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Abstract

:

Imaging wide-field surface plasmon resonance (SPR) microscopy sensors based on polyacrylic acid polyelectrolyte brushes (PAA PEBs) were designed to enhance the sensitivity of nano-object detection. The switching behavior of the PAA PEBs against changes in the pH values was investigated by analyzing the chemical, morphological, optical, and electrical properties. At pH ~1, the brushes collapse on the surface with the dominance of carboxylic groups (  COOH  ). Upon the increase in the pH to nine, the switching process completes, and the brushes swell from dissociating most of the   COOH   groups and converting them into     COO  −    groups. The domination of the negatively charged     COO  −    groups increases the electrostatic repulsion in the polymer chains and stretches the brushes. The sensitivity of the SPR sensing device was investigated using a theoretical approach, as well as experimental measurements. The signal-to-noise ratio for a Au layer increases from six to eighteen after coating with PAA PEBs. In addition, the linewidth of the recorded image decreases from six pixels to five pixels by using the Au-PAA layers, which results from the enhanced spatial resolution of the recorded images. Coating a Au-layer with PAA PEBs enhances the sensitivity of the SPR sensing device, and improves the spatial resolution of the recorded image.
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1. Introduction


Polyelectrolyte brushes (PEBs) are charged poly acids or bases grafted to the substrate surface which undergo reversible protonation or deprotonation upon shifting the pH value across the acidity of the brush [1,2]. This shift allows for the binding of the PEBs with their target molecules [3], and consequently has various applications in biosensors and bioelectronic devices [4,5].



The physical binding between the polyelectrolyte brushes with the macromolecules remains an open question. For instance, several researchers have stated that the proteins bind to the PEBs even when they have the same net charge [6], which can be attributed to the interactions with the local patches on the protein surface that have the opposite charge to the PEBs [7,8], or that the local environment inside PEBs reverses the protein charge [9]. Using different chemical modifications, the PEBs can coat surfaces of different materials, such as metals, metal oxides, silicon, and silica [10].



Polyacrylic acid (PAA) has gained attention due to the existence of a carboxylic group on each repeating unit that changes its charges, structures, and hydrophilicity due to the variation in pH [11,12]. Increasing the pH value of the PAA PEBs leads to the deprotonation of   COOH   and converting it into the     COO  −    of the carboxylic group. The dominance of the negatively charged     COO  −    groups increases the electrostatic repulsion in the polymer chains, consequently stretching the brushes and converting the PAA into a hydrophilic behavior. Moreover, the reduction in the value of the PAA PEBs leads to the re-protonation of     COO  −    groups, and the PEBs return to their initial state [13].



Recently, imaging wide-field SPR microscopy sensors (WF-SPRM) have gained substantial attention in the real-time detection of viruses and virus-like particles due to their capability to measure low particle concentrations with a high sensitivity [14,15,16]. In addition, the WF-SPRM of nano-objects is a spatio-temporal detector based on SPR phenomena for imaging the nano-objects in solution and gas media due to the interaction between nano-objects with the evanescent electrical field near the sensor surface [17,18,19,20,21,22].



Various studies have been conducted to enhance the sensitivity and selectivity of the SPR sensors [23]. G. del Castillo and colleagues [3] investigated the binding of enzymes to the polyelectrolyte brushes compared to self-assembled monolayers. They concluded that the application of polyelectrolyte brushes enhances enzyme binding. Y. Wang et al. [24] found that the polyacrylic acid polyelectrolyte brushes demonstrated a higher selectivity to protein loading than bare gold surfaces.



This work describes the design of the WF-SPRM based on PAA PEBs deposited on a Au layer, which improves the sensitivity of the SPR sensing device. Fourier transform infrared (FTIR) and nuclear magnetic resonance (NMR) spectroscopies were employed to investigate the transformation of the carboxylic acid (  COOH  ) group into the carboxylate (    COO  −   ) group of the PAA PEBs with increasing pH values due to added NaOH. Atomic force microscopy (AFM) was used to monitor the transformation of the carboxylic acid (  COOH  ) group into the carboxylate (    COO  −   ) group, which changes the PAA PEBs from a collapsed to a stretched form. The effect of switching the behavior on the optical constants and electrical conductivity was investigated. Finally, PAA PEBs were chosen for the SPR sensing device due to their high refractive index. Theoretical calculations, in addition to experimental measurements of WF-SPRM, were used to investigate the sensitivity of the SPR sensing device.




2. Materials and Methods


Polyacrylic acid (        CH  2  −   CHCO  2  H    n   , 1800 g/mol), N-hydroxy succinimide (   C 4   H 5    NO  3   , 115.09 g/mol), cysteamine hydrochloride (   C 2   H 7  NS  , 113.61 g/mol), toluene (C₆H₅CH₃, 92.14 g/mol), hydrochloric acid (HCl, 36.458 g/mol), and sodium hydroxide (NaOH, 39.997 g/mol) were all purchased from Sigma-Aldrich, except for 1-ethyl-3-(3-(dimethylamino) propyl) carbodiimide) hydrochloride (   C 8   H  17    N 3   , 155.245 g/mol), which was purchased from ThermoFisher. The following sections describe the synthesis and characterization methods in detail.



