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Abstract

We report here the influence of antibody immobilization strategy on protein immunosensors on 

screen printed carbon electrode arrays in terms of antibody binding activity, analytical sensitivity, 

limit of detection, and stability. Horseradish peroxidase (HRP) was the model analyte with anti-

HRP immobilized on the sensors, and HRP activity was used for detection. Covalently 

immobilized anti-HRP antibodies on electrodes coated with chitosan, electrochemically reduced 

graphene oxide (rGO), and dense gold nanoparticle (AuNP) films had only 20–30% of the total 

immobilized antibodies active for binding. Active antibodies increased to 60% with passively 

adsorbed antibodies on bare electrodes, to 85 % with oriented antibodies using protein A 

covalently immobilized on AuNP-coated carbon electrode, and to 98% when attached to protein A 

passively adsorbed onto bare electrodes. Passively adsorbed antibodies on bare electrodes lost 

activity in 1–2 days, but antibodies immobilized using other strategies remained relatively stable 

after 5 days. Covalent immobilization gave limits of detection (LOD) of 40 fg mL−1, while 

passively adsorbed antibodies or protein A on carbon electrodes had LODs 4–8 fg mL−1, but were 

unstable. Sensitivity was highest for antibodies covalently attached to AuNP electrodes (2.40 

nA/log pg mL−1) that also had highest antibody coverage, and decreased slightly when protein A 

on AuNP was used to orient antibodies. Passively adsorbed antibodies and oriented antibodies on 

protein A gave slightly lower sensitivities. Immobilization strategy or antibody orientation did not 

have a significant effect on LOD, but dynamic range increased as the number of active antibodies 

on sensor surfaces increased.

Graphical Abstract

The influence of antibody attachment method, orientation and two nanostructured films on 

immunoarray sensor performance was critically evaluated.
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1. Introduction

Antibodies are major tools for ligand binding assays due to their ability to bind and target 

analytes in complex sample matrices with high selectivity and specificity.1 Immobilization 

of antibodies on a solid surface or nanoparticle is often a crucial step for developing sensors 

for target analytes. Immunoassay format has been adapted to a wide spectrum of diagnostic 

tests including enzyme linked immunosorbent assay (ELISA),2 protein microarrays,3 lateral 

flow assay (LFA),4 radioimmunoassay (RIA),5 and electrochemical immunosensors.6,7 

Performance is predicted to depend on the method of antibody immobilization that can 

control surface coverage, correct orientation of antibodies to bind analytes, degree of 

nonspecific binding, and sensor shelf life.8

Electrochemical immunosensors are attractive due to inherent high sensitivity, simplicity of 

instrumentation, ease of integration into microfluidic systems, multiplexing capabilities, and 

possible upgrades to point-of-care (POC) devices.9,10 Microfluidic electrochemical 

immunosensors have been developed to detect target analytes in environmental samples,11 

biological fluids,12–13, 14 and pharmaceutical preparations.15 In electrochemical 

immunosensors, antibodies are immobilized onto sensor electrodes of materials including 

metals,16,17 conductive polymers18 and different forms of carbon.19 Carbon electrodes are 

available at low cost and give excellent performance in sensors due to a wide range potential 

window, low resistance, and low residual currents.20–, 21, 22 Screen printed electrodes have 

been widely used in sensor applications due to their relative low-cost mass production in 

single sensor or array format, and ease of design and miniaturization.23

For antibody attachment, sensor electrodes have been modified with functionalized 

nanomaterials via drop casting, inkjet24 or manual25 deposition, electrodeposition26 and 

electrospray sputtering.27 Carbon nanotube forests were used on electrodes to immobilize 

increased amounts of antibodies on immunosensors resulting from high surface area of the 

nanostructured surface.28

Layer-by layer (LBL) assembly is a fast, facile technique for immobilizing polymers and 

nanomaterials on carbon electrodes.29–, 30, 31 Decorating carbon electrodes with a film of 

glutathione-coated gold nanoparticles (AuNP) is an effective antibody immobilization 

strategy to construct ultrasensitive immunosensors that also yields a large population of 

antibodies on a nanostructured surface.32 Electrochemical deposition of graphene on 

electrodes from graphene oxide dispersions can also improve immunosensor performance.33 

Passive adsorption of antibodies on carbon electrode surface is another approach that can 

been utilized.34,35 Antibodies can also be oriented on electrodes by binding the Fc region 
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onto immobilized protein A, leaving Fab regions free for antigen capture. Protein A is 42 

KDa surface protein derived from Staphylococcus aureus bacteria and has five specific IgG 

binding domains.

