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In this work we have demonstrated that nitric oxide can be moni-
tored spectrophotometrically using cyclodextrin encapsulated
ferrocene. The detection course showed the colour change from
yellow to blue which can be detected with the naked eye. Also we
describe the catalytic effect of gold nanoparticles in enhancing nitric
oxide release from S-nitrosothiols.

Nitric oxide (NO) has attracted considerable attention from chemists
and biochemists since it acts as a cell-signalling molecule in humans.
NO has several bioregulatory roles such as hormone secretion,
vasodilation, bacterial cell adhesion, and neurotransmission and
anticarcinogenic properties.™? Hence probes for detecting NO in the
living cell to elucidate its biological roles and for developing NO
associated therapies by generating NO in a controlled manner® are
highly in demand. The detection of NO in biological systems faces
several analytical challenges such as low concentration, very unstable
half-life (2-30 s) and high reactivity with oxygen to form nitrite and
nitrate in the cells.* There are different analytical methods to deter-
mine NO production directly or indirectly. They include electron
paramagnetic resonance (EPR) spectroscopy,® fluorescence,® GC-
MS,” spectrophotometric detection using haemoglobin and via
a nitrite azo-coupling reaction® and electrochemical methods.’

In this work, we report a spectrophotometric detection of nitric
oxide released from triphenylmethane nitrosothiol (Ph3;CSNO) using
ferrocene encapsulated within the hydrophobic pocket of hydroxy-
propyl-B-cyclodextrin (CD-Fc). Nitrosothiols are a class of NO
donors because they occur endogenously as S-nitrosoglutathione.
Nitrosothiols (RSNO) have the same physiological property as that
of nitric oxide. NO is transported around the body as S-nitroso
albumin and they can decompose in vivo generating NO.* Our
method of detection is based on the formation of the blue ferrocenyl
cation. In the presence of NO, the ferrocenyl cation which is blue in
colour shows absorption maximum at 618 nm (Fig. 1). Hence
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measurement of absorbance changes at 618 nm can be used to sense
NO. Also we have shown that gold nanoparticles stabilised by two
different stabilisers of opposite charges (citrate and chitosan) are able
to enhance the release rate of nitric oxide from RSNO. Enhancement
in the release rate of NO induced by gold nanoparticles (GNPs) is due
to the enhanced affinity of Ph3;CS towards Au which prevents
disulfide formation.

Ph;CSNO < Ph;CS + NO

Fe(yellowish orange) + NO < Fc * (blue) + NO

1
Amax =438nm Amax = 618nm M

CD-Fc, Ph;CSNO and citrate capped gold nanoparticles were
prepared as reported earlier.""** The size of the citrate capped gold
GNPs as determined by TEM was 20 + 5 nm (ESI Fig. Slat).
Chitosan stabilised GNPs were prepared without any reducing
agent™ (see ESIT). TEM analysis reveals that the size of nanoparticles
thus prepared was 50 £ 6 nm (ESI Fig. S1bt).

Fig. 2 shows UV-Vis spectra depicting the changes in the absor-
bance of ferrocenyl cation with increase in the concentrations of NO
from 0 to 40 uM. Here each addition corresponds to 5 uM. As the
concentration of NO increases the intensity of the peak at 438 nm
decreases and that of the peak at 618 nm increases. The relationship
between the 618 nm absorption and NO concentration was found to
be linear. The inset shows a plot of the intensity of absorption at

Fig. 1 Colour change observed during ferrocenyl cation formation in
the presence of nitric oxide.
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Fig. 2 UV-Vis spectra of CD-Fc in the presence of various concentra-
tions of NO. The spectra were recorded at pH < 3 in dil. H,SO,4. The
concentration of NO varies from 0 to 40 pM. Each addition corresponds
to 5 uM. The inset shows a plot of absorption vs. concentration.

618 nm vs. concentration. Using the absorbance changes at 618 nm
the limit of detection of NO was found to be 600 nM (ESI Fig. S27).
Selectivity was studied through the titration experiments with
common interference species such as dopamine, ascorbic acid, NO;3~
and H,0O,. No colour change was observed and the absorbance at
618 nm did not show any characteristic change.

The influence of gold nanoparticles (GNPs) on NO released from
Ph;CSNO was also studied with the help of CD-Fc. An enhance-
ment of NO release rate is observed in the presence of GNPs. The
release of NO in the presence of GNPs involves the breaking of the S—
N bond in the nitrosothiol and the formation of a S—~Au bond with
the GNP (see Scheme 1).

The gold thiolate (S-Au) bond energy is about 40 kcal mol " (ref.
15) which is greater than that of the S-N bond dissociation energy
viz., 20-32 kcal mol~'." Hence the S-N bond can be easily cleaved in
the presence of GNPs favouring S-Au bond formation. The UV-Vis
spectrum shows how the ferrocenyl cation formation rate varies with
the addition of GNPs to the solution containing Ph;CSNO (ESI
Fig. S37).

Ph;CSNO + Au < Ph;CS-Au + NO ©)

Ph;CSNO decomposition was carried out under acidic condi-
tions (pH < 3). 3 mg of Ph3CSNO was dispersed in dil. H,SO4. To
this solution aqueous ferrocene and GNP solution were added.
Ferrocenyl cation formation was monitored using UV-Vis spec-
troscopy immediately after adding Ph;CSNO (for naked eye
detection see ESI Fig. S4t). Fig. 3 depicts the NO release rate in
terms of intensity changes of the ferrocenyl cation with respect to
time for different concentrations of GNPs. From the figure it is
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Scheme 1 Schematic showing the influence of gold nanoparticles on
nitric oxide release from nitrosothiol.