2.1. Synthesis of Thiolated Polyacrylic Acid (PAA-SH)


PAA stock solution was prepared by dissolving 1.000 g polyacrylic acid in 100 mL distilled water using a magnetic stirrer for four hours under ambient conditions. As according to the literature [25], thiolated polyacrylic acid (PAA-SH) was synthesized via carbodiimide amide coupling, in which 0.320 g of N-hydroxy succinimide and 0.533 g of 1-ethyl-3-(3-(dimethylamino) propyl) carbodiimide) hydrochloride were added into 100 mL of PAA stock solution in a 6:1 molar ratio under continuous stirring for 30 min at room temperature. After that, 0.316 g of cysteamine hydrochloride in a 6:1 molar ratio (carboxyl to thiol) was added to the reaction, and stirred continuously for four hours at room temperature. Finally, the PAA-SH PEBs were purified by adding toluene to small amounts of the final solution (100 mL toluene to 10 mL PAA-SH solution). After that, PAA-SH powder was collected using a centrifuge system. Finally, 1 g of PAA-SH was suspended in 100 mL of absolute ethanol for further use. The pH value of the solution was 2.



The pH value of the preparation solvent varied from 1 to 9, which was controlled by adding hydrochloric acid (HCl) or sodium hydroxide (NaOH) to the final solution. Adding HCl leads to a reduction in pH through the delivery of     Cl  −    ions to the solvent preparation. However, adding NaOH leads to an increase in pH via the delivery of     Na  +    ions to the solvent preparation.




2.2. Surface Cleaning


Before surface functionalization, indium-tin-oxide (ITO) glass substrates (100 nm ITO on glass) and n-type silicon wafers (0.5 mm-thick) were cleaned by sonicating in acetone and isopropyl alcohol for 30 min under ambient conditions. In addition, the gold substrates were prepared by first coating a glass slide (14 × 75 × 1 mm3, SF10 glass, n = 1.72) with a 5 nm titanium adhesion layer and, subsequently, with an approximately 41-45 nm gold layer via a magnetron sputtering technique (Innolume, Dortmund, Germany). These gold substrates were further cut and cleaned using piranha solution (   H 2    SO  4  /  H 2   O 2   , 3:1 v/v) for 10 min. Afterward, ITO, silicon, and the gold substrates were rinsed with water and dried at ambient conditions.




2.3. Brushes by the “Grafting to” Method


PAA PEBs were deposited on the gold, ITO, and silicon substrates as according to the “grafting to” method by modifying the PAA brushes using the thiol group. The PAA-SH PEBs were deposited via the spin coating technique. Afterward, the films dried at 70 °C to vaporize the solvent. ITO substrate was used for optical and electrical characterizations, an n-type silicon wafer was used for X-ray photoelectron spectroscopy experiments, and a gold substrate was used for SPR experiments.




2.4. Chemical Structure Characterizations


The chemical structure was investigated using 1H NMR measurements (600.13 MHz, Bruker AVANCE III NMR spectrometer) and near-ambient-pressure X-ray photoelectron spectroscopy (NAP-XPS). 1H NMR measurements were conducted at 600.13 MHz using a 5 mm high-resolution multi-channel and broadband (5 mm BBO model) equipped with Z-gradient.




2.5. The Swelling Behavior Characterizations


The swelling behavior and the dissociation degree were investigated using FTIR (Bruker VERTEX 80/80v Vacuum FTIR Spectrometers) and NMR (Bruker AVANCE III NMR spectrometer). In addition, surface morphology and wettability were studied using an atomic force microscope (SPM SmartSPM™-1000) and water contact angle measurements (WCA) for a water droplet (pH = 7) of size 10 μL taken on three occasions. These measurements were performed at room temperature for PAA-SH PEBs at different pH values (1, 4, 7, and 9, respectively).




2.6. Optical and Electrical Properties


The optical transmittance and reflectance spectra were measured using a double-beam UV–Vis spectrophotometer (Hitachi U-3900H) with a total integration sphere. After that, the optical constants (extinction coefficient    k    and refractive index (  n  )) were calculated using   k = α λ / 4 π   and   n =   1 + R / 1 − R   +     4 R /     1 − R    2    −  k 2     , respectively, where  α  is the absorption coefficient, given by   α =   1 / d   ln     1 − R   / T     [26,27],   λ    is   the   photon   wavelength  ,    and    d    is   the   thickness   . The  n -spectra were fitted to the Cauchy model [28]. A 4-point probe (Microworld Inc., Kuala Lumpur, Malaysia) was used to measure the electrical conductivity.




