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ABSTRACT

Immobilization of the enzyme is the main problem and critical factor in producing high
selectivity and sensitivity of a surface plasmon sensor (SPR). This study is aimed at
fabricating a uniform polypyrrole (PPy) - Carboxylated Multi-Walled Carbon Nanotube
(MWCNT-COOH) nanohybrid film as a mediator, thereby enhancing the functional groups to
attach and immobilize the enzymes for the SPR sensor. This nanohybrid thin film of PPy-
MWCNT-COOH was electrodeposited on the surface of gold (Au)/chromium (Cr) by
chronoamperometry using potentiostat at 0.7V for 5s and 10s. For the first time, the
MWCNT-COOH is utilized and combined with conductive polymer PPy to investigate the SPR
sensor at two different wavelengths which are 670 nm and 785 nm. The SPR curves and
resonance angle are red-shifted and shallower when the time of electropolymerization
increases. However, the resonance angle for the 785 nm optical wavelength is blue-shifted
and the full-width-at-half-maximum (FWHM) is smaller compared to the 670 nm optical
wavelength. The Fourier-transform infrared spectroscopy (FTIR) spectrum examination
reveals the presence of the required functional groups from the fabricated PPy-MWCNT-
COOH nanohybrid thin film to attach the enzyme immobilization in future work. In
conclusion, the findings of this research can broaden exciting possibilities for the low-cost
fabrication of promising SPR sensors at longer wavelengths.

Keywords: Electropolymerization, Chronoamperometry, functionalized carbon
nanotube, Kretschmann, wavelength, SPR, MWCNT-COOH, surface plasmon resonance

1. INTRODUCTION

SPR sensors have been continuously receiving growing attention in various research and
practical fields, including surface characterization [1], pharmacology [2-3], biomedical science [4-
5], environmental monitoring [6], and food safety [7-9]. These sensors utilize the reaction
between free electrons and light at the metal-dielectric interface, which produces a resonance
phenomenon that is particularly sensitive to changes in the refractive index near the surface [10].
Besides that, this optical technique offers a versatile and powerful transducer for detecting and
analyzing molecular interactions and chemical processes in real-time monitoring without the
need for fluorescent or radioactive labelling even with low sample concentration. These
advantages of SPR-based sensing platforms have created new opportunities for real-time
detection [11-12], user-friendly, label-free [13-14], high sensitivity and selectivity of versatile
instruments [15-20].
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Therefore, numerous types of nanocomposites have been extensively investigated for SPR sensor
fabrication. Nanohybrid thin-film containing conductive polymer and nanomaterials have
received more attention as sensing elements for nano-engineered SPR sensors because of their
easy synthesis, biocompatibility, rapid electron transport and chemical stability. One of the
promising conductive polymers for SPR sensor fabrication is Polypyrrole. It is a widely-known
conductive polymer and is utilized for microelectronic devices [21-22], biosensors [23-24], and
composite materials [25-28] while the combination of polypyrrole and nanomaterial was
promising to increase the sensitivity of SPR sensor [29-31].

Advanced nanomaterials such as CNTs can improve the optical, thermal and electrical
characteristics of polymers or plastic elements [32]. CNTs are composed of rolled graphene
sheets that form cylindrical tube structures with diameters below 100 nm. These structures
demonstrate an excellent ratio of surface area to volume. Fast response time, high sensitivity, and
the changing activity of CNTs close to biological materials are important features to be concerned
with when considering SPR sensor usage [33-34]. Multi-walled carbon nanotubes (MWCNTSs)
have a conjugated 1 bond structure that can create heterojunctions with conducting polymers
[35]. A PPy/MWCNT nanocomposite can be formed by the bonding of PPy and MWCNTSs. This
bonding is facilitated by the delocalized m electrons present in both materials [36-38]. This
interface has unique electronic properties and conductivity that differ from either material alone.

Furthermore, the surface modification or surface functionalization of the nanocomposite as the
sensing layer is needed to facilitate specific and selective interaction between the SPR sensor and
targeted analyte. For example, the functional group that is frequently employed for SPR sensors
included amino (-NHz) [39], carboxyl (-COOH) [40-42] and thiol (-SH) [43] groups to immobilize
the biological recognition element such as enzymes, aptamers, antibodies or tissue depending on
the application to produce a measurable signal. The carboxylic groups of functionalized Multiwall
Carbon Nanotube (f-MWCNT) or MWCNT-COOH can offer the functional group to immobilize the
enzymes via covalent linkage. However, the researchers are still lacking in researching the use of
functionalized MWCNT as the sensing layer for SPR sensors.

