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ABSTRACT: A microfluidic open circuit potential (OCP) label-free protein assay was developed for the 

reagentless quantification of C-reactive protein (CRP), a model protein target, and further utilized to 

assess target-receptor binding kinetics. Generated sensors have very high baseline stabilities (<1% change 

in 100 minutes) and high levels of selectivity in complex media. Real-time assays are fast (<20 minutes), 

of high sensitivity (1 ng/mL limit of detection (LOD) of CRP in serum) and resolve kinetic and 

thermodynamic characteristics that correlate well with those resolved optically. The assay shows excellent 

correlation with an ELISA analysis of patient samples. The methodology has value in potentially 

underpinning a low-cost, rapid and sensitive single step biomarker quantification.          

Introduction  

A quantitation of protein markers, and any 

assessment of their specific binding affinities, lies 

central to much of diagnostics, drug development 

and immunotherapy. Quantification from complex 

media, with associated cross reference to projected 

symptoms and metabolic status, has offered 

insight into disease progression, diagnosis, and 

clinical assessments of treatment plans.1 It has, 

additionally, been of substantial value in 

improving our understanding and intervention of 

cancers,2 neurological disorders,3 cardiovascular 

diseases4,5 and many pathogenic infections.6 

Kinetic analyses underpin developments in 

immunotherapeutics,7 drug discovery,8,9 

development and validation of antibodies.10  A 

number of physical methods are able to input into 

such (quantification or kinetic) assessments. 

These include the enzyme-linked immunosorbent 

assay (ELISA),11,12 surface plasmon resonance 

(SPR),13 electrophoresis,14 mass spectrometry 

(MS),15 calorimetry,16 and bio-layer 

interferometry.17 Though ELISA, MS and SPR in 

particular constitute laboratory workhorses, there 

are well-established issues associated with 

hardware cost and/or exhaustive multi-step 

protocols.18,19   

A miniaturization of this capability not only puts 

such analyses in the hands of many more 

personnel (including those at a point of care) but 

also often enables such with greater brevity and 
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lower sample volume.20 

Electrochemical/electrical methods, in particular, 

are natively highly scaleable in this sense (in terms 

of fabrication cost, portability and flexible device 

integration).21–24  Although a number of potent 

electrochemical formats have been reported at 

depth, many require a pre-labelling of receptors or 

the use of secondary amplification effects, and few 

have offered any assessment of protein binding 

kinetics.  Solid-state resistive pulse nanopores 

have recently been proposed here but suffer from 

high background noise, and require both 

specifically engineered proteins and demanding 

pore assembly.25–27 Amperometric aptamer based 

assays are potentially reagentless, operate without 

a need for amplification, and able to report on 

binding dynamics (albeit for a limited number of 

targets to date).28 They operate, however, on 

substantial binding-induced nucleic acid 

conformational change in specifically engineered 

receptors, and cannot be applied to any direct 

assessment of protein: protein interaction.29,30 

Impedimetric assays can offer high levels of 

sensitivity but typically require the pre-doping of 

analytical solutions with a large excess of 

amplifying redox probe.31 Alternatively, the 

integration of redox capacitative elements into a 

receptive interface can also lead to a reagent-less 

protein assaying capability if the redox transducer 

is suitably coupled and cleanly analysed.32 Open 

circuit potential (OCP) analyses are electronically 

and chemically simple (a direct, non-sandwich, 

platform) and unusually benign (the measurement 

itself occurs with zero current flow between 

working and counter electrodes; the circuitry is 

low cost and easily scaled).33 They have been 

applied to the monitoring of oxidase activity (and 

thus glucose substrate) at glucose oxidase 

modified electrodes,34 and to assess enzyme 

turnover kinetics in the presence of redox 

mediators.33 Previous attempts to assay 

biomarkers by OCP have been limited to a low 

signal/noise (even after the application of an 

amplifying circuit) FET configuration or the use 

of an amplifying secondary labelling procedure.35–

37 To the best of our knowledge, there has been no 

prior application to any real time analysis of 

protein recognition. 

