[image: image1]Oriented Antibody Covalent Immobilization for Label-Free Impedimetric Detection of C-Reactive Protein via Direct and Sandwich Immunoassays

		ORIGINAL RESEARCH
published: 02 June 2021
doi: 10.3389/fchem.2021.587142


[image: image2]
Oriented Antibody Covalent Immobilization for Label-Free Impedimetric Detection of C-Reactive Protein via Direct and Sandwich Immunoassays
Abiola Adesina1 and Philani Mashazi1,2*
1Department of Chemistry, Rhodes University, Makhanda, South Africa
2Institute for Nanotechnology Innovation, Rhodes University, Makhanda, South Africa
Edited by:
Ashok Mulchandani, University of California, Riverside, United States
Reviewed by:
Lingxin Chen, Yantai Institute of Coastal Zone Research (CAS), China
Chaker Tlili, Chongqing Institute of Green and Intelligent Technology (CAS), China
* Correspondence: Philani Mashazi, p.mashazi@ru.ac.za
Specialty section: This article was submitted to Analytical Chemistry, a section of the journal Frontiers in Chemistry
Received: 24 July 2020
Accepted: 07 May 2021
Published: 02 June 2021
Citation: Adesina A and Mashazi P (2021) Oriented Antibody Covalent Immobilization for Label-Free Impedimetric Detection of C-Reactive Protein via Direct and Sandwich Immunoassays. Front. Chem. 9:587142. doi: 10.3389/fchem.2021.587142

