Author’s Accepted Manuscript

Silicon nanowire based biosensing Platform for
Electrochemical Sensing of Mebendazole drug
Activity on breast cancer cells

The principal internatioaal Journal devoted to research, design, development and
biosensors and boelectronics

‘applcaton of

Hani Shashaani, Mahsa Faramarzpour, Morteza
Hassanpour, Nasser Namdar, Alireza Alikhani,
Mohammad Abdolahad

www.elsevier.convlocate/bios

PII: S0956-5663(16)30356-6
DOI: http://dx.doi.org/10.1016/j.bi0s.2016.04.081
Reference: BIOS8668

To appear in:  Biosensors and Bioelectronic

Received date: 16 February 2016
Revised date: 23 April 2016
Accepted date: 25 April 2016

Cite this article as: Hani Shashaani, Mahsa Faramarzpour, Morteza Hassanpou
Nasser Namdar, Alireza Alikhani and Mohammad Abdolahad, Silicon nanowire
based biosensing Platform for Electrochemical Sensing of Mebendazole dru
Activity on  breast cancer cells, Biosensors and  Bioelectronic
http://dx.doi.org/10.1016/5.bi0s.2016.04.081

This is a PDF file of an unedited manuscript that has been accepted fo
publication. As a service to our customers we are providing this early version o
the manuscript. The manuscript will undergo copyediting, typesetting, an
review of the resulting galley proof before it is published in its final citable forn
Please note that during the production process errors may be discovered whic
could affect the content, and all legal disclaimers that apply to the journal pertain


http://www.elsevier.com/locate/bios
http://dx.doi.org/10.1016/j.bios.2016.04.081
http://dx.doi.org/10.1016/j.bios.2016.04.081

Silicon nanowire based biosensing Platform for Electrochemical Sensing of

Mebendazole drug Activity on breast cancer cells
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Abstract

Electrochemical approaches have played crucial roles in bio sensing because of their Potential in
achieving sensitive, specific and low-cost detection of biomolecules and other bio evidences.
Engineering the electrochemical sensing interface with nanomaterials tends to new generations
of label-free biosensors with improved performances in terms of sensitive area and response
signals. Here we applied Silicon Nanowire (SiNW) array electrodes (in an integrated architecture
of working, counter and reference electrodes) grown by low pressure chemical vapor deposition
(LPCVD) system with VLS procedure to electrochemically diagnose the presence of breast

cancer cells as well as their response to anticancer drugs. Mebendazole (MBZ), has been used as
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antitubulin drug. It perturbs the anodic/cathodic response of the cell covered biosensor by
releasing Cytochrome C in cytoplasm. Reduction of cytochrome C would change the ionic state
of the cells monitored by SiINW biosensor. By applying well direct bioelectrical contacts with
cancer cells, SINWs can detect minor signal transduction and bio recognition events, resulting in
precise biosensing. Our device detected the trace of MBZ drugs (with the concentration of 2nM)
on electrochemical activity MCF-7 cells. Also, experimented biological analysis such as

confocal and Flowcytometry assays confirmed the electrochemical results.

Keywords: cancer cell, electrochemical response, silicon nanowire, mebendazole drug, cyclic

voltammetry, biosensor.

1. Introduction

Electrochemical biosensors transduce biological interactions into detectable electrochemical
signals(Turner et al., 1987). Biological recognitive markers (e.g., enzymes, aptamers or
antibodies) could be immobilized/integrated at the electrochemical interface to mediate the
sensing procedure(Gupta and Chaudhury, 2007)(Hepel and Zhong, 2012). However, complexity
of chemical modifications and non-specific binding, reduced the reliability and commerciality of
such biosensors. If label free interactions could be applied between analytes and interface, usage
of such sensors in wide variety of bio applications would be developed. Such binding must
induce changing in electrochemical signal of redox reporter. Moreover if the oxidative/reductive
electrochemical responses of the analyte were unique for different biological transformations
(such as metastatic progression states of a cancer cell), we would achieve to sensing patterns

without any requirements to complex functionalizations.



