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Abstract: Transition metal-exchanged zeolite-A adsorbs and stores nitric oxide in relatively high capacity
(up to 1 mmol of NO/g of zeolite). The stored NO is released on contact with an aqueous environment
under biologically relevant conditions of temperature and pH. The release of the NO can be tuned by
altering the chemical composition of the zeolite, by controlling the amount of water contacting the zeolite,
and by blending the zeolite with different polymers. The high capacity of zeolite for NO makes it extremely
attractive for use in biological and medical applications, and our experiments indicate that the NO released
from Co-exchanged zeolite-A inhibits platelet aggregation and adhesion of human platelets in vitro.

Introduction A number of materials have been proposed as delivery agents

o ) . . . ) . for exogenous NO. Perhaps the chemically most advanced are

Nl_tr|c oxide (NO) is a cr_u0|al biological agent in the those based on polymers or silica functionalized with secondary
cardiovascular, nervous, and immune systéi€ synthesized amines, which, on reaction with NO, form ionic diazenium

by endothelial cells that line blood vessels mediates a nUMber yjs|ates that can be used to increase the thromboresistivity of
of vital functions, including vasodilatatiéd and inhibition of polymers®1011 Two molecules of NO react with each amine
) e ) :

platelet and inflammatory cell® activation and adhesion. In (iving rise to the trivial name NONOate) and are released on
addm_on, NOIs an important neurotransmitter and neurqmodu- contact with moisture at an appropriate pH. Other methods of
lattor in _th(_a pe_rlpheral and c_entral nervous systéraad its . release have also been explored, including the light-activated
synthesis in high concentrations contributes to the cytotoXic qjaase of NO from metal-containing polymé#s
effects of .|nﬂammatory cells on |n'vad|ng pathpgéns. A specific potential use for NO-releasing materials in the

The delivery of exogenous NO is an attractive therapy for a argiovascular arena centers on the prevention of thrombosis
number of ailments, but the range and diversity of its effects oy artificial surfaces that come into contact with blood,
make target specificity a major concern, which has held back paicularly in relation to procedures that require extracorporeal
the development of some NO applications. To overcome this cjrcyits, like bypass and renal replacement therapy, catheter
prob}gm reqwresthe development of m.aterlla|3 that can fStOfeimp|antations, or stents that are used in interventional cardiology
significant quantities of NO and then deliver it to specific sites 4 improve the patency of partially blocked arteffeSurrent
in the body. There is currently particular interest in using NO  pest practice to prevent thrombosis in these situations involves

delivery materials to prevent life-threatening complications the administration of heparin, other anticoagulants, or antiplatelet
associated with thrombosis formation at the surface of medical agents to the patient, with the inherent risk of hemorrHdgic

devices such as stents and catheters.
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or paradoxical thromboti€ complications. Stent coatings that @
release antithromboti,antiinflammatoryt” and antimitogeni®
agents to reduce in-stent thrombosis or restenosis have had some
success, but NO might be expected to have all of these effects
if delivered at the appropriate rate for a sufficient duration. Other
potential uses of these types of solids, as shown by a number g
of different biological effects, include antibacterial coatifgs
and wound-healing promoto?8.

Zeolites have well-known applications in ion exchange, gas q

N
adsorption, and catalysis (including DeiQ@he removal of 2 oc
nitrogen oxides from exhaust gade®), and they are of Co °
increasing interest as hosts for nanotechnology applicatfons. @0
New zeolite3* and new methods for zeolite preparafio?f oN
continue to attract attention as catalysts, but their use in medicine Osi

