au layer. Thus, the refractive
index spectra of PEO/PAA PEBs for various solvent pH values are
investigated (Fig. 3a). At pH 1, the refractive index of PEO/PAA PEBs
decreases from 2.45 to 1.59 as the incident photon wavelength increases
from 250 to 700 nm, being 1.59 at 685 nm. As the pH values increase to
10, n increases continuously, reaching 2.40 at 685 nm, which is attrib-
uted to the transformation of PEBs from collapsed brushes to stretched
brushes. However, particle detection by WF-SPRM was performed at pH
7. At pH 7, the refractive index of PEO/PAA PEBs decreases from 2.93 to
1.93 in the range of 250 to 700 nm, being 1.94 at 685 nm.

Furthermore, the electrical conductivity (¢) of the PEO/PAA PEBs
increases with increasing solvent pH, attributed to the dissociation of
COOH groups into negatively charged COO™ groups, enhancing the ion
transfer inside the polymer brush and consequently increasing electrical
conductivity [33]. An increase in temperature also leads to increased
electrical conductivity due to higher segment vibration energy, resulting
in more segmental motion and enhanced ion mobility [35,36]. The
electrical conductivity of PEO/PAA PEBs as a function of 1000/T K1
for different pH values exhibits Arrhenius-like behavior ¢ = opexp(—E,/
kgT) (Fig. 3b), where T is temperature and kg the Boltzmann constant.
The activation energy (E,) determined from the Arrhenius function de-
creases from 0.48 eV to 0.14 eV as the solvent pH increases from 1 to 10
(Fig. 3c).

3.3. Wide-field SPR microscopy

A wide-field surface plasmon resonance microscope was employed to
capture time series of 2D images. It created a spatiotemporal volume of
intensities to detect the SPR effects of nano-objects and quantify their
presence. The gold surface was functionalized under controlled flow
conditions, and PEO/PAA-SH was deposited on the gold layer to
establish connections with the analyte for detecting silica nanoparticles
(Fig. 4a). The SPR sensitivity of the Au-layer and Au-(PEO/PAA-SH)
layers were initially investigated through theoretical simulations using
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Winspall software [41]. Theoretical reflectivity curves of the Au-layer
and Au-(PEO/PAA-SH) layers were plotted against the incident beam
angles in Fig. 4b. The SPR angle for the Au-layer is 59.85°, which in-
creases to 75.93° after coating with PEO/PAA PEBs. The SPR sensitivity
is calculated as S = A6/An, where A0 represents the SPR angle shift, and
An is the refractive index change. Consequently, a series of SPR angle
values were generated by increasing the analyte’s refractive index from
1.33 (refractive index of water) to 1.40, with an interval increase of 0.01
(Fig. 4c). The plot of SPR shift as a function of the analyte’s refractive
index displays a linear relationship, and the slope of this curve repre-
sents the SPR sensitivity. The SPR sensitivity increases from 119 deg./
RIU to 178 deg./RIU when PEO/PAA PEBs are coated onto the gold
layer.

Subsequently, experimental investigations are conducted using the
Au-layer and Au-(PEO/PAA-SH) layers to explore the sensitivity of the
wide-field surface plasmon resonance microscope (WF-SPRM) in
detecting silica nanoparticles with a size of 100 nm. The study involves
analyzing the signal-to-noise ratio and linewidth of the detected parti-
cles. ImageJ software is employed for image averaging and background
subtraction [37]. Notably, the binding of particles to both the Au-layer
and Au-PEO/PAA layers results in the sudden appearance of a distinct
bright spot corresponding to the particle shape on the micrographs (as
shown in the inset image of Fig. 5a).

