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Abstract  

The limit of detection (LOD) of affinity sensors based on alkanethiol self-assembled 

monolayers (SAMs) systems can be improved by either signal amplification and/or noise 

reduction. The latter includes baseline signal drift arising, in part, from, monolayer 

imperfections (and variations in this through repeats) as well as electrical noise of both the 

sensor and transducer. In reagentless “label free” assays signal drift carries with it the 

possibility of assay false-positive results (if signal drift is positive) or false-negatives (if 

specific signal is swamped by downward drift). Faradaic electrochemical impedance 

spectroscopy (FEIS) sensors based on SAM interfaces have been shown to exhibit considerable 

baseline signal drift; which consequently affects the LOD of such sensors.   This study reports 

on the development of a simple two-step pre-treatment method for generating functional SAMs 

of 11-mercaptoundecanoic acid (MUA) on Au with a highly suppressed baseline signal drift. 

For electrochemical characterisation of the SAMs, the charge-transfer resistance (Rct), defect 

presence (pinhole radius and separation), capacitance, and dielectric constant were evaluated.  

The interface pre-treatment generates films of substantially improved homogeneity that are 
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subsequently functionalised with anti-human C-reactive protein.  CRP, an acute-phase protein, 

is subsequently detectable down to femtomolar levels without any amplification; this is a 2-3 

order of magnitude lower detection limit than that typical accessible for analyses of this type. 

The developed protocols thus present a convenient and a general route to suppress baseline 

signal drifts and improve the limits of detection of affinity sensors based on faradaic 

impedance.  

 

Graphical abstract  

 

Schematic representation of a two-step pre-treatment method (voltammetric cycling, followed 

by incubation in buffer) for the generation of homogenous functional monolayers on gold for 

assay development.  
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Highlights 

• Mercaptoundecanoic acid (11-MUA) was self-assembled on gold from ethanolic 

solution. Faradaic EIS baseline drifts of the monolayers were evaluated in detail. 

• A two-step protocol involving voltammetric cycling in buffered [Fe(CN)6]3/4- and 

immersion in PBS was developed to quench EIS baseline drifts and generate signals 

of unprecedented stability. 

• A model is presented where changes are fully consistent with the underlying SAM 

becoming more homogeneous, with pinhole defects shrinking. 

• A subsequently derived C-reactive protein assay has a remarkably high level of 

sensitivity, some two orders of magnitude greater than that which is typical for sensors 

of this type. 
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1. Introduction 

The design of label-free affinity-based sensors as alternative methods to traditional enzyme-

linked immunosorbent assays (ELISA) has been central to recent developments of potentially 

much improved diagnostic capability[1,2]. Among the various types of immunosensors, 

impedimetric immunosensors possess numerous attractive characteristics associated with the 

use of electrochemical transduction; they are easy to use, highly sensitive and entirely label 

free. Electroanalytical techniques, more generally, offer the possibility of achieving 

miniaturisation and integration of such capability into multi-array and/or microprocessor-

controlled diagnostic tools with remote control capabilities[1–3]; thus, making them portable, 

simple to operate, reliable and relatively inexpensive to manufacture. These favourable aspects 

offer much to the demands of point-of-care biomedical diagnostics[3,4].  

Electrochemical impedance spectroscopy (EIS) is an a.c. method that describes the response of 

an electrochemical cell to a small amplitude sinusoidal voltage signal as a function of 

frequency. By measuring the differences in amplitude and phase angle of potential and current 

sinusoids over a range of frequency, the electrical properties of the electrode/electrolyte 

interface can mapped out to report on a number of time-dependent physical processes[5,6]. In 

a typical Faradaic impedance measurement, the interface can be characterised by the solution 

resistance (Rs), double-layer capacitance (Cdl) and charge-transfer resistance (Rct). These 

parameters (Rs, Cdl and Rct) are normally modelled and quantified using a Randles’ equivalent 

circuit. Based on the nature of the transducing signal, impedimetric sensors can be classified 

as capacitive, where the surface of the electrode is covered by a dielectric layer and there is no 

resolved faradaic activity, or Faradaic, where the electrode confined film is either partial or 

conductive such that a solution phase redox probe is able to exchange electrons with the 

electrode[3]. In the latter case, (which is, by some margin, the most popular) the measured 
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parameter is almost always the charge-transfer resistance (Rct) and immunorecognition 

typically results in a steric/electrostatic increase in this[2,3]. 

