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Abstract: The preparation, characterization, and preliminary biomedical application of various nitric oxide
(NO)-releasing fumed silica particles (0.2-0.3 µm) are reported. The tiny NO-releasing particles are
synthesized by first tethering alkylamines onto the surface of the silica using amine-containing silylation
reagents. These amine groups are then converted to corresponding N-diazeniumdiolate groups via reaction
with NO(g) at high pressure in the presence of methoxide bases (e.g., NaOMe). N-Diazeniumdiolate groups
were found to form more readily with secondary amino nitrogens than primary amino nitrogens tethered to
the silica. Different alkali metal cations of the methoxide bases, however, have little effect on the degree
of N-diazeniumdiolate formation. The N-diazeniumdiolate moieties attached on the silica surface undergo
a primarily proton-driven dissociation to NO under physiological conditions, with an “apparent” reaction
order somewhat greater than 1 owing to local increases in pH at the surface of the particles as free amine
groups are generated. The rates of N-diazeniumdiolate dissociation are further related to the parent amine
structures and the pH of the soaking buffer. The N-diazeniumdiolate groups also undergo slow thermal
dissociation to NO, with zero-order dissociation observed at both -15 and 23 °C. It is further shown that
the resulting NO-releasing fumed silica particles can be embedded into polymer films to create coatings
that are thromboresistant, via the release of NO at fluxes that mimic healthy endothelial cells (EC). For
example a polyurethane coating containing 20 wt % of NO-releasing particles prepared with pendant hexane
diamine structure (i.e., Sil-2N[6]-N2O2Na) is shown to exhibit improved surface thromboresistivity (compared
to controls) when used to coat the inner walls of extracorporeal circuits (ECC) employed in a rabbit model
for extracorporeal blood circulation.

Introduction

Although a wide variety of polymers are currently employed
to prepare various blood-contacting medical devices (e.g.,
catheters, extracorporeal heart bypass circuits, oxygenators, etc.),
the thrombogenic nature of such materials can cause serious
complications (e.g., thrombosis, bleeding, etc.) in patients and
ultimately functional failure.1-9 As a result, systemic antico-

agulation treatments (e.g., use of heparin) are almost always
required clinically in extracorporeal procedures to reduce the
formation of fibrin clots. The use of large doses of anticoagu-
lants, however, can also have adverse effects, especially an
increased risk of hemorrhage. In addition, even when antico-
agulant levels can be managed effectively, thrombocytopenia
(platelet consumption) and bleeding can still occur.3,10

Numerous approaches aimed at developing more blood
compatible materials are currently being investigated in many
research laboratories worldwide. They can be generally catego-
rized into methods based on mimicking nonthrombogenic
endothelial cells (EC),3,7,11-14 which line the inner walls of all
blood vessels, or approaches that employ chemical surface
structures that suppress blood-material interactions (e.g.,
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polymeric surfaces that exhibit decreased protein15,16 and cell
adhesion17-19). The approaches that mimic the nonthrombogenic
EC appear most promising. Molecules contributing to the
nonthrombogenic properties of the EC,20,21including nitric oxide
(NO) and thrombomodulin, can be incorporated into/on polymer
matrixes in such a way that they either are released from the
polymers3,11,12,14or are present on the polymers’ surfaces.7,13

Indeed, recent research in this laboratory3,11,12and elsewhere22

has demonstrated that polymers that can continuously release
low levels of NO greatly reduce the platelet activation and
adhesion on the surfaces of various materials in vivo. Nitric
oxide is well known as a potent antiplatelet agent, and its
continuous release from the surface of EC effectively prevents
the activation of platelets on the walls of healthy blood
vessels.21,23-25 The NO-flux from normal and stimulated EC
has been estimated to be in the range (0.5-4.1) × 10-10 mol/
cm2‚min.23,26

Nitric oxide-releasing polymers may be prepared by either
doping/dispersing various NO-donors into polymer matrixes3,11

or covalently bonding NO-donors directly onto polymers.12,27,28

N-Diazeniumdiolates (RR′N-N2O2
-)29-35 are typical NO-donors

employed to develop NO-releasing polymers, as they spontane-
ously dissociate into NO and parent amines in aqueous media
(e.g., blood). Unlike most other NO-donors,36,37 they do not
require either an enzyme or a cofactor to generate NO. In
previous work, hydrophobic polymers doped with aN-diazeni-
umdiolate compound,N-methyl-N-[6-(N-methylammoniohexyl)-
amino]diazen-1-ium-1,2-diolate (MAHMA-N2O2), were shown

to exhibit improved blood compatibility in vivo;3,11 however,
hydrophilic MAHMA-N2O2 was subsequently found to leach
from polymer matrixes into blood, which could cause a potential
toxicity issue since it could be oxidized in blood to a
carcinogenicN-nitrosamine substance.27 This toxicity concern,
however, can be overcome by anchoring suchN-diazeniumdi-
olates onto polymer matrixes including poly(vinyl chloride),27

silicone rubber,12 acrylate-based polymers,28 and other polymers
typically used in the biomedical arena.

An alternate strategy for the development of useful NO-
releasing polymers is reported in detail herein. In this new
approachN-diazeniumdiolates are tethered onto the surface of
tiny fumed silica particles (amorphous silicon dioxide, 0.2-
0.3µm) that are then embedded within given polymer matrixes.
In fact, fumed silica is already commonly employed as a
reinforcing filler in many polymers;38 hence, incorporating NO-
releasing silica particles within various polymer matrixes
provides a potentially more generic approach to devise a wide
range of NO-releasing polymers, compared to methods that
involve synthesizing a specific NO-releasing macromolecule.
Beyond embedding such small NO-releasing particles within
polymer films to create more thromboresistant surfaces, the new
NO-releasing materials could also be potentially useful for a
number of other applications including within topical creams
to enhance wound healing, locally vasodilate blood vessels, etc.
In this report, the synthesis and NO-release characteristics of a
number of differentN-diazeniumdiolate-functionalized fumed
silica particles are presented. In addition, results from prelimi-
nary in vivo blood compatibility testing of polyurethane (PU)
films doped with these new NO-releasing particles and coated
on the inner walls of tubing used in extracorporeal animal
experiments are reported.