In this paper, we compare six different antibody immobilization techniques on screen printed 

carbon electrodes, namely, attachment to glutathione-AuNP layers, electrochemical 

deposition of reduced graphene oxide (rGO), chitosan films, passive antibody adsorption, 

passively adsorbed protein A oriented antibody immobilization and covalent immobilization 

of protein A on AuNP electrodes (Scheme 1). We utilized anti-horseradish peroxidase (anti-

HRP) as a model antibody to quantify horseradish peroxidase (HRP) in calf serum as a 

human serum surrogate. Amperometric current was measured at −0.3 V against Ag/AgCl 

upon addition of H2O2 to activate HRP and hydroquinone (HQ) as mediator.28 Results were 

confirmed by measuring catalytic activity of captured HRP on sensor surfaces. Surface 

loading of antibody, sensitivity, limit of detection (LOD) and sensor shelf life were 

compared for the different immobilization strategies. High sensitivity was achieved when 

large amounts of active antibodies were immobilized. A high degree of antibody orientation 

increased dynamic range, but was not a factor in LOD or sensitivity.

2. Materials and methods

Materials.

All chemicals were of analytical grade and nanopure water was prepared using a Hydro® 

Picosystem®. Screen printed carbon electrodes featuring eight electrodes were from 

Kanichi®. Gold (III) chloride trihydrate (HAuCl4), N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide sodium salt (NHSS), 

hydroquinone (HQ), hydrogen peroxide (30%), graphite powder (99%), potassium 

permanganate, poly(diallyldimethylammonium chloride) (PDDA, MW 100,00–200,000, 

20%) were from Sigma Aldrich®. Poly(dimethoxy)silane (PDMS) kit was from Dow 

Corning®. Phosphate buffer saline (PBS) pH 7.4 was 0.01 M sodium phosphate in 0.14 M 

NaCl, 2.7 mM KCl and phosphate buffer saline-tween20 (PBS-T20) was 0.01 M sodium 

phosphate in 0.14 M NaCl, 2.7 mM KCl and 0.5% Tween-20. SIGMAFAST® O-

phenylenediamine (OPD) tablets and horseradish peroxidase (HRP) were from Sigma 

Aldrich®. Anti-horseradish peroxidase mouse monoclonal antibody (Ani-HRP) [2H11] 

(ab10183) and recombinant protein A (ab52953) were from Abcam®.

Instrumentation:

Microfluidic device incorporated a PDMS gasket with a flow channel in between two 

micromachined poly(methyl methacrylate) (PMMA) plates. The chamber is equipped with 

Pt counter electrode and Ag/AgCl reference electrode wires. A Kanichi® screen printed 

carbon electrode array featuring eight electrodes was inserted in the microfluidic chip under 

the PDMS flow channel. Amperometric measurements were done by applying −0.3V vs. 

Ag/AgCl using a multichannel CHI 1040 electrochemical workstation as reported previously 

in similar microfluidic arrays.,29,36(Fig. 1) while flowing a mixture of 100 μM H2O2 in 1 

mM HQ in PBS buffer.
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Antibody concentration.

A relatively high concentration of anti-HRP (100 μg/mL) was used to achieve maximum 

surface coverage for all tested strategies. This concentration of antibodies was also used for 

different immobilization techniques to achieve comprehensive comparisons in which sensor 

performance will depend only on the immobilization technique and amounts of antibodies 

used in the immobilization.

Layer-by-layer (LBL) electrode modification.

