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--------------------------------------------------------ABSTRACT----------------------------------------------------------The effects of surfactants (CTAB, SDS, Triton X100 and Pluronic ® F127) on the structure and performance of
nitric oxide (NO) solid sensor are reported. Surfactants decreases the fragility of the solid sensors, specially
CTAB and Triton. The drying time was optimized to 30 min. The most intense EPR signals were obtained with
the surfactants Triton, SDS and CTAB at a concentration of 12 mM and F127, 4,6 mM. The signal-to-noise ratio
improves significantly with the use of surfactants. The NO diffusion was estimated in a qualitative way through
the NO trapping time, the best performance was obtained using F127 and SDS. Signal saturation occurred after
10 min. The highest mobility of the NO-Fe2+-DETC complex was found in the SDS and F127 sensors evidenced
by line shape analysis. For the solid-state sensor the detection limit without any surfactant was 10 µM, whereas
using F127, 2µM.
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I. INTRODUCTION
Nitric oxide (NO) is afree radical species synthesized by the amino acid L-arginine extremely
important in many biological systems [1-5]. It functions as messenger molecule that regulates physiologic
functions, including vasodilatation, respiration, immune response and apoptosis [6], besides participating in
carcinogenic processes [7]. Since its discovery as an endothelium-derived relaxing factor (EDRF) [8], this
molecule has attracted the interests of researchers from different areas. NO has a cytotoxic effect to bacterial
lipopolysaccharide (LSP) [9], in the central nervous system the neuroprotection versus neurotoxicity depends on
NO concentration [10].
Numerous researchers have been engaged in its detection [11], however due to its short half-life and its
high reactivity, the detection and direct quantification of NO in real time is a challenge [12,13]; the detections
are in general indirect, measuring nitrite (NO2-) and nitrate (NO3-) [14-16]. Electron paramagnetic resonance
using spin traps is promising in the detection and quantificationof NO [15,17-19], including real-time imaging
[20,21]. Sensors in solid state are preferable due to the limitations of Electron Paramagnetic Resonance (EPR)
measurements of liquids. There is a large number of NO traps in use, among them dithiocarbamate (DTCs) and
derivatives[22].
Iron complexes with DTCs derivatives are among the most important spin-trap agents in use, due to the
strong NO interaction with the Iron complex forming nitrosyl complexes such as NO-Fe2+-DETC.
In previous works we presented a solid sensor capable of NO quantification using FeDETC in a silicon oxide
matrix prepared by sol-gel[24], in natural rubber latex[25] and in a poly (2,6-dimethyl-1,4-phenylene oxide)
(PPO) matrix [26]. Sol-gel materials have been used in many different applications such as enzyme [27] or
antibodies trapping [28], and inorganic catalysts [29,30]. Solid matrices, mesoporous thin films and organized
pores with controlled sizes, can be produced using surfactants [31-34]. The structure of the materials used in the
solid sensors production for NO detection and quantification is important specially in what concerns the pores
that are formed during the synthesis process.
In this work, we report the effect of surfactants on sensors prepared by sol-gel. The sensing was made using
EPR. The surfactants used were SDS, Triton X100, CTAB and F127.
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II. MATERIALS AND METHODS
NO was generated in the following way: NaNO2 10 mM (250 mL), deionized water (750mL) and
Na2S2O4 (145mg) were mixed in an Eppendorf tube of 1.5mL. The final concentration in the solution was 2.0
mM (saturation). In some cases, the solution was diluted with Milli-Q water to obtain NO in different
concentrations (0 to 2.0 mM).
For the experiments with the surfactants CTAB, Triton X100 and SDS, a sol-gel (SG) solution was
prepared mixing under stirring, 4 mL of Tetraethyl Orthosilicate (TEOS), 4mL of ethanol and 1.45 mL of H 2O.
The pH was adjusted to 2 with HC1 2M. Then the solution was submitted to ultrasound for 10 min, with
subsequent magnetic stirring for 90 min, 1mL of DMF was added and the solution was stirred magnetically for
more 30 min.
At the same time, a Fe2+-DETC (20 mg of FeCl3 + 67 mg of DETC + 10 mL of DMF + magnetic
stirring for 60 min) was added to the gel under constant stirring until the color of the solution has changed from
a dark (almost black) to light green-yellow. The Fe2+-DETC solution and the gel were mixed separately inside
the Eppendorf tubes in an aliquot of 1:3 v/v (Fe 2+- DETC:SG). The surfactants were added to the Fe2+-DETC:
SG solutions in a way to obtain a final solution (Fe 2+-DETC: SG + surfactants), with concentrations ranging
from 6 to 16mM in either solid or liquid state.
The surfactant solution was prepared through the dissolution of thesalts in aqueous medium in the
following way: 0.1442 g SDS (99%, PM = 288.38g/mol), or 0.1822 g CTAB (99%, PM = 364.46 g/mol) or
0.3224 g Triton (99%, PM = 646.86 g/mol) were added in a 25 mL Becker to obtain an aqueous solution of 100
mM.Deionized water was used in the procedure.
The solid sensors with different quantities of surfactants (6 to 16 Mm) were prepared, putting 60 mL of
the final solution (Fe2+-DETC:SG + surfactants) inside capillary tubes of ~100mL capacity. The sensors mass
was measured by the difference between the capillary mass + SG after drying through a precision analytical
balance. The surfactants final concentration in the SG was obtained by dilution from 0 to 16 mM. The Fe 2+DETC/SG was kept in a volume of 1:324. The capillaries containing the SG were submitted to a thermal
treatment under constant temperature (30ºC) in a drying oven. The drying time was ~12 h; the result was a
porous solid with a cylinder format inside the capillaries.
SG solution using F127 was prepared by the following procedure: 4.27 mL TEOS was put in a Becker
and kept under stirring with 1.5 mL HC1 0.055M. Afterwards, 22.81 mL ethanol was added and 1.14 g F127
was poored slowly under constant stirring. The final solution F127-SG (4.6 mM) was kept under stirring for 1h
until complete dissolution. This was necessary due to the low solubility (10%) of F127 in aqueous medium
compared to the others (Triton X, CTAB and SDS). The solutions were prepared by dilution of the original
F127-SG solution (saturated at 4.6mM) with concentrations from 0.35 mM to 4.6 mM. Immediately before
measurements this solution was mixed with Fe3+-DETC.
A reference solution was prepared referred as DMF-solution, in the following way: 10 mL Fe3+DETC
(20 mg FeCl3 + 67mg DETC + 10 mL DMF) was exposed to NO. 10 different solutions containing NO in
concentration that varied from 0 to 2 mM were obtained and measured using a 150 µL capacityflat cell.
NO trapping was made by inserting the capillaries containing the solid sensors, as described before, in
a sodium dithionite solution that acts as a strong reducer for 30 min. Than the capillaries were taken out and
inserted in a saturated solution of sodium nitrite (NaNO 2) containing sodium dithionite for a period that varied
from 0 to 60 min. The same procedure was done for the undried sensors (SG solution).
For the NO-Fe2+-DETC EPR detection in SG solution flat cells of 150 µL capacity were used at room
temperature. The experiment was done using different concentrations of NO.
EPR measurements were done on a Varian-E4 band X spectrometer coupled with a Lock-in amplifier
EG&G 7260, to a HEWLETT PACKARD 5350B Microwave Frequency Counter and adapted to be remotely
controlled by a microcomputer. The EPR spectrometer operated with field modulation of 100 kHz, amplitude
modulation of 0.4mT, time constant 500ms, microwaves power of 20 mW, scan field of 20mT, scan time of
2min with accumulation of two scans. For the EPR measurements, the dry capillaries were inserted in EPR
quartz tubes while the solutions through a flat cell. The estimated signal intensity error is 10%.
The specific area and volume of the pores were determined by the Brunauer-Emmett-Teller (BET)
method and the distribution of the pores volume was obtained by the Barrett, Joyner, and Halenda (BJH)
method. The equipment used was a Micromeritics ASAP 2020. The experiments were done using approximately
0.3g of the solid sensors.