Experimental Section

Materials. Fumed silica (Cab-O-Sil EH-5, surface area 380 m2/g,
2.5 mmol/g surface silanol groups) was a gift from Cabot (Tuscola,
IL) and was used without any further pretreatment. The amine-
containing silanes, including 3-aminopropyltrimethoxysilane,N-methyl-
3-aminopropyltrimethoxysilane,N-(2-aminoethyl)-3-aminopropyltri-
methoxysilane, andN-(6-aminohexyl)-3-aminopropyltrimethoxysilane,
were obtained from Gelest (Tullytown, PA). Nitric oxide (NO) and
argon (Ar) gases were from Cryogenic Gases (Detroit, MI). Sodium
methoxide (NaOMe), potassium methoxide (KOMe), lithium methoxide
(LiOMe), phosphate buffered saline (PBS, pH 7.4), 2-[N-morpholino]-
ethanesulfonic acid (MES),N-tris[hydroxymethyl]methyl-4-aminobu-
tanesulfonic acid (TABS), and (3-[cyclohexylamino]-1-propanesulfonic
acid (CAPS) were purchased from Sigma-Aldrich (Milwaukee, WI).
Carbonthane 3575A (a medical grade PU elastomer) was a gift from
VIASYS Healthcare (Woburn, MA). Medical grade Tygon PVC tubing
(i.d., 0.635 cm), toluene, methanol (MeOH), tetrahydrofuran (THF),
and N,N-dimethylformamide (DMF) were from Fisher Scientific
(Pittsburgh, PA). Methanol and DMF were dehydrated over 3 and 4 Å
molecular sieves, respectively. Dry THF was obtained from a THF still,
where THF was refluxed and distilled over sodium metal and
benzophenone. All other reagents were used as received.

Synthesis of NO-Releasing Fumed Silica Particles (Sil-N2O2M;
Scheme 1).Fumed silica particles (10 g, ca. 25 mmol of surface silanol
groups) were suspended in toluene (450 mL) under stirring, and the
mixture was refluxed for 5 min. An equimolar amount of amine-
containing silane (25 mmol, e.g., 6.96 g ofN-(6-aminohexyl)-3-
aminopropyltrimethoxysilane) in toluene solution (50 mL) was then
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added to the above suspension. The mixture was further refluxed with
stirring overnight. After cooling to ambient temperature, the mixture
was centrifuged at 3000 rpm for 5 min (Centrifuge 5810 R, Eppendorf).
The silica pellets were resuspended in toluene and centrifuged again.
This toluene-rinse step was repeated two more times in order to remove
unattached silanes. The amine-functionalized silica particles (Sil-N, see
Table 1) were then oven-dried at 120°C overnight.

The resulting Sil-N particles were ground using a mini-bead-beater
(Wig-L-Bug, Aldrich). The ground particles (1.5 g, 1.5-2.3 mmol of
various surface appended amines) were then suspended in one of the
following alkaline solutions in a 500 mL Parr bottle: 0.02-0.44 M
NaOMe or KOMe in a mixture of dry DMF-MeOH (9:1) (150 mL, 3
to 66 mmol NaOMe or KOMe) or 0.02-0.44 M LiOMe in a mixture
of dry DMF-MeOH (1:1) (150 mL, 3-66 mmol LiOMe). The Parr
bottle was then connected to the NO-reactor (modified from the Parr
hydrogenation system) and charged/discharged six times with argon
to remove any oxygen in the suspension. The reaction bottle was then
charged with NO(g) to 80 psi and closed. After 21 h, the reaction bottle
was discharged with NO(g) and purged with Ar(g) using the same purging
procedure described earlier to remove unreacted NO(g). The slurry of
the N-diazeniumdiolated silica particles was centrifuged at 4000 rpm
for 10 min. The Sil-N2O2M pellets were then rinsed with the following
solutions by resuspension and centrifugation: 0.02 M MOH (the same
alkali metal cation as used in the NO-addition reaction) in a methanol-
water (2:1) mixture (twice); 0.02 M MOMe in methanol (once); and
THF (three times). The Sil-N2O2M particles were then vacuum-dried
overnight and stored at-20 °C.

Characterization of the Sil-N and Sil-N2O2M Particles. Elemental
(CHN) analysis was carried out on a Perkin-Elmer 2400 Series II
analyzer to determine the content of amines attached to the surface of
fumed silica particles (see Supporting Information file for details). The
UV-vis spectra of various Sil-N2O2M particles dissolved in the
corresponding 1 M MOH aqueous solution at a concentration of 0.2
mg/mL were recorded on a Beckman DU 640B spectrophotometer. It
was found that complete dissolution of the particles occurred under
such basic conditions. TheN-diazeniumdiolate content (Cd, mmol/g)

of a Sil-N2O2M particle was determined by measuring the total amount
of NO-release from the particles using a Sievers NOA 280i chemilu-
minescence NO-analyzer (nitrogen as a carrier gas) (see Supporting
Information file for details of calculation method).

