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Realization of practical sheet-type biosensor based on multi wall carbon nanotubes and micro-
pore filter paper for early detection of prostate cancer

Sung Kyung Ji

Department of Chemistry, The Graduate School,

Pukyong National University

Abstract

The aim of this study is realization of an inexpensive, simple and sensitive
biosensor to detect early stage of prostate cancer using multi wall carbon nanotubes
(MWCNTSs, diameter 20 nm, length 5 pm) and micro-pore filter paper (pore size 0.45
um). For the detection of prostate specific antigen (PSA), which is a biomarker of
prostate cancer, the carboxylated MWCNTs were activated with PSA antibody
(monoclonal antibody of the prostate specific antigen) by using N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide ~ hydrochloride (EDC) and  N-
hydroxysulfosuccinimide sodium salt (NHSS). The activated MWCNTSs were
deposited on micro-pore filter paper by using syringe filtering. The biosensor can detect
from 0 to 500 ng/mL of PSA level within 90 min with high sensitivity: the signal
(electrical resistance) increased up to 150% of the base signal along with the increased
concentration of PSA from 0 to 500 ng/mL and the detection limit was 1.18 ng/mL with
a bench top digital multimeter (6 1/2 digits). The detection limit of biosensor is enough
to diagnose prostate cancer. Because they are suspected to patients of prostate cancer

when PSA level in serum is more than 4 ng/mL. Our sensing system is much simple,
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fast and cheap, but the detection ability of the sensor is comparable to that of
commercially available methods. In case of enzyme-linked immunosorbent assay
(ELISA) that is conventional method for quantitative analysis of proteins, detection
limit was 51 pg/mL.

In order to improve performance of the biosensor, MWCNTSs were refluxed in
concentrated 14 M nitric acid instead of 3 M nitric acid. Then thiolation of the
carboxylated MWCNTSs was conducted by 2-aminoethanethiol hydrochloride and gold
nanoparticles (Au NPs, diameter ~5 nm) were attached by self-assembly (SA) on the
surface of thiolated MWCNTS. For the reaction of Au NPs and PSA antibody, citrate
that is capping agent of Au NPs was replaced with thioglycolic acid by ligand exchange
process. Thiol group in thioglycolic acid was bonded to Au NPs and carboxyl group in
thioglycolic acid was used to combine PSA antibody and Au-MWCNTSs. Fabrication
of biosensor based on Au-MWCNTSs and PSA detection were carried out in the same
manner as fabrication of carboxylated MWCNTSs based biosensor. The Au-MWCNTS

based biosensor need additional research and development to improve the performance.
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1. INTRODUCTION

Prostate cancer is one of the popular cancer and second leading cause of cancer
deaths among men in the United states.! According to a recent report,? the incidence
rate of prostate cancer in Korea is 27 per 100,000 people. That is lower than in the
United States, but the incidence rate is steadily increased recently along with the change
of their daily life. Therefore, prostate cancer might be a major cancer in Korea and
other underdevelopment countries not far future. However, if the early detection of
prostate cancer, the survival rate for 5 years is about 98.9%.3* Therefore the detection
of the early stage of cancer is extremely important in order to ensure a successful
treatment and high survival rate.

One way for the early detection of the cancer is detection and quantification of
ultralow level biomarker by using a specialized analysis. The term "biomarker" is a
portmanteau word of "biological marker" and refers to a broad category of medical
signs that is indications of medical state observed from medical examination of the
patients.® In other words, the biomarker is an indicator that shows any changes in
human body by using proteins, sugars, lipids, DNA, RNA and metabolites etc.
Especially, biomarkers of cancer are proteins overexpressed in blood and serum or at
the epithelial cells of organs when cancer is developed. In case of prostate cancer,
prostate specific antigen (PSA) corresponds to the biomarker.®

PSA (also known as kallikrein ITI, semenogelase, y-seminoprotein, seminin and P-
30 antigen) that is a 34 kD glycoprotein produced almost exclusively by the prostate
gland was first identified by researchers attempting to find a substance in seminal fluid

that would aid in the investigation of rape cases in 1971.” PSA was first successful in



guantitative analysis in the blood by Papsidero and colleagues in 1980. They are also
reported clinical use as a marker of prostate cancer.2 Currently, PSA is the most
commonly studied biomarker in prostate cancer and useful biomarker for detection of
prostate cancer because among all kallikreins, human kallikrein gene 3 and human
glandular kallikrein expression is highly restricted to the prostate in males. PSA of
small quantities are detected in the serum of normal men. However, amount of PSA is
increased in the presence of prostate cancer and other prostate disorders. Therefore the
high level of PSA in a patient serum (> 4.0 ng/mL) indicates the incidence of the
prostate cancer.®

One of the most common quantitative analysis methods of biological substance is
the enzyme-linked immunosorbent assay (ELISA). ELISA is a test which uses antibody
and color change to identify an analyte. In 1971, Peter Perlmann and Eva Engvall first
demonstrated ELISA for quantitative analysis of IgG in rabbit serum and reported their
achievements.2? Basic principle of ELISA is as follows. Antigens from the sample are
attached on the surface of plate, and the specific antibodies are applied over the surface.
Consequently, the antibodies are bound to the antigens. This antibodies are bound to
enzymes and substance containing the substrate of enzyme is added. The subsequent
reaction produces the detectable signal which is usually a color change in the substrate.
The type of ELISA is divided into direct ELISA, indirect ELISA, sandwich ELISA and
competitive ELISA (shown in Figure 1~4, respectively). Among the four types,
sandwich ELISA currently is the most used method and has been utilized as a method
for the PSA detection.'*? However, this conventional method used in hospital is time
consuming (approximately 1 day), uneconomical (approximately 55 $ per test)
procedure, which should be performed in a well-equipped laboratory.*® Therefore, the

realization of smart biological detection system, which can detect the PSA very fast by
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a simple and inexpensive method, will be a great advanced step to increase the survival
rate of the prostate cancer patients.