Numerous electrode assemblies including oxide and metal oxide-based electrodes 

functionalised with silane, entrapped and/or covalently linked biomolecules on either 

conductive or electropolymerised non-conductive films-modified electrodes and gold (Au)-

covered alkanethiol-based self-assembled monolayers (SAMs) have been developed for 

impedimetric applications[1–3]. SAMs, in particular, provide a uniquely simple and 

convenient means of generating a functional interface but can present not insignificant EIS 

assay issues[7].It is known, for example, that SAMs generated under standard conditions are 

defective[8,9]. The subsequent effect of temperature on these defects has also been resolved 

by scanning tunnelling microscopy (STM)[10,11] where a decrease in the number of islands is 

observed on warming (but the area of each island increases); this is an Ostwald ripening 

process, in which larger islands grow at the expense of smaller gold islands[12,13]. The 

microroughness (in the range of 1-10 nm) of SAM is also a key reporter of quality and 

structure[14]. In addition to monolayers containing defective pinhole sites, films may also 

include collapsed sites (locally thin regions of the monolayer resulting from the large orientated 

angle of thiol molecules near defects or domain boundaries). It has been shown that the electron 

transfer rate at pinholes is some 2 orders of magnitude greater than that at collapsed sites, where 

tunnelling is dominant [15]. The access of ions from solution to the underlying gold has also 

been evaluated by EIS with a view to noting pinhole presence and reporting on SAM quality. 

When compared to short chain alkanethiol SAMs, there has been, for example, a noted 

reduction in ion permeability for longer chains, attributed to predictably increased chain–chain 

interactions (as film crystallinity increases)[16–19]. It has been accepted, then, for some time 
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now, that natively prepared monolayer have a variable number of defect sites of broadly 

understood character. 

Once prepared, such films are not static. Using a combination of electrochemical and 

microscopic techniques, it has been previously shown, for example,  that voltammetric cycling 

induces a film reorganisation in which the alkyl chains become more perpendicular to the 

electrode[20] markedly increasing their redox probe blocking properties[21,22].  It has been 

suggested that the imposition of a voltage can induce a torque on the thiolate headgroup, driving 

SAM structural change[19].  During incubation in solution, it is also known that SAMs are 

dynamic, especially when “young”. Flynn et. al., studied the long-term stability of 

undecanethiol SAMs on Au during storage in phosphate-buffered saline (PBS) and calf 

serum[23] over a 35-day period.  The advancing contact angles were observed to drop from 

~100° to >50° after 21 days of storage in PBS and current densities obtained from cyclic 

voltammetry steadily increase. In a study of octadecanethiol (ODT) SAMs on gold by Faradaic 

EIS, Diao et al. have noted changes in fractional coverage (θ) as a function of incubation time 

(from 5 s to 24 h)[17]. The observations within this work were attributed to a gradual 

degradation of the monolayers via slow removal of the alkanethiol molecules from the Au 

surface. Further contact angle, cyclic voltammetry, FT-IR and XPS experiments reported in 

other work are additionally consistent with a progressive loss of alkanethiol molecules most 

likely via the oxidation of the thiolate headgroup[24,25]. The picture is, then, one of SAMs 

being inherently dynamic and defective where defects and film loss change over time in a 

manner that has significant dependency on imposed surface potential.  The impact of this on 

sensor performance and baseline stability has been noted [26–28]. In any derived sensor, the 

limit of detection (LOD) is determined by the signal-to-noise ratio[26], the latter including 

(non-target induced) baseline drift as well as the electrical noise of both the sensor and 
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transducer[26]. Consequently, the LOD of such sensors can be increased by either signal 

amplification and/or noise reduction. In this work we have sought to map out the FEIS baseline 

signal drift associated with SAMs of 11-mercaptoundecanoic acid (MUA) and quenched this 

through the application of a two-step protocol that utilises both an imposed cycling field and a 

solution phase incubation. The subsequent receptor modification of these films then enabled 

the generation of target specific sensors with a remarkably low detection limit. 

