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Abstract

A stable Fe(4-TMPyP)-DNA-PADDA (FePyDP) film was prepared on pyrolytic graphite electrode (PGE) through the supramolecular
interaction between water-soluble iron(lll) meso-tetrakigfethylpyridinium-4-yl)porphyrin (Fe(4-TMPyP)) and DNA template, where
PADDA (poly(acrylamideco-diallyldimethylammonium chloride)) is employed as a co-immobilizing polymer. Electronic absorption spectral
and quartz crystal microbalance measurements revealed that Fe(4-TMPyP) interacted with DNA to generate a species with the molar ratio
of 1:5 for Fe(4-TMPyP):DNA phosphate. Cyclic voltammetry of FePyDP film showed a pair of stable and reversible peaks corresponding to
Fe''/Fe' redox potential of-0.13 V versus Ag|AgCl in pH 7.4 PBS. The electron transfer was expected across the double-strand of DNA
by an “electron tunneling” mechanism. The modified electrode displayed an excellent catalytic activity for NO reductiddilal versus
Ag|AgCl. The catalytic current was enhanced at lower pH. Chronoamperometric experiments demonstrated a rapid response to the reduction
of NO with a linear range from 0.1 to QM. The detection limit was 30 nM at a signal-to-noise ratio of 3.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction new materials for incorporating porphyrin on electrode sur-
faces. In this context, we prepared a novel porphyrin film,
Nitric oxide has been known to be an intercellular sig- Fe(4-TMPyP)-DNA-PADDA (FePyDP) film, through the
naling agent in a diverse array of biological systgths3]. supramolecular assembly of cationic porphyrins into DNA
The need for measurement of a small amount of NO hastemplate and developed a hew NO sensor.
led to the development of various analytical methods. The study on the supramolecular interaction of cationic
Among those methods, electrochemical methods are theporphyrins and their derivatives with DNA is of consider-
most promising. Since Malinski and Tal@ reported the able interest due to their potential applications as biological
application of an electropolymerized nickel porphyrin film materials and probes for nucleic acid structure and dynam-
electrode for the detection of NO, the metalloporphyrin ics. Three major modes have been proposed for the binding
biosensor has intensively been investigated for ampero-of cationic porphyrins with DNA: intercalation, outside
metric measurements of N(B-11]. The methods for the  binding without self-stacking, and outside binding with
immobilization of metalloporphyrins on the electrode sur- self-stacking along the nucleic acids surfgt@,13] The
face include electropolymerization of metalloporphyrins binding of porphyrin with DNA is presumably stabilized
[5,6], polypyrrole doping with metalloporphyrifg,8] and by electrostatic interaction between the positively charged
deposition of metalloporphyrins entrapped in Nafion film substituent on the porphyrin periphery and the negatively
[9-11] In order to obtain better analytical performance of charged phosphate group of DNA. In the case of intercala-
the electrochemical NO sensors, it is a great deal to develoption, a favorable aromatie—w stacking interaction between
the porphyrin macrocycle and the base pair of nucleic acid is
also involved[14]. Circular dichroism spectrum suggested
* Corresponding author. Fax:81-76-264-5988. that L, TMPyYP was predominantly intercalated into the GC
E-mail address.osamu@kenroku.kanazawa-u.ac.jp (O. lkeda). sites at a water-insoluble layer-by-layer DNA/PAH filirb].
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anion exchange resin. Salmon testis double strand (ST-ds)
DNA (Sigma), poly(acrylamideo-diallyldimethylammo-
o nium chloride) (PADDA, Aldrich), and poly(vinyl sulfo-
j“i ym) nate), (PVS, Polysciences) were used as received. DNA
pH concentration was estimated in nucleotide phosphate, which
was determined using spectrophotometer with1.31x 10*
- p=0 M~1cm™t at 260 nm[12].