Kinetic Studies of the Dissociation of Sil-N2O2M Particles.
Chemiluminescence was used to study the kinetics of the dissociation
of various Sil-N2O2M particles in PBS buffer at 37°C (physiological
conditions). Four NO-release/N-diazeniumdiolate dissociation plots were
derived for each chemiluminescence measurement: (1) chemilumines-
cence response in ppb NO vs time; (2) total amount of NO-release vs
time; (3) ln υ vs lnCd, where υ is the dissociation rate of the
N-diazeniumdiolate (-dCd/dt); and (4)Cd vs time.

The “apparent” half-life (t1/2) of given Sil-N2O2M particles was
determined from the plot 2, at the time point when half the total amount
of NO was released. The “apparent” reaction order (n) of the
N-diazeniumdiolate dissociation was determined from the slope of plot
3, while the intercept of plot 3 is lnk, where k is the “apparent”
dissociation rate constant. If a zero-order dissociation was determined
from plot 3, plot 4 was subsequently employed to further confirm that
the reaction order is zero.

In addition to studying rates of dissociation under physiological
conditions, NO-release from the Sil-2N[6]-N2O2Na particles at pH’s
other than 7.4 were also examined to investigate the influence of pH
on theN-diazeniumdiolate dissociation rate. The buffers used for these
pH studies included MES (pH 6.0, 0.2 M), TABS (pH 9.0, 0.2 M),
and CAPS (pH 11.0, 0.2 M). Furthermore, the thermal dissociation of
dry Sil-2N[6]-N2O2Na particles at different temperatures (-15, 23, and
80 °C) was also investigated. Due to slow dissociation rates at-15
and 23 °C, the “apparent”t1/2 values under these conditions were
determined from the extrapolation of plot 4 instead of directly from
plot 2.

Preparation of PU/Sil-2N[6]-N2O2Na Coating on the Inner Wall
of PVC Tubing. For extracorporeal animal experiments, medical grade
Tygon PVC tubings were coated with PU/Sil-2N[6]-N2O2Na to make
extracorporeal (ECC) circuits. All coatings were prepared by Michigan
Critical Care Consultants, Inc (Ann Arbor, MI). The coating (overall
thickness ca. 210µm) contained four layers in the following order from
the tubing inner wall to innermost blood-contacting surface: (1) a PU
bottom coat; (2) a 80%/20% PU/Sil-2N[6]-N2O2Na layer (active layer);
(3) a PU topcoat; and (4) a PVC topcoat employed to achieve a blood-
contacting surface identical to that of bare PVC tubing. The corre-
sponding cocktail solutions for each layer were as follows: (1) PU
(2.0 g) dissolved in THF (20 mL); (2) a PU/THF solution (3.9 g PU in
20 mL of THF) mixed with a Sil-2N[6]-N2O2Na/THF suspension (0.98
g of particles dispersed in 31 mL of THF); (3) PU (2.7 g) in THF (20
mL); and (4) Tygon PVC tubing (2.0 g) dissolved in THF (30 mL).
Approximately 1 m lengths of PVC tubing were coated by adding each
of the above cocktail solutions sequentially and allowing the bolus of
solution to flow through the entire length of the tubing. The excess
solution was discarded, and the tubing was extended horizontally and
rotated slowly to ensure an even coating during curing. Nitrogen gas
was passed through the tubing to accelerate the drying process and to
minimize oxygen and water vapor exposure for the circuits. Typical
drying times were 24 h.

For control circuits, the original untreated fumed silica particles were
used instead of the Sil-2N[6]-N2O2Na particles to formulate the exact
same coatings. The control circuits were handled in the same manner
as the PU/Sil-2N[6]-N2O2Na circuits, except that compressed air was
used for drying the control circuits.

Rabbit Extracorporeal Circulation (ECC) Experiments. All
animal testing was carried out in the ECMO (extracorporeal membrane
oxygenation) lab at the Medical Center of the University of Michigan
using a rabbit ECC model.3 Briefly, the coated PVC tubings were
connected to a rabbit through two cannulas for venovenous circulation
(jugular veins) via a roller pump, and the blood was circulated through

Scheme 1. Synthesis Route to Sil-N2O2M Particlesa

a R ) Table 1, M) Na+, K+, and Li+.

Table 1. Different Amines Linked to Fumed Silica Particles in
Accordance with Scheme 1

R group abbreviation of pendant amine species

H 1N-H
CH3 1N-C1
(CH2)2NH2 2N[2]
(CH2)6NH2 2N[6]

Nitric Oxide-Releasing Fumed Silica Particles A R T I C L E S
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the tubing for 4 h. Platelet counts were obtained at the beginning and
each hour thereafter using a Beckman-Coulter model Z1 particle counter.
At the end of each experiment, the tubing was removed, rinsed with
normal saline (0.9 wt % saline), fixed with a 2 wt % aqueous
glutaraldehyde solution, and dehydrated sequentially with 30, 50, 70,
90, 95, and 100% (v/v) ethanol and hexamethyldisilazane.

A scanning electron microscope (Hitachi S-3200N) was used to
examine platelet adhesion/activation on the coating surface. One
centimeter segments of each of the circuits were selected for examina-
tion at the following locations: (1) immediately distal to the drainage
cannula; (2) region within the roller pump; (3) exit from the roller pump;
and (4) immediately distal to the infusion cannula. These tubing pieces
were cut in half, sputter-coated with gold, and examined on their inner
surfaces for surface platelet adhesion and activation using the SEM
operated at 20 kV.

