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ARTICLE INFO ABSTRACT

Keywords: Caspase-3, a cysteine-dependent protease, is considered a reliable molecular biomarker for the diagnosis and
Caspase-3 prognosis of apoptosis-related diseases. In this study, we demonstrated a phage-based electrochemical biosensor
Apoptosis

for the evaluation of cell apoptosis by the sensitive and specific detection of caspase-3. Specifically, for screening
of affinity peptide-displayed phages, phage display was performed using M13 phage libraries (cyclic forms of
peptides), and we identified potential affinity peptide-displayed phage clones with the sequence CPTTMWRYC.
After characterization of its binding affinity using enzyme-linked immunosorbent assay, whole phage particles
were covalently attached to a gold surface using coupling chemistry (MUA-EDC/NHS). The developed phage
sensor was characterized by X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), scanning
electron microscopy (SEM), electrochemical analysis using cyclic voltammetry (CV), and square wave voltam-
metry (SWV). Under optimal conditions, the affinity peptide-displayed phage sensor showed a good binding
affinity (Kq = 0.13 & 0.56 uM) and limit of detection (0.39 pM) for caspase-3 detection. Furthermore, developed
phage sensor could be monitored the response of apoptotic HeLa cells by detecting caspase-3 activity. This work
should stimulate the development of efficient alternative caspase-3 detection methods for the diagnosis and
prognosis of apoptosis-related diseases.

Electrochemical phage sensor
Chemical modification

1. Introduction Many analytical methods have been developed for the detection and

quantification of caspase-3 activity, including colorimetric assays [8,9],

Caspases are a family of cysteine proteases that play a central role in
cell apoptosis which highly regulated and controlled cellular process for
maintaining normal physiological metabolism and tissue homeostasis
[1]. Thus, down regulation of apoptosis could play a role in many dis-
eases, including cancers, neurological disorders, autoimmune diseases,
and cardiovascular disorders [2,3,4]. Among the several types of cas-
pases, caspase-3 is the most frequently activated protease in the
apoptotic cell both by intrinsic and extrinsic pathways of apoptosis.
Increased levels of caspase-3 can cause secretion of paracrine signaling
factors that could promote cell proliferation in tumor cells [3,5,6]. Based
on these factors, it is important to develop simple, sensitive, specific, and
rapid methods for caspase-3 detection and further screening of potential
inhibitors as apoptosis-related drugs [7].
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fluorescence techniques [10,11], atomic force microscopy [12], surface-
enhanced scattering [13], and surface plasma resonance [14]. Although
these methods have admirable advantages, they can also be expensive,
time-consuming, and labor-intensive. Alternatively, electrochemical
detection methods are effective analytical techniques because of their
simplicity, sensitivity, and rapid response [15,16].

Bioreceptors are a part of biosensors that can interact with target
molecules, and mostly include antibodies, affinity peptides, aptamers,
enzymes and cells [17,18,19,20,21,22]. Among the numerous bio-
receptors, M13 phage is considerably resistant to harsh conditions
caused by changes in pH, temperature, and protease activity [23].
Further, it is well-known that the M13 phage is harmless to the human
system, and it could efficiently amplify in its host cells, and easily mass
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production with a high yield [24,25].

Herein, we aimed to develop an M13 phage-based electrochemical
biosensor for the detection of caspase-3. First, the caspase-3-specific
binding peptide-displayed phage was successfully identified by phage
display and well-characterized using an enzyme-linked immunosorbent
assay (ELISA). Then, whole phage particles were covalently attached to
a gold surface using coupling chemistry (MUA-EDC/NHS), which is one
of the most widely used methods. To the best of our knowledge, this is
the first report on the fabrication of a whole M13 phage-based electro-
chemical biosensor capable of specific and sensitive detection of cas-
pase-3.