The facile integration of electrochemical sensors 

into microfluidic formats can underpin assay 

automation at markedly reduced sample 

volumes,38 and a myriad of microfluidic 

electrochemical sensors have been reported that 

are capable of the quantification of proteins, 

nucleic acids, pathogens, small molecules, and 

other target analytes.39 The synergistic effect of 

integrating microfluidics with electrochemical 

techniques provided users with precise control on 

the flow of samples and reagents in a 

predetermined pattern. This has allowed the 

introduction of multi-functional diagnostic 

platforms capable of performing target extraction, 

pre-concentration, lysis, or coupling to secondary 
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probes.40,41 Notably, microfluidic systems offer 

improved mass transport (as result of the 

combined effects of increased surface 

area:volume and continuous controllable 

convection)40  and thus helpfully eat into the 

typically long incubation times often required 

within more conventional formats.42,43 The use of 

3D printing as a tool for microfluidic fabrication 

has dramatically boosted its flexibility and 

availability, offering a low-cost prototyping and 

construction strategy that can be applied to a 

number of assay types.44   

Herein we integrate OCP measurements into a 

continuous flow 3D printed microfluidic system 

(Scheme 1, Figure S1, SI) in enabling a real-time 

assessment of antibody-antigen interactions at a 

working electrode surface. The concentration-

dependent changes not only support a realistic 

biomarker quantification platform in a complex 

matrix but also enable protein: protein interaction 

kinetics to be extracted at low cost.     

Scheme 1: Schematic representation of the 

microfluidic configuration designed to house 

conventional 6.4 mm disk electrodes with 2-3 mm 

working electrode diameter along with a home-

made Nafion-coated Ag/AgCl reference electrode. 

(A) The system comprises an infusion syringe 

pump to precisely control running electrolyte flow 

rate, connected to a manual injection valve for the 

introduction of specific sample volumes.  (B) 

Detailed depiction of the microfluidic chip 

featuring an electrode housing chamber (3 X 2 X 

4.5 mm) that squarely sit on top of the working 

disk electrode and integrates a 0.7 mm diameter 

home-made reference Ag/AgCl electrode coated 

with a thin layer of Nafion. This chamber is 

connected to an inlet and outlet for delivery and 

disposal of running solution and samples.  

Results and discussion  

We start by considering an electrolyte-immersed 

receptor-modified electrode as a single plate of a 

parallel-plate capacitor, with the electrolyte 

solution comprising the second plate sandwiching 

a dielectric biolayer (Figure 1). Within the normal 

picture of a thin dielectric of length (d) across a 
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surface area (A). In order to simplify the model, 

we assume a uniform charge distribution on each 

plate. Under these conditions the electric field (E) 

is given by:45,46  

𝐸 =  
𝑄

Ɛ.𝐴
                                   Equation 1 

Where Q is the charge on each plate and Ɛ the 

dielectric permittivity. Under open circuit 

conditions (negligible current flow between 

working and counter electrode), the potential 

difference drop between the two capacitor plates 

is the OCP and is equal to the line integral of 

electric field (E) in the z direction from one plate 

to the other as approximated by equation 2.47  

 𝑉𝑂𝐶𝑃 =  ∫ 𝐸(𝑧)𝑑𝑧 =  𝐸𝑑 =
𝑄.𝑑

Ɛ.𝐴

𝑑

0
                  

                                                      Equation 2  

In the normal limit of electrode A>>d, recognition 

induced changes in 𝑉𝑂𝐶𝑃 arise from perturbations 

of dielectric permittivity.48,49 These perturbations 

are translated directly as a potential difference 

between working and reference electrodes 

measured using a potentiostat (in this case 

functioning as a voltmeter with negligible / femto-

ampere range current).31 To investigate the 

applicability of the system as a tool for reagent-

less label-free protein quantitation, increasing 

concentrations of CRP spiked in 5% fetal bovine 

serum  (FBS) (as a surrogate for a protein-rich 

matrix) were tested (Figure 1). The measurements 

were performed on both glassy carbon electrode 

(GCE) and gold working electrodes (Au electrode) 

modified with a composite receptive antibody and 

backfilled BSA film (through a standard 

physisorption protocol).50 Figure 2A shows 

representative OCP dose-response curve for CRP 

(Figure S2, SI). The flow-based microfluidic 

configuration provides a precise control on 

electrolyte composition in the electrode chamber 

at any given time with a highly stable baseline 

(less than 1% SD over 100 min (Figure S3, SI). 