The detection and monitoring of biological markers as disease indicators in a simple manner is a subject of international interest. In this work, we report two simple and sensitive label-free impedimetric immunoassays for the detection of C-reactive protein (CRP). The gold electrode modified with boronic acid–terminated self-assembled monolayers afforded oriented immobilization of capture glycosylated antibody (antihuman CRP monoclonal antibody, mAb). This antibody-modified surface was able to capture human CRP protein, and the impedance signal showed linear dependence with CRP concentration. We confirmed the immobilization of anti-CRP mAb using surface sensitive X-ray photoelectron spectroscopy (XPS) and electrochemical impedance. The oriented covalent immobilization of mAb was achieved using glycosylated Fc (fragment, crystallizable) region specific to boronic acid. The direct immunoassay exhibited a linear curve for concentration range up to 100 ng ml−1. The limit of detection (LoD) of 2.9 ng ml−1, limit of quantification (LoQ) of 9.66 ng ml−1, and sensitivity of 0.585 kΩ ng−1 ml cm−2 were obtained. The sandwich immunoassay was carried out by capturing polyclonal anti-CRP antibody (pAb) onto the CRP antigen immunoreaction. The impedance signal after pAb capture also showed linear dependence with CRP antigen concentration and acted as a CRP antigen detection signal amplifier. The detection of the CRP antigen using sandwich pAb immunoassay improved LoD to 1.2 ng ml−1, LoQ to 3.97 ng ml−1, and enhanced the sensitivity to 0.885 kΩ ng−1 ml cm−2. The real sample analysis, using newborn calf serum, showed excellent selectivity and % recovery for the human CRP ranging from 91.2 to 96.5%. The method was reproducible to 4.5% for direct immunoassay and 2.3% for sandwich immunoassay.
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INTRODUCTION
C- reactive protein (CRP) is a pentraxin family of protein secreted in the liver in response to interleukin 6 (IL-6). The concentration of CRP increases about 1,000 fold in response to injury, inflammation, and tissue damage (Quershi et al., 2009; Qureshi et al., 2012; Boonkaew et al., 2019). CRP is therefore a well-known biomarker for inflammation and tissue damage (Libby et al., 2002). CRP has been identified as the most specific biomarker for inflammation that can independently predict the risk of myocardial infarction (Pepys and Hirschfield, 2003; Hansson, 2005; Casas et al., 2008). The American Heart Association (AHA) and the Center for Disease Control and Prevention (CDC) reported (Verma and Yeh, 2003; Hu et al., 2006; Yang et al., 2009; Chinnadayyala et al., 2019) that individuals with CRP concentrations of less than 1.0 μg ml−1 (1.0 ng μl−1) are at low risk of cardiovascular disease, while those that have CRP concentrations between 1.0 and 3.0 μg ml−1 (1.0 and 3.0 ng μl−1) are at moderate risk of cardiovascular disease. Individuals with more than 3.0 μg ml−1 (>3.0 ng μl−1) CRP concentrations are at high risk of cardiovascular disease. Therefore, monitoring the concentration of CRP in the body and quantifying the amounts may help reduce and predict the risk of cardiovascular disease (CVD) (Sonuç Karaboğa and Sezgintürk, 2018). In the clinical laboratories, enzyme-linked immunosorbent assay (ELISA), turbidimetry, and nephelometry are the major methods used for quantifying the concentration of CRP in human samples (Dominici et al., 2004; Clarke et al., 2005; Parra et al., 2005; Vilian et al., 2019). Although ELISA is a sensitive technique, it is time-consuming and expensive and requires bulky equipment and highly skilled personnel for performing the analysis and result interpretation (Ding et al., 2013). These requirements make ELISA technique not suitable for diagnosis, especially in low-resource settings. An alternative method that offers improved clinical diagnosis of CVD and offers quantitative analysis in a cheap, easy, and fast manner is desirable. The use of electrochemical immunoassays is the promising method that can overcome the ELISA drawbacks, and the detection signal output can be digitized.
Electrochemical immunoassays have received a lot of attention in the field of clinical diagnosis, owing to their higher analytical efficiency as well as the unique advantages of high sensitivity, fast response, portability, low cost, simple instrumentation, and ease of miniaturization (Yu and Wang, 2010; Zhang et al., 2011; Dong et al., 2019; Rong et al., 2019). The electrochemical impedance spectroscopy (EIS) is a powerful technique to investigating a wide variety of electrochemical systems. It is an effective tool for sensing the formation of antibody–antigen affinity reactions occurring on the electrode surface by probing the interfacial properties (Vogt et al., 2016). EIS-based immunosensors are nondestructive and require no labeling of the antibody for signal generation (Repo et al., 2002; Chowdhury et al., 2017). Electrochemical methods are based on the interaction between the antibody and the antigen or aptamer and protein interactions (Wang et al., 2017; Kowalczyk et al., 2018). The results are direct in that the affinity interactions between the antibody and antigen can be directly detected using the changes in charge transfer resistance (RCT) (Rodriguez et al., 2005; Bogomolova et al., 2009). The effective immobilization of biomolecules is a major factor in the fabrication of electrochemical impedimetric immunosensors. The sensitivity of an electrochemical impedimetric immunosensor toward the antigen can be enhanced by increasing the loading and the orientation of the capture antibodies. The immobilized capture antibodies must be oriented to allow for the optimum binding of the antigen, that is, with the antigen binding site away from the solid support (Makaraviciute and Ramanaviciene, 2013; Vashist and Luong, 2018). Antibody immobilization via adsorption results in various random orientations such as head-on, end-on, and side-on. Head-on antibody orientation results in the Fab (antigen-binding fragment) region attached and blocking the antigen binding. The end-on antibody orientation is via the Fc region attachment with antigen binding exposed, and side-on results in the Fc and Fab regions attached leaving at least one Fab antibody arm exposed for antigen binding. A method that seeks to control the orientation and exposes the antigen binding sites is of paramount importance. There are several methods for oriented immobilization of antibodies and these are streptavidin–biotin, C-terminus Fc targeting with amine surfaces, and boronic ester–glycoprotein reaction. Boronic acid and Fc glycoprotein reaction has attracted our research attention due to the high reactivity and can afford maximum antigen binding with both antigen sites exposed.
In this work, we investigate a method of immobilizing monoclonal anti-CRP antibody (mAb) onto the gold electrode surface modified via self-assembled monolayer (SAM) of 4-mercaptobenzoic acid (MBA), Au-MBA SAM. 4-aminophenylboronic acid (APBA) was attached via amide coupling onto Au-MBA SAM, to yield Au-MBA-APBA SAM. The use of Au-MBA-APBA SAM is to our knowledge for the first time reported for the immobilization of anti-CRP monoclonal antibody (anti-CRP mAb) using boronate ester. The surface analysis using electrochemical cyclic voltammetry, impedance spectroscopy, and X-ray photoelectron spectroscopy was used to confirm the fabrication of gold electrode and the attachment of anti-CRP mAb and blocking nonspecific binding sites with glucose to yield Au-MBA-APBA-mAb/glucose immunosensor. The fabricated impedimetric immunosensor was evaluated for the detection of human CRP antigen in direct and sandwich immunoassays.
EXPERIMENT
Materials and Reagents
Monoclonal mouse antihuman CRP (MCA5880G, mAb capture antibody), polyclonal goat antihuman CRP (1707-0189G, pAb detection antibody), and native human CRP (1707-2029) were purchased from AbD Serotech. Potassium ferricyanide (K3Fe(CN)6), potassium ferrocyanide (K4Fe(CN)6), potassium chloride (KCl), 4-mercaptobenzoic acid (MBA), 4-aminophenylboronic acid (APBA), N-hydroxysuccinimide (NHS), 1-ethyl-3 (3-dimethyl aminopropyl)-carbodiimide (EDC), glucose (blocking reagent), and newborn calf serum (NCS) were purchased from Sigma-Aldrich. Phosphate buffered saline (PBS, 10 mM) solutions of pH 8.0 and 7.4 were prepared using 10 mM KH2PO4:K2HPO4 and 0.15 M NaCl; the pH adjustments were conducted using 0.10 M of either HCl or NaOH. All chemicals were of analytical grade. Ultrapure water with a resistivity of 18.2 MΩ cm (at 25°C) was obtained from Milli-Q water purification system and used throughout the experiment.