is limited to nontoxic medical diagnosis tools and clotting Figure 1. Structure of the cobatNO complex in zeolite-A as revealed
enhancerd® Zeolites have also been studied as microporous by single-crystal X-ray diffraction (data taken from ref 31). The cobalt is
storage media (o gases such as hyordGen. " boud o e orygen aonsof 2 s unt 1 e ecte famevor
A great deal is known about the interaction of NO with the zeolite framework are shown smaller than the NO oxygen for clarity.
zeolites, particularly from catalytic and separation studies.
Pressure swing adsorption experiments indicate that there aresuitable nucleophile (water) can be used to displace the
two types of adsorbed NO in zeolites, commonly called “irreversibly” adsorbed NO from ion-exchanged zeolite-A at
reversibly and irreversibly adsorbed N&3 As its name  biologically relevant temperatures. The release of NO can be
suggests, reversibly adsorbed NO is a weakly held, predomi- customized by altering the chemical composition of the zeolite.
nantly physisorbed species. In contrast, irreversibly adsorbedExperiments with human platelets confirm that NO released
NO is relatively strongly held and is not spontaneously released from a zeolite is sufficient to abolish platelet activation and
from the zeolite even at very low pressures. Irreversible NO is adhesion in vitro, pointing to potential applications in coating
primarily chemisorbed, as has been shown by single-crystal surgically implanted catheters that are ordinarily regarded to
X-ray diffractior’* and IR spectroscof¥ and supported by  be prothrombogenic. The tuneable nature of NO release from
recent modeling experimentéyhere the NO interacts with the  cation-exchanged zeolites extends the potential applications to
extraframework cations in zeolites through the nitrogen atom tubing and instruments used in procedures such as bypass
to form either mononitrosyl or dinitrosyl complexes. Irreversible surgery and renal replacement therapy.
adsorption of this kind is a good method of storing a gas ina  zeglite-A (given the three letter framework code L¥pis
material as it is not lost too easily. However, suitable methods manufactured in=1 M tonne amounts annually for use as a
of initiating delivery of the gas must be found before the detergent builder and water softener. Zeolif&% consists of
materials can be utilized in applications. Here we show how a alternating SiQ and AlO, tetrahedra that share corners to
(14) Bennett, C. L.; Connors, J. M.; Carwile, J. M.; Moake, J. L.; Bell, W. R,; produce the open framework d_epiCted . i'7 F_igure 1, with
Tarantolo, S. R.; McCarthy, L. J.; Sarode, R.; Hatfield, A. J.; Feldman, M. exchangeable extraframework cations residing in the channels.
1s) ‘(3:}?10[?;’;"”%5_0&]%#r-é;i"f“iﬁ*;émég;ggg-ﬂfﬂffoq 342 1773. Zeolite-A is a poor DeNQcatalyst but is used in a number of

(16) Aggarwal, R. K.; Martin, W. A.; Azrin, M. A.; Ezekowitz, M. D.; de Bono,  adsorption applications. It is therefore an ideal choice of zeolite

D. P.; Gershlick, A. HCirculation 1996 94, 1510. : f _ T
(17) Sirecker, E. P.. Gabeimann, A.; Boos I.- Lucas C.; Xu, Z. Y.; Haberstroh, for studies of NO storage. Also, it has a well-known affinity

J.; Freudenberg, N.; Stricker, H.; Langer, M.; BetzCrdiovasc. Intepent. for water, often being used by organic chemists to dry solvents.
Radiol. 199§ 21, 487. . . o
(18) Colombo, A.; Drzewiecki, J.; Banning, A.; Grube, E.; Hauptmann, K.; Figure 2 shows the adsorption and desorption isotherms for

Silber, S.; Dudek, D.; Fort, S.; Schiele, F.; Zmudka, K.; Guagliumi, G.; NO on Co-exchanged zeolite-A and illustrates the natural
Russell, M. E.Circulation 2003 108, 788. 9

(19) Nablo, B. J., Chen, T.-Y.; Schoenfisch, M. 8. Am. Chem. So@001 affinity of the zeolite for NO, as even at low pressures the
123 9712. iori ; i e (e

(20) Shabani. M.: Pulfer, S. K. Bulgrin, J. P.: Smith, DWound Rep. Regen  MaJOrity Of the gas remains bound inside the zeolite (i.e. is
1996 4, 353. irreversibly adsorbed). The hysteretic nature of the adsoption/

(21) Yabhiro, H.; lwamoto, MAppl. Catal., A2001, 222, 163. i i P

(22) Pontikakis. G. N.- Koltsakis. G. C.: Stamatelos. A. M.- Noirot, R.: Agliany, desorption isotherm means that the zeolite can be used to hold
Y.; Colas, H.; Versaevel, P.; Bourgeois, Top. Catal.2001, 16, 329. NO at pressures below those needed to load NO onto the

(23) Davis, M. E.Nature 2002 417, 813. : e il PR

(24) Corma, A.; Diaz-Cabanas, M.. Martinez-Triguero, J.; Rey, F.: Rius, J. materlgl._Thls is |dea! for the stprage of significant amounts of
Nature 2002 418 514. NO. Similar hysteretic adsorption has recently been seen for

25) Lee, H.; Zones, S. |.; Davis, M. Bature 2003 425, 385. :
EZG% Cooper, E. R.; Andrews, C. D.; Wheatley, P. S.; Webb, P. B.; Wormald, hydrOgen Storage in other types of nanoporous matérithe
P.; Morris, R. E.Nature 2004 430, 1012. maximum amount of NO adsorbed by cobalt-exchanged zeo-

