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Porphyrin covalently bonded to graphene oxide (Por-GO) was
used as a photoactive unit, and resulted in an enhanced
photoresponse, when in combination with gold nanoparticles
(GNP) as a light harvesting unit, due to its plasmon resonance
absorption effect. Photocurrent monitoring of the interaction
between the surface-modified Por-GO with adenosine com-
pounds was demonstrated.

Nucleotides are composed of a nucleobase, a five-carbon sugar,
and one to three phosphate groups." When linked together by
enzymes as a long, chain-like polynucleotide with a defined
sequence, nucleotides make up the structural units ribonucleic
acids (RNA) and deoxyribonucleic acids (DNA). The sequences of
the nucleotide units along polynucleotide chains code for proteins
and enzymes, as well as determining the genetic structure of life,
playing important roles in storage, transfer and expression of
genetic information.>® Meanwhile, nucleotides perform other
crucial functions in biological metabolic processes, such as
cellular energy transportation and transformation, regulation of
enzymes and cell signaling.*™®

The interactions between nucleotides and porphyrins have
been studied and recently confirmed.” Investigation methods
include NMR,? UV-vis,”'° circular dichroism'' and linear dichro-
ism'? spectroscopy, among others. Several detection methods have
been developed based on their interactions."® Porphyrin could be
explored for possible applications within the therapies of cancer,
porphyria, hematologic diseases and jaundice."* Due to their
broad pronounced light absorption and preferable photoelectric
activity, porphyrin derivatives are a favorable photoactive agent for
15718 medical
imaging,'® photo therapy,*® photo catalysis and sensing.>*>* They
are currently undergoing extensive investigation based on their
excellent photocurrent activity.>*** Targeted drug delivery could be

various applications, such as solar energy conversion,
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achieved using various anticancer drugs linking to the porphyrin
ring, due to its tendency to aggregate around the cancer cell,
which intensifies the drug’s pharmacological effects.*® Studying
the interaction between porphyrin derivatives and nucleotides is
practically important in terms of examining, monitoring and
creating new medical applications.””

Photocurrent measurements could feasibly be an analytical
tool of low cost and high sensitivity due to the plentiful availability
of substrates, repeatable use and elimination of undesired
background signals by light excitation and current detection."
Nowadays, researchers in this field continue to be devoted to new
materials and assembly of photosensitizers for more a efficient
conversion of light into electricity and rapid photoresponse.”®™°
Graphene has recently attracted great attention due to its unique
electronic properties, high transparency,*’~** flexible structure, and
large theoretical specific surface area,*® holding much promise for
various applications, such as making “paper-like” materials,
batteries, hydrogen storage media, gas sensors and even an
ultrafast photodetector.®*>® Graphene oxide could efficiently
separate and transfer photoinduced carriers from photoactive
materials, making it a potential candidate for the generation of
enhanced photoinduced electron separation on photosensitizers,
and further increasing its photoresponse, which offers new
opportunities to develop nanocomposites with unusual opto-
electric properties.® Small gold or silver nanocrystals are
plasmonic resonant nanoparticles that efficiently and strongly
scatter light due to their collective oscillation of conducting
electrons, from which a powerful tool for chemical and biological
sensing experiments has been developed.’” Up to now, several
plasmon-related optical processes have been found and further
explored for extensive applications.*®*>

In our experiment, to monitor the interaction between
porphyrin derivatives and nucleotides, we synthesized a porphyrin
with covalently bonded graphene oxide, and further coated it on
an indium tin oxide conductive (ITO) surface with Nafion. The
established photoresponsive surface would generate a sensitive
photocurrent in the presence of gold nanoparticles, which
broaden and increase the photoabsorption efficiency on the
functionalized surface, resulting in the enhanced photocurrent.
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Fig. 1 The photocurrent response of Por-GO-GNP (a), GNP-MV (b), Por-GO-MV (c),
Por-GO-GNP-MV and (d) functionalized electrode, in a PBS 8.0 (phosphate
buffered saline) solution containing 50 uM TEOA upon white light irradiation. “On"
represents the electrode under light irradiation, while “Off" means the light was
turned off.

Different photocurrent responses could be obtained depending on
the interaction between the surface porphyrin groups and the
nucleotides in solution. Compared with the traditional method,
the photocurrent method allows real time and fast response
processes with a low background signal. In addition, the
developed system could be explored for applications in photo-
voltaic cells. As a result, we achieved an enhanced photocurrent in
our experiment and demonstrated its capacity to monitor the
interaction.