2.7. WF-SPRM Measurements


The SPR instrument employed for measurements with the (PAA PEBs–Au) layer is based on Kretschmann’s scheme of plasmon excitation [29,30]. The PAA-SH PEBs with 20 nm thickness were deposited onto the gold substrate using the spin coating technique. The gold substrate was pressed onto a glass prism using RI matching immersion liquid (  n = 1.725 ,   Cargill Laboratories, Fort Collins, CO, USA) to avert the air gap. SPR measurements were performed by illuminating the (PAA PEBs–Au) layer through a prism using a laser diode (HL6750MG, Thorlabs GmbH, Bergkirchen, Germany) with a wavelength of   λ = 685   nm  . Images of the gold layer interface were taken using a CMOS video camera DMK 23UP031 (Imaging Source, Bremen, Germany, with a resolution of 5 Mp (megapixel) and a pixel size 2.2 × 2.2 µm) and using a macro-objective (Cannon Compact-Macro Lens EF 50 mm 1:2.5). Details of WF-SPRM are described elsewhere [20,31]. The resonance angle represents the minimum residual reflectivity. Finally, polystyrene nanoparticles (refractive index n = 1.59 [32]) with an average size of 200 nm were used to simulate the binding events of the biological nanoparticles.





3. Results and Discussion


The main challenge in using PAA PEBs as a coating on metal films or other substrates is the lack of a functional group that strongly binds to the surface. Therefore, a fraction of carboxylic groups of PAA were modified with thiol functional groups binding to a gold layer. PAA-SH was synthesized using carbodiimide amide coupling reactions between PAA and cysteamine with specific molar ratios to obtain a modified one in four carboxylic acid groups (Figure 1a) [25]. The 1H-NMR spectrum of PAA PEBs shows signals at 1.1, 1.2–1.7, and 2.01 ppm ascribed to     CH  3   ,     CH  2   , and   CHCOOX   protons, respectively. In addition, the multiplet peaks between 1.76 and 1.85 ppm represent the thiol (–SH) group in the PAA–SH PEBs, which thereby confirms the existence of the –SH group in the PAA matrix (Figure 1b) [33,34]. Performed XPS measurements also confirmed the presence of the thiol group in PAA-SH PEBs (Figure 1c–f). CasaXPS software was used to investigate the peak deconvolution, in addition to the baseline correction of the XPS peaks, as according to the literature [35]. XPS C1s core line peaks of PAA-SH PEBs appear at 284.8 eV (  C − C ,    C  − H  ), 285.4 eV (  C − N  ), and 286.1 eV (  −   COO  −   ) (Figure 1c). XPS O 1s core line peaks appear at 531.9 eV (   C    = O  ), 534.6 eV (  O − OH  ), 536.8 eV (   C    − O  ), and 539.0 eV (  O = C −  O −   ) (Figure 1d). In addition, XPS N 1s core line peaks appear at 398.7 eV (  N − H  ) and 400.7 eV (  N − C  ) (Figure 1e). The XPS S 2p core line peak at 162.8 eV (  C − SH  ) was also measured (Figure 1f). These results confirm the connecting of the thiol group and the PAA matrix, as shown in Figure 1a.



FTIR spectroscopy is one of the main techniques used to investigate the swelling behavior and the dissociation degree of the PAA PEBs due to differences in the IR vibrational bands of the carboxylic acid (  COOH  ) and carboxylate (    COO  −   ) groups [13]. The vibrational bands of the carboxylic acid (  COOH  ) and carboxylate (    COO  −   ) groups of the PAA PEBs for different pH values (one, four, seven, and nine) are in the wavenumber range of 1350–1800 cm−1 (Figure 2a). In addition, the dissociation degree is calculated using   α =     COO  −    /       COO  −    + ϵ     COO  −    / ϵ   COOH     COOH      , where       COO  −      and     COOH     are the integrated areas of     COO  −    and   COOH   vibrational bands. The extinction coefficient ratio of the     COO  −    and   COOH   groups is (  ϵ     COO  −    / ϵ   COOH   = 1.8 ± 0.3  ) [36]. At pH = 1, the   COOH   vibrational band at 1700 cm−1 dominates the PAA PEBs, with the ratio between the area under the   COOH   to     COO  −    vibrational bands being about 5.8. Increasing the pH value to 4 by adding NaOH to the PAA stock solution converts the   COOH   groups of the upper molecules into symmetric     COO  −    and asymmetric     COO  −    groups at vibrational bands of 1553 and 1430 cm−1 due to the dissociation of the   COOH  , with the ratio between the area under the   COOH   to     COO  −    vibrational bands being about 1.4. Additionally, increasing the pH value to seven leads to an additional conversion of the   COOH   groups into symmetric     COO  −    and asymmetric     COO  −    groups, with the ratio between the area under the   COOH   to     COO  −    vibrational bands being around 0.27. Increasing the pH value further to nine leads to a domination of the asymmetric     COO  −    groups at a vibrational band of 1430 cm−1, with the ratio between the area under the   COOH   to     COO  −    vibrational bands decreasing to 0.01. The domination of the negatively charged     COO  −    groups increases the electrostatic repulsion in the polymer chains and stretch the brushes. The titration curve of PAA PEBs was performed by plotting the dissociation degree versus pH and then fitted to the sigmoid function (Figure 2b) [36]. The   p  K a    value of the PAA PEBs is defined as the pH value at the midpoint of the titration curve. Therefore, the effective     pK  a    of the PAA PEBs is about 5.54, which is accepted by the literature [37,38].