27) Langmi, H. W.; Walton, A.; Al-Mamouri, M. M.; Johnson, S. R.; Book, . . . . :
@0 D, Sgpeight, J. D.; Edwards, P. P.; Gameson, |.; Anderson, P. A.; Harris, lite-A is approximately 1.7 mmol/g of zeolite, although reduction

. R.J. Alloys Compd2003 356, 710. of the NO pressure leads to loss of the reversibly adsorbed
(28) Arai, H.; Machida, M.Catal. Today1994 22, 97.
(29) Zhang, W. X.; Yahiro, H.; Mizuno, N.; Izumi, J.; lwamoto, Mangmuir

1993 9, 2337. (34) For more information on the nomenclature of zeolites, including details of

(30) Zhang, W. X.; Yahiro, H.; lwamoto, MJ. Chem. Soc., Faraday Trans. the framework topologies, visit the International Zeolite association website
1995 91, 767. www.iza-online.org.

(31) Cruz, W. V.; Leung, P. C. W.; Seff, Knorg. Chem.1979 18, 1692. (35) Pluth, J. J.; Smith, J. 0. Am. Chem. S0d.98Q 102, 4704.

(32) Lunsford, J. H.; Hutta, P. J.; Lin, M. J.; Windhorst, K. lorg. Chem. (36) Cheetham, A. K.; Eddy, M. M.; Jefferson, D. A.; Thomas, J.N&ture
1978 17, 606. 1982 299 24.

(33) Henao, J. D.; Cordoba, L. F.; Montes de Correa].®lol. Catal., A2004 (37) Zhao, X.; Xiao, B.; Fletcher, A. J.; Thomas, K. M.; Bradshaw, D
207, 195. Rosseinsky, M. JScience2004 306, 1012.
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Figure 2. Adsorption/desorption isotherm of nitric oxide on Co-exchanged g 0.0006 4
zeolite-A. The irreversible nature of the adsorption of the majority of NO &
on the zeolite is indicated by the hysteresis. g 0.0004
5 0.
%]
(weakly physisorbed NO) leading to a maximum storage é 0.0002 4
capacity of~1.2—1.3 mmol/g. The only remaining problem is

then how to release (deliver) the NO from the zeolite when 0 " . T . T .

required. Fortunately, zeolites also interact strongly with water, 0 500 1000 1800 2000 2800 3000

and our hypothesis was that exposure to moisture would result Time (Seconds) _

in replacement of the NO by water in the zeolite, leaving the Figure 3. Two NO-release profiles for NO-loaded Co-exchanged zeolite-
. . L . A: (a) NO concentration (ppm) in the gas stream passing through the

gaseous NO toldlffuse out of thelzeollte..Our aim in this study chemiluminescence detector versus time: (b) total mount of NO released

was to synthesize metal-containing zeolites that store NO andby the material with time (per g of zeolite). The conditions for this

release it in biologically relevant amounts on contact with water. eXpe”mtem Wle;,e 31h mg_dc_’f Ze]f"l'tfo/a”d a flow rate of 200 mL/min of wet

We envisaged that the rate of NO release could be modified by 29°" & @ refative humidity of 11%.

altering the chemical composition of the material for a range ) o .
of different medical and b|0|og|cal appllcanons in which I’e|eased/g Of ZeO|Ite (b) are ShOWﬂ n F|gure 3.1n th|S case the

exogenous NO might be beneficial. flow rate of gas used was 200 mL/min and the relative humidity
_ _ of the gas was 11%. The total amount of NO released is
Results and Discussion approximately 1 mmol of NO/g of zeolite. The duration of NO

Samples of zeolite-A were synthesized according to the release approaches 2500 s with a half-ltig,(the time it takes

procedure given in ref 38. The transition exposed to dry NO for half the NO to be released) 6f340 s. The total amount of
and stored in sealed vials under argon at room temperature readyN© released is also very consistent between different samples
for use. as long as care is taken to ensure that the chemical composition

Zeolites are well-known as extremely good drying agents and of the zeolite and its dehydration properties are the same. The
interact strongly with water, and this has led to their use in average amount of NO released from 130 separate measurements

numerous applications, including as a method of rapidly on different samples was 1.02 mmol of NO/g with a standard
absorbing water from blood to aid in clotting after serious deviation of 0.05. Storage of the NO-loaded zeolites under a
wounding® It is not surprising then that the NO is released dry atmosphere also has no effect on the total NO released by
very quickly when contacted by water in a physiological the materials. Samples of NO-loaded cobalt-exchanged zeolite-A
solution. Unfortunately, it is difficult to quantify the release rate were stored under argon in sealed ampules for up to 16 weeks.
of NO in this fashion accurately because the powder zeolite The quantification of the NO released by these samples is shown
tends not to disperse well in the liquid, with much remaining in Figure 4, with each measurement repeated at least 16 times
floating on the surface. An alternative, and much more repeat- on different samples. There is no drop off in total NO released
able, method is to flow a wet gas (of controlled relative indicating that under dry conditions cobalt-exchanged zeolite-A
humidity) through the sample at a steady rate and measure thds a stable NO storage material with a gas storage capacity
NO concentration of the gas using chemiluminescence measuresimilar to that of the best NO-storing polymers reported and
ments. The NO release profiles of NO-loaded cobalt exchangedsignificantly higher than mogf:1