The term "biosensor™ is short for "biological sensor”. The biosensor for detection
of biological molecules consist of transducers and electronic systems. The transducers
are combination of bioreceptors and electrical interface. The bioreceptors include
antibodies, nucleic acids, cells and enzymes etc. The electrical interface usually is a
device form such as field effect transistor, nanowire array, nanoparticles and electrodes
etc. The electronic systems carry out signal amplification and transformation of signal.
The biosensor attracts interest and is being briskly researched because of outstanding
advantages of the biosensor such as fast detection time, high sensitivity, small size of
the device and reasonable cost.

Actually, there have been many reports for the miniaturization and the improved
performance of the biosensor.**® One of the most promising sensors is carbon
nanotubes (CNTSs) based biosensor. The structure of CNTSs is different from traditional
carbon fibers and graphene. The CNTs consist of sp? carbon units and seams like
hexagonal honeycomb lattices. Also, the CNTs have tubular structure and typically
diameter of several nanometers and length of several microns. CNTs have two main
types that is single wall carbon nanotubes (SWCNTSs) and multi wall carbon nanotubes
(MWCNTSs). SWCNTs comprise a single graphene sheet seamlessly wrapped into a
cylindrical tubes.® MWCNTs consist of an array of such nanotubes which are
concentrically nested like rings of a tree trunk. In spite of structural similarity to the
single sheet of graphene, that is a semiconductor with zero band gap, SWNTs may be
either semiconducting or metallic, depending on graphene sheet rolled direction to form
the nanotube cylinder. The structure of SWCNTSs is decided by a pair of indices (n,

m).2° The integers n and m denote the number of unit vectors along two directions in
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the honeycomb crystal lattice of graphene. If n=m, the nanotubes are named armchair
nanotubes, and if m=0, the nanotubes are named zigzag nanotubes, and other state are
named chiral nanotubes (shown in Figure 5). The structure of SWCNTSs is an important
because most of properties are significantly changed by the (n, m) values. In particular,
band gap of SWCNTSs can vary from zero to approximately 2 eV. Consequently, their
electrical conductivity can show metallic or semiconducting properties. Contrastively,
all MWCNTSs have metallic properties.?

Since their discovery in 1991,22 CNTs have attracted increasing interest for
potential applications in electron field emitters, field-effect transistors, actuators, and
sensors etc. Besides, CNTs are used in many ways such as composite materials,
coatings, films, microelectronics, energy storage, environment and biotechnology?®
because of their special geometry and unique chemical, mechanical, electronic, and
thermal properties.??4% The unique properties in particular, such as high chemical
stability, electrical conductivity, mechanical strength, aspect ratio and larger surface,
of CNTs make them extremely suitable for developing biosensors.?-2¢ Actually, for the
early detection of prostate cancer, many research teams have demonstrated the
biological sensing based on the CNTSs; the electrochemical method based on ionic
liquid-CNTs modified electrode,? electrochemiluminescence method based on
quantum dots attached CNTs,*® and carbon nanotube field-effect transistor
(CNTFET).3! The detection limit of these biosensors reach from 1.0 ng/mL to 0.61
pa/mL levels. Although those biosensors represent high sensitivity and fast detection
time, they have disadvantages such as high cost, complexity and laboratory-oriented
experiment.

To avoid these weak point of CNTs based biosensor, there was a remarkable claim

by Jack Thomas Andraka. He was awarded the 2012 Gordon E. Moore Award for his
4



work in developing a new, rapid and inexpensive biosensor based on the CNTs and
filter paper for early detection of pancreatic cancer. According to Andraka, it is over
90 percent accurate in detecting the presence of mesothelin and 168 times faster, 26,000
times less expensive (costing around three cents), over 400 times more sensitive than
the current diagnostic tests and only takes five minutes to run.3? He says the test is also
effective for detecting ovarian and lung cancer, due to the same mesothelin biomarker
they have in common. However, none of Andraka's work has so far been published in
a peer-reviewed journal. Many of Andraka's claims do not stand up to rigorous peer-
reviewed research. For instance, an article published by Sharon et al.® refutes many of
Andraka's claims about specificity of using mesothelin as a biomarker for pancreatic
cancer. Specifically, the group showed that mesothelin serum levels in healthy donors
0.58 (0.15-0.72) nmol/L were not statistically different from serum levels in pancreatic
cancer patients 0.66 (0.52-0.94) nmol/L. In addition to this issue of false positives,
George M. Church, has raised concern about all of main claims of the Andraka - cost,
speed, and sensitivity.3

It is well known that the CNTs are p-type narrow gap semiconductor in the ambient
air owing to the charge transfer from CNTs to oxygen, water and other absolved
chamicals.® The same charge transfer occurs also at the interface of metal and CNTs.
Therefore, if biomolecules attached on the CNTs can withdraw electrons from CNTS,
the increased holes in CNTs will enhance the electrical conductivity. On the other hand,
the electrical transport properties of CNTs greatly related to the contact potential
between conducting CNTSs if the concentration of charge carries is constant. Therefore,
if the CNTSs are coated by insulation layer (i.e. biomolecules) without charge transfer
between CNTSs and biomolecules, the electrical conductivity of the total system will be

decreased. These two simple basic quantitative effects to electrical conductivity of the
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system are the basic theory for the bio-detection. There are already some reports
showing that the resistivity of the biomolecules-CNTs hybrid structure can be
modulated by the amount of the attached biomolecules.36:%

In this work, we report the fabrication of the sensitive, inexpensive and simple
biosensor to detect early stage of prostate cancer. The biosensor was prepared by PSA
antibody attached multi wall carbon nanotubes (MWCNTS) deposited micro-pore filter
paper. The detection limit of the biosensor was 1.18 ng/mL. This detection limit is
enough to diagnosis early state of prostate cancer.

