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Abstract: A new type of nitric oxide (NO)-releasing mate-
rial is described that utilizes S-nitrosothiols anchored to tiny
fumed silica (FS) particles as the NO donor system. The
synthetic procedures suitable for tethering three different
thiol species (cysteine, N-acetylcysteine, and N-acetylpeni-
cillamine) to the surface of FS polymer filler particles are
detailed. The thiol-derivatized particles are converted to
their corresponding S-nitrosothiols by reaction with t-bu-
tylnitrite. The total NO loading on the resulting particles
range from 21–138 nmol/mg for the three different thiol-
derivatized materials [S-nitrosocysteine-(NO-Cys)-FS, S-ni-
troso-N-acetylcysteine (SNAC)-FS, and S-nitroso-N-
acetylpenicillamine (SNAP)-FS], with SNAP-FS yielding the
highest NO loading. NO can be generated from these parti-
cles when suspended in solution via the addition of cop-
per(II) ions, ascorbate, or irradiation with visible light. The
SNAC-FS and SNAP-FS particles can be blended in polyure-
thane and silicone rubber matrixes to create films that re-

lease NO at controlled rates. Polyurethane films containing
SNAC-FS submerged in phosphate-buffered saline (pH 7.4)
generate NO surface fluxes �0.1–0.7 � 10�10 mol cm�2

min�1 and SNAP-FS films generate NO fluxes of �0–7.5 �
10�10 mol cm�2 min�1 upon addition of increasing amounts
of copper ions. Silicone rubber films containing SNAC-FS or
SNAP-FS do not liberate NO upon exposure to copper ions
or ascorbate in phosphate-buffered saline solution. How-
ever, such films are shown to release NO at rates propor-
tional to increasing intensities of visible light impinging on
the films. Such photoinitiated NO release from these com-
posite materials offers the first NO-releasing hydrophobic
polymers with an external on/off trigger to control NO
generation. © 2005 Wiley Periodicals, Inc. J Biomed Mater
Res 72A: 409–419, 2005
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INTRODUCTION

Polymeric materials are used to fabricate or coat a
wide variety of biomedical devices, including intra-
vascular sensors, extracorporeal circuit tubings, cath-
eters, cannula, and vascular grafts.1–3 Regardless of
the specific polymer used to construct such devices, all
materials currently used inspire a biological response
upon exposure to blood and tissue. For example, the
surfaces of blood-contacting devices cause platelet ad-
hesion and activation, triggering the coagulation cas-

cade that results in thrombus formation on the surface.
This clot formation can interfere with the functioning
of the device (e.g., intravascular sensors no longer
measure analyte in bulk blood, vascular grafts become
occluded, etc.) and pose serious health risks to pa-
tients. Nitric oxide (NO) has been shown to possess a
wide variety of physiological functions and is natu-
rally produced by a number of cells. NO is a potent
inhibitor of platelet activation and adhesion.4,5 NO has
also been shown to inhibit smooth muscle cell prolif-
eration associated with restenosis6 and neointimal hy-
perplasia,7 inhibit bacterial cell adhesion,8 and to be
involved in macrophage function via cytotoxic ef-
fects.9 The potential exists for many biomedical de-
vices fabricated from polymers that possess NO-re-
lease capability to exhibit enhanced biocompatibility
and therefore improved performance.

To date, a variety of NO-release materials have been
synthesized in our laboratory and elsewhere that in-
corporate NO donors into polymer matrixes by blend-
ing discrete species into the polymer10–15 or covalently
linking the donor to a polymer backbone.15–18 The
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kinetics of NO release from these materials can be
modulated by changing the polymer matrix or struc-
ture of the NO donor. Another strategy for making
NO-releasing polymers is to derivatize polymer fillers
[e.g., fumed silica (FS) or titanium dioxide particles]
with NO donors.18 Derivatized fillers have the advan-
tage of imparting NO generation to a wide variety of
polymers simply by blending the filler into the poly-
mer (i.e., the fundamental polymer chemistry is not
altered by adding the NO donor) and modulating the
NO flux from the cured polymer by changing the
amount of filler embedded. Additionally, the risk of
leaching byproducts resulting from NO release is
eliminated because the NO donor is covalently linked
to the filler particles that are mechanically entrapped
in the cured polymer matrix. This concept was first
demonstrated by Zhang et al.18 who showed that al-
kylamine groups could be covalently linked to FS
particles and subsequently diazeniumdiolated upon
reaction with NO in the presence of a methoxide base.
The resulting particles were blended into polyure-
thane (PU) and coated on the inner surface of poly(vi-
nyl chloride) tubing used in extracorporeal circuitry.
Initial in vivo experiments with these materials dem-
onstrated that the NO-generating polymers coated on
the inner walls of extracorporeal circuitry18 reduced
thrombus formation and decreased platelet consump-
tion. These promising results and the myriad of po-
tential applications of NO-generating materials to the
fabrication of medical devices warrants further devel-
opment of new NO-releasing materials, especially
ones in which the NO-release properties can be con-
trolled more precisely.

