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ABSTRACT:

An electrochemical biosensor has been developed for

ultrasensitive, label-free determination of protein kinase

activity. The sensor is composed of a unique peptide

monolayer on a gold electrode. It identifies the order

change in the monolayer upon phosphorylation, via

square wave voltametry (SWV) measurements. Disorder

caused by the introduction of the phosphate groups onto

the middle of the peptide sequence results in pinhole for-

mation and therefore an increase in the electrochemical

signal. The measured sensitivity was 100 nM of kinase

and the dynamic range was 100 nM up to 11 lM. Sensi-

tivity was an order of magnitude higher, and the dynamic

range wider by two orders of magnitude, as compared to

our previously reported impedimetric method, in which

the sensitivity was 1 lM, and the dynamic range was 1–

20 lM. VC 2015 Wiley Periodicals, Inc. Biopolymers (Pept

Sci) 104: 515–520, 2015.

Keywords: peptide monolayer; kinase biosensor;

electrochemistry
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INTRODUCTION

P
rotein kinase-catalysed phosphorylation plays a sig-

nificant role in regulating signaling pathways in

cells.1 Protein function is regulated in many cases by

transferring the phosphoryl group from the c-

position of adenosine triphosphate (ATP) to specific

serine, threonine, or tyrosine residues of proteins.2 Abnor-

mal protein kinase activity results in malfunction of cellular

signaling networks, creating cellular conditions that may

facilitate cancer development3 and other proliferative dis-

eases.4 The levels of many kinases are elevated in cancer.5

Thus, developing ultrasensitive kinase sensors is highly

important for cancer detection. It will also help in under-

standing the basic mechanism of action of kinases, and their

partner proteins at the molecular level6 and have applica-

tions in anticancer drug development.7,8

Nowadays, various methods were developed in order to

detect protein phosphorylation. Proteomics is used to detect

phosphorylated proteins and phosphorylation sites.9,10 Flow

cytometry uses antibodies to detect phosphorylation inside

cells.11 Many other methods use spectroscopic detection, with

nanoparticles acting as markers.12–15

Electrochemistry is one of the promising strategies for

profiling and characterizing enzymatic reactions due to its sen-

sitivity, simplicity, and diversity. This has driven the develop-

ment of many electrochemical enzymatic assays,16–18 and

specifically, kinase assays.19–21 On the background of the

diverse electrochemical methods, electrochemical impedance

spectroscopy (EIS) has emerged as a powerful tool to study

this interaction by detecting changes in capacitance and
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interfacial electron transfer resistance (RCT) at the electrode

surface.22,23 We have previously reported a very sensitive

method for detection of kinase activity24 based on this tech-

nique. We also showed that EIS is more efficient than ion-

sensitive field effect transistor (ISFET) for kinase biosensing.24

In this system, a gold electrode is coated with a thiol con-

taining peptide monolayer. The monolayer is then phosphoryl-

ated by incubation with a kinase enzyme, and undergoes

conformational changes leading to a change in the electro-

chemical signal measured before and after phosphorylation.

The proposed mechanism of monolayer transformation as

a result of phosphorylation is that the monolayer packing

changes to a less organized peptide ensemble. In the preceding

study, we showed that the electrostatic characteristics of the

redox active species have little influence on the transduction of

the electrochemical signal. In this system, pinhole creation in

the ordered monolayer was found to be the dominant effect

and not repulsion of the negatively charged redox species that

are playing a dominant role in other EIS kinase sensors.20,22

This was concluded after a drop in impedance was observed

following phosphorylation, and pinhole formation was

observed in AFM measurements. After dephosphorylation,

impedance returned to its original value, and the pinholes dis-

appeared. This conclusion was further supported by contact

angle measurements that showed a reversible decrease and

increase in contact angle after phosphorylation and

dephosphorylation.

To validate that the peptide does not desorbs from the elec-

trode following phosphorylation, several cycles of phosphoryl-

ation—dephosphorylation were preformed on the same

monolayer. After two repetitive cycles of phosphorylation—

dephosphorylation, the original impedance value was restored.

We concluded that the phosphorylation was not destructive to

the peptide monolayer.

In addition, monolayers containing alanine instead of serine

at the phosphorylation site did not show significant change in

impedance after incubation with kinase enzymes. This showed

that the electrochemical signal changed as a result of phospho-

rylation and not from the destruction of the monolayer.

The peptide sequences were chosen for their ability to

undergo intensive phosphorylation by protein kinases. This

was done by scanning substrate peptide libraries for each

kinase, by PepChipVR microarray analysis.25 On the earlier

study we showed the enhanced sensitivity of these sequences to

the corresponding kinases using an electrochemical signal

received from EIS data. Peptide 1 (CGGGPPRRSSIRNAH) was

synthesized as target for Protein Kinase C (PKC) and peptide 2

(CGGGLRRRLSDSSFI) as target for Protein Kinase A (PKA).