2. Experimental section
2.1. Chemicals

Caspase-3 was obtained from Enzo Life Sciences (NY, USA), and
bovine serum albumin (BSA) was obtained from Sigma-Aldrich (St.
Louis, MO, USA). Thrombin and caspase-9, used for the control, were
purchased from Roche (Basel, Switzerland) and Novus Biologicals
(Centennial, USA), respectively. Caspase inhibitor (ZVADFMK) was
purchased from Promega (Madison, USA). For the binding affinity tests,
2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS), horseradish peroxidase (HRP)-conjugated anti-M13 mono-
clonal antibody were purchased from Sino Biological (Beijing, China).
For the coupling experiments, 11-mercaptoundecanoic acid (11-MUA),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC),
N-hydroxy succinimide (NHS), potassium ferricyanide (III), potassium
hexacyanoferrate (II) trihydrate, and ethanol were purchased from
Sigma-Aldrich (St. Louis, MO, USA). For quantification of protein,
bicinchoninic acid (BCA) assay kit was purchased from Pierce Biotech-
nology (MA, USA). RIPA lysis buffer and phenylmethylsulfonyl fluoride
(PMSF) were purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). Dulbecco’s Modified Eagle’s medium (DMEM) was obtained from
GenDepot (Katy, TX, USA), and fetal bovine serum (FBS) purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Unless otherwise stated,
all chemicals were of analytical grade.

2.2. Escherichia coli strain and M13 phage

The Escherichia coli strain ER2738 and M13 peptide libraries (Ph.D.-
C7C) were purchased from New England Biolabs. E. coli ER2738 was
used as a host for infection of the M13 phage during whole process of
biopanning.

2.3. Biotin labeling of caspase-3

For specific immobilization, caspase-3 was labeled with biotin using
biotinylation kit (Thermo Scientific, USA). In biotin conjugation, 50 mM
biotin was mixed with 100 pg of caspase-3 and incubated overnight on
ice. Next, the mixtures were applied to Zeba desalting column to remove
non-reacted biotin or residual reagents. Finally, the purified biotinylated
protein concentration was measured using the BCA assay. The extent of
biotin labeling on caspase-3 was determined using the 4'-hydrox-
yazobenzene-2-carboxylic acid (HABA)/avidin assay according the
manufacturer’s instructions.

2.4. Biopanning and DNA sequencing analysis

In the first round of biopanning, the biotinylated caspase-3 was
separately pre-reacted with the Ph.D.-C7C random phage libraries
(~10'! PFU/mL) at 100 rpm for 1 h at room temperature. After mild
agitation of the phage-protein complexes, 100 pL of the complexes was
introduced to the streptavidin-coated 96-well plates (Thermo Scientific)
and allowed to react at 110 rpm for 10 min to facilitate specific binding
between avidin and biotin. Then, 1 pL of biotin (0.1 mM) was added to
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competitively remove the phages which is non-specifically binding to
the streptavidin-coated plate as a blocking agent and incubated for 5
min, followed by repeated washing 10 times using PBST buffer con-
taining 0.1 M PBS with 0.1% Tween 20 for removing unbound phages
and residual biotin. Finally, the bound phages were eluted in 0.2 M
glycine-HCl (pH 2.2) with 1 mg/mL BSA solution. The eluent was
neutralized with 15 pL of Tris-HCI (pH 9.0) to prevent deactivation or
destruction of the desired phages. The eluted phages were amplified
using Escherichia coli ER2738, and the amplified phage solution was
quantified by phage titration for subsequent rounds of biopanning.
During this biopanning, negative biopanning against streptavidin-
coated plate was performed with the amplified phages in the begin-
ning of the second round, and Tween 20 concentration of PBST was
gradually increased (0.1-0.5%) for removing non-specifically binding
phages.

Throughout successful biopanning, a total of four amplified M13
phages were analyzed using DNA sequencing. DNA sequencing analysis
was performed by Solgent (Daejeon, Korea) as seen in Fig. S1, and yields
were calculated for each round (Table S1).