OCP changes respond to injection/change in 

solution dielectric (Figure 2A) and are thereafter 

stable (within 5 mV) prior to a specific recognition 

event. 
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Figure 1: (A) Schematic depiction of the receptive electrode interface and the changes associated with 

sample injection, binding, and subsequent washing and equilibration. Target induced perturbations at the 

electrode-confined receptor antibody layer result in a detectable change in film dielectric.      

Results presented in Figure 2B and 2C show that, 

while the value of the initial OCP is dependent on 

the nature of the working electrode (-50 ± 10 mV 

for bare GCE Vs -15 ± 5 mV for bare gold disk 

electrodes), values stabilize (less than 5 mV 

change over 400s) at very comparable magnitudes 

after blocking electrodes with 1 % BSA in 1M 

ethanolamine/ PBS (-5 ± 1 mV for both GCE and 

Au electrode). Subsequent manual sample 

injection produces a transitory fluctuation in the 

flow rate and bulk solution composition resulting 

in a temporary baseline perturbation (commonly 

encountered in flow-based assays),51,52 that 

subsequently re-stabilises (Figure 2A and Figure 

S2, SI). Injected protein concentrations were 

calculated from the difference in the mean 

baseline OCP values (averaged for 100s) before 

and after sample injection (as indicated by black 

arrows in Figure 2A). For each concentration, 

OCP was recorded 20-30 minutes after each 

injection over a 100s period to confirm that all 

non-bound species are washed from the electrode 

surface and measured OCP changes thereafter 

reflective of captured target (as indicated by the 

stable OCP baseline (see for example Figure S3). 

An OCP signal with standard deviation (SD) <1% 

over this period was taken to represent the 

baseline; negligible OCP changes were observed 

thereafter (as indicated in figure S3, SI showing 

baseline stability study over a 100 min period). For 

subsequent quantifications, OCP measurements 

were again averaged over 100s after baseline 

stabilization for each sample injection. For 

triplicate measurements, standard deviations were 

calculated across the 3 independent measurements 

over 300s, cumulatively.  Both Au and carbon 
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receptive interfaces exhibit target induced 

responses that are comparable in magnitude with 

detection limits of 1ng/mL CRP in 5% FBS (in 

PBS) (Blank + 3 xSD calculated over 300s from 3 

independent measurements (100s/trial)) and a >2 

orders dynamic range (2-300 ng/mL).  The 

difference in OCP before and after sample 

injection (black arrows, Figure 2) was correlated 

to target CRP concentration.  Standard deviations 

for any given CRP concentration across triplicate 

measurements on 3 independent electrodes were 

<10 %. Gold interfaces were observed to yield a 

consistently higher (10-20%) analytical sensitivity 

(11-12 mV/log [CRP] ng/mL vs 9-10 mV/log 

[CRP] ng/mL). Analytical performance was 

further examined by exposing anti-CRP modified 

electrodes to random (non-serial) CRP 

concentrations (rather than the sequential 

concentration increments (serial additions) as 

shown Figure S4, SI. Responses show a dose-

dependent response regardless of injection 

sequence (Figure S4, SI). The nature and 

concentration of the electrolyte solution was 

optimized to achieve minimal background noise 

with maximal signal/noise. A range of electrolytes 

(sodium chloride, potassium chloride, potassium 

nitrate, along with sodium ascorbate) were 

initially tested and sodium ascorbate found to 

produce the most stable baselines (less than 5 mV 

change over 10 min). 0.1 M Na-Asc was thereafter 

applied as the running electrolyte.    
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Figure 2: (A) Representative temporal response of a receptive gold working electrode observed during 

injection of increasing concentrations of CRP spiked into 5% FBS (in PBS). The inset shows baseline 

stability over 400s. OCP values corresponding to each concentration were taken from the mean of a 100s 

stable baseline (as indicated by the red boxes). Representative dose-response of gold disk and carbon 

electrodes (B and C, respectively). The red dotted line is the fitted linear correlation with its associated 

regression coefficient. The indicated baseline corresponds to the stable OCP at the modified electrode ± 

(3 X standard deviation (SD) in running buffer prior to sample injection. Error bars represent standard 

deviations from 3 independent measurements for each concentration.    