The metal nanoparticles have been used to improve the performance of sensor
materials.*® The quantum dots and gold nanoparticles (Au NPs) were generally utilized
as the label of the secondary antibody for delivery of optical signals and intensification
of sensitivity.163%42 Also Au NPs used as a bridge between electrode and antibody.*344
We thought the performance improvement of biosensor by the attached Au NPs, but
there was little improvement in sensitivity. This method will be a very useful diagnosis
tool for various fatal diseases in underdevelopment countries or hinterland, where

modernized medical system is not provided, not far future.
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2. Experimental section

2.1 Chemicals and materials

Nitric acid (64.0~66.0%) was purchased from DUKSAN Science. Phosphate
buffered saline (PBS, pH = 7.2) was purchased from Biosesang Inc. 1 M 2-(N-
morpholino)ethanesulfonic acid (MES, pH = 5.0) and 0.05% Tween 20 + 1% bovine
serum albumin (BSA) in PBS were purchased from Tech & Innovation. N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-
Hydroxysulfosuccinimide sodium salt (NHSS), monoclonal anti-KLK3 antibody
produced in mouse (PSA antibody, species reactivity is human) and prostate specific
antigen from human semen (PSA) were purchased from Sigma-Aldrich. Micro-pore
filter paper (mixed cellulose ester, diameter 25 mm, pore size 0.45 um) was purchased
from Toyo Roshi Kaisha, Ltd. Syringe (10 mL) was purchased from Korea Vaccine
Co., Ltd. Silver paste (Dottite) was purchased from Fujikura Kasei Co., Ltd.
Hydrochloric acid (35.0~37.0%) was purchased from SAMCHUN PURE CHEMICAL
Co., Ltd. 2-Aminoethanethiol hydrochloride (98%), gold(III) chloride trihydrate (>99.9%
trace metals basis), sodium citrate dihydrate (99%), sodium borohydride (>98.0%) and
thioglycolic acid (>99%) were purchased from Sigma-Aldrich. Multi-wall carbon
nanotubes (MWCNTSs, diameter 20 nm, length 5 um) were purchased from Carbon
Nano-material Technology Co. MWCNTs were produced by chemical vapor
deposition (CVD) using iron and molybdenum catalyst. Human Kallikrein 3/PSA

ELISA kit (96-well) was purchased from Ab Frontier.
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2.2 Fabrication of biosensor based on carboxylated MWCNTS

MWCNTSs (300 mg) were refluxed in 20 mL of 3.0 M nitric acid at 105 °C for 3
days to generate carboxyl group on the MWCNTSs.* The functionalized MWCNTSs
solution was washed and filtered more than 10 times with distilled water until pH was
~7. The carboxylated MWCNTS were dried at 100 °C for 24 h in oven. The carboxyl
groups on the surface of MWCNTSs were confirmed by Fourier transform infrared
spectrometer (FT-IR, JASCO FT/IR-4100). The first step in Scheme 1 is this
carboxylation process.

The carbonyl groups on MWCNTSs can accommodate PSA antibody by following
steps.®® The carboxylated MWCNTSs (1.3 mg) were dispersed in 0.1 M MES buffer 4
mL with 0.4 mmol mM EDC and 0.1 mmol NHSS. This dispersion was sonicated in a
sonicator (Jeio Tech, UC-02) for 1 min and mixed with a vortex mixer (Scientific
industries, Inc.) at room temperature for 15 min. The resulting mixture was centrifuged
(Hanil Science Industrial Co.,Ltd., HA-1000-3) with 3000 rpm for 10 min, and the
supernatant was discarded. At least 5 times washing with PBS was performed to
remove excessive EDC and NHSS from the precipitation. The PSA antibody 0.5 mL
(0.01 mg/mL) was added to the mixture and stirred in a vial for overnight at room
temperature to attach on MWCNTS. This procedure is shown at second step in Scheme
1.

The final stage to prepare the MWCNTS based biosensor is prevention of unwanted
interaction between PSA antibody attached MWCNTSs and target PSA; a mixed
solution of 0.05% Tween 20 in 1% BSA (100 pL) was added into the above PSA
antibody added mixture (2 mL) to avoid attachment of PSA on the surface of MWCNTS.

The BSA inhibits non-specific binding of PSA with the sensor element*®#” and Tween
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20 cleans the binding site of PSA antibody.%® The mixture was incubated at room
temperature for 1.5 h. The resulting mixture was centrifuged at 3000 rpm for 5 min,
and supernatant was removed. The precipitate was washed and centrifuged with PBS
buffer 5 times to remove any free PSA antibody and BSA. This procedure is shown at
third step in Scheme 1. The prepared sample by this stage named as Ab-MWCNTS,
which stands for PSA antibody attached on MWCNTSs.

