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Abstract: Silver(l)—imidazole cyclophane gem-diol complex, 3 [Ag2Cass N10O4]>"2(x)~, where x = OH™ or
CO0327, was synthesized and well characterized. The minimum inhibition concentration tests showed that
the aqueous form of 3 is 2 times less effective as an antibiotic than 0.5% AgNOs, with about the same
amount of silver. The antimicrobial activity of 3 was enhanced when encapsulated into Tecophilic polymer
by electrospinning to obtain mats made of nano-fibers. The fiber mats released nanosilver particles, which
in turn sustained the antimicrobial activity of the mats over a long period of time. The rate of bactericidal
activity of 3 was greatly improved by encapsulation, and the amount of silver used was much reduced.
The amount of silver contained in the fiber mat of 3, with 75% of 3 and 25% Tecophilic, was 8 times less
than that in 0.5% AgNO; and 5 times lower than that in silver sulfadiazine cream 1%. The fiber mat was
found to kill S. aureus at the same rate as 0.5% AgNOs, with zero colonies on an agar plate, and about 6
times faster than silver sulfadiazine cream. The silver mats were found effective against E. coli, P.
aeruginosa, S. aureus, C. albicans, A. niger, and S. cerevisiae. Transmission electron microscopy and
scanning electron microscopy were used to characterize the fiber mats. The acute toxicity of the ligand
(imidazolium cyclophane gem-diol dichloride) was assessed by intravenous administration to rats, with an
LD 50 of 100 mg/kg of rat.

Introduction In the last two decades, cyclophane compounds received
. . much attention in the development of supramolecular chenfistry.
Elemental silver and silver salts have been used for decadesyq ks by our group and other& describe the synthesis and
as antimicrobial agents in curative and preventive health care. gy ctural analysis of imidazolium cyclophanes and their metal
The app_llcatl_on of silver and its salt_s in the treatment of burn complexes. We previously reported the antimicrobial activity
wound$ is of interest. The advances in wound care management silver(l)-N-pincer 2,6-bis(hydroxylethylimidazolemethyl)-

are not only focused on the antimicrobial effect of silver on pyrigine hydroxide, a water-soluble silver(l) carbene complex
chronic ulcers, extensive burns, and difficult-to-heal wouhds, 1" on some clinically important bactedaCompound1 is

but also on the convenience of application, patient comfort, and sparingly soluble in absolute ethanol but highly soluble in
sustained release of silver ions with increased concentration atmethanoL The So|ub|||ty of type Si|ver(|) carbene Comp|exes
the wound surfaces! These lead to the development of fabric  in ethanol was improved by varying the functionalized groups
|mpregnated with silver (FlS), anew silver teChn0|ogy’ that has (5) Atiyeh, B. S.; loannovich, J.; Magliacani, G.; Masellis, M.; Costagliola

antimicrobial efficacy and provides a protective barrier against M.; Dham, R.; Al-Musa, K. A.J. Burns Wound Car@003 2, 18: 1-9

; i i ; (available online: http://www.journalofburns.com).

|nfect|o_n. In the tre_atment of burn wounds, good h_ydratmn is (6) (2) Seel, C.- de Mendoza. J.Gomprehensie Supramolecular Chemistry

recognized as an important factor for wound healing and re- Lehn, J. M., Atwood, J. L., Davis, J. E. D., MacNicol, D. D., Vogtle, F.,
; Al : Eds.; Elsevier: Oxford, 1996; Vol. 2. (b) Seel, C.; VogtleARrgew. Chem.,

epithelializatior? Int. Ed. Engl 1992 31, 528-549.

(7) (a) Simons, R. S.; Garrison, J. C.; Kofron, W. G.; Tessier, C. A.; Youngs,
W. J.Tetrahedron Lett2002 43, 3423-3425. (b) Garrison, J. C.; Simons,
R. S.; Kofron, W. G.; Tessier, C. A.; Youngs, W.J.Chem. Commun

T Department of Chemistry.