In recent years, some generations of Label free Electro-chemical biosensors were developed and
shed new lights in bio analysis owing to their low cost, multiplexed detection capabilities, as
well as ease of miniaturization without any additional biochemical processes (Kimmel et al.,
2012) (Kong et al., 2014) (Guo et al., 2013). Engineering the bioelectrochemical sensing
interface is crucial in such devices due to the impact of an accurate and stable response. Among
various surface treatments used in interfacial modification, Applying nanomaterials presented
many unique performances depend on their sizes and shapes. Great electrical conductivity,
enlarged interactive surface area and well physiochemical interactions are some of the
characteristics reported for many nanostructures ranged between metallic NPs to carbon

nanotubes (Hosseini et al., 2016) (Hepel and Zhong, 2012) (Jacobs et al., 2010) (Li et al., 2014),

Moreover, if the biocompatibility of nanostructures would be acceptable, sensing interfaces
produced by nanostructures, would present new generation of label free biosensors for

monitoring vital cells.

SiNWSs were noticeably considered in biosensing approaches, between various biocompatible
nanomaterials, because of their greatly controllable conductivity with good electron transport
properties (Qu et al., 2009)(Bauer et al., 2007), enlarged electrochemically active area and well
compatibility with silicon fabrication processes(Chen et al., 2011). Well attachment of the cells
to the outer wall of such nanostructures was also indicated(Qi et al., 2009)(Abdolahad et al.,
2013) (Prinz, 2015) Many electrical biosensors were developed based on SiNW arrays such as
SINW bioFET(M. Abdolahad et al., 2014) and SINW-ECIS for cancer cell detection as well as

SiINW kinked transistor for signal extraction from cardiomiocyte cells(Qing et al., 2014).

Here we attempted to apply SINW based electrochemical biosensor with integrated Reference

and counter electrodes in interaction with cancer cells to assay the presence of cancer cells and
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effect of anticancer drugs on the cell vitality by monitoring the anodic/cathodic current peaks of
the cell covered SiNWSs. The 75 um WE covered by VLS grown forest shaped SINW structures
applied to increase the interactive surface of cancer cells with electrodes. The effect of
Mebendazole(MBZ) drug, as a recently introduced anti tubulin agent induce mitotic arrest in
cancer cells(Mukhopadhyay et al., 2002a), on the CV and DPV responses of the cells were
investigated. The anodic/cathodic responses of SINW biosensor to drug incubated MCF-7 cells
with various doses and in various times were plotted by cyclic voltammetry (CV) and
differential pulse voltammograms. Also, Confocal and flowcytometry assays were experimented

as reference biological data for drug effects.

2. Materials and methods

2.1. Biosensor fabrication process

Silicon wafer substrates were cleaned through standard RCA #1 method (NH4;OH:H,0,:H,0
solution and volume ratio of 1:1:5 respectively). The surface of the wafer was then passivated
using a thin layer (~ 300 nm) of SiO, grown by wet oxidation furnace. Gold catalyst layer with
the thickness of 9 nm was coated on SiO, by sputtering system (Veeco Co.).The gold has been
patterned by the architecture of integrate work, counter and reference electrodes. The radius of
WE is about 35um. Then the sample was placed in LPCVD chamber and SiINW was grown as
discussed in next sub section Finally, the sensors have been placed in a chamber made of plaxy-

glass and connected to potentiostat by conductive wires bonded to the its pads.

2.2. SINW growth process



Details of the growth mechanism using the VLS technique are depicted in ref (Taghinejad et al.,
2013). In summary, after cleaning n-type <100> silicon wafers using standard RCA#1 solution, a
thin layer of gold (Au) catalyst with an approximately 5 nm thickness was deposited using

sputtering (Veeco Co.) at a pressure of 20 m Torr.

Au-covered samples were located in a low pressure chemical vapor deposition (LPCVD) system
with a quartz tube chamber. The growth is a two-step process named as graining and growth.
During the graining, a thermal annealing at 450-550-C for 30 min at the presence of argon (Ar)
is carried out which results in the catalyst graining and formation of gold nano-sized islands.
During the growth step, a mixture of high purity silane (SiH,4) as Si source and Ar as carrier and
dilution gases were introduced to the chamber. Silicon crystalline nanostructures were formed on
top of the catalyst islands in patterned region followed by breaking of the silane to Si and Si-H
free radicals. In addition, a CM30 Phillips transmission electron microscope operated at 250 kV
has been used to investigate the size and crystalline quality of the wires depend on growth

parameters.