Phosphate buffer solutions (PBS, 50 mM) with a wide
range of pH were prepared by mixing 50 mM solutions of
KOH, KH2PO, and KaHPO, (Wako, analytical grade). The
solution pH was monitored using a digital pH meter (TOA,
HM-30V). All aqueous solutions were prepared with twice

Fig. 1. Chemical structure of Fe(4-TMPyP) bound DNA. distilled water.
All solutions were deoxygenated by bubbling ultra-

On the other hand, DNA film has been used as an elec-pure argon gas (Nippon Sanso, 99.9999%) for 20 min.
troconductive biological film[16,17] Giese and Biland ~ NO-saturated solution was prepared by bubbling mixed gas
[16] suggested a multistep hopping mechanism for the long of 5% NO and 95% Ar (Nippon Sanso) for 30 min into
distance charge migration along the double-strand of DNA. @ deoxygenated solution before each electrochemical and
Okahata and coworkefd 7] directly observed the switch- ~ spectroscopic run. The NO gas mixture were purified from
able electron conduction along intramolecular DNA strands Possible traces of high-valent nitrogen oxides and dioxygen
by using DNA-lipid cast film on a comb-type electrode. Es- by passing through three successive vials containing a 10%
pecially, the introduction of redox-active complexes into the solution of potassium hydroxide, an alkaline solution of
double helix of DNA is envisioned for development of new Pyrogallol, and pure water finally. The molar concentration
biomaterials or efficient redox Syster‘[@]_ Ke“ey et al. of NO in solution was evaluated from Ostwald’s solubility
[19] reported a long-range electron transfer across orientedcoefficient[26] for a given partial pressure of NO.
ds-DNA monolayer in which daunomycin was covalently
bound to the G residues. A unimolecular intra-complex

electron transfer has been found in an ion-pair compleX The mixture of 0.3ml aqueous solution of 15mghl
between cationic porphyrins and anionic oligopeptides gT_4spNA and 0.2 ml aqueous solution of 15mgtl
[20]. Recently, Rusling and coworkef81,22] prepared @ pappA was set at a room temperature for 30 min until
new type of biomembrane-like film, an ordered multibi- 5 \\hite precipitate of DNA-PADDA was formed. After
layer polyion-surfactant/DNA composite film, and studied being set at ambient temperature overnight, the solution
its electron transfer behavior. It is significant in the point was centrifuged, and the sediment was washed with pure
that the direct electron transfer between redox protein and,,ster and then dried at a room temperature. Such dried
e!ectrode can be realized for prgparation of reagentlesspna-PADDA composite powder was dispersed in water by
biosensor without help of any mediator. ultrasonication for 30 min to obtain a DNA-PADDA cloudy
Our previous research has demonstrated that the réacyyspension of 3mgmt. Prior to casting the suspension
tion of_ iron(llr) meso-tetraki@@-methylpyridinium-4-yl) was ultrasonicated for another 10 min.
porphyrin (Fe(4-TMPyP)) with NO undergoes a reduc-  gqge plane PGE was abraded with metallographic sand-
tive nitrosylation in aqueous solutions in a wide pH range aner (2000 grit) and then polished on a clean billiard cloths
[23]. In this work, a stable FePyDP film was prepared \ith 0.06,,m aluminum powder for about 3 min, followed
by supramolecular interaction between Fe(4-TMPYP) and p, jirasonicating in pure water for 2 min. Ten microliter

DNA template, and the catalytic activity of the resulting  3'mq m-1 DNA-PADDA suspension was cast on the cleaned
film towards NO reduction was investigated. The interaction gjactrode surface and dried in air overnight. After the elec-

between positively charged Fe(4-TMPyP) and negatively y,qe was soaked in water for at least 4 h and rinsed with wa-
charged DNA template'ls expected t.o .form a stable complex 1o to remove any unadsorbed composite, one DNA-PADDA
of DNA-bound-porphyrin as shown ifig. 1 film modified PGE was obtained. The electrode was then
immersed in 2« 10~*M Fe(4-TMPyP) solution for 60 min
) to prepare FePyDP film. A similar process was applied to
2. Experimental indium tin oxide (ITO) transparent electrode for UV-Vis
spectroscopy (Hitachi U2000).