* Department of Pplymer Science. 2001 1780-1781. (c) Garrison, J. C.; Simons, R. S.; Talley, J. M.;
§ Department of Biology. Wesdemiotis, C.; Tessier, C. A.; Youngs, W.Qrganometallics2001,
(1) (a) Moyer, C. A.; Butcher, H. RBurns, Shock and Plasmaolume 20, 1276-1278.
regulation C. V. Mosby Co.: St Louis, 1967; pp 27854. (b) Moyer, C. (8) (a) Yuan, Y.; Gao, G.; Jiang, Z.; You, J.; Zhou, Z.; Yuan, D.; Xie, R.
A.; Brentano, L.; Gravens, D. L.; Margraf, H. W.; Monafo, W. \Atch. Tetrahedron2002 58, 8993-8999. (b) Bitter, I.; Torok, Z.; Csokai, V.;
Surg 1965 90, 812-867. Grun, A,; Balazs, B.; Toth, G.; Keseru, G. M.; Kovari, Z.; Czugler, M.
(2) (a) Falanga, V. Topical Antimicrobial: Can they affect outcomes? The Eur. J. Org. Chem2001, 2861-2868. (c) Baker, M. V.; Bosnich, M. J.;
use of new silver wound dressing. Paper presented at the 11th Annual Skelton, B. W.; White, A. H.; Williams, C. CAust. J. Chem1999 52,
Meeting of the European Tissue Repair Society, Cardiff, 2001. (b) Falanga, 823-825. (d) You, J.; Yu, X.; Zhang, G.; Xiang, Q.; Lan, J.; Xie,Ghem.
V. Wound Rep. Re@00Q 8, 347—-352. Commun2001, 1816-1817.
(3) Lansdown, A. B. GJ. Wound Care2002 2, 125-130. (9) Melaiye, A.; Simons, R. S.; Milsted, A.; Pingitore, F.; Wesdemiotis, C.;
(4) Klasen, H. JJ. Burns200Q 26, 131-138. Tessier, C. A,; Youngs, W. J. Med. Chem2004 47, 973-977.

10.1021/ja040226s CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 2285—2291 = 2285



ARTICLES

Melaiye et al.

coupled to the nucleophilic end of the bis(imidazolemethyl)
pyridine compound. There have been no other reports on the
application of metaN-heterocyclic carbene cyclophane com-
pounds as antimicrobial agents.

— - e
e
Ny 2X X OH
» P
N N
N Ag,0/CH;0H
H—<(?\l] [®>—H += ] [ >—Ag— Eq. 1
(CI?Hz)m (CHz)m (ﬁHz)m (Cin)m
HO (‘)H | HO oH |M
a m=2
1 b m=3

Electrospinnindf is a versatile method used to produce fibers
with diameters ranging from a few nanometers to several
micrometers by creating an electrically charged jet of polymer
solution or polymer melt, which elongates and solidifies. The
resulting fibers are being used, or have the potential to be used
in filters, coating templates, protective clothing, biomedical
applications, wound dressing, drug delivery, solar sails, solar
cells, catalyst carriers, and reinforcing agents for composités.
We report here the first electrospun fiber encapsulating silver(l)
N-heterocyclic carbene complexes and the antimicrobial activity
of the resulting fibers.

Result and Discussion

The imidazolium (NHC) cyclophangemdiol salt2 is easily
prepared by reacting 2,6-bis(imidazolemethyl)pyridine with 1,3-
dichloroacetone. The formation @fas agemdiol in preference
to the carbonyl form is rare but not unprecedented when
electron-withdrawing groups are present. The formatior2 of
as agemdiol might have proceeded by an acid-catalyzed
process. The solution was observed to be slightly acidic, having
a pH range of 56.

N N 20°
® P
N
N N CO(CHzCDz N N
(\\r\? ( / CH,CN (\®\7 @ilj Fa. 2
HO® “on

2

The IH NMR spectra showed the presence of them
hydroxyl group as a broad resonance at 7.65 ppm, and the
absence of carbonyl i# was observed by botC NMR and
IR spectroscopy. The ©H stretching vibration was observed
at 3387 cn!, whereas the €0 stretching vibration was at
1171 cnrl. The carbon of thgemhydroxyl had a*C NMR

(10) Reneker, D. H.; Yarin, A. L.; Fong, H.; Koombhongse JSAppl. Phys.
200Q 87, 4531-4574.

(11) (a) Shin, Y. M.; Hohman, M. M.; Brenner, M. P.; Rutledge, GP@lymer
2001, 42, 9955-9967. (b) Macdiarmid, A. G.; Jones, W. E., Jr.; Norris, I.
D.; Gao, J.; Johnson, A. T.; Pinto, N. J.; Hone, J.; Han, B.; Ko, F. K;
Okuzaki, H.; Llaguno, MSynth. Met2001, 119, 27—30. (c) Bognitzki,
M.; Hou, H.; Ishaque, M.; Frese, T.; Hellwig, M.; Schwarte, C.; Schaper,
A.; Wendorff, J. H.; Greiner, AAdv. Mater. 200Q 12, 637—640.

(12) Fong, H.; Liu, W.; Wang, C.; Vaia, R. A2olymer2002 43, 775-780.