2.3. Cell culture and drug incubation

MCF-7 cell lines, obtained from the National Cell Bank of Iran (Pasteur Institute) had been
isolated from grade | human breast tumors. Cells were maintained at CO, incubator (37 °C, 5%
COy) in RPMI-1640 medium (Sigma) supplemented with 5% fetal bovine serum (Sigma), and
1% penicillin/ streptomycin (Gibco). The fresh medium was replaced every other day. Prior to
each experiment, cells were trypsinized to be detached from the substrate and resuspended on the

SINW electrodes. To minimize the effect of trypsinization, the procedure was taken less than 4



minutes at room temperature around 20-22°C.We held the samples in incubator for 4h to achieve
cells attachment on the SiINWSs. Then the MBZ drug with lower (2.1 nM) and higher (10.5 nM)
concentrations were added to individual samples. The signal recording and biological assays

were investigated 2, 6 hours and 10 hours after the drug addition.

2.4. Electrochemical measurement procedure

For CV characterization, three-electrode electrochemical cyclic voltammetry was performed
using the electrochemical workstation, RNFPG Stat (Roshd Nanofannavaran Co. Iran). Instead
of the system electrodes, we used from our integrated electrodes fabricated as mentioned above.
CV was performed between the integrated SINW covered working and counter electrodes, with
an on chip reference electrode. The reference electrode was calibrated before by Ag/AgCl
reference electrode in 1 mM ferrocene carboxylic acid with 1 mM potassium chloride solution.
CV studies were performed using DC voltage and no AC frequency was applied. For CV data

recording, measurements were carried out at -0.8 to 0.8 V at a scan rate of 100mv/s.

2.5. Confocal imaging

MCF-7 cells were grown on individual glass slides and treated with 2.1 and 10.5 nM MBZ for
2h. In addition, CTRL sample was prepared as reference for comparison. Samples were then
washed with PBS and permeabilized with microtubule stabilizing buffer [80 mM PIPES-KOH
(pH 6.8), 5 mM EGTA, and 1 mM MgCl, containing 0.5% Triton X-100] for 5 min at room
temperature before being fixed with chilled absolute methanol for 10 min at —20°C. Fixed cells

were washed and incubated with monoclonal mouse anti-a-tubulin antibody (Sigma) for 1 h at



room temperature followed by incubation with FITC-conjugated antimouse IgG antibody (Santa
Cruz Biotechnology). The stained cells were mounted with Vectashield (Vector Laboratories,

Burlingame, CA) and observed by confocal microscopy.

2.6. Apoptosis and Flowcytometric Analysis of Cell Cycle

Apoptotic cells with characteristic nucleosomal DNA degradation were examined in none and
MBZ treated cells. Drug treatment was carried for 2 h. Both floating and attached cells were
harvested, and cell pellets were lysed in 100 pl of lysis buffer [10 mM Tris (pH 7.4), 10 mM
EDTA (pH 8.0), and 0.5% Triton X-100]. The lysed pellets were then incubated for 10 min at
4°C. DNA released in the supernatants was incubated with 200 pg/ml RNase A for 1 h at 37°C
and 200 pg/ml proteinase K for 30 min at 50°C respectively. DNA was extracted and
precipitated with 0.5 M NaCl and 50% isopropanol. The samples were loaded onto 2% agarose
gels and stained with ethidium bromide. For cell cycle investigation by flowcytometry, cells
were harvested, washed in PBS, and fixed in 70% methanol. The fixed cells were then incubated
with 0.65 pg/ml mouse monoclonal anti-MPM-2 antibody. Cells were then incubated with 2
pg/ml FITC-conjugated goat antimouse 1gG secondary antibody (Santa Cruz Biotechnology,
Santa Cruz, CA), 20 pg/ml P1 (Roche Diagnostics), and 10 pg/ml RNase A (Sigma-Aldrich) at
37°C for 30 min and cell cycle analysis was performed using an EPICS Profile Il flow cytometer
(Coulter Corp., Miami, FL) with the Multicycle Phoenix Flow Systems program (San Diego,

California).

