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ABSTRACT

Choline, a type of Vitamin B, is an important nutrient in the human body and is involved in key
metabolic pathways. Abnormal levels of choline leads to diseased conditions. The levels of
choline and its associated compounds are found to be elevated in triple negative breast cancer
(TNBC) patients. The choline level ranges from 0.4 to 4.9 mmol/kg in TNBC. Thus the detection
of choline levels in cells can aid in diagnosing breast cancer. The present work aims to develop a
nano-interfaced electrochemical biosensor for the rapid detection of choline in cancer cells. For
electrochemical detection, glassy carbon electrode coated with a zinc oxide nano-interface was
used as the working electrode. Zinc oxide synthesized by ~hydrothermal method was
characterized using SEM and XRD. The choline oxidase (ChOx) enzyme was immobilized on
the nano-interface by drop-casting. Choline oxidase (ChOx) converts choline to betaine and
H,0, in the presence of oxygen. The H,O, produced was determined amperometrically. The
amount of H,O, produced is directly proportional to concentration of choline present. The
sensitivity, selectivity, stability and concentration studies were carried out and quantification of
choline in TNBC was also carried out. The results demonstrate that this biosensor has the

potential to be developed as a clinical tool for breast cancer detection.



INTRODUCTION

Choline (trimethyl-beta-hydroxyethyl ammonium) is a quarternary ammonium compound that
plays a vital role in the human metabolism and is a water-soluble essential nutrient [1]. It is
required in our daily diet for maintaining body functions [2]. Choline plays a major-role in the
synthesis of phospholipids, especially phosphatidylcholine [3], and acts as a precursor of acetyl
choline [4], which is a neurotransmitter in the central nervous system. Choline metabolism
impairment leads to either decrease or increase in choline levels. Choline and acetylcholine have
been recognized as biomarkers for disease diagnostics, especially in-the case of Alzheimer’s and
Parkinson’s disease [5][6][7]. Choline is also an anti-inflammatory agent [8]. In contrast,
increasing levels of choline have been found to cause DNA damage and enhances risk of cancer
[9]. Quantitative measurement of both choline and acetylcholine is therefore becoming important

in clinical diagnosis.

Cancer is a fateful disease that results from mutation of the genes that control the cell cycle [10]
[10]. In India, breast cancer is the major type of cancer that affects the population and is topping
the charts among the fatal diseases [11]. Several biomarkers have been identified that can be
helpful in diagnosis as well as treatment of breast cancer. Triple negative breast cancer is a
unique type of cancer where absence of all the 3 major receptors namely hormone epidermal
growth factor receptor 2 (HER-2), estrogen receptors (ER) and progesterone receptors (PR) has
been observed [11]. Recent reports have indicated that triple negative breast cancers exhibit
increased levels of choline ranging from 0.4 to 4.9 mmol/kg [12]. Therefore, detection of choline
may serve as a tool for diagnosing the highly aggressive triple negative breast cancer at an early
stage. Currently, '"H NMR spectroscopy is the major technique used to determine the choline
levels in breast cancer[13]. Choline biosensors have been majorly employed for determining
choline levels in food samples [15]. The choline biosensors reported in literature are mostly
electrochemical [14][4]. Other detection methods like fluorescence and chemiluminescence have
also been reported [15][16]. Electrochemical detection has several advantages other methods.
They are cost-effective, simple and consume less time for detection. Moreover, electrochemical

biosensors are highly sensitive and selective towards the substrate [17][18][19][20][21] .



A paradigm shift in the field of biosensors is in the introduction of nano-dimensional interfaces
at the electrode surface that facilitate enhanced electron transfer. Several nano-interfaces that
have been successfully used in electrochemical sensors include nanostructures prepared from
metals, their oxides and carbon structures [22]. Among these, ZnO possess several characteristics
such as good catalytic property, high surface area to volume ratio and high isoelectric point (IEP)
[23]. They are non-toxic and biocompatible. The isoelectric point of ZnO is 9.5 that helps in
immobilization of ChOx with lower IEP (4.1) [26]. Structurally different ZnO structures can be
prepared thereby enabling tuning of the sensing characteristics for specific_enzymes [24][24] .
Few reports of nanointerfaced choline biosensors are available in literature. Graphene [25],
multi-walled carbon nanotubes [4], manganese oxide nanoparticles [14] and platinum
nanoparticles [26] have been used as nanointerfaces. However, the maximum concentration of
choline that was detected in these sensors was below 2 mM. The present work aims to use ZnO
nanostructures to immobilize the enzyme choline oxidase and evaluate its performance for

detection of choline from breast cancer cells.