These sequences are taken from the kinases recognition motif,

with the phosphoryl serine in the middle of the sequence. This,

according to our model (Figure 1), gives us enhancement of

the electrochemical signal upon phosphorylation. The motifs

were added tri–glycine spacers, in order to create greater pack-

ing density, and a terminal thiol—containing cysteine residue,

as a linker to the gold surface. Overall, these two peptides

exhibited very high degrees of phosphorylation, as evaluated

from EIS. RCT decreased from about 14 kX to 70 X in case of

PKC mediated phosphorylation of peptide 1, and to 150 X, in

case of PKA mediated phosphorylation of peptide 2.

In the current study, we investigated our system by means

of SWV. While previously we have shown that the EIS can be

used as an ultrasensitive method, we show here that the SWV

technique is more rapid, accurate, and nondestructive. The

presented method is a very simple but especially sensitive tech-

nique for the detection of kinase-mediated phosphorylation,

without the need for the introduction of any other chemical

labeling of the substrate or enzyme.25 The method involves the

creation of a unique peptide monolayer on gold electrodes,

and measurements of SWV before and after the enzymatic

phosphorylation reaction.

MATERIALS AND METHODES

Materials and Reagents
All chemicals, unless mentioned otherwise, were of analytical

grade and were used as received. All aqueous solutions were

made with triple-distilled water (TDW), 18.3 MX cm, purified

with Barnsted Easypure UV system.

Phosphorylase enzymes: Purified, recombinant full-length

PKA activity: 1665 nmol/mg/min, PKC activity: 1914 pmol/

lg/min, supplied as GST fusion protein, and ATP were pur-

chased from Cell Signaling Technology (CST), (Boston, USA).

FIGURE 1 FTIR spectra of peptide 1-coated gold-electrode before

(dotted line) and after phosphorylation (solid line), by PKC.
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AP, (10,000 U/ml) was purchased from New England Biolabs

(ON Canada).

Peptide Synthesis and Purification
Peptide synthesis was done on a Liberty peptide synthesizer

with a Discover single mode microwave module from CEM

(NC), using standard Fmoc chemistry. Protected amino acids

were purchased from Luxembourg Bio Technologies (Tel Aviv,

Israel), Iris biotech GmbH (Marktredwitz, Germany), and

Chem-Impex (Wood Dale, IL). Coupling of modified residues

to the resin was performed with Fmoc-N0-Acetyl-L-lysine and

Fmoc-O-benzyl-L-phospho-serine (Novabiochem). Following

coupling of Phospho-serine, all fmoc deprotections were car-

ried out without microwave heating. The peptides were puri-

fied on an ACE C8 semi-preparative column using gradients of

5–60% acetonitrile in water, with 0.1% trifluoroacetic acid

(TFA) in both solvents. The identity of the peptides was vali-

dated using an Applied Biosystems Voyager-DE Pro MALDI

TOF mass spectrometer and verified to be within 61 Da of the

theoretical mass. The purity of all peptides was verified to be

>95% for nonlabeled peptides and >90% for fluorescein-

labeled peptides by analytical HPLC. The purified peptides

were lyophilized from 30% acetic acid to remove residual TFA.

The concentrations of the peptides were measured by UV

absorbance at 280 nm using the extinction coefficient

5500 M21 cm21 for tryptophan.

Gold Electrodes Preparation
Polycrystalline bulk gold electrodes (CH instruments) with a

surface area of 7.94 mm2 were used for electrochemical meas-

urements. These homemade electrodes were hand-polished on

micro-cloth pads (CH instruments) with deagglomerated alu-

mina suspension (Buehler, Lake Bluff, IL) of decreasing parti-

cle size (1.0 and 0.05 lm) using a homemade polisher. After

being polished the electrodes were sonicated in TDW for 15

min followed by additional sonication in EtOH solution (50%

v/v, Sigma Aldrich, Israel) for 10 min. Copiously washed gold

electrodes were then cleaned with warm HNO3 (70%) (Sigma

Aldrich, Israel) during 20 min. The electrodes were then rinsed

with TDW and cycled from 20.4 to 1.6 V in 0.5M H2SO4

(Sigma Aldrich, Israel) at 0.1 Vs21 until a stable reproducible

cyclic voltammogram were obtained-electrochemical reduction

of an AuO monolayer.

Electrode Surface Modification
Treated gold macroelectrodes were immersed into prepared

peptide solution (1.0 mM) and were kept for 16 h at 25�C.