2.2. Preparation of DNA-PADDA composite and cast films

2.1. Chemicals

] 2.3. Quartz crystal microbalance (QCM) measurements
Fe'' (4-TMPyP) was prepared according to the methods
suggested by Pasternack et[@4] and Bedioui et al[25]. The assembly process was monitored on a QCA917 type
The product was purified by chromatography with help of quartz crystal microbalance (SEIKO EG&G Co., Japan)
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linked to a personal computer for the microgravimetric anal- the UV-Vis absorption by addition of the DNA stock
ysis. QCM crystals used for the quantification of immobi- solution into a cuvette containing BV iron porphyrin.
lized Fe(4-TMPyP) were at 9 MHz. An AT-cut shear mode Upon initial addition of DNA, the intensity of the Soret
quartz crystal deposited gold on both sides with a geometricband of iron porphyrin decreased and thgax slightly
area of 0.2 criwas used. A typical QCM experiment began red-shifted Fig. 2A). In Q band region a new absorption
from the cleaning of the Au/quartz crystal surface with a pi- peak was clearly observed at 565 nm with three isosbestic
ranha solution (30% §D» and 70% concentrated;80y). points at 552, 582 and 660 nm. This result suggested that
Caution: Piranha solution reacts violently with organic a bound | complex was formed by binding of positively
solvents and is a skin irritant. Extreme caution should be ex- charged porphyrin to DNA with a molar ratio of 1:1.6
ercised when handling piranha solutioAfter rinsing with for Fe(4-TMPyP):DNA phosphate, and the main driv-
twice-distilled water, the Au/quartz crystal was dried over a ing force should be nonspecific electrostatic binding at
stream of N gas. Following the same procedure as on PGE, alow DNA concentration[29,30] Kuroda and Tanak§31]
DNA-PADDA modified Au/quartz crystal electrode was pre- supposed that MNTMPyP could bind with the phosphate
pared. The Au/quartz crystal electrode was sealed in an elec-groups of AT and GC base pairs in the major groove of
trolytic cell with a Teflon casing, and one side was exposed DNA double helix, as well as AT base pairs in the minor
to 2 x 10~4M Fe(4-TMPyP) solution for in situ frequency  groove. With the increasing DNA concentration, the Soret

measurements. band red-shifted to 428nm and a new absorption peak
appeared at 515nm, which indicated that the interaction
2.4. Electrochemical apparatus with porphyrin became more specific and bound | changed

into other species (bound 1) with the molar radio of 1.5
Electrochemical data were collected with an electrochem- Fe(4-TMPyP):DNA phosphate ifrig. 2B. A theoretical
ical workstation (BAS, model 100B/W). Cyclic voltamme-  study[32] have clarified that the binding in the DNA minor
try (CV) experiments were carried out using a bare PGE groove produced better steric conditions for the formation
(o.d., 5mm; i.d., 3mm) or FePyDP film modified PGE as of porphyrin aggregates through-m stacking interaction
the working electrode in a one-compartment three-electrodein comparison with those in the major one. In this sense,
cell protected against air penetration. A platinum wire served it was reasonable that the binding site of Fe(4-TMPyP)
as a counter electrode, and an Ag|AgCI|3 M NaCl reference might be changed with the increase of DNA concentra-
electrode, to which all reported potentials were referenced, tion and Fe(4-TMPyP) dislocated from the major groove

were employed. to the minor groove, which was in good agreement with
the observations irFig. 2B. As the result, Fe(4-TMPyP)
2.5. Characteristics of DNA-PADDA film existed in the solution as three species: the uncomplexed

