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A novel peroxidase mimic was designed by loading ferric porphyrin
and streptavidin onto graphene, which was used to recognize a
biotinylated molecular beacon for specific electrochemical detection
of DNA down to attomolar levels.

Horseradish peroxidase (HRP) has been extensively used in
analytical fields primarily due to its excellent capacity for
catalysis. It can be used as a trace label to increase the
detectability of target analytes by different detection protocols
from traditional enzyme-linked immunosorbent assays to
newly developed immunosensors," DNA sensors,” aptasensors®
and cytosensors.” Besides, loading HRP onto various nano-
materials has become a promising way to further amplify the
detection signal and achieve a lower detection limit for
the analyte.” However, the relative large protein structure of
HRP limits its maximum loading amount, which is adverse
to signal amplification. Furthermore, as a natural enzyme,
its activity is highly dependent on protein conformation,
leading to vulnerability to external conditions.®® Thus, the
mimicking of HRP is of great importance and remains a
challenging topic.®

Since the catalytic centre of HRP is actually an iron-
containing porphyrin complex, mimicking the biological func-
tion of HRP using iron porphyrins such as hemin and iron(m)
meso-tetrakis(N-methylpyridinum-4-yl)porphyrin (FeTMPyP) has
attracted considerable interest.” However, free ferric porphyrins
in aqueous solution usually show much weaker peroxidase
activity than HRP, which can be attributed to the oxidative
destruction and the self-aggregation of ferric porphyrin mole-
cules to form catalytically inactive species.”” In order to achieve
good catalytic performance, the key point in the design of HRP
mimicking analogues is to choose a suitable carrier for loading
the ferric porphyrin molecules and maintaining their intrinsic
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peroxidase activity. G-quadruplex DNA oligomers have been
considered as a successful carrier for hemin,”*® and graphene
has also been used as a carrier of porphyrins for the prepara-
tion of electrochemical® or optical*® sensors. Very recently, a
graphene-supported hemin complex with enhanced catalytic
activity for the oxidization of pyrogallol has been designed.””
This work demonstrates the design of a novel HRP mimic with
high peroxidase activity and the first use of the porphyrin-based
mimic as a trace label for biosensing.

The mimic was prepared by assembling ferric porphyrin on
graphene via n-n stacking and labelled with streptavidin by an
amidation reaction. The obtained trace label showed greatly
enhanced peroxidase activity toward o-phenylenediamine (0-PD)
oxidization in the presence of H,0,, leading to improved
sensitivity for electrochemical biosensing. By combining it with
a biotinylated molecular beacon (MB), a sensitive DNA bio-
sensing method was thus developed (Scheme 1).

The DNA biosensor was prepared by immobilizing the
biotinylated MB on a gold nanoparticles-single-walled carbon
nanohorn (AuNPs-SWCNH) composite modified glassy carbon

AuNPs 3§ SWCNH A biotin
Cm wmB 4+ streptavidin

Scheme 1 Schematic illustration of graphene-supported ferric porphyrin as a
HRP mimicking trace label for electrochemical detection of DNA.

@@ FeTMPyP
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Fig. 1 AFM images of (A) carboxylic GO, (B) FeTMPyP-GO and (C) FeTMPyP-
streptavidin—-GO bioconjugate, and (D) TEM of AuNPs—SWCNH composite.

electrode (ESIt). In the absence of target DNA, the MB probe
was expected to be in the “closed” state, thus the streptavidin
on the trace label was blocked from the specific inter-
action with the shielded biotin due to the large steric effect.
Contrarily, after the MB probe hybridized with target DNA, the
resulting rigid duplex structure was expected to move the biotin
group away from the electrode surface, making the biotin end
easily accessible to the trace label. Thus a ‘“‘signal on” electro-
chemical biosensor based on a porphyrin-based HRP mimic as
a trace label was developed for the highly sensitive and specific
detection of target DNA.