After removal, the electrodes were rinsed three times in TDW

and dried under nitrogen gas stream. Electrochemical charac-

terization was preformed directly after the electrodes were

washed. For each peptide sequence several electrodes were pre-

pared. Solution was prepared by dissolved of thiol-terminated

peptide in weakly based TDW pH> 7.5.

Kinase Catalyzed Phosphorylation
Peptide modified gold electrodes were reacted with different

kinases. Each kinase activity, for the same substrate, was exam-

ined simultaneously and separately for the three enzymes

(PKA, PKC, and CaMK2). Kinase derived phosphorylation was

carried out by dripping of kinase solution on modified electro-

des surfaces at room ambient. Reaction medium (10,000 nM

kinase in a final reaction volume of 100 ll) containing 20 mM

Tris-HCl buffer solution (pH 7.5), 10 mM MgCl2, 50 mM KCl,

5 mM b-glycerophosphate, 0.1 mM Na3VO4 (CST, Boston,

MA) and 100 lM ATP. The reaction was initiated with the

addition of the fresh prepared protein kinase solution and

stopped by rinsing after 20 min. Electrodes were carefully

washed multiple times using Tris buffer, followed by a brief

sonication in TDW.

Phosphatase Catalyzed Dephosphorylation

Hydrolysis of surface grafted phosphorylated peptides was per-

formed in the presence of AP, 0.1 Units in a final reaction vol-

ume of 100 ll, for 20 min at room ambient. One unit AP was

dissolved in a 1 ml of tris borate buffer (Sigma Aldrich, Israel),

(pH 8.5), containing 10 mM MgCl2 (Sigma Aldrich, Israel).

(One unit (U) is defined as the amount of enzyme that can

hydrolyze 1 lmol of phosphorylated peptide in a total reaction

volume of 1 ml in 1 min at 37�C). Electrochemical measure-

ments were taken following each modification step.

Electrochemical Characterizations
CV, SWV, and EIS measurements were performed using an

Autolab PGSTAT12 digital potentiostat (EcoChemie BV,

Utrecht, The Netherlands) connected to NOVA software. A

conventional three-electrode cell was employed, with a peptide

modified gold electrode as working electrode, and a standard

Ag/AgCl reference electrode (Metrohm) with a KCl concentra-

tion of 3.0M.

Cyclic Voltammetry (CV): The CV experiments were

recorded by scanning the potential from 20.3 to 0.6V (vs. Ag/

AgCl) and back, employing a scan rate of 10 mV/s. Prior to the

scan, the electrode was kept at 20.3 V for 10 s. To provide

redox species, a 1 mM [Fe(CN)6]32 (Sigma Aldrich, Israel)

solution additionally containing 100 mM KNO3 as supporting

electrolyte was used.
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Square wave voltammetry (SWV): These voltammograms

were obtained by scanning from 20.3 to 20.6 V with a step

potential of 25 mV, amplitude of 10 mV and frequency 25 Hz

at a scan rate of 625 mV/s. The redox species solution was the

same as in the CV experiments. In the current study the dis-

tance between working and counter electrodes was invariable.

Electrochemical impedance spectroscopy (EIS): The meas-

urements solution contained 5.0 mM K3Fe(CN6), 5.0 mM

K4Fe(CN6), and 0.1M of KCl (all from Sigma Aldrich, Israel)

as supporting electrolyte. The spectra were recorded at a fre-

quency range of 0.1 Hz–10 kHz with an amplitude of 10 mV,

at the formal potential of the redox couple versus Ag/AgCl

electrode.

Preparation of Gold Surfaces for FTIR
Measurements

The measurements were done on gold surfaces (200 nm thick)

on borosilicate (1.1 mm thick) with Cr adhesion layer

(2.5 nm). The gold substrates were rinsed three times alter-

nately in pure ethanol, acetone, and ultrapure water, and

hydrogen flame annealed to achieve highly smooth surfaces

yielding surface roughness of about 2 nm. The peptide mono-

layer assembly and phosphorylation were performed in the

same manner as on the gold electrodes.

RESULTS AND DISCUSSION
To validate that the monolayer undergoes phosphorylation,

FTIR studies were performed (see Figure 1). After phosphoryl-

ation, a distinct phosphate peak appears at 1260 cm21. Figure

2 shows the voltammetric response obtained from the oxida-

tion scans after the self-assembling of peptide on the gold elec-

trode following the PKA-catalyzed phosphorylation reaction.

The changes in the current response provided the quantita-

tive information about the extent of phosphorylation reaction.

Before phosphorylation the measured oxidation current was

1.3 lA, and after phosphorylation with PKA it was 3.3 lA.

FIGURE 2 (A) Cyclic voltammograms of 1 mM [Fe(CN)6]32

solution at two stages: before (•—•) and after peptide assembly (—)

with an aqueous solution of 1.0 mM of peptide 2. (B) After phos-

phorylation by PKA (—) and dephosphorylation by AP (---).