S-Nitrosothiols (RSNOs) are a class of NO donor
that may be useful in developing NO-releasing poly-
mers. RSNOs are thought to serve as a reservoir and
transporter of NO within biological systems.19 S-Ni-
troso-serum albumin and S-nitrosoglutathione are the
two most abundant naturally occurring RSNOs
present in circulating blood, and S-nitrosoglutathione
is also found within cells.20 The stability of RSNOs is
determined by the � and � substitution with respect to
the sulfur atom.21 Primary and secondary RSNOs,
such as S-nitrosocysteine (NO-Cys) and S-nitroso-N-
acetyl-L-cysteine (SNAC), are unstable, whereas ter-
tiary RSNOs, such as S-nitroso-N-acetylpenicillamine
(SNAP), are quite stable.21

The SONO bond of RSNOs can be cleaved to re-
lease NO by three known mechanisms.21 Copper ion-
mediated decomposition requires Cu�2 to be reduced
to Cu�1. Copper(I) then reacts with the RSNO to re-
lease NO, forming a thiolate anion and regenerating
Cu�2.22 The thiolate can further reduce the Cu2� back
to Cu� creating a catalytic cycle to degrade all the
RSNO species present. In addition, ascorbate is also a
sufficient reducing agent to generate Cu�1 from Cu2�

under physiological conditions. A second reported

decomposition pathway of RSNOs is their direct reac-
tion with ascorbate, at concentrations greater than mil-
limolar level, to release NO and produce a free thiol
and dehydroascorbate.23 The third mechanism of de-
composition is homolytic cleavage of the SONO bond
by light, at either 330–350 or 550–600 nm, releasing
NO and producing disulfide bonds from the radicals
of the parent thiols that are formed during the photo-
lytic reaction.24

Several reports have previously utilized light to
generate NO by decomposing RSNOs that are either
endogenously present in biological systems25 or have
been incorporated into monolayers or hydro-
gels.14,26,27 Etchenique et al.26 used photolytic release
of NO from monolayers of nitrosated dithiothreitol
attached to gold surfaces. Although this work sug-
gests the possibility of photoinitiated temporal and
spatial control of NO release, it has limited applica-
tions because there is a very small reservoir of NO
actually available in the monolayer. Shishido et al.27

blended S-nitrosoglutathione or S-nitroso-N-acetyl-
cysteine into hydrogels that release NO at body tem-
perature and demonstrated enhanced NO release
when the materials were simultaneously irradiated
with light. This material, however, continuously re-
leased NO upon initiation of the thermal decomposi-
tion pathway as well as having the potential to leach
the NO donor from the hydrogel matrix.

Recently, we reported preliminary data for the pho-
toinitiated release of NO from silicone rubber films
embedded with SNAP attached to tiny FS particles.28

Herein, we describe in detail the synthetic methods
used to covalently link several RSNOs (NO-Cys,
SNAC, and SNAP) to 7- to 10-nm-diameter FS parti-
cles. The characterization of the resultant particles and
their NO-release properties in response to copper ions,
ascorbate, and light are reported. SNAC-FS and
SNAP-FS particles were further blended into the cen-
ter layer of trilayer silicone rubber (SR) or PU films.
The NO-release properties of these composite films
are characterized in detail with respect to the response
upon addition of copper and ascorbate ions to the
solution bathing the films. Photoinitiated NO release
is also examined for these polymeric materials. The
photoinitiated NO generation from these RSNO-FS-
doped materials represents the first hydrophobic
polymer systems that have a controllable, external
on/off trigger for the local generation of NO.

EXPERIMENTAL

Materials

N-Acetyl-L-cysteine, triphenylmethanol, sodium ace-
tate, acetic acid, N-acetyl-DL-penicillamine, magnesium
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sulfate, FS (7- to 10-nm diameter), S-trityl-N-Boc-
cycteine, O-(benzotriazol-1-yl)-N,N,N�,N�-tetramethylu-
ronium hexafluorophosphate (HBTU), glycine hydro-
chloride, cysteine hydrochloride, 5,5�-dithio-bis(2-
nitrobenzoic acid) (Ellman’s reagent), and sodium
ascorbate were purchased from Sigma (St. Louis, MO).
Boron trifluoride diethyletherate (BF3-etherate), diethyl
ether, acetic anhydride, pyridine, dimethylformamide
(DMF), diisopropylethylamine (DIEA), trifluoroacetic
acid (TFA), and methanol were obtained from Aldrich
(Milwaukee, WI). Chloroform (CHCl3), hydrochloric
acid (HCl), hexanes, toluene, dichloromethane (CH2Cl2),
tetrahydrofuran (THF), and sodium phosphate (mono-
basic) were purchased from Fisher Scientific (Pittsburgh,
PA). 1,4,8,11-Tetraazacyclotetradecane (cyclam) and t-
butylnitrite were products of Acros (Pittsburgh, PA).
(3-Aminopropyl)trimethoxysilane and 2-nitrophenyl oc-
tylether (NPOE) were purchased from Fluka (Milwau-
kee, WI). 3-(2-Furoyl)quinoline-carbaldehyde (FQCA)
was obtained from Molecular Probes (Eugene, OR). Phil-
ips Director Bulbs (40, 60, 75, and 100 W) were pur-
chased from Meijer, Inc. (Ann Arbor, MI). Chelex�100
Resin was a product of Bio-Rad Laboratories (Hercules,
CA). TecoFlex� SG-80A PU was a gift from Thermedics,
Inc. (Woburn, MA). Dow Corning RTV 3140 Silicone
Rubber (SR) was purchased from World Precision In-
struments (Sarasota, FL). All chemicals were used as
received except the t-butylnitrite (see below).