 

2. Experimental Section 

2.1 Apparatus and reagents  

All chemical reagents used throughout this study were of analytical grade. 11-

mercaptoundecanoic acid (MUA), ethanol (99%), phosphate buffered saline (PBS) tablets and 

potassium hexacyanoferrate (II) trihydrate (≥99.95%) were purchased from Sigma-Aldrich and 

used without any further purification. Potassium hexacyanoferrate (III) (98+ %) was purchased 

from Lancaster Synthesis. Electrochemical experiments were conducted using PGSTAT204 

Potentiostat/Galvanostat Autolab with FRA32M module (Metrohm-Autolab, The Netherlands) 

with Nova 2.1 Software for experimental control and data acquisition. Electrochemical 

impedance spectroscopy (EIS) in 1.0 mM [Fe(CN)6]3/4- redox couple was carried out at open 

circuit within the frequency range of 100 kHz- 0.5 Hz at an applied potential of 0.22V. 

Electrochemical measurements were performed using a three-electrode system where gold 

(Au) disk electrode (1.6 mm diameter, BASi® MF-2014) served as the working electrode, Pt 

wire as counter electrode and Ag/AgCl (3M NaCl) as reference electrode. The Au disk 

electrodes were purchased from BASi®, USA. Alumina slurry of 1.0 µm, 0.3 µm and 0.05 µm 

were purchased from Buehler, USA. Electrochemical measurements were carried out in 10.0 
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mM PBS (pH 7.4) in ultrapure water with resistivity of 18.2 MΩcm. Ultrapure water was 

obtained from Milli-Q Type 1 Ultrapure Water system, Merck Millipore.  

 

2.2 Gold electrode cleaning  

Prior to self-assembly, the electrodes were mechanically polished with 1.0 µm alumina slurry 

for 3.0 min and rinsed in distilled H2O. The mechanical polishing was repeated using 0.3 µm 

and 0.05 µm alumina slurry, respectively. Thereafter, the electrodes were ultrasonicated in 

ethanol for 10.0 min to remove the alumina particles. This was then followed by immersion in 

piranha (3:1, H2SO4:H2O2) for 10.0 min, rinsing in ultrapure water dried and drying under a 

gentle stream of N2. The electrodes were then electrochemically cycled from -0.3 to 1.6 V in 

0.5 M H2SO4 at 0.1 V.s-1 until stable voltammetric scans were obtained. 

 

2.3 MUA Monolayer preparation  

Immediately after cleaning, gold electrodes were dried with a gentle stream of N2 and immersed 

in 0.1 mM ethanolic solution of MUA. After 18 hr of SAM deposition, the electrodes were 

rinsed with ethanol, dried under a stream of N2, and Faradaic impedance spectra acquired in 

buffered 1.0 mM [Fe(CN)6]3/4- (10.0 mM PBS, pH 7.4). The solution-phase Faradaic 

electrochemical impedance spectroscopy (FEIS) baseline drift of the monolayers was 

monitored as follows: after collecting the initial impedance scan, the SAM covered electrode 

was incubated in PBS (10.0 mM, pH 7.4) and FEIS scans were collected every 1hr for a period 

of up to 2 weeks. The temporal changes in Rct were noted.  The capacitance, dielectric constant 

and charge-transfer resistance (Rct) of the monolayers were obtained by fitting the experimental 
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data to an equivalent circuit consisting of the monolayer resistance parallel to the monolayer 

capacitance, in series with a solution resistance.  

 

2.4 Post-treatment of MUA monolayers  

The freshly prepared MUA SAMs have poorly resolved Rct values and exhibited high FEIS 

temporal baseline signal drifts. The baseline drifts between any two consecutive impedance 

scans at 1hr time interval had coefficient of variation of over 15.0%. Protocols were 

investigated to reduce the film impedance and increase temporal stability. In any sensor, the 

LOD is determined by the signal-to-noise ratio[26], the latter including (non-target induced) 

baseline drift as well as the electrical noise of both the sensor and transducer[26]. 

