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The astounding pace of discovery on the bioregulatory roles of Br
nitric oxide (NO} demands new methods for generating NO in a
controlled manner to facilitate both an improved understanding of ILL‘-IL JJJ_,J—H .LLLLLL‘ J_,J"JJJ
NO'’s function in physiology and the development of NO-associated S Br(CH,),SH S
therapies. N-Diazeniumdiolate NO donors, small molecules syn- m — ms
thesized by the reaction of amines with NO at elevated pressure, CH,CL

have proven particularly useful for spontaneously generating NO
in aqueous solutioh.Indeed, the rate of NO generation is easily

tuned by varying the amine precursor structure, pH, and/or o o amine
temperature. As such, polymers have been modified to release NO \\(?//

via doping or covalent attachment of the NO donor whereby low N—N\ ®

levels of NO release from the polymer interface mimics the N(CHap),NHs NH(CH,)NH
endothelium of healthy blood vessels, preventing platelet adhesion/ 2
activation®° Such polymers have been employed successfully in %

the preparation of more thromboresistant sensors and extracorporeal hLL‘-HL J_,_,—"'JJ 5 atm NO(g) ﬁHLH_' J_,_,-"'JJ
heart bypass circuitsThe synthesis of NO-releasing fumed silica SKS\S ) srs\s
particles (amorphous silicon dioxide, 6:2.3 um) was recently Au Au

reported as an effective strategy for generating NO from within a Figure 1. Synthesis scheme for preparing NO-releasing gold nanoparticles.
polymer film?” The advantage of using-diazeniumdiolate-modified
fumed silica was the ease with which such particles could be
embedded in a given polymer matrix and their ability to serve as
both a reinforcing filler and a NO donor.

Monolayer-protected cluster (MPC) gold nanoparticles, or MPCs,
have received much attention due to their unique size5(fhm),
stability, and highly functional desighThe exterior of MPCs is

min, and pressurized to 5 atm NOrf8 d with constant stirring to
facilitate the synthesis of diazeniumdiolate NO doitasd prevent
aggregation. Thal-diazeniumdiolate-modified MPCs were filtered,
washed (methanol), and stored-a4 °C until use.

The size and stability of the gold nanoparticles were characterized
using thermal gravimetric analysis (TGA), B\Wis spectroscopy,
and transmission electron microscopy (TEM). The organic content

easily altered by place-exchanging in other thiols containing the o ey anediamine-modified gold nanoparticles was determined to
desired functional group$. Such modification has enabled the  po 5594 4 value consistent with previous reports for hexanethiol

potential for employing gold nanoparticles as drug delivery vehicles \1pcg composed of 140 gold atoms (core) protected by 53 thiol
and cont_rast agen_?sHerein, we report on the synthesis of gqld ligands? Since NO is highly reactive and might disrupt geld
nanoparticles designed to controllably release NO. The unique gyifyr honds the stability of the hexanethiol MPCs after exposure
functionality of these nanoparticles may represent a new platform ;. high pressures of NO was evaluated using TGA and-uié
for the targeted delivery of NO in vivo. . spectroscopy to ensure that the conditions necessary for diazeni-
Gold nanoparticles were synthesized by the reaction of hydrogen ymgiplate formation did not compromise nanoparticle integrity.
tetrachloroaurate salt with hexanethiol in the presence of sodium ggth the organic content of the nanoparticles (as studied by TGA)
borohydride!! After 30 min, the reaction was quenched with water. and the U\-vis spectra (in toluene such that the absorbance was
The nanoparticles were collected by filtration, washed with aceto- 1 g at 400 nm) did not change following NO exposure, indicating
nitrile, and then functionalized with bromo-terminated alkanethiols negligible influence on monolayer stability. Transmission electron
by the place-exchange method (Figuré%$pecifically, 11-bromo-  mijcroscopy images further confirmed that the core diameter of the
1-undecanethiét was added (3:1 ratio of bromo- to methyl- nanoparticles remained constant (0.9 nm) regardless of amine
terminated alkanethiol) to a solution of gold nanoparticles in derivatization or diazeniumdiolate formation. These studies suggest
methylene chloride and stirred for 30 min. The solvent was removed that the structural integrity of the MPC gold nanoparticles was not
by rotary evaporation, and the gold nanoparticles were purified with compromised by the conditions necessary to synthesize the NO
acetonitrile. The extent of ligand exchange, monitored by NMR, donor and introduce NO-release capability.
was easily controlled by varying the reaction time and/or concentra-  Nitric oxide release was measured in phosphate-buffered saline
tion of bromoalkanethiol. The bromo-functionalized gold nanopar- solution at physiological temperature and pH using a Sievers NOA
ticles were then dissolved in toluene or methylene chloride and chemiluminescence nitric oxide analyzer (Boulder, CO). A constant
reacted with ethylenediamine, butylamine, hexanediamine, or stream of nitrogen bubbled through the PBS (200 mL/min) was
diethylenetriamine. The disappearance of #@H-Br peak in the used to carry the NO to the analyzer. As shown in Figure 2, the
NMR spectra of the functionalized nanoparticles indicated the NO release for diazeniumdiolate-modified MPCs was tunable by
completion of the reaction (Supporting Information). The amine- varying the number and/or chemical structure of the substituted
functionalized gold nanoparticles were then suspended in a solutionamine ligands. Increasing the concentration of ethylenediamine
of methanol and sodium methoxide base, ultrasonic mixed for 1 ligand from 14 to 21% led to a corresponding increase in total NO
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Figure 2. Nitric oxide-release profiles from gold nanoparticles derivatized