Equipment
The electrochemical analysis was carried out using the instrument specifications reported in the Electronic Support Information (ESI). The X-ray photoelectron spectroscopy surface analysis setup reported (Nxele et al., 2015) was followed in this work; the data analysis and fitting of the high resolution spectra interpretation were accomplished using the National Institute of Standards and Technology (NIST) database (Naumkin et al., 2012). The XPS high resolution peak fitting of various components binding energy values were corrected using carbonaceous (C 1s) set at 284.9 eV.
Fabrication of the Immunosensor
The clean gold surface was modified using self-assembly monolayer (SAM) method by immersing in an absolute ethanol solution containing 4-mercaptobenzoic (MBA, 5.0 mM) for 24 h. The modified gold surface was represented as Au-MBA SAM. The Au-MBA SAM electrode was removed from the thiol solution and rinsed with water and ethanol to remove the physically adsorbed MBA molecules. The terminal -COOH group of the MBA SAM reacted with the amino functional group of 4-aminophenylboronic acid (APBA) using amide coupling reaction. The carboxylic acid of the Au-MBA SAM was activated in 0.40 M of EDC and 0.10 M of NHS in 10 mM PBS pH 7.4 solution for 2 h. The electrode was further rinsed with water and dried with argon gas. The NHS-/EDC-activated electrode was then immersed in pH 7.4 PBS solution containing 25 mM 4-aminophenylboronic solution. After 6 h, the resulting phenylboronic acid electrode, represented as Au-MBA-APBA SAM, was rinsed with water and ethanol to remove unreacted 4-aminophenylboronic acid. The Au-MBA-ABPA SAM was further dried in continuous flow of argon atmosphere. The capture mouse antihuman CRP monoclonal antibody (mAb) was immobilized onto the Au-MBA-APBA SAM to give the Au-MBA-APBA-mAb. The Au-MBA-APBA SAM was immersed into the 10 μl mouse antihuman CRP at pH 7.4 solution (30 μg ml−1) at 4°C for 24 h. The antibody-modified gold electrode was washed with PBS (pH 7.4) to remove the unbound antibodies. The unreacted boronic acid sites were blocked by reacting with glucose solution (30 μg ml−1 in pH 7.4 PBS) at room temperature for 2 h to give Au-MBA-APBA-mAb/glucose and was stored at 4°C before use.
Assay Procedure for Detection of Native Human CRP Using Au-MBA-APBA-mAb/Glucose
To assess the analytical performance of the Au-MBA-APBA-mAb/glucose immunosensor, 20 µL solution of CRP antigen with different concentrations ranging from 10 to 400 ng ml−1 in PBS (pH 7.4) was applied to the electrode surface. The Au-MBA-APBA-mAb/glucose electrode was incubated for 1 h at room temperature in the various CRP antigen concentrations. Functionalized electrode was reused several times, and the fresh Au-MBA-APBA-mAb/glucose surfaces were obtained by exposing the electrode to 0.1 M HCl solution. The cyclic voltammogram and the impedance were measured and found to be the same as that of a freshly prepared Au-MBA-APBA-mAb/glucose. All measurements were performed in triplicates. The analysis and fitting of the impedance data (Nyquist plot representation) was accomplished using the Randles–Sevcik equivalent circuit. The topology of the circuit contained a solution resistance (RS) which was connected in series to a parallel combination of charge transfer resistance (RCT) and capacitance (double layer, CDL or constant phase element, CPE) with Warburg impedance (Zw) in the series to the RCT. The fitted data was accepted if the %error was less than 5%.
The change in total charge transfer resistance (ΔRCT) for each concentration was calculated using Eq. 1:
[image: image]
where RCT(Ab) is the charge transfer resistance of the Au-MBA-APBA-mAb/glucose before the CRP antigen immunoreaction and RCT(Ab-Ag) is the value of the Au-MBA-APBA-mAb/glucose after an immunoreaction with the CRP antigen. Also for sandwich immunoassay, the RCT(Ab-Ag) represented the charge transfer after CRP antigen and polyclonal antibody immunoreaction.
RESULTS AND DISCUSSION
Fabrication of Anti-CRP Immunosensor
The fabrication of the CRP-sensing gold surface was modified following the step-by-step procedure shown in Scheme 1 and as described in the experimental section above. The method followed was chosen to allow for oriented immobilization of the monoclonal mouse antihuman CRP antibody (mAb) via site-specific glycosylated (glycans) and boronic acid reaction. The unreacted boronic acid reactive surfaces from the Au-MBA-APBA-mAb were blocked with glucose. After glucose reaction, the immunosensor was represented as Au-MBA-ABPA-mAb/glucose. The step-by-step modification of gold surfaces was followed using electrochemistry and X-ray photoelectron spectroscopy (XPS).
[image: Scheme 1]SCHEME 1 | Step-by-step modification of gold surface to form MBA-APBA SAM and the immobilization of monoclonal antihuman CRP antibody.
Electrochemical Characterization of the Immunosensor Fabrication
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were used to confirm the step-by-step fabrication of the Au-MBA-APBA-mAb/glucose immunosensor. The inhibition of electron transfer properties of the bare gold surface upon modification in the presence of redox probe, [Fe(CN)6]3−/4−, was use as a measure of surface functionalization. Figure 1 shows (A) CV and (B) EIS of (i) bare Au, (ii) Au-MBA-APBA SAM, and (iii) Au-MBA-APBA-mAb/glucose in (1:1) 2 mM K3Fe(CN)6:K4Fe(CN)6 solution containing 0.1 M KCl. The cyclic voltammogram of the bare electrode, in Figure 1Ai, exhibited a reversible redox couple due to [Fe(CN)6]3−/4− with peak-to-peak separation (∆E) of 0.115 V. For Au-MBA SAM in Supplementary Figure S1Aii, an increase in ΔE from 0.115 to 0.167 V was observed due to electrostatic repulsion between the negatively charged carboxyl group and negatively charged [Fe(CN)6]−3/−4. The redox couple was not completely blocked as the Au-MBA SAM was still permeable to solution ions. A decrease in ∆E from 0.167 to 0.113 V was observed when amide coupling between Au-MBA SAM and 4-aminophenylboronic acid occurred, Au-MBA-APBA SAM in Figure 1Aii. The decrease in the peak-to-peak separation at the Au-MBA-APBA SAM was due to the coupling of 4-aminophenylboronic acid and neutralization of the COO− functional group of Au-MBA SAM. The deprotonation of COO− at Au-MBA SAM is due to the high pH conditions (pH 7.4) of the redox probing species solution, [Fe(CN)6]3−/4−, and the pKa of 5.8 for the carboxylic acid functional group of Au-MBA SAM. Upon amide coupling of the phenylboronic acid, the neutral monolayer resulted due to the fact that the pKa of the boronic acid (OH) functional group is 8.83. At the Au-MBA-APBA-mAb/glucose, in Figure 1Aiii, a slight decrease in current density was observed and due to the blocking behaviour and insulating properties of the mAb and glucose. In addition an increase in ∆E from 0.113 to 0.188 V was observed. The fabrication of Au-MBA-APBA-mAb/glucose resulted in a decrease in peak current density and an increase in ∆E in cyclic voltammogram. This confirms the successful immobilization of the mAb and the blocking of nonspecific binding sites by glucose.
[image: Figure 1]FIGURE 1 | (A) Cyclic voltammograms and (B) Nyquist plot of (i) bare Au, (ii) Au-MBA-APBA SAM, and (iii) Au-MBA-APBA-mAb/glucose in (1:1) 2 mM K3Fe(CN)6: K4Fe(CN)6 solution containing 0.10 M KCl.
The electrochemical impedance spectroscopy was used to monitor and further confirm the immobilization of monoclonal anti-CRP antibody as this is a more sensitive technique than the cyclic voltammetry. The bare gold electrode exhibited a small semicircle at high frequency region with a charge transfer resistance (RCT) value of 60.1 Ω, in Figure 1Bi. An increase in RCT (3.10 kΩ) was obtained after the formation of the MBA SAM on the Au-electrode (Au-MBA SAM), in the ESI Supplementary Figure S1Aii. The increase in RCT was an indication of the electrostatic repulsion between the negatively charged carboxyl (COO−) groups of the Au-MBA SAM and the negatively charged [Fe(CN)6]3−/4− ions. This reduces the ability of the [Fe(CN)6]3−/4− ions to reach the underlying gold electrode surface and has been reported before (Moreno-Guzmán et al., 2012). Upon further modification with aminophenylboronic acid (Au-MBA-APBA SAM), in Figure 1Bii, a drastic decrease in RCT from 3.10 to 1.10 kΩ was observed. This could be attributed to the neutralization of the negative charge carboxylic group upon reaction with the amino group of 4-aminophenylboronic acid. Upon the immobilization of mAb and blocking the nonspecific binding site with glucose, Au-MBA-APBA-mAb/glucose modified electrode, in Figure 1Biii, the RCT increased from 1.10 to 4.09 kΩ due to the insulating properties of the immobilized monoclonal antibody and the glucose. This results in slow rate of electron transfer properties of the gold electrode and increase in the charge transfer resistance. The optimum concentration of glucose (30 μg ml−1) for the blocking was used and did not have an effect on the capture of the biomarker (human CRP protein). Table S1 shows the summary of the CV and EIS parameters. The EIS and CV results confirm the successful modification of the electrode surface. Additional characterization of the gold electrode surface modification was carried out using surface sensitive and quantitative capabilities of the X-ray photoelectron spectroscopy (XPS).