LBL film growth was used for anti-HRP immobilization using alternating layers of PDDA 

and glutathione-gold nanoparticles (AuNP). As reported previously (See supporting 

Information (SI) file).32 Carboxylic acid groups on AuNP were activated by EDC/NHSS for 

10 minutes, rinsed with DI water and dried with nitrogen. Anti-HRP at 100 μg mL−1 was 

spotted onto sensors, and arrays were left overnight at 4° C. Before use, arrays were washed 

with PBS-T20, incubated for 1 hour with 1% bovine serum albumin (BSA) in PBS buffer to 

reduce nonspecific binding.

Electrochemical deposition of graphene oxide (rGO).

The array was immersed in 4 mg/mL graphene oxide (GO) solution prepared using modified 

Hummer’s method37 (SI file) in 0.5 M lithium perchlorate. rGO was electrochemically 

deposited at −1.2 V vs. SCE for 60 s. Arrays were rinsed with water and dried with nitrogen. 

EDC-NHSS was used activate residual carboxylic groups on rGO for ten min, rinsed with 

water and dried with nitrogen, anti-HRP (100 μg mL−1) was spotted and arrays were left 

overnight at 4° C. Before use, arrays were washed with PBS-T20 and incubated with 1% 

BSA in PBS for 1 hr, and then rinsed with PBS-T20.

Antibody immobilization on chitosan.

A thin film of chitosan was formed on sensor electrodes by spotting 0.25 mg mL−1 of 

chitosan in 0.05 M hydrochloric acid (pH 4.5). After 1 hr incubation, arrays were dried 

under vacuum, and amine groups of chitosan were activated by spotting 3% glutaraldehyde 

in PBS (pH 7.8), incubated for 2 hr, washed with water and dried using nitrogen. Anti-HRP 

(100 μg mL−1) was spotted on the arrays and left overnight at 4° C, then rinsed with PBS-

T20, incubated with 1% BSA for 1 hr and rinsed with PBS-T20 before use.

Passive adsorption of antibodies.

100 μg mL−1 of anti-HRP antibodies were adsorbed on sensors by incubating overnight at 4° 

C. Arrays were rinsed with PBS-T20, blocked with 1% BSA for 1 hr, and washed with PBS-

T20 before use.

Passively adsorbed protein A oriented antibody immobilization.

25 μg mL−1 protein A were spotted on bare electrodes and allowed to incubate overnight at 

4° C. Arrays were rinsed with PBS-T20 and incubated with 100 μg mL−1 anti-HRP for 3 hr, 

rinsed with PBS-T20, blocked with 1% BSA in PBS for 1 hr, and washed with PBS-T20 

before use.
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Covalent immobilization of protein A on AuNP electrode for oriented antibody 
immobilization.

LBL strategy was utilized to decorate electrode surface with AuNP, that was activated by 

incubation with EDC/NHSS for 10 minutes. Protein A (25 μg mL−1) was spotted and 

incubated on electrode surfaces overnight at 4°C. Arrays were rinsed with PBS-T20, and 

incubated for 3 hr with 100 μg mL−1 anti-HRP, rinsed with PBS-T20, blocked with 1% BSA 

in PBS for 1 hr and washed with PBS-T20 before use

HRP assay.

Arrays decorated with anti-HRP were inserted into the microfluidic chamber (Figure 1) 

where PBS buffer flowed at 100 μL min−1 flow rate using a syringe pump (New Era, 

NE-1000). 100 μL of standard or sample solution was loaded into the sample loop and 

injected using the sample injector (Rheodyne®, 9725i). Once the sample filled the 

microfluidic detection chamber, as determined by tests with dye solutions, flow was stopped 

and sample was incubated for 20 mins. Then, arrays were washed by flowing PBS-T20 for 3 

min at 100 μL min−1. Flow was switched from PBS-T20 to 1 μM HQ mediator in PBS and 

amperometry was done at −0.3 V vs. Ag/AgCl while injecting 100 μL of 100 μM H2O2 in 1 

mM HQ/PBS.

Quantitation of antibodies immobilized on electrode surface.

Bicinchoninic acid assay (BCA) was used to quantify the actual number of antibodies 

immobilized on the electrode surface38. Briefly, 100 μL micro BCA reagent kit 

(ThermoFisher® 23235) was prepared according to the vendor specification and incubated 

with 80 electrodes with immobilized antibodies at 37° C. BCA solution with the developed 

blue color was transferred to microplate and absorbance was measured at 562 nm. The 

concentration of immobilized anti-HRP was estimated utilizing a calibration graph 

constructed by running the same BCA procedures for series of standards of anti-HRP (Fig. 