zeolite-A expre;sed as a total concen'gration of NO in the gas  The amount of moisture present in the gas flow is also
stream versus time (&) and a cumulative total amount of NO jmportant in controlling the release of the NO. Increasing the
(38) Robson, H.; Lillerud, K. PVerified Syntheses of Zeolitic Materiand relatlve humldlty (Whlle keeplng the flow rate CO.nStant) 0 22%

revised ed.; International Zeolite Association: Amsterdam, Netherlands, INCréases the rate of NO releasg.(= 208 s), while an almost

2001; www.iza-synthesis.org. i idi 04) i
(39) Wright, F. L.; Hua, H. T.; Velhamos, G.; Thoman, D.; Demitriades, D.; dry gas (relative humidity 1.5%) increases tpgto more than
Rhee, P. M.J. Trauma Inj. Inf. Crit. Care2004 56, 205. 3000 s. It should be remembered though that there are two
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0.0014 release profiles measured electrochemically for a number of
other transition metal-exchanged zeolite-A samples in contact
P"””{“\{/{F\‘[‘* with an argon flow that has been saturated with water vapor.
The order of how much NO is released for each metal agrees
well with the NO adsorption properties of transition metal
zeolites in pressure swing adsorption studfé@Co-exchanged
0.0004 zeolites released the most NO while the original sodium form
of the zeolite released least NO. At first glance the Cu-
exchanged zeolite-A results seem anomalously low, especially
o 4 .. e T e since Cu-zeolites are well-known deN@atalysts and that Cu-
Time (Weeks) exchanged zeolites do adsorb significant quantities oPRO.
Figure 4. Storage stability experiments showing the total amount of NO This is because the zeolite is overexchanged, with mof& Cu
released by a cobalt-exchanged zeolite-A after storage under dry conditionsions in the channels than is strictly necessary for charge balance
for different amounts of time. The results are the average of at least 16 (a350ns. Many of the “extra” Ctiions are probably present as

0.0012 -

Moles NO/gram
e 9o
o o @29
o o o
o o o
» (== -
L L

0.0002 -

different measurements for each storage period, and the error bars indicateh . . P
the standard deviations of the measurements. hydroxide species and so reduce the availability of the metal
ions for NO coordination.
35 - == Ni-L TAA) The amount of NO released by the zeolite depends not only

on which transition metal is present but also on how much of
the metal is there. Zeolite-ZK4 is a variant of zeolite-A that
has the same framework structure and so has the same
framework code (LTA). However, there are fewer exchangeable
cations in zeolite-ZK4 as there is less aluminum in the
framework than in zeolite-A. This means that there are fewer
metal cation sites in the channels of the structure to bind NO.
It is clear from Figure 5b that Co-exchanged zeolite-A releases
more NO than Co-exchanged zeolite ZK4, consistent with the
reduced level of cobalt in the ZK4 structure. Interestingly, Co-
exchanged zeolite-A samples are self-indicating; when initially

Conc/mg (nMimg)

35 - dried they are a bright blue, and when loaded with NO they are
E 30 4 / a gray/blue but change to pink as the NO is displaced by water.
g 25 | | These color changes emphasize the importance of the metal
- Co-LTA{A) NO interactions in the storage of the gas and the replacement
EE 20 4 b — CO- | TA(Z K-4) of these by metatwater interactions on delivery of the NO.
9o 15 Bioactivity. The need for improvements in the biocompat-
¥ 10 | ibility of materials is a very important target. This is particularly
§ 5 true for blood-contacting solids that are used in vascular grafts
3 and in extracorporeal tubing used in coronary bypass surgery
o o4 . ‘ e —— and kidney dialysis. Life-threatening complications can occur