porphyrin, bound I, and bound Il depending on the DNA
In order to prepare DNA-PADDA film coated electrode, concentration.
PGE or ITO with a surface area of 0.20€mwere uni- Fig. 2C shows a plot of the absorbance at 422 nm (near
formly covered with 1Qul of 3mgmi!1 DNA-PADDA the Soret maximum of the porphyrin in aqueous solution)
suspension and then dried at a room temperature. Aversus nucleotide phosphate concentration of DNA. The plot
thickness of DNA-PADDA film was evaluated to be showed clearly two stages in the process of interaction of
(1.2 + 0.1um) by taking into account (2 + 0.1gcnT3) Fe(4-TMPyP) with DNA. The binding constari, for the
as the density of polyion$27,28] The ratio of nega- lowand high DNA concentration ranges could be determined
tive charges on DNA to positive charges on PADDA in by Eq. (1) [29}
the film was estimated to be 1.7 by using initial mixing
ratio of DNA to PADDA and the composition of poly- & —ea = [DNA] K + Ae (1)
acrylamide (55wt.%) and poly(diallyldimethylammonium
chloride) (45wt.%) in the co-immobilizing polymer, whereep, e, and eg are the ratio of absorbance/[Fe(4-
PADDA. This result indicated that the film had excess TMPyP)] and the absorptivities of the bound and free
negative charges and 40% of negative charges on DNAFe(4-TMPyP), respectively, anle = ¢ —epg. Accordingly,
are usable for an interaction with positively charged the slope and intercept of the—ca versus éa —eg)/[DNA]
species. plot give the binding constank, and A¢. The absorbance
change observed in the spectrophotometric titration curves
of Fe(4-TMPyP) by DNA were consistent with the exis-

ean—¢ef 1

3. Results and discussion tence of two distinct interaction mechanisms in the low and
high DNA concentration ranges. The corresponding binding
3.1. Interaction between Fe(4-TMPyP) and DNA constants were calculated to ki@ = (6.6+0.7) x 10*M~1

andK» = (3.74 0.5) x 10° M1, thereby givingspound 1 =
The interaction of Fe(4-TMPyP) to DNA was moni- 1.28x 10*M~1cm! andepoundi = 6.84x 10*M~1em1,
tored from the corresponding DNA-induced changes on respectively. This was the reason why an initial decrease
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Fig. 2. UV-Vis spectral change in the titration ofu®1 Fe(4-TMPyP) with different concentrations of DNA in 1.0mM pH 7.4 PBS. (A) Lower
concentrations: 1.5, 3.0, 4.5, 6.0 and [ZM st-DNA. Inset: plot ofer — ea VS. (e — €a)/[DNA]. (B) Higher concentrations: 7.5, 15.0, 22.5, 30.0, 38.6
and 46.3.M st-DNA. Inset: plot ofep — ea VS. (e — ea)/[DNA]. (C) Plot of absorbance at 422 nm vs. DNA phosphate concentration.

and following an increase in the absorbance were observed DNA is a negatively charged biological substance, while
as DNA concentration increased. polycations PADDA and PDDA have positive charges
On the other hand, a constant absorption spectrum,on its backbone in the co-immobilizing polymer. Thus,
which is identical with that of the bound Il species, was DNA can combine with PADDA or PDDA (poly(diallyl-
observed in the large excess of DNA. In a solution con- dimethylammonium chloride)) by coulombic attraction to
taining 50-fold excess of DNA over porphyrin, The value form a stable multilayer film. However, a defect was ob-
of 6.72 x 10*M~Lcm™! for epoundi evaluated from the  served due to the strong aggregation when preparing the
absorbance at 428nm was in excellent agreement with DNA-PDDA, because PDDA has high positive charge den-
€bound I = 6.84x 10* M~Lcm™L. This result further verified  sity on the backbone. Thus, we chose PADDA as a poly-
that the formation of bound Il species was thermodynami- cation counter of DNAFig. 3 shows the time-dependent

cally feasibility at excess of DNA over porphyrin. frequency change of the Au/quartz crystal. On a bare
o . Au/quartz crystal electrode, no significant frequency change