The Ab-MWCNTSs were deposited on a micro-pore filter paper by the syringe
filtering. This stage is the first step in Scheme 2. The Ab-MWCNTSs deposited on the
micro-pore filter paper should not be dried until completion of the sensing to maintain
activity of antibody. This Ab-MWCNTSs deposited filter paper was cut into 5 x 2 mm?
size sensor elements from the center to the circumference of the filter paper. This
cutting method was very important to keep the uniform resistance for all sensor
elements. A drop (100 puL) of PAS contained solution (0 ~ 1000 ng/mL) was loaded on
top of the sensor element. Again, it should be stressed that the samples should not be
dried to keep the bioactivity of the all proteins. Then the sensor element was incubated
at 37 °C for 1.5 h and dried in air at room temperature for more than 30 min. The
resistance of the incubated sensor was measured by using a digital multimeter (Hewlett-
Packard Co. multimeter 3478A or Agilant 34401) at the ambient condition. A silver
paste was used to keep the electrical contacts between the sensor element and copper
wires. Basic morphological information of materials was observed with an atomic force
microscope (AFM, Park scientific instruments) and a scanning electron microscope

(SEM, HITACHI S-2400).
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2.3 Fabrication of biosensor based on Au-MWCNTSs

The carboxylation of MWCNTSs was performed to generate carboxyl group. To
increase the number of carboxy! group on the wall of MWCNTSs more strong acid was
used for the carboxylation process.

In order to remove the catalyst of commercial MWCNTSs, the MWCNTSs (200 mg)
were added to 75 mL of concentrated (36%) hydrochloric acid and mixture was stirred
at room temperature for 5 h. The resulting mixture was filtered and washed with
distilled water until pH was ~7. The pristine MWCNTSs were dried at 80 °C for 12 h in
oven. (The catalyst removal is option. Because the catalyst of MWCNTSs could be
removed by nitric acid reflux for carboxylation of MWCNTS.) The pristine MWCNTSs
(150 mg) were refluxed in 15 mL of 14 M nitric acid at 105 °C for 3 days to generate
carboxyl group on the MWCNTSs. The functionalized MWCNTSs solution was filtered
and washed with distilled water until pH was ~7. The carboxylated MWCNTSs were
dried at 100 °C for 24 h in oven. This procedure is shown at first step in Scheme 3.

The thiolation of the carboxylated MWCNTs was conducted to attach gold
nanoparticles (Au NPs) on the surface of MWCNTS.*® Au NPs and thiol group form a
strong bond.* Carboxylated MWCNTs (50 mg), EDC 10 mmol and 2-
aminoethanethiol hydrochloride 40 mmol were mixed in 0.1 M MES buffer 100 mL.
The mixture was vigorously stirred at room temperature for 4 days. The resulting
mixture was filtered and washed more than 5 times and dried at 80 °C for 24 h in oven.
The prepared thiolated MWCNTSs were characterized by FT-IR. This procedure is
shown at second step in Scheme 3.

The gold nanoparticles (Au NPs) were prepared as follows. A 200 mL aqueous

solution containing 1 mM HAuUCI, and 3 mM sodium citrate was prepared in a conical
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flask. Next, 1 mL of ice cold 0.6 M NaBHj4 solution was added to the solution all at
once while vigorous stirring. The color of solution turned dark purple immediately after
adding NaBHjs, indicating the formation of Au NPs. The prepared Au NPs were
promptly used and characterized by TEM and UV-Vis spectrometer (Varian cary 1C,
Agilent Technologies).

The thiolated MWCNTSs (40 mg) were added to 200 mL of prepared Au NPs
solution. The mixture was sonicated for 1 h in ice bath and then vigorously stirred at
room temperature for 24 h. The resulting solution was filtered and washed 5 times with
distilled water to remove excessive Au NPs. This procedure is shown at third step in
Scheme 3. The Au NPs attached MWCNTSs were added to 10 mM thioglycolic acid 200
mL in order to attach PSA antibody on the surface of Au NPs. Then mixture was stirred
at room temperature for 24 h. The resulting solution was filtered and washed more than
5 times to remove excessive thioglycolic acid. The functionalized MWCNTSs were dried
at 110 °C for 24 h in oven. At this step, Au NPs attached MWCNTSs will be named Au-
MWCNTSs. The Au-MWCNTSs were characterized by TEM. This procedure is shown
at fourth step in Scheme 3.

Next experimental procedures that include antibody attachment, BSA block,
fabrication of biosensor and PSA detection as shown in Scheme 4 are the same as
previously introduced method that is 2.2 Fabrication of biosensor based on

carboxylated MWCNTSs.
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2.4 Commercial ELISA kit performance test

The human kallikrein 3 standard solutions (concentration is 10, 5, 2.5, 1.25, 0.625,
0.312, 0.156 and 0 ng/mL) 100 pL are located into the precoated 96-well plate
respectively. Then, plate was incubated at 37 °C for 1.5 h. Plate contents were discarded
without washing, and biotinylated antibodies (diluted in 1:99 by antibody dilution
buffer) 100 uL were added into plate. Plate was incubated at 37 °C for 1 h, then plate
was carefully washed 3 times with 1xPBS. Avidin-biotin-peroxidase complex (ABC,
diluted in 1:99 by ABS dilution buffer) working solution 100 uL was added into plate
and was incubated at 37 °C for 30 min. Incubated plate was carefully washed 5 times
with PBS. Then 3,3',5,5'-Tetramethylbenzidine (TMB color developing agent) 90 uL
was added into plate and was incubated at 37 °C in dark for 30 min (blue color will be
appeared), and TMB stop solution 100 puL was added into plate (blue color will be
promptly changed to yellow color). The optical density (O.D.) absorbance of solution
in the plate was measured at 450 nm by microplate reader (Pharm Tek Systems,
FilterMax F5 Multi-Mode Microplate Reader) within 30 min after adding the stop
solution.