XPS Characterization of the Immunosensor Fabrication
XPS is a highly sensitive, versatile, and quantitative surface characterization technique that gives insight into the type of bonding and interactions that exist on a surface (Korin et al., 2017). The elemental and the atomic composition can be evaluated using the XPS survey spectra, thus giving this technique the quantitative analytical capability (Etorki et al., 2012). To ascertain the successful fabrication of the immunosensor, different modification stages of the immunosensor design were characterized using XPS. Figure 2 shows the survey spectrum of (A) bare Au, (B) 4-mercaptobenzoic acid modified surface (Au-MBA SAM), (C) 4-aminophenylboronic acid modified (Au-MBA-APBA SAM), and (D) anti-CRP antibody modified electrode (Au-MBA-APBA-mAb/glucose). The survey spectra of the bare Au revealed the presence of major peaks due to gold (Au 4f, Au 4p, and Au 4d) and other elements such as chromium (Cr), silver (Ag), oxygen (O1s), and carbon (C1s) peaks. The presence of carbon and oxygen peaks could be due to the washing of the bare Au surface using ethanol and air before measurement. The presence of silver and chromium peak is attributed to the surface coating of the gold-coated quartz crystal to obtain a smooth gold thin layer with the Cr underlayer and conducting silver. The atomic percentage (at %) of carbon and oxygen were found to be 45.2 and 12.2%, respectively, for the bare electrode (Figure 2A). Upon formation of the self-assembled monolayer of MBA (Figure 2B), a significant increase in both for carbon (from 45.2 to 60.4%) and oxygen (from 12.2 to 18.9%) was observed. The observed increase in both carbon and oxygen for the MBA SAM accounts for the successful formation of the self-assembled monolayer. Furthermore, the silver composition percent decreased from 5.67 to 1.67%. This is attributed to addition of the SAM layer on the electrode surface thereby causing a reduction of the silver concentration. The covalent immobilization of 4-aminophenylboronic acid onto Au-MBA SAM (Figure 2C, Au-MBA-ABPA SAM) resulted in the appearance of nitrogen (N 1s). The N 1s peak is attributed to amide (-CONH-) moiety that formed during the amide coupling of the 4-aminophenylboronic acid to the EDC-/NHS-activated COOH-terminated surface of the Au-MBA SAM. The presence of boron (B 1s) element was also seen at the APBA-modified electrode which is an indication of the successful modification of the electrode with APBA. A significant increase in the intensity of the N 1s peak was observed upon boronate ester formation of the Au-MBA-ABPA SAM with the Fc saccharides of the anti-CRP monoclonal antibody to yield an Au-MBA-ABPA-mAb surface (Figure 2D). The boronate ester reactions allow for the oriented immobilization of the antibody exposing the antigen-binding site. The increase in N 1s intensity at Au-MBA-ABPA-mAb is attributed to the immobilization of the antibody containing numerous peptide bonds.
[image: Figure 2]FIGURE 2 | The survey spectra of (A) bare Au, (B) Au-MBA SAM, (C) Au-MBA-APBA SAM, and (D) Au-MBA-APBA-mAb/glucose.
Figure 3 shows the high-resolution C 1s (A) Au-MBA SAM, (B) Au-MBA-APBA SAM, and (C) Au-MBA-APBA-mAb/glucose and O 1s (A’) Au-MBA SAM, (B’) Au-MBA-APBA SAM, and (C’) Au-MBA-APBA-mAb/glucose. The deconvoluted C 1s high-resolution spectra gave the chemical environment of carbon present on the surface and according to the material used for the modification. For Au-MBA-SAM (Figure 3A), four components were observed at 284.9, 286.0, 287.1, and 289.1 eV. The components observed at 284.9 eV was assigned to C-C, C=C, and C-H (Gruian et al., 2012; Maya Girón et al., 2016). The component at 286.0 eV was assigned to C-O and C-S from Au-MBA SAM. The component at 287.1 eV was assigned C=O. The component at 289.1 eV is due to O-C=O (Barriet et al., 2007; Fabre and Hauquier, 2017; Liu et al., 2016). The C 1s high resolution of the Au-MBA-APBA SAM surface (Figure 3B) shows three components at 284.9, 287.5, and 288.5 eV, and their assignments are similar to the Au-MBA SAM except the component at 288.5 eV is assigned N-C=O (amide bond) (Song and Yoon, 2009). The C 1s spectrum of Au-MBA-APBA-mAb/glucose surface was deconvoluted and four components were synthesized (Figure 3C) at 284.9, 287.0, 288.6, and 293.2 eV. The component at 284.9 eV is assigned as the above. The component at 287.0 eV corresponds to C-O, C-S, and C-N carbons of the protein backbone (Iucci et al., 2004). The third component at 288.6 eV is assigned to the carboxyl (O-C=O) and peptide carbon (N-C=O) (Lebugle et al., 1996) due to various amide bonds on the backbone of the antibody. The last component seen at 293.2 eV is the shake-up which is associated with carbon in the aromatic ring (Dave et al., 2015). The high-resolution O 1s for (A’) Au-MBA-SAM, (B’) Au-MBA-APBA SAM, and (C’) Au-MBA-APBA-mAb/glucose surfaces is also presented in Figure 3.
[image: Figure 3]FIGURE 3 | High-resolution spectra of C 1s (A) Au-MBA SAM, (B) Au-MBA-APBA SAM, and (C) Au-MBA-APBA-mAb/glucose and O 1s (A’) Au-MBA SAM, (B’) Au-MBA-APBA SAM, and (C’) Au-MBA-APBA-mAb/glucose.
The deconvolution of the O 1s Au-MBA-SAM in Figure 3A’ was fitted into two components. The component at 532.5 eV is assigned to the O-C and O-H of the mercaptobenzoic acid (Au-MBA SAM). The second component at 534.4 eV is due to the carbonyl oxygen (C=O) of the carboxyl group (Caprioli et al., 2013). The deconvolution of the O 1s spectrum in Figures 3B’,C’ for Au-MBA-APBA SAM and Au-MBA-APBA-mAb/glucose both fitted into three components. The components were observed at binding energies at 530.2, 531.6, and 532.7 eV for Au-MBA-APBA SAM corresponding to O-B, (O-C, O-H), and O=C, respectively. For the Au-MBA-ABPA-mAb/glucose, the binding energies were at 530.6, 531.6, and 533.1 eV corresponding to O-B, (O-C, O-H) and O=C, respectively, from the MBA-ABPA-mAb/glucose. The binding energy at 531.6 eV can be assigned to O-C and O-H (Whelan et al., 2004). The component centered at approximately 530.2 eV or 530.6 eV is assigned to B-O bond due to boron atom (Kim et al., 2017), and components at approximately 532.7 and 533.1 eV are attributed to the carbonyl oxygen (C=O) present in COOH and amide (HNCO) functional group (Kang et al., 2017). The presence of the observed carbon and oxygen species with their chemical environments confirmed the immobilization of the MBA, MBA-ABPA, and MBA-ABPA-mAb/glucose. There was also an increase in the intensity after each immobilization signifying the attachment of the various materials.
Figure 4 shows the high-resolution N 1s for (A) Au-MBA-APBA SAM and (B) Au-MBA-APBA-mAb/glucose surfaces and (C) the boron (B 1s) for Au-MBA-ABPA SAM. The high resolution of N 1s for Au-MBA-APBA SAM and Au-MBA-APBA-mAb/glucose in Figures 4A,B shows single component at 400.2 and 400.3 eV, respectively, attributed to the amide (CONH) bond (Costello et al., 2012; Eissa and Zourob, 2017). It was interesting to observe a remarkable increase in N 1s intensity from 2.5 × 103 cps to 7.5 × 103 cps after the immobilization of mAb/glucose on the Au-MBA-APBA SAM. This confirmed that blocking by glucose did not result in the displacement of mAb. Two major and distinct components were observed from the high-resolution spectrum of B 1s in Figure 4C and were centered at 183.9 and 190.5 eV. These components are indicative of the presence of boron element with two chemical environments. The component at 183.9 eV was assigned to B-C bond, while the other component at 190.5 eV was assigned to B-O bond (Yang et al., 2016). The presence of boron and nitrogen peaks on the Au-MBA-APBA SAM confirms the successful amide coupling of APBA onto an Au-MBA SAM. However, the disappearance of boron element was observed with the Au-MBA-APBA-mAb/glucose electrode and due to the bulky mAb and glucose boronate ester formation. This observation could further be attributed to the macro size of the mAb which confirms the successful immobilization of the antibody onto the MBA-APBA SAM functionalized gold surface. The quantitative analysis results are summarized in Supplementary Table S2 (ESI).