3.2. Immobilization of Fe(4-TMPyP) in was observed on the QCM electrodéiq. 39. However,

DNA-PADDA film on PGE the DNA-PADDA modified Au/crystal electrode showed an

The mass increase due to adsorption can be estimate(fb\/ious frequency decreaseig. 3h. The change was at-
. orP . ributed to the entrapping of Fe(4-TMPyP) in DNA-PADDA
from the QCM frequency shift by using following Sauerbrey film. In the first stage a sharp decrease of the frequency

equation[33] was observed. The first-order rate constant was obtained by
AF = —1.832 x 108@ 2) curve fitting as a characteristic time of immobilizatiatn of

A 10 min. The immobilization rate constant was 34 ngndin
wherem (g) is the mass of adsorbed speciad; (Hz) is The total change in the frequency corresponded to an ac-

the frequency shiftA is the surface area of the resonator. cumulation of 0.6wg in the film after interaction with
The surface area of Au/quartz crystal electrode exposed toFe(4-TMPyP) for 60 min toward a saturation value.
electrolytic solution was @ & 0.01 cn?. This meant that Electronic absorption spectrum of FePyDP modified ITO
1Hz change iMAF corresponded to 1.09 ng. transparent electrode showed a red shift in the Soret band
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Fig. 3. In situ monitoring of the frequency decreaseg\§) with the time

for the immobilization of 2« 10~*M Fe(4-TMPyP) in pH 7.4 PBS onto
(a) a bare Au/quartz crystal, and (b) a DNA-PADDA modified Au/quartz
crystal electrode.

from 422 to 428 nm and a new absorption peak appeared

at 515nm Fig. 43. Obviously, bound Il was formed by
assembly of Fe(4-TMPyP) in DNA-PADDA film. This
result was consistent with the thermodynamically stable
bound Il as the final species. Moreover, the binding be-
tween DNA and PADDA neutralized the negative charge of
the phosphate groups in the DNA-PADDA microenviron-
ment, especially in major groove, thus DNA minor groove
produced better steric conditions for the formation of por-
phyrin interaction as compared with those in the major
one[34].

The concentration of Fe(4-TMPyP) in FePyDP film was
estimated to be.028+ 0.002 M and 0017+ 0.001 M from
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Fig. 4. Absorption spectra of FePyDP film on an optically transparent

ITO electrode in pH 7.4 PBS (a) without and (b) with saturated solution
of 5% NO gas. (c) Absorption spectrum ofx110~*M Fe(4-TMPyP)
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Fig. 5. Cyclic voltammograms obtained in pH 7.4 PBS at (a) DNA-PADDA
film, and (b) FePyDP film modified PGE. Scan rate, 200m¥s

QCM and UV-Vis data by assuming the film thickness of
1.2um, respectively.

3.3. Electrochemical characterization of
Fe(4-TMPyP)-DNA-PADDA film

In pH 7.4 PBS the FePyDP film modified electrode
showed a couple of characteristic'FEe' redox peaks of
Fe(4-TMPyP) at—0.10 and—0.17V for a sweep rate of
200mV st (Fig. 5b. The peak-to-peak separation Kp)
was ca. 72mV, and the formal potentid&®(), estimated
by the average of anodic and cathodic peak potentials, was
—0.13V. This value was slightly higher than that deter-
mined in the same pH solution on bare PGE. In contrast,
no CV peak was observed at DNA-PADDA film modified
electrode under the same conditions in this potential range
(Fig. 59. These results suggested a direct electron trans-
fer between Fe(4-TMPyP) and electrodiég. 6 shows the
cyclic voltammograms of a multilayer FePyDP film at dif-
ferent scan rates. In the scan rate range of 50-1000ThV s
The cathodic peak potential shifted to a more negative value