In addition, 1H-NMR spectra of PAA PEBs for different pH values are shown in Figure 2c. The spectral signatures at ppm 1.10, 1.0–1.7, and 2.32 ppm taken at pH = 1 represent the     CH  3   ,     CH  2   , and   CHCOOH   protons, respectively. Increasing the pH from one to nine leads to the shifting of the signal of the   CHCOOH   protons towards smaller chemical shifts, which results in the transformation of the   CHCOOH   into     CHCOO  −   , which thereby confirms the changes in the chemical structure of the PAA PEBs in the FTIR spectra.



To better understand the effects of the dissociation of the carboxylic acid groups of PAA PEBs on the structure following pH variation, schematic diagrams in addition to 2D AFM measurements of PAA PEBs at different pH values (one, seven, and nine) are shown in Figure 3. At pH ~1, the initial state represents the brushes collapsed to the surface (with 1.5 nm roughness), with the domination of the carboxylic groups (  COOH  ) (Figure 3a). This state represents the hydrophobic behavior of the PEBs. The addition of sodium cations through adding NaOH into the preparation solvent until the pH reaches seven leads to dissociation in the   COOH   groups into     COO  −    groups of the upper molecules of the brushes. Consequently, the collapsed brushes transform into swollen brushes with 0.6 nm roughness (Figure 3b). The cations were unable to reach the deeper molecules of the brush film because of their high density. After pH = 9, the ion concentration is appropriate for reaching all molecules of the PEBs and consequently dissociates most of the   COOH   groups. This event results in the prevalence of the     COO  −    groups in the brushes (Figure 3c). The domination of the negatively charged     COO  −    groups increases the electrostatic repulsion in the polymer chains and stretches the brushes with 0.3 nm roughness. In this state, the switching process completes, and the brushes swell. Moreover, the PEBs transform from a hydrophobic to a hydrophilic state (Figure 4) [13]. The contact angle of the PAA PEBs at pH = 1 was initially ~42°, which then decreased to ~24° with an increased pH value of nine.



Increasing the solvent pH increases the electrical conductivity of the PAA PEBs, which can be attributed to the   COOH →   COO  −    conversion, and from increasing the ion transfer inside the polymer brush layer [13]. In addition, an increase in temperature enhances the electrical conductivity due to a rise in the energy of the segment motion [39]. This results in a concomitant increase in the free volume around the polymer chains as well as the mobility of ions [40]. Figure 5a shows the variation in electrical conductivity ( σ ) as a function (1000/T(K)) of the PAA PEBs for different pH values. Arrhenius-like behavior for  σ  can be defined as   σ =  σ 0  exp   −  E a  /  K B  T    , where    σ 0    is the pre-exponential factor [41]. The activation energies deduced from  σ  for the PAA PEBs have an anomalous behavior at pH = 5 (Figure 5b), which can be attributed to the fact that the effective   p  K a    of the PAA PEBs is about 5.54. The refractive index spectrum of the PAA PEBs at pH = 1 exhibits values between 3.15 and 2.08 in the range of 250–700 nm, with a value of 2.09 at a wavelength of 685 nm (Figure 5c). Upon the increase in the pH value to seven, which is the value of the analyte in the SPR measurement, the refractive index decreases to 1.92 at 685 nm. An additional increase in the pH value leads to a decrease in the refractive index to 1.74 at 685 nm. The decrease in the refractive index values upon increasing the pH can be attributed to the change in the PEBs from collapsed to stretched brushes. In addition, the increase in the charge density of the PAA PEBs upon increasing pH values leads to a decrease in the refractive index [42].



WF-SPRM was employed to record a series of 2D images demonstrating local spatiotemporal changes in intensity, which helps to detect the binding of nano-particles. Thiolated PAA (PAA-SH) was deposited onto the gold sensor surface using the spin coating method (Figure 6a). Figure 6b illustrates the theoretical reflectivity curves of the Au layer and Au-PAA layers, which were modeled via employing WINSPALL software [43]. Coating the Au layer with PAA PEBs increases the incident photon angle and the linewidth (LW). Figure 6c illustrates the shifting in the SPR angle for the Au layer and Au-PAA layers as a function of the refractive index values. The slope of the linear fit represents the sensitivity of the SPR sensor. The SPR sensitivity increases from 114 deg./RIU to 167 deg./RIU as the PAA PEBs appear on the surface of the gold sensing film. Additionally, the figure of merit (FOM) of the sensor, which is defined as the ratio of sensitivity to the LW, was calculated (Table 1) [44]. Coating the Au film with PAA PEBs increases the FOM from 80 to 89 [RIU−1].