Materials and methods
Materials

Choline chloride and choline oxidase were purchased from M/s Sigma Aldrich Ltd (India). Zinc
nitrate, sodium hydroxide, potassium dihydrogen phosphate, dipotassium hydrogen phosphate,
chitosan, acetic acid, ascorbic acid, citric acid and uric acid were purchased from Merck (India).
MDA-MB-231 triple negative breast cancer cell line was purchased from NCCS, Pune.
Dulbecco’s modified Eagles’ medium (DMEM) medium, phosphate buffered solution (PBS),
fetal bovine serum (FBS), Penicillin/streptomycin, trypsin (0.05%), Radio immunoprecipitation
assay (RIPA) buffer were purchased from Invitrogen. Distilled water was used for the

preparation of all solutions.
Preparation of ZnO nanoparticles

Zn0O nanoparticles were synthesized using hydrothermal method. A 1:10 ratio of 0.1M Zn(NO)s.
6H,0 and 0.2M NaOH solutions were mixed and the pH of the solution was adjusted to 14. The

resulting mixture was placed in an autoclave at 60°C for 6 h. The sample was cooled and the



samples were dried in an oven at 100°C for 12 h. Field Emission Scanning Electron Microscopy
(FE-SEM, JSM6701F, JEOL, Japan) was used to analyze the surface morphology of the
synthesized nanoparticles. X-Ray Diffractometer (XRD) (D8 Focus, Bruker, Germany) was used
to determine the structural characteristics of ZnO nanoparticles. The analysis was carried out
within a 20 range of 30° and 60°.

Modification of the working electrode

The glassy carbon electrode (GCE) was polished using alumina slurry of various grades. 1.0 mg
of ZnO nanoparticles was mixed with 250 pL of chitosan (5 wt % in acetic acid). The above
mixture was sonicated for 20 min. To this mixture, 20 puL of the choline oxidase (ChOx) stock
solution (4 mg/ml in PBS) was added. Then, 3.0 pL of the prepared ZnO-ChOx solution was
coated on to the surface of working electrode and allowed to dry. This prepared GCE/ZnO/ChOx
was used as the working electrode. Stepwise modification of working electrode is shown in

scheme 1.

Choline
oxidase

Glassy carbon
electrode

Choline + 02

\ Betaine + H20

Scheme 1: The schematic of stages involved in the modification of glassy carbon working

electrode for developing choline biosensor.



Electrochemical measurements

Electrochemical workstation (CHI600, CH Instruments, USA) was used to study electrochemical
measurements of a three-electrode system. Modified glassy carbon electrode (GCE/ZnO/ChOXx)
was used as the working electrode, Platinum wire was used as the counter electrode and
Ag/AgCI (saturated in 0.1 M KCI) served as the reference electrode. Cyclic voltammetry (CV)
and amperometric i-t curves were recorded in PBS solution at pH 8 where the ChOXx activity was
maximum. Cyclic voltammograms were recorded at a scan rate of 0.01V/s in pH 8.0 phosphate
buffered solution (0.1M).

Cell culture studies

MDA-MB-231 triple negative breast cancer cells were cultured in T-75 mL flask and then
trypsinized. The cells were counted and seeded with different densities (1, 1.5, 2, 2.5, 3 and 3.5
x10° cells) in T 25 mL and T 75 mL flasks containing DMEM medium with 10% FBS and 1%
penicillin/streptomycin. The flasks were incubated in 5% CO, at 37°C. After cells attained
confluency, the media was removed, washed with ice cold PBS followed by addition of ice cold
RIPA buffer and kept in ice for 5-10 min. The cells were then scrapped gently using cell scraper
and the suspension was transferred into a micro centrifuge tube. The suspension was centrifuged

at 16000 rpm for 20 min at 4°C. After centrifugation, the supernatant was used for analysis.
Results and Discussion

