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A B S T R A C T

The light induced nitric oxide (NO) release properties of S-nitroso-N-acetylpenicillamine (SNAP) and S-ni-
trosoglutathione (GSNO) NO donors doped within polydimethylsiloxane (PDMS) films (PDMS-SNAP and PDMS-
GSNO respectively) for potential inhaled NO (iNO) applications is examined. To achieve photolytic release of gas
phase NO from the PDMS-SNAP and PDMS-GSNO films, narrow-band LED light sources are employed and the
NO concentration in a N2 sweep gas above the film is monitored with an electrochemical NO sensor. The NO
release kinetics using LED sources with different nominal wavelengths and optical power densities are reported.
The effect of the NO donor loading within the PDMS films is also examined. The NO release levels can be
controlled by the LED triggered release from the NO donor-doped silicone rubber films in order to generate
therapeutic levels in a sweep gas for suitable durations potentially useful for iNO therapy. Hence this work may
lay the groundwork for future development of a highly portable iNO system for treatment of patients with
pulmonary hypertension, hypoxemia, and cystic fibrosis.

1. Introduction

The endothelium-derived relaxing factor, nitric oxide, is not only a
potent pulmonary vasodilator [1,2], but also has substantial broad-
spectrum antimicrobial activity [3]. For treating pulmonary hyperten-
sion and hypoxemia, typically 1–80 ppm of gas phase NO is used for
inhalation therapy in a hospital setting [4]. Recently, more evidence
suggests that NO is also effective for treatment of pulmonary infections
in pathological conditions where endogenous NO production is im-
paired by chronic diseases [5–7]. As an adjunctive therapy, low-dose
iNO with antibiotics has proven to be effective to disperse Pseudomonas
aeruginosa biofilm in the lungs of cystic fibrosis (CF) patients [8].
However, one remaining challenge is that iNO therapy at present is
quite expensive (> $3000 per day) [9] owing to costly NO cylinders
and the associated long-term instability of NO in such tanks. Therefore,
the current NO delivery technology that utilizes compressed NO tanks is
both expensive and non-portable for routine in-home use/care.

In-situ real-time NO gas generation could expand the potential and

use of iNO therapy. Various chemical species, such as nitrites and S-
nitrosothiols, have the potential to be utilized as a reservoir for iNO that
can have controlled gas phase NO delivery upon use of the appropriate
stimulus/catalyst. For example, the Meyerhoff group recently devel-
oped a method for electrochemical gas phase NO generation via copper
(II)-tri(2-pyridylmethyl)amine mediated reduction of nitrite [10,11].
Another attractive strategy for NO delivery is to generate NO from NO
donor molecules like S-nitrosothiols (RSNOs). The RSNO donors, such
as SNAP or GSNO, have proven stability in solid form and can emit NO
gas spontaneously by thermal decomposition, in the presence of metal
ion catalysts (e.g., Cu(I)) and/or reducing agents (e.g., thiols, ascorbate)
[12,13], or by photolytic activation [14]. Thermal decomposition of
SNAP has already been utilized for preparing thromboresistant and
antimicrobial catheters [15–17] and implantable sensors [18]. By in-
corporating copper nanoparticles within the catheter material the de-
composition rate of the NO donor can be enhanced, and the NO flux
through the catheter walls can be significantly increased [19].

The light induced NO release from RSNOs is very attractive but has
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less frequently been examined. RSNOs have absorption maxima at
wavelengths around 340 nm (1(n,π*)) and 520–590 nm (1(π,π*)), and
these wavelengths have been primarily associated with their decom-
position [20,21]. Frost et al. used incandescent light for controlled re-
lease of NO from SNAP derivatized fumed silica particles blended into
silicone rubber [22]. Later Gierke et al. [23] covalently linked SNAP to
PDMS and used LED light with a 470 nm nominal wavelength for re-
leasing the NO payload into an aqueous solution. Recently, we de-
monstrated light activated NO release from SNAP doped biodegradable
poly(lactic-co-glycolic acid) (PLGA) microspheres for injectable and
topical use [24]. Gas phase delivery via photolysis of RSNO doped into
silicone rubber films has not been reported thus far.

This study focuses on investigating the feasibility of light-induced
controlled release of NO, with potential use for iNO therapy, utilizing
RSNO-loaded silicone rubber as the NO reservoir. To accomplish this,
we investigated the effect of light frequency and formulation variables
of SNAP and GSNO-loaded silicone rubber films on the NO emission
rate. These results demonstrate that the data derived from this model
system can potentially be used to scale-up the NO release into a sweep
gas at rates that may be useful for creating a highly portable and in-
expensive iNO therapy system.