3. Results and Discussion



3.1. Characterization of SINW structure

Figure 1-A,B presents SEM images of the SINW architecture in the shape of biosensors SINWs
grown at the presence of 20 Sccm of SiH, and a total pressure of 0.5 Torr have uniform
distribution. The width of NWs is as narrow as 80 nm as measured by TEM imaging (Figure s1-

B). Ar has been used as a diluting gas with a flow rate of 1.2 I/min (SLM).

Figure 1. A,B) FESEM image of SiNW biosensor. The NWs just existed in the patterned region.

Bright field TEM image of the SINWSs is also shown in Figure s1-B. The dark spots on the SINW
may be formed due to the catalyst migration during or after the growth period(Taghinejad et al.,
2013). To investigate the crystallinity of the NWs, the obtained diffraction pattern of selected
area (Figure s1-C) reveals well defined diffraction spots, indexed as Si along the (111) zone axis.
This result verifies the evolution of (111) directional growth. Based on this investigation, the

nanowires have a well crystalline structure.

To corroborate the crystallinity of SINW which directly affects its charge transfer properties, the

Raman spectroscopy was experimented and presented in Figure 1s-D .Observation of a peak at



528 cm ' indicates the crystalline nature of the grown nanowires (Chen et al., 2007) which

previously was studied by electron diffraction patterns (SAED).

Also it is important to note that the interactive surface of 1um? in bare Si electrode after covering
by SiNW arrays would be increased to 1085um?. Because more than 120 # wires with the length

of 30 pm and radius of about 80nm are existed on the 1um? surface of the electrode.

The morphology and configuration of the NWs formed a nest-like porous nanostructure with
non-preferential orientations with respect to surface of the substrate (Figure 1-B). Such
morphology would provide unique electrochemical characteristics due to their high surface area
and excellent ability of their boundaries in sensing any electrochemically produced charges

through the crystally connected net of wires.

3.2. Characterization of SINWESs by Ferricyanide as reference ionic solutions

SINWEs were analyzed by cyclic voltammetry at scan rate of 100 mV/s using 0.01 M of
Ferricyanide ( [Fe(CN)s]>’* ) as reference and standard redox probe. The obtained result was
shown in Figure 2-A.The presence of both anodic and cathodic current peaks of SINWEs located
at 450 and 75 mV demonstrated the well electrochemical behavior of SINWs with the great

3-/4-

charge transfer mobility of nanowires. Also DPV response of [Fe(CN)s] covered on SINW

electrode exhibits a peak current of -58nA.
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Figure 2. A) CV and B) DPV of ferricyanide (K3Fe(CN)6) as standard ionic solution measured by SiNW
electrochemical biosensor. C) CV and D) DPV of SiNW biosensor before and after attachment of MCF-7
cells as well as after their detachment from the surface by trypsin. .E) CV response of cells attached on
SINWEsS in various time laps. It presented the stable electrochemical state for the cells after attachment on
the sensor.
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3.3. Response of the sensors to the presence of cancer cells

To evaluate our integrated sensor in cell sensing approach, firstly the CV and DPV responses of
the device were experimented in the presence of cells media solution as the crucial ionic
environment existed in all of the measurements. Cells must be maintained and incubated in such
media to being alive. RPMI1640 ionic solution (contained 10% FBS) is the cell culture media
used in our investigation. So the electrochemical response of the media must be considered in all
of experiments. The anodic response of RPMI detected by SINWEs was located at 200 mV as
shown in Figure 2-C (curve (a)). The intensity of electrochemical DPV peak of RPMI sensed by
SiNWs was -70nA. High porosity/surface area of SINWEs can help to increasing the detection
resolution of any ionic transfer happened in the sensing media. After attachment of MCF-7 cells
on the surface of SINWE, both anodic and cathodic peaks of the CV response were decreased
(Figure 2-C curve (b)). It would strongly correlated with passivation of the electrodes by
attached cells as dielectric layers.