0 2 4 6 8 10 if thrombosis formation (platelet aggregation and adhesion

together with coagulation) is induced by artificial materials that

Figure 5. NO-release profiles of NO-loaded metal-exchanged zeolite-A. a.re In contact Wlth, b,loo,dj Th'rombus formation m_ healt.hy
Top: Effect of metal ion on NO release. The control is & Gexchanged circulatory systems is inhibited in a number of ways, including
zeolite that has not been exposed to NO. The electrode response resultshe production of small quantities (approximately 1 pmol Thin

have been normalized to give the concentration of NO in solution/mg of 2 see ref 9) of NO by the endothelial cells that line the
zeolite material. Bottom: Dependence of NO release ofi@xchange '

level. Co-zeolite-A (Co-LTA(A)) contains 19.8 wt % cobalt, while Co blood vessels a”‘?' also by pIathets. A p(.)ter?tlally. important
zeolite-ZK4 (Co-LTA(ZK4)) contains 9.0 wt % cobalt. All zeolite samples  Strategy for reducing postoperative complications is to make
were from the same synthesis batch to minimize particle size differences medical devices out of an NO-releasing material, thereby
In the materials. mimicking the antithrombotic action of the endothelial cells.

components to the storage of NO and that any physisorbed NO To overcome the problem of the nondispersion of zeolite
will be released even in completely dry conditions. powders in the liquid phase, samples of zeolite were prepared
An alternative way to measure the release of NO from the as pressed disks with small amounts of polymers as binders.
zeolites involves contacting the zeolite with a moist gas that is The Co-exchanged zeolite samples, in 75:25 or 50:50 wt %
subsequently bubbled through a liquid phase (phosphate bufferednixtures with powdered poly(tetrafluoroethylene) (PTFE) or
saline, pH 7.4 at 28C). The amount of NO dissolved in the poly(dimethylsiloxane) (PDMS), were prepared as pressed disks
solution is then measured electrochemically. This allows the and subsequently dehydrated and loaded with NO in the same
flow rate to be reduced down to 5 mL/min showing that even way as the powdered samples. Pressed disks made from only
in moisture-saturated argon the release of the NO now takeszeolites are slightly brittle; some material breaks off easily under
place much more slowly and lasts up to 10 h (Figure 5). Again stirring, and so the polymer is there primarily to add mechanical
this is consistent with the reduced flux of water on the sample stability to the disks. However, this process clearly affects the
from the much reduced flow rate. Figure 5 also shows the NO NO release properties of the materials. Figure 6 shows that on

Time (Hours)
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Figure 6. Chemiluminescence response to NO (in ppb) from two disks of
cobalt-exchanged zeolite-A (8.5 mg) mixed with PTFE and PDMS (8.5
mg, respectively) immersed in water.

exposure to liquid water (28C) the release of NO is slowed
considerably as compared to the powdered zeolite, tyittof

509 s for the PTFE disk and g, of 3076 s for the PDMS
disk. In addition, the total amount of NO released is very much
reduced compared to the free zeolite powders ¢ 40> and

2.4 x 107% mol of NO/g of zeolite for PTFE and PDMS,
respectively). This is not at all surprising given that the
preparation of the disk will affect the accessibility of the zeolite
to the NO considerably. However, given the small quantities
of NO required for biological action this is not a major drawback

in terms of testing the materials for their antithrombotic
behavior. Clearly the nature of polymer used in any formulation
can have a significant affect on the rates of release and is another
method of tuning the release rate to match any potential
application. Figure 7c¢ shows that the electrochemically measured
released profile of the Cezeolite-A/PTFE disk is very similar

to that seen in plasma. The NO-loaded disks were stored under
an inert atmosphere in a manner similar to that described above
for the powdered zeolite samples. The disks were stored for up
to several weeks before being used in further experiments.

Zeolite/PTFE disks were suspended by a stainless steel wire
holder below the surface of platelet-rich plasma (PRP) in the
cuvette of a four-channel platelet aggregometer (Chronolog,
Labmedics, Stockport, U.K.) at 3. After a short induction
period (1 min), platelet aggregation was initiated using the
thromboxane Aanalogue, U46619 (8M) and then measured
as a change in turbidity (light transmission) of PRP against a
platelet poor plasma (PPP) reference. The results (Figure 7)
show that a NO-loaded Co-exchanged zeolite-A/PTFE sample
completely inhibits platelet aggregation. Addition of the NO
scavenger, oxyhemoglobin (4@V), prevents the inhibitory
effect, confirming the central role for NO in the inhibitory
process and excluding the possibility that the effects of the-NO
zeolite were merely cytotoxic. Furthermore, a Co-exchanged
zeolite/PTFE sample that has not been loaded with NO failed
to inhibit U46619-mediated aggregation. Parallel experiments