Results and Discussion

Amine-Functionalized Fumed Silica (Sil-N) Particles.The
coupling reaction (see Scheme 1) of various amine-containing
trimethoxysilanes (Table 1) with fumed silica is well reported
in the literature.38-41 Although there is still debate on whether
the Si-O-Si bond between silica surface and silylating agents
is formed before or after oven-drying,42-45 there is general
agreement that the silylating agents are covalently attached to
the silica surface after the oven-drying step. On the basis of
results from CHN analysis, 50-70 mol % of starting silanes
were coupled onto the fumed silica particles employed in this
work (see Table 2).

N-Diazeniumdiolate Formation on Surface of Sil-N Par-
ticles.The amine groups on the surface of Sil-N particles were
then reacted with NO(g) to form correspondingN-diazenium-
diolate groups (see Scheme 1).

In Neat Solvent.In initial studies of the NO-addition reaction,
Sil-2N[6] particles were suspended in a neat solvent (e.g.,
acetonitrile) and reacted with NO(g) at high pressure (80 psi).
This is the typical synthetic route used to form freeN-
diazeniumdiolate compounds well cited in the literature.31,32,34,35

The N-diazeniumdiolate species formed includes aN-diazeni-
umdiolate anion and an ammonium countercation, where the
ammonium countercation is from either an adjacent amine on
the same structure (e.g., for diamines) or a second molecule
containing an amine site (e.g., for monoamines).31,32,34,35

The NO-addition efficiency for this direct reaction, however,
was found to be very low (12% when acetonitrile was used as
the solvent) for the Sil-2N[6] particles, compared to a typical
yield of 30-90% for various free amines.31 A major reason for
such a low efficiency of the direct NO-addition reaction with
the diamine structure appended to the fumed silica could be
related to the equilibrium constant forN-diazeniumdiolate
formation under the given experimental conditions. In the case
of freely soluble amines, theN-diazeniumdiolate products
always precipitate out of the reaction solution,31,32,34,35which
drives the reaction equilibrium toward the formation of the
product and, in turn, provides a relatively high yield. In the
case of Sil-2N[6] particles, however, such a driving force is
minimal, as no obvious phase separation occurs on the silica
surface during the reaction.

Use of Sodium Methoxide Base.To increase the NO-
addition efficiency, various bases were used to shift the reaction
equilibrium toward diazeniumdiolate product formation. It was
found that when sodium methoxide (NaOMe) was used, the
reaction efficiency was increased more than 2-fold (for example,
from 12% to 33% when a 0.02 M NaOMe solution was
employed). Such an increase is also clearly evident in the UV
spectra of the dissolved particles, where theN-diazeniumdiolate
absorbance was dramatically increased after use of NaOMe (data
not shown). Indeed, as suggested in the mechanism ofN-
diazeniumdiolate formation/dissociation initially proposed by
Drago,33-35 a strong base like NaOMe would favor the depro-
tonation of the amino nitrogen (the third step), which shifts the
equilibrium towardN-diazeniumdiolate formation (Scheme 2).

Unfortunately, the use of NaOMe was also found to cleave
some of the covalently linked amino groups by breaking Si-
O-Si bonds, which are known to be labile to base. As shown
in Table 3, the more concentrated the base used, the lower the
total amino groups found bonded to the silica surface, as
determined by CHN analysis. At the same time, the NO-addition
efficiency was not affected by the base concentration (see Table
3). Therefore, a low base concentration (e.g., 0.02 M) was
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Table 2. Results of Amine-Functionalization of Fumed Silica
Particles (Sil-N)a

parent amine amine contenta (mmol/g) coupling efficiency (%)

1N-H 1.52 71
1N-C1 1.31 59
2N[2] 1.47 70
2N[6] 1.00 49

a Amine content is the content of diamine if the pendant amine is a
diamine, or a content of monoamine if the pendant amine is a monoamine.

Scheme 2. Modified Mechanism of N-Diazeniumdiolate
Formation/Dissociation from the One Proposed by R. S.
Drago33-35

Table 3. Effect of NaOMe Concentration on the NO-Addition for
Sil-2N[6] Particles

NaOMe
conc (M)

content of remaining
diamine (mmol/g)a

N-diazeniumdiolate
content (Cd, mmol/g)

NO-addition
efficiency

0.02 0.86 0.28 33%
0.10 0.57 0.20 35%
0.44 0.42 0.13 31%

a Original diamine content is 1.0 mmol/g.
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employed in this work to minimize the cleavage of pendant
amino groups and to achieve a reasonable yield ofN-diazeni-
umdiolated Sil-N particles.

It should be noted that the amines cleaved by the added base
can also react with NO(g) to form corresponding freeN-
diazeniumdiolated compounds. These byproducts, if not re-
moved, would result in a positive error for the measurement of
the amount ofN-diazeniumdiolate formed on the silica surface.
Therefore, considerable effort was made to optimize the workup
procedure (see Experimental Section) to avoid this problem. It
was found that these byproducts could be washed away from
the silica particles using a solution of 0.02 M hydroxide in a
methanol-water (2:1) mixture. The methanol-water (2:1)
mixture can dissolve the byproducts, while the base minimizes
theN-diazeniumdiolate dissociation. In addition, a low concen-
tration (0.02 M) of hydroxide was necessary to minimize the
possible cleavage of Si-O-Si bonds as discussed above.

Side Product: Nitrite Species.In addition toN-diazenium-
diolate species, a given amount of nitrite species was also found
to be released initially into a surrounding PBS solution from
Sil-2N[6]-N2O2Na particles, as determined using the Griess
assay.46 It should be noted that such nitrite measurements were
conducted only after all NO was released (and purged with
nitrogen) from sample solutions, as NO could eventually be
oxidized to nitrite to cause interference. The initial nitrite salt
is likely formed either from the reaction of the amine with NOx

(e.g., N2O3) and moisture during the NO(g)-addition reaction,
since small amounts of NOx gases are always present in a
compressed NO(g)-tank,47 or from the decomposition ofN-
diazeniumdiolate by ambient oxygen and moisture during the
workup (see possible reactions schemes for nitrite salt formation
in Supporting Information file, Scheme 1S).