III. RESULT AND DISCUSSION
As already mentioned, although NO is a free radical, it cannot be directly measured using EPR, it must
be stabilized by trapping [17]. In our previous work, the detection limit using similar sensors was found to be 10
µM, incompatible with the detection of NO in physiological levels, of around 1.0 µM. One great advantage of
this sensor is that it operates at room temperature.
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One of the main restrictions of sol-gel glasses is their fragility [24]. This problem in our sensors was solved with
the use of surfactants. The materials obtained became less fragile and the drying time was also reduced by half;
without surfactants our sensors needed 24 h drying, with surfactants about 12 hours. The drying temperature
was also reduced from 50°C to 30ºC. Decreasing the processing temperature is important since DETC degrades
as the temperature is raised making the formation of the complex with iron more difficult [35].
A good solid sensor must have, among others features, great sensibility, a net of pores well-distributed
and connected to facilitate NO diffusion and active traps. Thus, it is important to know if FeDETC is formed in
ferric or ferrous state since just the NO-Fe2+DETC is paramagnetic (S = ½) [38].
In the synthesis process of the solid sensors when FeCl3 and DETC are mixed the solution becomes
dark demonstrating that the complex formed is ferric (Fe3+-DETC). The solution SG-Fe3+-DETC (with or
without surfactant) goes through a drying process so that the volatile solvents can be removed promoting
hydrolysis and condensation until the final product is formed. After drying, the solid is put in contact with a NO
solution in a reducing medium (dithionite) for trapping thus generating predominantly NO-Fe2+-DETC. It is
worth to remind that NO can be trapped by Fe2+-DETC or Fe3+-DETC. The ferric complex NO-Fe3+-DETC is
diamagnetic with a characteristic light-yellow color and, therefore, does not show an EPR signal [38].
Figure 1 shows the normalized EPR signal intensity as a function of surfactant concentration. There is a
clear maximum for all surfactants used at 12 mM. The EPR signal intensity was divided by the sensor mass
prior to normalization.