Preparation of S-trityl-N-acetyl-L-cysteine

The method of Zee-Cheng and Cheng29 was
adapted to prepare S-trityl-N-acetyl-L-cysteine. Thirty
millimole N-acetyl-L-cysteine was dissolved in 25 mL
of acetic acid. Thirty-five millimole thiphenylmetha-
nol and 6.5 mL of BF3-etherate were then added with
stirring. The reaction proceeded at 25°C for 2 h. Eighty
milliliters of a saturated sodium acetate solution and
160 mL of H2O were then added. The mixture was ice
cooled and a white solid collected. The crude product
was stirred with 150 mL of H2O and 120 mL of dieth-
ylether for 4 h at room temperature. The white solid
was collected and washed several times with H2O.
Purity of the S-trityl-N-acetyl-L-cysteine was con-
firmed with 1H NMR (data not shown).

Preparation of N-acetyl-DL-penicillamine thiolactone

To form this thiolactone, 4.9 g of N-acetyl-DL-pen-
icillamine was dissolved in �10 mL of pyridine and
ice cooled with stirring for 30 min. A solution of �10
mL of acetic anhydride and �10 mL of pyridine was
also stirred and cooled for 30 min. The two solutions

were then combined and stirred at room temperature
for 24 h. The solvent was removed with a roto-vap at
60°C. The resulting amber oil was redissolved in
CHCl3, washed three times with 1N HCl(aq), and
dried with magnesium sulfate. The CHCl3 was then
removed with the roto-vap. The crystals were col-
lected with hexanes and suction filtration. Purity of
the thiolactone was confirmed via 1H NMR (data not
shown).

Derivatization of FS particles

Figure 1 illustrates the overall procedure developed
to tether the thiol containing amino acids to the sur-
face of the polymer filler particles. Aminopropyl FS
was first prepared by refluxing 5.3 g of FS with 4.9 g of
(3-aminopropyl)trimethoxysilane in 500 mL of toluene
for 24 h. The derivatized FS was then washed three
times with fresh toluene and oven dried at 120°C
overnight.

To attach cysteine or N-acetylcysteine to the FS par-

Figure 1. Schemes used to derivatize FS with three differ-
ent RSNOs. Route A leads to the synthesis of NO-Cys-FS
and SNAC-FS; route B illustrates the method used to obtain
SNAP-FS.
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ticles, 2.3 g of HBTU was dissolved in 15 mL of DMF.
This solution was added to 2.76 g of S-trityl-N-Boc-L-
cysteine or 2.55 g of S-trityl-N-acetyl-L-cysteine. An
aliquot of 1.38 mL of DIEA was then added and the
solution was allowed to react for �5 min. This acti-
vated amino acid solution was subsequently com-
bined with 1 g of aminopropyl FS and stirred for 40
min. The particles were washed three times with
CHCl3 and vacuum dried. The protecting groups were
then removed by stirring in a 10% TFA/90% CH2Cl2
(v/v) solution for 45 min. The final deprotected par-
ticles were washed three times with fresh CH2Cl2 and
vacuum dried.

N-Acetyl-DL-penicillamine was tethered to the FS
particles by suspending 1 g of aminopropyl FS in a
pyridine solution containing 1.2 g of the N-acetyl-DL-
penicillamine thiolactone and stirring at room temper-
ature for 24 h. Particles were washed three times with
fresh CHCl3 and vacuum dried.

The free thiol groups of each type of derivatized FS
were converted to their corresponding RSNO by reac-
tion with t-butylnitrite. Before using the t-butylnitrite,
this reagent was extracted over an aqueous solution
containing the copper chelator cyclam (15 mM) to
remove copper ions added to stabilize the t-butylni-
trite. NO-Cys-FS and SNAC-FS were then formed by
suspending the corresponding thiol-derivatized FS in
10% methanol/90% toluene (v/v) and adding 10% by
volume t-butylnitrite. The reaction vessel was
shielded from light and gently shaken for 1 h to form
the RSNOs. SNAP-FS was formed by suspending the
N-acetylpenicillamine particles in toluene and adding
10% by volume of the extracted t-butylnitrite. The
derivatized mixture was protected from light and
shaken for 1 h to form the S-nitroso-N-acetylpenicilla-
mine-derivatized particles. The particles were then
washed three times with fresh toluene, vacuum dried,
and stored in the dark at 4°C.