Figure 6d demonstrates a local intensity of PSNP detected by the Au layer and Au-PAA layers as a function of the measurement time measured by WF-SPRM. The signal-to-noise ratio (S/N) of the Au-PAA layer is higher than the S/N of the Au layer, which is calculated by studying the line profile plot in the x-direction of the images (Figure 6e,f). The S/N for the Au-layer is 6 ± 1, which increased after coating with the PAA layer to 18 ± 1, indicating that the PAA PEBs enhance the sensitivity of the SPR instrument. In addition, the line width (LW) of the recorded image decreased from 6 ± 1 pixels to 5 ± 1 pixels through using the Au-PAA layers, which indicates that the spatial resolution of the recorded image is enhanced. In our previous work [15], we used (PANI-HCl)/Al(NO3)3 complex composite film as a coating for the Au layer to enhance the sensitivity of the WF-SPRM. We found that the S/N for Au-(PANI-HCl)/Al(NO3)3 with S/N of 10 ± 1. Therefore, we can conclude that coating the Au layer with PAA brushes is more efficient than our previous work. This can be attributed to the fact that the PAA brushes have a higher refractive index than the (PANI-HCl)/Al(NO3)3 complex composite film.




4. Conclusions


Our work aims to describe the influence of the coating gold sensing surface with the PAA-PEBs on the sensitivity of the WF-SPRM sensor, as well as to provide characteristics of the PAA-PEBs. For this, the pH-dependent switching properties of the PAA-PEBs and their effects on the optical and electrical characterizations were studied. It is demonstrated that, at pH ~1, the initial state of the PEBs corresponds to the brushes that collapse to the surface, with the dominance of the carboxylic groups (  COOH  ). The prevalence of the negatively charged     COO  −    groups increases the electrostatic repulsion in the polymer chains and stretches the brushes. AFM confirms that the PAA PEBs at pH = 1 exhibit collapsed brushes. Increasing the pH to seven leads to the dissociation of the   COOH   groups of the upper molecules and conversion into the negatively charged     COO  −    groups, and consequently transforms the collapsed brushes into swollen brushes. At pH = 9, the ion concentration is sufficient to reach the deeper molecules of the PEBs that consequently dissociate most of the   COOH   groups, leading to the prevalence of the     COO  −    groups that, in turn, completes the switching process, leading to stretched brushes. Under increasing pH, the PAA PEBs transform from a hydrophobic to hydrophilic state. Increasing the solvent pH leads to an enhancement in the electrical conductivity of the PAA PEBs. This can be attributed to the   COOH →   COO  −    conversion. PAA PEBs were deposited on a gold layer using a thiol group (PAA-SH), which was confirmed by XPS and NMR spectroscopy. The signal-to-noise ratio for the Au layer is six, increasing after coating by PAA PEBs to eighteen. In addition, the linewidth of the recorded image decreased from six pixels to five pixels through using the Au-PAA layers. Finally, it was demonstrated that coating the Au layer with PAA PEBs enhances the sensitivity of the SPR sensor and improves the spatial resolution of the recorded image.







Author Contributions


Conceptualization, Q.M.A.-B. and A.D.T.; methodology, Q.M.A.-B. and V.S; software, Q.M.A.-B. and R.H.; validation, A.D.T., C.J.T. and R.H.; formal analysis, Q.M.A.-B., C.J.T. and V.S.; investigation, A.D.T. and R.H.; resources, A.D.T. and R.H.; data curation, Q.M.A.-B. and R.H.; writing—original draft preparation, Q.M.A.-B. and A.D.T.; writing—review and editing, C.J.T., V.S. and R.H.; visualization, Q.M.A.-B., A.D.T. and C.J.T.; supervision, A.D.T. and R.H.; project administration, A.D.T. and R.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The scientific support by the Ministerium für Innovation, Wissenschaft und Forschung des Landes Nordrhein-Westfalen, the Senatsverwaltung für Wirtschaft, Technologie und Forschung des Landes Berlin, and the Bundesministerium für Bildung und Forschung is gratefully acknowledged. We also thank Ahmad A. Ahmad for helping our members use the thin films laboratory at the Jordan University of Science and Technology. This work was also supported by the German Research Association (DFG) within the Collaborative Research Centre 876 SFB 876 “Providing Information by Resource-Constrained Data Analysis”, project B2.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yuan, J.; Antila, H.S.; Luijten, E. Dielectric effects on ion transport in polyelectrolyte brushes. ACS Macro Lett. 2019, 8, 183–187. [Google Scholar] [CrossRef]

	



Ferrand-Drake del Castillo, G.; Hailes, R.L.; Dahlin, A. Large changes in protonation of weak polyelectrolyte brushes with salt concentration—Implications for protein immobilization. J. Phys. Chem. Lett. 2020, 11, 5212–5218. [Google Scholar] [CrossRef]

	



Ferrand-Drake del Castillo, G.; Koenig, M.; Müller, M.; Eichhorn, K.-J.; Stamm, M.; Uhlmann, P.; Dahlin, A. Enzyme immobilization in polyelectrolyte brushes: High loading and enhanced activity compared to monolayers. Langmuir 2019, 35, 3479–3489. [Google Scholar] [CrossRef]

	



Yuan, J.; Antila, H.S.; Luijten, E. Structure of polyelectrolyte brushes on polarizable substrates. Macromolecules 2020, 53, 2983–2990. [Google Scholar] [CrossRef]