(13) (a) Zhaohui, S.; Reneker, D. Rolym. Mater. Sci. En2003 88, 33—34.
(b) Zhaohui, S.; Reneker, D. Holym. Prepr.2003 44, 166-167.
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Figure 1. Thermal ellipsoid plot oR with the thermal ellipsoid drawn at
the 50% probability level. The counteranions are omitted for clarity.

chemical shift of 91 ppm. X-ray crystallography provided further
evidence and the detailed structure2ofsee Figure 1).

The combination of silver(l) oxide witB in methanol results
in 3 as an air and light stable yellow solid in high yield, as
confirmed by the loss of the imidazolium proton at 9.35 ppm
in theH NMR spectra. ThéH NMR spectrum of3 showed a
broad complicated set of resonances that could not be assigned.
This may be due to the fluxional behavior of the compound on
the NMR time scalgb14.15

X
) 20H°
[ N
N
N® I N
Ag,0 N>/Ag N’< P%A E
E (L N Eq.3
CHOH N N S/
. HO” “on
HO™ ToH
3

Upon reaction with AgO, the resonance of the imidazole
carbon of2 at 138 ppm is replaced by a downfield resonance
at 184 and 186 ppm for the carbene carboB.dfhis resonance
shows a'%®Ag—13C coupling constantlpgc = 211 Hz) in the
range of other such one-bond couplings (2820 Hz)7b14.15
Couplings to'®°Ag are not often observed. Even more rare are
couplings to%’Ag,'* which were not observed iB. X-ray
crystallography confirms the structure ®{see Figure 2) with
bond distances of AgtC15= 2.085(5) A, Agt-C31=2.077-

(5) A, Ag2—C5 = 2.073(5) A, and Ag2C21 = 2.072 A. A
weak Agt--Ag2 interaction was observed at a Agg distance
of 3.3751(10) A, longer than the commonly reported-Ag
bond range of 2.8533.290 A6 but only slightly shorter than

(14) Mann, B. E. The Cinderella Nuclei. 1An Annual Reports on NMR
SpectroscopyWebb, G. A., Ed.; Academic Press: New York, 1991; pp
168-207.

(15) Arduengo, A. J., lll; Dias Rasika, H. V.; Calabrese, J. C.; Davidson, F.
Organometallics1993 12, 3405-3409.

(16) (a) Dalgaard, G. A. P.; Hazell, A. C.; Hazell, R. &ta Crystallogr., Sect.

B 1974 30, 2721-2724. (b) Ansell, C. B.; Finnegan, W. Chem.
Commun 1969 1300. (c) Ansell, C. AJ. Chem. Soc. B971 443. (d)
Hunt, G. W.; Lee, T. C.; Amma, E..Unorg. Nucl. Chem. Lett1974 10,
909-913.
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(a)

100nm

(b)

100 nm

o ) o Figure 3. Electrospun fibers prepared from a mixture3odnd Tecophilic
Figure 2. Thermal ellipsoid plot oB with the thermal ellipsoid drawn at at a weight ratio of 25 to 75. (a) As-spun fiber, and (b) silver particles
the 50% probability level. The counteranions are omitted for clarity. formed by exposing the as-spun fiber to water.

the van der Waals radii (3.44 AJ.In silver metal, the Ag-Ag @
bond distance is 2.888 & The C—Ag—C bond angles are
almost linear with the C15Ag1—C31 bond angle of 175.20-
(18)° and C2+Ag2—C5 bond angle of 170.56(18)

Tecophilic is a family of hydrophilic polyether-based ther-
moplastic aliphatic polyurethanes. It is a medical grade polymer
capable of absorbing water content up to 150% of the weight
of its dry resin. Tecophilic was chosen as the polymer for
encapsulating the silver compl&because it can be electrospun
from ethanol and has excellent hydrophilic properties. Excellent
hydrophilic properties are important because water is necessary
to facilitate the release of silver ions from the encapsulated silver
complex in the polymer matrix. It is also envisaged that
Tecophilic will maintain a moist environment around the wound
bed, as it is known that good hydration is essential for optimal
wound healing:'°Both the polymer an@ are soluble in ethanol,

a biocpmpatiblt_e solvent, and can easily be. electrospun t()geu']erFigure 4. TEM images showing the release of silver particles by exposing
t_o achieve a uniform b"?r_‘d of the as-spun_ fiber. The electrospun fibers of'3 and Tecophilic (weight ratio 50:50) to water vapor environment.
fibers from the Tecophilic polymer and silver compl@xvere (a) As-spun fiber, (b) fibers in water vapor environment for 0.5 h, and (c)
characterized by transmission electron microscopy (TEM) and fibers in water vapor environment for 65 h.