To demonstrate the enhanced effect of each component on the
photoresponse of the functionalized ITO electrodes, we examined
the photoresponse of the Por-GO-GNP-MV (MV: methyl viologen)
functionalized ITO electrode compared with the control electrode
in the absence of each effective component, respectively. As shown
in Fig. 1, the Por-GO-GNP-MV functionalized electrode gives the
strongest photocurrent response compared to the control elec-
trode. As the core component on the surface of this functional
electrode, the GO would effectively extend the electron relay on the
charge separated porphyrin, and further delay the charge
recombination for its high electron conductivity and storage
ability.*® As a result, the photocurrent density of this electrode was
2 times higher than that of the control electrode without Por-GO.
The surface plasmon resonance absorption allows GNP to act as
an antenna to enhance the light absorption of porphyrin, and
further increase the photocurrent of the functionalized electrode,**
and so it can be seen that GNP plays an important role in
enhancing the plasmon resonance. Consequently, we observed
that the photocurrent density of the electrode is 6 times larger
than that of the control without GNP. MV*" (methyl viologen
dication) is regarded as an efficient electron acceptor and
mediator, which has been widely used in the preparation of
porphyrin-based photosensitive devices for catalysts and biosen-
sors.” The photocurrent density on the as functionalized electrode
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Fig. 2 UV-vis absorption spectrum of Por-GO composites (black line). The
photocurrent response of the Por-GO-GNP-MV functionalized electrode to the
monochrome light of different wavelengths in PBS 8.0 solution containing 50 uM
TEOA (blue square). Light filters were used to obtain different monochromic light.

was 1.2 times higher than that of the control electrode without
MV**. Moreover, triethanolamine (TEOA) as a sacrificial electron
donor in the solution, leads to a much higher and efficient
photocurrent collection with the ITO electrode, as shown in Fig.
$4t.%*® In our experiment, we introduced Nafion for its role in
binding the effective components, protecting the photoactive
material from degrading under light and stabilizing the surface by
forming a strong membrane. As a result, our design enhanced the
photocurrent response on the ITO electrode.

Due to the presence of several components, such as GNP, MV>*
and Por-GO, on the functionalized electrode, the photoexcited
electron source as a main unit to generate photocurrent should be
clarified. We used light at different wavelengths to irradiate the
electrode and then compared it to the UV-vis absorption curve of
Por-GO in PBS 8.0 solution. Fig. 2 shows the UV-vis spectra of Por-
GO composites, as well as the photocurrent density of the
modified ITO electrode irradiated by a light source with varying
wavelength under working conditions. When irradiated by light at
a wavelength of 425-450 nm, where the Por-GO composites
showed the strongest absorption in the UV-vis spectrum,
photocurrents with the maximum density could be observed, in
addition to higher photocurrent responses obtained at the
wavelength where surface plasmon
occurred on GNP. However, a photocurrent of low intensity was
observed at the wavelength where both the Por-GO and GNP have
weak absorption. The coincidence between absorption and
photocurrent proved that the Por-GO sheets and GNP acted as
the dominant photosensitive species on the functionalized
electrode.”

Based on the different role of each component in the
photocurrent generation process, we proposed the possible
mechanism of electron transfer. Briefly, electrons at the ground
state are excited from the porphyrin under irradiation to their
excited state. Some of the electrons are transferred directly to GO,
the other portion would transfer onto MV to form methyl viologen
radicals (MV"), which provide an electron relay. Subsequently,

resonance absorbance
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Scheme 1 A schematic illustration of electron transfer during the photocurrent

generation on the functionalized electrode.

TEOA gives electrons to porphyrin to refill the deficient electron on
the ground state. Then, the separated electron on the MV" and GO
would transfer into the ITO electrode under a given applied
potential, resulting in stable and efficient photocurrent genera-
tion. The photoinduced electron-transfer process that has
occurred on the functionalized ITO electrode is depicted in
Scheme 1.

After the construction of the functionalized ITO electrode, its
photocurrent response to adenosine nucleotides including adeno-
sine (Ade), adenosine monophosphate (AMP), adenosine dipho-
sphate (ADP) and adenosine triphosphate (ATP), was examined in
solution to monitor the surface-modified porphyrin interactions.
Fig. 3 shows the photocurrent change profile before and after
individual additions of these nucleotides at a constant concentra-
tion of 3 uM in the supporting electrolyte solution. It could be
found that the addition of adenosine nucleotides in the solution
decreased the photocurrent response of the functionalized ITO
electrode in the background solution.

We define Al as the difference between the current of the
electrode before and after light irradiation. The photocurrent
response of the functionalized electrode to these nucleotides was
calculated as the ratio of the photocurrent discrepancy to the
background photocurrent, before (Alp,) and after (Alp) the
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Fig. 3 Quenching of the photocurrent by adding different nucleotides (adenosine,
AMP, ADP and ATP) at a concentration of 3 pM (PBS 8.0, 0.2 M. TEOA, 50 uM). The

percentages of reduction compared with original photocurrent responses are
shown.
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addition of a nucleotide. Among the four nucleotides being
studied in our research, AMP was found to induce the strongest
drop of photocurrent density with ca. 76% reduction compared
with original background intensity. Their interactions with the
modified porphyrin surface are rated as AMP > ADP > ATP >
Ade, by their photocurrent response profile on the functionalized
surface.