25

I/ pA

-15 + t t t
-0.5 -0.3 -0.1
E /V (vs. AglAgCl)

Fig. 6. Cyclic voltammograms obtained at a FePyDP film modified PG

solution with saturated solution of 5% NO gas in an optically transparent electrode in pH 7.4 PBS at various scan rates: 20, 50, 100, 200, 400, 600,
thin layer cell which was composed of two ITO-coated glass plates with 800, and 1000 mVs' (from inner to outer). Inset: plot of peak current

the optical pathlength of ca. 0.2 mm.

vs. on square root of scan rate/@).
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Fig. 8. Cyclic voltammograms of 2 1074 M Fe(4-TMPyP) in pH 7.4
PBS at (a) bare PGE, and (b) DNA-PADDA film modified PGE. Scan
Fig. 7. Chronoamperometry obtained at a FePyDP film modified PG rate, 200mVs?.

electrode in pH 7.4 PBS (A) current vs. time curve after application of a
potential step from 0 ta-500 mV vs. (Ag|AgCl). (B) Plot of vs.t /2,

40
A2 ¢

that, in contrast to PVS, DNA did not inhibit the redox reac-

tion of F'/!'(4-TMPyP) and GF€V (4-TMPyP). Indeed,

with the increase of scan rate, and the peak currents wereDNA may convey electrons between metal-containing inter-

proportional to the square root of scan rate (insefigf 6). calators over relatively great distance, and enhance electron
The electron transport ability in the polymer-modified transfer of cytochrome in solution in the presence of nu-

electrode is typically characterized by apparent diffusion cleic acids[37]. Thus, it was expected that Fe(4-TMPyP)

coefficients,Dapp Thus, we have carried out chronoam- molecule in FePyDP film diffuse to DNA sites near elec-

perometry experiments at a FePyDP film modified PGE in trode surface and exchange electrons with electrode by an

Fig. 7. D%%C value which was calculated from the slopes electron tunneling through DNA base pairs.

of thei versust=1/2 plot was 32 x 10~2 mol/(s/2 cml/2)

by fitting the observed current-time transients to the Cot- 3.4. Catalytic reduction of NO at FePyDP elelctrode

trell equation, derived from Fick's laws of diffusion:

i = nFACDé{,Z 7/24/2 [35]. Combining this value of the When NO was dissolved into pH 7.4 PBS, the CV of

concentration from UV-visible and QCM measurements, FePYDP film modified electrode showed a new peak at

gives Dapp value of 36 x 108 and 12 x 10-8cms?, —0.61V (Fig. 99 at the expense of Be/Fe' redox peaks.

respectively. This result is consistent with the order mag- The loss current in magnitude of the'¥&€' peak could be

nitude of charge transport of 18 to 10-13cn?s 1 in the

ion-exchange copolymer fili{86]. [

5

On the other hand, fresh DNA-PADDA film coated PGE
was immersed in pH 7.4 PBS containing 0.2mM Fe(4-
TMPyP), and successive cyclic voltammetry was measured.
The redox peak currents were increased with increasing in

the potential sweep cycles, but reached a steady voltammo- //
gram after about 20 min. This time till the steady voltam-
mogram was nearly same as that observed at QEily! B).
This steady voltammogram was compared with that at bare
?

PGE Fig. 8). The redox peak currents at DNA-PADDA film
were larger than those at bare PGE and the formal potential
shifted to more positive. The results fitig. 8 are different
from those at neutral 1 ferrocenedimethanol where a de-
crease in redox peak currents and no change in the formal . ‘ . ‘
potential were observed between the film coated and bare 08 06 -04 -02 0 0.2
PGE. E /'V (vs. Ag|AgCl)
In order to clarify the effect of DNA, cyclic voltammo- , _ _