In addition, the conventional SPR sensor at 632.8 nm wavelength of incident light has been widely
used for SPR sensing due to the availability of commercial devices [44-48]. However, recent
developments in the SPR sensor have demonstrated that the incident light at 670 nm and 785 nm
offers interesting abilities over the frequently used wavelength at 632.8 nm [49-53]. Menon et al.
reported the deepest SPR curve at 785 nm and followed by 670 nm and 633 nm of optical
wavelength based on the minimum reflectivity due to the total internal reflection at the gold
nanofilm-dielectric interface [49]. K-SPR sensor with higher quality factors and detection
accuracy has been proven using longer wavelengths at 785 nm [53]. Besides that, Sookyoung et
al. discovered that longer-wavelength SPR can be more sensitive to alterations in the refractive
index of the surrounding atmosphere compared to the short-wavelength SPR since the SP waves
travel farther into the sensing layer [54].

Therefore, in the present study, an electropolymerized nanohybrid thin film consisting of
Polypyrrole and MWCNT-COOH was fabricated on the working electrode which is gold nanofilm
via chronoamperometry. For the first time, this MWCNT-COOH was mixed with a conductive
polymer, PPy to fabricate the functionalized nanohybrid thin film of SPR sensor at two different
longer wavelengths which are 670 nm and 785 nm. This fabrication method is a very simple way,
with less maintenance, low cost, and strong adhesion of the sensing layer that promises an
interesting SPR sensor at a longer wavelength. The fabricated PPY-MWCNT-COOH were
characterized using FTIR to identify the functional groups of this SPR sensor.
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2. METHODOLOGY
2.1 Materials

In this research, the organic compound of PPY reagent (CsHsN, grade 98%) and sodium
dodecylbenzene sulfonate (SDBS) were purchased from Sigma-Aldrich (Malaysia). 95wt% purity
of carboxylated Multi-Walled Carbon Nanotubes (MWCNT-COOH) was obtained from Cahaya
Tech, Malaysia. MWCNT-COOH, pyrrole, and SDBS were analytical and technical grades
respectively thus utilized accordingly without additional purification. The outside diameters of
MWCNT-COOH were less than 8nm. The length of the carbon nanotubes was between 10 to 30
um and contained 3.86wt% of -COOH.

2.2 Fabrication of PPy-MWCNT-COOH/Au Nanohybrid Film for SPR Sensor

Firstly, MWCNT-COOH was sonicated and dispersed in SDBS solution for four hours at room
temperature to disaggregate any nanotube agglomeration. The ratio of SDBS is ten times more
than MWCNT-COOH [44]. Then, the conductive polymer, PPY was stirred in the MWCNT-
COOH/SDBS mixture to become 0.3M PPy at room temperature. Next, the PPy-MWCNT-COOH
layer was deposited on 50 nm Au nanofilm by electrochemical polymerization of electrolyte
solution containing pyrrole, SDBS and MWCNT-COOH as shown in Figure 1 [55-56]. The Au
nanofilm was purchased from BioNavis Ltd., Finland and used as the working electrode (WE). The
2 nm ultrathin Chromium was used as the adhesion layer between the borosilicate bare glass
(BK7) and gold nanofilm for this WE [10]. The PPy-MWCNT-COOH layer was electropolymerized
by using the chronoamperometry method which applied a constant electrical potential at 0.7 V
for 5s and 10s in a three-electrode electrochemical system connected to a potentiostat. A
platinum (Pt) plate was used as the counter electrode while the silver chloride (Ag/Agcl)
electrode was used as the reference electrode. Finally, the fabricated PPy-MWCNT-COOH
nanohybrid thin film was washed with methanol and then deionized water to remove the
unpolymerized solution of the electrolyte and dried for 24 hours at ambient temperature.
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Figure 1. Deposition of PPy-MWCNT-COOH on Au nano-film using the electropolymerization method.