2.5. ELISA assay

The relative binding affinities of the M13 phage candidates were
measured using ELISA measurements as follows. First, the streptavidin-
coated 96-well plates were pre-washed three times with 200 pL of 0.1 M
PBS before protein immobilization, and the biotinylated caspase-3 was
added to the functionalized streptavidin-coated plate and stirred at 110
rpm for 1 h. Subsequently, the unbound proteins were removed and then
added blocking solution (5% BSA in NaHCOs, pH 8.6) at 4 °C for 1.5 h.
Then, the wells were washed six times with PBST buffer, and each phage
were added at a concentration of 10'2 PFU/mL, followed by stirring at
110 rpm at room temperature for 1 h. After washing six times with same
buffer, horseradish peroxidase (HRP)-conjugated anti-M13 monoclonal
antibody (1:2500 dilution in blocking buffer) was added and incubated
for 1 h. The remaining solution was removed, and the plate was washed
again with the same buffer. The ABTS and HRP substrate were added,
and absorbance was measured at 405 nm (Multiskan, Thermo Scientific,
Waltham, MA, USA).

2.6. Fabrication of phage sensor for detection of caspase-3

Preparation of a phage-based electrochemical biosensor was per-
formed as follows (Scheme 1). First, the gold electrodes were cleaned
sequentially with ethanol, distilled water, and piranha solution. The pre-
treated gold electrode was dried by blowing with N gas, and then the
gold electrode was reacted with 1 mM of MUA at room temperature for
14 h with mild shaking to introduce the thiol groups. Then, the gold
electrode was incubated with EDC/NHS (800 mM:200 mM) at room
temperature for 1 h. The carboxyl group of MUA and EDC were reacted
to form the O-acylisourea intermediate, which then reacted with NHS to
form NHS ester. After that, the gold electrode was further incubated with
affinity peptide-displayed phage particles (~10'? PFU/mL) at room
temperature for 1 h. Finally, the fabricated phage-based electrochemical
biosensor was used for detection of caspase-3.

2.7. AFM, SEM and XPS analyses

Atomic force microscopy (AFM), scanning electron microscopy
(SEM), and X-ray photoelectron spectroscopy (XPS) were used to
examine the successful immobilization of the M13 phage onto the
modified gold surface for development of electrochemical phage sensor.
The AFM analysis was carried out using an XE-100 atomic force mi-
croscope (Park Systems, Korea) connected XEI offline software provided
by Park Systems. The PointProbe® NCHR cantilevers (Nanoworld AG,
Neuchatel, Switzerland) were used for morphological imaging of the
sample surface and all images were taken at the scan rate of 0.5 Hz under
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Scheme 1. Schematic illustration of the preparation of whole phage tethered gold surface and caspase-3 detection. The peptide-displayed phage was immobilized on
the functionalized gold surface via coupling chemistry (MUA-EDC/NHS) which is able to react with the amine group in the N-terminal domain of the pVIII protein on

the surface of M13 virion.

non-contact mode. The SEM measurements were performed using an
SU8230 ultra-high-resolution field-emission scanning electron micro-
scope (UHR-FE-SEM) (Hitachi, Japan). The SEM micrographs were ob-
tained with a low energy accelerating voltage (1-5 kV) to reduce
electron beam damage.

The XPS experiments were performed using K-Alpha + spectrometer
(Thermo Scientific, USA). The high-resolution survey spectrum was
recorded using Al K-Alpha X-ray source and a pass energy of 200 eV at a
step size of 1.0 eV. XPS spectrums were taken with different gold surface
conditions such as bare gold surface, MUA-treated gold surface, MUA-
EDC/NHS-treated gold surface, and whole phage-tethered gold sur-
face. AFM and SEM investigations were taken at the bare gold surface
and whole phage-tethered gold surface.

2.8. Electrochemical measurements using CV and SWV

All electrochemical measurements were performed using the con-
ventional three-electrode system, including a gold working electrode
(diameter: 5 mm, surface area: 19.6 rnrnz), platinum counter electrode,
and Ag/AgCl reference electrode in 2.5 mM ferro/ferricyanide as an
electron mediator in 1 M KNOs. Cyclic voltammetry (CV) and square
wave voltammetry (SWV) were performed on CHI 660E (CH Instruments
Inc., USA). CV measurements were conducted in the range of —1to 1 -V
with a step potential, amplitude, and frequency of 4, 5, and 10 Hz,
respectively. SWV measurements were conducted in the range of —400
to 800 mV with a step potential, amplitude, and frequency of 5 mV and
10 Hz, respectively. The relative current change (AI %) in SWV was
determined by the following relationship based on the decreased peak
current obtained after immobilization of M13 phages and caspase-3
interaction using the following equation:

AI % = (Ip-D/Iy x 100, where I, refers to gold-phage oxidation
current before the addition of protein and I to the gold-protein oxidation
current.