Figure 2-D (curve (b)) shows DPV profiles of the SINWEs after attachment of the MCF-7 cells
covered all of the effective surface of the electrode. By comparing this voltammogram with DPV
spectra of RPMI solution (Figure 2-D curve (a)), it is observable that the absolute DPV peak
current in SINWESs has reduced 14 times after attachment of the cells (from -70 to -5nA). This
would be a well indication on the high interactive surface of SINWEs. Presence of the cells on
the surface of SINW electrodes suppressed the current flow from WE to CE and degraded the
DPV spikes. When detection is not mass transport constrained, only modest enhancement is

expected at the lowest concentrations.
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The measurements were repeated after detachment of the cells from the surface of SINWE by
trypsinization (as mentioned in Experimental Section). Figure 2-C (curve (c)) presented that the
anodic and cathodic spikes were again observed in the CV response of cells detached electrode.
Also absolute DPV peak current increased (in negative regime) after detachment of the cells
from 5 to 60nA. Such increment would be certainly the result of removing the cells as the main
agent of suppression in ionic transport between WEs and CEs. We can reveal that the remained
adhesive proteins and some residues of the cells after trypsinization from the nanowires might
inhibit from the precise adjustment of the peak current in its previous location (Figure 2-D curve
(c)) after detachment of the cells.

Monitoring the cells attached on SINWEs in various time laps, indicated the stable ionic
equilibrium induced by cells as no noticeable change was observed in the electrochemical
behavior of the cells from 2hr to 6hr after their attachment on the surface (Figure 2-E) As we
know, the first 4hr is sufficient for the adhesion of cancer cells on NWs and after that the cells

enter to spreading stage(Mohammad Abdolahad et al., 2014).

3.4. Shape and geometry of cancer cells attached on SINWES

Presence of cancer cells attached on the SINWEs is observable in Figure 3-B. The width
distribution of skein structure of NWs ranged from 45 to 110nm induced large efficient
interactive surface between a cell and nanowires (Figure 3-A) The efficient interactive surface of
SINWE in the region of a cell is about 22700 pm? as can be measured from SEM images of
Figure 3-A, meanwhile such surface in bare Si electrode is about 127 pm? (Figure 3-C). The
wires applied direct interaction with cells because of their attachment into outer membrane all of

which considerably enhance the quality of the responses. Florescent microscopy images from
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green florescent protein (GFP) tagged cancer cells attached on NW arrays, shown in Figure-S2
indicated the vital state of the cells after interaction by the nanostructures. Expression of green
color of proteins just would be related to live cells(Elliott and O’Hare, 1999) . Also the trace of

nanowires around a captured cell is observable in Figure-S2(in situ).

Figure 3- A) FESEM image from MCF-7 cells attached on the surface of SINWEs. The interactive
interface between cancer cells and NWs is observable in panel A which is much higher than that of bare
SiE (C).

3.5. Anticancer drug resistance assay of MCF-7 cells by SINWEs

SINWESs can also be used to electrochemically monitor the effect of any external biochemical
stimulation on the vitality and function of the cells by tracking any ionic non-equilibrium
induced in the sensors. Anticancer drugs are one of the clinically applicable biochemical
stimulators of the cells. MBZ is an antitubulin drug induces tubulin depolymerization in cancer
cells as mentioned above. We treated the MCF-7 cells attached on SINWEs with different doses

of MBZ and monitored the electrochemical response of individual CTRL and treated cells.

Figure 4-A and B. presented the CV and DPV diagrams of CTRL and MBZ treated samples with
individual concentrations of 2 and 10.5nM respectively. Both anodic and cathodic spikes were
observed in CV diagrams just 2hr after drug incubation with the cells. Figure 4-B indicated that

13



just 2nM of MBZ seriously affect the electrochemical response of cancer cells in 2h. Absolute
DPV current peaks of the sensor just 2h after cells treatment by 2nM of MBZ increased from
5nA to 300 nA. 12h after the treatment, the intensities of the absolute DPV peaks reached to 900
nA. By increasing the dose of MBZ to 10 nM, the height of the CV spikes increased by nearly
three orders (Figure 4-C). Absolute DPV of higher dose MBZ (10nM) treated cells increased to
1400 and 2000nA after 2 and 12 h respectively. Sharp electrochemical response of MBZ treated
MCF-7 cells might be assigned to cells functional perturbations caused by drug induced
Microtubule depolymerization. The great charge mobility among the net of nanowires, the
excellent capability for exchange of electrons at the nanowalls, the ballistic mobility of electrons
in silicon nanocrystalline structure and/or direct attachment of thin rounded nanowalls into the
cells might all be effective in the well response of SINWES to electrochemical variations in drug

treated cancer cells.
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Figure 4- A) CV and B) DPV spectra of MCF-7 cells attached on SiNW biosensor in various time lapses
after interaction with 2.1 nM of MBZ. Similar experiment were done for individual sample treated with
10.5 nM of MBZ and results were obtained in panels (C) and (D) respectively. E) Detection limit profiles
of the sensor for sensing the effect of MBZ on MCF-7 cells.