	



Das, S.; Banik, M.; Chen, G.; Sinha, S.; Mukherjee, R. Polyelectrolyte brushes: Theory, modelling, synthesis and applications. Soft Matter 2015, 11, 8550–8583. [Google Scholar] [CrossRef]

	



Ballauff, M.; Borisov, O. Polyelectrolyte brushes. Curr. Opin. Colloid Interface Sci. 2006, 11, 316–323. [Google Scholar] [CrossRef]

	



Yigit, C.; Kanduc, M.; Ballauff, M.; Dzubiella, J. Interaction of charged patchy protein models with like-charged polyelectrolyte brushes. Langmuir 2017, 33, 417–427. [Google Scholar] [CrossRef] [PubMed]

	



Koenig, M.; Bittrich, E.; König, U.; Rajeev, B.L.; Müller, M.; Eichhorn, K.-J.; Thomas, S.; Stamm, M.; Uhlmann, P. Adsorption of enzymes to stimuli-responsive polymer brushes: Influence of brush conformation on adsorbed amount and biocatalytic activity. Colloids Surf. B Biointerfaces 2016, 146, 737–745. [Google Scholar] [CrossRef]

	



De Vos, W.M.; Leermakers, F.A.; De Keizer, A.; Cohen Stuart, M.A.; Kleijn, J.M. Field theoretical analysis of driving forces for the uptake of proteins by like-charged polyelectrolyte brushes: Effects of charge regulation and patchiness. Langmuir 2010, 26, 249–259. [Google Scholar] [CrossRef]

	



Li, M.; Pester, C.W. Mixed polymer brushes for “smart” surfaces. Polymers 2020, 12, 1553. [Google Scholar] [CrossRef] [PubMed]

	



Mumtaz, F.; Chen, C.; Zhu, H.; Pan, C.; Wang, Y. Controlled protein adsorption on PMOXA/PAA based coatings by thermally induced immobilization. Appl. Surf. Sci. 2018, 439, 148–159. [Google Scholar] [CrossRef]

	



Currie, E.; Sieval, A.; Fleer, G.; Stuart, M.C. Polyacrylic acid brushes: Surface pressure and salt-induced swelling. Langmuir 2000, 16, 8324–8333. [Google Scholar] [CrossRef]

	



Aulich, D.; Hoy, O.; Luzinov, I.; Brücher, M.; Hergenröder, R.; Bittrich, E.; Eichhorn, K.-J.; Uhlmann, P.; Stamm, M.; Esser, N. In situ studies on the switching behavior of ultrathin poly (acrylic acid) polyelectrolyte brushes in different aqueous environments. Langmuir 2010, 26, 12926–12932. [Google Scholar] [CrossRef] [PubMed]

	



Masson, J.-F. Surface plasmon resonance clinical biosensors for medical diagnostics. ACS Sens. 2017, 2, 16–30. [Google Scholar] [CrossRef] [PubMed]

	



Al-Bataineh, Q.M.; Shpacovitch, V.; Sadiq, D.; Telfah, A.; Hergenröder, R. Surface Plasmon Resonance Sensitivity Enhancement Based on Protonated Polyaniline Films Doped by Aluminum Nitrate. Biosensors 2022, 12, 1122. [Google Scholar] [CrossRef]

	



Shpacovitch, V.; Hergenröder, R. Surface plasmon resonance (SPR)-based biosensors as instruments with high versatility and sensitivity. Sensors 2020, 20, 3010. [Google Scholar] [CrossRef] [PubMed]

	



Nizamov, S.; Sazdovska, S.D.; Mirsky, V.M. A review of optical methods for ultrasensitive detection and characterization of nanoparticles in liquid media with a focus on the wide field surface plasmon microscopy. Anal. Chim. Acta 2022, 1204, 339633. [Google Scholar] [CrossRef]

	



Sidorenko, I.; Nizamov, S.; Hergenröder, R.; Zybin, A.; Kuzmichev, A.; Kiwull, B.; Niessner, R.; Mirsky, V.M. Computer assisted detection and quantification of single adsorbing nanoparticles by differential surface plasmon microscopy. Microchim. Acta 2016, 183, 101–109. [Google Scholar] [CrossRef]

	



Nizamov, S.; Scherbahn, V.; Mirsky, V.M. Detection and quantification of single engineered nanoparticles in complex samples using template matching in wide-field surface plasmon microscopy. Anal. Chem. 2016, 88, 10206–10214. [Google Scholar] [CrossRef]

	



Shpacovitch, V.; Sidorenko, I.; Lenssen, J.E.; Temchura, V.; Weichert, F.; Müller, H.; Überla, K.; Zybin, A.; Schramm, A.; Hergenröder, R. Application of the PAMONO-sensor for quantification of microvesicles and determination of nano-particle size distribution. Sensors 2017, 17, 244. [Google Scholar] [CrossRef]

	



Zybin, A.; Shpacovitch, V.; Skolnik, J.; Hergenröder, R. Optimal conditions for SPR-imaging of nano-objects. Sens. Actuators B Chem. 2017, 239, 338–342. [Google Scholar] [CrossRef]