The morphology of the zinc oxide nanoparticles prepared by hydrothermal method was
investigated by scanning electron microscopy (Figure 1A). Rod-shaped nanostructures with an
average width of 50 nm were observed. The x-ray diffraction pattern of the ZnO nanoparticles
shown in Figure 1B exhibits sharp peak intensities that indicates the polycrystalline nature of the
sample. The 26 values of the peaks matches those for ZnO reported in literature (JCPDS card no:
36-1451). The peaks for the planes (100), (002), (101), (102), (110) in the sample confirm that
the ZnO nanorods exist in the hexagonal wurtzite crystalline form. The grain size calculated

using Scherrer’s formula for the ZnO nanorods was 45.72nm.
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Figure 1: A) Scanning electron micrograph of ZnO nanoparticles; B) X-ray diffractogram

of ZnO nanoparticles
Electrochemical measurements

The influence of the ZnO nanointerface and enzyme immobilization on the electrochemical
oxidation of choline at the glassy carbon electrode (GCE) was studied using cyclic voltammetry.
Figure 2.A shows the cyclic voltammaograms recorded using bare GCE, ZnO coated GCE,
Choline oxidase (ChOx) coated GCE and ChOx immobilized ZnO coated GCE in PBS at a scan
rate of 0.01 V/s.

Interface study was conducted at a scan rate of 0.1V/s in PBS of pH 8. The introduction of the
nanointerface showed a peak at the potential of -0.712 mV. The enzyme modified electrode
without the nanointerface showed a peak potential at -0.698 mV and a slightly higher current
flow of 3.18x 10°A. The combination of the enzyme immobilized on the ZnO nanointerface
displayed the maximum current flow with the oxidation peak appearing at -0.694 mV. The
increase in current for GCE/ZnO and GCE/ZnO/ChOx electrodes may be attributed to the
enhanced electron transfer property of ZnO nanoparticles. Figure 2.B shows the cyclic
voltammograms recorded using ZnO coated GCE, Choline oxidase (ChOx) coated GCE and
ChOx immobilized ZnO coated GCE in the presence of 0.3mM of choline chloride in PBS at a

scan rate of 0.1 V/s.
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Fig.2Cyclic Voltammogram recorded for bare GCE, GCE/ZnO, GCE/ChOx, and
GCE/ZnO/ChOx electrode in the absence of choline (A), GCE/ZnO, GCE/ChOx and
GCE/ZnO/ChOx electrode after the addition of 0.3mM Choline Chloride in PBS (0.1 M,
pH 8)

The active surface coverage in the working electrode was calculated using the following
equation:

Q

Surface coverage (I') =
ge (D) nFA

where ‘Q’ is the charge, ‘n’ is the number of electrons transferred, ‘F’ is the Faraday constant

and ‘A’ is the area of the electrode.

The active surface coverage of the ChOx coated GCE electrode was 0.41 x 10°M/cm?® while it
was 0.6835 x 10°M/cm?for the ZnO coated GCE. The active surface coverage for the enzyme
immobilized ZnO coated working electrode was calculated to be 0.8033x 10°M/cm?. The
increase in the surface coverage for the GCE/ZnO/ChOx electrode may be a key contributor to
the observed increase in the peak current. Details of shift in peak current, peak potential values

and surface coverage of all modified electrodes is shown in Table 1.




Modified Electrode

Potential (Epc)

Current (Ipc)(10°A)

Surface Coverage (I')

(10°° M/cm?)
GCE/ZnO -0.712 1.67 0.6835
GCE/ChOx -0.698 3.18 0.41
GCE/ZnO/ChOx -0.694 4.14 0.8033

Table 1: Comparision of Epc, Ipc, surface coverage of modified electrodes

Cyclic voltammograms were recorded for the GCE/ZnO/ChOx working electrode between the

scan rate of 0.01 V/s and 0.1 V/s in an electrochemical cell containing 0.1M PBS and 0.3 mM

choline chloride and the results are presented in Figure 3. A progressive increase in current was

observed with increasing scan rate indicating an enhanced flux of the electroactive species to the

electrode surface at higher voltage scan rates. However the peak potential exhibited a shift from -
0.763 mV at 0.01 V/s to -0.857 mV at 0.1 V/s. The plot of cathodic peak current versus scan rate

was linear with a regression coefficient (R?) of 0.97 (Figure 3-inset). As the lower scan rates

showed lesser negative potential values, 0.01 V/s was chosen for further studies.
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Fig.3 Cyclic Voltammogram recorded for the GCE/Chit/ZnO/ChOx electrode at various
scan rates from 0.01V/s to 0.1V/s in PBS of pH 8 containing 0.3mM Choline chloride. Inset:
Plot of cathodic wave current (n=3) vs scan rate

The concentration range of choline for which a linear relationship could be obtained was
investigated by recording the cyclic voltammograms of the GCE/ZnO/ChOxworking electrode at
a scan rate of 0.01 V/s at various concentrations of choline at pH 8.0. As the concentration of
choline was increased from 0.3 mM to 3 mM, a progressive decrease in the peak current was
observed along with a slight shift in the peak potential. This shift is due to e transfer limitation.
A plot of peak current versus concentration of choline exhibited a linear trend between the

concentration range of 0.3 mM and 3 mM with a regression coefficient of 0.94 (Figure 4).
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Fig. 4 Plot of peak current (n=3) vs concentration of choline.