S1, SI).

Quantitation of active antibodies:

In order to estimate the number of active antibodies immobilized on electrodes, increasing 

concentrations of HRP were allowed to incubate for 20 minutes with electrodes and 

electrochemical oxidation catalyzed by HRP was measured. Hydroquinone was used as a 

mediator to shuttle electrons between electrode surface and enzyme distant from the 

electrode surface.36 The mediator is essential to improve electrochemical signals resulting 

from a significant distance between enzyme and electrode surface that leads to slow direct 

electron transfer. Signal saturation was considered as the point where all active antibodies 

captured HRP molecules and further increase in HRP did not result in any increase in the 

signal. HRP concentration at the saturation point was equivalent to the concentration of 

active antibodies immobilized on electrode surface.

HRP activity.

Arrays decorated with anti-HRP captured HRP from solution using excess amount HRP (50 

ng mL−1) for 20 min. Each array was then washed with PBS-T20 and incubated with 100 μL 
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of 4 mg mL−1 O-phenylenediamine (OPD) substrate in 0.05 M phosphate-citrate buffer (pH 

5.0). OPD is converted to colored product (2,3–diaminophenazine) and the solution was 

transferred to a micro-well plate and absorbance measured at 492 nm after stopping reaction 

with 25 μL 3M HCL.39 Concentration of HRP on electrodes was estimated using a 

calibration made with standard HRP solutions and the same protocol.

Inter-day assays.

Electrodes were prepared, blocked, rinsed with PBS-T20 and stored in PBS buffer at 4° C 

for up to 5 days, the tested with 5 pg mL−1 HRP over 5 days. Results were used to estimate 

the loss of the immobilized antibody activity.

3. Results

Nominal electrode surface area and antibody coverage.

Sensor surface area was estimated before and after surface modifications. Electrochemically 

active surface area of the bare electrode was estimated at 9.5±0.5 ×10−4 cm2, using the slope 

of cyclic voltammogram (CV) peak currents vs. square root of the scan rate (ѵ1/2) for 0.5 

mM ferrocene methanol (Fc-MeOH, D: diffusion coefficient of Fc-MeOH in TEAP = 7 × 

10−6 cm2 s−1)40 in 0.1 M tetra-ethyl ammonium perchlorate (TEAP, Fig. 2).41 Surface area 

after modification with rGO and was 2.1±0.1 ×10−3 cm2, and for AuNP 2.4±0.2 × 10−3 cm2, 

while chitosan electrodes had area 9.1±0.3 ×10−4 cm2. Surface areas were used to compute 

the theoretical monolayer coverage of antibodies using antibody dimensions (14.5 × 8.5 × 4 

nm3),42 and considering side-on or end-on orientation (Table 1).43

Protein A is a 42 kDa polypeptide with two functionally distinct halves, A C-terminal half 

for binding to cell walls and an N-terminal half for IgG binding. The protein binding portion 

is composed of five semi-identical, three-helix bundles, i. e. Ab-binding domains (E-D-A-B-

C) that are interconnected with highly flexible linkers.44 Average dimensions of protein A 

are 25–30 nm,45 so theoretical maximum surface coverage of protein A was 1.2 × 108 – 1.5 

× 108 on bare electrodes and 2.7 × 108 - 3.2 × 108 on AuNP electrodes. Although protein A 

has five antibody binding sites, actual binding of antibodies per protein A molecule is been 

estimated at 2.46 Theoretical numbers of antibodies were also estimated for binding onto 

protein A on electrodes (Table 1).

Actual antibody coverage.