Fig. 5a presents the time-dependent relative intensity that represents
the binding event of silica nanoparticles to the sensor surface. The
abrupt increase in relative intensity is indicative of a binding event.
Notably, the relative intensity of the detected silica nanoparticles on the
Au-(PEO/PAA-SH) layers surpasses that of the Au-layer. In Fig. 5b, the
line profile in the x-direction showcases the bound silica nanoparticles
on both Au- and Au-(PEO/PAA-SH) layers. The signal-to-noise ratio (S/
N) for the Au-layer is 6 & 1, which notably increases to 20 + 1 for the
Au-(PEO/PAA-SH) layers, indicating that the presence of PEO/PAA
PEBs enhances the SPR sensitivity for particle detection. Moreover, the
linewidth of the recorded spot decreases from 8 + 1 pixels (Au-layer) to
5+ 1 pixels (Au-(PEO/PAA-SH) layers), demonstrating the improved
spatial resolution of the recorded images.

The second parameter that effects on detected particle intensity is the
particle size, where the signal intensity of silica nanoparticle detected by
the Au layer increases from about 90 a.u. to about 128 a.u. as silica
nanoparticle size increases from 100 to 400 nm (Fig. 5¢). On the other
hand, the signal intensity of silica nanoparticle detected by the Au-
(PEO/PAA-SH) layers increases from about 115 a.u. to about 165 a.u. as
silica nanoparticle size increases from 100 to 400 nm (Fig. 5¢). The
signal intensity for silica nanoparticles detected by Au and Au-(PEO/
PAA-SH) layers can be fitted by a straight line between 100 and 400 nm,
indicating the fundamental difference between the Mie scattering and
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Fig. 4. (a) The Kretschmann configuration illustrating the prism-gold-PEO/PAA PEBs system, (b) Reflectivity versus incident angle for the Kretschmann configu-
ration of the prism-gold-PEO/PAA PEBs system, and (c¢) SPR angle shift versus the refractive index change of bare Au-layer and Au-(PEO/PAA PEBs) layers.
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Fig. 5. (a) Time-dependent intensity variation in the center of the bright spot for detected silica nanoparticles using the Au-layer and Au-PEO/PAA PEBs. (b) Line
profile plot representing the detected silica nanoparticles by the Au-layer and Au-PEO/PAA PEBs. Three independent replicates are conducted for each measurement.
S/N is the signal-to-noise ratio, and LW is the linewidth. (c¢) Experimental intensity of detected silica nanoparticle by Au and Au-PEO/PAA PEBs as a function of silica

nanoparticle size.

the signal-generating method. However, the dependence’s regularity
suggests that the images correspond to single particles rather than
agglomerates.

3.4. Discrete particle detection model

The conventional mathematical model for SPR detection considers
the molecules bound to the sensor surface as an effective medium with
an effective refractive index and thickness [38]. The SPR image intensity
of the detected silica nanoparticles is a result of the interference between
the plasmons of the Au-layer and the bound molecules. This is achieved
through the incident p-polarized light, which generates reflected light
(E;)) at the Au/prism interface and transmits light into the Au-layer as an
evanescent wave, exciting the surface plasmons (Eg) [39]. The total
electric field (E) can be expressed as follows [40-42],

E = E,sin(wt) + E,,sin(wt + @) 1)
where ¢ is the phase shift between the background and the radiation

generated by the particle. Additionally, the resulting intensity from the
SPR detection process is given by [24],

I = ceon|E|” = ceon|E,sin(wr) + E,sin(wt + ¢) |2 @
or,

1 2 2
I= 5 Céont (E,_ +E,+ 2E,E.§,,cosqa) 3)

where o is the frequency, t is time, c is the speed of light, g¢ is the vacuum
permittivity, and n is the refractive index. Moreover, the elastic scat-
tering theory explains surface plasmon scattering by the particle, and
when the surface plasmon wave is larger than the particle size, the
scattered field can be expressed by a decaying cylindrical plasmonic
wave [43-45],

Ey(r,r) = E%,(r)e ™ le ] )
where r is the particle location, Esp(f) is the SPR field in the absence of
the particle, « is the decaying constant of the SP, and k is the wave
number of SPR. The total surface plasmon field (Eg,) based on the Born
approximation is given by [44,46],