scanning electron microscopy (SEM). No obvious phase separa-

_tion was obse_rved in_ t_he as-spun fi_b_ers (Fig_ure 3a), which aggregates of silver particles has been observed within 30 min
indicated a uniform mixing of Tecophilic and silver complex. of exposure to water vapor (as shown in Figure 4). The

The thlckqess of the fiber mat was meaSL_l_red by scanning aggregation of the silver ions in the presence of water, with the
eIecFron microscopy (SEM), with pure Tecophilic (10@), 25 aggregate adsorbed on the surface of the fibers, is considered
75 silver comple.>8/Tecoph|I|c (3Qum),'and 75:28/Tecophilic to be a simplified mechanism by which the fiber mat releases
(60ym_), respectwely._ '_I'he encapsylatlonaiﬁy polymer retard_s the active form(s) of the silver for its antimicrobial activity.
the quick decomposition of the silver complex into silver ions The fiber mat of3 is stable in light and dry air for months, but

or particles in agueous media. The formation of silver particles ¢, qitive to an environment with very high humidity.

at nanometer scale ha§ begn observed in the polymer r.naFrlx, Bactericidal Effect. Using a modified Kirby Bauer technique,
when the glectrospun f|per is exposed to water. Transmlssmnma,[S of electrospun Tecophilic fiber encapsulatihand pure
e_Iectron MICroscopy stl_Jd|es_showed that the formation of nano- electrospun Tecophilic fiber as control were placed on a lawn
silver partl_cles in the fiber is a process that occurs gradually of organisms in an agar plate and incubated overnight at 35
over a period of time. By exposing the as-spun fibers to Water, o ' The ingculants used were both Gram positive and Gram
3ldecompc.>sed and released silver ions, which aggregatgd IntOnega’rive prokaryotesEEcherichia coli, Pseudomonas aerugi-
silver particles at nanoscale measurement. The formation Ofnosa andStaphylococcus aure)isf clinical interest. The fungi
used wereCandida albicansAspergillus nigerandSaccharo-
myces cergasiae. The bactericidal activity showed a clear zone

(17) Zhu, H.-L.; Zhang, X.-M.; Yu, Q.; Wang, D.-@. Kristallogr. 2003 218
307308

88; nggﬁi%eré'?‘ioggnsot\;i‘gs'JAfA‘ﬂ%% Chem 1976 15, 1807 1809, of inhibition within and around the fiber mat after an overnight
Biotechnol.2002 3, 179-195. incubation of the agar plate at 3&. The fungicidal activity

J. AM. CHEM. SOC. = VOL. 127, NO. 7, 2005 2287



ARTICLES Melaiye et al.

a b c
Figure 5. Susceptibility test of the fiber mat encapsulatB)gvith bactericidal activity as compared to pure Tecophilic fiber mat3(&gcophilic (25:75),
(b) pure Tecophilic, and (c3/Tecophilic (75:25).

600

was observed after 48 h of incubation at°®5 Pure Tecophilic
fiber mat as control showed no growth of inhibition (see Figure
5). The diameter of the zone of inhibition for the 75% 5001 o CRUve Timain) for 0.05% AgNO,
(3/Tecophilic) fiber mat is 4.00 mm, whereas that of 2586 ( —A— CFU vs Time(h) for 25% (3/Tecophilic)
Tecophilic) is 2.00 mm. The difference in the diameter of the —@= CFUvs Time(h) for 75% (3/Tecophilic)
zone of inhibition between the two types of fiber mat does not
have a linear relationship with the amount of silver (3:1 ratio)
present in the two fiber mats. These results further show the
limitation of the Kirby Bauer technique as a quantitative tool
to determine the antimicrobial activity of drugs. The diffusing
ability of the silver ions might have been limited by the
formation of secondary silver compounds. lonic silver is known 100 1
to undergo ligand exchange reactions with biological ligands
such as nucleic acids, proteins, and cell membréhes. 0
Deposition of a few silver particles was observed at the 0
bottom of a test tube when a piece of the fiber mat was placed Time (h)
in 5 mL of distilled water and exposed to light for 4 days. The Figure 6. The plot of CFU (colony forming unit) versus time (h) of the
leaching of the silver particles from the fiber mat surfaces to E"Ver compounds orS. aureus which expresses the kinetics of the
. . actericidal activity for each of the silver compounds tested.
the solution occurred gradually over time. The release of nano-