2. Materials and methods

SNAP was purchased from Pharmablock (USA). Solid GSNO was
prepared from reduced L-glutathione (Sigma, USA) as described by T.W.
Hart [25] and micronized with mortar and pestle. The purity of NO
donors was determined via UV/VIS, after dissolving known amount of
the NO donor in 10mM phosphate buffer containing 2.7mM potassium
chloride, 137mM sodium chloride and 0.01mM ethylenediaminete-
traacetic acid (EDTA), pH 7.4, and measuring the absorbance of the
solution (SNAP: A340= 1075M−1 cm−1 [26], GSNO:
A334= 800M−1 cm−1 [25]).

To prepare silicone films, the base and curing agent of a silicone
elastomer (Sylgard® 184 Dow Corning) were mixed at a 10:1 w/w ratio
before adding solid SNAP or GSNO (<260 μm particle size). The
mixture was then thoroughly blended with a disposable spatula for
10min in a 50mL conical centrifuge tube and degassed in vacuum
(1.4 mbar absolute pressure), and then poured into Petri dishes, de-
gassed again, and then cured at room temperature for at least 24 h.
After curing, the films were placed into vacuum (1.4 mbar absolute
pressure, NAPCO Model 5831 vacuum oven) at room temperature for
another 24 h in order to remove any volatile residues from the films.
The prepared films were stored at room temperature in the dark. During
the whole fabrication process the light exposure of the doped films was
minimized by working in dimmed light conditions and using aluminum
foil to prevent decomposition of the NO donors.

Typically, 3 or 6mm diameter circular test pieces, with 6.7(± 1.0)
mg and 22.8(± 3.6) mg weight, respectively, were cut from the parent
PDMS-SNAP or PDMS-GSNO films using a biopsy punch for testing their
NO release properties. The test piece was placed into a test chamber
directly onto the bottom of the cell or onto a MicroCloth (Buehler)
surface placed on the bottom of the cell (see Fig. 1). An LED light source
was irradiated onto the test piece through a quartz window. For testing
the effect of different wavelengths, Thorlabs M340L4, M385LP1,
M470L3, M565L3 LED light sources, with nominal wavelengths of
340 nm, 385 nm, 470 nm and 565 nm, respectively, were used with a
LEDD1B T-Cube driver. The optical power density was set to a given
value using a Thorlabs PM-16-401 calibrated optical power meter
equipped with volume absorber and a 10mm input aperture prior to
placing the test piece into the chamber. The light source was turned on
after 120 s baseline measurement.

The generated NO was purged out from the chamber using nitrogen
as the sweep gas (ultra-high purity, Cryogenic Gases) after first passing
the N2 through a zero-gas filter cartridge containing activated charcoal.
In order to maintain near atmospheric pressure in the photolysis cell

and NO sensor, a “T” element with N2 overflow was placed into the
setup before the photolysis cell. In order to maintain the humidity of the
sample gas flow in the range required for the electrochemical gas
sensor, it was passed through a 60 cm long 0.060” Nafion™ tubing
(PermaPure) before accessing the sensor. The concentration of NO in
the gas stream was measured using an electrochemical NO gas sensor
(Alphasense, NO-B4) (Fig. 2). The flow rate of the N2 sweep gas was
controlled using a mass flow controller (Alicat MCS) placed between
the sensor and the vacuum pump (Tetra Whisper 10, converted for
vacuum). The flow rate of the N2 recipient gas was set at 200 SCCM in
this initial model system. Standard gas condition was considered as
101,325 Pa and 298.15 K. The amperometric NO gas sensor was
equipped with an individual sensor board (Alphasense ISB) providing a
+200 mV bias voltage for the sensor and converting the sensor output
current to an output voltage signal. The output signal was digitalized
using a 16-bit analog-digital converter (Adafruit ADS1115) and re-
corded with an Arduino compatible microcontroller (Ruggeduino-SE,
Rugged Circuits) equipped with a data logging shield (Adafruit). The
electrochemical NO gas sensor was calibrated typically with 6.0 ppm
NO gas diluted from a 43.2 ppm primary standard (balance nitrogen;
commercial cylinder from Cryogenic Gases) or using a 4.9 ppm NO
(balance nitrogen; from Cryogenic Gases) primary standard directly.
For diluting the calibration gas with nitrogen gas, Alicat MCS Series
mass flow controllers were used.

UV-VIS transmittance of the PDMS-SNAP and PDMS-GSNO films
was measured with a Perkin-Elmer Lambda 35 spectrophotometer.
Secondary electron micrographs were acquired with a JEOL JSM-
7800FLV Scanning Electron Microscope after specimens were prepared
onto double sided conductive carbon tape and gold sputter-coated.