2.9. HeLa cell culture for caspase-3 assay

HelLa cells were purchased from American Type Culture Collection
(ATCC) and cultured in Dulbecco’s Modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS) and 1% antibiotics at 37 °C
under a humidified atmosphere of 95% air and 5% CO,. For assay of
caspase-3, HeLa cells were seeded with 4 x 10° cells per well onto a
cover glass-bottom dish (100 mm x 20 mm, SPL, Pocheon, Korea) and
then incubated for 24 h. After that, cells culture media was replaced with
different doxorubicin (DOX) concentration in a range of 5-20 pM and
incubated at different time intervals (6, 12, 24, and 48 h) at 37 °C under
a humidified atmosphere of 5% CO». After incubation, HeLa cells were
removed from the culture dish with a cell scraper and transferred the
resulting lysate to a microcentrifuge tube. The adherent cells were then
washed three times by low-speed centrifugation (200g, 5 min, 4 °C) with
fresh and ice-cold phosphate-buffered saline (PBS buffer, pH 7.4) to
remove culture medium and rinse cell monolayer. 0.6 mL of RIPA lysis

buffer mixed with protease inhibitors was added and gently rocked for
30 min at 4 °C. Subsequently, 10 uL of PMSF (10 mg/mL) was added,
and the first lysate was incubated for 60 min on ice. The whole cell lysate
was centrifugated at 10,000g for 10 min at 4 °C. The supernatant fluid
was transferred to a new microtube and used directly for caspase-3 assay
without further purification.

3. Results and discussion

3.1. Identification of potential affinity peptide-displayed phage for
caspase-3

The biopanning with random peptide libraries (Ph.D.-C7C) were
performed to identify the M13 phage capable of specific binding to
caspase-3. It is noted that C7C library in which a peptide could form a
cyclic or ring structure through disulfide bonding between one of its
cysteine residues and the cysteine on the end of plII protein of M13
phage to screen for an affinity peptide, like ‘CXXXXXXXC’ structure (X is
random amino acid). During the four rounds of biopanning, the yield
gradually increased from the first to the fourth round (Table S1). In this
process, the selection was anchored in the most commonly occurring
peptides in each round. Interestingly, we also observed that each peptide
has same binding motif, like neutral residues (e.g. threonine and tyro-
sine), basic residues (e.g. arginine and lysine), and hydrophobic residues
(e.g. threonine and tyrosine), indicating that electrostatic interactions,
hydrophobic interactions and/or hydrogen bonds are probably con-
cerned in the binding of caspase-3. Based upon these standards, four
phage clones were chosen to compare their binding affinities. These
identified peptide sequences are shown in Table S2, and their binding
affinities for caspase-3 were tested by ELISA (Fig. 1). For these experi-
ments, 0.05 pM of caspase-3 or the same concentration of BSA, as a non-
specific binding control, was immobilized on a streptavidin-coated
plate, and 10'2 PFU/mL of phages were added to each plate. Finally,
we observed that C7C 2-18 phages had a higher affinity than the other
candidates, as shown in Fig. 1A. From these observations, we chose C7C
2-18 phages for further characterization. Next, we tested the binding
affinities of C7C 2-18 phages at different phage concentrations. The
results showed that binding affinity of C7C 2-18 phages increased with
increasing phage concentration within a range of 108-10'2 PFU/mL
(Fig. 1B). This may possible due to the avidity effects because there are
usually 3-5 copies of peptides per phage and the change of ELISA signal
is proportional to amount of bound caspase-3 which is indicative rela-
tive binding affinities of peptides. Subsequently, we observed the rela-
tive binding affinities C7C 2-18 phages at different caspase-3
concentrations (Fig. 1C). As increasing caspase-3 concentration, the
signal of absorbance was also increased. The results of these experiments
indicated that C7C 2-18 could be used as a phage virus-based receptor
for highly selective and specific detection of caspase-3.
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Fig. 1. Characterization of the selected phages using ELISA. (A) Selection of caspase-3 specific binding phage. (B) Effect of phage concentration. (C) Effect of protein
concentration. The gray bar indicates BSA (negative control) and the blue bar indicates caspase-3. All measurements were done in triplicate, and error bars represent