However, theN-diazeniumdiolate species are still the major
product from the NO-addition, with ca. 74% of the total reacted
amine groups present asN-diazeniumdiolates for the Sil-2N-
[6]-N2O2Na particles (see Table 4). The total N-increase (0.66
mmol/g) due to the formation ofN-diazeniumdiolate and nitrite,
calculated as the sum ofN-diazeniumdiolate content (Cd)
multiplied by 2, plus the nitrite content, matches well with the
CHN analysis data (0.72 mmol/g), given the instrumental error
of 0.07 mmol/g for the N analysis (calculated from the
instrumental error of 0.1 wt % and the atomic mass of 14 for
N).

Effect of Amine Structure. For the two monoamines
anchored to silica surfaces, 1N-H (a primary amine) and 1N-

C1 (a secondary amine) (see Table 1), the corresponding
N-diazeniumdiolate of the former has aλmax of 252 nm, while
theN-diazeniumdiolate of the latter has aλmax of 246 nm (see
Table 5). For the two diamines examined, 2N[2] and 2N[6] (see
Table 1), both have primary and secondary amino nitrogens.
After NO-addition, theN-diazeniumdiolate group was found to
be predominantly attached to the secondary amino nitrogen in
both cases, as theλmax was found to be 246 nm (Table 5). This
result indicates that the secondary amine sites appended to the
silica surfaces are more favorable for reaction with NO(g) than
the primary amine sites. This observation is consistent with
previous results reporting the exclusive NO-addition with the
secondary amino nitrogen of some triamines (e.g., diethylen-
etriamine).31 Indeed, it is expected that a stronger nucleophile
(i.e., secondary amine) exhibits a higher reactivity toward
electrophilic NO, as also suggested by the mechanism for the
N-diazeniumdiolate formation (Scheme 2), where the first step
is the nucleophilic attack of NO by the amine. In fact, due to
this preference for secondary amines, the NO-addition efficien-
cies of secondary amines linked to fumed silica particles (ca.
30%) were found to be much higher than that of the primary
amine (3%), as shown in Table 4.

The molar absorptivities (εmax, determined using Beer’s law)
betweenN-diazeniumdiolated primary amines and secondary
amines were also found to be quite different. The former (ca.
40 mM-1‚cm-1) is much larger than that found for the diamine
species (11-13 mM-1‚cm-1), as shown in Table 5. Even though
the specific mechanism is still not clear, the extra hydrogen
attached to the primary amino nitrogen and/or the decreased
basicity of the secondary amine site appears to be the cause for
this εmax difference.

For three different secondary amine structures examined (i.e.,
1N-C1, 2N[2], and 2N[6]), considerable similarities were found
in terms of NO-addition efficiency (Table 4) and optical
properties (Table 5), due to the fact that the NO-addition occurs
preferentially on secondary amino nitrogens, and theN-
diazeniumdiolate products formed are thus quite similar.

Effect of Countercations.As theN-diazeniumdiolate anion
has a pocket-like structure similar to a bidentate ligand such as
acetylacetonate,33,48with a distance between the centers of two
terminal oxygens of ca. 2.6 Å [calculated from the data in ref

(46) Schmidt, H. H. H. W.; Kelm, M. Determination of Nitrite and Nitrate by
the Griess Reaction. InMethods in Nitric Oxide Research; Feelisch, M.,
Stamler, J. S., Eds.; John Wiley & Sons: West Sussex, 1996; pp 491-
497.

(47) Bonner, F. T.; Stedman, G. The Chemistry of Nitric Oxide and Redox-
Related Species. InMethods in Nitric Oxide Research; Feelisch, M.,
Stamler, J. S., Eds.; John Wiley & Sons: West Sussex, 1996; pp 3-18.

Table 4. Average N-Diazeniumdiolate Content (Cd), NO-Addition Efficiency, Nitrite Content, and Percentage of N-Diazeniumdiolate Group
(Pdiaz) of Various Sil-N2O2Na Particles with Different Amine Structures (N ) 5 for Sil-2N[6]-N2O2Na Particles; N ) 2 Measurements for Other
Sil-N2O2Na Particles)

parent
amine

content of remaining
amine (mmol/g) Cd (mmol/g)

NO-addition
efficiency (%)

nitrite content
(mmol/g) Pdiaz (%)

1N-H 1.28 0.038 3 0.029 57
1N-C1 1.10 0.29 26 0.13 69
2N[2] 1.23 0.29 24 0.12 71
2N[6] 0.86 0.28( 0.03 33( 3 0.10( 0.03 74

Table 5. N-Diazeniumdiolate Content (Cd) and Optical Properties
(λMax and εMax) of Various Sil-N2O2M Particles with Different Parent
Amine Structures and Different Countercations

Cd (mmol/g) εmax (mM-1‚cm-1)

parent amine Na+ K+ Li+ Na+ K+ Li+ λmax (nm)

1N-H 0.04 0.03 0.005 39 47 46 252
1N-C1 0.29 0.18 0.30 11.1 11.6 10.3 246
2N[2] 0.29 0.18 0.32 13.1 13.5 11.8 246
2N[6] 0.28 0.30 0.31 12.6 12.8 13.8 246
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48], the N-diazeniumdiolate moiety may have a chelating
interaction with cations. If this is true, different size and/or type
of cations may affect the degree ofN-diazeniumdiolate forma-
tion and stability. To examine this possibility, a series of alkali
metal cations with different sizes, diameter of 1.2, 1.9, and 2.7
Å for Na+, Li+, and K+, respectively, were employed during
the NO-addition reaction. As indicated in Table 5, the different
countercations yielded similar NO-addition efficiencies and
optical properties. This result is probably due to the weak
tendency for alkali metal cations to complex with chelating
reagents in general, with only a few exceptions, such as their
interaction with certain crown ethers and calixarenes.49 There-
fore, there is likely only a nonspecific ionic interaction between
the countercation and the pendantN-diazeniumdiolate anion.