silver particles from the as-spun mats ®finto an aqueous 3 the 2598/Tecophilic for over 2 weeks after inoculating
medium led to the investigation of the kinetics of kill (bacte- | i over 2004l (2 x 107) of freshly grown organism.
ricidal activity) of the as-spun fiber mat & with respect 10 g, teriostatic activity was observed f8r aureusandE. coli
time by comparing it to silver nitrate and silver sulfadiazine 4ier 10 days of the daily streaking of the LB broth solution on
1% cream or silvadene (SSD), a clinical drug widely in use. 5, agar plate. Visual inspection of the incubated solutions
Both types of the fiber mat composition 75:25 ([Ag] 424 showed no growth of the organism.
ug/mlL) and 25:75 ([Ag]= 140 ug/mL) used in this study The bactericidal activity o2, 3, and AgNQ in aqueous LB
showed a fi‘Ster_k'" rate than SSD ([Ag]3020ug/mL). Silver  proth was studied using the minimum inhibitory concentration
nitrate (0.5%) with 3176ig/mL of Ag showed about the same ¢y test. There was no difference in the bactericidal activity
kill rate as3/Tecophilic 75:25 ([Ag]= 424ug/mL) atasilver 504 MiC of3 and AgNQ after 24 h of incubation as shown in
concentration 8-fold lower than silver nitrate (see Figure 6). Tapie 1. However, after 48 h of incubation, silver nitrate showed
The silver compounds kilP. aeruginosdaster tharS. aureus 5 petter antimicrobial activity at a concentration 2-fold lower
The fiber mats killed bacteria faster than silvadene. than 3 (838 ug/mL). The MIC value was not determined for
The time dependence of the bacteriostatic and bactericidal gj\er syifadiazine because a suspension rather than a solution
activities of the as-spun mat @fas a function of the volume ;o< optained. and the concentration Dfused showed no
of organism inoculated was examined. The fiber matS8of  4nimicrobial activity in the MIC test. The dilutions with the
showed effective bactericidal ac.t|V|ty dh geruglngsaE.coll, least concentration & (209g/mL) and AgNG (216 ug/mL)
andsS. aureusfor over a. week W'th dally |npcu!at|on (25L) showed growth of the same number of coloniesSofaureus
of freshly grown organism. This is an indication that the as- 4, 45 agar plate after 24 h of incubation. The 28™ecophilic
spun fiber mat sustained the continuous release of active silvergar mat has the least concentration of silver 140mL (see
species over a long period of time. Pure Tecophilic mat as tpe 2), and sustained the release of active silver species that
control showed no antimicrobial activity within 24 h of \yere pio-available for days. No growth of the organism was
|ncubat|p_n. The as-spun mat wan.h. the 75%3/Tecoph|llc observed with the daily increase in the volume of inocula. Thus,
composition showed a better bactericidal effecPoaeruginosa e antimicrobial activity o8 was enhanced for a longer period,

(20) Nomiya, K.. Tsuda, K.; Sudoh, T.: Oda, NL. Inorg. Biochem1997, 68, at a very low concentration of silver particles by encapsulation
39-44. in a suitable polymeric fiber. Interestingly, the bactericidal

CFU/mL x10° for S. aureus

w 8

10
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Table 1. MIC Results Comparing the Activity of AgNO3 and 3, with Both Having about the Same Amount of Silver?d
E. coli P. aereginousa S. aureus
sample concentration of concentration of vol. of (day) (day) (day)
ID sample (Wt/V %) sample («g/mL) bacteria (uL) 1 2 1 2 1 2
0.50 3462 100 - - - - - -
1DF 1731 100 - - - - - -
AgNO; 2DF 866 100 - - - - - -
3DF 433 100 - - - - - -
4DF 216 100 - + - - - +
1.38 3341 100 - - - - - -
1DF 1676 100 - - - - - -
3 2DF 838 100 - - - - - -
3DF 419 100 - + - + - +
4DF 209 100 - + - + - +
2 DF is the dilution factor (1 mL)+ = growth, — = no growth. The amount of silver§) per mL for each compound was calculated as (molecular mass
of Ag/formula wt of compound)x wt %.
Table 2. Details of Silver Compounds Used for the Kinetic mechanism might have accounted for the effective bactericidal
Studies activity of the fiber mat in an aqueous media, even at such a
wtof Ag volume of  amountofAg  ug of low concentration of silver as compared to the unencapsulated
sample (D compds. used (mg) LB broth (L) _in sample (mg) _Ag/mL form of 3. Although 3 is sparingly soluble in water, it quickly
isﬁo 1220'5%) 55-(?8 5'103:5 1162216(53 decomposes in aqueous media. Thus, the bactericidal activity
gNOs3 . . . . . . .
AGNOs 2500 500 15.90 3176 of 3 is rgduced due to poor _ava|lat_)|l|ty qf the active silver
3/Tecophilic (25:75) 11.30 5.00 0.73 146  Species in the LB broth media, which might be due to the
3/Tecophilic (75:25) 11.40 5.00 221 441 formation of secondary silver compounds, especially AgCI.