[image: Figure 4]FIGURE 4 | High-resolution spectra of N 1s for (A) Au-MBA-APBA SAM and (B) Au-MBA-APBA-mAb/glucose and (C) the high-resolution spectrum of B 1s of Au-MBA-APBA SAM.
Detection of Human CRP Antigen
The Au-MBA-APBA-mAb/glucose immunosensor was used to detect CRP antigen at different concentrations ranging from 10 to 400 ng ml−1 using direct and sandwich immunoassay formats. The total ΔRCT values obtained with their relative standard deviation (% RSD) for the direct and sandwich assays at different CRP antigen concentrations are shown in Table S3 (ESI). Figure 5 shows the Nyquist plots (A) and (B) with their corresponding linear graphs of ΔRCT against CRP antigen concentrations (A’) and (B’) for the (A) direct and (B) sandwich immunoassays. For the direct immunoassay, the anti-CRP mAb/glucose immunosensor was exposed to the CRP antigen, and the impedance spectroscopy was measured. The increase in the charge transfer resistance (RCT) was observed with increasing CRP antigen concentrations. The change in total charge transfer resistance (ΔRCT) for each CRP antigen concentration was calculated using Eq. 1. ΔRCT increased linearly with increasing antigen concentration from 10 to 100 ng ml−1 and the linear regression equation was ΔRCT = 0.0117 [CRP antigen] −0.0301 and R2 = 0.998 (n = 3), shown in Figure 5A’. However, at higher antigen concentration, a decrease in the RCT value was observed between 200 and 400 ng ml−1 in Supplementary Figure S2, ESI. This is attributed to excess amount of CRP antigen competing for the same binding site, thus leading to partial binding. Upon rinsing the partially bound CRP antigen washes off. This phenomenon has been observed before (Songjaroen et al., 2016) for immunosensors based on antigen–antibody affinity detection. The high concentration of CRP antigen results in the reduction of the binding efficiency between the immobilized anti-CRP monoclonal antibody and CRP antigen. The sandwich assay using polyclonal anti-CRP antibody (pAb) that recognizes different epitopes on the captured CRP antigen was used for the signal amplification. The sandwich immunoassay involved two steps: 1) the capture of CRP antigen followed by rinsing and 2) exposing the captured CRP antigen to pAb. After rinsing, the impedance spectroscopy was recorded and RCT was obtained after fitting the Nyquist plot using the Randles–Sevcik equivalent circuit.
[image: Figure 5]FIGURE 5 | (A,B) Nyquist plots and (A’,B’) the corresponding calibration curves at varied CRP antigen concentrations (i) 10 ng ml−1, (ii) 25 ng ml−1, (iii) 50 ng ml−1, (iv) 75 ng ml−1, and (v) 100 ng ml−1 for the (A) direct and (B) sandwich immunoassays. (n = 3, SD ≤ 9.0%).
Figure 5B shows the Nyquist plots for the detection of different concentrations of CRP antigen (10–100 ng ml−1) for the sandwich immunoassay. The pAb was kept constant at 5.0 μg ml−1. The increase in the semicircle (RCT) was observed with increasing concentration of CRP antigen confirming that the binding occurred between the surface bound mAb antibody and CRP antigen and lastly the pAb, resulting in the mAb/CRP/pAb immunoreaction. The calibration curve is shown in Figure 5B’ for the change in total charge transfer resistance according to Eq. 1, given above. The linear regression equation was ΔRCT = 0.0178 [CRP antigen] −0.0123 with R2 = 0.999 (n = 3) was obtained for the sandwich immunoassay. The sensitivity of the direct immunoassay was 0.585 kΩ ng−1 ml cm−2 and increased for the sandwich immunoassay to 0.885 kΩ ng−1 ml cm−2. The increase in the sensitivity for the sandwich assay was attributed to the enhancement in the signal generated by the pAb as observed in Figure 5B’. The key analytical parameters for evaluating the developed method and the performance are the limit of detection (LoD) and limit of quantification (LoQ). The LoD and the LoQ were calculated using the IUPAC method of 3 × SD/m and 10 × SD/m, respectively, where m is the slope of the calibration curve and SD is the standard deviation of the blank measurements without the presence of the CRP antigen. The LoD and LoQ for the direct immunoassay were calculated to be 2.90 and 9.66 ng ml−1, respectively, and for the sandwich immunoassay, the LoD was 1.20 and LoQ was 3.97 ng ml−1. The lower LoD and LoQ for the sandwich immunoassay were attributed to the high sensitivity and the signal amplification. The immunosensor is highly sensitive and shows lower LoDs and LoQs than the method used for the detection of CRP antigen and summarized in Table 1. The developed immunoassay for the detection of CRP is comparable in terms of the LoDs and linear concentration range to the various methods reported in Table 1. The enhanced detection and better analytical properties of the designed immunosensor is further attributed to the oriented immobilization of the capture monoclonal anti-CRP antibody (mAb). This method of immobilizing mAb via Fc-specific region using boronate ester allows for the CRP antigen site to be exposed to the analyte (CRP antigen). Lower LoDs 1.20 ng ml−1 and 2.90 ng ml−1 and LoQs 3.97 ng ml−1 and 9.66 ng ml−1 for sandwich and direct immunoassays are, respectively, reported for the detection of human CRP antigen. The LoDs were lower than those reported in literature (Rajesh et al., 2010; Gupta et al., 2014) and higher than the values reported by Lv et al. (2017). The better LoDs reported by Lv et al. (2017) used the quantum dots for fluorescence detection. However, the immunosensor yielded a very narrow range for the detection of human CRP, that is, 10–100 ng ml−1. This range falls outside the clinically relevant range for the human CRP which is 1.0–3.0 ng μl−1. The previously reported methods have a wider concentration range. The other parameter determined in this work was the sensitivity which was 0.585 kΩ ng−1 ml cm−2 for the direct immunoassay and 0.885 kΩ ng−1 ml cm−2 for the sandwich immunoassay. The reason for the observed narrow concentration range is that the capture mAb immobilized onto gold electrode surface reached saturation at human CRP concentrations of 100 ng ml−1 for both the direct and sandwich immunoassays. The study, however, paves a way of fabricating stable antibody thin films and their use in the detection of biologically relevant biomarkers.
TABLE 1 | Analytical parameters for the electrochemical immunosensor for CRP antigen detection compared with reported methods.
[image: Table 1]Specificity and Reproducibility of the Fabricated Immunosensor
To assess the specificity of the immunosensor, a control experiment was carried out with the direct interaction of the anti-CRP mAb–modified gold electrode with the polyclonal anti-CRP antibody (pAb). RCT for the anti-CRP mAb was found to be 5.46 kΩ, and after exposure to pAb, the RCT value of 5.48 kΩ showed no change in RCT. This confirmed that an increase in the total change in charge transfer resistance (ΔRCT) between anti-CRP antibody (mAb) and the CRP antigen in Figure 5 is due to the formation of an immunocomplex. Without the CRP antigen, there was no change in RCT values 5.46 and 5.48 kΩ. The reproducibility of the immunosensor was investigated since it is a crucial factor to be considered in real-life applications. For reproducibility studies, three different immunosensors were prepared independently at the same and varied experimental conditions. The immunosensors were evaluated against the same CRP antigen concentration. The relative standard deviation (% RSD) for the immunosensor was found to be 4.47% for the direct immunoassay and 2.31% for the sandwich immunoassay tested for 50 ng ml−1 CRP antigen concentration. This confirmed that the method of designing the CRP antigen sensing was reproducible with about 2.31 and 4.47% variation.
Real Sample Analysis