N-Diazeniumdiolate Dissociation of the Sil-N2O2Na Par-
ticles. N-Diazeniumdiolate compounds undergo both proton-
driven30,32and thermal dissociations.33,34Both mechanisms yield
2 mol of NO per mole ofN-diazeniumdiolate.30,33 The former
was reported to be a pseudo-first-order reaction with respect to
the N-diazeniumdiolate, where the first-order rate constant (k)
changes with proton activity in buffer.30 The correlation between
k and buffer pH depends on the parent amine structure. In
general,k decreases as the pH increases.30 For thermal dis-
sociation, however, the kinetics have not been investigated to
date. Chemiluminescence was used herein to study the kinetics
of both the proton-driven and thermal dissociation of the Sil-
2N[6]-N2O2Na particles. Similar kinetic studies were also carried
out with the three other structures listed in Table 1.

Dissociation Kinetics of Sil-2N[6]-N2O2Na under Physi-
ological Conditions. Two types of NO-release plots, plots 1
and 2 (see Experimental Section), of the Sil-2N[6]-N2O2Na
particles are shown in Figure 1. It was found that the dry Sil-
2N[6]-N2O2Na particles spontaneously released a low level of
NO at 37°C (Figure 1a), indicating the existence of thermal
dissociation. When PBS buffer was added to the Sil-2N[6]-N2O2-
Na particles, there was a burst of NO-release, suggesting that
protons are the major driving force forN-diazeniumdiolate
dissociation under the physiological conditions (i.e., in PBS
buffer, pH 7.4, at 37°C). The NO-release contributed from the
thermal dissociation can, therefore, be neglected due to such a
large difference in NO release rates.

The “apparent” half-life (t1/2) of the Sil-2N[6]-N2O2Na
particles under physiological conditions was found to be 43 min
(Figure 1b), longer than thet1/2 (2.8 min) of the solution phase
analogueN-diazeniumdiolate compound, MAHAMA-N2O2,
which has a structure very similar to theN-diazeniumdiolate
moiety pendant to the surface of the Sil-2N[6]-N2O2Na particles.
Apparently, the surface of the Sil-2N[6]-N2O2Na particles helps
to stabilize theN-diazeniumdiolate groups anchored on the
surface (see below).

The “apparent” reaction orders (n) of the Sil-2N[6]-N2O2Na
particles under physiological conditions were determined from
the lnυ - ln Cd plot (Figure 2). As illustrated in Figure 2, the
“apparent”n towardN-diazeniumdiolate was found to be 1.69
on the silica surface, instead of 1, which was reported in the
literature forN-diazeniumdiolate dissociation in aqueous me-

dia.30,32 Even though there is considerable deviation from the
linear plot during the initial dissociation course (Figure 2), these
initial data points may not be representative of the overall
dissociation reaction, as there may be some interfering factors,
such as the initial wetting of silica particles by the buffer
solution, occurring at the beginning of the experiment. Indeed,
the slope of 1.69 was obtained on the basis of all data points,
which clearly indicates that these few initial data points do not
contribute significantly to the overall slope determination.

Such an increase of reaction order is likely due to a local pH
increase on the silica surface as theN-diazeniumdiolates
dissociates and more and more secondary amines are generated
on the silica surface, which increases the local pH at the silica
surface. Indeed, it is not uncommon that the pH of a surface is
different from the pH in the bulk solution. It was reported that
certain biological surfaces (e.g., colonic epithelium) maintains
a surface pH that is different from the pH in luminal buffer
solution (i.e., bulk pH).50 It has also been reported in the

(48) Keefer, L. K.; Flippen-Anderson, J. L.; George, C.; Shanklin, A. P.;
Dunamas, T. A.; Christodoulou, D.; Saavedra, J. E.; Sagan, E. S.; Bohle,
D. S. Nitric Oxide Biol. Chem.2001, 5, 377.

(49) Wang, J.Analytical Electrochemistry; VCH Press: New York, 1994; p
120.

Figure 1. Two types of NO-release profiles of the Sil-2N[6]-N2O2Na
particles (3.02 mg) in PBS (pH) 7.4, 15 mL) at 37°C: (a) chemilumi-
nescence response (ppb NO) vs time and (b) amount of NO-release vs time.

Figure 2. ln υ vs ln Cd plot for the dissociation of the Sil-2N[6]-N2O2Na
particles under physiological conditions, with a linear slope of 1.69.
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literature that the adsorption of certain chemicals on given
surfaces, e.g., a cationic surfactant on a carbon electrode
surface,51 or some detergents on skin surfaces,52 or a fatty acid
on an epithelial surface,50 can change the surface pH. Such a
surface pH change due to the generation of amines is likely to
cause the apparent reaction order to rise above 1. Indeed, the
N-diazeniumdiolate moieties on the silica surface probably still
undergo first-order dissociation; however, as dissociation pro-
ceeds, the local pH on the surface increases, causing the first-
order dissociation rate constant to decrease. As a result, the slope
of the ln υ vs ln Cd plot appears larger than 1. In addition to
yielding a larger “apparent” reaction order, the local pH increase
can also result in a longert1/2 value due to a continuous decrease
of the first-order dissociation rate constant.