3.6. Detection limit

To check the reliability of the lower limit of detection in practice, we studied detection limit
profiles of the sensor by various doses of MBZ (Figure 4-E). By plotting the Al/lp Vs
concentration of MBZ. Shows current response (Al/lp) defined as ratio of the current peak
(obtained after subtraction of the background current in DPV) to the typical current resolution
(here, 1 nA)) of the SINWEsS to the cancerous cells treated by MBZ at the various concentrations.
It indicates that the SINWEs can efficiently detect the dose dependent effect of drug on cancer
cells with a linear behavior in the concentration range of 1 to 20 nM. By linear fitting the
experimental data, the following equation (in situ of Figure 4-E) was obtained for average of the
current response as a function of drug concentration. Detection limit would be the drug doses
less than 0.01nM induce about 70nA changes in the response of the sensor which completely
overlapped by the response of the solution media. Also we defined a figure of merit for

sensitivity per concentration of the MBZ discussed in Sl.

3.7. Electrochemical Mechanism of drug Effect
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Many hypotheses were reported about the action mechanism of anti-tubulin drugs on cancer
cells, all of which indicated on activation of one or more cellular signaling pathways such as Bcl
phosphorylation, caspase3, 8 and 9 (Ona and Shibata, 2010), p53(Wang and Sun, 2010) and
release of cytochrome C from mitochondrial membrane to cytoplasm (Pantziarka et al., 2014).
By investigating all of the mentioned pathways, we understood that the joint parameter in all of
the pathways is alteration of cell’s ionic state. As the result, we concluded that MBZ treatment
would change the anodic/cathodic response peaks of the biosensor covered by cancer cells.
Moreover, caspase inhibition was frequently found to prolong the duration of mitosis(Gascoigne
and Taylor, 2009) . Some investigations reported consecutive activation of more than one
pathway as exposure to MBZ caused cytochrome ¢ accumulation, activation of caspase-9 and
caspase-8, and cleavage of PARP and procaspase-3(Pantziarka et al., 2014).

Some, reports revealed that the fastest MBZ signaling goes through the mitochondrial Pathway.
Accumulated Cytochrome C in cytosolic region of MBZ treated cells, increased in a dose-
dependent manner. After 12 hours from this accumulation, activation of caspase-9 and caspase-8
and cleavage of the caspase substrate poly(ADP-ribose) polymerase and procaspase-3 were

detectable(Mukhopadhyay et al., 2002Db).
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Figure 5- Schematics from the electrochemical effect of MBZ on MCF-7 cells. Accumulation of
cytochrome C from the mitochondria to the cytoplasm resulted in perturbation of the cell’s ionic or
electrochemical state.

Based on above pathways, the changed electrochemical response of the SINWEs after treating
the cells by MBZ could be translated in a well demanded electrochemical approach. The result of
released cytochrome C (as an active ionic agent (oxidative)) from mitochondrial membrane into
cytoplasm would change the ionic state of cytoplasm and subsequently the ionic equilibrium
between cell’s inner and outer parts (Figure 5). Also it has been reported that released
cytochrome C would be chemically reduced so fast in cytoplasm of MBZ treated cells (Ripple et
al., 2010). This result completely indicated our hypothesis on affected electrochemical and

changed anodic/catholic responses of the cells covered SINWEs after the drug treatment.