Consequently, the LOD of such sensors can be increased by either signal amplification and/or 

noise reduction. The aim for this study was to increase LOD via baseline noise reduction.  

 

2.4.1 Storage in buffer and buffered [Fe(CN)6]3/4- 

The MUA monolayers were incubated in PBS (10.0 mM, pH 7.4) and buffered 1.0 mM 

[Fe(CN)6]3/4- and Faradaic EIS were measured every 1hr up to 2 weeks. FEIS baseline signal 

drifts during the incubation were monitored with respect to time (Rct vs time). 

 

2.4.2 Voltammetric cycling in buffer and buffered [Fe(CN)6]3/4- 

The monolayers were repeatedly cycled in PBS (10.0 mM, pH 7.4) from -0.3 to +0.6 V vs 

Ag/AgCl at a scan rate of 0.1 V.s-1, for 150 cycles. Different cycle numbers ranging from 5 to 
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500 were examined and 150 cycles found to be adequate in obtaining the baseline stability 

reported in this study. Cycles beyond 150 did not significantly change the properties of the 

SAM. After the cycling, the electrode was rinsed in PBS, dried in N2 and immersed in 1.0 mM 

[Fe(CN)6]3/4- to acquire Faradaic EIS. Thereafter, the electrode was incubated in PBS for 1hr 

and FEIS acquired; this was repeated for several hrs and changes in Rct monitored. This pre-

treatment procedure was also repeated in buffered 1.0 mM [Fe(CN)6]3/4-. The monolayers were 

deemed stable when the coefficient of variation between Rct values for consecutive 

measurements of up to 6hr was ≤1.0 %. All SAMs were stored in aluminium foil covered glass 

vials at room temperature in the dark throughout the experiments. 

 

2.5 Analytical application of the MUA monolayers  

For CRP assays, the carboxyl groups of the two-step pre-treated MUA monolayers were 

activated via immersion in aqueous solution of 0.4 M N-(3-(dimethylamino)propyl)-N′-

ethylcarbodiimide (EDC)/0.1 M N-hydroxysuccinimide (NHS) for 1 hr.  Thereafter, the sensor 

was rinsed with PBS and incubated in 0.2 mg/mL anti-CRP in PBS (pH 7.4) for 1 hr. Finally, 

an incubation in 1.0% BSA (bovine serum albumin) solution for 30 min was performed. 

Calibration curves were obtained by immersion in PBS (pH 7.4) containing increasing specific 

concentrations of CRP (see Fig 4). Incubation times were 30 min for each CRP concentration 

and analysis performed after gently rinsing electrodes with PBS. 
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3. Results and discussion  

3.1 Characterisation of freshly prepared MUA monolayers 

Observed changes in the electron transfer characteristics of a solution phase redox couple can 

provide useful information on the structural of an underlying electrode-confined film[29]. 

Using the [Fe(CN)6]3/4- redox couple in conjunction with cyclic voltammetry, the blocking 

properties of the monolayers are, for example, readily evaluated. The voltammetric profiles for 

freshly prepared MUA SAM-covered and bare Au are illustrated in Supplementary Information 

Fig. S1. It is evident that the as-prepared MUA SAM presents a high barrier to electron transfer 

as expected[30–32]. No apparent changes in the monolayer structure such as desorption or 

oxidation are noticed in the potential range employed.  It is also noteworthy that the 

voltammogram shapes are typical of microelectrodes,  an observation consistent with (limited) 

electron transfer being confined to defective sites[29,33,34]. The observed Nyquist data in Fig. 

S1B agree qualitatively well with the voltammetric profiles in Fig. S1A (with the electron-

transfer resistance (Rct) of the bare Au increased from 1.2 kΩ.cm2 to 5.4 MΩ.cm2; note that this 

is significantly higher than that afforded after treatment – see Fig. 1A). Importantly, these as-

prepared films have an impedance that is not only high (a feature we ascribe directly to the 

absence of significant pinhole defects[35]) but is also thereafter, unresponsive.  