BCA assays were used to measure the actual number of bound antibodies on the electrode 

(Table 1). Surprisingly, chitosan electrodes had antibody coverage higher than the 

theoretically estimated coverage since it had 1.4±0.1 × 10−3 μg anti-HRP/electrode 

equivalent to 6.1±0.6 × 109 anti-HRP/electrode, this was about 3 times higher coverage than 

the theoretical value, probably because of the 3 dimensional chitosan hydrogen forms with 

an area larger than that of the electrode.47 Protein A immobilized on AuNP electrodes had 

approximately 10 times higher number of antibodies compared to the theoretical estimation 

based on calculated electrochemical active surface area of the modified electrodes, as 

flexible anchoring of protein A on a dense film of AuNP on electrode surface provided an 

excellent platform to covalently immobilize protein A that had the flexibility to bind to up to 
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6.1 ± 0.4 × 109 anti-HRP/electrode. Passively adsorbed Protein A had a much smaller 

number of immobilized anti-HRP.

Active Antibodies.

The saturation level of HRP signals in the arrays where signals level off, was used to 

estimate the number of active antibodies. Bulk HRP concentration at each saturation point 

was used to estimate the maximum number of HRP molecules that can interact with 

antibodies on electrode surface during incubation. Number of HRP molecules that would 

bind to antibodies immobilized on each electrode, from the volume of solution inside 

microfluidic chamber, was estimated using Einstein’s diffusion equation (Eq. 1) assuming 

that binding is diffusion controlled.48 For diffusion coefficient (D) of HRP 5 × 10−7 cm2 s
−1,49 the distance travelled by HRP in 20 min incubation time is 0.012 mm.

d =   2   D   t (1)

where d is distance in cm, D is the diffusion coefficient, and t is time in sec.

The solution containing HRP available to bind to anti-HRP immobilized on each electrode is 

a hemisphere of radius 0.012 mm with volume 7.24 × 10−6 μL (Fig. S2, SI). The number of 

HRP molecules in this available volume of solution to bind anti-HRP was estimated from 

the saturation concetrations (Tables2 and Table S1, SI). Amounts of actively binding 

antibodies were relatively low except for those using an initial layer of protein A, which had 

85% active antibodies for AuNP electrodes and 98% on bare carbon.,

Active antibodies on each electrode was also measured using the HRP enzyme activity assay 

for oxidaton of O-phenylenediamine (OPD). Enzymes captured on sensor arrays were 

incubated with OPD for 1 hr and color developed was used to estimate the number of HRP 

molecules that correspond to the number of active anti-HRP. Calibration using soluble HRP 

with was used to esimate the concenterations of HRP on arrays (Fig. S3, SI). Good 

agreement between results obtained from electrochemical and OPD assays was found (Table 

2).

Electrode to electrode variation.

Selected concentrations of HRP were assayed on different electrode arrays on the same day 

to estimate intra-day signal variations for each immobilization strategy. Passive adsorption 

of antibodies on electrode surface and oriented antibody immobilization using passively 

adsorbed protein A gave relative standard deviation (RSD) less than ±5%. For covalent 

attachment, RSDs were ±11%, for rGo electrodes, ±8% for AuNP, and 7% for chitosan and 

oriented antibodies on protein A covalently immobilized on AuNP (Fig. S4, SI).

Stability.

Arrays were challenged with the same concentration of HRP over 5 days. Chitosan coated 

electrodes showed the best stability with only a small loss in signal over 5 days (≤ 7%). 

Electrodes with passively adsorbed antibodies were the fastest to deteriorate with 15–20% 
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loss of activity each day in the first 3 days. AuNP and rGO electrodes were relatively stable 

for the first three days of storage (~5% decrease/day) followed by larger decrease in signal 

in 5th day of storage (~10%). Antibodies adsorbed on protein A electrodes had good stability 

over the test period with approximately 20% decrease in the overall signal after 5 days (Fig. 

S5, SI,Table 3).

4. Discussion

Results above demonstrate the influence of antibody immobilization strategy and coatings 

on screen-printed carbon electrode for immunoarrays. Sufficient binding activity and 

availability of antibodies immobilized on sensor electrodes is a key factor for sensor 

performance, we found that other factors such as stability, degree of antibody coverage, 

orientation, and assay to assay variations also have an influence. We found that highly 

oriented antibody systems (using protein A) can extend the dynamic range, but have little 

influence on sensitivity or LOD, most easily seen by comparing AuNP-electrodes with 