The ABC working solution and TMB color developing agent were kept warm at
37 °C for 30 min before use. When diluting samples and reagents, they were mixed

completely.
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3. Results and discussion

3.1 Fabrication of biosensor based on carboxylated MWCNTS

Generally, sulfuric acid/nitric acid (without dilution, 3:1 volume, respectively)
treatment was selected for carboxylation of CNTs.%° The CNTs were cut into small
fragments to give low conductivity, and recovery of CNTs from the mixture was very
hard. Therefore, we carboxylated the CNTs by using 3 M HNO:s.

Figure 6 shows IR spectra of the MWCNTSs, carboxylated MWCNTS for 3 days in
3 M nitric acid and Ab-MWCNTSs. It is clear that the peak position corresponding to
the carbon-carbon double bond of MWCNTSs is 1630 cm™. And the peak at 1715 cm™
corresponds to the C=0 bond of the carboxyl group, which generated by the nitric acid
treatment of MWCNTS. The presence of the carboxyl group results the reaction with
the PSA antibody. The carboxyl group at the surface of MWCNTSs can react with amine
group of L-lysine unit in PSA antibody.5! This is a simple substitution reaction to form
amide group. Before the reaction, the carboxylated MWCNTSs were treated with
EDC/NHSS to induce a substitution reaction between the hydroxyl group in carboxyl
group and amine group in PSA antibody. The IR spectrum of this Ab-MWCNTSs is blue
line in Figure 6. The spectrum shows emerge of the complex amide band nearly at 1550

cm.
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Figure 6. FT-IR spectra of MWCNTSs, carboxylated MWCNTs and Ab-MWCNTSs.
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Figure 7 is SEM and AFM images of the MWCNT based elements. The samples
were deposited on a filter paper without the BSA block process and then dried at
ambient condition for more than 2 h. Figure 7(a) and (b) show SEM and AFM images
of carboxylated MWCNTSs. The observed diameter of MWCNTSs in both images is
about 20 nm. That corresponds to the diameter of the as received MWCNTSs. There
wasn’t observable damage on the surface of carboxylated MWCNTSs. All the MWCNTSs
could be distinguished in both images. Figure 7(c) and (d) are SEM and AFM images
of Ab-MWCNTS. The observed diameter of the antibody attached MWCNTSs seems the
same as that of carboxylated MWCNTSs. Any irregularly attached object wasn’t
observed on the tube surface. This indicates the attachment of the antibody may be not
the wrap-coating on the whole surface of the MWCNTSs. We believe that the cotton ball
like areas in the SEM image is the result of the increased interaction between the
attached antibody and the MWCNTS. In this area, the MWCNTSs might be inserted into
the antibody. Figure 7(c) and (f) are SEM and AFM images of PSA-Ab-MWCNTS. In
the SEM image, most of the MWCNTSs are covered with the proteins (PSA antibody
and PSA). The cotton ball like parts spread over the whole surface of the deposited film.
The shape of cotton ball like parts is not clearly observed in AFM images due to the
softness of proteins. The optically observed compactness of the deposit film was in
order carboxylated MWCNTs > Ab-MWCNTSs > PSA-Ab-MWCNTS. The root mean
square (RMS) roughness of the surface of the film is in the same order with the eye
observation; 38, 32 and 61 nm for carboxylated MWCNTSs, Ab-MWCNTSs and PSA-

Ab-MWCNTS, respectively.
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The prepared sensing paper (Ab-MWCNTS), which is BSA blocked Ab-MWCNTSs
deposit micro-pore filter paper, should be wet until the end of the site specific reaction
between PSA antibody and PSA. The cutting procedure shown in Scheme 5 ensure the
exact size (5 x 2 mm?) of sensing paper and preservation of wet condition. The site
specific reaction was accomplished by the incubation at 37 °C for 1.5 h. Subsequently
sensing paper was dried and assembled to the biosensor shape and then performed the
measurement of electrical resistance (Scheme 6). The measured resistance of a
biosensor was compared to the background resistance of a sensor, which incubated Ab-
MWCNTSs with 0 ng/mL of PSA. The measured resistances of sensors were normalized
with the dimensions of the sensor. The thickness of the sensor element was not
considered, because we compared all values with the background value and the origin
of the all sensor elements is the same batch. The most important factor in this sensing
method is the uniformity of the MWCNTS layer, which deposited on a micro-pore filter
paper, to keep constant value of the base resistance of the sensor element. The thickness
of the sensor elements should be same. The uniformity can be achieved by the
adjustment of the concentration level of the MWCNTSs in the solution to 6.5 pg/mL.
The infiltrated volume of the Ab-MWCNTSs solution was 200 mL. As Figure 8, the
thickness of the deposited Ab-MWCNTSs layer was confirmed to be about 4.5 um by
surface profiler (alpha step-500, Tencor, USA). In order to obtain Ab-MWCNTSs layer
without filter paper, filter paper in Ab-MWCNTS deposited filter paper was removed
by acetone. The Ab-MWCNTSs layer was loaded on slide glass and surface of Ab-
MWCNTSs was cut by knife for precise measurement. The cutting method of sensor
element, cut from center to circle, is most important to keep the uniform resistivity.
Deposited MWCNTS layer that has the most uniform thickness was obtained when