The interaction of the functionalized ITO electrode with
adenosine nucleotides may be attributed to the m-m stacking
interaction, electrostatic interaction or a steric hindrance effect.
The n-n stacking effect and interaction between the porphyrin and
adenosine nucleotide have been studied through absorption
spectroscopy, circular dichroism, linear dichroism and NMR
spectra in previous studies.® In our research, the possible n-m
stacking effect between them is proposed to inhibit the photo-
induced electron transfer from the excited porphyrin to adjacent
GO or MV>" acceptors.>® Furthermore, the n-r complexation effect
may block the contact of sacrificial electron donors (TEOA) to the
porphyrin derivatives. Besides, the electron static interaction
between the negatively charged nucleotide and positively charged
porphyrin could also facilitate their complexation.'® As a result,
their interaction may vary with the structure of nucleotide, which
leads to different binding abilities to porphyrin by the different n—
n stacking and electrostatic interactions. Moreover, the steric
hindrance effect originating from the nucleotide structure could
bring about different binding abilities between the porphyrin and
nucleotides. Although ADP and ATP contain more negative charge
than AMP, a stronger steric hindrance effect between them and
the porphyrin may block the stack process, leading to a less facile
interaction. Adenosine showed the least interaction with the
porphyrin due to its lower electrostatic attraction compared with
adenosine phosphate derivatives. In the tested nucleotides, as
AMP has shown the greater stacking ability, electrostatic interac-
tion and less steric hindrance, which benefits its binding to the
porphyrin, the most sensitive photocurrent drop was observed on
the prepared functionalized ITO electrode. The photocurrent
generation and interaction profile of the adenosine nucleotide
with the surface are illustrated in Scheme 2.

Real time monitoring of the interaction between adenosine
nucleotides and surface porphyrin derivatives was demonstrated
as the photocurrent generation on the Por-GO-GNP-MV functio-
nalized ITO electrode varies in the presence of adenosine
nucleotides. As different types of nucleotide were added into the
electrolyte solution, the photocurrent response changed on the
functionalized electrode, showing the different interaction abilities
between the adenosine nucleotides and porphyrin derivatives on
the surface. Fig. 4 shows the photocurrent monitoring of the
interaction of adenosine derivatives with the surface porphyrin
derivatives, where different concentrations of adenosine nucleo-
tides were added to the solution, resulting in the photocurrent
response changing immediately. The fact that addition of different
kinds of adenosine nucleotides leads to a different photocurrent
response, proving the possibility of using the functionalized
electrode to monitor the interaction process. The process further
proved the possibility of photocurrent monitoring of the interac-

RSC Adv., 2013, 3, 3503-3507 | 3505


http://dx.doi.org/10.1039/c3ra22935a

Downloaded by University of Southampton on 27 March 2013
Published on 11 January 2013 on http://pubs.rsc.org | doi:10.1039/C3RA22935A

Time Time

Scheme 2 An illustration of photocurrent generation on the Por-GO-GNP-MV
functionalized surface and the photocurrent decrease induced by its interaction
with nucleotide.

tion between the surface functionalized molecules with the one in
solution.

Overall, we synthesized covalently bonded porphyrin GO
composites and further explored their photoresponse properties
by functionalizing them on the surface of electrodes with different
enhancing components. To improve the sensitivity of the
functionalized ITO electrode, methyl viologen was used as an
electron acceptor to reinforce its electron transfer, and gold
nanoparticles were used to increase the light absorption for its
plasmon resonance effect. We enhanced the photocurrent of the
functionalized interface via incorporation of GNPs and MV>" on
the Nafion film. Moreover, a highly efficient Por-GO-GNP-MV
functionalized ITO electrode as a sensor for real time monitoring
of their interactions with adenosine nucleotides in aqueous
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Fig. 4 Photocurrent monitoring of the surface solution interaction in the presence
of different concentrations of Ade (square), AMP (circle), ADP (triangle) and ATP
(inverted triangle). The insert illustrates the interaction between adenosine
derivatives with porphyrin based on the n—r stacking, electrostatic interaction or a
steric hindrance effect.
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solution was constructed using Por-GO composites as a sensing
agent and an ITO electrode as a modification substrate. The
functionalized electrode showed different photocurrent responses
depending on the presence of different nucleotides, showing its
promising capacity in monitoring the interaction of nucleotides in
solution with the functionalized surface. This method further
demonstrated, as a proof-of-concept, the possibility of photo-
current monitoring of interface interactions. Further exploration
of surfaces modified with photoactive substances to investigate the
surface-to-solution interactions are expected.
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