standard deviations.

3.2. Development of phage-based biosensor

3.2.1. Optimization of chemical modification and electrochemical behavior
of modified gold electrodes

As a reproducible, stable, and well-established receptor production
method, chemical modification on a gold surface was implemented to
chemically immobilize the M13 phage. To achieve this purpose, we used
MUA-EDC/NHS coupling chemistry for specific immobilization of whole
phages on the gold surface. The electrochemical behavior of the bare
gold electrode, MUA-treated gold electrode, MUA-EDC/NHS-treated

gold electrode, and whole phage-tethered gold surface was examined
using CV, which demonstrated an apparent redox peak ascribed to Fe
(CN6)3’/ 4~ for each modified electrode (Fig. 2A). We observed that the
peak currents from the Fe(CN6)3_/ 4~ redox decreased when immobi-
lized 11-MUA on the gold surface. This could be ascribed to the fact that
the 11-MUA with a long —~CHjy backbone and -COO™ groups hindered the
diffusion of Fe(CNg)>™/#~ because of its hydrophobic properties and
electrostatic repulsion. After -COO™ residues at the terminal of 11-MUA
were replaced by NHS ester through the EDC/NHS reaction, electrostatic
repulsion was partially eliminated and thus the redox currents were
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Fig. 2. Preparation of coupling chemistry (MUA-EDC/NHS) treated gold electrodes with whole phage particles. (A) Cyclic voltammograms of bare gold (black line),
MUA treated gold surface (orange line), MUA-EDC/NHS treated gold surface (yellow line) and whole phage-tethered gold surface (green line). (B) Potential sweep
rate dependance of redox peak current (ip, and ipc). (C) Atomic force micrograph of the whole phage-tethered gold surface. D) XPS survey spectrum. E) AFM image of

bare gold, F) AMF image of C7C 2-18 phage on gold electrode.



J.H. Shin et al.

slightly increased [15,26]. After that, chemical attachment of the whole
M13 phage occurred on the gold electrode via covalent bonding through
NHS ester, which can react with the amine group in the N-terminal
domain of the p8 protein [26]. Further, to estimate the surface coverage
of the M13 phage immobilized on the MUA-EDC/NHS-treated gold
electrode, we used CV technique which is effective method to investigate
whether and to what extension redox probes could adsorb on the surface
of electrode [34]. The change in the peak currents with different scan
rates was observed using CV (Fig. 2B). The anodic (i) and cathodic (i)
peak current densities were proportional to the potential sweep rate
(Fig. 2C), and the ip,/ip. ratio was close to unity (Fig. S2) [35]. In a
controlled molecular diffusion process, the anodic to cathodic peak
current ratio (ipa/ipc) is equal to 1 and remains constant with different
scan rates. On the other hand, if redox species absorb on the surface of
electrode, the values of i,,/ipc will differ from unity and vary with the
scan rates due to the different behavior of the adsorbed oxidized and
reduced forms [34,35]. According to these findings, as demonstrated in
Fig. 2B, C and Fig. S2, we speculated electrochemical reactions of whole
phage-tethered gold surface were fully controlled by molecular diffusion
process.