Effect of Buffer pH on Decomposition Rate.As the buffer
pH increases, the apparentt1/2 of Sil-2N[6]-N2O2Na particles
was found to increase (see Table 6), as expected for a proton-
driven dissociation. At pH 6.0 and 9.0, the kinetic data (i.e.,
linear lnυ-ln Cd plots, data not shown) are similar to that for
pH 7.4, with apparent reaction orders found to be 1.72 and 1.29,
respectively. At pH 11.0, however, the lnυ-ln Cd plot (Figure
3) was found to be nonlinear. As shown in Figure 3a, the
apparent reaction order continuously changes and tends to go
toward zero as dissociation proceeds. After 5 h of dissociation,
a linearCd - t plot (r2 ) 0.999) was achieved (see Figure 3b),
which is the characteristics of a zero-order reaction. This zero-
order dissociation is in fact only observed for a thermal
dissociation (see below). Apparently, the thermal dissociation
pathway tends to dominate at pH 11.0, where proton activity
in the buffer is very low, and hence the proton-driven dissocia-
tion becomes much slower than thermal dissociation.

Thermal Dissociation Kinetics of Sil-2N[6]-N2O2Na. The
apparent half-lives for dry Sil-2N[6]-N2O2Na particles at
different temperatures are listed in Table 7. As anticipated, the
stability of the Sil-2N[6]-N2O2Na particle decreases as temper-
ature increases. The particles are relatively stable at-15 °C,
with a half-life of ca. 70 days. At-15 °C, the dry Sil-2N[6]-
N2O2Na particles were found to undergo zero-order thermal
dissociation, as demonstrated via both lnυ-ln Cd and Cd-t
plots (see Figure 4). The dissociation rate remains constant and
does not vary with a change ofN-diazeniumdiolate content on
the silica surface. At ambient temperature (23°C), the dissocia-
tion kinetics of dry Sil-2N[6]-N2O2Na particles were found to
be similar to that observed for the same particles in a pH 11
buffer (data not shown).

At 80 °C, the dissociation kinetics were found to be more
complex (data not shown). The apparent reaction order was

found to change throughout the entire dissociation course, and
no zero-order dissociation was observed. Since the thermal
dissociation mechanism forN-diazeniumdiolates is not yet
known, it is difficult to assess, at present, the reason for this
change. Clearly, for practical use of these NO-releasing particles,
they should be stored at low temperatures, preferably at-15
°C or lower, to avoid significant thermal loss ofN-diazenium-
diolate moieties.

Effect of Pendant Amine Structures on the Dissociation
Rate.For the Sil-N2O2Na particles with different pendant amine
structures (see Table 1), chemiluminescence was also used to
examine their dissociation kinetics under physiological condi-
tions (PBS, pH 7.4, 37°C). The results are shown in Table 8.
It was found that all of these particles also undergo proton-
driven dissociation under physiological conditions, as the
chemiluminescence signal is much higher after the PBS buffer
is added compared to the NO generated from the dry particles.
Linear ln υ-ln Cd plots (data not shown) with a slope greater
than 1 were also obtained for all of the fumed silica particles
examined. However, their “apparent” half-lives and reaction
orders were found to be different than Sil-2N[6]-N2O2Na
particles, as indicated in Table 8. It has been reported in the
literature that the parent amine structure has a significant

(50) Genz, A. K.; Busche, R.; von Engelhardt, W.ComparatiVe Biochem.
Physiol. A-Physiol.1997, 118, 407.

(51) Gyenge E. L.; Oloman, C. W.J. Appl. Electrochem.2001, 31, 243.
(52) Gfatter, R.; Hackl, P.; Braun, F.Dermatology1997, 195, 258.

Table 6. Effect of Buffer pH on the Dissociation Kinetics of the
Sil-2N[6]-N2O2 Na Particle in Various Buffers at 37 °C

pH in buffer “apparent” t1/2 (min) n

6.0 15 1.72
7.4 43 1.69
9.0 119 1.29

11.0 5.60× 103 0a

a The apparentn at pH 11.0 changes as dissociation proceeds and
eventually goes to 0.

Figure 3. Dissociation kinetics data for the Sil-2N[6]-N2O2Na particles in
CAPS buffer (pH) 11.0) at 37°C: (a) ln υ vs ln Cd plot, with a zero
slope achieved as dissociation proceeds, and (b)Cd vs t plot, with linearity
(zero-order characteristics) achieved after ca. 5 h.

Table 7. “Apparent” Half-Lives (t1/2) of Dry Sil-2N[6]-N2O2Na
Particles at Different Temperatures

T (°C)

−15 23 80

t1/2 (min) 1.00× 105 1.22× 104 18
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influence on the rate ofN-diazeniumdiolate dissociation;30,31

however, there is still no general rule regarding the correlation
between the structure and dissociation rates for the sodium
N-diazeniumdiolate species. Dissociation kinetics ofN-diazeni-
umdiolates is complicated. Indeed, for five solution phase
N-diazeniumdiolate compounds whose kinetics have been
investigated in detail thus far, four different dissociation
pathways were identified, even though these compounds all
exhibit pseudo-first-order dissociation rates and had similar
structures.30

Effect of Countercation on the Dissociation Rate.Different
alkali metal cations (M) Na+, K+, Li+) do not seem to greatly
affect theN-diazeniumdiolate dissociation under physiological
conditions, as indicated by the almost identical “apparent” half-
lives for various Sil-N2O2M particles prepared with the different
countercations (see Table 8). The apparent half-life of 1N-H
Li+ (i.e., Sil-1N-H-N2O2Li), however, appears somewhat shorter
than either 1N-H K+ or 1N-H Na+, whereas such a difference

is not obviously observed for the secondary amine structures.
Apparently, either the extra hydrogen attached to the primary
amino nitrogen or the weaker basicity of the primary amine
group itself may be responsible for such a difference. Nonethe-
less, the data shown in Table 8 suggest that theN-diazenium-
diolate dissociation rate seems mainly irrelevant to the nature
of the countercation. This is consistent with previous results,
showing that the nature of the cation does not influence the
efficiency of N-diazeniumdiolate formation (see Table 5).