Specificity and Analytical Validation OCP 

baseline stability was challenged by injecting 

successive volumes of protein-free PBS buffer and 

shows extremely low temporal drift (less than 5 

mV over 6000s), without significant change upon 

injecting a protein rich 5% FBS (in PBS) matrix 

(Figure S5, SI). In order to further assess the 

specificity of the measured OCP response, 

electrodes were exposed to high, and clinically 

relevant, concentrations of interfering proteins 

(human serum albumin (HSA), fibrinogen, bovine 

serum albumin (BSA), and myoglobin) and 5% 

human serum in PBS. Responses to all were within 

background noise (± 5 mV); markedly below the 

response corresponding to the CRP LOD of 

1ng/mL) (Figure S6, SI) indicating an excellent 

level of assay specificity at a chemically simple 

interface (Figure 3). This further highlights the 

beneficial effects of microfluidic continuous flow 

in reducing nonspecific adsorption and improving 

both signal/noise and assay sensitivity.53,54 Further 

validation was then carried out in spiked human 

serum with recoveries in the 85-115% range 

(Figure 4) well within the acceptable limits for a 

ligand binding assays (80-120% recoveries) 

(Figure 4).55 The baseline human serum CRP level 

was resolved as 2.3 ng/mL i.e. well below the 

normal range (baseline <3.0 µg/mL with increases 

up to 200 µg/mL after myocardial infarction).56 

Sensor regeneration is achieved by exposure to 

glycine-HCl buffer (pH 3.0; Figure S7, SI) the 

sensors lose ~ 10% activity after first regeneration 

cycle with subsequent antigen response reduced to 

70% of the original, observations that are 

indicative of a need for further optimization but in 

line with  previous reports.57,58  

 

Figure 3: OCP response as a function of 

challenging a typical gold sensor to common 

interfering proteins. Columns represent OCP 

magnitude changes at equilibrium in 0.1 M Na-

Asc flowing at 20 µL/min before and after 

injecting each sample.  Error bars represent 

standard deviations from 3 independent 

measurements for each sample. 
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Figure 4: Correlation between actual spiked and 

assay resolved CRP concentration. Correlation 

coefficients found/spiked and slope were close to 

unity (0.994 and 0.947, respectively) indicating an 

excellent correlation. Assay data here from gold 

sensors with “found” concentrations estimated 

from dose-response calibrations (Figure 2) after 

subtracting background (in 5% human serum in 

PBS). Standard deviations across 3 independent 

repeats were less than 10%. Error bars represent 

standard deviations from 3 independent 

measurements.    

Kinetic analysis Since the interaction of the target 

protein and electrode confined antibodies can be 

resolved in real-time, we hypothesized an ability 

to resolve binding and dissociation kinetics. Under 

a constant injected flow rate (20 µL/min), 

temporal OCP changes (after CRP samples reach 

the electrode chamber, some 5 minutes after 

injection) were well described by a simple 1: 1 

binding model from which apparent association 

and dissociation rate constants (ka and kd, 

respectively) and thermodynamic dissociation 

constants, KD (=  
𝑘𝑑

𝑘𝑎
) can be estimated using 

equation 3 and 4.59 

VOCP = C. ka. VOCP max

{1 −  exp[−(C. ka + 𝑘𝑑). t]}

C. ka +  kd
 

                                               (Equation 3) 

  VOCP = VOCP max.  exp(−kd. t)            (Equation 4) 

 

Here VOCP corresponds to OCP magnitude at 

time t, C the CRP bulk concentration, and 

V𝑂𝐶𝑃 𝑚𝑎𝑥 the maximum OCP response. 