Carboxylic graphene oxide (GO) was chosen as carrier for
preparation of the porphyrin-based mimic. Tapping mode
atomic force microscopy (AFM) was used to determine the
thickness of the GO during the bioconjugate fabrication. The
original carboxylic GO showed a thickness of 0.8 nm (Fig. 1A),
corresponding to its single-layer nature. After non-covalent
assembly of FeTMPyP, its thickness increased to about
2.0 nm (Fig. 1B). Considering that the thickness of one por-
phyrin molecule is about 0.5 nm, the thickness increase can be
attributed to the assembly of monolayer FeTMPyP on the both
sides of the GO. Compared with the relatively smooth surface of
FeTMPyP-GO, the surface of the FeTMPyP-streptavidin-GO
bioconjugate is rough (Fig. 1C), while the thickness at the
position of the bound protein increased to around 10 nm,
indicating the successful loading of streptavidin onto the sur-
face of FeTMPyP-GO.

The transmission electron micrograph (TEM) of the
AuNPs-SWCNH composite clearly demonstrated that AuNPs
of 5-8 nm diameter were deposited on the surface of the
SWCNHs (Fig. 1D), which accelerated the electron transfer for
the construction of a highly sensitive electrochemical sensing
platform.

This journal is © The Royal Society of Chemistry 2013

ChemComm

A 424 B
1439 [0.05 = a
_ y . § W‘\YN
2 1 £ b
WAL 8
38 iy S
< b =
1 g c
[=4
[
c [ 1667 1541
400 500 600 700 2000 1800 1600 1400
Wavelength (nm) Wavenumber (cm")
Fig. 2 (A) UV-vis spectra of (a) carboxylic GO, (b) FeTMPyP and (c) FeTMPyP-

streptavidin—GO bioconjugate. (B) FTIR spectra of (a) FeTMPyP-GO, (b) FeTMPyP-
streptavidin-GO bioconjugate, and (c) their difference.

The FeTMPyP-streptavidin-GO bioconjugate was charac-
terized using UV-vis spectroscopy (Fig. 2A). The carboxylic GO
did not display an obvious absorption peak (curve a), while
FeTMPyP featured an intense Soret band at 424 nm together
with three weak Q bands at longer wavelengths (curve b). After
assembly on the GO surface, the Soret band of FeTMPyP
showed a 15 nm red-shift due to the molecular flattening
of FeTMPyP during the assembly process'®® (curve c). This
indicated a strong interaction between GO and the FeTMPyP
molecules, which is helpful in preventing the leakage of
FeTMPyP and maintaining the catalytic activity of the
FeTMPyP-streptavidin-GO bioconjugate.

Fourier transformation infrared (FTIR) spectroscopy was
also used to characterize the FeTMPyP-streptavidin-GO bio-
conjugate (Fig. 2B). In comparison with the FTIR spectrum of
FeTMPyP-GO (curve a), the FTIR spectrum of FeTMPyP-
streptavidin-GO bioconjugate displayed obvious absorption
peaks corresponding to the amide bands I (1667 cm™') and
I (1541 cm™ ') of streptavidin, respectively (curves b and c),
which indicated that the streptavidin was successfully linked
on the bioconjugate by amidation reaction.

The peroxidase activity of the FeTMPyP-streptavidin-GO
bioconjugate was tested by differential pulse voltammetric
(DPV) measurements in PBS containing 10 mM o-PD and
8.0 mM H,O0,. The FeTMPyP-streptavidin-GO modified glassy
carbon electrode (GCE) exhibited a stable DPV peak at —0.524 V
with a peak current of —2.21 pA (Fig. S1, ESL} curve a), which
corresponded to the reduction of 2,2’-diaminoazobenzene
(0-PDyy), the oxidation product of o-PD by H,0, catalysed
by FeTMPyP-streptavidin-GO bioconjugate.* Contrarily, the
FeTMPyP modified GCE showed a very weak DPV peak of only
—0.10 pA (Fig. S1, ESLf curve b), which was 22.1 times lower
than that of the FeTMPyP-streptavidin-GO modified GCE,
suggesting that the peroxidase activity came from the inte-
gration of GO and FeTMPyP, which is consistent with a pre-
vious report.”?