FQCA test for free primary amines

A 100 �M solution of glycine was used as the stan-
dard amine solution for quantitative measurement of
amine content on the FS particles. The amine stan-
dards and amine-containing FS samples were com-
bined with 200 �L of 5 mM FCQA and brought to a
total volume of 4 mL with a solution of 5 mM KCN.
Samples were protected from light and placed on a
shaker at room temperature for 1 h. Fluorescence mea-
surements were made with an excitation wavelength
of 480 nm and emission spectra were recorded from
500 to 800 nm using a Shimadzu RF-1501 spectroflu-
orophotometer (Tokyo, Japan).

Ellman’s test for free sulfhydryls

Thiol standards were prepared using 1 mM cysteine
in 100 mM phosphate buffer (pH 8.0). One hundred
microliters of 10 mM Ellman’s reagent and the thiol
standards and/or samples were brought to a total
volume of 4 mL by the addition of 100 mM phosphate
buffer (pH 8.0). The samples were shaken for 1 h at
room temperature and 200-�L aliquots were pipetted
into a 96-well microtiter plate. Absorbance values for
each well were recorded with a Labsystems Multiskan
RC microtiter plate reader using a 414-nm filter (Fisher
Scientific).

NO-release measurements

NO generated from derivatized FS was measured
using a Sievers Nitric Oxide Analyzer 280 (Boulder,
CO). NO was continuously swept from the headspace
of the sample vessel and purged from the bathing
solution with an N2 sweep gas and bubbler into the
chemiluminescence detection chamber. Amber glass
sample vessels were used for measurement of copper
ion and ascorbate-initiated NO release from the parti-
cles or polymer films containing the filler particles.
Clear glass sample vessels were used for photoiniti-
ated NO-generation experiments.

Trilayer polymer film preparation

Teflon plates and 2.5-cm-diameter rings were ma-
chined in-house for use as casting molds for preparing
polymer films containing the various nitrosothiol-de-
rivatized FS particles. The cocktail used to cast plasti-
cized PU films consisted of 0.6 g of Tecoflex PU and
1.2 g of NPOE dissolved in 10 mL of THF. The cocktail
used to prepare the SR films contained 1.6 g of SR
dissolved in 10 mL of toluene with vortex mixing.
After mixing for several hours, 400 �L of this cocktail
was cast into the Teflon ring which was loosely cov-
ered and allowed to dry for 4 h. The center layer was
cast by pipetting 400 �L of a solution of 30 mg of
derivatized FS in 1 mL of the given polymer cocktail
on top of the first layer and allowed to dry for 4 h,
protected from light. The final layer (top) was cast by
pipetting 400 �L of the original polymer cocktail on
top of the cured center layer. The composite films
were allowed to cure overnight, completely protected
from light. Smaller 0.7-cm-diameter disks were cut
from the cured parent films and used to characterize
NO release from the final layered polymer material, in
the presence of Cu(II), ascorbate, and light.
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RESULTS AND DISCUSSION

Characterization of derivatized particles

Three different thiols (cysteine, N-acetylcysteine,
and N-acetylpenicillamine) were tethered to the sur-
face of the FS particles and subsequently converted
into the corresponding RSNOs as described in the
Experimental section. The derivatized particles were
characterized with respect to primary amine content,
sulfhydryl content, and total NO loading to assess
each step of the entire derivatization process. The
fluorogenic agent FQCA, developed by Beale et al.,30

was used to determine the primary amine content on
the surface of the particles during the synthesis pro-
cedures. The FQCA reagent does not fluoresce until it
reacts with a primary amine, eliminating the need to
remove any unreacted reagent before measuring the
emission spectrum intensity. The total amount of free
sulfhydryl groups on the surface of the particles was
determined using Ellman’s reagent,31,32 and the total
NO loading of the derivatized particles was moni-
tored via chemiluminescence using multiple injections
of 250 �M copper ions to initiate complete NO release.

Table I lists the amine content of the aminopropyl
FSs, the amine content after coupling and deprotection
of the thiol species to the FSs, the calculated amount of
occupied amine, the resulting sulfhydryl content, and
the total NO loading of the various particles after
reaction with t-butylnitrite. In the case of Cys-FS, the
total amine content should remain unchanged because
for every one primary amine group used to form an
amide bond with the amino acid, cysteine itself has
one free primary amine. In the case of both N-acetyl-
cysteine and N-acetylpenicillamine coupling, the total
amount of primary amine should decrease in a 1:1
ratio with the coupled thiol species. The amount of
occupied amine sites was determined by subtracting
the free amine content after coupling from the total
amine content determined before the coupling reac-
tion. The free sulfhydryl content should be equal to
the amount of occupied amine sites and the total NO

loading should also equal the free sulfhydryl content
because, for each amine occupied, one thiol group has
been tethered to the surface.