In Vivo Blood Compatibility Evaluation of Extracorporeal
PVC Tubing Coated with PU/Sil-2N[6]-N2O2Na Materials.
To examine the potential biomedical application of these new
NO-releasing fumed silica particles, polymer matrixes containing
the Sil-N2O2M materials were formulated to create NO-releasing
polymeric films that could be used for coating blood-contacting
devices. As an initial model, the Si-2N[6]-N2O2Na particles were
dispersed at 20 wt % into a polyurethane layer that was coated
on the inner wall of biomedical grade Tygon tubing and then
used in a rabbit extracorporeal blood circulation system of the
type employed previously to evaluate the thromboresistivity of
other NO-releasing polymers.3 Details of the multilayered
configuration are described in the Experimental Section. A
scanning electron micrograph (SEM) of a cross-section of the
final layered structure is shown in Figure 1S, within the
Supporting Information file.

The PU/Sil-2N[6]-N2O2Na coatings on the inner walls of the
Tygon tubings were found to yield NO-flux levels comparable
to that from stimulated endothelial cells (4.1× 10-10 mol/cm2/
min)26 under physiological conditions throughout 4 h ECC
experiments in the rabbit model (see Figure 5). Continuous NO-
release from such coatings was observed for at least 4 h, far
longer than when the particles are suspended directly in PBS.
Further, there was no evidence of any leaching of silica particles
from the PU coatings during the experiments (as determined
by SEM examination of cross-section images of the tubing wall).
After the rabbit experiments, the blood-contacting surfaces of
ECC tubings were examined under SEM to access surface
thrombosis. As illustrated in Figure 6, fewer thrombi and a
significantly lower degree of platelet activation (i.e., irregular
platelets with pseudopodia extension instead of round) were
observed on the surfaces of NO-releasing ECC circuits com-
pared to control surfaces. Such micrographs were also obtained
for four different sections of the tubing used for each experiment,
and the effect shown in Figure 6 provides a good picture of the
representative average observed for all sections of the tubing

Figure 4. Dissociation kinetics data for the dry Sil-2N[6]-N2O2Na particles
at -15 °C: (a) lnυ vs ln Cd plot, with a slope of zero, and (b)Cd vs t plot
(excellent linearity indicates a zero-order reaction).

Table 8. “Apparent” Half-Lives (t1/2) and Reaction Order (n) of
Various Sil-N2O2Na Particles with Different Parent Amine
Structures in PBS (pH 7.4) at 37 °C (2 measurements for each
type of particle)

“apparent” t1/2 (min) n

parent amines Na+ K+ Li+ Na+

1N-H 56 53 26 2.45
1N-C1 5.2 6.8 7.2 1.75
2N[2] 144 118 170 1.32
2N[6] 43 40 37 1.69

Figure 5. NO-flux profile in PBS (pH 7.4) at 37°C from a PVC tubing
with inner wall coated with PU/Sil-2N[6]-N2O2Na material.
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in all experiments. Further, visual inspections of the circuits
following termination of the experiments showed clearly that
the control circuits had many more clots on the inner walls than
the NO-release circuits. As shown in Figure 7, less platelet
consumption was also observed for the NO-releasing ECC
circuits (N ) 3) compared to control circuits (N) 3). These
results demonstrate the improved surface thromboresistivity of
the NO-release coating created by embedding the fumed silica
particles into a polymeric film. Such results correlate well with
previous studies of NO-releasing silicone rubber11,12and PVC3

materials that were evaluated using the same ECC rabbit model.

Conclusions

Nitric oxide-releasing fumed silica particles have been
prepared and characterized for the first time. These silica
particles can store a relatively large quantity of NO in the form
of N-diazeniumdiolates, which are stable when kept dry and at
low temperature. The NO-release characteristics of the materials
are determined by the specific structure of the alkylamines
attached to the silica surface. Further, it has been shown that
such particles can be blended into a polymer matrix to obtain
polymeric films that release NO for extended time periods.
Results from this work further demonstrate the potential of the
NO-release strategy toward the development of more blood
compatible polymers. In addition to preparing more biocom-
patible medical devices, the use of NO-releasing particles can
also be explored in other biomedical/pharmaceutical/cosmetic
applications involving other biological functions of NO,53,54

including vasodilation, antimicrobial,55 anticancer, neurotrans-
mission, and wound healing.
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Figure 6. Typical SEM images of different surfaces after 4 h extracorporeal circulation using a rabbit model: (a and b) control coating (PU/silica) surfaces;
and (c and d) NO-releasing coating (PU/Sil-2N[6]-N2O2Na) surfaces.

Figure 7. Preliminary platelet maintenance data of NO-releasing circuits
(N ) 3) and control circuits (N) 3) during ECC experiments.
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Supporting Information Available: (I) Summary of calcula-
tion methods used to determine degree of surface modification
and subsequent efficiency in diazeniumdiolate formation; (II)
SEM of tubing; (III) possible reaction schemes for nitrite salt

formation. This material is available free of charge via the
Internet at http://pubs.acs.org.
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