aSSD: silver sulfadiazine 1% cream.

activity of the fiber mat 75%3/Tecophilic) with 424ug/mL

of silver is 8-fold lower in the concentration of silver than
AgNO; (3176 ug/mL) and showed not only a kill rate as fast
as silver nitrate, but also retained the original color of the LB
broth, a clear yellow solution unlike silver nitrate which stains
and changed the LB broth color to dark brown (Figure 7). The
silver sulfadiazine cream did not readily dissolve in the aqueous
LB broth, thus affecting the rate of its bactericidal activity.

Results obtained were consistent over the course of three

experiments.
The antimicrobial activity of the fiber mat encapsulatidg

can be considered to be a combination of active silver species,

which may include AgGI™ ions, clusters of Ag ions, AgCl,
and free Ad ions. Theoretically, the slow release of the active
silver particles in the solution leads to the quick formation of

Acute Toxicity AssessmentThe LD 50 assessment was done
by intravenous administration @f dissolved in a buffered saline
solution, into the tail vein of the rats. Adult rats were used with
an average weight of 500 g. Progressive administration of 0.3
mL of the dose (5 mg, 50 mg) was done weekly. The rats were
carefully examined for the dosgesponse effect. Death occurred
10 min after administrating 50 mg & when 50% of the rats
showed powerful convulsion before death. The autopsy report
showed pulmonary hemorrhage and hemorrhage in the brain
of the dead rats, a diagnosis of stroke. The surviving rats were
observed to lose weight, with a drastic loss in appetite, and low
urine output. The LD 50 assessment was found to be 100 mg/
kg of rat.

Conclusion

In addition to their application as a metal transfer agent and
their potential as industrial catalyst, we have been able to
advance the chemistry of silver(IN-heterocyclic carbene

silver chloride. The presence of more chloride anion as the major complexes to the medicinal relevant use, as effective antimi-

counterion will further result in the formation of negatively
charged [AgCI"~ ion species (wherg =1, 2, 3, etc.x = 2,

3, (y + 1); n = x — 1). Anionic silver complexes of the type
[Agl3]?, [Ag2l4?, [Ag4lg]*~, and [Aglg]?~ have been re-
ported?-22The formation of anionic silver chloride species may
not be limited to the leached aggregates of silver particles in

crobial agents. This class of compounds is effective as an
antimicrobial agent on the bacteria and fungi mentioned. The
synthesis of with functionalized groups aids in tailoring the
encapsulation of the silvertimidazole cyclophangemdiol

into a nanofiber. The fiber mat has been shown to have improved
the antimicrobial activity of the silver(fjheterocyclic carbene

the solution, but may also be found on the surface of the fiber complexes on the microorganisms, with a faster kill rate than
mats as shown in the SEM images of Figure 8. Anionic silver silvadene in an LB broth medium at a concentration 8-fold lower
dichloride is known to be soluble in aqueous media and thus than silvadene. The encapsulation of the silver heterocyclic
will be bio-available?? Anionic silver halides are toxic to both  carbene complexes increases the bio-availability of active silver
sensitive and resistance strain bactéti@he adsorbed active  species and also reduces the amount of silver used. Encapsulated
silver species on the network of fibers in the mat is an advantagesilver(l) carbene complexes in nano-fibers have been demon-
the fiber mat has to increase the surface area of the active silverstrated to be promising materials for sustained and effective
species over the conventional use of aqueous silver ions. Thisdelivery of silver ions with maximum bactericidal activity over

a longer period of time than aqueous silver. The amount of silver
used for antimicrobial activity has been greatly reduced with
this technique of encapsulation as compared to the unencapsu-
lated form, which often is related to the amount of silver in
0.5% silver nitrate. Furthermore, the ability of the fiber mat to

(21) Cotton, F. A.; Wilkinson, G.; Munillo, C. A.; Bochmann, Mdvanced
Inorganic Chemistry6th ed.; Wiley: New York, 1999; pp 1085L097.

(22) Chen, W.; Liu, FJ. Organomet. Chen2003 673 5—12.

(23) Silver, S.FEMS Microbiol. Re. 2003 27, 341-353.

(24) Gupta, A.; Maynes, M.; Silver, SAppl. Enron. Microbiol. 1998 64,
5042-5045.
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a b c d e f
Figure 7. LB broth solution in the culture tubes after 1 week of bactericidal testing. From left to right: (a) Brown (0.25%35gNObrown (0.50%
AgNO:3); (c) yellow (actual color of LB broth) 25% (3/Tecophilic); (d) yellow 75% (3/Tecophilic); (e) pure Tecophilic (100%), showing growth of organism;
and (f) LB broth solution with organism only.