The accuracy of the proposed immunosensor toward the detection of CRP antigen was investigated in serum sample through a recovery experiment. The recovery test was carried out in 10% newborn calf serum in PBS (pH 7.4). Two different CRP antigen concentrations (25 and 50 ng ml−1) were used for the recovery experiment. The percentage obtained from the recovery test was between 91.18 and 96.47%. The amount recovered was very close to 100%. This shows that the immunosensor can be applied in clinical applications for the analysis of CRP antigen. The use of the newborn calf serum was to mimic the real samples. Human serum would have been ideal and is planned for future investigation. Table 2 shows the summarized information for both the direct and sandwich immunoassays.
TABLE 2 | Spike and recovery results obtained from the fabricated CRP immunosensor in serum samples.
[image: Table 2]CONCLUSION
This work demonstrated the fabrication of electrochemical impedimetric immunosensor for the detection of C-reactive protein antigen. The electrochemical and X-ray photoelectron spectroscopy characterization methods were used to confirm the formation of the self-assembled monolayer of 4-mercaptobenzoic acid, coupling of 4-aminophenylboronic acid via amide bond and immobilization of anti-human CRP monoclonal antibody onto gold electrode surface. The increase in intensity of C 1s, O 1s, and N 1s confirmed the immobilization and coupling (via amide and boronate ester) of various materials studied. An excellent sensitivity of the immunosensor was obtained to be 0.585 kΩ ng−1 ml cm−2 for the direct immunoassay. An even better sensitivity was obtained for the sandwich immunoassay to be 0.885 kΩ ng−1 ml cm−2 and almost double that of the direct immunoassay. The excellent sensitivity was ascribed to the oriented immobilization via boronate ester targeting an Fc region of the capture anti-CRP monoclonal antibody. The analytical parameters for the immunosensors for the direct immunoassay were calculated to be 2.90 ng ml−1 for LoD and 9.66 ng ml−1 for LoQ. For the sandwich immunoassay, the enhanced analytical parameters were 1.20 ng ml−1 for the LoD and 3.97 ng ml−1 for the LoQ. The immunosensor showed good reproducibility with % RSD of 4.47% for the direct immunoassay and 2.31% for the sandwich immunoassay. The immunosensor shows promising results toward the label-free detection of C-reactive protein. The newborn calf serum analysis showed good % recovery of the actual amounts injected in the sample. The % recovery ranged from 91.18 to 96.47%. Human plasma or blood samples are subject of our continued research for the detection of human CRP antigen as an important biomarker.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
AA: Experimental design and analysis, draft manuscript, data collation, result interpretation, experimental design and analysis, PM: Postgraduate supervision, idea generation, manuscript drafting and finalization, result interpretation, experimental design and analysis, and project funding and resources.
FUNDING
Research reported in this publication was supported by the South African Medical Research Council under a Self-Initiated Research Grant (MRC-SIR); National Research Foundation through Thuthuka Post-PhD Programme (NRF-TTK UID-842230, Rated Incentive funding (UID 96001); and Rhodes University Research Council and Researcher Development Grant (RDG P5/17/2015). AA thanks Adekunle Ajasin University (Nigeria) for a sabbatical staff assistantship.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2021.587142/full#supplementary-material
REFERENCES
 Barriet, D., Yam, C. M., Shmakova, O. E., Jamison, A. C., and Lee, T. R. (2007). 4-mercaptophenylboronic Acid SAMs on Gold: Comparison with SAMs Derived from Thiophenol, 4-mercaptophenol, and 4-mercaptobenzoic Acid. Langmuir 23, 8866–8875. doi:10.1021/la7007733 
 Bogomolova, A., Komarova, E., Reber, K., Gerasimov, T., Yavuz, O., Bhatt, S., et al. (2009). Challenges of Electrochemical Impedance Spectroscopy in Protein Biosensing. Anal. Chem. 81, 3944–3949. doi:10.1021/ac9002358 
 Boonkaew, S., Chaiyo, S., Jampasa, S., Rengpipat, S., Siangproh, W., and Chailapakul, O. (2019). An Origami Paper-Based Electrochemical Immunoassay for the C-Reactive Protein Using a Screen-Printed Carbon Electrode Modified with Graphene and Gold Nanoparticles. Microchim. Acta 186 (1–10), 153. doi:10.1007/s00604-019-3245-8
 Caprioli, F., Martinelli, A., Di Castro, V., and Decker, F. (2013). Effect of Various Terminal Groups on Long-Term Protective Properties of Aromatic SAMs on Copper in Acidic Environment. J. Electroanalytical Chem. 693, 86–94. doi:10.1016/j.jelechem.2013.01.025
 Casas, J. P., Shah, T., Hingorani, A. D., Danesh, J., and Pepys, M. B. (2008). C-reactive Protein and Coronary Heart Disease: A Critical Review. J. Intern. Med. 264, 295–314. doi:10.1111/j.1365-2796.2008.02015.x 
 Chinnadayyala, S. R., Park, J., Kim, Y. H., Choi, S. H., Lee, S.-M., Cho, W. W., et al. (2019). Electrochemical Detection of C-Reactive Protein in Human Serum Based on Self-Assembled Monolayer-Modified Interdigitated Wave-Shaped Electrode. Sensors 19, 5560–5615. doi:10.3390/s19245560 
 Chowdhury, A., Singh, P., Bera, T. K., Ghoshal, D., and Chakraborty, B. (2017). Electrical Impedance Spectroscopic Study of Mandarin orange during Ripening. Food Measure 11, 1654–1664. doi:10.1007/s11694-017-9545-y
 Clarke, J. L., Anderson, J. L., Carlquist, J. F., Roberts, R. F., Horne, B. D., Bair, T. L., et al. (2005). Comparison of Differing C-Reactive Protein Assay Methods and Their Impact on Cardiovascular Risk Assessment. Am. J. Cardiol. 95, 155–158. doi:10.1016/j.amjcard.2004.08.087 
 Costello, C. M., Kreft, J.-U., Thomas, C. M., Hammes, D. M., Bao, P., Evans, S. D., et al. (2012). Exploiting Additive and Subtractive Patterning for Spatially Controlled and Robust Bacterial Co-cultures. Soft Matter 8, 9147–9155. doi:10.1039/c2sm26111a
 Dave, K., Park, K. H., and Dhayal, M. (2015). Characteristics of Ultrasonication Assisted Assembly of Gold Nanoparticles in Hydrazine Reduced Graphene Oxide. RSC Adv. 5, 107348–107354. doi:10.1039/c5ra23018g
 Ding, P., Liu, R., Liu, S., Mao, X., Hu, R., and Li, G. (2013). Reusable Gold Nanoparticle Enhanced QCM Immunosensor for Detecting C-Reactive Protein. Sensors Actuators B: Chem. 188, 1277–1283. doi:10.1016/j.snb.2013.07.099
 Dominici, R., Luraschi, P., and Franzini, C. (2004). Measurement of C-Reactive Protein: Two High Sensitivity Methods Compared. J. Clin. Lab. Anal. 18, 280–284. doi:10.1002/jcla.20038 
 Dong, S., Zhang, D., Cui, H., and Huang, T. (2019). ZnO/porous Carbon Composite from a Mixed-Ligand MOF for Ultrasensitive Electrochemical Immunosensing of C-Reactive Protein. Sensors Actuators B: Chem. 284, 354–361. doi:10.1016/j.snb.2018.12.150
 Eissa, S., and Zourob, M. (2017). Competitive Voltammetric Morphine Immunosensor Using a Gold Nanoparticle Decorated Graphene Electrode. Microchim. Acta 184, 2281–2289. doi:10.1007/s00604-017-2261-9
 Etorki, A. M., Massoudi, F. M. N., and Abuein, M. M. (2012). X-ray Photoelectron Spectroscopy Study of Surface Complexation between Trace Metal Ions and Self-Assembled Monolayers. Adv. Sci. Lett. 17, 87–100. doi:10.1166/asl.2012.4240
 Fabre, B., and Hauquier, F. (2017). Boronic Acid-Functionalized Oxide-free Silicon Surfaces for the Electrochemical Sensing of Dopamine. Langmuir 33, 8693–8699. doi:10.1021/acs.langmuir.7b00699 
 Fakanya, W., and Tothill, I. (2014). Detection of the Inflammation Biomarker C-Reactive Protein in Serum Samples: Towards an Optimal Biosensor Formula. Biosensors 4, 340–357. doi:10.3390/bios4040340 
 Gruian, C., Vanea, E., Simon, S., and Simon, V. (2012). FTIR and XPS Studies of Protein Adsorption onto Functionalized Bioactive Glass. Biochim. Biophys. Acta (Bba) - Proteins Proteomics 1824, 873–881. doi:10.1016/j.bbapap.2012.04.008
 Gupta, R. K., Periyakaruppan, A., Meyyappan, M., and Koehne, J. E. (2014). Label-free Detection of C-Reactive Protein Using a Carbon Nanofiber Based Biosensor. Biosens. Bioelectron. 59, 112–119. doi:10.1016/j.bios.2014.03.027 
 Hansson, G. K. (2005). Inflammation, Atherosclerosis, and Coronary Artery Disease. N. Engl. J. Med. 352, 1685–1695. doi:10.1056/NEJMra043430 
 Hu, W. P., Hsu, H.-Y., Chiou, A., Tseng, K. Y., Lin, H.-Y., Chang, G. L., et al. (2006). Immunodetection of Pentamer and Modified C-Reactive Protein Using Surface Plasmon Resonance Biosensing. Biosens. Bioelectron. 21, 1631–1637. doi:10.1016/j.bios.2005.11.001 
 Iucci, G., Polzonetti, G., Infante, G., and Rossi, L. (2004). XPS and FT-IR Spectroscopy Study of Albumin Adsorption on the Surface of Aπ-Conjugated Polymer Film. Surf. Interf. Anal. 36, 724–728. doi:10.1002/sia.1747
 Kang, F., Qu, X., Alvarez, P. J. J., and Zhu, D. (2017). Extracellular Saccharide-Mediated Reduction of Au3+to Gold Nanoparticles: New Insights for Heavy Metals Biomineralization on Microbial Surfaces. Environ. Sci. Technol. 51, 2776–2785. doi:10.1021/acs.est.6b05930 