As indicated in Table I, the amount of total alkyl
amine linked to the surface of the particles after si-
lanization was 3.07 	 0.21 � 10�7 mol/mg. After
coupling cysteine to the FS and deprotecting the
amino acid, 3.14 	 0.15 � 10�7 mol/mg of amine sites
were detected. This is consistent with the expectation
that the total measured amine content should not
change because cysteine contains a primary amine
group. The free sulfhydryl detected for the same par-
ticles was 0.24 	 0.06 � 10�7 mol/mg with 0.21 	
0.07 � 10�7 mol/mg total NO loading after reaction
with butylnitrite. The SNAC-FS particles possessed
2.06 	 0.07 � 10�7 mol/mg free amine after coupling,
indicating that 1.01 � 10�7 mol/mg of amine sites
were reacted with the SNAC. The free sulfhydryl con-
tent was 0.69 	 0.06 � 10�7 mol/mg and after reaction
with t-butylnitrite, the total NO loading was deter-
mined to be 0.30 	 0.24 � 10�7 mol/mg total NO
loading. The somewhat low level of NO loading in the
case of SNAC-FS could be a result of the instability of
primary and secondary RSNOs.22 The amount of free
amine present after coupling N-acetyl-DL-penicilla-
mine was 0.98 	 0.09 � 10�7 mol/mg, indicating that
2.07 � 10�7 mol/mg of initial amine sites were occu-
pied. The free sulfhydryl measured was 1.42 	 0.07 �
10�7 mol/mg and the total NO loading was 1.38 	
0.29 � 10�7 mol/mg. For the SNAP-FS particles, these
values are highest among the data for all three thiol
species tethered to the FS particles. Indeed, SNAP-FS
had twice the sulfhydryl content of SNAC-FS and
nearly six times the sulfhydryl content of NO-Cys-FS.
This could be attributed to the fact that the self-pro-
tected thiolactone (used in the SNAP-FS synthesis) is
much smaller in size than the uronium salt complex
formed with HBTU, the reagent used to couple pro-
tected cysteine and acetylcysteine molecules to the
surface of the particles. Hence, steric hindrance for the
surface reaction would be much less in the case of the
SNAP-FS system

TABLE I
Characterization of S-Nitrosothiol-Derivatized Fumed Silica Particles

Particles
Total Amine

(mol/mg)

Free Amine
After Coupling

(mol/mg)
Occupied Amine

(mol/mg)
Free Sulfhydryl

(mol/mg)
Total NO Loading

(mol/mg)

Aminopropyl
fumed silica

3.07 � 10�7 	 0.21

NO-Cys-FSa 3.07 � 10�7 	 0.21 3.14 � 10�7 	 0.15 NA 0.24 � 10�7 	 0.06 0.21 � 10�7 	 0.07
SNAC-FSb 3.07 � 10�7 	 0.21 2.06 � 10�7 	 0.07 1.01 � 10�7 0.69 � 10�7 	 0.06 0.44 � 10�7 	 0.01
SNAP-FSc 3.07 � 10�7 	 0.21 0.98 � 10�7 	 0.09 2.09 � 10�7 1.42 � 10�7 	 0.07 1.38 � 10�7 	 0.29

aS-Nitrosocysteine fumed silica.
bS-Nitroso-N-acetylcysteine fumed silica.
cS-Nitroso-N-acetylpenicillamine fumed silica.
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NO release from free RSNO-derivatized FS

NO release from these three types of derivatized par-
ticles was monitored via chemiluminescence. Three dif-

ferent initiators were used to generate NO from the
derivatized particles: a) copper(II) ions, b) ascorbate, and
c) light. Particles were suspended in 2 mL of toluene and
each sample was analyzed in triplicate.

Figure 2 shows representative NO-release curves
for SNAP-FS upon addition of copper(II) bromide,
sodium ascorbate, and exposure to increasing
power of light. Tables II–IV list the amount of NO
generated by NO-Cys-FS, SNAC-FS, and SNAP-FS,
respectively, using the same initiators and the per-
centage of total NO that was released in the first
10-min period.

Although copper(I) is the active species that pro-
duces NO from RSNOs, the addition of copper(II)
initiated NO release from all of the derivatized par-
ticles. There are likely trace levels of free thiols
present on the surface of the particles even after the
reaction with t-butylnitrite. Thiolate ions are suffi-
cient reducing agents to generate copper(I) from
copper(II).22 All three derivatized particles exhib-
ited increased NO generation with increasing levels
of copper(II). All three particle types also showed
increased NO generation with increasing ascorbate
concentrations. This is interesting because ascorbate
is reported to only reduce RSNOs directly to NO at
greater than millimolar levels.23 However, even
when the ascorbate concentration was only 0.2, 0.3,
and 0.6 mM, decomposition and NO generation
from the particles was observed for NO-Cys-FS,
SNAC-FS, and SNAP-FS. The derivatized particles
as suspensions in the toluene solution also released
increasing amounts of NO when exposed to increas-
ing power of light (0 –100 W).

Figure 3 shows that the photoinitiated NO-release
phenomenon is controllable. SNAP-FS suspended in
toluene was exposed to light of two different intensi-
ties for �20-s periods and then returned to a dark
state. NO generation initiated and ceased as the light
was turned on and off. This provides a potentially
powerful external on/off trigger to generate NO for
defined durations and fluxes as needed for various

Figure 2. NO generation monitored via chemilumines-
cence from SNAP-FS suspended in toluene upon (A) the
addition of copper ions, (B) the addition of ascorbate, and
(C) exposure to light.