2.3 Setup and Measurement of PPy-MWCNT-COOH/Au Nanohybrid Film for SPR Sensor

The experimental works of the SPR sensor measurements were conducted using the SPR Navi
200 equipment in IMEN-UKM. This equipment was obtained from BioNavis Ltd., Finland. The SPR
setup and model of the PPy-MWCNT-COOH)/Au nanohybrid thin film SPR sensor was arranged
according to the Kretschmann configuration [49-53] as shown in Figure 2. The polarizer was
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utilized to generate the transverse mode of the electromagnetic field pattern. An indexed-
matching hydrogel was used to equate the refractive index (RI) and neglect air gaps between the
interface of the prism and the BK7 substrate. The wave number of the incident light was increased
by coupling it with the stimulated surface plasmon through a BK7 prism. The equipment used in
this experimental setup consists of a moving laser diode with two different wavelengths which
are 670 nm and 785 nm. The intensity of the reflected light at different angles is monitored via
the photo-detector. The PPy-MWCNT-COOH)/Au nanohybrid film was inserted into a holder and
attached to the equipment. The BK7 glass slide of the nanohybrid film is facing the prism and the
deposited PPy-MWCNT-COOH sensing layer is attached to the flow cell [49].

Incident light, A Reflected light

Air / Water

Figure 2. Experimental setup for the SPR curve measurement of the PPy-MWCNT-COOH/Au nanohybrid
thin film according to Kretschmann configuration.

3. RESULTS AND DISCUSSION

The measurement of the SPR curve in air and water after exposure to the p-polarized incident
light at 670 nm and 785 nm is depicted in Figures 3, 4, 5, and 6. The reflectance intensity as a
function of incidence angle was measured over a range of 40-78°. Three types of samples were
used for these SPR measurements consisting of 50 nm bare gold, Au thin film, 5s coated PPy-
MWCNT-COOH on 50 nm Au thin film and 10s coated PPy-MWCNT-COOH on 50 nm Au thin film.
Figures 3, 4, 5 and 6 show the same trends of SPR curves in air and water. This SPR phenomenon
occurs because the wave vector of the incident light is equal to the wave vector of the Surface
Plasmons (SPs). The SPs refer to the collective oscillation of free electron density on metal
surfaces in contact with dielectric media [10, 53].

The resonance angles were red-shifted from bare gold thin film Au to 10 s coated PPy-MWCNT-
COOH/Au thin film for both in air and water. The resonance angles for these nanohybrid thin films
at two different optical wavelengths (670 nm and 785 nm) are summarized in Table 1 and Table
2. In addition, the minimum reflection intensity (Rmin) also increased to a higher reflectance
intensity and shallower SPR curve from bare gold to 10s coated PPy-MWCNT-COOH/Au. Baba et
al. proposed the thickness or dielectric constant of the SPR sensor increased proportionally to the
time of electropolymerization causing this to occur [57]. However, the resonance angle for 785
nm optical wavelength is blue-shifted or smaller than the resonance angle for 670 nm optical
wavelength. Furthermore, the FWHM of the 785 nm optical wavelength is smaller than the 670
nm optical wavelength. Similarly, in the prior research, Mohamad et al. reported the FWHM is
smaller and the resonance angle is blue-shifted at longer wavelengths of 785 nm [10, 51-53].
Hence, the longer wavelength can offer to measure a thicker sensing layer due to a deeper and
narrower resonance peak of FWHM and a larger dynamic range of RI changes. In other words,
longer wavelengths can offer a larger working range than shorter wavelengths for the SPR sensor.
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The chemical composition or functional group of this fabricated SPR sensor was identified using
Fourier Transform Infrared Spectroscopy (FTIR). This FTIR was measured by using JASCO FT/IR-

6100 spectrometers.
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Figure 3. The reflectance intensity at 670 nm optical wavelength at different angles of incident light in
the air.
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Figure 4. The reflectance intensity at 785 nm optical wavelength at different angles of incident light in
the air.
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Table 1 Resonance angle, 6R and minimum reflectance intensity, R of SPR curves in air

Optical A Au/PPy-MWCNT-COOH 5 | Au/PPy-MWCNT-COOH
wavelength, S 10s
A Or [6°] R [a.u] Or [6°] R [a.u] Bx [6°] R[au]
670 nm 43.31 0.0899 46.24 0.3873 47.30 0.3858
785 nm 42.58 0.1209 44,4388 0.5621 45.0252 0.5816
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Figure 5. The reflectance intensity at 670 nm optical wavelength at different angles of incident light in
water.