The assembly of the AuNPs-SWCNH on the GCE led to an
increase in background current, while the following MB, target
DNA and FeTMPyP-streptavidin-GO assemblies did not change
the background (Fig. S2, ESIf). The FeTMPyP-streptavidin-
GO/target DNA/MB/AuNPs-SWCNH/GCE showed a rough sur-
face (Fig. S3, ESIf). Upon addition of o-PD by H,0,, the cyclic
voltammogram showed a couple of well-defined redox peaks
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Fig. 3 (A) DPV responses with (a) FeTMPyP-streptavidin-GO and (b) HRP-
streptavidin—GO as trace label and (c) without trace label at 10 fM target DNA.
(B) DPV curves at (a) 10, (b) 1 pM, (c) 100, (d) 10, (e) 1.0 fM, (f) 100 and (g) 0 aM
target DNA. Inset: plot of peak current vs. the logarithm of target DNA
concentration.

at —0.455 and —0.606 V (Fig. S2, ESIf). At the target DNA
concentration of 10 fM, the peak current of DPV was
—3.92 pA (Fig. 3A, curve a), which was 3.56 times larger than
—1.10 pA obtained with the HRP-streptavidin-GO bioconjugate
as trace label (Fig. 3A, curve b). The high DPV response of the
FeTMPyP-streptavidin-GO bioconjugate highlighted the much
smaller molecular dimension of FeTMPyP for higher loading,
which afforded abundant peroxidase catalytic sites for the
oxidization of o-PD. In addition, in the absence of a trace label,
the modified GCE exhibited a negligible DPV peak (Fig. 3A,
curve c).

The electrochemical response of the proposed DNA bio-
sensor was affected by the incubation time of trace label. With
increasing incubation time, the DPV response increased and
reached a plateau at 30 min (Fig. S4, ESI}). Therefore, 30 min
was chosen as the optimal incubation time, at which the
DPV signal increased with the increasing target DNA concen-
tration (Fig. 3B). The plot of the DPV peak current vs. the
logarithmic value of the target concentration showed a linear
relationship over 5 orders of magnitude from 10 pM to 100 aM.
In the absence of target DNA, the DPV curve showed a
much smaller response than the DPV peak at 100 aM
(Fig. 3B, curve g), which was probably a result of the nonspecific
adsorption of the enzyme mimic on the GCE surface. The
detection limit was calculated to be 22 aM at 3¢, which
corresponded to 0.13 zmol in 6 pL solution. This improved
analytical performance can be ascribed to the high loading of
FeTMPyP and the unique structure with the cone-shaped tips of
the SWCNHEs.

The biosensor exhibited high specificity (Fig. S5, ESIT) and
excellent anti-interference ability (Fig. S6, ESIt). The responses
of five freshly fabricated biosensors to 10 fM DNA showed a
relative standard deviation of 5.1%, indicating good fabrication
reproducibility.

This work demonstrated a simple and convenient pathway
to fabricate a universal peroxidase mimic by loading FeTMPyP
onto carboxylic GO. The noncovalent n-n interaction led to a
stable monolayer stacking of FeTMPyP on both sides of the GO,

918 | Chem. Commun., 2013, 49, 916-918

which produced a high loading of small FeTMPyP molecules.
The integration of GO and FeTMPyP endowed the FeTMPyP
with high peroxidase activity. Using the porphyrin-based mimic
as a trace label, a method for specific detection of DNA was
proposed by combining it with a biotinylated MB immobilized
on a AuNPs-SWCNH modified electrode. This method showed
a detection limit down to attomolar levels, much lower than
that obtained with a HRP-based trace label. The biosensing
method could discriminate target DNA from single-base or
three-base mismatched oligonucleotides. The porphyrin-based
trace label provides a novel alternative to natural enzymes for
signal amplification, and could be easily extended to detect
other analytes.
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