3.2.2. Surface characterization of modified gold electrodes using AFM,
SEM, and XPS

The covalent attachment of whole M13 phage particles was addi-
tionally confirmed by AFM, SEM and XPS analyses. XPS can provide
intermolecular binding energy and the chemical structure of the modi-
fied gold surface. The XPS survey spectra of modified gold electrodes are
shown in Fig. 2D. The changes in the elemental composition of carbon (C
1s), nitrogen (N 1s), oxygen (O 1s), and gold (Au 4d, Au 4p, and Au 4s)
after each step were monitored. The bare gold spectrum showed peaks at
284, 334, 355, 532, 545, and 642 eV, which were assigned to C 1s, Au
4d5, Au 4d3, O 1s, Au 4p, and Au 4s, respectively. The weak peaks of the
carbon and oxygen can be explained by the fact that the gold surface is
able to absorb hydrocarbon contaminants from the atmosphere before
XPS analysis. The functionalization of the gold electrode with MUA and
activation of carboxylic acid (COOH) caused the peaks of carbon and
oxygen to increase. After the EDC/NHS reaction, the COOH groups in
MUA were converted into NHS ester groups (C4HsNOg). Therefore, the
peaks of carbon, nitrogen, and oxygen marginally increased. After that,
attachment of phage particles (C7C 2-18) resulted in the relative
elemental compositions of carbon, nitrogen, and oxygen on the surface
due to the presence of amino acid residues of alanine, aspartic acid, and
glutamic acid of M13 phage’s major coat protein. Note that C7C 2-18
whole phage particles are covalently attached on the functionalized
gold electrode through amide bonding (O—C—N), as expected (Fig. 2D).

We also performed AFM and SEM analyses to investigate the
morphological changes between bare gold electrode and immobilization
of phage on gold electrode. However, it was difficult to verify the fine
changes because the surface roughness of the Au-coated wafer is large.
Notwithstanding, no morphological changes on bare gold were observed
(Figs. 2E and S3A). Unlikely, it was clearly seen that mass attachment of
phage through either side-ways or zig-zag aligned bundling on the
sensor layer (Figs. 2F and S3B). In the case of AFM, the histogram profile
of the phage particles (C7C 2-18) bound to the gold electrode showed
~9 nm height differences, compared to those of bare electrode from the
substrate surface (data not shown). In SEM measurements, the fila-
mentous and twisted morphological changes of M13 phage on gold and
silicon oxide substrate was confirmed as shown in Fig. S3C and D. The
results suggested that successful immobilization of phage via MUA-EDC/
NHS coupling chemistry, confirmed by XPS and mass deposition with
nanofiber-like network structure on gold electrode, confirmed by AFM
and SEM.
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3.3. Validation of fabricated phage-based electrochemical biosensor

3.3.1. Effect of phage and protein concentration

To validate the electrochemical responses of a chemically modified
whole phage sensor for the detection of caspase-3, the effects of phage
and protein concentration were investigated by SWV measurements.
The results showed that the value of current in SWV decreased with
increasing phage concentration in the range of 108-10'2 PFU/mL
(Fig. S4A). This suggested that the number of caspase-3-specific peptides
displayed on the surface of the phage increases their efficiency in
binding caspase-3. A similar trend was observed with changes in
caspase-3 protein concentration (Fig. S4B). We observed that the current
in SWV gradually decreased with the increase in the amount of caspase-
3.

3.3.2. Determination of sensor performance

We examined the performances of our developed phage sensor; the
same concentration of the phage (~1012 PFU/mL) was immobilized on
the gold surface using coupling chemistry (MUA-EDC/NHS) and further
incubated with caspase-3 (0-1.2 pM). Then, the relative current changes
were measured by SWV. After successful attachment of phages on the
gold electrode, we tried to confirm the morphological changes between
bare gold and functionalized phage sensor using atomic force micro-
scopy (AFM). As clearly shown in Fig. 2E and F, filamentous fiber-like
monolayer structure in C7C 2-18 phage functionalized gold electrode
was seen, compared to the control, indicating chemically attachment of
phage particles on gold electrode. In addition, we also observed that the
binding affinity of the C7C 2-18 phage increased sequentially with an
increase in caspase-3 concentration (Fig. 3A). Based on these in-
vestigations, we calculated the binding constant (Kg) of our developed
sensor, which was found to be 0.13 + 0.56 pM. In addition, the detection
limit (LOD) of the whole phage sensor was calculated using the
following equations [27]:

LOD = 3.3 x §/s, where & and s are the standard deviation of the
regression line of the y-intercept and slope of the standard curve,
respectively. As shown in Fig. 3B, the values of §, s, and LOD for the
whole phage sensor were 2.61, 22.11 (y = 22.11x + 9.52, R? = 0.93),
and 0.39 pM, respectively.