MWCNTSs deposited filter paper was cut into sunflower shape as Figure 9(a). When
24



filter paper was cut as Figure 9(a) and (b), standard deviation of the relative electrical
resistance for each sample was 0.03 and 0.05 respectively. In case of MWCNTS,
deposited MWCNTSs layer lack uniformity of the because of weak dispersion in
aqueous solution. As expected, this type of detection of PSA has great advantages such
as superior portability, time saving and cost cutting than well-known ELISA as

mentioned.
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I-V curves of the MWCNTSs, carboxylated MWCNTSs, Ab-MWCNTSs and PSA-
Ab-MWCNTSs are shown in Figure 10. All the MWCNTSs obey the Ohm's law at high
current range (from -1.4 mA to +1.4 mA) as well as low current range (from -1.0 pA
to +1.0 pA). The more proteins attached to the MWCNTS the slope of I-V curves was
increased. The electrical resistance of each MWCNTSs could be estimated from the
slope of the plot as list in the Table 1. The electrical resistance has increased to 500%
by carboxylation of the MWCNTSs. The decrement of sp? character in MWCNT during
the carboxylation process will cause mainly this increment of resistance. The electrical
resistance of Ab-MWCNTS, which is PAS antibody attached on the carbonyl group, is
increased about 160% higher than that of carboxylated MWCNTSs. We believe the
increased resistance by the attachment of the additional protein (PSA-antibody)
originated by the increased potential height between MWCNTS as discussed in the later
section. By the same reason, PSA-Ab-MWCNTs (PSA, 1000 ng/mL) have 150%
higher resistance than the Ab-MWCNTSs. This increment clearly displayed in Figure

11.
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Figure 10. 1-V curves for MWCNTSs, activated MWCNTSs with carboxyl group, Ab-

MWCNTSs and PSA-Ab-MWCNTs in the current range of +£1.40 mA (a) and + 1.00 pA

(b).
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Initial amount of I-V curve )
the MWCNTS (mg) slope Resistance () | R/R,
MWCNTs 1.16 0.117 117 1.00
Carboxylated
MWCNTs 1.16 0.585 585 5.00
Ab-MWCNTSs 1.30 0.916 916 7.81
PSA-Ab-MWCNTs 1.30 1.36 1360 11.6

Table 1. The relative resistances of MWCNTSs, carboxylated MWCNTs, Ab-MWCNTSs,

and PSA-Ab-MWCNTSs, those are estimated from the Figure 10.

13

12-.
11
10-'l
9
8-
7 -
6
5
44
3
2 -

RIR,

1= |

|
MWCNTs

¥ T
Carboxylated MWCNTs Ab-MWCNTs

)
PSA-Ab-MWCNTs

Figure 11. The electrical resistance of MWCNTSs, carboxylated MWCNTSs, Ab-

MWCNTSs and PSA-Ab-MWCNTSs (PSA: 1000 ng/mL).
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The change of the relative electrical resistance (R/Ro: when R is resistance of the
sensed element and R, is resistance of the zero level PAS sensed element) of sensor
element (Ab-MWCNTS) by the reaction with PSA concentration is shown in Figure 12.
Figure 12(a) shows that the change of relative resistance nearly linearly depends on the
concentration of PSA in the range of 0 ~ 500 ng/mL. This indicates that the
concentration of the PSA can be estimated by the electrical resistance measurement of
the sensor elements in the range. If the concentration of PSA is > 500 ng/mL, however,
the sensor may be useless. The resistance of the sensor element seems saturated higher
than 500 ng/mL.

Figure 12(b) shows the change of relative resistance in the low PSA concentration
range (0-10 ng/mL). In this range, the relative resistance linearly depends on the
concentration of PSA. As shown in the plot the sensor can detect low enough level of
PAS to find early stage of prostate cancer. If PSA level is higher than 4 ng/mL the
prostate cancer could be in the early stage. The detection limit, which was estimated by
2 x standard deviation from the signal mean of eleven biosensors detecting blank
samples without the PSA, was 1.18 ng/mL. The electrical signal of blank samples is

shown in Figure 13 and standard deviation was 3 x 1073,
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PSA concentration (0-1000 ng/ml) and (b) low level of PAS (0-10 ng/mL).
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3.2 Fabrication of biosensor based on Au-MWCNTSs

Figure 14(a) is TEM image of prepared Au NPs according to a published method
by Nikhil R. Jana.>? The prepared Au NPs had a size distribution as shown in Figure
14(c) and the size of Au NPs was 3.6 nm. The color of Au NPs solution depends on the
size of Au NPs by surface plasmon resonance.>® The maximum absorbance of Au NPs
solution was appeared at 513 nm as shown in Figure 15(a). As time passed, however
the size of Au NPs was increased by the aging effect. The aging effect of Au NPs cause
that absorbance peak has red shift. Figure 14(b) is TEM image of Au NPs 12 days later
and Figure 14(d) shows size distribution of Au NPs. The size of aged Au NPs for 12
days was 4.6 nm. Also absorbance peak of Au NPs was red shifted from 513 nm to 517
nm. Therefore prepared Au NPs should be consumed as soon as possible and must be

store at lightless condition and low temperature.
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Figure 14. TEM image of the Au NPs and abundance ratio according to particles size.

(@), (c) unaged Au NPs (size: 3.6+0.7 nm) and (b), (d) aged Au NPs (size: 4.6+0.9 nm)

for 12 days.
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Figure 15. UV-Vis spectra of (a) Au NPs for unaged Au NPs and (b) 12 days aged Au
NPs. The absorbance peak of unaged Au NPs became red shift by aging effect of Au

NPs.
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Figure 16 shows IR spectra of MWCNTS, carboxylated MWCNTSs and thiolated
MWCNTSs. Thiolation of carboxylated MWCNTS is substitution reaction of hydroxyl
group in carboxyl group with amine group in 2-aminoethanethiol which has amine
group and thiol group. The characteristic peak of thiol group has peak position 2550-
2620 cm™. However, the peak was not observed at here because of a small quantity of
thiol group which was attached at the surface of chemically stable MWCNTSs. Some
peaks grew near at 1560 cm™ by existence of N-H bond in amide group which was
formed by reaction between carboxylated MWCNT and 2-aminoethanethiol by
EDC/NHSS.