TABLE II
Nitric Oxide (NO) Released from S-Nitrosocysteine-Derivatized Fumed Silica (NO-Cys-FS)

Particles Suspended in Toluene

Copper Initiator Ascorbate Initiator Photoinitiation

�M CuBr2
a

nmol NO
Releasedb

% of Total NO
Releasedc

mM
Ascorbatea

nmol NO
Releasedb

% of Total NO
Releasedc

Wattage of
Lightd

nmol NO
Releasedb

% of Total NO
Releasedc

0 1.13 	 0.31 5.36 0 1.13 	 0.31 5.36 0 0.27 	 0.11 1.30
5 1.94 	 0.15 9.24 0.2 2.58 	 0.12 12.3 40 0.64 	 0.03 3.04

25 2.54 	 0.19 12.1 0.3 2.23 	 0.04 10.6 60 0.78 	 0.09 3.70
50 3.69 	 0.50 17.6 0.6 2.20 	 0.06 10.5 75 1.03 	 0.31 4.91

250 8.42 	 0.82 40.1 1.2 3.18 	 0.04 15.1 100 0.93 	 0.17 4.41
aFinal concentration of initiator added after 2 min.
bNO released after first 10 min.
cCalculated based on total NO loading reported in Table I.
dPhilips Director bulbs used to illuminate reaction cell.
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biomedical applications, and/or fundamental studies
regarding the effect of given NO doses on living cells,
etc.

NO release from RSNO-derivatized FS embedded
in trilayer polymer films

To create more biocompatible coatings, or to use the
RSNO-derivatized FS particles for creating surfaces
with controlled NO fluxes for fundamental studies, it
will be necessary to incorporate these new materials
into appropriate polymeric films. To establish the fea-
sibility of creating such films, the SNAC-FS and
SNAP-FS particles were blended into the middle layer
of plasticized PU or SR films (note: because of the low
NO loading and instability of NO-Cys-FS, these par-
ticles were not used in such studies).

Trilayer PU/NPOE films [see Fig. 4(A) for sche-
matic of film configuration] were cast containing 20 wt
% SNAC-FS in the center layer. The cured films were
cut into small disks and immersed in phosphate-buff-
ered saline (PBS) (pH 7.4) that was first washed over
Chelex resin to remove residual copper ions from the

buffer. Injections of copper ions and/or ascorbate
were made to initiate NO release. Unlike the free
particles, NO was not generated from SNAC-FS in PU
when only copper ions or only ascorbate was added to
the bathing solution. When the same films were im-
mersed in PBS that contained 5 mM ascorbate, NO
was generated upon the addition of copper ions. This
indicates that an external reducing agent is required to
generate enough Cu�1 to diffuse into the PU polymer
and release NO from the particles that are embedded
within the PU/NPOE matrix. As increased concentra-
tions of copper were added (0–250 �M), the surface
flux of NO increased from �0.1 to 0.7 � 10�10 mol
cm�2 min�1. The NO generation from a polymer film
containing SNAC-FS from the same parent film ex-
posed to 100-W light generated a NO flux of only
�0.3 � 10�10 mol cm�2 min�1. This low efficiency of
photoinitiated NO release could be because the plas-
ticizer used (NPOE) within the film attenuates the
visible light that initiates NO release from the RSNO.
Additionally, THF was used as the casting solvent for
the PU films and it has been observed to decompose
free SNAC and SNAP in solution (unpublished data).
Thus, there is probably a significant loss of the RSNO

TABLE III
Nitric Oxide (NO) Released from S-Nitroso-N-acetylcysteine-Derivatized

Fumed Silica (SNAC-FS) Particles Suspended in Toluene

Copper Initiator Ascorbate Initiator Photoinitiation

�M CuBr2
a

nmol NO
Releasedb

% of Total NO
Releasedc

mM
Ascorbatea

nmol NO
Releasedb

% of Total NO
Releasedc

Wattage of
Lightd

nmol NO
Releasedb

% of Total NO
Releasedc

0 0.44 	 0.32 0.99 0 0.44 	 0.32 0.99 0 0.17 	 0.03 0.38
5 6.99 	 0.65 15.9 0.2 3.97 	 0.74 9.02 40 2.04 	 0.22 4.64

25 9.93 	 0.79 22.6 0.3 4.82 	 0.39 11.0 60 3.17 	 0.20 7.21
50 10.81 	 1.34 24.6 0.6 6.52 	 0.57 14.8 75 3.30 	 0.22 7.50

250 31.91 	 1.28 72.5 1.2 10.07 	 0.06 22.9 100 4.19 	 0.59 9.53
aFinal concentration of initiator added after 2 min.
bNO released after first 10 min.
cCalculated based on total NO loading reported in Table I.
dPhilips Director bulbs used to illuminate reaction cell.