Ay TES e
- — AWPPy MWCHNT-CO0H (5s) 785 nm
- - AWPPyMWCNT-CO0H {10} 785 rem

0.9 — '

08—
e
06|
05
04/
02l
02/
01/

D.D 1 1 1 1 1 1 1 1 1 1
50 54 G0 G4 70 7a

Incidence angle (degree)

Reflectance intensity (a.u)

Figure 6. The reflectance intensity at 785 nm optical wavelength at different angles of incident light in
water.
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Table 2 Resonance angle and minimum reflectance intensity, R of SPR curves in water

Au/PPy-MWCNT-COOH 5 | Au/PPy-MWCNT-COOH
. Au
Optical s 10s
wavelength, & Or [6°] R[au] | 6r[6°] R[au] Or [6°] R[au]
670 nm 69.26 0.1036 | 718104 0.5288 71.8104 0.5076
785 nm 6598 | 007856 | 71.7546 0.6132 71.5690 0.6005

Figure 7 shows FTIR spectra of MWCNT-COOH by bands at 3600-3000 (O- H stretching vibration)
which corresponds to the vibration of the hydroxyl groups. The surface of MWCNT-COOH exhibits
C-0 bands corresponding to carboxyl functional groups observed at 1560 and 1700 cm-! [58].
The carboxylate anion stretch mode is associated with the peak at 1560 cm-1. FTIR spectrum
examination reveals the presence of PPy at 3430 cm!, 3311 cm', 2964 cm! (N - H stretching),
1695 cm! (N - H bending), 1525 cm! (C=C and pyrrole stretching), 1238 cm 1037 cm! (C-H
vibration) and 867 cm-! (C-H stretching) [59-61]. PPy helps the attachment of MWCNT-COOH on
the surface of the gold thin film as the adhesion layer without disturbing the SPR excitation.
Finally, the FTIR spectrum [62] of the PPy-MWCNT-COOH sensing layer is shown in the top graph
of Figure 7. The FTIR spectra of PPy-MWCNT-COOH samples share the same peaks as pure PPy,
although there are two variations at 1708 cm! and 1500 cm-. This can be addressed to the
functional groups of C=0 from MWCNT-COOH that overlap the spectra of PPy in the composite
structure. There spectral bands of PPy-MWCNT-COOH are shifted compared to the PPy. The
observed shifts in the FTIR spectra of PPy-MWCNT-COOH samples can be attributed to the
noncovalent p-p bonds between MWCNT-COOH and PPy, which allow for electron transport
through the composite structure. Furthermore, the low cost of SDBS existence in the preparation
solution assisted uniform dispersion of MWCNT-COOH. Therefore, the electropolymerization of
PPy-MWCNT-COOH by using the chronoamperometry method which applied a constant electrical
potential at 0.7 V for 5s and 10s in a three-electrode electrochemical system connected to a
potentiostat is sufficient to fabricate functionalized nanohybrid thin film of the sensing layer for
a SPR sensor.
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Figure 7. FTIR spectra of MWCNT-COOH, PPy and PPy-MWCNT-COOH/Au fabricated SPR sensor.

4. CONCLUSION

In conclusion, an SPR sensor was successfully fabricated via electro-polymerization of PPy-
MWCNT-COOH nanohybrid film on 50 nm Au thin film using the chronoamperometry method.
The initial result of this fabricated biosensor exhibited the SPR curves at optical wavelengths 670
nm or 785 nm in the air and water. The SPR curves and resonance angle are red-shifted when the
time of electro-polymerization or the thickness of the fabricated sensing layer increases. The FTIR
spectrum examination reveals the presence of the required functional groups of PPy- MWCNT-
COOH in the fabricated nanohybrid film, which can be utilized for enzyme immobilization in
future work. Furthermore, the low cost of SDBS existence in the solution assisted uniform
dispersion of MWCNT-COOH although using a conventional sonicator. This fabrication method is
a very simple way, with less maintenance, low cost, and strong adhesion of the sensing layer that
promises an interesting SPR sensor at a longer wavelength. In conclusion, the findings of this
research can broaden exciting possibilities for the low-cost fabrication of promising SPR sensors
at longer wavelengths.
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