Apparent association and dissociation rate 

constants across a range of marker concentrations 

(Figure 5) were calculated after a fitting of their 

corresponding OCP data using Origin software. 

The apparent dissociation constant calculated 

using equation 3 was 1.50±0.20 nM in excellent 

agreement with that determined by SPR at an 

equivalently prepared gold SPR interface (1.28 

nM) (Figure S8, SI).  
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Figure 5: (A) Real time OCP measurements in the 

presence of specific CRP concentrations at 

receptor modified gold sensors in 0.1 M sodium 

ascorbate at 20 µL/min (black lines). Nonlinear 

regression fittings using equation 3 and 4 (red 

lines) are shown (regression coefficients between 

0.963 and 0.990). (B) Apparent association and 

dissociation rate constants resolved from OCP 

measurements (standard deviations less than 10 

%). 

 

The results herein demonstrate the utilization of 

simple real-time OCP assessments in quantifying 

the kinetics, thermodynamics and target 

concentration of a model protein biomarker 

(CRP). Assays were performed within custom 

made, printed, flow cells at conventional working 

electrodes. OCP assessments are, almost by 

definition, benign and require no secondary target 

labelling or subsequent amplification steps. They 

are of considerable potential value in translating a 

detection capability to a low cost, scaleable 

format. The ability to resolve well-defined 

association and dissociation events facilitates a 

robust analysis of binding kinetics within a format 

that additionally allows specific target 

quantification with good selectivity in complex 

matrices like serum. The simplicity and sensitivity 

of the platform is relevant not only to potential 

“point of care” application but also as a means of 

cross-validating optical or computational 

modelling, or (with ultra-micro electrodes) in vivo 

or intracellular assays/kinetic analyses.60,61          

Clinical Assessment of patient samples A 

duplicate analysis of 7 samples from a local 

hospital (Table S1, SI) showed an excellent 

correlation with ELISA (Figure 6).  CRP levels as 

quantified through OCP analysis showed an 

excellent correlation with reported immunoassay 

results (<15% difference in the mean). The 

correlation between the two sets showed a slope 

close to unity (0.098) and intercept close to zero 

(0.025) indicating a good agreement between the 

two analyses. A paired t-test (at 95% confidence 

interval) resolves a value of 0.24 (> 0.05) 

indicating no significant different between the two 

assay results.62    
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Figure 6: A bar chart comparison of CRP 

concentrations resolved by OCP and ELISA. Error 

bars represent standard deviations in two 

independent measurements. There is one outlier 

(Patient 6) but otherwise analyses show an 

alignment that is in the 85-115% range, excellent 

for real sample analysis by two independent 

methods. 

Conclusion 

Herein an OCP-based platform for protein 

quantification at simple, receptor modified, 

electrodes, is reported. Biomarker assay times are 

less than 20 minutes, sensitive, and entirely 

reagentless. CRP assays showed excellent 

recoveries from spiked human serum samples with 

minimal matrix effect. Temporal 

association/dissociation patterns were well-

resolved, fitted to a standard 1:1 binding model, 

and used to accurately assess binding kinetics.       

Materials  

Gold and glassy carbon working disk electrodes 

were from CHI (TX, USA) with geometrical 

conductive diameter of 2-3 mm. Silver and 

platinum wires were purchased from Advent 

research and materials (Witney, UK). Sodium 

ascorbate, phosphate buffer saline tablets, sulfuric 

acid and potassium hydroxide were of analytical 

grade from Sigma Aldrich. Native human C-

reactive protein (CRP) (Cat#1707) and goat 

polyclonal anti-human CRP antibodies (Anti-

CRP) were from Bio-Rad Laboratories Inc. All 

electrochemical measurements were performed 

using a portable PalmSens4 potentiostat 

controlled by PSTrace 5.8 software (PalmSens 

BV, The Netherlands).       