U46619
a - b 1
c 0 Zeolite-NO < 100 NS
° =]
®  20- ®  80-
& q
g 40 o 60+
< <
= 2 Zeolite-NO+ Hb S
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801 "M Control 201 %
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1-min A o x
Y N o
N P X
18
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i ~ 1001
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Figure 7. Effect of NO-loaded Cezeolite-A and the NO-free Cozeolite A (both 75% in PTFE) on platelet aggregation in response to U4661®1)8
(a) aggregation recordings from a single experiment in the presence and absence of the NO scavenger, oxyhemoglohiMH{) 40ean+ standard

error of the mean (SEM) data for aggregation under different conditions,

expressed as % of platelet aggregation in the absence oPzeolt@1**

Dunn’s multiple comparison test after nonparametric Kruskal Wallis comparison for samples with different varianeesioNSignificant 6 = 6)]; (c)
electrochemically detected NO generation profile from NO-loaded Zeolite (75% in PTFE) suspended in PRP 5); (d) time—course of the inhibitory

effect of NO-loaded Cezeolite A and the NO-free counterpart (both 75% in PTFE) on agonist-induced platelet aggregation at timed intervals after immersion

of the zeolite in PRPH(= 6; P < 0.001, 2-factor ANOVA).
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Figure 8. Scanning electron micrographs of the surface of (a) untreated
Co—zeolite-A/PTFE disks (Z/PTFE) and of (b) NO-loaded-€x®olite-A/

surface of NO-treated zeolite/PTFE (N@/PTFE; Figure 8b),
on which only a small number of isolated platelets (P) can be
seen.

The toxicology of zeolites has been extensively studied, and
the frameworks themselves are regarded as benign materials.
Zeolite-A, because of its wide range of uses in detergent
powders, has been particularly well studied in terms of its
potential toxicity. There are no reported adverse effects on the
body from zeolite frameworks, except possible pulmonary
problems caused by breathing small particles of zeolite Gust.
Unlike zeolites for detergent applications, the zeolites reported
in this paper contain transition metal ions, and the toxicity of
these ions must also be taken into account. While zeolites have
been proposed as materials for the inhibition of transition metal
ion permeation in the skid and to inhibit the toxicity of
gadolinium in orally ingested MRI contrast agefitépng-term
contact with blood will undoubtedly lead to some leaching of
metal ions. As long as this leaching does not lead to excessive
increases in local concentrations above normal in vivo values,
then there will be no adverse effects, but this must be studied
in greater detail.

Concluding Remarks

Gas storage by porous materials is currently an important
topic but tends to concentrate on the storage of gases for energy
applications'* We have demonstrated that zeolites have great
potential as NO storage and release materials for biological and
medical applications. Their preparation and loading with NO
is relatively facile, the release of NO occurs by simple reaction

PTFE disks. (a) shows large platelet aggregants (PA) on the surface on thewith water, and the amount of NO released can be tailored by

surface of the untreated zeolite/PTFE disk, while (b) shows only a few,
isolated platelets (P) on the surface of the NO-treated zed¥Td-E disk.
The scale bar is 1am.

were conducted to determine the concentration of NO generated
by 75% NO-loaded zeolite disks in PTFE suspended in PRP

(Figure 7c). The profile of release is similar to that shown in

altering both the type and number of metal cations in the

structures. Taking into consideration the other advantages of
zeolites, such as their low cost and nontoxicity, these materials
clearly have great potential as NO storage materials. We have
also demonstrated that NO-releasing zeolites inhibit platelet
aggregation and adhesion in plasma, a potentially important
application of such solids in the prevention of thrombus

Figure 6, suggesting that plasma components have "ttIEimpathormation. This work overturns the conventional idea that

on the water-mediated release of NO from this compound. In
addition, a time-course study for the effect of equivalent disks
on platelet aggregation (Figure 7d) indicate a prolonged
inhibitory effect throughout ta 2 h period of study, which is
not shared by the NO-free counterpart. However, it is worth
noting that an element of the persistent inhibition is likely to
be mediated via formation of a durable NO store in pla¥ma
rather than necessarily through the persistent delivery of NO
directly from the zeolite. Indeed, it is clear that the zeolite/
PTFE NO release profile is not ideal for maintaining a protracted
antithrombotic effect, as the NO release is exhausted aft€r
min (Figures 6 and 7c). The release profile for the zeolite/PDMS

disks (Figure 6) shows a considerably lower peak NO concen-

tration and a considerable prolonged release profile. This
indicates that it may be possible to tune the release profile for
a protracted thrombotic effect.

zeolites can be used only to destroy NO and adds a new delivery
system to the armament of researchers developing NO-based
therapies. The multiple roles for NO at different concentrations
means that the potential for NO-release materials extends far
beyond the confines of reduced thrombogenicity of prosthetic
grafts, catheters, and extracorporeal blood conduits; it could also
encompass other medical uses including antimicrobial adjuncts
to prevent infection, for example, in chronically implanted
catheters and in wound dressings for enhanced angiogenesis.