	



Rouf, H.K.; Haque, T. Performance enhancement of Ag-Au bimetallic surface plasmon resonance biosensor using InP. Prog. Electromagn. Res. M 2018, 76, 31–42. [Google Scholar] [CrossRef]

	



Shalabney, A.; Abdulhalim, I. Sensitivity-enhancement methods for surface plasmon sensors. Laser Photonics Rev. 2011, 5, 571–606. [Google Scholar] [CrossRef]

	



Wang, Y.-M.; Cui, Y.; Cheng, Z.-Q.; Song, L.-S.; Wang, Z.-Y.; Han, B.-H.; Zhu, J.-S. Poly (acrylic acid) brushes pattern as a 3D functional biosensor surface for microchips. Appl. Surf. Sci. 2013, 266, 313–318. [Google Scholar] [CrossRef]

	



Ansar, S.M.; Fellows, B.; Mispireta, P.; Mefford, O.T.; Kitchens, C.L. pH triggered recovery and reuse of thiolated poly (acrylic acid) functionalized gold nanoparticles with applications in colloidal catalysis. Langmuir 2017, 33, 7642–7648. [Google Scholar] [CrossRef] [PubMed]

	



Ahmad, A.; Migdadi, A.; Alsaad, A.; Al-Bataineh, Q.M.; Telfah, A. Optical, structural, and morphological characterizations of synthesized (Cd–Ni) co-doped ZnO thin films. Appl. Phys. A 2021, 127, 922. [Google Scholar] [CrossRef]

	



Alsaad, A.; Al-Bataineh, Q.M.; Ahmad, A.; Albataineh, Z.; Telfah, A. Optical band gap and refractive index dispersion parameters of boron-doped ZnO thin films: A novel derived mathematical model from the experimental transmission spectra. Optik 2020, 211, 164641. [Google Scholar] [CrossRef]

	



Ahmad, A.A.; Khazaleh, M.H.; Alsaad, A.M.; Al-Bataineh, Q.M.; Telfah, A.D. Characterization of As-prepared PVA-PEO/ZnO-Al2O3-NPs hybrid nanocomposite thin films. Polym. Bull. 2022, 79, 9881–9905. [Google Scholar] [CrossRef]

	



Rothenhäusler, B.; Knoll, W. Surface–plasmon microscopy. Nature 1988, 332, 615–617. [Google Scholar] [CrossRef]

	



Kretschmann, E. Determination of optical constants of metals by excitation of surface plasmons. Z. Phys. 1971, 241, 313–324. [Google Scholar] [CrossRef]

	



Shpacovitch, V.; Hergenroeder, R. Optical and surface plasmonic approaches to characterize extracellular vesicles. A review. Anal. Chim. Acta 2018, 1005, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Schnorrenberg, H.-J.; Hengstebeck, M.; Schlinkmeier, K. The attenuation of a coherent field by scattering. Opt. Commun. 1995, 117, 532–540. [Google Scholar] [CrossRef]

	



Zhang, Y.; Rossi, F.; Papa, S.; Violatto, M.B.; Bigini, P.; Sorbona, M.; Redaelli, F.; Veglianese, P.; Hilborn, J.; Ossipov, D.A. Non-invasive in vitro and in vivo monitoring of degradation of fluorescently labeled hyaluronan hydrogels for tissue engineering applications. Acta Biomater. 2016, 30, 188–198. [Google Scholar] [CrossRef] [PubMed]

	



Schuetze, B.; Mayer, C.; Loza, K.; Gocyla, M.; Heggen, M.; Epple, M. Conjugation of thiol-terminated molecules to ultrasmall 2 nm-gold nanoparticles leads to remarkably complex 1 H-NMR spectra. J. Mater. Chem. B 2016, 4, 2179–2189. [Google Scholar] [CrossRef]

	



Ahmad, M.J.A.; Telfah, A.; Al-Bataineh, Q.M.; Tavares, C.J.; Hergenröder, R. Nanoparticles positioning effect on properties of (PS-PANI/NiNPs) nanocomposite films. Polym. Adv. Technol. 2023, 34, 110–119. [Google Scholar] [CrossRef]

	



Dong, R.; Lindau, M.; Ober, C.K. Dissociation behavior of weak polyelectrolyte brushes on a planar surface. Langmuir 2009, 25, 4774–4779. [Google Scholar] [CrossRef]

	



Wiśniewska, M.; Urban, T.; Grządka, E.; Zarko, V.I.; Gun’ko, V.M. Comparison of adsorption affinity of polyacrylic acid for surfaces of mixed silica–alumina. Colloid Polym. Sci. 2014, 292, 699–705. [Google Scholar] [CrossRef]

	



Aureau, D.; Ozanam, F.; Allongue, P.; Chazalviel, J.-N. The titration of carboxyl-terminated monolayers revisited: In situ calibrated Fourier transform infrared study of well-defined monolayers on silicon. Langmuir 2008, 24, 9440–9448. [Google Scholar] [CrossRef]

	