3.3.3. Specificity of phage-based electrochemical biosensor

To test the specificity of the whole phage sensor, the change in AI %
for different proteins (BSA, lysozyme, casein, thrombin, and caspase-9)
was monitored using SWV measurements. As expected, our developed
sensor showed specific binding to caspase-3, while low binding affinities
were observed with other proteins such as BSA, lysozyme, casein,
thrombin, and caspase-9 (Fig. 3C). In addition, it was clear seen that
binding affinity of wild-type M13 was comparable to those of other
proteins, indicating that successful screening of affinity peptides specific
for caspase-3 via biopanning.

3.3.4. Reproducibility and stability of phage-based electrochemical
biosensor

The reproducibility and stability are some of the most important
factors in evaluating sensor performance in on-site detection. In our
sensor, the reproducibility of the fabricated phage sensor was evaluated
by determining the relative current change (AI %) with five different
electrodes. The results clearly showed an acceptable relative standard
deviation (RSD) of 4.67%, indicating remarkable reproducibility with
good accuracy (Fig. S5). The stability of the three different fabricated
phage sensors was monitored for 10 days. As shown in Fig. 3D, it was
relatively stable up to 7 days. These results indicated that our developed
phage sensor has remarkable stability for further field testing.

3.3.5. Detection of caspase-3 with hela cell lysates
Feasibility of the developed phage sensor for detection of caspase-3
activity was analyzed by SWV measurements with HeLa cell lysates, in
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Fig. 3. Determination of performances of phage sensor. (A) Measurements of binding constant (K,) of phage sensor for caspase-3. (B) The detection limit (LOD) of
phage sensor on the MUA-EDC/NHS-functionalized gold chip. (C) Specificity test of the whole phage sensor. (D) Stability test of the whole phage sensor. All
measurements were done in triplicate, and error bars represent standard deviations.
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response to different doxorubicin (DOX) concentration. For this anal-
ysis, Hela cells were pre-treated with DOX at concentrations ranging
from 0 to 20 pM and incubated at different time-intervals (0, 6, 12, 24,
48 h). The results showed that the value of current change (AI %) not
only increased with the increase of DOX concentration but also with the
longer-time of incubation of the cells. This is due to over-expression and
activation of caspase-3 in the HeLa cells when treated DOX compared to
the control. This is good agreement with previous study [5,28,29]. DOX
can induce apoptosis in HeLa cells and have commonly used as apoptosis
inducer against various cell lines. We also observed that the current
change in all tested was correlated with the level of activated caspase-3
in apoptotic response (Fig. 4A). As expected, no significant changes were
observed when wild-type M13 phages were incubated with DOX-
induced HelLa cell lysates (Fig. S6).

Since caspase-3 plays an important role for understanding cell
apoptosis along with different expression level derived from apoptosis
chemical inducer, we performed the feasibility test of our developed
phage sensor. As shown in Fig. S7, compared with HeLa cell lysates
without both additions of DOX and known caspase-3 inhibitor
(ZVADFMK, 100 pM), the relative current change increased remarkably,
as our phage sensor was exposed to HeLa cell lysates pre-treated with
DOX (20 pM) in the presence of known caspase-3 inhibitor. However, no
significant change was observed when Hela cells pretreated with the
same concentration of DOX and caspase-3 inhibitor. This tendency is
good agreement with previous reported [5]. However, our approach is
no needing reagents or labels, a non-invasive operating process, the
possibility of on-site analysis, and the use of simple instruments. From
these observations, our developed phage sensor could only response in
caspase-3 activation and detect caspase-3 activity in apoptotic HeLa cell
lysates.