FIGURE 3 (A) Square wave voltammogram of 1 mM

[Fe(CN)6]32 obtained at the peptide 1-modified gold electrode

before (~) and after (all others) the addition of 20,000 nM (6), 970

nM (5), 490 nM (4), 97 nM (3), 49 nM (2), and 10 nM (1) PKC for

20 min. Scatter-line curve shows the control experiment of bare

gold electrode (•). (B) SWV voltammogram obtained at the sub-

strate 1 peptide-modified three different gold electrodes, prepared

under the same conditions, before (—) and after (•—•) the addition

of 10 mM PKC for 20 min.
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After dephosphorylation with alkaline phosphatase (AP) the

oxidation current returned to 1.7 lA.

For the optimization of experimental sensitivity, a series of

measurements were taken in presence of varying PKC concen-

trations using the same assay conditions. The concentration

dependence of the phosphorylation was determined by apply-

ing different kinase concentrations and measuring the current

response. A saturation level in the signals was reached after

using 20 lM PKC concentrations. When the reaction was car-

ried out in presence of 30 lM kinase concentration, no signifi-

cant increase in the reduction peak responses was recorded.

The dependence of the current response on PKC concentration

was recorded as shown in Figure 3.

Current difference (DI) and the relative charge transfer

resistance (Relative RCT 5 RCT(after phosphorylation)/RCT (before

phosphorylation)) were measured and plotted in response to the

varying concentrations of PKC on 1-modified gold electrodes

(Figure 4). The resulting dose–response curves are sigmoid-

shaped. The lowest detectable concentration by SWV is 100

nM and a dynamic range from 100 nM up to 11 lM, with sig-

nal current range of 2–13 lA. In contrast, the lowest detecta-

ble concentration in the impedimetric method was 1 lM

FIGURE 4 Dose response curve for increasing concentrations of

PKC. DI, calculated from the SWV data, represents the current dif-

ference after and before phosphorylation of the peptide 1 mono-

layer. Relative RCT, calculated from the EIS data, represents the

resistance (RCT) ratio before and after phosphorylation of the pep-

tide 1 monolayer. Phosphorylation was performed in the presence

of increasing concentrations of PKC. The error bars represent the

error range calculated from three independent measurements.

FIGURE 5 SWV voltammogram obtained at the peptide 3-

modified electrodes, before (�) and after (•) the addition of 10 mM

PKC for 20 min.

SCHEME 1 The suggested manner of the monolayer transformation before and after phosphoryl-

ation. The peptides are ordered in a dense monolayer, blocking the redox species from reaching the

electrode. After phosphorylation, repulsion between the phosphate groups causes disruption in the

order, thus leading to pinhole formation, and low impedance. Removal of the phosphate groups

gives back the former ordered monolayer.
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(relative RCT 5 2.5), and a dynamic range of 1–20 lM (relative

RCT from 2.5 6 1 to 111 6 7, respectively).

The reported sensitivity (100 nM ffi 2 x 1022 Unit/ml) is

improved compared with other reported kinase sen-

sors12,13,20,26–28 although other systems have shown better sen-

sitivity,14,21 which might be due to different reaction

conditions–higher temperature and longer incubation time.

The relatively high sensitivity is related to the density of the

prephosphorylated monolayer, as observed by its impedance of

around 10 kX, as compared with a few hundred ohms in other

reported works.20,22 After phosphorylation, the observed

change in impedance was of several orders of magnitude, to a

few hundred Ohms. This prominent change in the monolayer

characteristics (Scheme 1) also affects the SWV measurements,

as observed by the high oxidation currents received after

phosphorylation.

To test the selectivity of the assay, we performed the same

phosphorylation process with PKC using a peptide monolayer

of Peptide 3 (CGGGHRSPRASPINR)—a peptide containing

the linker and tri glycine spacer, but with a scrambled sequence

of peptide 1. As seen in Figure 5 we observed nearly no change

in the current (10.0 6 0.2 lA) before and after the incubation

with PKC, showing that the phosphorylation was negligible.

CONCLUSIONS
The SWV method presented herein improves the kinase activ-

ity detection by an order of magnitude leading to detection in

the nanomolar range, as compared to the previously reported

impedimetric method and a dynamic range improvement of

two orders of magnitude. SWV detection method is responsi-

ble for the improved performance of the biosensor since the

surface chemistry is identical for the EIS measurements. We

assume that the pinhole amplification mechanism may con-

tribute more to the enhanced sensitivity. Such improvement,

combined with rapid measurement time and simplicity of

results interpretation, we conclude that the SWV method is

superior to the previously reported impedimetric method.

This method can be employed in the future for diagnostic,

when calibrated for a specific kinase and for other drug devel-

opment purposes.
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