. Fig. 9. Cyclic voltammograms in deareated 50 mM PBS (pH 7.4) at (a)

grams of Fe(4-TMPyP) were measured in pH 7.4 PBS con- DNA-PADDA film electrode in the presence of 848 NO, (b) and (c)

taining double stranded DNA and PV'S (poly(vinylsulfonate)) repypp film electrode in the presence of 1080 NO,~ and 82.3:M
as a simple polyanion. The experimental results clarified NO, respectively. Scan rate, 200 mis
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explained either by the direct binding of NO with Fe(lll) to To obtain more detailed analysis, cycle voltammetry
form a Fe(lll) nitrosyl compound or by a chemical reaction were carried out at different pH. As increasing pH, the cat-
between Fe(lll) and NO, which removed Fe(lll) species. If alytic peak currentsl{atp) decreased and the catalytic peak
Fe(lll) bound NO to form a stable Fe(lll) nitrosyl compound, potentials shifted to more negative potentials, which indi-
a new oxidation peak of comparable current would be ex- cated proton accelerated the reduction of NO at FePyDP
pected near the redox couple of'HE€' for the new com-  film modified electrode. As discussed above, the catalytic
plex. However, the absence of such a new reduction peakcurrent corresponded to the reduction of ferrous-nitrosyl
suggested a mechanism other than the binding of Fe(lll) adduct, F&(NO)TMPyP, to produce a nitroxyl intermediate
with NO to form a Fe(lll) nitrosyl compound. Alternatively, (Eq. (4):
it should appear that other chemical process has occurred_ j _ | _
between NO and Fe(lll). In our previous works, it has beendl:e'J (NO)(@-TMPYP) + e~ — Fe' (NO)(4-TMPYP  (4)
reported a reductive nitrosylation as a probable pathway to
explain the observed phenomenon in solu{®8]. We pro- Fe' (NO™)(4-TMPyP) + H — Fé' (4-TMPyP) + HNO
pose a similar reduction process of Fe(lll) with NO at a (5)
FePyDP film electrode, as following:
Such reduction of FeNO nitrosyl adduct to give a ni-
Fé'' (4-TMPyP) + 2NO + OH~ troxyl intermediate has been previously reported in the case
— Fe' (NO)(4-TMPyP) + HNO, 3) of MbFe incorporated in DDAB film[39]. It was clear
that Fé (NO~)(4-TMPyP) was unstable and was irreversibly
This reductive nitrosylation has been described for a numbertransformed into the ferrous form by a nucleophilic attack
of heme proteins and model compleXas]. of proton [40]. The dissociation of F§NO~)(4-TMPYP)
Absorption spectrum also suggested a strong interac-was promoted at low pH, leading to the increase of catalytic
tion between Fe(4-TMPyP) and NO when NO was added current with decreasing pH. The pH dependence of the cat-
to the electrochemical cell. The absorption spectrum of alytic current suggested that the nitroxyl immediate could
Fe'' (4-TMPyP) in FePyDP film in pH 7.4 PBS showed a be decomposed by loss of HNO, which then rapidly coupled
Soret band at 428 nm. After bubbling 5% NO gas up to sat- in solution to form MO (Eq. (6):
uration in this solut.ion, however, it was observeq thatx 2HNO — NoO + Hy0 (6)
value was blue-shifted from 428 nm to 425 niFig. 4b).
Such a blue shift at the Soret band is known to be a charac-On the other hand, cyclic voltammetry for NO reduction
teristic of NO binding to iron(ll) porphyrinf23]. Therefore, at FePyDP showed a dependence of the catalytic reduction
this result suggested that the reaction was thermodynam-current on the concentration of NO. At the saturation con-
ically favorable to form F&(NO)(4-TMPyP). Comparing  centration of 100% NO (1.8 mM), the reduction peak cur-
with Fig. 4c and bthe Soret band was red-shifted from 422 rent was 55.8.A. This current was ca. 15 times larger than
to 425 nm. It further suggested that the interaction with NO that of the noncatalytic #&/"! reduction peak. This result
was not the free Fe(4-TMPyP) but Fe(4-TMPyP) bound supports an EC mechanism as showikgs. (4) and (5)In
DNA complex in a DNA-PADDA film. F& (NO)(4-TMPyP) a conclusion, the FePyDP film electrode displayed excellent
was stable for reduction or oxidation in the potential range catalytic activity for the NO reduction at0.61V versus
of —0.6 t0+0.35V versus Ag|AgCL. Ag|AgCl. The whole reduction process of NO was a typical
At DNA-PADDA film modified electrode the voltammo- EC mechanism.
gram of NO in pH 7.4 PBS showed a small current at
—0.89 V. A large reductive current was observed in the pres- 3.5. Amperometric detection of nitric oxide
ence of NO at FePyDP film modified electrode, while the re-
dox peaks of Fe(4-TMPyP) disappear&ib( 9¢. The large Quantification of NO using the proposed FePyDP mod-
reductive current resulted from the catalytic reduction of NO ified electrode was carried out by a chronoamperometry at
by the immobilized Fe(4-TMPyP), and peak current ratio —700 mV. All measurements were performed with strict ex-
was ca. 15 for the peak current versus the noncatalyti¢!fe  clusion of molecular oxygen, and the electrodes have been
reduction peak at the saturation concentration of 100% NO conditioned by means of cyclic voltammetry prior to the
(1.8 mM). The above results indicated a high catalytic ac- measurement. The inset Kig. 10 shows typical ampero-
tivity of iron porphyrin for NO reduction at FePyDP film  metric response with successive additions of NO. The sensor
modified electrode. More interestingly, an addition of nitrite showed a response time of 1.5 s after NO addition, indicating
into pure Fe(4-TMPyP) solution caused little change in the a fast response to NO reduction. The calibration curve of the
cyclic voltammogramFKigs. 5b and 9p This indicated that  sensor showed a linear response in NO concentration range
nitrite could not be reduced at FePyDP film modified elec- of 1.0 x 10~/ to 9.0 x 10~> M with a correlation coefficient
trode in this potential range. As a conclusion, it was clarified of 0.9987 Fig. 10. From the slope of 0.049A uM~1, the
that FePyDP film exhibited selective catalytic reduction of detection limit calculated at a signal-to-noise ratio of 3 was
NO against NQ~. 3.0x 10°8Mm.
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Fig. 10. Calibration curve for amperometric determination of NO at a
FePyDP modified PGE. Applied potentialy00 mV vs. (Ag|AgCl). Inset:
amperometric response upon injection of NO solution.