Amperometric studies were performed at a potential of -0.76V in an electrochemical cell

containing 10 mL 0.1M PBS, pH 8.0 for increasing concentrations of choline and the results are



shown in Figure 5. A stepwise decrease in the current was observed with increasing
concentrations of choline. Choline Oxidase, the enzyme used in this reaction converts choline to
Betaine and H,0; in the presence of oxygen.

Choline Oxidase
Choline + O, C— Betaine + 2 H,0,
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Fig.5 Amperometric response of the GCE/Chit/ZnO/ChOx electrode to successive addition
of 0.3mM choline chloride to PBS at a constant potential of -0.76 V/s vs Ag/AgCIl without

stirring. Inset: Plot of Amperometric current vs choline concentration.

The decrease in current is due to the competition for electrons by O,. The step-like pattern
indicates that the choline molecules diffuse from the electrolyte into the surface of the
GCE/ZnO/ChOx electrode through the chitosan layer and bind to the active sites of the

immobilized enzyme. A linear response was obtained for the choline concentrations ranging



from 0.3 mM to 5.1 mM. The regression coefficient, R?, for the amperometric measurements
carried out under unstirred conditions was found to be 0.99.

The same study was performed with constant stirring of the electrolyte between the time
intervals. The current versus time pattern was distinctly different from that recorded under
unstirred conditions (Figure 6). An initial current spike was observed on addition of choline
which then decreased and stabilized to a constant value. Progressive additions of choline
however decreased the current flux. The appearance of the current spike is due to the convection-
induced transport of the charged choline moieties to the electrode surface. The choline then gets
oxidized to betaine due to the catalytic action of the immobilized choline oxidase on the
electrode surface resulting in a decrease in the current that attained constancy within 200s.
Therefore, the time interval between successive additions of choline was fixed as 200 s for
subsequent trials. The linear range of detection under stirred conditions was from 0.3 mM to 5.7
mM with a regression coefficient of 0.97. As the linear response obtained in both stirred and
unstirred conditions was similar, further trials were conducted in unstirred conditions as it

exhibited higher linearity.

The sensor exhibited a rapid response to the addition of choline, which is evident from the very
low response time of <4s. This quick response time is superior to several reports available in
literature (Table 2).

Limit of detection and limit of quantification for the choline biosensor was determined using the

following equations:

Limit of Detection = 3x SD/ S

Limit of Quantification = 10x SD/ S.

where ‘SD’ represents standard deviation and ‘S’ represents sensitivity of the sensor.

The sensor parameters calculated for detection of choline under stirred and unstirred conditions

are summarized in Table 2.



Sensor parameter Unstirred condition Stirred condition
Limit of detection (mM) 0.647 0.978
Limit of quantification (mM) 1.934 2.96
Response time (S) 4 <4
Linear range (mM) 0.3-51 0.3-5.7
Sensitivity (WA/mM) 0.28 0.64

Table 2: Characteristics of designed choline biosensor
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Fig.6 Amperometric response of the GCE/Chit/ZnO/ChOx electrode to successive addition

of 3 mM choline chloride to PBS at a constant potential of -0.76 V/s vsAg/AgCl with

stirring. Inset: Plot of Amperometric current vs choline concentration.



Stability and Precision

The stability of the working electrode under dry and wet conditions was investigated daily for a
period of 2 weeks using cyclic voltammetry. For wet stability studies, the electrode was stored in
0.1 M PBS (pH 8) at 4°C while the electrode was stored in a dry condition at 4°C for dry stability
studies. The wet stability was found to be 11 days and dry stability of the electrode was 12 days
beyond which significant decrease in the current flow was observed. The repeatability of the
current values obtained for a given set of conditions was determined by recording the cyclic
voltammograms at 0.01 V/s in the presence of 0.3 mM choline at different time intervals. The
relative standard deviation (RSD) was found to be 4.4 % which reflects the good fabrication

process of the electrode.
Effect of interferents on the sensor performance

The effects of common interferents like citric acid and uric acid on the sensor performance was
investigated using amperometry. Decimolar quantities of each interferent were added during
measurement. The percentage of inhibition was calculated and showed in Fig.7. It was less than
8% for ascorbic acid, uric acid and citric acid suggesting that the sensor exhibits good selectivity

towards choline.