Experimental Section

Synthesis of ZeolitesZeolites Linde type A and ZK-4 possessing
the LTA framework topology were synthesized as previously pub-
lished3®

Linde Type A. Sodium hydroxide (2.892 g) was dissolved in distilled

Platelet aggregants (PA; Figure 8a) on the surface of the water (320 mL) and divided equally into two nalgene bottles. To half

zeolite/PTFE (Z/PTFE) were visualized using scanning electron
microscopy, which conclusively demonstrates the extent to
which platelet aggregation and adhesion is inhibited at the

(40) Crane, M. C.; Olloson, R.; Moore, K.; Rossi, A. G.; Megson, 1JLBiol.
Chem.2002 277, 46858.

(41) Thomas, J. A.; Ballantyne, B. Am. Coll. Toxical1992 1, 1 259.

(42) Kassai, Z.; Bauerova, K.; Koprda, V.; Bujnova, Biologia 2000 55, 55.
(43) Young, S. W.; Qing, F.; Rubin, D.; Balkus, K. J.; Engel, J. S.; Lang, J.;
Dow, W. C.; Mutch, J. D.; Miller, R. AJ. Magn. Reson. Imad.995 5,

499.
(44) Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.; O’Keefe, M.;
Yaghi, O. M. Science2002 295, 469.
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Table 1. Elemental Analysis (%) of Metal-Exchanged Zeolites with NO Loading and Release ExperimentsThe ion-exchanged zeolite
Metals Reported Relative to Al Content (~0.3 g) was dehydrated f@ h at 300°C in vacuo (0.5 mmHg). This
metal sample a sample b was cooled to room temperature and exposed to approximately 2 atm
Zeolite-A, Formula NaVlySiosAl ocOs84 of dry NO (99.5%, Air Liquid) for 30 min, evacuated, and exposed to
Co 0 48 dry argon. Evacuation and exposure to argon occurred three times.
Ni 10 43 Quantification of NO Release by ChemiluminescenceNO
Cu 0 96 . . . . .
Mn 8 a4 measurements were performed using a Sievers NOA 280i chemilumi-

nescence NO analyzer. The instrument was calibrated by passing air
through a zero filter (Sieverss1 ppb NO) and 89.48 ppm NO gas
(Air Products, balance nitrogen). The flow rate was set to 200 mL/min
aThis sample is~100% overexchanged. with a cell pressure of 8.5 Torr and an oxygen pressure of 6.1 psig. To
measure NO release from zeolite powders, nitrogen gas of known
was added sodium aluminate (33.032 g), into the other half was addedhumidity was passed over the powders, the resultant gas was directed
sodium metasilicate (61.92 g), and both portions were stirred until into the analyzer, and the concentration of NO in ppm or ppb was
dissolved. Then the silicate solution was transferred quickly into the recorded.
aluminate solution and mixed until homogeneous. This was sealed in  To measure the release of NO from pressed disks, the samp|es were
a nalgene bottle (500 mL) and heated af@%or 4 h. This was allowed  sealed in a glass vial with a septum through which the gas was sampled.
to cool to room temperature, filtered, washed with distilled water until Nitrogen was supplied to the vial at a rate to maintain atmospheric
the filtrate is below pH 9, and dried at 10C€ overnight. pressure inside the vial. Distilled water (0.5 mL) was injected to initiate
ZK-4. Sodium hydroxide solution (3 g, 50 wt %) and sodium NO release.
aluminate (10.75 g) were added to distilled water (145 mL) and stirred
until dissolved. Tetramethylammonium hydroxide solution (25 wt %, A fiow of argon (saturated with water vapor, 5 mL miywas passed
146 g) and silica sol (38 g, AS-30) were stirred for approximately 30 e 5 known amount of the NO-loaded zeolite. The gas was then

min. Solutiqns were combined, mixed thqroughly, sealed in a nalgene bubbled through phosphate-buffered saline solution (pH 7.4, 10 mL)
bottle, and incubated at 2% for 24 h. This was then heated at 100 in which a previously calibrated NO electrode (World Precision