 Kim, D.-M., Moon, J.-M., Lee, W.-C., Yoon, J.-H., Choi, C. S., and Shim, Y.-B. (2017). A Potentiometric Non-enzymatic Glucose Sensor Using a Molecularly Imprinted Layer Bonded on a Conducting Polymer. Biosens. Bioelectron. 91, 276–283. doi:10.1016/j.bios.2016.12.046 
 Korin, E., Froumin, N., and Cohen, S. (2017). Surface Analysis of Nanocomplexes by X-ray Photoelectron Spectroscopy (XPS). ACS Biomater. Sci. Eng. 3, 882–889. doi:10.1021/acsbiomaterials.7b00040 
 Kowalczyk, A., Sęk, J. P., Kasprzak, A., Poplawska, M., Grudzinski, I. P., and Nowicka, A. M. (2018). Occlusion Phenomenon of Redox Probe by Protein as a Way of Voltammetric Detection of Non-electroactive C-Reactive Protein. Biosens. Bioelectron. 117, 232–239. doi:10.1016/j.bios.2018.06.019 
 Lebugle, A., Rovira, A., Rabaud, M., and Rey, C. (1996). XPS Study of Elastin-Solubilized Peptides Binding onto Apatite in Orthopaedic Biomaterials. J. Mater. Sci. Mater. Med. 7, 223–226. doi:10.1007/BF00119734
 Libby, P., Ridker, P. M., and Maseri, A. (2002). Inflammation and Atherosclerosis. Circulation 105, 1135–1143. doi:10.1161/hc0902.104353 
 Liu, G., Qi, M., Zhang, Y., Cao, C., and Goldys, E. M. (2016). Nanocomposites of Gold Nanoparticles and Graphene Oxide towards an Stable Label-free Electrochemical Immunosensor for Detection of Cardiac Marker Troponin-I. Analytica Chim. Acta 909, 1–8. doi:10.1016/j.aca.2015.12.023
 Lv, Y., Wu, R., Feng, K., Li, J., Mao, Q., Yuan, H., et al. (2017). Highly Sensitive and Accurate Detection of C-Reactive Protein by CdSe/ZnS Quantum Dot-Based Fluorescence-Linked Immunosorbent Assay. J. Nanobiotechnol 15, 1–10. doi:10.1186/s12951-017-0267-4
 Makaraviciute, A., and Ramanaviciene, A. (2013). Site-directed Antibody Immobilization Techniques for Immunosensors. Biosens. Bioelectron. 50, 460–471. doi:10.1016/j.bios.2013.06.060 
 Maya Girón, J. V., Vico, R. V., Maggio, B., Zelaya, E., Rubert, A., Benítez, G., et al. (2016). Role of the Capping Agent in the Interaction of Hydrophilic Ag Nanoparticles with DMPC as a Model Biomembrane. Environ. Sci. Nano 3, 462–472. doi:10.1039/c6en00016a
 Moreno-Guzmán, M., Ojeda, I., Villalonga, R., González-Cortés, A., Yáñez-Sedeño, P., and Pingarrón, J. M. (2012). Ultrasensitive Detection of Adrenocorticotropin Hormone (ACTH) Using Disposable Phenylboronic-Modified Electrochemical Immunosensors. Biosens. Bioelectron. 35, 82–86. doi:10.1016/j.bios.2012.02.015 
 Naumkin, A. V., Kraut-Vass, A., Gaarenstroom, S. W., and Powell, C. J. (2012). NIST X-ray Photoelectron Spectroscopy Database. Meas. Serv. Div. Natl. Inst. Stand. Technol. 20899, 20899. doi:10.18434/T4T88K
 Nxele, S. R., Mashazi, P., and Nyokong, T. (2015). Electrode Modification Using Alkynyl Substituted Fe(II) Phthalocyanine via Electrografting and Click Chemistry for Electrocatalysis. Electroanalysis 27, 2468–2478. doi:10.1002/elan.201500212
 Parra, M. D., Tuomola, M., Cabezas-Herrera, J., and Cerón, J. J. (2005). Use of a Time-Resolved Immunofluorometric Assay for Determination of Canine C-Reactive Protein Concentrations in Whole Blood. Am. J. Vet. Res. 66, 62–66. doi:10.2460/ajvr.2005.66.62 
 Pepys, M. B., and Hirschfield, G. M. (2003). C-reactive Protein: a Critical Update. J. Clin. Invest. 111, 1805–1812. doi:10.1172/jci1892110.1172/jci200318921 
 Quershi, A., Gurbuz, Y., Kang, W. P., and Davidson, J. L. (2009). A Novel Interdigitated Capacitor Based Biosensor for Detection of Cardiovascular Risk Marker. Biosens. Bioelectron. 25, 877–882. doi:10.1016/j.bios.2009.08.043 
 Qureshi, A., Gurbuz, Y., and Niazi, J. H. (2012). Biosensors for Cardiac Biomarkers Detection: A Review. Sensors Actuators B: Chem. 171-172, 62–76. doi:10.1016/j.snb.2012.05.077
 Rajesh, V., Sharma, V., Tanwar, V. K., and Biradar, A. M. (2010). Electrochemical Impedance Immunosensor for the Detection of C-Reactive Protein in Aqueous Solution. Sens. Lett. 8, 362–369. doi:10.1166/sl.2010.1278
 Repo, T., Paine, D. H., and Taylor, A. G. (2002). Electrical Impedance Spectroscopy in Relation to Seed Viability and Moisture Content in Snap Bean (Phaseolus vulgaris L.). Seed Sci. Res. 12, 17–29. doi:10.1079/ssr200194
 Rodriguez, M. C., Kawde, A.-N., and Wang, J. (2005). Aptamer Biosensor for Label-free Impedance Spectroscopy Detection of Proteins Based on Recognition-Induced Switching of the Surface Charge. Chem. Commun. , 4267–4269. doi:10.1039/b506571b
 Rong, Z., Chen, F., Jilin, Y., and Yifeng, T. (2019). A C-Reactive Protein Immunosensor Based on Platinum Nanowire/Titania Nanotube Composite Sensitized Electrochemiluminescence. Talanta 205, 120135. doi:10.1016/j.talanta.2019.120135 
 Song, S. Y., and Yoon, H. C. (2009). Boronic Acid-Modified Thin Film Interface for Specific Binding of Glycated Hemoglobin (HbA1c) and Electrochemical Biosensing. Sensors Actuators B: Chem. 140, 233–239. doi:10.1016/j.snb.2009.04.057
 Songjaroen, T., Feeny, R. M., Mensack, M. M., Laiwattanapaisal, W., and Henry, C. S. (2016). Label-free Detection of C-Reactive Protein Using an Electrochemical DNA Immunoassay. Sensing Bio-Sensing Res. 8, 14–19. doi:10.1016/j.sbsr.2016.03.003
 Sonuç Karaboğa, M. N., and Sezgintürk, M. K. (2018). Determination of C-Reactive Protein by PAMAM Decorated ITO Based Disposable Biosensing System: A New Immunosensor Design from an Old Molecule. Talanta 186, 162–168. doi:10.1016/j.talanta.2018.04.051 
 Vashist, S. K., and Luong, J. H. T. (2018). Antibody Immobilization and Surface Functionalization Chemistries for Immunodiagnostics. Elsevier, 19–46. doi:10.1016/B978-0-12-811762-0.00002-5
 Verma, S., and Yeh, E. T. H. (2003). C-reactive Protein and Atherothrombosis-Beyond a Biomarker: an Actual Partaker of Lesion Formation. Am. J. Physiology-Regulatory, Integr. Comp. Physiol. 285, R1253–R1256. doi:10.1152/ajpregu.00170.2003 
 Vilian, A. T. E., Kim, W., Park, B., Oh, S. Y., Kim, T., Huh, Y. S., et al. (2019). Efficient Electron-Mediated Electrochemical Biosensor of Gold Wire for the Rapid Detection of C-Reactive Protein: A Predictive Strategy for Heart Failure. Biosens. Bioelectron. 142, 111549. doi:10.1016/j.bios.2019.111549 
 Vogt, S., Su, Q., Gutiérrez-Sánchez, C., and Nöll, G. (2016). Critical View on Electrochemical Impedance Spectroscopy Using the Ferri/Ferrocyanide Redox Couple at Gold Electrodes. Anal. Chem. 88, 4383–4390. doi:10.1021/acs.analchem.5b04814 
 Wang, J., Guo, J., Zhang, J., Zhang, W., and Zhang, Y. (2017). RNA Aptamer-Based Electrochemical Aptasensor for C-Reactive Protein Detection Using Functionalized Silica Microspheres as Immunoprobes. Biosens. Bioelectron. 95, 100–105. doi:10.1016/j.bios.2017.04.014 
 Whelan, C. M., Ghijsen, J., Pireaux, J.-J., and Maex, K. (2004). Cu Adsorption on Carboxylic Acid-Terminated Self-Assembled Monolayers: A High-Resolution X-ray Photoelectron Spectroscopy Study. Thin Solid Films 464-465, 388–392. doi:10.1016/j.tsf.2004.06.041
 Yang, J., He, X., Chen, L., and Zhang, Y. (2016). The Selective Detection of Galactose Based on Boronic Acid Functionalized Fluorescent Carbon Dots. Anal. Methods 8, 8345–8351. doi:10.1039/c6ay02530g
 Yang, Y.-N., Lin, H.-I., Wang, J.-H., Shiesh, S.-C., and Lee, G.-B. (2009). An Integrated Microfluidic System for C-Reactive Protein Measurement. Biosens. Bioelectron. 24, 3091–3096. doi:10.1016/j.bios.2009.03.034 
 Yu, J., and Wang, B. (2010). Effect of Calcination Temperature on Morphology and Photoelectrochemical Properties of Anodized Titanium Dioxide Nanotube Arrays. Appl. Catal. B: Environ. 94, 295–302. doi:10.1016/j.apcatb.2009.12.003
 Zhang, B., Tang, D., Liu, B., Chen, H., Cui, Y., and Chen, G. (2011). GoldMag Nanocomposite-Functionalized Graphene Sensing Platform for One-step Electrochemical Immunoassay of Alpha-Fetoprotein. Biosens. Bioelectron. 28, 174–180. doi:10.1016/j.bios.2011.07.016 
 Zhang, X., Hu, R., Zhang, K., Bai, R., Li, D., and Yang, Y. (2016). An Ultrasensitive Label-free Immunoassay for C-Reactive Protein Detection in Human Serum Based on Electron Transfer. Anal. Methods 8, 6202–6207. doi:10.1039/c6ay01464j
 Zhou, F., Lu, M., Wang, W., Bian, Z.-P., Zhang, J.-R., and Zhu, J.-J. (2010). Electrochemical Immunosensor for Simultaneous Detection of Dual Cardiac Markers Based on a Poly(dimethylsiloxane)-Gold Nanoparticles Composite Microfluidic Chip: A Proof of Principle. Clin. Chem. 56, 1701–1707. doi:10.1373/clinchem.2010.147256 
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Adesina and Mashazi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-09-587142-g005.gif
»