% Inhibition

Ascorbic acid Uric acid Citric acid

Fig.7 Interference study for the working electrode performed in 0.1M PBS (pH 8).



Working electrode Linear LOD Stability | Response | Sample Ref.
range (Days) Time
(rM) (Sec)
AchE- 0.05-200 |0.01 60 <4 Blood serum | [4]
ChOX/MWCNT/ZrO,
ChOX/MWCNT 5-100 0.1 30 <8 Blood serum | [30]
ChOx/CPME 1-50 0.1 40 <5 [31]
ChOX/HRP/CPME 1-80 0.4 55 <5 [31]
ZnO-NR 5-200 30 Milk [15]
ChOX/HRP 50-700 10 80 Rat cells [32]
AChE/ZnO/MWCNT 1-800 0.3 90 13 [33]
PDDA/ChOxX/Au/MWCNT | 1-500 0.3 30 7 [34]
This work 300-5100 | 825 14 3s Breast cancer | This
UM cells work

Table 3: Comparision of characterictics of designed choline biosensor

Table 3 provides a comparison of the sensor characteristics of several choline sensors reported

recently. A scan of literature reveals that reports on nano-interfaced choline sensors have

employed carbon-based interfaces such as graphene and carbon nanotubes. In comparison, the

zinc oxide interfaced choline oxidase working electrode reported in the present work exhibits

more rapid response time, better sensitivity and can detect up to 5.1 mM concentration of choline

compared to previous reports [4].




Cell culture studies

The nanointerfaced choline sensor was used to find the choline levels in triple negative breast
cancer cells. The cells were lysed, centrifuged and the supernatant was analyzed for choline
content using amperometry. Supernatants from different seeding densities of cells were used for
the study and the results are shown in Figure 8. The amperometric plot depicts a step-wise
decrease in the current for successive additions of samples from higher seeding densities

suggesting an increased choline content in these cells.
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Fig.8 Amperometric response of the GCE/Chit/ZnO/ChOx electrode to successive addition
of samples to PBS at a constant potential of -0.76 V/s vs Ag/AgCI. [Sample 1= 1 lakh cells,
Sample 2= 1.5 lakh cells, Sample 3= 2 lakh cells , Sample 4= 2.5 lakh cells, Sample 5= 3
lakh cells, Sample 6= 3.5 lakh cells]

The concentration of choline in the cells was calculated from the calibration plot obtained using
standard choline concentrations is shown in Supplementary Figure 1 and the results are tabulated

in Table 4 and the plot for the same is shown in Supplementary Figure 2.



Cell density (x10°) Amperometric current (LA) Substrate concentration (mM)
1.0 10.28 2.148
1.5 9.918 2.287
2.0 9.580 2.428
2.5 9.454 2.481
3.0 9.217 2.580
3.5 9.055 2.648

Table 4: Calculated concentration of choline using amperometric response for different cell
densities.

The linear trend observed with increasing cell densities suggests.that this sensor can be explored
in future as a diagnostic tool for diagnosis of triple negative breast cancer which has been
reported to display significantly high levels of choline when compared to other forms of breast

cancer.
Conclusion

We have successfully designed and developed a ZnO interfaced biosensor by immobilizing
ChOx for the detection of choline in breast cancer cells. Cyclic voltammetric studies reveal
superior electron transfer capacity between ZnO and enzyme when compared to the enzyme-
coated electrode. The developed biosensor shows a linear range of 0.3 mM to 5.1 mM. The
detection limit (LOD) and quantification limit (LOQ) were 0.58 mM and 1.93 mM respectively.
The developed biosensor exhibited a rapid response of 4s towards choline. The biosensor was
further used to determine choline levels in triple negative breast cancer cells at various seeding
densities. A linear increase in choline levels was obtained with increasing cell densities of
TNBC. As TNBC is an aggressive form of breast cancer, the designed biosensor can facilitate its
rapid and early detection through measurements of choline levels — a facet that can be explored

as-a diagnostic tool.
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