3. Results and discussion

To test the feasibility of the light-induced controlled iNO release
approach, a simple system where inert N2 was swept over the RSNO-
loaded silicone rubber films was employed (Fig. 1). The NO reservoir
for this iNO system was fabricated by blending the RSNO species within

Fig. 1. Schematic of photolysis cell for light-activated NO release.

Fig. 2. Schematic of NO release and electrochemical gas sensor set up.
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PDMS polymer films, allowing for direct modulation of the amount of
RSNO incorporated. Narrow band LED light sources were used to in-
itiate the release of NO into the gas phase, and the NO concentration in
this phase was measured using an electrochemical NO sensor (Fig. 2).
The films were prepared in a manner that resulted in an asymmetric
membrane, due to gravity induced settling of the RSNO particles during
the polymer curing process that results in the solid RSNO species con-
centrated towards one side of the film (Fig. 3B), which was oriented
away from the gas stream. This provides good protection against pos-
sible aerosol formation of the NO donor particles by the flowing N2

stream.
The NO release kinetics were measured first with PDMS-SNAP

samples placed directly onto the bottom of the glass photolysis cell.
However, in this case, spikes were observed on the NO release curves
resulting from formation and escape of tiny NO gas bubbles accumu-
lated between the silicone rubber film and the surface of the photolysis
cell where the sample film was resting upon (Fig. S2). To avoid this
artifact, a MicroCloth was placed at the bottom of the cell and the
PDMS-SNAP test pieces were placed on top of the MicroCloth. Thus, the
released NO gas could easily diffuse out from the film between the
micro structured surface and the film.

In order to compare the release kinetics from the NO donor-doped
films using the different light sources, NO release experiments were
performed at 51mW/cm2 optical power density. Of note, the reported
optical power values were not measured inside the cell where the NO
releasing films were placed, but behind the wall of the borosilicate cell.
Thus, the actual optical power density reaching the samples is likely
somewhat higher than the reported values. Nevertheless, measuring the
optical power density provided a means to compare the effect of light
intensity on the NO release behavior. The output spectra of the light
sources employed are shown in Fig. S3 (Supplemental File).

As shown in Figs. 4 and 5, three different LED light sources with
varying nominal wavelengths triggered very different NO release pat-
terns from the silicone films. The most efficient light source, in terms of
NO release rate from the PDMS-SNAP and PDMS-GSNO films, was the
M385LP1 LED with a 385 nm nominal wavelength. The slowest NO
release rate from the PDMS-SNAP films occurred when using the
M565L3 LED light source with a 565 nm nominal wavelength. NO re-
lease from PDMS-GSNO films was typically faster than from the PDMS-
SNAP films with all of the light sources tested (Fig. 6). PDMS-GSNO
films exhibited significantly faster NO emission when exposed to the
565 nm light source compared to the PDMS-SNAP films.

The absorbance maximum of RSNOs is at approx. 340 nm (see Fig.
S1 in Supporting Information file). Therefore, it would seem reasonable
to apply an LED with 340 nm nominal wavelength for photo release;
however, deep UV LEDs typically have a lower output power and a
shorter lifetime. The specified output power of the M340L4 LED with
340 nm nominal wavelength was more than 30-times less (60mW vs.
1830mW) and its life time was more than 13-times less (> 3000 h vs.
40,000 h) as compared to the M385LP1 LED with 385 nm nominal
wavelength (for LED spectrum and specifications see Fig. S3 and Table
S1 in Supporting Information file). The 340 nm LED was not able to
emit at 51mW/cm2 optical power density when we performed a com-
parison of the different light sources. The maximal achievable optical
power density of the 340 nm deep UV LED was 5mW/cm2, which in-
duced NO release of only approximately 30% of the total loading of the
13 wt% loaded film in 12 h (data not shown). Thus, the 340 nm light
source has practically no relevance for use in obtaining the levels of NO
required for therapeutic iNO applications.

The optical power density dependence on the NO release kinetics
from the 13wt% loaded PDMS-SNAP films are shown on Fig. 6. The
optical power density dependence was examined with both the 385 nm

Fig. 3. (A) Image of PDMS-SNAP (left) and PDMS-GSNO (right) films and (B) secondary electron micrograph from the cross-section of the PDMS-SNAP film.