As seen in Figure 4, the DPV peaks of cancer cells incubated with low and high doses of MBZ
indicated that increasing the dose of MBZ resulted in further releasing of Cytochrome C and

sharper changes in anodic response of the cancer cells.
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Our suggested mechanism is in a well corroboration with the illustrious fact that,
depolymerization of MTs by MBZ, alters membrane potential and disturbs the motional freedom
of membrane proteins (Biosensors and molecular technologies for cancer diagnostics, 2012)

resulted in perturbing the function of Na* ion channels

3.8. Confocal and flowcytometry assays of drug treated cancer cells

Confocal imaging taken from MBZ treated cells (Figure 6) corroborated the disorders in tubulin
assemblies in comparison with non-treated cells which indicated the activation of tubulin
depolymerizing pathways. Release and reduction of Cytochrome C in cytoplasm might affect the
microtubule associated proteins (Such as LC3 (Tanida et al., 2008) and perturb the
depolymerization rate of MTs. Images taken from untreated cells revealed that normal bipolar
spindles were observed in cytoskeletal structure (Figure 6-A). But in MBZ treated sample, cells

had abnormally reduced numbers of spindles or monopolar (monoaster) spindles (Figure 6-B).
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Figure 6-Confocal microscopy images from the tubulin assemblies of MCF-7 cells in (A) CTRL state in
comparison with (B) the cells treated by 2.1 nM of MBZ in same times. The duration of incubation with
drugs was 2h. Extensive depolymerization rate in MTs resulted in non-regular spindle formation in MBZ
treated samples the trace of the Pl tagged nucleus is observable in panels A-1 and B-1 in orange
color.Also, flowcytometry analyses of MCF-7 cells in (C-1) No drug, (C-2) MBZ 2.1 nM and (C-3)
MBZ 10,5 nM treated states were presented. The cell’s fractions in apoptotic, Go/G;, S and G,/M cycles
are observable in all of panels. MBZ treatment reduced the vitality of the cells and perturb the cells cycle.
R1 region (presented in the right of each panels) indicated the state of counted cells.

In addition, Cell cycle progression in control and drug treated samples determined by
flowcytometry analysis confirmed that various concentrations of MBZ induced non similar
effects on the cycles and states of the cells. As presented in Figure 6-C, the subG; fraction,
represents apoptotic cells with hypodiploid DNA(Pan et al., 2014)(Aszalos et al., 1986),
increased a little in drug treated samples (Apoptotic part in Figure 6-C-1 and 2). This reveal that
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MBZ (2.1nM) didn’t induce the apoptotic behavior of MCF-7 cells. But proportion of G¢G;
fraction changed in MBZ incubated samples. The peak of GyG; was 1300 in CTRL sample
(Figure 5-C-1) meanwhile it was reduced to 800 in MBZ (2.1 nM) treated cells (Figure 5-C-2).
the result was confirmed by side scatter versus forward scatter (SSC-FSC) diagram as a strong
sign of cells grunality(Aszalos et al., 1986) (Right panels in Figure 6 C-1-C-3). Also the G,/M
fraction in MBZ (2 nM) treated sample (Figure 6- C-2) was less than half of measured for CTRL.
By increasing the doses of MBZ to 10.5 nM, apoptotic behavior of the cells was affected. Also,
sharper reduction in the amount of the cells in G¢/G; phase was observed in similar time (Figure
6-C-3). Such disorders in the cycle of the cells after MBZ treatment would be well demanded by

affected anodic/cathodic response of the cells measured by SINWEs.

4. Conclusion

In summary, silicon nanowire biosensor (in an integrated architectures of work, counter and
reference electrodes) was fabricated and applied to detect the electrochemical response of breast
cancer cells to MBZ anti tubulin drugs. MBZ perturbs the anodic/cathodic response of cells
covered biosensor by releasing Cytochrome C in cytoplasm. The changed redox/oxidative
behavior of the cells, initiated from the reduction of cytochrome C, would be detected by
monitoring the CV and DPV of SiNW biosensor. By applying well direct bioelectrical contacts
with cancer cells, SINWs can amplify signal transduction and detect the biological effect of low
doses MBZ on MCF-7 cells. The device detected the trace of 2nM MBZ by exhibiting 250 nA
changes in DPV peak of the sample. As future application, this device could be applied as a new

label-free instrument for extreme drug resistance assay.
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Highlights

e An electrochemical biosensor has been developed based on Silicon nanowire (SINW).
e The sensor has been applied to detect the effect of anticancer drug on breast cancer cells.
e The sensing mechanism is the accumulation of Cytochrome C into the cytoplasm.

e Reduction of cytochrome C changed the electrochemical responses of SINW biosensor.
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