Protein A/AuNP (Table 3). This goes against the common view that improving antibody 

orientation also improves sensitivity and LOD of immunoassays.7,8 Sensors with 20–30% 

orientation (Table 3) still have enough active antibodies to achieve good sensitivity and LOD 

in the lower concentration range, and had AuNP electrodes with 21% active antibodies had 

the best sensitivity. This result agrees with our earlier study of sensors coated with upright 

single-wall carbon nanotube forests having large antibody coverage, but ~30% active 

antibodies.50 These sensors had excellent sensitivity and LODs for prostate specific antigen 

and interlukin-6 proteins in serum. For sensors with 85–95% correct antibody orientation, 

the main effect is maintenance of sensitivity in the higher concentration range because more 

of the antibodies are being active, and that extends dynamic range upward. It is possible that 

these conclusions may depend on antigen and antibodies size.

Antibody coverage was highest when antibodies were bound to protein A/AuNP films 

electrodes (Table 3), although these sensors did not have the best sensitivities. In addition, 

nanostructured dense 5 nm AuNP packing32 and the chitosan hydrogel property both extend 

the surface area available for Ab binding, leading to the binding of more antibodies. 

Electrodes with passively adsorbed antibodies showed the highest LODs (Table 3), but were 

the least stable (Table 3), Instability can be attributed to documented hydrophobic 

interactions between antibodies and electrode which lead to denaturation and loss of binding 

activity.51 The hydrogel nature of chitosan causes antibody-chitosan matrix swelling in 

aqueous solution to more than 600% of its original mass.47 The hydrogel provides high 

water content that also helps preserve antibody activity during storage by stabilizing 

conformation.52,53

rGO coated electrodes may have mixed affinities toward antibodies through covalent binding 

to residual carboxylic groups after electrochemical deposition and hydrophobic adsorption 

to graphene. This explains the intermediate antibody activity (30%), that lies between 

covalent immobilization and passive adsorption, of rGO coated sensors. Sensitivities and 

LODs of sensors with covalently immobilized antibodies were similar with LOD 40 fg mL−1 

for chitosan modified, rGO coated and AuNP electrodes (Table 3). Wider dynamic range 

achieved by AuNP sensors compared to other covalent immobilization techniques can be 
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attributed to high surface coverage of antibodies compared to other sensors. Although 

chitosan modified electrodes had surface antibody coverage similar to AuNP films, its 

narrower dynamic range is due to a degree of electron transfer blockage by the chitosan 

(Table 2).

Protein A passively adsorbed on the sensors preserved 98% of immobilized antibody 

activity, and maintained up to 80% of sensor activity after 5 days storage, but had the worst 

dynamic range (Table 3). This is presumably due to low surface coverage of antibodies, 

about 10% of that of the other sensors. This was overcome by covalent immobilization of 

protein A onto AuNP electrodes, which offers flexible anchoring and allowed a large 

increase in antibody coverage while maintaining 85% activity.

5. Conclusions

Results show that ability of the immunosensors to achieve high sensitivity is mainly a 

function of having sufficient active antibodies immobilized and the degree of surface 

coverage. Protein A mediated antibody surface conjugation that allowed oriented 

immobilization of antibodies preserved 98% of antibody activity, but was outperformed by 

other sensors possessed higher surface coverage (Table 3). In general, a high degree of 

antibody orientation on AuNP sensor did not improve sensitivity or LOD, but extended 

dynamic range to higher concentrations. Our findings suggest that increasing the number of 

antibodies on sensors by increasing electrode surface area is key factor to improve 

sensitivity. In addition, stable covalent conjugation of antibodies protects them from 

hydrophobic interaction-induced denaturation found in passive adsorption.
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Figure 1. 
Immunoassay system: (A) syringe pump, injector for samples and standards; (B) assembled 

detection chamber consisting of 2 machined PMMA plates, top plate holds symmetrically 

placed reference Ag/AgCl 0.6 mm diameter and 0.2 mm platinum counter electrode wires 

along the entire length of the 8-sensor array. Peek tubing is fitted to connect inlet and outlet; 

(C) PDMS channel 2.8 × 0.15 × 1.0 cm, volume 60 μL, placed above sensors; (D) Kanichi 

screen-printed carbon 8-sensor array alone.
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Fig. 2. 
Electrode surface area studies before and after electrode modifications using 0.5 mM Fc-