 

3.2 Characterisation of freshly prepared MUA monolayers as a function of storage in 

buffer and buffered [Fe(CN)6]3/4- 

Despite the volume of research on SAMs as (often assumed) biocompatible receptor supporting 

interfaces, relatively very little is known on solution-phase temporal FEIS baseline signal drifts 

or their subsequent suitability for biosensing applications[23]. To address this, a protocol was 
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developed for generating homogenous functional monolayers. As noted above the incubation 

of SAMs in solution is known to promote dynamic change and plays a vital role in the 

formation of a stable film[23,24]. To map out the signal drift during storage in solution, the 

SAMs were firstly incubated in PBS and buffered [Fe(CN)6]3/4- and their baseline signal drifts 

monitored via FEIS. In general, during incubation in buffer (Fig. S2) or buffered [Fe(CN)6]3/4, 

film Rct is observed to decrease consistently such that  FEIS baseline stabilities of ≤1% could 

not be obtained. This decrease is partly attributed to a reorganisation process of the SAM in 

which the total amount of exposed underlying Au (indicated by Rct) is largely constant[35] (and 

see below), but the film is both dynamic and populated by large pinhole defects through which 

the redox probe can access [34,36–38]. Dijksma et. al., observed similar continuous drift in 

FEIS baseline signal during storage of MUA monolayers in buffered [Fe(CN)6]3/4-[39] and 

assigned this instead to partial film loss, as previously observed elsewhere[33,40]. The 

fractional surface coverage (θ) data (Section 3.4) generated herein does not support this. These 

significant FEIS baseline signal drifts meant that the monolayers, at this stage, were deemed 

unsuitable for subsequent sensing applications.  

 

3.3 Characterisation of voltammetrically cycled MUA monolayers as a function of storage 

in buffer and buffered [Fe(CN)6]3/4-  

Prior to storage in PBS, the SAMs were voltammetrically cycled in buffered [Fe(CN)6]3/4. 

During the voltammetric cycling, there is a progressive change in film impedance and, 

thereafter, the Nyquist plots  exhibit a more complete spectrum that includes (Fig. 1A) the 

Warburg low frequency region, an indication of an increase in presence of pinholes[17]. These 

observations are consistent with the occurrence of a reorganisation process in which   

significant pinhole defects are generated but the total amount of exposed Au (indicated by Rct) 
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is largely constant by virtue of a concurrent decrease in the surface coverage of collapsed sites. 

At this stage, interfaces have a Rct value that is typically 40% lower than “as prepared” films 

but still don’t have an acceptable baseline stability.  This is subsequently generated by 

prolonged (>12 hours) incubation in aqueous solution. During this process Rct falls by typically 

another 80% (see Fig. 1B) but, more importantly, is exceedingly stable (repeated impedance 

quantifications of Rct≤1%) for 2 weeks.  Voltammetric cycling alone does not generate this 

stability.  Aqueous incubation alone has little impact on the initially, prohibitively high, Rct. 

Both steps are, thus, necessary. We have, then, a picture where the imposed cycling induces a 

film rearrangement, a generation of substantial pinhole defects (and a resolution redox probe 

diffusion that is not prior resolved) followed by a subsequent “solidification” to a more 

crystalline and homogeneous state on subsequent incubation.  An illustration of the temporal 

FEIS baseline signal drift of the monolayers before and after repeated voltammetric cycling, 

and during several hrs of incubation in PBS is shown in Fig. 1B. 
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Fig. 1: (A) Nyquist plots for MUA SAM after voltammetric cycling in buffered 1.0 mM 

[Fe(CN)6]3/4- followed by 14-hr and 2-week incubation in PBS (10.0 mM, pH 7.4); (B) An 

illustration of the temporal FEIS baseline drift in FEIS of voltammetrically cycled monolayers. 

The coefficient of variation (CV) between the Rct values from 20 hr to 90 hr is ≤1%.  