Pillai, P.; Khurana, P.; Tripathi, A. Dielectric studies of poly (methyl methacrylate)/polystyrene double layer system. J. Mater. Sci. Lett. 1986, 5, 629–632. [Google Scholar] [CrossRef]

	



AL-Akhras, M.A.; Alzoubi, S.E.; Ahmad, A.A.; Ababneh, R.; Telfah, A. Studies of composite films of polyethylene oxide doped with potassium hexachloroplatinate. J. Appl. Polym. Sci. 2021, 138, 49757. [Google Scholar] [CrossRef]

	



Telfah, A.; Al-Akhras, M.-A.; Al-Izzy, K.A.; Ahmad, A.A.; Ababneh, R.; Ahmad, M.J.A.; Tavares, C.J.; Hergenröder, R. Dielectric relaxation, XPS and structural studies of polyethylene oxide/iodine complex composite films. Polym. Bull. 2022, 79, 3759–3778. [Google Scholar] [CrossRef]

	



Cho, J.; Hong, J.; Char, K.; Caruso, F. Nanoporous block copolymer micelle/micelle multilayer films with dual optical properties. J. Am. Chem. Soc. 2006, 128, 9935–9942. [Google Scholar] [CrossRef] [PubMed]

	



Available online: http://www.res-tec.de/ (accessed on 25 February 2023).

	



Rahman, M.M.; Abdulrazak, L.F.; Ahsan, M.; Based, M.A.; Rana, M.M.; Anower, M.S.; Rikta, K.A.; Haider, J.; Gurusamy, S. 2D Nanomaterial-Based Hybrid Structured (Au-WSe 2-PtSe 2-BP) Surface Plasmon Resonance (SPR) Sensor With Improved Performance. IEEE Access 2021, 10, 689–698. [Google Scholar] [CrossRef]








[image: Sensors 23 04283 g001 550] 





Figure 1. (a) Molecular structure of PAA-SH with a carboxyl-to-thiol ratio (1:4). (b) 1H NMR spectra for PAA and PAA–SH PEBs at pH = 7 measured at room temperature. NMR spectrum of PAA-SH shows the chemical shift of PAA and the -SH group. (c) Deconvoluted XPS C 1s spectra of PAA-SH PEBs. (d) Deconvoluted XPS O 1s spectra of PAA-SH PEBs. (e) Deconvoluted XPS N 1s of PAA-SH PEBs. (f) Deconvoluted XPS S 2p spectra of PAA-SH PEBs. 
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Figure 2. (a) FTIR absorbance spectra for carboxylic groups of PAA PEBs at pH 1, 4, 7, and 9 in the range of 1350–1800 cm−1 measured at room temperature. (b) The dissociation degree (α) calculated using   α =     COO  −    /       COO  −    + ϵ     COO  −    / ϵ   COOH     COOH       of PAA PEBs versus pH value. The red line describes the sigmoidal fitting function for the data (c) 1H NMR spectra for PAA PEBs at the pH values of 1, 4, 7, and 9 measured at room temperature. 
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Figure 3. Schematic diagram in addition to 2D AFM images of the switching process of a polymer brush film: (a) collapsed brush at pH = 1; (b) swollen brush at pH = 7; and (c) stretched brush at pH = 9. The negative blue dots: Cl−; the positive green dots: Na+. 
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Figure 4. Water contact angle measurements (pH = 7) of PAA PEBs as a function of the pH value measured at room temperature. 
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Figure 5. (a) Electrical conductivity of the PAA PEBs for different pH values as a function of 1000/T [K−1] fitted by the Arrhenius function to calculate the activation energy of the systems, (b) activation energy of the PAA PEBs deduced from the Arrhenius function as a function of the pH value, and (c) the refractive index spectra of PAA PEBs for the different pH values of 1, 7, and 9. 
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Figure 6. (a) Kretschmann’s configuration: a model of a glass prism, a gold layer (41–45 nm), and a PAA layer (30 nm) with an analyte for sensing biomolecules. (b) SPR reflectivity curve for Kretschmann’s configuration of the prism–Au-PAA system deduced from WINSPALL software. (c) Sensitivity calculations of bare Au and Au-(PAA PEBs) layers from the data calculated by WINSPALL software. (d) Time dependence of the detecting event of PSNPs by the Au layer and Au-PAA layers measured by WF-SPRM. (e) Line profile plot of PSNPs detected by the Au layer. (f) Line profile plot of PSNPs detected by the Au-PAA layers measured by WF-SPRM. Three replicates were performed. 
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Table 1. Essential parameters analysis of SPR for bare Au layer and Au-PAA layers.






Table 1. Essential parameters analysis of SPR for bare Au layer and Au-PAA layers.





	Layers
	     R   min       
	    θ   SPR      

[deg.]
	LW

[deg.]
	  S  

[deg./RIU]
	FOM

[RIU−1]





	Equation
	--
	--
	--
	   S = Δ θ / Δ n   
	   FOM = S / LW   



	Au
	0.02
	59.8
	3.8
	114
	80



	Au-PAA
	0.05
	75.5
	4.8
	167
	89
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