Esp(r7 r’) = Eg,,(r) +aE° (r')efk\r—r’\e*ik\r‘frr\ _ Ei)p(r) +aE.\.(r, r’) (5)

sp

where o is a scattering coefficient related to the particle’s polarizability.
E?p(r) is the SPR field in the absence of the particle. The SPR image
contrast of the particle is described by:

. 1 2 A2 0
I(r,r) = Ecson{(Er + (Efp(r) + aE(r, r)) +2E, (Ew(r)
+ aE,(r,r) )cosw) - (Ef + Efp + 2E,EAI,COS(/J) } 6)

The system symmetry is disrupted when a molecule binds to the Au
surface. A 100 nm silica nanoparticle located at 5 nm from the Au- and
Au-(PEO/PAA-SH) layers is considered in the model, and the resulting
electric field distribution across the structure at the resonance angle is
plotted in Fig. 6a. The electric field intensity is enhanced at the metal/
analyte interface at the resonance angle, breaking the symmetry of the
electric field. The electric field profile at the resonance angle with the
presence of silica nanoparticles was computed using COMSOL Multi-
physics software. Utilizing equation (6), the intensity distribution of the
binding event between the molecule and the Au- and Au-(PEO/PAA-SH)
layers is calculated. Fig. 6b and 6c illustrate the intensity profile dis-
tribution for the experimentally detected silica nanoparticle bound to
the Au- and Au-(PEO/PAA-SH) layers, compared with the calculated
intensity profile. The agreement between the estimated intensity profile
and the experimental data confirms the success of the derived model.
According to the calculated and experimental results of the WF-SPRM
measurements, it can be concluded that coated the Au layer by PEO/
PAA-SH layer enhances the signal-to-noise ratio of the particle
detection.

4. Conclusions

Polymer-polymer complexes involving polyacrylic acid (PAA) and
polyethylene oxide (PEO) form hydrogen-bonding complexes, with PEO
acting as the hydrogen-bond acceptor and PAA as the donor. The
dissociation behavior of PEO/PAA polymer brushes is investigated
under varying solvent pH conditions. At low pH values, the dominant
presence of COOH groups in the PEO/PAA PEBs results in collapsed
brushes due to the absence of repulsive forces between the brushes. As
the pH increases to 7, the COOH groups in the top layer of the brushes
dissociate into negatively charged COO~ groups, leading to the forma-
tion of swollen brushes due to electrostatic repulsion between the
chains. At pH 10, all COOH groups in the PEO/PAA PEBs dissociate into
negatively charged COO~ groups, further increasing electrostatic
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Fig. 6. Discrete Particle Model of Surface Plasmon Resonance Sensor. (a) Schematics illustrating the discrete particle model. Experimental and calculated intensities
as a function of the distance of the silica nanoparticle from (b) the Au- and (c¢) the Au-(PEO/PAA-SH) layers.

repulsion and causing the brushes to stretch. With increasing pH to-
wards 10, PEO/PAA PEBs exhibit a hydrophilic nature, promoting
greater interaction with the surrounding medium. The refractive index
of PEO/PAA PEBs also increases with increasing solvent pH, with the
refractive index of 1.94 at 685 nm for a pH 7. The sensitivity of the wide-
field surface plasmon resonance microscope (WF-SPRM) is explored
through theoretical and experimental approaches using an Au-(PEO/
PAA PEBs) layer. The theoretical sensitivity of the Au-(PEO/PAA PEBs)
layer improves from 118.5 deg./RIU to 178.1 deg./RIU compared to the
Au-layer. Moreover, the signal-to-noise ratio for the Au-(PEO/PAA
PEBs) layer increases from 6 +£1 to 20 +1 compared to the Au layer.
Following this, a mathematical model to describe discrete particle
detection by WF-SPRM is presented. The calculated intensity profile
derived from the model matches well with the experimental data, con-
firming the validity of this approach.
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