with (a) 0% ethylenediamine, (b) 14% ethylenediamine, and (c) 21%
ethylenediamine (varying the number of ligands), and (d) 21% ethylene-
diamine, (e) 21% diethylenetriamine, and (f) 21% hexanediamine (varying
the structure of ligands). Release profiles were reproducible to within 10%.

Table 1. Nitric Oxide Release Properties of Amine-Derivatized
Monolayer-Protected Gold Nanoparticles

half-life release total NO
ligand % amine? (min) longevity (min) (pmol/mg)
hexane 2 5 400
butylamine 21 15 60 2000
ethylenediamine 14 78 200 9750
ethylenediamine 21 88 300 19 300
hexanediamine 21 68 600 87 000
diethylenetriamine 21 63 360 38 000

release (from 9750 to 19 300 pmol of NO/mg of MPC) and NO
release duration (from 200 to 300 min). The elevated NO release
is attributed to enhanced NO-donor formation due to a larger
concentration of amines. A small amount of NO (400 pmol/mg)
was also measured from the hexanethiol MPC controls. This NO
release was negligible at period$ min, indicating that NO may
intercalate within the hydrophobic alkyl chains under the conditions
necessary for diazeniumdiolate synthesis (5 atm NO), but the
amount of such NO is small and rapidly released upon solution
immersion. The diazeniumdiolate-modified MPCs also released low
levels of NO under a warm (37C) stream of nitrogen gas,
suggesting a possible thermal dissociation mechanism. However
the level of NO release was greater in solution (data not shown),
indicating that theN-diazeniumdiolate-modified nanoparticles
undergo both thermal and proton-driven dissociation. The diazeni-
umdiolate-modified MPCs retained full NO-release characteristics
when stored under nitrogen a4 °C through 14 d.

The NO release from diazeniumdiolate-modified MPCs was also
tunable by varying the amine precursor structure. Increasing the
length of the alkyl chain separating the nitrogens from two to six
methylene units led to an increase in the total amount of NO
released (Figure 2d,f) (from 19 300 to 87 000 pmol of NO/mg of
MPC for ethylenediamine- and hexanediamine-modified MPCs,

respectively), suggesting a NO release/diazeniumdiolate structure

relationship. Indeed, the half-life data (Table 1) show that separating

enetriamine likely accounts for increased NO donor formation (and
release capability) relative to ethylenediamine, even though the
length of the alkyl chain separating the nitrogens remains short
(two methylene units). Butylamine-modified MPCs, a secondary
monoamine derivative, were characterized by the lowest total NO
release of all the amine-modified MPCs studied. Such behavior
was expected, however, as diazeniumdiolate formation is facilitated
by the additional amin&14Notably, the diazeniumdiolate conver-
sion efficiency for the amine-modified MPCs was calculated to be
<1%, regardless of amine structure. Current efforts are focused
on enhancing the conversion of diamines to NO donor to increase
the amount and duration of NO release.

The synthesis of~2 nm NO-releasing gold nanoparticles
represents an important step toward the development of a NO-
delivery system that bridges small-molecule diazeniumdiolates and
diazeniumdiolate-modified fumed silica particles200 nm). The
control over the type and amount of amine used during preparation
of the nanopatrticles allows for a range of NO-release properties.
Further functionalization of the nanoparticles with receptor mol-
ecules to enable specific antibodgntigen or ligane-receptor
interactions may allow for the targeting of specific tissues or cells.
The size and stability of NO-releasing MPC gold nanoparticles may
prove useful for a range of biomedical and pharmaceutical
applications, including in vivo sensor design and topical creams to
enhance wound healing and/or dilate blood vessels below the skin.
Future studies will include determining the influence of amine
precursor distance from the gold core on diazeniumdiolate formation
and dissociation to NO.
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bromo-1-undecanethiol and representatideNMR spectra for amine-
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