The Figure 17(a) and (b) are TEM image of Au-MWCNTSs based on carboxylated
MWCNTs and thiolated MWCNTSs respectively when mixture of HAuCls and
functionalized MWCNTSs was reduced simultaneously. Even though the Au NPs size
shown in Figure 14 was 3.6 nm, the size of Au NPs attached at the carboxylated
MWCNTSs and thiolated MWCNTS was approximately 24 nm. Enlarged the size of Au
NPs attached on the surface of functionalized MWCNTSs was due to higher denseness
of HAuUCI, ions caused from interaction between functional group (-COOH and —SH)
of MWCNTSs and HAUCl..

Figure 18 is TEM image of Au-MWCNTSs prepared by stirring the mixture of Au
NPs (3.6 nm in diameter) and carboxylated MWCNTSs (Figure 18(a)) or thiolated
MWCNTs (Figure 18(b)). The Au NPs were not attached almost on the surface of
carboxylated MWCNTSs due to the weak interaction between carboxyl group and Au
NPs. However, many Au NPs were attached on the thiolated MWCNTS as shown in
Figure 17(b). Also the size of Au NPs was same to size of initially prepared Au NPs as
shown in Figure 14(a). The Au NPs were observed in Figure 17(a), but Au NPs was

nonexistent in Figure 18(a). The reason is due to not Au NPs attached to carboxyl group
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of carboxylated MWCNTSs by SA but produced the Au NPs including the wall of

carboxylated MWCNTSs.
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Figure 16. FT-IR spectra of MWCNTSs, carboxylated MWCNTs and thiolated

MWCNTSs.
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Figure 17. TEM images of the (@) Au NPs attached carboxylated MWCNTSs and (b)

Au NPs attached thiolated MWCNTS.
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Figure 18. TEM image of the (a) Au NPs attached carboxylated MWCNTSs and (b) Au

NPs attached thiolated MWCNTS.
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In order to improve performance of biosensor, more Au NPs attached MWCNTSs
was required. Figure 19 is FT-IR spectra of carboxylated MWCNTSs with different
reflux time. Although reflux time of MWCNTSs in 3 M nitric acid was extended, the
intensity of absorbance peak corresponding to carboxyl group was not enhanced. Figure
20 shows FT-IR spectra of carboxylated MWCNTS in different concentration of nitric
acid. The peak intensity at 1715 cm™ was significantly increased at concentrated nitric
acid than 3 M nitric acid.

High concentration of Au NPs solution was required to match with increased thiol
group in thiolated MWCNTs and experiments about various parameters such as
temperature, amount of gold precursor, capping agent and reducing agent was carried
out. Figure 21 is UV-Vis spectra of the prepared Au NPs at 0 °C and room temperature
by 4 times more gold precursor and 8 times more capping agent than method introduced
in Figure 14(a). The absorbance spectra of prepared Au NPs at 0 °C and room
temperature was completely overlapped as shown in Figure 21. In other words, size of
Au NPs was independent of reaction temperature. The reaction temperature is factor
affecting the reaction rate. However, reduction of HAuUCI, very quickly proceeds
regardless of temperature when using NaBH4 as reducing agent. Also, the absorbance
peak at 533 nm signify very big size of Au NPs. So experiments were conducted as
shown in the Table 2, and sample 1, 2 and 3 succeeded in Au NPs synthesis as shown
in Figure 22. The others were failed. In case of sample 3, precipitation occurred in
process of time. Figure 23(a) is UV-Vis spectra of the measured from the sample 1, 2
and 3. Three absorbance peaks were observed near at 513 nm. Figure 23(b) shows UV-

Vis spectrum of sample 2 magnified from Figure 23(a).
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Figure 19. FT-IR spectra of carboxylated MWCNTSs with different reflux time.
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Figure 20. FT-IR spectra of carboxylated MWCNTSs according to reflux in different

concentration of nitric acid.
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Figure 21. UV-Vis spectra of prepared Au NPs at 0 °C and room temperature.
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Figure 22. Photograph of the prepared Au NPs solution.
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Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
HAuCI, 1.25x10®¢ mol 5x10° mol 5x10° mol 5x10° mol 5%10-6 mol
Sc?fr';tre" 1.25x109mol | 1.5x10°mol | 2.5x10%mol | 1.5x10%mol | 2.5x10-5 mol
NaBH, 1.5x10"° mol 1.5x10" mol 1.5x10"° mol 6x10° mol 6x10-5 mol
UV-Vis 513 nm 510 nm 512 nm x x
absorbance

Table 2. The amount of reagents to prepare the Au NPs solution. Total volume of the

solution is 5 mL.
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Figure 23. (a) is UV-Vis spectra of sample 1, 2 and 3. (b) is UV-Vis spectrum of sample

2 magnified from Figure 23(a). Total volume of prepared Au NPs solution was 5 mL.
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Figure 24 is UV-Vis spectra of prepared Au NPs solution in bulk. The
HAuUCI4/sodium citrate/NaBH, ratio was 1:3:3 as sample 2 in Table 2 and total volume
was 200 mL. Similar to the red line in Figure 15, the absorbance peak was observed at
514 nm. However, in spite of same molar ratio of reagents, it is mismatch with Figure
23(b). Figure 25(a) shows TEM image of prepared Au NPs. The Au NPs had more
unequal and bigger size than Au NPs shown in Figure 14(a). The prepared Au NPs had
a size distribution as shown in Figure 25(b) and the size of Au NPs was 5.2 nm. Equal
maximum stirring speed was applied to the two solution but substantive stirring speed
was decreased by increments of solution volume. Figure 26(a), (b) and (c) are TEM
image of Au NPs attached MWCNTSs. Figure 26(a) shows an overall morphology of
Au-MWCNTSs and Figure 26(b) shows Au NPs attached to wall of MWCNTSs. Crystal
lattices from Au NPs and wall of MWCNTSs were confirmed in Figure 26(c). The
interlayer distance shown in Au NPs was measured to be 0.236 nm, which correspond
to (111) lattice plane. Also (002) lattice plane of MWCNT was observed. Figure (d) is
SAED (selected area electron diffraction) image of Au NPs. The diffraction rings from
inside to outside represent in order MWCNTSs (200), Au (111), (200), (220), (311)
lattice planes. Au (222) lattice plane was not appeared because of the lack of Au NPs