(c)
Figure 8. TEM images (a, b, c) of electrospun fibers fr@and Tecophilic (75:25) after 2 weeks of antimicrobial activity in LB broth media. (a) Stereoimages

of a segment of fiber; (b) a large aggregate (400 nm) of silver particles encapsulated in Tecophilic fiber; (c) silver aggrege®@8 (@0n diameter) and
silver particles (1620 nm in diameter) in Tecophilic matrix; and (d) SEM image showing the top view of the fiber mat with aggregates of silver particles.

retain the original color of the LB broth is a major cosmetic spectrometer. ThéH and*3C NMR data were recorded on a Varian
plus. The assessment of the acute toxicity of the ligand on rats Gemini 300 MHz instrument, and the spectra obtained were referenced
showed an LD 50 of 100 mg/kg of rat, a value considered to t0 the residual protons of the deuterated solvents. Mass spectroscopy

be moderately toxic. We are currently exploring the use of less data were recorded on an ESI-QIT Esquire-LC with a positive ion
toxic ligands as carriers for silver. polarity. The TEM images were recorded on FEI TE CNAI-12

transmission electron microscope (TEM) at 120 kV.
Experimental Section Synthesis of the Imidazolium CyclophanegemDiol Dichloride

Silver(l) oxide, silver sulfadiazine, and 1,3-dichloroacetone were (2). A solution containing 0.24 g (1.0 mmol) of 2,6-bis(imidazolem-
purchased from Aldrich, and silver sulphadiazine cream 1% from e€thyl)pyridine and 0.254 g (2.0 mmol) of 1,3-dichloroacetone in 60
Rugby-Blue Ridge. Acetone, acetonitrile, methanol, ethanol, ammonium ML of acetonitrile was stirred at 75 for 8 h toobtain2 as a brown
hexafluorophosphate, and organisBiscereisiae (ATCC 2601),C. solid after filtration and air-drying. Yield: 0.9 mmol, 89.6%. Colorless
albicans(ATCC 10231)A. niger(ATCC 16404)E. coli (ATCC 8739), crystals of the PEsalt of 2 were obtained by slow evaporation from
P. aeruginosa(ATCC 9027), andS. aureus(ATCC 6538) were acetonitrile/water, after anion exchange of the chloride2oWith
purchased from Fisher. All reagents were used without further purifica- agueous ammonium hexafluorophosphate solution. Mp:—178°C.
tion. Infrared spectra were recorded on a Nicolet Nexus 870 FT-IR *H NMR (300 MHz, DMSO¢g): 6 4.68 (s, 4H, G&,C(OH)%CH,), 5.67
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(s, 4H, CH), 7.40, (s, 2H, NC(H)CH), 7.47 (d, 2H,= 7.8 Hz,m-pyr),

7.65 (s, 2H, C(®),), 7.89 (s, 2H, NCHC(H)), 7.94 (t, 1H] = 7.8

Hz, p-pyr), 9.34 (s, 2H, NC(H)N)®*C NMR (75 MHz, DMSO¢e): o

51.8, 55.2, 91.1, 120.5, 122.0, 123.9, 138.0, 138.8, 152.6. ESI-MS
m/z. 384 [M?*2CI7], 348 [M?*CI~]. FT IR (Nujol, cnT%): 3387, 3105,
1597, 1564, 1439, 1346, 1171, 1085, 996, 755. Anal. Calcd: C, 48.54;
H, 4.41; N, 16.94; Cl, 17.13. Found: C, 48.33; H, 4.32; N, 16.71; Cl,
16.76.

Synthesis of the Dinuclear Silver Carbene CyclophangemDiol
Hydroxide (3). A solution of 0.232 g (1.0 mmol) of silver(l) oxide
and 0.366 g (0.9 mmol) dt in 70 mL of methanol was stirred at room
temperature for 50 min. The filtrate was concentrated to ota&is a
yellow solid. Single crystals & were obtained from ethanol after anion
exchange of the hydroxide with carbonate by slow evaporation of the
solution.