Since the estimated amount of NO released from single
cell is about 1-200 attomol, i.e. 2 1074 to 1 x 107°M,
the detection limit of the proposed sensor would be suitable
for in vivo determination of NO. The stability of sensor was
good. It was used for at least two week without obvious de-
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phosphate buffer solution with pH 7.4 at@. Reproducibil-

ity as the NO sensor at different electrodas={ 11) was
investigated by injections of 8BM NO. The relative stan-
dard deviation (RSD) of catalytic current was 6.3%. It was
clarified that this FePyDP film modified electrode showed a
good reproducibility for the response of NO.

4, Conclusions

This work utilizes the supramolecular interaction be-
tween Fe(4-TMPyP) and DNA template to form a stable
FePyDP film by assembling water-soluble Fe(4-TMPyP)
into DNA-PADDA film. The direct electron transfer in-
volving a well reversible F&/Fd' couple was observed
via the double-strand of DNA. The modified electrode dis-
plays excellent catalytic activity for the NO reduction at
—0.61V versus Ag|AgCI, leading to a NO biosensor. This
response represents a diminution of about 280 mV in the
potential of NO reduction at a bare PGE. It is expected that

the supramolecular assembly based on cationic porphyrins

and DNA template could be widely applied as conductive
biomaterial and provide new insights on the water-soluble

porphyrin modified electrode as third reagentless biosensor.
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