< k)

£tk

025

000

y=00117x0.0%01
R=0s%

zua)

9 2 40 % 8 10
[CRP) (g mL7)

e
20
yoi7x 0012,
(s
T Y
g
I
o5
00

IRREREXX)
Z )

5 20 40 % 80 10
CRP] (ng. ML





OPS/images/fchem-09-587142-gx001.gif
. wen e asn)
e A
"

wevonma onraan ]
[EI v O
v 1 LR -"}\
e LS 0

e 4
AN A S CR A Rooas





OPS/images/fchem-09-587142-g003.gif
o[
%o
£oe] o
fo
T R
) g Erery (1
: )
b 2 ocon
z 2
T I
Rons S Enesy 1
¢
e lng
= T
Bas H
E 3 B o8
M Y
H i
i i
v o,
P R )

Sinding Energy V] Binding Energy (e






OPS/images/fchem-09-587142-g004.gif
Intensity {x 10° cps)

Intenshy (x 10° cps)

404 a2 40 98 3%
Binding Encroy (eV)

Intensity (x 10° cps)

134 191 188 185 182 179
‘Binding Eneray (eV)





OPS/images/math_1.gif
ARcr = Rer(ap-ag) = Reran





OPS/images/fchem-09-587142-t001.jpg
Detection method Assay linear R? LoD (ng mi™) LoQ (ng mi™Y) Ref

range (ng ml™")
Impedance spectroscopy 10-100° 0.998° 290° 9.66° This work

10-100° 0.999° 1.20° 397°

Electrochemistry 50-5,000 - - 1.0 - Gupta et al. (2014)
Electrochemistry 85-9,120 - - 350 - Rajesh et al. (2010)
Electrochemistry 1.56-400 - - 0.46 - Lvetal (2017)
Electrochemistry 0-100 - - 22 - Fakanya and Tothil. (2014)
Electrochemistry 05-200 - - 12 - Zhou et al. (2010)
Electrochemistry 02-80 - - 0040 - Zhang et al. (2016)

‘is the measurement using the direct immunoassay.
bis the measurement using sandwich immunoassays.





OPS/images/fchem-09-587142-t002.jpg
Sample number

eI e

Spiked (ng mi")

25 (direct)
25 (sandwich)
50 (direct)
50 (sandwich)

Found (ng ml™)

27.30
26.50
49.90
49.00

Recovery (%)

95.87
96.47
94.94
91.18





OPS/xhtml/nav.xhtml
Contents

		Cover

		Oriented Antibody Covalent Immobilization for Label-Free Impedimetric Detection of C-Reactive Protein via Direct and Sandwich Immunoassays		Introduction

		Experiment		Materials and Reagents

		Equipment

		Fabrication of the Immunosensor

		Assay Procedure for Detection of Native Human CRP Using Au-MBA-APBA-mAb/Glucose





		Results and Discussion		Fabrication of Anti-CRP Immunosensor

		Electrochemical Characterization of the Immunosensor Fabrication

		XPS Characterization of the Immunosensor Fabrication

		Detection of Human CRP Antigen

		Specificity and Reproducibility of the Fabricated Immunosensor

		Real Sample Analysis





		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Chemistry

Oriented Antibody Covalent
Immobilization for Label-Free
Impedimetric Detection of C-
Reactive Protein via Direct and
Sandwich Immunoassays





OPS/images/fchem-09-587142-g001.gif





OPS/images/fchem-09-587142-g002.gif
T ERE:

(84 10000 RisEsaE

£

£

0 S0 w0 w0

o









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Chemistry