TABLE IV
Nitric Oxide (NO) Released from S-Nitroso-N-acetylpenicillamine-Derivatized

Fumed Silica (SNAP-FS) Particles Suspended in Toluene

Copper Initiator Ascorbate Initiator Photoinitiation

�M CuBr2
a

nmol NO
Releasedb

% of Total NO
Releasedc

mM
Ascorbatea

nmol NO
Releasedb

% of Total NO
Releasedc

Wattage of
Lightd

nmol NO
Releasedb

% of Total NO
Releasedc

0 0.00 	 0.01 0.00 0 0.38 	 0.02 0.28 0 0.19 	 0.022 0.14
5 9.99 	 1.04 7.24 0.2 4.17 	 0.03 3.02 40 9.54 	 1.44 6.91

25 44.16 	 3.98 32.0 0.3 4.07 	 0.04 2.95 60 16.13 	 1.88 11.7
50 52.76 	 3.76 38.2 0.6 5.55 	 0.03 4.02 75 17.31 	 1.81 12.5

250 54.67 	 2.62 39.6 1.2 6.44 	 0.03 4.67 100 23.07 	 4.20 16.7
aFinal concentration of initiator added after 2 min.
bNO released after first 10 min.
cCalculated based on total NO loading reported in Table I.
dPhilips Director bulbs used to illuminate reaction cell.
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during the casting procedure, resulting in a much
smaller reservoir of NO donor present to generate NO
in the cured films. Because there was a fairly low

generation of NO from films with SNAC-FS in PU/
NPOE, no further studies were conducted with this
system.

Trilayer PU/NPOE films containing 20 wt %
SNAP-FS in the center layer were cast and tested for
NO-release properties. Figure 4(B) shows NO genera-
tion from 0.7-cm-diameter disks of SNAP-FS in cured
PU/NPOE films immersed in 2 mL of Chelex washed
PBS. NO is not generated when copper ions (250 �M
final concentration) or ascorbate (5 mM final concen-
tration) alone are added (data not shown). If 250 �M
copper ions and 5 mM ascorbate are added simulta-
neously, a significant flux of NO is observed (�7.5 �
10�10 mol cm�2 min�1). This film was also soaked in
fresh rabbit plasma to determine if endogenous reduc-
ing equivalents in blood could cause significant NO
generation from these films. It was found that NO is
not generated when the films are soaked in the plasma
(data not shown). This is potentially very useful be-
cause it implies that NO will not be spontaneously
released from this material in a fresh blood environ-
ment. Figure 4(B) shows the increased NO generation
from the SNAP-FS in PU/NPOE films when 5 mM
ascorbate is present in the buffer and the copper ion
concentration is increased from 0 to 250 �M. It is clear
that a NO flux greater than that generated by the
endothelial cell layer (estimated 1–4 � 10�10 mol cm�2

min�1)33 can be achieved with such a film when both
ascorbate and copper(II) are present.

Trilayer SR films were also cast with 20 wt %
SNAC-FS or 20 wt % SNAP-FS blended into the center
layer. Copper ions (250 �M final concentration) and
copper ions with ascorbate (5 mM final concentration)
injected into the PBS solution containing a small disk
of the SNAC-FS in SR yielded very low NO fluxes
roughly equal to or less than the level of NO generated
in a control film with no added copper or reducing
agent (data not shown). This result is not surprising.

Figure 5. NO flux generated from 0.7-cm-diameter disks
of SR film with 20 wt % SNAC-FS blended into the center
layer (film composed of RTV 3140 SR, total thickness �100
�m). Disks were submerged in PBS and exposed to increas-
ing power of light while NO was monitored via chemilumi-
nescence.

Figure 3. NO generation monitored via chemilumines-
cence from SNAP-derivatized FS suspended in toluene ex-
posed to alternating periods of light and dark, demonstrat-
ing the on/off capability of NO generation from the
derivatized particles.

Figure 4. (A) Schematic diagram of trilayer polymer films
containing RSNO-derivatized FS particles blended into the
center layer and (B) NO flux generated from 0.7-cm-diame-
ter disks of plasticized PU with 20 wt % SNAP-FS blended
into the center layer (film composed of 33 wt % SG-80A
PU/67 wt % NPOE, total thickness �100 �m). The disks
were submerged in PBS containing 5 mM ascorbate with
added copper ions. NO was measured via chemilumines-
cence.
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Indeed, given the very hydrophobic nature of SR,
copper ions and ascorbate do not permeate into such
films to react with the embedded RSNO species. Fig-
ure 5 shows the NO generation from pieces of the
same SNAC-FS SR parent film exposed to increasing
intensities of visible light. As the power of light is
increased (darkness, 40-, 60-, 75-, and 100-W light), the
flux of NO increases. Physiologically relevant NO
fluxes ranging from 0.9 to �3.0 � 10�10 mol cm�2