Figure 1. Normalized EPR signal intensity of the NO-Fe2+-DETC sensors as a function of surfactants
concentration (SDS, CTAB and Triton) between 6 and 16mM. The solid sensors were prepared in the same
conditions. The experiment was made at room temperature.
For surfactants concentration higher than 14mM the sensors became gelatinous and difficult to
manipulate since it adhered to the capillary tube. For F127, not shown, the signal increases linearly from
0.35mM to 4.6mM.
In Figure 1 it is shown that as the surfactant concentration increases, the intensity of the EPR signal
increases proportionally up to 12mM independent of the surfactant used. Above 12mM the signal decreases and
the solids lose stiffness and become gelatinous. In concentrations higher than 12 mM the sensors do not dry
completely.
The solid sensors prepared without surfactants have a dark coloration that indicates the presence of
Fe3+-DETC [38]. When in the NO solution the coloration changes to light yellow indicating the formation of
NO-Fe3+-DETC (S=0). But the sensors prepared with surfactants have a colorless coloration (Fe 2+-DETC) which
changes to light green in the NO solution; signalizing the formation of the paramagnetic complex, NO-Fe2+DETC [38].
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The sensors porosity was evaluated by BET. Table 1 shows the main parameters obtained and
associated values. Apparently, pores size does not influence the EPR signal intensity. As can be seen there is no
significant difference in pore size in all sensors evaluated.
Table 1. Solid sensors analysis using the BET method.
Surfactants
SDS
CTAB
TRITON
F127

Pores
cm3/g
0.38
0.38
0.46
0.39

Vol.

Pores
(nm)
2.98
2.70
3.06
3.02

width

Pores diameter (nm)

Adsorption m2/g

Surface area m2/g

3.96
3.84
4.12
3.98

204.10
202.74
289.00
206.20

501.22
554.39
583.48
503.13

In Figure 2, the EPR signal intensity as a function of sensor immersion time is presented. As can be
seen a maximum is reached after 10 min for all surfactants used. The signal intensity for F127 is larger
compared to the other surfactants, reaching intensities about 4 times higher than Triton and CTAB in the first 2
min.