MeOH in 0.1 M TEAP vs Ag/AgCl (0.14M NaCl); (A) Cyclic voltammograms at different 

scan rates (from 10 to 200 mV/s) for bare electrode; (B) peak current (Ip) vs. square root of 

the scan rate (ν1/2)for bare electrode; (C) Ip vs. ν1/2 for rGO coated electrode; (D) Ip vs. ν1/2 

for AuNP electrode; (E) Ip vs. ν1/2 for chitosan electrode. (Error bars = standard deviation, 

n=8)
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Fig. 3. 
Calibration for different anti-HRP immobilization strategies; (A) Example showing 

amperometric peaks with increasing concentrations of HRP using antibodies (Ab) passively 

adsorbed on bare carbon. Calibration graphs: (B) passively adsorbed Ab on bare electrodes; 

(C) covalently immobilized Ab on AuNP electrodes; (D) covalently immobilized Ab on rGO 

electrodes; (E) covalently immobilized on chitosan electrodes; (F) Ab oriented onto protein 

A passively adsorbed on bare electrodes; (G) Ab oriented onto protein A covalently 

immobilized on AuNP electrode. Logarithmic fits shown as blue dashed line; arrows 

indicate saturation points (Error bars = standard deviation, n=8)
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Scheme 1: 
Studied antibody immobilization techniques on screen printed carbon
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Table 1.

Actual antibody coverage from BCA assay and theoretical estimated antibody coverage based on electrode 

surface area and antibody dimensions

Immobilization Strategy
Theoretical Coverage/electrode × 109

Coverage found × 109

(Side-on) (end-on)

AuNP/(EDC/NHSS) 1.90 7.10 6.2± 0.3

rGO/(EDC/NHSS) 1.70 6.20 4.3±0.3

Chitosan/Glutaraldehyde 0.73 2.40 6.1±0.6

Direct antibody Adsorption 0.76 2.70 1.1±0.03

Protein A (Passive Adsorption) 0.24 0.30 0.26±0.01

Protein A on AuNP electrodes 0.54 0.64 6.1±0.4
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Table 2.

Active antibodies/electrode using different immobilization strategies on screen printed carbon electrode using 

electrochemical assay and OPD enzyme activity assay (n=16 for electrochemical measurements and n=3 for 

OPD assay).

Immobilization Strategy
No. of Active antibodies/electrode × 109

Electrochem. estimate OPD Assay

AuNP/(EDC/NHSS) 2.56±0.20 2.94±0.11

rGO/(EDC/NHSS) 1.28±0.14 1.48±0.13

Chitosan/Glutaraldehyde 1.28±0.09 1.00±0.05

Direct antibody Adsorption 2.56±0.08 2.11±0.11

Protein A (Passive Adsorption) 0.26±0.01 0.23±0.01

Protein A on AuNP electrodes 5.13±0.36 5.86±0.41
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Table 3.

Comparison of performance for HRP sensors using different antibody immobilization strategies on screen 

printed carbon arrays

Immobilization strategy
LOD 

(fgmL−1)
Dynamic Range

Sensitivity 
(nA/log (pg 

mL−1)

No. of Ab/
Electrode (×109)

Percent 
active 

antibodies

Signal loss 
after 5 days 

storage

Anti-HRP/AuNP
40 40 fg ML−1 2.40 6.2 ± 0.3 21% ≤ 30%

250 pg mL−1

Anti-HRP/rGO
40 40 fg mL−1 0.55 4.3 ± 0.3 30% ≤ 35%

125 pg mL−1

Anti-HRP/Chitosan
40 40 fg mL−1 0.90 6.1 ± 0.6 21% ≤ 7%

125 pg mL−1

Anti-HRP/Protein A/AuNP
40 40 fg mL−1 2.01 6.1 ± 0.4 85% ≤ 20

500pgmL−1

Anti-HRP/bare electrode
4 8 fg raL−1 1.75 1.1 ± 0.03 60% >60%

250 pg mL−1

Anti-HRP/Protein A/bare 
electrode

8 8 fg mL−1 1.62 0.26 ± 0.1 98% ≤ 25

25 pg mL−1
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