Fig. 4. Kinetics of gas phase NO levels (left) and cumulative NO release (right) from 3mm diameter 13wt% PDMS-SNAP films using (a) 385 nm, (b) 470 nm and (c)
565 nm LED light sources. The optical power was set to 51mW/cm2 for each light source. Curves show the mean values and the error bars correspond to the standard
error of the mean of three parallel measurements.
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and 470 nm LED light sources. As expected, lower optical power den-
sities yielded slower release kinetics. Using the 385 nm LED at 51mW/
cm2 and at 25mW/cm2 about 80% of the total NO loaded in the films
was released in 3 h and 4 h (Fig. 6), respectively. At 13mW/cm2 optical
power density 80% release was achieved after 7.5 h, and use of 5mW/
cm2 density yielded only 54% release in 12 h. Using the 470 nm LED
(Fig. 7) 80% release was observed in almost 5 h with 51mW/cm2 op-
tical power density, and in 10 h with 25mW/cm2 density. The use of
13mW/cm2 and 5mW/cm2 powers yielded only 21% and 3% release
respectively in 12 h. Also, obvious differences in the NO release kinetics
were observed with these two light sources. Decreasing the light power
density of the 385 nm LED source did not result in a time release curve
similar in shape to the one measured with the 470 nm light source.
Although, the shape of the curves is different, all the curves have a
typical induction period followed by an increasing and then a de-
creasing NO production phase. We speculate that these phases are as-
sociated with the amount of thiyl radicals formed which have low
mobility in the solid phase. Therefore, the recombination of the thiyl
radicals into a disulfide is hindered, while recombination of mobile NO
and immobile thiyl radicals is possible. The rate of this latter reaction in
the solid phase depends on the actual local concentrations of the spe-
cies. Also, the 385 nm and 470 nm light sources have different pene-
tration depths into the films (see absorption spectra of RSNOs in Fig. 9
and Fig. S1). Thus, early on, the 385 nm light can induce the photolysis
of the RSNO only at the surface of the film. Later, due to the lower
absorption of the decomposition product at 385 nm wavelength (see
Fig. 9), this front can move gradually deeper into the film over time.
The thiyl radicals are generated only in a thin layer within the film, and

thus the possibility of their recombination with the NO is low. In con-
trast, when using the 470 nm light, it can penetrate deeper into the film
and generate the thiyl radicals in the whole volume of the film and thus
the possibility/rate of the recombination of thiyl radicals and NO is
higher. This speculation will need further confirmation via future ex-
periments.

Using a PDMS-SNAP film with a lower loading of 5 wt%, the amount
of NO released was decreased as expected (Fig. 8), but the loading did
not affect significantly the extent of NO released (92 ± 3% of loaded
NO as SNAP) vs. the 13 wt% loaded film (90 ± 1% of loaded NO as
SNAP) over the 12 h test period.

The originally dark green PDMS-SNAP films became faded green
and the originally pink PDMS-GSNO films turned faded pink (almost
white) after the 12 h test period due to photo-bleaching at the highest
optical power density.

The release curves suggested that the NO release was not complete
in 12 h and that about 10% of the original RSNO species was somehow
unavailable for photorelease. The SNAP-doped PDMS films showed
very low transmittance, and it remained low even after photo-bleaching
(Fig. 9) of the film. Indeed, the absorbance peaks at ∼340 nm and
∼580 nm associated with the NO donor absorbance peaks disappeared,
and another band appeared in the lower wavelength range. Thus, fewer
photons likely reached the inner part of the film, and even after most of
the NO is released, the light intensity inside the film and/or in the core
of the SNAP crystals was insufficient for complete release of the pay-
load.

It is also possible to modulate the NO release by turning on and off
the LED light source periodically (Fig. 10). Interestingly, this

Fig. 5. Kinetics of gas phase NO levels (left) and cumulative NO release (right) from 3mm diameter 13wt% PDMS-GSNO films using (a) 385 nm, (b) 470 nm and (c)
565 nm LED light sources. The optical power was set to 51mW/cm2 for each light source. Curves show the mean values and the error bars correspond to the standard
error of the mean of three parallel measurements.

Fig. 6. Optical power density dependence of release kinetics from 3mm diameter 13% PDMS-SNAP films with 385 nm light source. The release kinetics of the 13 wt%
loaded PDMS-SNAP film were measured at (a) 51, (b) 25, (c) 13 and (d) 5 mW/cm2 optical power densities. Curve and error bars represented mean ± SEM (n=3)
for (a) and single replicates shown for (b)-(d).
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modulation did not seem to affect the overall NO release kinetics. If the
periods with the light off would be removed from the curves, they
would be almost the same curves measured without the modulation.