Figure 2.EPR signal intensity as a function of immersion time for the sensors prepared with the surfactants
SDS, CTAB and Triton, both with concentration of 12mM and F127 with a concentration of 4.6 mM.
The sensors porosity was evaluated qualitatively through the trapping time, see Figure 2. The signal
from the F127 sensor reached intensities about 4 times higher than Triton and CTAB in the first 2 min,
indicating that the structure of the sensors produced with F127 allows NO to diffuse more easily and that there is
a higher density of active Fe2+-DETC complexes available in the pore network compared to other surfactants.
With the exception of F127, all other sensors have similar trapping dynamics. The structural analysis
by BET (Table 1), does not show a significant difference in surface area or pore volume, in other words,
apparently, there is no clear relation between the amplitude of the EPR signal with the pore diameter or volume.
However, the addition of the polymeric surfactant F127 lead to the formation of more homogeneous mesopores
structure, which could be attributed to formation of larger mixed micelles and stronger interactions between
protonated PEO chains and the silica species [39]. Pluronic F127 is a PEO-PPO-PEO (PEO: polyethylene oxide)
PPO: polypropylene oxide copolymer with an amphiphilic nature that self-aggregates in aqueous solutions to
form spherical micelles with hydrophobic PPO cores surrounded by hydrophilic PEO coronas [40].
The EPR spectra can be seen in Figure 3. The EPR signals of the solid sensors prepared with the F127
resemble the line shape in gel (colloidal state). As expected, the EPR signal could only be observed using the
reducing agent Na2S2O4.
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Figure 3. EPR signal of the complex NO-Fe2+-DETC in different matrices: (a) inside a gel without surfactants
before drying (colloidal state); (b,c,d,e) in the matrix using the four surfactants, F127, SDS, Triton and CTAB.
From Figure 3, the line shape of the signal obtained in the colloidal solutions SG (liquid) is similar to
the F127 and SDS is in an intermediate shape. This is a clear indication that the NO-Fe complex is more fluid
inside F127, which may reflect a better pore connectivity. This can explain the increase in the detection limit
found in these surfactants in relation to the Triton and CTAB. The better connectivity could also explain that the
sensors prepared with F127 and SDS presented a green color similar to the ones in the colloidal solution, while
Triton and CTAB the sensor was light yellow with some dark parts indicating that in these sensors there is NOFe2+-DTEC (green, EPR active), NO- Fe3+-DETC (light yellow, EPR inactive) and Fe3+-DETC (dark color, NO
free) [38]. All sensors were reproducible, all the tests were made in triplicate, with similar results.
In Figure 4 the EPR signal as a function of NO concentration is presented for different matrixes. Notice that for
all sensor a linear dependence is observed, the best results were obtained using F127.

Figure 4. EPR signal intensity for different NO concentrations and sensors in solid state, SG-F127 and DMFsolution.
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In the figure 4 we can compare the results obtained from the surfactants in the sensors in solid state
with the results in DMF-solution. The reference curve is the DMF-solution, prepared as it is described in the
experimental section. For the low NO concentration (25µM) all the sensors in solid state and DMF-solution
presented the same intensity of the EPR signal, however, as the NO concentration increases the sensors answers
change in relation to the surfactant used. In 2 mM the EPR signal intensity of the sensor in the solid state
prepared with the Triton represents 62% of the signal intensity obtained in the DMF-solution. This indicates that
during the drying process the numbers of Fe2+-DETC decreased when compared with the DMF-solution. The
presence of the gel also affects the quantity of the active complexes. The same thing can be seen with the SDS
and CTAB. Referring to the F127 in solid state the intensity of the EPR signal is practically the same when
compared with the DMF-solution. In this way we can infer that the number of the Fe 2+-DETC complexes actives
are almost the double in the sensor prepared with the F127 in comparison to the Triton, with NO in 2mM
concentration.

IV. CONCLUSION
We have presented the effect of some surfactants on the EPR signal of the NO-Fe2+-DETC obtained
from a solid sensor prepared by the SG method. The process of the sensor synthesis was improved with the use
of the surfactants reducing the drying temperature to ~30º. Different concentrations were used and the ideal
concentration that connects intense signals and good mechanical resistance was of 12mM, above this the sensors
become gelatinous and adherent to the capillaries surface, making harder the NO trapping. The maximum
intensity of the EPR signal was obtained for a NO trapping time of 10 min for all the surfactants, however, in 2
min the NO molecules were already complexed. The sensor sensibility in the solid state increases 5 times with
the F127. The detection limit with the sensor in the solid sensor was of 2µM with the F127 (physiological level
< 1µM). The DETC can be degraded during the synthesis process or affected by pH. There is a similarity as the
line shape of the EPR signals between the sensors in the solid state and in the colloidal state for the F127 and
SDS. Apparently, there was no influence of the pores size of the sensors in the NO trapping, we inferred that the
surfactants, in some way, increase the density of the Fe2+-DETC complexes in the sensors.
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