 

This simple methodology of repeated voltammetric cycling in buffered [Fe(CN)6]3/4- (step one) 

and overnight incubation in buffer (step two), then, generates films of an unprecedented 

faradaic impedance baseline stability. 
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3.4 Electrochemical characterisation of defects in MUA monolayers  

As noted above the major defect types present in alkanethiol monolayers are those presented 

by pinholes and collapsed-sites (locally thin regions of the monolayer resulting from high 

molecular tilt)[41,42]. Molecules and/or ions from the electrolyte can reach the underlying 

electrode surface via the pinholes but they can also approach the electrode surface at a distance 

shorter than the full thickness of the monolayer at the collapsed sites[41,43,44]. The resolved 

Rct sheds light on these defects[41]. Since the rate of electron tunnelling decreases 

exponentially with increase of the barrier thickness, the electron transfer rate at defects will be 

much larger than at ordered SAM-covered domains[21,22,43,45]. To evaluate the quality of 

the two-step treated MUA monolayers, a quantitative examination of θ, the pinhole size and 

separation, and collapsed sites was undertaken. The θ values for the monolayers were estimated 

using a model in which the pinholes are considered to be microelectrode in character (Eqn. 1); 

 

where σw is the Warburg coefficient of bare Au electrode and m is the slope of the linear interval 

observed in the high frequencies region of the Z' vs ω-½ function obtained at the MUA covered 

electrode. From Eqn. 1, values of 0.999 and 0.994 for freshly prepared MUA SAMs and two-

step treated SAMs was obtained, respectively.  The post-treated SAMs, then, have an almost 

identical total surface coverage to that presented by freshly prepared monolayers. Within this 

microarray model where the pinholes are assumed to be disk-shaped active regions with 

uniform radius and evenly distributed in the monolayer (Scheme 1C)[46], the radius of the 

pinholes (ra) in the monolayer and the separation distance between them (rb) was estimated. 
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Scheme 1: Schematic representation of the radius of the pinhole (ra) and half the distance 

between the centres of adjacent pinholes (rb).  

The fraction of the pinhole area (1 - θ), is related to ra and rb by Eqn. 2:  

 

but ra can be estimated from the frequency value corresponding to the turning point between 

the high and low frequency domain in the Z’' vs ω-½ plot[43,47–49] in Fig. 2. The Z'' vs ω-½ 

for the MUA SAM covered Au electrode shows a maximum (the turning point) at 0.5 Hz (Fig. 

2A) and 58.7 Hz (Fig. 2B) for freshly prepared and two-step treated monolayers, respectively.  
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Using this frequency values in conjunction with Eqn. 3:  

 

(where ω = 2πf, f is the impedance frequency and q is the transition radial frequency), q was 

determined, used in the expression in Eqn. 4: 

 

(where D is the diffusion coefficient for potassium hexacyanoferrate (III) (here D = 7.56 x 10-

6 cm2 s-1)[50] and ra values of the freshly prepared and two-step treated MUA SAM were 

estimated to be 19.0 µm (± 0.3 µm) and 1.7 µm (± 0.4 µm), respectively. Clearly, the pinhole 

radius in the MUA monolayers decreases significantly through the two-step treatment 

(pinholes generated in the first step and homogenised in the second). Because the film Rct, and 

the total film coverage it reports, is largely constant through this second step, this must 

necessarily be associated with a decrease in the number of collapsed sites. The increase in film 

order will be associated with increased stabilising  intermolecular interactions[21,22,58,34,51–

57] and it is this that we believe to be responsible for the high levels of baseline stability 

thereafter observed.  

Based on the values of ra and rb, and the induced changes in the area of exposed Au, the total 

number of film-generated microelectrodes was estimated to be ~2 and ~320, before and after 

treatment. This data analysis suggests that the pre-treatment method leads to a reorganisation 

process that increases the pinhole density, reduces the number of collapsed sites and generates 

films of substantially pronounced homogeneity. 
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Fig. 2: Relationship of imaginary part of Faradaic impedance (Z'') as a function of ω-½ for Au 

covered MUA SAM showing the maximum the turning point. The frequency values at the 

maximum turning point (used to calculate ra and rb) increased from 0.5 Hz to 59 Hz for freshly 

prepared and two-step treated SAMs, respectively (directly reporting on film pinhole size 

changes. -see main text).  
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3.5 Characterisation of treated MUA monolayers: capacitance and dielectric properties  

To further analyse the quality of the treated MUA interfaces, capacitance and dielectric (Fig. 