on the surface of MWCNTSs.
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Figure 24. UV-Vis spectra of prepared Au NPs solution in bulk (200 mL).
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Figure 25. (a) is TEM image obtained from high concentration Au NPs solution in bulk.

(b) is size distribution of Au NPs. (Au NPs size : 5.2+1.2 nm)
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Figure 26. (a) and (b) are TEM images of Au NPs attached MWCNTSs. (c) shows

crystal lattices of Au NPs and MWCNT wall. (d) is SAED image of Au NPs.
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Figure 27 is centrifuging the 1.3 mg of carboxylated MWCNTSs and Au-MWCNTSs.
In spite of same mass, the number of carboxylated MWCNTSs and Au-MWCNTSs was
different because of weight of Au NPs. As discussed above 1.3 mg of carboxylated
MWCNTSs is optimum amount to obtain uniform Ab-MWCNTSs deposited sensing
paper. However, 1.4 mg was optimum amount for Au-MWCNTSs based sensing paper.
Thickness of Ab-Au-MWCNTSs layer in sensing paper without filter paper was
confirmed to be about 2 um by alpha-step as shown in Figure 28. Ab-Au-MWCNTS
layer loaded on the filter paper was thinner, more compact and uniform than Ab-
MWCNTSs layer. It is because dispersion power in water is enhanced by attaching the
Au NPs to MWCNTSs. As previously mentioned, uniformity of functionalized
MWCNTSs deposited on filter paper is proportional to dispersion power in water. Figure
29 is the electrical signals of biosensor for blank samples. The standard deviation
estimated from Figure 29 was 2x1073, This value is 1.5 times less than Ab-MWCNTs
based sensing paper (standard deviation: 3x10%). Figure 30 shows resistance variation
according to PSA concentration. Actually, the performance of biosensor based on Au-
MWCNTSs was disappointing. Success rate of PSA detection was low and the data
shown in Figure 30 was obtained with difficulty. Also, when comparing Figure 12(a)
and Figure 30, expecting improved sensitivity is difficult. Despite superior uniformity
of sensing materials deposited on the filter paper and increase of reaction site with PSA,
the performance of biosensor deteriorated. As discussed above, increase of electrical
resistance according to increased PSA concentration is due to the increments of
distance between functionalized MWCNTSs by combination of PSA and functionalized
MWCNTSs. In case of Au-MWCNTS based biosensor, sensing materials layer consist
of high-density Ab-Au-MWCNTSs. The high compactness disrupt permeation of PSA

between Ab-Au-MWCNTSs.
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Figure 27. Compared specific gravity between carboxylated MWCNTs and Au-

MWCNTSs.
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Figure 28. Height profile measured by alpha-step. Thickness of Ab-Au-MWCNTSs

layer measured after removing the filter paper.
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3.3 Commercial ELISA kit performance test

Figure 31 (a) shows optical density according to PSA concentration. The optical
density was increased nearly linearly along with the increased concentration of PSA
from 0 ng/mL to 5 ng/mL as shown in Figure 31(b). When the concentration of the PSA
is more than 5 ng/mL, signal vs. PSA concentration lost linearity. The detection limit
estimated, which was measured by 2 x standard deviation of mean value of signals
estimated from three control well (without PSA), was 51 pg/mL. The standard deviation

of blank signal was 3.28 x 10,
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4. Conclusion

We have successfully demonstrated fabrication of pragmatic sheet-type biosensor
based on carboxylated MWCNTSs and micro-pore filter paper for early detection of
prostate cancer. According to increase of PSA concentration from 0 ng/mL to 500
ng/mL, electrical resistance was increased up to 150% nearly linearly. Maximum
detection range of the biosensor was 500 ng/mL and detection limit was 1.18 ng/mL.
The sheet-type biosensor based on carboxylated MWCNTSs is 23 times cheaper
(fabricated biosensor price: 2.4 $) and 12 times faster than ELISA based method used
in hospital, which is general method for the detection of a specific protein. Furthermore,
the maximum detection level is about 100 times higher than ELISA. Detection limit
and sensitivity of the prepared biosensor are sufficient to diagnose the early stage of
prostate cancer (>4 ng/mL of PSA). The sensor can detect various biomolecules as well
as PSA by using bio-specific materials combined CNTSs, those react only with target
biomolecules. We believe this handy bio-sensing procedure could be a very useful
diagnosis tool for various fatal diseases in underdevelopment countries or hinterland,
where medical system is poorly equipped, not far future.

The biosensor based on Au-MWCNTSs was predicted to remarkable progress
because of superior uniformity of sensor element deposited on the filter paper by
increased reaction site and excellent dispersion power of Au-MWCNTSs in water.
However, excessive uniformity of sensor element was more of a hindrance than a help
to improve the sensitivity of biosensor. PSA did not enter between the Ab-Au-
MWCNTSs because of compact sensor element. As a result, Au-MWCNTSs based

biosensor did not function as biological sensing system. In order to overcome the
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problem, more research and development is required.
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