min�1 were obtained.
Trilayer SR films were also cast with 20 wt %

SNAP-FS blended into the center layer. Figure 6
shows the NO generated from small disks of the par-
ent film in PBS with added copper ions (250 �M final
concentration) and/or ascorbate (5 mM final concen-
tration), or soaked in fresh rabbit plasma. Essentially
no NO is generated in any of these solutions, indicat-
ing once again (as above) that the SR is an effective
barrier for protecting the embedded SNAP-FS parti-
cles from copper(II)-induced decomposition as well as

preventing endogenous reducing agents present in
plasma from generating NO. Figure 7 illustrates the
level of NO generated from these same films soaked in
PBS (pH 7.4) when exposed to visible light of increas-
ing power. When the film is protected from light, there
is no observable NO generation. As pieces of trilayer
film are exposed to increasing light intensities, greater
photoinitiated NO generation is observed. The steady
state fluxes of NO obtained range from 0 to �7.0 �
10�10 mol cm�2 min�1 depending on the power or
radiation striking the film. As illustrated in Figure 8,
different amounts of SNAP-FS blended into the SR
films (5–20 wt %) exhibit different steady-state levels
of NO release. This indicates that the level of NO
generated can be further controlled by changing the
amount of NO donor blended into the multilayer
polymer structure. In previous fundamental studies, it
was shown that absorption of radiation at 590 nm is
primarily responsible for the photoinitiated decompo-
sition of the SNAP species and generation of NO from
the polymeric films.28

Figure 9 shows the NO generated from SNAP-FS

Figure 6. NO flux generated from 0.7-cm-diameter disks
of SR film with 20 wt % SNAP-FS blended into the center
layer (film composed of RTV 3140 SR, total thickness �100
�m). Disks were submerged in PBS with added copper ions
and/or ascorbate or soaked in fresh rabbit plasma. NO
generation was monitored via chemiluminescence.

Figure 7. NO flux generated from 0.7-cm-diameter disks
of SR film with 20 wt % SNAP-FS blended into the center
layer (film composed of RTV 3140 SR, total thickness �100
�m). Disks were submerged in PBS and exposed to increas-
ing power of light while NO generation was monitored via
chemiluminescence.

Figure 8. NO flux generated from 0.7-cm-diameter disks
of SR film with 5, 10, and 20 wt % SNAP-FS blended into the
center layer (film composed of RTV 3140 SR, total thickness
�100 �m). Disks were submerged in PBS exposed to 40 W of
light while NO was monitored via chemiluminescence.

Figure 9. Long-term NO flux generated from 0.7-cm-di-
ameter disks of SR film containing 20 wt % SNAP-FS in the
center layer that was either 30- or 60-�m thick. Films were
submerged in PBS buffer (pH 7.4) and exposed to 40 W of
light while NO generation was monitored via chemilumi-
nescence.
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blended into the center layer of trilayer SR films in
which the concentration of SNAP-FS is 20 wt %, but
this center layer is twice the thickness (�30 and �60
�m). These films were exposed to 40 W. The flux of
NO release from the thicker films is nearly twofold
that for the thinner film. The film prepared with the
60-�m-thick center layer releases NO above �1 �
10�10 mol cm�2 min�1 level for nearly 12 h whereas
the 30-�m-thick center layer releases NO at this level
for approximately 5 h. Clearly, however, increasing
the thickness of the SNAP-FS layer provides an alter-
nate means to control the NO-release characteristics of
the multilayer films.

CONCLUSIONS

Results presented here show that cysteine, N-acetyl-
cysteine, and N-acetylpenicillamine can all be tethered
to the surface of FS particles and converted into cor-
responding nitrosothiols via reaction with t-butylni-
trite. SNAP-FS had the greatest NO loading of the
three types of particles synthesized. NO-Cys-FS,
SNAC-FS, and SNAP-FS particles suspended in tolu-
ene all release increasing levels of NO upon addition
of increasing levels of copper(II), ascorbate, or visible
light. Polymeric films prepared by embedding the var-
ious derivatized particles into the center layer of
trilayer configurations can liberate NO in response to
either the presence of Cu(II), ascorbate, or light. How-
ever, the nature of the polymeric material dictates the
level of NO flux that can be generated from such films
in the presence of different NO-release initiators.
SNAP-FS or SNAC-FS in an SR matrix only releases
NO in the presence of visible light, whereas these
same two particles in a PU matrix can release NO with
either light, or a combination of copper(II) ions and a
small amount of reducing agent (e.g., ascorbate).

It was further shown that the fluxes of NO from the
various polymeric films can be controlled by a number
of parameters, including the amount of derivatized FS
particles embedded within the polymeric film, the
thickness of the layer containing the particles, and the
levels of Cu(II) ions/ascorbate bathing the film or the
light intensity impinging on the layered polymer coat-
ing. These different control points offer the ability to
create NO-releasing materials for specific applications.
Additionally, other thiol groups or small chains of
sulfur-containing amino acids could be tethered to the
surface of the FS particles, offering the potential for
different NO release profiles and greatly increased NO
loading on the particles. It is envisioned that such
RSNO-derivatized FS particles could be blended into
many different polymers to impart NO-release prop-
erties that would improve the biocompatibility and

ultimately the functionality of many biomedical de-
vices fabricated from or coated with such materials.
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