S4) changes during incubation in PBS (10.0 mM, pH 7.4) were evaluated and illustrated in Fig. 

3. Dielectric constant values were calculated using the expression in Fig. S4. The complex 

impedance, when frequency ω → ∝, |Ztotal(ω)| ≈ Relectrolyte, and with frequency ω → 0, 

|Ztotal(ω)| ≈ 1/ω.CSAM[48,59]. Variance of the capacitance with time was computed at a 

frequency of 1000 Hz. The interfacial capacitance and dielectric constants agree with those 

obtained for well-packed ordered alkanethiol SAMs of minimal solvent penetration (grey 

shaded areas on Fig. 3)[40,60–62].  

 

Fig. 3: Dielectric constants (ε) and interfacial capacitances of two-step treated MUA SAMs 

during incubation in PBS (10.0 mM, pH 7.4). Errors bars are standard deviations of 6 repeat 

measurements 
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3.6 Analytical application of the MUA monolayers  

The MUA monolayers were subsequently applied to the development of an immunosensor for 

C-reactive protein (CRP) (Fig. 4) through the covalent immobilisation of monoclonal anti-

CRP. Fig. 4A gives an overview of the Nyquist resolved changes on anti-CRP antibody 

immobilisation, the blocking of any unoccupied surface with BSA (1.0%) and the subsequent 

direct recognition of CRP in PBS (10.0 mM, pH 7.4). The corresponding CRP calibration curve 

is shown in Fig. 4B. A linear range for CRP was recorded from 200.0 to 5000.0 µg/L (1.75 to 

44 nM) with a sensitivity of 2.0 Ω.(mg/L).cm-2 and a calculated limit of detection (based on 3x 

the baseline noise) of 3.7 ng/L (32 fM).  This low detection limit and/or wide linear range are 

notably better than previously reported for any prior SAM (including 11-MUA) based faradaic 

impedance sensor[63–68].   
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Fig. 4: (A) Nyquist plots for increasing concentrations of CRP and the (B) Corresponding 

calibration plot for CRP; grey shaded areas indicates the levels in human blood and their 

associated risk for developing cardiovascular diseases. The concentrations of CRP used are 

200 µg/L, 450 µg/L, 1000 µg/L, 1500 µg/L, 3000 µg/L, 40000 µg/L and 5000 µg/L. Errors 

bars represent one standard deviation across three independent measurements. 

 

4. Conclusions 

A simple two-step pre-treatment method, comprising an initial voltammetric cycling of freshly 

formed MUA SAMs in buffered [Fe(CN)6]3/4-, then an overnight incubation in PBS, has been 

developed for the generation of homogenous films for which the associated impedance baseline 

drift, something that commonly “poisons” reagentless electroanalytical assays, is largely 
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removed. Our model is that, as prepared films (on very clean gold substrates) present a 

prohibitively high and unresponsive Rct. A markedly lower and responsive Rct is generatable 

by inducing pinhole defects by voltammetric cycling. This is then “crystallised” into the film 

by aqueous incubation (a process we believe to promote lateral intermolecular interactions). A 

quantitative examination of monolayer fractional coverage (θ), defects (pinhole radius and 

separation) resolves a decrease in film pinhole defects from 19.0 µm to 1.7 µm through this 

second step, indicating both a decrease in the number of collapsed film sites and an increase in 

film homogeneity.  Resolved interfacial capacitance and dielectric constant fingerprints support 

this picture. The improvement in the baseline stability enabled the detection of C-reactive 

protein (CRP), a classical acute-phase protein with an LOD that is 2-3 orders of magnitude 

better than that previously reported for films of this type. 
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