Yield: 0.618 g, 0.738 mmol, 82%. Mp: 26204 °C. ESI-MS
m/z. 400 [0.5MF*], 801 [2M*], 837 [2M*20H"]. FTIR (Nujol, cnm%):

3415, 3105, 1596, 1564, 1439, 1344, 1169, 1084, 1028, 996, 758.
8C NMR (75 MHz, DMSO¢l): 0 48.6, 51.1, 53.8, 92.1, 1199 €
1.4 Hz), 121.6, 128.6, 137.8 & 2.4 Hz), 154.2, 184.9(arvene rg =
211 Hz). Anal. Calcd: Ag, 24.54; C, 43.79; H, 4.20; N, 15.24. Found:
C, 43.15; H, 4.22; N, 14.89.

Electrospun Tecophilic/3 Fibers.Tecophilic (SP-80A-150 grade)
was dissolved in 9:1 ethanol/tetrahydrofuran. A solutio of ethanol
was mixed with a premade solution of Tecophilic. Solutions with
different weight ratios betwee® and Tecophilic were prepared. The
ratios were 0/100, 25/75, and 75/25. The solution8 anhd Tecophilic
were held in a pipet. An electrical potential difference of 15 kV was
applied between the surfaces of the solution drop to the grounded

procedure was repeated to obtain the dilute solution for tubes C, D,
and E. The MIC was determined by visual inspection of growth/no-
growth of the above concentrations of the silver compounds marked
A—E inoculated with 25L of the organisms. After incubation at 35

°C overnight with no growth of organism, an additional80of freshly
grown organisms was added to each of the cultures on the second day
and incubated at the same temperature.

Kinetic Test of Bactericidal Activity. Equal volumes (5 mL) of
LB broth were measured into sterile culture tubes and inoculated with
100uL of S. aureugo each tube containing silver nitrate (12.8 mg, 25
mg), silver sulfadiazine (20 mg), 11.3 n&jTecophilic (25:75), and
11.4 mg3/Tecophilic (75:25) fiber mats. The mixtures were incubated
at 35°C, and the bactericidal activity was checked over a range of
predetermined time by streaking one loopful of each mixture on an
agar plate. The agar plate was then incubated &C3@vernight, and
the numbers of colonies of organism formed were counted. The same
procedure was repeated using 100of P. aeruginosaA plot of the
CFU versus time was made as shown in Figure 6.

Animal Studies. Male Sprague Dawley (Harlen Sprague Dawley,
Indianapolis, IN) adult rats (500 g average body weight) were housed
in the University of Akron animal facility. Temperature and humidity
were held constant, and the light/dark cycle was 6 am to 6 pm, light;
6 pm to 6 am, dark. Food (Lab diet 5P00, Prolab, PMI nutrition, Intl.,
Bretwood, MO) and water were provided ad libitim. Animals were
anesthetized with ether to inject the compound into the tail vein, using
a 27 gauge syringe needle in a volume of 0.3 mL sterile saline. The
dosages for the ligand were 5 mg and 50 mg. At the end dosages of
the experiment, animals were terminated, and the liver, lung, kidney,
and heart tissues were removed and frozen & °C. Urine samples

collector, a distance of about 20 cm. Transmission electron microscopy were collected daily for later examination of the compound distribution.

(TEM) and scanning electron microscopy (SEM) were used to
characterize the as-spun fibers and fibers exposed to water.

Antimicrobial Tests. Sterilized LB broth was measured (5 mL) into
a sterile tube. A loopful of stationary phase cultured microorganism
(E. coli, P. aeruginosa S. aureuy was introduced into the tube
containing the LB broth solution. The mixture was cultured overnight,
at 35°C in a shaking incubator. The same procedure was done with
stationary phased cultured fundgC.(albican S. cereisae A. nigel
and incubated without shaking at room temperature for 72 h.

Fiber Mat Testing. A constant volume (2&L) of the freshly grown
organism was placed on an LB agar plate and grown to obtain a lawn
of the organism. A fiber mat (2.0 cix 2.0 cm) of3 and pure Tecophilic
was placed on a lawn of bacterig. (coli, P. aeruginosaS. aureuyof
an LB agar plate and incubated overnight at°8 The bactericidal
activity was observed by visual inspection of growth and no growth in

These studies were approved by the University of Akron Institutional
Animal Care and Use Committee (IACUC).

X-ray Crystallographic Structure Determination. Crystal data and
structure refinement parameters are reported in the Supporting Informa-
tion. Crystals of2 and3 were each coated in paraffin oil, mounted on
a loop, and placed on a goniometer under a stream of nitrogen gas.
X-ray data were collected at a temperature of 100 K on a Brucker Apex
CCD diffractometer using Mo ¥ radiation § = 0.71073 A). Intensity
data were integrated using SAINT software, and an empirical absorption
correction was applied using SADABS. StructuPeend3 were solved
by direct methods and refined using full-matrix least-squares procedures.
All non-hydrogen atoms were refined with anisotropic displacement.
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