Applicability of biosensors is considered key parameters for evalua-
tion of the possibility in a real testing or industrial commercialization.
Therefore, additional experiments were performed with commercially
available ELISA, to investigate applicability of the developed sensors,
using SWV. As shown in Fig. 4B, the level of caspase-3, determined by
our phage sensor were quite correlated with those of ELISA assay with
good correlation coefficient (R?) value of 0.96. In addition, in our
developed phage sensor, the recovery (%) and RSD (%) values were
found to be in the range of 98.2-104.4% and 3.9-5.7%. This result
showed good recoveries of the phage sensor for detecting active caspase-
3 in a complex biological sample (Table 2).

The comparison of assay performance for caspase-3 was summarized
in Table 1. There are several studies for detection of caspase-3 with
different detection regimes [30,31,32,33]. Compared to those obtained
using different methods, our approach did not require complexed
analytical equipment and enables fast response time for assay of
caspase-3 activity with label-free and antibody-free.

4. Conclusions

In this study, we provide a novel approach to detect the cell
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Table 2
Analytical results of active caspase-3 detection in the presence of HeLa cell
lysates.

Added concentration Found concentration Recovery RSD (%, n =
(nM) (nM) (%) 8)

12.5 123 £ 0.7 98.2 £ 5.6 5.7

25 26.1+1.4 104.4 + 5.4 5.2

50 50.5+ 1.9 101.1 + 3.9 3.9

apoptosis-related biomarker, caspase-3, with high sensitivity, selec-
tivity, and reproducibility. We biopanned random peptide phage li-
braries (C7C) and identified the unique phage C7C 2-18 with the
sequence CPTTMWRYC. This selected phage was used as an alternative
recognition element for developing a whole phage-based electro-
chemical biosensor. Through chemical modification of the phage, whole
phage particles were covalently attached to a gold surface. After that, a
phage-based electrochemical biosensor was characterized for the
detection of caspase-3. The developed phage-based electrochemical
biosensor retained sufficient and significant electrochemical sensor
performance. Under optimal conditions, the fabricated phage sensor
showed a good binding affinity (Kq = 0.13 £ 0.56 pM) and limit of
detection (0.39 uM) for caspase-3 detection. Furthermore, our devel-
oped phage sensor could be monitored the dynamic response of
apoptotic HeLa cell induced by well-known apoptosis inducer, DOX. In
summary, the developed electrochemical M13 phage sensor possesses
several significant advantages over conventional methods. First, affinity
peptide-displayed whole phage sensor can be easily applied onto func-
tionalized electrodes and allows the simultaneous detection of caspase-3
with high specificity. Second, M13 phage used as receptor is harmless
and can easily mass production and purification with a high yield at low
cost. Third, rapid electrochemical response and relatively low sample
volume (<20 pL) encourage the specialist to integrate for fabrication of
micro total analytic systems or microdevices for a field test. Forth, our
approach does not require sample labelling step to be analyzed and
antibody. This sensing approach could serve as a viable means for
evaluation of cell apoptosis by sensitive detection of caspase-3, and it
could serve as an alternative to conventional receptors with high affinity
and stability. Although our developed phage sensor exhibited satisfac-
tory performances for caspase-3 assay, further work will be required for
real testing. First, improvement of binding abilities in whole phage as
molecular binder with chemical and/or genetic manipulation is chal-
lenging. Second, the use of phage-free peptides will be potential in the
development of new caspase-3 assays for cancer diagnosis, as well as
assaying in simultaneous monitoring of apoptotic cells grown in culture
or artificially induced other cell lines.
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Table 1
Comparison of caspase-3 detection performances with the developed electrochemical phage sensor and other methods.
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Fluorometric and colorimetric DEVD with AFC and pNA ND 50 pM ND ND [30]
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M13 phage virus-based Peptide-displayed M13 phage 0.13 £ 0.56 0.39 pM <15h 4.67% This study
electrochemical sensor M

Abbreviations: ND, not determined; AFC, 7-amino-4-trifluoromethyl coumarin; pNA, p-nitroanilide; HRP, horseradish peroxidase; SERS, surface-enhanced Raman
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