To date, the use of SNAP or GSNO doped PDMS for gas phase de-
livery of NO has not been reported previously in the literature. The
primary role of the silicone matrix is to avoid the aerosol formation of
NO donor in the gas stream, while posing minimal barrier for per-
meation of NO gas through it [27]. In previous studies, SNAP was
covalently linked to the polymer chain and a flood light [22] or 470 nm
LED [23] was used to obtain NO release into an aqueous phase. In this
work, RSNO is doped in solid, microcrystalline form into the polymer
(Fig. 3). We chose to load the RSNO into the PDMS film by blending the
microcrystalline NO donor into the two-component PDMS before
curing, since this method enables better control of the NO donor
loading within the films, over a wider weight percent range. Also, this
method is compatible with the GSNO. Impregnation/swelling of sili-
cone rubber with 125mg/mL SNAP dissolved in tetrahydrofuran (THF)
[26] can result 5.4 wt% loading, although the achievable loading is
limited by the solubility of SNAP in the organic solvent and the swelling
properties. Another important benefit of the present blending method is
that the SNAP is never dissolved during the film preparation process.
Thus, there is a less risk that the SNAP can decompose during the
polymer preparation. Indeed, the impregnation/swelling method can
result in smaller SNAP microcrystals in the silicone matrix. However,
we did not observe any significant effect of SNAP particle size (com-
paring size fractions of 63–120 μm and 120–260 μm diameter) on the
release kinetics using the method of film preparation employed here
(data not shown).

These results demonstrate that the kinetics of the light induced NO

release from SNAP and GSNO are wavelength dependent and the initial
release kinetics is faster in case of the lower wavelengths associated
with the absorption maxima at around 340 nm (1(n,π*)) of RSNO mo-
lecules. The release kinetics can be modulated via the intensity of the
light employed. However, when using a constant light intensity, it is not
possible to obtain a stable NO release into the gas phase. Thus, to

Fig. 7. Optical power density dependence of release kinetics from 3mm diameter 13 wt% PDMS-SNAP films with 470 nm light source. The release kinetics were
measured at (a) 51, (b) 25, (c) 13 and (d) 5mW/cm2 optical power densities. Curve and error bars represented mean ± SEM (n=3) for (a) and single replicates
shown for (b)-(d).

Fig. 8. NO release kinetics and release curve of 6mm diameter (a) 5% and (b) 13 wt% PDMS-SNAP films using 470 nm LED at 51mW/cm2 optical power density.
Curves show the mean values and the error bars correspond to the standard error of the mean of three parallel measurements.

Fig. 9. Transmittance of PDMS-SNAP and photo bleached 5wt% PDMS-SNAP
films prepared with 120–245 μm size fraction of SNAP crystals. The nominal
thickness of the film was 1mm.
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achieve constant NO levels in the recipient gas stream, it will be ne-
cessary to use an NO sensor to monitor levels of the gas phase NO, and
thereby provide feedback control of the power of the light source to
achieve a desired constant level of NO in the N2 stream.

Our initial results towards achieving this goal are shown in Fig. 11,
which demonstrates the feasibility to use RSNO silicone rubber films to
create a constant level of NO, via feedback-controlled modulation of the
light intensity, for more than 12 h. Our future studies will include op-
timization of this photo-release NO generation system that includes the
stable RSNO-PDMS polymer (NO reservoir) described here combined
with the NO sensor-based feedback control that will allow for constant
and controlled NO generation from this compact and portable system.

4. Conclusion

Blending RSNO-type NO donor molecules within silicone rubber
films is a viable method for preparing a stable NO reservoir and photo-
release NO gas phase delivery system for potential use in iNO appli-
cations. In contrast to the recently reported solvent swelling that can
impregnate silicone rubber with SNAP but is limited by the solubility of
the SNAP and swelling of the polymer, the RSNO doping method re-
ported here enables doping both of GSNO and SNAP and allows precise
control over the polymer fabrication in terms of the wt% RSNO

incorporation. Among the tested LED light sources, a 565 nm LED is the
least effective in terms of NO release in case of PDMS-SNAP films, but
quite effective in case of the PDMS-GSNO films. The 385 nm LED in-
duces a rapid release of the NO from both PDMS-SNAP and PDMS-
GSNO films, while the 470 nm LED produces a more sustained release.
However, none of these light sources induces a steady, constant emis-
sion rate of NO from the RSNO-doped silicone rubber film into the gas
phase. To achieve a stable zero order like NO release into the carrier
stream gas flow above the NO donor doped film, the continuous mod-
ulation of the light intensity of the LED source is necessary. This can
only be achieved using feedback control based on measured NO levels
in the recipient gas stream using an NO selective sensor.
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