C for 30 h, cooled to room temperature, filtered, washed with distilled Instruments, ISO-NO Mark Il) was immersed. The concentration of

water (1 L), and dried at 100C overnight. The zeolites were calcined .
. . o - . ; NO was measured over the course of several hours. All experiments
in flowing oxygen at 600C (maintained for 600 min) with a heating . . .
5 - . were repeated three times and gave reproducible results. A similar
rate of 10°C min~! to remove organic content. . .
q diffraction d I q technique was used for measurement of NO in PRP samples (1 mL),
Powder X-ray dififaction data were collected ona STOE STADIP except the cuvette was incubated in the platelet aggregometé€{37

gm;ractometelrl or;ezja_t 'ng Ol;] mor;]ochromated tcmll'@_d'at(')og' Powdert and was constantly stirred (100 rpm). These experiments were repeated
ata were collected in DebyeScherrer geometry using 0.5 mm quartz 6 times, and results are illustrated as mease of mean.

capillaries over a period of 12 h to determine purity of the synthesized . i
phases. Storage Experiments.Vials of NO-loaded Ce-LTA were evacuated

. . . immediately after loading with NO, and the atmosphere was replaced
lon Exchange of Zeolites. Metal ion-exchanged zeolites were by d The flask th tored f 0 16 K dth
prepared as follows. Typically, the zeolite (5 g) was placed in a 0.05 y dry argon. The Tlasks were then stored for up fo 1o weeks, and he

M solution of the metal acetate (400 mL, distilled water) and stirred measurements of NO release were repeated at regular intervals.

for 24 h. The products were recovered by filtration, washed with ~ Platelet Aggregation. The zeolite was ground with PTFE in the

distilled water (400 mL), and dried at 10@ overnight. Elemental desired ratio (75% zeolite/25% PTFE). The mixture was then pressed

analysis was carried out to determine the amount of metal ions into disks (5 mm diameter;20 mg) under 2 tons for 30 s. The disks

exchanged by an Agilent 7500 Series ICP-MS spectrometer (Table 1). were then dehydrated and loaded with NO as described for the powder
NO Adsorption/Desorption Isotherms.The adsorption/desorption ~ Samples.

of nitric oxide gas in microporous materials was measured using a  Venous blood was drawn from the antecubital fossa of six healthy

gravimetric adsorption system. A Cl instruments microbalance was volunteers (aged 2840 years) into citrated tubes (0.38% final

thermally stabilized to eliminate the effect from external environment. concentration). Volunteers had not taken any medication known to affect

ZeoIite-ZK4, Formula NaV bSi114A| 760384
Co 36 21

Quantification of NO Release Using Electrochemical Methods.

The microbalance has a sensitivity of Quy and reproducibility of platelet aggregation within the last 10 days. Platelet-rich plasma (PRP)
0.01% of the load. The pressure of adsorption system was monitoredwas obtained from whole blood by centrifugation (8520 min; room
by two BOC Edwards Active gauges in the ranges of 1078—1 x temperature). Platelet-poor plasma (PPP) was obtained by further

102 and 1x 104-1 x 10°* mbar, respectively. The sample 130 centrifugation of PRP (12@0 5 min; room temperature).

=X . .
mg) was initially outgassed at 573 K underd10™* mbar, until no Zeolite/PTFE disks were suspended in stainless steel wire holders

fdurther WZ'%htzlggiwaz ibssrved.tThtebsample tle;nperatl:re k;"'?ﬁ tt?tehnbelow the surface of the PRP in the aggregometer cuvette, ensuring
ecreased 1o and kept constant by a circulation water bath with ., they did not interfere with the light beam or the mechanical stirring

temperature accuracy0.02 K. The counterbalance temperature was (1000 rpm). After variation of incubation periods{120 min), platelet

kept the same as that of the sample to minimize the influence of . o L )
temperature difference on weight readings, and the sample temperatureaggregatlon was initiated by addition of U466194@). Aggregation

was monitored usipa K type of thermocouple, located close to sample wa; measured as a change in turbidity (light transmission) of PRP
bucket (<5 mm). The variation in sample temperature was minimal against a PPP blank.

(<0.1 K) throughout the experiment. NO gas was introduced into the ~ Electron Microscopy. Parallel aggregation experiments were con-
system until the desired pressure was achieved, and the mass uptakéucted on separate samples prior to gentle washing of the zeolite/PTFE
of the sample was measured as a function of time until the adsorption disks in phosphate buffered saline, fixing in 3% glutaraldehyde and
equilibrium was achieved. In this manner an adsorption isotherm was 0Smium tetroxide, dehydration in graded acetone, and critical point
collected by incrementally increasing the pressure and noting the massdrying with carbon dioxide. The surface of the disks was examined
gain of the sample at equilibrium. Desorption of nitric oxide gas using a Phillips 505 scanning electron microscope following gold
adsorbed in the samples was performed by gradually decreasing thepalladium alloy sputter coating (SC500 sputter coater, Emscope
system pressure to a desired value (untik 20-2 mbar). Laboratories).
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