Electrode antibody functionalization Gold disk 

electrodes were polished sequentially with 1.0 µm, 

0.3 µm, and 0.05 µm alumina and cleaned with 

Piranha solution for 5 min. Electrodes were then 

cycled in 0.5 M sulfuric acid between -0.15 and 

1.35 V Vs Ag/AgCl reference electrode at 100 

mV/s for 100 cycles. Electrodes were then 

incubated with a solution of 100 µg/mL of Ab in 

PBS at pH 7.4 for at least 16h at 4°C. Glassy 

carbon working disk electrodes were polished 

sequentially with 1.0 µm, 0.3 µm, and 0.05 µm 

alumina, and cycled in 0.5 M potassium hydroxide 

between 0.70 and 1.70V Vs Ag/AgCl reference 

electrode at 100 mV/s for 10 cycles. They were 

then incubated for 16h with 100 µg/mL of Ab at 

4°C. 
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Microfluidic sample handling A microfluidic 

chip was custom designed to precisely handle the 

delivery, incubation and wash of samples and 

electrolyte solution into a ≈ 30 µL chamber 

squarely accommodating 2-3 mm diameter 

working disk electrodes (WE). The chip was 

integrated into a continuous flow system 

controlled by a positive infusion syringe pump 

(PHD 22/2000, Harvard Apparatus®) connected 

to a manual sample injection valve (Rheodyne® 

Model 7125 Injector) with 100 µL sample loop. 

The electrode chamber is equipped with a home-

made reference Ag/AgCl (coated with 5 layers of 

Nafion®117 (Sigma Aldrich) to forma a 

protective membrane to reduce leaching) and 

counter platinum wire electrodes for 

electrochemical measurements. First, 0.1 M 

sodium ascorbate (Na-Asc) in infused at a flow 

rate of 50 µL/min and open circuit potential (OCP) 

is monitored. Samples are then loaded into the 100 

µL sample loop, with the injection valve switched 

into injection mode. Based on to the cross 

dimensions and length of the connecting tubing, 

120s are required to fill the electrode chamber. 

Flow is then changed to 10 µL/min for 10 min to 

facilitate target protein capture. Unbound species 

are then washed by flowing 0.1 M Na-Asc at 200 

µL/min for 1 min, prior to flow being switched 

back to 50 µL/min until the next sample injection. 

All samples were diluted in PBS buffer pH 7.4 to 

resemble serum pH. 5% FBS was prepared by 

diluting fetal bovine serum (Sigma Aldrich) in 

PBS buffer, and human serum (Sigma Aldrich) 

was diluted in PBS (pH 7.4). Blocking buffer was 

1 % bovine serum albumin (Sigma Aldrich) in 0.1 

M ethanolamine in PBS (pH 7.4).         

Sensor regeneration and reusability electrodes 

with Anti-CRP were first exposed to a CRP 

sample of 10 ng/mL, followed by running 

electrolyte for 10 min at 50 µL/min. Electrodes 

were then washed with 10 mM glycine/HCl buffer 

(pH 3.0) to remove bound antigen for 2 min.  

SPR kinetic and affinity studies of Anti-CRP 

anti-CRP antibodies were physisorbed on gold 

SPR chip, inserted in Biacore X-100 SPR under 

running PBS buffer. A series of five CRP 

concentrations were injected sequentially without 

washing while recording SPR intensities. 

Association and dissociation rate constants were 

determined by global fitting of the data using the 

1 : 1 Langmuir binding model; dissociation 

constant (KD) was calculated from the ratio of the 

dissociation rate constant to association rate 

constant (kd/ka).       

Patients Samples analysis 7 Patient Samples 

supplied by John Radcliffe (JR) Hospital (Oxford 

University Hospitals) were analyzed in duplicate. 

Samples were thawed upon receipt, aliquoted into 

5µL batches, and stored at -80° C. One hundred-

fold dilutions were carried out just prior to use to 

bring CRP concentrations into the assay dynamic 

range, then 100 µL volumes injected using the 
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sample injection loop. OCP was measured in 

running electrolyte solution of 0.1 M sodium 

ascorbate.  

Notes  
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