0.20

“""NO release rate (Miminute) ]
—=—62.5%10° (20 4l GNP) ]
—s—84x10" (30 4l GNP) ]
—4—102.6 x 10°(40 1l GNP) ]

0.18
0.16

0.14

% o2 /
£ /

£ o0

intensity

0 release rate (M/minute)
—=—7.9% 10 “(100 .l GNP)

—y—5.3 x 10" (ferrocene only

— ]
—e—11.4 x 10 *(200 4l GNP)
—~4—18.4 % 10 (300 ul GNP)

014]
010]
00s]

—v—5.3 x 10 “(ferrocene onl

50 60 70 80 0 10 20 30 40 50 60
Time (minutes)

(a) (b)

Fig. 3 Plot of intensity vs. time for ferrocenyl cation formation at 618
nm in the presence of the (a) chitosan stabilised and (b) citrate stabilised
gold nanoparticles of various concentrations.
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clear that by increasing the concentration of GNPs, the reaction
rate improves to a great extent. Enhanced NO release rates as
calculated from the slope of the linear portion of the curves clearly
reveal the positive influence of GNPs on NO release. Fig. 3a
corresponds to the effect of NO release in the presence of chitosan
stabilised GNPs. Kinetic data show that the reaction rate is
proportional to GNP concentration. When 100 pul GNPs (0.0125
pM Au) of size 50 nm is added to the nitrosothiol containing
solution, the NO release increases by 1.5 times and the saturation
occurs within 50 minutes. For additions of 200 and 300 pul GNPs
the NO release increases by nearly 2.5 and 3.5 times respectively
and the corresponding saturation time was found to decrease to 30
and 20 minutes. Fig. 3b corresponds to the enhanced release of NO
in the presence of citrate capped gold nanoparticles. 20 ul
(0.017 uM of Au) addition of this GNP improves the reaction rate
to a greater extent (11.8 times). The NO release reaches saturation
after 27 minutes. The time required for attaining saturation was
found to be reduced to 15 and 9 minutes for 30 and 40 pl of GNPs.
The results indicate that the citrate capped nanoparticles with an
average size of 20 nm enhance NO release to a greater extent
compared to chitosan stabilised GNPs with an average size of 50
nm. GNPs with 20 nm size have high surface area-to-volume ratio
compared to that of 50 nm GNPs. Hence a higher number of
thiolate groups can replace the citrate capping agents, resulting in
an enhanced NO release within a short time interval. Here we have
shown that NO release from S-nitrosothiol based systems can be
tuned by varying the size and concentration of gold nanoparticles,
so that NO release rate can be controlled according to the need.
The system was validated using Griess assay.”” Ph;CSNO and
GNPs were placed in oxygenated phosphate buffer, upon which the
liberated NO is oxidised to nitrite (NO, ). Different sets of the
same experiment were conducted and the supernatant from each set
was analysed at various time intervals. The supernatant containing
NO,~ was reacted with 1 wt% solutions of sulfanilamide and N-1-
naphthylethylenediamine to form an azo compound. By detecting
the absorbance at 540 nm and comparing the results to a calibra-
tion curve, the concentration of NO released is deduced. Results
were in good agreement with the CD-Fc system.

The mechanism of release of NO has been confirmed by absor-
bance, TEM and contact angle experiments. The replacement of the
capping agent by Ph3CSNO was confirmed by monitoring the shift of
SPR of GNPs. A red shift of the SPR band from 523 nm to 538 nm is
observed after treating citrate capped GNPs with Phz;CSNO. ESI
Fig. S5t shows the absorbance band before and after ligand exchange.
The inset shows the colour change observed during the reaction
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Fig. 4 TEM images of citrate capped GNPs before and after place
exchange with Ph3CSNO along with the size distribution histogram.

i.e. from purple red to light blue. The shift in the SPR band observed is
due to the inter-particle clustering leading to increase in the size of
GNPs during the place exchange reaction which is in line with the
observation of the TEM images. Fig. 4 shows TEM images and size
distribution histograms of GNPs before and after place exchange.
TEM analysis demonstrates that the place exchange procedure does
induce inter-particle clustering which remains quite well dispersed with
a nearly spherical shape. The presence of bulky triphenyl methane
groups on the surface of Au cores makes the particles well separated.
Mariarita et al. reported similar dispersed nanostructures for platinum
nanoparticles after place exchange reaction.'®

The mechanism of nitric oxide release was also confirmed by
contact angle studies, which confirmed the Au-thiolate bond
formation during NO release from nitrosothiols (ESI Fig. S61). A
uniform layer of chitosan is formed on a gold plate by a drop casting
process and this plate is dipped in the GNP solution for 1 hour fol-
lowed by air drying. The modified gold plate is then immersed in
Ph;CSNO dispersed solution for two hours. After drying, contact
angle measurement was performed at every stage. The merely chi-
tosan coated plate shows an angle of 88° and after the incorporation
of GNPs it shows an angle of 86°. After treatment with Ph3CSNO an
angle of 124° is observed confirming the hydrophobic nature due to
Ph;CS-AuGNP bond formation. This experiment clearly indicates
the gold thiolate bond formation between the S atom of the
Ph;CSNO formed during NO release from nitrosothiol and the gold
nanoparticle.

In summary, we demonstrated a simple technique for detecting
NO with the naked eye. This method is validated using Griess assay.
We could also demonstrate the enhanced release of NO from nitro-
sothiols in the presence of GNPs and the dependence of the NO
release rate on the size of GNPs.
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